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Abstract

:

Whether it is fossil energy or renewable energy, the storage, efficient use, and multi-application of energy largely depend on the research and preparation of high-performance materials. The research and development of energy storage materials with a high capacity, long cycle life, high safety, and high cleanability will improve the properties of energy storage systems and promote their wide application. In recent years, Mg-based materials, from a comprehensive consideration of energy storage performance, raw material reserves, and prices, have demonstrated potential industrial applications as large-scale hydrogen storage materials. Nevertheless, Mg-based materials also have obvious disadvantages: as a hydrogen storage material, the hydrogen absorption/desorption rate is insufficient, as well as the high hydrogen absorption/desorption temperatures; as the electrode material of Ni-MH batteries, the reactions of Mg with alkaline electrolyte and corrosion are the main problems for applications. This article reviews different surface treatment methods and mechanisms for surface modifications of Mg-based materials for hydrogen storage and Ni-MH battery applications, as well as the performance of the materials after surface modifications. Multiple experimental studies have shown that the surface layer or state of Mg-based materials has a strong impact on their performance. Surface modification treatment can greatly improve the energy storage performance of magnesium-based materials for hydrogen storage and Ni-MH battery applications. Specifically, Mg-based materials can have a lower hydrogen absorption/desorption temperature and a faster hydrogen absorption/desorption rate when used as hydrogen storage materials and can improve the corrosion resistance, initial discharge capacity, and cycling stability in alkaline solutions when used as negative electrode materials for Ni-MH batteries. By offering an overview of the surface modification methods for Mg-based materials in two energy storage fields, this article can improve researchers’ understanding of the surface modification mechanism of Mg-based materials and contribute to improving material properties in a more targeted manner. While improving the material properties, the material’s preparation and surface modification treatment process are considered comprehensively to promote the development, production, and application of high-performance Mg-based materials.
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1. Introduction


Energy is one of the most critical material resources for the development of human society. In recent decades, rapid population growth and heavy industry development have led to a significant increase in demand for energy. The traditional energy structure dominated by fossil fuels is no longer sufficient to support the sustainable development of human society. Therefore, one of the biggest challenges for today’s society is the search for sustainable, low-cost, clean energy sources. Furthermore, it is essential to achieve higher energy efficiency while gradually adapting new energy systems. In the future, all energy systems must use traditional energy more efficiently and gradually increase the use of renewable energy sources. Although natural resources such as solar, wind, geothermal, and tidal energy are renewable, their dependence on the environment and time zones leads to shortcomings, such as intermittency, an unstable capacity, and unpredictability [1,2,3,4]. As the cleanest energy source, hydrogen energy is expected to transform the main carbon-based economy of modern society into a less- or even zero-carbon-based economy [5,6]. However, as the lightest gaseous energy source, safe and efficient storage and transportation also limit the speed of the development and broad application of hydrogen energy [7,8,9]. However, for the realization of energy structure adjustment and the efficient use of renewable energy, the problem of how to store energy safely and efficiently must be addressed and solved.



Energy storage is an essential intermediate link to achieving multi-purpose, easy-to-manage, and the efficient use of energy. At present, common energy storage systems include thermal, mechanical, electromagnetic, hydrogen, and electrochemical energy storage systems [10,11,12]. Hydrogen and electrochemical energy storage have attracted increasing research interest and widespread attention in recent years, as they are compared to traditional energy storage methods. The ability of an energy storage technology to achieve large-scale applications in modern industry and real life is also closely related to the research and development of relevant materials [13,14]. Energy storage materials play a key role in the efficient and multifunctional application of energy and are of crucial importance for the development, storage, and utilization of clean energy, as well as the construction of energy infrastructure. There are many kinds of energy storage materials that are widely used in industries. In addition, the safety of energy storage is mainly related to the environment and the choice of energy storage materials. Due to its high storage capacity, cheap price, and abundant reserves, Mg-based materials are considered one of the key types of energy storage materials with great potential applications [15,16,17].



Nowadays, the research of Mg-based materials for energy storage applications mainly focuses on two areas: (1) as a storage medium for hydrogen in solid-state hydrogen storage tanks and (2) as an electrode material for Ni-MH batteries. However, both of these applications suffer from certain shortcomings. The former has a high thermodynamic stability resulting in high operation temperatures and poor kinetic performances, which severely limits the development and widespread use of Mg-based hydrogen storage materials [18,19]. In the case of Ni-MH batteries, the performance largely depends on the rate of charge transfer on the electrode surface, which also includes the transfer rate of hydrogen between adsorbed and adsorbate states, as well as the diffusion of hydrogen in the adsorbed state between the interior of the material and the electrode surface [20,21,22]. Moreover, the alkaline electrolyte in Ni-MH batteries also causes interfacial reactions with the electrode material, accelerating the corrosion of the electrode and, thus, affecting the electrochemical performance of the battery [23,24]. Thus, the poor cycling stability performance and corrosion resistance of Mg-based materials are the obstacles for their application in Ni-MH batteries [25,26,27,28]. More and more research results show that the performance of Mg-based materials, either as hydrogen storage media or electrode materials, is closely related to the surface structure and surface state. [29,30,31,32].



On the one hand, as a hydrogen storage material, the surface layer of Mg-based materials dramatically impacts performance. It directly affects the physical and chemical adsorption and the decomposition of H2 on the material surface, as well as the surface permeation rate of H. These factors ultimately affect the kinetic performance of hydrogen adsorption and desorption. The hydrogen absorption reaction process of materials can be described as follows (Figure 1) [33]: step 1: H2 is physically adsorbed on the surface of particles by van der Waals forces; step 2: H2 is chemisorbed and dissociated to H on the surface of particles; step 3: H penetrates the lattice through the surface and diffuses to the interior of the alloy; step 4: the alloy phase transforms to the hydride phase. The hydrogen desorption reaction can be considered the reverse process of the hydrogen absorption reaction [34]. The dissociation energy barrier of H2 on the Mg surface is as high as 218 kJ mol−1 H2 [35]. The slow surface permeation rate of H on the material surface is also a key factor affecting the hydrogen absorption reaction kinetics of Mg-based materials. As is known, Mg-based materials are extremely prone to oxidation during the preparation process. The oxide layer formed on the surface hinders the decomposition of H2 and the surface permeation of H, leading to a significant decrease in the hydrogen absorption/desorption rate [36]. Moreover, prolonged hydrogen absorption/desorption can also lead to the pulverization of the particles and the poisoning of impurity gas, which reduces the hydrogen storage capacity of the material and shortens its service life. Thus, in order to enhance the hydrogen absorption kinetics, it is necessary to increase the rate of decomposition of H2 on the material surface, the permeation rate of H on the surface, and the ability of the surface to resist impurity gas poisoning. However, these all directly depend on the composition, structure, and state of the material surface.



On the other hand, when Mg-based materials are prepared as electrodes for Ni-MH batteries, the main processes that occur at the electrodes during charging are the decomposition of water into H at the material’s surface and the diffusion of H to the surface and inside the material. When the counter-current is applied, H is released and oxidized to water [37,38]. Two main factors dictate the electrochemical kinetic performance of electrodes: the ability of hydrogen diffusion inside the material and the ability of charge transfer on the surface of the material [39,40]. Furthermore, electrons are conducted to the electrolyte through the propagation medium of the material surface, so a key factor influencing the electrode reaction is a surface with good electron conductivity. In addition, the surface of the electrode material is also highly susceptible to corrosion in alkaline electrolytes. As a result, the material surface’s ability to resist corrosion also plays a crucial role in determining the electrode’s cycling stability and service life.




2. Surface Modification of Magnesium-Based Materials


The properties of Mg-based materials are closely related to their composition, crystal structure, and surface state. Generally, thermodynamic properties, such as the maximum capacity and enthalpy change, are directly related to the material composition and crystal structure [41]. However, the surface state significantly impacts the kinetics [42], as well as the properties of surface corrosion resistance, impurity toxicity resistance, and electrocatalytic activity. These factors, in turn, affect the overall performance of the material. To improve the performance of Mg-based materials, various surface modification techniques, such as surface coatings, surface catalysis, nanocrystallization and amorphization, and the formation of core–shell structures, are often employed. These techniques have supported the application of Mg-based materials in fields such as hydrogen storage and Ni-MH batteries.



2.1. Surface Modifications of Hydrogen Storage Material


In recent years, an important research direction for Mg-based materials is their application as a hydrogen storage and transportation medium. In this field, the hydrogen absorption/desorption rate, temperature, and storage capacity are the primary concerns. From a kinetic perspective, the main reasons for the slow hydrogen absorption reaction of Mg-based materials include the following: (1) the MgO or Mg(OH)2 layer on the material’s surface inhibits the decomposition of H2 and the penetration and diffusion of H on the surface [43], and (2) after the initial production of MgH2 on the surface, the subsequent diffusion of H gradually becomes more difficult [44,45,46]. Therefore, it is essential to accelerate H2 decomposition and H diffusion on the material surface to improve the hydrogen absorption/desorption rate. Surface modification techniques, such as surface catalytic treatment, nanocrystalline treatment, and the formation of core–shell structures, are crucial for enhancing the surface performance of Mg-based materials.



2.1.1. Surface Catalytic Treatment


One of the commonly used methods to improve the hydrogen storage property of Mg-based materials is to add a catalytic phase to their surface. Such an addition can create more active sites and channels for H2 decomposition and H diffusion, thereby significantly improving the hydrogen absorption/desorption rate of materials [47,48,49,50]. Transition metals and their oxides are currently the most extensively studied catalysts. These catalysts can accelerate H2 decomposition on the surface of Mg-based materials, thereby improving the kinetic properties of materials at lower temperatures [51,52].



Nanoscale transition metal clusters can further enhance the catalytic effect of transition metals. However, both the clusters and Mg particles are susceptible to aggregation, which negatively impacts the hydrogen absorption/desorption rate [53]. Mesoporous and microporous materials can be used as dispersed phases to separate the nanoclusters to prevent them from aggregation [54,55,56]. Numerous studies have investigated the use of carbon materials as a dispersed phase to prevent the aggregation of nano-transition metal clusters and improve the properties of Mg-based materials [57,58,59,60]. Liu et al. [61] prepared Ni@rGO nanomaterials with porous structures using reduced graphene oxide (rGO) as a carrier loaded with the nano-transition metal Ni, and then they synthesized a MgH2-5 wt% Ni@rGO composite material via ball milling. It was found that the composite material had a faster desorption rate and a lower desorption temperature than the untreated MgH2 material, which all stemmed from the distribution of Ni@rGO nanoparticles on the surface of the MgH2 particles. A small amount of laminated rGO flakes was also found on the surface of MgH2. Furthermore, these flakes prevented the sintering and agglomeration of nanoparticles, accelerating the decomposition of MgH2 and enhancing the cycling stability. Liu et al. [62] synthesized Co with a uniform size of 10 nm and loaded it on carbon nanotubes to form Co@CNT materials, which were then doped into MgH2 to form MgH2/Co@CNT composites. This material can desorb H2 rapidly at 267.8 °C and desorb 6.89 wt% H2 at 300 °C within 15 min. By performing XRD, TEM, and EDS characterizations on the MgH2/Co@CNT composites, it was discovered that Co@CNTs exhibit a good catalytic effect on the hydrogen absorption/desorption reaction of materials. The phase transition from Mg2Co to Mg2CoH5 on Co@CNTs can improve the hydrogen absorption/desorption process by creating a “hydrogen channel” effect. Additionally, carbon nanotubes are elongated into carbon sheets and uniformly cover the surface of MgH2 particles. This carbon nanotube coverage on the MgH2 particles has a synergistic effect (Figure 2), which reduces the hydrogen absorption/desorption temperature and further enhances the kinetics of MgH2.



Hudson et al. [63] investigated and improved the kinetics of Mg-based materials by synthesizing graphene-containing iron nanoclusters. It was found that this graphene could accelerate the hydrogen desorption process. The graphene structure creates more active sites for hydrogen desorption, and the presence of iron nanoclusters reduces the adsorption of H during hydrogen desorption, thus allowing for low-temperature hydrogen desorption.



Bhatnagar et al. [64] synthesized catalytic Fe3O4@GS composites using Fe3O4 nanoparticles and graphene sheets (GSs) and experimentally verified that such composites can improve the kinetics and thermodynamics of the performance of Mg-based hydrogen storage materials. Fe3O4@GS exhibited a superior catalytic effect during hydrogen desorption compared to GS or Fe3O4, with a lower onset hydrogen desorption temperature (262 °C) and desorption activation energy (90.53 kJ mol−1 H2), leading to an improvement in the hydrogen absorption rate and storage capacity. The enhancement of catalytic activity was mainly due to the synergistic effect of iron nanoparticles and GS. GS ensures a homogeneous dispersion of the Fe nanoparticles, preventing their agglomeration, increasing the effective surface area for catalysis, and improving the catalyst’s durability and stability. Furthermore, the variable valence of Fe enables GS to function as an intermediate carrier, accelerating charge transfer during the hydrogen absorption/desorption process (Figure 3).



Xie et al. [65] prepared Mg-5 wt%NiS/rGO nanocomposites using reduced graphene oxide (rGO) modified with nickel sulfide and nano-Mg powder as raw materials through hybrid ball milling. The composites exhibited excellent hydrogen desorption kinetics, rapidly desorbing 3.7 wt% of H2 in 10 min and 4.5 wt% of H2 in 60 min. It was found that 800 nm of nickel sulfides was completely transformed into catalysts such as MgS, Mg2Ni, and Ni after the first hydrogenation of the material. The excellent hydrogen desorption performance was derived from the highly dispersive catalysts, such as MgS, Mg2Ni, and Ni, which had a synergistic catalytic effect on the rGO flakes (Figure 4), and the formation of more nucleation sites between rGO flakes, catalysts, and the Mg matrix.



Wang et al. [66] developed a composite catalyst that allows for the homogeneous dispersion of ultrafine Ni nanoparticles on porous carbon nanospheres. Ni nanoparticles have a high activity and can form nanosized Mg2Ni/Mg2NiH4, which acts as the catalyst in the reaction process. At the same time, carbon groups can also make the catalyst highly dispersed to obtain sustainable catalytic activity. Ma et al. [67] treated 5 wt% TiH2, 2 wt% graphite, and a mixture of the two as additives with Mg2NiH4 for ball milling. After air exposure, the kinetic properties of the materials were improved, especially with the composites incorporating both TiH2 and graphite. The exceptional air stability and kinetics of the Mg2NiH4-TiH2 composites can be attributed to three synergistic effects, including the protection of the passivation layer, the catalytic of TiH2, and the catalytic of the Ni-based products formed in situ in the composite. This synergistic effect prevents further oxidation of the material surface and provides more active sites for the hydrogen absorption/desorption reaction. Moreover, the discovery of this synergistic effect can provide guidance for the study and development of Mg-based materials with both excellent air stability and high activity.



When it comes to modifying surfaces with catalysts, transition metals are typically the preferred choice. In order to enhance the efficiency of this process, researchers have focused on reducing the catalysts’ particle size to the nanoscale and incorporating carbon materials with porous structures to prevent particle agglomeration. Comprehensive studies have shown that transition metals and their alloys exhibit excellent catalytic properties in the process of the hydrogen absorption/desorption of Mg-based materials and can significantly decrease the temperature of the hydrogen absorption/desorption of the materials. In particular, the combination of carbon materials and nanocatalytic particles, the porous structure of carbon materials, and the size effect of nano-transition metal particles contribute to the maintenance and enhancement of surface catalyst catalysis. However, the search for catalysts that can maintain the good hydrogen storage capacity and cycling stability of the material remains a challenge.




2.1.2. Nanocrystallization Treatment


By utilizing unique preparation methods to reduce the particle size to the nanoscale, surface energy is significantly enhanced, and lattice defects are increased, resulting in a considerable improvement in the hydrogen absorption/desorption performance of materials [68,69,70]. Nanosizing has been extensively studied as a modification technique for Mg-based materials since the end of the last century and has been shown to enhance this material’s hydrogen storage capabilities significantly. Currently, the preparation processes of nano Mg-based materials mainly involve mechanical grinding, gas-phase, and nano-confinement processes.



Zaluski [71] and Zaluska [18] firstly discovered and demonstrated that ball milling could improve the properties of MgH2. Mechanical grinding is an effective method for preparing highly reactive Mg-based materials on the nanoscale while also introducing porous surface structures, internal structure defects, and surface microstrain. These alterations ultimately reduce the energy needed for H2 to decompose on the material surface, promote the diffusion of H within the material, and enhance the kinetic properties of the material [72,73].



Zhang et al. [74] utilized mechanical grinding to prepare La7Sm3Mg80Ni10 + 5 wt% TiO2 composites, with a focus on the impact of ball milling time (5–20 h) on the structure and hydrogen absorption/desorption kinetics. The findings indicate that the composites exhibit optimal activation and kinetic properties after 10 h of ball milling. Ball milling leads to the gradual transformation of material structures into nanocrystalline and amorphous, which results in a lowered activation energy. Moreover, an increase in ball milling time also leads to an increase in alloy crystal defects and a change in the surface state, which makes H2 adsorption on the material particle surface easier, and H has shorter and more diffusion paths, allowing the material to absorb hydrogen faster. The ability of nanosizing treatment to enhance the hydrogen absorption performance of materials has also long been demonstrated, with the surface hydrogen absorption capacity of nanocrystalline particles being much higher than that of coarse polycrystalline particles [39]. Chen et al. [75] synthesized the ternary nano-metallic hydride material Mg2CoH5 via mechanical grinding under a hydrogen atmosphere. The sample had nanocrystalline structural features, a high specific surface area, and good hydrogen absorption kinetic properties. Herrich et al. [76] also synthesized nanoscale Mg2FeH6 composites via mechanical grinding. Material powders with a particle size of less than 20 nm can store 5.2 wt% of H2. Meanwhile, iron can act as a catalyst during the hydrogen desorption process, thus reducing the hydrogen desorption temperature of Mg2FeH6 powder.



Li et al. [77] prepared Mg nanowires with diameters in the range of 30–170 nm by using a vapor transport method. Compared with the bulk Mg/MgH2 material, the Mg nanowires possess better kinetic properties for hydrogen absorption/desorption. It is also predicted that if the diameter of the nanowires is less than 30 nm, further changes in the kinetics and thermodynamics of the materials will occur. Venturi et al. [78] prepared Mg nanoparticles with an initial size of 10–50 nm by using inert gas condensation and deposited them onto the substrate material at room temperature. During the deposition process, magnesium nanoparticles coarsen significantly. Both the degree of coarsening and the final morphology are related to the anisotropy of the surface energy of the material. This finding has great significance for the synthesis and stability of the nanostructures of Mg or other elements with similar characteristics.



Choi et al. [79] synthesized Mg-5%Ti nanomaterials through chemical vapor synthesis (CVS) and examined the hydrogen storage performance of the materials. The tests revealed that the initial hydrogen discharge temperature of the Mg-Ti nanomaterials (381 °C) was much lower than that of pristine MgH2. In addition, the hydrogen desorption activation energy of the material was reduced to 104 kJ mol−1 (153 kJ mol−1 for MgH2). This experiment shows that Mg-based materials with low agglomeration can be synthesized by using the gas-phase method, which dramatically improves the kinetic performance of the materials in the hydrogen desorption process. Nano-confinement is a method that involves the loading of hydrogen storage materials into nanoporous materials to enhance their thermodynamic and kinetic properties [80,81]. There are two main aspects to this approach: firstly, decreasing the particle size to the nanoscale and then loading them into pores and, secondly, ensuring the stability of the resulting nanostructure of the material. Porous carbon and organic matter have a high specific surface area, multi-scale pore size distribution, and excellent stability, and they are currently the main porous materials used in the nano-confinement of Mg-based materials.



Zlotea et al. [82] reported a solid hydrogen storage material synthesized from Mg-based nanoparticles and mesoporous carbon. The pore of mesoporous carbon can act as the reactor of nanoparticles, which prevents the nanoparticles from condensing into larger aggregates and greatly enhances the hydrogen desorption kinetics of the material. Zhang et al. [83] used a dibutyl magnesium (MgBu2) precursor solution to permeabilize carbon aerogels (pore size 13 nm), followed by the hydrogenation of MgBu2 precursors at a 5–6 MPa pressure and 170 °C. The material characterization showed that the MgH2 obtained after the treatment was confined in the aerogel pores as nanoparticles, and the hydrogen desorption rate was five times faster than that of the ball-milled MgH2. Confining metal hydrides in the nanoporous scaffold can avoid the aggregation of hydride particles during the cycling process, enhancing the hydrogen desorption kinetic performance of the material. Zlotea et al. [84] reported a solid hydrogen storage material synthesized from Mg-based nanoparticles and mesoporous carbon. The pore of mesoporous carbon can act as the reactor for nanoparticles, which prevents the nanoparticles from coarsening into larger aggregates and extremely improves the hydrogen desorption kinetics of the material. Chen et al. [85] used reactive gas evaporation to confine Mg nanoparticles decorated with V in a 1 nm carbon shell, and the hydrogen storage performances of the material were greatly improved. An analysis indicated that the enhanced performance was primarily attributed to the carbon shell’s nano-confinement effect and the VH2/V2H nanoparticles’ catalytic effect as a “hydrogen pump” during the process of the reaction. Jia et al. [86] suggested a technique for incorporating nanoscale MgH2 into ordered mesoporous carbon materials that introduced size effects and scaffold interface nano-constraints, resulting in hydrogen desorption at lower temperatures (50 °C) in comparison to the use of carbon aerogel. Theoretical calculations were conducted, proposing a potential facilitation mechanism for interfacial bonding between Mg nanoparticles and unsaturated carbon, which leads to the transfer of electrons from MgH2 to the carbon support, ultimately weakening the Mg-H bond.



Furthermore, researchers have found that the chemical interactions on the surface of functional nanoparticles during hydrogen absorption are strongly linked to the crystal facets of the material. Therefore, there is promising potential for synthesizing nanomaterials with a selective orientation based on this discovery [87,88]. Combined with the fact that rGO can limit the particle size of Mg, Dun et al. [89] grew Mg nanoparticles with preferential orientation on reduced graphene oxide (rGO). Experiments and first-principles calculations consistently show that materials with preferentially oriented crystal surfaces have better hydrogen absorption properties. Although the research in this area is still lacking, the combination of experiments and simulations also lays the foundation for the study of hydrogen storage materials with preferentially oriented crystal surfaces.



Numerous theoretical and experimental studies have reported that the thermodynamic performance of the Mg/MgH2 system can be significantly improved through the size effect of the material particles when the Mg/MgH2 particle size decreases to 3 nm [90,91]. On this basis, researchers have analyzed the effect of grain size on the hydrogen desorption performance and thermodynamic stability of Mg/MgH2 with the help of quantum mechanical calculations. The results show that nanostructured MgH2 clusters have a lower desorption enthalpy than bulk MgH2. The effect of the variation in the grain size on the total energy of MgH2 and the degree of binding of Mg nanoparticles to H2 molecules can be given (Figure 5) [92]. It has been observed that, when the particle size is less than 1.5 nm, the total energy of the MgH2 group becomes smaller, and such a reduction can improve the thermodynamic properties of the materials to a great extent. However, it has also been shown that, even when nanoparticles have larger sizes, the thermodynamic properties of the material change considerably (Figure 6) [93]. Furthermore, as nanoparticles with larger dimensions are easier to prepare and handle, this opens a new perspective for using particle size effects to enhance the hydrogen storage performance of Mg-based materials.



After the particle size of the material has been reduced to the nanometer size, the specific surface area of the particles increases, resulting in a significant rise in active sites that can accelerate the dissociation of H2 on the material surface. Additionally, the reduced particle size to the nanoscale shortens the diffusion path of H, making it more favorable to diffusion. Furthermore, the nanoscale particle size exposes most of the atoms to the surface after the material has completed hydrogen absorption, which can lead to the instability of the Mg-H bond and result in a lower hydrogen desorption temperature of the material.




2.1.3. Core–Shell Structure


Nanosizing significantly enhances the kinetic/thermodynamic performance of materials. Nevertheless, the sensitivity of nanoscale Mg-based materials to oxygen increases, making it challenging to store and transport them, which severely restricts their application fields and environments [45]. To preserve the excellent performance of nanoscale materials while mitigating their sensitivity to gas impurities, it is crucial to protect the materials’ surface. The formation of the material surface shell layer presents an excellent solution to this challenge. Typically, Mg-based materials with a core–shell structure are produced through ball milling, cladding, plasma, nano-confinement, and vapor deposition techniques.



High-energy ball milling is one of the most common methods for preparing nanomaterials with a core–shell structure [94,95]. Cui et al. [96] produced Mg-Ti core–shell structures with a maximum shell thickness of 10 nm via ball milling. The temperature-programmed desorption (TPD) and an isothermal hydrogen desorption analysis confirmed that the Mg-Ti material with a core–shell structure demonstrated outstanding hydrogen desorption properties, with an initial hydrogen desorption temperature of approximately 175 °C and a change in the entropy of the hydrogen desorption reaction (ΔS) from 130.5 to 136.1 J mol−1 K−1 H2. Moreover, the equilibrium temperature at 0.1 MPa also decreased, leading to a lower initial hydrogen desorption temperature of the material. The shell layer contains multiple valence states of Ti, such as Ti(0), TiH2(+2), TiCl3(+3), and TiO2(+4). A new mechanism of action has been put forward whereby multivalent Ti can act as a medium for electron transfer, which makes it easier for H2 to recombine on the surface of the compound of Ti. The existence of such a mechanism can reduce the desorption temperature of MgH2 and accelerate the hydrogen desorption process (Figure 7).



Cladding is another method used to prepare Mg-based materials with a core–shell structure. Cui et al. [97] synthesized a series of Mg-TM (TM = Ti, Nb, V, Co, Mo, Ni) nanocomposites with a core–shell structure by covering Mg with transition metals, and these Mg-TM nanocomposites have excellent hydrogen desorption properties. Moreover, it was found that the Mg-TM composites prepared via cladding have better hydrogen storage performances than those prepared using the ball milling method, which is mainly due to the fact that the cladding treatment can make the Mg on the surface of the core particles fully contact with the transition metal in the shell layer and accelerate the diffusion rate of H (Figure 8). The peak temperature of hydrogen desorption of the Mg-TM sample was tested (Figure 9), revealing that Ti has the most significant effect on the dehydrogenation of MgH2, lowering the desorption temperature by 150 °C compared to that of MgH2. According to the analysis, the hydrogen desorption process of the material follows a redox mechanism. In this mechanism, the multivalent TM element acts as a mediator for electron transfer, which has a catalytic effect that accelerates the electron transfer and enables the material to complete the hydrogen desorption reaction swiftly.



Zou et al. conducted extensive research on Mg-based materials with a core–shell structure using the arc plasma method. In their study [98], Mg-based rare-earth nanocomposites (Mg-RE, RE = Nd, Gd, Er) were produced via the arc plasma method. An XRD analysis and TEM observation revealed that the ultrafine Mg (RE) particles within the Mg-RE composites were enveloped by nano-MgO and RE2O3, forming a distinctive core–shell-structured metal oxide composite. Among the materials, Mg-Er displayed the maximum decrease in hydrogen absorption enthalpy (8.7 kJ mol−1 H2), with the high-temperature (400 °C) hydrogen storage capacity increasing from 6.24 to 7.37 wt%. The presence of the core–shell structure provided the Mg-RE composite powders with superior oxidation resistance, and the nano-RE2O3 in the core–shell structure had a catalytic effects on the hydrogen absorption reaction of the materials, contributing to the enhanced thermodynamic/kinetic performance of the ultrafine Mg particles. Mao et al. [99] prepared Mg-MFx (M = V, Ni, La, Ce) nanocomposites with core–shell structures by mixing Mg powder with different types of metal fluorides (VF3, NiF2, LaF3, and CeF3) using the arc plasma method. Moreover, Mg-NiF2 had the best low-temperature hydrogen absorption performance, absorbing 3.26 wt% of H2 in 2 h at 100 °C, while the Mg-VF3 composite showed the greatest decrease in peak desorption temperature (by 41.8 °C). Metal fluoride reacts with Mg during the evaporation and condensation of arc plasma to form MgF2 and transition metal particles, which cover the Mg surface and eventually form a core–shell-structured composite material (Figure 10). The surface shell structure of Mg-MFx composites has a catalytic effect and can prevent the agglomeration of material particles, leading to improved hydrogen absorption/desorption performances.



Studies have demonstrated that transition metals, such as Ti, Fe, and Ni, exhibit a remarkable catalytic effect on the hydrogen absorption/desorption reaction of Mg-based materials [100]. Zou et al. [101] prepared Mg-TM-La ternary composite powder materials (TM = Ti, Fe, Ni) using the arc plasma method for the first time. They found that the ternary composite powder’s main structure and phase composition were ultrafine Mg particles encapsulated by nano-La2O3 and MgO. The hydrogen absorption/desorption performance of the Mg-TM-La system was significantly improved when compared with that of the binary Mg-TM or Mg-La system, with a faster hydrogen absorption rate and a lower hydrogen desorption temperature (Figure 11). By adding a trace amount of transition metals (particularly Ti and Ni), along with La2O3, a significant improvement in the thermodynamic/kinetic performance of Mg-based materials can be achieved due to the excellent catalytic role played by these additives in the hydrogen absorption/desorption processes.



Zou et al. [102] also synthesized binary Mg@Ti and ternary Mg@Ti@Ni composites with core–shell structures using the arc plasma method and then investigated their microstructures and properties. After hydrogen absorption by the composites, it was observed that the materials had MgH2 as the core and Ti or Mg-Ni hydride as the shell and that they had a rougher surface than pure Mg particles (Figure 12 and Figure 13). The hydrogen absorption activation energy, enthalpy, and peak temperature of the hydrogen desorption of the ternary composites are lower than those of the binary composites, which is primarily attributed to the catalytic effect of TiH2 and Mg2Ni covering the surface of the Mg particles. Furthermore, TiH2 as the active site and Mg2Ni as the “hydrogen pump” can further accelerate the hydrogen absorption. The results show that the co-plating of Ti and Ni can further enhance the hydrogen absorption thermodynamics/kinetics of Mg (Figure 14).



Based on the mechanism of the above optimizations for Mg-based ternary composites, Lu et al. [103] synthesized binary Mg@TM (TM = Co, V) and ternary Mg@Co@V composites with core–shell structures using a combination of the arc plasma and reduction methods. The enthalpy and activation energy required for the hydrogen absorption process of the ternary composite were lower than those of the binary materials and pure Mg, in addition to having a lower initial hydrogen desorption temperature. An analysis indicated that the properties of the material can differ depending on the type and quantity of phases present in the shell layer. Consequently, forming a core–shell structure with ternary composites can more significantly enhance the hydrogen absorption/desorption performance of the material. Jeon et al. [104] prepared Mg NCs/PMMA nanocomposites with core–shell structures using poly (methyl methacrylate) (PMMA) as the confinement material for metallic Mg nanocrystals (NCs). Mg particles over 60 wt% and 5–15 nm in diameter were dispersed in the polymer. The composite material had a fast hydrogen absorption/desorption ability below 200 °C. The use of PMMA in composite materials forms a gas-selective polymer barrier that enables the hydrogen absorption/desorption process while oxidation is prevented (Figure 15). A TEM analysis revealed that Mg NCs embedded with PMMA had a spherical morphology and an average particle size of around 4.9 nm and were uniformly distributed. The polymer shell also serves as a protective and catalytic layer that prevents the oxidation and agglomeration of nano-Mg particles. Xia et al. [105] employed the nano-confinement method to prepare MgH2-GR-Ni composites, where graphene acted as a structural support and spatial barrier to suppress the growth of MgH2 nanoparticles. As a result, the activation energies for hydrogen absorption and desorption were reduced to 22.7 and 64.7 kJ mol−1 H2, respectively, significantly improving the material’s hydrogen storage properties. Callini et al. [106] synthesized Mg nanoparticles with a metal oxide shell morphology using inert gas condensation and modified them with in situ Pd deposition, where discontinuous layers with Pd clusters formed on the MgO shell. The presence of the MgO shell layer retarded the further oxidation of the composites, and the modification of Pd further improved the hydrogen absorption performance of the materials. Ma et al. [107] prepared a nanobox (CoS-NB) scaffold derived from a Co-based metal–organic framework (MOF) with a mesoporous structure. The nanosizing of MgH2 within the porous structure of CoS-NBs was successfully achieved during the hydrogen absorption of the material. The unique core–shell structure and the “nanometer size effect” reduced the enthalpy of the hydrogen absorption/desorption of the composite material. At the same time, the generated MgS had a catalytic effect, which enhanced the kinetic properties of the material.



A “shell” with a good catalytic effect can be formed on the surface of Mg-based materials by using different preparation and treatment methods. However, the underlying mechanism for improving the performance of these materials remains similar. The choice of the shell layer material is crucial, but most current studies have chosen nanoscale elemental particles and their compounds with catalytic effects. The catalytic effect of the shell layer can reduce the activation energy of hydrogen absorption/desorption, which leads to a lower absorption/desorption temperature and a faster absorption/desorption rate, and studies have shown that the multi-phase formation of the shell layer with better catalytic effect. In addition, the protective effect of the shell layer can also prevent the oxidation of Mg-based materials in contact with air and improve the cycle life of the materials.



The low cost, high hydrogen storage capacity, and abundant raw materials of Mg-based materials have made them a promising choice in the energy storage industry. However, the material’s surface tends to form an oxide film that hinders the hydrogen absorption/desorption reaction, and the performance of hydrogen storage heavily relies on temperature conditions. The surface properties of the material play a crucial role in determining hydrogen storage characteristics, such as the absorption/desorption rate, temperature, and activation duration. This chapter has discussed various surface treatment methods, including surface catalytic treatment, nanocrystallization treatment, and the formation of core–shell structures, and their effects on the hydrogen storage performances of Mg-based materials. The introduction of the nanoscale catalytic phase allows it to provide more active nucleation sites for the surface reactions of the material. At the same time, the catalytic effect can also accelerate the rate of the hydrogen absorption/desorption reaction occurring. On top of this, graphite material is introduced, and the special porous structure of graphene can provide additional diffusion channels for H, thus creating a synergistic effect with catalysis and greatly reducing the time required for the reaction. Nanosizing treatment also boosts hydrogen storage performance by providing more active sites for H2. At the same time, the refinement of the particles also creates shorter diffusion distances and more diffusion paths for H. These factors collectively promote faster hydrogen absorption rates. Reducing the particle size of catalysts is an effective way to improve their catalytic activity since catalyst activity is directly related to the number of catalytically active atoms on the surface of the carrier. A large number of studies have found that the incorporation of nanoscale catalysts in Mg-based materials with nanostructures can further improve the hydrogen storage properties of the materials compared to those of matrix materials without any treatment. A core–shell structure is mainly formed to protect the more “fragile” surface of the materials after nanocrystallization. This is carried out in order to maintain and further enhance the excellent hydrogen absorption/desorption performance of Mg-based materials. The current research has proved that a layer of catalytic “shell” can be formed by covering the catalyst on the surface of Mg particles with different preparation methods. This structure can play a catalytic role while protecting the surface of the material at the same time so that the material has a better hydrogen storage performance. It provides a very important method for the preparation of nanometer Mg-based materials with high catalytic and long-cycle abilities. The surface modification of Mg-based materials using various techniques can greatly enhance their kinetic and thermodynamic properties. In summary, although the various surface modification treatments differ in their methods and principles, they are also subtly related. The most direct manifestations for improving the hydrogen storage properties of the materials all lead to an increase in the hydrogen absorption/desorption rate, a decrease in the hydrogen absorption/desorption temperature, and a decrease in the material enthalpy and activation energy. In addition, different modification methods can be used as a reference for further research and improvement of material properties.





2.2. Surface Modifications of Electrode Materials in Nickel–Metal Hydride Batteries


Ni-MH batteries are secondary new energy batteries with Ni(OH)2 as the positive electrode, metal hydride (MH) as the negative electrode, and an alkaline solution as the electrolyte (Figure 16a) [108,109]. Ni-MH batteries have been widely used in commercial hybrid vehicles, such as Toyota, Honda, and Ford, since 1999 due to their high level of safety, environmental friendliness, and good low-temperature properties [110,111]. However, the capacity, durability, and discharge performance (kinetics) of the battery depend primarily on the inherent properties of the electrode materials, especially for the preparation of active materials for the negative electrode [112,113]. There have been a series of studies on negative electrode materials for Ni-MH batteries, such as AB5, AB2, AB3, AB, A2B, and Mg-based materials [114,115,116,117,118]. However, with these materials for Ni-MH battery applications in the field of high power, there are still some problems, such as easy polarization, a poor discharge ability at a high rate, easy corrosion in alkaline electrolytes, and poor cycling stability.



The performance of Ni-MH batteries depends not only on the bulk structure of the electrode but also on its surface state. Mg-based alloys are widely used as the negative electrode in Ni-MH batteries due to their exceptional electrochemical properties, cost-effectiveness, and abundant reserves of raw materials (Figure 16b) [108]. However, the appearance and growth of its MgO/Mg(OH)2 surface layer impede electron transport at the electrode/electrolyte interface and create a large discharge potential, resulting in a lower discharge capacity and a poorer kinetic performance of the electrode material [119]. Moreover, the interfacial reaction between the electrode material and the electrolyte can seriously affect the electrochemical performance of the batteries [120,121]. The optimization of the performance of Mg-based electrode materials and Ni-MH batteries can be achieved through surface treatment. Common methods of modification include surface coating, nanocrystallization and amorphization, and surface catalysis.



2.2.1. Surface Coating


The cycling stability of a battery is an essential manifestation of the ability of the electrode materials to resist capacity decay. It is a critical factor in evaluating battery performance, which directly determines the suitability of the electrode material for the commercial applications of Ni-MH batteries. Surface coating treatment can create a new active surface and effectively enhance the electrochemical performance of Mg-based alloy electrodes [122]. It has been reported that the construction of metals (Cu, Ni, Co, and Pd) [123,124,125], reduced graphite oxide (rGO) [126], and certain polymer coatings [127] on the surface of alloys can act as electrocatalysis, anti-corrosion, and microcurrent conductors around the alloy particles, which can improve their electrochemical properties. The cycle life, anti-chalking, and corrosion resistance of the electrodes have been enhanced by the surface modification of Mg-based alloys with nano-metallic particles or conducting polymers [128,129,130].



Li et al. [131] conducted a study on a Mg-Nd-Ni alloy as a negative electrode material for Ni-MH batteries. They used chemical plating on the surface of a Nd0.7Mg0.3Ni3 alloy, with Ni and Co plating treatments carried out separately (Figure 17). The research showed that the surface of the uncoated alloy powder was smooth, with only a few tiny particles formed during the material preparation process adhering to the surface. After the Ni or Co plating treatments, a modified layer was formed on the surface of the base alloy. Honeycomb Ni and flaky Co were deposited on the alloy surface. However, the Ni plating was found to form a denser and more stable metal coating on the surface of the base alloy than the Co plating (Figure 18). Electrochemical tests revealed that both coatings exhibited high electrocatalytic activity during the electrode reaction, promoting the charge transfer on the electrode surface. The surface modification resulted in an improvement in the initial discharge capacity of the electrode material, as well as good high-rate discharge performances. At a discharge current density of 1800 mA g−1, the high-rate discharge increased by 20.4% (Ni coating) and 18.3% (Co coating), and the two coatings still maintained good integrity on the surface of the alloy after 100 charge/discharge cycles, resulting in a good corrosion resistance of the electrode in alkaline electrolytes.



Du et al. [132] synthesized an rGO-Mg2Ni composite by successfully coating reduced graphene oxide (rGO) on the surface of a Mg2Ni alloy with an amorphous structure to enhance the cycling stability of Mg2Ni as an electrode material (Figure 19). The material has a capacity of 557 m Ah g−1 after the 10th cycle, with a capacity retention rate of up to 94%. After 50 cycles, the capacity can also be maintained at 60%, which is significantly improved compared with the untreated Mg2Ni material. In addition, a Tafel polarization test of the electrode showed that the electrode material has high corrosion resistance in an alkaline solution (Figure 20). The structure of graphene provides a high-quality barrier that prevents direct contact between the hydroxyl groups in the alkaline electrolytes and the electrode during the charging/discharging process. The reduced graphene oxide coating treatment also accelerated the charge transfer and ion diffusion on the surface of Mg2Ni.



Studies have explored surface coating modifications for Mg-based alloys. These include the formation of Ni-Cu-P coatings on the surface of La-Mg-Ni as a base material [133], as well as the coating of La-Mg-based electrode materials with various Ni-based compounds using different methods [134,135]. Santos et al. [136] investigated the effect of two mechanical coatings (Ni and Ni + 5 wt% Al) on the structure, powder morphology, and electrochemical performance of a Mg + 50 wt% Ni alloy. It was found that the maximum discharge capacity of the Mg-Ni alloy was 211 mA h g−1 and that the two mechanical coatings could further increase this to 257 mA h g−1 (Ni coating) and 273 mA h g−1 (Ni + 5 wt%Al coating), respectively, as well as improving the cycle life of the electrode material. Although a mechanical coating on the material surface can enhance the electrochemical performance of electrode materials and batteries to a large extent, it is still far from meeting the requirements of everyday life and practical industrial applications. Therefore, a large number of experiments have been carried out to study and analyze the effects of different surface modification mechanisms on the electrochemical performances of Mg-based materials; additionally, more straightforward, economical, and effective surface treatment methods are currently being explored.



The study above highlights the importance of a surface coating on electrode materials. It serves the dual role of electrocatalysis and protection, facilitating charge transfer during electrode reactions and providing protection against rapid corrosion by the electrolyte. Despite the benefits of a mechanical coating in improving electrochemical performance, such as providing a better high-rate discharge performance, initial discharge capacity, and capacity retention, it falls short of practical application requirements in the industry. Therefore, researchers are exploring various surface modification mechanisms and more superficial, more economical, and effective surface treatment methods to enhance the performance of Mg-based materials and batteries.




2.2.2. Nanocrystallization and Amorphization


Materials synthesized via different preparation processes also tend to differ significantly in their properties. In terms of the nanocrystalline and amorphous processing of alloying materials, mechanical grinding is recognized as an effective method to prepare Mg-based materials with nanocrystalline or amorphous structures. Moreover, it has been shown that the grain size of the materials decreases significantly with an increasing grinding time [137,138].



Tian et al. [139] prepared amorphous Mg0.9−xTi0.1PdxNi (x = 0.04–0.1) materials by using the mechanical grinding method. The results showed that replacing Mg with Pd greatly improves the cycling stability of the electrode, as well as the resistance to corrosion in KOH solutions and the surface resistance to oxidation. By comparing and analyzing the cycle capacity retention rate (C20/C1, C50/C1) of the Mg0.9−xTi0.1PdxNi (x = 0.04–0.1) electrode, it was found that the cycle stability of the electrode was significantly enhanced (Table 1). When x was 0.1, the alloy electrode could still maintain a discharge capacity of more than 200 mA h g−1 after 80 cycles. It was concluded from the experimental analysis that the improved electrode properties are due to the formation of a passivation film composed of oxides such as Mg(OH)2, TiO2, NiO, and PdO on the material surface, and the thickness of the passivation film and the hydrogen diffusion coefficient will increase with the increase in the Pd content in the material.



Zhang et al. [140] prepared a La9CeMg80Ni5 alloy using a high-purity helium vacuum induction furnace. They synthesized the La9CeMg80Ni5 + 200 wt% Ni + x wt% GR (x = 0–4) composites with nanocrystalline and amorphous structures by using mechanical nickel and graphite (GR) plating operations on the surface of the alloy. The results showed that adding GR and increasing the ball milling time could improve the electrochemical properties of the composites, increasing the discharge capacity, cycling stability, and electrochemical kinetics of the composites, while the optimal content of GR was determined to be x = 3. When the GR percentage was increased from 0 to 3, the initial discharge capacity of the material increased from 288.1 to 315.4 mA h g−1 after carrying out ball milling for 20 h and from 314.5 to 344.9 mA h g−1 after carrying out ball milling for 80 h (Figure 21). After analyzing the data from the structural and performance tests, they believed that the improved cycling stability resulting from adding GR was due to the graphite layer formed on the electrode surface. A graphite layer has high electrocatalytic activity and can significantly promote the formation of a large number of nanocrystalline and amorphous structures, which also have a protective effect preventing the oxidation of the alloy surface and inhibit the corrosion of the electrode by the electrolyte. The incorporation of Fe, Zn, and Ti has been studied and proven to improve the properties of the base metal [141,142,143]. However, there are few reports on the substitution with V. In order to study the effect of V content on the performances of materials, Bu et al. [144] prepared amorphous and nanocrystalline Mg50−xVxNi45Fe3Zn2 (x = 0–4) + 50 wt% Ni alloys by using mechanical ball milling and surface nickel plating. The results show that the nickel layer can not only restrain the corrosion of the electrode but that it also has good electrocatalytic performances. In addition, the alloy exhibits active electrochemical performances at room temperature. With an increase in ball milling time and V content, electrode materials’ discharge capacity and cycle stability are significantly improved.



According to the current study, the formation of nanocrystallization and amorphous structures of Mg-based materials is mainly achieved by the material preparation process (ball milling), and it is shown that the increase in ball milling time not only facilitates the formation of these two structures but also has a great influence on the material properties. Some additive materials (Pd, Fe, V, and graphite) can further enhance Mg-based material properties. For example, the addition of graphite facilitates the formation of nanocrystalline and amorphous structures during the ball milling process and passivation layers on the material’s surface, and graphite has a certain electrocatalytic activity. Combined with the structure of the base material, it can further improve the material’s initial discharge capacity, cycling stability, and corrosion resistance.




2.2.3. Surface Catalytic Treatment


Unwanted oxide layers usually form on the surface of Mg-based materials synthesized through melting or annealing. These layers hinder electrochemical reactions on the electrode surface during use as an electrode material. To improve surface catalytic activity and enhance electrochemical kinetics and discharge capacity, various methods such as acid/base treatment, heavy ion irradiation, and reduction atmospheres have been reported to effectively remove these oxide layers [145,146,147,148]. The use of the ball milling technique allows for the attachment of metals with certain catalytic properties to the surface of Mg-based alloys, thus improving the composition and state of the alloy surface. During the ball milling process, the surface organization, structure, and grain size of the alloy are changed, which has a positive effect on improving the surface activity of alloys, preventing oxidation and inhibiting capacity losses [149,150].



It has been established that rare-earth oxides can be introduced as catalysts on the surface of Mg-based alloys to improve hydrogen storage properties. Zhang et al. [151] used La1.7Mg1.3Ni9 alloy particles with a particle size of 25–45 μm as the base material, and then they introduced a trace amount of Y2O3 powder (50:1 mixture) via ball milling. Electrochemical tests revealed that, with an increase in the ball milling time, a nano-amorphous Y2O3 layer was generated on the surface of the alloy, which led to a significant increase in the electrochemical cycling stability of the material, as well as providing better corrosion resistance (Figure 22).



To enhance the electrochemical performance of alloy electrodes in alkaline electrolytes, surface pretreatment of the alloy with alkaline solutions is also an effective method. A LaNi2.5Co2.5 alloy was pretreated with KOH to study the electrode reaction kinetics [152]. The alloy was first treated with a hot KOH solution and then with a metallic nickel coating for dual surface modification [153]. A LaNi4.7Al0.3 electrode was treated with a Co(OH)2-KOH solution to study its electrochemical properties [154]. After the alkali solution treatment, the contact resistance between the alloy particles and the charge transfer resistance at the electrolyte and electrode contact interface significantly decreased, leading to faster activation rates and a longer cycle life of the electrodes. Xiao et al. [155] systematically studied the effect of a KOH solution and KBH4 solution treatment on the organization of a La0.7Mg0.3Ni2.4Co0.6 alloy and electrochemical properties. SEM tests showed that the surface of the alloy before treatment was very rough and resembled dense flower petals. The treatment with an alkaline solution resulted in a lamellar structure of the treated specimens with a distinct fracture shape and a wide size distribution. Electrochemical tests showed that the cyclic stability of the alloy electrode greatly improved following the alkaline solution treatment (Figure 23a). Moreover, it was obvious that the KBH4 and KOH mixture had a better effect on the surface treatment of the material. The cyclic voltametric curves of the electrode materials are represented (Figure 23b) by the better kinetic properties of the treated materials (the height of the peak reflects the kinetic properties of the electrode [156]). The surface oxide layer of the material was effectively removed by the alkaline solution, which led to an enhanced diffusion rate of the ions within the alloy material and a decreased electrode charge transfer resistance. It was confirmed that surface pretreatment with an alkaline solution significantly improved the cycling durability of Ni-MH batteries.



Mg-based materials are seen as one of the best options for the preparation of negative electrode materials for Ni-MH batteries due to their abundant reserves and relatively low price. This section provides a brief overview of the impact of surface modification on the electrochemical performance of the electrode material and battery when Mg-based materials were used to prepare the negative electrode of Ni-MH batteries. Various surface modification methods for Mg-based materials, including surface coatings, nanocrystallization and amorphization, and surface catalytic treatment, are described, demonstrating that these modification techniques can enhance the electrochemical performance of electrode materials and batteries to a certain degree. The mechanisms related to the enhancement of the electrochemical properties of the materials after surface modification treatment are briefly analyzed. Surface coating treatment involves the application of a coating material on the surface of Mg-based materials to create a fresh active surface. Studies have shown that many coating materials, including transition metals and graphene, can enhance the electrochemical properties of electrodes. Both materials can improve the charge transfer rate during battery charging and discharging while preventing direct contact between the electrode materials and alkaline electrolytes. Surface catalytic treatments, however, involve attaching the catalyst material to the surface of Mg-based materials or enhancing the catalytic activity of the material surface through solution treatment. Although the principles behind these two methods differ, both can reduce charge transfer resistance, improve the tolerance of electrode materials in alkaline electrolytes, and enhance the cycling stability of electrode materials. The nanocrystallization and amorphization treatment mechanisms for enhancing the performance of Mg-based materials can be briefly summarized as follows: The formation of nanocrystals significantly increases the grain boundary area, providing more diffusion paths for ions. It also promotes the charge transfer ability of the electrode surface, thereby accelerating the electrode reaction processes. Although the modification mechanisms of the three methods are quite different, all of these treatment methods improve the performance of electrode materials to a certain extent. These different modification mechanisms provide a reference direction for future studies on improving the performances of Mg-based materials for further applications in industries.





2.3. Analysis of the Application of Magnesium-Based Materials in Existing Fields


The research and development of energy storage materials are crucial to the utilization and storage of energy. The ideal energy storage materials for a wide range of industrial and residential should consider factors such as the raw material and preparation costs, energy storage capacity, operating conditions, and service life. Mg has abundant reserves (about 2% [157]) and good hydrogen storage properties in the Earth’s crust. Currently, the research on the performance of Mg-based materials in hydrogen storage mainly focuses on solid-state hydrogen storage and Ni-MH batteries. Although researchers have shown that Mg-based materials show relatively excellent performance in hydrogen storage and electrochemical energy storage, which still not enough to achieve large-scale adoption.



In accordance with what is described in this paper, Table 2 and Table 3 briefly summarize the relevant properties of some modified Mg-based materials in the field of hydrogen storage and Ni-MH batteries, respectively.



Based on the current research, it can be found that, in the field of solid-state hydrogen storage, pure Mg materials have the highest hydrogen storage capacity. However, hydrogen absorption/desorption requires exceptionally high temperatures, which requires much energy consumption for assistance. The current research aims to improve the comprehensive performance of the material by improving the preparation method, changing the material composition and structure, and modifying the treatment method. The hydrogen storage properties of Mg-based materials can be improved to some extent after modification treatment, but this is limited to experimental data. As for the design of solid-state hydrogen storage systems, although many studies on hydrogen storage materials and systems already exist, there is a severe lack of practical industrial application validation due to technical and environmental constraints, and there is an extreme lack of research on large-scale hydrogen storage devices. Therefore, more attention should be paid to the local performance and practical applicability of the materials in future research, and practical application verification should be performed. Meanwhile, better preparation processes and modification technologies should be explored to accelerate the realization of large-scale, normalized, and multi-field applications of solid-state hydrogen storage systems.



Even though secondary batteries have a specific research and application base in electrochemical energy storage, further research on high-performance electrode materials is still essential to enhance battery performance. It has been found that, when Mg-based materials are used as anode materials for Ni-MH batteries, modification treatment can improve the corrosion resistance of electrode materials, but there are still apparent deficiencies in discharge capacity and high-rate discharge performance, which limits the application of the materials in the field of high-power batteries.





3. Conclusions and Prospects


Mg-based materials are considered key materials for potential applications in hydrogen storage and transportation, Ni-MH batteries, etc. However, the oxide layer on the material’s surface can hinder the decomposition of H2 and the penetration and diffusion of H. Furthermore, the active surface is susceptible to external factors, such as impurity gases and electrolyte corrosion. These problems impede the practical application of Mg-based materials in the field of energy storage. Surface modification is an effective method to improve the hydrogen storage and electrochemical performance of Mg-based materials. Based on two application scenarios of Mg-based materials as a hydrogen storage medium and an electrode material, this paper summarized and analyzed surface modification treatment methods, such as surface catalytic treatment, nanocrystallization and amorphization treatment, surface coatings, and the formation of a shell structure. The rate of hydrogen absorption/desorption, cycle life, corrosion resistance, and electrical conductivity of Mg-based materials are closely related to the surface state of the materials.



The performance of Mg-based materials in terms of hydrogen absorption/desorption and electrochemical performance in Ni-MH batteries can be significantly enhanced through surface modification treatments. Following the modification treatment, the hydrogen absorption/desorption kinetics and thermodynamics of Mg-based materials can be remarkably improved, resulting in an increased hydrogen absorption/desorption rate and a reduced hydrogen absorption/desorption temperature. For Mg-based Ni-MH electrode materials, surface modification treatment improves electrical conductivity, corrosion resistance, and cycle life, leading to a higher initial discharge capacity and better cycle stability as a manifestation of the enhanced electrochemical performance.



The widespread application of Mg-based materials is contingent on the stable production of these materials on a large scale. Currently, the surface modification method involves coating the surface of Mg-based materials with nanoscale materials possessing catalytic properties, resulting in the formation of a distinctive “shell” structure. This method is both straightforward to implement and controllable, with potential for industrial scaling. Moving forward, in addition to developing new surface modification methods, the existing methods need to be further investigated and integrated into the actual Mg-based material production process to facilitate large-scale production and applications. In future studies, it is important to not only develop new techniques for modification but to also summarize and conduct in-depth studies to incorporate current methods into the practical scale production process of Mg-based materials, enabling improvements in the material’s performance while expanding its application area.
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Figure 1. Schematic illustration of the hydrogen absorption process of Mg. 
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Figure 2. Schematic illustration of MgH2/Co@CNT and its synergetic catalytic effect. Reprinted with permission from Ref. [62]. Copyright 2019, Elsevier. 
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Figure 3. Schematic representation of catalytic mechanism of Fe3O4@GS on MgH2/Mg. Reprinted with permission from Ref. [64]. Copyright 2016, Royal Society of Chemistry. 
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[image: Coatings 13 01100 g003]







[image: Coatings 13 01100 g004 550] 





Figure 4. Schematic illustration of the catalytic mechanism of Ni, Mg2Ni, MgS, and rGO during the hydrogen absorption/desorption processes of the Mg-NiS/rGO nanocomposite. Reprinted with permission from Ref. [65]. Copyright 2017, Elsevier. 






Figure 4. Schematic illustration of the catalytic mechanism of Ni, Mg2Ni, MgS, and rGO during the hydrogen absorption/desorption processes of the Mg-NiS/rGO nanocomposite. Reprinted with permission from Ref. [65]. Copyright 2017, Elsevier.
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Figure 5. Effect of size on the total energy of MgH2 nanoparticles. Reprinted with permission from Ref. [92]. Copyright 2012, American Chemical Society. 
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Figure 6. Changes in ΔH and ΔS caused by the size of Mg nanoparticles. Reprinted with permission from Ref. [93]. Copyright 2014, Royal Society of Chemistry. 
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Figure 7. Many interfaces exist between MgH2, high and low valent Ti compounds during hydrogen desorption of Ti−based multivalence catalyst−doped MgH2 system (a), the multivalent Ti acts as an intermediate medium for electron transfer (b), the catalytic mechanism of multivalent Ti (c). Reprinted with permission from Ref. [96]. Copyright 2013, Royal Society of Chemistry. 
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Figure 8. A section schematic of Mg−TM (a) and ball-milled Mg−TM−based catalyst (b). Reprinted with permission from Ref. [97]. Copyright 2014, Royal Society of Chemistry. 
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Figure 9. TPD-MS test curves of Mg−TM sample. Reprinted with permission from Ref. [97]. Copyright 2014, Royal Society of Chemistry. 
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Figure 10. TEM images of the Mg-VF3 powder (a), the SAED pattern (b), and the HRTEM image (c). A micrograph of the hydrogenated Mg−VF3 powder (d), the SAED pattern (e), and the HRTEM image (f). Reprinted with permission from Ref. [99]. Copyright 2017, Elsevier. 
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Figure 11. DTA curve of Mg−TM−La powder after hydrogen absorption. Reprinted with permission from Ref. [101]. Copyright 2013, Elsevier. 
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Figure 12. SEM images of pure Mg powder (a), Mg@Ti (b), and Mg@Ti@Ni composites (c). Reprinted with permission from Ref. [102]. Copyright 2017, Elsevier. 
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Figure 13. BF−STEM and HRTEM images of Mg@Ti (a,b) and Mg@Ti@Ni (c,d) composites after hydrogen absorption. Reprinted with permission from Ref. [102]. Copyright 2017, Elsevier. 
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Figure 14. The peak dehydrogenation temperature of different materials and synergistic effects present in Mg@Ti@Ni composites. Reprinted with permission from Ref. [102]. Copyright 2017, Elsevier. 
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Figure 15. A schematic of high−capacity Mg NCs encapsulated by a selectively gas−permeable polymer (a), the synthesis of Mg NCs/PMMA nanocomposites (b). Reprinted with permission from Ref. [104]. Copyright 2011, Springer Nature. 
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Figure 16. Schematic illustration of a Ni-MH battery (a) and radar chart comparison of AB2-type, AB5-type, and RE-Mg-Ni-based hydrogen storage alloys (b). Reprinted with permission from Ref. [108]. Copyright 2021, KeAi Publishing. 
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Figure 17. Formation of alloy surface coating. Reprinted with permission from Ref. [131]. Copyright 2017, Elsevier. 
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Figure 18. Morphology of alloy powders before and after electroless plating. (a) Untreated alloy SEM; (b) Ni-coated alloy SEM; (c) Co-coated alloy SEM. (d) Untreated alloy TEM; (e) Ni-coated alloy TEM; (f) Co-coated alloy TEM. Reprinted with permission from Ref. [131]. Copyright 2017, Elsevier. 
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[image: Coatings 13 01100 g018]







[image: Coatings 13 01100 g019 550] 





Figure 19. The preparation process of rGO−Mg2Ni: (a) APS modification; (b) electrostatic self-assembly. Reprinted with permission from Ref. [132]. Copyright 2017, American Chemical Society. 
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Figure 20. Tafel polarization curves of the bare Mg2Ni alloy and rGO−Mg2Ni composite electrodes (scan rate: 1 mV s−1). Reprinted with permission from Ref. [132]. Copyright 2017, American Chemical Society. 
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Figure 21. Evolution of the discharge capacity of the as-milled La9Ce1Mg80Ni5 + 200 wt% Ni + x wt% GR (x = 0–4) with cycle number: (a) Milling for 20 h, (b) milling for 80 h. Reprinted with permission from Ref. [140]. Copyright 2020, Elsevier. 
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Figure 22. Tafel (a) and cyclic voltammetry curves (b) of the alloys. Reprinted with permission from Ref. [151]. Copyright 2020, Elsevier. 
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Figure 23. The cyclic life curves (a) and the cyclic voltammogram (CV) curves (b) of the La0.7Mg0.3Ni2.4Co0.6 alloy electrodes. Reprinted with permission from Ref. [155]. Copyright 2008, Elsevier. 
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Table 1. The discharge capacities and cyclic stability of the Mg0.9−xTi0.1PdxNi (x = 0–0.1) electrode alloys. Reprinted with permission from Ref. [139]. Copyright 2006, Elsevier.
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	x
	MDC

(mA h g−1)
	CRR

C20/C1 (%)
	CRR

C50/C1 (%)
	Cn > 200 mA h g−1

(Cycle Number)





	0
	455
	31.6
	-
	-



	0.04
	390.7
	66.7
	-
	46



	0.06
	366.5
	69.4
	59.9
	67



	0.08
	343.9
	77.8
	64.8
	77



	0.1
	326.5
	74.2
	67.2
	80







Note: (1) MDC indicates the maximum discharge capacity, and CRR indicates the capacity retention rate (Cn indicates the capacity after the nth cycle). (2) “-” indicates that no data exist.
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Table 2. Partial hydrogen storage properties of Mg-based materials after surface modification.
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	Materials
	Surface Treatment
	ΔHde

(kJ mol−1)
	Capacity

(wt%)
	Tab

(°C)
	Tde

(°C)
	Ref.





	Mg
	-
	74.5
	7.6
	-
	420
	[158]



	Mg
	Surface catalytic phase (Ni@rGO)
	-
	6.0
	-
	300
	[61]



	Mg
	Surface catalytic phase (Co@CNTs)
	-
	6.89
	-
	300
	[62]



	Mg
	Surface catalytic phase (Fe3O4@GS)
	60.62
	6.20
	290
	-
	[64]



	Mg
	Surface catalytic phase (LiCoO2)
	48.5
	5.5
	250
	-
	[159]



	Mg2FeH6
	Nanoparticles

(<20 nm)
	74
	5.2
	-
	355
	[76]



	La7Sm3Mg80Ni10
	Nanostructure
	74.23
	3
	300
	-
	[74]



	Mg-Ti
	Nanoparticles

(<32 nm)
	71.3
	5.2
	-
	190
	[79]



	Mg-Ti
	Core–shell structure
	-
	5
	-
	250
	[96]



	Mg
	Core–shell structure

(Mg-Er)
	69.9
	7.37
	-
	-
	[98]



	Mg
	Core–shell structure

(Mg NCs-PMMA)
	-
	5.97
	200
	-
	[104]



	Mg
	Core–shell structure

(Mg-NiF2)
	-
	3.85
	200
	-
	[99]



	Mg
	Core–shell structure (Mg@Co@V)
	74.83
	-
	-
	323
	[103]







Note: (1) The subscript ab indicates hydrogen absorption, and the subscript de indicates hydrogen desorption. (2) “-” indicates that no data exist.
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Table 3. Partial electrochemical properties of Mg-based materials after surface modification.
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	Materials
	Surface Treatment
	MDC

(mA h g−1)
	CRR

Cn/C1(%)
	ECD

(mA g−1)
	Ref.





	Nd0.7Mg0.3Ni3
	Coating layer (Ni)
	355
	79.6 (C200)
	202.6
	[131]



	Nd0.7Mg0.3Ni3
	Coating layer (Co)
	337
	76.5 (C200)
	163.6
	[131]



	La0.8Mg0.2Ni3.4Al0.1
	Coating layer (polyaniline)
	391.8
	87.5 (C100)
	98.9
	[129]



	Mg2Ni
	Coating layer (rGO)
	594
	60 (C50)
	225.9
	[132]



	Mg2Ni
	Coating layer (Ni)
	946
	38 (C10)
	91.6
	[128]



	Mg0.9Ti0.1Ni
	-
	455
	31.6 (C20)
	-
	[139]



	Mg0.8Ti0.1Pd0.1Ni
	Amorphous structure
	326.5
	74.2 (C20)
	184
	[139]



	La9Ce1Mg80Ni5(Ni + 3 wt% GR)
	Nanocrystalline and amorphous structures

(ball milling 20 h)
	315.4
	73 (C20)
	-
	[140]



	La9Ce1Mg80Ni5(Ni + 3 wt% GR)
	Nanocrystalline and amorphous structures

(ball milling 80 h)
	344.9
	55 (C20)
	-
	[140]



	La0.88Mg0.12Ni2.95Mn0.10Co0.55Al0.10
	Surface catalytic phase

(Ni-Cu-P)
	361
	84.8 (C200)
	378.9
	[133]



	La0.75Mg0.25Ni3.2Co0.2Al0.1
	Surface catalytic phase

(Cu-Pd)
	386.3
	82.7 (C100)
	483.8
	[28]



	La1.7Mg1.3Ni9
	Surface catalytic phase (Y2O3, milled 10 h)
	392.2
	90 (C30)
	-
	[151]



	La1.7Mg1.3Ni9
	Surface catalytic phase (Y2O3, milled 20 h)
	387
	95 (C30)
	-
	[151]







Note: (1) MDC indicates the maximum discharge capacity, CRR indicates the capacity retention rate, and ECD indicates the exchange current density (Cn indicates the capacity after the nth cycle). (2) “-” indicates that no data exist.
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