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The urgent need to address the global sustainability issues that modern society is currently facing requires the development of micro and nanotechnologies, which rely largely on functional materials. Beyond studies focused solely on low-dimensional materials, broader research related to multifunctionality has shown that the major efforts to meet these criteria for new electronic, photonic, and optoelectronic concepts, particularly to achieve high-performance devices, are still challenging. By exploiting their unique properties, a comprehensive understanding of the implications of research for the synthesis and discovery of novel materials is obtained. The present article encompasses innovation research as an alternative optimization and design for sustainable energy development, bridging the scaling gap in atomically controlled growth in terms of surface heterogeneity and interfacial engineering. In addition, the corresponding research topics are widely regarded as a scientometric analysis and visualization for the evaluation of scientific contributions into the early 20 years of the 21st century. In this perspective, a brief overview of the global trends and current challenges toward high-throughput fabrication followed by a scenario-based future for hybrid integration and emerging structural standards of scalable control design and growth profiles are emphasized. Finally, these opportunities are unprecedented to overcome current limitations, creating numerous combinations and triggering new functionalities and unparalleled properties for disruptive innovations of Frontier technologies.
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INTRODUCTION
This perspective describes completely cointegrated structures having a physical scale appropriate for use with the capability to tune interface compatibility engineering. It is an emerging interdisciplinary field that deals with the different ways of manipulating matter at the nanoscale. In turn, the conceptualization needed to correctly architect these materials to feasibleness (at least in its major applications in analysis) remains seriously lacking. The main purpose is to identify hybrid integration strategies and open issues, outlining approaches to the meticulous control design and future potential toward the combinatorial synthesis and characterization of self-assembled smart materials.
Emerging research domains in nanoscience and nanotechnology facing smart surfaces, devices, and systems demand a material combining selective assembly, structural dimensionality, stability, and a wide range of properties compatible with different key attributes toward sustainable energy development (Reyes-Belmonte, 2021). Suitable applications related to the differences in fundamental and functional properties (physical/electrochemical) for renewable energy harvesting and storage systems (Lau et al., 2019)—such as (opto)electronic memristors, supercapacitors, nanogenerators, batteries, and sensors—are adaptative strategies of special interest by the pressing need to fight global warming and energy shortages. This approach requires the development of advanced functional materials and complex systems (Kilner et al., 2012; Chung, 2021), which extend from conventional three-dimensional (3D) bulk materials beyond vertical stacking and lateral stitching of two-dimensional (2D) few-layered materials and assembling one- and zero-dimensional (1D and 0D) structures to large-area integration of nonconventional multijunction configurations and new metamaterials, having in mind the relevance of hybrid energy harvesters and the changes in terms of characteristic dimensions and strong correlation effects such as lattice mismatch, lightweight, carrier mobility dynamics, bandgap energies, and response to external stimuli for individually or simultaneously self-powered systems combining multiple sources (Bai et al., 2018).
Recent achievements in the sense of substantial amounts of energy collected by applying functionalized materials and metamaterials from the surrounding environment or intentionally supplied sources (external excitation) are used in various energy-harvesting modalities (Phillips, 2021), and the key benefits of boosting include 1) hybrid photovoltaic-thermal cells for 24 h/day power generation (as a continuous energy flow) at a density of 10–100 mW/m2 nighttime via a radiative cooling-based thermoelectric generator (Assawaworrarit et al., 2022); 2) spatial light (electro- and thermal-optical) sensing and modulators based on monolithic organic chromophores (JRD1) (Benea-Chelmus et al., 2021), oxide semiconductors, and 2D materials for digital or analog signal processing at terahertz (THz) frequencies (Yang et al., 2022); 3) different module configurations for single and multijunctions (or tandem solar cells) with complementary bandgaps and absorption edges (Martinho, 2021; Yamaguchi et al., 2021); 4) flexible and hybrid photovoltaic-piezo-triboelectric nanogenerators that efficiently convert harvested sunlight and mechanical energy into electricity (Chen et al., 2020; Wu et al., 2021); and 5) nanosized resonators and broadband metamaterial absorbers with embedded high electron mobility transistors and reconfigurable design operating at frequencies ranging from a few kHz to hundreds of THz (Yang et al., 2019; Yu et al., 2019).
These examples of enhanced photo-thermo-electroresponsive applications represent the continuous advancements in condensed matter physics, materials science, and engineering. Knowledge of the use of hybrid integration opens new opportunities for combining experiments of bottom-up assembly and top-down patterning (Isaacoff and Brown, 2017; Morales et al., 2018; Echeverrigaray et al., 2022) or additive manufacturing (or 3D printing) (Wang et al., 2021) using distinct types of materials, depicting the biggest trends driving the future. More explicitly, the complementary nature of the properties inherent in diversified characteristic couplings in materials with versatile dimensionality has demonstrated exceptional potential for fabricating multifunctional and high-performance devices. The miniaturization and atomic-scale structural modifications (e.g., functionalized hybridization and allotropes) (Guan and Han, 2019; Jeong et al., 2022) can establish given streamlines for advanced material innovation. For instance, graphene is a 2D building material involving all graphitic forms of other dimensionalities, such as representative designs that can be wrapped up into 0D buckyballs, rolled into 1D nanotubes, or stacked into 3D graphite (Wan et al., 2012). The definition of each spatial dimension will be given in the following section. The burgeoning research into multifunctional designs by harnessing the properties of remarkable materials has paved the way for energy-responsive devices in modern technologies as a driver of green transition. This multifunctionality can be integrated into different dimensional scales, with increasing interconnectivity between phase boundaries and engineering difficulty that takes place on small scales.
The effectiveness of up- and downscaling methods refers to changing chemical entities, hierarchical scales, and mesoscopic effects, which leads to stretching limits of existing materials or designing and developing materials with new functions and capabilities for specific applications and performance requirements regarding the sustainable processes and strategic use of raw materials. Almost all materials that have been employed until now support only a limited set of responses to external factors and are characterized by their inability to adapt to environmental changes in real time (Salonitis et al., 2010). To overcome the physical limitations imposed by natural (biotic, fiber, organic, and inorganic) materials, typical engineering materials, and discrete unifunctional (single purpose) subsystems, the integration of these emerging materials exhibits unprecedented synergetic properties and behaviors. However, there are still many processing challenges and constraints of multisource energy harvesters (MEHs) (Xie et al., 2022), and other integrated devices and systems regarding the viability (losses and costly fabrication), reproducibility, scale-up, and assembly into several highly ordered structures (Maggini and Ferreira, 2021)—driving a relentless quest for efficiency and optimization.
The introduction aforementioned serves to provide an overview of the key background necessary for subsequent discussions. Scientometric indicators from two established databases (Web of Science from Clarivate Analytics and Scopus from Elsevier) are also among the topics of this discussion. This perspective aims to explore the knowledge structure; analyze the current research hot spots; and discuss the development status, challenges, and potentials of advanced materials based on function-driven integrating multidimensional scaling, hybrid, and hierarchical interface architectures for quantum information processing, and sustainable energy technology and innovative solutions in times of crisis.
RESEARCH STATUS: SCIENTOMETRIC ANALYSIS
The growth pattern of the literature survey on advanced functional materials indexed in the Web of Science (WoS) and Scopus database is depicted in Figure 1A. With this scientometrics, a contemporary quantitative study on scientific and technological activities allows us to predict the main trends and gaps of studies based on “multidimensional materials” or “multifunctional properties” or “hybrid interfaces” available from WoS and Scopus during 2002–2022 (20 years), before and after the beginning of the coronavirus (COVID-19) pandemic worldwide. This highlights the exceptional case which does not significantly affect the continuous growth of publications. The dynamics of WoS- and Scopus-related studies (articles, proceedings, and reviews) have been used to retrieve relevant data. A total of 60,940 and 69,277 research documents were published with an average of 1,016 and 1,155 articles per year (all subjects aforementioned) in WoS and Scopus, respectively. The dominant document types are articles, which account for 49,101 (78.8%) of the total publications in all subjects, followed by 8,269 (13.3%) proceedings and 4,946 (7.9%) reviews. In addition, the research status of these key materials and added publications has been an increasingly attractive trend for investigations in inter- and multidisciplinary fields. According to data analysis (Figure 1B), the variability and totality of multipurpose applications involving aforementioned all materials corresponding from the beginning of the modern science system until today are concerned with improved efficiency (e.g., electro- and photoactive devices and components) for emerging strategic industries, mainly, in computer science (artificial intelligence and information systems), telecommunications, renewable energy, and environmental sustainability.
[image: Figure 1]FIGURE 1 | (A) Total number of annual publications (2002–2022) on the current progress of materials science and technology. It should be noted that only articles, proceedings, research studies, and reviews are considered. Source: ISI WoS (Institute for Scientific Information, Web of Science) and Scopus database (search: topic = “hybrid interfaces/structures” or “multidimensional materials” or “multifunctional properties”). The dotted lines represent the estimated proportion of the continuous uninterrupted stream of publications in progress. (B) The horizontal bar plot shows documents by subject area, indicating the sum of the analyzed survey results for percentage of 60.999 records of the research topics aforementioned (accessed May 2022). (C) Growth analysis of scientific publications per year for 0D, 1D, 2D, and 3D structure materials, and a total of well over 40,000 are expected by the end of 2022. Published documents on these prior to 2000 are not plotted.
Figure 1C shows the total number of annual publications in WoS on different dimensional materials over a 20-year period. The classification is based on the number of nanoscopic dimensions (< 100 nm range) of a material, which adds to the wide variety of phenomena that can be explored in nanoscience and technology. As observed in the graphic elements, there is an gradual increase in the number of publications from 12,158 (3.6%) in 2010 to 30,941 (9.1%) in 2020, around 8,103 (2.4%) in the middle of 2022. Another comparative analysis indicates that an increase of approximately 77.7% in the number of publications for all dimensional units is simply the corresponding difference between 32,469 records in the period of the first 5 years (2002–2006) and 145,566 in the last 5 years (2017–2021). Using structural materials of topic nD (n = 0, 1, 2, and 3), the total publications corresponded to 272,201 (80.0%) articles, 55,749 (16.0%) proceedings, and 12,209 (4.0%) reviews. It is seen from Table 1 that a total number of 340,159 documents have been indexed in the WoS entity during 2002–2022. After seeing year-wise productivity comparisons, it is concluded that research on materials innovation with different spatial dimensions has received increasing attention. Specifically, these dynamics in the current scenario represent a growing collaborative development among many universities, research institutes, and industrial companies, creating mandatory multifaceted teams with different subject-specific experts such as scientists, engineers, technicians, and environmentalists to obtain benefits from novel analytical concepts and understand the threats involved in the maximum sustainable yield due to monitoring and controlling social expansion, energy consumption, environmental degradation (air pollutants and biohazard waste) and other concerns that are still far from ideal for conserving and caring for our planet.
TABLE 1 | Total number of publications in WoS during 2002–2022 in the subject nD structure materials (n = 0, 1, 2, and 3).
[image: Table 1]GLOBAL MARKET DRIVERS, ONGOING CHALLENGES, AND NEEDS
The importance of advanced functional materials cannot be underestimated in the radically changing modern society, and problems related to energy efficiency and environmental safety have become integrated material design issues. These drivers of change (economic, technological, societal, and environmental) are intrinsically linked and large-scale disruption or crises can affect multiple factors at once, which is consistent with ISO Strategy 2030 International Organization for Standardization, 2022 (https://www.iso.org). A reliance on the development of semiconductor devices and their contributions that resonate as an integral part of supporting everyday life in our current society based on information and communication technologies with digital infrastructures has largely emerged and transformed into a global market in excess of US$ 556 billion in 2021, according to World Semiconductor Trade Statistics (WSTS) World Semiconductor Trade Statistics, 2022. This represents an increase of 26.2% from 2020, and the forecast is to exceed US$ 578 billion (10.4%) in 2022. A recent market report ReportLinker, 2022 (https://www.reportlinker.com) predicted that the current global market scenario for advanced functional materials is expected to generate an incremental growth of US$ 48 billion and a compound annual growth rate (CAGR) of around 9.0% with accelerating momentum during the forecast period (2022–2026) due to the cumulative impact of COVID-19. In addition, one of the major factors driving the market studied is the growing need for miniaturization and new coupling technologies, as well as advances in the energy, chemical, and healthcare industry. Increasing usage of integrated functional materials in microelectronics is the prevailing trend observed globally and, in the short term, plays a crucial role in technological problem solving as the market evolves. However, many challenges remain for processing and characterization in terms of the deployment of these strategies in technology fields.
The state-of-the-art research today is largely engaged in sustainable development under the concept of integrated architecture design for different kinds of materials that rely on their unique and specific properties. As previously mentioned, the advent of functional materials using various manufacturing processes (e.g., layer-by-layer, exfoliation, electrodeposition, atomic layer deposition, molecular beam epitaxy, and photolithography) prompts a comprehensive range of possibilities as a result of the relationship between cost-effectiveness analysis and involved mechanisms for the substantial differences that lend themselves to scaling challenges. Among them, one reason leading to an undesired behavior or a lack of expected functionality is dependency based on the system and processing conditions. These production thresholds have required changes in high-performance device design that almost fully utilize the benefits offered by atomically thin layers or nanoengineered materials.
Figure 2A schematically represents the multiscale fabrication of advanced functional materials with cointegration structures and hybrid boundaries, originating from different types of interfacial engineering. These possible interfaces and tailored physical properties directly depend on the synthesis conditions, precisely controlling the composition, size, shape, and singularities of the crystallographic structure (ordering), among others. Likewise, multifunctionality needs to be understood as a combining of materials, prescribed forms, and appropriate processes, in addition to the employment of new biomimicry-based strategies (nature-inspired materials), which enable the emulation of a certain mechanism such as artificial photosynthesis. Due to quantum mechanics, the electronic and optical properties (e.g., charge transport and bandgap energy) of low-dimensional materials (LDMs), in turn, are strongly coupled and differentiated from those of macroscopic systems. The elucidation of functional materials will be necessary to rule out their relative effects and mechanisms in an extensive actuation range based on different structural length scales, which provides one other research direction for the property of correlated quantum confinement, a more intrinsic attribute than one that is variable due to the atomic thinning effect that may occur with bulk materials (Franklin, 2015). Essentially, high-quality designs can be obtained by reasonably selecting and operating existing manufacturing technologies (bottom-up and top-down), for example, hierarchical assembly of heterojunctions based on 2D material (Chen et al., 2017; Khan, et al., 2020), such as stacking and stitching (epitaxial growth) or vertically aligned layers.
[image: Figure 2]FIGURE 2 | (A) Schematic overview of the proposed design guidelines on the co-integration structures (or combinatorial synthesis) in several dimensionalities and hybrid boundaries, originating from different types of interfacial engineering. Referring to quantum-confined structures, the differences in density of states (DOS) in terms of energy appear when the size and shape of nanocrystals are reduced to less than 100 nm. It should be noted that the spatial confinement of electron–hole pairs (excitons) occurs in one or more dimensions (de Broglie wavelength), resulting in more discrete electronic energy levels compared to the bulk materials with continuous behavior. Interrelationship diagrams of some intrinsic physicochemical characteristics kindred with function-driven engineering (B) and their susceptibilities (C) show the activity recognition by energy harvesting and storage derived from external sources and chemical/biological environments, which trigger a series of (non)systemic functional responses possible in smart materials. (D) Processing–structure–properties–performance (PSPP) relationship is represented by a material octahedron scheme with ends corresponding to two external factors.
Within the implications and remaining questions, the key processing challenges should be addressed by the following exploratory research topics: 1) modeling or behavior-prediction techniques that specifically identify the synthesizability of amorphous/crystalline materials and the complexity of interfaces in engineering systems using ab initio methods (Aykol et al., 2018; Davariashtiyani et al., 2021), 2) delimited pathways to synthesize and pattern such materials across multiple length scales required for functional device prototypes in outside-the-lab scenarios, 3) fabrication techniques customizable to the miniaturization and integration of LDMs needed to connect or ensure the designed multifunctional properties (particularly when using modified or novel manufacturing methods), 4) develop new and bespoke assembly methods of single- and multiphase materials with novel structural designs (via controlling shape, size, and orientation), paying more attention to meet a purpose or particular transformational application requirements, 5) new metamaterials (i.e., materials with properties not found in nature) (Zheng et al., 2016; McClintock et al., 2021) that offer the potential for manufacturing scalability and/or improved performance, 6) bioinspired hierarchical (Wang et al., 2020) and hybrid structures (Xie et al., 2021) prompt by additive manufacturing (“printable” functional materials), and 7) deciphered functionality using surface analytical tools, aiming at the interfacial recognition of the transition of chemical bonding character and identification of the physical interactions between two or more layers, which exhibit good adherence and compatibility. Without a doubt, the biggest challenges relate to the interfaces of the nanomaterials for controlled synthesis and configuration. Managing these implicit issues, placements, kinds of knowledge required in assembly strategies, and discovery of the cross-cutting concerns applicable in approaching fundamental limits seem possible.
Functional materials can be generically referred to as suitable interface modifiers for scientific and engineering solutions in energy technologies. Such materials include carbon-based compounds (graphene and diamond-graphite hybrids), inorganic compounds (metals and alloys, semiconductors, and ceramics), organic compounds (soft matter and polymers), and composites (inorganic–organic hybrids). Compared to bulk materials, low-dimensional (0D, 1D, and 2D) structures of sub-10 nm dimensions are pursued to achieve high efficiency and are easily affected by subtle factors. Among all of the classes of materials detailed, it is possible to divide them into four categories based on the state of dimensionality as listed below.
Zero-dimensional (0D) materials: they can tightly confine electrons or holes in all spatial dimensions–length, width, and height (i.e., no coordinate x-y-z-axis larger than 100 nm). The most common examples are atoms, small molecules, nanoclusters, nanocages (fullerenes), and colloidal semiconducting nanocrystals (CNs) or quantum dots (QDs) (García de Arquer et al., 2021). These organic–inorganic nanoparticles can be classified into different types according to their size, morphology, and physical and chemical properties.
One-dimensional (1D) materials: these refer to the confinement of electronic motion in two dimensions (x-y, x-z, or y-z-axes), whose lateral edges fall anywhere in the range of 1–100 nm. The morphologies, compositions, and structures cover a large variety including wires, tubes, rods, fibers, ribbons of metals, semimetals (metalloids), oxides (e.g., TiO2, VO2, MnO2, and MoO3), sulfides (ZnS and HfS2), halides (PbI2 and MgBr2), polyelectrolytes, and coordination polymers (CPs).
Two-dimensional (2D) materials: these refer to electrons confined in one dimension (x, y, or z) and allowed to move in any two directions (outside the nanoscale) in the system. 2D materials refer to crystalline solids–insulators, semiconductors, halfmetals, semimetals, metals, and superconductors–consisting of single- or few-layer atoms, in which the in-plane interatomic interactions are much stronger than those along the stacking direction. These 2D nanostructures (referred to as quantum wells) are an emerging class of materials (Zeng et al., 2018), including graphene and their derivates (Geim and Novoselov, 2007; Dideikin and Vul', 2019), black phosphorus (BPs) (Liang et al., 2014), transition metal dichalcogenides (TMDs, denoted as MX2 and M2X3) (Chowdhury et al., 2020), transition metal oxides (TMOs) (Guo et al., 2015), transition metal carbides/carbonitrides (MXenes) (Huang and Mochalin, 2020), semimetal chalcogenides (SMCs), hexagonal boron nitride (h-BN), perovskites (ABX3) (Miró et al., 2014), and other variations such as layered double hydroxides (LDHs) (Laipan et al., 2020) and TMD ordered alloys (e.g., MoS2xSe2-2x, MoxW1-xSe2, and WS2xSe2-2x) (Pandey et al., 2016).
Three-dimensional (3D) materials: correspond to those that are not confined to the nanoscale in any dimension. This includes bulk materials, compacted/densified powders, alloys, coatings, multilayers, particle suspensions, nanostructure bundles, and dendrimers.
A successful process integration scheme allows device structures suitable for multiple functionalities to scale-up or -down the system dimensions. The functional activities governing small-scale energy conversion systems denote a lower Schottky barrier, intriguing electronic coupling, intimate charge transfer, and efficient separation of excitons (electron–hole pairs) occurring at the atomically sharp interface, suggesting promising applications. Miniaturized and hybrid single devices have been increasingly attractive for investigations in both classical and quantum domains due to the interplay between one or more degrees of freedom coupling optical, electrical, and mechanical modes in nanoscales (Midolo et al., 2018; Zhang T. et al., 2022). Within this context, the emergent phenomena and functions remain a formidable challenge in the form of collective behaviors that arise from physical interactions among the lattice elements (8-polytope projection) and perturbations (strain, edge, magnetic, photo, electric, and thermal) as shown in Figures 2B, C, respectively. For instance, a large lattice mismatch between different materials results in structural defects and lattice distortion. This reflects the interdependence of the new phenomenon and the complex structure–function interplay in materials. Consequently, the intrinsic and extrinsic contributions of a material with respect to its environmental properties are largely dependent on the surface chemistry, morphology, and interface properties. On the other hand, material susceptibility occurs as stimuli-responsive changes for external energy sources, such as mechanical stress–strain deformation (piezoelectric and elastoplastic effect), acoustic waves (mechanical vibration), magnetic field fluctuations (spin–orbit effect), thermal gradient (thermomechanical vibration), electromagnetic waves (photocatalytic activity by light absorption in frequencies/wavelength ranges), and radioactive isotopes (betavoltaic effect). The progression toward continuous scaling and property tuning is extremely important when considering a variety of distinctive behaviors involving more distributed energy harvesting and conversion, for example, embedding QDs on sidewalls of self-catalyzed thin nanowires (Zhang Y. et al., 2022). Accordingly, the benefits of multifunctional materials may further open opportunities for energy-efficient quantum computing and sensing within integrated circuit systems in information and communication technologies.
FUTURE DIRECTIONS IN SUSTAINABLE ENERGY AND QUANTUM TECHNOLOGIES
With the integration of various materials and dimensions being hybridized, entirely functional on-chip devices would become more readily available to researchers and technology developers, becoming a potential candidate for next-generation energy industries. This configuration unlocking and fine-tuning of single and multicomponents refers to the possible associated manufacturing methods for highly optimized devices and systems from lab-scale research to commercialization. A critical overview of the processing–structure–properties–performance (PSPP) relationship of complex and advanced materials by applying multiparty system technologies with an eco-wakening approach is schematically shown in Figure 2D by exploring functional ensembles with differing access to external stimuli, whether these are mediated by renewable energy resources (i.e., alternatives to fossil fuels) that produce little-to-no emissions or by intentionally applied agents, forces, or fields under precisely controlled conditions. The material paradigm framework provides a holistic perspective on materials science and engineering breakthroughs for gathering information and deploying sustainable technologies. According to the current knowledge, combinatorial synthesis and high-throughput characterization in tandem with computational models (www.materialsproject.org) have proven to be a powerful approach to identifying new and unexpected materials, enforcing the sophisticated integration for multipurpose large-scale applications.
Examples of securing future energy requirements for transboundary solutions in sustainable and quantum technologies include, for instance, noninvasive smaller and more integrated systems with lightweight and less energy consumption that may be distributed and wireless communication. LDMs systems enable artificial states of quantum matter as a promising solid-state platform for coherent sources of single-photon emitters, qubits, topological elements, and quantum sensors due to the coupling of spin to strain (Lemme et al., 2022). Regardless of the substrate, the layered materials are built by stacking and can create intrinsically thin (<1 nm monolayers) hybrid homo- or heterostructures (HHs) in a physical sense with preferentially oriented crystalline structures, tracing advantages for electronic devices, such as transistors and memristors, due to distinguished quantum confinement behavior (Franklin, 2015; Maggini and Ferreira, 2021; Chakraborty et al., 2022). Moreover, the control of interlayer physical interactions and immobilization of mixed-dimensional and functional stacked structures result in the van der Waals nano-opto-electro-mechanical couplers (Zhang T. et al., 2022). Micro and nanoelectromechanical systems (MEMS/NEMSs) offer also extremely high sensitivities in piezoresistive and optomechanical platforms that make them efficient signal transducers, providing input stimuli (i.e., signal forces) and reading out a mechanical response (i.e., output displacement) (Lemme et al., 2022; Rawat et al., 2022). The layered structures of 2D materials (e.g., MoS2 and h-BN) and carbon-based materials (graphite and hydrogenated diamond-like carbon) are favorable options as self-lubricating solids to achieve superlubricity behaviors (i.e., near-zero friction regime) at the sliding interfaces of mechanical systems from nanoelements to large-scale setups, including aerospace and wind energy applications (Echeverrigaray et al., 2018; Zhai and Zhou, 2019).
A new concept of designing artificial materials involves making tunable devices based on phase-changed metasurfaces using different sub-wavelength-sized resonators (Ali et al., 2022). This makes it possible to manipulate the polarized states of electromagnetic waves in real time via broadband cross-polarization converters (including microwave and THz frequencies). With this kind of layered metamaterials, there are emerging applications ranging from sensing to stealth technologies such as thermal emitters (Nishijima et al., 2019), imaging and edge detection functionalities (metalenses) (Zou et al., 2020), multiple modulators (or holographic projection) (Huang et al., 2018), and optical “invisible” cloaks (Lee et al., 2021).
Finally, the ever-increasing demand for designing versatile materials inspires the rapid development of tunable devices, creating new paradigms for energy-saving applications. Materials science and engineering drive innovation for fundamental and applied research in all industrial sectors, which is crucial to the development of quantum computers, particularly for implementations using solid-state hardware that becomes an accelerator for information processing. The key changes will be associated with the deployment of multidimensional functional hybrids, whose distinct types of predefined components, structures, and properties shed light on the design of high-efficiency devices. In the future, these modulating strategies adopted for technological development with eco-friendly alternatives made in the ongoing fourth industrial revolution may establish sustainability of artificial intelligence in the energy industry as a thriving global economy.
CONCLUDING REMARKS
The continuous search of hybrid material systems for providing multifunctionality is based on unidimensional or mixed-dimensional structures with reconfigurable responses, resulting in a significant enhancement of functionality or even enabling new functions. Such multifunctional materials are at the core spotlight of technological applications and the forefront of materials research for more accessible green power resources beneficial to human needs. In a wider perspective, these concomitant needs represent a paradigm shift in the science and technology of advanced materials toward the future of global sustainable energy and digital social innovation. Using data indexed in the WoS and Scopus platforms, quantitative research is to generate knowledge and conduct a comparative, dynamic, and empirical analysis focusing on academic articles published between 2002 and 2022. The suggested design guidelines expand the relevant analysis based on the multiscale fabrication and hybrid integration of different emerging classes of materials, which should deal with current issues of fossil fuel depletion, energy consumption growth, and pollutant emissions. This perspective has interesting concepts that hold promis to unlock material combinations or groundbreaking changes in hybrid solid interfaces (e.g., metacrystals, intermetallics, LDMs, and HHs), opening new possibilities and driving the research for optimization of more effective design in multisource energy harvesting systems.
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