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In the past decade, high entropy alloys have been a research field of interest largely attributed to the enormous possibilities in alloy compositions, solid solution microstructures, and enhanced properties. The progress accomplished so far in the innovative growth and development of the mechanical, nanomechanical, chemical, electrochemical properties for energy storage systems using high entropy alloys on the nanoscale has limited reports in the literature. Mastering the synthesis of high entropy alloys is the deciding factor, if not the holy grail, when interested in a new material. For nanoparticles, in particular, this is true. Hence, the study on the production of high entropy alloy nanoparticles (HE-NPs) and the impact of synthesis on the structure of the resulting nanomaterial is valid for newly emerging components like HEA-NPs and the linkages between synthesis, structure, and property are essential for creating HEA-NP-based applications for energy storage applications, requiring the creation of a fundamental protocol to enable their mass manufacture and efficiency in service. In this study, we have presented a straightforward review of high entropy alloys, recent advances in high entropy nanoparticles and their various syntheses for energy and catalysis applications.
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1 INTRODUCTION
The fundamental concept of alloying in material engineering was based on the tactic of sparingly combining a few minor elements with major elements for centuries (Dąbrowa et al., 2016; George et al., 2019; Marques et al., 2021). However, different alloys which are made from different primary elements like Iron, Aluminum. Nickel, Copper, and Zinc have increased the overall number of alloys, most of which have already been found and studied and are severely constrained in their use of principal elements (Li H. et al., 2021). As a result, innovative alloying ideas have been in high demand since they significantly expand the compositional possibilities for creating new materials both at the micro and nanoscale (Stepanov et al., 2018; Moghaddam et al., 2021). Traditional alloys have one or two primary components that are selected based on a specific property criterion, and other minor alloying components are included to further improve their properties. High-entropy alloys (HEAs), which Yeh et al. presented in 2004, constitute a revolutionary alloy idea design (Chen et al., 2018). Opening up a wide, uncharted arena of alloy compositions and the possibility of influencing solid solution phase stability through the management of configurational entropy are the two main novelties of this alloy design (George et al., 2020). HEAs are described as “those comprising five or more primary elements in equimolar ratios” (Jien-Wei, 2006). The following clause broadens the definition to include “principal elements with the concentration of each element being between 35 and five atomic percentage,” which circumscribes the criterion for equimolar concentrations. As a result, HEAs need not be equimolar to greatly expand the number of compositions (Sathiyamoorthi and Kim, 2022), or to change the features of the base HEA and create more HEAs.
HEAs may additionally contain minor elements. This definition based on composition merely specifies elemental concentrations and does not limit the amount of entropy in the system (Moghaddam et al., 2021). Additionally, this concept does not stipulate that there must be only a single-phase SS observed (Miracle and Senkov, 2017). The entropy definition based on the concept of “high entropy” is motivated by the size of the entropy. A different definition so distinguishes SSS,ideal and R, which is the total configurational molar entropy in an idyllic solid solution and gas constant, respectively. Low entropy alloys have their configurational molar entropy less than 0.69R while higher entropies’ configurational molar entropy is greater than 1.61R. Using the Boltzmann equation, estimating the configurational molar entropy is made easy, yet it needs atoms to occupy many lattice configurations (Fu et al., 2021).
[image: image]
Rarely does this happen in metallic solutions. Additionally, this definition suggests that an alloy has one value of configurational entropy. Entropy in an alloy, however, can vary as the temperature varies. The impact of temperature can be little, yet giving minute adjustments to the short-range atomic ordering, or it could be dramatic, resulting in a chemical separation between parent and product phases at a first-order phase transformation (Tomilin and Kaloshkin, 2015). The first two definitions are paradoxical in some situations. The common consensus is that a greater composition restriction is beneficial for developing innovative alloys; hence, there is no need to rigidly adhere to the specifications and innovative design of HEAs. It is generally agreed that HEAs have four primary characteristics that set them apart from other alloys: high entropy, severe lattice distortion, slow diffusion, and cocktail effect (Li et al., 2016). The thermodynamic perspective on high entropy involvement in influencing the formation of simple solid solutions in HEA is a positive characteristic feature. In particular, the Gibbs free energy of mixing determines whether it may triumph over other reactions (Cao et al., 2020). Most of the entropy for HEAs is configurational entropy. For a random quinary equimolar solution, intermetallic compounds that are stoichiometric; their configurational entropy is 1.61R (R 14 8.31 J/K mol). The equation [image: image], where G is the Gibbs free, states that enthalpy, T is temperature, S is entropy, and E is energy, suggesting that phases with more entropy have lower Gibbs free energies. Thus, the creation of HEAs is facilitated by their high mixing entropy. Intermetallic phases are not as common as random solid-solution phases. Nevertheless, the high entropy impact cannot ensure the emergence of an easy solid-solution phase in alloys with many components. Other essential factors such as mixing enthalpy ([image: image] Hmix), Valence Electron Concentration and atomic size difference (δ) should be considered (Schuh et al., 2015). According to Gibbs free energy, as the temperature is reduced, the high entropy effect’s contribution to the stability of random solid-solution phases decreases. This indicates that, when HEAs are annealed at a very low temperature, the random solid solution phases may change into intermetallic phases (Schuh et al., 2015). For instance, after homogenization treatment, the refractory HEA HfNbTaTiZr exhibits a single BCC phase. However, following annealing at about 800 C, the HCP phase with Hf and Ta enrichment was discovered in the BCC matrix (Stepanov et al., 2018). It should be mentioned that occasionally, the intermetallic phase might enhance the characteristic properties of HEAs. The explanation for the exceptional high-temperature strength, impressive high-temperature structural stability, and formation of nanostructures was frequently attributed to the sluggish diffusion effect, which denotes that the diffusion in HEAs is lower than that in conventional alloys (Wang et al., 2014). The interdiffusion coefficients in the Co-Cr-Fe-Mn-Ni alloy system were studied by Tsai et al. (2013) utilizing a quasi-binary technique together with Sauer-Fraise analysis. They explained the slow diffusion effect in HEAs as being due to higher normalized activation energies brought on by a wider range of surrounding atoms than in typical alloys at each lattice site. According to Dąbrowa et al. (2016), the HEAs’ crystalline structure has a greater influence on diffusion coefficients at high temperatures than the chemical environment their nearby atoms cause.
Kulkarni and Chauhan (2015) indicated that diffusional interactions should not be disregarded when describing diffusion in HEAs. According to Verma et al. (2017), the interdiffusion fluxes of different components in HEAs can be increased or decreased based on the diffusional interactions between diffusing components and the configuration of their concentration gradients. HEAs include the atomic sizes of numerous principal elements that can differ greatly, and seriously alter the lattice. X-ray diffraction and TEM with great resolution can intuitively demonstrate and quantify this distortion (Senkov et al., 2018). The HEAs’ mechanical, optical, electrical, and chemical characteristics are all impacted by the distortion feature, and an irregular lattice restricts atom movement. Due to this strong barrier created by significant lattice distortion, stress corrosion cracking occurs via a separate process. Dislocation motion and deformation are thus strongly hindered (Han et al., 2020). The thermodynamic stability of HEAs is further decreased by substantial lattice distortion, which may impact the film’s capacity to passivate alloy surfaces. Ranganathan (2003) was the one who first hypothesized the cocktail effect. The author thought that HEAs might exhibit unforeseen properties that are not the sum of their parts. Nonetheless, since HEAs first appeared at the beginning of the twenty-first century, their superior mechanical characteristics have led to extensive research into and application in numerous engineering fields. High Entropy Alloys have been extensively employed in a variety of technical fields, including high-strength construction materials, corrosion-resistant coating materials and energy storage applications as one of the three major material systems in the world (Li et al., 2019). For instance, HEAs are extremely durable and strong at higher temperatures. They can also sustain stability and a very long lifespan in a range of hostile conditions. The special functional characteristics of HEAs have drawn more attention in recent years, and their range of applications has increased. This study shall concentrate on using HEAs as advanced energy storage materials (Wang Q. et al., 2021).
2 HIGH ENTROPY NANOMATERIALS
Nanomaterials and nanostructures play a critical role in the recent advancement of some key technologies (Liu et al., 2020). Nanomaterials differ from microsized and bulk materials not only on the scale of their characteristic dimensions but also because they may possess new physical properties and offer new possibilities for various technical applications (Huang and Liaw, 2019). When the characteristic dimensions of a semiconductor reduce to below a certain size, quantum confinement leads to an increased band gap (Okulov et al., 2020). The band gap can be controlled by simply varying the dimensions of the material, so the optical absorption and emission spectra can be tuned to meet the specific requirements of the desired applications.
Hence, the research and development of new technologies, as well as the improvement of current technologies, can benefit from smaller sizes or dimensions (Glasscott et al., 2019). For instance, nanoparticles are suitable medication delivery vehicles due to their small size. Furthermore, mobile phones can now perform a wide range of tasks due to the reduction in the size of electrical gadgets. There are fewer flaws in nanoparticles than in their bulk counterparts, and they have substantially better mechanical strength. However, some uses of nanomaterials may be negatively affected by their small size and high specific surface area, especially in applications for energy storage and conversion where nanomaterials have various benefits (Yan et al., 2022). The specific surface area, surface energy, and surface chemistry all play crucial roles in energy conversion and storage because these processes entail physical interaction and/or chemical reactions at the surface or interface. Surface effects can also affect the thermodynamics of heterogeneous reactions at the interface, the surface energy and surface chemistry, the nucleation and subsequent growth when phase transitions are present (Jiang et al., 2021). Surface effects are not just restricted to kinetics and rates. As well as accommodating dimensional changes brought on by some chemical reactions and phase transitions, nanomaterials’ reduced dimensions may also provide more favorable mass, heat, and charge transfer (Hu et al., 2019). The fabrication of HEA nanoparticles (HEA-NPs) by carbothermal shock was described by Hu et al. (2019), which sparked research on nanoscale high-entropy materials (HEMs). High-entropy oxides (HEOs), high-entropy nitrides (HENs), high-entropy borides (HEBs), high-entropy silicides (HESs), high-entropy metallic glasses (HEMGs), high-entropy metal-organic frameworks (HE-MOFs), and other HEMs, which are now included in the broad definition of the “high entropy” concept, especially for energy storage applications (Hussain et al., 2021; Porodko et al., 2022). High entropy nanomaterials have chemical and physical properties that enable superior catalytic performances.
The catalytic performance in the hydrogen evolution reaction is influenced by the principal components at volcano plots, while the minor components slightly impact the adsorption-free energies. Hence, the catalytic performances of alloys are reported to be primarily determined by principal elements present in the alloying composition, while minor elements slightly influence the properties of the alloy. For high entropy materials on the nanoscale, the electrocatalytic performance is influenced by the interactions of multiple elements in the material composition (Li W. et al., 2021). Wang et al. (2020) reported that HEA nanoparticles are potential candidates for energy and electrocatalysis applications due to their high active sites per mass ratio. The authors fabricated HEA NPs using a continuous droplet-to-particle process as opposed the hollow structured fabrication method restricted to two or three elements. The decomposition of a gas-blowing agent, in which a significant amount of gas is produced in situ to “puff” the droplet during heating, is what allows the formation of the hollow HEA nanoparticles. This process is then followed by the decomposition of the metal salt precursors and the nucleation/growth of multimetallic particles. These hollow HEA nanoparticles are attractive candidates since they have a high active sites per mass ratio. These HEA NP materials, therefore, show superior electrocatalytic performance attributed to their active sites, enhanced synergetic transitions during metal interactions, the sluggish diffusion effect, the high entropy stabilization effect and random or irregular atom arrangements. High entropy stabilization effects result in a thermodynamically stable high entropy material for electrocatalysis, making high entropy materials potential materials for heterogeneous catalysis (Zhivulin et al., 2021).
2.1 Fabrication routes of high entropy nanomaterials (HE-NPs)
2.1.1 Physical vapour deposition method
A physical process, such as heat evaporation or an impact process, will transform the particles that are to be deposited in physical vapor deposition (PVD) operations from a solid to a gaseous state (Baptista et al., 2018a; Vu et al., 2019). Mostly, the substrate is deposited in a vacuum chamber with a gas pressure below approximately 10–1 mbar (Pinto et al., 2018). The techniques used in PVD deposition are shown in the flowchart of the PVD Process in Figure 1. Heating raises the kinetic energy of the atoms or molecules in a solid or liquid (Schneider et al., 2000; Baptista et al., 2018b). More atoms can overcome the energy of separation and can avoid evaporation as the temperature rises. According to the temperature at which the atoms evaporate, for example, for copper, the average kinetic energy of the evaporated atoms is about 0.2 eV (Reichelt and Jiang, 1990). The primary components of evaporated particles include atoms, molecules, and clusters of various sizes and compositions (Wang X. et al., 2021; Stuart and Stan, 2021). A laser beam or an arc discharge can heat the evaporator and cause it to evaporate. When compared to thermal evaporation, the composition and energy of the vapour particles are different. Surface particles and secondary electrons will detach from the target when it is bombarded with ions with energies of over 30 eV (Ali et al., 2019; Gupta et al., 2021). This action is known as sputtering. The ejected particles, which are primarily molecules and atoms, will deposit on the substrate and the vacuum chamber wall to form the film. High entropy alloy films can be easily deposited using physical vapor deposition via magnetron co-sputtering. High entropy nanomaterials can also be obtained in tuneable shape and size using ionic liquids in place of traditional solid substrates in the top-down technique (Sun et al., 2021). Ionic liquids serve as suspension mediums and stabilizers for low melting points and vapor pressure. For example, high entropy CrMnFeCoNi nanoparticles were fabricated using ionic liquids via vapor deposition technique with an extraordinary oxygen reduction reaction observed. The material, although amorphous in structure, showed complete compositional homogeneity (Garzón-Manjón et al., 2018).
[image: Figure 1]FIGURE 1 | Chart of the PVD process.
Hence, crystalline high entropy materials on the nanoscale can be obtained by using the appropriate manufacturing routes, such as ex situ vacuum annealing, in situ electron beam irradiation, and vapour deposition techniques.
2.1.2 Laser deposition method
In the technique of “laser cladding,” a heating source—a laser beam—is employed to melt the coating material onto the substrate (Boddu et al., 2001; Arif et al., 2021; Zhu et al., 2021). To create an alloy-clad layer, several metals and alloys can be placed on the substrate as shown in Figure 2. Due to the inherent characteristics of laser radiation, high input energy, low distortion, and the avoidance of unwanted phase change are all advantages of laser cladding in addition to the ability to selectively clad small areas (Santo, 2008; Singh et al., 2020). These factors have led to its successful usage in the restoration of specific molds’ metal components. Controlled shape, little diffusion of the substrate elements into the coating, fine microstructure, and low porosity in the deposited layer of the laser cladding technique were discussed by Wang et al. (1997) as the characteristic features of the laser cladding process. AlCoCrCuNi compositional system nanoparticles were fabricated by Mao et al. (2018). The authors investigated the influence of aluminum on the nanomaterial microstructure and properties. A single Cu-rich face-centered cubic (FCC) phase to FCC + M3Al-type L12 phase structure was observed, followed by the FCC + body-centered cubic (BCC) phases as the Al content increased. The targets’ nominal chemical compositions greatly differed from those of the nanoparticles, which were spherical and ranged in size from 110 nm to 180 nm on average.
[image: Figure 2]FIGURE 2 | Schematic of the laser cladding process.
When the microstructure changed from a pure FCC phase to an FCC + BCC phase, both the corrosion resistance and the soft magnetic behavior declined. In the technique of “laser cladding,” a heating source—a laser beam—is employed to melt the coating material onto the substrate (Liu et al., 2017; Siddiqui and Dubey, 2021). To create an alloy-clad layer, several metals and alloys can be placed on the substrate. Due to the inherent characteristics of laser radiation, high input energy, low distortion, and the avoidance of unwanted phase change are all advantages of laser cladding in addition to the ability to selectively clad small areas (Santo, 2008; Tamanna et al., 2019). These factors have led to its successful usage in the restoration of specific molds’ metal components. The M3Al-type L12 phase contributed to the best corrosion resistance and the least amount of soft magnetic properties to the FCC matrix. The authors concluded that the laser cladding process makes it simple to create multicomponent nanoparticles with compositions and structures that can be adjusted (Weng et al., 2014; Liu et al., 2021).
2.1.3 Mechanical alloying and spark plasma sintering
Mechanical alloying (MA) followed by sintering (HEAs) is one of the most popular methods for creating nanocrystalline high-entropy alloys (Taha et al., 2019; Vaidya et al., 2019). As a well-known solid-state, nonequilibrium, top-down approach to producing nanocrystalline materials, mechanical alloying (MA) involves the milling of elemental powders on the micro or nanoscale to achieve alloying at an atomic scale (Suryanarayana, 2001; Suryanarayana, 2019). The MA process is described by the repeated fusing and splintering of powder particles entrapped between the milling media to an extent which depends on the mechanical attributes of powder constituents (Sundaresan and Froes, 1987; Benjamin, 1992). The main advantages of MA include improved solid solubility, room temperature processing, and homogeneous alloy production. High-density HEA pellets from milled powders have primarily been produced by spark plasma sintering (Sundaresan and Froes, 1987; Koch, 1998). The manufacturing of HEAs utilizing MA does, however, present several difficulties, including contamination during milling and high susceptibility to oxidation (Courtney, 1995; Murty and Ranganathan, 1998; Nagesha et al., 2013). A uniaxial press, punch electrodes, vacuum chamber, regulated atmosphere, DC pulse generator, and position, temperature, and pressure measurement devices support the sintering machine shown in Figure 3. Setting the holding time, ramp rate, pulse duration, pulse current and voltage allows for control of the sintering temperature. Spark plasma, spark impact pressure, joule heating, and an electrical field diffusion effect could all be produced by the DC pulse discharge. Compared to traditional hot pressing, SPS sintering is aided by the on-off DC pulse voltage. Pressure is applied to aid in the material’s plastic flow (Kessel et al., 2010). Sintered samples are fabricated via SPS by taking a known quantity of dried, and milled powder samples in a cylindrical dye, lined with a graphite sheet which facilitates easy removal of the sintered compact (Munir et al., 2006; Mogale and Matizamhuka, 2020). The chiller is switched on the compressor and the machine and the die containing the powder sample are placed inside the SPS chamber. Then, set the specific pattern (time-temperature data) needed for the experiment to follow, and thereafter, the required atmospheres such as Vacuum, Argon, etc., are maintained inside the chamber (Saheb et al., 2012; Yurlova et al., 2014). The power is set to the maximum in Auto mode and the required load to be applied on the die is also set. Also, the z-axis position is zero and then the timer is switched on and finally, the SINTER button is pressed to start the sintering process (Guillon et al., 2014; Matizamhuka, 2016). For measuring the temperature in SPS, two types of instruments are used: a thermocouple for sintering temperatures below 1,000°C and a pyrometer for sintering temperatures over 1,000°C. As the SPS process is characterized by high heating and cooling rates (Hungria et al., 2009; Hu et al., 2020). A high DC Pulse passed between graphite electrodes and axial pressure is simultaneously applied from the beginning of the sintering cycle. The sample is heated by Joules-heating, in which the sparking among the particles of sintered material leads to a faster heat and mass transfer instantaneously. After sintering, the power is switched off, and the sample is allowed to cool (Dudina et al., 2019; Abedi et al., 2021).
[image: Figure 3]FIGURE 3 | Schematic of the SPS process.
2.1.4 Other fabrication techniques
In the case of pure HE-NPs, the colloidal approach is frequently employed as a precise and efficient method to produce nano-objects with regulated structure (size and shape). It is predicated on the presence of surfactants dissolved in an organic environment at a specific temperature and at the reduction of metallic precursors by a reducing agent. Equimolar CoCrFeNiMn HE-NPs have recently been produced using this colloidal method. The authors stated that the method in recent times has become a competitive method for synthesizing stable HE-NP colloids without the need for ligands to stabilize the process (Waag et al., 2019). To synthesize HE-NPs in the solid solution phase, without phase segregation like core-shell or Janus structures, the synthesis temperature specifically turned out to be important, according to Da Silva et al. (2022).
Kheradmandfard et al. (2021) studied the first high-entropy oxide (HEO) (Mg, Cu, Ni, Co, Zn) O nanoparticles using a novel ultrafast easy green microwave-assisted approach. The outcomes showed that the single-phase rocksalt structure of the HEO nanoparticles included equal amounts of all five metallic elements. The average particle size was 44 nm, while the range of particle sizes was 20–70 nm. The HEO nanoparticles showed outstanding lithium storage abilities with the impressive stability as was proved during 1,000 cycles at 1 A/g when utilized as anode materials for Li-ion batteries. With its amazing benefits, such as its ultrafast speed (few minutes), low temperature, nanoscale and high-purity products, and low cost, the approach suggested in this study is a superb synthesis methodology for use in newly developed high-entropy ceramics, especially for Li-ion batteries.
Li H. et al. (2020) effectively reviewed the various formation mechanisms and synthesis of HE-NPs with their accompanying challenges. The authors stated there are polymer-mediated methods comprising template synthetic strategies, scanning probe block copolymer lithography, and high entropy metal-organic frameworks (MOFs) while other fabrication routes are listed below.
2.1.4.1 Chemical technique
Chemical fabrication of high entropy nanomaterials includes Nanodroplet-Mediated Electrodeposition, Wet chemical technique, Dealloying and alloying process. High entropy alloys fabricated at the nanoscale using wet chemical methods are prepared in a special solution by reducing or mixing metal salts with some capping agents for the regulation of crystal aggregation and growth. Singh and Srivastava (2015) studied the fabrication and electron microscopy of HE-NPs using wet chemical synthesis. The average particle sizes of the nanomaterial were 26.7 ± 3.3 nm, and the results showed that the nanomaterial was fairly uniformly distributed with a solid solution FCC structure observed. Liu et al. (2019) also fabricated a PtAuPdRhRu HE-NPs using wet chemical synthesis with an average particle size of ˜ 3 nm, and the authors reported that the nanoparticle had high electrocatalytic activities for hydrogen evolution reactions.
The incorporation of a gas-blowing agent and transient high-temperature heating enabled for the first time by Wang et al. (2020), is a continuous “droplet-to-particle” approach of producing hollow HEA nanoparticles with homogeneous mixing of up to eight different components as shown in Figure 4. Metal chloride salts homogeneously dissolved in ethanol, together with citric acid, which serves as a blowing agent, were used to create an aerosol stream with particles as tiny as 1 m in diameter. The droplets are then conveyed by argon at a flow rate of 5 L min1 across the heating zone of a tube furnace.
[image: Figure 4]FIGURE 4 | Schematic Diagram of droplet-to-particle evolution method of fabricating hollow high entropy alloy nanoparticles (Wang et al., 2020).
The nanodroplet-mediated Potentiostatic electrodeposition using electrolytes that are nonaqueous solvents for the fabrication of PtPdRhRuCe HE-NPs but similar to carbothermal-shock produces amorphous microstructures, according to Yao L. et al. (2018). The method comprises using shock metal salt, which is covered by carbon nanofibers and followed by rapid quenching to produce nanoparticles with applications in catalysis and energy storage. While dealloying and alloying chemical methods of synthesizing high entropy nanoporous materials with ligament sizes of about 3 nm contain polyelemental particle systems like Pd, Al, Co, Ni, Fe, Cu, Au and Mo (Chen et al., 2016). Chemical dealloying can also be used to fabricate High entropy nano oxides (Np-HEOs) (Qiu et al., 2019). The process adds reactants to small volumes where the size and composition can be controlled independently while forcing the reactant to form single particles comprising five or more transition metal ions using dip-pen lithography. This influences the HE-NPs to facilitate magnetic, hybrid chemical and electronic interactions for diverse applications such as plasmonic, catalysis and biological imaging (Song et al., 2021; Wang H. et al., 2022).
2.1.4.2 Nonequilibrium technique
The nonequilibrium techniques of fabricating HE-NPs include the strategies for fast-moving bed pyrolysis, electro-shock synthesis, and carbothermal shock. Carbothermal shock involves using high reaction temperature alongside fast cooling and heating rates for the formation of the HE-NPs on oxygenated carbon substances. The method is similar to vapor deposition and can create homogeneous components. Quinary HEA-NPs were synthesized on the aligned electrospun carbon nanofibers (ACNFs) based on a carbothermal shock (CTS) method by Xu et al. (2020). CTS, a quick and controllable method, is worthy to be further promoted for HEA-NPs synthesis, other methods include sol-gel combustion, mechanical grinding and laser-synthesis. The authors stated that unstable nanoparticles/carbonaceousnanomaterial synthesis results in inhomogeneous mass and charge transfer across the electrode/electrolyte interface. High-entropy alloy nanoparticles (HEA-NPs) are rarely reported in supercapacitors. They used a self-designed collector for aligned CNFs in conjunction with an appropriate CTS current direction. The FeNiCoMnMg HEA-NPs/ACNFs electrodes with a 5 mM precursor concentration exhibited excellent electrochemical performance, with a high capacitance of 203 F/g and a specific energy density of 21.7 Wh/kg. These results suggest that carbonaceous nanomaterials, such as HEA-NPs, are interesting candidates for energy storage applications.
Asanova et al. (2021) developed HE-NP by using thermal decomposition of the metal salt precursor and the results showed that in methanol oxidation, the nanomaterial possessed excellent electrocatalytic activities. Yao Y. et al. (2018) created a method for fabricating HE-NPs by shock metal salt that is covered in carbon nanofibers by thermally shocking the precursor metal salt and loading the mixtures onto carbon supports to solve the cooling rate constraints and control the particle size, composition, phase and variety of physical and chemical properties the HE-NPs present. The authors concluded that using carbothermal shock synthesis completely mixes the synthesized high entropy alloy through the precursor with several metal salts. Therefore, the process involves the assembling of metal salt precursors into a dissolved mixture and then distributing the resulting droplets in hole grooves containing carbon support by a carbon injector. Then the decomposition of the metal salt precursors follows using high reaction temperature and fast cooling and heating rates (−105 K/s).
Fast-moving bed pyrolysis for synthesizing HE-NPs comprises about ten immiscible elements such as rhodium, manganese, gold, cobalt, platinum, nickel, iridium, copper, tin, and palladium. The process with fast cooling and heating rates, and low free energy under high reactive temperature is similar to the carbothermal shock; however, compared to the Carbothermal shock process, which is divided into two stages, the fast-moving bed pyrolysis method is divided into three stages. The first stage is moving the precursors to monomers, then the second stage is moving the monomers to nuclei and finally the nuclei to nanocrystals. Gao et al. (2020) reported on the synthesis of MnCoNiCuRhPdSnIrPtAu HE-NPs using fast-moving bed pyrolysis to immobilize the nanoparticles on three granular support systems, namely,; carbon black and graphene oxide, zeolite and [image: image]-Al2O3 x with a 2 nm narrow size distribution at 923 K. The authors argued that this process of synthesis efficiently immobilizes HE-NPs on granular supports and prevents aggregation and rapid growth of the nanoparticles experienced using arc melting and laser cladding techniques (Zhang et al., 2011; Yang et al., 2018). The results showed that the fast-moving bed pyrolysis allowed metal precursors to reach a temperature of 923 k quickly and simultaneous pyrolysis of the mixed metal precursors was observed, resulting in smaller nuclei clusters and high supersaturated monomers. However, the method is only restricted to phase-separated alloy compositions and more studies are required on this aspect.
On the other hand, the electro-shock method, which was accomplished by reducing the number of metal salt precursors to water nanodroplets suspended in an organic solvent, including cobalt (II) chloride (CoCl2), manganese (II) chloride (MnCl2), chromium (III) chloride (CrCl3), nickel (II) chloride (NiCl2), and vanadium trichloride (VCl3). In particular, the procedure can encourage the collision of nanodroplets with a biased electrode and facilitate the transfer of metal salt precursors to form nucleation. This procedure was utilized to demonstrate that metal salt precursors can quickly transform into HEAs with precisely controllable stoichiometric ratios using an electro-shock lasting in the range of 100 ms. For example, Glasscott et al. (2019) studied the electrosynthesis of HE-NPs. The authors used a typical nanodroplet filled with precursors of equal molar content, such as CoCl2, MnCl2, CrCl3, NiCl2, and VCl3, (resulting in a total of 40 mM of metal salt) to hit the carbon fiber ultramicroelectrodes (UMEs, radium of 4 mm). Due to UME’s microscale size, less background current was present, which made it simpler to see a nanodroplet collision. Additionally, as the metal salts in the nanodroplets were electrolyzed, the electrode’s current decreased. The amount of charge that was transferred during the reduction phase, Qred, was calculated by integrating the current vs. time curve for the blip-type response. This number is comparable to the initial charge of a nanodroplet, Qini, which was equal the total charge required to deplete every metal precursor ion.
2.2 Properties of high entropy nanomaterials (HE-NPs)
Energy storage materials and devices require conversion systems that are available when needed. These conversion systems depend on selecting the most suitable catalysts, which help increase reaction rates and storage efficiencies. Catalytic activity is not limited to the surface adsorption energy, d-band center theory, and the electronic structures for reaction intermediates and molecules, hence modifying the composition of the high entropy alloys can optimize the electronic structures and surface adsorption energy, which enhances the catalyst performance (Tomboc et al., 2020). The properties of HE-NPs for catalytic applications were experimentally characterized using different equipment, tools and software listed in Table 1.
TABLE 1 | Tabular Representation of Various Characterization Tools for Determining the Properties of HE-NPs for catalytic Applications.
[image: Table 1]Li H. et al. (2020) prepared a nanoporous high–performance Al96Cu1Ni1Pt1X1 high entropy where x was varied between V, Ti, Mn, Au, Co, Ir, and Mo (1 at%) using a melt-spinning technique. Composition and structural characterization were achieved using XRD, SEM, XPS, and TEM. The results of the analysis are displayed in Figure 5. The HE-NP has a bimodal porous structure with nano ligaments. A highly active Oxygen Reduction Reaction (ORR) np-AlCuNiPtMn catalyst was developed with a 0.945 V half-wave potential in an acidic media and mass activity of about 16 fold higher than benchmark Pt/C catalysts.
[image: Figure 5]FIGURE 5 | (A, B) XRD graphs of the precursor HE-NPs before and after etching in 0.5 M NaoH solution (C–F) SEM and TEM Micrographs of the np-AlCuNiPtMn HE-NP. (G–N) Oxygen Polarization curves of the HE-NPs (Li S. et al., 2020)
Qui et al. (2019) fabricated a nanoporous senary, octonary and senary all-non-noble HE-Np by dealloying the precursor alloys. The XRD, TEM and HER Polarization data presented in Figure 6 showed the HE-Np had uniformly distributed 3 nm nano-ligaments and enhanced catalytic activity with long-term durability for electrocatalysis and CO oxidation.
[image: Figure 6]FIGURE 6 | (A–G) HER Polarization curves, (H–L) TEM micrographs of the HEA-NP, (M, N) XRD graphs of the octonary and precursor senary alloy before and after dealloying in 0.5 M NaOH solution.
3 APPLICATION OF HIGH ENTROPY NANOMATERIALS
Although it is currently quite difficult, the creation of highly active and stable catalysts is important for the conversion of renewable energy, and the numerous elemental compositional combinations of HE-NPs offer several possibilities. Hence, due to their advantages in catalytic applications such as carbon dioxide reduction, water electrocatalysis and oxygen reduction, some newly developed catalysts based on HEAs with amazing catalytic activity, excellent product selectivity, and good durability have recently attracted a lot of research interest. To highlight the significant potentials of HEAs in the application of energy conversion, this study concentrates on discussing the catalytic conversion reactions of the hydrogen evolution reaction (HER) while just highlighting the oxygen reduction reaction (ORR), oxygen evolution reaction (OER), CO2 reduction reaction (CO2RR), and ammonia (NH3) decomposition.
3.1 Electrocatalytic hydrogen evolution reaction
There is an immediate need for the development and effective use of renewable and clean energy resources due to the widely anticipated depletion of the world’s fossil fuel reserves and the significant growth in greenhouse gas emissions and other environmental pollutions (Chen et al., 2020; Yao et al., 2021). Different approaches have been used to deal with the issues. Future changes to how we live could be influenced by one of them, the ability to store energy effectively, as well as the possibility of producing power and fuels like hydrogen using solar energy (Feng et al., 2021). Hydrogen (H2) as the most prevalent element in the Universe, is found in large quantities in water and organic substances (Zhang et al., 2021). It is a sustainable energy for solving the world’s fossil fuel and environmental pollution challenges (Lin et al., 2022). The simplest and lower energy density by volume necessitates a larger storage tank. The very low ignition temperature of the flammable gas, hydrogen, is a major contributor to the risk connected with using it. Hydrogen has an atomic mass of 1.00794 due to its small molecular size and corrosive nature (Hydrogen Council, 2020; Yu et al., 2021).
Hydrogen with one proton and one electron make up the colorless, odorless, and flammable gas, which has an atomic mass of 1.008 (rounded up). The main safety issue is that if a leak goes unnoticed, and the gas builds up in a small area, it could eventually catch fire and explode (Abe et al., 2019; Andersson and Grönkvist, 2019). Compared to hydrocarbons, hydrogen gas has a better energy density by weight, which can cause mechanical failure and leakage in some materials; it can escape through materials (Andersson and Grönkvist, 2019; Howarth and Jacobson, 2021; Kovač et al., 2021). To illustrate the most cutting-edge hydrogen generation methods, various hydrogen production paths and technologies have been explored and contrasted. The four primary categories of hydrogen production pathways in the literature are electrolysis, photolysis, biolysis, and thermolysis (Abdin et al., 2020; Dawood et al., 2020; Yue et al., 2021).
The electrocatalytic hydrogen evolution reaction has received a lot of attention as one of the most promising methods of producing artificial hydrogen (Lu et al., 2022). Due to their distinct microstructures and unheard-of physicochemical features, HE-NPs have recently gained impressive scientific attention in the hydrogen evolution reaction process (HER) (Feng et al., 2022). It is generally known that catalysts made of noble metals, such as Ru and Pt, can increase the kinetics of the HER and lower electrochemical overpotentials for very effective water spitting (Ma et al., 2020). The HE-NPs with economic transition metals have received a lot of attention in the quest to create an effective catalyst that trades off low cost and efficiency (Fan et al., 2022). Furthermore, an efficient method for analyzing interfacial reactions and electrode dynamics in the HER is through electrochemical impedance spectroscopy (EIS) and one of the main elements influencing HER kinetics is rapid electron transport (Cai et al., 2021; Wang R. et al., 2022). Jia et al. (2020) stated that for the creation of hydrogen, electrochemical water splitting offers an appealing method. However, its uses are greatly hampered by the lack of a high-performance, cost-effective electrocatalyst. In this article, a multinary high-entropy intermetallic (HEI) with multiple non-noble elements and an unusual regularly organized structure is described.
This material can act as a highly effective electrocatalyst for hydrogen evolution. With an overpotential of 88.2 mV at a current density of 10 mA cm-2 and a Tafel slope of 40.1 mV dec−1, this HEI demonstrates exceptional alkalinity activities that are equivalent to those of noble catalysts. Theoretical studies show that startling atomic configurations and chemical complexity work in synergy to change the electrical structure. Additionally, a special site-isolation effect is made possible by the distinctive L12-type ordered structure to further stabilize the H2O/H* adsorption/desorption, which significantly lowers the energy barrier of hydrogen evolution.
A unique paradigm for creating innovative electrocatalysts with enhanced reaction activity is revealed by such an HEI method. Li and Chen (2021) described the dealloying and melt-spinning method for the fabrication of FeCoNiAlTi HE-NPs for electrocatalytic hydrogen evolution reactions. The results showed that there were no elemental changes but there was homogeneity with excellent activity as HER catalyst. The nanomaterial showed a Tafel slope of 40.1 mV/dec indicating that the material is a superior electrocatalyst, keeping adequate over potentials without amplifications showing that the nanomaterial has an excellent hydrogen evolution reaction stability. The authors concluded that the FeCoNiAlTi HE-NPs is a strong potential for HER electrocatalyst attributed to their environmental friendliness, low-cost and catalytic activities.
Gao et al. (2020) mentioned that for the creation of hydrogen, electrochemical water splitting offers an appealing method. However, its uses are greatly hampered by the lack of a high-performance, cost-effective electrocatalyst. In this article, a multinary high-entropy intermetallic (HEI) with multiple non-noble elements and an unusually regularly organized structure was developed. The authors stated that the material can act as a highly effective electrocatalyst for hydrogen evolution. With an overpotential of 88.2 mV at a current density of 10 mA cm2 and a Tafel slope of 40.1 mV dec−1, this HEI demonstrates exceptional alkalinity activities that are equivalent to those of noble catalysts. Theoretical studies show that startling atomic configurations and chemical complexity work in synergy to change the electrical structure.
Zhang et al. (2018) detailed that transition metals and their alloys are projected to have significant catalytic activity for the hydrogen evolution reaction because of their partially filled d orbitals, which are suited for electron uptake and loss. However, their employment as electrocatalysts in both acidic and alkaline electrolytes is constrained by poor corrosion resistance. Here, we provide proof that the very corrosion-resistant high entropy alloy (HEA, Ni20Fe20Mo10Co35Cr15) can behave as a very stable electrocatalyst for the hydrogen evolution reaction in both basic and acidic solutions. The HEA only requires an overpotential of 107 mV in acidic solutions and 172 mV in basic solutions at current densities of 100 mA cm-2, which is significantly better than that of the dual-phase counterpart and even on par with that of the Pt sheet. The HEA only requires an overpotential of 107 mV in acidic solutions and 172 mV in basic solutions at current densities of 100 mA cm-2 for the hydrogen evolution reaction in both acidic and alkaline solutions. Which are much better than those of the dual-phase counterpart and even on par with those of Pt sheets and the majority of reported nanostructured noble-metal-free catalysts.
Intriguing electrochemical energy storage characteristics are anticipated for high entropy spinel oxides (HEO), a novel class of material stabilized by contributions from configurational entropy, according to Talluri et al. (2021). A reverse co-precipitation method was used to create the first spinel (CrMnFeCoNi)3O4 HEO nanoparticle-based supercapacitor electrode material. The phase-pure spinel structure was validated by the X-ray diffraction study. The oxidation states of the cations in spinel HEO were determined using X-ray photoelectron spectroscopy. HEO nanoparticles had a homogenous cation distribution and a smooth spherical shape, according to scanning electron microscopy and electron dispersive X-ray spectroscopy results. On the spinel HEO-based supercapacitor electrode material, electrochemical energy storage characteristics were further investigated with results showing that at a current density of 0.5 A g-1, the HEO electrode had a capacitance of 239 F g-1 and a specific energy of 24.1 Wh kg-1. From 0.5 to 25 A g-1, a rate capability of 38% was seen. After 1,000 cycles, the retention of the capacitance was found to be 76%. For 1,000 cycles, the columbic efficiency remained at 86%, showing that HEO had strong charge-discharge reversibility. HEO electrodes were discovered to have solution resistance (Rs) and charge transfer (Rct) values of 0.96 and 1.56, respectively. The use of pure spinel-type HEO nanoparticles in supercapacitor was described for the first time, providing a starting point for subsequent research into other HEOs.
4 SUMMARY AND OUTLOOK
Attributed to their high surface area, which leads to parasitic interactions with the electrolyte, especially during the first cycle, known as the first cycle irreversibility, and their tendency to aggregate, the high entropy nanomaterials are limited in energy storage devices. Therefore, future initiatives seek to develop the intelligent assembly of nanomaterials into controlled-geometry architectures. Additionally, it is important to combine nanomaterials with complementary functions, such as graphene’s high electronic conductivity or MXenes’ high operating voltage and strong redox activity of oxides. Building complex electrode topologies involve innovative manufacturing techniques, including 3D printing, spray deposition, and other methods. Devices composed of nanomaterials should be produced using already known processes such as 3D printing, roll-to-roll manufacturing, self-assembly from solutions, atomic layer deposition, and other advanced techniques. Co-sputtering from elemental or alloy targets into ionic liquids allows for the fabrication of multinary NP libraries with adjustable compositional diversity. How to increase HEA-NPs yields and separate them from ionic liquids for intended uses, however, is still a mystery and should be further investigated. Despite the potential for applications in a wide range of industries, there are still significant gaps between laboratory research and real-world engineering applications of High entropy alloys on the micro and nanoscale. While actual applications must be justified by considering a combination of several features, laboratory research concentrates on one or two fundamental properties that are important to a particular application. For instance, HE-NPs used for energy conversion applications must also have excellent strength and ductility to maintain structural integrity under difficult conditions. To close the gaps, additional application-driven or application-focused research that examines all-important qualities is needed. Benchmarking against commercial materials, if available, is another critical step in establishing the validity of HE-NPs in specific applications.
5 CONCLUSION
The development of high-performance high entropy nanomaterials is essential despite the advancement of current energy conversion and storage technologies and devices because it is challenging to simultaneously achieve high levels of energy conversion and adequate energy storage. To avoid the requirement for restacking, maintain a high surface area, and allow target molecules and ions to intercalate, the proper design of HE-NPs is very important. Additionally, it may be necessary to take into account the energy and environmental implications of the production of nanomaterials in addition to high entropy-based nanomaterials. Although these newly developed, HE-NPs show promise for the creation of high-performance electrocatalytic applications, there are still many obstacles to be solved.
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