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    The editor Dr. Dibya Prakash Rai has requested me to read the first edition of the book "Advanced Materials and Nanosystems: Theory and Experiment". I am fortunate and delighted to have the opportunity to read and review this book before it is officially published. I'm particularly pleased to learn that this book will be published by one of the reputed publishers, "Bentham Science" which has published over 150 articles, books, and other works in multidisciplinary fields. Not only that, it has a large number of followers, readers, and subscribers worldwide. The book's title looks very attractive, broad, trendy, and interdisciplinary in the rapidly growing research areas. All the chapters and their titles are very much within the scope of the book as proposed.




    This book's collection provides brief and comprehensive information on current advanced materials and nanosystems research. All the contributing authors are experts in their respective fields, such as in Physical Sciences, Chemical Sciences, Material Sciences, Nano Sciences, BioSciences, and Engineering Sciences. Awareness of Nanotechnology is a strategic aim in today's situation to meet the significant objectives of energy harvesting, generation, usage, and storage, along with water treatment, waste management, medical sciences and more.




    This book is written and visualized as an instrumental material that intends to offer information for technology progress to students, scholars, scientists, engineers, and professors. The present phases of nanotechnology and the creation of novel energy materials are highlighted in this book, defined by the integration of fundamental knowledge, the fabrication of nanostructure samples, and analysis using standard theory and computing. Nanotechnology is crucial both in terms of experiment and theory to tame and utilize material energy in devices. There has been a worldwide scientific revolution concerning the preparation and integration for the development and uses of new technologies. The current novel discoveries, findings, and results from diverse experimental methodologies and theoretical calculations were discussed in several chapters of this book. Many new topics are covered, including wastewater treatment using nanomaterials, nanoparticles in medical research (targeted drugs, pharmaceutics, dental implants), nanomaterial for air purification, nanomaterials for food preservation, nano-sensors, cosmetics, etc. This book contributes to the present trend by bringing together numerous current and foreseen scopes on various themes. It also presents a broad range of viewpoints and opinions on the current state of the art and future prospectus. Whether the readers are novices or experts in the subject, they will start a thought-provoking exploration of contemporary advances in Material Sciences.




    My best wishes to Dr. Dibya Prakash Rai, for collecting beautiful chapters, compilation, and publication of the first edition of this edited book in Bentham Science. I know Dr. Rai for the last ten years as a dynamic and hardworking researcher. I believe he will continue his leadership role in advancing computational material sciences and advanced materials with this book.






    

      P.K. Patra


      Department of Physics


      North-Eastern Hill University (NEHU)


      Shillong, India
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    In the present scenario, the research in materials sciences are devoted to enslaving the solid-state materials and utilising their properties in devices to perform desired applications from nanotechnology. The introduction of new materials and manipulation of their exotic properties in device fabrication for advancing technology is crucial, which has urged me to think for this title, “Advanced Materials and Nanosystems: Theory and Experiment”. Nanomaterials and Nanoscience have taken this development in science and engineering to a new height for the well-being of humankind. This topic covers all sectors of research field like Physics, Chemistry, Engineering, Biosciences, etc. This will only be the possible book covering maximum relevant and latest topics both from a theory and the experimental point of view. The present compilation would help many students, scholars, teachers, scientists, etc., in their curriculum development and research work. This book highlighted the latest development and the significant role of different new materials in future technology.




    In Chapter 1, Thakur et al., elucidated the theoretical progress of the emergent materials like Carbon and boron nitride nanostructures for hydrogen storage applications from the first-principles simulations. They discussed phenomenological models and explore the essential chemical and physical properties for integration into the applied sciences. The direct combinations of theory and model provide concise pictures in understanding the diverse phenomena of 2D nanomaterials for potential H2-storage capability, they can thoroughly clarify the critical mechanisms in pristine subsystems and even the composite systems. Interestingly, there exist a lot of theoretical predictions on the stationary ion transport. However, how to develop a unified theoretical framework suitable for the very complicated and active chemical environments in ion-related batteries remains to be urgently solved during the near-future studies. The close relations between the optimal current density and the vanishing/slight/great asymmetries of crystal structures are expected to be a studying focus.




    Chapter 2, discusses the prospective future nanomaterials for retinal implant technique. From a medical science point of view, this work would be of great interest in which the authors have discussed the artificial vision for blind patients suffering from retinal diseases with the help of advancement in CMOS technology. The materials such as titanium nitride (TiN), iridium oxide (IrOx), platinum grey, and carbon nanotube (CNT) were employed in recent years in many retinal prosthetic projects. This chapter discusses the important and desired physical properties of nanomaterials viz. conductivity, tensile strength, absorption of photons, and adsorption of water molecules for the subretinal implant technique.




    Chapter 3, this chapter talks about the advancement of electrode materials for rechargeable batteries. The demand for high-performance batteries has exploded like never before. To meet such a prospect massive amount of research endeavours in the design and development of high-performance rechargeable batteries are being taken. Starting with such critical analysis, they discuss the fundamental principle that governs the performance of electrochemical devices. They reviewed the state-of-the-art advancement of various types of materials used in the fabrication of electrodes including a description of their structures and storage mechanisms.




    Chapter 4, Kumar et al. reported the production of ammonia from Nitrogen Reduction Reaction (NRR) adopting an eco-friendly approach. They design cost-effective catalysts holding on a substrate for the nitrogen reduction reaction. As an alternative, the direct conversion of nitrogen has been carried out by photocatalysis and electrocatalysis. This chap-




    ter discusses the challenges faced by researchers to formulate righteous catalysts for the sustainable reduction of nitrogen by studying each of these types with a few examples.




    Chapter 5 discusses the nanoparticles in environmental remediation. Nanocomposites offer an exclusive advantage over bulk materials in terms of efficiency on account of their greater surface area, higher reactivity, ease of modification, good dispersion and hence, multi-faceted applications. The various forms of nanocomposites derived from low-cost resources, especially carbon-based materials are of unique interest. Activated carbons offer a unique advantage as the matrix for nanocomposites synthesis, large surface area and porosity offer vivid applications in various fields such as environmental remediation as adsorbents, suitable sorbents in analytical determination of organics, targeted drug delivery, diagnostic agents, fuel cells and sensors, to name a few. The role of nanocomposites as sensors and environmental remediation tools includes adsorption, nano-catalysis, membrane filtration, etc., for pollutants ranging from inorganic ions, heavy metals, pesticides, dyes, anti-bacterial, oil spills and many more.




    Chapter 6 reveals the concentration-dependent optical properties of aqueous, ethanol and toluene binary solutions, the refractometry method was used. The direct relation between the chemical bonds of the molecules and their chemical structure is discussed.




    Chapter 7 overviews a description of the Nanotechnology-Based Nanomaterials focusing on the developments and challenges of Metal Oxide Nanoparticles such as chromium oxide (Cr2O3) nanoparticles, indium oxide nanoparticles (In2O3), and magnesium oxide (MgO) nanoparticles. These materials are considered novel materials for biological and smart applications such as antimicrobial, drug delivery systems and cancer therapy. The mechanism of anti-microbial activities of metal oxide nanoparticles is discussed here in detail.




    Chapter 8 describes the analysis of the effect of load direction on the stress distribution in orthopaedic implants. Characteristics of implant materials such as rigidity, corrosion, biocompatibility, surface morphology, tissue receptivity, and stability are the key factors that influence the choice of the implant material. The mechanical properties of the implants are one of the significant factors for bone substitution. In this study, 3-dimensional modelling of implant and simulation using the finite element analysis software were incorporated to investigate the effect of load direction on the stress distribution in different orthopaedic implant materials.




    Chapter 9 accentuates the latest breakthrough in the catalysis, sensing and wastewater treatment applications of advanced and smart materials. The number of catalytic and sensing operations of advanced and smart materials is discussed in detail. Catalysis and sensing phenomena involve the conversion of obtained signals into a readable format and advanced materials with their exemplary optical, semiconducting or physical properties are studied widely. With the advancement in the latest synthesis and functionalization methods, these advanced materials are becoming nanohybrid systems. It covers the implementation of these nanohybrid systems for catalysis, wastewater treatment and sensing.




    Chapter 10 discusses the recent advancement of topological materials. Topological materials are characterized by a unique band topology that is prominently distinct from ordinary metals and insulators. This new type of quantum material exhibits insulating bulk and conducting surface states that are robust against time-reversal invariant perturbations. Bi2Se3, Sb2Te3 and Bi2Te3 were predicted as 3D Topological insulators (TIs) with a single Dirac cone at the surface state. For application purposes, however, bulk conductivity due to Se vacancy in Bi2Se3 or anti-site defects in Bi2Te3 has been a challenging issue. To achieve an enhanced surface conductivity over the bulk, nanomaterials are irreplaceable. Nanostructures' high surface to volume ratio provides a good platform for investigating the topological existence of surface states.




    Chapter 11 is a final chapter that provides information about the hollow nanostructure materials, the most studied topics in current nanoscience research. These hollow structures can be in the form of nanospheres, nanocages, nanorods, nano boxes, single-layered, multi-layered, etc. All these variations in hollow structures like carbon buckyball, nanotubes, etc. open up several applications in various fields of research from biomedicines to optoelectronics. The observed properties of a material in a hollow shape, like better conductivity, trapping capacity, and catalytic effect, etc. This chapter covers the basic information about different kinds of hollow structures like carbon buckyball, variations in their properties along with recent developments, and their applications. Also, includes detailed research about buckyball structures of ZnO, ZnS, and Al-doped ZnO using simulations, with their comparative study and future applications.
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      Abstract




      We present the recent progress in hydrogen storage in carbon and boron nitride nanostructures. Carbon and boron nitride nanostructures are considered advantageous in this prospect due to their lightweight and high surface area. Many researchers highlight the demerits of pristine structures to hold hydrogen molecules for mobile applications. In such cases, weak van der Waals interaction comes into account. Hence, the hydrogen molecules make weak bonds with the host materials and, therefore, weak adsorption energy and low hydrogen molecules uptake. So, to tune the adsorption energy and overall kinetics, methods such as doping, light alkali-alkaline earth metals decoration, vacancy, functionalization, pressure variation, application of external electric field, and biaxial strain have been adopted by many researchers. Physisorption with atoms decoration is promising for hydrogen storage applications. Under this condition, the host materials have high storage capacity, average adsorption energy and feasible adsorption/desorption kinetics.
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      INTRODUCTION




      Population increase and rapid population surge in different parts of the world, accompanied by the need for a sustainable and better quality of life, resulted in




      a significant increase in energy demands [1]. Currently, fossil fuels are the primary and dominant energy source due to their established infrastructure, ease of delivery, and cost competitiveness compared to other energy sources. Fossil fuels are known to cause serious harm to the environment due to the emission of harmful pollutants by their use in different industries. The need for renewable energy sources to mitigate these environmental challenges and the secure energy future due to the limited availability of fossil fuels is excellent. The transition to a clean, renewable energy source is essential due to the various drawbacks of fossil fuels.




      Lithium-ion (Li-ion) batteries in Unmanned Aerial Vehicles (UAVs) have limitations in their operating range due to low energy density. As hydrogen has a very high mass and volume-specific energy value, it can provide a significant range improvement over Li-ion batteries. Hence, efforts are ongoing to investigate the potential of hydrogen-fueled power plants for small UAVs [2]. The use of hydrogen fuel cell electric vehicles (HFCEVs) produces zero tailpipe pollutant emissions and is more traditional than gasoline-based internal combustion engine vehicles (ICEVs). Study shows that an HFCEV, even fueled by hydrogen from a fossil-based production pathway, uses 5%–33% less WTW fossil energy and has 15%–45% lower WTW greenhouse gas emissions than a conventional gasoline ICEV [3].




      Hydrogen is abundant in nature but not in a free state. It can be utilized as an energy carrier because it does not have any harmful by-products during combustion (by-product is water) and has a high energy density compared to other elements [4, 5]. Even though hydrogen has many advantages over other energy sources, the problem lies in its storage. As per the United States Department of Energy, the benchmark hydrogen uptake capacity should be above 6.5wt%. Different means of storing hydrogen have been explored, such as compressed gas, liquid organic hydrogen carriers, inorganic systems, etc [6-8]. The average adsorption energy benchmark is set to 0.2-0.8 eV per H2 molecule at ambient conditions. However, considering the recent progress made in hydrogen storage materials, they lack at achieving all the benchmark criteria. Also, the current experimental storage methods are not cost-effective and have safety concerns.




      High-pressure storage is the most accomplished and easiest method to store hydrogen. But the main obstacle to this method of storing hydrogen is the high manufacturing and development costs. For vehicle application, hydrogen storage needs to be at extremely high pressure of 700-1000 bar. The consumed power is 10% of the gas energy content at the mentioned hydrogen storage pressure range [9-11]. Liquid hydrogen storage is another method of hydrogen storage that shows significant storage density and safety benefits compared with pressure storage. The total power consumption in this method is about 35% of the energy content of the stored hydrogen, which is relatively higher than other hydrogen storage techniques. The liquid hydrogen storage method is quite popular for space and flight applications as high volumetric and gravimetric energy storage density is required regardless of its high energy consumption [12, 13]. In the cryo-compress method, optimized temperature and pressure values for hydrogen storage enhance the storage density compared to the pressure storage method. The power consumption value reduces to 25% compared to the liquid hydrogen storage method [13].




      Recently, many researchers have focused on material-based hydrogen storage techniques. The materials used for storing hydrogen in such techniques should have specific characteristics such as good reversibility, affordable price, high storage capacity at operating temperature, and pressure. The possibility of hydrogen storage on nanomaterials like silicene, TMDs, carbon nitrides, silicon carbides, boron carbides, metal hydrides, magnesium-based hydrides, metal nitrides/amides/imides, polymers, clathrate hydrates, zeolites, metal-organic frameworks (MOFs) has been studied. Most of these materials have a storage capacity in the desired range, but the hydrogen molecules are mostly chemically absorbed by the host materials. In such cases, the materials are not considered fit for onboard applications. At present, researcher’s interest is in MOFs, which under doping show a favorable response with better adsorption/desorption kinetics towards hydrogen storage [7, 8, 9-16, 17, 18]. Due to the high porosity, one-dimensional nanostructures have become an attractive prospect for hydrogen storage applications. Kumar et al. theoretically investigated magnesium functionalized on the boron clusters for hydrogen energy storage application. Boron clusters (six boron atoms) with two magnesium atoms decoration have a gravimetric density of 8.10 wt% [26]. Magnesium oxide(Mg12O12) nanotube showed a higher possibility of surface adsorption of 12 - 24 hydrogen atoms. The adsorption of hydrogen on Mg and O sites decreased the work function of the nanotube [27]. When functionalized with transition metals, silicon carbide nanocages and nanotubes shows favorable responses towards hydrogen molecule adsorption [28, 29].




      Carbon nitride nanostructures where the bonding between carbon and nitrogen atoms is sp2-type and similar to graphene have also garnered interest from researchers. The hydrogen adsorption possibility on such nanostructures has garnered interest due to its lightweight and high surface area. Wang et al. also highlighted the possibility of lithium and calcium co-doped g-CN nanostructures for hydrogen storage applications. They reported that the hydrogen molecules adsorb on the host material with an adsorption energy of 0.26 eV/H2 and a gravimetric density of 9.17 wt%. The adsorption mechanism is through polarization of the H2 molecules by the transfer of charge from lithium and calcium atoms [30]. B2S monolayer, which also shares graphene-like properties, shows a promising response towards hydrogen storage. Liu et al. reported the gravimetric density of 9.7 wt% on lithium decorated B2S nanosheet with a binding energy of 0.14 eV/H2 using dispersion corrected density functional theory [31]. GeC(germanium carbide) monolayer, which shows semiconducting characteristics, is another interesting 2D nanomaterial that is highlighted by Arellano et al. for its hydrogen adsorption and storage ability. They decorated the GeC nanosheet with alkali and alkaline earth metals. Weakly adsorption of alkaline earth metals on the GeC nanosheets discarded the possibility of hydrogen adsorption. Alkali metals, when chemically adsorbed on the GeC nanosheet, tune the hydrogen adsorption ability. Potassium adsorbed GeC nanosheet shows better kinetic towards hydrogen adsorption [32]. Light alkali metals decorated borophene with a gravimetric density of 13.96 wt% was reported recently by Wang et al. [33]. Calcium decorated MoS2 under the application of external field stores six hydrogen molecules by Kubas-interactions with adsorption energy ~ 0.14 eV per H2. Hydrogen molecules are found to be strongly bonded on such bulky systems but are unable to meet the gravimetric density criteria set by USDOE [34].




      Carbon nanotubes and graphene were first experimentally synthesized by Ijima et al. Novoselov et al. in 1991 and 2004, respectively [35, 36]. Since then, the scientific community has highly explored graphene and carbon nanotubes (single and multi-walled) for their applications in device fabrications, sensors, and drug delivery due to their unique chemical, electronics, thermal, and mechanical properties. Bolotin et al. highlighted the high electron transport and mobility in suspended graphene. Later, the scope of graphene for electronics and photonics device applications owing to its high charge mobility and electron transport was reported by Avouris et al. [37, 38]. Functionalized graphene and CNTs are proving to be useful in biomedical applications. Their in-vitro and in-vivo toxicity upon drug delivery analysis is more likely to be utilized in many biomedical applications [39-44]. Due to its superior thermal property, graphene suits well for application in thermal interface materials. The thermal conductivity improves by a factor of ~20 when graphene is present as one of the thermal interface materials. The addition of graphene as thermal interface material proves promising to build thermoelectric devices in the future [45-47].




      Experimental growth of boron nitride nanotubes using arc-discharge was first made possible in 1995 by Chopra et al. [48]. The tight binding theoretical model predicted the possibility of BN nanotubes in the year 1993 by Rubio et al. and a year later by Blase et al. using the ab initio pseudopotential method and predicting the single and multi-walled BNNTs(Boron nitride nanotubes) [49, 50]. Boron nitride nanotubes are an exciting prospect due to their high young modulus ~ 1.2 TPa, high thermal stability, and chemical inertness. Defects like vacancies, Stone-wales are common during the growth of nanostructures. Such defects tune the nanomaterial properties for device applications [51-53]. Boron nitride nanosheets, also known as ‘white graphene’ due to the similarity in structural properties, were experimentally realized by Novoselov et al. in 2005 [54]. As the boron nitride nanosheets are chemically inert, Vatanparast et al. investigated the possibilities of anti-cancer drug delivery using density functional theory and molecular dynamics. The adsorption and delivery of the anti-cancer drugs to the target cell prove feasible [55-57].




      Recently, Avval et al. highlighted the BNNTs capability for drug delivery application for breast cancer therapy [58]. Due to their high porosity and unique partial ionic B-N bonding, boron nitride nanotubes are favorable for gas sensing applications. The transition metal-doped BNNTs are feasible for nitrogen monoxide and carbon monoxide sensors. Also, the application of an external electric field tunes the ammonia adsorption on the BNNTs [59-62]. SW and DW-BNNTs have shown a favorable response to water purification. They can capture a higher concentration of methylene blue particles present in the water [63]. Boron nitride nanotube incorporation into thermoplastic materials using solution blending was reported to tune the thermal conductivity. Thus, can be utilized as a filler in polymers [64]. Like graphene, BNNTs also have the potential for their application as thermal interface materials [65, 66]. Spin-splitting effects persist on the open BNNTs. Similarly, the local magnetic moment was introduced on BNNTs and BNNSs upon functionalization, doping by transition metals, or creating a vacancy at B/N sites. Such BNNTs are promising for spintronics devices [67-73].




      Lightweight solid-state materials with i) high surface area and ii) more outstanding hydrogen molecule adsorption capabilities provide a better opportunity for hydrogen energy-based onboard application. In this regard, carbon and boron nitride nanostructures are considered efficient and promising for hydrogen storage. We have highlighted the recent progress and exciting findings on the carbon and boron nitride-based nanostructures for hydrogen storage applications by researchers and research communities through theoretical (DFT) insights.


    




    

      APPLICABLE METHODS




      Density functional theory (DFT) [74] implemented computational software such as VASP, Quantumwise ATK, CASTEP, GAMESS, Dmol3, etc. were employed by the researchers to study the hydrogen adsorption properties of the boron nitride and carbon nanostructures [75-79]. In DFT, the Kohn-Sham equation is solved considering many-body electron-electron, electron-ion effects. Some of the standard approximation methods used are local density approximation (LDA) and generalized-gradient approximation (GGA) to deal with the energy exchange-correlation potential [80, 81]. However, as LDA and GGA are said to have some drawbacks in calculating interaction energies between host materials surface and hydrogen molecules, researchers also adopted an advanced method of van der Waals(vdW) dispersion correction methods such as DFT-D2, D3 [74, 75].




      Different parameters like binding energy, adsorption energy, average adsorption energy, and desorption temperature are calculated to frame the H2 storage capabilities of the solid-state nanomaterials.




      An equation to calculate the adsorption energy is given below [84-86]




      

        

          	[image: ]



          	(1)

        


      




      Similarly, the average adsorption energy is calculated using the following relation [76-78],
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          	(2)

        


      




      where the BN/C denotes the carbon and boron nitride host material, and Etot(BN/C+H2) is the total energy of the hydrogen molecules adsorbed system, Efree(H2) is the total energy of a free H2 molecule, Etot(BN/C) is the total energy of the host material (carbon and boron nitride nanostructures) and n denotes the number of adsorbed H2 molecules on the host materials.




      The hydrogen uptake capacity of the carbon and boron nitride nanomaterials is calculated using the following relations [84-86],
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          	(3)

        


      




      where MH2, MHost, and n are the masses of H2, host material (Boron Nitride and Carbon nanostructure), and the number of H2 molecules, respectively.




      To quantitatively analyze the desorption process, the desorption temperature (TD (K)) is estimated using the van’t Hoff’s equation [87],
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          	(3)

        


      




      where KB is the Boltzmann Constant (1.38 x 10-23 J K-1), S = 75.44 J K-1 Mol-1 is the H2 entropy change from gas to the liquid phase at equilibrium pressure P=1atm and R(= 8.31 J K-1 Mol-1) is the gas constant.
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Fig. (1))


      Boron nitride and carbon nanostructures. (a), (c), (e), and (f) are Boron nitride nanosheet, side view of single-walled boron nitride nanotube, front-view of single-walled boron nitride nanotube, and double-walled boron nitride nanotube. Similarly, (b), (d), (g), and (h) are graphene, side view of single-walled carbon nanotube, front-view of single-walled carbon nanotube, and double-walled carbon nanotube.

    




    

      CARBON NANOSTRUCTURES




      Many research papers have reported large hydrogen storage capacity in materials like metal hydrides and complex metal hydrides [88-90]. But adsorption of hydrogen in such materials mainly happens through the chemisorption mechanism, which results in high absorption energy. Such high adsorption energy leads to poor reversibility avoiding the desorption process [83, 84]. Carbon nanomaterials like graphene and carbon nanotubes are other promising materials for solid-state hydrogen storage as they possess a large specific surface area, high polarity, and low mass density [93]. Graphene is a single layer hexagonal lattice of sp2 hybridized carbon atoms. It is semi-metallic and is a zero bandgap semiconductor (see Fig. 2a). Early research reports wide applications of graphene in the field of nanoscience. It has high thermal stability, flexibility, conductivity, and storage capacity [94]. Theoretical and experimental investigations report graphene as a good choice for gas adsorption and desorption due to its low binding energy value of approximately 0.2 eV, which can be easily reversed [95-97].




      
[image: ]


Fig. (2))


      (a) Electronic band structure and Projected Density of states for monolayer graphene (b) Electronic band structure and Projected density of states for (6,0) SWCNT.



      Carbon nanotubes (CNTs) are another form of carbon-nanomaterials whose structure is the same as rolling graphene sheets in some specific direction. Still, in this case, the carbon atoms are sp3 hybridized. Based on formation, CNTs are of two types: single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs). The electronic profile of the single-walled carbon nanotubes(SWCNTs) depends on the chirality (n, m) and diameter of the tube [98]. Fig. (2b) shows the band structure and projected density of states (PDOS) of a typical SWCNT. The modification of the electronic and mechanical properties opens the door for SWCNT’s broad applications in making neon devices like nano detectors [99, 100], nano transistors [101, 102]. Many researchers also reported CNTs as a promising candidate from gas sensing devices as it shows good selectivity and sensitivity on different gases [103, 104]. This section briefly discusses the previous work on hydrogen absorption of graphene sheets and CNTs.


    




    

      GRAPHENE NANOSHEETS




      Hydrogen adsorption in graphene takes place either by physisorption or chemisorption. The physical absorption of hydrogen in graphene shows weak adsorption capacity. Some researchers even suggest that it is unsafe due to the adsorbent’s fragile stability, making it impossible for long-term storage [105, 106]. Theoretical investigations reported the maximum gravimetric density (GD) value for graphene due to physical and chemical adsorption as 3.3% and 8.3%, respectively [107]. These GD values for graphene change with temperature and pressure. Lai-Peng et al. [108] investigated the hydrogen adsorption behavior for graphene at the temperatures above critical values, taking pressure reference from zero to 100 KPa. The authors reported an increase in adsorption capacity with pressure but decreased when temperature increased. A similar result was also reported by Kim et al. [109]. A theoretical investigation on a bilayer graphene system based on the post-Hartree-Fork/empirical potentials reports enhancement of the storage capacity with increased inter-layer spacing [110]. The inter-layer separation of 6 Å to 8 Å increases the GD by 30% to 40% compared to monolayer graphene. Sarah et al. [111] theoretically investigated the influence of curvature on hydrogen storage for monolayer graphene. The investigation revealed on adsorption of hydrogen more preferably at the local curvature with maximum convex and reported the high tendency of the hydrogen atoms adsorbed at the minima local curvature to desorb at low temperature.




      Storage capacity for pristine graphene reported so far from the theoretical and experimental analysis shows low values [108]. Having weak binding energies (0.01eV to 0.06 eV for physical adsorption and 0.67 eV to 0.77 eV for chemical adsorption) is the main reason for poor storage capacity values. Structural defects, alkali decoration, and doping enhanced the hydrogen storage capacity. The hydrogen molecules are adsorbed on pyridinic N-doped graphene by physisorption and chemisorption mechanism. Through the forms process, the hydrogen binding energy is 0.64 eV. Whereas when the hydrogen gets adsorbed through the chemisorption process, the binding energy is 2.03 eV almost three times higher binding energy than pristine graphene [112]. From theoretical analysis, Z. M. Ao et al. reported the storage capacity value of 5.13 wt% for aluminum-doped graphene structure at ambient temperature and pressure, close to the US DOE value [105]. When decorated with Li atom in an external electric field and field-free condition, graphene with Stone-Wales defect exhibits high storage capacity within the average physisorption energy of 0.1-0.6 eV/H2 with a desorption temperature 289 K [113]. Table 1 summarizes the details of the above investigation.




      

        Table 1 Hydrogen storage capacity, physisorptionbinding energy, chemisorption binding energy, desorption temperature for different graphene-structure are summarized.N: Nitrogen, Al: Aluminum, TD: Desorption temperature.




        

          

            

              	Graphene System



              	Storage Capacity (wt%)



              	
Physisorption


              binding Energy


              (eV/H2)




              	Chemisorption binding energy (eV/H)



              	
TD


              (K)




              	Ref.

            


          



          

            

              	Pristine-graphene



              	-



              	0.01-0.06



              	0.67-0.77



              	-



              	[108]

            




            

              	Pyridinic


              N-doped graphene



              	-



              	0.64



              	2.03



              	-



              	[112]

            




            

              	Al-doped-graphene



              	5.13



              	0.260



              	-



              	-



              	[105]

            




            

              	Li-decorated


              (55-77)-graphene



              	-



              	0.1-0.6



              	-



              	289



              	[114]

            


          

        




      


    




    

      



      CARBON NANOTUBES




      Many researchers have performed theoretical and experimental analyses on the hydrogen adsorption of CNTs [25, 39, 115, 116]. Early results show inconsistent storage values. Some researchers even reported CNTs as not good for hydrogen storage [117, 118]. An unclear adsorption mechanism(whether physisoroption or chemisorption) is the main factor for such inconvenient results. But at present, it is widely accepted that the hydrogen absorption mechanism in CNT is the co-existence of irreversible chemisorption and reversible physisorption [115, 119]. Through elastic recoil detection analysis, Safa et al. reported the predominance of the physisorption mechanism(adsorption through weak van der Waals interaction) for hydrogen adsorption at cryogenic temperature [120]. If the temperature ranges from 30oC to 100oC, hydrogen desorption is more common, but chemisorption is predominant at the temperature range from 100oC to 300oC. Several investigators have also reported the effect on hydrogen storage capacity by internal factors such as specific surface area, tube diameter, tube-curvature, etc., and external factors like measurement methods, temperature, pressure, etc [117, 121, 122]. Arellano et al. from the theoretical investigation of the hydrogen storage capacity on SWCNTs of several diameters, reported the increase in molecular hydrogen (H2) binding energy with tube diameter decreases [32]. Their result agreed well with Mpourmpakis et al. [123] and Kentaro et al. [124]. Wang et al. theoretically analyzed different structures of fully hydrogenated CNTs [125]. They reported the inverse square relation of hydrogenation energy and the tube diameter. The author also reported that the armchair structure has more H2 binding energy than the zig-zag for the same diameter nanotube. The chirality of CNTs affects the storage capacity only in the case of chemical adsorption(chemisorption) [119, 123]. However, in the physisorption mechanism, the effect of the tube’s chirality is negligible [115].




      A comparative study of isolated SWCNTs and SWCNT bundle on hydrogen adsorption capacity was investigated by Ghosh et al. through molecular dynamics simulation [126]. The authors reported that an isolated SWCNT adsorption capacity is significantly higher than that of the SWCNT bundles at lower temperatures. Due to the smaller inter-tube spacing distance than the adsorbed hydrogen layer’s thickness, hydrogen molecules gets adsorbed in multilayers at low temperatures. But at high temperatures, SWCNTs bundles show higher hydrogen storage capacity than the isolated SWCNTs. At high temperatures, the nanotubes adsorb only a single layer of hydrogen around them, and hence adsorption within the interstitial space of the bundle becomes possible. The storage capacity increases with an increase in the interstitial spacing of the tubes. The authors further investigated the storage capacity for square array and triangular array tubes and reported that square array tubes have higher storage capacity than triangular array tubes. Muniz et al. also reported similar results [119]. Through the grand canonical Monte Carlo (GCMC) simulation, Muniz et al. theoretically investigate the hydrogen storage capacity for a structurally optimized array of SWCNTs [127]. The authors reported that, at a pressure above 1 MPa, the square lattice structure has a higher storage capacity than the triangular lattice structure. At the pressure below 1MPa, the triangular lattice structure shows a higher storage capacity value. For the nanotubes of the same diameter, the storage capacity in SWCNTs is always higher than the MWCNTs. In the case of the same wall-to-wall spacing in MWNTs, increasing the number of walls decreases storage capacity. But storage capacity is increased if the wall-to -wall space increases, keeping the number of layers constant [128]. Many researchers have also reported the effects of temperature and pressure on the H2 storage of CNTs [129-132]. At constant pressure, the storage capacity decreases with an increase in temperature, and at a constant temperature, the storage capacity increases with an increase in pressure. Zhao et al. experimentally investigated the hydrogen storage capacity by setting the reference temperatures at 77 K, 203 K, and 303 K, keeping the pressure at a constant value of 10 MPa [133]. The authors reported the decrease in storage capacity as the temperature increases, with the maximum storage value of 1.73% at 77 K. Poirier et al. in their work, also made a similar observation [134]. Considering moderate pressure of 4, 8, 12, 16, and 20 bar at room temperature, Kaskun et al. [135] experimentally studied the effect of pressure on hydrogen storage in Ni-MWCNTs and reported that the storage capacity increase with an increase in pressure which supports the result reported by Darkrim et al. [136].




      Theoretical and experimental investigations on the H2 storage of pristine CNTs give small storage capacity values [130, 137]. So far, different researchers have proposed various methods to enhance the storage capacity [138-140]. Doping is the most common method for carbon materials. From the theoretical calculation, Jung Hyun Cho et al. reported the storage capacity of 2.5 for Si-doped SWCNTs, which is double that of undoped SWCNTs [141]. Wang et al. reported a very high H2 storage capacity value of 28 wt% at room temperature of Al-doped SWCNTs, significantly higher than the US DOE value [142]. From the first principle study, Surya et al. reported the storage capacity of 13.2 wt% for ammonia doped (5,5) SWCNT with small adsorption energy, which suits the release of hydrogen molecules at ambient conditions [143]. Table 2 summarizes the details of the above investigation.




      

        Table 2 Hydrogen storage capacity, average adsorption energy, desorption temperature for different carbon nanotube structures are summarized. SWCNT: single-walled carbon nanotubes.




        

          

            

              	System



              	Storage Capacity (wt%)



              	Average Adsorption Energy(eV/H2)



              	Desorption Temperature (K)



              	Ref.

            


          



          

            

              	Pristine-SWCNT



              	1.4



              	-



              	-



              	[141]

            




            

              	Si-doped-SWCNT



              	2.5



              	-



              	-



              	[141]

            




            

              	Al-(7,7)SWCNT



              	28



              	0.131



              	171



              	[142]

            




            

              	(5,5) SWCNT-5(NH3+5 H2)



              	8.18



              	0.091



              	148



              	[143]

            




            

              	(5,5) SWCNT-10 (NH3+5 H2)



              	13.2



              	0.092



              	148.5



              	[143]

            


          

        




      


    




    

      



      BORON NITRIDE NANOSTRUCTURES




      Boron nitride(BN) falls in the category of group III-V compounds. It exists in 3 phases:





      

        	Hexagonal boron nitride (h-BN)




        	Cubic-boron nitride (c-BN)




        	Wurtzite boron nitride (w-BN)


      




      Hexagonal boron nitride is the most stable phase. Boron nitride nanotubes (BNNTs), boron nitride nanoribbons(BNNRs), and boron nitride nanosheets (BNNSs) are some common boron nitride nanostructures existing in the hexagonal phase. The boron(B)-nitrogen(N) bond length lies between 1.44-1.50 Å, the distance between B(N)-B(N) is 2.52 Å, and the bond angle between B-N-B(N-B-N) is 120o. Atomic structures of the BNNS and BNNTs are presented in Fig. (1).




      Fig. 2(a, b) presents the electronic profile of the boron nitride nanosheet and single-walled boron nitride nanotubes. In literature, the energy band gap of boron-nitride nanostructures lies between 3.6-6.2 eV obtained from different theoretical and experimental studies [144-148]. Using GGA-PBE as exchange-correlation functional, the energy bandgap for pristine boron nitride nanosheet falls to be 4.67 eV. By employing hybrid functional(HSE06), a bandgap tunes to 5.67 eV [146]. In most cases, the valence and conduction bands lie at the K-symmetry point, showing a direct bandgap nature see Fig. (2a). The valence band is populated by the N-2p orbitals and the conduction band by B-2p orbitals, as seen from the PDOS plot adjacent to the band plot for the boron nitride nanosheet. Similarly, Fig. (3b) presents the electronic band profiles for boron nitride nanotubes. A single-walled boron nitride nanotube has a direct bandgap of 3.96 eV at the gamma point, as shown in Fig. (3b). In the case of pristine boron nitride nanostructures, the analysis of the electronic profile reveals that N and B-2p orbitals, respectively, populate the valence and conduction bands. Multi-walled boron nitride nanotubes with different chiralities follow a similar trend [149, 150].
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Fig. (3))


      Energy bandstructure and partial density of states for (a) pristine h-BN nanosheet and (b) single-walled boron nitride nanotube. In PDOS red and green color stacked represents boron(B) and nitrogen(N) 2p orbital contribution.

    




    

      BORON NITRIDE(h-BN) NANOSHEETS




      Boron nitride shares similarities in structural phases with carbon nanostructures. Like graphene nanosheets and carbon nanotubes (CNT), h-BN nanosheets and h-BN nanotubes(boron nitride nanotubes-BNNT) share similar structural properties. These nanomaterials have a high surface area to volume ratio and are lightweight, advantageous in many prospects for hydrogen storage. A common method of hydrogen molecule decoration on the pristine host materials is employed to examine their interactions. However, due to poor kinetics between pristine systems and H2 molecules, the pristine systems cannot attain all the criteria put forward by the USDOE. Hydrogen storage on BNNSs was first experimentally reported by Lei et al. They reported a maximum storage capacity of 5.7 wt% under 5 MPa at room temperature. They also checked the desorption kinetics, where ~90% of the H2 molecules releases at ambient conditions [151]. Chettri et al. reported the hydrogen storage capacity of BNNSs to be 6.7 wt% under the physisorption process with an average adsorption energy of 0.13 eV/H2. The absence of hybridization between B, N-2p orbital of nanosheet and H-1s orbitals of H2.> molecules hints at the adsorption process through weak van der Waals mechanism [146].




      Similarly, anti-Kubas interaction during the hydrogen adsorption process was reported by J. Zhou et al., highlighting the hydrogen storage prospect of h-BN nanosheets under the application of an external electric field normal to the plane of h-BN nanosheet. The H2 molecule's storage could be tuned under applications of the externally applied field due to the polarisation of H2 molecules when the molecules are oriented perpendicular to the plane of h-BN nanosheets [152]. They also reported the possibility of hydrogenation at different B/N and hollow sites as a mode to tune the energy bandgap of the h-BN nanosheet in their earlier theoretical work [153].




      As most of the physical adsorption process is through weak van der Waals interaction and minimal charge transfer, the adsorption energy and the desorption temperature criteria are not met. Hence, some external influences like creating a vacancy, doping, decoration of atoms, applications of strain, external electric field enhance the hydrogen adsorption ability. This external influence increases the number of adsorbed hydrogen molecules and enhances the binding energy by increasing the charge transfers between the host materials and H2 molecules. Tang et al. studied the effect of external electric field and biaxial strain on the hydrogen storage of Na-decorated boron nitride nanosheets. The external influence of field and biaxial strain increases the number of hydrogens adsorbed by the Na atoms. With a biaxial strain of 15% and external field strength of 5.14 nm-1, Na-decorated BN-nanosheets meet the benchmark for hydrogen storage with an adsorption energy of 0.23 eV/ H2 and hydrogen uptake capacity of 9 wt%. The external factor facilitates the flow of electrons from the hydrogen molecules to the Na-atom. Thus the results highlight that Na-decorated BNNSs are efficient in adsorbing many H2 molecules [154]. A similar approach, where the external electric field is applied to tune the hydrogen adsorption kinetics of the boron nitride bilayers, was followed by Chettri et al., who reported the gravimetric density of 6.7 wt% on bilayer boron nitride with adsorption energy in the acceptable range. The external field helped to tune the desorption temperature for such a bilayer boron nitride system with the enhancement in adsorption energy [155].




      Hydrogenated boron nitride nanosheet with lithium (Li) functionalization shows a promising response towards H2 storage. On replacing H-atom with Li from the hydrogenated BN-sheet, the Li atom becomes cationic, and the Li-substituted region acts as a binding site for H2 molecules. Thus, Li functionalization improves the hydrogen uptake ability of the hydrogenated BNNSs. The physisorption process dominates the hydrogen molecules adsorption [156]. Boron nitride atomic chains with different length decorated with Li atoms at both ends proves to be a promising candidate with an H2 storage capacity of 29.2 wt% [157]. Another good approach is to tune the overall adsorption/desorption kinetics by functionalizing the boron nitride nanosheets by OLi2 and CLi3. Due to the strong polar nature of oxygen and lithium, carbon and lithium, cationic lithium helps absorb more H2 molecules. As a result, the storage capacity increases to 6.80 wt% with desirable adsorption energy(0.15 eV per H2) [158].




      Hybrid structures have also garnered interest in checking their hydrogen storage abilities due to their unique physical and electronic properties. In hybrid systems, the charge distribution differs from its pristine constituent structures. As reported by Hussain et al., lithium-decoration on hybrid domains of boron nitride and graphene show promising hydrogen storage capability with a gravimetric density of 8.7 wt%. The hybridization of Li-p and H-1s orbitals drives the hydrogen storage mechanism. Transfer of charge takes place from lithium to hydrogen molecules, thus tuning the electrostatic interactions. In this way, Li decoration tunes the hydrogen storage ability with an orbital interaction of the hybrid boron nitride and graphene domains [159].




      Doping and decoration by foreign atoms have been considered another mode of enhancing and fulfilling the criteria for storing hydrogen molecules on the h-BN nanosheets. Ren et al. reported that Platinum and Palladium doped h-BN nanosheets could store hydrogen up to 4.5 wt% with an average adsorption energy of 1.010 and 0.705 eV per hydrogen molecule. The Kubas interaction and polarisation mechanism for H2 adsorption on BN nanosheet are responsible for the higher adsorption energy [160]. Tokarev et al. presented a detailed study of pristine and oxygen-doped boron nitride for hydrogen storage. They reported that oxygen doping tunes the adsorption capability [161]. Recently, Rad et al. theoretically discussed the possibility of nickel decorated boron nitride nanoclusters as a hydrogen storage material. Decoration of nickel leads to the strong binding of the H2 molecules in their vicinity, thus increasing the hydrogen storage capacity [162]. Kumar et al., using the dispersion corrected DFT reported the enhanced H2 storage ability of the carbon and oxygen co-doped BN-nanosheet [163]. Titanium decorated BN nanosheets have a storage capacity of 6 wt%. The adsorption energy lies between 0.3-0.7 eV/H2 [164].


    




    

      BORON NITRIDE NANOTUBES




      BNNTs are superior to CNTs in thermal and mechanical stabilities, chemical inertness, and unique bonding nature, making them an exciting prospect for energy storage applications. The theoretical progress made to study the credibility of BNNTs to store H2 molecules in recent years is quite outstanding. The hydrogen uptake capacity on (multi-walled and bamboo-like) BNNTs was first reported experimentally by Ma et al. The respective storage capacity of the BNNTs were 1.8 and 2.6 wt% under 10 MPa and ambient conditions [165]. Later, Jhi et al. performed a theoretical (DFT) study and reported that the modification of the sp2 type bonding could lead to higher hydrogen storage with enhanced binding energy. Also, BNNTs have higher binding energy for H2 molecules than CNTs [166]. Due to the bonding between B-N atoms, boron nitride nanotubes are preferably better hydrogen adsorption materials than carbon nanotubes (CNTs). These bonds are covalent and partially ionic. In contrast, C-C bonds in the case of carbon nanostructures are covalent. Thus, ionic bonding plays a vital role in the adsorption of hydrogen molecules in BNNTs compared to CNTs. The DFT study performed by Mpourmpakis et al. validates the above result. They investigated the H2 storage properties on (5,5) and (9,9) BNNTs and CNTs. Storage capacity and the adsorption energy were reportedly higher in BNNTs [167].




      Ahadi et al. reported the hydrogen molecules’ adsorption on the single, double and triple-walled BNNTs with different chirality and diameters using grand canonical Monte Carlo (GCMC) Simulation. They also focussed on the role of external pressure on the H2 storage performance of all the BNNTs. Single and double-walled exhibit higher hydrogen molecule adsorption compared to triple-walled BNNTs. The percentage of hydrogen adsorption in the case of multi-walled BNNTs depends on the inner diameter. The larger the diameter, the smaller the curvature, and the higher the hydrogen molecule’s binding. In single-walled BNNTs, adsorption is high when the nanotube diameter is small. The external pressure in units of MPa tunes the storage capacity of the BNNTs, similar to CNTs [168]. As reported by Wu et al., for pristine BNNTs, the hydrogen molecules are adsorbed through surface interaction. The hydrogen molecules dissociate and get chemically adsorbed on the BNNTs when defects like Stone-Wales, substitutional, and vacancy are present [169-170]. The change in diameter leads to the shift in B-N bondlength.




      Hence, a slight variation in the sp2 type bonding, enhances boron and nitrogen atom reactivities, thus tuning the hydrogen adsorption ability on those B and N sites [171]. Han et al. also observed hydrogen molecule’s interaction with single-walled BNNTs [172].




      The mechanical properties of the BNNTs change under hydrogen molecule adsorption. Under hydrogen molecules’ adsorption, the buckling strength reduces by an average of 14%, and with the temperature variation of 300-3000K, the buckling strength varies from 13-15% [178]. Single-walled BNNTs are decorated with rhodium, palladium, and nickel to increase the H2 storage capacity. In this case, hybridization occurs between the d-orbital of the Rh, Pb, and Ni and the H-sigma orbital. Thus, the functionalization of BNNTs leads to an increase in average adsorption energy and the hydrogen uptake capacity [179]. Mananghaya et al. investigated BNNTs with vacancy defects and decorated by Transition Metals. Only titanium (Ti) and vanadium(V) functionalization were thermodynamically stable. A single Ti and V could bind seven H2 with an uptake capacity of 7.2 wt% at ambient conditions [180]. However, chemisorbed hydrogen molecules are strongly bonded with the host materials and create hurdles in fast adsorption/desorption kinetics. With the help of metal-free reagents such as triflic acid, Bronsfed acid, the desorption of chemically adsorbed hydrogen molecules from boron nitride nanotubes was made possible at close to ambient temperature [181]. Recently, Banerjee et al. investigated the poly-lithiated(CLi2) functionalized BNNTs for hydrogen storage application. Functionalization with different concentrations of CLi2 enhances the Eads between 0.25-0.35 eV per H2 with an uptake capacity of 4.41 wt% [182]. The hydrogen storage properties of some of the expanded, doped decorated boron nitride nanostructures are listed above in Table 3.




      

        Table 3 Hydrogen storage capacity, average adsorption energy, desorption temperature for different boron nitride nanostructures are summarized. BNNS: boron nitride nanosheet, BNNTs: boron nitride nanotubes, SWBNNT: single-walled boron nitride nanotubes.




        

          

            

              	Boron Nitride System



              	Storage Capacity (wt%)



              	Average Adsorption Energy(eV/H2)



              	Desorption Temperature (K)



              	Ref.

            


          



          

            

              	Expanded hexagonal boron nitride (eh-BN)



              	2.46



              	-



              	243



              	[173]

            




            

              	Co-doped h-BNNS



              	12.94



              	0.18



              	243



              	[174]

            




            

              	Pt-doped h-BNNS



              	4.93



              	0.23



              	271



              	[174]

            




            

              	Porous BNNS



              	7.50



              	0.16



              	



              	

            




            

              	Ce-doped BNNTs



              	5.60



              	0.22



              	268



              	[175]

            




            

              	C-doped (BN)12 cages



              	7.43



              	-



              	-



              	[176]

            




            

              	Ti decorated (8,0) SWBNNT



              	3.9-5.7



              	-



              	-



              	[177]

            


          

        




      


    




    

      



      CONCLUDING REMARKS




      This review article summarizes the progress of utilizing the carbon and boron nitride nanostructures for hydrogen molecule storage by employing a first principle study. As revealed from the theoretical studies, hydrogen molecules make weak bonds with pristine carbon and boron nitride nanomaterials. Alternative approaches like creating a vacancy, doping, and decoration of atoms by applying strain, an external electric field on the carbon and boron nitride nanomaterials, are promising to enhance hydrogen adsorption ability. Theoretical results suggest the adsorption of hydrogen molecules on the host materials through physisorption and chemisorption processes. In doping and decoration transition metals on carbon and boron nitride nanostructures, the d-orbital electrons of TMs hybridize with the sigma-orbital of hydrogen molecules. Such kind of interaction is known as Kubas-interaction. The host materials are decorated with lightweight alkali and alkaline earth metals atoms to overcome the low adsorption energy crisis. Another approach is where poly-lithiated molecules decoration on pristine carbon and boron nitride nanostructures tunes the adsorption/desorption kinetics of the host materials. The alkali and alkaline earth metals, when decorated, transfer charge to the host materials and becomecationic, leading to a higher rate of H2 adsorption. Carbon and oxygen doped on boron nitride nanostructures also show a good response towards hydrogen storage. Most of the theoretical calculation on the carbon and boron nitride nanostructures shows a potential to be utilized for onboard hydrogen storage for mobile application. However, for hydrogen storage, only a few experimental studies are conducted. So, it is the right moment to take these theoretical works as guidance to experimentally synthesize the hydrogen storage material for mobile applications under ambient conditions.
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