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ABSTRACT  

Energy harvested from the sun can achieve the required residential and industrial energy 

demands. Thermal energy storage (TES) is a potential option for storing low-grade thermal energy 

for low- and medium-temperature applications, and it can fill the gap between energy supply and 

energy demand. In this thesis, Chapter- 1 discusses about Thermochemical Energy Storage System 

for Cooling and Process Heating Applications: A Review. A hydrogen-based economy has great 

potential for addressing the world’s environmental concerns by using hydrogen as its future energy 

source. Hydrogen can be stored in multiple ways, but among all solid-state hydrogen storage 

materials, metal hydrides have the highest density for hydrogen storage in order to meet storage 

demand. Chapter-2 discussed about A Critical Review on Improving Hydrogen Storage Properties 

of Metal Hydride via Nanostructuring and Integrating Carbon Particles. The nanoscale tailoring 

of metal hydrides with carbon materials is a promising strategy for the next generation of solid-

state hydrogen storage systems for different industries. The nanostructured Metal Hydrides have 

gained attention to safely and effectively store hydrogen to use as an energy carrier. The metal-

polymer composites is an effective approach to protect the metal hydrides from oxygen atoms and 

polymers also provides cyclic stability. Chapter-3 discusses about Study of the Encapsulated 

LaNi5 and Carbon Particles in Polymeric Matrix for Hydrogen Storage Application. The structure 

of LaNi5 was maintained while partial replacement of La by Ce to develop La0.6Ce0.4Ni5. The 

metal-polymer composites are an effective approach to protect the metal hydrides from oxygen 

atoms and polymers also provides cyclic stability. Chapter-4 discussed about Study of 

Encapsulated La0.6Ce0.4Ni5 and Carbon Particles in Polymeric Composite for Hydrogen 

Storage. The nanostructured Metal Hydrides have gained attention to safely and effectively store 

hydrogen to use as an energy carrier.  
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CHAPTER 1  

INTRODUCTION  

Thermochemical Energy Storage System for Cooling and Process Heating 

Applications: A Review  

Abstract 

Energy harvested from the sun can achieve the required residential and industrial energy 

demands. Thermal energy storage (TES) is a potential option for storing low-grade thermal energy 

for low- and medium-temperature applications, and it can fill the gap between energy supply and 

energy demand. Thermochemical energy storage (TCES) is a reversible chemical reaction-based 

energy storage system that collects thermal energy during the endothermic chemical reaction and 

releases it during the exothermic reaction. The TCES system compactly stores energy for the long 

term in a built environment without any need of heavy thermal insulation during storage period 

with highest energy storage density. This review emphasizes the materials used for the sorption 

and reaction based TCES application. It also discusses about experimental investigations; the 

implementation status of TCES projects from lab scale to prototypes, and cyclic studies conducted 

for both types of TCES. This study is divided into two major sections based on temperature 

requirements: low-temperature (<0–50ºC) cooling application and medium-temperature (50–

250ºC) heating application. The low-temperature cooling application focuses on fertilizer-based 

materials and metal hydrides (MHs), and a conceptual design to utilize the cooling effect is 

developed. Safety concerns on the use of endothermic salts-based cooling system is also discussed. 

For medium-temperature heating (50–250ºC) applications, salt hydrates (SHs), magnesium oxide, 

methanol decomposition, benzene/cyclohexane, and MHs, along with their operating temperatures 
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and heat interactions are discussed. For low-temperature applications, a novel approach involving 

the endothermic reversible heat of solution using nitrogen-, potassium, and phosphate-based salts 

is discussed. 

Keywords: Thermal energy storage; Thermochemical storage; Salt hydrates; NPK fertilizers; 

Metal hydrides. 

* Author for correspondence: Email: Muhammad.Rahman@wichita.edu, pmkumar@iitg.ac.in, 

pmkumariitg@gmail.com 

Tel: +1-(316) 978-6343, +91-361-2582673, Fax: +91-361-2690762 

Nomenclature 

Symbols 

Cp  Specific heat (J/kg. K) 

Eg  Gravimetric energy density (kJ/kg) 

Ev  Volumetric energy density (kJ/m3) 

ΔHabs  Absorption enthalpy 

ΔHdes  Desorption enthalpy 

ΔHr  Reaction enthalpy (kJ/mol) 

ΔHr,V  Volume energy storage density (kWh/m3) 

LD50  Lethal dose for 50 percent of animals tested for toxicity 

m  Mass (kg) 

n  Number of moles 

P  Pressure (bar) 

mailto:Muhammad.Rahman@wichita.edu
mailto:pmkumar@iitg.ac.in
mailto:pmkumariitg@gmail.com
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Qm  Absorption enthalpy 

T  Temperature (°C) 

Acronyms  

AEO  Annual Energy Outlook 

CHP  Combined Heat and Power 

CL  Cooling Load 

COHA  Coefficient of Heat Amplification 

COP  Coefficient of Performance 

CP  Cooling Power 

CSP  Concentrated Solar Power 

DSC  Differential Scanning Calorimetry 

DRH  Deliquescence Relative Humidity 

EG  Expanded Graphite 

HTMH  High-Temperature Metal Hydride 

LHS  Latent Heat Storage 

LTMH  Low-Temperature Metal Hydride 

MH  Metal Hydride 

PCM  Phase Change Material 

PV  Photovoltaic 

SCP  Specific Cooling Power 

SH  Salt Hydrate 

SHP  Slowest Heating Point 

SHS  Sensible Heat Storage 
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TCES  Thermochemical Energy Storage 

TCM  Thermochemical Material 

TES  Thermal Energy Storage 

TGA  Thermogravimetry Analysis 

WSS  Wakkanai Siliceous Shale 

1.1 Introduction 

 Worldwide changes in climate require greater consumption of renewable and sustainable 

energy resources to diminish the use of fossil fuels and lower the generation of carbon dioxide, 

which controls the greenhouse effect [1]. Energy is a prime requirement of mankind and plays a 

key role in any nation’s development. In 2018, the U.S. Energy Information Administration, in its 

Annual Energy Outlook (AEO) report, predicted a 10–15% rise in energy consumption and a 31% 

rise in energy production from 2017 through 2050 [2]. Energy sources are divided into primary 

and secondary. Fossil fuels are primary energy sources that are transformed into secondary energy 

forms such as petroleum products, biofuels, and electricity [3]. Fossil fuels release greenhouse 

gases such as carbon dioxide, nitrogen oxides, etc., which are harmful to the environment. The 

AEO report predicted that energy produced from renewable energy sources such as solar, wind, 

and geothermal will increase by 7% by the end of 2019. The main issue associated with solar and 

wind energy is their intermittent nature and inability to produce energy for 24 hours a day. 

Therefore, there is an essential need for energy storage technologies that enable a reliable energy 

supply chain when renewable energy sources are utilized.  

 The benefits of energy storage relate to cost savings, waste heat recovery, load shifting, 

match demand-supply, and fossil fuel conservation. There are various ways to store energy, 
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including the following: mechanical energy storage (MES), electrical energy storage (EES), 

chemical energy storage (CES), electrochemical energy storage (ECES), and thermal energy 

storage (TES) [4,5]. In the United States, residential and commercial buildings consume 39% of 

the total energy, the majority of which is used for cooling and heating applications [2]. Batteries 

are the most common technology used for storing electricity, but when it comes to heating and 

cooling, TES can be the preferred option [6–8]. TES system stores energy harvested from the sun, 

it helps to reduce the cost, boosts the demand-side management with an increase in overall 

efficiency, has better reliability, and decreases the carbon footprint. The major applications of TES 

are district heating/cooling, seasonal storage, time-shifting of electricity demands, and waste heat 

recovery. Systems designed for heating or cooling applications based on TES have the potential 

economic benefit of reducing capital and maintenance costs, which can meet the average demand, 

not just peak and cycling demands. Fig. 1-1 demonstrates the reduction in cost for interseasonal 

TES projects in Germany and Europe [9]. In a step forward for reducing CO2 emissions, the United 

Kingdom set a target to decarbonize the heat used for space heating by 2050 [10]. Thus, 

implementation of the TES system is essential for efficient heating and cooling systems to meet 

variable demands. 
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Fig. 1-1. Cost of TES in Germany and Europe for interseasonal applications [9] 

1.2 Thermal Energy Storage 

 Depending on the application, and based on thermophysical and thermochemical reactions, 

thermal energy can be stored for shorter or longer periods. Sensible heat storage (SHS) and latent 

heat storage (LHS) involve thermophysical reactions, whereby the material’s specific heat capacity 

and phase change enthalpy, respectively, are used to store heat. The thermochemical approach 

relies on reversible chemical reactions to store energy like electrochemical batteries [11,12]. When 

the internal energy of the material changes, energy can be stored in the form of sensible, latent, or 

thermochemical heat of reactions [13]. The SHS system stores energy without changing the phase 

of a material, and here the energy storage density depends on the specific heat, mass density, and 

temperature rise of the material. Low cost and thermal stability are favorable characteristics of 

storing heat in the SHS system, while the larger volume, thermal loss, unstable discharge 

temperature, and smaller energy storage density are disadvantages of storing heat in the SHS 

system. The LHS system stores heat during the phase change of the material. The phase change 

can be solid-solid, solid-liquid or solid-gas [14,15]. The amount of heat stored depends on the 
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latent heat of the material. Compared to SHS, the LHS system has a higher heat storage density, 

is compact, and has a temperature that is stable during discharge. The main disadvantages of the 

LHS system are low thermal conductivity, flammability of some organic materials, and 

corrosiveness [16,17]. The thermochemical energy storage (TCES) system stores energy via a 

reversible chemical reaction. The reversible chemical reactions for charging and discharging heat 

are endothermic and exothermic reactions, respectively, in nature. Two types of TCES systems are 

discussed in the literature: sorption-based TCES and reaction-based TCES. The main advantages 

of the TCES system are as follows: (a) having the highest energy storage density and (b) ability to 

store energy for longer durations with minor losses because this energy is stored at ambient 

temperature. For these reasons, TCES has captured the attention of researchers around the world. 

Table 1-1-1 shows detailed characteristics and a comparison of various TES technologies. 

Table 1-1. Comparison of various TES technologies [7]  

 SHS System LHS System TCES System 

Fundamental 

Principle 
• Energy stored by 

raising temperature.  

• Depends on rise in ∆T 

• Energy stored during 

phase change of 

material at constant 

temperature 

• Depends on latent heat 

of material 

• Energy stored during 

reversible reactions 

(endothermic and 

exothermic) 

• Depends on reaction 

enthalpy 

Amount of heat 

stored 
𝑄 = 𝑚 ⋅ 𝐶𝑝 ⋅ 𝛥𝑇  𝑄 = 𝑚 ⋅ 𝐿 𝑄 =  𝑛𝐴 ⋅ 𝛥𝐻𝑟  

Volumetric 

energy density 

Small (̴ 50 kWh/m3)  Medium (̴100 kWh/ m3) High ( ̴ 500 kWh/m3)  

Gravimetric 

energy density 

Small (0.02–0.03 

kWh/kg) 

Medium (0.05–0.1 

kWh/kg) 

High (0.5–1 kWh/kg) 

Storage 

temperature 

Charging step 

temperature 

Charging step 

temperature 

Ambient temperature 

Storage period Limited due to thermal 

losses to surroundings 

Limited due to thermal 

losses to surroundings 

Theoretically unlimited 

Energy transport Shorter distance Shorter distance Theoretically long 

distance  

Maturity Industrial scale Pilot-scale Laboratory and pilot-

scale 
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Table 1-2 (continued) 

 

Technology Simple Simple  Complex 

Pros/cons Pros: 

• Low-cost materials 

• Reliable  

• Simple system 

 

Cons:  

• Low-energy storage 

density 
• Higher thermal 

insulation 

requirement 
• Shorter storage 

duration  
 

Pros: 

• Higher storage 

density compared to 

SHS 

• Compact system 

 

Cons: 

• Poor thermal 

conductivity 

• Higher thermal 

insulation    requirement 

• Highly corrosive 

Pros: 

• Highest storage density 

• Long-term storage  

• Minor heat losses 

• Heat storage at ambient 

condition 

 

Cons: 

• Expensive 

• Complex system 

1.3 Objectives of Present Review 

 Thermochemical energy storage systems are promising methods to store energy via the 

reversible chemical reaction and because of their high energy storage density. The summary of 

various research articles published on TCES is discussed in  

Table 1-3 and a compared to the recent review with the key contributions.  The focus of this review 

is to provide a comprehensive overview the possible TCES materials for low-temperature (<0– 

50ºC) applications, which includes deep-freezing and cooling applications, and medium-

temperature (50–250ºC) application such as process heating. This review concentrates on the 

concept and classification of different TCES materials, and the experimental investigations carried 

out on them, the cyclic stability of TCES reactions, and the prototype developmental status of each 

TCES. The organization of the major contents of this review is presented in Fig. 1-2. In this paper, 

the concept of thermal energy storage is explained in section 1. Section 2 discusses about the 

concept of thermochemical energy with two types of it; sorption based TCES, and reaction based 
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TCES. In the following sections 3 and 4; both types of TCES explained further and each section 

describes about conceptual diagrams, and experimental studies done so far. The challenges and 

future scope of each type are discussed in section 5 and concluded the summary of this review 

work in section 6. 

Table 1-3 Summary of the recent review articles on low and medium temperature TCES systems 

Author(s) Highlights Ref. 

N’Tsoukpoe et 

al. (2009) 
• Reviewed the materials used for absorption, physisorption, and 

chemisorption processes.  

• Described the projects involved in long term sorption storage 

till 2009. 

[6] 

Cot-Gores et 

al. (2012) 
• Reviewed sorption and reaction based TCES technologies: 

Ammoniates, hydrates, metal hydrides, hydroxides, and 

carbonates. 

• Focused on small to pilot scale prototypes of sorption and 

reaction based solid-gas systems. 

[18] 

Yu. et al. 

(2013) 
• This review provided an insight knowledge of sorption based 

TCES technologies. The basic principle of four types of 

sorption processes, storage mechanism and studies done with 

open and closed cycles were presented.   

• The major materials reviewed for liquid absorption: LiBr/H2O, 

NH3/H2O, LiCl; for solid adsorption: Silica gel/H2O, 

Zeolite/H2O, Novel porous materials; and various chemical and 

composite working pairs. 

[19] 

Tatsidjodoung 

et al. (2013) 
• Presented latent, sensible and thermochemical energy storage 

materials for the building applications. 

• The review was focused on the materials which were used in 

the temperature range of 0 to 100 °C for building heating and 

cooling application.   

[20] 

Sole et al. 

(2015) 
• Focused on various gas-solid and chemical reactor designs of 

TCES systems developed from lab to pilot scale for building 

application. 

• An overview of various materials, characterization techniques 

and modeling were also presented. 

[21] 

Fopah-Lele 

and Tamba 

(2017) 

• Discussed about thermal properties and sorption characteristics 

of SrBr2.6H2O for the heating and cooling applications. 

• Various studies on SrBr2.6H2O at the laboratory and prototype 

scale were presented. 

[22] 

Krese et al. 

(2018) 
• Highlighted the integration of solar energy in TCES 

technologies and systems for building heating and application. 

[23]  
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Table 1-2 (continued) 

 

• Focused on the system design of open and closed sorption 

storage systems with numerical modeling methods. 

Lizana et al. 

(2018) 
• Presented a review on recent advances and perspective of 

thermal energy storage technologies for zero energy building 

applications. 

• Reviewed various types of materials and mechanism of heat 

storage by sensible, latent and thermochemical thermal energy 

storage systems. 

• Under TCES systems, solid adsorption (silica gel/H2O, Zeolite 

5A/ H2O, Zeolite 13X/ H2O, Zeolite A4/ air) and liquid 

absorption (LiCl/ H2O, NaOH/ H2O, LiBr/ H2O) systems were 

presented. 

[24] 

Kuznik et al. 

(2018) 
• Presented the concept of the physisorption heat storage systems 

for building application. 

• Focused on materials (activated carbon, silica gel, zeolites, and 

composite salts), reactor (fixed bed and fluidized bed), and 

experimental prototypes of physisorption technologies. 

[25] 

Sunku Prasad 

et al. (2019) 
• Reviewed TCES systems operating over 300°C.  

• Discussed carbonates, hydroxides, metal hydrides and redox 

reactions under solid-gas reactions and ammonia synthesis/ 

dissociation, methane reforming and SO3/O2/SO2 TCES system 

under the category of gas-gas reactions.  

• Described various reactor designs available for performing 

solid-gas and gas-gas reactions.  

• Reported cyclic studies on solid-gas reaction materials. 

[26] 

Present review • The present review discusses the materials, mechanism, and 

storage concept of sorption and reaction based TCES systems.  

• Focusses on low temperature (<0-50°C) and medium 

temperature (50-250°C) TCES materials and applications.  

• A comprehensive overview of the recent studies conducted at 

the laboratory and prototype scale is discussed. 

• A unique fertilizer-based cooling system is discussed first time 

in this article. 

• The conceptual storage design for solar cooling and heating 

application is presented. 

• Also, the safety aspects of the materials discussed. 
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Fig. 1-2. Organizational chart of present review 

1.4 Thermochemical Energy Storage 

 Thermochemical energy storage frameworks are still in the beginning stages. A large 

portion of the studies were carried out on the research scale. A significant amount of time, money, 

and effort is required before an economically practical framework becomes operational. The initial 

step to building a TCES framework is the choice of the response and the investigation of the 

essential material qualities, such as reaction kinetics, reversibility, cyclic stability, and change in 

pressure and temperature during energy conversion [26]. As shown previously in Table 1, TCES 

systems have the highest energy storage density and can be used for long-term storage applications 

for seasonal heat storage since minimum energy is lost during the process because energy is stored 
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at ambient temperatures. TCES can be classified based on the operating temperature range for 

residential and commercial cooling and heating applications, as shown in Table 1-4. The TCES 

system stores energy in stable chemical material such as salt hydrates, ammoniates, metal hydrides, 

hydroxides, and carbonates. The TCES system converts heat energy into chemical potential energy 

during the reversible reactions, which store or release heat in or from the materials. Two types of 

TCES systems—sorption and thermochemical reactions—are generally discussed in the literature, 

and definitions differ from author to author [27,28]. 

Table 1-4. Classification of TCES considered in current work 

Type of 

TCES 

Trange 

(ºC) 
Materials Applications Ref. 

Low-

Temperature  

<20 
• Salt hydrates ((NH2)2CO, 

NH4Cl, NaNO3, NH4NO3, 

NH4CNS, KNO3, NPK 

fertilizers) 

• Metal hydrides (Appendix 

I) 

• Cooling 

• Food processing 

• Cold storage 

[29,30]  

Medium-

Temperature  

Case 1 

50–

100 

• Salt hydrates (MgBr2, 

MgCl2, MgSO4, Na2S2O3) 

• Metal hydrides (Appendix 

I) 

• Micro-combined heat and 

power (CHP)—household 

• Swimming pool heating, 

hot tap water supply, space 

heating, drying, distillation 

[28,31] 

Medium-

Temperature  

Case 2 

100–

250 

• Methanol decomposition/ 

synthesis 

• Cyclohexane/benzene/ 

hydrogen 

• MgO/H2O 

• FeO/H2O 

• District heating network 

• Solar farm system 

• Process heat-desalting 

• Waste heat recovery 

• Thermal storage for 

industrial applications 

[32,33]  

1.5 Concept of TCES Based on Sorption 

 A sorption-based TCES system for heat storage has gained considerable attention because 

of its higher energy density and minor heat loss [34]. This reversible process to store and utilizes 

energy is generally referred to as a charging process to store the energy and a discharging process 
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to use the stored energy. Sorption-based TCES can be used for various applications: short/long-

term energy storage, refrigeration system, and domestic hot water supply, industrial heat/cooling, 

and space heating.  

1.5.1 Working Principle 

 Sorption is a surface mechanism process between the sorbent and the sorbate to store 

energy by breaking the bonds in physical or chemical bonds. The sorption mechanism consists of 

two processes: absorption and adsorption. Absorption is the process between absorbate and 

absorbent materials. Absorbate material is retained by the absorbent material and forms a solution 

that takes place at the molecular level. As a result, material expansion occurs, and a large amount 

of energy can be stored in the covalent bonding of atoms and molecules. Absorbent materials can 

be solid or liquid, and absorbate materials can be gas or liquid [35]. The adsorption process occurs 

between two phases at the interfaces, and during that time, cohesive forces act along with 

molecules of the substrates. As a result, the adsorption process occurs at the surface of the 

absorbent materials, thereby creating a thin layer of atoms at the surface of the adsorbent materials 

without disturbing the internal molecules. The sorption process also involves the mechanisms of 

physisorption and chemisorption. The physisorption process is a Van der Waals interaction 

between the surface of a substrate and the adsorbate. In this reversible process, heat is released 

during the exothermic adsorption process, and heat is consumed during the endothermic desorption 

process. While chemisorption is a chemical bonding between the substrate and adjacent fluid 

phase, and the absorption process here is where atoms penetrate through the surface and lead to a 

change in structure and composition of one or both bulk phases. The sorption process in TCES is 

shown in Fig. 1-3. Charging is an endothermic process where heat is supplied externally, and as a 

result, the sorbent and sorbate are dissociated. The dissociated materials can be stored separately 
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at ambient temperature. During the discharging process, the sorbent and sorbate are associated to 

form the original substrate during which heat is generated. This is an exothermic reaction whereby 

released heat could be utilized [36]. 

 

Fig. 1-3. Principle of sorption in TCES [37] 

 Important characteristics of the materials for sorption are high heat of reaction, high affinity 

between adsorbent and adsorbate, higher thermal conductivity, and good stability of the material. 

Furthermore, these materials should possess low toxicity and not be corrosive. The sorption-based 

TCES mechanism is described by Yu et al. [19] as liquid absorption, solid sorption (chemical and 

solid adsorption), and composite materials, as shown in Table 1-5. Sorption processes can be 

further classified based on the system design configuration—open or closed—which are compared 

in Table 1-6.  
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Table 1-5. Sorption-based TCES system mechanism 

Table 1-6. System configuration for sorption based TCES system 

 Working Pairs Applications Ref. 

Liquid 

Absorption 
• LiBr/H2O 

• NH3/H2O 

• LiCl/H2O 

• CaCl2/H2O 

• Solar cooling 

• Heat-pumps 

• Desiccant dehumidification 

[38,39] 

Solid Adsorption • Silica gel/H2O  

• Zeolite/H2O  

• Metal organic frameworks 

• Silicoaluminophosphates 

• Aluminophosphates 

• Seasonal energy storage 

systems (short/long) 

• Solar cooling (air-

conditioning/ refrigeration) 

• Heat pump processes 

[40,41] 

Chemical 

Adsorption 
• NH4Cl 

• BaCl2/NH3 

• MnCl2 

• Sorption cooling 

• Heat pump 

• Cold storage 

[38,42] 

Composite 

Materials 

• CaCl2-silica gel/H2O 

• LiBr-silica gel/H2O 

• CaCl2-FeKIL2H2O 

• LiCl+LiBr/silica gel 

• CaCl2-silica gel-PVP40 

• Low temperature heat storage 
[43,44] 

 Sorption-Based Open TCES 

System 

Sorption-Based Closed TCES 

system 
Ref. 

Fundamental 

Principle 
• Operates at ambient temperature 

• Operation principle shown in 

Fig. 1-4(a) 

• Operates on vacuum condition 

• Operation principle shown in 

Fig. 1-4(b) 

[36,37] 

System 

Requirement 
• Lower charging temperature 

• Single reactor consists of sorbent 

• Working fluid vapor released to 

atmosphere so only water used as 

working fluid 

• Two vessels: reactor with sorbent 

and condenser/evaporator to 

collect liquid water 

• Higher charging temperature 

[45] 

Applications • Space heating 

• Domestic hot water supply 

• Refrigeration, heat pump 

• Thermal energy storage 

• Small-scale compact 

[46,47] 

Charging 

Temperature 
• Lower heat input • Higher heat input [48] 

Discharging 

Temperature 
• Lower for similar water pressure 

• Lower heat output 

• Higher for similar water pressure 

• Higher heat output 

[48] 

System • Simple • Complex [49] 
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(a)       (b) 

Fig. 1-4. Working principle of sorption energy storage: (a) open system, 

and (b) closed system [19] 

Table 1-5 (continued) 

 

Material 

Requirement 
• Non-toxic, 

• Non-hazardous 

• Non- flammable 

• No mass transfer with 

environment so no material 

limitations 

 

Heat 

Transfer 
• Better cause of forced circulation • Limiting step [50,51] 

Pros • Simple and not pressurized. 

• Controlled heat transfer 

• Fewer components required. 

• Lower cost 

• Sorbate operates on vapor 

pressure difference, so no fan 

needed. 

• Faster transport mechanism 

• Isolated from atmosphere 

 

[38,47] 

Cons • Fan required to drive moist air 

• Humidifier required to maintain 

sorbate vapor pressure 

• System needs periodic 

evacuation because of 

incondensable gas formation 

• Lesser overall efficiency because 

of multiple mechanical 

component overall efficiency 

[22,52] 

Overall 

Efficiency 
• 69% • 50% [53] 
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1.6 Concept of TCES Based on Reaction 

 The reaction based TCES system stores energy by reversible chemical reaction without 

sorption. Compared to the sorption-based TCES system, the reaction-based TCES system has a 

higher energy storage density, a wide operating temperature range, and energy storage at ambient 

conditions. 

1.6.1 Working Principle 

 Reaction-based TCES is a step process, whereby thermal energy is stored and utilized via 

reversible endothermic and exothermic reactions. The energy is stored in chemical bonds as shown 

Eq. 1 [6]. Fig. 1-5 shows the TCES cycle involving a three-step process: charging, storage, and 

discharging. The first step in the TCES cycle is charging, which occurs via an endothermic 

reaction, where the reaction heat (∆H) is supplied through solar thermal collectors to the 

thermochemical material (TCM). During the endothermic reaction, the TCM is dissociated into 

products A and B. Again, charging is divided into three steps [54]. The first step is to preheat the 

TCM to its dissociation temperature. The reaction takes place in the second step, where the energy 

of the TCM is increased by the enthalpy of the reaction. In the third step of the charging process, 

the TCM is cooled to storage temperature. The second step of the TCES cycle is storage. After 

recovering the sensible heat, the products (A and B) are stored separately. During storage, there is 

no change in their chemical potential. The final step in the TCES cycle is discharging. During 

discharging, the products A and B are combined in an exothermic reaction, thereby regenerating 

to AB. During this exothermic reaction, energy is released. 

 AB + Heat (∆H) ↔ A + B (1) 
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Fig. 1-5. TCES cycle: charging, storage, and discharging 

 Sorption- and reaction-based TCES have benefits and can be used for TES applications. 

The principle of sorption-based TCES can be applied to a mechanical and chemical heat pump 

using waste heat that can produce heating and cooling effects and used as a TES [33]. Low-grade 

thermal energy can be transported using sorption based TCES [55]. The experimental studies done 

by Qiang et al. [56] using ammonia-water absorption and concluded that it can be a potential 

solution to for transportation of low-grade thermal energy over long distance. Weber and Dorer 

[57] analyzed NaOH-water in a closed system for domestic hot water or space heating applications. 

Solar sorption refrigeration [58] and waste heat upgradation [59] are two other applications of 

sorption-based TCES. Reaction-based TCES is widely discussed and studied for high-temperature 

TES applications [24]. A similar concept can be utilized for low- or medium-temperature 



19 
 

applications. For example, Kato et al. [60,61] developed a chemical heat pump using magnesium 

oxide/water to recover waste heat using a reversible chemical reaction for medium-temperature 

applications.   

 Energy storage plays an important role in the decentralized energy supply. According to 

the AEO 2018 report, 27% of energy is delivered to the building sector (residential and 

commercial), and a majority of that is used for space cooling. or space or water heating 

applications, both of which belong to the low- and medium-temperature categories, respectively 

[2]. Ultra-low-grade energy can be harvested using TCES materials to store heat. The 

fundamentals of sorption and reaction-based TCES have been applied to an inter-seasonal heat 

storage application for storing low- and medium-temperature heat for applications. TCES systems 

have a potential  in order to develop the least-expensive applications such as district heating, 

domestic water heating, and thermal comfort, as well as for space cooling [62]. Due to its 

environmental benefits and minor heat losses, TCES can be an effective and affordable solution to 

bridge the energy supply and demand. A combination of the TCES and CHP systems is an effective 

solution for decentralized energy [63]. Depending on the energy requirement and cost, the stored 

energy can be supplied to match peak energy demand [64]. The benefits of TCES is variety of 

materials (ammoniates, hydrates, metal hydrides, hydroxides, etc.) can be used to cover a wide 

range of working temperatures (0–250ºC). Table 1-6 shows the various application and materials 

for sorption- and reaction-based TCES for different temperature ranges.  
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Table 1-7. TCES materials and their respective applications 

1.7 Sorption-Based TCES 

1.7.1 Materials and Implementation Status of Sorption-Based TCES 

 The fundamental and working principles of sorption based TCES were discussed 

previously in section 2.2. This section discusses the existing materials and developed prototypes 

of the sorption based TCES system. The detailed information about the nature of the prototype, 

working pairs for energy storage with its important characteristics, charging/discharging 

temperature, system configuration, and system requirements are also discussed. Salt BaCl2 with a 

refrigerant NH3 has a low decomposition temperature and is used for ice-making [49,70]. A 

cooling system consisting of salt BaCl2 and reacting gas NH3 combined with a vapor compression 

refrigeration system was developed by Ferrucci et al. [49] and Michel et al. [70], as shown in Fig. 

1-6. A thermochemical reactor was used as an additional heat source when there was no energy 

available from the sun, and this produced a cooling effect of 4 kWhcold/day/m2 using waste heat 

Type 
Temperature 

Range (˚C) 
Materials Applications Ref. 

Thermochemical 

energy storage 

based on sorption 

0–105 For Adsorption: silica gels, 

alumina-silicates, metal-organic 

frameworks, composite sorbents 

(silicates + CaCl2, expanded natural 

graphite (EG) + SrBr2) 

For Absorption: NaOH/H2O, 

LiCl/H2O, CaCl2/H2O, LiBr/H2O 

Space heating, 

domestic water 

heating 

[65,66] 

Thermochemical 

energy storage 

based on reaction 

< 20 Salt hydrates ((NH2)2CO, NH4Cl, 

NaNO3, NH4NO3, NH4CNS, KNO3, 

NPK fertilizers) and metal hydrides 

Cooling, food 

processing, 

cold storage 

[19,67] 

50–250 CaCl2.8NH3(s), NH4Cl.3NH3(l), 

MnCl2.6NH3(s), MgCl2.6NH3(s), 
metal hydrides 

Space heating [68,69] 
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[49]. A study by Zhong et al. [71] concluded that BaCl2/NH3 in a vermiculate matrix could have a 

coefficient of performance (COP) of 0.6 at 15°C evaporating temperature and 35°C condensing 

temperature. A strontium chloride-ammonia-based heat pump model was studied by Al-Zareer et 

al. [72] for a sorption-based TES system for cooling and heating applications. The energy and 

exergy efficiency were calculated as 65.4% and 50%, respectively, to generate heat at 87°C. To 

generate a cooling effect at 0°C, the exergy efficiency was calculated as 29.3%. Two reactor-based 

thermochemical cooling systems were studied by Goetz et al. [73] employing BaCl2-NH3 and 

NiCl2-NH3 for the space cooling application. 

 

Fig. 1-6. Vapor compression refrigeration cycle combined with TCES system [49] 

 Compared to salt hydrates, solid adsorption materials have better heat and mass transfer 

rates but lower energy storage density because of the hydroxyl structure it can form hydrogen 

bonds with polar oxides. The solid adsorption materials have higher pore size, which creates a 

higher surface area, thereby increasing the energy storage capacity [74]. Natural zeolites is another 

material and have been studied widely because of their high water-absorbing property, 

microporous structure (similar to honeycomb), high surface area, thermal stability, and storage 
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density (71–225 Wh/kg) [46,75]. Several types of zeolites—10X, 13X, 4A, 5A, Y—are discussed 

in the literature and have been used in place of silica gels because of zeolites are more hydrophilic 

nature [76,77]. Of all the zeolites, zeolite 13X has the highest adsorption potential to be used as a 

solid adsorption material [78]. Whiting et al. [76] concluded that zeolite-MgCl2 is a promising 

composite for a solar TCES application due to its large pore volume. They also found that it has a 

higher reaction enthalpy (1173 J/g) and better kinetic properties than the zeolite-MgSO4 

composite. Abedin and Rosen [53] reported on the prototype development of zeolite 13X for a 

seasonal heat-storage application. They studied for cooling and heating applications and reported 

energy storage densities of zeolite 13X were 124 kWh/m3 and 100 kWh/m3, respectively, with 

COPs of 0.9 and 0.86, respectively. They also suggested that natural zeolites could be useful for 

low-temperature applications. Henninger et al. [79] tested 20 adsorbents and, using 

thermogravimetry (TG)/differential scanning calorimetry (DSC) analyses, concluded that 

microporous aluminophosphates and silicaaluminophosphates have higher water uptake compared 

to zeolites. Ng and Mintova [80] reviewed nanoporous materials and concluded that metal oxide 

pillared interlayer clays (PILCs) could absorb more water because of their higher micro-porosity. 

Another study on microporous aluminophosphates and silicaaluminophosphates reported that it 

can take water up to 200 g/kg and 254 g/kg, respectively [81]. Silica gel-water, a solid adsorption 

working pair, has gathered attention because silica gel is widely used as a desiccant, but it has a 

low energy storage density (80 kWh/m3) [40], which is its limitation. However, silica gel’s lower 

energy density can be useful for long-term applications and still be considered as high energy 

density material compared to the sensible storage of water [82]. The various lab to commercial 

scale prototypes of sorption based TCES are explained in Table 1-8. 

.  
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Table 1-8. Lab to commercial scale prototypes of sorption based TCES 

Project/Organizat

ion Name 
Nature Working Pairs Remarks Ref. 

GEPASUD 

Laboratory, 

University of 

French Polynesia, 

French Polynesia 

Prototype BaCl2/NH3 
• Compressor-driven system for 

cooling applications 

• Low-temperature reaction with 

heat source 30–45°C 

• Cooling capacity 4 kWhcold/day 

per m2 of photovoltaic panel at 

cooling temperature 16°C 

[49] 

Laboratory 

Procedes, France, 

2008 

Reactor scale Expanded natural 

graphite + SrBr2 

• Heating capacity 60 kWh at 35°C 

during mid-season  

• Cooling capacity 40 kWh at 18°C 

• Energy storage density 144 

MJ/m3 

• Heat source 80°C 

• Natural graphite used as 

consolidated composite for 

porous fixed bed 

[65] 

ITAE/CNR, Italy 

and BIC/RAS, 

Russia 

Laboratory 

scale 

LiNO3/vermiculi

te 

• Heat storage capacity 1.15 MJ/kg 

for laboratory-scale adsorption 

chiller  

• Macro-porous vermiculite used as 

host material for large mass of salt 

for 60–80ºC heat storage 

• Adsorption temperature 33–36ºC 

• Desorption temperature 62–65ºC 

• Heat source 95ºC 

[83] 

LOCIE, CNRS 

UMR, France 

Laboratory 

scale 

LiBr/H2O 
• Heat storage capacity 

907.2MJ/m3 

• Desorption temperature 75–90°C 

• Absorption temperature 22–26°C 

• For surface heating at 30–40°C 

[84] 

Empa, Swiss 

federal laboratories 

for materials testing 

and research, 

Switzerland 

Laboratory 

scale 

NaOH-water 

 

 

 

 

• Heat 900 MJ/m3 of NaOH  

• Heat storage density 3 times 

higher to supply domestic tap 

water at 70°C compare to 

traditional hot water storage 

• Heat storage density 6 times high 

for 40°C space heating 

application 

[57] 
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Table 1-7 (continued) 

 

National Institute of 

Chemistry 

Slovenia, Slovenia 

Laboratory 

scale 

CaCl2 + 

FeKIL2/water 

• Composite gives hydrothermal 

stability for 20 cycles 

• Heat storage capacity 428 MJ/m3 

• Adsorption temperature 20–40°C 

• Desorption temperature 140°C 

[85] 

Institute of 

Refrigeration and 

Cryogenics, China 

Laboratory 

scale 

BaCl2 + 8NH3 
• Solar-powered thermochemical 

cooling system using chemical 

composite sorbent  

• Waste heat or solar energy as heat 

source at 75–90ºC 

• COP of system 0.50–0.53 

[86] 

Institute of 

Refrigeration and 

Cryogenics, China 

Experimental Graphite/SrCl2-

NH3 

• Higher energy storage density 700 

kJ/kg 

• Dual-mode TCES for heating 

application depending on ambient 

temperature: direct and 

temperature-lift heating modes 

• For heat output temperature of 

35°C, heat storage density 706 

kJ/kg when ambient temperature 

is 15°C in winter 

• For heat output temperature of 

55°C, heat storage density 305 

kJ/kg when ambient temperature 

of –15 °C 

• Heat source temperature: 94°C 

[45] 

Institute of 

Refrigeration and 

Cryogenics, China 

Experimental LiCl + activated 

carbon/EG/silica 

solution  

• Energy storage density 0.73–1.43 

GJ/m3 

• Activated carbon increases 

stability, EG increases thermal 

conductivity, silica solution used 

as binder 

• Desorption temperature 66°C 

• High absorption temperature 

range 20–35°C. 

• Activated charcoal increases 

water uptake for LiCl up to 0.97 

g/g 

[87] 

Environmental 

System Research 

Laboratory, Japan 

Experimental Wakkanai 

siliceous shale 

(WSS) + LiCl 

• WSS + 9.6 wt% of LiCl at 

regenerative temperature 80ºC 

• Volumetric energy storage 

density 272 MJ/m3 

[88] 
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Table 1-7 (continued) 

 

Indian Institute of 

Technology 

Madras, Chennai 

Experimental Silica gel-H2O 
• Energy storage density 143 

MJ/m3 

• 350 kg silica gel used to produce 

18kWh of heat 

• Desorption temperature 71–93ºC  

• Adsorption temperature of water 

45ºC 

[40] 

Energy Research 

Center of the 

Netherlands 

Pilot scale Zeolite 13X/H2O 
• 12kWh energy released during 

discharging process 

• Open system for household 

application with maximum power 

of 4 kW 

• Charging temperature 190ºC 

• Discharging at temperature of 

10ºC and water vapor pressure of 

around 1kPa (5g water per kg of 

air) 

• Heat source temperature at 190ºC 

[89] 

Institute of 

Refrigeration and 

Cryogenics, 

Shanghai Jiao Tong 

University 

Experimental MgCl2 @ Zeolite 
• Maximum sorption capacity of 

0.55g/g 

• Dehydration temperature of 

MgCl2 inside zeolite is 40 ºC 

• Energy storage density: 

gravimetric- 1368 kJ/kg and 

volumetric- 308 kWh/m3 

[90] 

University of Mons, 

Belgian 

Reactor scale Silica gek/LiBr 
• Energy storage density: 261 

kWh/m3 

• Desorption temperature- 80 ºC 

• Adsorption temperature- 30 ºC 

• Energy storage density of 381 

kWh/m3 at desorption 

temperature of 120ºC 

• Material showed stability for 10 

cycles 

[91] 

National Research 

Council, Institute 

for advanced 

energy technologies 

"Nicola Giordano", 

Italy  

Laboratory 

scale  

LiCl/vermiculite 
• Stable for 14 cycles 

• Thermal storage density up to 

2.15 kJ/g 

• Composite showed faster 

reaction kinetics. 

• The specific heating power 2.96 

kW/kg 

[92] 
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1.7.2 Storage Concept for Sorption-Based TCES 

 The sorption based TCES process could store heat for long/short/medium-term 

applications with the lowest heat losses for a wide temperature range. The solar seasonal energy 

storage system could relate to the open adsorption based TCES system and be utilized to reach the 

peak demand of energy. Based on the open storage system principle, as shown previously in Fig. 

1-4(a), a concept was designed for the space heating application. The conceptual design of a simple 

Table 1-7 (continued)  

National Research 

Council, Institute 

for advanced 

energy technologies 

"Nicola Giordano", 

Italy 

Experimental LiCl/MWCNT/P

VA 

• Stable for 10 cycles 

• Thermal storage capacity of 1.5-

1.6 kJ/kg 

• Composite showed lower 

charging temperature of 75 ºC 

• The specific heat generated- 4.0 

kW/kg 

• Volumetric specific power: 

2900 kW/m3 (charging) and 

1300 kW/m3 (discharging)  

 

[93] 

Beijing Institute of 

Technology, 

Beijing, China 

Reactor scale Zeolite 13X 
• Heat transfer was enhanced as 

copper fins reactor was used 

• Energy storage density – 233 

kWh/m3 (material level) and 

128 kWh/m3 (reactor level) 

• Outlet air temperature of 54.6 ºC 

and outlet water temperature of 

39.4 ºC was achieved 

[94] 

Eindhoven 

University of 

Technology, 

Netherlands  

Experimental Salt/ 

hollow SiO2(HS) 

 

(Salt- LiCl.H2O, 

CaCl2.6H2O, 

SrBr2. 6H2O)  

• Energy storage density for 

CaCl2 with HS- 0.9 GJ/m3 

• LiCl with HS showed stable 

kinetics for 50 cycles 

• LiCl@HS (LiCl check) showed 

fast reaction kinetics compare to 

others 

[95] 
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and flexible adsorption based open TCES system developed from literature is shown in Fig. 1-7. 

During the charging process in hot weather (Fig. 1-7(a)), solar thermal collectors are used to charge 

the ambient air, and the hot air from the solar collector dehydrates the sorption material in the 

reactor and also pre-heats the ambient air using the exhaust air. During cold days (Fig. 1-7(b)), the 

moist/wet air passes through the bed of sorption material, which releases heat to the air by 

absorbing its moisture. A similar concept was studied by the ZAE Bayern research institute in 

Germany to reduce the energy demand for the heating process for a district heating application in 

Munich, as shown Fig. 1-8 [96]. This long-term adsorption system for a district heating application 

stored 1,300 kWh of heating energy and reported an energy storage density of 124 kWh/m3 and 

100 kWh/m3 with COPs of 0.9 and 0.86 for heating and cooling, respectively. The charging process 

(at night) is done when the thermal energy demand decreases. During the process, sorption material 

(zeolite) charges and stores heat. When heat is required, air enters the adsorption chamber around 

25°C and exits the chamber at approximately 65°C. The almost 40°C rise in air temperature is used 

for space heating of the entire school building. Likewise, a similar concept could be applied for 

the closed adsorption storage system based on the principle shown previously in Fig. 1-4(b). 

  

 

Fig. 1-7. Conceptual storage design for adsorption-based open TCES system: (a) energy-

storage phase and (b) energy-release phase [96] 
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Fig. 1-8. Adsorption TCES system for district heating application [96] 

 

 A closed system was designed by Kerskes [97] for a hot water application. For hot water 

production, silica-gel/water pairs were used because silica-gel can adsorb water vapor in an 

exothermic reaction. As shown in Fig. 1-9, the high-temperature heat energy (solar heat /waste 

heat) is supplied to the silica-gel/waterbed during the charging phase, at which time water vapor 

is released from the silica-gel by absorbing the endothermic heat of reaction. The released water 

vapor is cooled in a condenser. Thus, dry silica-gel and water vapor are stored independently. 

During the discharging phase, the stored water is vaporized in an evaporator using a low-

temperature heat source. Then, the water vapor passes through the silica-gel bed, thereby releasing 

useful heat in an exothermic reaction.  
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Fig. 1-9. Conceptual storage design for closed adsorption based TCES system for hot water 

production [97] 

1.8 Reaction-Based TCES 

 The reaction based TCES stores energy by changing the molecular structure of the 

substance. The molecules of the materials are disassociated and then recombined in the reversible 

reaction during the charging and discharging processes, respectively [98]. Reaction-based 

thermochemical materials have been the focus of research for more than four decades for TES 

applications. One of the major advantages of reaction-based TCES over sorption-based TCES is 

the wide range of materials that can be used, such as salt hydrates (SHs), metal hydrides (MHs), 

fertilizer-based salts, and magnesium oxide, and their respective operating temperatures, from 

deep freezing to about 200°C.   

 Salt hydrates have gained considerable attention due to their wide range of material 

combinations and operating temperatures. Upon heating, salt hydrates release water and 

disassociate into anhydrous salt. Energy can be stored in that form at ambient temperature for a 

long period of time. Balasubramanian et al. [99] developed a mathematical model for SHs-based 
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TCES using magnesium sulfate heptahydrate and reported that the temperature of the SHs could 

be increased rapidly during the reaction. They also concluded that the input heat flux is an 

important parameter for initiating the reaction. Opel et al. [100] experimented with MgCl2.6H2O 

for space and water heating applications, and concluded that it is possible to use MgCl2.6H2O as a 

thermochemical material at a temperature below 100°C, which is relevant to a number of 

applications in combination with CHP plants. Mamani et al. [13] developed a low-cost TCES using 

Bischofite, a non-organic waste from non-metallic industries that contains 97.37% MgCl2.6H2O. 

They found that Bischofite has higher energy storage density (1.251 kJ/cm3 at 100 ºC) and is three 

times cheaper to store energy compared to synthetic MgCl2.6H2O.  Donkers et al. [27] reviewed 

the potential reactions of 563 salt hydrates for a domestic hot water application and found that only 

K2CO3 salt hydrates can store energy more than 2 GJ/m3, are stable, cheaper, and have hydration 

and dehydration temperatures of 65 ºC and 100 ºC, respectively.  A systematic study was done by 

N’Tsoukpoe et al. [28] to review 125 salt hydrates for a low-temperature micro-CHP TCES 

application. They found that for the 25ºC hydration and below 105ºC dehydration temperature, 

SrBr2.6H2O and LaCl3.7H2O are the only promising salt hydrates that are reversible, thermally 

stable, and have discharging temperatures of 60ºC or above for a domestic hot water supply. 

Thermodynamic and energy transfer studies carried out by Marias [101] for TCES employing 

various salt hydrates (KAl(SO4)2, MgSO4, Al2(SO4)3, MgCl2) found that KAl(SO4)2.12H2O is the 

most stable at 65ºC and 25ºC of charging and discharging temperatures, with an energy storage 

density of 864 MJ/m3. Several salts that are used as a fertilizer have also been explored for cooling 

applications. Many patents have suggested that the cooling effect could be produced using 

individual materials or composites of nitrogen, potassium, and phosphate-based fertilizers 

[30,102]. Another group of materials that have gained considerable attention for heat storage 
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applications are metal hydrides. MHs offer a wide range of operating temperatures, and they can 

be used for both cooling and heating applications, such as air conditioning, heat pump, heat 

transformer, and heat storage [103].  

 The following section provides a comprehensive review of materials and their potential as 

candidates in cooling and heating applications. Thermochemical materials are divided into two 

categories based on applications: low-temperature TCES for cooling applications (<0–50 ºC) and 

medium-temperature TCES for heating applications (50–250 ºC). Medium-temperature TCES is 

further divided into two cases based on temperature range: Case 1: 50–100 ºC and Case 2: 100–

250 ºC.  

1.8.1 Low-Temperature TCES (<0–50ºC) for Cooling Applications  

 Solar energy can be captured and stored indefinitely for cooling purposes, simply via the 

endothermic reversible heat of the solution using fertilizer-based salts that activate upon mixing 

with water. The concept of using fertilizer-based salt is to dissolve salt into water, and then use 

solar energy or waste heat to evaporate the water. The dried salt is characterized as the endothermic 

heat of solution [67]. This dried salt can maintain a cooling effect for an indefinite period. When 

required, the cooling effect can be obtained by spraying water on top of the dried salt and using it 

on demand. A United States patent by Leavitt and Bergida [30] concluded that the cooling effect 

could be produced using the salts for the cold pack and food/beverage container application and 

various salts are shown in Table 1-9. Many patents have suggested that the cooling effect could be 

generated and used for cold pack applications employing fertilizer-based salts (generally a mixture 

of nitrogen (N), phosphorus (P), and potassium (K)), which are referred to as NPK fertilizer [104]. 

NPK fertilizer is used to balance the nutrient content in the soil. Before using NPK salts as a 

fertilizer, they can be used for producing a cooling effect, and once the material is no longer useful 
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as a cooling agent, it can be used as a balanced fertilizer for farming. The cooling effect that is 

produced can be used for refrigeration or food/agriculture yield preservation [67].  

 This concept provides a new economically feasible solution for space cooling applications 

that can be operated fully or partially with solar energy. The stored coolness can be used to assist 

the existing air-conditioning/refrigeration system. Also, it can provide an instant cooling effect for 

any emergency cooling needed when the existing air-conditioning/refrigeration system fails or 

cannot deal with a high unexpected load. The important properties of salts to be considered are 

toxicity, cyclic stability, and ease of disposal. Toxicity of cooling agents can be calculated by the 

oral rate LD50 value (lethal dose used to measure the short-term poisoning potential) and toxicity 

of various salts is shown in Table 1-9. An LD50 value of toxicity above 1000 is preferred for salts 

to be safe for most applications [30]. Also, it is necessary for the cooling application that salts must 

be non-explosive endothermic composition. But the major concern for safety of nitrate-based salt 

is they explosive in nature. To suppress the flammability and explosivity of the salts, Porter [105] 

reported that adding 5–10% ammonium phosphate to the mixture of nitrate-based salts can provide 

resistance to flammability and makes the composition insensitive to detonation. The hydroscopic 

property of ammonium phosphate works as a scavenger of free water to prevent water from 

dissolving the NH4NO3. Hence, the fertilizer-based materials are safe and non-toxic to develop 

fertilizer based cooling system.  

Table 1-9. Salts that produce cooling effect for endothermic reactions [30] 

Solute 

LD50 

(oral rate) 

(mg/kg) 

Solubility 

(grams solute per 

100 grams water 

at 20ºC) 

Heat Absorbed 

(100 grams water 

at 25ºC in kJ) 

Change in 

Temperature 

(cooling effect  

in ºC) 

C12H22O11 29700 201.9 3.19 3 

C6H12O6 25800 49 2.99 5 

C6H12O6.H2O 25800 49 4.7 8 

CO(NH2)2 8471 108 26.97 31 
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Table 1-8 (continued) 

 

KF.2H2O 245 349 25.84 14 

KCl 2600 34.2 7.9 14 

KClO3 1870 7.3 2.46 5 

KClO4 100 1.5 0.55 1 

KBr 3070 65.3 10.9 16 

KBrO3 321 6.91 2.68 6 

KI 1862 140 17.15 17 

KIO3 136 4.74 0.61 1 

KNO2 250 306 48 28 

KNO3 3750 31.6 10.91 20 

K2S3O3.5H2O 802 205 26.74 21 

KCN 5 71.6 12.89 18 

KCNO 841 75 18.72 26 

KCNS 854 224 55.85 41 

KMnO4 1090 6.3 1.74 4 

K2SO4 6600 11.1 1.52 3 

NaF 52 4.13 0.09 0 

NaCl 3000 359 23.84 12 

NaClO2 165 39 0.14 0 

NaClO2.3H2O 165 39 7.72 13 

NaClO3 1200 101 20.61 25 

NaClO4 2100 201 22.79 18 

NaClO2.H2O 2100 201 32.22 26 

NaBr.2H2O 3500 90.5 12.15 15 

NaBrO3 301 37.4 6.67 12 

NaI.2H2O 4340 184 15.97 13 

NaIO3 180 9.47 0.97 2 

NaNO2 180 80.8 16.5 22 

NaNO3 3236 87.6 21.13 27 

NaC2H3O2.3H2O 3530 85 12.28 16 

Na2S2O3.5H2O 2300 79 15.09 20 

NaCN 6 58 1.43 2 

NaCN.2H2O 6 82 17.92 24 

NaCNO 5 110 32.49 37 

NaCNS 764 139 11.71 12 

Na3PO4 7400 8.8 0.85 2 

NaHCO3 4220 7.8 1.55 3 

NH4Cl 1650 29.7 8.24 15 

NH4ClO4 100 20.8 5.93 12 

NH4Br 2700 78.3 13.42 18 

NH4I 76 172 16.28 14 

NH4IO3 500 182 30 25 

NH4NO2 57 150 45.09 43 
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Table 1-8 (continued) 

 

NH4NO3 2217 150 48.13 46 

NH4CN 525 60 23.93 36 

NH4CNS 954 144 42.72 42 

(NH4)3PO4 3000 37.7 3.66 6 

CH3NH3Cl 1600 30.6 2.61 5 

AgClO4 - 557 19.83 7 

AgNO3 - 257 34.18 23 

RBClO4 3310 1.3 0.4 1 

RbNO3 4625 44.28 10.95 18 

CsClO4 3310 1.97 0.47 1 

CsNO3 1200 9.16 1.88 4 

BaCl22H2O 118 31 2.61 5 

MgSO4.7H2O 2840 255 16.67 11 

1.8.1.1 Fertilizer-Based Cooling System 

 A considerable amount of cooling effect could be generated when certain salts are 

dissolved in water [106]. The concept of producing a cooling effect looks promising as fertilizer-

based salts are safe, stable, and non-toxic and could be reused as fertilizers once they have been 

utilized to generate the cooling effect. Donnelly [29] described a portable heat transfer unit (Fig. 

1-10) that serves as a cooling device using fertilizer salts. This cooling device uses a compound 

selected from a group of NPK standard fertilizers such as ammonium nitrate (NH4NO3), 

ammonium sulfamate (NH4SO3NH2), ammonium chloride (NH4Cl), and urea ((NH2)2 CO). It was 

suggested that by adding 150–190 g water to 100 g salt, a considerable amount of cooling effect 

could be produced instantly. They also reported some other salts: (NH4)HSO4, NH4Br, NH4HCO3, 

NH4I, (NH4)2Mg(SeO4)2, H8MnN2O8S2, (NH4)2HPO4, C4H8KNO6, C7H9NO3, (NH4)2SO4, 

H4NNaO4S, NH4SCN, (NH4)2S2O8, K3PO4, K2SO4, KNaC4H4O6.H2O, KSCN, KI, and KCl. A salt-

based cooling system using the endothermic heat of reaction was defined by Telkes [67], who 

developed a system to capture the cooling effect produced by a dried salt when water is added to 

the salt. The produced cooling effect is used for a space cooling application in buildings. Telkes 
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showed that the cooling effect could be produced using ammonium chloride (NH4Cl), sodium 

nitrate (NaNO3), ammonium nitrate (NH4NO3), ammonium thiocyanate (NH4CNS), and potassium 

thiocyanate (KCNS), individually or in combination. Leavitt and Bergida [30] reviewed a variety 

of chemical compositions that underwent an endothermic reaction to produce a cooling effect, and 

they measured the toxicity by the oral rate (LD50), solubility, and heat absorbed from the 

environment during the endothermic process in 100 g of water at 25ºC. They noticed a drop in 

temperature of the saturated endothermic solution, as listed previously in Table 1-9. Leavitt and 

Bergida also developed a cold pack as well as food and beverage container using these fertilizer-

based salts [30]. They experimented with a combination matrix to obtain a better cooling effect 

from the fertilizers. A fertilizer matrix should consist of potassium-based (KNO3, K2SO4, K2S2O3, 

etc.) salts, nitrogen-based (NaNO3, NH4NO3, NH4Cl, NH2CONH2) salts, and at least 1% 

(NH4)3PO4, (NH4)2HPO4, NH4PO3, and (NH4)4P2O7 can generate more cooling effect then 

individual salts. A similar kind of approach is used for the application of cold packs as well as 

food and beverage containers using these fertilizer-based salts [107]. . Therapeutic cooling was 

produced by using various sodium (Na)-, potassium (K)-, and ammonium (NH4
+)-based salt 

compounds mixed with sodium thiosulfate (NaS2O3) and ammonium nitrate (NH4NO3), when 

water is added to the mixture. The major problem associated with fertilizer-based salts is 

conglomeration. To overcome this problem, Kitahara et al. [46] used a nucleating agent such as a 

high water-absorbent polymer or thickener for producing the desired cooling effect. Although 

some of the patents and prototypes are discussed in Table 1-10, there is still a lack of understanding 

about the theories of solar radiation and absorption, evaporative crystallization of salts, 

thermodynamics of fertilizers, and fertilizer heat-transfer characteristics.  
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Fig. 1-10. Portable heat transfer unit [29] 

Table 1-10. Applications of NPK fertilizers and developmental status 

Project/Organiz

ation Name 
Nature Working Pairs Remarks Ref. 

Armin H. 

Rodeck, 

Watertown, NY 

US patent—

refrigerating 

device utilizing 

endothermic 

salt 

Solvent + refrigerating 

salt that produces 

endothermic effect 

• Reactor design with 

container and salt blocks 

to produce refrigerating 

effect 

Controlled refrigerating 

effect between salt and 

solvent 

[108] 

Big Wall 

Enterprises, Inc., 

Dallas, TX 

US patent—

cold pack 

Ammonium nitrate, 

calcium ammonium 

nitrate, urea 

• Testing of different salt 

combinations 

• Cooling effect up to –5ºC 

to 5ºC in 30 seconds 

[109] 

Carlsberg 

Breweries A/S, 

Copenhagen 

European 

patent—cooling 

device 

including 

coated reactants 

Na2SO4.10H2O + 

CaCl.6H2O, NH4Cl, 

NH4Cl + 

Sr(OH)2.8H2O 

• Beverage container 

reduces temperature 

about 17°C 

• Two-step cooling process 

using two layers or 

reactants  

• Hydrophobic coating of 

0.25–5 microns on salts 

• Premature activation 

between two reactants to 

slowly dissolve water 

[110] 

Heat Wave 

Technologies, 

LLC 

US patent—self 

cooling 

compositions 

Carrageenan (0 to 

25%) + urea (0–25%) 

+ NH4NO3 (25–95%) 

+ water 

• Temperature drop of 

substance from about 20–

25°C to < 10°C 

[111] 
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Table 1-10 (continued) 

 

Jonas A. Pologe US patent—

cooling pack 

Solid ammonium 

nitrate, urea + liquid 

solvent 

• Chemical cooling pack 

using two chemicals 

separated by frangible 

membrane 

• One chemical is 

endothermic salt and the 

other liquid 

[112] 

Tempra 

Technology, 

Inc., Bradenton, 

FL 

US patent—

gelling cold 

pack 

Ammonium nitrate, 

ammonium bromide, 

ammonium iodide, 

potassium chloride, tin 

chloride dihydrate, 

diamminecobalt with 

0.5–5% by weight of 

clay binder such as 

kaolin 

• Uniform gel used to 

increase effective lifetime 

of device 

• Other materials: cobalt or 

nickel salts, alkali metal 

salt, urea 

• Temperature drop up to 

22.3°C in 2 minutes 

[113] 

Carlsberg 

Breweries A/S, 

Copenhagen 

European 

patent—

chemical 

cooling 

2NH4SCN + Ba(OH)2, 

NH4NO3 + H2O, citric 

acid + H2O, urea + 

H2O, sodium acetate + 

H2O, NaNO3 + H2O, 

sodium formate + H2O 

• Testing of two separate 

containers 

• Chemical reaction occurs 

in one container 

• Beverages cooled in 

another container 

[114] 

To test the performance of various NPK fertilizer salts and their mixtures, an in-house 

experimental study was conducted in our laboratory at Wichita state University [115,116]. The 

schematic of this experimental setup is shown in Fig. 1-11. During the experiment, water was 

added to the salt container at ambient temperature of 22°C, and an electrical heater was used to 

dehydrate the salt. A specific amount of water was added gradually to the container of dehydrated 

salt (sample size of 100 g), and the drop-in temperature was measured with a T-type thermocouple. 

The drop-in temperature and the cooling effect (calculated based on temperature drop) are plotted 

in Fig. 1-12 and Fig. 1-13 for pure salts and composite salts, respectively. It can be seen that the 

cooling effect and drop-in temperature increased with the addition of more water into the salt 

sample. For pure salts, it can be seen that a maximum cooling effect of 59.52 cal/g of salt was 

achieved (Fig. 1-12a). The temperature drop of 10–25°C was attained (from initial temperature of 
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22°C) when 20–120 g of water was added to the salt samples (Fig. 1-12b). For the case of 

composite salts, the maximum cooling effect of 62.92 cal/g (Fig. 1-13a) and a temperature drop of 

15–32ºC (Fig. 1-13b) were attained when 20–120 g of water was added to the salt samples. From 

the experimental results, it can be seen that the composite salts showed a larger cooling effect than 

that of the pure salts. It should be noted that the addition of a lower amount of water is preferred 

to minimize the heat needed to evaporate the water during the salt dehydration. Based on the results 

of salt, the conceptual design of the fertilizer-based cooling system is developed and explained in 

the following section. 

 

Fig. 1-11. Schematic of experimental setup [116] 
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Fig. 1-12. Pure salts NH4Cl, NH4NO3, (NH4)2CO, and NaNO3: (a) cooling effect 

and (b) drop-in temperature when water is added [115] 
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Fig. 1-13. Composite salts: (a) cooling effect and (b) temperature drop when water is added 

[116] 

1.8.1.2  Conceptual Design to Produce Cooling Effect Using NPK Fertilizers 

 The concept of producing a cooling effect using fertilizer-based salt has been identified in 

the past, and several authors have attempted to produce this cooling effect from NPK fertilizer 

[117]. However, no laboratory-scale prototype development has been examined. Salts with a high 

heat of solution may not be the right choice because they have low solubility in water; thus, they 

need further study. Major parameters that must be investigated are the heat of solution, salt 

solubility in water, and the structure of salt and morphology of its crystals. The selection of salts 
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requires further analysis of their stability, the heat of solution, solubility, and cost. Further studies 

involving thermogravimetric analysis (TGA) and the rate of heat absorption are needed. To capture 

the cooling effect, a conceptual design is shown in Fig. 1-14. Here, a cooling system for a space 

cooling application is designed using endothermic salts. These salts are heated in an open container 

using solar energy or waste heat, as shown in Fig. 1-14(a), and are known as endothermic salt. 

After the heating process, an endothermic reversible heat of solution is developed to produce the 

cooling effect. To produce cooling effect, the water is sprayed over the endothermic salt in the 

container (Fig. 1-14(b)). The produced cooling effect is captured via a heat exchanger that utilizes 

water or brine solution as the heat transfer fluid. The top of the container can be uncovered or 

covered with glass to collect the condensed water at its lower surface. The water used to produce 

the cooling effect could be freshwater or saline water. An instant cooling effect could be produced 

using this process. Following endothermic cooling, the salt is left to dry using solar energy or 

waste heat. When the salt is dried completely, it can be left at ambient conditions for an unlimited 

period of time, thereby ready for the next cooling cycle.  
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Fig. 1-14. Conceptual design to capture cooling effect: (a) heat charge with solar 

energy, and (b) discharging of cooling effect by spraying water on salt  

The produced cooling effect could be used directly for space cooling and/or refrigeration 

applications, or it could be integrated with the existing system, as shown in Fig. 1-15. Here, air is 

withdrawn from the building through valve A and sent to cooler A, where it is cooled. The cooled 

air returns to the building through valve B. During this process, in cooler B, the salt is prepared 

for the next cooling cycle by evaporating the water using hot air from solar thermal collectors. 

Hence, the endothermic heat of solution is prepared in cooler B by evaporating water from the salt. 

The resultant humid air is then exhausted to the atmosphere via valve D. Once the solution in 

cooler A is saturated with water and no longer produces a cooling effect, water is then sprayed 

over the salt solution of cooler B for generating the cooling effect. With a two-tank system, a 
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continuous cooling effect could be produced. Based on the cooling load, multiple coolers and solar 

thermal collectors could be added with a slight change in the piping system. 

 

Fig. 1-15. Integration of thermochemical heat storage into a conventional cooling system 

adapted from Hussain et al. [118] 

1.8.2 Metal Hydride-Based Cooling Systems 

 Metal hydrides have been widely investigated for the hydrogen storage application [119]. 

These compounds are formed by the reversible chemical reaction of hydrogen and metallic atoms. 

The reversible reaction of hydrogen with metal alloys (Me) to produce MHs is given by Eq. 2. 

 𝑀𝑒 +
𝑥

2
𝐻2

  
↔ 𝑀𝑒𝐻𝑥 + 𝛥𝐻 (2) 

Where, Me is a metal or an intermetallic compound, MeHx is the respective hydride, x is the ratio 

of hydrogen to metal, and ΔH is the heat of reaction. Typically, when metallic atoms are exposed 

to hydrogen, the metal atom absorbs an enormous amount of hydrogen by releasing heat 

spontaneously (i.e., exothermic reaction). When the heat is supplied to the MH molecules, the 

hydrogen gets separated from the MH and becomes free hydrogen (i.e., endothermic reaction). 

MHs are also a promising option for heating and cooling applications. Some MHs are discussed 

in Appendix I. The exothermic heat is utilized for space heating, and the endothermic reaction 
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provides significant cooling output [120]. MH systems used for cooling applications can be 

classified as either thermal-driven or compressor-driven. 

1.8.2.1 Thermal-Driven MH Cooling System 

 A thermal-driven metal hydride cooling system, shown in Fig. 1-16, consists of two MH 

reactors filled with different MH alloys between which hydrogen is cyclically exchanged. In this 

system, the two metal hydride reactors, which contain hydrogen at the same temperature but at 

different pressures, serve as a working pair [121]. The system operates among three temperature 

levels (Th > Tm > Tc) and two pressure levels (Ph > Pl). The cooling system is comprised of two 

half-cycles. In the first half-cycle, heat input (Qh) is given to Reactor 1 at a high-temperature Th, 

thereby desorbing the hydrogen. Reactor 2 absorbs the hydrogen coming from Reactor 1 and 

releases absorption heat (Qm1) at a medium temperature Tm. In the second half-cycle, Reactor 2 

desorbs the hydrogen by absorbing the heat (Qc) at temperature Tc, which is the cooling effect. 

Then hydrogen flows to Reactor 1 where it is absorbed and releases the heat of absorption (Qm2) 

at Tm. This system is referred to as a single-stage single-effect system, i.e., it produces cooling in 

every two half-cycles. For quasi-continuous output, i.e., a cooling effect in each half-cycle (single-

stage, double-effect), two reactors of each MH alloy are required. This working principle of the 

system is found in the work of Muthukumar and Groll [120]. The cooling temperature range of     

–20°C to 10°C could be achieved in a single-stage system. 
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1.8.2.2 Compressor-Driven MH Cooling System 

 Compressor-driven cooling systems have been developed to provide continuous cooling 

effect. In this system, a compressor is connected between two MH reactors, which are filled with 

the same MH alloy. A schematic of the compressor-driven MH cooling system is shown in Fig. 

1-17. Initially, Reactor A is charged with hydrogen, and Reactor B is depleted. In the first half-

cycle, Reactors A and B are connected to the suction and delivery compressors, respectively. 

During the cycle that absorbs heat, Reactor A desorbs hydrogen at a low temperature, thus 

 

 

 
Fig. 1-16. MH-based cooling system: (a) first half-cycle, (b) second half-cycle, 

and (c) MH cooling cycle on ideal van ‘t Hoff plot 
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producing the useful cooling effect. The continuously desorbing hydrogen from Reactor A is 

compressed and supplied to Reactor B. For the cooling system, the delivery pressure of the 

compressor is maintained in such a way that Reactor B generates heat at ambient temperature in 

an exothermic reaction. In the second half-cycle, the role of the reactors is reversed, i.e., Reactor B 

produces a cooling effect. The actual system requires reversible flow valves, a damper mechanism, 

blowers, and controls, to accomplish the quasi-continuous cooling effect. Due to the reversal 

operation of the reactors, parasitic losses occur, which decrease the system coefficient of 

performance [122]. This system can also be used as a heat pump for heating by utilizing the heat 

generated by the absorbing MH alloy [123]. The compressor’s efficiency strongly affects the COP 

of the MH cooling system [124]. Research on the MH cooling system has mainly concentrated on 

the design of its reactor, enhancing reaction kinetics, selection of a suitable alloy pair, and 

experimental testing to evaluate the actual performance. Some of the significant experimental 

studies on MH cooling systems are summarized in  

 

 

Table 1-11. 

  

 
Fig. 1-17. Compressor-driven MH cooling system [125] 
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Table 1-11. Experimental studies carried out on MH air conditioning and cooling systems 

Institute/ 

University 

MH Alloy 

(Compressor-

Driven)/ 

MH Alloy Pair 

(Thermal-Driven)  

Performance 

Parameters 
Highlights/Remarks Ref. 

Israel 

Institute of 

Technology, 

Israel 

High-temperature 

metal hydride 

(HTMH): LaNi4.7A10.3 

(Hy-Stor 207) 

Low-temperature 

metal hydride 

(LTMH): 

MmNi4.15Fe0.85  

(Hy-Stor 209) 

• Cooling capacity = 3.56 

kW 

• Specific cooling power 

(SCP) = 700 W/kg MH 

• COP = 0.22–0.35 

• Tcooling = about –2°C 

• Laboratory-scale MH 

heat pump developed 

for bus air-

conditioning system 

utilizing waste heat 

recovered from 

exhaust gases 

• Reactor: cylindrical 

MH capsules with 

perpendicular fins 

arranged in cross-flow 

configuration 

• Mass of the system: 

70–80 kg per ton of 

cooling capacity 

[126] 

Indian 

Institute of 

Technology 

(IIT), 

Madras 

LTMH: ZrMnFe 

HTMH: MmNi4.5Al0.5 
• Average COP = 0.4–0.5 

• Tcooling = 0–10°C 

• Carried out 

performance analysis 

of cooling system 

• Reactor: Outer cooling 

jacket material mass: 1 

kg each 

• Major influencing 

parameters of 

performance: bed 

thickness, effective 

thermal conductivity, 

and heat transfer 

coefficient  

• Internal heat recovery 

necessary for 

improving COP 

[127] 
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Table 1-11 (continued) 

Korea 

Advanced 

Institute of 

Science and 

Technology, 

South Korea 

Zr0.9Ti0.1Cr0.55Fe1.45 • Cooling power (CP) = 

0.3 kW/kg 

• Tcooling = 10–15°C 

• Reactor: finned tube 

type  

• Material mass: 4.2 kg 

[128] 

Korea 

Advanced  

 

Institute of 

Science and 

Technology, 

South Korea 

Zr0.9Ti0.1Cr0.55Fe1.45 • Maximum CP = 

353 kcal/kg-alloy h 

Table 1-11 (continued) 

• COP = 1.8 

• Tcooling = minimum 6°C 

• Half-cycle time = 3 

min 

 

• Minimum cooling 

temperature = 6°C at 

7 Nm3/min air flow 

rate 

[129] 

University 

of Stuttgart, 

Germany 

LmNi4.91Sn0.15, 

LaNi4.1Al0.52Mn0.38, 

Ti0.99Zr0.01V0.43Fe0.09-

Cr0.05Mn1.5 

• Cooling effect 

produced: 1.8 kW; heat 

generation produced: 

1.5kW 

• COP = 0.9 

• Coefficient of heat 

amplification (COHA) 

= 0.75 

• Tcooling = 2°C 

• Two-stage MH 

sorption device 

investigated 

• Reactor: outer cooling 

jacket with MH 

powder contained in 

aluminum foam 

• Material mass: 1.9 kg 

each 

[130] 

State 

Research 

Institute of 

Scientific 

and 

Industrial 

Association, 

Russia 

HTMH: LaNi4.6Al0.4 

LTMH: 

MmNi4.15Fe0.85 

• SCP = 102 W/kg of MH 

• Tcooling <4°C 

• Experimental 

investigation of MH 

heat pump for cold 

water production at 

temperatures < 4°C 

• Reactor: outer cooling 

jacket 

• Material mass: 1.5 kg 

each 

[131] 

Ricerche 

Fiat Center, 

Italy 

 

Mm-based alloy • COP = 2.85 

 

• Reactor: modular ring 

manifold hydride heat 

exchanger 

• Hydrogen stored: 300 

liters (27 g) 

[132] 

Asian 

Design 

Center, 

Trane Air 

Conditionin

g, China 

HTMH: 

LaNi4.61Mn0.26Al0.13 

LTMH: 

La0.6Y0.4Ni4.8Mn0.2 

• Maximum COP = 0.3 

• Maximum CP = 

244.23 W 

• Tcooling = 1.9°C (lowest 

refrigeration 

temperature) 

• Reactor: concentric 

tube type with copper 

fins 

• Material mass: 2.7 kg 

• Cooling power output 

decreases as 

refrigerating process 

continues 

[133] 
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Table 1-11 (continued) 

Shanghai 

Jiaotong 

University, 

China 

HTMH: 

LaNi4.61Mn0.26Al0.13 

LTMH: 

La0.6Y0.4Ni4.8Mn0.2 

• COP = 0.26 

• Tcooling = 0°C 

• Reactor: finned tube  

• Material mass: 0.27 kg 

each 

[121] 

Polytechnic 

University 

of Valencia, 

Spain 

 

HTMH: LmNi4.91Sn0.15 

LTMH: 

Ti0.99Zr0.01V0.43Fe0.09 

Cr0.05Mn1.5 

• For continuous four-

reactor system, COP = 

0.22 

• Maximum CP = 736 W 

 

Table 1-11 (continued) 

 

 

• Reactor: embedded 

cooling tube  

 

[134] 

Waseda 

University, 

Japan 

HTMH: TiFe0.9Ni0.1, 
LTMH: 

Ti0.76Zr0.25Cr1.2Fe0.3Ni0

.1Mn0.38Cu0.05 

• Heat source 

temperature: 125℃ 

• Cooling temperature: 

15℃ 

• Heat sink temperature: 

15℃ 

• Cooling load (CL): 

0.078 kW/kg of MH (on 

100 g sample) and 

0.024 kW/kg of MH (on 

1500 g sample) 

• COP: 0.05 (on 1500 g 

sample) 

• Carbon fiber brush 

mixed with MH beds 

to improve cooling 

load per MH mass 

• Smaller COP and CL 

are due to large heat 

capacity of system 

(thermal parasitic loss) 

[135] 

University 

of Stuttgart, 

Germany 

HTMH: LmNi4.91Sn0.15 

LTMH: 

Ti0.99Zr0.01V0.43Fe0.09Cr

0.05Mn1.5 

• SCP = 780 W/kg MH 

• Tcooling = 10–20°C 

• Reactor: capillary tube 

bundle bed 

• Material mass: 0.9 kg 

[136] 

German 

Aerospace 

Center, 

Germany 

Ti0.99Zr0.01V0.43- 

Fe0.09Cr0.05Mn1.5 
• Quasi-continuous CP = 

900 W 

• Tcooling = 13°C 

• Air-conditioning 

system for hydrogen 

driven cars with 

compressed hydrogen 

storage tank 

investigated on 

laboratory scale 

• Reactor: capillary tube 

bundle  

• Material mass: 800 g 

[137] 

Hokkaido 

University, 

Japan 

HTMH: TiFe0.9Ni0.1 

LTMH: 

La0.6Y0.4Ni4.9Al0.1 

 

• SCP = 95 W/kg 

(LTMH) 

• Tcooling = –4–15°C 

• Reactor: packed bed 

filled with MH sheet 

and powder 

•  

[138] 
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1.9 Medium-Temperature TCES (50–250ºC) for Solar Thermal Heating Application  

 Most research work on thermochemical energy storage has been focused on the 

development of the high-temperature TCES system for concentrated solar power (CSP) 

applications [140]. A similar concept could be applied for household space heating or industrial 

medium-temperature heat-generation applications. Also, the waste heat could be utilized to 

increase the charging temperature of the material in industries where the temperature requirement 

is up to 250ºC [141]. N’Tsoukpoe et al. [28] discussed micro-CHP systems using TCES to evaluate 

the potential of salt hydrates for medium-temperature TCES, which can be used for household or 

industrial processes using a low-grade waste-heat recovery application. A magnesium oxide/water 

reaction system to use waste heat was studied by Zamengo et al. [142], who developed a heat pump 

for a medium-temperature TCES application. Methanol, benzene/cyclohexane, and MHs have the 

Table 1-11 (continued) 

 

Indian 

Institute of 

Technology 

Guwahati, 

India 

LmNi4.91Sn0.15 • Maximum COP = 2.2 

• Maximum SCP = 

53.5 W/kg 

• Tcooling = 10–20°C 

Table 1-11 (continued) 

 

• Reactor: embedded 

cooling tube with 60 

tubes 

• Material mass: 2.75 kg 

 

[125] 

German 

Aerospace 

Center, 

Germany 

Hydralloy® C5 • SCP = 1.31 kW/kg of 

MH at a cooling 

temperature of 10°C 

• Open MH cooling 

system for fuel cell-

powered vehicles 

designed and 

researched 

• Reactor: plate heat 

exchanger 

• Material mass: 0.353 

kg 

• Performance of MH 

cooling system 

depends on parasitic 

sensible reactor mass 

and external heat 

transfer 

[139] 
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potential to store energy and have been studied by several researchers to store medium-temperature 

heat [143]. What follows is a review of medium-temperature TCES as discussed in two cases based 

on the application temperature requirement, that is, Case 1: 50–100ºC and Case 2: 100–250ºC. 

Medium-temperature TCES is important in applications such as a hot water supply, waste-heat 

recovery, district heating, combined heat and power generation, heat upgrading, and energy 

transportation. Potential materials for medium-temperature TCES (50–250°C) are discussed here. 

1.9.1 Medium-Temperature TCES—Case 1: 50–100ºC 

 In the following section, various salt hydrates and materials used in the temperature range 

of 50–100°C are discussed. 

1.9.1.1 Salt Hydrates 

 In recent times, salt hydrates (SHs) have received much attention for medium-temperature 

TCES applications that undergo an endothermic reversible reaction to store energy [144]. They 

have higher energy storage and better thermal conductivity than phase change materials. SHs 

possess many benefits such as long-term thermodynamic behavior and are more stable, non-toxic, 

non-corrosive, and low in cost [143]. Due to the higher energy storage densities of SHs, less 

volume is required to store the energy [20]. When heat is added to the salts, these salts dissociate 

to anhydrous salt, which stores energy at ambient temperature [145]. The anhydrous form of the 

salt is hygroscopic, meaning that it can absorb or adsorb water molecules, even at ambient 

temperature [146]. When heat is added to the salt hydrate at charging temperature, thermochemical 

dehydration of the SHs occurs, releasing water from the compound and becoming anhydrous salt 

(Eq. 3). When thermal energy is required, water vapor is passed over the salt, thereby releasing the 
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stored heat [99]. Salt hydrates are defined as Salt.nH2O, where n is a water molecule and represents 

the salt composition.  

 Salt.xH2O(s) + Heat ↔ Salt. (x–y) H2O + yH2O(g) (3) 

 Mauer and Taylor [147] presented an important deliquescence relative humidity (DRH) of 

hydrate salts. During the hydration reaction, salts become salt hydrates, but sometimes due to high 

relative pressure or humidity, they become a saturated salt solution instead. This is known as 

deliquescence and plays a significant role in solid-H2O interaction. Water adsorption/absorption 

completely depends on the DRH as well as the properties of the salt and its charging/discharging 

temperatures. N’Tsoukpoe et al. [28] evaluated possible salt hydrates for a domestic heat and 

power application that could store 80 kWh of energy in a 1-m3 storage unit. Based on the storage 

density, they concluded that SrBr2.6H2O, LaCl3.7H2O, and MgSO4.6H2O are the most promising 

salt hydrates for low-temperature TCES applications with a discharging temperature of at least 

60°C. They found that the heat storage density of SrBr2.6H2O and LaCl3.7H2O was 133 kWh/m3 

and 89 kWh/m3, respectively, with a thermal efficiency of 25–33%. Experimental studies were 

done by Donkers et al. [145] to study the cyclic stability of salt hydrates: CuCl2, CuSO4, MgCl2, 

and MgSO4 up to a dehydration temperature of 150°C. It was observed that CuCl2 and MgCl2 

showed stability up to 6 and 11 cycles, respectively. The hydration level of MgCl2 was affected 

after 11 cycles due to changes in its grain structure. Posern and Kaps [148] developed a composite 

salt hydrate (MgSO4-MgCl2), and their calorimetric study showed an increase in energy storage 

density compared to their pure form. A composite prepared with 80 wt% of MgCl2 and 20 wt% of 

MgSO4 showed an energy storage density of 1,590 kJ/kg at 130°C desorption temperature. To 

improve the stability of CaCl2, Gaeini et al. [149] microencapsulated CaCl2 in ethyl cellulose with 

vermiculate and expanded graphite. TGA/DSC studies showed that the faster kinetics of the 
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reaction of the material depends on the size of the encapsulated materials, smaller samples (2 mg) 

showed a kinetics constant of 10-3 s-1, and larger samples (20 mg) showed a kinetics constant of 

10-4 s-1. The volumetric density of CaCl2 with vermiculite was 1.2G J/m3, which is less compared 

to pure CaCl2. Ndiaye et al. [150,151] developed a novel cementitious material—Ettringite. 

Experimental results with Ettringite showed a promising result for TCES, with a higher energy 

storage density (117 kWh/m3) for low-temperature applications (60°C). Ettringite has a unique 

physiochemical property, which is a combination of physical and chemical processes. However, 

the material was not thermally stable, exhibited carbonation, and has low permeability. Donkers 

et al. [27] analyzed 563 salt hydrates for a medium-temperature application involving a 65°C 

hydration temperature and 100°C dehydration temperature for a domestic hot water application. 

From their large database, only 25 salts showed an energy storage density of 1.3 GJ/m3 or more. 

Of these 25 SHs, K2CO3 showed the most stability and non-corrosive behavior for multicyclic 

applications. Sögütoglu et al. [152] studied K2CO3, MgCl2 and Na2S for open and closed systems, 

finding that K2CO3 is the only stable salt hydrate for a space heating application in both systems 

with 1.28 GJ/m3 and 0.95 GJ/m3 energy storage density in open and closed cycles, respectively. 

They also found an energy storage density of 1.28 GJ/m3 for an open-system application and 

0.95 GJ/m3 for a closed-system application with a power output of 283–675 kW/m3 of K2CO3. 

However, the discharging temperature of K2CO3 is lower (33–45°C), thus not suitable for a 

domestic hot water application, but suitable for a space heating application. 

 Several salt hydrates have been studied in the literature for the TCES application. The 

major challenge is to find a better working pair for the best performance to store heat for medium-

temperature domestic/industrial applications. Table 1-12 lists promising salt hydrates that were 
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identified by various researcher for TCES applications, along with values of energy density, 

reaction temperature, and other important characteristics. 

Table 1-12. Salt hydrates for thermochemical heat storage for heating application 

Chemical 

Formula  

Hyd*/DeHyd* 

Operating  

Temperature 

(ºC) 

Melting/Hydra

tion/ 

Dehydration 

Heat Interaction 

∆Hr(kJ/mol)/ 

∆Hr,V (kWh/m3)/ 

Energy Density 

(GJ/m3) 

Remarks Ref. 

Al2(SO4)3.18H2

O/ 

Al2(SO4)3 

88/ 

9.8/ 

150 

554.5/ 

391/ 

3.19 

• Theoretical energy storage 

density of 2.75 G/m3 

• Very small temperature lift 

in experiment  

• Lift of 1–2ºC at 50ºC under 

13 mbar [4, 51] 

[28] 

CaBr2.6H2O/ 

CaBr2.0.3H2O 

38.2/ 

74/ 

81 

353.9/ 

732/ 

2.67 

• Melting point 34ºC 

• Thermal efficiency 28%  

[28] 

CaCl2.6H2O/ 

CaCl2.H2O 

29/ 

35/ 

70-80 

277/ 

60/ 

0.98 

• Low melting point 

• Deliquescence in initial 

hydration 

• Used in pure or composite 

form 

• Reaction kinetics, cyclic 

stability is still an issue  

[28,101] 

Ca(CIO4)2 –/ 

90/ 

100 

–/ 

–/ 

1.75 

• Chemically unstable and 

explosive  

• Expensive  

[27] 

CrCl2 –/ 

61/ 

68 

–/ 

–/ 

2.11 

• Powerful deoxidizer 

• Chemically unstable 

[27] 

CsF –/ 

84/ 

91 

–/ 

–/ 

1.79 

• Decomposes in water 

• Expensive  

[27] 

EuCl3 –/ 

89/ 

97 

–/ 

65.8/ 

2.61 

• Rare metal on earth 

• Expensive 

[27] 

FeCl2 120/ 

53/ 

59 

–/ 

–/ 

1.93 

• Adsorption enthalpy 66.87 

kJ/mol for NH3 

• Desorption enthalpy 92.99 

kJ/mol for NH3 

• Chemically instable 

[27] 
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Table 1-12 (continued) 

KAI(SO4)2 92/ 

57/ 

63 

–/ 

–/ 

1.39 

• Low dehydration 

temperature 

• Reaction kinetics very slow 

during hydration 

[27] 

K2CO3.1.5H2O

/ K2CO3 

>80/ 

59/ 

65 

95.5/ 

346/ 

0.84 

• Good for open and closed 

systems 

• Low energy storage density 

• Non-corrosive 

• Production of KHCO3 

impurity  

[28,35] 

KOH.2H2O/K

OH.1.2H2O 

33/ 

37/ 

43 

48.2/ 

279/ 

1.1 

• Strong base 

• Highly corrosive 

[28] 

LaCl3.7H2O/ 

LaCl3.H2O 

91/ 

66/ 

114 

355.5/ 

591/ 

2.31 

• Completely reversible 

under 100ºC 

• Fully hydrated at 60ºC 

• Stable physical properties 

[28,153]  

La(NO3)3.6H2

O/ 

La(NO3)3.1.5H

2O 

40/ 

–/ 

– 

260.4/ 

392/ 

– 

 [28] 

LiCl.H2O/LiCl 99/ 

17/ 

72 

62.2/ 

486/ 

2.43 

• Economic limitation 

• Adding LiBr to LiCl 

increases sorption capacity 

by 5.5% 

•  Larger concertation range 

if solution increases energy 

storage capacity 

[154,155] 

LiNO3.3H2O/ 

LiNO3 

29.9 

/28 

/34 

165.8/ 

580/ 

2.13 

• Deliquescence is problem 

when material is in bulk 

• High in price but composite 

of CaCl2 decreases cost 

[156] 

MgBr2.6H2O/ 

MgBr2.4H2O 

152–165/ 

109/ 

116 

144.9/ 

276/ 

1.74 

• Theoretical thermal 

efficiency of 39% 

• Does not lose water at 

given conditions  

[28,35] 

MgCl2.6H2O/ 

MgCl2.2H2O 

117/ 

115–130/ 

35 

255/ 

547/ 

1.93 

• Above 115ºC forms 

hydrochloric acid 

• Instability and 

decomposition are issue 

because reaction kinetics is 

affected 

[157] 
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Table 1-12 (continued) 

Mg(NO)3 89/ 

68/ 

61 

–/ 

–/ 

1.67 

• Material is not stable 

during reversible reaction 

[27] 

MgSO4.7H2O/ 

MgSO4.H2O 

49.2/ 

122–150/ 

122 

335.7/ 

632/ 

2.23 

• Stable during nuclear 

magnetic resonance (NMR) 

studies 

• Hard to reach the required 

temperature during 

hydration 

[28,101]  

Na2S.H2O/Na2

S 

35/ 

83/ 

73 

559/ 

923/ 

2.79 

• Toxic and corrosive 

• Formation of hydrogen 

sulfide 

[158] 

Na2S2O3.5H2O/ 

Na2S2O3 

48/ 

26/ 

32 

279.9/ 

529/ 

1.91 

• Releases water during 

dehydration 

[28,157]  

RbF –/ 

84/ 

91 

–/ 

–/ 

1.57 

• Expensive [27] 

SrBr2.6H2O/ 

SrBr2.2H2O 

88.6/ 

35/ 

78–80 

337/ 

628/ 

2.49 

• Best material in research, 

completely reversible 

• Non-toxic 

• Stable over ten cycles 

• Highest thermal efficiency 

of all salt hydrates 

• Water absorption pressure 

of 40 mbar at 29ºC  

[28,159]  

SrCl2.6H2O/Sr

Cl2 

61.3/ 

28/ 

33 

342/ 

698/ 

2.99 

• Higher pressure difference 

required for thermal 

upgradation of heat 

[28] 

VOSO4  –/ 

73/ 

80 

–/ 

–/ 

1.35 

• Price/safety [27] 
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Magnesium Sulfate (MgSO4) 

 Recent studies have suggested that magnesium sulfate heptahydrate (MgSO4.7H2O) is a 

potential candidate for heat storage with a theoretical energy storage density of 780 kWh/m3 at a 

temperature of 122ºC [156,160]. It is non-toxic, and non-corrosive salt at temperatures below 

100ºC [27,161]. The chemical reaction associated with this compound is:   

 MgSO4.7H2O(s) → MgSO4.H2O (s) + 6H2O (g) (4) 

Zondag et al. [162] developed a compact energy storage system using MgSO4 at the Energy 

Research Centre of the Netherlands and found it to be a promising material for compact seasonal 

heat storage under practical conditions. They concluded that the material can release heat at 25ºC 

and 2.1 kPa for space heating applications. However, Van Essen et al. [163] characterized MgSO4 

for space heating application at 50ºC and reported that the material could not take up water at that 

temperature. MgSO4 could be a potential material to pair up with other materials such as silica gel 

and zeolites. Posern and Kaps [148] developed a composite material of MgSO4 and MgCl2, which 

generated a higher heat of 1590 kJ/kg at 30ºC. Hongois et al. [164] studied MgSO4-Zeolite 

composite for a long-term TCES application and reported that zeolite could provide a porous 

expanded structure for MgSO4. They concluded that the novel composite has an energy storage 

density of 166 kWh/m3. Similarly, Shere et al. [50] concluded that MgSO4 and MgCl2 with zeolite 

could be an effective TCES material and reported that the composite has an energy storage density 

of 400 kJ/kg. As shown in Fig. 1-18, Zondag et al. [165] developed a laboratory-scale TCES 

system for a space heating application using MgSO4. That system consists of three reactors: one 

for salt-hydrate and the other two to collect dehydrated salt and condensed water vapor. During 

the charging process, MgSO4.7H2O passes through the charging reactor where it is heated by the 

solar thermal collectors. The dehydrated hot MgSO4 is collected in reactor A, and water vapor is 
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collected and condenses in reactor B. During the discharging process, condensed water is 

evaporated in reactor B using borehole heat. The reaction between the dehydrated MgSO4 from 

reactor A and the water vapor from reactor B takes place in the reactor C, releasing the heat a for 

space heating application.  

 
 

Fig. 1-18. Thermochemical heat storage system using MgSO4/H2O: (a) separate reactor,  

and (b) integrated reactor adapted from Zondag et al.[165] 

SrBr2/H2O 

 Thermogravimetric analysis suggests that SrBr2.6H2O has an energy storage density of 628 

kWh/m3, thus making it the best material thermodynamically [28]. Also, it can be a perfect material 

for medium-temperature applications because the charging temperature is 70–80ºC, and the 

discharging temperature is 35ºC. The charging temperature can be provided by waste heat or direct 

heat, and can be used to store chemical energy for household applications with conventional flat-

plate solar panels [65]. N’Tsoukpoe et al. [28] calculated 34% theoretical thermal efficiency for 

SrBr2.6H2O. They also reported that 80ºC is a sufficient temperature for the complete dehydration 

from hexahydrate to monohydrate. Fopah Lele’s [157] experiments concluded that honeycomb 

heat exchangers with a cylindrical reactor give a better performance than helical coil or plate-fin 

heat exchangers. It is the only material for which a prototype, reactor, and numerical scale have 
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already been developed for closed-system thermochemical cooling or heat storage and open-

system seasonal heat storage using solar energy [166]. Mauran et al. [65] developed a closed-

system prototype that stores 60 kWh of energy, concluding that SrBr2/H2O is suitable for solar 

heating/cooling applications during midseason and summer. However, slow reaction kinetics is a 

major drawback that has been reported in the literature [28]. 

Na2S/H2O 

 The theoretical energy storage density for Na2S.5H2O was calculated to be 775 kWh/m3 

[27]. The charging and discharging temperature ranges for Na2S are 80–95ºC and 80–110ºC, 

respectively [35,163]. The hydrate of Na2S, for example, its nanohydrate (Na2S.9H2O) [158], or 

its pentahydrate (Na2S.5H2O) is typically discussed in the literature [35]. Sögütoglu et al. [152] 

did a detailed analysis of a domestic heat storage application and concluded that Na2S.5H2O is 

difficult to maintain in pure form because of Na2CO3 formation at the ambient condition. The 

energy storage density of Na2S/H2O as measured on the SWEAT prototype is 1.1 kWh/kg (1980 

kWh/m3) and 0.7kWh/kg (1300 kWh/m3) for space heating and cooling applications, respectively 

[35]. Due to its toxicity and the rapid degradation in air, the closed system with a vacuum reactor 

is more advisable for Na2S (Fig. 1-19). The main challenges of Na2S are slow kinetics, high 

corrosivity [6], cost, and the requirement for a high vacuum condition due to irritation (toxicity) 

[167]. A cascaded system, as shown in Fig. 1-20, was developed by N’Tsoukpoe et al. [168] using 

Na2S.5H2O and SrBr2.6H2O for long-term solar energy storage for a domestic application that 

increases the energy storage density to 10% and the exergy efficiency to 5%.  
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Fig. 1-19. Thermochemical heat storage system using Na2S  [169] 

 

 
 

Fig. 1-20. Cascaded TCES for domestic application using SrBr2 and Na2S: (a) single output, 

and (b) multiple outputs [168] 

MgCl2.6H2O 

 MgCl2 was identified as one of the most promising salt hydrates for storing energy by 

various research groups, under practical conditions for domestic applications of space and 

domestic water heating [76,170]. The chemical reaction associated with this compound is given 

by (Eq. 5):   

 MgCl2.6H2O(s) ↔ MgCl2.H2O (s) + 5H2O (g) (5) 

 The charging and discharging temperatures for the salt hydrate are 110–150ºC and 35–

60ºC, respectively [171]. During the test performed by Ferchaud et al. [172], MgCl2.6H2O was 

dehydrated at 130ºC. Posern and Kaps [148] experimented with a composite of MgCl2 and MgSO4 
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at 30ºC and 40ºC, and concluded that there was an increase in energy density due to the composite 

heat storage material. Experiments carried out by Donkers et al. [145] showed that at the 

dehydration temperature of 100ºC, salt hydrates are more stable and the dehydration level decrease 

is less than at 150ºC. It was found that the composite of MgSO4 and MgCl2 produces 1590 kJ/kg 

energy density measured by calorimetry with a desorption temperature of 130ºC [148]. At a high 

temperature above 140ºC, the concern with MgCl2 is the formation of HCl, which causes corrosion 

and an increase in pressure in a closed system [27]. 

Ettringite (30H2O) 

 Ettringite, a cement-based material, was developed by Ndiaye et al. [48,151] for 

thermochemical energy storage. This material undergoes a reversible chemical reaction, which is 

a combination of physisorption and chemisorption processes, as shown in Eq. 6. The advantage of 

this material is that it can store energy for long- and short-term periods, depending on the 

application [150]. This material is a composite of sulfoaluminate clinker, anhydrite, and aluminum 

powder by hydration. Experimental studies have shown that the charging and discharging 

temperatures of the material are 60ºC and 20ºC, respectively, and that it stores 138 kWh/m3 of 

energy and has 61 kWh/m3 of useful energy [48]. This material showed stability and constant 

energy density during the energy cycle. Another study done by the same group for durability and 

stability of materials clearly shows that this material has the potential to store energy with a closed-

loop system [151]. Ndiaye et al. [150] developed a second prototype that instead of water uses gas 

that is in contact with the material in an axial metal tube. They noticed a 27% increase in energy 

storage performance and thermochemical stability. The chemical reaction associated with this 

compound is: 

Ettringite (30H2O) + Heat ↔ Metaettringite (12H2O) + Water (18H2O) (Charging) 
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 Metaettringite (12H2O) + Water (18H2O) ↔ Ettringite (30H2O) + Heat (Discharging) (6) 

1.9.2 Medium-Temperature TCES—Case 2: 100–250ºC 

 The medium-temperature thermochemical energy storage system is important in 

applications such as waste heat recovery, district heating, heat upgrading, and energy 

transportation. Potential materials for medium-temperature (100–250°C) TCES are discussed in 

the following sections.  

Magnesium Oxide/Water Reaction System 

 The magnesium oxide/water reaction is widely studied as a chemical heat pump in waste-

heat recovery systems and a cogeneration system combined with a diesel engine [173]. The 

MgO/H2O chemical heat pump is based on Eq. 7, and its application is shown in Fig. 1-21. 

 Mg(OH)2+ΔH ⇌ MgO+H2O; ΔH = 81
kJ

mol
 (7) 

 During the heat storage mode, waste heat (̴ 350°C) is supplied to the Mg(OH)2 reactor to 

desorb the water vapor. The released water vapor is condensed in a water tank. During the heat 

release mode, the evaporated water is combined with MgO in an exothermic reaction (at a 

temperature around 140°C). Hydration tests of magnesium oxide at the reaction temperature 100–

  

Fig. 1-21. Schematic diagram of MgO/H2O/Mg(OH)2 chemical heat pump cycle [174] 
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150°C and the reaction vapor pressure 12.3–47.4 kPa using TGA analysis have shown that the 

reaction is feasible in chemical heat pump systems [175]. A durability test of MgO/H2O was 

conducted for improving the repetitive reaction cycle [61,176]. Experiments involving magnesium 

oxide and the water heat pump show that the system can store surplus waste heat at 300–400°C 

and deliver it at over 200°C. The composite hydroxide of Mg(OH)2 and Ni(OH)2 was 

experimentally examined in a packed bed reactor. Experiments show that the mixed hydroxide is 

a potential candidate to store heat at 200–300°C [177]. The poor thermal conductivity of 

magnesium oxide (MgO) or magnesium hydroxide Mg(OH)2 limits the heat transfer and thus the 

reaction rates [178]. The ultra-fine magnesium oxide powder showed higher durability and heat 

output compared to common magnesium hydroxide [176]. The thermal conductivity of 

MgO/H2O/Mg(OH)2 was increased by using expanded graphite in the packed bed reactor of the 

chemical heat pump [142].  Zamengo et al. [142] developed hybrid heat storage materials made of 

Mg(OH)2 plus exfoliated graphite and Mg(OH)2 plus carbon nanotubes to improve the efficiency 

of the material. These hybrid materials improved the kinetics of the reaction as well as the response 

time for heat output. The hybrid material enabled the possibility for exploiting a maximum heat 

storage capacity of 1,300 kJ/kg.  

Methanol Decomposition/Synthesis 

 Methanol decomposition/synthesis is used for the storage and transportation of waste heat 

and solar energy relative to commercial or district heating purposes. Methanol is one of the 

cheapest, cleanest fluids and can store and transport energy easily [180]. When heat is applied to 

methanol at 220ºC and 17 bar pressure, its decomposition reaction is given by Eq. 8 [181]. 

 CH3OH+ΔH ⇌ 2H2+CO;ΔH298 K = 90.1
kJ

mol
 (8) 
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 A schematic diagram of the TCES system using methanol is shown in Fig. 1-22. The waste 

heat or solar energy available at 150–200°C is used to drive the endothermic reactor in which the 

methanol is decomposed into syngas (a primary mixture of hydrogen and carbon monoxide). The 

syngas is separated into CO and H2 and stored separately. In the reverse reaction, the reactants CO 

and H2 are combined in the exothermic reactor to release the stored energy at around 150°C. A 

two-step liquid phase reaction involving methyl formate with a one-step methanol process, given 

by Eqs. 9, 10, and 11, was proposed for waste heat transport for 30 km [147], as shown in the 

schematic in Fig 1-23. The goal of the two-step reaction system was to achieve a heat recovery 

efficiency of 70%. Simulation results showed that the two-step reaction system achieved a heat 

recovery efficiency of 75%, while for the one-step methanol process, this value is 52%. 

 

Fig. 1-22. Schematic diagram of TCES system using methanol reversible chemical reaction 

 CH3OH+CO ⇌ CH3OOCH+38.1
kJ

mol
 (9) 

 CH3OOCH+2H2 ⇌ 2CH3OH+62.8
kJ

mol
 (10) 

 CO+2H2 ⇌ CH3OH+95.04
kJ

mol
 (11) 
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Fig 1-23. Thermal energy transport system by decomposition and synthesis of methanol [147] 

Cyclohexane/Benzene/Hydrogen Energy Storage System 

 The reversible reactions of hydrogenation/dehydrogenation of benzene/cyclohexane are 

used for thermochemical energy storage in the temperature range of 273–316°C at 1 bar pressure 

[182]. Eq. 12 shows the reversible chemical reaction of benzene with hydrogen, and the enthalpy 

of the reaction is approximately 141 kJ/mol [183].   

 𝐶6𝐻12(𝑔)+ΔH ⇌ 𝐶6𝐻6(𝑔)+3H2(𝑔) ;ΔH = 141
kJ

mol
 (12) 

 The energy recovery from the exothermic reaction of benzene and hydrogen is a well-

known technology on an industrial scale, while the endothermic reaction of cyclohexane lacks 

experimental feedback. The experimental study of the dehydrogenation reaction of cyclohexane 

was carried out to evaluate the design of the energy recovery system and to study the stability of 

the catalysts [182]. During the experiments, no decay in catalyst activity was observed, and the 

effects of side reactions were minor. The thermodynamic analysis of reversible cyclohexane-

dehydrogenation/benzene-hydrogenation in a chemical heat pump was analyzed [184]. Employing 

hydrogen-permeable membranes and the use of a separation/condensation unit are two techniques 

to improve the coefficient of performance of the heat pump. This study showed a maximum COP 
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value when the dehydrogenation and hydrogenation reaction conversion values are at 30% and 

70%, respectively. 

Metal Hydrides 

 Metal hydrides have been popular storage material to store hydrogen in a solid-state form, 

which occurs by a reversible chemical reaction between hydrogen and metallic atoms, as discussed 

in section 4.1.2. For a thermal energy storage system, the supply of thermal energy/removal of 

hydrogen to/from the MH bed is referred to as charging/desorption, and supply of 

hydrogen/removal of thermal energy to/from the metal alloy is referred to as absorption/ 

discharging. Closed systems with multiple alloy combinations are widely accepted energy storage 

systems using MHs beds [185]. One bed is used to store energy, and the other is designed to store 

hydrogen. The energy storage bed operates at the energy storage/release temperature, and the 

hydrogen storage bed operates at ambient temperature. The schematic of the operating principle 

of an MH-based TES system is shown in Fig. 1-24. During charging, energy is supplied to the 

storage bed from the higher-temperature energy source to decompose the MH. The energy storage 

bed releases hydrogen by absorbing the supplied thermal energy, and the released hydrogen is 

supplied to the hydrogen storage bed. After complete decomposition of the high-temperature 

energy storage bed, it is separated from the hydrogen storage bed, to store energy over the long 

term. During discharging, the hydrogen storage bed supplies hydrogen (by absorbing external heat) 

to the energy storage bed, and the energy storage bed releases heat in an exothermic reaction by 

absorbing the hydrogen. The pressure difference between the two reactors, which drives the 

hydrogen, dictates the rate of reaction. This coupled TES system can also be used as a heat 

transformer by maintaining the supply pressure of hydrogen during discharging as greater than the 

discharge pressure of the hydrogen during charging. 
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Fig. 1-24. Schematic of MH-based TES system: (a) charging process, and (b) discharging 

process 

 The MH heat transformer is used for upgrading the low-grade heat available at around 120–

140°C (e.g., waste heat from industries, solar/geothermal energy, etc.) to about 160–220°C [186]. 

In the case of the MH heat transformer, the hydrogen delivery pressure during the energy charging 

mode is greater than the hydrogen supply pressure during the discharging mode. Fig. 1-25 shows 

the operation of the MH heat transformer in a van ’t Hoff diagram. 

 
Fig. 1-25. MH heat transformer cycle on p-1/T diagram 

 Yonezu et al. [202] utilized the heat pipe technology to provide rapid heat transfer to the 

TES system. In this work, two 3.5-kg metal hydride beds of CaNi5 and LaNi5 were used as TES 

material and hydrogen storage material, respectively. A hydrogen flow rate of 1.5 l/min was 

observed at the heat storage temperature of 90°C. A two-stage heat transformer was developed and 
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used to upgrade the industrial waste heat at 130–135°C to useful heat at 190–200°C. The system 

utilized six MH reactors to produce 7 kW of power and 30 W/kgHydride of specific power output. A 

COP of 0.26 was calculated with the internally recovered heat of 40% for the system [188]. Also, 

Mg+30% MmNi4-based thermal energy storage at different supply pressures (10–30 bar) and 

absorption temperatures (120–150°C) was studied. An H2 storage capacity of 2.5 wt% was 

achieved. The material stored a maximum of 0.741 MJ/kg thermal energy, with 0.74 as the thermal 

energy storage coefficient [189]. Single-stage [186] and double-stage [190] MH heat transformers 

were developed and tested for upgrading waste heat from 120–140°C to 155–167°C using the 

LaNi5/LaNi4.35Al0.65 pair, and to 190°C using the La0.35Ce0.45Ca0.2Ni4.95Al0.05/LaNi5/LaNi4.35Al0.65 

pair. The single-stage MH heat transformer showed the specific heating power (SHP) and COP 

values of 44 W/kg and 0.35, respectively, whereas these values for the double-stage MH heat 

transformers were 0.2 and 17.1 W/kg, respectively. 

 Complex metal hydrides can also be used for TES due to their higher hydrogen storage 

capacity and thereby higher energy density than that of simple hydrides. The thermodynamic data 

of complex MH reactions are listed in Table 1-13. Irreversibility, phase segregation, and lack of 

stability are major issues related to complex MHs. Further, experimental studies on complex 

hydrides are needed, in order to check their reversibility and performance in the actual working 

environment.  
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Table 1-13. List of complex hydrides that are suitable for medium-temperature TCES system 

[191] 

Material 

Theoretic

al 

Hydroge

n Storage 

Capacity  

(wt%) 

ΔHdes/ 

ΔHabs 

(kJ/mol.

H2) 

Eg  

(kJ/kg) 

Ev 

(MJ/m3) 

Trange  

(°C) 

NaAlH4+ΔH ⇌
1

3
Na3AlH6 +

2

3
Al+H2(𝑔) 3.73 

38.4/–

35.2 
651.8 808.3 25–202 

Na3AlH6 + ΔH ⇌ 3NaH+Al+
3

2
𝐻2(𝑔) 2.96 

47.6/–

46.1 
678.0 983.0 

100–

290 

LiNa2AlH6+ΔH

⇌ 2NaH+LiH+Al+
3

2
𝐻2(𝑔) 

3.52 54.95/– 959 1371.4 
135–

315 

Mg(NH2)2+2LiH+ΔH

⇌ Li2Mg(NH)2+2H2(𝑔) 
5.58 38.9/– 2086.3 2166.5 75–280 

1.9.3 Applications and Implementation Status for Medium-Temperature TCES  

(50ºC–250ºC) 

 The applications of these materials and their implementation status for medium-

temperature TCES (50–250ºC) are shown in Table 1-14. 

Table 1-14. Applications and implementation status for medium-temperature TCES 

Project/ 

Organization 

Name 

Nature 
Working 

Pairs 
Remarks Ref. 

Energy Research 

Centre of the 

Netherlands 

Experimental MgCl2.6H2O 

(magnesium 

chloride 

hexahydrate) 

• Seasonal heat storage 

• Formation of HCL controlled by 

keeping temperature <135ºC 

• Maximum temperature rise of 

5°C 

• Energy density ̴ 280 kWh/m³ 

[166] 

ZeoSys GambH 

and Fraunhofer 

Institute for 

Interfacial 

Engineering and 

Biotechnology  

Lab prototype H2O and 

unspecified 

porous 

material 

• Solar thermal heat pipes with 

capacity of 4 kW 

• Charging temperature 100–120°C 

• Discharging temperature 65–

70°C  

• Average heat output 2.5–3.5kW 

[192] 
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1.9.4 Conceptual Design for Medium-Temperature Solar Heating Application  

 Medium-temperature TCES is useful for various applications such as domestic water 

heating, waste-heat recovery systems, and centralized district heating networks used in hospitals, 

commercial centers, and office buildings. A conceptual design of a TCES system using salt 

hydrates is proposed by authors, as shown in Figure 1-26. The system contains two storage tanks, 

one with salts and the other with water. The system is also comprised of a heat exchanger and a 

solar thermal collector. The solar thermal collector could be replaced or used in parallel with a 

waste heat source. During the hydration process (Figure 1-26 (a)), the salt and water vapor are 

brought together, the water vapor binds to the salt, and heat is released in an exothermic reaction. 

The released heat is transferred to a heat exchanger. The heat from the heat exchanger could be 

used for domestic hot water or space heating applications. After hydrating, the maximum amount 

of water in the salt, no more heat will be released. In order to recharge the system again, the water 

Table 1-14 (continued) 

Bauhaus-

University, 

Weimar, Germany 

Experimental MgSO4 and 

MgCl2 
• Reduction of deliquescence 

relative humidity 

• High-temperature heat release 

[148] 

Energy Research 

Centre of the 

Netherlands 

Experimental MgSO4.7H2

O 
• For closed TCES works under 

low pressure 

• Stores ten times more energy  

[193] 

Institute of 

Environmental 

Chemistry, 

Germany 

Experimental MgCl2.7H2O • Material characterization with 

250 mg sample of material 

[100] 

CEA-INES 

Laboratory of 

Thermal Systems  

Reactor 

scale/prototype 

25 kg materials 

KAI(SO4)2.1

2H2O 
• Experiments done using two air 

filters in series; hydration/ 

dehydration cycle was observed 

• Thermochemical power 

calculated 

[101] 

LESEE, PROMES-

CNRS, University 

de Perpignan via 

Domitia, France   

Case study 

(cascade 

system) 

Na2S.5H2O 

and 

SrBr2.6H2O 

• Increase in energy storage density 

from 11% to 21% 

[168] 
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and salt must be separated. During summer, the heat absorbed by solar thermal collectors that is 

used to separate water from the salt is referred to as dehydration (Figure 1-26 (b)). The vapor 

condenses in the water tank.  

 

 

Fig. 1-26. Solar thermochemical energy storage system: (a) discharging process, and (b) 

charging process 

1.10 Challenges Ahead 

Thermochemical energy storage has the potential to store energy for low- and medium-

temperature applications. The advantages and possible drawbacks of the materials discussed in 

this paper are summarized in  

Table 1-15. Fertilizer-based salts are capable of producing a cooling effect, and the concept 

sounds simple, but thus far, there has been no large-scale implementation. Further investigation is 

required on the unknown properties of the salts such as their safety, stability, storage capacity, and 
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solubility. On the other hand, metal hydrides are the most promising materials for cooling, and 

various prototypes of metal hydride-based cooling system have been tested all over the world. 

However, poor reaction kinetics, cyclic stability, and material cost are the major challenges to 

overcome. More research is required in the development and characterization of complex hydrides 

having potential for thermal energy storage. Salt hydrates seem to be the most promising materials 

for space heating and hot water supply applications. However, for commercial implementation, no 

salt hydrate with better cyclic stability and consistent hydration/dehydration temperatures is 

available. Also, the energy storage density of 1 GJ/m3 with just one dehydration cycle in a year is 

not realistic for its implementation. Alternative system-design concepts and finding suitable 

composite salt pairs of salt hydrates are essential challenges to make these systems practical.  

Table 1-15 Advantages and drawbacks of all low and medium temperature TCES materials 

 Advantages Drawbacks 
Technology 

Status 

For Low-Temperature Cooling Application 

NPK  

Fertilizers 
• Cheap, environment friendly 

and easily available 

• 400 kJ/kg coolness could be 

produced and stored  

• Cause of high solubility, 

shorter time is required to 

complete cycle 

• Instant cooling effect in less 

than 100 s up to temperature 

drop of 30ºC 

• No characterization, 

cyclic studies 

available 

• Agglomeration, salt-

crystallization 

• Thermal stability 

Small laboratory 

scale (proof of 

concept) 

Metal Hydrides • High volumetric energy 

storage density 

• Highly reversible 

• Wide operating range: 

cooling temperature up to –

2ºC 

• COP up to 3 

• Poor reaction 

kinetics 

• Low thermal 

conductivity 

• Parasitic losses 

• Less gravimetric 

storage density 

• High cost 

Laboratory scale 

 

 

 



73 
 

1.11 Summary and Perspective 

To use the renewable energy more efficiently, some modification in energy generation, 

storage and consumption have to be applied. Thermochemical energy storage systems can play an 

essential role to overcome the limitations of renewable energy being intermittent energy sources 

(daily and seasonal fluctuations in renewable energy generations) by storing generated energy in 

the form of heat or cold in a storage medium to be used later. TCES technology can be a potential 

solution towards energy imbalance between generation and usage as these systems can store large 

amount of energy for long- and short term with minimal heat loss. Renewable energy in 

conjunction with TCES technology can offer a number of benefits to accomplish the low-carbon 

energy goal in low- and medium-temperature applications. 

Table 1-14 (continued) 

For Medium-Temperature Heating Application 

Salt Hydrates • Higher energy storage 

density (up to 2.81 GJ/m3)  

• Thermodynamically stable 

• Wide operating temperature 

range 

• Corrosion and 

incongruent melting 

• Slow reaction 

kinetics 

Lab scale 

prototype 

Magnesium  

Oxide/Water  

Reaction 

System 

• Non-toxic 

• Wide operating range  

(150–350 ºC) 

• Higher heat storage capacity 

(~1300 kJ/kg) 

• Poor thermal 

conductivity 

• Sintering of MgO 

Laboratory scale 

Methanol  

Decomposition/ 

Synthesis 

• Cheap, environment friendly 

and easily available 

• Reaction temperature 250-

350 °C 

• Easy to store and transport 

• Corrosion, toxicity 

• Lower volumetric 

density 

Pilot scale 

Cyclohexane/ 

Benzene 
• Higher enthalpy of reaction 

(141kJ/mol) 

• Exothermic reaction is 

available on a commercial 

scale 

• Side reactions 

• Lack of research on 

endothermic reaction 

Laboratory scale 



74 
 

An extensive literature survey of thermochemical energy storage materials for low- and 

medium-temperature applications is summarized in this review. The present review is mainly 

focused on the potential low- and medium-temperature thermochemical energy storage systems 

for space cooling, refrigeration, space heating, process heating, and domestic hot water supply 

applications. Under low-temperature materials, fertilizer-based salts and metal hydrides are 

reviewed, which have the potential to produce an instant cooling effect and store energy over the 

long term. The medium-temperature section mainly covers salt hydrates and other thermochemical 

reactions over a temperature range of 50–250°C. Most of the described systems have only been 

tested in the laboratory or on an experimental scale. The following conclusions could provide 

direction to future research and development of low- and medium-temperature TCES applications 

for heating and cooling applications: 

• The fertilizers NH4Cl, NH4NO3, K2SO4, (NH4)2CO, KNO3, NH4H2PO4, and NaNO3 and 

their mixtures can generate cooling of up to 200–400 kJ/kg. Also, the temperature drops of 

up to 45ºC is possible with fertilizer salt systems for space cooling or refrigeration 

applications. Sodium sulphate (NaSO4) produced a cooling of 58.6 kWh and showed 

stability over 26 cycles. However, some nitrite-based fertilizers are highly flammable; 

however, adding 5–10% ammonium phosphate to the mixture of nitrate-based salts 

provides resistance to flammability. Preliminary experiments clearly demonstrate the 

possibility of producing an instant cooling effect with endothermic salts. The cooling effect 

and temperature drop of up to 250 kJ/kg and 32°C, respectively, were achieved during the 

preliminary experiments. However, the behavior of the salt over repeated cycles needs to 

be studied. Further research is required to investigate problems associated with field trials 

of the endothermic salt-based cooling system with solar energy. 
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• Metal hydrides are other promising materials for cooling applications. The metal hydride-

based cooling system is environmentally friendly and compact. The thermal-driven MH 

system achieved COPs up to 1, whereas the same for the compressor-driven MH system 

was up to 3. However, cost, slower reaction kinetics, and parasitic loss are limitations of 

MH systems. Further research is required in order to develop new materials e.g. complex 

hydrides, novel reactor designs, and methods for large-scale production of MHs.  

• Salt hydrates are the potential heat storage candidates for the medium-temperature 

(< 250°C) TCES system. A maximum energy density of up to 3.0 GJ/m3 could be achieved 

with these materials. Among all the salt hydrates, SrBr2 is a promising material for solar 

heating and cooling applications, and it has more than 250 kWh.m-3 heat storage density. 

MgSO4 is another material that can release up to 2.1 GJ/m3 of stored energy during the 

dehydration process. Salt hydrate composites such as MgSO4-zeolite can improve the 

performance of the hydration/dehydration cycles. However, salt expansion under water 

uptake, heat constraints, and corrosion characteristics of salt hydrates are still unknown. 

• Magnesium hydroxide proved promising for medium-temperature applications up to 

300°C. However, thermal conductivity enhancement, cyclic stability, and side reactions 

with carbon dioxide are challenges of this system. On the other hand, gaseous reactions 

such as methanol decomposition/synthesis and hydrogenation/ dehydrogenation of 

benzene/cyclohexane lack experimental feedback in the field of thermal energy storage. 

Overall, TCES has the potential to bridge the gap between energy supply and demand. At 

present, it appears that the TCES is suitable for heating and cooling applications on the present 

condition of the technology. However, there is a wide scope for further research on improving 
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cyclic stability, design and development of fast reaction reactors, identifying novel composite 

materials and integration schemes.  
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Appendix I 

Promising MH Alloys Suitable for MH Cooling System [194–198] 

MH Alloy ΔH (kJ/mol H2) ΔS (J/mol K) Wt% 

V0.95Cr0.05 –37.36 –139.32 3.8–4.1 

V0.925Cr0.075 –36.31 –139.74 3.8–4.1 

V0.9Cr0.1 –33.35 –134 3.6–3.8 

NiZr –30.42 –71.5 – 

V0.85Cr0.15 –29.71 –125.52 – 

MNi4.5Al0.46Fe0.05 –31.04 –110.87 – 

LaNi5 –30.87 –107.94 1.49 

LaNi4.7Al0.3 –33.9 –106.8 1.44 

LaNi4.8Al0.2 –34.72 –109.2 – 

LaNi4.6Al0.4 –36.4 –109.2 – 

LaNi4.5Al0.5 –38.49 –111.29 – 

LaNi4.6Mn0.4 –38.7 –117 1.48 

LaNi4.8Sn0.2 –33.16 –105 1.40 

La0.8Ce0.2Ni4.8Sn0.25 –32.4 –110 1.2 

MmNi4.4Al0.6 –30 –106 1.2 

MmNi4.2Al0.8 –31 –98 1.1 

MnNi4Al –32 –88 1.1 

MmNi4.5Mn0.5Zr0.025 –30 –106 0.9–1.25 

MmNi4.2Al0.4Mn0.4 –31 –110 1.4 

MmNi4.2Al0.4Fe0.4 –30 –110 1.1 

MmCo5 –32.8 –111 0.7 

MmNi4.2Co0.2Mn0.3Al0.3 –36.5 –109 1.38 

TiFe0.9Al0.1 –30 –102 1.3 

TiV0.62Mn1.5 –28.5 –107 2.15 

Fe0.85Mn0.15Ti –29.45 –107.11 – 

PrNi5 –29.03 –119.24 1.4 

MNi4.5Al0.05 –28.032 –105.43 1.2 

FeTi –28.032 –105.85 2.7 

NdNi5 –27.82 –116.31 1.27 

MNi4.15Fe0.85 –25.1 –104.6 1.14 

Zr(Fe0.75Cr0.25)2 –24.76 –91.62 1.5 

Ca0.7M0.3Ni5 –26.77 –100.41 – 

Ca0.5M0.5Ni5 –25.77 –103.76 – 

Ca0.4M0.6Ni5 –25.27 –105.43 – 
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Appendix I (continued) 

Ca0.2M0.8Ni5 –24.26 –108.78 – 

Ce0.5La0.5Ni2.5Cu2.5 –23.01 –86.6 – 

CeNi5 –22.17 –108.78 1.87 

CeNi4.5Al0.5 –21.88 –92.04 – 

MmNi5 –20.92 –96.73 0.7 

ZrMn2Cu0.8 –25.81 –57.73 1.4 

ZrMn3.8 –19.7 –61.5 1.2 

ZrMn2.8 –18.4 –52.3 1.77 

Zr0.8Ti0.2MnFe –11.13 –39.32 1.5 
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CHAPTER 2  

LITERATURE REVIEW 

A Critical Review on Improving Hydrogen Storage Properties of Metal 

Hydride via Nanostructuring and Integrating Carbon Particles 

Abstract 

A hydrogen-based economy has great potential for addressing the world’s environmental 

concerns by using hydrogen as its future energy source. Hydrogen can be stored in multiple ways, 

but among all solid-state hydrogen storage materials, metal hydrides have the highest density for 

hydrogen storage to meet storage demand. However, hydrogen accessibility is a challenging step 

in metal hydride-based materials. The catalytic effects of functionalized catalysts and/or dopants 

on metal atoms have been extensively studied. The Nanostructuring of metal hydrides is a new 

focus and has enhanced hydrogen storage properties by allowing higher surface area and 

multifunctionality. For enhanced hydrogen storage characteristics, Nanostructuring has numerous 

benefits, such as reversibility, hydrogen storage density, faster and tunable kinetics, lower 

absorption and desorption temperatures, and durability. The nanoparticles of carbon-based 

materials, including graphene, C60, carbon nanotubes (CNTs), carbon black, and carbon aerogel, 

have unique properties and can improve metal hydrides' hydrogen storage properties. In this 

critical review, the effects of various carbon-based materials, catalysts, and dopants are 

summarized in terms of hydrogen-storage capacity. This review also highlights the effects of 

carbon nanomaterials on metal hydrides, advanced synthesis routes, and analysis techniques to 

explore the effects of encapsulated metal hydrides and carbon particles in polymeric composites 

for improved hydrogen storage properties in solid-state forms, and new characterization 
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techniques. The nanoscale tailoring of metal hydrides with carbon materials is a promising strategy 

for the next generation of solid-state hydrogen storage systems for different industries. 

Keywords: Characterization, High entropy alloys, Intermetallic alloys, Metal Hydrides, 

Nanoscale Carbon Materials, Polymer Metal Hydride, Synthesis, Solid-State Hydrogen Storage, 

and Tuning. 

Graphical Abstract 

 

 

Nomenclature 

Symbols 

Al Aluminium 

B Boron 

Be Beryllium 

C Lattice parameter 
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C Carbon 

𝐶𝑝 Specific heat at constant pressure (J/kg K) 

E Young’s modulus 

Ea Activation energy 

F Fluorine 

fH Mass fraction of hydrogen 

H Enthalpy (kJ/kg) 

H Hydrogen 

∆Hf           Heat of solution (cal/mol) 

Li  Lithium 

M Mass of solution (water + salt) (kg) 

Mg Magnesium 

mH Mass of hydrogen absorbed in host material 

MH Molar mass of hydrogen 

MX  Molar mass of host material 

N Nitrogen 

Na Sodium 

nH  Number of moles of hydrogen absorbed in host material 

nX  Number of moles of host material 

𝑛𝑛𝑠 Mole of solute (kg) 

O Oxygen 

P Pressure (Pa)  

P Phosphorus 
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R Universal gas constant (cal/mol-K)  

Si Silicon 

T Temperature (K) 

Ti Titanium 

Q Heat generated 

X Host Material 

Greek Symbols 

𝜎𝑓 Strength of material 

Λ Specific surface energy 

H/m Ratio of hydrogen to host MHs 

Abbreviations 

AC Activated carbon 

CA Carbon aerogel 

CHs Complex hydrides 

CMK Carbon scaffolds 

CNTs Carbon nanotubes 

COP Coefficient of Performance 

COFs Covalent organic frameworks 

CSP Concentrating solar power plant 

DFT Density functional theory 

DOE Department of Energy 

DSC Differential scanning calorimetry 
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FCVs Fuel cell vehicles 

FTIR Fourier-transform infrared spectroscopy 

HEA High entropy alloys 

MHs Metal Hydrides 

MOFs  Metal organic frameworks 

MPEAs Multi-principal-element alloys 

MWCNTs Multiwall carbon nanotubes 

NMR Neutron magnetic resonance 

PCT Pressure composition temperature 

PCI Pressure-composition isotherm 

RHCs Reactive hydride composites 

SWCNTs Single wall carbon nanotubes 

TEM Transmission Electron Microscopy 

TDS Thermal desorption spectroscopy 

 THF Tetrahydrofuran 

TGA Thermogravimetric analysis 

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction 

2.1 Introduction 

 Necessary changes in the energy policy are significant enough to decrease the consumption 

of conventional hydrocarbon fuels such as oil, natural gas, and coal. The consumption of energy 

is increasing in all major sectors—residential, commercial, industrial, and transportation—but at 

the same time, a report from U.S. Energy Information Administration [1] has shown that CO2 
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emissions are decreasing in industrial, residential, and commercial sectors by 11%, 11%, and 10% 

respectively. However, in the transportation sector, the CO2 decrease is just 5%, which is due to 

the use of biofuel, more efficient engines, and electric and fuel cell vehicles (FCVs). Nevertheless, 

in the United States, 29% of greenhouse gases are emitted by the transportation sector. Also, 

demand for transport vehicles with an internal combustion engine is huge and growing in countries 

like China and India. To improve the efficiency and reduce the pollution of hydrocarbon fuels, 

researchers are working to develop a new generation of engines such as homogeneous charge 

compression ignition engines, gasoline compression ignition engines, and engines operating on 

compressed natural gas and liquefied petroleum gas [2,3]. Replacing hydrocarbon fuel in the 

transportation sectors of the world would reduce greenhouse gases and benefit countries in terms 

of economic and political power. The primary fuel used for transportation is gasoline (petroleum), 

which is 89% of the total fuel, and 77% of fuel is for vehicle transportation worldwide [4]. Leading 

the fuel crisis and increase in greenhouse gas emissions, the research and development of 

alternative vehicle transportation systems have boomed in recent decades. Battery electric 

vehicles, hybrid vehicles, and fuel cell vehicles are the most recent advancements in the vehicle 

transportation sector [5,6]. Battery vehicles have a higher efficiency at 62% compared to fuel cell 

vehicles with an efficiency of 24%.  The renewable energy sources such as solar, wind, hydro, and 

geothermal can generate electricity needed to charge battery vehicles.  

Nevertheless, the price and operating range of battery-operated vehicles are of primary concern 

[7]. The recycling of lead-acid batteries and the specific energy density are other challenges with 

a minimum recycling rate [8]. The fuel cell vehicles can overcome limitations of battery-powered 

vehicles, but their lower efficiency is a major challenge. The FCVs’ main losses are in the 

electrolysis process during the generation of hydrogen fuel, the efficiency of fuel cells, and the 
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compression of hydrogen gas [9,10]. The simplicity and abundance of hydrogen, the most common 

element in the universe, is the key to a cleaner and more sustainable energy future. The fuel cell 

vehicle uses an electrochemical engine to produce power. In an elctrochemical cell hydrogen fuel 

combines with oxygen that produces electricity. The combination of hydrogen and oxygen 

generates water beside the generation of electricity. The hydrogen passes through a membrane and 

splits up on the other side of the membrane into proton and electron. In general, the membrane is 

the electron barrier, but a proton carrier and therefore allows protons to go to the other side. The 

electrons have to take an external path, going through a traction motor that produces the 

mechanical energy to drive the car. When those electrons come to the other side, they combine 

with protons and oxygen to make water. The basic working principle of a fuel cell vehicle is shown 

in Fig. 2-1. The hydrogen storage is the key to the development of efficient FCVs. Hydrogen can 

be stored in three forms: as liquid, as compressed gas, and by chemically or physically bonding it 

to a suitable solid-state material. The amount of hydrogen that can be stored in a physical form, 

such as a gas, is 0.3 gH2/L at 1 bar pressure, but with an increase in pressure, the total amount of 

storage can be increased. Liquid hydrogen is stored at a cryogenic temperature of –252ºC, which 

has a much higher energy storage density of 71 gH2/L. However, this form of hydrogen must be 

maintained at cryogenic temperatures, which is impractical for onboard vehicle applications. At 

present, for onboard-vehicular-applications, hydrogen is stored in a gaseous form, but this is a light 

gas and must be compressed in order to store it in a highly pressurized vessel. Almost 13% of 

hydrogen’s energy is lost during compression, and vessels that can store it at high pressure must 

be strong, lightweight, and highly resistant to explosion in the event of a vehicle collision, which 

is also unsafe because hydrogen has higher specific heat compared to any gasoline fuel. To 

overcome these limitations, major research has been focused on solid-state storage at almost 
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atmospheric pressure and temperature [11–13]. Material-based hydrogen storage has shown the 

highest energy storage capacity of 70–150 gH2/L, compared to that of physical hydrogen storage 

technology [14–17]. There are various review articles and books that are dedicated to hydrogen 

storage techniques and some of these are summarized in Table 2-1 and 

Table 2-2 emphasizing the particularities and the main achievements of these books and review 

articles. 

 

Fig. 2-1- Working principle of a fuel cell in a vehicle. 

Table 2-1 Main achievements of the overview review articles 

Review article title Year 

of 

Publi- 

cation 

Main Achievements Ref. 

Kinetics and 

mechanisms of 

metal hydrides 

formation—a review 

1997 • This review discussed the insights of different 

reactions for complex metal hydrides. 

• The initial surface stages, initial hydride 

precipitation (hydride formation, nucleation, and 

growth), the main reaction stages (hydride phase 

progression), the structure and construction of the 

moving hydride layer, determination of the hydride-

front velocity, etc. were discussed.  

[18] 

Metal hydride 

materials for solid 

hydrogen storage: A 

review 

2007 • This review evaluated various Mg-based metal 

hydrides, complex hydrides, and intermetallic 

compounds for solid hydrogen storage systems. 

• Effects of ball milling on hydrogen desorption 

kinetics and reduction in activation energy were 

discussed. 

• Important results from various studies on AB5 type 

compounds for hydrogen storage were discussed. 

[19] 
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Table 2-1 (continued) 

 

Complex Hydrides 

for Hydrogen 

Storage 

2007 • This review discussed significant progresses with 

complex metal hydrides (alanates, amides, and 

borohydrides). The atomic structure, synthesis 

method, hydrogenation reactions thermodynamics 

were discussed. Complex hydrides have a strong 

potential to be used as hydrogen storage materials. 

[20] 

The impact of 

carbon materials on 

the hydrogen storage 

properties of light 

metal hydrides 

2011 • This review showed the effects of carbon materials 

on the hydrogen storage properties of two important 

metal hydrides: MgH2 and NaAlH4 

[21] 

Solid-state storage 

of hydrogen and its 

isotopes: An 

engineering 

overview 

2015 • The review presented an engineering overview of 

hydrogen isotopes. The detailed study of various 

classes of hydrogen storage materials was presented 

along with thermal issues for the solid-state 

hydrogen storage systems. 

• Various designs of storage systems, kinetic models 

for hydriding/dehydriding, technological difficulties, 

and various computational models of solid state 

hydrogen storage beds were discussed. 

[14] 

A review of 

mathematical 

modeling of metal- 

hydride systems for 

hydrogen storage 

applications 

2016 • This review discussed various mathematical 

modeling techniques to analyze 

adsorption/desorption processes in metal hydride 

reactors.  

[22] 

A review on the 

current progress of 

metal hydrides 

material for solid-

state hydrogen 

storage applications 

2016 • This unique review presented a variety of hydrogen 

storage materials such as intermetallic compounds, 

complex hydrides, chemical hydrides, and 

magnesium hydrides.  

• Previous studies to improve the hydrogen storage 

properties of metal hydrides via using catalysts, 

alloying methods, and nanostructuring were 

discussed in detail. 

[23] 

A review on the 

characterization of 

hydrogen in 

hydrogen storage 

materials 

2017 • This review presented 6 different characterization 

techniques to study hydrogen storage properties 

(Sieverts’ technique, gravimetric technique, 

electrochemical characterization, neutron scattering, 

thermal desorption spectroscopy, secondary ion 

mass spectroscopy).   

[11] 

Hydrogen storage in 

carbon materials—A 

review 

2019 • This review presented studies of hydrogen storage 

properties of caron materials. It discusses synthesis, 

hydrogen storage characteristics, and tuning of the 

properties of carbon materials.  

[24] 
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Table 2-2 (continued) 

 

Preparation, 

characterization and 

hydrogen storage 

studies of carbon 

nanotubes and their 

composites: A 

review 

2020 • This review reported various preparation methods, 

characterization techniques, and hydrogen storage 

properties of nanostructured metal hydride/CNTs 

composites.  

[25] 

A scientometric 

review of research in 

hydrogen storage 

materials 

2020 • This review mapped studies between 2000-2015 of 

hydrogen storage materials and divided them into 

different classes using Web of Science and 

processed in VantagePoint® bibliometric software.  

• The studies concluded that MOFs are one of the most 

searched materials followed by simple hydrides. 

[26] 

 

Table 2-2 Main achievements of books 

Book name Year 

of 

Publi- 

cation 

Main Achievements Ref. 

Handbook of 

Hydrogen 

Storage: New 

Materials for 

Future Energy 

Storage 

2009 

• This handbook provides an all-inclusive summary of 

the solid-state hydrogen storage materials and major 

advantages/disadvantages of each material. 

• The various materials discussed in the book are: 

adsorption materials, clathrate hydrates, 

conventional hydrides, and lightweight hydrides 

(complex hydrides, amides, imides and mixtures, 

ammonia, borane, and related compounds, 

aluminum hydrides) and the effect of nanoparticles 

on these storage materials. 

[27] 

Nanomaterials for 

Solid State 

Hydrogen Storage 

2009 

• This book focused on volumetric and gravimetric 

hydrogen storage capacity enhancement using 

nanomaterials. 

• The research history of nanomaterials, simple metal 

hydrides, complex metal hydrides, carbon, and 

nanocarbon were discussed followed by their 

fabrication methods. 

[28] 

Hydrogen Storage 

Materials: 

The Characterization 

of Their Storage 

Properties 

2011 

• The book addressed various hydrogen storage 

materials such as microporous materials, interstitial 

hydrides, complex hydrides, etc., and how to 

measure the hydrogen storage properties of these 

materials. 

[29] 
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Table 2-2 (continued) 

 

Handbook of 

Nanomaterials for 

Hydrogen Storage 

2017 
• This book focused on the nanostructuring effects on 

the hydrogen storage properties of nanocomposites.    
[30] 

Nanomaterials for 

Hydrogen Storage 

Applications 

1st Edition 

2020 

• The book provided a comprehensive overview of 

manufacturing techniques, design concepts, and 

characterization techniques of nanomaterials and 

nanocomposites for hydrogen storage applications.  

[31] 

Energy, Society and 

the Environment 

Solid-State 

Hydrogen Storage 

Materials 

2020 

• This book offered a comprehensive overview of 

various energy storage technologies and solid-state 

hydrogen storage materials. 

• The book empathized on the essential parameters of 

hydrogen storage materials. 

[32] 

Material-based hydrogen storage is divided into two categories: physisorption and 

chemisorption. The physisorption process is used to store hydrogen in a nanoporous structure such 

as metal-organic frameworks (MOFs), carbon nanotubes (CNTs), metal-doped CNTs, covalent 

organic frameworks (COFs), and sorbents such as zeolites, as shown in Fig. 2-3 Fig. 2-2[33]. These 

nanoporous structures have a low enthalpy of adsorption, which enables the material to be 

thermally more stable, with 10 wt% gravimetric capacity and storage capacity of up to 40 gH2/L, 

but the storage could be at –196.15ºC, which is not feasible for onboard applications [34]. 

Chemisorption is a process whereby hydrogen is stored in a host material like metal hydrides 

(MHs), industrial hydrides (IHs), or complex hydrides (CHs) via the adsorption process, as shown 

in Fig. 2-3 [35,36]. Hydrogen molecules are chemically bonded to the solid surface during the 

chemisorption process. The advantage of these hydrides is the wide operating temperature range 

(20–1000ºC) for applications of fuel cells, thermal energy storage, and compressors [37,38]. 

Recently, researchers have focused on hydrogen storage in order to achieve the goal set by the 

U.S. Department of Energy (DOE) for hydrogen storage capacity in FCVs, since the ultimate 

capacity of storage is far from the desired current storage capacity, as shown in Table 2-3. 
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Currently, metal hydrides are the only materials that could fulfill the goal of the U.S. DOE. 

Reseachers are focusing to improve the properties of the material-based hydrogen storage systems 

by experiemtal and numerical approaches. 

In experimental studies, various hydrogen storage reactors' designs are proposed to 

improve the hydrogen storage properties of metal hydrides [39]. Researchers conducted 

experiments to study and optimize various aspects of mass and energy transport, reaction kinetics, 

and metal hydrides' thermodynamic behavior [40–42]. The mathematical modeling could provide 

useful insights to identify and predict the performance of the parameters as mentioned above. 

Mohammadshahi et al. [22] reviewed various mathematical models and explained general 

assumptions, different applied equations, and solution methods for different reactor designs at  

macroscopic scale. The governing equations in mathematical modeling vary based on macroscopic 

(bulk), mesoscopic (2 - 100 nm), molecular/micro (0.5 – 2 nm), and atomic (0 - 1 nm) scales, 

which explores the most promising strategy for solid-state hydrogen storage [13]. The governing 

equations of macroscopic models are typically solved using computational fluid dynamics (CFD) 

methods [22]. Typically in CFD, Finite Difference Method (FDM), Finite Element Methos (FEM), 

and Finite Volume Method (FVM) are three standard methods [43]. FEM and FVM have benefits 

over FDM as they provide flexibility to deal with complex geometries. For the meso and nano-

scale modeling, Classical Molecular Dynamics can discover the mechanisms and diffusion 

pathways to examine moderate to large-sized ( i.e., 103 to 106 atoms) particles [44]. Density 

Functional Theory generally calculates energy barriers during various phases and reactions [45]. 

The present review does not cover advancements in numerical simulation. 

In this review, the major challenges for the development of metal hydride-based solid-state 

hydrogen storage systems are discussed in detail. For fuel cells, onboard hydrogen storage 
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applications, materials that are strategically available at present, hydrogenation properties, 

characterization techniques, and strategies for improvement of storage capacity are discussed. The 

organization of the major contents of this review is presented in Fig. 2-3. 

 

Fig. 2-2- Materials-based hydrogen storage categories. 

Table 2-3: Hydrogen storage target by U.S. DOE for onboard vehicular applications [39] 

Storage Parameter 2020 2025 Ultimate 

System gravimetric capacity:  

Usable,  specific energy from H2, kWh/kg  

(net useful energy/max system mass, kg H2/ kg system) 

1.5 

(4.5) 

1.8  

(5.5) 

2.5  

(6.5) 

System volumetric capacity:  

Usable energy density from H2, kWh/L  

(net useful energy/max system volume, kg H2/L system ) 

1.0 

(0.03) 

1.3  

(0.04) 

1.7 

(0.05) 

Table 2-3 (continued) 

Storage system cost, $/kWh net  

($/kg H2) 

10 

(333) 

9 

(300) 

8 

(266) 

Minimum/maximum delivery temperature (°C) –40/85 −40/85 −40/85 

Cycle life—uptake/release (cycles) 1,500 1,500 1,500 

Minimum delivery pressure bar (abs) 5 5 5 

Cycle life 1/4 tank to full (cycles) 1,500 1,500 1,500 

System fill time (minutes) 3–5 3–5 3–5 

Fuel purity (H2 from storage) (percent H2) 99.97 99.97 99.97 
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Fig. 2-3- Organizational chart of the major contents in this paper. 

2.2 Metal Hydrides for Hydrogen Storage 

Metal hydrides are the most attractive materials for fuel cell applications because of their 

wide operating temperature range, high energy storage capacity, and high exegetic efficiency. 

Metal hydrides are also environmentally friendly compared to Li-ion batteries [40–42]. Metals and 

alloys absorb hydrogen and make metal hydride at a reasonable temperature and pressure. A metal 

hydride bed works like a sponge, soaking the hydrogen and releasing it according to the need, as 

shown in Eq. 1.  

 M(s) + x/2H2(g) ↔ MHx(s) + Q (1) 

where M are the metals (alloys) in solid form, and their reaction with H2 produces MHx(s), metal 

hydride, and heat (Q) is the heat of reaction/heat of formation. Since, the metal and hydrogen gas 

has higher entropy compared to the hydride at ambient and elevated temeratures, the formation of 
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hydride is an exothermic reaction (hydrogen absorption) and reverse reaction is endothermic 

(hydrogen desorption)[19]. The amount of heat release determines the stability of these hydrides. 

The larger heat of formation means more thermodynamically stable hydride and a higher 

temperature is needed for hydrogen desorption. Heat of formation for PEM fuel cell application 

should not exceed -48 kJ/mol for hydrogen desorption [43]. The heat of formation can be 

determined from PCI-measurements or calorimetric experiments [11].      

After soaking the metal in hydrogen, the hydrogen becomes part of the chemical structure 

of the metal. Therefore, it does not require cryogenic temperature or high pressure to break these 

chemical bonds. However, weight is the limiting factor for the vehicle onboard hydrogen storage 

for fuel cell applications. The density and therefore weight of metal hydrides turns out to be a real 

problem. Thus, the only possible candidates to store hydrogen are the lightest metals, such as Li, 

Be, B, C, N, O, F, Na, Mg, Al, Si, and P [44,45]. The main alloying materials for metal hydrides 

are intermetallic compounds (AB5, AB2, A2B, and AB), complex hydrides (alanates, borohydrides, 

and nitrides), chemical hydrides, and Mg-based alloys. Metal hydrides work on the principle of a 

reversible chemical reaction as illustrated in Fig. 2-4. Hydrogen reactes with metal and forms metal 

hydride and generates heat (-∆H) with an exothermic recation. When hydrogen is required, the 

waste heat (∆H) from the fuel cell is utilized to release hydrogen from the hydride with an 

endothermic reaction. 

 

Fig. 2-4- Metal hydrides for fuel cell use.  
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Hydrogen storage capacity in the host material is calculated by the hydrogen-to-host atomic ratio 

(H/X), which is given by Eq. 2. The mass fraction of hydrogen fH in the hydrogen-host material 

system is then calculated by using Eq. 3 [11].  The hydrogen absorption capacity (when hydrogen 

is stored in the bulk of the host material) is frequently known as the gravimetric storage density 

(wt%) in terms of storage applications. The hydrogen storage density can be calculated by Eq. 4, 

which is the same as the mass fraction of hydrogen[53]: 

𝑯𝒈

𝑿𝒔
=
𝒏𝑯(𝒈)

𝒏𝑿(𝒔)
=

𝒎𝑯(𝒈)

𝑴𝑯(𝒈)
𝒎𝑿(𝒔)

𝑴𝑿(𝒔)

 (2) 

𝒇𝑯 =
𝒎𝑯(𝒈)𝑯

𝒎𝑿(𝒔)+𝒎𝑯(𝒈)
=

𝑯(𝒈)

𝑿(𝒔)
𝑯(𝒈)

𝑿(𝒔)
+
𝑴𝑿(𝒔)

𝑴𝑯(𝒈)

= 
(
𝑯(𝒈)

𝑿(𝒔)
)𝑴𝑯(𝒈)

𝑴𝑿(𝒔)+(
𝑯(𝒈)

𝑿(𝒔)
)𝑴𝑯(𝒈)

 (3) 

𝒘𝒕.% = (
(
𝑯(𝒈)

𝑿(𝒔)
)𝑴𝑯(𝒈)

𝑴𝑿(𝒔)+(
𝑯(𝒈)

𝑿(𝒔)
)𝑴𝑯(𝒈)

∗ 𝟏𝟎𝟎)% (4) 

where H is hydrogen, X is host material, nH is the number of moles of hydrogen absorbed in the 

host material, nX is the number of moles of the host material, mH is the mass of hydrogen absorbed 

in the host material, MH is the molar mass of hydrogen, mX is the mass of host material, MX is the 

molar mass of the host material, and fH is the mass fraction of hydrogen. 

2.2.1 Intermetallic Alloys 

 Intermetallic alloys are the most promising materials which have gained attention as the 

solid-state hydrogen storage system for onboard fuel cell applications [54]. The hydrogen storage 

capacity for these alloys varies between 1 and 3 wt%. Intermetallic alloys have been used for 

various applications, such as heat pumps, hydrogen sensors, compressors, catalysts, battery 

electrodes, purification of hydrogen, etc [55]. They are generally defined as AxBy, as shown in  
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Table 2-4, and their hydrides become AxByHz. The benefit of these intermetallic compounds is that 

the properties of the host materials can be tailored by substituting partial elements to achieve the 

DOE target, making these materials much safer to store and handle. The hydrogen storage capacity 

(absorbance properties), charging/discharging temperature and pressure, ability to bond between 

metal and hydrogen molecules, and structure of the materials depend on the interface among the 

interstitial H2 and the metal molecules [56].  

Table 2-4: Advantages and disadvantages of intermetallic alloys 

Alloy Advantages Disadvantages 

AB5 • Better hydrogen storage capabilities, 

stable, and resistant against impurities 

• Tunability  

• Low gravimetric hydrogen storage 

capacity  

AB2 • Very simple intermetallic compounds 

• Nonmagnetic metals 

• Expensive because they are rare earth 

metals 

A2B • Desirable hydrogen storage, 

structural, and magnetic properties 

• Require high pressure and temperature 

• Cyclic stability 

AB • Light molar mass and high weight 

capacity 

• Good reversibility  

• Relatively low hydrogen storage capacity 

• High equilibrium pressure 

AB3 • Good electrochemical applications • Low hydrogen storage capacity 

• Lower stability 

 LaNi5 is the most promising intermetallic compound of AB5 type with 1.48 wt% hydrogen 

storage density and 100ºC desorption temperature [57]. Fischer et al. [58] studied the 

characteristics of LaNi5 using neutron magnetic resonance (NMR), concluding that its structure 

was similar to that of CaCu5 and that the hydrogen sorption rate was also independent of diffusion. 

The hydrogen storage properties of intermetallic compounds are not all favorable for onboard 

vehicular applications. Tunability is required to improve the properties of metal hydrides. A Monte 

Carlo simulation by Wu et al. [59] showed that a bulk material will need a high amount of energy 

to release hydrogen. As the size of the metal particles decreases, the adsorption energy becomes 

completely reversible. The hydrogen storage properties of intermetallic MHs could be improved 
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by developing complex metal hydrides and adding additives [60,61].  Various studies reported that 

hydrogen storage properties of metal hydride could be improved by changing particle size, 

porosity, and thermal conductivity [33]. Carbon-based materials could be used as an additive to 

improve the kinetics, and thermodynamics of the metal hydride [62]. Also, research studies have 

shown that polymer-enhanced metal hydrides can improve the stability for a longer period [63,64], 

thus providing an opportunity to explore the effects of encapsulated metal hydrides and carbon 

particles into polymeric composites for improving their hydrogen storage properties in solid state 

as shown in Fig. 2-5. 

 

Fig. 2-5- Tunability of MHs with polymeric and carbonaceous materials  

 Chabane et al.[65] showed that during the absorption of hydrogen, the temperature of the 

metal hydride bed increases because of the hydriding reaction. Porosity also increases if the 

materials increase the hydrogen storage capacity at a higher pressure and absorption time. For the 

first time in 1977, Liang et al. [66] reported that preparation of the LaNi5 composite could be done 

by mechanical alloying using ball milling followed by annealing at 500ºC, which helps the material 

to form a nanocrystalline structure. Also, as a result of annealing, the hydrogen storage capacity 

of the samples increased from 0.89 to 1.38 wt%. To improve the kinetics and storage capacity, 

various studies were also conducted by replacing Ni with Co, Al, Mg, Sn, Cr, Ga, Fe, and Zn. 
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Liang et al. [67] developed an alloy of LaNi5 with 30 wt% Mg and concluded that the combination 

of La, Ni, and Mg have better absorption kinetics than that of La-Ni, Mg-Ni, or La-Mg. Similarly 

in another study, it was found that a composite of LaNi5 with 50 wt% Mg at room temperature 

could absorb up to 2.5 wt% hydrogen in 500 seconds [68]. Alloys of La-Ni-Fe-V-Mn were 

developed via a new technology involving direct laser metal deposition, with results showing an 

increase in hydrogen storage capacity from 1.33 wt% in LaNi5 to 1.41 wt% in the composites [69]. 

In a recent study, an Sn-based composite was developed by Oliva et al. [70], who compared LaNi5 

with the LaNi4.7Sn0.27 composite. There was not much difference in hydrogen storage capacities; 

however, the composite took less time to absorb the same amount of hydrogen (higher absorption 

kinetics). An experimental study involving LmNi4.91Sn0.15 with a cooling tube showed that this 

composite could absorb approximately 1.20 wt% hydrogen at 30ºC and desorb nearly 1.08 wt% at 

60ºC in 8 minutes. It has been seen in the literature that Ni is mostly replaced by aluminum, cobalt, 

or manganese because of their thermodynamically stable characteristics [71]. Cao et al. [72] 

partially substituted Ni with Al and developed a complex hydride LaNi4.25Al0.75, eventually 

concluding that the hydrogen storage capacity of the complex hydride decreases but shows cyclic 

stability with a higher absorption rate of hydrogen. Also, the pressure increases significantly. 

Wang and Suda [73] found that surface-coated LaNi4.25Al0.75 with SiO2 improves the kinetics of 

charging and discharging because of the smoother surface and also affects the internal pressure. A 

simulation analysis by Bürger et al. [74] showed that LaNi4.3Al0.4Mn0.3 could have better kinetics 

than the parent material but that the hydrogen storage density considerably decreases. The 

hydrogen charging/discharging properties were adjusted by partially substituting Rh, Ir, and Au in 

a complex hydride LaNi5-xMx [75]. The plateau pressure increased during partial substitution of 
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Ni with Rh and Ir (LaNi5-xRhx and LaNi4.5Ir0.5) but decreased with partial substitution of Au 

(LaNi5-xAux) compared to LaNi5. 

 Researchers have replaced lanthanum with cerium partially and found similar hydrogen-

storage characteristics and pressure, while CeNi5 showed much less hydrogen-absorption capacity 

[76]. Thus, in order to overcome the limitations of hydrogen storage, new research studies have 

focused on the partial replacement of Ni with Al, Cu, Mn, and Ga [77–79]. Riabov et al. [80] 

substituted La with Ce and developed an intermetallic alloy La0.5Ce0.5Ni4Co, that provided an 

increase in hydrogen adsorption with change in plateau pressure at operating temperature of 15–

30ºC, which is less than that of pure alloys. Yamagishi et al. [76] studied the CeNi5-xAlx complex 

structure at 25ºC temperature and 4 MPa pressure, showing that the hydrogen storage capacity is 

between 0.16 and 0.78 wt% for different compositions. Another complex metal hydride CeNi5-

xCux was developed by Pourarian and Wallace [79] for a low-temperature application (up to 50ºC). 

Low-cost Cu partially replaced Ni, showing a very fast kinetics (charging/discharging time) and 

also a decrease in disassociation pressure. They studied the complex metal hydrides CeNi3Cu2H5.5 

and CeNi2.5Cu2.5H5 and found a very low change in enthalpy of 15.4 kJ/mol and 16.9 kJ/mol, 

respectively, and entropy of 72.5 J/molK and 75 J/molK, respectively. The same group replaced 

Ni with Mn (CeNi5-xMnx) and found that enthalpy was between 20 and 100 kJ/molH2, with 

activation energy (Ea) nearly 33 kJ/mole and better kinetics because of the decrease in hysteresis 

effect compared to LaNi5 [78]. In a very recent study by Tsukuda et al. [81], Ni was partially 

replaced with Ga alloys (CeNi5-xGax), and it was concluded that at 25ºC, the complex metal hydride 

could absorb maximum H/M = 0.64. Jain et al. [82] partially substituted La for Ce (Ce1-xLaxNi3Cr2) 

and studied the hydrogen-storage capacity. They found a decrease in plateau and hydrogen 

absorption capacity as the amount of La content increased. The maximum changes in enthalpy and 
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entropy were 10 kJ/mol H2 and 45.43 J/molK H2, respectively, which were calculated by Van’t 

Hoff plots. Biliškov et al. [83] replaced La with Sm and partially substituted Ni with Al, eventually 

concluding that it requires less enthalpy of formation –6.7 kJ/molH2 compared to that of the 

original alloy LaNi5.  

Other intermetallic materials, AB2, have gained attention due to their better kinetics. These alloys 

consist of rare and expensive earth metals, and for that reason, researchers have been working to 

substitute those with cheaper alloys [84–86]. Mitrokhin et al. [87] reported on TiFe as a promising 

hydrogen storage material. They added Va and Mn alloys to TiFe and found improved surface 

properties and kinetics. The properties of TiFe alloys were studied after activation via ball milling 

and annealing by Emami et al. [88], who concluded that the activation alloy can absorb 1.3–1.5 

wt% H2 at 30ºC. A nanostructured alloy of TiFe via mechanical alloying showed better pressure-

composition isotherms at 25ºC compared to those involving the arc melting process [89]. Lv and 

Huot [90] substituted Zr in TiFe alloys and studied the properties of Ti0.95FeZr0.05, TiFe0.95Zr0.05, 

and TiFeZr0.05 for hydrogen storage. Ti0.95FeZr0.05 showed better kinetics properties; however, 

TiFe0.95Zr0.05 showed the highest hydrogen storage density. Another research group added Al to 

TiFe via high-energy ball milling and found a higher hydrogen absorption capacity in Fe10Ti10Al 

alloys [91].  

AB alloys have the benefits of light molar mass and high weight capacity. TiFe is a common AB-

type alloy which can store 1.9 wt% hydrogen at room temperature and low pressure but needs 

thermal activation to store hydrogen [19,92]. Vega et al. [93] obtained a nanostructured TiFe using 

a much simpler process by arc melting followed by a cold rolling process in an inert atmosphere. 

The results concluded that cold-rolled TiFe can absorb more hydrogen than TiFe produced by 

mechanical alloying. The cold-rolled TiFe can store 1.4 wt% hydrogen due to increased surface 
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area. In another study, Falcao et al. [94] reported an alternative process to produce activated 

nanocrystalline TiFe by co-milling TiH2 and Fe powder followed by post-heating at 873K. The 

samples can store a maximum of 0.755 wt% H2 at 1.1 MPa pressure milled for 10 h but samples 

milled for 40 h showed a higher hydrogen storage capacity of  0.94 wt% at 1.9 MPa pressure. In a 

recent study, Li et al. [95] substituted Ni in TiFe alloys and analyzed their effects in a TiFe1-xNix 

complex. They concluded that adding Ni to the alloy improves hydrogen storage properties and 

reaction kinetics. The activation temperature and dehydrogenation enthalpy decreased to 160ºC 

and 26.197 kJ/mol H2, respectively, for TiFe0.6Ni0.4 compared to that of pure TiFe alloys.  Bellosta 

von Colbe et al. [96] developed a 100 L device using TiFeMn and concluded that even without 

any thermal treatment, alloys with the addition of Mn in TiFe show better hydrogen storage 

properties, kinetics, and cyclic stability. Another alloy with Ti-V-Mn was developed by Iba and 

Akiba [56], who concluded that Ti1.0Mn0.9V1.1 can absorb more hydrogen and improve the 

desorption capacity in conventional body-centered cubic structure alloys. Another alloy composite 

using Zr-V-Ni was developed via arc melting by Zhang et al. [97], who studied the hydrogen 

storage characteristics for the Zr(V0.95Ni0.05)2 alloy. They reported that the alloy could absorb 

hydrogen as low as 35ºC but even more at higher temperatures. The same group developed another 

alloy of Zr0.9TixV2 and concluded that at 25ºC, this alloy could store up to 2 wt% hydrogen [98]. 

Shukla et al. [99] studied the effect of ZrFe2 as a catalyst in Mg(NH2)2/LiH and found a lower 

activation energy of 74.80 kJ/mol, which is better than other catalysts such as CaH2, CaCl2, and 

CaBr2. They also concluded that the desorption of hydrogen starts at 150ºC and releases 5 wt% H2 

at 270ºC. The hydrogen storage properties of various intermetallic alloys are shown in Table 2-5. 
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Table 2-5: Hydrogen storage properties of various intermetallic alloys 

Alloy 

Hydrogen 

Storage 

Capacity 

(wt%) 

Pabs 

(bar), 

Tabs 

(ºC) 

∆Habs, 

∆Hdes 

(kJ/mol 

H2) 

∆Sabs, 

∆Sdes 

(J/mol K) 

∆Heq 

(kJ/mol), 

∆Seq 

(J/mol K 

Ref. 

AB5 

LaNi5 1.37 10, 25 
-28 ± 1, 

-37 ± 1 

-107 ± 1, -

124 ± 1 
- [100] 

LaNi4.6Al0.4 1.3 10, 20 
-34.04, 

35.95 
108, 108 - [101] 

LaNi4.5Sn0.5 0.95 3, 25 
36 ± 5, 

40 ± 5 

-97 ± 13, -

107 ± 15 
- [102] 

CeNi4Cr 3.5 

20–

35, 

20–60 

- - 
-7.194, -

37.346 
[103] 

CeNi3Cr2 3.8 

30–

35, 

20–60 

- - 
-7.762, -

38.929 
[103] 

CeNi3Zr2 4.3 

25–

35, 

20–60 

- - 
-7.935, -

39.667 
[104] 

CeNi4Zr 4.0 

20–

35, 

20–60 

- - 
-10.509, 

47.702 
[104] 

CeNi3.75Ga1.25 3.0 
10, 

25–75 

-, -39.9 

± 0.9 
- - [81] 

 

AB2 

TiCr1.8 2.43 
182, 

25 
- - 

-20.2, 

111 
[105] 

TiMn1.5 1.86 
8.4, 

25 
- - 

-28.7, -

114 
[105] 

ZrMn2 1.77 10, 25 - - 
-53.2, -

121 
[105,106] 

Ti1.02Cr0.95Fe0.75Mn0.3 1.55 
70, -

35 
-, 14 -, 98.6 - [107] 

       

ZrFe1.8M0.2 

M= (V, Cr, Mn) 
̴1.8 

80–

290, 

20 

- - 23.6, 116 [54] 

ZrFe1.8M0.2 

M = (Fe, Co, Ni, 

Cu, Mo) 

1.6 

65–

455, 

20 

- - 21.5, 120 [54] 
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Table 2-5 (continued) 

 

A2B 

Mg2Ni 3.67 
20, 

300 
- - - [108] 

Mg2Cu 0.39 
50, 

250 
- - 

66 ± 3, 

126 ± 10  
[109] 

Ti2Ni 2.34 70, 30 - - - [110] 

AB 

TiFe 1.89 5, 30 - - - [111] 

TiNi 1.18 
70, 

130 
- - - [110] 

TiFe0.8Ni0.2 1.1 
50, 

100 
  

-41.2, -

119 
[112] 

Pd-transition metals 

(Cu, Au, Pt, Ir) 
0.59–0.62 

100, 

25 
   [113] 

2.2.2 Complex Hydrides 

Complex hydrides are other types of hydrogen storage alloys that have the highest 

volumetric and gravimetric hydrogen storage capacities to date at moderate temperatures for fuel 

cell applications [114,115]. Complex hydrides for hydrogen storage are alanates ([AlH4]
-), 

borohydrides ([BH4]
-), nitrides, and complex hydrides on carbon support, which are generally 

discussed in the literature [116–118]. For practical applications, poor reaction kinetics, high 

thermal stability, and reversibility are the drawbacks of those systems. Liu et al. [119] tailored the 

properties of complex metal hydrides to improve their kinetics and thermodynamics by changing 

the composition and structure manipulation of the metal borohydrides and alanates. Complex metal 

hydrides have shown a higher hydrogen storage density compared to that of intermetallic 

compounds. These hydrides consist of groups I, II, and III metals such as Al, B, Li, Mg, and Na, 

and their lightweight make them feasible for portable and onboard vehicular applications. The 

hydrogen storage properties of some complex metal hydrides; hydrogen gravimetric density, 

pressure, absorption temperature, and desorption enthalpy are shown in Table 2-6. 
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Table 2-6: Hydrogen storage properties of Complex metal hydrides 

Alloys 

Hydrogen 

Gravimetric 

Density  (wt%) 

Pabs (bar), 

Tabs (ºC) 

∆H 

kJ/mol H2 

∆Ea 

(kJ/mol) 
Ref. 

LiBH4 13.5 150, - 74 156 ± 20 [120,121] 

NaAlH4 4.9 120, 120 

40.9  (step-1), 

45.6 (step-2), 

120 (step-3) 

114.7 [122–124] 

NaBH4 10.6 
30–150, 

585 
75 75 [125–127] 

Ca(AlH4)2 5.9–7.9 1, 200 26 161 [128–130] 

Ca(BH4)2 8.7 90, 350 36 ± 4 225-280 [131–133] 

Al(BH4)3 17.0 
100, 150–

200 
131 - [134,135] 

Mg(AlH4)2 9.3 
100, 110–

380 
41 119 [136–138] 

Mg(BH4)2 14.82 
1, 290–

350 
39.3 178 ± 14 [139,140] 

2.2.2.1 Alanates 

Common complex alanates that have been studied in the literature are made of alkali metals 

and aluminum, such as sodium alanate (NaAlH4), calcium alanate (Ca(AlH4)2), potassium alanate 

(KAlH4), and lithium alanate (LiAlH4)  [23]. These alanates generally go through a two-step 

reaction as shown below [141]: 

 3MHs + Als + 3/2H2g ↔ M3AlH6s (5) 

 M3AlH6s + 2Als + 3H2g ↔ 3MAlH4s (6) 

where MH is a metal hydride that could make any alkali metal hydride of Na, Ca, K, or Li. 

 Sodium alanate (NaAlH4) is widely studied to store hydrogen for low temperature 

(100ºC) concentrating solar power (CSP) applications. It releases hydrogen in two stages—first 

generating into Na3AlH6 and then into NaH + Al [142,143]. This causes a high activation energy 

during the release and uptake of the hydrogen. Ward et al. [144] studied NaAlH4 together with 

expanded natural graphite in order to improve thermal conductivity, concluding that this alanate 
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was stable for 400 cycles and there was better heat transfer during hydrogenation for CSP 

applications. A study of Ti-doped NaAlH4 showed a higher reversibility, 54 kg/m3 volumetric 

hydrogen storage density, and the ability to store up to 3.5–4 wt% hydrogen [145,146]. 

Nanoconfined NaAlH4 with a 3 wt% TiCl3 catalyst showed improved desorption kinetics 

compared to bulk ball-milled NaAlH4 [147]. Results indicated that NaAlH4 with TiCl3 supports 

the release of 91% hydrogen, which is up to 5.1 wt% of the total hydrogen density. Pitt et al. [148] 

studied the hydrogen absorption kinetics of NaAlH4 with ZrCl4 additives and found that the highest 

hydrogen storage capacity and fastest reaction kinetics could be achieved with this composite. 

They also studied the effects of TiCl3 in NaAlH4, which are widely seen in the literature as additive. 

Their studies showed that the hydrogen storage is affected because of the formation of amorphous 

Al1-xTix phases that form close composites of c-Al1-xTix + a-Al1-xTix morphology.  

Carbon-supported complex MHs showed a higher thermal conductivity that improves 

hydrogen storage properties. In a study of NaAlH4 with carbon-supported materials (graphite, 

CNTs, and C60) works as a catalyst to improve kinetics, and lowers the dehydrogenation 

temperature [21]. Carbon nanotube-supported NaAlH4 showed hydrogen desorption up to 3.7 wt% 

at 160ºC and hydrogen release of 4.8 wt% at 300ºC [149]. Nanoporous carbon aerogel synthesized 

with NaAlH4 showed a dehydrogenation temperature of 140ºC, which is well below the typical 

ball-milled NaAlH4, and a rehydrogenation temperature of around 160ºC under 100 bar pressure 

[150]. Adelhelm et al. [151] reported that the uptake and release temperature and storage density 

of carbon-supported NaAlH4 depends on the porosity of the carbon material. Carbon surface 

properties without oxygen-containing functional groups makes NaAlH4 95% reversible[152]. 

Another alanate, potassium aluminohydride (potassium alanate, KAlH4) has gained attention 

because of good releasing kinetics without a catalyst and being thermodynamically more stable 
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compared to NaAlH4. It releases 3.5 wt% hydrogen from a total of 4.3 wt% hydrogen storage 

capacity in the first dehydrogenation; the high sorption of 2.6–3.7 wt% hydrogen, lower 

rehydrogenation temperature of 25–33ºC at low pressure of 10 bar, and its lightweight are 

attractive properties [153]. Nevertheless, the dehydrogenation temperature is around 290ºC, and 

the enthalpy of formation is around –155.5 kJ/mol [154]. Ares et al. [155] doped KAlH4 with 

TiCl3, and results showed a drop in desorption temperature by nearly 50ºC and also a reduction in 

size showing a reduced activation energy.  

The other ionic hydrides LiAlH4 and Li3AlH6 are less stable than NaAlH4, but they can 

store up to 10.5 wt% hydrogen. LiAlH4 releases hydrogen in three steps—5.3wt%, 2.65 wt%, and 

2.65 wt% hydrogen, respectively, at around 100–150ºC [156], but decomposition of LiAlH4 is a 

major concern. To overcome this problem, Orimo et al. [153] doped LiAlH4 with Ti and tested it 

at 100ºC, focusing on the onboard hydrogen storage application, but irreversibility of it was a 

major problem. Blanchard et al. [85] used Ti- and V-based additives to improve the desorption 

characteristics of LiAlH4, concluding that VCl3 reduces the thermal decomposition by 60ºC. Ti-

catalyzed LiAlH4 was studied by Chen et al. [157] whose results showed improved thermodynamic 

properties. The desorption temperature of Ti-catalyzed LiAlH4 was around 100ºC, which is well 

below the bulk ball-milled samples. Balema et al. [158] ball-milled LiAlH4 with 3 mol% TiCl4 to 

develop polycrystalline Li3ALH6 and Al. Another alanate, calcium alanate Ca(AlH4)2 is 

thermodynamically unstable at room temperature, and its decomposition is complex. 

2.2.2.2 Borohydrides 

Another set of complex hydrides are metal borohydrides, which are boron-based alloys. 

Similar to alanates, more common boron hydrides have a high gravimetric hydrogen storage 

density of up to 18.5 wt%, which is their most attractive property [159]. Borohydrides such as 
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sodium borohydride (NaBH4), calcium borohydride (Ca(BH4)2), magnesium borohydride 

(Mg(BH4)2), zinc borohydride (Zn(BH4)2), and lithium borohydride (LiBH4) are mostly studied in 

the literature for hydrogen storage applications [117,160,161]. However, their slow kinetics and 

higher dehydrogenation temperature cause higher enthalpy (75 kJ/mol) and consequently a high 

release temperature (300ºC) [162–164]. The typical synthesis of borohydride is given as [165] 

 2MHs + B2H6 ↔ 2MBH4 (7) 

where MHs could be Na, Li, Mg, K, etc.; and B2H6 is diborane. 

Sodium borohydride (NaBH4), zinc borohydride (Zn(BH4)2), calcium borohydride 

(Ca(BH4)2), and lithium borohydride (LiBH4) have considerably higher dehydrogenation 

temperatures of 534ºC, 358ºC, 300ºC, and 320ºC, respectively, for onboard fuel cell vehicle 

applications. Because of temperature limitations, borohydrides are mixed with other MHs to 

improve their ability to store hydrogen; various mixing approaches include hydrolysis-based 

dehydrogenation and reactive hydride composites (RHCs) [166,167]. The average grain size, 

phase formation, and morphology help to understand the effects of additives and the reaction 

mechanism during hydrogen storage and the release processes [168]. For the first time in 2007, 

Zhang et al. [169] ball-milled LiBH4 with mesoporous carbon and concluded that carbon particles 

affect the dehydrogenation mechanics, which in turn causes a reduced enthalpy desorption 

temperature.  

The existence of a carbon functional group in LiBH4 has a large effect, depending on the 

surface properties of carbon particles [152]. Gross et al. [170] studied the kinetics of LiBH4 

incorporated with a nanoporous carbon scaffold of activated carbon (AC) of 2 nm, aerogel of 13 

and 25 nm, and nonporous graphite. The kinetics and desorption temperature of LiBH4 was 

significantly enhanced with the 13-nm carbon aerogel. It was concluded that dehydrogenation 
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could be improved as much as 50 times based on size. The desorption temperature of the 

nanoporous confinement of aerogel with LiBH4 was reduced by 75ºC, and the activation energy 

was 103 kJ/mol, which is less than the value for LiBH4. In a similar study by Surrey et al. [171], 

nanoconfined LiBH4 with nitrogen-doped aerogel produced a highly porous, high-surface-area 

composite. Their results showed that the desorption temperature of hydrogen could be reduced by 

90ºC to a desorption temperature of 200ºC. The effects of nanostructured graphite in LiBH4 were 

studied by Wang et al. [163], with results indicating that nanostructured graphite improves the 

dehydrogenation properties of borohydrides. Also, the further addition of LiH to the composite 

improves the reversibility and cyclic stability of the material, and in 50 minutes, the nanostructured 

graphite in LiBH4 helps to release 11.6 wt% of hydrogen. Javadian et al. [172] nanoconfined LiBH4 

with transition metal hydride, Mg2NiH4, using the reactive hydride approach with mesoporous 

carbon scaffolds, and their results suggested that the smaller-size nanoparticles of carbon aerogel 

have a better effect on the dehydrogenation reaction, and desorption takes place at 300ºC. Deprez 

et al. [168] developed a nanocomposite of LiBH4-MgH2 with Ti-isopropoxide using the RHC 

approach and concluded that reaction sites increased, thereby yielding faster absorption and 

desorption reactions. A study by Mao et al. [173] found that the kinetics of LiBH4-MgH2 could be 

improved by doping with NbF5.  

2.2.2.3 Mg-Based Alloys 

Magnesium-based alloys have gained considerable attention for solid-state hydrogen 

storage for fuel cell applications because of their high volumetric and gravimetric density of 

110 kg/m3 and 7.60 wt%, respectively, low cost, and lightweight. However, a strong bonding with 

hydrogen, and poor charging and discharging kinetics are the real problems. The MgH2 could 

release up to 1.8 wt% hydrogen in 210 minutes at 200ºC [174]. To improve the thermal stability 
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and kinetics of the MgH2, catalytic additives such as Co, Nb, V, Pd, Pt, Ti, Fe, Mo3, Ni, TiO2, 

(Ti0.5V0.3)3C2, Nb2O5-Ni, and K2NbF7 are generally used [175–180]. Song et al. [181] concluded 

that MgH2 could absorb 7 wt% of hydrogen in 60 minutes, and could release just 2.07 wt% 

hydrogen in 60 minutes at 1 bar and 200ºC. They also studied the effect on charging/discharging 

temperatures and the amount of hydrogen discharged by doping MgH2 with Ni, concluding that 

12 wt% of Ni could release more hydrogen, up to almost 3% in 30 minutes. In a recent study, Chen 

et al. [179] found that the desorption temperature of hydrogen from MgH2 could be decreased by 

doping a Ni/TiO2 (4:6) nanocomposite via the solvothermal method. They concluded that the 

composite could desorb 5 wt% of hydrogen at 100ºC with a low activation energy of 43.7 kJ/mol. 

An experimental study by Muthukumar et al. [108] using Mg2Ni stored at 20 bar pressure and 

300ºC showed up to 3.67 wt% hydrogen, which is close to its theoretical hydrogen storage 

capacity. Zhang et al. [180] used the nanocrystalline catalyst TiO2 along with carbon and ball-

milled it with MgH2 for 24 hours. The composition and morphology studies showed that the carbon 

matrix, TiO2 nanoparticles, and MgH2 were well dispersed during the process, whereby it 

generated MgO. They concluded that the addition of 10 wt% of carbon and TiO2 nanoparticles 

could decrease the discharging temperature up to 205ºC and release almost 6.6 wt% hydrogen with 

an activation energy of 106 kJ/mol. Recham et al. [182] doped MgH2 with NbF5/Nb2O5/NbCl5 to 

study the effect on hydrogenation and dehydrogenation. They reported that 2 wt% NbF5 could 

desorb 3.1% hydrogen in 5 minutes at 150ºC. Shen et al. [183] developed a MAX phase 

(Ti0.5V0.5)3C2 as a catalyst for MgH2 and synthesized it with ball milling. The composite showed 

good cyclic stability and a reduction in the desorption temperature up to 210ºC, and at 10 wt% of 

(Ti0.5V0.5)3C2 could absorb 4.8 wt% H2 in 5s at 120ºC. In another similar study, El-Eskandarany et 

al. [184] synthesized MgH2 along with 10 wt% of Nb2O5-Ni (82 wt%) via ball milling for 50 hours. 
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The composite showed tremendous cyclic stability of 400 hours and released up to 6 wt% of 

hydrogen at 225ºC. Yahya et al. [185] studied the catalytic effect on MgH2 by doping up to 20 

wt% K2NbF7 via ball milling. They achieved a release of 4.7 wt% hydrogen at 150ºC desorption 

temperature in 43 seconds with 5 wt% K2NbF7. The activation energy for the same composite 

material was 96.3 kJ/mol. Sulaiman et al.[186] studied the kinetics of MgH2 by doping 10 wt% of 

Na3FeF6 and concluded that the desorption temperature decreases to 255ºC. This same study also 

concluded the release of 3.8 wt% hydrogen in 10 minutes and the absorption of 3.6 wt% hydrogen 

in 2 minutes.  

A combination of hydride materials known as reactive hydride composite (RHC) is a 

reaction between two or more hydrides is another way to enhance the hydrogen storage properties 

of metal hydrides and complex metal hydride [64,137,168,172]. A microstructural analysis done 

by Deprez et at. [168] for MgH2-LiBH4 determined that the size of a particle could destabilize the 

structure of the composite, but by doping with Ti nanoparticles, the structure did not destabilize. 

They also established that the grain refinement by doping with Ti could improve the 

thermodynamics and kinetics of the composite. Mao et al. [173] added NbF5 into an MgH2-LiBH4 

composite and concluded that the charging and discharging kinetics improved significantly, but 

all of these studies were done at 400ºC. Composite hydrides are another way to tune the properties 

of metal hydrides to have higher hydrogen storage capacity at lower temperatures. The hydrogen 

storage properties of some RHC are shown in Table 2-7.  

Table 2-7: Hydrogen storage properties of reactive hydride composites 

Alloy Compositions 

Hydrogen 

Storage 

Capacity 

(wt%) 

Pabs 

(bar), 

Tabs (ºC) 

∆H 

(kJ/mol) 

∆S 

(J/K) 

∆Ea 

(kJ/mol) 
Ref. 

Na3AlH6-LiBH4 6 33, 420 - - 171 [187] 
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Table 2-7 (continued) 

MgH2-LiAlH4 - -   94 [188] 

MgH2-NaAlH4 5.1 30, 300 -  148 [189] 

NaBH4-MgH2 5.89 40, 600 -  - [190] 

LiBH4-Ni 3.3 
100 , 

600 
-60.76 91.21 - [191] 

MgH2-LiBH4 8–10 100, 400 - - - [192] 

MgH2-Ca(BH4)2 10.5 145, 350 - - - [193] 

Mg(NH)2-2LiH 4.9 70, 170 44.38   [160] 

LiBH4-Ca(AlH4)2 4.5 40, 450 - - - [194] 

NaAlH4-Ca(BH4)2 3.5 30, 420 –  
142.9 (CaAlH5), 

146.5 (BaBH4) 
[195] 

NaAlH4-MgH2-

LiBH4 
4.5 50, 350 61  

96.85 (MgH2), 

114.74 (NaBH4)  
[196] 

2.2.3 High Entropy Alloys 

A concept of multi-principal-element alloys (MPEAs) is one of the promising alloying 

strategy and gained attention recently [197,198]. Among MPEAs, High entropy alloys (HEA) 

where five or more principal elements in atomic concentrations between 5 and 35%, are commonly 

used to create an equimolar mixture and forms a single-phase solid solution to create high entropy 

of mixing with simple cubic crystal systems such as bcc, fcc, or hcp [199]. HEAs possess 

interesting hydrogen storage properties due to multi-principal-element nature. The major benefits 

of HEA are its unique mechanical properties (high structural thermal stability, good wear/corrosion 

resistance) under extreme temperatures, superparamagnetism, a large magnetocaloric effect, and 

superconductivity [200,201]. From the hydrogen storage point of view, a large lattice strain is an 

important property that occurs due to atomic size discrepancy among various component elements 

[202,203]. The HEAs are commonly prepared via arc melting, magnetron sputtering, and laser 

cladding processes. However, only a few studies have reported hydrogen sorption properties[204]. 
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However, the studies to date on HEA showed impressive mechanical and hydrogen storage 

properties. The hydrogen storage properties of high entropy alloys studied by researchers around 

the world are captured in Table 2-8. 

Table 2-8  Hydrogen storage properties of high entropy alloys 

High entropy 

alloys 

Hydrogen 

storage 

capacity 

(wt%) 

Synthesi

s route 

Pabs 

(bar), 

Tabs 

(ºC) 

Remarks 

Ref. 

    •   

La-Ni-Fe-V-Mn 0.83 Direct 

laser 

metal 

depositi

on 

45, 25 • Absorbs 0.83 wt% H2 in less 

than 10 minutes 

• Growth of the crystalline unit 

cell volume and size of 

interstitial sites  

[69] 

TiZrNbMoV 2.3 Laser 

Engineer

ed Net 

Shaping 

(LENS) 

85, 50 • Low desorption kinetics above 

a pressure of 1000 mbar 

because of low equilibrium 

pressure 

• High mixing entropy of alloys 

causes lattice distortion, which 

is undesirable for hydrogen 

storage. 

[205] 

TiVCrNb 1.96 Arc 

melting 

under Ar 

atmosph

ere 

20.2, 

25 
• Activation energy 100 kJ/mol 

• Showed stable hydrogen 

storage characteristics for 5 

cycles without any activation 

process 

[206] 

TiVZrNb 2.5 Arc 

melting 

under Ar 

atmosph

ere 

11-16, 

25 
• a maximum desorption around 

275 ◦C 

• A phase-separation was 

observed during hydrogen 

absorption/desorption cycles 

[207] 

TiZrNbHfTa 2.5 Arc 

melting 

 

23, 

300 
• Activation energy 80.2 ± 8 

kJ/mol 

• Alloy develops two distinct 

phase transitions: initial bcc to 

bct monohydride at very low 

pressure and finally to a 

dihydride phase with fcc 

structure during hydrogen 

absorption 

[208] 
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Table 2-8 (continued) 

 

CoFeMnTiVZr 1.4 vacuum 

arc 

remelter 

20, 25 • Desorps only 0.7 wt% 

• The enthalpies of formation of 

ZrH2, TiH2, and VH are 162.8, 

123.8, and 37.4 kJ/mol H2, 

respectively 

[209] 

ZrTiVCrFeNi 1.81 direct 

laser 

metal 

depositi

on 

100, 

50 
• High temperature desorption at 

500 ºC 

• Very low H2 Desorption- 0.6 

wt%  

• Absorbs the most of H2 at 1 bar 

[210] 

2.3 Effects of Carbon-Based Materials on Metal Hydrides 

 Carbon-based materials have shown promise with good alloying properties for use in metal 

hydrides. Carbon-based materials have good volumetric hydrogen storage properties [212]. 

Activated carbons or allotropes, such as graphene, CNTs, and carbon nanofiber can store hydrogen 

as shown in Fig. 2-6(a) [10, 166-168]. Carbon possesses unique properties such as high thermal 

conductivity, hydrogen storage density, high dispersion in composites, the only element that is 

available in 0D, 1D, 2D, and 3D structures, and the same properties in bulk as well as in nanoforms 

[21,213–215]. A density functional theory (DFT) study showed that metal with graphite support 

(graphene and CNTs) has the potential for developing hydrogen storage materials [216]. 

Researchers have used carbon as a supporting material (catalyst or additive) for metal hydrides 

due to the physisorption of hydrogen at lower enthalpy [217,218]. Berseth et al. [219] reported that 

carbon additives have positive effects on hydrogen absorption and desorption kinetics in complex 

metal hydrides. They showed that the curvatures of carbon nanoparticles reflect their electron 

affinities. The higher electron affinity of carbon nanoparticles provides a better possibility of 

donating Na electrons to the particles, which in turn has a remarkable effect on the hydrogen 

removal energy, as shown in Fig. 2-6(b). Carbon nanoparticles enable metal particles to weaken 
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the hydrogen bond and cause lower temperature desorption. The hydrogen storage properties of 

carbon-based materials and their pressures and temperatures are shown in Table 2-9. 

         
(a)       (b) 

Fig. 2-6- (a) Carbon allotopes, and (b) correlation of carbon substrate electron affinity  

and hydrogen removal energy 

Table 2-9: Properties of carbon-based materials for hydrogen storage 

Carbon- 

Based 

Materials 

Hydrogen 

Storage 

Capacity 

(wt%) 

Pabs (bar), Tabs 

(ºC) 
Remarks Ref. 

Activated 

Carbon 

6.8 500, 25 • 5.6 wt.% at 40 bar, -196.15ºC 

• 3.2 wt.% at 200 bar, 255ºC 

• Surface area: 500–1200 m2/g 

• Porosity: micro 

• Adsorption enthalpy: 10 kJ/mol 

• Carbon black, carbide-derived carbons 

[220,

221] 

Graphene 6.7- 8.67 60, 23-25 • Surface area: 250–2000 m2/g 

• Porosity: micro, meso, macro 

• Activation energy of Ni@rGO: 51.9 

kJ/mol 

[222

–

224] 

SWCNTs 1.7 120, 25 • Hydrogen adsorption: 0.8 wt. % at 1 bar 

and 77 K 

• Hydrogen adsorption: 0.26 wt. % at 31 

bar and 303 K 

• Surface area: 100–400 m2/g 

• Porosity: micro, meso 

• Price: high, medium 

[225,

226] 
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Table 2-9 (continued) 

 

MWCNTs 2.62 50, 400 • Surface area: 400-1000m2/g 

• Porosity: micro 

• Activation enrgy: 31-40 kJ/mol H2 

• Chemically activated and 

functionalized MWCNTs can store 

1.24, 0.40 wt. % H2 at 25 ºC and 0-34 

bar pressure 

[227

–

229] 

C60 5 100, 350 • Surface area 200–500 m2/g 

• Porosity: micro 

• Price: low 

• High activation energy: 83.1 kcal/mol 

H2 

[230

–

232] 

Carbon 

Aerogel 

4.8 30, –196 

 
• Surface area 250–3110 m2/g 

• Porosity: micro, meso, macro 

• Price: medium 

• Continuous porosity, large pore volume 

[233,

234] 

2.3.1 Graphene 

Graphene is a two-dimensional (2D) carbon materialwith a wide range of applications such 

as energy storage material, electronics to replace existing silicon, transparent conducting layer, 

biomedical uses, photonics superconductors, sensors, desalination, and composite structures. The 

graphene’s molecular structure is defined by its specific surface area, particle size, defect density, 

and thickness. In a comparative study by Ruse et al. [235], these parameters’ effect shows that the 

higher specific surface area and smaller particle size of graphene in magnesium improves the 

kinetics and reduces the risk of agglomeration. Hydrogen could be adsorbed in graphene by van 

der Waals forces in the form of molecules and then chemically bond with carbon atoms i.e.  

physisorption and chemisorption, respectively, as shown in Fig. 6 [236]. Various forms of 2D-

structured graphene (graphene nanosheets, graphene nanoplates, graphene flakes, graphene oxide 

powder, and graphene nanosheet templates) can be nanoconfined with metal hydrides [24]. 

Another advantage is that Al-doped bulk graphite could adsorb or store approximately 3.48 wt% 
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hydrogen at 100 bar pressure and 27ºC [237]. Graphene as an additive can store up to 1.2 wt% of 

hydrogen at 10 bar pressure and 77 K. The results showed that it can be well dispersed in MHs as 

a catalyst because of its high surface area that creates a good chemical bond [238]. The hydrogen 

storage density of graphene depends on its surface area, and to date, the maximum surface area of 

graphene, found by Klechikov et al., is 2300 m2/g [239]. They found that at 10 bar pressure and 

77 K, KOH-activated graphene possesses a hydrogen storage capacity of 4.1 wt%.  

 

Fig. 2-7- Energy level diagram for graphene-hydrogen system [219] 

In a recent study, Pd-dispersed graphene oxide showed that it could absorb 0.64 wt% H2 at 

room temperature [240]. Chong et al. [241] studied the hydrogen storage capacity of a metal 

hydride (NaBH4) wrapped with a single-layer graphene sheet (nanocomposite) via the wet 

chemistry method. Compared to ball-milled graphene with NaBH4, the NaBH4 prepared with wet 

chemistry showed utterly different sizes: 100–500 nm and 2–16 nm, respectively. They used wet 

chemical method to develope nanocomposite and concluded 40ºC lower dehydrogenation 

temperature compared to pure NaBH4. Also, the composite showed sable hydrogen release for six 

cycles. In another review, Zhang et al. [242] suggested that nonmetal-doped graphene could be an 

ideal additive for MgH2 to improve its kinetics. Overall, the presence of surface functional groups 
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of graphene nanoparticles on a metal hydride shows better structural stability, cyclic hydrogen 

sorption capacity, and kinetic stability. Takahashi and Isobe [243] considered TiFe clusters using 

DFT and reported that it could absorb large amounts of hydrogen,. Using those results, they 

showed the use of graphene/Cu substrates on hydrogenated TiFe clusters. A few researchers 

showed the effects of graphene on hydrogen storage properties and synthesis routes are shown in 

Table 2-10. 

Table 2-10: Effect of graphene on hydrogen storage properties of metal hydrides 

Alloy 

Hydrogen 

Storage 

Capacity 

(wt%) 

Synthesis 

Route 

Analysis/ 

Apparatus 
Peq, Tabs Remarks Ref. 

LaNi5 + 

natural 

graphite 

1.1 Precipitation- 

reduction 

method 

Sieverts 

apparatus 

10, 26 • Faster reaction kinetics 

for absorption/ 

desorption (less than a 

minute for full cycle) 

• Stable desorption 

kinetics at pressure 0.5 

bar for five cycles 

• Slightly lower storage 

capacity than bulk LaNi5 

(1.3 wt%) 

• ∆H and ∆S of decreased 

by 5 ± 2 kJ/mol and 15 ± 

5 J/K mol H2, 

respectively  

[244] 

NaAlH4 + 

high 

surface 

area 

graphite 

2.6 Melt 

infiltration 

Sieverts 

apparatus 

55, 150 • 95% reversibility was 

achieved by 

nanoconfining  

• Reaction enthalpy 

decreased from 23 

kJ/mol to 13 kJ/mol 

• H2 Desorption at 175 ºC 

[152] 

 

 

NaBH4 + 

graphitic 

nanosheets 

 

5 Ball 

milling 

Sieverts 

apparatus 

60, 450 • Improved desorption 

kinetics 

• Lowest activation 

energy (Ea) 41.3 ± 4.7 

kJ/mol 

[245] 
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Table 2-10 (continued) 

 

NaAlH4 + 

graphene 

1.94 Ball 

milling 

Thermo-

gravimetric 

analysis 

(TGA) 

and 

differential 

scanning 

calorimetry 

(DSC) 

- • Graphene helps to 

improve hydrogen 

release 

• Improved 

decomposition 

temperature by doping 

with butyrolactone-

treated graphite and 

flavanone-treated 

graphite Decomposition 

temperature 230ºC 

[246] 

NaAlH4 + 

graphene 

nanofiber 

(150 nm) 

3.6 Ball 

milling 

Pressure 

compositio

n 

temperature 

(PCT) 

isotherm 

apparatus 

-, 

 250 
• Dehydrogenation 

temperature was 

decreased from 246ºC to 

182 ºC for 3.5 wt.% H2 

• Strong catalytic effect of 

graphene nanofiber on 

hydrogen release and 

activation energy 

• Desorption temperature 

160ºC 

• Helical carbon nanofiber 

showed better effect 

than planar 

[247] 

  Mg nano-

crystals 

+ reduced 

graphene 

oxide 

6.5 Ball 

milling 

Sieverts 

apparatus 

and PCT 

isotherm 

apparatus 

15, 200 • Desorbs 6.12 wt.% H2 

• Total capacity 0.105 kg 

H2 per liter 

• Activation energy for 

absorption 60.8 kJ/mol 

and desorption 92.9 

kJ/mol 

• Stable for 20 cycles but 

slight decrease in 

capacity after that 

[248] 

Mg/MgH2 

+ 

10 wt% Ni/ 

graphene 

6.5 Solvent 

based 

Sieverts 

apparatus 

5.5, 300 • Excellent hydrogen 

absorption/desorption 

kinetics 

• Ea for dehydrogenation 

124.2 kJ/mol H2 

• Higher rehydrogenation 

rate of 15–37 times 

compared to pure 

Mg/MgH2 

[249] 
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Table 2-10 (continued) 

 

MgH2 + 

graphene 

nanoplatele

ts 

(GNPs) 

7.2 Ball 

milling 

Sieverts 

apparatus 

20, 300 • Small-size graphene 

nanoplatelets improves 

hydriding kinetics 

• Decrease in 

agglomeration of Mg 

with GNP allows atomic 

hydrogen to access 

unreacted Mg 

[235] 

MgH2 + 

Fe3O4 + 

graphene 

sheets 

6.20 Solvothermal 

process 

Sieverts 

apparatus 

15, 290 • Stable for 25 cycles for 

negligible degradation 

• Lower desorption 

temperature of 262ºC 

• Better kinetics due to 

formation of Mg1-xFexO 

and graphene sheets 

work as grain inhibitor 

• Ea for absorption 60.62 

kJ/mol H2 and 

desorption 90.53 kJ/mol 

H2 

[250] 

     •   

MgH2 + 

NaAlH4 + 

2 wt% 

graphene 

sheets 

3.5 Ball 

milling 

Automated 

four-

channel 

apparatus 

75, 275 • Stable for six cycles but 

loss of 1.50 wt% 

hydrogen 

• Lower desorption 

temperature 162ºC 

Better reaction kinetics 

[251] 

NaAlH4 + 

graphene 

5.6 Solvent-

based  

tetrahydro-

furan (THF) 

Sieverts 

apparatus 

80, 180 • Dehydrogenation 

temperature starts at 

150ºC and complete at 

200 ºC 

• At 120ºC, composite 

desorbs 3.8 wt% 

• Activation energy (Ea) 

for bulk NaAlH4  

• 128 kJ/mol and for 

NaAlH4 + graphene 

68.23 kJ/mol  

[252] 

LiBH4 + 

carbon 

4.5 via liquid 

phase 

infusion 

Sieverts 

apparatus 

150, 

300 
• Desorption temperature 

below 100ºC 

• Stable for five cycles 

[253] 
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2.3.2 Carbon Nanotubes 

 Carbon nanotubes (CNTs) are one-dimensional (1D) carbon materials developed  by 

rolling the single-layer graphene sheet to a continuous cylinder that becomes a hollow structure as 

low as 1 nm in diameter, as shown in Fig. 2-8 [200]. Depending on the fabrication method, the 

structure of carbon nanotubes is optimized as single-wall carbon nanotubes (SWCNTs), 

multilayered carbon nanotubes (MWCNTs), zigzag CNTs, armchair CNTs, chiral CNTs, or helical 

CNTs [255]. In their initial studies, Dillon et al. [256] showed that hydrogen could be condensed 

and stored inside SWCNTs. Then, in various research studies, it was indicated that at room 

temperature, MWCNTs could store around 1.97–6.4 wt% hydrogen depending on the pressure 

[257–260]. Due to their structure, CNTs and MWCNTs possess a higher specific surface area, pore 

size distribution, superior structural stability, and low mass density, which is why they have gained 

considerable attention for hydrogen storage applications [261]. The presence of oxygenated 

functional groups on the surface of CNTs is primary reason that, together with MHs, they help to 

reduce the desorption temperature of MHs [162]. Most importantly, CNTs and MWCNTs can store 

hydrogen at room temperature via reversible physisorption and irreversible chemisorption [217]. 

In other research, it was found that CNTs and MWCNTs enhance the sorption kinetics and cyclic 

stability, as well as help to lower the sorption temperature of MgH2 [214,242,262]. CNTs and 

MWCNTs could be further nanoconfined with catalysts such as ZrO2, Pd, Nb2O5, TiF3, or FeCl3 

to improve the reaction kinetics of MHs [184,263,264]. Sankaran et al. [265] reported that boron-

containing carbon nanotubes showed a maximum of 1.2 wt% of H2 absorbed under 1 bar and -196 

degree C. When the temperature increases up to 80 bars, the hydrogen storage capacity was 2 wt%. 

Helical carbon nanotubes could be an arguably better catalyst for MHs because they can wrap 

around them and be well dispersed. Functionazing or doping CNTs by Ti, Pd, or Ni can improve 
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the hydrogen storage proeperties of MHs  [258–260]. However, there is a lack of research for the 

use of helical CNTs. At present, there is limited research on the effect of hydrogen storage 

properties of carbon nanotubes in metal hydrides; therefore, synthesizing must be explored further. 

The effects of CNTs on hydrogen storage properties of MHs and the synthesis route in various 

studies are shown in Table 2-11. 

 

Fig. 2-8- Various forms of carbon nanotubes for hydrogen storage 

Table 2-11: Effects of CNTs on hydrogen storage properties of metal hydrides 

Alloy 

Hydrogen 

Storage 

Capacity 

(wt%) 

Synthesis 

Route 

Analysis

/ 

Apparat

us 

Pabs 

(bar)

, Tabs 

(ºC) 

Remarks Ref. 

LaNi5 +  

10 wt% 

MWCNTs 

0.8 Ball 

micro-

milling 

Purpose-

built 

device 

10, 

25 
• Faster kinetics because of 

better charge transfer and 

improved electrochemical 

hydrogen storage 

• Less hydrogen storage capacity 

compared to bulk LaNi5 (1.3 

wt%) 

[266] 

MgH2 + 

TiC  

(2 mol%) 

+  

7 wt% 

CNTs 

7 Nano- 

confinem

ent 

TGA 10, 

300 
• Nanoconfinement of carbons 

keeps Mg-based nanoparticles 

in nanoscale and therefore 

hinders particle growth that 

prevents agglom-eration of 

MgH2 

• Lower sorption kinetics 

because porous CNTs 

[52] 
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Table 2-11 (continued) 

 

NaAlH4 + 

SWCNTs 

1.3 Agitation 

in Spex 

8000 

mixer 

In-house 

built 

experim

ental 

method 

35, 

160 
• Stable and maintains 1.25 wt% 

capacity after 200 cycles 

• Four times better kinetics than 

bulk NaAlH4 

[267] 

Ti2Ni  + 

Pd + 

MWCNTs 

2.0 Ball 

micro-

milling 

Sievert's 

type PCI 

apparatu

s 

35, 

30 
• Considerably Stable for 9 

cycles 

•  Remarkably improved 

diffusion rate of H atoms 

because of MWCNTs  

• MWCNTs causes reduced 

activation energy 

[268] 

2.3.3 Fullerenes 

 Fullerenes in various sizes and forms (C60, C70, C76, C84, C240, C540) are zero-dimensional 

(0D) hollow-sphere carbon materials with 32 faces and 60 varieties, as shown in Fig. 2-9 [168, 

212]. Dodziuk [269] reported in a quantum calculation that fullerenes can accommodate more than 

one hydrogen atom. Yildirim et al. [270] concluded that C60 doped with a light transition metal 

(Sc, Ti, V, or Cr) could store 7.5 wt% hydrogen, and one atom of C60 binds up to 56 hydrogen 

molecules. Shin et al. [232] decorated C60 with 30 Ni atoms that could store 90 hydrogen atoms 

and concluded that this combination could store approximately 6.8 wt% hydrogen. A study 

comparing the effects of carbon particles (graphite, C60, and CNT) dispersed in NaAlH4 found that 

C60 showed better carbon material [219]. They also determined that C60 (fullerenes) works as an 

electronegative substrate in NaAlH4 to weaken the bond of Al-H, which in turn causes the lower 

desorption temperature and rehydrating up to 4.3 wt% hydrogen [219]. In a similar study, LiBH4 

was synthesized with C60 by Savannah River National Laboratory, and concluded that 

nanoparticles of C60 show strong catalytic activity, which weakens the covalent bond between 

B-H. The weaker bond causes a relatively lower desorption and rehydrogenation temperature of 
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350ºC [271]. Ward et al. [272] studied the effect of C60 nanoparticles in LiBH4 and concluded that 

the composite could store 13.2 wt% hydrogen in the first cycle but only 3 wt% hydrogen by the 

ninth cycle. Alsabawi et al. [273] used C60 with MgH2 as an additive in various amounts and ball-

milled them for different hours to optimize their condition. The lowest desorption temperature was 

10 wt% when C60 ball milled for 10 h with MgH2. In the most recent study, Wang et al. [274] ball-

milled C60 with Mg and found a hydrogen storage capacity of 12.49 wt% at 45 bar pressure. Alkali-

doped C60 has gained recent attention because alkali atoms are lightweight and have a larger 

electron affinity with C60, which can partially donate valance electrons, in turn causing strong 

bonding once it donates, the alkali atoms will stay in a cationic state that binds hydrogen in a 

molecular form due to the polarization mechanism [275,276]. In the hunt for materials that can 

store hydrogen at ambient conditions, fullerenes with MHs could be a good material that can attain 

the desired DOE goal. A few researchers have also explained the effect of C60 on hydrogen storage 

properties, which is shown in Table 2-12. 

 

Fig. 2-9- Structure of C60 for hydrogen storage  

 Table 2-12: Effects of fullerenes on hydrogen storage properties of metal hydrides 

Alloy 

Hydrogen 

Storage 

Capacity 

(wt%) 

Synthesis 

Route 

Analysis/ 

Apparatus 

Pabs(

bar),  

Tabs 

(ºC) 

Remarks Ref. 

LiBH4 + 

C60 

4.2 Solvent-

based 

Sieverts 

apparatus 

12, 

350 
• Hydrogen desorption 

temperature is lowered 

by 80oC at 320ºC 

[271] 
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Table 2-12 (continued) 

LiBH4 + 

C60 

(70:30  

wt%) 

̴ 12.9 Solvent-

based 

(stirring 

for 5−12 h 

in THF: 

anhydrous, 

inhibitor-

free) 

TGA 100 , 

330 
• Better dehydrogenation 

temperature and 

improved reversibility 

• With pure LiBH4, C60 has 

catalytic effect by 

lowering energy barrier 

activation energy  

• Activation energy for 

Pure LiBH4: 133 ± 2 

kJ/mol and for C60 + 

LiBH4: 108 ± 11 kJ/mol 

• Stable for 9 cycles under 

relatively mild conditions 

(13.2 wt% first cycle and 

3 wt% 99th cycle) 

 

MgH2 + 

C60 

 

First 

cycle: 

 ̴ 6.1 

 

Fifth 

cycle:  

 ̴ 5.6 

Ball 

milling 

Sieverts 

apparatus 

and 

temperature- 

programmed 

desorption 

(TPD) 

10, 

230 
• 1 wt% of C60 additive in 

MgH2 ball milled for 10 h 

showed best absorption 

and desorption kinetics 

• C60 additive-coated 

MgH2 and lying along 

grain boundaries which 

prevented reagglom-

eration of MgH2  

[273] 

Mg + C60 12.5 Ball 

milling  

(5 h under 

1.0 MPa 

Ar gas at 

25ºC) 

PCT isotherm 

apparatus, 

TGA, and DSC 

45 , 

300 
• Hybridization of C60 

promotes deformation of 

C60 and access H2 

molecules into the cavity 

of C60 Activation energy 

of 97.3 kJ/mol 

• 1:3 C60-to-Mg optimized 

ratio to obtain maximum 

capacity 

[274] 

     •  [272] 

2.3.4 Carbon Aerogels 

 Carbon aerogels, a mesoporous carbon-based material, have gained recent attention due to 

their three-dimensional (3D) nanoporous material in which pore size could be synthetically 

adjusted and relatively simpler to prepare [277]. Gross et al. [170] synthesized carbon aerogel with 
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LiBH4 and concluded that the pore size of carbon aerogels (13 nm) improves dehydrogenation 

kinetics by 50 times, and showed reduced activation energy (103 kJ/mol) compare to 146 kJ/mol 

of bulk LiBH4. Surrey et al. [171] nanoconfined LiBH4 with nitrogen-doped carbon aerogel found 

reduced hydrogen desorption temperatureof 200ºC, which is very low compared to the bulk value 

of LiBH4. In a similar study, Stephens et al. [150] synthesized sodium alanate (NaAlH4) with 

carbon aerogel (13 nm) via melt infusion, eventually concluding a dehydrogenation temperature 

of approximately 140ºC, which is way below the dehydrogenation temperature of bulk NaAlH4 

(>230ºC) and fully rehydrogenation temperature of 160ºC at 100 bars. Nielsen et al. [147] tuned 

NaAlH4 with TiCl3-doped carbon aerogel (17 nm) and found very favorable conditions whereby 

hydrogen is released close to room temperature (33ºC). Later on, the same group developed a Ti-

functionalized CO2-activated resorcinol formaldehyde carbon aerogel with NaAlH4 [278]. They 

concluded higher hydrogen storage capacity of 2.3 wt.% H2, which is higher compare to non-

activated carbon aerogel (1.3 wt.%). There is a lack of research on carbon aerogels for hydrogen 

storage applications, but aerogels are relatively easier to fabricate and a chemically a good 

catalystfor MHs. An MgH2 aerogel structure produced using a wet chemistry method is shown in 

Fig. 2-10. A few researchers have explained the effect of carbon aerogels on hydrogen storage 

properties of MHs, which is shown in Table 2-13. 

 

Fig. 2-10- MgH2 aerogel scaffold for possible hydrogen storage 
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Table 2-13: Effects of carbon aerogel on hydrogen storage properties of metal hydrides 

Alloy 

Hydrogen 

Storage 

Capacity 

(wt%) 

Synthesis 

Route 

Analysis/ 

Apparatus 

Pabs(b

ar), 

Tabs 

(°C) 

Remarks Ref. 

NaAlH4 

+ 5 wt% 

carbon 

aerogel 

4.0 Solvent-

based THF 

wet chemical 

synthesis 

TGA 100,  

160 
• Enhanced kinetics and 

better reversibility 

without catalyst 

• Lower H2 release 

temperature of 150ºC 

compared to bulk  

• Dehydrogenation 

temperature of 140ºC, 

lower than bulk (>230 

ºC), and pressure 100 

bar 

[150] 

NaAlH4 

+ CO2 

activated 

carbon 

aerogel 

3.4 Melt 

infilteration 

Sieverts 

apparatus 

89–

92, 

160 

• 64% of total hydrogen 

content composite 

released below 100°C 

• Stable hydrogen release 

and uptake for several 

cycles 

[278] 

 

NaAlH4 

+ carbon 

aerogel + 

TiCl3 

3.1 Nano- 

confined 

Sieverts  

apparatus 

100, 

160 
• Hydrogen release starts 

at 25°C and ends at 

125°C 

• Releases 2.9, 2.0, 1.8, 

1.6 wt% H2 in each of 

four cycles 

[147] 

LiBH4 + 

carbon 

aerogel 

3.5 Solvent-

based wet 

chemical 

synthesis 

Sieverts 

apparatus 

100, 

400 
• Lower activation 

energy for hydrogen 

desorption of 103 

kJ/mol 

• Faster kinetics with 

lower desorption 

temperature of 75ºC 

• Dehydrogenation 1.9 

wt.% H2 at 230 ºC, 3.7 

wt.% H2 at 400 ºC 

[170] 

LiBH4 + 

carbon 

aerogel 

4.5 Salt 

templating 

TGA and  

mass 

spectrometry 

(MS) 

100, 

300 
• Lower hydrogen 

release temperature 

200ºC (90 ºC lower to 

bulk) 

• Lower decomposition 

temperature compared 

to pure LiBH4  

[171] 
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Table 2-13 (continued) 

MgH2 + 

carbon 

aerogel 

7.52 Ball milling Sieverts  

apparatus 

54–

65, 

298 

• Dehydrogenation 

temperature of 252ºC 

• Lower hydrogen 

storage capacity 

compared to other 

catalysts (Nb2O5) 

• 5 times faster 

dehydrogenation 

kinetics 

• Maintained 5 wt.% H2 

after 10 cycles 

[279] 

2.3.5 Activated Carbon and Other Related Carbon Materials 

 Activated carbon is a high specific surface area, carbon-based crystalline, amorphous 

carbon. It has a wide range of applications because of its high stability, high adsorption capability, 

and low cost [280,281]. Hydrogen adsorption occurs in the pores of AC; hence, pore volume is 

one of the most critical parameters in its preparation [282]. The hydrogen storage capacity of AC 

is 0.5–5 wt% [283]. An AC of 1 nm pore diameter size has a specific surface area of 3000 m2/g. 

The drawback of AC is that it adsorbs hydrogen (4.5 wt%) at a very low temperature of 77 K [284]. 

However, the benefits of its reaction kinetics and higher hydrogen storage capacity could be 

because of the nanoconfined forms with metal hydrides to improve the hydrogen 

absorption/desorption kinetics of the metal hydrides. The effects of activated carbon and some 

other carbon-based materials on hydrogen storage properties studied so far by researchers around 

the world are explained in Table 2-14. 
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Table 2-14: Effects of carbon aerogel and other carbon-based materials on hydrogen storage 

properties of metal hydrides 

Alloy 

Hydrogen 

Storage 

Capacity 

(wt%) 

Synthesi

s Route 

Analysis/ 

Apparatu

s 

Pabs 

(bar), 

Tabs (ºC) 

Remarks Ref. 

MgH2 + TiC  

(2 mol%) + 

7 wt% 

activated 

carbon 

5.6 Nano- 

confinem

ent via 

ball 

milling 

Intelligent 

Gravimetr

ic 

Analyzer 

10, 300  • MgH2/TiC desorbs 3.7 wt% in 22 

min while MgH2/TiC + AC desorbs 

4.6 wt% in 15 min 

• Agglomeration of MgH2 reduced 

due to lubricating effect of carbon 

particles 

[52] 

Mg +FeV  

(10 wt%) + 

5 wt% 

activated 

carbon 

6.685 Ball 

milling 

Sieverts 

apparatus 

6-13, 

250  
• Stable 

hydrogenation/dehydrogenation for 

30 cycles 

• Lower activation energy of 60-80 

kJ/ mol H2 

• Activated carbon helps complete 

Mg hydrogenation 

• Minor drop in hydrogen storage 

capacity 

[61] 

LiBH4 + 

activated 

carbon 

1 Solvent- 

based 

wet 

chemical 

synthesis 

Sieverts 

apparatus 

100, 400 • Dehydrogenation depends on pore 

size of nanoporous carbon and 

serves as constraining particle 

growth during cycling 

• Activated carbon with LiBH4 

showed better cyclic stability 

compare then with carbon aerogel 

and graphite  

[170

] 

MgH2 + TiC  

(2 mol%) +  

7 wt%  

plasma 

carbon (PC) 

5 Nano- 

confinem

ent via 

ball 

milling 

TGA 10, 184  • The lowest dehydrogenation 

temperature of nearly 180ºC   

• MgH2/TiC desorbs 3.7 wt% in 22 

min while MgH2/TiC+ PC desorbs 

4.6 wt% in 11 minPlasma carbon 

contained a few layers of graphene 

sheets that served as active 

dispersion matrix and also 

amorphous activated carbon that 

promoted the spill-over effect 

[52] 

NaAlH4 + 

5 wt% 

carbon 

nanofibers 

(CNFs) 

(130 m2/g) 

5.6 Solvent-

based 

THF wet 

chemical 

synthesis 

TPD 100, 115 • Activation energy decreased to 58 

kJ/mol for 2–10 nm particles of 

NaAlH4 

• Maximum desorption rate 70ºC 

[285

] 
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Table 2- 14 (continued) 

 

NaAlH4 + 

nanoporous 

carbon 

4.4 Melt 

infiltratio

n 

Magnetic 

suspensio

n balance 

50, 25 • Improved hydrogen storage kinetics  

• Caused shift in equilibrium 

conditions 

• Desorption starts at 170ºC, at 218ºC 

desorps 5.5 wt.% H2 

• Lower dehydrogenation enthalpy of 

10–30 kJ/mol H2 

[151

] 

NaAlH4 + 

10 wt%  

high-surface 

carbon + Ti 

4.5 Ball 

milling 

PCT 

isotherm 

apparatus 

80, 200–

230  
• Activation energy of 158 kJ/ mol K 

• Higher carbon content lowers 

desorption temperature to 220ºC, 

5.1 wt% H2 

• Stable absorption/ desorption cycle 

for 2.5 h  

[286

] 

2LiBH4-

MgH2 + 

mesoporous 

carbon 

10.7 Wet 

chemical 

impregna

tion 

method 

Sieverts 

apparatus 

100, 350 • Better rehydrogenation kinetics: 10 

times faster than bulk 

• Dehydrogenation temperature 

decreases by 100ºC 

• Loses 3.7 wt% hydrogen after three 

cycles  

[287

] 

 

2.3.6 Effect of Polymer as Support Material for Metal Hydrides 

Polymer possesses a unique property of hydrophobic and superhydrophobic natures, which 

can protect metal hydrides from exposure to air and moisture, hence protecting them from 

corrosion and degradation. Tian et al. [288] developed a polymeric composite with activated 

carbon and determined that it could store up to 9.35 wt% hydrogen, but a lower adsorption 

temperature was the primary concern. Cao et al. [64] embedded a composite metal hydride- 

Mg(NH2)2-LiH with polymethyl pentene to protect it from moisture, eventually concluding that 

the composite showed no oxidation reactions in air, higher hydrogen storage capacity, and more 

stability, compared to pure metal hydride. In other experimental studies, Pentimalli et al. [63] 

developed a polymeric composite embedded in metal hydride composite structures. This 

composite showed better cyclic stability, and the structure of the metal hydride was retained even 
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after multiple cycles. The effects of polymeric materials on hydrogen storage properties studied 

by some researchers around the world are summarized in Table 2-15. 

Table 2-15: Cyclic studies and synthesis routes of metal hydride-based polymeric composites 

Alloy 

Hydrogen 

Storage 

Capacity 

(wt%) 

Synthe

sis 

Route 

Analysis/ 

Apparatus 

Pabs 

(bar), 

Tabs 

(ºC) 

Remarks Ref. 

LaNi5 + 

acrylonitrile-

butadiene-

styrene 

(ABS) 

̴ 1 Ball 

milling 

High-

pressure 

(HP) DSC 

6, 59.8 • Stable structure and storage 

capacity for 70 cycles 

• Hydrogen desorption 

enthalpy 76.2 kJ/mol LaNi5 

[63] 

Mg(NH2)2-  

nLiH  

+ 

polymethyl-

pentene 

3 for 

6Mg(NH2)2

-9LiH-

LiBH4 

 

4 for 

Mg(NH2)2- 

2LiH 

 

Film 

casting  

Sieverts 

apparatus 

80, 

180– 

200 

• Higher hydrogen storage 

capacity even after 12 hours 

compared to pure material 

• Polymer provides a coating 

that provides corrosion 

protection by avoiding 

contact with oxygen or water 

• Better reversibility, 

suppresses sintering effects 

[64] 

NaAlH4 +  

sulfonated 

polyetherimi

de (PEIS) 

1.1 Solven

t based 

Sieverts 

apparatus 

32,  

120 
• Incorporation of MWCNT 

to NaAlH4/PEIS has 

pronounced effect on 

hydrogen absorption 

 

2.4 Synthesis of Metal Hydrides with Other Nanomaterials 

Top-down or bottom-up are the typical sysnthsizing approach for nanomaterials. In the top-

down approach, bulk metal hydride is reduced to nanosize particles but keeps its original integrity. 

Ball-miiling is a common  top-down approach in bulk production, and it is possible to prepare 

nanostructured metals hydrides from bulk materials to form composite materials/alloys [61]. The 

nanostructure of metal hydrides showed improved hydrogen storage characteristics and capacity 

when converted from bulk to nanosize [289]. Catalysts and doping materials can improve the 

hydrogen storage characteristics of metal hydrides and these materials have shown better catalytic 
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activity with ball milling [161,176,183,290,291]. The local and extended defects created during 

the milling process favour the metal hydride formation. They destabilize the metal hydrideby 

lowering the formation/decomposition temperature and improves the kinetic and storage properties 

in comparison with the pristine material [292]. The bottom-up approach synthesizes 

nanostructured materials molecule by molecule or atom by atom; it is a self-assembly kind of 

approach where chemical and/or physical forces act at molecular or atomic levels. Hence, the 

bottom-up approach has a better yield than the top-down approach because of improved structure 

of metal hydride nanoparticles [13].  

2.4.1 Top-Down Approach 

Nanostructures of metal hydrides are widely synthesized using top-down approaches such 

as ball milling for the mass production of nanosized particles. 

Ball Milling 

 Ball milling is one of the most common and the most cost-effective mechanochemical 

technique to prepare nanosized metal particles using hard balls of stainless steel, tungsten, ceramic, 

etc. Ball milling is the mechanical grinding of solid materials using hard balls of stainless steel, 

tungsten carbide, etc. The main advantage of high-energy mechanical ball milling is that in one 

step, it can produce a large quantity of metal hydrides with desired properties [190,249,293,294]. 

Ball milling is generally done under an inert gas environment because metal hydrides are sensitive 

to air and water. The structure of nanosized metal hydrides prepared from the mechanochemical 

process have different grain structures, dislocations, and surface and internal fractures [13]. The 

energy required for the structure of brittle and ductile materials depends on the Griffith theory (Eq. 
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8) and plastic deformation, respectively. Ductile materials requires higher energy because of the 

more plastic region [61].  

 σf ≈ √
λE

c
 (8) 

 The ball milling process more commonly synthesizes metal hydrides and carbon 

nanoparticles. Wang et al. [293] ball-milled NaAlH4 with Ti, Al, and graphite, concluding that this 

composite has the best hydrogenation rate than others found in the available literature. Gross et al. 

[170] ball milled various nanoporous carbon scaffolds (activated carbon, carbon aerogel, 

nonporous graphite) with LiBH4 and concluded that ball milling not only reduces the activation 

energy but also improves the hydrogen storage kinetics. Balcerzak et al. [268] prepared a 

nanocomposite of Ti2Ni with MWCNTs and Pd alloys via ball-milling, and they concluded that 

ball milling disperses MWCNTs very well, reduces the size of MWCNTs, prevents agglomeration, 

works as an efficient heat conductor, has better cyclic stability, and shows the highest hydrogen 

storage capacity compared to a composite without MWCNTs. The layer of oxide/hydroxide is 

removed from the surface due to ball-milling, which in turn results in lower hydrogen desorption 

enthalpy for MgH2 nanoparticles [182,185,295,296]. However, ball milling has certain limitations, 

such as the structural distribution, nonuniform surface, and particles’ strain. 

2.5 Bottom-Up Approach 

 The bottom-up approach is a self-assembly process for nanoparticles and works on 

chemical and physical forces. The more commonly used techniques are electrospinning, 

nanoconfinement, reductive methods, gas-phase synthesis, sol-gel, etc. 
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2.5.1 Electrospinning 

 Electrospinning is a cost-effective, highly productive, simple method for preparing porous 

one-dimensional fiber for industrial applications such as composite materials, membranes, 

filtration, medical, and sensor [297–302]. The porosity of metal hydride-polymer composite is one 

of the most essential requirements for having a higher hydrogen storage capacity and allowing 

easy hydrogen removal from the pores. Alipour et al. [303] developed a poly(methyl 

methacrylate)/ammonia borane composite using electrospinning, concluding that this porous 

nanofiber showed a lower dehydrogenation temperature (112ºC) compared to pure ammonia 

borane (120ºC) and also lower enthalpy of the exothermic decomposition. Shahgaldi et al. [304] 

prepared nanoporous hexagonal LaNi5 fiber via electrospinning using polyvinylpyrrolidone 

polymer. They developed this high-surface-area nanofiber with a 400–500-nm-diameter size 

through the sol-gel process. The calcination process showed various functional groups on the 

nanofibers with a very high surface area of 120 m2/g. Xia et al. [305] developed unique 3D porous 

carbon-coated Li3N nanofibers via electrospinning using polyvinyl alcohol. Thecarbon-coated 

nanofibers can absorb and desorb 8 wt.% and 7.4 wt. % H2, respectively at 200 ºC , which are 

much higher than that of bulk Li3N. Annamalai et al. [306] used co-axial electrospinning and 

developed zeolite-templated carbon composite fibers. They concluded composites can store up to 

1.83 wt% hydrogen at 1 bar pressure. The advantage of coaxial electrospinning is that it can 

encapsulate nanostructured metal hydrides with various carbon-based particles easily. This area of 

research is ripe for exploration. However, a lower absorption temperature, limited material 

selection, and metal nanoparticles’ size remain more significant challenge for this synthesis 

method.  
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2.5.2 Nanoconfinement 

 Nanoconfinement has generated significant interest for energy storage applications 

[171,278,307]. The nano impregnation is a common method used to develop catalyst/support 

materials and is recently used to improve the hydrogen storage properties by preparing metal 

hydrides in host material[308]. The host materials are generally carbon-based materials (graphene, 

C60, CNTs, carbon aerogel, activated carbon, nanoporous carbon) because they are more stable 

and nonreactive [147,170,171,282]. The nanoconfinement process is conducted in host materials 

via an impregnation method and synthesized under various conditions. Vajo [309] reviewed the 

effect of nanoconfinement of light metal hydrides, such as NaAlH4, MgH2, LiBH4, and 

LiBH4/MgH2, in porous host materials and concluded that this is a promising synthesis technique 

to enhance the thermodynamic properties and kinetics of metal hydrides. The advantage of 

material nanoconfinement is its availability in 1D structures such as CNTs; 2D structures of 

graphene-based materials, graphene nanoplates, graphene nanosheets, and graphene sheet 

template; and 3D carbon materials such as carbon aerogel and ordered mesoporous carbon [242]. 

Nielsen et al. [147] used a unique nanoconfinement approach and functionalization together using 

TiCl3 nanoparticles with NaAlH4 infiltrated in nanoporous carbon aerogel and concluded that the 

composite could release hydrogen at room temperature. Also, the hydrogen release kinetics was 

significantly increased compared to the bulk material. The same group of researchers nanoconfined 

NaAlH4 with CO2 activated carbon aerogel and concluded that the composite could store 3.4 wt% 

hydrogen and is stable for multiple cycles with better kinetics because of an increased surface area 

and pore volume nanoporous scaffold [278]. Chumphongphan et al. [310] nanoconfined NaAlH4 

in ordered mesoporous carbon scaffolds (CMK-1) via solvent and melt-infiltration techniques, 

concluding that the composite can release hydrogen below 100ºC because of the porous 
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confinement. The nanoconfinement of LiH in the pores of high-surface-area graphite showed 

enhanced hydrogen storage properties [311]. This composite showed very moderate hydrogen 

storage properties (release temperatures of 200ºC and 300ºC with 60 bar pressure) than bulk 

materials (release temperature of 700ºC) because of shorted diffusion paths. Surrey et al. [171] 

nanoconfined LiBH4 in carbon aerogel and reported improved properties of the composite that can 

release hydrogen at 200–310ºC, which is 90ºC lower than bulk material at 100 bar pressure. 

Another promising material for solid-state hydrogen storage is MgH2, but it has lethargic kinetics 

and highly stable properties for practical applications [138,294]. Zhang et al. [242] reviewed the 

effects of nanoconfinement on the hydrogen storage properties of MgH2 and summarized that 

nonmetal-doped porous carbon-based additives significantly enhance the kinetics, 

thermodynamics, and adsorption/desorption amount. Javadian et al. [172] studied the effects of 

nanoconfinement of LiBH4-Mg2NiH4 and concluded that this composite could release hydrogen 

at 300ºC and had a faster reaction kinetics. The nanoconfined LiBH4-Mg2NiH4 in carbon aerogel 

and carbon template scaffolds can release 3.8 wt% and 5.6 wt% hydrogen, respectively. However, 

from a practical application point of view, producing a mass amount of this material remains a 

challenge.  

2.5.3 Reductive Methods 

 The reductive synthesis method for metal hydrides could modify transition metal oxides to 

unique coordination environments and remarkable electronic and magnetic properties. This 

method is typically a process of gaining electrons, allowing hydrogen to be absorbed in metal 

hydrides. The main three types of reductive methods are chemical reduction, electrochemical 

reduction, and thermal decomposition. Chemical reduction is one of the most significant molecular 

transformations for hydrides to reduce carbonyl compounds, carbonitriles, and imine[312]. It is 
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more commonly used to synthesize inorganic materials. The choice of solvents and surfactants is 

one of the most critical parameters in the chemical synthesis method because metal hydrides' 

reactivity with alcohols and amines [13]. Organic ethers and hydrocarbons are stable 

solvents/surfactants for metal hydrides [313]. Chemical reduction allows the metal hydride to 

transfer hydrides with a proton source or carbon dioxide [314–316]. Su et al. [317] synthesized 

Ni/MWCNTs using the chemical reduction method (MWCNTs were concentrated in HNO3 with 

an oil bath and then ultrasonicated in acetone with Ni(NO3)2.6H2O, followed by heating at 450ºC 

under H2 atmosphere) as a catalyst for Mg. They developed an Mg-Ni/MWCNTs composite using 

the hydrating synthesis method and concluded that it had better hydrogen absorption/desorption 

properties. Furthermore, they catalyzed a composite with TiF3, which showed an even lower 

desorption temperature. Liu et al. [318] studied the catalytic effect of MgH2 with a Ti3C2 precursor 

using the chemical reduction method, concluding that it can store up to 6.2 wt% hydrogen, with 

dehydrogenation occurring at 185ºC. The hydrogen uptake starts at room temperature and in 30 s 

can store 6.1 wt% hydrogen at 150ºC. Mehrabi et al. [319] used the hybrid synthesis method of 

chemical reduction and laser ablation to synthesize Ni nanoparticles with Pd and carbon nanotubes. 

This composite showed up to 8.6 wt% hydrogen storage density at 1.5 bar pressure and 100ºC. 

The hydrogen desorption characteristics were improved for the composite doped with Ni/Pd atoms 

in SWCNTs.  

 The electrochemical reductive method is a multi-cell electrode system with metal as the 

electrolyte and a conductive medium to prepare nanostructured metal hydrides This 

electrochemical deposition technique is advantageous because it is susceptible, and the thickness 

and microstructure can be controlled [320]. The critical parameter to control in this chemical 

synthesis method is the electrochemical cell current density, which controls the deposition. Shen 
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and Aguey-Zinsou [321] electrochemically deposited polymerized polypyrrole film on Mg and 

concluded remarkable improvement in the hydride’s hydrogen storage properties; hydrogenation 

was started at 100ºC and released at 125ºC, and also the structure remained stable even after one 

week.  

 Thermal decomposition synthesized nanoparticles of metal hydrides and catalysts using 

metal salts and organometallic precursors. Wang et al. [322] prepared AlH3 via the decomposition 

method from thylaluminium (Et3Al) using tetraoctylammonium bromide as a surfactant. They 

reported that during the α-phase, the hydride could release hydrogen at 40ºC compared to 125ºC 

in bulk.  

2.5.4 Gas-Phase Synthesis 

 The gas-phase synthesis method can result in faster kinetics and the non-equilibrium 

process to synthesize complex metal hydride nanoparticles. The process parameters, such as 

pressure, temperature, cooling rate, and drift velocity, can be controlled to determine the best 

composition. There are three ways to do this; gas-phase condensation, plasma deposition, and thin 

film synthesis. Gas-phase condensation is the most successful bottom-up approach because it is 

easily scalable to synthesize nanoparticles of metal hydrides. Nanoparticles on Mg and Ti were 

synthesized via inert gas condensation to form Mg-Ti nanoparticles by Calizzi et al. [323], who 

concluded that nanoparticles showed excellent hydrogen storage kinetics and improved 

reversibility. Patelli et al. [324] developed Mg-Ti-H nanoparticles via the gas phase condensation 

method and concluded that significantdecrease in activation energy to 32 kJ/mol for the 

temperature range of 100–150ºC. Plasma surface coating or deposition prevents hydrogen loss 

during the absorption/desorption cycles, enhance thermal stability, avoid structural deformation, 
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and maintain the porosity of metal hydrides [325–328]. Plasma-deposited Mg-Ni(Fe)-H showed a 

much lower 97.2 kJ/mol H2 activation energy [329].  

2.6 Characterization Methods for Metal Hydrides and H2 Storage 

 Several measurement techniques and parameters to quantify hydrogen storage 

characteristics of nanostructured metal hydrides have been proposed. The effect of incorporating 

nanomaterials to improve the hydrogen storage properties in nanostructured MHs depends on the 

internal composition, particle size, shape, and how the materials react with each other. The 

common experimental methods to study the structural effect of metal hydrides and their 

composites are X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), neutron 

scattering, Fourier-transform infrared spectroscopy (FTIR), nuclear magnetic resonance (NMR), 

and transmission electron microscopy (TEM). These methods examine the surface-sensitivity that 

exists within a material [103,330]. The gravimetric technique thermogravimetric analysis (TGA) 

is one the more frequently methods used to determine gas absorption/desorption in materials such 

as CNTs and metal-organic frameworks. However, it cannot accurately quantify the hydrogen 

absorption/desorption characteristics of metal hydrides. To study the hydrogen storage density of 

MHs, Sieverts technique, a volume and/or pressure change-based method, is extensively used. A 

summary of the structural analysis, thermal stability, and hydrogen absorption and desorption 

techniques are given in Table 2-16, Table 2-17,  and Table 2-18 respectively. 
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Table 2-16: Structural analysis techniques used for hydrogen storage 

Method Description 
Detection 

Limit 
Limitations 

X-ray 

photoelectron 

spectroscopy 

(XPS) 

• Surface chemical analysis technique 

used to investigate bonding states at 

surfaces of samples where kinetic 

energy is ejected from nanoparticles to 

determine binding energy.  

• Used to study presence of sub- valence 

state and phase of nanoparticles during 

hydrogen absorption/desorption. 

Down to 

nanometers 
• Cannot detect hydrogen directly 

• Must study the effects induced by 

the presence of hydrogen in the 

XPS spectra of elements that bond 

directly to materials 

X-ray 

diffraction 

(XRD) 

• Used to study catalytic effects of 

nanoparticles (carbon, Ti, Pd etc.) on 

MHs 

• Used to identify phase of crystalline 

composite material and measure 

crystallite size which is intimately 

interacting with MHs (catalytic 

activation) 

Down to 

nanometers 
• Makes hydrogen transparent 

because this is an indirect analysis 

method  

• Difficult to study some 

intermediate materials that have no 

diffraction patterns  

• Sensitive to small changes in lattice 

parameter at low hydrogen content 

and complete structural 

transformations from metal crystal 

structure to that of the hydride 

Nuclear 

magnetic 

resonance 

(NMR) 

• Simple yet powerful technique used to 

study local symmetry and bonding in 

the material 

• Used to explore the extent of 

interaction/mixing and dynamics of 

atoms in solids of nanoparticles in MHs 

• Used to study role of grain boundaries 

for enhancing hydrogen storage 

properties 

Below 

ppm range 
• Very narrow ranges of chemical 

shifts to measure MHs 

 

Transmission 

electron 

microscopy 

(TEM) 

• Used to study physical properties 

(microstructure, morphology phase 

compositions, surface area 

measurement, and distribution) of 

deposited and dispersed nanoparticle in 

synthesized nanocomposites of MHs, 

and to determine particle sizes of 

samples with different additive 

Down to 

nanometers 
• Can cause detrimental beam 

damage because hydrogen storage 

materials are light elements and 

highly sensitive to high-energy 

electron radiation. 

• Difficulty in keeping electron dose 

as low as reasonably practicable 
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Table 2-16 (continued) 

 

Neutron 

scattering 
• Most effective technique used to 

explore hydrogen binding because 

hydrogen has largest scattering 

interaction with neutrons, as it uses 

intrinsic properties of neutrons, the 

nuclei of atoms enable light atoms of 

hydrogen visible to the neutron in lattice 

structure  

• Used to study crystal structure, particle 

size, geometry, and fine structures of 

hydrogenated nanoparticles, hydrogen 

dynamics, and hydrogen diffusion and 

liberation 

1–1000 nm • Large samples required when 

hydrogen diffusion with distance 

shorter than 6 Å not addressed 

• Very expensive 

Fourier-

transform 

infrared 

spectroscopy 

(FTIR) 

• Infrared spectrum technique used to 

quantify stoichiometry, presence of 

covalent bonding, thermal 

decomposition, and thermodynamics of 

formation of MH composite 

- • Limited to small size 

 

 

 

Table 2-17: Thermal stability techniques used for hydrogen storage 

Method Description Limitations 

Thermogravimetric 

analysis (TGA) 
• Used to study hydriding capability 

and thermal decomposition 

mechanism of metal hydrides  

• Suitable for low-density materials 

(graphene, CNTs, etc.) 

Buoyancy correction is necessary to 

evade defective outcomes  

Differential 

scanning 

calorimetry (DSC) 

• Used to determine 

thermodynamic stability and 

properties of MHs 

— 
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Table 2-18: Hydrogen absorption and desorption techniques used for hydrogen storage 

Method Description 
Detection 

Limit 
Limitations 

Thermal 

desorption 

spectroscopy 

(TDS) 

• Used to directly detect hydrogen 

from small samples of 1 mg and 

simplify gas desorption based on 

thermal gradient 

• Used to detect hydrogen molecules 

absorption, desorption, 

thermodynamics, hydrogen binding 

energy, diffusion coefficient and 

order of reaction, and kinetics of 

decomposition of MHs and MOFs 

• Good for porous materials other 

than MHs 

Ppm and 

sub-ppm 

range 

• Must be performed in 

vacuum conditions 

• Complex interpretation 

of results 

Sieverts 

measurements 
• Most powerful technique for MH 

sampling under normal testing 

regime 

• Measures hydrogen absorption/ 

desorption of the sample due to the 

volume change when hydrogen is 

introduced to an accurately 

calibrated reference volume  

• Shows results in pressure-

composition isotherm (PCI).  

• Requires at least 500-mg sample 

• Cost-effective, robust, and 

relatively simple 

Depends 

on 

pressure 

sensors 

• Cannot detect hydrogen 

from low density and 

porous materials such as 

MOFs 

• Errors accumulate over 

the stepwise 

measurements 

2.7 Modeling of Hydrogen Storage System 

 Metal hydrides have a great potential to store hydrogen and have many applications such 

as metal hydride based hydrogen compressor, heat pump, heat transformer, cooling system, 

hydrogen storage system etc. and have been studied by many researchers [129,316–319]. Previous 

studies showed that the metal hydride beds can be successfully modeled and various parameters 

such as reactor size, configuration, porosity, supply pressure, supply temperature etc. can be varied 

easily to study their effects on hydrogen sorption properties [129,318,320–327]. Commercially 

accessible computational packages such as COMSOLTM and ANSYSTM are widely used in 
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addition to developed in-house software to model hydrogen storage systems. The primary focus of 

modeling is to observe the hydrogen absorption/desorption properties, temperature profiles 

throughout the metal hydride bed and effect of supply pressure and temperature. The objectives of 

most modeling studies are to predict two computational domains; one is the solid metal hydride 

bed and second hydrogen gas which is absorbed by metal hydrides. The absorption process creates 

an additional volume that is occupied with hydrogen gas. Thus, to design metal hydride based 

hydrogen storage system, it is necessary to do mathematical modeling as it can help to predict and 

identify hydrogen storage properties by varying different parameters. The modeling studies of 

metal hydride beds are conducted keeping some assumption such as [14,22,328–330]: 

I. The equation of sate for an ideal gas is true for hydrogen gas, 

II. Heat transfer to surrounding is zero from the metal hydride system, 

III. The thermo-physical properties (reaction enthalpy, thermal conductivity, and entropy) of 

metal hydrides are independent of hydrogen pressure, temperature and concentration, 

IV. The radiative heat transfer through the metal hydride bed is negligible, the heat transfer 

occurs by conduction and convection, 

V. Van’t Hoff law is used to calculate the relationship between temperature vs equilibrium 

pressure, 

VI. Hydrogen storage kinetics from metal hydride bed is expressed through Arrhenius-type 

rate law, 

VII. The Dacrcy’s law can be used to to express velocity of the gas though porous region 

 The typically used governing equations for the mathematical modeling of solid sate 

hydrogen storage in metal hydrides are shown in following equations 9 to 20 [331] :  

Van’t Hoff law: 
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𝑙𝑛
𝑝𝑒𝑞

𝑝𝑜
= 

∆𝐻

𝑅𝑇
− 

∆𝑆

𝑅
          (9) 

Darcy’s law:  

�⃗� =  − 
𝜘

𝜇
∇𝑃       (10) 

Conservation of mass: 

𝜕𝑝

𝜕𝑡
+ ∇⃗⃗⃗. 𝜌�⃗� = 0      (11) 

 

Mass balance of hydrogen: 

∈
𝜕𝜌𝑔

𝜕𝑡
+ ∇ . (𝜌𝑔𝑣𝑔) =  −�̇�     (12) 

Mass balance for metal hydride: 

𝑑𝑚𝑠

𝑑𝑡
= 𝑉𝑠�̇�      (13) 

Thermal conductivity  

𝜆𝑒 =  𝜖𝜆𝑔 + (1 −  𝜀)𝜆𝑠        (14) 

Kozent-Carman’s equation for permeability: 

𝐾 = 
𝑑𝑝
2∈3

150 (1− ∈)2
           (15) 

Energy balance for hydrogen gas: 

∈
𝜕(𝜌𝑔𝐶𝑝𝑔𝑇𝑔)

𝜕𝑡
= − ∇. (𝑘𝑔∇. 𝑇𝑔) + ℎ𝑠𝑔𝐴ℎ (𝑇𝑠 − 𝑇𝑔) − 𝑣𝑔∇ (𝜌𝑔𝐶𝑝𝑔𝑇𝑔) − �̇�𝐶𝑝𝑔(𝑇𝑠 − 𝑇𝑔)      (16) 

Energy balance for the metal hydride: 
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(1− ∈)𝜌𝑠𝐶𝑝𝑠
𝜕(𝑇𝑠)

𝜕𝑡
= −(𝑘𝑠∇

2. 𝑇𝑠) − ℎ𝑠𝑔 (𝑇𝑠 − 𝑇𝑔) − �̇�(Δ𝛨 − 𝐶𝑝𝑠𝑇𝑠)       (17) 

By using hypothesis of local thermal equilibrium the above equations can combined: 

(𝜌𝐶𝑝)𝑒  
𝜕𝑇

𝜕𝑡
= 𝜆𝑒∇

2𝑇 − 𝜌𝐶𝑝𝑔�⃗�. Δ𝑇 + 𝑚(Δ𝛨 + 𝑇(𝐶𝑝𝑔 − 𝐶𝑝𝑠))       (18) 

Where,  

(𝜌𝐶𝑝)𝑒 =  𝜀𝜌𝑔
𝑔
𝐶𝑝𝑔 + (1 −  𝜀)𝜌𝑠

𝑠𝐶𝑝𝑠 

Reaction kinetics for hydriding step: 

𝑚𝑎 = 𝐶𝑎 𝑒𝑐𝑝 (−
𝐸𝑎

𝑅𝑔𝑇
) ln (

𝑃𝑔
𝑔

𝑃𝑒𝑞𝑎
) (𝜌𝑠𝑠 − 𝜌𝑠)          (19) 

Reaction kinetics for dehydriding step: 

𝑚𝑑 = 𝐶𝑑 𝑒𝑐𝑝 (−
𝐸𝑑

𝑅𝑔𝑇
) ln (

𝑃𝑔
𝑔
− 𝑃𝑒𝑞𝑑 

𝑃𝑒𝑞𝑑
)          (20) 

2.8 Summary and Prospective 

 Hydrogen economy is an attractive, clean, environment friendly, and renewable low (or 

zero) carbon footprint energy source technology. Hydrogen storage is one of the most significant 

challenges, along with onboard vehicular applications. Solid-state hydrogen storage has the 

potential to successfully develop a platform for safer, portable, environment-friendly, compact, 

and cost-effective hydrogen economy using metal hydrides as a hydrogen fuel carrier compared to 

higher pressure compression and low-temperature cryogenic storage systems. This review focuses 

on the effects of nanostructuring metal hydrides on the hydrogen storage properties. The 

advantages of hydrogen absorption in metal hydrides and adsorption in carbon-based materials can 

significantly improve the hydrogen storage kinetics by synthesizing metal hydrides-carbon 
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nanoparticles. This review emphasizes using carbon-based materials to tune the properties of metal 

hydrides, various methods to synthesize metal hydride/carbon materials, and different techniques 

to investigate structural, thermodynamic, and hydrogen absorption/desorption properties of metal 

hydrides. Researchers must understand and use the proper methodology to synthesize and 

characterize composites to avoid unsatisfactory results.  

           Nanostructuring of metal hydrides is a field involving vigorous research and development 

strategies. In this review, a critical analysis and study were performed to understand and develop 

nanostructured metal hydrides for higher storage capacity and faster hydrogen kinetics. 

Intermetallic metal hydride alloys have stability, structural and magnetic properties, light molar 

mass, resistance against impurities, and tunability properties. However, low gravimetric hydrogen 

storage capacity requires high pressure and temperature, and MHs have less cyclic stability. 

Tuning intermetallic compounds' properties and developing complex metal hydrides have great 

potential for achieving better hydrogen storage kinetics. Complex metal hydrides have very high 

hydrogen storage capacity (up to 18.5 wt%) at mild operating conditions (room temperature and 

low pressure). However, slow reaction kinetics and higher stability is a significant problem. A 

magnesium-based alloy has gained attention because it has a high hydrogen storage capacity of 

7.6 wt% and good reaction kinetics; however, a strong bond between Mg and hydrogen makes for 

low release kinetics. To overcome the limitations of the poor reaction kinetics, higher reaction 

enthalpy and stability issues of complex metal hydrides and Mg-based alloys, carbon-based 

materials have provided a pathway that would result in increased storage properties. 

Nanostructured carbon materials such as graphene, C60, CNTs, carbon aerogel, and activated 

carbon have unique thermodynamics properties and allotrope structures in 1D, 2D, and 3D forms. 

These high-surface-area, nanostructured, carbon-based materials can not only improve the thermal 
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stability but, as a catalyst, can also store hydrogen by either chemisorption or physisorption 

processes. The surface properties of carbon, which consist of various functional groups, help to 

enhance the reversibility and hydrogen storage properties of metal hydrides. The hydrogen storage 

properties of carbon/metal hydride composites are influenced because of the change in chemical 

and electronic properties. The desorption kinetics is enhanced significantly due to the addition of 

high surface area carbon. The higher surface area of a carbon with a large pore volume in micro- 

and mesopore size is desired for effective catalytic activity. In conclusion, the presence of carbon 

in metal hydrides has shown that this combination can significantly impact the 

absorption/desorption properties, release kinetics, reversibility, and thermodynamics. However, 

surface functional groups have a little effect on the dehydrogenation temperature. Carbon-based 

nanocomposites can significantly tailor the properties of metal hydrides, depending on  surface 

area of carbonaceous materials. The hydrogenation characteristics of metal hydrides essentially 

requires selecting appropriate measuring techniques. Thermal desorption spectroscopy is the most 

effective technique to study hydrogen desorption properties, providing hydrogen binding energy 

and a diffusion coefficient. Hydrogen adsorption/desorption measurement using the Sieverts 

technique/apparatus is a simple, robust, and cost-effective approach for metal hydride composites. 

Neutron scattering is an effective technique for metal hydride composites and can be done using 

in-situ experiments to study hydrogen diffusion and composite structures. 

 In summary, rapid research had been done in the past decade to create advanced metal 

hydride composites for onboard hydrogen storage applications. The nanostructuring of metal 

hydride composites has provided an effective and promising approach for various applications. 

Combining encapsulated metal hydrides and carbon particles into a polymeric composite improves 

the hydrogen storage properties in solid-state forms. 
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CHAPTER 3  

Study of the Encapsulated LaNi5 and Carbon Particles in Polymeric Matrix 

for Hydrogen Storage Application 

Abstract 

 The nanostructured metal hydrides have gained much attention to safely and 

effectively store hydrogen to use as an energy carrier. The metal-polymer composites are an 

effective approach to protect the metal hydrides from oxygen atoms and polymers also provides 

cyclic stability. On the other hand, carbon-based materials (graphene, multiwall nanotubes carbon 

nanotubes (MWCNTs), C60 etc.) can not only stores hydrogen but also enhances the reaction 

kinetics. In the present work, innovative encapsulated metal hydride (LaNi5) composites using 

porous polymer (polymethyl methacrylate (PMMA)/ Polyvinylidene fluoride (PVDF)) and 

carbon-based materials (graphene, MWCNTs) were developed by solvent based synthesis method. 

The purpose of this work is to improve the hydrogen storage kinetics and stability. The composite 

was characterized by differential scanning calorimeter for thermal stability of polymer and 

structural phase constitutions were explored by X-ray diffraction. The qualitative estimations of 

surface functional groups of composites were studied by Fourier transform infrared spectroscopy 

and X-ray photoelectron spectroscopy. The hydrogen storage kinetics measured using temperature 

programmed dehydrogenation experiments in a Sieverts type apparatus. The generation of surface 

functional groups on the LaNi5 surface showed improved dispersion polymer and carbon particles. 

The LaNi5/10wt.% PMMA/ 10wt.% MWCNTS showed significantly improved hydrogenation 

reaction by absorbing 1.05 wt. % of hydrogen in less than 3 minutes at 5 bar and 19 °C. The 

composite showed a good stability for three cycles by absorbing same amount of hydrogen. Thus, 
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a combination of polymer/carbon-based materials with LaNi5 serves a both the purpose of 

protecting metal atoms from air exposure and enhanced hydrogen storage kinetics.  

Keywords: Carbon, Graphene, Hydrogen storage, Metal hydrides, MWCNTs, PMMA, Polymer, PVDF 

3.1 Introduction 

In the recent decades, the efforts to develop alternate energy sources have been in mainstay. 

The energy consumption demand by transportation sector keeps increasing and will result in 

amplified in greenhouse gas emissions after 2030. As per Energy Information Administration 

(EIA), the goal is to double the use renewable energy sources to produce electricity by 2050 [1,2]. 

These are the efforts to reduce the greenhouse gas emissions and environmental concerns for 

stationary and mobile application. The United States Department of Energy (U.S. DOE) is 

encouraging and making efforts for transitioning towards more use of renewable energy. The 

transportation sector is one the leading industry to reduce the CO2 emissions by promoting electric 

and fuel cell vehicles [3]. Electric vehicles have emerged as one the most disruptive technology in 

this decade but cost, energy density and recycling problem of batteries are still a major concern 

[4,5]. An alternative is the hydrogen operated fuel-cell vehicles which has higher energy storage 

density and abundance availability of hydrogen [6,7]. These technologies could be a change maker 

for the complete decarbonization in the transportation sector. Hydrogen has a potential to emerge 

as next generation fuel carrier for the transportation industry  and substantial efforts are in progress 

for the development of efficient hydrogen storage materials for fuel-cell vehicles [8]. Amongst all 

metal hydrides (MHs) are considered as efficient and safe hydrogen storage technique compare to 

liquid or compressed hydrogen storage techniques [9].  
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The metal hydrides can store hydrogen over a wide operating range from low to high 

temperature but still do not meet the requirement of U.S. DOE storage capacity, delivery 

pressure/temperature, system fill time etc. [10]. The prominence metal hydrides such as 

intermetallic compounds (AB5-, AB-, AB2-, A2B-, AB3- type alloys), complex hydrides (alanates, 

borohydrides, nitrides), and magnesium based alloys are few of the most researched materials and 

have potential to meet the hydrogen storage density and thermodynamics requirements set by DOE 

[11]. Intermetallic alloys have wide range of applications as nickel hydride batteries, hydrogen 

storage and purification systems, heat pumps and as hydrogen sensors and catalysts [12]. The 

hydrogen storage capabilities makes these intermetallic compounds attractive and promising 

because of excellent hydrogen absorbing properties, moderate pressure and temperature 

requirements [11]. AB5- type intermetallic alloys have gained wide attention in a recent decade as 

it operates on a low equilibrium pressure, fast thermodynamics characteristics, high hydrogen 

storage capacities, and cyclic stability [13]. LaNi5- based AB5 alloys have been one of the most 

researched hydrides due to its faster reaction kinetics and hydrogen storage capability at ambient 

conditions [14,15]. Also, various studies have reported 11 to 45.6 kJ/mol H2 activation energy for 

absorption [16,17]. Therefore, LaNi5 is attractive and meaningful hydrogen storage materials for 

sustainable development. 

Mechanical alloying, mechanical grinding, nanoconfinement, combustion reduction and 

precipitation reduction methods etc. have been widely used synthesis methods to prepare 

crystalline phase of LaNi5 [18–20]. Liang et al. [18] reported that mechanical ball milling creates 

a monocrystalline phase but reduces the hydrogen storage capacity. However, annealing at 550 °C 

helps to restore the hydrogen storage capacity [18]. The effect of mechanical grinding was studied 

by Corre et al. [21] and concluded faster absorption kinetics of 5 h milled LaNi5 then unmilled 
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samples. Aoyagi et al. [22] studied the effect of ball milling on the absorption properties of LaNi5, 

FeTi and Mg2Ni and concluded that particle reduction constructs new cleaner surface and improves 

the hydrogen storage kinetics of LaNi5 [22]. Liu et al. [20] studied hydrogen storage properties of 

LaNi5 synthesized by combustion and precipitation reduction method. They concluded that 

nanoparticles developed by these methods were very stable during hydrogen cycling without any 

change in morphology, reaction enthalpy and entropy compared to bulk LaNi5 [20]. 

Nanoconfinement normally uses an impregnation approaches to prepare the catalyst/support 

materials such as polymeric or carbon- based materials for the metal hydrides and makes a 

composite materials to tune the hydrogen storage properties [23]. In a recent decade, polymer and 

carbon-based materials have been proposed to enhance the stability and thermal conductivity of 

the metal hydrides [12,24–29]. Polymers have higher surface area due to porous structure, lighter 

in weight, low cost and better thermal stability [25]. Carbon based materials- graphene, multiwall 

nanotubes carbon nanotubes (MWCNT), etc. can improve he hydrogen atom diffusion in the solid 

mixture [30]. 

During the endothermic reaction the hydrogen atoms expands the crystalline structure of 

metal hydrides and that causes internal stress which causes pulverization [31]. Nanostructuring of 

metal hydride showed excellent hydrogen storage properties but with the small particles size, 

higher volume expansion takes place. The pulverization of nanoparticles can cause the formation 

of oxides and can be a reason to hinder hydrogen storage properties [32]. To protect pulverization, 

by incorporating polymer particles, the polymer will accommodate the volumetric expansion 

associated with the endothermic process and can improve the heat transfer [24]. 

The polymer-based nanocomposite was developed by Neto et al. [25] by wet milling using 

an acrylonitrile-EPDM(ethylene/propylene/diene)-styrene and nanostructured LaNi5. The study 
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showed that nanocomposite was stable for 20 hydrogenation cycles and maintained the structure. 

In addition, the study also showed the effect of air exposure on the nanocomposite and concluded 

that polymer provide protection against oxygen but decreases the hydrogen storage kinetics [25]. 

Pentimalli et al. [24] embedded LaNi5 in acrylonitrile butadiene styrene (ABS) matrix and 

concluded that composite have better heat transfer, cyclic stability and retains shape after multiple 

cycles. Yuan et al. [26] embedded Mg- based Mg95Ni5 in polymethyl methacrylate (PMMA) and 

reported that polymer helps to enhance the nanostructural integrity of the Mg95Ni5 particles. Also, 

the coating of PMMA works as an effective antioxidant water resistant and decreases dehydriding 

temperature by 100 K. The composite, Mg95Ni5 + 10 wt. % PMMA can absorb/desorb up to 3.37 

wt. % hydrogen which is more than pure Mg95Ni5. Liang et al. [27] studied the effect of various 

amount of PMMA on the growth of Mg NPs, a low-cost catalyst, and concluded that 

nanocomposite have rapid kinetics. The composite with 0.5g of PMMA can store 4.8 wt.% 

hydrogen in 30 min at 200 °C and 30 bar pressure for multiple cycles. The study also concluded 

that the carboxylate functional group of PMMA prevents the aggregation of Mg nanoparticles [27]. 

Sodium alanate is the other materials that showed improved hydrogen storage characteristics with 

polymer as a catalyst [31]. Beatrice et al. [31] synthesized polyaniline (Pani)/NaAlH4 along with 

TiO2 particles using solvent-based techniques. They concluded that the nanocomposite could store 

0.9 wt% hydrogen at 120 °C and 32 bar pressure. They also studied NaAlH4 sulfonated 

polyetherimide (PEIS) with MWCNT and reported the composite could store 1.2 wt. % hydrogen 

at 120 °C and 32 bar pressure. The integration of MWCNT enhanced the reaction kinetics due to 

its hollow structure. La0.8Mg0.2Ni3.8/Polyvinylidene fluoride (PVDF) composite and concluded 

that PVDF not only protects the oxidation of metal alloys but enhances the reaction kinetics as 

well [32]. 
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Liu et al. [32] synthesized carbon particles form natural graphite with nanoLaNi5 via a 

precipitation-reduction method. The composite showed improved hydrogen storage properties and 

showed composite can store 1.1 wt.% hydrogen at 10 bar and 26 °C. The enthalpy and entropy 

significantly decreased to 5 kJ/ mol H2 and 15 J/K respectively for absorption. For the desorption, 

enthalpy was 8 kJ/ mol H2 and entropy was 19 J/K. Noroozi et al. [28] studied effect of 10 wt. % 

MWCNT as catalyst on the LaNi5 and concluded that composite can store 1.0 wt. % hydrogen in 

less than 100 s. The studies with other metal hydrides (Mg, Alanates, and Borohydrides etc.) 

showed that carbon based materials act as a thermal conductors and provides enhanced heat 

exchange during hydrogenation/dehydrogenation [23,29]. Lototsky et al. [33] studied effect of 

integrating graphite, activated carbon and MWCNT in Mg mixed FeTiO3 and concluded 

substantial improvement in H2 rehydrogenation performance but lowers the hydrogen storage 

capacity. Nielsen et al. [34] melt infiltrated sodium alanate with Ti- functionalized carbon aerogel 

(CA) and concluded enhanced hydrogen release kinetics and higher hydrogen storage capacity.   

In this work, the chemical and physical properties of polymer and carbon-based materials 

used as catalysts together for metal hydride for the first time. The surface functional groups created 

using polymer to prevent agglomeration of the LaNi5 nanoparticles. The carbon-based materials, 

graphene and MWCNTs used to improve the thermal conductivity and hence the reaction kinetics. 

The LaNi5 composites were prepared using two polymers- PMMA and PVDF and two carbon-

based materials- graphene and MWCNTs. The composite was embedded together by solvent-

based method and aim is to study the effect on the thermodynamic properties of hydrogen storage. 

Thus, this work is focused on the development of LaNi5-carbon-polymer composite and study 

effect on the hydrogen absorption/desorption kinetics. The effect on the structural properties of 

LaNi5 are also studied. 
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3.2 Experiment 

3.2.1 Materials 

 The raw LaNi5 (<100 µm, 99 wt. % in purity) was purchased from Whole Win (Beijing) 

Materials Sci. & tech. co. ltd.. PMMA (molecular weight, Mw 120 000 g mol-1, Tg 99°C) and 

PVDF (molecular weight, Mw 120 000 g mol-1, Tg  99°C) were acquired from Sigma-Aldrich (St. 

Louis, MO, USA). The Dimethylformamide (DMF) (Mw 73.09 g/mol, boling point 153 °C) was 

used a solvent and purchased from Sigma-Aldrich (St. Louis, MO, USA). Graphene (99.5 wt. % 

carbon) was purchased from Skyspring Nanomaterials, Inc. in exfoliated dry powder form, with 

thickness of 11-15 nm and average particle diameter of 15 μm. MWCNTs (99.5 wt. % purity) was 

Purchased from Cheaptubes.com, with dimensions of 8-15 nm in diameter and length of 10-50 

μm, MWCNTs and synthesized by catalytic chemical vapor deposition (CCVD) and purified with 

concentrated acid chemistry. 

3.2.2 Preparation of encapsulated LaNi5 composites 

 The encapsulated composites were prepared in an inert atmosphere. The samples were 

prepared by solvent-based method as shown in Figure 3-1. The polymer solution was initially 

prepared by dissolving PMMA/PVDF in Dimethylformamide (DMF) solvent with magnetic 

stirring. The polymeric matrix was then transferred along with carbon particles, 

graphene/MWCNTs, for sonication using probe sonicator for 10 min. The LaNi5 powder was then 

added to the polymer-carbon composite and sonicated again for 10 minutes. The composite 

mixture of LaNi5-polymer-carbon particles was mixed using shear mixture for 4 h. The 

homogenous composite mixture was transferred to form a pallet via heat casting method in the 

oven at 150°C for 24 h. The ratio of LaNi5-polymer-carbon particles was varied as shown in Table 
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3-1 to study the effect of two different polymers (PMMA/PVDF) and carbon particles 

(graphene/MWCNTs) on hydrogen storage properties of LaNi5. As an example, four samples of 

LaNi5 using different concentration of PVDF (1, 2, 4, and 8 wt. %) and graphene (1, 2, 4, and 8 

wt. %) were prepared. The encapsulated polymeric metal hydride composite will be called EPMC 

from here on as shown in Table 3-2.    

 

Figure 3-1Illustration of sample preparation of encapsulated EPMC 

Table 3-1 Ratio of polymer/graphene with LaNi5 

 PVDF wt.% PMMA wt.% Graphene wt.% MWCNTs wt.% 

LaNi5 

1, 2, 4, 8  1, 2, 4, 8  

1, 2, 4, 8   1, 2, 4, 8 

 1, 2, 4, 8 1, 2, 4, 8  

 1, 2, 4, 8  1, 2, 4, 8 

Table 3-2 Composite samples reported in this paper 

 PVDF 

wt.% 

PMMA 

wt.% 

Graphene 

wt.% 

MWCNTs 

wt.% 

Sample 4 (EPMC-1) 8  8  

Sample 8 (EPMC- 2)  8   8 

Sample 12 (EPMC- 3)  8 8  

Sample 16 (EPMC-4)  8  8 
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3.2.3 Characterizations 

 The thermal properties of the composites were examined by a differential scanning 

calorimeter (DSC, NETZSCH DSC 204F1 Phoenix) to evaluate glass transition temperature (Tg) 

from 25 °C to 500 °C at 15 °C heating rate under nitrogen flow for 5-10 mg of composites. The 

structural phase constitution of the composite was explored by X-ray diffraction (XRD) in a 

PANalytical Empyrean Diffractometer using CuKα radiation within 2𝜃 range of 10- 80°. The 

qualitative estimations of surface functional groups of composites were studied by Fourier 

transform infrared spectroscopy (FTIR, Thermo Scientific™ Nicolet™ iN10 infrared microscope) 

over a range of 500-4000 cm-1. To further confirm the surface functional groups, a surface 

analytical technique, X-ray photoelectron spectroscopy (XPS) was performed by with a beam of 

X-rays with Al Kα with 1486.6 eV using the Thermo Scientific™ K-alpha+ XPS system. The 

morphology of composite was characterized by scanning electron microscopy (SEM) (FEI Nova 

Nano SEM 450). 

3.2.4 Hydrogen storage properties 

 The hydrogen storage properties of composites were measured using temperature 

programmed dehydrogenation experiments (TPD/TDS) in a Sieverts type apparatus designed and 

constructed at Materials Research Institute-Morelia Unit, UNAM [35]. The composite samples 

were kept in vacuum to keep away from oxygen and then transferred to Sieverts type reactor 

sample holder. The samples were not activated and used directly. The hydrogenation was 

performed at room temperature (19°C) and 5, 15, 25, 35, bar pressure for the total hydrogenation 

time of 60min. The first step in the process was to set the initial pressure and followed by sample 

heating at 5 °C/min. The dehydrogenation reaction is at pressure 0.8 bar, i.e. a slight vacuum with 
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respect to atmospheric pressure. This is due to the fact that reactions are expected to be rapid and 

could be lost during detailed adjustment of dehydrogenation pressure. 

3.3 Results and Discussion 

3.3.1  Physical phase structure 

XRD Study 

The XRD pattern of the composite with carbon and polymer-based materials on LaNi5 are 

shown in Figure 3-2 in the 2𝜃 range  of 20-80° to confirm structural refinement. The XRD graphs 

are reported as a function of different concetration (S4, S8, S12, S16) of polymer and carbon 

particles in LaNi5. The composite have a clean CaCu5- type LaNi5 phase hexagonal structure [25]. 

This is the benefit of solvent based synthesis method do no alter the strucure of LaNi5. However, 

some sharp peaks indicates large crystalline particles of LaNi5 in an agreement to other others 

[28,36]. The XRD patterns of all the samples (S4 to 16) directs a similar structure and a good 

reliability of the results. The peak near 20° unveils the presence of the amorphous polymer. The 

XRD spectra of composites shows main peak 2𝜃 = 30°, 35.77°, 42.59°, 47.71°, 63.47°, 64.40°, 

and 68.89° can be assigned to (011), (110), (111), (002), (63.47), (64.40) and (031) respectively 

to hexagonal LaNi5. The peaks at 2𝜃 = 21.25° and 29.23° belong to PMMA in sample 12 and 16 

[27]. The peaks at 2𝜃 = 20.03° and 26° in the sample 4 and 8 belong to PVDF [37]. Tha major  

difference between graphene and MWCNTs based composites can be seen in samples where larger 

peaks of graphene at 2𝜃 = 26.6° and MWCNT at 2𝜃 = 45.64°. The intensive peak near  2𝜃 = 45° 

are the physical characteristics of the porous composites. Composite samples 4 and 12 are prepared 

with graphene and composite samples 8 and 16 are preared with MWCNTs along with 

polymer/LaNi5 and that is in good agrrement with other researchers [38,39]. The composite 
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prepared showed similar pattern like LaNi5 but with more peaks of carbon. The presence of porous 

carbon based and polymer materials with LaNi5 can provide higher surface area which can absorb 

hydrogen atoms rapidly with higher roughness and surface functional groups .  

 

Figure 3-2 XRD for (a) EPMC-1 (b) EPMC-2 (c) EPMC-3 (d) EPMC-4 

FTIR Analysis 

 The FTIR spectra of pure LaNi5, samples 4, 8, 12 and 16 of composites are given Figure 

3-3 to identify bonding of carbon and polymer with LaNi5. The FTIR spectra of composite shows 

various surface functional groups which are close to individual LaNi5, polymer and carbon based 

materials. The LaNi5 surface measured to be composed of Ni and La2O3 at 1910 and 1463 cm-1 

respectively and it is in a good agreement with previous research work by Sakaguchi et al. [40]. 

The surface functional groups on composite samples 4, 8, 12, and 16 display weak O-H group 

stretch at 3490 cm-1, strong C=C group at 1651 cm-1, C-O group at 1325 cm-1, weak =C-H stretch 

at 712 cm-1, and strong C-H stretch at 1462 cm-1. This is due to the interaction between polymer, 

a 

b 

c 

d 
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carbon and LaNi5. These surface functional groups show the presence of graphene (1404, 1720 

cm-1) [41], PVDF (1320-1430 cm-1) [42], PMMA (1720, 1652 cm-1) [43]  and MWCNTs (1720, 

1512 cm-1) [44]. Therefore, the FTIR spectra evidently shows that addition of polymeric and 

carbon-based materials on LaNi5 have created surface functional groups as expected. 

 

Figure 3-3 Infrared spectra of (a) EPMC-1 (b) EPMC-2 (c) EPMC-3 (d) EPMC-4 (e) LaNi5 

XPS Analysis 

 The evolution/modification of surface functional group of sample 16 was further confirmed 

by using XPS as shown in Fig.3-4. The XPS spectrum of composites exhibits five major states, C 

1s, La 3d, La 4p, Ni 2p and Ni 3p. The XPS survey confirmed the presence and change in the metal 

atoms of the La, Ni by modification with polymer and carbon particles as shown in Fig. 3-4 (f). 

The presence of the sub-oxide groups on the LaNi5 surface can hinder the hydrogen storage 

properties and that can be clearly seen in Figure 2 (f). The core level C 1s spectra of XPS Fig. 3-4 

(a) study shows the binding energy peak of C-O at 286 eV and C=O at 290. In the case of La and 

Ni, ideally the XPS community measure only La 3d3/2 (Fig. 3-4(b)) and Ni 2p3/2 (Fig. 3-4(c) and it 
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shows the binding energy peak at 835 eV and 857 eV respectively. However, La 3d and Ni 2p 

spectra overlap up to some extent so in this work, La 4p3/2 (Fig. 3-4(d)) and Ni 3p3/2 (Fig. 3-4(e)) 

are also measured. The La 4p shows a peak at 197 eV and Ni 3p at 69 eV. Thus, one can estimate 

the composition without peak fitting. It was noticed from the carbon peaks, the surface chemistry 

changes drastically from sample to sample due to variation in the amount of polymer and carbon 

percentages. 

  

  

  

Figure 3-4 Figure Core level spectra (a) C 1s, (b) La 3d, (c) La 4p, (d) Ni 2p, (e) ni 3p, and (f) 

LaNi5-PMMA- MWNTs broader spectra 
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SEM Analysis 

 The morphology of LaNi5-polymer-carbon composite examined with FE-SEM is reported 

in Figure 3-5. The Fe-SEM images of PVDF/LaNi5/Graphene, PVDF/LaNi5/MWCNTs, 

PMMA/LaNi5/Graphene, PMMA/LaNi5/MWCNTs indicated as (a,b), (c,d), (e,f) and (g,h) 

respectively. The SEM images revel LaNi5 particles are clearly embedded in randomly oriented 

porous polymeric and carbon matrix homogeneously. The presence of porous microstructure of 

composite is the favorable for penetration of hydrogen atoms under pressure. The composites are 

finely distributed in fine articles that shows higher surface area and nearly 100 nm size. However, 

a relatively small agglomeration of composites is perceived that is due to the fact that ultra-

sonication helps to break the agglomeration of composites. The SEM images shows crystallized 

PMMA/PVDF that have happened during the heat casting of composites [37]. The LaNi5 particles 

are very well distributed with well-developed roughness in PMMA/PVDF with MWCNTs. The 

PMMA/PVDF coating on surface of LaNi5 particles provides enough roughness that can be clearly 

responsible for superhydrophobicity. The hydrogen storage characteristics, especially kinetics in 

the composite will be hindered because of better dispersion of polymer and carbon particles in 

composites. The unique structure of MWCNTs (tubular structure) is expected to exhibit the most 

prominent as a catalyst for LaNi5 and will help to enhance the hydrogen de-/rehydrogenation 

reactions. 
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Figure 3-5 SEM images of (a,b)  EPMC-1 (c,d) EPMC-2 (e,f) EPMC-3 (g,h) EPMC-4 

a b 

c d 

e f 

g f 
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DSC Studies 

 The differential scanning calorimetry (DSC) curves of the composites are presented in the 

Figure 3-6 to study the thermal properties of polymer. The LaNi5/PVDF/graphene (sample 4) and 

LaNi5/PVDF/MWCNTs (sample 8) composite exhibits endothermic peak at 160.76 °C and 160.52 

°C, respectively. While LaNi5/PMMA/graphene (sample 12) and LaNi5/PMMA/MWCNTs 

(sample 16) composite exhibits endothermic peak 124 °C and 123.29 °C, respectively. It was 

observed that glass transition temperature (Tg) of PVDF and PMMA based composite was 

approximately 158.36 °C and 120.21°C, respectively. The glass transition temperature of the 

composites have increased because of the integration and impeditive effect of carbon particles into 

polymer chain that facilitates the polymer chain motions and increases the polymer free volume 

[45]. The integration of carbon particles in polymer provides enhanced thermal stability and more 

crystalline structure, so composites do not lose weight suddenly and that is a good collaboration 

to earlier research [46].  

 
Figure 3-6 DSC curves for  (a) EPMC-1 (b) EPMC-2 (c) EPMC-3 (d) 
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3.4 Hydrogen storage properties 

 Figure 3-7 show the hydrogen storage properties of EPMC. The hydrogenation curves of 

composites measured at room temperature (19 °C) and 35 bar pressure. The accumulation of  

polymers in the LaNi5 provides a protection against oxygen atoms but also reduces the storage 

capacity compare to previous research [25]. However, the hydrogen storage kinetics are improved. 

In terms of hydrogen storage capacity all the composites can store same amount hydrogen. 

However, the reaction kinetics change significantly with the combination of polymer and carbon 

particles. EPMC-4 composite which consists of LaNi5 with 8% PMMA and 8% MWCNTs (Figure 

3-7 (g)) can store 1.1 wt. % H2 at room temperature in less than 20 min. For the composites, EPMC-

3 (Figure 3-7 (e)) and EPMC-4 (Figure 3-7 (g)), hydrogenation is very fast; most part of the 

hydrogenation is achieved in 10 seconds during expansion (when the hydrogen in the reservoir is 

expanded to the sample holder). Always, expansion causes a "wave" (variation) in the pressure 

lectures and must wait for lectures to be stable. This is not a problem in slow samples such as Mg 

or NaAlH4 [27,31]. However, as it can be seen in Figure 3-7 (e), in the composite EPMC-3, the 

hydrogen uptake is so rapid that occurred in the time during expansion. Because of this, the 

composite showed "reduced" or "null" hydrogen storage curve in the plots. Of course, 

hydrogenation occurred, but not watched by Sievert’s apparatus. The dehydrogenation plots 

(Figure 3-7 (f)) demonstrated that the hydrogen was actually absorbed. Thus, to reduce the sped 

of hydrogenation, gradually the pressure was reduced as shown in (Figure 3-7 (f)). To observe the 

effect of pressure at various cycles, this sample was studied at 5, 15, 25 and 35 bar in various 

cycles. Hydrogenation at 25 bar is still very rapid, while Hydrogenation at 15 bar is partially caught 

by the experiment. However, hydrogenation at 5 bar can store 1.05 wt. % of hydrogen completed 

in less than 3 minutes, which is one of the fastest to date. Finally, the dehydrogenation pressure is 
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0.8 bar, i.e. a slight vacuum with respect to atmospheric pressure. This is due to the fact that 

reactions are rapid and could be lost during detailed adjustment of dehydrogenation pressure.    

  

  

  

  
Figure 3-7 P-C-T study of (a,b) PVDF – LaNi5 – Graphene, (c,d) PVDF – LaNi5 – MWCNTs,   

(e,f) PMMA – LaNi5 – Graphene, (g,h) PMMA – LaNi5 - MWCNTs 
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3.5 Conclusions 

 In this study, innovative LaNi5/polymer/carbon composite was successfully prepared by 

solvent-based method. The composite was developed to reach the DOE goal for on-board 

hydrogen storage for fuel-cell application. The addition of polymer (PPMA/PVDF) provides the 

porous, rough surface on LaNi5 which increases the hydrophobicity and thus protects metal atoms 

from air exposure. The higher specific surface area of the polymer and carbon particles 

accommodates the heat generated during the endothermic absorption process and improves the 

cyclic stability during sorption processes (absorption/desorption). The hydrogen storage property 

of composite also depends on the surface area of carbon-based materials and is affected by 

microspore size and hence a composite with MWCNTs (hollow structure) showed the better 

reaction kinetics then graphene-based composites.  The hydrogenation of EPMC-4 showed good 

hydrogen storage kinetics by storing 1.05 wt.% of H2 at 5 bar in less than 3 minutes at 19°C. The 

dehydrogenation pressure is 0.8 bar, i.e. a slight vacuum with respect to atmospheric pressure. This 

is due to the fact that reactions are rapid and could be lost during detailed adjustment of 

dehydrogenation pressure. These results showed a feasible way to develop a metal 

hydride/polymer/carbon composite. The encapsulated composite approach indicates that these 

cheap polymers and carbon-based materials can be a promising catalyst for LaNi5. 
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CHAPTER 4  

Study of Encapsulated La0.6Ce0.4Ni5 and Carbon Particles in Polymeric 

Composite for Hydrogen Storage   

Abstract 

The nanostructured metal hydrides have gained much attention to safely and effectively 

store hydrogen to use as an energy carrier. The structure of LaNi5 was maintained while partial 

replacement of La by Ce to develop La0.6Ce0.4Ni5. The metal-polymer composites are an effective 

approach to protect the metal hydrides from oxygen atoms and polymers also provides cyclic 

stability. On the other hand, carbon-based materials (graphene, multiwall nanotubes carbon 

nanotubes (MWCNTs), C60 etc.) can not only stores hydrogen but also enhances the reaction 

kinetics. In the present work, an innovative encapsulated metal hydride (La0.6Ce0.4Ni5) composite 

using porous polymer (polymethyl methacrylate (PMMA)/ polyvinylidene fluoride (PVDF)) and 

carbon-based material (graphene, MWCNTs) was developed by solvent-based synthesis method. 

The purpose of this work is to improve the hydrogen storage kinetics and stability. The composite 

was characterized by differential scanning calorimeter for thermal stability of polymer and 

structural phase constitution were explored by X-ray diffraction. The qualitative estimations of 

surface functional groups of composites were studied by Fourier transform infrared spectroscopy 

and X-ray photoelectron spectroscopy. The hydrogen storage kinetics measured using temperature 

programmed dehydrogenation experiments in a Sieverts type apparatus. The generation of surface 

functional groups on the La0.6Ce0.4Ni5 surface showed improved dispersion polymer and carbon 

particles.  

Keywords: Carbon, Graphene, Hydrogen Storage, Metal Hydrides, MWCNTs, Polymer 
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4.1 Introduction 

 Hydrogen as a future fuel carrier is a promising technology for cleaner and sustainable 

future. Hydrogen has the highest energy density around 120-140 MJ/kg compare to petroleum fuel 

and most importantly it is renewable and abundance availability [1]. Amongst hydrogen 

production, storage and utilization, the most challenging is the storage. Hydrogen can be stored as 

compressed gas, liquid cryogenic tanks and solid-state in metallic or nanostructured materials [2]. 

Solid-state hydrogen storage in nanostructured materials and metal hydrides have number of 

benefits compare to other types of storage systems such as safer, relatively low pressure and 

temperatures and can have high volumetric storage densities [3].    

The rare-earth metal hydride compounds showed excellent theoretical and practical 

hydrogen storage properties. Amongst all, the intermetallic compounds have gained researchers 

attention due to its practical operating conditions such as high hydrogen storage capacity and fast 

reaction kinetics for hydrogen storage applications [4]. The AB5 type intermetallic alloys are one 

of the most suitable because of their low equilibrium pressure and faster reaction kinetics [5]. 

Lanthanum based metal hydrides have shown promising results of higher hydrogen storage 

capacity, high reaction kinetics (hydrogenation/dehydrogenation) and cyclic stability [6–8]. LaNi5 

is widely used as hydrogen storage alloys as it has exceptional properties at ambient conditions. 

However, during the adsorption/desorption process the volume of LaNi5 particles increases and 

goes through swelling/shrinkage reactions. The volume of the particles increases almost up to 20-

27 %. To improve this limitation, the particles of LaNi5 were partially replaced by different alloys 

such as Ce, Al, cu, Cr, Sn, Fe, Mn, CO, Ga, Zn, Rh, Ir, Pt, Au etc. [9–11]. Liu et al. [12] studied 

hydrogen storage properties of LaNi5 nanoparticles and concluded that nanoparticles of alloys 
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were more stable during cycling [12]. Also the thermodynamics and morphology persisted 

unaffected [12].  

Prigent et al. [13] substituted Ni by Rh, Ir, Pt and Au in LaNi5 and concluded that with Rh 

and Ir the hydrogen storage capacity decreases and plateau pressure increases, while with Au the 

hydrogen storage capacity decreases but also plateau pressure decreases. The similar study showed 

that the enthalpy of formation decreases with substituting Ni with Pt [13]. Zu et al. [14] developed 

LaNi5-xCox alloys and studied the reaction kinetics for 1000 cycles. The alloy can store nearly 1.6 

wt. % hydrogen in 150s [14]. They reported that alloy can fully absorb hydrogen in 300 s and 

showed almost similar hydrogen storage capacity after 1000 cycles [14]. Muthukumar et al. [15] 

studied effect of hydrogen concertation on the reaction enthalpies of LaNi5, LaNi4.7Al0.3, 

LaNi4.91Al0.15, Ti0.99Zr0.01V0.43Fe0.09Cr0.05Mn1.5 and MmCo0.72Al0.87Fe0.04Ni3.91 and concluded that 

alloys could store 1.4, 1.4, 1.3, 1.65 and 0.8 wt. %, respectively at 30 °C, 60 °C, 27 °C, 20 °C and 

80 °C respectively. Substitution of La in LaNi5 alloy with Ce can increase hydrogen equilibrium 

pressure considerably [16]. Amongst all, intermetallic alloy containing LaCeNi showed good 

hydrogen storage capacity of 1.43 wt. % H2 at 10 bar pressure [16]. Jain et al. [16] partially 

substituted Ce by La in CeNi3Cr2 alloy via arc melting process and reported that even after 

substitution the alloys showed same CaCu5 structure. They concluded that even after partial 

substitution the absorption can take place at pressure of 0.45 bar and temperature of 293-323 K. 

The hydrogen storage capacity actually increases from 3.8 atom/f.u to 4.6 atom/f.u at 14 bar and 

293 K. In another study Jain et al. [17] studied effect on the hydrogen storage properties on CeNi5 

by integrating Zr at low pressure of 0.5-35 bar and 20-60 °C. They concluded that alloy CeNi3Zr2 

can store more hydrogen (hydrogen storage capacity H/M- 4.3 at 31 bar) compared to pure CeNi5. 

The same group studied effect of partially substitution of Cr to CeNi5 and concluded that new alloy 
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have hydrogen storage capacity H/M- of 3.8 at 32.5 bar pressure. Tsukuda et al. [18] studied 

hydrogen storage properties of CeNi5-xGax alloys and concluded that alloy can store maximum 

hydrogen (H/M = 0.64) just at 25 °C. CeNi3.75G1.25 alloy showed desorption enthalpy of -39.9 ± 

0.9 kJ/mol-H2. Young et al. [19] substituted Cu in La9.5Ce6.4Ni69.0-xCo4.7Mb4.3Al5.7Zr0.1Si0.3 via 

induction melting and reported that alloy can be easily activated (charging) and improves the 

discharging performance. 

However, during the endothermic reaction the hydrogen atoms expands the crystalline 

structure of metal hydrides and that causes internal stress which causes pulverization. 

Nanostructuring of metal hydride showed excellent hydrogen storage properties but with the small 

particles size, higher volume expansion takes place. The pulverization of nanoparticles can cause 

the formation of oxides and can be a reason to hinder hydrogen storage properties [20]. To protect 

pulverization, by incorporating polymer particles, the polymer will accommodate the volumetric 

expansion associated with the endothermic process and can improve the heat transfer [21]. 

Kato et al. [22] reviewed organic polymers, hyper crosslinked polymer and polymers with 

intrinsic micro porosity and showed that they can store and release hydrogen on their highly porous 

structure. In another research Kato et al. [23] and [24]) showed that alcohol, N-heterocycle can be 

used as chemical hydrogen carriers using polymers and store hydrogen at 80 °C and atmospheric 

pressure. The polymer based nanocomposite was developed by Neto et al. [7] by wet milling using 

an acrylonitrile-EPDM(ethylene/propylene/diene)-styrene and nanostructured LaNi5. The study 

showed that nanocomposite was stable for 20 hydrogenation cycles and maintained the structure. 

In addition, the study also showed the effect air exposure on the nanocomposite and concluded 

that polymer provide protection against oxygen but decreases the hydrogen storage kinetics [7]. 

Pentimalli et al. [21] embedded LaNi5 in acrylonitrile butadiene styrene (ABS) matrix and 
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concluded that composite have better heat transfer, cyclic stability and retains shape after multiple 

cycles. Yuan et al. [25] embedded Mg- based Mg95Ni5 in polymethyl methacrylate (PMMA) and 

reported that polymer helps to enhance the nanostructure of the Mg95Ni5 particles. Also, the 

coating of PMMA works as an effective antioxidant water resistant and decreases dehydriding 

temperature by 100 K. The composite, Mg95Ni5 + 10 wt. % PMMA can absorb/desorb up to 3.37 

wt. % hydrogen which is more than pure Mg95Ni5. Liang et al. [26] studied the effect of various 

amount of PMMA on the growth of Mg NPs, a low-cost catalyst, and concluded that 

nanocomposite have rapid kinetics. The composite with 0.5g of PMMA can store 4.8 wt.% 

hydrogen in 30 min at 200 °C and 30 bar pressure for multiple cycles. The study also concluded 

that the carboxylate functional group of PMMA prevents the aggregation of Mg nanoparticles [26]. 

Wu and Cheng [27] reviewed effect of carbon on hydrogen storage performance and 

concluded that the curve structure of carbon based materials have significant effect on hydrogen 

storage properties. They also showed that curvature structure of carbon helps to improve the C-H 

interaction and the curve structure enhances the sorption of hydrogen atoms on the surface. Also, 

that can be a major reason to decrease in reaction enthalpy and entropy.  The porous carbon based 

materials have also drawn attention as a catalyst for metal hydrides as it can improve the hydrogen 

storage performance [28–32]. Jordá-Beneyto et al. [33] showed that porous activated with higher 

surface area can store up to 5.4 wt. % H2 at 77 K temperature but at room temperature same 

material can store just 1 wt. % H2. Liu and Aguey-Zinsou [34] synthesized a nanocomposite LaNi5 

nanoparticles on carbon by precipitation-reduction method and concluded that nanocomposite can 

absorb 1.1 et. % H2 in less than a minute. The study also reported that nanocomposite has 

absorption and desorption enthalpies decreased by 5 kJ mol-1 and 8 kJ mol-1 respectively. While 
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entropy was decreased by 15 J/K mol H2 and 19 J/K mol H2 for absorption and desorption, 

respectively. 

In present work, the study is focused on the La0.6Ce0.4Ni5 alloys as cerium can easily replace 

lanthanum and with nickel it will have intermediate valance strong hybridization between the 4f 

and conduction electron [35]. Also, nickel acts as a catalyst to improve the reversibility of 

hydrogen absorption/desorption by increasing the hydrogen dissociation [36]. Along with that, the 

chemical and physical properties of polymer and carbon-based materials used as catalysts together 

for metal hydride for the first time. The surface functional groups created using polymer to prevent 

agglomeration of the LaNi5 nanoparticles. The carbon-based materials, graphene and MWCNTs 

used to improve the thermal conductivity and hence the reaction kinetics. The LaNi5 composites 

were prepared using two polymers- PMMA and PVDF and two carbon-based materials- graphene 

and MWCNTs. The composite was embedded together by solvent-based method and aim is to 

study the effect on the thermodynamic properties of hydrogen storage. Thus, this work is focused 

on the development of LaNi5-carbon-polymer composite and study effect on the hydrogen 

absorption/desorption kinetics. The effect on the structural properties of LaNi5 are also studied. 

4.2 Experiment 

4.2.1 Materials 

The raw La0.6Ce0.4Ni5 (<100 µm, 99 wt. % in purity) was purchased from Whole Win 

(Beijing) Materials Sci. & tech. co. ltd. PMMA (molecular weight, Mw 120 000 g mol-1, Tg 99°C) 

and PVDF (molecular weight, Mw 120 000 g mol-1, Tg   99°C) were acquired from Sigma-Aldrich 

(St. Louis, MO, USA). Dimethylformamide (DMF) (Mw 73.09 g/mol, boiling point 153 °C) was 

used a solvent and purchased from Sigma-Aldrich (St. Louis, MO, USA). Graphene (99.5 wt. % 

carbon) was purchased from Skyspring Nanomaterials, Inc. in exfoliated dry powder form, with 



218 
 

thickness of 11-15 nm and average particle diameter of 15 μm. MWCNTs (99.5 wt. % purity) was 

Purchased from Cheaptubes.com, with dimensions of 8-15 nm in diameter and length of 10-50 

μm, MWCNTs and synthesized by catalytic chemical vapor deposition (CCVD) and purified with 

concentrated acid chemistry. 

4.2.2 Preparation of encapsulated La0.6Ce0.4Ni5 composites  

The encapsulated composites were prepared in an inert atmosphere. The samples were 

prepared by solvent-based method as shown in Fig. 1. The polymer solution was initially prepared 

by dissolving PMMA/PVDF in dimethylformamide (DMF) solvent with magnetic stirring. The 

polymeric matrix was then transferred along with carbon particles, graphene/MWCNTs, for 

sonication using probe sonicator for 10 min. The La0.6Ce0.4Ni5 powder was then added to the 

polymer-carbon composite and sonicated again for 10 minutes. The composite mixture of 

La0.6Ce0.4Ni5-polymer-carbon particles was mixed using shear mixture for 4 h. The homogenous 

composite mixture was transferred to form a pallet via heat casting method in the oven at 150°C 

for 24 h. The ratio of La0.6Ce0.4Ni5 -polymer-carbon particles was varied as shown in Table 1 to 

study the effect of two different polymers (PMMA/PVDF) and carbon particles 

(graphene/MWCNTs) on hydrogen storage properties of La0.6Ce0.4Ni5. As an example, four 

samples of La0.6Ce0.4Ni5 using different concentration of PVDF (1, 2, 4, and 8 wt. %) and graphene 

(1, 2, 4, and 8 wt. %) were prepared. The encapsulated polymeric metal hydride composite will be 

called EPMC from here on as shown in Table 2.    
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Figure 4-1 illustration of sample preparation of encapsulated EPMC 

Table 4-1 Ratio of polymer/graphene with La0.6Ce0.4Ni5 

 PVDF wt.% PMMA wt.% Graphene wt.% MWCNTs wt.% 

La0.6Ce0.4Ni5 

1, 2, 4, 8  1, 2, 4, 8  

1, 2, 4, 8   1, 2, 4, 8 

 1, 2, 4, 8 1, 2, 4, 8  

 1, 2, 4, 8  1, 2, 4, 8 

Table 4-2 Composite samples reported in this paper 

 PVDF 

wt.% 

PMMA 

wt.% 

Graphene 

wt.% 

MWCNTs 

wt.% 

Sample 20 (EPMC-1) 8  8  

Sample 24 (EPMC- 2)  8   8 

Sample 28 (EPMC- 3)  8 8  

Sample 32 (EPMC-4)  8  8 

4.2.3 Characterizations 

 The thermal properties of the composites were examined by a differential scanning 

calorimeter (DSC, NETZSCH DSC 204F1 Phoenix) to evaluate glass transition temperature (Tg), 

melting temperature (Tm) and recrystallization temperature (Tc) from 25 °C to 500 °C at 15 °C 

heating rate under nitrogen flow for 5-10 mg of composites. The structural phase constitution of 
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the composite was explored by X-ray diffraction (XRD) in a PANalytical Empyrean 

Diffractometer using CuKα radiation within 2𝜃 range of 10- 80°. The qualitative estimations of 

surface functional groups of composites were studied by Fourier transform infrared spectroscopy 

(FTIR, Thermo Scientific™ Nicolet™ iN10 infrared microscope) over a range of 500-4000 cm-1. 

To further confirm the surface functional groups, a surface analytical technique, X-ray 

photoelectron spectroscopy (XPS) was performed by with a beam of X-rays with Al Kα with 

1486.6 eV using the Thermo Scientific™ K-alpha+ XPS system. The morphology of composite 

was characterized by scanning electron microscopy (SEM) (FEI Nova Nano SEM 450). 

4.2.4 Hydrogen storage properties 

 The hydrogen storage properties of composites were measured using temperature 

programmed dehydrogenation experiments (TPD/TDS) in a Sieverts type apparatus designed and 

constructed at Materials Research Institute-Morelia Unit, UNAM [37]. The composite samples 

were kept in vacuum to keep away from oxygen and then transferred to Sieverts type reactor 

sample holder. The samples were not activated and used directly. The hydrogenation was 

performed at room temperature (19°C) and 5, 15, 25, and 35 bar pressures for the total 

hydrogenation time of 60min. The first step in the process was to set the initial pressure and 

followed by sample heating at 5 °C/min. The dehydrogenation reaction is at pressure 0.8 bar, i.e. 

a slight vacuum with respect to atmospheric pressure. This is due to the fact that reactions are 

expected to be rapid and could be lost during detailed adjustment of dehydrogenation pressure. 
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4.3 Results and Discussion 

4.3.1 Physical phase structure 

XRD Analysis 

 The XRD pattern of the composite with carbon and polymer-based materials on 

La0.6Ce0.4Ni5 are shown in Fig. 2 in the 2θ range of 20-80° to confirm structural refinement. The 

XRD graphs are reported as a function of different concertation (S20, S24, S28, and S32) of 

polymer and carbon particles in La0.6Ce0.4Ni5. The composite have a clean CaCu5- type 

La0.6Ce0.4Ni5 phase hexagonal structure [7]. This is because the benefit of solvent based synthesis 

method does not alter the structure of La0.6Ce0.4Ni5. However, some sharp peaks indicates large 

crystalline particles of La0.6Ce0.4Ni5 in an agreement to other others [38,39]. The XRD patterns of 

all the samples (S4 to 16) directs a similar structure and a good reliability of the results. The peak 

near 20° unveils the presence of the amorphous polymer. The XRD spectra of composites shows 

main peak 2θ = 30.58°, 36.13°, 45.44°, 59.37°, 61.51°, 63.60°, 66.10° and 69.50° can be assigned 

to (011), (110), (111), (002), (63.47), (64.40) and (031) respectively to hexagonal La0.6Ce0.4Ni5. 

The peaks at 2θ = 22.32° belongs to amorphous PMMA in sample 28 and 32 [26]. The peaks at 2θ 

= 20.03° and 26.72° in the samples 4 and 8 belong to PVDF [40] . The major different between 

graphene and MWCNTs based composites can be seen in samples where larger peaks of graphene 

at 2θ= 26.63° and MWCNT at 2θ = 42.91°. The intensive peak near 2θ = 45° are the physical 

characteristics of the porous composites. Composite samples 4 and 12 are prepared with graphene 

and composite samples 8 and 16 are prepared with MWCNTs along with polymer/ La0.6Ce0.4Ni5 

and that is in good agreement with other research [41]. The composite prepared showed similar 

pattern like La0.6Ce0.4Ni5 but with more peaks of carbon. The presence of porous carbon based and 

polymer materials with La0.6Ce0.4Ni5 can provide higher surface area which can absorb hydrogen 

atoms rapidly with higher roughness and surface functional groups. 
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Figure 4-2 XRD for La0.6Ce0.4Ni5- polymer- carbon particles 

FTIR Studies 

The FTIR spectra of pure La0.6Ce0.4Ni5, sample 20, 24, 28, and 32 of composites are given 

Fig. 3 to identify bonding of carbon and polymer with La0.6Ce0.4Ni5. The FTIR spectra of 

composite shows various surface functional groups which are close to individual La0.6Ce0.4Ni5, 

polymer and carbon-based materials. The La0.6Ce0.4Ni5 surface measured to be composed of Ni 

and La2O3 at 1910 and 1463 cm-1 respectively and it is in a good agreement with previous research 

work by Sakaguchi et al. [42]. The surface functional groups on composite samples 20, 24, 28 and 

32 display weak O-H group stretch at 3448-3600 cm-1, strong C=C group at 1646-1678 cm-1, weak 

=C-H stretch at 742 cm-1, and strong C-H stretch at 2927 cm-1. This is due to the interaction 

between polymer, carbon and La0.6Ce0.4Ni5. These surface functional groups shows the presence 

of graphene (1423 and1720 cm-1) [43], PVDF (1373-1456 cm-1) [44], PMMA (1720, and 1646 cm-
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1) [45]  and MWCNTs (1749, 1520 cm-1) [46]. Therefore, the FTIR spectra evidently shows that 

addition of polymeric and carbon-based materials on La0.6Ce0.4Ni5 have created surface functional 

groups as expected. 

 
Figure 4-3 XRD for (a) EPMC-1 (b) EPMC-2 (c) EPMC-3 (d) EPMC-4 

XPS Analysis 

The evolution/modification of surface functional group of the sample 16 was further 

confirmed by using XPS as shown in Fig. 4. The XPS spectrum of composites exhibits five major 

states, C 1s, La 3d, La 4p, Ni 2p and Ni 3p. The XPS survey confirmed the presence and change 

in the metal atoms of the La, Ni by modification with polymer and carbon particles as shown in 

Fig. 4. (f). The presence of the sub-oxide groups on the La0.6Ce0.4Ni5 surface can hinder the 

hydrogen storage properties and that can be clearly seen in figure 2 (f). The core level C 1s spectra 

of XPS Fig. 4.(a) study shows the binding energy peak of C-O at 285.5 eV and C=O at 289.5. In 

the case of La and Ni, ideally the XPS community measure only La 3d3/2 (Fig. 4. b) and Ni 2p3/2 

(Fig. 4. c) and it shows the binding energy peak at 835 eV, 837 eV and 857 eV respectively. 

500.00 1000.00 1500.00 2000.00 2500.00 3000.00 3500.00 4000.00

La0.6Ce0.4Ni5 Sample 20 Sample 24 Sample 28 Sample 32
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However, La 3d and Ni 2p spectra overlap up to some extent so in this work, La 4p3/2 (Fig. 4. d) 

and Ni 3p3/2 (Fig. 4. e) are also measured. The La 4p shows a peak at 197 eV and Ni 3p at 68 eV. 

There are two main peaks of CeO2 which represents Ce4+ are approximately binding energy peak 

at 900 eV, 907 eV, and 917 eV and Ce2O3 at 898 eV, 890 eV, and 884 eV. So, one can estimate 

the composition without peak fitting. It was noticed from the carbon peaks that the surface 

chemistry changes drastically from sample to sample due to variation in the amount of polymer 

and carbon percentages. 
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Figure 4-4 Figure Core level spectra (a) C 1s, (b) La 3d, (c) La 4p, (d) Ni 2p, (e) ni 3p, and (f) 

La0.6Ce0.4Ni5 -PMMA- MWNTs broader spectra 

SEM Studies 

 The morphology of La0.6Ce0.4Ni5 -polymer-carbon composite examined with FE-SEM is 

reported in Fig. 4. The Fe-SEM images of PVDF/ La0.6Ce0.4Ni5/Graphene, PVDF/ 

La0.6Ce0.4Ni5/MWCNTs, PMMA/ La0.6Ce0.4Ni5/Graphene, PMMA/La0.6Ce0.4Ni5/MWCNTs 

indicated as (a,b), (c,d), (e,f) and (g,h) respectively. The SEM images revel La0.6Ce0.4Ni5 particles 

are clearly embedded in randomly oriented porous polymeric and carbon matrix homogeneously. 

The presence of porous microstructure of composite is the favorable for penetration of hydrogen 

atoms under pressure. The composites are finely distributed in fine articles that shows higher 
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surface area and nearly 100 nm size. However, a relatively small agglomeration of composites is 

perceived that is due to the fact that ultra-sonication helps to break the agglomeration of 

composites. The SEM images shows crystallized PMMA/PVDF that have happened during the 

heat casting of composites [40]. The La0.6Ce0.4Ni5 particles are very well distributed with well-

developed roughness in PMMA/PVDF with MWCNTs. The PMMA/PVDF coating on surface of 

La0.6Ce0.4Ni5 particles provides enough roughness that can be clearly responsible for 

superhydrophobicity. The hydrogen storage characteristics, especially kinetics in the composite 

will be hindered cause of better dispersion of polymer and carbon particles in composites. The 

unique structure of MWCNTs (tubular structure) is expected to exhibit the most prominent as a 

catalyst for La0.6Ce0.4Ni5 and will help to enhance the hydrogen de-/rehydrogenation reactions. 
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Figure 4-5 S20, S24, S28, S30 Figure SEM images of (a,b) PVDF – La0.6Ce0.4Ni5– Graphene, 

(c,d) PVDF – La0.6Ce0.4Ni5 – MWCNTs, (e,f) PMMA – La0.6Ce0.4Ni5 – Graphene, (g,h) 

PMMA – La0.6Ce0.4Ni5 - MWCNTs 
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DSC Analysis 

The differential scanning calorimetry (DSC) curves of the composites are presented in the 

Figure 5 to study the thermal properties of polymer. The La0.6Ce0.4Ni5/PVDF/graphene (sample 

20) and La0.6Ce0.4Ni5/PVDF/MWCNTs (sample 24) composite exhibits endothermic peak at 

160.76 °C and 160.52 °C, respectively. While La0.6Ce0.4Ni5/PMMA/graphene (sample 28) and 

La0.6Ce0.4Ni5/PMMA/MWCNTs (sample 32) composite exhibits endothermic peak 124 °C and 

123.29 °C, respectively. It was observed that glass transition temperature (Tg) of PVDF and 

PMMA based composite was approximately 158.36 °C and 120.21°C, respectively. The glass 

transition temperature of the composites have increased cause of the integration and impeditive 

effect of carbon particles into polymer chain that facilitates the polymer chain motions and 

increases the polymer free volume [47]. The integration of carbon particles in polymer provides 

enhanced thermal stability and more crystalline structure, thus composite do not lose weight 

suddenly and that is a good collaboration to earlier research [48].  

 
Figure 4-6 DSC curves for (a) EPMC-1 (b) EPMC-2 (c) EPMC-3 (d) EPMC-4 
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4.3.2 Hydrogen storage properties 

  Figures 4-6 show the hydrogen storage properties of La0.6Ce0.4Ni5/polymer/carbon 

composites. The hydrogenation curves of composites measured at room temperature (19 °C) and 

35 bar pressure. The accumulation of  polymers in the La0.6Ce0.4Ni5 provides a protection against 

oxygen atoms but also reduces the storage capacity compare to previous research [25]. However, 

the hydrogen storage kinetics are improved. EPMC-4 composite which consists of LaNi5 with 8% 

PMMA and 8% MWCNTs (Figure 4-6 (g)) can store 0.8 wt. % H2 at room temperature in less than 

20 min. For the composites, EPMC-3 (Figure 4-6(e)) and EPMC-4 (Figure 4-6 (g)), hydrogenation 

is very fast, most part of the hydrogenation is achieved in 10 seconds during expansion (when the 

hydrogen in the reservoir is expanded to the sample holder). Always, expansion causes a "wave" 

(variation) in the pressure lectures and must wait for lectures to be stable. This is not a problem in 

slow samples such as Mg or NaAlH4 [27,31]. However, as it can be seen in Figure 4-6 (e), in the 

composite EPMC-3, the hydrogen uptake is so rapid that occurred in the time during expansion. 

Because of this, the composite showed "reduced" or "null" hydrogen storage curve in the plots. Of 

course, hydrogenation occurred, but not watched by Sievert’s apparatus. The dehydrogenation 

plots (Figure 4-6(f)) demonstrated that the hydrogen was actually absorbed. Thus, to reduce the 

sped of hydrogenation, gradually the pressure was reduced as shown in (Figure 4-6(f)). To observe 

the effect of pressure at various cycles, this sample was studied at 5, 15, 25 and 35 bars in various 

cycles. Hydrogenation at 25 bars is still very rapid, while Hydrogenation at 15 bars is partially 

caught by the experiment. But hydrogenation at 5 bars can store 1.05 wt. % of hydrogen completed 

in less than 3 minutes. Finally, the dehydrogenation pressure is 0.8 bar, i.e. a slight vacuum with 

respect to atmospheric pressure. This is due to the fact that reactions are rapid and could be lost 

during detailed adjustment of dehydrogenation pressure. 
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Figure 4-7 P-C-T study of (a,b) PVDF – LaNi5 – Graphene, (c,d) PVDF – LaNi5 – MWCNTs,   

(e,f) PMMA – LaNi5 – Graphene, (g,h) PMMA – LaNi5 – MWCNTs 
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4.4 Conclusions 

 In this study, innovative La0.6Ce0.4Ni5/polymer/carbon composite was successfully 

prepared by solvent-based method. The composite was developed to reach the department of 

energy goal for on-board hydrogen storage for fuel-cell application. The addition of polymer 

(PPMA/PVDF) provides the porous, rough surface on La0.6Ce0.4Ni5 which increases the 

hydrophobicity and thus protects metal atoms from air exposure. The higher specific surface area 

of the polymer and carbon particles accommodates the heat generated during the endothermic 

absorption process and improves the cyclic stability during sorption processes 

(absorption/desorption). The hydrogen storage property of composite also depends on the surface 

area of carbon-based materials and is affected by microspore size. The hydrogen storage properties 

were hindered and decreased. But a composite with MWCNTs (hollow structure) showed the 

better reaction kinetics then graphene-based composites.  The hydrogenation of EPMC-4 showed 

good hydrogen desorption characteristics and can dehydrogenation occur in less than 3 minutes. 

This is since reactions are rapid and could be lost during detailed adjustment of dehydrogenation 

pressure. These finding showed a feasible way to develop a metal hydride/polymer/carbon 

composite. The encapsulated composite approach indicates that these inexpensive polymers and 

carbon-based materials can be a promising catalyst for La0.6Ce0.4Ni5. 
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CHAPTER 5  

General Conclusions 

The summary and general conclusion of the preset research are as following: 

• Metal hydrides are other promising materials for cooling applications. The metal hydride-

based cooling system is environmentally friendly and compact. The thermal-driven MH 

system achieved COPs up to 1, whereas the same for the compressor-driven MH system 

was up to 3. However, cost, slower reaction kinetics, and parasitic loss are limitations of 

MH systems. Further research is required in order to develop new materials e.g. complex 

hydrides, novel reactor designs, and methods for large-scale production of MHs.  

• During the endothermic reaction, the hydrogen atoms expand the crystalline structure of 

metal hydrides and that causes internal stress which causes pulverization. Nanostructuring 

of metal hydride showed excellent hydrogen storage properties but with the small particles 

size, higher volume expansion takes place. The pulverization of nanoparticles can cause 

the formation of oxides and can be a reason to hinder hydrogen storage properties [20]. To 

protect pulverization, by incorporating polymer particles, the polymer will accommodate 

the volumetric expansion associated with the endothermic process and can improve the 

heat transfer. 

• The effect of carbon on hydrogen storage performance clearly concludes that the curve 

structure of carbon-based materials has significant effect on hydrogen storage properties. 

The curvature structure of carbon helps to improve the C-H interaction and the curve 

structure enhances the sorption of hydrogen atoms on the surface. Also, that can be a major 

reason to decrease in reaction enthalpy and entropy.  The porous carbon-based materials 
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have also drawn attention as a catalyst for metal hydrides as it can improve the hydrogen 

storage performance. 

• The hydrogen storage property of composite also depends on the surface area of carbon-

based materials and is affected by microspore size and hence a composite with MWCNTs 

(hollow structure) showed the better reaction kinetics then graphene-based composites.  

The hydrogenation of EPMC-4 showed good hydrogen storage kinetics by storing 1.05 

wt.% of H2 at 5 bar in less than 3 minutes at 19°C.The dehydrogenation pressure is 0.8 bar, 

i.e. a slight vacuum with respect to atmospheric pressure 
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CHAPTER 6  

Future work 

• Modeling MH reactor systems using the hydrogen storage properties from P-C-T studies 

to study and compare effect of integration of polymer and carbon particles in metal 

hydrides. 

• Design and develop a metal hydride reactor for parametric study and develop a larger size 

samples to perform experimental studies for hydrogen adsorption/desorption 

characteristics for metal hydride reactors. 

   

 

 

 

 

 


