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Abstract

:

Metal alloys and intermetallic compounds offer an attractive method for safely storing hydrogen (H2). The metal alloys absorb H2 into their structure, often swelling and fracturing as a result of phase transformation during hydride formation/decomposition cycles. The absorption of H2 is an exothermic process, requiring the effective and efficient removal of heat. This can be challenging as heat transfer to/from powdered beds is notoriously difficult, and often limited by poor thermal conductivity. Hence, the observed reaction kinetics for absorption and desorption of H2 is dominated by heat flow. The most common method for improving the thermal conductivity of the alloy powders is to prepare them into composite structures with other high thermal conductivity materials, such as carbons and expanded natural graphite. Such composite structures, some also combined with polymers/resins, can also mitigate safety issues related to swelling and improve cyclic durability. This paper reviews the methods that have been used to prepare such composite structures and evaluates the observed impact on thermal conductivity.
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1. Introduction


Metal hydrides (MH) are attractive for hydrogen (H2) storage and compression applications, particularly where waste heat is available. Metal hydride-based compressors have the advantages of no moving parts, simplicity in design, compactness, and safety and reliability [1]. Metal hydrides have higher volumetric hydrogen storage density (e.g., 150 kgH2/m3 in Mg2FeH6) than compressed hydrogen gas (<40 kgH2/m3 at 800 bar) or liquid hydrogen (70.8 kgH2/m3 at −252 °C and 1 bar) [2].



Metal hydrides are formed via the reversible reaction of a hydride-forming metal/alloy or intermetallic compound with H2 gas:


  M   s   +   x   2     H   2     g   ↔ M   H   x     s   + Q  



(1)




where M is a metal/alloy, (s) and (g) relate to the solid and gas phases, respectively, and Q is the energy released [1]. This leads to the potential for solid-state storage of H2 under moderate temperatures and pressures. H2 absorption is an exothermic process, as outlined in Equation (1). Heat released during hydride formation must be continuously removed to prevent the hydride/alloy system from heating up. If the temperature is allowed to increase, the corresponding equilibrium pressure will also increase, which will result in no further H2 sorption taking place. Conversely, when H2 is recovered, heat must be added to release hydrogen.



To improve kinetics, metal alloys used for H2 storage/compression are often in powdered form. These alloy powders swell as they absorb H2 as the crystalline cell volume increases with H2 entering the interstitial positions in the crystalline structure of the metal alloy. This, in turn, creates internal stresses which are sufficient to fracture the metal hydride with continued cycling, resulting in the creation of submicron particles [3]. A smaller particle size increases the surface area of the powders, promoting a faster diffusion of hydrogen into the alloy powders. For example, it has been demonstrated that Mg nanoparticles with smaller size (i.e., 25 nm) had much faster H2 sorption kinetics [4]. Mg colloids with a particle size of 5 nm began to dehydrogenate at 85 °C, which was much lower than that of commercial micrometer-size MgH2 (400 °C) [5]. Moreover, morphologies can also play a vital role in the materials’ performance [6,7,8,9]. Although nanostructured metal hydrides show improved performance in sorption/desorption kinetics, they tend to aggregate, resulting in decreased sorption capacity with multiple cycles. Other challenges faced when using powdered metal hydride materials include effective removal of the surface oxide layer of the powders (needed to allow the hydrogen absorption reaction to proceed), higher heat flow (due to increased reaction kinetics), and limited heat transfer to/from powdered beds. The heat transfer is limited as the thermal conductivity of MH powdered beds is poor, owing to their porosity and inter-particle contact resistance. For example, thermal conductivities of packed LaNi5 powders are very low, in the range of 0.1–1 W/m·K, compared with a bulk thermal conductivity at 12.5 W/m·K [10,11]. As a result of the poor thermal conductivity, the observed charging/discharging rate for absorption and desorption of hydrogen is dominated by heat flow [12].



For a commercial system, the practicalities of filling and long-term operation of MH-filled vessels needs to be improved, particularly at the scale required for H2 fuel cell electric vehicles (FCEV). In order to fill a MH vessel quickly, heat must be removed efficiently and effectively from the system (and reversely quickly added for discharge of H2). The poor heat transfer capability of a powdered metal hydride bed is a considerable restriction on the design and construction of hydrogen storage and compression systems [13]. Various modifications to MH vessels such as introducing metal fins, cooling tubes, and phase change materials (PCMs) have been suggested to improve heat transfer characteristics [14]. These modifications, however, significantly increase the cost and complexity of MH storage vessels. Potentially more economical alternatives involve mixing the MH with conductive materials and forming composite structures. These thermally conductive additions could be metals (e.g., Al powder) or carbon-based materials such as expanded natural graphite (ENG) [15,16,17,18], activated carbon [19], carbon nanotube [20], and carbon fiber [21]. With the addition of 20 wt% carbon fiber, the thermal conductivity of TiFe0.9Ni0.1 composite was increased from about 0.5 to 2 W/m·K using aramid pulp as a binder [21]. A solid compact combining LaNi5 powder with 20 wt% Al powder was found to dramatically increase the thermal conductivity of the LaNi5 hydride from around 1 W/m·K to 32.5 W/m·K [13].



To improve the handling capability of the hydride, contain its expansion, and improve durability, composites with polymers/resins have also been suggested [22,23]. Polymers can also be used as a binder to bind fine MH powders onto surfaces of microporous carbon scaffolds or substrates [24]. Tokiwa et al. [22] measured the distortion imparted on an MH storage vessel as a result of H2 sorption. While the addition of the resin to the composite was effective in reducing the distortion of the storage vessel, the performance varied depending on the polymer used.



To solve the stability issue of the nanostructured metal hydrides, nanoconfinement provides a feasible solution to prevent particle aggregation by limiting its mobility in a nanoporous support [25]. Combining MH powders in structures with components of high thermal conductivity can also help overcome the challenges associated with heat transfer. As a result, MH composite materials have attracted great interest [26,27]. This paper provides a review of methods that have been explored to generate MH composite structures for improved heat transfer for H2 storage and compression applications. For a practical reactor, it is desirable to maximize its gravimetric and volumetric sorption capacities. Therefore, it is best to minimize the amount of support material to achieve a high hydrogen storage capacity and avoid the need for excessive heating/cooling of inert material. The MH mass fraction in the composite is expected to be as high as possible. This review focuses on MH composite materials with a relatively high MH mass fraction.




2. Composite Materials


The “ideal” composite material for hydrogen storage and compression should satisfy several requirements:




	
High hydrogen permeability.



	
High thermal conductivity.



	
Certain degree of elasticity to accommodate metal particles expansion/contraction during hydride formation/decomposition.



	
Certain degree of mechanical strength to be resistant to mechanical degradation though charging cycles.



	
Thermal stability to work within desired temperature interval.



	
Absence of chemical interactions with metal/alloy.








To accommodate the expansion during hydrogenation, MH in pellet/granule form could be compacted with other flexible materials. In earlier studies, several different metal matrix materials and fabrication techniques were tested for practical fabrication of the composites containing the hydrogenated metal alloy and aluminium, nickel, and copper as matrix [3,28]. Using an aluminium matrix was abandoned due to the difficulty of sintering aluminium [3]. The compacts with nickel powder had a very low green strength, could not form stable pellets under cold compaction, and had to be vacuum sintered at temperatures from 1200 °C to 1300 °C, while the compacts made with copper powders demonstrated relatively high green strengths and the unsintered pellets could survive 138 sorption/desorption cycles with minor degradation on the edges [3]. Moreover, compacts with metal additions such as nickel and copper have a substantially increased reactor bed parasitic thermal mass due to their relatively high densities (~8.9 g/cm3) and require complex chemical processes (e.g., solution coating, sintering under 300 bar H2) [15]. More recently, porous graphite was suggested as a matrix material which provides a simple, economic, and effective way to increase the thermal conductivity of MH compacts. For example, it has been reported that compacts with 2.28 wt% ENG had a higher effective thermal conductivity of about 19.45 W/m·K compared with 8 W/m·K for compacts with 6.14 wt% Al-foams [17].



Compacts with polymers as a binder between the metal alloy powders have also been explored to accommodate metal hydride expansion and/or provide a support for the powdered alloy material. Although a polymer has relatively low thermal conductivity, it can prevent the metal alloy from forming more porous structures between the metal powders during sorption/desorption cycles, which can limit the reduction in thermal conductivity. When the amount of polymer addition is controlled at a low level, the polymer is only present on limited areas of the powder surfaces. It acts as a binder to hold the powder together, improving the quality of the direct contact between the powder particles, which prevents excessive loss of thermal conductivity during thermal cycles. Additives such as ENG can also be incorporated to further improve the thermal conductivity of MH composites. The key factor that influences the thermal conductivity of the composite is the quality of the direct contact between the metal hydride powders during the sorption and desorption cycles.



Mixtures of polymer/resin with hydrides and conductivity enhancers have also been suggested [22]. In polymer-bonded composites, hydrogen transport to or from the MH particles occurs through pre-existing cracks and porosity and/or by molecular diffusion through the polymer binders. Factors that can increase the diffusion coefficient of hydrogen through the polymer binders include chemistries of polymers free of Cl, O, N, and S that reduce polarization of the polymer, a larger free volume due to molecular-scale gaps or pores between the chains of polymers, lower-density molecular structures, and complexities of the side-branch groups. For semi-crystalline polymers, there are crystalline and amorphous regions in the polymer, and the crystalline region has less permeability due to the lack of molecular-scale gaps or pores. Consequently, a higher fraction of crystalline regions could hinder hydrogen transport [29,30,31,32,33,34].



Polyethylene (PE) is the most common and cost-effective nonpolar semicrystalline polymer used including low-density PE (LDPE) and high-density PE (HDPE). These polymers have different densities varying between 0.88–0.96 g/cm3 and melting temperatures in the range of 115–135 °C [34]. LDPE has demonstrated a hydrogen permeability of ~2.0–3.0 × 10−15 mol·m/(m2·s·Pa), which is 2–3 times higher than HDPE (p < 5 bar and 50 °C, [35]), due to its lower crystallinity and greater free volume. Temperatures above 50 °C will increase the free volume in polymeric materials [36], leading to a greater hydrogen permeability in either LDPE or HDPE. Hydrogen diffusion through the PE polymers at this permeability is considered faster than the reaction kinetics of MHs, and thus not the factor limiting hydrogen transport in a polymer matrix MH composite [37]. Since the melting point of PE is low, low-temperature metal hydrides (e.g., LaNi5 with a reaction temperature < 100 °C) are commonly selected for manufacturing PE-based metal hydride composites [38].



Polypropylene (PP) is another nonpolar semicrystalline polymer utilized as either matrix or binder for low-temperature metal hydride composites. The melting point of the PP is between 130 °C and 171 °C, with densities in the range of 0.855 (amorphous) to 0.946 (crystalline) g/cm3. Due to its similar characteristics to PE polymers, H2 permeability is almost identical to the PE polymer [39]. The use of the PP in polymer MH composites, therefore, is exchangeable with PE [40,41,42,43,44], in terms of permeability, working temperature, and weight.



A higher working temperature polymer becomes essential when high-temperature metal hydrides are involved, such as MgH2 (working temperature > 300 °C). One example of a high-temperature polymer is high-temperature-vulcanized polysiloxanes, especially polydimethylsiloxanes (PDMS). The glass transition temperature of PDMS is −149 °C [45] and it can operate under extreme environments and temperature from −55 to 300 °C [46]. The hydrogen permeability of PDMS is measured as ~3 × 10−13 mol·m/(m2·s·Pa) at 35 °C and up to 16 bar [47,48], which is significantly higher than ~3 × 10−15 mol·m/(m2·s·Pa) determined for LDPE [49]. The PDMS polymer is often deployed to form a porous scaffold system, rather than a continuous matrix, in the metal hydride composites that contain either high-temperature non-Pd hydrides (e.g., MgH2) or volatile/liquid complex metal hydrides [50].



Polymethylpentene (PMP) is a semicrystalline polymer with the chemical formula (C6H12)n and is commonly called TPXTM. It has a side branch at the molecular level, which makes it a promising candidate for gas transport. It has a melting temperature of around 230 °C, suitable for most of H2 and MH reactions. PMP is also used to form the scaffold system for polymer metal hydride composites [37,40,51,52].



As high-temperature polymers typically have a poor hydrogen permeability, the role of the polymers in the high-temperature metal hydride composites has been changed to hold MH particles onto a scaffold or substrate that are based on carbon or ceramic materials or bind the particles together [53,54]. The polymers are often coated onto the surfaces of the powders, rather than as a continuous matrix. While the polymer coating on the MH particles is thin, it is still desirable for the polymer to provide surface protection for the MH powders from oxidation and other contaminates [44,55]. A wide range of other high-temperature polymers has been explored as the scaffold system for MH composites. These polymers include polyvinyl chloride (PVC, (C2H3Cl)n, melting point < 260 °C) [56], Phenol formaldehyde resins (PF) that decompose at >220 °C [53,54], thermoplastic polyesters, e.g., Nylon™, melting point of heating 210–260 °C and of cooling 180–210 °C [57], and thermoplastic fluoropolymers (e.g., polyvinylidene difluoride (PVDF), melting point of 177 °C) [41,44].



2.1. Composites with Expanded Natural Graphite (ENG)


MH composite compacts with ENG as the binder were suggested as an alternative and efficient solution for MH reaction beds instead of commercially available Al-foams [17]. The effective thermal conductivity is reduced by increasing the MH to ENG mass ratio. It was concluded that the MH to ENG ratio should be higher than 20 and the effective thermal conductivity should be >8 W/m·K in order to be competitive to Al-foams, which can be achieved in composites with relatively low porosities [58].



Various materials compacted at different pressures with different proportions of ENG (in range of 2.5–34 wt%) were prepared and tested [16,17,18,58,59,60]. Melt-spun magnesium alloy flakes and ENG compacts prepared as cylindrical pellets have demonstrated good effective thermal conductivity [18]. Later, this research group demonstrated that Hydralloy C5 (AB2 type metal hydride)/ENG composite pellets can be used for hydrogen storage applications [59]. Hydrogenation performance and the pellet evolution (composites with 5 wt% ENG compacted at 75 MPa were tested) during the observed hydrogenation cycles was found to be promising for use in tubular storage tanks.



Another composite of a mixture of Mg(NH2)2, LiH, and KOH (molar ratio of 1:2:0.07) with 9 wt% ENG addition were prepared at a compaction pressure of 156 MPa [60]. The increase in the compaction pressure led to the reduction in the desorption kinetics for the 1st sorption cycle but had a minor effect for the following cycles. The composite of La1-xCexNi5 and ENG was fabricated by compaction at 30 MPa, and the thermo-physical properties of the composite were measured [16]. The thermal conductivity was increased from 2 to 8 W/m·K.



Figure 1 shows the influence of ENG content on the thermal conductivity of Mg90Ni10-ENG compacts and their approximate hydrogenation states (i.e., MgH2-ENG compacts) [18]. The thermal conductivity of all composites showed a high degree of anisotropy. It was much higher in the radial direction, which is perpendicular to the compaction direction. The compaction pressure had a significant impact on the radial thermal conductivity for Mg90Ni10-ENG compacts. On the other hand, it had little impact for MgH2-ENG compacts. For lower ENG content compacts, there was a decrease in thermal conductivity when it was in a hydrogenated state. It is suggested that the heat transfer characteristics can be tuned in a wide range depending on ENG content and compaction pressure.




2.2. Composites with Polymers


The Japan Steel Works have developed composites of MmNi4.4Mn0.1Co0.5 powder with two resins (i.e., LASTOSIL® M4648 and WACKER SilGel® 612). Pressure-composition-temperature (PCT) isotherms of the raw alloy and resin composites were found to be similar, however, the H2 reaction rate was noted to be slower for the composite compared to the alloy powder [61]. Strain measurements performed on the MH containers confirmed lower strain recorded for the containers containing the resin composites. This lower strain was thought to be due to the immobilization and uniform distribution of the MH powder [61]. A 1000 Nm3-class hydrogen storage system was fabricated, filled with 7.2 tons of MH composite materials. This system could work at maximum hydrogen charging/discharging rates of 70 Nm3/h at a medium flow rate of 30 NL/min at temperatures in the range of 25–35 °C [61]. Resin composites prepared by Watanabe et al. [62] similarly showed no signs of damage after five absorption/desorption cycles. Even though disintegration of the MH powders took place, they were found to be firmly fixed in the resin matrix.



Checcetto et al. [38] prepared composites of LaNi5 powders distributed in a H2 permeable elastomer (polysiloxane), with MH contents of 50 and 83 wt%. The composite with 50 wt% alloy exhibited a low H2 storage capacity, thought to be due to the MH particles being separated and the chemistry at the MH–polymer interface, limiting H2 absorption by the metal particles. When the MH content was increased to 83 wt%, H2 sorption was noted to increase; however, this was still lower than anticipated. It was suggested that H2 disassociation needed to occur at a metal surface, which was hindered in the polymer composites.



In further work, Checcetto et al. [43] showed that surface chemistries in metal–polymer composites were important and can impede the activation of the metal alloy surface. It was speculated that this is the underlying mechanism as to why some polymer–metal composites showed reduced H2 storage capacity. LaNi5 particles (<30 μm) dispersed in polysiloxane showed negligible H2 storage capacity while LaNi5 particles dispersed in polyethylene were completely hydrogenated. Conversely, Pd powders (average size 1 μm) dispersed in polysiloxane were found to completely hydrogenate. For complete hydrogenation of a metal–polymer composite, weak chemical interactions between the polymeric chain and the metal surface are required (i.e., nonpolar polymers). H2 desorption rates were noted to be slower for all composite materials, thought to be due to slow H2 diffusion into the polymeric part of the composite.



This work shows that combining polymers with metal alloys can be effective in accommodating the expansion that occurs as the hydride phase is formed. However, care needs to be taken in the selection of the polymer to ensure that it not only maintains suitable properties at the operating temperatures of H2 charging and discharging, but also does not impede the activation and subsequent sorption of H2 by the composite. There is also potential to explore the possibility that permeative polymers could play a role in protecting the metal powders during prolonged operation.





3. Liquid-State Fabrication Methods to Produce Metal Hydride Composites


3.1. High-Temperature Melt Infiltration to Form Supported Composites


For some metallic-bonded metal hydrides, melt infiltration can load their metals into certain supports by melting the metal alloys under appropriate conditions [63]. Loading is determined by the wettability of the melt on the support [64]. If the contact angle is smaller than 90°, the pores of the support can be filled by capillary force. On the other hand, if the contact angle is larger than 90° (non-wetting), external pressure is needed to fill the pores of the support [65]. This method can achieve relatively high loadings in a single step. However, this is only applicable to metal hydrides with melting temperatures where the support materials are stable. Therefore, the maximum temperature that can be applied is also limited by the nature of the support materials. Magnesium nanoparticles were prepared by infiltration of nanoporous carbon with molten magnesium [66]. The size of the Mg crystallites was affected by the pore size of the carbon and can be less than 2 nm. The maximum loading without bulk magnesium aggregation was up to 13 wt%.




3.2. Low-Temperature Solution Impregnation to Form Supported Composites


For the ionic- or covalent-bond metal hydrides that can form complex metal hydrides in a solution, the supported composites can be fabricated at low temperature using a solution method. Solution impregnation is widely used for catalyst preparation. A solution of the MH is allowed to infiltrate the porous support materials, and then the solvent can be removed by a drying process. This method relies on the solubility of the hydride in an organic solvent. The most common solvents are ethers, diethyl ether, and tetrahydrofuran (THF). A main disadvantage is that high loadings can only be obtained by repeated processes as the metal hydride solubility is often low. Cahen et al. [67] incorporated LiBH4 into a mesoporous carbon by room temperature impregnation using 0.029 wt% LiBH4 in methyl tert-butyl ether (MTBE). The composite with a 33:67 weight ratio (LiBH4/carbon) showed excellent desorption kinetics with a hydrogen release of 3.4 wt% in 90 min at 300 °C, whereas the decomposition of neat LiBH4 was not significant at the same temperature.




3.3. Low-Temperature In-Situ Solution Synthesis to Form Supported Composites


In-situ solution synthesis uses MH precursors instead of as-prepared metal or MH. The MH nanoparticles are formed in the pores of the support. It can achieve relatively high loadings in a single step. However, it highly relies on the nature of the MH and the properties of the support. For example, Mg(Bu)2 has been widely investigated as a precursor to synthesis of MgH2 [68]. MgH2 nanoparticles with a size less than 3 nm were formed inside the pores of a carbon scaffold and a significant reduction in reaction enthalpy and entropy was found for the composite. A MgH2/graphene composite with MgH2 loading of 75 wt% (MHGH-75) was synthesized via the hydrogenation of Mg(Bu)2 in cyclohexane [69]. Nickel was further introduced as a catalyst to enhance hydrogen storage performance of MgH2. The MHGH-75 composite showed H2 sorption capacity of 4.3 wt% in 60 min at 200 °C under 30 bar H2 pressure. Moreover, the sorption capacity of the composite with nickel catalyst (Ni-MHGH-75) was 5.4 wt%. Conversely, there was no sorption observed from ball-milled MgH2 and MgH2/graphene under the same conditions. Figure 2 shows the cyclic performance and the thermal conductivity of the composites [69]. Overall, the Ni-MHGH-75 composite demonstrated stable cycling performance up to 100 cycles. Compared with MgH2 nanoparticles (NPs) and ball-milled MgH2/graphene composite, the thermal conductivity of MHGH-75 composite was increased by ≈93.5-fold and 5.6-fold, respectively, at both room temperature and 200 °C. It is suggested that graphene acts not only as a structural support, but also as a space barrier to prevent the growth of MgH2 nanoparticles and as a thermally conductive pathway. Similar results have been reported for a NaBH4/graphene composite [70].





4. Powder-Based Fabrication Methods


Most literature reports investigated MH/composite in the powder form. For the metallic metal hydrides, e.g., based on Mg, V, Ti, La, and Al metals, combing the powders of these alloys with support materials without melting the metal is a popular method as they are simple, low cost, and consume less energy in comparison with the liquid fabrication route.



However, the powder composite has some disadvantages, especially for large-scale systems. First, the breakdown of metal particles into fine powders after hydrogenation cycles is well-known. This will limit the loading of the material in the reactor and can introduce internal stress to the reactor wall [71]. Second, it will reduce the thermal conductivity of the material, increasing heat transfer resistance, which may adversely impact sorption/desorption kinetics. Fine MH powders are found to have a typical thermal conductivity of ~0.1 W/m·K [15]. As a result, additional heat management measures such as fins, Al-foams, and phase change materials must be considered [14], which will increase the system cost and further reduce the packing density of the reactor. Although most pilot and industrial hydride tanks are using MH/composite powder, it is important to explore properties of composite materials in other forms such as pellet/disc and film/sheet. These composites can be synthesized by applying additional molding steps. It is expected that they have a much higher thermal conductivity and better structural integrity, which is beneficial to the overall performance of the reactor.



4.1. Powder Preparation by Ball Milling


Ball milling is one of the most-common techniques to reduce the particle size of MH [72] as either standalone (unsupported) hydrogen storage materials or as the constituents to be incorporated into a supported composite. It can readily reduce the particle size of MH down to a few nanometers and introduce many defects that can enhance hydrogen diffusion processes. Carbon material in this case is used as an additive rather than a support. Hydrogen or solvents can be introduced during the milling process [73,74]. It is a convenient method for the activation and formation of MH. Moreover, it can prevent or minimize the formation of a metal oxide layer when an inert atmosphere is applied. It has been reported that the hydrogen sorption rate increased significantly as a result of reactive ball milling of magnesium with different carbon allotropes (e.g., graphite, ultrafine diamonds, carbon nanotubes, and amorphous carbon powder) [75]. Figure 3 shows the impact of activated carbon (AC) on the hydrogen sorption capacity of ball-milled MgH2-AC composites. Overall, the addition of AC can improve H2 sorption kinetics, particularly at low temperature conditions, compared with ball-milled MgH2 nanoparticles. The MgH2-5 wt% AC composite shows H2 sorption capacities of 6.5, 6.7, and 6 wt% in 10, 120, and 600 min at 300, 200, and 150 °C, respectively.



The hydrogenation process can also be accelerated by the addition of catalysts [72,77]. Meng et al. [78] reported an improvement in the hydrogen storage properties of MgH2 by introducing electrospun carbon fiber-encapsulated nickel catalyst. For instance, the MgH2-10 wt% Ni/Carbon fiber composite demonstrated dehydrogenation capacities of 5.79 wt% and 6.12 wt% at 280 °C and 300 °C, respectively, whereas the as-milled MgH2 hardly decomposed at the same temperature.



Ball milling has also been used to coat alloy particles, e.g., with polymer materials. Rafatnejad et al. [55] used ball milling to coat MgH2 powders with poly(methyl methacrylate) (PMMA). The aim here was to apply a protective coating to the alloy particles to protect them from oxidation.



If the operating temperature is moderate but above the polymer melting point, the solid-state metal powders can be utilized to form the composites without melting.




4.2. Polymer Solution Forming (Casting)


A composite of polyethylene (PE) and LaNi5 alloy was prepared by dissolving pellets of low-density PE in boiling heptane [43]. A fine powder of LaNi5 was added to the solution, and heptane was removed via evaporation. A final homogenous composite was prepared by melting and then shaping the resulting material into disks by hot-pressing. Checchetto et al. [43] also achieved a dispersion of Pd powder into poly(N-vinyl pyrrolidone) by dissolving the polymer into a small amount of ethanol at room temperature. The Pd powder was added to the resulting viscous mixture, and ultrasound was used to increase homogeneity. The ethanol was then evaporated under vacuum over three days.



Japan Steel Works have applied this method to produce composites with MmNi4.4Mn0.1Co0.5 powder and resins [61]. The powder and resins were mixed sufficiently to uniformly distribute the alloy particles (1 mm), before being poured into a low-strength aluminium container. Microstructural analysis confirmed the alloy powder to be uniformly distributed in the composite. Watanabe et al. [62] developed cylindrical composites by solidifying a mixture of polyvinyl alcohol, starch, and CaNi5 powder in a cylindrical vessel at 120–180 °C. The composite was then washed to remove starch after solidification. This resulted in a porous composite with the CaNi5 bound by the resin. A thin film composite was also prepared by pouring the mixture onto a plate and solidifying at 100 °C. They noted a slight decrease in the H2 absorption capacity of the composite materials compared to the raw alloy, but little damage to the resin was observed.



To avoid settling and/or segregation of alloy particles as the polymer cures, the polymer/alloy composite mixtures are often quite viscous. This can make filling tanks difficult, particularly through narrow openings. Japan steel works have a patented process using vibrations to assist filling MH storage tanks with a resin/alloy/carbon fiber composite that has a pre-cured consistency similar to wet sand [23]. Vibrating the tank during filling is noted to result in more even distribution of the composite within the MH tank.




4.3. Solid State Compacting


Compaction is commonly used to prepare MH composites in a pellet form. Cold compaction was found as the most practical method of forming the composite. Acceptable microstructures were fabricated using uniaxial pressing, while isostatic pressing could be used if more uniform matrix density is required or if it is able to decrease residual matrix stresses [3].



The properties of the composite such as density, porosity, and thermal conductivity [79] can be affected by the applied compaction pressure [60]. In general, the porosity will decrease when the compaction pressure increases, but it could limit the mass transfer of hydrogen [80]. There are currently commercially available MHs developed for storage applications that are supplied in the form of compacted pellets (e.g., GKN [81]).




4.4. Solid-State Cold Rolling


Cold rolling is another method for MH composite preparation and molding [82,83,84]. Mg-Mg2Ni-carbon soot/graphite composites were prepared by cold rolling and their sorption/desorption kinetics are shown in Figure 4 [85]. The graphite composite delivered the fastest absorption kinetics (4.5 wt% in 80 s), while it was only 0.7 wt% for the Mg-Mg2Ni alloy.




4.5. Hot Pressing


Hot pressing uses high pressure and temperature to form powder compacts. Pentimalli et al. [86] used a ball mill to develop a MH–polymer composite resulting in the metal particles being coated in the polymer material. The composite was consolidated by hot pressing into pellets (6 kN force for 30 min, 150–175 °C). The composite materials showed no losses in loading capacity or kinetic properties compared to the raw alloy powder. Micro cracks and channels were noted to form in the polymer matrix after cycling, allowing the easy passage of H2 to the embedded alloy particles.



Selection of hot-pressing process parameters, such as temperature and pressure, is influenced by the melting or glass transition temperatures of the polymer and the desired porosity level in the formed composites. One hot-forming example conducted at 100 MPa and 165 °C [41] aimed to fabricate composites consisting of LaNi5, polymer, and graphitic flakes with about 25–30% porosity, 55–60% LaNi5, and 10–15% polymers and graphite.




4.6. Extrusion


Extrusion is a deformation-based manufacturing process and can produce MH composites of various forms. Watanabe et al. [62] developed a CaNi5 composite with resin by extrusion. A mixture of a fine granular phenol resin, a liquid-state phenol resin, and CaNi5 was extruded into a cylindrical form and solidified at 147–157 °C. It was confirmed that the metal hydride powders were well fixed in the resin matrix although the breakdown of the powders was observed after a few cycles.



Pentimalli et al. [87] combined high-energy ball milling with extrusion as a low-cost method to generate polymeric composites with LaNi5-type MH. Acrylonitrile butadiene styrene (ABS) copolymer was selected due to its rheological and thermal properties that make it suitable for extrusion, its wide availability, and low cost. It does not exhibit significant gas barrier behavior and the presence of a rubber component is able to compensate for the volumetric expansion/contraction resulting from hydrogen absorption/desorption by the hydride particles. The polymer was supplied as spherical pellets and reduced to powder by centrifugal milling after embrittlement in liquid nitrogen. Graphite powder was also added to the final composite to increase thermal conductivity. The three components were blended using high-energy ball milling. The blends obtained were then extruded using a bench top compounder (110–220 °C) and cut to form pellets. This resulted in a composite with a homogeneous porous microstructure. Thermal conductivity increased from 0.2 W/m·K for the raw polymer to 2 W/m·K for the composite. PCT isotherms showed little difference between the composite and raw alloy.





5. Cyclic Stability and Composite Evolution


Cyclic stability is an important parameter for composite materials. It is imperative that the composite maintains its structural integrity during cycling. Otherwise, its properties can change significantly, and the composite may eventually break down into fine powders.



It was reported that the unsintered composites of LaNi4.25Al0.75 with copper could be handled and survived a 138-cycle absorption/desorption test with only minor degradation on the edges [3]. Additional vacuum sintering treatment was suggested for strengthening the copper matrix without affecting the ability of the composite to absorb hydrogen.



Figure 5 shows the hydrogen storage capacity and mass decrease in two MH sheets (70 wt% MH, 10 wt% aramid pulp, 20 wt% carbon fiber) as a function of cycle number [21]. There were prepared by wet papermaking method. For the La0.6Y0.4Ni4.9Al0.1 (LYNA) composite, the hydrogen uptake increased slowly in the first 20 cycles and a decreasing trend was observed up to 100 cycles, while the TiFe0.9Ni0.1 (TFN) composite maintained its sorption capacity. The mass losses were less than 1 wt% after 100 cycles for both samples, indicating the composites had a good mechanical stability.



Regarding MH/ENG composites, it was observed that lower activation temperatures require more cycles to reach full performance [58]. It was also found that the grain size of Hydralloy C5 used in the composites decreased during cyclic hydrogenation (from 108 nm to 15 nm), which is believed to be beneficial for the sorption kinetics [59].



Figure 6 shows the radial thermal conductivity of Hydralloy C5-10 wt% ENG composite throughout 1000 cycles [88]. The composite had a diameter of 13.5 mm and thickness of 6.7 mm and was compacted at 75 bar. The thermal conductivity of the composite decreased from 40 W/m·K to 12.7 W/m·K after 250 cycles. Then, it was in the range of 10–15 W/m·K up to 1000 cycles. This is much higher than that of loose powder beds [89]. The good thermal conductivity of the composite was supported by the temperature profile during the sorption process. The bed temperature increased from 50 °C to nearly 78 °C when sorption occurred, before dropping down to 50 °C in 3 min.



The Japan Steel Works reported the cycling performance of MmNi4.4Mn0.1Co0.5 composites with two resin materials [61]. No shape collapse of the composite materials was observed after 100 absorption and desorption cycles. As the MH powder was immobilized in high elasticity resin, cracks were also not observed in the composites after cycling.




6. Summary and Concluding Remarks


Metal alloys and intermetallic compounds are a promising option for the safe storage of H2. Challenges relating to cyclic stability and heat transfer to/from particle beds can be improved by forming composites of the alloy powders with high thermal conductivity materials, such as ENG. Such composites can be prepared by a number of methods, often dependent on the properties of the storage alloy. It is worth noting that high MH content is favorable for the composite as additives can cause the loss of H2 storage capacity. In general, liquid-based methods can achieve better dispersion of metal alloy, which is beneficial to the reaction kinetics, while its loading can be limited. On the other hand, powder-based methods are versatile and can be easily scaled up. However, the dispersion of metal alloy may not be as good as those produced from liquid-based methods.



Challenges related to the expansion of metal particles as they absorb H2 and form a hydride phase can be mitigated by incorporating the metal particles into composite structures with polymers. Care needs to be taken in the selection of the polymer, however, to ensure polymer–metal surface chemistries do not impede performance. For example, if the polymer can form strong bonds with the metal surface, this bonding will decrease the contact of the hydrogen with the active metal surfaces, leading to a decrease in hydrogen absorption. With ENG additive, the applied compaction pressure should be optimized. A higher thermal conductivity can be achieved by applying a higher pressure (i.e., reduced porosity). Conversely, a denser structure may hinder H2 Transport.



With suitable selection of conductivity enhancers and polymers, composite structures can be prepared with improved heat transfer, cycling performance, and durability.







Author Contributions


Writing—original draft preparation, L.L., A.I. and D.L.; writing – review and editing, A.C., W.T., C.C. and J.Y.; conceptualization, L.L., A.I., D.L., A.C. and L.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Data Availability Statement


No new data were created or analyzed in this study. Data sharing is not applicable to this article.




Acknowledgments


Funding for this work was provided through the Hydrogen Energy Systems Future Science Platform at CSIRO.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Lototkyy, M.V.; Yartys, V.A.; Pollet, B.G.; Bowman, R.C. Metal hydride hydrogen compressors: A review. Int. J. Hydrogen Energy 2014, 39, 5818–5851. [Google Scholar] [CrossRef]

	



Züttel, A. Materials for Hydrogen Storage. Mater. Today 2003, 6, 24–33. [Google Scholar] [CrossRef]

	



Congdon, J.W. Development of Metal Hydride Composites, DOI Report WSRC-TR-92-594. 1992. Available online: https://www.osti.gov/servlets/purl/144787 (accessed on 5 February 2022).

	



Norberg, N.S.; Arthur, T.S.; Fredrick, S.J.; Prieto, A.L. Size-Dependent Hydrogen Storage Properties of Mg Nanocrystals Prepared from Solution. J. Am. Chem. Soc. 2011, 133, 10679–10681. [Google Scholar] [CrossRef]

	



Aguey-Zinsou, K.-F.; Ares-Fernández, J.-R. Synthesis of Colloidal Magnesium: A Near Room Temperature Store for Hydrogen. Chem. Mater. 2008, 20, 376–378. [Google Scholar] [CrossRef]

	



Li, W.; Li, C.; Ma, H.; Chen, J. Magnesium Nanowires:  Enhanced Kinetics for Hydrogen Absorption and Desorption. J. Am. Chem. Soc. 2007, 129, 6710–6711. [Google Scholar] [CrossRef]

	



Saita, I.; Toshima, T.; Tanda, S.; Akiyama, T. Hydrogen Storage Property of MgH2 Synthesized by Hydriding Chemical Vapor Deposition. J. Alloys Compd. 2007, 446–447, 80–83. [Google Scholar] [CrossRef]

	



Zhu, C.; Hosokai, S.; Matsumoto, I.; Akiyama, T. Shape-Controlled Growth of MgH2/Mg Nano/Microstructures Via Hydriding Chemical Vapor Deposition. Cryst. Growth Des. 2010, 10, 5123–5128. [Google Scholar] [CrossRef]

	



Baldi, A.; Dam, B. Thin Film Metal Hydrides for Hydrogen Storage Applications. J. Mater. Chem. 2011, 21, 4021–4026. [Google Scholar] [CrossRef]

	



Kim, D.; Kim, J.B.; Lee, J.; Lee, B.J. Measurement of Effective Thermal Conductivity of LaNi5 Powder Packed Bed. Int. J. Heat Mass Transf. 2021, 165, 120735. [Google Scholar] [CrossRef]

	



Hahne, E.; Kallweit, J. Thermal Conductivity of Metal Hydride Materials for Storage of Hydrogen: Experimental Investigation. Int. J. Hydrogen Energy 1998, 23, 107–114. [Google Scholar] [CrossRef]

	



Abdin, Z.; Webb, C.J.; Gray, E.M. One-Dimensional Metal-Hydride Tank Model and Simulation in Matlab–Simulink. Int. J. Hydrogen Energy 2018, 43, 5048–5067. [Google Scholar] [CrossRef]

	



Ron, M.; Gruen, D.; Mendelsohn, M.; Sheet, I. Preparation and Properties of Porous Metal Hydride Compacts. J. Less Common Met. 1980, 74, 445–448. [Google Scholar] [CrossRef]

	



Afzal, M.; Mane, R.; Sharma, P. Heat Transfer Techniques in Metal Hydride Hydrogen Storage: A Review. Int. J. Hydrogen Energy 2017, 42, 30661–30682. [Google Scholar] [CrossRef]

	



Kim, K.J.; Montoya, B.; Razani, A.; Lee, K.H. Metal Hydride Compacts of Improved Thermal Conductivity. Int. J. Hydrogen Energy 2001, 26, 609–613. [Google Scholar] [CrossRef]

	



Park, C.S.; Jung, K.; Jeong, S.U.; Kang, K.S.; Lee, Y.H.; Park, Y.S.; Park, B.H. Development of Hydrogen Storage Reactor Using Composite of Metal Hydride Materials with ENG. Int. J. Hydrogen Energy 2020, 45, 27434–27442. [Google Scholar] [CrossRef]

	



Sánchez, A.R.; Klein, H.P.; Groll, M.; Pohlmann, C.; Röntzsch, L.; Kalinichenka, S.; Hutsch, T.; Kieback, B.; Park, C.S.; Jung, K.; et al. Expanded Graphite as Heat Transfer Matrix in Metal Hydride Beds. Int. J. Hydrogen Energy 2003, 28, 515–527. [Google Scholar]

	



Pohlmann, C.; Röntzsch, L.; Kalinichenka, S.; Hutsch, T.; Kieback, B. Magnesium Alloy-Graphite Composites with Tailored Heat Conduction Properties for Hydrogen Storage Applications. Int. J. Hydrogen Energy 2010, 35, 12829–12836. [Google Scholar] [CrossRef]

	



Wu, C.; Cheng, H.-M. Effects of Carbon on Hydrogen Storage Performances of Hydrides. J. Mater. Chem. 2010, 20, 5390–5400. [Google Scholar] [CrossRef]

	



Inoue, S.; Iba, Y.; Matsumura, Y. Drastic Enhancement of Effective Thermal Conductivity of a Metal Hydride Packed Bed by Direct Synthesis of Single-Walled Carbon Nanotubes. Int. J. Hydrogen Energy 2012, 37, 1836–1841. [Google Scholar] [CrossRef]

	



Yasuda, N.; Tsuchiya, T.; Okinaka, N.; Akiyama, T. Thermal Conductivity and Cycle Characteristic of Metal Hydride Sheet Formed Using Aramid Pulp and Carbon Fiber. Int. J. Hydrogen Energy 2013, 38, 1657–1661. [Google Scholar] [CrossRef]

	



Tokiwa, T.; Iwamoto, T.; Kawaharazaki, Y.; Fujita, Y. Composition Comprising Hydrogen-Absorbing Alloy and Resin. European Patent EP 2110411 A1, 21 December 2016. [Google Scholar]

	



Kawaharazaki, Y.; Hayashi, Y. Method for Filling Hydrogen Storage Alloy. U.S. Patent US 2017/0016578 A1, 19 January 2017. [Google Scholar]

	



Kim, J.S.; Kim, D.W.; Kim, D.O.; Ahn, G.R.; JeaSung, P.; Jeon, H.J.; Ihm, J.; Cha, M.-H. Scaffold Materials-Transition Metal Hydride Complexes, Intermediates Therefor and Method for Preparing the Same. WO Patent WO2010085108 A2, 29 July 2010. [Google Scholar]

	



Gross, A.F.; Vajo, J.J.; Van Atta, S.L.; Olson, G.L. Enhanced Hydrogen Storage Kinetics of LiBH4 in Nanoporous Carbon Scaffolds. J. Phys. Chem. C 2008, 112, 5651–5657. [Google Scholar] [CrossRef]

	



Yu, X.; Tang, Z.; Sun, D.; Ouyang, L.; Zhu, M. Recent Advances and Remaining Challenges of Nanostructured Materials for Hydrogen Storage Applications. Prog. Mater. Sci. 2017, 88, 1–48. [Google Scholar] [CrossRef]

	



Schneemann, A.; White, J.L.; Kang, S.; Jeong, S.; Wan, L.F.; Cho, E.S.; Heo, T.W.; Prendergast, D.; Urban, J.J.; Wood, B.C.; et al. Nanostructured Metal Hydrides for Hydrogen Storage. Chem. Rev. 2018, 118, 10775–10839. [Google Scholar] [CrossRef]

	



Ron, M.; Bershadsky, E.; Josephy, Y. Thermal Conductivity of PMH Compacts, Measurements and Evaluation. Int. J. Hydrogen Energy 1992, 17, 623–630. [Google Scholar] [CrossRef]

	



Kane, M. Permeability, Solubility, and Interaction of Hydrogen in Polymers—An Assessment of Materials for Hydrogen Transport; No. WSRC-STI-2008-00009; Washington Savannah River Company: Washington, DC, USA, 2008. [Google Scholar]

	



Swapna, V.P.; Abhisha, V.S.; Stephen, R. Polymer/Polyhedral Oligomeric Silsesquioxane Nanocomposite Membranes for Pervaporation. In Polymer Nanocomposite Membranes for Pervaporation; Elsevier: Amsterdam, The Netherlands, 2020. [Google Scholar] [CrossRef]

	



Sweed, M. Free Volume Properties of Semi-Crystalline Polymers. PhD. Thesis, University of Stellenbosch, Stellenbosch, South Africa, 2011. [Google Scholar]

	



Mostafa, N.; Ali, E.H.; Mohsen, M. Dynamic Study of Free Volume Properties in Polyethylene/Styrene Butadiene Rubber Blends by Positron Annihilation Lifetime Method. J. Appl. Polym. Sci. 2009, 113, 3228–3235. [Google Scholar] [CrossRef]

	



Petzetakis, N.; Doherty, C.M.; Thornton, A.W.; Chen, X.; Cotanda, P.; Hill, A.J.; Balsara, N.P. Membranes with Artificial Free-Volume for Biofuel Production. Nat. Commun. 2015, 6, 7529. [Google Scholar] [CrossRef] [PubMed]

	



Li, D.; Zhou, L.; Wang, X.; He, L.; Yang, X. Effect of Crystallinity of Polyethylene with Different Densities on Breakdown Strength and Conductance Property. Materials 2019, 12, 1746. [Google Scholar] [CrossRef] [PubMed]

	



Fujiwara, H.; Ono, H.; Ohyama, K.; Kasai, M.; Kaneko, F.; Nishimura, S. Hydrogen Permeation under High Pressure Conditions and the Destruction of Exposed Polyethylene-Property of Polymeric Materials for High-Pressure Hydrogen Devices (2)-. Int. J. Hydrogen Energy 2021, 46, 11832–11848. [Google Scholar] [CrossRef]

	



Mascia, L.; Kouparitsas, Y.; Nocita, D.; Bao, X. Antiplasticization of Polymer Materials: Structural Aspects and Effects on Mechanical and Diffusion-Controlled Properties. Polymers 2020, 12, 769. [Google Scholar] [CrossRef]

	



Weigelt, F.; Georgopanos, P.; Shishatskiy, S.; Filiz, V.; Brinkmann, T.; Abetz, V. Development and Characterization of Defect-Free Matrimid® Mixed-Matrix Membranes Containing Activated Carbon Particles for Gas Separation. Polymers 2018, 10, 51. [Google Scholar] [CrossRef]

	



Checchetto, R.; Carotenuto, G.; Bazzanella, N.; Miotello, A. Synthesis and Characterization of Polymer Embedded LaNi5 Composite Material for Hydrogen Storage. J. Phys. D Appl. Phys. 2007, 40, 4043. [Google Scholar] [CrossRef]

	



Gahleitner, M.; Paulik, C. Polypropylene, Ullmann’s Encyclopedia of Industrial Chemistry; Wiley-VCH: Weinheim, Germany, 2014; pp. 1–44. [Google Scholar] [CrossRef]

	



Cao, R.H.; Wang, T.; Cao, Z.Z.; Cao, J.L.; Cao, J.X. Microenvironment Hydrogen Supplement Breathable Layer and External Application Bag. China Patent CN111481425 A, 4 August 2020. [Google Scholar]

	



Zimmermann, J. Composite Hydrogen Storage Material and Methods Related Thereto. Europe Patent EP1874679 A1, 6 June 2013. [Google Scholar]

	



Tsaur, G.; Wang, T.H.; Tsaur, F.; Tsaur, N.; Tsaur, E. Microenvironment Hydrogen-Supplying Breathable Layer and Applications Thereof. U.S. Patent US1096959 B2, 30 July 2020. [Google Scholar]

	



Checchetto, R.; Bazzanella, N.; Miotello, A.; Carotenuto, G.; Nicolais, L. Hydrogen Sorption in Metal-Polymer Composites: The Role of Interfaces. J. Appl. Phys. 2009, 105, 83513. [Google Scholar] [CrossRef]

	



Bennington, S.; McGrady, S.; Royse, D.; Lovell, A.; Mooring, L.; Headen, T. A Hydrogen Storage Pellet. Europe Patent EP2935092 A1, 21 December 2012. [Google Scholar]

	



Polymer Database. Available online: https://www.polymerdatabase.com/ (accessed on 10 December 2022).

	



Allen, G.; Bevington, J.C. (Eds.) Comprehensive Polymer Science and Supplements; Elsevier: Amsterdam, The Netherlands, 1996; pp. 175–189. ISBN 978-0-08-096701-1. [Google Scholar]

	



Merkel, T.C.; Bondar, V.I.; Nagai, K.; Freeman, B.D.; Pinnau, I. Gas Sorption, Diffusion, and Permeation in Poly (Dimethylsiloxane). J. Polym. Sci. Part B Polym. Phys. 2000, 38, 415–434. [Google Scholar] [CrossRef]

	



Komatsuka, T.; Nagai, K. Temperature Dependence on Gas Permeability and Permselectivity of Poly (Lactic Acid) Blend Membranes. Polym. J. 2009, 41, 455–458. [Google Scholar] [CrossRef]

	



Kanesugi, H.; Ohyama, K.; Fujiwara, H.; Nishimura, S. High-Pressure Hydrogen Permeability Model for Crystalline Polymers. Int. J. Hydrogen Energy 2023, 48, 723–739. [Google Scholar] [CrossRef]

	



Sivasubramanian, P.; Pariyadath, N. Medium for the Stabilisation and Utility of Volatile or Liquid Hydrides of Boron. U.S. Patent US 8802769 B2, 12 August 2014. [Google Scholar]

	



Cao, H.; Georgopanos, P.; Capurso, G.; Pistidda, C.; Weigelt, F.; Chaudhary, A.-L.; Filiz, V.; Tseng, J.-C.; Wharmby, M.T.; Dornheim, M.; et al. Air-stable metal hydride-polymer composites of Mg(NH2)2—LiH and TPX™. Mater. Today Energy 2018, 10, 98–107. [Google Scholar] [CrossRef]

	



Le, T.T.; Pistidda, C.; Abetz, C.; Georgopanos, P.; Garroni, S.; Capurso, G.; Milanese, C.; Puszkiel, J.; Dornheim, M.; Abetz, V. Enhanced Stability of Li-RHC Embedded in an Adaptive TPXTM Polymer Scaffold. Materials 2020, 13, 991. [Google Scholar] [CrossRef]

	



Hearley, A.K.; Redmond, S.D. Solid-State Hydrogen Storage Systems. U.S. Patent US20040213998 A1, 28 October 2004. [Google Scholar]

	



Kim, K.C.; Dai, B.; Johnson, J.K.; Sholl, D.S. Assessing Nanoparticle Size Effects on Metal Hydride Thermodynamics Using the Wulff Construction. Nanotechnology 2009, 20, 204001. [Google Scholar] [CrossRef]

	



Rafatnejad, M.; Raygan, S.; Sefidmooy Azar, M. Investigation of Dehydrogenation Performance and Air Stability of MgH2–PMMA Nanostructured Composite Prepared by Direct High-Energy Ball-Milling. Mater. Renew. Sustain. Energy 2020, 9, 14. [Google Scholar] [CrossRef]

	



Wilkes, C.E.; James, J.W.; Daniel, C.A.; Berard, M.T. (Eds.) PVC Handbook; Hanser Verlag: Munich, Germany, 2005; ISBN 978-1-56990-379-7. [Google Scholar]

	



Matsuda, T.; Shimomura, T.; Hirami, M. Crystallization and Melting of Binary Mixtures of Nylon 6 and Nylon 66. A Study by DSC. Polym. J. 1999, 31, 795–800. [Google Scholar] [CrossRef]

	



Klein, H.-P.; Groll, M. Heat Transfer Characteristics of Expanded Graphite Matrices in Metal Hydride Beds. Int. J. Hydrogen Energy 2004, 29, 1503–1511. [Google Scholar] [CrossRef]

	



Pohlmann, C.; Röntzsch, L.; Heubner, F.; Weißgärber, T.; Kieback, B. Solid-State Hydrogen Storage in Hydralloy-Graphite Composites. J. Power Sources 2013, 231, 97–105. [Google Scholar] [CrossRef]

	



Yan, M.Y.; Sun, F.; Liu, X.P.; Ye, J.H. Effects of Compaction Pressure and Graphite Content on Hydrogen Storage Properties of Mg(NH2)2-2LiH Hydride. Int. J. Hydrogen Energy 2014, 39, 19656–19661. [Google Scholar] [CrossRef]

	



Kubo, K.; Kawaharazaki, Y.; Itoh, H. Development of Large MH Tank System for Renewable Energy Storage. Int. J. Hydrogen Energy 2017, 42, 22475–22479. [Google Scholar] [CrossRef]

	



Watanabe, F.; Ikai, C.; Hasatanti, M.; Marumo, C. Hydration Characteristics of Metal Hydride Fixed in Resin Form. J. Chem. Eng. Japan 1992, 25, 1–5. [Google Scholar] [CrossRef]

	



Sitthiwet, C.; Thiangviriya, S.; Thaweelap, N.; Meethom, S.; Kaewsuwan, D.; Chanlek, N.; Utke, R. Hydrogen Sorption and Permeability of Compacted LiBH4 Nanoconfined into Activated Carbon Nanofibers Impregnated with TiO2. J. Phys. Chem. Solids 2017, 110, 344–353. [Google Scholar] [CrossRef]

	



De Jongh, P.E.; Eggenhuisen, T.M. Melt Infiltration: An Emerging Technique for the Preparation of Novel Functional Nanostructured Materials. Adv. Mater. 2013, 25, 6672–6690. [Google Scholar] [CrossRef]

	



Adelhelm, P.; De Jongh, P.E. The Impact of Carbon Materials on the Hydrogen Storage Properties of Light Metal Hydrides. J. Mater. Chem. 2011, 21, 2417–2427. [Google Scholar] [CrossRef]

	



De Jongh, P.E.; Wagemans, R.W.P.; Eggenhuisen, T.M.; Dauvillier, B.S.; Radstake, P.B.; Meeldijk, J.D.; Geus, J.W.; de Jong, K.P. The Preparation of Carbon-Supported Magnesium Nanoparticles Using Melt Infiltration. Chem. Mater. 2007, 19, 6052–6057. [Google Scholar] [CrossRef]

	



Cahen, S.; Eymery, J.-B.; Janot, R.; Tarascon, J.-M. Improvement of the LiBH4 Hydrogen Desorption by Inclusion into Mesoporous Carbons. J. Power Sources 2009, 189, 902–908. [Google Scholar] [CrossRef]

	



Zhao-Karger, Z.; Hu, J.; Roth, A.; Wang, D.; Kübel, C.; Lohstroh, W.; Fichtner, M. Altered Thermodynamic and Kinetic Properties of MgH2 Infiltrated in Microporous Scaffold. Chem. Commun. 2010, 46, 8353–8355. [Google Scholar] [CrossRef] [PubMed]

	



Xia, G.; Tan, Y.; Chen, X.; Sun, D.; Guo, Z.; Liu, H.; Ouyang, L.; Zhu, M.; Yu, X. Monodisperse Magnesium Hydride Nanoparticles Uniformly Self-Assembled on Graphene. Adv. Mater. 2015, 27, 5981–5988. [Google Scholar] [CrossRef] [PubMed]

	



Chong, L.; Zeng, X.; Ding, W.; Liu, D.J.; Zou, J. NaBH4 in “Graphene Wrapper:” Significantly Enhanced Hydrogen Storage Capacity and Regenerability through Nanoencapsulation. Adv. Mater. 2015, 27, 5070–5074. [Google Scholar] [CrossRef]

	



Borzenko, V.I.; Romanov, I.A.; Dunikov, D.O.; Kazakov, A.N. Hydrogen Sorption Properties of Metal Hydride Beds: Effect of Internal Stresses Caused by Reactor Geometry. Int. J. Hydrogen Energy 2019, 44, 6086–6092. [Google Scholar] [CrossRef]

	



Sakintuna, B.; Lamari-Darkrim, F.; Hirscher, M. Metal Hydride Materials for Solid Hydrogen Storage: A Review. Int. J. Hydrogen Energy 2007, 32, 1121–1140. [Google Scholar] [CrossRef]

	



Guo, F.; Namba, K.; Miyaoka, H.; Jain, A.; Ichikawa, T. Hydrogen Storage Behavior of TiFe Alloy Activated by Different Methods. Mater. Lett. X 2021, 9, 100061. [Google Scholar] [CrossRef]

	



Alsabawi, K.; Webb, T.A.; Gray, E.M.; Webb, C.J. The Effect of C60 Additive on Magnesium Hydride for Hydrogen Storage. Int. J. Hydrogen Energy 2015, 40, 10508–10515. [Google Scholar] [CrossRef]

	



Rud, A.D.; Lakhnik, A.M. Effect of Carbon Allotropes on the Structure and Hydrogen Sorption during Reactive Ball-Milling of Mg-C Powder Mixtures. Int. J. Hydrogen Energy 2011, 37, 4179–4187. [Google Scholar] [CrossRef]

	



Jia, Y.; Guo, Y.; Zou, J.; Yao, X. Hydrogenation/Dehydrogenation in MgH2-Activated Carbon Composites Prepared by Ball Milling. Int. J. Hydrogen Energy 2012, 37, 7579–7585. [Google Scholar] [CrossRef]

	



Jung, K.S.; Lee, E.Y.; Lee, K.S. Catalytic Effects of Metal Oxide on Hydrogen Absorption of Magnesium Metal Hydride. J. Alloys Compd. 2006, 421, 179–184. [Google Scholar] [CrossRef]

	



Meng, Q.; Huang, Y.; Ye, J.; Xia, G.; Wang, G.; Dong, L.; Yang, Z.; Yu, X. Electrospun Carbon Nanofibers with In-Situ Encapsulated Ni Nanoparticles as Catalyst for Enhanced Hydrogen Storage of MgH2. J. Alloys Compd. 2021, 851, 156874. [Google Scholar] [CrossRef]

	



Zhao, W.; Yang, Y.; Bao, Z.; Yan, D.; Zhu, Z. Methods for Measuring the Effective Thermal Conductivity of Metal Hydride Beds: A Review. Int. J. Hydrogen Energy 2020, 45, 6680–6700. [Google Scholar] [CrossRef]

	



Yan, M.; Sun, F.; Liu, X.; Ye, J.; Wang, S.; Jiang, L. Effects of Graphite Content and Compaction Pressure on Hydrogen Desorption Properties of Mg(NH2)2–2LiH Based Tank. J. Alloys Compd. 2015, 628, 63–67. [Google Scholar] [CrossRef]

	



Simanullang, M.; Prost, L. Nanomaterials for on-board solid-state hydrogen storage applications. Int. J. Hydrogen Energy 2022, 47, 29808–29846. [Google Scholar] [CrossRef]

	



De Lima Andreani, G.F.; Triques, M.R.M.; Kiminami, C.S.; Botta, W.J.; Roche, V.; Jorge, A.M. Characterization of Hydrogen Storage Properties of Mg-Fe-CNT Composites Prepared by Ball Milling, Hot-Extrusion and Severe Plastic Deformation Methods. Int. J. Hydrogen Energy 2016, 41, 23092–23098. [Google Scholar] [CrossRef]

	



Huot, J.; Tousignant, M. Effect of Cold Rolling on Metal Hydrides. Mater. Trans. 2019, 60, 1571–1576. [Google Scholar] [CrossRef]

	



Lang, J.; Huot, J. A New Approach to the Processing of Metal Hydrides. J. Alloys Compd. 2011, 509, 18–22. [Google Scholar] [CrossRef]

	



Gupta, A.; Shervani, S.; Faisal, M.; Balani, K.; Subramaniam, A. Hydrogen Storage in Mg-Mg2Ni-Carbon Hybrids. J. Alloys Compd. 2015, 645, S397–S399. [Google Scholar] [CrossRef]

	



Pentimalli, M.; Padella, F.; La Barbera, A.; Pilloni, L.; Imperi, E. A Metal Hydride–Polymer Composite for Hydrogen Storage Applications. Energy Convers. Manag. 2009, 50, 3140–3146. [Google Scholar] [CrossRef]

	



Pentimalli, M.; Imperi, E.; Zaccagnini, A.; Padella, F. Nanostructured Metal Hydride–Polymer Composite as Fixed Bed for Sorption Technologies. Advantages of an Innovative Combined Approach by High-Energy Ball Milling and Extrusion Techniques. Renew. Energy 2017, 110, 69–78. [Google Scholar] [CrossRef]

	



Dieterich, M.; Pohlmann, C.; Bürger, I.; Linder, M.; Röntzsch, L. Long-Term Cycle Stability of Metal Hydride-Graphite Composites. Int. J. Hydrogen Energy 2015, 40, 16375–16382. [Google Scholar] [CrossRef]

	



Matsushita, M.; Tajima, I.; Abe, M.; Tokuyama, H. Experimental Study of Porosity and Effective Thermal Conductivity in Packed Bed of Nano-Structured FeTi for Usage in Hydrogen Storage Tanks. Int. J. Hydrogen Energy 2019, 44, 23239–23248. [Google Scholar] [CrossRef]








[image: Inorganics 11 00181 g001 550] 





Figure 1. (a) Radial (solid line) and axial (dashed line) thermal conductivities of the Mg90Ni10-ENG compacts at different compaction pressures as a function of ENG content. (b) Radial (solid line) and axial (dashed line) thermal conductivities of the MgH2-ENG compacts at different compaction pressures as a function of ENG content (0 wt% black, 5 wt% orange, 10 wt% blue, 25.5 wt% green). Note: MgH2 is treated as the approximate hydrogenated state of Mg90Ni10. Figure adapted from Pohlmann et al., International Journal of Hydrogen Energy; published by Elsevier, 2010 [18]. 
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Figure 2. (a) Reversible H2 absorption (under 30 atm hydrogen pressure) and desorption (under 0.01 atm hydrogen pressure) of Ni-MHGH-75 (circles) and MHGH-75 (triangles) at 200 °C. (b) Thermal conductivity of MHGH-75 in comparison with MgH2 NPs and ball-milled MgH2 containing 25 wt% graphene (BM MgH2/GR) at room temperature and 200 °C, respectively. Figure adapted from Xia et al., Advanced Materials; published by Wiley, 2015 [69]. 






Figure 2. (a) Reversible H2 absorption (under 30 atm hydrogen pressure) and desorption (under 0.01 atm hydrogen pressure) of Ni-MHGH-75 (circles) and MHGH-75 (triangles) at 200 °C. (b) Thermal conductivity of MHGH-75 in comparison with MgH2 NPs and ball-milled MgH2 containing 25 wt% graphene (BM MgH2/GR) at room temperature and 200 °C, respectively. Figure adapted from Xia et al., Advanced Materials; published by Wiley, 2015 [69].
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Figure 3. Hydrogen sorption isotherms of the as-prepared MgH2-xAC composites (x represents the weight percentage of AC) at (a) 300 °C, (b) 200 °C, and (c) 150 °C with an initial hydrogen pressure of 2 MPa, and (d) the comparison of the capacities of hydrogenation within 2 h at 300 °C and relevant activation energies for hydrogenation. Figure adapted from Jia et al., International Journal of Hydrogen Energy; published by Elsevier, 2012 [76]. 
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Figure 4. Hydrogenation (20 bar H2 pressure, filled markers) and dehydrogenation (0.1 bar vacuum, empty markers) capacity as a function time for Mg–Mg2Ni and Mg–Mg2Ni–soot/graphite hybrids at 300 °C. Figure adapted from Gupta et al., International Journal of Alloys and Compounds; published by Elsevier, 2015 [85]. 
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Figure 5. Hydrogen storage capacity and mass decrease in MH sheets (TFN: TiFe0.9Ni0.1; LYNA: La0.6Y0.4Ni4.9Al0.1) during hydrogenation cycle test at 3.8 MPa of hydrogen and was vacuumed for 1 h. Figure adapted from Yasuda et al., International Journal of Hydrogen Energy; published by Elsevier, 2013 [21]. 
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Figure 6. The radial thermal conductivity of Hydralloy C5-10 wt% ENG composite throughout 1000 cycles. Cycling temperature: 50 °C; absorption pressure: 40 bar; desorption pressure: 1 bar. Figure adapted from Dieterich et al., International Journal of Hydrogen Energy; published by Elsevier, 2015 [88]. 
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