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Abstract

:

The development of modern cutting-edge technology relies heavily on the huge success and advancement of nanotechnology, in which nanomaterials and nanostructures provide the indispensable material cornerstone. Owing to their nanoscale dimensions with possible quantum limit, nanomaterials and nanostructures possess a high surface-to-volume ratio, rich surface/interface effects, and distinct physical and chemical properties compared with their bulk counterparts, leading to the remarkably expanded horizons of their applications. Depending on their degree of spatial quantization, low-dimensional nanomaterials are generally categorized into nanoparticles (0D); nanorods, nanowires, and nanobelts (1D); and atomically thin layered materials (2D). This review article provides a comprehensive guide to low-dimensional nanomaterials and nanostructures. It begins with the classification of nanomaterials, followed by an inclusive account of nanofabrication and characterization. Both top-down and bottom-up fabrication approaches are discussed in detail. Next, various significant applications of low-dimensional nanomaterials are discussed, such as photonics, sensors, catalysis, energy storage, diverse coatings, and various bioapplications. This article would serve as a quick and facile guide for scientists and engineers working in the field of nanotechnology and nanomaterials.
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1. Introduction


Nanomaterial synthesis for numerous applications has gained interest among researchers in the last two decades. Major strides have been made in the area of nanomaterial fabrication in order to enhance the susceptibility of the nanostructured or nanomaterial-based devices. The term “nano” means dwarf and nanotechnology can be understood as the multidisciplinary science of developing, characterizing, and synthesizing materials by controlling their sizes and shapes at the scale of nanometers [1]. This class of material has the characteristic that at least one of the dimensions lie between 1 to 100 nm [2]. Such materials are noted for high surface-to-volume ratios, which enhances the properties of these materials substantially when compared to those of bulk materials. Based on the degree of spatial confinement, nanomaterials can be subdivided into four major types [3], i.e., (i) zero-dimensional nanomaterials (all the dimensions are in nanometer scale, e.g., nanoparticles), (ii) one-dimensional nanomaterials (any one of the three dimensions is of nanometer scale e.g., nanorods, nanowires etc.), (iii) two-dimensional nanomaterials (any two of the three dimensions are of nanometer scale e.g., nanosheets, nanoplates, and nano-coatings) and (iv) three-dimension nanomaterials (three dimensions are larger than 100 nm and electrons are not confined in any direction). Some examples include nanoflowers, nanocubes, nanocages, nanowire bundles, as well as other self-assemblies of lower-dimensional nanomaterials.



The art of nanotechnology facilitates the fabrication of numerous nano and microstructures on the substrate surface. The created nanostructure arrays on the substrate surface can serve for various applications. For example, Haghanifar et al., fabricated a nano array similar to enoki mushroom structures on a polyethylene terephthalate (PET) surface using CF4 and O2 as etchants, and then SiO2 was deposited on the surface using plasma enhanced chemical vapor deposition (PECVD), which imparts surface superomniphobic characteristics [4]. David et al. prepared fiber Bragg grating sensor for two-phase flow in microchannels using soft photolithography and chemical etching techniques over the polydimethylsiloxane (PDMS) substrate material [5]. Qi et al. in their research demonstrate a simple approach to create hierarchical pyramidal structures over the silicon wafer using KOH and silver catalytic etching in order to achieve a superhydrophobic and anti-reflective surface [6]. Taking inspiration from hierarchical nano/microstructure from morpho butterflies scales, Gao et al. fabricated complex hierarchical nanostructures on the surface of silicon wafers using photolithography, creating a surface with elevation in heat flux and anti-reflective properties towards polarized ultraviolet, visible, and near-infrared wavelengths [7]. The fabrication of a uniform array of nanoparticles over substrate materials can be used for characterization and quantification of unknown species. For instance, Dao et al. use the process of electrodeposition in the presence of ethanol (as electrolyte) to deposit a uniform array of silver nanoparticles on the surface of silicon wafer with a precision in scale of nanometers [8]. The fabricated surface was used as substrate in surface-enhanced Raman scattering (SERS) for the detection and quantification of biological and organic compounds at very low concentrations. An interesting work by Kang et al. shows how one can create a pattern of complex micro-chambers distributed over the span of substrate using a simple but robust lithographic technique [9]. They proposed a hollow teacup-mushroom inspired microstructure whose upper surface is covered using a polymeric roof which imparts the surface with stable omniphobic characteristics without applying chemical treatments over the surface. Such micro-chambers can be loaded with the reagents, nanoparticles etc., after which these chambers will behave as micro-reactors to carry out reactions.




2. Classification of Low-Dimensional Nanomaterials


Breakthroughs in the field of material synthesis and fabrication techniques in the past two decades have ripened the classification of nanostructured materials (NSM). Any material is classified as nanomaterial when at least one of the dimensions of materials are in the order of nanometers. In other words, the dimensionality of a material is the major feature that discriminates against types of NSMs [10]. Generally, nanomaterials are broadly classified in four different categories, i.e., (1) zero-dimensional nanomaterials, (2) one-dimensional nanomaterials, (3) two-dimensional nanomaterials, and (4) three-dimensional nanomaterials, as shown in Figure 1.



2.1. Zero-Dimensional (0D) Nanomaterials


The materials whose dimensions are all under nanometer range belong to zero-dimensional (0D) nanomaterials. Nanoparticles, quantum dots, carbon nanodots, fullerene, etc. are some popular examples of 0D nanomaterials. Significant advances have been made in the field of 0D nanomaterials during past decades. Inherent structural properties, such as the higher surface-to-volume ratio and ultra-small size, of 0D nanomaterials provides enriched active sites per unit mass [11]. Carbon quantum dots (CQDs) [12], graphene quantum dots (GQDs) [13], fullerenes [14], inorganic quantum dots (IQDs) [15], polymer dots (Pdots) [16], noble metal nanoparticles [17], etc. are some common examples of 0D nanomaterials. The reduction of dimensions imparts fabricated nanomaterials with some novel properties when compared to their corresponding bulk materials. Usually, 0D nanomaterials are either in the shape of a sphere or quasi-sphere, possessing a diameter of less than 100 nm [18].



Low capital, low inborn toxicity, and flexible surface functionalization promote the studies of carbon-based nanomaterials. Enhanced electrical and optical performance, low toxicity, and high quantum yield are some of the major advantages of 0D carbon nanomaterials [19,20]. Enhanced chemiluminescence, fluorescence, and electrochemiluminescence properties of carbon-based quantum dots promotes the use of CQDs in the fields of bioimaging and targeted drug delivery [21].




2.2. One-Dimensional (1D) Nanomaterials


One-dimensional (1D) nanomaterials possess a high length-to-diameter ratio, which could modulate their electrical, mechanical, chemical, and magnetic properties. Moreover, 1D nanomaterials also often offer high crystallinity, good uniformity and dispersion, and easy synthetic access, which surpass their bulk counterparts [22]. Particularly, one-dimensional material possesses large surface area, adaption to volume changes, pores and hollow structures, which make it suitable for hydrogen storage applications [23]. For instance, single-wall carbon nanotubes consist of sp2 hybridized atoms having porous nanostructures. Researchers have paid much attention towards the field of carbon-based 1D nanomaterials (nanotubes, rods, and wires) for hydrogen storage due to their increased specific surface area and reduced mass density.



Researchers reported that nanotubes made out of inorganic materials are promising for reversible hydrogen storage as pure carbon nanotubes possess low hydrogen sorption capacity [24]. In the case of nanotubes, hydrogen can be stored in internal and external cavities of the tubes as well as in between the spaces available in nanotubes [25]. It is possible to increase the hydrogen storage capacity of carbon nanotubes by increasing the activity of tubes, leading to increased porosity and specific surface area.



Nanorods are structurally one-dimensional nanomaterials that provide a directed path for charge carrier transport. Besides, the bandgap could be tuned by changing the radius of nanorods with quantum size effect. Literature shows that doped nanorods can increase hydrogen storage capacity as doping improves the sorption and desorption process. Nanorods are mechanically and chemically highly stable and exhibit excellent electrochemical activity, making them suitable for application in the fields of energy storage and transfer devices [26].




2.3. Two-Dimensional (2D) Nanomaterials


The remarkable progress of 2D graphene sheets in 2004 has led to its significant role in the category of 2D nanomaterials. Two researchers Andre Geim and Konstantin Novoselov showed that a single layer of carbon atoms arranged in a sheet-like honeycomb lattice possess extraordinary electrical and thermal conductivities [27,28]. Its charge carrier dynamics follows a usual linear dependence of energy on momentum. Ballistic transport over long distances results in many new transport behaviors rarely seen before, such as quantum oscillations at higher temperatures (above 100 K). The award of the Nobel Prize for groundbreaking experiments involving 2D graphene in 2010 drastically brought the attention of the public and professionals to the fields of nanomaterials and nanotechnology [29]. 2D nanomaterials are made up of atomic-layer-thick planar structures with each plane bonded to one another by weak van der Waals forces [30]. The excellent mechanical vigor and pliability of 2D nanomaterials are due to the presence of robust in-plane covalent bond and small atomic thickness [31]. Layered materials are malleable in nature, which permits their transformation to 2D nanosheets and nanoplates. The group of 2D ultrathin nanomaterials have sheet-like features with transverse dimensions of a few hundred nanometers and bearing a thickness of a few nanometers (~5 nm) [32]. Distinct topography, enhanced surface area, as well as the anisotropic chemical and physical properties of 2D nanomaterials are noted strengths for various applications [33]. Large planar surface areas of 2D nanomaterials make them very useful when surface activity matters [34]. Recent breakthroughs in the fields of 2D nanomaterials promote their applications in the fields of electronics, optoelectronics, energy storage and conversion, sensors etc. [35]. Particularly, 1D quantum confinement of electrons in the case of 2D nanomaterials results in unique physicochemical properties. The confinement of electrons in an ultrathin region of 2D nanomaterials or nanostructures provides another way to realize a classical two-dimensional electron system commonly used in high electron mobility transistors [36]. The superior transport properties and unique features for quantum transport open a new avenue for next-generation devices in electronics and optoelectronics.




2.4. Three-Dimensional (3D) Nanomaterials


Three-dimensional nanomaterials can be constructed based on the arrangement and organization of a group of 0D, 1D, or 2D constituent nanostructures. Depending on the growth conditions, diverse and complex morphologies have been reported. The structure of free-standing 3D nanomaterials could be based on the forms of rods, cubes, spheres, porous spheres, foams, hierarchical dendrites, cross-linked nanorods, etc. Nano-cubes, fullerenes, dendrimers, and nanocages are some popular examples of 3D nanomaterials [37]. The dimensions of 3D nanomaterials can be beyond nanoscale, but they are not really the same with bulk materials. Compared to the bulk counterpart with similar overall size, the 3D nanomaterials could be endowed with a quantum confinement effect originating from the constituent nanostructures. On the other hand, they can keep benefits derived from larger spatial dimensional, such as the light scattering effect, which is not applicable for nano-sized objects. Thus, 3D nanomaterials have a chance to combine the advantages of both bulk materials and nanomaterials. Self-assembly from precursors is a vital principle for the preparation of 3D nanostructures. In this respect, wet-chemical synthesis is usually the most facile method for the fabrication of 3D nanostructures. The use of surfactants and templates in wet-chemical synthesis can produce many complex 3D configurations with hierarchically ordered subunits. Due to their distinctive morphologies, many 3D nanomaterials are of huge potential for applications. For examples, mesoporous structures and hollow microspheres with controlled constituent nanostructures are promising for energy storage and conversion. 3D nanostructures with hollow shells, such as mesoporous microspheres, can act as a carrier media for other nanopowder or nanomaterial. The ability to accommodate large amounts of drug make them suitable for therapeutic applications [38].





3. Fabrication Techniques


A typical methodology towards nanostructured material fabrication can be classified into two broad categories, i.e., (i) the top-down approach and (ii) bottom-up approach, as shown in Figure 2. In the top-down approach, one starts with bulk material (in orders of microscale), then breaks this bulk material using numerous techniques to form a nanoscale particle/structure, whereas in the case of bottom-up approach one starts with smallest scale possible then makes its way up the dimensions till nanoscale particle/structures are achieved [39]. Both of the above-mentioned approaches carry some merits and demerits, as summarized in Table 1 and Table 2. This section highlights their possible advantages and shortcomings and manifold fabrication techniques that come under these approaches.



3.1. Top-Down Approach


Top-down approach basically revolves around removing a part of material from the starting bulk solid to achieve fabrication in orders of nano/micro scale [40,41]. In layman’s language, we can think of the top-down fabrication approach as a process similar to that of a sculpture artist’s process of sculpting a sculpture from a block of stone. The top-down approach is comparatively simpler as the process involved depends either on the removal or break down of bulk material or on miniaturizing the existing bulk fabrication protocol to produce the desired micro/nano structure with appropriate size, chemical, and physical properties. Many methods in this approach are well-suited to current industry technology. Fabrication over a large substrate is possible and reliable. Yet, it could come with the price of imperfections induced on surface structures. Traditional top-down techniques used for creating nanostructures and nanopatterns are discussed as following.



3.1.1. Lithography


The term lithography is derived by joining two Greek letters, i.e., lithos means ‘stone’ and graphia means ‘to write’ [42]. Lithography was first invented by Alois Senefelder, a German playwright and actor in 1796 in the United Kingdom. However, the process of lithography gained popularity during the mid-1900s as it inspired researchers towards the discovery of practical and quicker printers. The process of lithography itself can be broadly subdivided into two categories, i.e., (i) masked and (ii) mask-less [2]. In masked type lithography approaches, the nano/micro patterns are transferred on the surface using a template or mask. Photolithography [43], contact lithography [44], X-ray lithography [45], nanoimprint lithography [46], soft lithography [47] etc. are some popular examples of masked lithography. On the contrary, in the mask-less lithography process, nano/microstructures are transferred on the surface without using a mask. Scanning probe lithography [48], focused ion beam lithography [49], electron beam lithography [50], etc. are some popular examples of maskless lithography.



Photolithography


Photolithography has been a practical and widely used technique used for the fabrication of micro/nano structures over various surfaces [51,52]. The process as explained earlier is a mask-based lithography technique where the final pattern to be transferred on the surface depends on the type of photoresist being used. This technique is most commonly used in the sector of semiconductors as such a process is easily scalable. A suitable light-sensitive photoresist is initially deposited on the surface, which is then covered with a lithographic mask. The result of this photolithographic process relies on the structure image presented on the mask. As shown in Figure 3, a photoresist used on the surface can either be a positive photoresist, in which the surface exposed to the light irradiation undergoes photochemical degradation and gets etched away, leaving solid nanostructures behind, or can be a negative one, in which the photoresist is directly deposited on the substrate surface. After light irradiation, the exposed portion of the photoresist becomes insoluble to the photoresist developer. In contrast, the covered portion of the photoresist can be dissolved by the photoresist developer [53]. Photolithography has demonstrated significant promise in patterning solution-processed nanomaterials for the fabrication of light-emitting devices. For instance, a direct in-situ photolithography method for patterning perovskite quantum dots (PQDs) on lead bromide complexes was recently reported by Zhang et al. [54]. Their work demonstrated the manufacture of efficient red, green, and blue light-emitting PQDs, which were patterned with a minimum feature size of 5 μm and a thickness of 10 μm. The obtained PQD pixels showed good absorption of blue and UV light for use in color conversion.




Contact Lithography


Contact lithography is also known as proximity lithography, which is a similar approach to that of photolithography, but with a difference that the photomask in this case is in close proximity to that of photoresist layer over the substrate which allows the light passing to form a 1:1 structure over the photoresist [55]. The primary merit of contact lithography is that the system is free of complex projection optics between object and image. Resolution is one of the factors to be considered. When the light propagates through the photoresist, diffraction cause the image to lose contrast with increasing depth into the photoresist. It can be mitigated by using a thinner photoresist to improve image contrast [56]. Recently, Pugachev et al. demonstrated the feasibility of manufacturing low-cost micro masks using contact lithographic methods, allowing for the straightforward scaling up of 2D materials microstructure fabrication [57]. The constructed micro mask can achieve resolutions on the order of micrometers (~0.6 μm).




X-Ray Lithography


X-ray lithography is a slightly advanced version of conventional photolithographic technique which uses X-ray beam as the source of irradiation instead of light source. The major advantage of X-ray lithography is that it can operate in shorter wavelengths and can provide a high-resolution reserve for Moore’s law requirement that conventional lithography techniques failed to meet [58]. Moreover, the use of X-rays instead of conventional light sources provides deeper penetration into the resist layer, which ultimately provides higher resolution and better aspect ratio [59]. Because of the high precision and accuracy of X-ray lithography, this process is used for the fabrication of micromixers [60]. With the support of precise X-ray lithography using a synchrotron radiation source, Gentselev et al. succeeded in the fabrication of high-quality planar structures for use in terahertz optics [61]. It was shown that far greater control over cell size, wall width, and thickness can be achieved, compared with previous lithographic technology skills. The obtained self-supporting perforated X-ray masks can be used to fine-tune the parameters of beams of electromagnetic radiation in the terahertz and subterahertz ranges, and these masks feature high contrast X-rays (λ = 0.6–14 Å), allowing them to be used in conjunction with both positive and negative X-ray resists.




Nanoimprint Lithography


Nanoimprint lithography is one of the most attractive lithographic techniques. The beauty of nanoimprint lithography lies in its capability of producing periodic arrays of nanostructures over large areas with high throughput and high aspect ratio [46,62]. The process uses a well-defined lithographic stamp which imprints a moldable polymeric resist into an array of well-defined nanostructures. The use of this lithographic stamp makes this process commercially available and reusable, ultimately making the whole process cost efficient and technologically straightforward in terms of application. Nanoimprint lithography requires only repetitive simple nano-stamps for the fabrication process to take place. This makes the process much simpler with regard to the fabrication of different types of hybrid nanopatterns. Many researchers used nanoimprint lithography for achieving various nanostructures over the surface. For instance, Choi et al. adopted nanoimprint lithography to create polymeric nanopores to measure transient currents generated by the translocation of DNA molecules [63].




Soft Lithography


Soft lithography is a technique which involves the transfer of structures over the substrate using soft elastomeric masters (e.g., stamps, molds, photomasks etc.) [64]. Compared to other fabrication techniques, the soft lithography process includes benefits in terms of cost, setup, and high throughput without a compromise in terms of resolution which can vary from nanometer to micrometer precision [65,66]. As fabrication using soft lithography is a physical contact-based micro/nano fabrication technique, we can say that the resolution of the technique is limited by the van der Waals radius. Moreover, the elastomeric properties of the nanopattern stamp imparts the process with the ability to conform non-planar shapes of the substrates with the inbuilt effect of inducing long range distortions to the nano/micro patterns/structures transferred over the substrate, and the significance of these distortions varies from application to application [67].



Soft lithography can be used in various applications, such as biosensors, directional cell affinity, bio-sensing, cell sorting, tissue engineering etc., which make this lithographic technique suitable for applications in the field of medical sciences [68]. Recently, Gan et al. reported a cost-effective, patterned growth of high-quality 2D transition metal dichalcogenides using the soft lithography technique [69]. A liquid precursor (Na2MoO4) was patterned initially on the growth substrate. Then, CVD was employed to convert the precursor patterns to monolayer, a few layers, or bulk TMDs, according to the precursor concentration. They showed that the photodetectors made of MoS2 line patterns achieved an excellent responsivity of 7674 A W−1 and a good external quantum efficiency of 1.49 × 106%.




Scanning Probe Lithography


Scanning probe lithography, also known as direct-write nanolithography, is a state of art lithographic technique, as shown in Figure 4. In scanning probe lithography, nano/micro patterns are created using a nanometer sharp tip over the sample substrate by inducing either mechanical, electrical, diffusive, or thermal effects [70]. In the operation, thermal energy from a nanometer thick probe can be transferred to the local substrate to transfer the nano/micropatterns [48]. With this technique, 3D nanostructures are created by mechanically moving a tiny or nanoscale stylus over a surface to create patterns at the nanometer scale. With the use of the stylus, 3D structures may be created by adding material to the substrate’s surface or by scraping away portions of the surface. Dip pen nanolithography, which involves transferring a substance from a stylus to the substrate, is mostly used to chemically functionalized surfaces [71]. Contrarily, intricate 3D patterns in polymer resists have frequently been created by directly patterning a surface by scraping away portions of it with a stylus.




Focused Ion Beam Lithography


Focused ion beam lithography, popularly known as focused ion beam milling, is now arising as one of the most popular top-down approaches for nanofabrication [72,73]. It works based on the principle that ions have higher atomic weight when compared to electrons, and a focused beam of ions can remove material much faster compared to electrons due to its higher linear momentum. The major advantages of focused ion beam lithography are that it doesn’t require any specialized mask for its operation and can produce high-resolution nanostructures. As shown in Figure 5, during the operation, a focused beam of ions is combined along with precursor molecules that etch and deposit the precursor material locally [74]. The precursor molecules typically in gas phase are transported to the substrate’s surface by a gas injection system while a focused beam of ions scans the substrate surface forcing the growth of precursor material over the surface in a shape as directed by the focused beam of ions. This lithographic technique can attain a resolution as high as a few nanometers. In the past, researchers showed evidence of achieving a resolution of 3-nm for platinum-based nanostructure growth [75]. Fürjes et al. adopted the FIB milling process for the preparation of solid state nanopore arrays for molecule sensing [76]. They found the pore diameter depends on a few factors, such as the material composition, the thickness of the membrane, the applied milling time, ion dose, current, and energy. Besides, the reproducibility of the FIB nanoprocessing can be improved by neutralization (electrostatic grounding) of the sample surface, applying an additional conducting layer. The suppression of the electrical charging of the dielectric layers would preserve the ion beam shape, as shown in Figure 6. It can be seen that the distortion of the pore diameter could be reduced significantly, and the pore size variations kept reproducibly below 5 nm.




Electron Beam Lithography


Electron beam lithography is a direct lithographic process that utilizes the power of focused beams of electrons to transfer an array of nano/micropatterns over the surface of substrate without the need of any mask. The process of electron beam lithography can either be additive (i.e., material depositing) or subtractive (i.e., removal of material) in nature [77]. This type of lithography process is also used for preparing stamps used in nanoimprint lithography. During the operation, the desired nano/micro pattern is directly scanned over the resist surface by using an energetic electrons beam. The use of electrons provides an excellent depth of focus, which is corrected up to several hundred microns of height. A major drawback of electron beam lithography is that the process is cost inefficient, and therefore not practical for large scale fabrication processes [78]. Recently, Tu et al. demonstrated a resist-free lithography of metal–organic frameworks (MOFs) at the micro- and nanoscale by X-ray and electron-beam lithography [79]. Conventional MOF patterning methods suffer from low resolution and poorly defined pattern edges. The benefit of this method is that it preserves the porosity and crystallinity of the patterned MOFs while avoiding etching damage and the contamination of fabricated nanopatterns. The generated high-quality patterns fall in the mesopore region, having excellent sub-50 nm resolution.





3.1.2. Sol Gel Method


A common and practical way for creating nanoparticles with various chemical compositions is the sol-gel method. The creation of a homogenous sol from the precursors and its transformation into a gel form the foundation of the sol-gel process. The leftover gel is then dried after the solvent in the gel is removed from the gel structure [80]. The main benefit of the sol-gel process is that it produces stable surfaces with a high surface area. The experimental settings used are connected to the chemical and physical characteristics of the materials produced by the sol-gel process [81]. The sol-gel method of fabrication initially involves preparing a uniform regular gel phase. Later, the solvent evaporation from the gel matrix is performed so as to achieve a thick multilayer coating on the surface’s substrate. There are three different ways of removing solvent, i.e., (a) evaporation, (b) supercritical drying, and (c) freeze drying, upon which the structure of coating depends. For instance, in order to achieve aerogels, the supercritical drying of gels is performed (having regular and ordered structure). Protracted evaporation of gels provides xerogels, whereas to fabricate cryogels, freeze drying of gels is preferred. This flexibility of sol-gel fabrication process allows the fabricator/manufacturer to extend their horizons of applications [82]. The advantage of using the sol-gel method lies in its ability to control morphology and particle size as these parameters in the sol-gel method depend on the reaction mechanism.




3.1.3. Template Etching


Template etching is a chemical-based etching technique where nanofabrication is done using chemical etching reagents directly on substrate with the use of template [83]. The template is prepared using spin coating or electron beam lithographic techniques. The most commonly used template materials are ordered nanoporous membranes, which contain ordered structures or pores through which the chemical etchant passes to the substrate surface. The size of nanomaterial over the surface is tuned by either changing the pore sizes or by tuning the anodic or cathodic potentials of the substrate surface. This type of template etching can produce long range arrays of structures with nanoscale features over the surface. The final feature in this type of micro/nano fabrication appears after the removal of the template.





3.2. Bottom-Up Approach


Contrary to the top-down approach, the bottom-up approach uses chemical and mechanical forces operating at nano/microscale to assemble the basic units into larger structures. Motivation for bottom-up approaches comes from natural biological systems, where nature utilizes various chemical forces to fabricate/produce essentially all the edifices needed by life. Researchers always try to replicate/simulate nature’s ability to produce nano/micro clusters of specific elements, which can then self-assemble as one to form more-elaborate structures. In the bottom-up fabrication approach, the controlled segregation of molecules or atoms occurs as they come together and assemble as one unit. Bottom-up synthesis can be carried out either in gas phase or in liquid phase formation.



3.2.1. Plasma Arching


Plasma is one of the fundamental states of matter which consists of electrons and molecules in ionic states. It maintains a condition of overall neutrality, although there may be a net positive or negative charge on certain particles. The plasma arcing method requires an ionized state of gas atoms, for which high energy is necessary to peel off the electron from its valence shell to obtain a positively charged atom. An electrical arrangement consisting of an anode and cathode is developed providing a sufficient amount of electric field to convert the atoms into ions. Electrodes used are usually made up of conducting materials or mixtures of conducting and non-conducting materials. The generation of contracted plasma uses inert gas as a heat source. The emission of electrons takes place from one electrode due to the presence of a high potential difference causing an electrical breakdown. A sudden avalanche of electrons results in the formation of an arc in the zone between the electrodes. Positively charged ions travel at a high velocity and are driven by the applied bias voltage toward the cathode and get deposited as nanoparticles. The depth of deposition corresponds to a few atomic layers and all particles so formed are mutually separated. The average temperature of the arc in cold plasmas is generally higher than 104 K.




3.2.2. Chemical Vapor Deposition (CVD)


The CVD technique uses precursors of reactant gases in the reaction chamber. Molecules of these precursor gases pass over the substrate inside the reactor and then the deposition of molecules takes place over the substrate’s surface [84]. Figure 7 illustrates the detailed process of three-zone CVD design. The CVD technique is one of the most welcomed synthesis tools because it can prepare almost any type of inorganic material with reasonable cost. It can produce both nanomaterials and thin films. Deposition using CVD requires a high temperature. Precursor handling is sometimes a tricky process and the choice of proper substrate is very important for CVD. These factors need to be considered for the CVD process.




3.2.3. Atomic Layer Deposition (ALD)


Atomic layer deposition (ALD) can be regarded as a variation of chemical vapor deposition (CVD) in which gaseous reactants (precursors) are injected into the reactor system one at a time in a sequential way to generate the desired products by surface chemical interactions [85]. In order to prevent gas phase reactions, ALD pulses the precursors alternately, one at a time, and separates them with inert gas so that the reaction terminates once all the reactive sites on the surface are consumed, as shown in Figure 8 [86]. Based on alternate interactions between gaseous precursors and solid surfaces, ALD shows excellent capability in homogeneous deposition of conformal layer with tunable cross section, even on intricate three-dimensional surfaces. ALD is suitable for ultra-thin film deposition possibly down to the atomic level. Nowadays ALD is frequently employed in microelectronics fabrication for the deposition of high-κ gate oxides, ferroelectrics, metals, and nitrides [87].




3.2.4. Pulsed Laser Deposition (PLD)


Pulsed laser deposition (PLD) is a form of physical vapor deposition in which a laser with a high-power density and narrow frequency bandwidth is utilised as a source to vaporize the target material to form a plasma plume. With the repetition of laser pulses, ions from plasma could condense and aggregate on a nearby substrate with controlled temperature. Then, thin films of different materials can be grown on the substrate. The operation can be carried out in UHV or in the presence of some background gas. For instance, oxygen can be used as the background gas during oxide materials deposition. It can be used to grow a high-quality oxide thin film as the film formation rate can be precisely controlled by the number of laser pulses. The working mechanism of the full PLD process is complex due to the involvement of laser ablation and plasma dynamics. In general, there exist five crucial aspects to be considered for high-quality crystalline materials grown by PLD [88]: (1) Absorption of the laser by the target material. (2) Laser ablation of the target material and the generation of the plasma. (3) Plasma physics. (4) Deposition of the ablation material on the substrate. (5) Nucleation and expansion of the thin film. It is a versatile synthesis technique for many kinds of materials, including semiconductors, superconductor, complex oxide films, and various nanostructures.




3.2.5. Laser Pyrolysis


Laser pyrolysis is another bottom-up approach used for the synthesis of nanoscale systems. The present laser pyrolysis process is not as popular as the laser ablation process, but it is a very useful process when dealing with the synthesis of carbide and ceramic nanostructures [89]. In a typical laser pyrolysis process, the gaseous-phase precursors are introduced to a chamber by a carrier gas (e.g., argon) where the gaseous-phase precursors meet the laser beam. The high-power laser beam (e.g., 2400 W) generates elevated localized temperatures which trigger the nucleation and growth of nanoparticles. The nanoparticles are then collected by a catcher equipped with a filter. The laser pyrolysis is characterized as a gaseous-phase process, with additional functionality to handle liquid reactants. When liquid reactants are necessary, those reactants can be vaporized or turned into microscale droplets (e.g., via an ultra-sonication process). Thereby, they can be introduced to the reaction chamber. Since this technique mainly applies the thermal energy induced by high-power lasers, lasers (e.g., CO2) operating in continuous modes are often applied.




3.2.6. Molecular Beam Epitaxy (MBE)


Molecular beam epitaxy is a physical evaporation process with no chemical reactions involved. The basic difference between MBE and other epitaxy systems is that the former does not involve any chemical reactions and is associated with a simple physical evaporation process. This method depends on the principle of vacuum evaporation where thermal molecular and atomic beams are directly impinged on a heated substrate under ultra-high vacuum conditions [90]. An MBE system is illustrated in Figure 9 [91]. The first major advantage of the MBE process is that it is a comparatively low-temperature process as compared to vapor phase epitaxy. The low-temperature characteristic of this process enables it to reduce the auto-doping effect. The second advantage of MBE is that one can have precise control over the doping process and layer thickness. One can achieve a growth rate as low as 0.01 µm per minute up to a maximum of 0.3 µm per minute, allowing for the ultra-precise control of layer growth. This is crucial for the preparation of semiconductor nanostructures and heterojunctions. With the advancement of chip technology, it is critical to reduce device feature size to atomic levels, and thus the precise control of thickness of the epitaxial layer will be important in future.




3.2.7. Molecular Self-Assembly (MSA)


Self-assembly is a process in which an ordered composite structure is formed by mutual interactions between disordered building blocks through a spontaneous organization. This attraction can occur between macro, nano, or mesoscopic structures over a wider range of composition, geometries, and functionalities [92]. Nanoparticles based self-assembled layers over a surface occur due to the balance between attractive forces and repulsive forces [93]. Surfaces created using self-assembly process possess higher order of flexibility. The molecular self-assembly (MSA) process is an ensemble of sequential chemical synthesis, covalent polymerization, self-organizing synthesis, and molecular self-assembly. MSA is a process in which atoms or molecules assemble together in equilibrium conditions to form a stable and well-defined nanophase by non-covalent bonds. The molecular self-assembly process is highly capable of fabricating nanostructures in the range of 1–100 nm [94]. In order to create complex nanostructures using a self-assembly process, critical parameters, such as the well-defined geometry and the specific interactions between the basic units, are requisite significant consideration.






4. Characterization Techniques


The experimental methods that are used to quantify the dimensions, crystal orientation, elemental composition, and other physical and chemical properties of synthesized nanomaterials are termed as characterization techniques [95]. Figure 10 depicts characterization tools with different technological basis. Essential characterization approaches for semiconductor nanomaterials are summarized in Table 3 [96,97,98,99,100,101,102,103,104,105,106,107,108,109,110,111,112,113,114,115,116,117,118].



4.1. X-ray-Based Characterization


X-ray diffraction (XRD) is one of the most commonly used techniques when it comes to structural determination for nanomaterial. XRD works on the principle of constructive interference of monochromatic X-ray and Braggs law. According to Bragg’s law, the diffraction of an X-ray beam from a crystalline surface is a characteristic of material and depends on wavelength of X-ray, scattering angle, and inter-planar distance according to Equation (1).


2d sinθ = nλ



(1)




where d is lattice spacing, θ is incidence angle, λ is wavelength, n represents the order of constructive interference (diffraction order). The composition of nanoparticles can be determined by comparing the obtained data with available reference pattern data provided by the International Centre for Diffraction Data (ICDD). The crystallinity of the materials can be determined by the sharpness of the diffraction peak from the analyzed sample, i.e., amorphous material in general exhibits broad peaks whereas high-crystalline samples yield a very sharp peak. One can also provide information regarding a material’s lattice parameter, phase nature, and crystalline grain size using a small amount of powdered sample and the Debye–Scherrer formula given by Equation (2), where D is crystallite size, k is Scherer’s constant (k = 0.94), β represents full width at half maxima (FWHM), and θ is location of peak [119]. Velavan et al. used XRD for the analysis of silver nanoparticles [120]. They reported that the average size of the nanoparticles formed by the reduction of silver ions using Erythrina indica flower extract is ~ 28.19 nm which is obtained using the Debye–Scherrer formula.


  D =   k λ   β cos θ    



(2)







The X-ray absorption spectroscopy (XAS) technique involves transitions from ground state to the excited state by absorption of X-rays [97,121]. Each element is unique in terms of its atomic/elemental composition and binding energy. XAS measures this binding energy as the function of X-ray absorption coefficient, which is unique for every material, thus it can be considered as a fingerprint of material. XAS in general measures displacement to the excited state from the core state and the continuum. It is possible to study the local structure of a target element with XAS without interference from the proteins, water, or air molecules involved in the absorption process [97]. The merit of XAS technique lies in its ability to investigate transition metals, e.g., Au(I), Ga(III), Zn(II), etc., with full and empty d-shells [122]. Lopes et al. used in situ XAS study for the determination of activation of palladium nanoparticles [123].



Small-angle X-ray scattering (SAXS) is an analytical technique that uses scattering at different angles to determine how much X-ray is scattered by a sample. In this regard, SAXS probes modifications of sample’s electron density caused by X-ray scattering to generate contrast [124]. As SAXS provides inverse space data, atomic scale variations in electron density will scatter X-ray beams to high angles while nanometer scale variations will scatter them at low angles. Therefore, SAXS is a technique that is useful for examining complex structures over a large distance with a small angle of incidence. Particles constructed through sol-gel reactions, aerosols, micelles, minerals, and other particles have been studied using SAXS. Nano-porous structures can also be examined using SAXS since it measures only the difference in electron density between colloidal particles and nanoporous structures [125]. Li et al. reported that in-situ nanoparticle synthesis, nanoparticle assembly, and operando investigations of catalysts and energy storage materials can be analyzed using SAXS [124]. Garcia et al. performed an in-situ SAXS analysis for the determination of silver and bimetallic silver-gold nanoparticles produced by the wet- chemical reduction synthesis [126].



X-ray photoelectron spectroscopy (XPS) is an analytical method that uses photoelectrons stimulated by X-rays (usually Mg K or Al K) to evaluate surfaces up to the depth of 10 nm [127]. During analysis, ultra-high vacuum (UHV) is required for experimental setup as any hindrance of foreign particles is not allowed while analysis. The majority of contemporary spectrometers have variable tolerance ranges of roughly 50 m–1 mm. Therefore, common sample sizes in the 5 mm × 5 mm range (even for handling considerations) are desired. Furthermore, XPS examination of particles has significance that extends beyond 100 nm and is even relevant to bigger particles. Understanding the surface characteristics of NPs as well as the composition and thickness of coatings on NPs requires the use of XPS [128]. Important details, including NP composition, impurity presence, functionalization consistency, surface adsorption capacity, and layer and coating thickness, can be extracted with a variety of methods. Since XPS can distinguish between a variety of functional groups on the surface (down to a depth of 10 nm), the information gathered is helpful for understanding potential interactions between nanocomposites and their surroundings. XPS can offer information of the surface composition and binding interactions of spontaneously generated nanocomposites made of two or three components with convenient commercial XPS instruments [129]. Sublemontier et al. used the XPS technique for the determination of isolated Si/SiO2 nanocrystals onto the surface without any substrate interactions and charging of silicon nanoparticles [130].



Energy dispersive X-ray (EDX) technique uses characteristic X-rays produced via interaction of sample with energetic electron beam irradiation to identify elements involved [131]. Usually, when an incoming electron strikes an atom of the sample, it knocks off an electron from the metal’s K-shell orbital (n = 1), leaving a vacancy or hole. X-rays are released if an electron from another shell fills in the empty space (electron transitions). KX-rays, LX-rays, and MX-rays are the names given to electronic transitions to the K-shell (n = 1), L-shell (n = 2), and M-shell (n = 3), respectively. Each chemical element undergoes these transitions, and this is the foundation of EDS detection systems for electron microscopy [132]. EDX makes use of the X-ray spectrum produced when a solid material is exposed to a focused beam of energetic electrons. The emission of X-ray energy is directly proportional to the atomic number of the substrate’s element with which the electrons interact [133]. The accuracy and sensitivity of the instrument, the spatial resolution (determined by the penetration and spreading of the electron beam in the specimen), and the sample preparation method all affect how effectively and reliably the analysis is performed using an electron beam to obtain a localized chemical analysis [134]. Patri et al. studied the distribution of titanium dioxide nanoparticles in mice following intravenous and subcutaneous injection using energy dispersive X-ray technology [135].




4.2. Microscopy-Based Characterizations


The high-resolution scanning electron microscope (SEM) is a great tool for determining the size and form of nanostructures since image capture and sample preparation are both very rapid and easy processes. Even while the SEM picture is a two-dimensional (2D) depiction of the three-dimensional (3D) objects from a certain viewing angle, it does contain some 3D information that, when combined with model-based measurement, may be used to accurately reconstruct the shape down to the nanometer level. The secondary electrons (SEs) and/or backscatter electrons (BSEs) produced when the sample is hit by the primary electron (PE) beam provide the signal that generates a SEM picture [136]. In the top micron or so of a specimen, SEM can reveal details about the surface topography, crystalline structure, chemical composition, and electrical behavior [137]. By choosing particular types of emitted electrons, referred to as SE (energy lesser than 50 eV) and BSEs (energy greater than 50 eV), respectively, morphological/topological contrast and compositional information can be independently acquired [138]. Typically, SEM can be classified into three different types based on the manner and the environment that they work with i.e., a) conventional SEM (CSEM), which operates at high vacuum pressure (~10−8 torr), b) low vacuum SEM (LVSEM), which is similar to CSEM but can also operate at elevated pressures (0.2 to 2 torr) with a dehydrated environment around the sample, and c) environmental SEM (ESEM) operates at elevated pressures (0.2 to 20 torr) and allows samples to be placed at hydrated environment [139]. Zheng et al. analyzed nanoparticles present in tissue or cultured cell thin slices using SEM and X-rays [140].



By passing an electron beam through a thin specimen, transmission electron microscopy (TEM) makes it possible to see the sample’s inside in great detail. Due to the unique information at high resolution, TEM is frequently employed in nanomedical research and is capable of revealing the subtle interactions between nanoparticulate and their constituent parts. Because electron beam has very small wavelength (about 100,000 times shorter than visible-light photons), TEM may produce images with sub-nanometer resolution, or around 0.2 nm [141]. The electron energy is sufficient to allow the electrons to pass through the sample. Even with extremely small single crystals (from 25–500 nm) at very small amounts of material, TEM paired with precision 3D electron diffraction tomography technology can provide vital structural findings for crystal structure characterization [142]. To examine the development of electronic material in operational settings, it is possible to use an in-situ transmission electron microscope (TEM) with atomic resolution and an external field. The great spatial resolution and flexible characterization capabilities of TEM have made it a popular tool for studying the structure-property relationships of materials and devices. The new aberration correction method has increased the TEM’s spatial resolution to 0.5 Å. This makes it possible for researchers to observe the atomic structure of materials up close. TEM can offer structural and chemical information, and even valence state in addition to morphology. A real-time approach for characterizing and manipulating materials using external stimuli, including electrical, mechanical, thermal, optical fields, and liquid/gas environments, is realized by the recently developed in-situ TEM technology [143]. Franken et al. summarized the use of TEM for high-resolution 3D images in the field of soft-matter research [144].



In semiconductor nanomaterials science, site-specific image analysis with nanometer and sub-nanometer scale resolution are usually provided by scanning electron microscopy, transmission electron microscopy, and scanning transmission electron microscope (STEM) [109]. In STEM, a probe electron beam is focused to a tiny region of few angstroms, which is then moved by deflection coils to scan over the sample. It is possible to create either a bright-field STEM picture or a dark-field STEM image, depending on the transmitted electrons that are utilized to create the image. Deflection coils beneath the specimen act simultaneously to adjust for the produced tilt, retaining only the lateral-shift component of the movement. The beam deflected by lenses is then scanned point by point in a raster mode over the specimen surface [145]. Z-STEM, which uses atomic number contrast scanning transmission electron microscopy, has an excellent capacity for extracting chemical and structural data from individual nanostructures at the atomic scale. Z-STEM is a type of STEM that primarily employs a high-angle annular dark field (HAADF) detector to get an indirect image of the object’s structure from an incoherent image. Z-STEM is a perfect tool for studying core-shell structures at the atomic level because, unlike traditional HRTEM, which uses phase-contrast imaging to reveal the crystalline nature of the particles, the intensity seen in the Z-STEM images depends on the scattering power of the atom being imaged. This yields chemical information concurrently with structural position [146]. The accurate characterization of shell form, coverage, and chemical composition is made possible by the differential intensity between the core and shell, heterodimer, or heterotrimer shown in Z-STEM pictures.



For micro/nanostructured coatings and thin nanostructures, atomic force microscopy (AFM) is a significant tool for surface science study. With this adaptable method, local areas may be studied in the presence of air or liquid using conventional AFM or electrochemical AFM to capture high-resolution nanoscale pictures [147]. It provides data based on a variety of physical characteristics, such as size, morphology, surface texture, and roughness, in both qualitative and quantitative forms. It is also possible to determine statistical data such as size, surface area, and volume distributions. From 1 nm to 8 microns, a wide variety of particle sizes may be presented in the single scan. High resolution and visualization of 3D structures can be provided by AFM from the high-precision movement of the tip. Resolution in the vertical direction is constrained by the instrument’s vibration environment, but resolution in the horizontal direction is constrained by the diameter of the scanning tip. AFM instruments typically have X-Y resolutions of about 1 nm and vertical resolutions of less than 0.1 nm [148]. A cantilever with a sharp tip with a diameter of 10–20 nm is used to perform AFM. Si or Si3N4 is used in the microfabrication of AFM tips and cantilevers. When a laser beam is focused on the tip using a photodiode, the movement of the tip as a result of tip-surface interactions may be seen. The two primary modes of operation for AFM are contact and tapping modes [149]. In the tapping mode, the AFM cantilever is vibrated above the sample surface, causing the tip to come into touch with the surface only occasionally. In the contact mode, the AFM tip is continually in contact with the surface. Imaging in the tapping mode lessens shear pressures brought on by tip movement. Rao et al. used AFM in the dynamic mode to characterize the titanium oxide, zirconium oxide, and alumina nanoparticles and/or agglomerates on various surfaces [150]. The size, form, and distribution of TiO2, ZrO2 and alumina could be obtained.




4.3. Other Important Characterizations


Auger electron spectroscopy (AES) is a surface-sensitive quantitative elemental analysis technique [151]. This method, which is similar to XPS, may be used to quantitatively identify all elements, with the exception of hydrogen and helium, within a depth of 2 nm, as well as provide some insight into the chemical state. The basic principle of AES is the Auger effect, in which a series of radiation-free transitions take place with an atom’s inner level being ionized. An Auger electron is ejected at the end of this process. L-level (auger electrons) electrons are expelled from the material by the irradiation of an electron beam following a sequence of electron transitions. AES benefits from having better spatial resolution (compared to the XPS). Researchers show evidence of using AES for nanomaterial characterization. For instance, Xu et al. used AES in determining the thickness of graphene films [115]. They reported that with more layers of graphene, the AES spectroscopy exhibits different spectral shape, intensity, and energetic features. This technique enables the precise and high-throughput measurement of up to six layer thicknesses of graphene as well as the detection of dopant and defect in graphene films on virtually any substrate. The availability of this trustworthy technique will enable direct examination of the mechanisms governing graphene formation as well as the investigation of unique features of graphene having different thicknesses on various substrates.



The Fourier transform infrared spectroscopy (FTIR) technique is a regularly used tool to identify surface functional groups and optical properties of samples in infrared spectral region. The FTIR spectra are usually recorded between 4000 cm−1 and 400 cm−1 [152]. FTIR is a technology that offers a lot of flexibility for the surface characterization of nanoparticles. Under certain conditions, it is feasible to determine the chemical composition of the surfaces of the NPs in addition to identifying the reactive surface sites that induce the surface reactivity. Using FTIR spectroscopy, various functional groups from the spectral bands are found to ascertain the conjugation between the nanomaterial and the adsorbed biomolecules [153]. The atoms in the nanoparticle vibrate in their bonds at frequencies that correspond to the absorption peaks in the FTIR spectrum. An FTIR spectrum is an essential information for qualitative research since the peak intensity gives a clear indication of the nature of the components present. Devaraj et al. used FTIR to identify the structure, associated bands, and bond stretching of the produced silver nanoparticles (AgNPs) from cannonball leaves [154].



The benchtop method known as centrifugal photo-sedimentation (or differential centrifugal sedimentation, or DCS) is frequently employed to assess the high-resolution size distributions of NPs [106]. When subjected to a centrifugal force, DCS assesses how long it takes for nanoparticles (NPs) to sediment through a fluid, as shown in Figure 11. A prevalent issue in many naturally occurring and artificially created systems is agglomeration. For the grouping and read-across of nanoforms as well as for hazard and risk assessment of nanomaterials, reliable data on the agglomeration state are also essential. Clusters of nanoparticles with multimodal distributions in size, density, and shape are produced as a result of agglomeration. Although the technique is better recognized for particle size, these crucial variables have an impact on the sedimentation coefficient, which is the real physical quantity measured in DCS [155]. However, the assumption of spherical forms provides the foundation for the conversion into a particle size distribution. The latter ignores how the form itself affects the rate of sedimentation. Supra colloidal assemblies, often referred to as “colloidal molecules”, are used to illustrate how sedimentation coefficient distributions may be determined via DCS.



Inductively coupled plasma mass spectrometry (ICP-MS), an atomic spectrometry method, has very low detection limits and can offer information for the majority of elements in the periodic table (noble gases H, N, O, F, and C are excluded). ICP-MS is thus one of the preferred methods for analyzing inorganic designed nanomaterials [156]. Increasingly, metallic nanoparticles (NP) at extremely low concentrations may be quantified and characterized using single particle inductively coupled plasma mass spectrometry (SP-ICP-MS). Viens et al. demonstrated that the quantification of ZnO nanoparticles is possible using ICP-MS [157]. The sensitive and selective technique known as single particle detection using inductively coupled plasma mass spectrometry allows for the direct analysis of individual nanoparticles in suspension and simultaneously provides data on size, size distribution, particle concentration, aggregation state, and ionic content [158].



The Brunauer–Emmett–Teller (BET) technique deals with the physio-sorption of gas molecules on a solid surface to quantify surface area, pore size, and pore volume of nanomaterial. Nitrogen gas is adopted for adsorption and desorption isotherms distribution determination. BET deviates from ideal analysis, as it considers multiple adsorption layers taking place in a realistic situation; therefore, this technique is also regarded as an extension of Langmuir adsorption, which only considers monolayer adsorption. However, the following assumptions are considered while working with the BET, as follows: (a) gas molecules tend to adsorbed physically on a solid surface in infinite layers, (b) gas molecules only interact with the adjacent layer, (c) Langmuir theory remains applicable to each layer, (d) adsorption enthalpy of the first layer remains constant, followed by enthalpy enhancement in subsequent layers, and (e) adsorption enthalpy of the second and subsequent layer is the same as liquefaction enthalpy. This process requires sample degassing through maintenance of particular temperatures, time, and vacuum conditions specific to the material under investigation. As an example, carbon quantum dots, CQDs, have enhanced surface area, which is beneficial for their performance in adsorption [159] and catalysis [160]. From BET analysis (surface area value > 1690 m2/g), it is evident that CQDs have a suitable position in adsorption applications owing to high surface area and polarity [159]. The synthesized composite photocatalyst TiO2/CQDs present a large surface area, which is verified by BET analysis, and is shown to augment pollutant concentration on nanocomposite surface, leading to the best photoactivity in the study [160]. In the case of carbon nanotubes (CNTs), an MWCNT-LVX antibacterial nano-conjugate was prepared via a facile synthesis route which showed minimized toxicity, high drug loading capacity, low effective dosage, and potent activity against the wound. The BET analysis confirms that the high surface area of CNTs allowed high drug loading efficiency by various interactions of LVX on the CNTs surface. The limitation of BET analysis lies in sole feasibility using dry powders, other than the enormous time required for characterization. For the graphene and its derived forms, Mohan et al. [161] observed that extent of BET surface area in different graphene derivatives varies; the highest SSA was observed for GNP with high structure uniformity and low defect density; lowest SSA was observed for dextrose reduced GO with poor structure orientation.



Thermogravimetric analysis (TGA) is an analytical technique for quantitative and qualitative monitoring of mass loss or gains when the sample is heated, cooled, and held at a constant temperature atmosphere, either in stable or changing gas flow condition [162]. During analysis, the temperature is maintained, usually with following heating, cooling, isothermal maintenance, or their combination [163]. The TGA analyzer encloses the furnace and precise microbalance, which records sample weights in the closed furnace. It is usually used for assessing composition, thermal stability, or decomposition nature, the stoichiometry of chemical reactions, the kinetics of chemical reactions, adsorption or desorption processes, evaporation behavior, the influence of reactive gases, and evolved gas analysis. TGA technique has three categories, based on by-products generated or removed and changes in weight: dynamic TGA, static TGA, and quasi static TGA. It is employed by various industries ranging from pharmaceuticals to automotive industries. The TGA method is inexpensive, fast, and more straightforward for CQDs composition determination. In the synthesis of carbon dots-TiO2 nanosheets (CQDs -TNs), Li et al. [164] used TGA to determine the CQDs amount loaded on TNs. They observed that weight below 200 °C is due to adsorbed water evaporation, and weight loss between 200 °C and 700 °C is due to surface attached water molecule decomposition and combustion of CQDs. In the case of CNTs in bulk quantity [165], TGA can be used to assess population homogeneity, with essential parameters under consideration: initiation temperature, oxidation temperature, and residual mass. For graphene materials, Farivar et al. [166] established that TGA is a low-cost method for the quality control and characterization of manufactured graphene materials at an industrial scale. TGA is usually carried out with differential scanning calorimetry (DSC), as both techniques complement each other for successful material characterization. The non-equivalence of volatile mass loss and degradant formation is the main limitation of this method.



UV-visible spectroscopy is an optical spectroscopic technique for the quantitative measurement of the light absorption property of a chemical substance present in a solution. A change in light intensity is determined by comparing light passing through a sample and another reference. It can make use of the Beer–Lambert law for concentration determination, providing information, such as sample composition and setup. This technique has many advantages, including non-destructive nature, direct, and easy operation, minimal pre-processing, and low cost. Yet, it could be affected by stray light, light scattering, and interferences from multiple light-absorbing species. For instance, CQDs usually possess excellent optical absorption in the UV region (260 to 320 nm), with the tail extending to the visible region. CQD absorption peaks come from π-π* aromatic sp2 domains transition and n-π* surface functional moieties (carbonyl, hydroxyl, ester, and carboxyl groups) transition, which further have a dependency on synthetic method and surface group nature [167]. As most CNTs are usually present in bundled form, they remain inactive in the UV-vis spectral region due to metallic and semiconducting CNTs tunnel coupling. In contrast, single CNTs have a detectable absorption peak in the UV-vis region [168,169]. CNT-water nanofluid stability was measured in terms of CNT concentrations as a function of time using UV-vis spectroscopy [170]. For graphene and its derivatives, spectra are observed in the 200–1000 nm range [171]. Graphene absorption features are attributed to surface plasmon resonance of free electrons and π electrons of carbonaceous material [171]. In the case of graphene oxide, the maximum absorption band is observed around 230 nm and up to 300 nm, which corresponds to π-π* transitions of C–C aromatic bonds. A shoulder at ~ 300 nm corresponds to n-π* transitions of C=O bonds [172,173,174]. Moreover, this technique can be employed to check graphene’s existence, functionality, and dispersed state in various solvents, such as 1-propanol, EtOH, ethylene glycol, tetrahydrofuran, and so on [175,176]. The only disadvantage of this method is the time consumption for sample analysis.



Dynamic light scattering (DLS) is a non-invasive technique used for hydrodynamic particle size determination based on the measurement of the Brownian motion of particles in suspension, where smaller particles diffuse rapidly and larger particles diffuse slowly. The DLS instrument employs a laser to illuminate the suspended particle, followed by the use of the Stokes–Einstein equation for particle size, cluster size, and their distribution determination in a colloidal suspension. The particle size measurement depends on ionic strength, surface structure, and shape. In DLS measurement, the target solution placed in a cuvette is illuminated with laser, whose scattered photon is then counted and correlated for the final result. Dager et al. [177] used this method to study pristine CQD produced from Fennel seeds and found the average size to be approximately 6.1 nm. For CNTs, DLS can be used for size measurement with the Stokes–Einstein equation [178], while the hydrodynamic particle diameter and length of CNTs agglomerates in liquid solution can be determined [179,180,181]. For SiO2 nanoparticles dispersed in water, Prashant et al. used this method to understand particle size distribution and found that most particles were centered around 100 nm [182]. In the case of graphene nanosheet size determination, Amaro-Gahete et al. [183] investigated nanosheet size with the conjugation of laser doppler velocimetry method, and nanosheet size around 450 nm was found. Though DLS is a popular light scattering method for particle size determination, it suffers from a few limitations, such as dust particles interfering in photon correlation [184] and not being suitable for non-spherical particles [185].



Atomic absorption spectroscopy (AAS) is an analytical technique for measuring the metallic elements concentration of a sample by using electromagnetic wavelengths emanating from a light source. This technique relies on light absorption by free metallic ions to detect individual metallic particles. It also relies on the Beer–Lambert law. The quantification of metallic impurities of the sample becomes feasible through this analysis. AAS’s main components are an atomizer, radiation source, and spectrometer. It is capable of determination of over 70 different elements present in a sample. During MWCNT preparation, the used catalysts particles are removed by acidic treatment. Edwards et al. [186] demonstrated that usage of high-concentration acid leads to enhanced metallic impurities removal from purified CNTs. Pourjavid et al. [187] applied AAS with solid phase extraction to determine Mn(II), Fe(III), and Cu(II) ions in graphene oxide. Despite several advantages, AAS’s drawbacks are limited sensitivity, metallic-only samples, single-element detection capacity at a time, and limited linearity.



Raman spectroscopy is a non-destructive, qualitative, and quantitative technique, which examines chemical structure, phase, polymorphy, crystallinity, and molecular interactions through the measurement of vibrational modes. In this technique, incidental light from the laser source falls on sample molecules, and then light interacts with chemical bonds and inelastic scattering, revealing its identity. In a Raman spectrum, each peak corresponds to a characteristic vibration mode of bonds, such as C–C, C–H, C=C, N–O, etc., and groups of bonds, such as benzene ring, polymer chain vibrations, etc. John et al. [167] used Raman spectroscopy to determine the crystallinity, optical, and electronic properties of CQDs. For CQDs, two characteristic peaks labeled D and G bands are observed around 135 cm−1 and 1585 cm−1 for sp2 hybridized graphitic bonds and sp2 bonded carbon atoms in E2g mode of graphite hexagonal lattice, respectively [188]. For the structural integrity assessment of CNTs after acidic treatment, Raman spectroscopy can be used as it is susceptible to graphitic material structural disintegration [186,189]. In the case of graphene, Wang et al. [173] showed that nanosheets of graphene exhibited a strong D line at 1350 cm−1, corresponding to the breathing mode or Κ-point photons of A1g symmetry, and a weak G line at 1580 cm−1, corresponding to the bond-stretching motion of in-plane pairs of C sp2 atoms. A huge merit of Raman spectroscopy is that it can be employed for all kinds of samples, such as solids, liquids, gels, slurries, and gases. However, owing to the insufficient strength of Raman scattering intensity, there exists a limit in terms of sensitivity and detection range for analyte concentration. The current limitation of basic Raman spectroscopy can be overcome by improved Raman techniques, such as resonance Raman spectroscopy and the use of an SERS platform.





5. Some Special Nanostructures


It is well-known that the shape and the morphology of the material can play a very crucial and significant role when it comes to the application. For example, a catalyst having dimensions in the nano/micro scale will possess a much greater surface area when compared to that of its bulk form. Therefore, the catalyst having dimensions in nano/micro scale will provide a greater number of active sites for the reaction to occur. In addition, if the surface area of contact is greater. Thus, it will provide more adhesion. To date, we have come across various techniques that can be used for the fabrication of nano/micro structures/arrays. This section will discuss some unique structures and their potential applications.



5.1. Uniformly Spaced Mushroom Structures


Uniformly spaced mushroom structures find their applications mainly in the field of adhesion. The research area of strong adhesion is derived from multiple biological species found in nature. The science behind the adhesion is that most of the adhesive materials present in nature contain some elastic energy which easily follows the roughness that is present on the surface, which in turns increases the intimate contact between the adhesive agents and surface, resulting in the adhesion of two sides. However, it was also observed that the gecko feet (array of mushroom shaped) are on the contrary stiff and contain hairs which help the species to achieve adhesion [190].



Another similar example in nature are mushroom shaped micro structured attachment pads of beetles [191] (specially Chrysomelidae family) which provides adhesion to the species. Many researchers took inspiration from these natural species and tried to mimic the results in order to achieve strong adhesions. For example, in one of the research projects by Gorb et al., they bio-mimic the mushroom shaped fibrillar structures using polyvinyl siloxane and the template lithography process in order to achieve an adhesive structure [192]. Later, Carbone et al. explained that the high adhesive performance of a mushroom shaped micro/nano arrays over cylindrical arrays is due to the presence of a very thin annular plate attached to the top of the central pillar [193]. They also concluded that the presence of the non-uniformity of arrays over the surface can highly reduce the performance of the adhesive forces that occur between the microstructures and the surface.




5.2. Semi-Circular Bumps


Transparent micro scale semi-circular bumps on a curved surface can find their application in the field of lens-on-lens type systems which can be used for optical imaging as such transparent microstructures provide a wide field of view and possess high light collecting capabilities. Inspiration of such systems arises from the structure of the insect’s eye. This type of microsystems can typically be formed by attaching a multiscale hierarchical structure superimposed over the primary structure. Obviously, fabricating such multistage regular primary and secondary uniform arrays over the substrate is a very tedious task.



Shao et al. proposed a fabrication method for such a semi-circular structure in order to mimic the morphology of insect eyes [194]. They proposed that if one intends to fabricate such a structure, one can use the nanoimprint lithography technique and laser beam swelling process for the secondary layer. They also suggested that the polymeric material should be used for the purpose of imprint lithography, and it must possess a desired amount of bulk flexibility after the curing process is over, so as to allow the underlying swelling polymeric material to expand in volume when the laser light is irradiated over the surface.




5.3. Uniform Silver Coating


Development coating is one of the very interesting applications of nano/micro technology/fabrication. Coating on a surface not only prevents the surface from the attacks of foreign contaminants, but also enhances the functional features of the surface. Many works confirm that the material functionality of the surfaces totally changes only by changing the additive in the coating. A typical coating consists of a coating powder, binder polymeric matrix, volatile solvent, dispersant, and additives [195].



Silver being part of the noble metal family possesses excellent anti-microbial/bacterial properties. Hence, using silver as an additive can impart surface antibacterial and antimicrobial properties. For instance, Khalilabad et al. took multifunctional properties of silver to impart surface with antibacterial properties [196]. High density silver nanoparticles were fabricated/attached on the surface using the in-situ reduction of silver nitrate. The uniform silver nanoparticles were coated on fabric, and it was then reacted with hexadecyltrimethoxysilane (HDTMS) which surrounds the surface with an even coating of a low surface energy. Their results show that the prepared fabric shows antibacterial activities towards Gram-positive Staphylococcus aureus and Gram-negative Escherichia coli.




5.4. Hierarchical Structures over Silicon Wafers


Nanopatterning on a silicon substrate has gained attention during the past decade. Silicon is one of the most abundant materials in the earth’s crust, so it is always readily available. The nanopatterning on the silicon surface can provide the surface with some of the high demanding properties, such as super hydrophobicity and high anti-reflection properties, which make the silicon surface suitable for its use in the fields of solar cell, photoluminescence, contamination prevention etc.



Hierarchical structure fabrication over silicon wafer can be conducted using a few techniques. Bindra et al. used an extremely fast, electroless method to fabricate the hierarchical grooved cup shaped microstructures over the surface of silicon wafer. Later, silver pyramidal shape nanostructures were fabricated over these groves [197]. The final fabricated surface possesses antireflective properties which make the substrate useful in the field of optical devices. Cho et al. prepared hierarchical structures on a silicon wafer substrate using sacrificial layer methods [198]. It is noted that the nanostructures obtained using this sacrificial layer etching methods are denser, which results in the very low reflectance of the modified silicon surface. This sacrificial layer etching method is a one-step method as this layer can act as both micro- and nano-mask for the substrate by just varying the etching time.





6. Applications


Advancements in the fields of nanotechnology have opened a limitless possibility in diverse fields of applications. This section will discuss some of the important applications for which nanomaterials can be used.



6.1. Bio-Sensing and Bio-Imaging


The surface plasmon resonance is the exhibition of a resonance effect due to the interaction of free electrons of metal nanoparticles with incident photons. The inclusion of this property can find its applications for studying living body tissues where the specific molecule can be traced based on their interaction with metal nanoparticles inside a living body tissue [199]. For instance, researchers are using this approach to differentiate between a cancer and a healthy cell by coating the surface of the cancer cell. This goal is achieved by utilizing gold nanoparticles (AuNPs) which are coated on the antibodies with affinity towards cancer cells. Nonetheless the coupling between AuNPs and antibodies is evenly distributed among the healthy cells. The bio-imaging of these AuNPs coated antibodies with different morphologies are done at several wavelengths [200]. In another method, these AuNPs can be joined with proteins and other functional molecules instead of antibodies which later can be used for bio-imaging of cells. In a similar direction, cyclodextrins, porphyrins, supramolecules, polymers, and biomolecules, as well as other molecules that have antibodies, nucleic acids, and proteins, can also be used to identify and/or imitate the structure and function of natural occurring enzymes molecules.



Research on nanozymes can be used in the areas of biosensors, immunoassays, stem cells growth, and environmental healing via pollution reduction/removal [201]. As discussed above, antibodies, proteins, and capsids can be used as a media for the identification of cancer-causing cells when self-assembling metallic NPs are coated over their surfaces. Along with that, alteration in naturally occurring proteins cells and antibodies with NPs [202,203] as well as individual synthetic proteins/antibodies [204,205] are attracting huge interest for their applications in the field of biomedicine and bio sensing. Moreover, hollow 3D bimolecular nanomaterials are highly beneficial for the efficient supply of targeted biomolecular drug deliveries, therapies, and diagnosis of complex diseases and genetic disorders [206]. Two-dimensional layered nanomaterials are another promising group for bio-applications. Transition-metal dichalcogenides and layered transition metal oxides attracted a lot of attention for biosensing and phototherapy [207,208]. For instance, 2D molybdenum trioxide (MoO3) nanosheets were employed to develop facile determination of some key analytes, such as glucose and hydrogen peroxide [209,210]. It was shown that the change in oxidation state of oxide nanosheets leads to a rapid bare eye detection probe for biological fluids [211].




6.2. Photonics and Optoelectronics


Modern optoelectronics and photonics industry contributes manifold essential products including optocouplers, solar harvesting cells, light-emitting diode (LED), laser diodes, photodetectors, Bragg reflectors, etc. [212]. Wide-band gap semiconductors, GaN and ZnO, are most important optoelectronic semiconductors for solid state lighting [213,214]. They have suitable direct energy band structure, proper band offset, efficient carrier transport, and stable chemical property for use in optoelectronic and electronic devices [215,216,217]. The commercial production of vital blue LEDs relies on metal-organic vapor phase epitaxy, in which epitaxial GaN thin film are grown on sapphire substrates. Due to the large mismatch in thermal expansion coefficient and lattice constants, dislocation occurs easily in this growth mode [218]. As bringing down dislocation density is important for the device performance, many strategies were proposed, such as the epitaxial lateral overgrowth (ELO) process and adoption of alternative substrates [219,220,221]. This kind of obstacle can be overcome by the use of one-dimensional semiconductor nanorods or nanorod-films [222]. It was found that ZnO nanorods prepared by the low-cost wet chemical approach have good luminescent property [223]. Besides, various pn junctions can be formed easily for LED or photodetector applications [224,225]. Due to the large exciton binding energy at room temperature (~60 meV) and versatile synthesis methods, ZnO nanorods are well-suited for optoelectronic devices [226,227].



For nanoscale semiconductors, the shape and size of material play an important role in electron–hole interactions within the core-shell type semiconductors. The past literature reported that a smaller diameter of holes is preferred instead of larger ones because it can significantly improve the performance of II-VI type semiconductor nanocrystals in case of optoelectronic applications [228]. In nanophotonics, nanoparticles can be used to convert near-infrared, visible, or ultraviolet photons into two, three, or four infrared photons with multi-photon quantum cutter [229]. In addition, monolayer transition-metal dichalcogenides (TMDs) coupled with conventional photonic crystals can provide material with new or enhanced optical functionalities that can be used to synthesize ultracompact photonic and optoelectronic devices. Ye et al. reported that a larger quantum yield of active material is crucial to achieve higher optical gain [230]. In their work, they experimentally measure the photoluminescence of MoS2, WS2, and WSe2 monolayers in order to optimize the thickness of TMD material for higher quantum yields. They reported that at cryogenic temperatures, monolayer WS2 provides a higher quantum yield which is in the order of five times higher than that of WSe2 and MoS2.




6.3. Sensors


The interaction of living systems with surroundings is achieved via smell, taste, vision, hearing, and touch [231]. The demand for portable, economical, efficient, and sensitive chemical sensors for precision analysis has seen a rise in the past few decades. Major feature of sensors is that it has the potential to interconnect the physical, chemical, and biological worlds together [232]. In the case of sensors, the presence of a high area of interface between material and analyte plays a crucial role in defining the sensitivity, stability, and biocompatibility of the sensors [233]. Material–analyte interaction should be optimized in the case of sensors. It can be achieved by having a large, exposed surface area, a huge number of active sites that can effectively and selectively bind analytes, and the ability to convert binding events into a detectable signal. In addition, the material should have good structural and processing properties.



Many examples show that nanomaterials are well-suited to the manufacturing of gas, chemical, bio-chemical sensors. For instance, SnO2 nanosheets have been widely used for gas sensing [234]. In another study, Jiahua et al. successively utilized CNTs doped with SnO2 nanoparticles for the sensing of formaldehyde gas [235]. Liu et al. studied the electronic interactions and transport properties of various gas molecules, including CO, NH3, CO2, NO2, and NO molecules, on the surface of 2D monolayer graphene sensors [236].



In addition, 2D TMD materials also show promising potential for sensitive chemical sensing or biosensing [237]. For instance, MoSe2 in 2D nanosheet or 0D quantum dot forms can play the role of artificial enzyme to realize the colorimetric detection of hydrogen peroxide [238]. Furthermore, a luminescence probe for glucose was achieved for WS2 quantum dots, in which the oxidative effect on the rich edge states results in the luminescence quenching [239].




6.4. Energy Conversion and Storage


Numerous limitations and shortfalls of fossil fuel are attributed to their non-renewable nature [240] and their doubtful availability for future generations to use in coming years [241]. Hence, there arises a need for the researchers and scientists to seek more renewable resources and readily available sources of energy.



In contrast to fossil fuels [242], green energy production routes, including water splitting [243], electrochemical CO2 reduction [244,245], and piezoelectricity-based nano-generators [246], are better options to produce electrical energy [247]. As size being reduced to nanoscale dimensions [248], nanomaterials can preserve energy in various forms which makes them suitable for energy storage applications [247,249,250].



During photocatalytic reactions, photo-induced electrons and holes can trigger the production of reactive oxygen species, which in turn leads to hydrogen evolution reaction and oxygen reduction reaction [251]. These reactive species are also useful to eliminate contamination in our environment, such as organic dye molecules and residual antibiotic [252,253,254]. With broad surface area for reaction, proper oxidative potential, and efficient carrier transport, semiconductor nanomaterials are suitable for the low-cost production and storage of energy [255]. For instance, nanostructured TiO2 composite photo-anode with metal nanoparticles can be used for the production of energy via electrochemical water splitting using photo-electrochemical (PEC) mechanisms [256].



As an alternative, smart nano-energy harvesters subjected to certain external stimulus (temperature, electrical field, mechanical force, concentration gradient, etc.) and then respond to it with changes in their functionality. This can be thought of as a way to manufacture self-reliant devices. For instance, piezoelectricity based smart energy harvesters (PEH) can utilize mechanical energy to provide desirable electrical output, which provides another way to harvest energy.




6.5. Functional Coatings


Functional coatings are sometimes called stimuli responsive coatings or smart coatings. These coatings dynamically change their physical or chemical properties when exposed to certain specific external stimulus which further alters the surface properties of material. These smart materials respond to several external stimuli, e.g., pressure, magnetic field, electric field, moisture, temperature, pH, acoustics etc. Several functional smart coatings, e.g., superhydrophobic, self-cleaning, anti-corrosive, antimicrobial, and antiviral coatings, are discussed below [257].



6.5.1. Superhydrophobic Coatings


Over the past few decades, researchers have been trying hard to mimic the nature by inducing water repellent properties in a variety of material surfaces by coating them with materials with low surface energy. In nature a lot of plants, such as salvinia molesta, reed and lotus leaf, are famous for their superhydrophobic properties. These anti-wetting surfaces exhibit a water contact angle of more than 150° and sliding angle of less than 10°. Superhydrophobic surfaces can be used for multifarious applications, e.g., self-cleaning surfaces, anti-icing, anti-fogging, oil-water separation, and anti-corrosion. These coatings are fabricated by making the surface rough and further combining the surface with low surface energy materials, such as silanes, polymers, and fatty acids. A variety of methods are used to create the required surface roughness, such as depositing nanoparticles on the substrate or using different techniques to functionalize the surface. Zou et al. developed a dip coated superhydrophobic cotton surface using perfluoro-sulfonated polymer and carbon nanotubes [258]. The synthesized surface exhibited a water contact angle of 154.6° and demonstrated EMI shielding properties. Aminayi et al. used nanoparticle vapor deposition to acquire the surface roughness, followed by coating with tridecafluoro-1,1,2,2-tetrahydrooctyltrichlorosilane [259]. Trimethylaluminum-water nanoparticles were deposited on the surface which showed a contact angle of more than 160°.




6.5.2. Self-Cleaning Surfaces


Self-cleaning technology developed in the 20th century has a plethora of applications ranging from window glasses to solar panels. Self-cleaning is an interesting phenomenon which shows the removal of debris or dirt from the coating surface by the application of water on it. The design of these surfaces is derived from nature or living organisms. This is referred to as biomimetics or biomimicry. Lotus leaf, also known for its sacred purity in Asian countries for more than 2000 years, is the most studied self-cleaning surface. Koch et al. studied the surface morphology of the lotus surface and reported a water contact angle of 164° and contact angle hysteresis of about 3° [260]. Numerous artificial self-cleaning surfaces have been designed using nanomaterials, e.g., nano-silica, carbon nanotubes, and graphene. Jung and Bhushan fabricated a superhydrophobic surface using spray coating technique. The coating was composed of carbon nanotubes and epoxy resin with extremely low contact angle hysteresis [261]. Bravo et al. created a superhydrophobic film using silica nanoparticles and poly (allylamine hydrochloride) by LBL method [262]. The designed surface demonstrated a contact angle of about 160° and contact angle hysteresis of less than 10°.




6.5.3. Anti-corrosive Coatings


The use of coatings has long been a traditional measure to protect metals from getting corroded. In the past few years, a large number of smart anticorrosive coatings have been synthesized using graphene. These coatings provide an excellent barrier between the substrate and the corrosive species present in the environment, suppressing corrosion advancement. Inorganic nano-containers, e.g., halloysite nanotubes (HNT), titanium dioxide nanotubes (TNTs), and mesoporous silica, can be used not only as corrosion inhibitors, but also as self-healing agents to repair the coating. Ubaid et al. studied TNTs loaded with epoxy monomer and dodecylamine (DDA) which act as corrosion inhibitor and self-healing agent [263]. The results from SEM analysis showed that the healing agents were able to repair the defects when the coating was damaged. These coatings form a barrier film on the metal surface and block the reaction taking place between the anodic and cathodic sites.




6.5.4. Antimicrobial Coating


The global market for antimicrobial coatings has been valued at about 8.34 billion USD in the year 2020 and is expected to rapidly grow in the upcoming years. These coatings are used in products, such as door handles, push bars, touch screens, facemask, supermarket trolley, etc. The interest to fabricate such coatings reached an all-time high with the outbreak of global COVID-19 pandemic which has claimed the lives of more than 5 million people [264]. Silver nanoparticles with a large surface area have gained a lot of popularity to prevent bacterial infection. The silver nanoparticles are used in a variety of products like paints, food and textile industry, medical implants [265]. Zhao et al. investigated the antibacterial properties of Ag-TiN coatings fabricated using ion beam deposition method with a modulation period of 4–12 nm [266]. Meija et al. also investigated the combined effect of Ag/Cu nanoparticles on the TiAlN coatings for synthesizing antimicrobial surfaces [267]. They showed that incorporating the nanoparticles further enhanced its bactericidal effect against E. coli and Staphylococcus aureus. Zinc oxide nanoparticles are also the proven potent nanoparticles for antimicrobial applications. Esteban-Tejada et al. demonstrated the antifungal and antibacterial activity of ZnO nanoparticles coated transparent glasses [268]. The glass surface exhibited a chemical stability in different media and proved to be a potential inhibitor of E. coli, S. aureus, and Candida krusei. Additionally, superhydrophobic surfaces in the past few decades have gained significant attention to control the spread of infectious bacteria by minimizing the contact area between the substrate and microbes. Hizal et al. designed a nano-pillared hydrophobic surface on the aluminum surface and further coated it with low surface energy Teflon [269]. The synthesized surface showed a significant reduction to the adhesion of microorganisms, e.g., E. coli and S. aureus. Bartlet et al. prepared a superhydrophobic titanium surface by creating titania nanotube arrays using a chemical etching and anodizing technique [270]. The developed surface resulted in reduced bacterial adhesion on the surface.





6.6. Drug Delivery System


The advent of nanotechnology has led to the development of nanomedicines or nanoparticle-based drugs, offering a large variety of opportunities to diagnose, treat, and cure diseases such as cancers. Nanoparticles designed for such applications are prepared with various biological and chemical routes which are inexpensive and eco-friendly. The nanoscale size of these entities allows them to easily diffuse into the cell, further interacting with specific cellular components. The nanomedicines permit selective targeting, decrease the drug-related toxicity, and promote the patient’s compliance with less frequent dosing. These particles are designed in such a manner that they are compatible with the immune system (non-immunogenic). Several advantages of these nano drugs are listed below.



	
Increased surface area for drug dose;



	
Smaller dosage requirement;



	
Increased dissolution rate.



	
Promotes rapid therapeutic action;



	
Increased solubility;






Different types of nanostructures have been used to increase the efficiency of drug delivery to specific targets. Metallic nanoparticles can incorporate a higher drug dose due to the higher surface area. The gadolinium nanoparticles modified with thiamine, folate, and polyethylene glycol have been studied for tumor targeted drug delivery. Liu et al. utilized the self-assembly of PBE-containing block copolymer poly (ethylene glycol)-block-poly (amino phenylboronic ester) (PEG-b-PAPBE), encapsulating GOx in the micelles, for an insulin delivery system with dual responsiveness to glucose and H2O2 [271]. Polymeric nanoparticles, e.g., polycaprolactone, polyacrylate, alginate, collagen, and albumin, can deliver drugs with minimum level of toxicity and are characterized by more specific drug targeting and delivery. Abraxane, which is an albumin-based paclitaxel nanoparticle, is used in the treatment of breast cancer. Nanotechnology for medicine has proven to be very effective and has opened up new opportunities to provide customizable, safer, and more effective treatment. Rapid progress is predicted in the field of nanobiotechnology in upcoming years.





7. Highlighted Examples


Even though there is a wide range of possible applications in which many nanomaterials are promising for use, some of them have received particular attention nowadays. In addition, some types of nanomaterials are also employed rather frequently, such as TiO2, ZnO, graphene, and MoS2. This section will provide a few examples, highlighting the interplay between these “hot” nanomaterials and several applications urgently in need for our society.



7.1. Photocatalysis


Photocatalytic H2 production from water splitting using solar-driven semiconductor is an attractive technology to convert solar energy into chemical energy. In the field of wastewater treatment, photocatalytic degradation of harmful organic molecules using semiconductor photocatalysts is also a promising approach to solve the problems of environmental pollution. TiO2 is known as a traditional semiconductor photocatalyst with many merits, including good photoresponse, excellent chemical stability, low price, non-toxicity, and environmentally friendly nature. It is commonly used to promote the decomposition of toxic and harmful organic pollutants to reduce environmental damage. In general, the basic photocatalytic degradation activity of TiO2 can be explained by the charge carrier generation and reactive species formation, as illustrated in Figure 12. Because TiO2 has a wide band gap (3.2 eV), it can only absorb 4% of the ultraviolet (UV) light in the entire solar spectrum. To make use of visible light, which accounts for 45% of the total energy in natural light, researchers developed a lot of means to overcome the limitation of the wide band gap, such as doping and co-catalyst loading. Zhou et al. adopted MoS2 as a cocatalyst to load on TiO2 nanobelt for photocatalytic hydrogen production [272]. They used the hydrothermal method to coat a few layers of MoS2 nanosheet on TiO2 nanobelt with rough surfaces, forming a 3D hierarchical core-shell structure. They show that the synthesized TiO2@MoS2 heterostructure is an excellent photocatalyst for highly efficient and stable hydrogen production without the Pt co-catalyst. In addition, the TiO2@MoS2 heterostructure also exhibited excellent performance in the adsorption and photocatalytic decomposition of organic dyes. Synergistic effects can be attributed to the matched energy band of TiO2/MoS2 heterointerface, which favors the charge transfer and suppresses the photoelectron-hole recombination between MoS2 and TiO2, leading to the enhanced photocatalytic activity.



In contrast to TiO2, cadmium sulfide (CdS) has a narrow band gap of 2.4 eV at room temperature, which allows for highly efficient absorption of visible light. As shown in Figure 13, CdS nanomaterials possess adequate energy levels for multiple photocatalytic reactions, including CO2 reduction, hydrogen production, and organic dye degradation [273]. However, there still exist a few drawbacks of pure CdS materials for use as semiconductor photocatalyst. For example, CdS materials suffer serious photo-corrosion during photocatalysis because the sulfide anions can be easily oxidized by photo-generated holes, making the CdS materials rather unstable. Besides, CdS nanomaterials generally exhibit lower adsorption capacity for reactants and easily undergo aggregation during reaction, which may reduce their surface areas and enhance the recombination rate of photo-generated carriers, suppressing the overall photocatalytic activity. To meet the requirements of practical applications, it is possible to mitigate the shortcomings by tuning the morphology of CdS nanomaterials or by the incorporation of a sacrificial reagent material. In this regard, MoS2 can also be used as a co-catalyst to strengthen the photocatalytic performance of CdS-based nanomaterials. Liu et al. reported a CdS/MoS2 nanocomposite synthesized by hydrothermal method, which was then characterized by SEM, TEM, XRD, and XPS [274]. The obtained nanocomposite shows a unique nanostructure with dendritic CdS branched nanowires as the scaffold and MoS2 coated on the surface of the dendritic structure. The formation of a heterojunction between the CdS branch nanowires and amorphous MoS2 layer facilitates the separation and transfer of photo-generated charge carriers. The photocatalytic oxidation–reduction reaction can be promoted by the matched energy levels of the coupled semiconductor materials. The MoS2 layer on the surface provides a large number of active sites on sulfur edges. In addition, it was found that the MoS2 layer can also act as a sacrificial agent to inhibit CdS corrosion. These advantageous factors eventually enhance the photocatalytic activity, stability, and reusability of the hybrid nanomaterial, compared to pure CdS nanomaterials.



As a semiconductor material with appropriate band gap for visible-light absorption (1.9 eV), MoS2 is also noted in the field of semiconductor photocatalyst. However, the problem of short lifetime of photo-induced carrier still needs to be overcome. Islam et al. devised a two-stage cost-efficient synthesis protocol of quasi-0D/2D ZnO/MoS2 nanocomposites [253]. It combines a “top-down” liquid exfoliation approach and a “bottom-up” wet chemical process to deposit quasi-0D ZnO nanoparticles on atomically thin molybdenum disulfide 2D nanosheets. The intimate contact between MoS2 nanosheets and ZnO NPs forms n-n type heterojunction, which facilitates interfacial carrier transfer and separation, leading to enhanced photocatalytic activity. They demonstrated that the obtained heterodimensional ZnO/MoS2 nanocomposites not only degrade typical organic dyes under visible-light irradiation, but also decompose a commonly used antibiotic, tetracycline, which shows great potential for environmental remediation. Besides, this low-cost strategy can be extended to hybridize other 2D TMD nanosheets with various semiconductor quantum dots to rationally design a composite semiconductor photocatalyst.




7.2. Batteries


Traditional energy from fossil fuel is no longer suitable for the sustainable economy. Concern for energy crisis is serious for our society. Energy storage technologies with high energy density and long cycle life are vital for renewable energy storage. In our daily life, rechargeable batteries are used in various way, such as a portable electronic device, a power tool, or an electric vehicle. The exploration of various electrochemical devices for metal-ion batteries has received a lot of attention [275]. Carbon nanomaterials with graphitic structure, such as few-layered graphene, remains a tempting choice for battery application. However, it is very difficult to have large quantities of high-quality graphene by popular preparation methods such as exfoliation and epitaxial approaches. While the former usually suffers from high density of structural defects and chemical residues, the latter is neither cost-efficient nor likely for large-scale industrial production. Therefore, the cost-effective and large-scale production of high-quality graphene remains a prime challenge for the success of graphene-based batteries. Recently, Zhang et al. reported a low-cost sulfur-assisted synthesis method, which converts benzene rings of tetraphenyltin into high purity crystalline graphene [276]. This method enables the large-scale synthesis of three-dimensional microspheres consisting of a few layers graphene. It shows excellent electron mobility, as expected. Moreover, the unique 3D morphology of graphene microstructure mitigated the high inter-sheet junction contact resistance, leading to the enhanced performance of graphene electrodes. It was shown that the graphene microsphere-based anodes in potassium-ion batteries exhibited a low discharge platform (average discharge platform about 0.1 V), a high initial capacity, a high rate performance, and excellent cycling stability. Similarly, the graphene microsphere-based electrodes also enhanced the performance of lithium-ion and aluminum batteries.




7.3. Electrocatalysis


Hydrogen is regarded as one of the most promising sources of clean energy. Nevertheless, the high energy demand associated with one of the half-cell reactions, namely oxygen evolution reaction (OER) at the anode remains a bottleneck for the efficiency of the overall process. Thus, a lot of effort has been made to search for a robust and proficient electrocatalyst for OER with low cost. Metal-free carbon-based materials with high conductivity appears to be nice candidates for OER catalysts. It was known that the incorporation of electronegative heteroatoms, such as N and B, can improve the catalytic activity of carbon-based materials. Graphitic carbon nitride (g-C3N4) could be regarded as a material derived from introducing high N content into carbon materials. Thus, it can be a promising candidate in this regard. Desalegn et al. reported the preparation of g-C3N4 nanorods by a facile two step synthesis route [277]. Urea was used as a structure directing agent to tailor the morphology. The OER catalytic activity of synthesized electrocatalysts with carbon fiber cloth substrate was investigated in 1 M KOH aqueous solution. They showed that the 1D g-C3N4 electrocatalysts present a low overpotential of 316 mV at 10 mA cm−2, which is among the lowest reported overpotential for carbon-based electrocatalysts for the OER. It also demonstrates a robust activity in an alkaline electrolyte for 24 h by retaining 100 % of its initial current density. The excellent electrocatalytic performance can be attributed to a few factors. The 1D nanorod structure is beneficial for charge transport and transfer to exposed active sites. Besides, the nanorod morphology is efficient for the desorption of evolved gas from the electrode surface such that the active sites are free for reactions. It was known that N doped carbon has a lot of C−N bonds on edge and defective sites, which can make nearby carbon atoms positively charged. These carbon atoms serve as adsorption sites for OH− or H2O via electrostatic forces. In turn, electron transfer between catalyst surfaces and reaction intermediates, such as O22− and O2−, is enhanced, leading to an efficient OER process. Moreover, FTIR and XPS measurements show that g-C3N4 nanorods possess a number of oxygen containing functional groups, as shown by Figure 14 [277]. These functional groups can make adjacent carbon atoms positively charged because of the electron withdrawing oxygen atoms. They can be other active sites to expedite oxygen evolution, so a dual active site (C−N and C=O/C−O) mechanism for OER can be responsible for the lower overpotential. In short, the co-existence of nitrogen and oxygen in the catalyst is significant for the formation of dual active sites as an efficient electrocatalyst for the OER activity.





8. Conclusions and Future Outlook


In the past few decades, the quest for low-dimensional nanomaterials was usually followed by subsequent innovations in nanotechnology and nanoscience. Semiconductor nanostructures are endowed with an enriched surface area, a high surface-to-volume ratio, affluent surface/interface effects, and distinctive physical and chemical properties due to size quantization, resulting in new capabilities and favorable synergistic effects for their widespread applications. This review article begins with a brief history of nanomaterials and nanotechnology. Nanomaterials were categorized according to their degree of spatial confinement in the quantum limit. Nanofabrication paves the way for realization of desired nanostructures and functionalities. Essential nanofabrication techniques in both bottom-up and top-down approaches were presented expansively. Various characterization techniques for low-dimensional semiconductors were then introduced. The final section addresses significant applications of nanomaterials, including photonics, sensors, catalysis, energy storage, coatings, and various bio-applications. In the near future, significant breakthroughs in nanotechnology and nanoscience will continue to depend on the advancement of low-dimensional nanomaterials. For instance, challenges in the large-area CVD production of 2D TMD materials remains a bottleneck for next-generation electronics. Compatible processing techniques with current Si-based technology also require further investigations. In contrast, low-dimensional semiconductor nanocomposites would reach their commercial market much faster in many other fields, such as sensors, coatings, energy storage, and conversion.
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Figure 1. Classification of nanomaterials according to their confined dimensionality. 
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Figure 2. Illustration of “Top-down” and “Bottom-up” techniques for nanofabrication. 
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Figure 3. Types of photoresists. 
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Figure 4. Schematic diagram of scanning probe lithography. 
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Figure 5. Focused ion beam lithography. 
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Figure 6. Nanopore arrays fabricated by Ga+ ion milling in bare (a) and metallised (b) silicon-nitride membranes. The distorted pore geometries are result of the beam defocusing effect of electrically charged dielectric membrane [76]. 
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Figure 7. A three-zone chemical vapor deposition (CVD) system. 
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Figure 8. Schematics of an ALD growth cycle. Reproduced with permission from [86]. Elsevier, 2014. 
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Figure 9. Schematic of MBE system. Reproduced with permission from [91]. Elsevier, 2012. 
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Figure 10. Characterization tools for nanomaterial characterization. 
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Figure 11. Schematic diagram of differential centrifugal sedimentation. 
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Figure 12. Illustration of basic photodegradation processes using TiO2 photocatalyst. 
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Figure 13. Schematic diagram of energy level positions for CdS and other semiconductors relative to the redox potential of water. Reproduced with permission from [273]. Royal Society of Chemistry, 2020. 
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Figure 14. (a) The surface oxygen functional group of g-C3N4 nanorods can be evidenced by the appearance of the peak at 1780 cm−1 which is due to the stretching and bending vibrations of carbonyl and carboxyl groups. (b) The high-resolution XPS spectra of O-1s with its deconvolution clearly reveal the presence of C=O and C−O. Reproduced with permission from [277]. John Wiley and Sons, 2019. 






Figure 14. (a) The surface oxygen functional group of g-C3N4 nanorods can be evidenced by the appearance of the peak at 1780 cm−1 which is due to the stretching and bending vibrations of carbonyl and carboxyl groups. (b) The high-resolution XPS spectra of O-1s with its deconvolution clearly reveal the presence of C=O and C−O. Reproduced with permission from [277]. John Wiley and Sons, 2019.



[image: Nanomaterials 13 00160 g014]







[image: Table] 





Table 1. Advantages of “Top-down” and “Bottom-up” techniques for nanofabrication.
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	Top-Down Approach
	Bottom-Up Approach





	Fabrication over a large-scale substrate is possible
	Ultra-fine nanoparticles, nano shells, nanotubes, nano arrays can be prepared.



	Process of chemical purification is not required
	Deposition parameters can be easily controlled by varying reaction temperature, precursor concentration, etc.



	
	Comparatively cheaper technique.
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Table 2. Disadvantages of “Top-down” and “Bottom-up” techniques for nanofabrication.
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	Top-Down Approach
	Bottom-Up Approach





	Size distribution is broad (10–100 nm).
	Scale-up of the process is difficult.



	Control over deposition parameters is tedious.
	Chemical purification of final product is required.



	Often expensive technique.
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Table 3. Summary and comparison of different characterization techniques.
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	S. No.
	Characterization Technique
	Principle
	Entity Identified
	Reference





	1
	X-ray Diffraction (XRD)
	Constructive interference of monochromatic X-ray
	Size (structural properties), elemental-chemical composition, crystal structure
	[96]



	2
	X-ray Absorption Spectroscopy (XAS)
	X-ray absorption and fluorescence, Multiple Scattering
	Chemical state, oxidation state
	[97]



	3
	Small Angle X-ray Scattering (SAXS)
	Collisions between an incoming wave and a surface particle results in wave scattering in all direction
	Size (structural properties), size distribution, growth kinetics
	[98]



	4
	X-ray Photoelectron Spectroscopy (XPS)
	Electrons within a sample absorb photons of a particular energy and then emerge from the solid
	Ligand binding, surface composition, chemical state-oxidation state, Elemental-chemical composition
	[99]



	5
	Fourier Transform Infrared Spectroscopy (FTIR)
	Gases absorb IR radiation at species-specific frequencies
	Ligand binding, composition, density, arrangement, mass, surface composition
	[100]



	6
	Nuclear Magnetic Resonance (NMR) Spectroscopy
	Transfer of energy is possible from base energy to higher energy levels when an external magnetic field is applied
	Size (structural properties), elemental-chemical composition, crystal structure, growth kinetics, ligand binding, composition, density, arrangement, mass, surface composition, surface area, specific surface area
	[101]



	7
	Brunauer-Emmett-Teller (BET)
	Physical adsorption of gas molecules on a solid surface
	Surface area, specific surface area
	[102]



	8
	Thermogravimetric Analysis (TGA)
	Dynamic relationship between temperature with a change in physical property like mass change or enthalpy change etc.
	Ligand binding, composition, density, arrangement, mass, surface composition
	[103]



	9
	UV-visible Spectroscopy
	Absorption of ultraviolet light or visible light by materials
	Optical properties, concentration, size (structural properties)
	[104]



	10
	Dynamic Light Scattering (DLS)
	Brownian motion of macromolecules in solution that arises due to bombardment from solvent molecules
	Size (structural properties), size distribution, agglomeration state
	[105]



	11
	Differential Centrifugal Sedimentation (DCS)
	Time taken by nanoparticles to sediment through a fluid when exposed to centrifugal field
	Size (structural properties), size distribution, agglomeration state, density
	[106]



	12
	Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
	Ions of analyte atoms are sorted and quantified based on their mass-to-charge ratio
	Size (structural properties), elemental-chemical composition, size distribution, concentration, single particle properties
	[107]



	13
	Transmission Electron Spectroscopy (TEM)
	Beam of electrons is transmitted through a specimen to form an image
	Structural defects, size, shape, 3D visualization, single particle properties, agglomeration state
	[108]



	14
	Scanning Electron Microscopy (SEM)
	Beam of secondary electrons emitted from a specimen to form an image
	Size (structural properties), size distribution, 3D visualization, NPs detection
	[109]



	15
	Scanning Transmission Electron microscopy (STEM)
	Properties of both SEM and TEM
	Crystal structure, NPs detection, optical properties
	[110]



	16
	Energy Dispersive X-Ray (EDX)
	Generation of characteristic X-rays from a specimen through the electron beam
	Elemental-chemical composition
	[111]



	17
	Atomic Force Microscopy (AFM)
	Surface interaction between sharp tip and surface atoms
	Structural defects, size, shape, 3D visualization
	[112]



	18
	Auger Electron Spectroscopy (AES)
	Auger effects: a chain of radiation-less transitions in an atom in which one of its inner levels is ionized
	Elemental-chemical composition, thickness
	[113,114,115]



	19
	Atomic Absorption Spectroscopy (AAS)
	Atoms (and ions) can absorb light at a specific, unique wavelength
	NPs detection, elemental-chemical composition
	[116,117]



	20
	Raman Spectroscopy
	Inelastic scattering of laser light
	Fingerprint of chemical species, bonding nature
	[118]
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