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ABSTRACT 

Extensive research is being done to emphasize that hydrogen may be widely used as a clean 

alternative to hydrocarbon fuels in cars and different mobile applications. Microporous metal-organic 

frameworks have been recently developed as a few of the most promising materials since they have 

exceptionally high surface areas and chemically tunable structures. Studies are done to point out as to 

how the hydrogen storage is done in these components, and what are the theoretically valid equations 

involved; with particular emphasis to the relationships between structural features and the enthalpy of 

hydrogen adsorption. 

 

Keywords: Hydrocarbon Fuels, Metal-organic Frameworks, Enthalpy of Hydrogen adsorption, Micro-
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1.  INTRODUCTION 

 

Metal oxide frameworks (MOFS) are excellent systems for hydrogen storage since they 

have high surface area, highly porous, flexible and tunable porous structure in comparison to 
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the conventional materials like zeolites [1]. The objective is to what extent the current 

technology must advance to see that the use of hydrogen becomes an energy carrier [2]. The 

challenges facing hydrogen production are; distribution, storage and usage, and the efficient 

and safe storage of volatile fuel. 

In fact, metal-organic frameworks provide unique systems with large overall pore 

volumes, large surface areas, adjustable pore sizes, and tunable framework adsorbate [3]. New 

materials that have the capacity to store hydrogen at high gravimetric and volumetric densities 

are required if hydrogen is to be widely used as a clean alternative to hydrocarbon fuels in cars 

and different mobile applications.  

Some microporous metal-organic (compounds) frameworks have recently emerged as a 

few of the most promising available materials since they have exceptionally high surface areas 

and chemically tunable structures. It is important to understand as to how hydrogen storage is 

done in these compounds, and what could be the theoretically valid equations involved with 

particular emphasis to the relationships between structural features and the enthalpy of 

hydrogen adsorption. To understand such relationships, the spectroscopic methods are used for 

probing framework-𝐻2 interactions, and how to improve storage capacity. 

Daily consumption of petroleum exceeds some 150 million barrels in the world, and this 

result in the release of some 20 billion metric tons of carbon dioxide (𝐶𝑂2). Such a large a large 

atmospheric level of 𝐶𝑂2 is permanently damaging the global ecosystem. Thus it is necessary 

to look for carbon-neutral replacements for fossil fuels. 

Fuel call and battery technologies are equally strong candidates to replace gasoline and 

diesel engines. However, hydrogen is a very attractive energy carrier since it is carbon free, and 

available in large quantities from water, and has exceptional mass-energy density [4]. But under 

ambient conditions, hydrogen is highly volatile gas, and this results in a volumetric energy 

density that is very low for practical applications.  

For use in practical systems, hydrogen has to be compressed to very high pressures or 

stored cryogenically, and both of these processes cost enough energy and greatly increase the 

weight of the vehicle or system in which it is used. Thus it is necessary to design low cost, light-

weight materials that can reversibly and rapidly store hydrogen near ambient conditions at a 

density equal to or greater than liquid hydrogen. A typical hydrogen storage system may be like 

this: 

 

 Capacity: 45g 𝐻2 per litre. 

 Refueling tune: 10 minutes or less. 

 Life time: 100 refueling cycles. 

 Operating temperature range: –30 °C to 50 °C. 

 

It is well known that hydrogen binds to surfaces by weak dispersive interactions 

(Physisorption) or through stronger chemical associations (chemisorption). Physisorption is 

related with surface area, with greater gas uptake favoured by higher surface area.  

Hence materials with large surface areas and low densities, such as metal-organic 

frameworks are most suited for hydrogen storage applications. The modular nature of metal-

organic frameworks allows for the facile, ordered incorporation of new functionalities to 

increase the hydrogen storage properties. 
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2.  HYDROGEN ADSORPTION IN METAL-ORGANIC FRAMEWORKS 

 

In many cases, hydrogen storage in metal-organic frameworks, 𝐻2 uptake capacity is 

reported at a pressure of 1 bar. However, in a number of cases pressures of 100 bar or more are 

considered safe for automotive applications. In both cases, excess and or adsorption values are 

roughly the same, but at higher pressures, two quantities (excess and total adsorption) can differ 

considerably [5, 6]. 

Excess adsorption refers to the amount of 𝐻2 taken up beyond what would be contained, 

under similar conditions, within a free volume equivalent to the total pore volume of the sample 

under study. This quantity therefore approximates the amount of hydrogen adsorbed on the 

surfaces within the material. It is to be understood that the efficiency of packing and 

compressing gas molecules within the volume or confines of the pores of a micro-porous solid 

is less than that achieved in a free volume [7]. The excess adsorption reaches a maximum at 

some pressure, around 20-40 bar, and then decreases. In spite of the decrease in excess 

adsorption, measurements at pressures above the maximum in excess adsorption are essential 

in assessing the compressibility of 𝐻2 within the material and in evaluating the total uptake of 

𝐻2 [8, 9]. 

The total uptake is invariably referred to as the absolute uptake. It corresponds to the 

amount of hydrogen (𝐻2) contained within the boundaries formed by the faces of the metal-

organic framework crystals. Thus this quantity includes both the 𝐻2 gas compressed within the 

framework pores, and the surface adsorbed 𝐻2.  Now, to calculate the total uptake from excess 

adsorption, it is essential to know exactly the density of the framework skeleton, or the empty 

volume of the adsorbent, and this is measured using helium gas. It is important to understand 

that the knowledge of the total uptake helps in the determination of the volumetric storage 

density within the compound and this is the main consideration in selecting a hydrogen storage 

material. But this fundamental property of material does not take into account the efficiency of 

packing the crystals together in a container. However, this must be taken into account in 

determining the overall density for a storage system. 

Now in taking the 𝐻2 uptake, either excess or total, in units of weight percentage (wt %), 

it is important to know that if it is say equal to M, then, 

 

𝑀 =
𝑀𝑎𝑠𝑠 𝑜𝑓 𝐻2

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 + 𝑚𝑎𝑠𝑠 𝑜𝑓 𝐻2
 

 

In some cases, the mass of 𝐻2 in the denominator is neglected. This can however lead to 

complications in comparing uptake capacities for different materials. 

 

 

3.  DESIGN PRINCIPLES FOR AN OPTIMAL 𝑯𝟐 ADSORBENT 

 

A number of computational studies have been done to model 𝐻2 adsorption data in metal 

organic frame works [10-12]. The material 𝑍𝑛4𝑂(𝐵𝐷𝐶)3 (𝐵𝐷𝐶2− = 1.4 − 𝑏𝑒𝑛𝑧𝑒𝑛 −
𝑑𝑖𝑐𝑎𝑟𝑏𝑜𝑥𝑦𝑙𝑎𝑡𝑒), and its isoreticulated congeners have been studied extensively by theorists. 

In general, computed isotherms and binding energy values in many cases show reasonable 

agreement with the experimental results. The agreement depends on how accurately we can 

contemplate the intermolecular 𝐻2 potential energy function for a given sample [13].  
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These studies support the existence of Van der waals-type interactions between 𝐻2 and 

frameworks. This is consistent with the approximate correlation of 𝐻2 uptake at 77K with 

surface area, and the very low storage capacity observed at 298K. In fact hydrogen (𝐻2) has 

just two electrons and hence forms a very weak Van der Waals bonds, and this results in 

isosteric heats of adsorption that are roughly in the range of 4 − 7𝐾𝐽𝑚𝑜𝑙−1. 

There exist partial charges, either negative or positive on the metal-organic framework 

surface. These can provide a method of strengthening the binding of 𝐻2 through the dipole-

induced dipole interactions [5]. There are many computational studies that may have dealt with 

such frameworks exhibiting such heterogeneous surface potentials. Main emphasis has been on 

the chief experimental method, and it is that of utilizing frameworks with exposed metal cation 

sites on the surface. Some applications in the calculations can arise from the fact that some 

metals have open-shell electron configurations for which the assignment of spin state could be 

a problem. For instance, the generally strong interaction in metal-𝐻2 within 𝑀𝑛3 

[(𝑀𝑛4𝐶𝑙3)(𝐵𝑇𝑇)8]2 [𝐻2𝐵𝑇𝑇 = 𝐵𝑒𝑛𝑧𝑒𝑛𝑒 − 1,3,5 − 𝑡𝑟𝑖𝑠(1ℎ − 𝑡𝑒𝑡𝑟𝑎𝑧𝑜𝑙𝑒)], which exhibits 

an isoteric heat of adsorption [14] of 10.1 𝐾𝐽𝑚𝑜𝑙−1 at zero coverage have been attributed to a 

spin-state change upon binding, or to a classical Coulomb attraction [15,16]. Understanding of 

such metal-hydrogen (𝐻2) interactions is essential to the design of improved storage materials, 

and the development of computational approach that can reasonably handle interactions with 

open-shell metal ions and such a study will be an important step forward. 

Thus increasing the 𝐻2 binding energy within metal-organic frameworks is the next most 

important aspect for creating hydrogen adsorbents that operate at 298K. Recent research that 

led to this issue reached a conclusion on the optimal parameters for hydrogen storage in 

microporous materials. In such studies Langmuir isotherms are used to derive equations that 

allow the calculations of an optimal adsorption enthalpy, ∆𝐻𝑜𝑝𝑡, for a given adsorption 

temperature [17]. According to this model we can have an empirical equation 
∆𝐻𝑜𝑝𝑡

𝑅𝑇
= 6.1, and 

a microporous adsorbent that operates in the pressure range 1.5 bar to 100 bar at temperature  

T = 298K, and would have an adsorption enthalpy of 13.6 𝐾𝐽𝑚𝑜𝑙−1 over the hole 𝐻2 uptake 

curve. For a given enthalpy of adsorption, one can calculate the optimal operating temperature 

for an adsorbent. One model [17] predicts that for a typically metal-organic framework with an 

average adsorption enthalpy of 6 𝐾𝐽𝑚𝑜𝑙−1, the system will function optimally at a temperature 

of 131K. The above can be modified to include entropy-enthalpy correlation term [18], and this 

suggests that a material operating between 1.5 bar to 30 bar at 298K requires ∆𝐻𝑜𝑝𝑡 of 

7.9 𝐾𝐽𝑚𝑜𝑙−1 for 𝐻2 adsorption. In fact, the requirement is to develop synthetic methods for 

generating high concentrations of exposed metal ions on the surfaces within the metal organic 

frameworks. 

 

 

4.  THERMODYNAMICS OF METAL HYDRIDES 

 

To reduce atmospheric pollution, renewable sources of energy have to replace the present 

energy technologies. In comparison to fossil and or nuclear power plants that are a source of 

constant and continuous power supply, the renewable energy sources do not offer a constant 

energy supply. Thus, there is a demand for energy storage when using renewable sources. 

Hydrogen technology seems to play a crucial role in this respect, and is an ideal means of energy 

storage for transportation and conversion of energy as a clean-energy concept.  
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Water splitting is achieved by electrolysis, solar thermo-chemical, photoelectrochemical 

or photobiological processes. Fuel cell is used for reconversion into energy, and this leads to 

production of water only. This system can be used both for stationary and mobile applications, 

and for zero-emission vehicles. An important advantage is that the hydrogen storage tanks can 

be recharged within a few minutes (10 minutes or so) compared to hours needed to charge the 

batteries.  

The problem arises due to very low boiling point of hydrogen (20.4K at 1Atm.) and its 

low densities in the gaseous state (90 𝑔𝑚/𝑚3). So far, there exist three major alternatives for 

hydrogen storage namely: 

 

(i) Compressed gas tanks 

(ii) Liquid hydrogen tanks 

(iii) Solid state hydrogen storage such as metal hydride hydrogen tanks 

 

All these three systems have their own advantages and disadvantages, and none of them 

fulfill all the technical requirements such as, gravimetric storage density, volumetric storage 

density, safety, free-form, cyclability and recyclability, costs and ability to store hydrogen for 

a longer time without any hydrogen leakages or losses. However, major advantage of hydrogen 

storage in metal hydrides is the ability to store hydrogen in a very energy efficient way allowing 

hydrogen storage at rather low pressures without any need for compression or liquefaction. A 

number of alloys and metals are able to adsorb large amounts of hydrogen. The metal-hydrogen 

bond offers advantage of a very high volumetric hydrogen density under low pressures, which 

is roughly 60% higher than that of liquid hydrogen [19]. 

Now during hydrogen uptake, there is hydrogen reaction enthalpy of the specific storage 

material, but in the process of uptake, a huge amount of heat is generated which is roughly 150 

bar or more of energy stored in hydrogen. This heat has to be removed in a short time, rather it 

has to be recovered and used as process heat for different applications depending on quantity 

of heat and temperature at the time of removal. But during desorption the same amount of heat 

has to be applied to facilitate the endothermic hydrogen desorption process, and generally at a 

much longer scale.  

Thus, it allows an inherent safety of such a tank system. Without external heat supply, the 

release of hydrogen can lead to cooling of the tank and this will lead to stoppage of hydrogen 

desorption. High energy efficiencies of the whole tank to fuel combustion or fuel cell system 

can be achieved only if in the case of desorption the energy required for the hydrogen release 

can be supplied by the waste heat generated in the case of mobile applications on-board by the 

hydrogen combustion process and the fuel cell respectively [20]. 

Metal or alloy hydrides are formed by a reversible reaction with hydrogen such that, 

 

𝑀𝑒 +
𝑥

2𝐻2 
↔ 𝑀𝑒𝐻𝑥 + 𝑄     (1) 

 

where 𝑀𝑒 is a metal; an intermetallic compound or a solid solution, 𝑀𝑒𝐻𝑥 is the corresponding 

hydride and 𝑥 is the ratio of hydrogen to metal, i.e., 

 

𝑥 = 𝐶𝐻 [
𝐻

𝑀𝑒
]       (2) 
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and Q is the heat reaction. In the formation of hydride, the entropy (S) of the hydride is reduced 

in comparison to the metal and the gaseous hydrogen phase, and reduction of entropy means 

loss of heat, and hence at ambient or at elevated temperatures, the hydride formation is 

exothermic. Hence the reversible reaction of hydrogen release will be endothermic (absorption 

of heat). Thus for the release of hydrogen, desorption heat supply is required. 

Now in the formation of hydride, there are many reaction stages of hydrogen with the 

metal. The first is the Van der Waals attractive interaction of hydrogen molecules approaching 

the metal surface.  

This leads to what is called physisorbed state, and physisorption energy is roughly of the 

order of 𝐸𝑝ℎ𝑦𝑠 ≃ 6 𝐾𝐽𝑚𝑜𝑙−1𝐻2. In such a process, a hydrogen (𝐻2) gas molecule interacts with 

many atoms of the metal at the surface of the material.  

The complete interaction is composed of an attractive term which decreases as the 

distance (𝑟) between the 𝐻2 molecule and the surface of the metal decreases according to the 

power law (𝑟)6, and simultaneously there is a repulsive term according to which the repulsion 

decreases as (𝑟)12 term as 𝑟 decreases. The interaction potential is written as Lennard-Jones 

Van der Waals potential 𝑉(𝑟), such that, 

 

𝑉(𝑟) =
𝐴

𝑟12
−

𝐵

𝑟6
      (3) 

 

The minimum value of 𝑉(𝑟) corresponds to one molecular radius. The above paragraph 

briefly describes how hydrogen storage is done in metal hydrides. 

The second technique for hydrogen storage is the molecular hydrogen adsorption on the 

surface of the solid. In this the storage capacity is strongly dependent on the temperature and 

the specific surface of the selected materials. Experimental observations show that for carbon-

based nanostructures we get storage capacities of less than 8 wt% at 77K (Liquid nitrogen 

critical temperature) and less than 1 wt% at RT (R = Gas constant) and pressures below 100 bar 

[21, 22]. Adsorption is favoured at lower temperatures. A simple thermodynamic relation 

explains adsorption as a thermodynamic process. It reads as, 

 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆      (4) 

 

where: ∆𝐺 = Change in Gibb’s free energy during adsorption 

            ∆𝐻 = Change in Enthalpy 

            ∆𝑆 = Change in Entropy. 

 

Now adsorption results in decrease in translation freedom (less disorder) and hence  

∆𝑆 < 0, and adsorption is spontaneous process, and this means ∆𝐺 < 0. Eq. (4) then shows that 

∆𝐻 < 0 which means it is an exothermic process (adsorption is exothermic). 

In the case of desorption, energy is absorbed and hence ∆𝑆 > 0, and ∆𝐺 > 0. Eq. (4) then 

shows that ∆𝐻 > 0, it is an endothermic process. The kinetic expression for the adsorption 

equilibrium demands that [23], 

 

𝑑𝑁𝑎𝑑𝑠 =  𝑑𝑁𝑑𝑒𝑠      (5) 

 

𝑟𝑎𝑑𝑠 =  𝑟𝑑𝑒𝑠       (6) 
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It should be understood that adsorption is a two-step process. 

(i) Isothermal and compression of gas 

(ii) Isothermal immersion of clean adsorbent in the compressed gas. 

 

The differential heat of adsorption is equivalent to change in enthalpy (∆𝐻). At 

temperature 298K, hydrogen adsorption is controlled by diffusion of adsorbed hydrogen inside 

the pores of the crystals, and its adsorption on samples is increased by decreasing of pore-filling. 

Specific surface area and porosity determine hydrogen adsorption. Heats of adsorption could 

be 3.68 𝐾𝐽𝑚𝑜𝑙−1 and 12.45 𝐾𝐽𝑚𝑜𝑙−1 for mesoporous (mesoporous material is a nano-porous 

material containing pores with diameters between 2 nm and 50 nm) and macroporous regions 

respectively [20]. 

Now if 𝑁𝐻 is the number of hydrogen atoms and 𝑁𝑖𝑠 are the interstitial sites, then the 

configuration entropy S is given by [24] 

 

𝑆 = 𝐾𝑙𝑜𝑔𝑊 = 𝐾𝑙𝑜𝑔
𝑁𝑖𝑠 

(𝑁𝑖𝑠−𝑁𝐻)!𝑁𝐻!
    (7) 

 

where: 𝐾 = 𝐵𝑜𝑙𝑡𝑧𝑚𝑎𝑛𝑛 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡. 

Using Sterling theorem, ! = 𝑁𝑙𝑜𝑔𝑁 − 𝑁 . For large N, we get, 

 

𝑆 = 𝐾[𝑁𝑖𝑠𝑙𝑜𝑔𝑁𝑖𝑠 − 𝑁𝐻 log 𝑁𝐻 − (𝑁𝑖𝑠 − 𝑁𝐻)𝑙𝑜𝑔(𝑁𝑖𝑠 − 𝑁𝐻)]   (8) 

 

𝑆 = 𝐾 [𝑁𝑖𝑠𝑙𝑜𝑔
𝑁𝑖𝑠

𝑁𝑖𝑠−𝑁𝐻
− 𝑁𝐻 log

𝑁𝐻

𝑁𝑖𝑠−𝑁𝐻
]   (9) 

 

The entropy is a consequence of the possible allocations of 𝑁𝐻 hydrogen atoms on 𝑁𝑖𝑠  

interstitial sites. By keeping 𝑁𝑖𝑠 constant and varying 𝑁𝐻, one can get the variation of S with 

𝑁𝐻, and hence the value of ∆𝑆. 

As the hydrogen pressure is increased, saturation occurs and the metal hydride phase 

𝑀𝑒𝐻𝑥 starts to form. For higher hydrogen pressure/concentrations, metal hydride formation 

occurs. In fact, the conversion from the saturated solution phase to the hydride phase occurs at 

a constant pressure P. The change in the Gibb’s free energy, ∆𝐺, is given by [25], 

 

∆𝐺 =
1

2
𝑅𝑇𝑙𝑜𝑔 [

𝑃(𝑇)

𝑝0
]     (10) 

 

where 𝑝0 = 1.01325 × 105𝑃𝑎 
 

Knowing ∆𝑆 and ∆𝐺, ∆𝐻 can be calculated from Eq. (4), and this value of ∆𝐻 is known 

as the differential heat of adsorption. 

In fact, the enthalpy of formation of metal hydrides is calculated by using Van’t Hoff 

equation which reads as, 

 
1

2
𝑙𝑜𝑔

𝑃

𝑝0
=

∆𝐻 

𝑅𝑇
−

∆𝑆 

𝑅
     (11) 
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Eq. (11) can be obtained by combining Eqs. (4) and (10). Pressure-concentration 

isotherms (PCIs) at different temperatures are used to obtain Van’t Hoff plots. After complete 

conversion to the hydride phase, further dissolution of hydrogen takes place as the pressure 

increases. Metallic hydrides being hydrogen compounds form bonds with other metal elements 

and it is clear that 𝐿𝑖 is the most stable element as it is the least reactive element. Metal hydrides 

are characterized by nucleophilic, electrophilic, and radical behaviour. The exact behaviour of 

a given metal hydride complex depends on its electronic (structure) properties, its M-H bond 

dissociation energy, and the nature of the reacting partner. It is found that there is entropy 

change ∆𝑆𝑓 upon hydrogenation and formation enthalpy of metal hydrides ∆𝐻𝑓 = ∆𝑆𝑓 . 𝑇. 

Rather there is entropy loss of 130𝐽/(𝑚𝑜𝑙. 𝐾), i.e, ∆𝑆𝑓 = −130𝐽𝑚𝑜𝑙−1𝐾−1, and this roughly 

corresponds to the loss of the translational degree of freedom when 𝐻2 from the gas phase is 

adsorbed in the metal [26]. Calculations can be done using statistical thermodynamics for the 

translational contribution to the overall entropy by writing the entropy S, as, 

 

𝑆 = 𝑅𝑙𝑜𝑔𝑄 + 𝑅𝑇
𝑑

𝑑𝑡
(log 𝑄)𝑣     (12) 

 

where Q is translational partition function, and this leads to 𝑆 = 116𝐽𝑚𝑜𝑙−1𝐾−1.  

Knowing changes in entropy, the formation enthalpy (∆𝐻) can be determined during 

hydrogen adsorption, and also the enthalpy to be supplied again in the case of desorption. To 

keep the heat management sytem simple and to reach highest possible energy efficiencies, it is 

necessary that the reaction enthalpy be kept as low as possible. The enthalpy of hydrides 

determines the working temperatures and the respective plateau pressures of the storage 

materials. For most mobile applications or other systems, working temperatures below 100 0𝐶 

or below 150 0𝐶 are preferred. To reduce or minimize safety risks and to avoid the use of high 

pressure composite tanks, the favorable working pressures should be between 1 bar to 100 bar. 

However, it is found that most of the binary hydrides do not display the desired thermodynamic 

properties. Many of the hydrides have rather high thermodynamic stabilities, and hence release 

hydrogen at the minimum required pressure of 1 bar only at rather high temperature 

(𝑇 > 300 0𝐶). The magnitude of the respective reaction enthalpies are in the range of 

75 𝐾𝐽/𝑚𝑜𝑙 𝐻2 (𝑀𝑔𝐻2) or may be even higher. The hydrides in this group are alkaline earth 

metals, rare earth metals, alkaline metals and transition metals of the 𝑇𝑖 −, 𝑆𝑐 − and 𝑉 −
𝑔𝑟𝑜𝑢𝑝. There are strongly electropositive alkaline metals, like 𝑁𝑎𝐻, 𝐿𝑖𝐻 and 𝐶𝑎𝐻2 that form 

saline hydrides which means they have ionic bonds with hydrogen. In the first two periods, 

 𝑀𝑔𝐻2 marks the transition between these ionic hydrides and the covalent hydrides. 

Hydrides like  𝑍𝑟𝐻2 and  𝐿𝑎𝐻2 are high temperature hydrides that release hydrogen at 

pressure of 1 bar and temperatures (𝑇 > 700 0𝐶) [27]. The 𝑍𝑟𝐻2 has a high volumetric storage 

density,  𝑁𝐻 > 7 × 1022 hydrogen atoms per cubic centimeter. This value corresponds to 

 58 𝑚𝑜𝑙 𝐻2/𝑙 or 16 𝑔𝑚/𝑙 (grams per litre). There are other materials like 𝑉𝐻2 with much 

higher hydrogen density of the order of 11.4 × 1022 hydrogen atoms per cubic centimeter 

which corresponds to  95 𝑚𝑜𝑙 𝐻2/𝑙. The main objective in all these studies is to develop 

hydrogen storage materials by discovering the class of reversible intermetallic hydrides [28]. 

Another set of hydrides whose thermodynamic properties can be tuned are 𝑀𝑔-based hydrides 

[31]. In fact, 𝑀𝑔 − 𝑁𝑖 − system is a potential hydrogen storage system. Metal hydrides are 

compounds of one or more metal cations 𝑀+2 and one or more hydride anions (𝐻−1).  
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When pressurized, most metals bind strongly with hydrogen, resulting in stable metal 

hydrides that can be used to store hydrogen, resulting in stable metal hydrides that can be used 

to store hydrogen conveniently on board vehicles. Consider 𝑀𝑔2𝑁𝑖𝐻4 metal hydride. The 

𝑀𝑔2𝑁𝑖 has negative heat of formation of 𝐻𝑓
0(𝑀𝑔2𝑁𝑖) = −42𝐾𝐽/𝑚𝑜𝑙. Hence, compared to 

pure 𝑀𝑔, the dehydrogenated state is stabilized by ∆𝐻𝑑𝑠 = −21𝐾𝐽/𝑚𝑜𝑙𝑀𝑔. The enthalpy of 

formation of 𝑀𝑔2𝑁𝑖𝐻4 is 𝐻𝑓
0(𝑀𝑔2𝑁𝑖𝐻4) = −176𝐾𝐽/𝑚𝑜𝑙, and thus −88𝐾𝐽/𝑚𝑜𝑙𝑀𝑔. The 

hydride phase is stabilized by ∆𝐻ℎ𝑑 = −10𝐾𝐽/𝑚𝑜𝑙𝑀𝑔 if compared to pure  𝑀𝑔𝐻2. Therefore, 

the total hydrogen enthalpy of 𝑀𝑔2𝑁𝑖 [29] 

 

|∆𝐻𝑀𝑔2𝑁𝑖−𝐻| = |∆𝐻𝑀𝑔−𝐻| + ∆𝐻𝑑𝑠 − ∆𝐻ℎ𝑑   (13) 

 

is reduced by 11 𝐾𝐽/𝑚𝑜𝑙 𝐻2 to roughly |∆𝐻𝑀𝑔2𝑁𝑖−𝐻| = 67 𝐾𝐽/𝑚𝑜𝑙 𝐻2. Changing the content 

of 𝑀𝑔 can change the relevant enthalpies. Such metals when pressurized, bind strongly with 

hydrogen, resulting in stable metal hydrides, such as, 𝐿𝑎𝑁𝑖5𝐻6 ,  𝑀𝑔𝐻2,  𝑁𝑎𝐴𝑙𝐻4 , 𝑀𝑔2𝑁𝑖𝐻4, 

and can store hydrogen conveniently on board vehicles. Such solid state metal hydrides possess 

excellent hydrogenation properties such as high volumetric capacities, capable to absorb 

hydrogen at comparatively low temperatures and pressures.  

Typical superiorities of such metal hydrides are/should: 

1) Be capable of storing large amount of hydrogen (high volumetric hydrogen storage 

density) 

2) Inherently safer compared to mechanical storage methods. 

3) Be operated at relatively low temperatures and pressures. 

4) Have Capacity to carry compressed hydrogen for transport sector. 

5) In general have hydrogen energy density in  the order of 142𝑀𝐽/𝐾𝑔, and volumetric 

density in the order of 11𝑚3/𝐾𝑔. 

6) Have large total reversible storage capacity per weight. 

7) For practical applications, have low temperatures that are needed for desorption, i.e, 

∆𝐻 = 𝑇𝑑𝑆 should be smaller and T may be between −20 0𝐶 to 50 0𝐶. 

 

 

5.  RESULTS AND DISCUSSIONS 

 

Table 1 gives the variation of G with 𝑃(𝑇) as obtained from Eq. (10). It shows that G 

increases as 𝑃(𝑇) increases, and this is correct result knowing that 𝐺 = 𝑈 − 𝑆𝑇 + 𝑃𝑉. 

 

Table 1. Calculations of ∆𝐺 using Eq. (10) 

 

P(T) P(T)/Po Gibbs Free energy (Joules) 

500000 4.934616 729.1529989 

1000000 9.869233 1062.305546 
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1500000 14.80385 1269.90594 

2000000 19.73847 1427.009514 

2500000 24.67308 1556.923772 

3000000 29.6077 1669.940167 

3500000 34.54231 1771.501283 

4000000 39.47693 1864.827982 

4500000 44.41155 1951.979916 

5000000 49.34616 2034.351245 

5500000 54.28078 2112.927719 

6000000 59.2154 2188.430808 

6500000 64.15001 2261.403568 

7000000 69.08463 2332.264374 

7500000 74.01925 2401.341913 

8000000 78.95386 2468.898759 

8500000 83.88848 2535.147727 

9000000 88.82309 2600.263481 

9500000 93.75771 2664.390973 

10000000 98.69233 2727.651688 

 

 
 

Figure 1. Graph showing variation of  ∆𝐺 with P(T) 

0 2000000 4000000 6000000 8000000 10000000

500

1000

1500

2000

2500

3000
 

 

G
ib

b
s
 F

re
e

 e
n

e
g

y
(

G
) 

in
 J

o
u

le
s

P(T) in Pascals



World Scientific News 169 (2022) 121-135 

 

 

-131- 

The plot of ∆𝐺 against 𝑃(𝑇) is shown in Figure 1. From Figure 1, it is noted that G varies 

almost linearly with 𝑃(𝑇) indicating that entropy is either small or does not play an important 

role. This also means that, ∆𝐻 = 𝑇𝑑𝑆 will be small and this is what is the fundamental 

requirement for an efficient practical working of a system. 

The calculations of entropy (S) were also carried out using Eq. (9) and the values obtained 

are shown in Table 2. Incidentally, our calculations show that S is very small, which is the 

correct result for an efficient system. 

 

Table 2. Calculations of Entropy (S) using Eq. (9) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3. Calculations of Enthalpy (∆𝐻) using Eq. (11) 

 

Nis NH Entropy (Joules) 

10 9 1.94922E-23 

10 8 3.00045E-23 

10 7 3.66279E-23 

10 6 4.03543E-23 

10 5 4.15617E-23 

10 4 4.03543E-23 

10 3 3.66279E-23 

10 2 3.00045E-23 

10 1 1.94922E-23 

P(T) P(T)/Po T(K) ∆𝐺 (J) S (J/K) ∆𝐻 (J) 

1000000 9.869 257 1062.305546 1.94922E-23 1062.31 

2000000 19.74 265 1427.009514 3.00045E-23 1427.01 

3000000 29.61 273 1669.940167 3.66279E-23 1669.94 

4000000 39.48 281 1864.827982 4.03543E-23 1864.83 

5000000 49.35 289 2034.351245 4.15617E-23 2034.35 

6000000 59.22 297 2188.430808 4.03543E-23 2188.43 

7000000 69.08 305 2332.264374 3.66279E-23 2332.26 

8000000 78.95 313 2468.898759 3.00045E-23 2468.90 

9000000 88.82 321 2600.263481 1.94922E-23 2600.26 
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Figure 2. Graph showing variation of S with ∆𝐻 

 

 

 
 

Figure 3: Graph showing variation of  ∆𝐻 with 
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Additionally, the calculations for enthalpy are shown in Table 3. These calculations were 

obtained using Eq. (11). It was found that, enthalpy (∆𝐻) increases with P(T) and the systems 

tuned with this value will be more efficient and manageable. 

Figure 2 shows the variation of S against ∆𝐻. It is noted that, up to about ∆𝐻 = 2000𝐽, 

entropy and enthalpy vary linearly. Beyond ∆𝐻 = 2000𝐽/𝑚𝑜𝑙, increase in enthalpy leads to 

entropy reduction, and since this value of enthalpy corresponds to larger pressures, hydrogen 

adsorption points to localization with 𝑆 → 0. 

The variation of enthalpy against 
𝑃(𝑇)

𝑃0
 is shown in Figure 3. This variation is almost linear, 

thus, describing the fundamental requirement for an efficient system. 

 

 

6.  CONCLUSIONS 

 

The world is looking to hydrogen as the primary energy carrier, and to realize this goal 

we need a reliable and efficient way of storing hydrogen at some reasonable temperature and 

pressure such that the associated release of heat or enthalpy is not very large, i.e., ∆𝐻 = 𝑇𝑑𝑆 

should be low and the temperature should also be manageable. Calculations presented in this 

paper lead to some values of the thermodynamic parameters, such as T, S, G, H (T, ∆𝑆, ∆𝐺 and 

∆𝐻) that can lead to efficient and safe storage of hydrogen, and then desorption of 𝐻2 for 

practical applications. Our calculations reveal that, an efficient system should be tuned to the 

thermodynamic parameters such that, ∆𝐻 = 2600.26𝐽/𝑚𝑜𝑙 at 𝑃(𝑇) = 90 × 105𝑃𝑎, small 

values of S, T between 257𝐾 𝑡𝑜 321𝐾, and 𝐺𝑚𝑎𝑥 ≃ 2727.65 𝐽 . 
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