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Abstract

:

The current work aims to offer a specific overview of the homogeneous dispersions of 2D nanomaterials in heat transfer base fluids—so-called 2D nanofluids. This data compilation emerged from the critical overview of the findings of the published scientific articles regarding 2D nanofluids. The applicability of such fluids as promising alternatives to the conventional heat transfer and thermal energy storage fluids is comprehensively investigated. These are fluids that simultaneously possess superior thermophysical properties and can be processed according to innovative environmentally friendly methods and techniques. Furthermore, their very reduced dimensions are suitable for the decrease in the size of thermal management systems, and the devices have attracted a lot of attention from researchers in different fields. Some examples of 2D nanofluids are those which incorporate graphene, graphene oxide, hexagonal boron nitride, molybdenum disulfide nanoparticles, and hybrid formulations. Although the published results are not always consistent, it was found that this type of nanofluid can improve the thermal conductivity of traditional base fluids by more than 150%, achieving values of approximately 6500 W·m−1·K−1 and interface thermal conductance above 50 MW·m−2·K−1. Such beneficial features permit the attainment of increments above 60% in the overall efficiency of photovoltaic/thermal solar systems, a 70% reduction in the entropy generation in parabolic trough collectors and increases of approximately 200% in the convective heat transfer coefficient in heat exchangers and heat pipes. These findings identify those fluids as suitable heat transfer and thermal storage media. The current work intends to partially suppress the literature gap by gathering detailed information on 2D nanofluids in a single study. The thermophysical properties of 2D nanofluids and not of their traditional counterparts, as it is usually encountered in the literature, and the extended detailed sections dedicated to the potential applications of 2D nanofluids are features that may set this research apart from previously published works. Additionally, a major part of the included literature references consider exclusively 2D nanomaterials and the corresponding nanofluids, which also constitutes a major gathering of specific data regarding these types of materials. Upon its conclusion, this work will provide a general overview of 2D nanofluids.
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1. Introduction


Introductory studies on 1D nanostructures received immediate attention from researchers soon after their introduction by Iijima [1] on carbon nanotubes (CNTs). Following this, various types of 0D and 1D nanostructures were investigated. The recent advances in layered nanomaterials allow the industrial production of different 2D nanomaterials, where their atoms are combined in flat layers that can be stacked on top of each other. Current 2D nanomaterials are of great relevance in the nanotechnologies field of work and research [2], given that their properties, especially in heat transfer practical situations, hold greater potential compared with traditional nanoparticles [3]. Recently, 2D nanomaterials and nanofluids have become the focus of the scientific community because of their improved thermophysical properties [4]. These innovative nanomaterials and nanofluids include graphene (Gr), graphene oxide (GO), reduced graphene oxide (rGO), CNTs, fullerenes, transition metal dichalcogenides, graphitic carbon nitride, hexagonal boron nitride (h-BN), tungsten disulfide (WS2), and molybdenum disulfide (MoS2), MXene, among others, dispersed in adequate base fluids. In this kind of nanomaterial, the heat transfer, photons, and charge carriers will be limited in the 2D plane, leading to intense modifications in the electrical and optical features of such nanomaterials [5]. These materials will perform better than the traditional nanoparticles and corresponding nanofluids due to their large surface area to volume ratio [6]. Apart from three-dimensional nanomaterials, there are two-dimensional (2D), one-dimensional (1D), and zero-dimensional (0D) nanomaterials. The latter are those materials in which all three dimensions are beyond the micro/nanoscale under the form of core–shell nanoparticles, composite nanoparticles, and carbon and graphene quantum dots. One-dimensional nanomaterials are those in which two dimensions are at nanoscale and the remaining dimension is expressed (in most cases) in millimeters. Examples of such nanomaterials are CNTs, carbon nanowires, and graphene fibers. Finally, 2D nanomaterials possess one of their dimensions at nanoscale and the other two dimensions at a different scale. Examples of 2D nanomaterials are graphene nanomesh, nanosheets, and nanowires. In terms of thermal characteristics, such as thermal conductivity (TC) and heat transfer coefficient and rate, these are generally improved during the transfer from the OD nanomaterials to the 2D nanomaterials. However, other factors also influence predominantly the heat transfer capability of these materials, such as the chemical composition, surface-to-mass and volume ratios, and charge carrier mobility, among other factors. For instance, and considering only the heat transfer performance, carbon or graphene quantum dots (0D) are widely used in solar cells and solar light harvesting systems. Those nanomaterials have an improved absorption ability in the ultra-violet region, complementing the solar light harvesting in the visible region of the systems and enhancing their overall efficiencies. There are not used in search of very high TC values, for instance. On the other hand, 1D nanomaterials, such as carbon nanotubes, can achieve a TC of approximately 6000 W·m−1·K−1. Furthermore, 2D nanomaterials, such as graphene nanoplatelets, can reach 6500 W·m−1·K−1 [7] of TC, and graphene oxide nanosheets can achieve TC values of nearly 6800 W·m−1·K−1 [8], enhancing the heat transfer capability to its fullest. Figure 1 shows the materials and their possible forms in 0D, 1D, and 2D nanomaterials.



One of the most common types of layered nanomaterial is Gr, and it has been widely studied for its superior characteristics and uses in different fields [9]. Two-dimensional nanomaterials can be a suitable option as nanofillers in traditional heat transfer fluids as they present a very high heat transfer area [10]. A common synthesis technique for these layered nanomaterials is exfoliation, where the single layers of the material are separated from each other by chemical or mechanical procedures [11]. It is worth mentioning that even though the exfoliation process can be performed mechanically on a small scale, liquid phase procedures are required for various ends, such as nanoelectronics, micro-electromechanical systems, nanoelectromechanical systems, and sensors, among others. These 2D materials can also be manufactured by chemical growth of the individual layers, which is the most common technique to produce Gr nanosheets [12], using chemical vapor deposition (CVD) onto the surface of catalysts, such as copper or silica, through heating at temperature values up to 1200 °C and passing a carbon-containing gas (e.g., methane) over the catalyst. Coleman et al. [2] demonstrated that it is possible to synthesize 2D materials, such as MoS2, WS2, and h-BN, using wet exfoliation procedures. The exfoliation process of 2D insulators, such as h-BN, would decrease its residual bulk conductance [13] and promote the surface-driven effects. This novel class of materials and fluids represent a broadened, unexploited part of 2D systems with superior thermophysical characteristics, high specific surface areas of relevance for thermal management, and thermal energy storage purposes. Furthermore, Gr nanofluids can be potentially investigated and utilized as a promising thermal fluid in many applications, including concentrated solar power (CSP) and PV/T (photovoltaic/thermal) systems due the following advantages:




	
Facile preparation methods [14].



	
Lower induced erosion, clumping, and corrosivity [15].



	
Larger surface area to volume ratios [16].



	
Very high TC values.



	
Superior heat transfer coefficient (HTC) and rate.



	
Enhanced stability in reference to conventional nanoparticles.








These benefits offer the 2D nanomaterials and corresponding nanofluids the possibility to perform better in comparison with conventional nanomaterials and nanofluids. Figure 2 presents a schematic qualitative comparison of the main thermophysical characteristics and cost effectiveness to be considered in heat transfer enhancement applications of the main 2D nanofluids.



Moreover, hybrid nanofluids can be characterized by the incorporation of binary, ternary, and tetra [17] hybrid nanoparticles in base fluids and are very high TC heat transfer fluids when compared, for instance, with some mono-dispersed nanofluids. They exist as metal hybrid nanofluids, metal oxide hybrid nanofluids, and carbon-based hybrid nanofluids, among others. The hybrid nanofluids have composite nanoparticles and nanoparticle-decorated 2D nanostructures and can be synthesized according to various physical and chemical methodologies. The physical methodologies include atom beam splintering, laser induced heating, and ion implantation. Among the chemical synthesis routes, which are facile and inexpensive, there is the sol-gel process, sonochemical synthesis, hydrothermal synthesis, co-precipitation, and seed growth. The hybrid nanofluids are commonly employed to enhance the operating fluid thermophysical characteristics in solar thermal energy conversion and harvesting systems and equipment, such as flat plate collectors. Recent experimental works on innovative hybrid nanofluids [18,19] focused on the extremely high thermal transport capability of hybrid nanofluids and modified hybrid nanofluids flowing in rigid channels or in dilating/squeezing channels. Figure 3 presents the main potential applications of 2D nanofluids.




2. Types of 2D Nanofluids


2.1. Hexagonal Boron Nitride


Other 2D ordered nanocrystals, different from those in the carbon nanomaterials family, are of great research and practical interest. These include h-BN nanosheets with a very high TC. This thermophysical property of h-BN is approximately 3400 W·m−1·k−1. The performant thermal characteristics and the low synthesis cost of the h-BN nanofluids compared to the Gr ones means that they can potentially be used in heat transfer and thermal energy storage. The h-BN innovative 2D material also has other noticeable characteristics, including mechanical stability and electrical resistivity. Furthermore, it is a solid lubricant with high efficiency in different areas, such as metal-working processes and wear-sealing of aerospace engines under high-temperature conditions. There exist many forms of BN, including carbon nanostructures possessing a variety of characteristics and functionalities. For instance, the honeycomb layered BN, also known as white graphite because of its structural similarity to that of graphite, is a common form of boron nitride that has a configuration similar to graphite with hexagonal ring layers separated by 3.33 Å, in which every boron atom is covalently bonded to three nitrogen atoms and vice versa. Between the layers, every boron interacts by van der Waals forces with a nitrogen atom. Thus, the strong B–N bond gives strength to the h-BN atomic layer and the individual BN layers could be isolated from the bulk h-BN crystals. Since it possesses an improved TC, the BN can overcome other fillers and is suitable for thermal performant hybrids. When synthesized through wet exfoliation, h-BN can offer a maximum exposure to the (002) lattice planes. It should be noted that h-BN is especially useful in thermal management situations where it can play the role of the thermal conductor and the electrical insulator. The application of h-BN in mineral oils, natural esters, and other fluids has already been examined. For instance, Taha-Tijerina et al. [20] demonstrated that h-BN changed the TC of mineral oil and acted as an electric insulator rather than a conductor. This is caused by the ability of the h-BN nanoparticles to trap moving electrons. Additionally, Salehirad and Nikje [21] incorporated h-BN nanostructures in a mineral oil and observed an enhanced TC, decreased viscosity, and improved insulation capability compared with those characteristics of the mineral oil alone. Moreover, Li et al. [22] synthesized ethylene glycol/BN nanofluids with different sized nanoparticles. The investigation team demonstrated that the nanofluids with larger nanoparticles exhibited greater TC enhancements when compared with those with smaller nanoparticles. Bhunia et al. [23] developed a 2D nanofluid with h-BN nanosheets and conventional transformer oil as the base fluid. The prepared nanofluids had stable dispersions with an enhanced dielectric breakdown strength and TC at 35 °C, 45 °C, and 55 °C. The synthesis method of the nanofluids is schematically described in Figure 4.



The dispersed layered 2D h-BN has high specific area, enabling it to create a larger interfacial region. Due to its (002) plane dominance of the hexagonal phase, the BN possesses an improved TC above 600 W·m−1·K−1. The very thin and high specific surface h-BN nanosheets are lipophilic, allowing the existence of a perfect contact with the transformer oil base fluid. The intra-sheet propagation of heat introduces a free path to the phonon, which faces lower Kapitsa resistance and smaller thermal loss. Additionally, the clustering caused by a shorter inter-particle distance leads to the formation of a percolation network that acts as a conductive path for heat propagation. In cases where the clustering of sheets exists, an overlap of the interfacial regions occurs between the nanosheets leading to a continuous Kapitsa region with decreased vibrational density of states in phonons. The thermal imaging analysis of the nanofluids showed that the region of high temperature spreads with an increasing load of h-BN nanosheets, forming a percolation network that promotes the conduction of heat. With increasing temperature and fraction of the nanosheets, the quantity and velocity of the heat conduction phonons increased, and the overall thermal performance was improved. Nevertheless, above 0.05% wt. the rising concentration would promote the agglomeration of the nanostructures caused by the strong van der Waals forces in the vicinity of the nanostructures, provoking saturation. Such saturation is more prominent at higher temperature values and concentrations because of the intensified phonon scattering and eminent agglomeration. Furthermore, the authors found an appreciable increase in the AC breakdown voltage with the use of the nanofluids, which is large when compared with the BN nanoparticles. The referred increase can be interpreted by the extended nanosheets/oil interfacial regions, also known as Maxwell Garnet regions, of the 2D fillers in terms of charge trapping behavior. The faster heating/cooling rate and the enhanced TC is consistent with the Maxwell prediction model. The improved thermal performance can be explained through the augmented phonon transfer by the large interface between the nanosheets and the transformer oil. Furthermore, the natural electrostatic repulsion between the nanosheets at diluted concentrations promoted enhanced long-term and thermal stabilities compared with their nanoparticle counterpart. Han et al. [24] synthesized h-BN nanoparticles in water nanofluids and evaluated their TC. The authors reported an improved long-term stability of the aqueous nanofluids, and their TC increased by 55% at 0.10% vol. compared with that of the water itself. Table 1 shows some of the recent studies on h-BN nanofluids.



There is a research gap regarding the quantity and quality of investigation works concerned with the laminar heat transfer convective performance of h-BN nanofluids in heat exchangers, heat pipes, thermosyphons, and other devices. There is also a lack of sufficient studies on h-BN nanomaterials dispersed in base fluids, such as glycerin, paraffin, silicone oil, and green base liquids, rather than water, ethylene glycol, or mineral oil, for all potential applications. Additionally, there are only a few modest attempts in the literature to use h-BN nanosheets to synthesize hybrid phase change materials to be dispersed in ionic liquids and other types of base fluids and to be used in the thermal energy storage technological area.




2.2. Graphene/Graphene Oxide


Gr, GO, and rGO nanofluids possess very high heat transfer properties and they can be used in almost all heat transfer practical cases, including those related to solar thermal energy conversion and storage, PV/T systems, cooling of electronics, and thermal management solutions such as heat sinks and thermosyphons. Nevertheless, the synthesis of these nanofluids is not inexpensive and the use of Gr family nanofluids entails some important limitations that should be tackled in the future. These and other processing influencing factors, together with the improved thermophysical properties and field of application for Gr nanofluids, will be addressed in this extensive sub-section of this review. Gr is a carbon material originating from graphite in bulk state. It possesses the morphology of a two-dimensional, one-atom thick nanosheet (monolayer) and lattice of hexagonally arranged sp2 bonded carbon atoms. Its transverse sizes range from several nanometers to the macroscale. Gr was initially synthesized through the pioneering work of Novoselov et al. [33] using mechanical exfoliation by Scotch tape of the bulk graphite. Gr was categorized according to its structural arrangement, ranging from the 0D quantum dots, 1D nanofibers and nanoribbons, and 2D nanosheets, nanoplatelets, and rippled/wrinkled nanomesh. Regarding the 2D Gr nanosheets, a few proper production methods are commonly employed, including the laser-induced graphene production technique, exfoliation by mechanical means, silicon carbide sublimation, graphite fluid exfoliation, and CVD. These fabrication procedures synthesize solid Gr, excepting fluid exfoliation that produces Gr under the form of a colloidal suspension. The mechanical exfoliation method was the first approach to obtain Gr using Scotch tape to peel off a bulk pyrolytic graphite substrate, producing thin films of monolayer Gr attached to the tape. There are other, less common types of mechanical exfoliation, such as ball milling of graphite nanoparticles [34]. The laser-inducement route is usually conducted in ambient conditions through the application of a CO2 pulsed laser onto a carbon substrate. Such methodology combines bulk Gr fabrication and patterning in a single operating step without using any wet chemicals. Liquid exfoliation involves the application of a peeling force created by a horn ultrasonicator to separate the Gr nanosheets from the bulk graphite immersed in a, for instance, N-methyl-2-pyrrolidone solvent, but aqueous solutions can also be employed if a surfactant is included. The yield from the liquid exfoliation procedure is comparatively low and, consequently, it should be conducted at the centrifugation stage to obtain a significant monolayer and enough to create several layers of Gr flakes in the final dispersion. Moreover, the CVD technique uses hydrocarbon gases to induce the growth of Gr on high carbon solubility metallic substrates (e.g., nickel) by carbon diffusion and segregation. The improved features of Gr are derived mainly from the 2p orbitals that form the π-bonds, which are hybridized together to generate the π–π bands. Those bands are delocalized over the carbon platelet and produce Gr. Accordingly, Gr has excellent stiffness, enhanced TC, and great mobility of the charge carriers. Gr can be arranged according to the following possible configurations and nanomaterials:




	
Multi-layer Gr, which is a two-dimensional carbon nanomaterial composed of a small number of well-defined, stacked Gr layers.



	
Gr quantum dots, which contain one or few layers of Gr nanosheets mainly used in photoluminescence situations. In general, Gr quantum dots usually have transverse sizes of less than 10 nm.



	
Gr nanoplatelets, containing a two-dimensional honeycomb Gr lattice.



	
GO, which is a Gr modified chemically and produced by exfoliation and oxidation together with the general modification of the basal plane by oxidation. The GO reveals a monolayer material with an elevated content of oxygen.



	
rGO, which is a GO prepared through chemical, thermal, microwave, photo-thermal, and bacterial green methods for reducing the content of oxygen.








The use of Gr nanoparticles is an attractive option, given that they are less costly, and their production is simpler when compared with that of Gr nanosheets or CNTs. Furthermore, a homogeneous dispersion of Gr nanoplatelets is easier to obtain than those of Gr and CNTs since during dispersion, the single-layered Gr may be curled and the CNTs may be entangled. Moreover, Gr nanoparticles exhibit a much lower surface area compared with Gr nanosheets, but their surface area is still much greater than that of CNTs. It should be noted that the TC of Gr nanoparticles decreases as the number of layers increases [35]. Sadri et al. [36] synthesized covalently functionalized Gr nanoparticle colloidal suspensions that had enhanced stability and environmental benevolence. Gr nanoparticles were functionalized using clove buds through the one-pot method. Then, the clove-treated Gr nanoparticles were incorporated into the base fluid to synthesize the nanofluid using a two-step method. The hydrophilic functionalized groups were confirmed by UV–VIS spectroscopy and their presence resulted in good stability even two months after the as-prepared condition of the nanofluids. Dhar et al. [37] produced Gr nanofluids with the addition of Gr nanosheets, which were synthesized using a two-step preparation method. The oxidation process of the graphite nanopowder into GO nanosheets was performed using the modified Hummers method, which was followed by GO reduction into rGO. Ghozatloo et al. [38] and Park et al. [39] synthesized Gr nanoflakes. They used the CVD technique to create Gr nanosheets on copper foil by catalytic decomposition in a quartz tube furnace. Additionally, Safaei et al. [40] evaluated the heat transfer characteristics, pressure drop, and required pumping power for using an aqueous nanofluid with Gr/silver nanoparticles flowing in a conduit with a rectangular section. It was verified that the heat transfer features were enhanced with an increasing Reynolds number and concentration of the nanoparticles. However, when using the developed nanofluids, an increase in the required initial pumping power was also observed. Yarmand et al. [41] investigated the attributes of Gr nanoparticles and platinum dispersed in water. The prepared nanofluids had improved stability and any noticeable sedimentation was not observed after 22 days. The TC of the nanofluids showed a near 18% enhancement when compared with the TC of the water alone at 40 °C and at 0.1% wt. Since the synthesis of Gr is complex and costly, efforts have been made to develop cheaper procedures to synthesize and use Gr derivatives, such as GO. GO can be synthesized by exfoliating the GO into layered plates through ultrasonication or vigorous stirring and can be incorporated into base fluids, forming GO nanofluids. Vincely and Natarajan [42] conducted experiments using a solar flat plate collector and a GO nanofluid as the heat transfer fluid. The nanofluid was prepared via ultrasonication of GO in water. The enhancement of the collector efficiency was 7.3% at a flow rate of 0.0167 kg/s and a weight fraction of 0.02% wt. compared with that of the water alone. In addition, Yu et al. [43] determined the TC of the nanofluids composed by GO nanosheets and different base fluids. At a weight fraction of 5% wt., the enhancements of the TC were 30.2%, 62.3%, and 76.8% for water, propyl glycol, and liquid paraffin as base fluids, respectively. Owing to the enhanced thermal stability, charge transportation, TC, mechanical strength, and optical properties, rGO and its nanofluids can be used in the development of different types of innovative nanomaterials and thermal fluids in various applications, including solar energy conversion and harvesting systems, filtration, chemical batteries, and nanoscale electrodes. In this sense, Lin et al. [44] synthesized an innovative surfactant composed of two-dimensional charged zirconium phosphate nanoplatelets and applied it in the dispersion of rGO in a base fluid. The obtained results show that rGO nanofluids were altered from non-homogeneous, non-Newtonian nanofluids into homogeneous Newtonian nanofluids after exfoliation with the charged zirconium nanoplatelets. Zubir et al. [45] utilized an rGO nanofluid for improving the thermal performance of a closed duct structure. The authors produced the rGO using the reduction process with tannic acid from the chemically exfoliated GO. The heat transfer enhancement of the nanofluid was higher than the TC enhancement because of the considerable effects of the nanoparticles and turbulent induced flow features. Schlierf et al. [46] employed pyrene derivatives for stabilizing rGO dispersions due to the forces of repulsion and the π–π interaction between functionalized pyrene derivatives and the π systems of rGO. The chemical reduction of GO possesses the beneficial features of being a simple and inexpensive method, resulting in a greater yield of Gr with proper scalability for large-scale applications. The Gr family of nanofluids can be synthesized using the one-step route or two-step route. In the one-step route, the nanofluids are directly synthesized and are produced directly through chemical processes. In the two-step route, the Gr nanosheets are initially manufactured in nanopowder form by physical or chemical methods such as grinding, laser ablation, or the sol-gel method, and then are dispersed in a base fluid. Fan et al. [47] oxidized graphite nanoflakes using an ameliorated Hummer method. A mixture of phosphoric acid and sulfuric acid was incorporated into a mixture of Gr flakes and potassium permanganate. After vigorous stirring, the mixture was air cooled. When the mixture exhibited a yellow coloration after the addition of hydrogen peroxide, the deposit was centrifuged, and the remaining material was washed. The GO sheets were manufactured after air drying. Lee et al. [48] synthesized nanofluids with GO nanosheets dispersed in water. The investigation team prepared the GO nanosheets through CVD. The pH and zeta potential of the developed nanofluids were 3.58 and −31.5 mV, respectively, indicating a reasonable stability. Yu et al. [49] proposed an easy method for preparing ethylene glycol-based nanofluids, including Gr and GO nanosheets. The TC of the ethylene glycol increased up to 86% with the incorporation of the nanosheets. The TC of the GO nanofluid and Gr nanofluid were 4.9 W/mK and 6.8 W/mK, respectively. Lee and Rhee [50] produced ethylene glycol nanofluids incorporating Gr nanoplatelets, which exhibited similar TC enhancement at a weight fraction of 2% wt. and at temperature values between 10 °C and 90 °C. The TC of the nanofluids was much greater than that provided by the Hamilton–Crosser model [51], which may be due of the greater surface area and two-dimensional nanostructure of the Gr nanoplatelets. Akhavan-Zanjani et al. [52] measured the TC and viscosity of a nanofluid composed of Gr nanosheets dispersed in water. The experimental results revealed a considerable increase in the TC and a moderate increase in the viscosity with the incorporation of the Gr nanosheets. The maximum increases were of 4.95% and 10.30% for the viscosity and TC, respectively. Moreover, the authors Liu et al. [53] investigated the TC, specific heat capacity, viscosity, and density of the nanofluids based on Gr nanosheets suspended in an ionic base fluid. The TC of the nanofluid at 0.06 wt.% showed an enhancement within 15.2–22.9% in the base fluid itself in cases where the temperature values were raised from 25 °C to 200 °C. The viscosity of the prepared nanofluid was considerably decreased with increasing temperature. The specific heat capacity and density of the nanofluids suffered a minor reduction compared with those properties of the base fluid alone. Park and Kim [54] examined the evolution of the TC and viscosity of different types of Gr nanosheets dispersed in water, including those containing GO nanosheets and Gr nanosheets with diverse sizes. The enhancement of the TC in the GO nanofluid was the highest among all tested nanofluids, whereas the maximum increase in the viscosity was found for the Gr nanofluid with the largest nanosheets. Tesfai et al. [55] studied the rheological characteristics of aqueous suspensions in GO nanosheets. The suspensions exhibited a shear thinning behavior under small shear rates, which was followed by a shear-independent behavior. The shear thinning behavior became more intense with an increasing incorporated fraction of the nanosheets. Furthermore, the nanofluids possessed a considerable viscosity due to the high aspect ratio of the GO nanosheets. Ijam et al. [56] evaluated the viscosity of GO nanosheets dispersed in water and ethylene glycol. The nanofluids exhibited a shear thinning behavior under low shear rates and a Newtonian behavior under high shear rates. The viscosity of the nanofluid increased by up to 35% compared with that of the base fluid at 0.1% wt. and a temperature of 20 °C. The majority of experimental works on Gr and GO nanofluids have stated that the TC is temperature dependent; however, Sun et al. [57] reported inconsistent results, which was expected since a more in-depth understanding is required to establish precise correlations between the thermophysical characteristics of this type of nanofluid and many factors, including the size and incorporated fraction of the nanoparticles, rheological features, stability over time, the aspect ratio of the Gr nanosheets, pH regulation, zeta potential, and operating temperature. Naghash et al. [58] studied the HTC of nanofluids prepared from porous Gr nanosheets. The TC of the 0.1% wt. nanofluid remained almost unchanged with only a minor increase of 3.8%, while the HTC suffered a considerable enhancement of 34%. This confirmed that aside from TC enhancement, more factors may influence the heat transfer of Gr nanofluids, including the local order of the molecules of the base fluid present in the surroundings of the Gr nanosheets, parallel structure, and π–π stacking. Bahiraei et al. [59] examined the hydrothermal features of an eco-friendly Gr nanofluid flowing in a spiral heat exchanger. The results demonstrated that with an increasing Reynolds number or concentration, the overall HTC and heat transfer rate were increased. Furthermore, the pressure loss was enhanced with an increasing Reynolds number, and the nanofluid exhibited higher pressure losses compared with those using water, especially at high Reynolds numbers. The nanofluids with Gr nanosheets usually have a better convective heat transfer performance than GO nanosheet nanofluids. Indeed, GO nanosheets have sp2-hybridized and sp3-hybridized carbon atoms with epoxide and hydroxyl groups. The presence of the atoms of oxygen and saturated sp3 bonds in the GO nanosheets decreases the TC, promotes phonon scattering, and decreases the heat transfer of nanofluids in reference to the Gr nanosheets. Hu et al. [60] evaluated the pool boiling of Gr nanosheets dispersed in ethylene glycol and water. The authors observed that at lower concentrations, the heat transfer behavior was improved with the increasing concentration of the nanosheets, which was mainly due to the surface wettability enhancement induced by the deposition over time of the nanoparticles. Nonetheless, further enhancements in the concentration decreased the HTC caused by the sedimentation over time in the Gr nanosheets and the resulting blockage of the available nucleation sites. Moreover, at concentrations of Gr inferior to 0.02%, the critical heat flux was increased as the concentration increased. Zhang et al. [61] employed GO/water nanofluids to conduct flow boiling experiments in microchannels. The heat transfer capability was reduced as the concentration increased. The authors argued that the deposition process of GO nanoparticles was intensified with the increasing flow rate, operating temperature, and concentration of the nanoparticles. Table 2 summarizes some recent experimental works on 2D Gr family nanofluids.



Further studies on the decrease in the elevated cost of Gr nanomaterials and their derivatives and corresponding nanofluids are highly recommended since the current processing methodologies are very complex and demand the intensive use of chemicals and are otherwise energy consuming. A profound benefit–cost analysis should be performed to evaluate the use of Gr family nanofluids considering the balance between the obtained improvements in the thermophysical properties versus the high initial investment associated with such heat transfer solutions. More experimental works on the high temperature stability of Gr and GO nanofluids are required. In addition, there is a lack of studies on Gr and GO hybrid nanofluids in certain types of nanomaterials, such as metallic and metallic oxides. Innovative techniques based on the surface modification of Gr nanomaterials with hydrophilic groups should be further developed to ameliorate the stability over time of the Gr nanofluids. Additionally, further experimental investigation should be carried out to evaluate conclusively the trade-off between the extremely high values of TC inherent to Gr and derivative nanofluids and the increased density and viscosity leading to higher pressure drops, which are typical in this type of fluid. In this regard, there is a need to pursue the optimal concentration of Gr nanostructures that maximizes the TC of the thermal fluids and, simultaneously, minimizes the density and viscosity enhancements which, considering the published background on the subject, represents a significant challenge. Finally, more life cycle assessments of Gr nanomaterials are required to mitigate the negative impacts on the environment and human health derived from the production, use, and disposal of such materials.




2.3. Carbon Nanotubes


Nanofluids containing CNTs are very promising heat transfer operating fluids in several technological fields. For instance, the use of such nanofluids can improve the efficiency of different types of solar thermal energy collectors due to their enhanced light absorption ability and extremely high TC. The CNTs dispersed in base fluids can ameliorate the thermal performance of several types of thermal management equipment, such as heat exchangers, heat pipes, and thermosyphons to be used in a wide spectrum of applications, including, for instance, the cooling of electronics. CNTs are Gr nanosheets rolled into cylindrical tubes with a diameter of less than 1 nm with a half fullerene-capped end. Considering the number of consistent tubes, CNTs can be divided into single-walled carbon nanotubes (SWCNTs), double-walled carbon nanotubes (DWCNTs), and multi-walled carbon nanotubes (MWCNTs). SWCNTs are composed of only one tube, whereas DWCNTs and MWCNTs comprise of two and three or more tubes, respectively. The fundamental synthesis techniques of CNTs are laser ablation, arc discharge, and CVD. The preparation method based on laser ablation also uses the evaporation of a rod of graphite with a metallic-based catalyst to produce CNTs. The laser ablation synthesis procedure applies high-energy laser irradiation to heat a carbon substrate, leading to the transition from the solid to the gaseous phase, as the nanomaterial is deposited in a cold trap placed within the synthesis chamber. Using arc discharge methodology, doped graphite rods and catalysts are vaporized at temperature values of up to 5000 K in a closed chamber by an electric arc, resulting in a sediment of CNTs. On the other hand, the CVD decomposes carbonaceous gases on catalytic nanoparticles to fabricate CNTs. The employed catalytic nanoparticles are grown during the synthesis or, alternatively, are produced by a separate procedure. Moreover, the major benefit of the CVD is the improved controllability over the operating parameters, such as the carbon supply rate, temperature of growth, size of the catalytic nanoparticles, and nature of the CNTs growing substrate. The nanofluids with CNTs are used in different solar energy systems, such as PV/T collectors and water heating technology (it has been previously demonstrated that nanofluids with CNTs ameliorate the efficiency of the CSP systems in terms of energy and exergy standpoints). Their performance in solar energy harvesting may be affected by various parameters, such as the type of CNTs, operating conditions, concentration, and involved systems. CNTs have various beneficial features, such as their very high aspect ratio and improved thermal, mechanical, and optical characteristics. The TC of CNTs reaches 6000 W/m·K, which is a much higher value than that of the metals in bulk form. Liu et al. [70] observed that the suspension of CNTs at 1% vol. in ethylene glycol resulted in an enhancement of 12.4% in the TC. This increase was one of approximately 30% in the case of suspending CNTs in engine oil at 2% vol. Furthermore, Sadri et al. [71] evaluated the influence of the type of the surfactant on the TC of MWCNTs dispersed in water at 0.5% wt. The investigation team observed a maximum enhancement in the TC in the case of the nanofluids with MWCNTs of 22.3% compared with water itself. Kumar et al. [72] numerically investigated MWCNTs dispersed in water flowing in a double helically coiled tube heat exchanger, which resulted in an increase of 30% in the Nusselt number when compared with that of water. Apart from their extremely high TC, CNTs also possess favorable optical properties. This makes them suitable for application in solar systems, as the use of colloidal suspensions in CNTs in will result in a spectral absorptivity alteration over the entire solar range. It has been previously demonstrated that incorporating CNTs and their hybrid structures into thermal base fluids can reduce transmittance, which will improve their competence in solar energy systems [73]. For instance, Hjerrild et al. [74] stated that using a nanofluid with CNTs instead of using only water led to a reduction in transmittance between 5% and 10% in the long wavelength and visible spectra. The transmittance reduction was found to depend on the concentration of CNTs in the base fluid. In the experimental work conducted by Gorji et al. [75], absorption spectroscopy was used to determine and compare the radiation absorption of water and functionalized CNTs dispersed in water. The results revealed a higher absorption of radiation when the functionalized CNTs were incorporated into the water. Moreover, the authors confirmed that the increase in the working temperature of the nanofluid promoted a decrease in radiation absorption. The higher absorption characteristics of nanofluids in CNTs makes them favorable for application in solar thermal energy. These nanofluids are suitable in solar energy systems such as collectors, solar ponds, and PV/T devices and systems. Applying nanofluids to these technologies has resulted in their efficiency enhancement and size reduction. Furthermore, the dynamic viscosity of CNT nanofluids deserves special attention from researchers. The rheological properties of water-based carbon nanofluids have been comprehensively studied for heat transfer enhancement and lubricant applications [76]. Studies on rheology included measurements with diverse types of SWCNTs [77] and MWCNTs [78]. Additionally, viscosity measurements on covalently functionalized CNTs have been also reported [79]. CNT suspensions in water are non-Newtonian fluids at comparatively high concentrations. Nonetheless, such nanofluids present a behavior close to the Newtonian one in the region dominated by low concentrations [80]. The CNTs possess extreme aspect ratios, considerably exceeding those of metal rods, cylinders, and discs. The viscosity of dilute CNT dispersions has been correlated with the length of the CNTs [81]. Ansón-Casaos et al. [82] evaluated the viscosity of 1D diluted CNTs dispersed in water, performing viscosity measurements on the nanofluids of CNTs and functionalized CNTs. One type of functionalized CNT was directly suspended in water, and the other CNTs and functionalized CNTs were dispersed with the aid of surfactants. The authors evaluated the viscosity of the nanofluids based on the aspect ratio of the CNTs using prediction models. The CNT aspect ratio can be defined as the ratio between the size of the nanotube along a symmetry rotation axis and its perpendicular diameter. For CNTs, the aspect ratio parameter is the ratio between the nanotube length and its diameter and was found to be much larger than one. The authors concluded that the experimentally measured viscosity of the dilute CNTs could be fitted into the Maron–Pierce model [83] as a function of the concentration of the nanotubes and working temperature. The experimental data obtained for the CNTs agree well with the theoretical predictions through first principles that determine the intrinsic viscosity as a function of the aspect ratio. It was argued that the aspect ratio is the main factor in the evaluated range. The surface functionality implied only a minor correction, as it does not provoke considerable aspect ratio modifications. Table 3 summarizes some studies on CNT 2D nanofluids.



Further and conclusive experimental works on the inclusion of hybrid CNT formulations in solar thermal energy conversion and harvesting systems and in the nanofiltration of PV/T systems are welcome. There is a lack of studies on the use of CNT nanofluids in some specific heat transfer technologies, such as solar saline water desalination. Furthermore, research must prioritize the search for innovative synthesis procedures using new surfactants to mitigate the absence of the stability over time in the CNT nanofluids. Further studies regarding the impact of the size of CNTs on the thermophysical characteristics of the corresponding nanofluids are required. This factor should be comprehensively analyzed within the scope of the energy and exergy efficiencies of solar thermal energy systems, and not only with regard to its influence on heat transfer enhancement features. Moreover, further studies on the potential miniaturization and entropy generation of heat transfer systems should be experimentally and numerically undertaken to encourage some conclusive research on this matter.




2.4. Tungsten Disulfide


Tungsten disulfide nanostructures can be synthesized using different methods. These methods are presented in Figure 5.



WS2 nanofluids are promising in heat transfer applications within the CSP technological field. WS2 nanosheets are well-defined and highly stable, and do not significantly alter certain characteristics such as the surface tension, friction coefficient, viscosity, and Reynolds number of heat transfer systems. The incorporation of WS2 may improve the TC of synthetic oil base fluids by approximately 30%. Additionally, the authors Martínez-Merino et al. [92] prepared 2D WS2 nanosheet-based nanofluids with the oil commonly used as heat transfer fluid in CSP stations. The surfactants cetyl-trimethylammonium CTAB and polyethylene glycol PEG-200 were added to the nanofluids to improve the exfoliation procedure and the stability over time of the colloidal suspensions. The experimental results showed that an increase in the ultrasonication duration and the amount of the surfactant enhanced the stability over time of the nanofluids prepared with the surfactant CTAB. Furthermore, in the nanofluids synthesized with the surfactant PEG-200, the increase in the surfactant amount was the main factor contributing to the high concentration of stable nanomaterial suspended in the thermal oil. The size of the agglomerates in the stable nanofluids prepared with the addition of CTAB was between 200 nm and 250 nm, whereas in the PEG-200 nanofluids, the same measurement was approximately 180 nm. Furthermore, the viscosity of the oil base fluid increased to a maximum of only 1.5% with the nanosheets of WS2 and the surfactant. This minor increase would not result in considerable pressure-drop concerns in the circuits of the CSP plants. Moreover, the nanofluid with a concentration of 0.75% wt. of surfactant PEG-200 with four hours of ultrasonication (Case A) and the 0.01% wt. CTAB with eight hours of sonication (Case B) showed enhancements of 33% and 29% TC, respectively, compared with that of the thermal oil itself. Furthermore, the nanofluid in Case A was found to have a specific heat value 6.5% higher than that of the heat transfer fluid alone. The improvement in the specific heat and TC resulted in an enhancement in the HTC of 21% in the Case A nanofluid and of 17% in the Case B nanofluid when compared with that of the oil itself. On the other hand, a numerical analysis demonstrated that the efficiency of the CSP facilities was enhanced by up to 31% or 18% if the Case B or Case A nanofluids, respectively, are used compared with the commonly employed thermal oil. The predicted efficiency for a volumetric collector working with 2D WS2 nanofluids is a slightly lower than the efficiency of a surface collector operating with nanofluids; however, such efficiency is higher than that achieved using the surface collector with the thermal oil commonly used at the present time. All in all, the authors believe that the WS2-developed nanofluids are a promising alternative to the thermal oil commonly used in solar energy plants and would enable the adoption of volumetric collectors, which are less costly than traditional surface collectors. In the work conducted by Shah et al. [93], 2D nanofluids with WS2 volume fractions of 0.005% vol., 0.01% vol., and 0.02% vol., together with the surfactants sodium dodecyl sulfate (SDS), sodium dodecylbenzene sulfonate (SDBS), and CTAB surfactants at 0.05, 0.5%, 1%, and 2% were synthesized and characterized. The authors arrived at the following main conclusions:




	
The maximum enhancement in the agglomerate sizes were of 172%, 245%, and 261% with 0.005% WS2 and 2% SDS, 0.01% WS2 and 2% SDS, and 0.02% WS2 and 0.05% SDS, respectively. Collectively, the zeta potential saw an improvement of 554%, whereas the mean particle size presented an enhancement of up to 411% mainly caused by the adsorption of the surfactant molecules. This would entail a long-term agglomeration risk, resulting in the clustering and sedimentation of nanoparticles.



	
The maximum TC increases were approximately 2.8%, 1.9%, and 4.5% for combinations of 0.05% SDS and 0.005% WS2 at temperature values of 25 °C, 50 °C, and 70 °C, respectively. The authors argued that the TC reduced with increasing concentrations of the SDS. Alongside the 0.005% of WS2 filler concentration, the higher fractions of 0.01% and 0.02% of WS2 also exhibited higher TC enhancements with lower concentrations of surfactant.



	
The high-temperature condition revealed a pendular behavior concerning the TC. The reason behind this response may be the eventual detachment of the surfactant molecules and further interaction with the WS2 nanosheets.



	
The rheological analysis confirmed the formation of a nanostructured network inside the nanofluids with WS2 nanosheets and depicted the transition of the nanofluids from viscous to elastic behavior with the inclusion of surfactants. Such transition suggests that a higher pumping power was required to initiate the flow of the working fluid. The maximum decrease in viscosity of 8.2% was found at the minimum concentration of 0.005% vol. of WS2, confirming the superior fluidity of the developed nanofluids. This reduction was amplified at a concentration of 0.05% vol. of SDS, enlarging the referred value by approximately 10.5%.



	
The developed nanofluids evolved from non-Newtonian to Newtonian behavior under a 10 s−1 shear rate.








The most prominent conclusion is that surfactants, such as SDS, provide their steric hindrance effect to produce a more uniform dispersion of the WS2 nanosheets in the ethylene glycol base fluid and contribute to the interfacial tension reduction in the nanofluids, which may also promote a decrease in the viscosity of the system. On the other hand, the WS2 nanoparticles have already demonstrated [94] great potential as fillers in lubricating and engine oils. WS2 has shown improved lubricity due to the weak intermolecular interactions among the nanosheets, causing easy shearing with a fullerene-like structure. In lubrication, one of the main factors of the 2D nanofluids that contributes the most towards their lubricating ability is the amount of nanosheets present in the base fluid, as illustrated in Figure 6.



However, more molecular dynamics are required for the WS2 nanostructures dispersed in the synthetic oils most commonly used in CSP plants, which are a mixture of biphenyl and diphenyl oxide, to provide useful insights into the heat transfer capability of WS2 nanofluids. The decoration of WS2 requires further theoretical and experimental confirmation, given that the decoration of the WS2 edge may induce considerable beneficial effects on the rheological and heat transfer characteristics of WS2 nanofluids. Furthermore, there is a lack of published studies considering the interactions between the surfactants, incorporated nanostructures, and liquid medium used in the liquid phase exfoliation of WS2 nanosheets. For instance, numeric analyses based on density functional theory determinations and electron localized functions are welcome to better understand the WS2 liquid phase exfoliation process.




2.5. Molybdenum Disulfide


MoS2 nanofluids have already proven to be an attractive option for application in, for instance, volumetric parabolic trough collectors. These nanofluids can improve by 5% or more the thermal efficiency of such collectors and, at the same time, reduce the initial required pumping power by around one-fifth. Furthermore, the use of MoS2 nanofluids diminishes the thermal stress on volumetric receivers and the overall required investment. Molybdenum disulfide is a 2D transition metal dichalcogenide with MX2 as chemical formula, where X denotes a chalcogen, such as sulfur, selenium, and tellurium, and M denotes the transition metal. MoS2 possesses improved thermal and chemical stabilities. It can be applied as a catalyst and lubricant because of its superior characteristics, including inertness, anisotropy, and photocorrosion resistance. MoS2 nanostructures have good thermophysical properties and great anti-friction properties, making it a promising material as reinforcement in the cooling process of nanofluids. Moreover, parameters including the type and concentration of nanoparticles, the nature of the base fluid, the synthesis procedure, and the stability/surfactant addition balance affect the thermophysical characteristics of the nanofluids, including the viscosity and thermal transport. Su et al. [95] investigated the thermal stability of MoS2 in water and oil nanofluids at weight fractions from 0.01% wt. to 0.5% wt. The authors found that with the enhancement in the amount of MoS2, the TC of the nanofluids was increased. The investigation team also reported that the TC improvement was higher in water-based nanofluids than in oil-based nanofluids. This fact was explained as the consequence of the improved dispersion and stability over time of the water nanofluids. Nagarajan et al. [96] prepared MoS2 nanosheets to be suspended in SAE 20W50 diesel engine oil to produce an effective lubricant. MoS2 nanoparticles were synthesized using a microwave hydrothermal reactor. The schematic diagram of the synthesis procedure is presented in Figure 7.



The tribological and oxidation analysis showed that the lubricant with a weight fraction of 0.01% wt. of MoS2 nanoparticles provided better results than those of other concentrations and, hence, the nanofluid with this fraction was further evaluated for its TC. The authors reported an improvement in the TC of the 0.01% wt. nanofluid of approximately 10% compared with that of the base engine oil alone. Due to the lower amount of the MoS2 nanoparticles, the enhancement in the TC was due to the molecular collisions between the oil and the nanoparticles. The researchers argued that the TC behavior indicated that this enhancement was due to the Brownian motion of the nanosheets. The TC and heat transfer capability of a nanofluid depend on the Brownian motion of the incorporated nanoparticles. Indeed, the Brownian motion-driven convection and effective thermal conduction by the percolating paths mechanism of the nanoparticles are the most likely factors that promote the improved heat conduction in nanofluids. The percolation mechanism involves the formation of thermal conductive paths based on the enhanced thermal conductance that improves the overall TC. A schematic diagram of the percolation mechanism is presented in Figure 8. The Brownian motion allows the direct solid–solid transport of heat from one particle to the adjacent one, resulting in an increase in the thermal conductivity. The Brownian motion and resulting micro mixing of the nanoparticles and clusters, as well as aggregation kinetics of nanoparticles and clusters, are the main issues in the evaluation of the thermal conductivity of nanofluids. Any effort to understand the behavior of nanofluids is not complete without considering at the same time all these effects. Accordingly, the thermal transfer of the colliding nanoparticles increased the TC of the lubricant. This is why the TC of the lubricant increased more than that of the engine oil for temperature values higher than 60 °C, given that a more intense Brownian motion of the nanoparticles takes place.



Zeng et al. [97] synthesized lipophilic MoS2 nanoparticles through surface modification using stearic acid and prepared molybdenum disulfide/heat transfer oil B350 2D nanofluids with weight fractions of the nanoparticles from 0.25% wt. to 1.0% wt. The researchers found that the TC of the nanofluids changed by increasing the concentration of the nanoparticles and by increasing the temperature from 40 °C to 180 °C. The obtained results from the laser flash method show that TC enhancement achieved a maximum of 38.7% at 1.0% wt. and at 180 °C. Furthermore, TC enhancement was reduced in cases where the temperature was near the flash point of the base oil. The investigation team argued that the long-term stability and improved TC make the lipophilic MoS2 nanoparticles a very promising filler to be used in thermal performant situations. Table 4 presents some recent studies regarding 2D MoS2 nanofluids.



There is a lack of experimental works concerning MoS2 nanofluids and their ability to optimize CSP stations with the generalized use of volumetric collectors, which are more thermally efficient and cost effective than surface collectors. Further studies are recommended to achieve a better understanding of the mechanisms associated with the formation of percolation paths and their contribution towards the enhanced TC of MoS2 nanofluids.




2.6. Titanium Carbide MXene


MXene nanofluids possess great potential in solar thermal energy conversion and harvesting. Alongside enhanced heat transfer properties, MXene nanofluids present a high extinction coefficient, giving them an enhanced solar light absorption capability. Single-layer and thin-layer MXene nanofluids have a higher specific surface area and surface chemistry richness than their multilayer counterparts, which provides nanofluids of the MXene family with the highest stability and TC. Furthermore, a novel type of two-dimensional nanocrystalline carbide transition metal materials designated by MXene (Ti3C2) has already been synthesized [101]. Two-dimensional MXene is hydrophilic and can be etched selectively from its MAX-phase structure, where M represents an early transition metal such as titanium, A represents one of the A-group elements (e.g., aluminum), and X represents carbon or nitrogen. The employment of the environmentally benevolent MXene is common for different purposes in diverse research areas. Figure 9 schematically presents the acid etching and ultrasonication synthesis method for obtaining 2D MXene nanosheets dispersed in a base fluid.



Evaluations of the thermophysical characteristics of the MXene nanostructure have focused mainly on its solid phase, and only a few studies have investigated its corresponding nanofluid capability. Nevertheless, the study carried out by Rafieerad et al. [102] assessed the thermophysical properties of Ti3C2Tx MXene with non-covalent Gr nanoparticles and covalently functionalized COOH- and NH2-Gr nanoparticle nanofluids. The authors synthesized and studied the microstructure and thermophysical properties of different water-based nanofluids with 2D metal-carbide MXene and nanosheets of Gr. The obtained results confirmed the superior TC of MXene nanofluids compared with that of the Gr nanofluids. There were also observed increases in the TC and density at a concentration of nanosheets of 0.2 mg mL−1, which were provided by the high surface area of these nanostructures. In addition, the authors used lamellar MXene membranes with an improved photothermal ability to demonstrate the heat-driven and light-induced ion transport in nanofluidic systems and their capabilities in osmotic energy system amelioration. Considering they were working under a salinity gradient, performant directional ion transport was employed to obtain an enhanced osmotic energy conversion output exhibiting appreciable results, such as the output power density increase of 1.68 mW·m−2, which is a pathway towards better harvesting of the salinity gradient energy and towards promote the physical stimuli-facilitated, ion-related mass transport and energy conversion. Moreover, the stability over time, the TC, and electrical conductivity of MXene nanofluid would enable its wide application in advanced heat transfer systems. In the experimental work conducted by Rubbi et al. [103], a 2D nanofluid composed of MXene nanoparticles at weight fractions from 0.025 to 0.125% was developed, using soybean oil as the base fluid. The main steps of the preparation method used are presented in the schematic diagram of Figure 10.



Considering the potential application of the developed nanofluid in a hybrid PV/T solar collector system, the investigation team reported that the nanofluid was thermally stable up to 320 °C and it possessed a TC value of 0.125% wt. that was 60.8% higher than that of the soybean oil base fluid. The maximum augmentation of the specific heat of the nanofluids was reported to be 24.5% at a 0.125 weight fraction. Furthermore, the density and viscosity of the nanofluid both changed with the inclusion of nanoparticles by 1% and 13.3%, respectively. Nevertheless, these properties decreased significantly at high temperatures and exhibited Newtonian behavior up to 100 s−1 shear rates. Furthermore, the implementation of the prepared nanofluid on a PV/T system was tested using a numerical approach using COMSOL Multiphysics v. 5.5 software. The obtained results demonstrated that the use of the developed nanofluid resulted in a considerably improved performance compared with the operating fluids of water, alumina/water, and MXene/palm oil. One of the optimized outcomes was that the overall thermal efficiency achieved 84.3% using the developed nanofluid with a 0.07 Kg.s−1 mass flow rate. Furthermore, the electrical output of the PV/T system was increased by 15.4% compared with the alumina in water nanofluids under an irradiance of 1000 W.m−2 and a mass flow rate of 0.07 kg/s. The HTC was enhanced with rising mass flow rate and the maximum enhancement of 14.3% was found at 0.06 kg.s−1 for the nanofluid compared with that of the alumina/water nanofluid. Additionally, Aslfattahi et al. [104] manufactured a nanofluid composed of MXene nanoparticles dispersed in silicone oil to be used in a concentrated solar photovoltaic thermal (CSPT) collector. The researchers found a considerable maximum TC enhancement of 64% at a 0.1% weight fraction of nanoparticles compared to that of the silicone oil itself. The authors also stated that the viscosity of the nanofluids was independent of the incorporation of MXene into the silicone oil and decreased with increasing temperature. Indeed, the viscosity was reduced by 37% in the case where the temperature was increased from 25 °C to 50 °C at different weight fractions of MXene, which was a promising result since the viscosity decrease will reduce the required pumping power in the system. Moreover, the research team also found that the synthesized nanofluid at a 0.1% weight concentration had thermal stability up to 380 °C. The most improved electrical efficiency of the CSPT collector was obtained when using the nanofluid with 0.1% wt. Adding more MXene nanoparticles into the silicone base oil will enhance the electrical efficiency of the PV cells because of the improved cooling of MXene nanofluids. Higher solar concentration resulted in a PV module with a higher average temperature, which in turn will raise the thermal energy gain. Table 5 presents some recently published works on 2D MXene nanofluids and hybrid forms.



MXene formulations, rather than Ti3C2Tx, should be considered in future studies on MXene nanofluids. More practical measures are required to understand and improve the oxidation resistance of the MXene family, which is a relevant issue when studying the long-term stability of nanofluids containing MXene. Apart from solar thermal energy conversion and storage, new applications of MXene nanofluids should be explored. Moreover, there is a lack of studies regarding economic analyses, operating uncertainties, and the impacts on the environment and human health through a life cycle assessment. Finally, more bio-friendly solutions should be explored, such as dispersions of MXene nanostructures in palm oil.




2.7. Hybrid


The use of hybrid nanofluids as nanocomposite fillers are a promising but not completely studied route. Indeed, hybrid nanofluids may utilize the synergistic overall effect of the combined usage of two or more types of nanomaterials and related nanostructures, and they are capable of surpassing the beneficial thermophysical features of the traditional mono suspended nanofluids. This results in the improved heat transfer and thermal storage capacities of hybrid nanofluids, which also enables the miniaturization of thermal management devices and systems. Examples include the hybrid formulations of graphene or graphene oxide nanofluids with a very wide spectrum of possible coupling arrangements with different nanomaterials from the hematite to the cotton seed green nanocomposite. Askari et al. [112] prepared hybrid nanofluids with Fe3O4/Gr nanoparticles dispersed in water and studied their TC. As a result, the researchers reported an increase of 32% in the TC at 40 °C for the nanofluid with a weight fraction of 1% wt. The investigation team also evaluated the heat transfer behavior of the nanofluids in a tube heat exchanger, reporting an increase of 14.5% in the HTC for the nanofluid with 0.1% wt. under a regime defined by a Reynolds number of 4248 compared to that of the water alone. The viscosity of the 0.5% wt. nanofluid was 1.15 mPa·s at 20 °C, which is not significant when considering its potential applications. In the experimental work performed by Barai et al. [113], a rGO/Fe3O4 nanocomposite was synthesized using ultrasonication. The nanocomposite had a nearly spherical morphology with 10 to 20 nm-sized Fe3O4 nanoparticles finely dispersed on the rGO nanosheets. This fine dispersion was due to the collapse of the cavities provoked by the sonication process, which in turn led to the formation of shock waves, intense mixing, shearing action, and turbulence, which causes the total exfoliation of the rGO nanosheets. The synthesis procedure of the rGO-Fe2O3 nanocomposite is schematically illustrated in Figure 11.



The authors prepared nanofluids with diverse volume fractions between 0.01% vol. and 0.2% vol. of the referred composite nanoparticles suspended in water and studied the TC and viscosity of the nanofluids at temperature values ranging from 25 °C to 40 °C. In addition, a study of convective heat transfer was also performed considering the 0.01% vol. and 0.02% vol. of the rGO-Fe3O4 nanofluid and a pressure-drop analysis comparing the water and the 0.01% vol. nanofluid. The authors found that the developed nanofluids exhibited a significant enhancement in the TC of 83.4% for the 0.2% vol. nanofluid at 40 °C. It was also confirmed that for a given volume fraction of the nanoparticles in the base fluid, the TC increased with the rising temperature values. This evidence was interpreted based on the intensification of the Brownian motion associated with the nanoparticles with increasing temperature, resulting in greater heat dissipation induced by the nanoparticles. With increasing temperature, the surface energy of the nanoparticles decreased, hence diminishing their agglomeration and the viscosity of the nanofluid, leading to a greater Brownian motion of the nanoparticles. Thus, the TC changed from 9.21% at 25 °C to 83.44% at 40 °C for the 0.2% vol. nanofluid. Furthermore, it was also observed that an increase in the concentration of the rGO-Fe3O4 nanoparticles led to a greater TC. The nanoparticles as solids suspended in fluids are continuously in motion and can be considered as heat carriages transporting the energy in the form of heat and as natural involuntary stirrers that induce the convection process to enhance the TC of the nanofluids by increasing the motion of the particles and, consequently, the collisions between them. On the other hand, the specific heat of the 0.2% vol. nanofluids decreased by 0.25% compared with that of the water itself. It has already been argued that the existing interactions at the interface between the nanoparticles and the base liquid are paramount for the reduction in the specific heat of the nanofluids. An increase in the number of nanoparticles alters these collisional effects and, in turn, the heat transfer by conduction. Furthermore, the rheological analysis of the nanofluids revealed a shear thinning non-Newtonian behavior. In addition, the HTC increased from 3444.1 W/m2·K at 0.01% vol. to 4289.5 W/m2·K at 0.02% vol. at the outlet and at a Reynolds number of 7510 ± 5. The HTC also increased from 1043.3 to 4289.5 W/m2·K with the enhancement of the Reynolds number from 940 to 7510 ± 5 at a volume fraction of 0.02% vol. Finally, it was revealed that the nanofluids had a negligible impact on the pressure drop and friction factor, which suppresses any need for additional pumping power requirements. Mbambo et al. [114] synthesized nanofluids with gold nanoparticle-decorated Gr nanosheets dispersed in ethylene glycol. The Gr/gold nanohybrids were prepared using a pulsed Nd:YAG laser to ablate a bulk graphite substrate followed by the gold in the ethylene glycol. The synthesis method is depicted in the schematic diagram of Figure 12.



Furthermore, TC measurements in the temperature range of 25–45 °C revealed that the Gr-gold/ethylene glycol 2D nanofluid possessed an enhanced TC of 0.41 W·m−1·K−1 compared with that of the Gr/ethylene glycol nanofluid at 0.35 W·m−1·K−1, gold/ethylene glycol nanofluid at 0.39 W·m−1·K−1, and ethylene glycol alone at 0.33 W·m−1·K−1. The TC of the ethylene glycol and Gr/ethylene glycol nanofluids showed enhancements of 1.8% and 3%, respectively, with rising temperature values between 25 °C and 45 °C. The ethylene glycol base fluid possesses poor heat transfer features [115], and the increase found in the Gr/ethylene glycol TC with temperature may be caused by a decrease in the interfacial thermal resistance between the ethylene glycol and the nanoparticles at higher temperatures, and to the high TC of Gr. Additionally, alterations in the TC as a function of the temperature are expected to be caused by the Brownian motion of the nanoparticles [116]. The Gr–gold/ethylene glycol nanofluid exhibited a TC increase of up to 26% in the temperature values between 25 °C and 45 °C compared with the base fluid itself. This increase is higher than those numbers previously reported for Gr composite-based ethylene glycol nanofluids. The authors explained the TC of the developed nanofluid based on the synergistic effect between the gold nanoparticles and the Gr, which both possess intrinsic high thermal conductivities. The obtained results show this hybrid nanofluid to be suitable for improved heat transfer purposes. Furthermore, in the work carried out by Taha-Tijerina et al. [117], 2D nanofluids with synthetic and natural esters were prepared as base fluids with h-BN nanosheets, MoS2 nanosheets, and hybrid h-BN/MoS2 filers. The nanofluids were synthesized with weight fractions of 0.01, 0.05, 0.10, 0.15, and 0.25% wt. The incorporation of the MoS2 into natural esters showed an ameliorated evolution of the TC similar to that of h-BN. Moreover, the addition of the h-BN/MoS2 nanohybrid to natural esters resulted in considerable enhancements in the TC with maximums of 0.25% wt. of 30% for the FR3 base fluid and 32% for the VG-100 base fluid. The authors argued that the h-BN contributed towards the improvement of the TC and the MOS2 contributed towards the reinforcement of the fluid, which helped to obtain a homogeneous dispersion of the fillers because of its superior lubricant properties. It was proposed that the verified TC increase was caused by the percolation mechanism and by the Brownian motion of the included nanosheets. In cases where the fraction of the 2D nanostructures was augmented in the synthetic or natural esters, the probability of the phonons being scattered into the adjacent nanostructures increased proportionally, leading to increased contact conductance. In addition, thermal conduction channels were formed that may enhance the TC because of the percolation mechanism. The heat transfer capability between colliding structures may enhance the TC of the nanofluids. Indeed, a higher temperature value corresponds to a stronger Brownian motion. Consequently, at a temperature of 323 K, the TC of the developed nanofluids was more evident than at other temperature values. The liquid layering at the interface between the 2D nanostructures and the base fluid can also contribute towards TC enhancement. Furthermore, at room temperature it was observed that the impact of the combined usage of h-BN and MoS2 was similar to that of the single component reinforcements. Nevertheless, the TC became higher than that of the single component nanofluids with increasing temperature. Yarmand et al. [118] prepared a 2D nanofluid with ethylene glycol as the base fluid and a nanocomposite of an empty fruit bunch and GO. The TC determination results showed an enhancement of 6.47% for the 0.06% wt. activated carbon–Gr/ethylene glycol nanofluid. Furthermore, the viscosity of the nanofluids showed a nonlinear increase with the increase in activated carbon–Gr fractions because of the reinforcement of the internal shear stress. The compound nanostructure of activated carbon–Gr enhanced surface interactions in the ethylene glycol. An extremely low concentration of nanoparticles was incorporated to avert sedimentation and an excessive enhancement of the viscosity. The highest increase in the viscosity was by 4.16% at 0.06% wt. The viscosity decreased gradually with increasing temperature, particularly at 45 °C. The viscosity increase was low for all tested nanofluids, which makes them adequate for heating applications with only small penalties affecting the required initial pumping power. Additionally, the density of the activated carbon–Gr/ethylene glycol nanofluids increased with the increasing fraction of nanoparticles and decreased with increasing temperature. The highest verified density enhancement was by 0.09% at 0.06 wt.% and 20 °C, and such a negligible enhancement can be caused by the interface effects on the liquid bulk induced by the surface of nanoparticles and by the interactions among the added nanoparticles themselves. When the temperature was increased from 20 °C to 50 °C, the specific heat capacity of the nanofluids also increased. The specific heat of the nanofluids at 0.06% wt. was 2.25%, superior to the specific heat of the pure ethylene glycol at 50 °C. A minor increase was observed in the specific heat of the hybrid nanofluids with the increasing concentration of activated carbon–Gr nanoparticles. Nonetheless, the majority of the published studies state that the specific heat decreased with the inclusion of nanoparticles, but a few unexpected results were also reported. It appears that the specific heat of the base fluid and the nanoparticles affects the final specific heat of the nanofluids, and the interfacial solid/liquid free energy is altered with the modification of the included nanoparticles. Due to the greater surface area of the nanoparticles, their surface free energy has a greater impact on the capacity of the system, affecting the specific heat of the composite nanomaterials. In the study conducted by Sundar et al. [119] GO nanosheets with a homogeneous dispersion of spherical Co3O4 nanoparticles were prepared using in situ growth and co-precipitation. The reduction of aqueous cobalt chloride in the presence of GO with sodium borohydrate led to the production of hybrid GO/Co3O4 nanoparticles. The hybrid nanofluids were synthesized by scattering the GO/Co3O4 nanoparticles in water, ethylene glycol, and ethylene glycol/water base fluids. The results revealed that the TC increase in the aqueous nanofluid was 19.1% and the ethylene glycol-based nanofluid was 11.9% at 0.2% vol. at 60 °C compared with the corresponding base fluids. The viscosity enhancement of the aqueous nanofluid was 1.7-times higher and that of the ethylene glycol-based nanofluid was 1.42-times higher at 0.2% vol. at 60 °C. In the ethylene glycol-based nanofluids, the TC increase associated with the GO/Co3O4 nanoparticles was more pronounced compared with those of other GO nanofluids. This is due to the synergistic thermal properties of the hybrid nanoparticles. The increase in the viscosity of the GO/Co3O4 nanofluid was similar to that of the GO nanofluids. Table 6 summarizes the experimental works on 2D hybrid nanofluids.



In sum, the already published research on nanofluids are mostly devoted to the employment of mono nanofluids in certain heat transfer purposes, such as the heat exchangers field of actuation. There appears to be a shortage of works on the heat transfer capability provided by the hybrid nanofluids in affordable and sustainable solutions. Further studies are required to fully understand and explore the performant thermal characteristics of the hybrid nanofluids in areas including the cooling of electronics, borehole heat exchangers, and PV/T systems.





3. Application of 2D Nanofluids


3.1. Heat Exchangers


Two-dimensional nanofluids are a good alternative to the traditional heat transfer fluids used in heat exchangers. This thermal management equipment has widespread application in diverse technologies including the cooling of electronics, heating/cooling of buildings, fabrication large-scale processes, energy recovery systems, energy conversion and production means, and the cooling of combustion engines. The most studied and used types of heat exchangers are the pinned-tube, shell and tube, plate, and double heat exchangers. Considering the application of 2D nanofluids in heat exchangers, the authors Arzani et al. [125] synthesized MWCNTs covalently functionalized with aspartic acid and suspended in water. The developed nanofluids had a good colloidal stability characterized by less than 20% sedimentation occurring for the highest nanotube weight fraction of 0.1%. The heat transfer rates of the nanofluids with different concentrations were studied in a horizontal annular heat exchanger under three different heat fluxes. In view of the experimental results, the investigation team concluded that the TC, HTC, viscosity, density, and Nusselt numbers of the nanofluids with MWCNTs fillers were enhanced compared with those of the water alone. However, the specific heat capacity was significantly reduced in comparison with that of the water alone. Additionally, the developed fluids entailed only a modest pressure drop increase, requiring little extra pumping power. Considering the findings of this experimental work, it was concluded that nanofluids possessed advantageous thermophysical properties to be employed in a wide range of large-scale applications using annular heat exchangers. Ghozatloo et al. [126] evaluated the heat transfer performance of Gr nanosheets dispersed in water flowing in a shell and a tube heat exchanger under a laminar regime. The results revealed that with an incorporation of 0.075% of Gr nanosheets, the TC of the water was enhanced by 31.8%. An increase was also observed in the HTC which depended on the conditions of the fluid flow, e.g., temperature of the fluid. The HTC of the prepared nanofluids was improved by a maximum of 35.6% compared to that of the water itself at 0.1% wt. of Gr nanosheets at 38 °C. The HTC was increased by 13.1% when the temperature was raised from 25 °C to 38 °C at a concentration of 0.1% wt. as a result of the impact of the Gr nanosheet concentration being more intense at higher temperatures. In this sense, the authors noticed that by augmenting the weight fractions of the Gr filler from 0.025% wt. to 0.1% wt., the HTC was enhanced by 15.3% at 25 °C and by 23.9% at 38 °C. On the other hand, Baby and Ramaprabhu [127] synthesized hydrogen-exfoliated Gr dispersed in ethylene glycol and deionized water. The Gr was synthesized through hydrogen-induced exfoliation of graphite oxide under a hydrogen atmosphere at 200 °C. It was found that a volume fraction of 0.05% vol. of hydrogen-exfoliated Gr in deionized water exhibited enhancements in the TC of 16% at 25 °C and of 75% at 50 °C compared with the base fluid alone. Moreover, the authors stated that the TC of the prepared nanofluids increased with increasing volume fraction and temperature. Additionally, the Nusselt number changed with the increasing concentration of hydrogen-exfoliated Gr and an increasing Reynolds number. Table 7 presents some of the recent experimental works on the application of 2D nanofluids in different types of heat exchangers.



In essence, additional studies should be conducted on the corrosive and erosive consequences and fouling formation associated with the flow of 2D nanofluids in the exchanger channels and surfaces. There is also a research gap concerning the high-temperature usage of two-dimensional nanofluids in different types of heat exchangers. These studies are pivotal, given that it has already been reported in the literature that the pressure drop in the piping and the initial pumping power are decreased at high fluid inlet temperature values. Efforts should be made to undertake in-depth studies concerning other thermophysical characteristics of 2D nanofluids flowing in heat exchangers aside from the usually scrutinized TC and viscosity, such as the specific heat capacity and latent heat capacity. Additionally, more experimental and numerical works on the applicability of 2D nanofluids are required, such as Gr family dispersions in the role of thermal fluids operating in heat exchangers and similar equipment, investment analysis, and potential heat transfer working gains. Finally, more studies on 2D nanofillers based on h-BN nanostructures to be applied in all types of heat exchangers are lacking in the literature.




3.2. Thermal Management of Electronics


Two-dimensional nanofluids are promising alternatives that can be employed in liquid blocks with channels (e.g., heat sinks), thermosyphons, heat pipes, and channels with special configurations for electronic thermal management. The published literature focus fundamentally on the use of Gr and CNT nanofluids and some hybrid forms in the thermal management of the electronic components, where the miniaturization of the cooling and operating systems is of paramount importance. Balaji et al. [133] investigated the thermal performance of 2D functionalized Gr nanoplatelets in distilled water. They discussed the impact of the mass flow rate and the concentration of Gr nanoparticles on the HTC, Nusselt number, temperature, and pressure drop. The obtained results demonstrated that the functionalized Gr platelets exhibited an improved heat transfer capability compared with the distilled water alone. The nanofluids at 0.2% vol. of Gr platelets remained stable for an extended period without any settlement occurring, which was confirmed by the zeta potential measurements. Furthermore, the TC and viscosity of the nanofluids were enhanced by 11% and 13.3% in comparison with those of the water alone. The HTC and Nusselt number increased 71% and 60% at 50 °C, respectively, compared with the pure water. By applying this nanofluid in the cooling system of electronic ships, the temperature drops in the heat sink increased by up to 10 °C, improving the performance of the ships. There was a slight increase in the pressure implying the need for extra pumping power, but it can be noted that the enhanced thermal properties of the synthesized nanofluids compensated for this negative feature. In essence, the findings of this experimental work confirmed that the functionalized Gr nanoplatelet nanofluids were capable of removing the heat generated by the chips under different heat loads. It was demonstrated that the developed nanofluids were more stable and had a better heat transfer performance than the conventional coolants; therefore, they have potential in liquid-cooled electronic cooling systems. Nevertheless, more studies should be conducted on the heat transfer enhancement of the liquid blocks and double-layer liquid blocks of the heat sinks employing 2D nanofluids in the thermal management of electronic components. In addition, there is a lack of studies on the use of 2D nanofluids along with the investigation of the inclination angle or gravity on the thermal performance of heat pipes in the cooling of CPU. Studies on the thermosyphon boiling process of 2D nanofluids as operating fluids are rather scarce and new insights should be pursued. More investigation works are highly recommended to better understand the heat transfer capability when using two-dimensional nanofluids in specially designed novel structures, such as wavy channels. Moreover, due to the very narrow size of the channels used in the thermal management of electronics, the minimal dimensions of the 2D nanostructures dispersed in base fluids are of great interest and are suitable for use in such systems. Nevertheless, the agglomeration effect of the suspended nanostructures gains intensified impact in the cooling of electronics. There is a research gap closely linked with the use of 2D nanofluids together with the use of phase change materials, as they promote temperature uniformity in commonly used liquid blocks of heat sinks used in electronic thermal management. This uniformity will ensure higher thermal performance. Finally, more options based on the green and bio-friendly functionalization of Gr 2D nanostructure dispersions should be studied. These nanofluids are suitable candidates for use in the cooling of electronics.




3.3. PV/T Systems


Two-dimensional nanofluids can be included in the novel class of heat transfer fluids in the most recent PV/T systems, owing to their extremely high TC and heat transfer rates. It has also been reported that PV/T systems using 2D nanofluids, such as Gr, CNTs, or hybrid formulations, in conjunction with the use of phase change materials, can improve the overall efficiency of existing PV/T systems by 20% or more compared with the same systems operating with traditional heat transfer fluids. The uniform dispersion of the 2D nanostructures in the base fluids is vital for achieving an enhanced solar radiation absorption and to achieve a very high TC. In addition, the hybrid 2D nanofluids employing, for instance, Gr and its derivatives and CNTs, are great contributors to the high thermal and electrical energy output by effectively controlling the solar radiation that is transmitted to the PV module. Of all the two-dimensional nanomaterials, the Gr is very suited to play the role of transparent conducting electrode and Schottky barrier junction layer for PV cells because it is lightweight, ultrathin, and flexible. Two-dimensional nanomaterials are progressing and emerging as PV cells and on-chip integrated configurations of energy storage systems and equipment with energy harvesting purposes. Moreover, 2D nanomaterials can respond to the needs of novel PV systems, entailing less expenditure and high efficiency rates. These nanomaterials are welcome in synthesis procedures of nanofluids to dissipate enhanced heat charges from the solar panel and in evoking more attention from the scientific community than other types of nanoparticles. For this reason, some researchers are studying different Gr hybrid nanofluids, prepared using different methods dispersed into different fluids such as oil, ethylene glycol, and water. Figure 13 schematically illustrates the typical PV/T configurations of PV/T systems operating with nanofluids as coolants.



Aravind and Ramaprabhu [134] manufactured Gr-wrapped MWCNTs dispersed in water nanofluids using a solution-free, eco-friendly method. The obtained results revealed an enhancement of 10.5% in the TC for the Gr-MWCNT, which was higher than the TC increase of only 9.2% when using the 0.04% vol. Gr nanofluid. The TC increase was explained based on the production of strongly bonded clusters that determine the interfacial thermal resistance because of the ameliorated heat transfer capability between them. Yarmand et al. [135] prepared Gr nanoplatelet–silver hybrid nanofluids using a facile chemical procedure. The GO was synthesized from graphite flakes using the Hummer method and was then chemically reduced. The fundamental steps of the GO preparation method are presented in the diagram of Figure 14. The results indicated a 32.7% increase in the Nusselt number and a 1.08-fold friction factor enhancement with a pumping penalty compared with the water itself for a concentration of 0.1% wt. and a Reynolds number of 17,500.



Zubir et al. [136] prepared rGO and produced hybrid complexes with other carbon sources, including MWCNTs, carbon nanofibers, and Gr nanoplatelet aqueous nanofluids to achieve an improved heat transfer capability. The obtained results exposed a heat transfer increase when employing the hybrid nanomaterials in comparison to the rGO alone. The results also showed an increase of 63% in the HTC and a 144% increase in the Nusselt number. In the study performed by Wahab et al. [137], an effective approach to use active and passive cooling mediums to decrease the temperature of the PV surface was followed. This reduction is relevant given that the rise in the ambient temperature has a negative impact on the heat transfer behavior of the PV cells. The operating thermal fluids used were water alone and Gr at 0.05% and 0.15% volume fractions in water nanofluids. The experiments were conducted at flow rates between 20 L and 40 L per minute. An exergy analysis of the performance of the various PV modules, together with the changes in the concentration of the nanofluids and flow rates, was performed. Figure 15 schematically represents the configuration of the experiments for the four studied cases.



Considering the experimental results, the authors concluded the following points:




	
The enhancement in the volume fraction of the Gr nanoparticles from 0.1% vol. to 0.15% vol. resulted in a poorer performance of the system because of the agglomeration and settling of the nanoparticles in the distilled water. The agglomeration lowered the heat transfer capability since the Brownian motion of the nanoparticles was restricted.



	
The exergy losses and entropy generation were decreased by the increasing flow rates in the PV/PCM (phase change material) system. Consequently, the increase in the flow rates of the operating fluid promoted the extraction of energy.



	
The sustainability index increased with increasing flow rate and a maximum of 1.17 was reported for the system with PCM and 0.10% vol. concentration of Gr nanoparticles. The same system presented a minimum improvement potential by demonstrating that this configuration was most efficient.



	
The electrical exergy contributed more to the overall exergy efficiency than the thermal exergy. This fact can be interpreted based on the inferior thermal energy produced by the PVT/PCM system.








Many efforts were undertaken to develop different solar cell technologies, but researchers are still trying to find the best way to enhance the large-scale performance of PV cells. Attention should be paid to the research topics concerning the geometry of the channels, flow pattern configuration and distribution, and maintenance requirements of the PV cells to improve the heat transfer between the solar module and the hybrid nanofluids. The channels with a hexagonal honeycomb geometry demonstrated an 87% thermal efficiency compared with other channel geometries. In addition, the carbon hybrid nanofluids showed a maximum of 63% enhancement in the HTC and a 144% enhancement in the Nusselt number, higher than the other types of hybrid nanofluids. Furthermore, the f-MWCNT/HEG)/water hybrid nanofluids exhibited a 289% increase in heat transfer capability for 0.01 vol% of hybrid nanofluids at a Reynolds number of 15,500 in comparison to the base fluid. It is highly recommended that a detailed review is undertaken to assess the main causes behind the modifications to the heat transfer characteristics induced by hybrid nanofluids. The economic analysis of PV/T systems should incorporate the time value of money for their design and implementation. The cost of factors including maintenance needs, parts warranty, and reduction in electrical performance of the system should be an important feature of the economic analysis. The main point is the payback period, which is expected to be shorter than the PV panel lifetime and less than 14.5 years. The solar energy field and hybrid nanofluids will take advantage of the low carbon content, low initial investment, green methodologies, and the production of non-fossil fuel electricity, which shows a remarkable impact on the environment by limiting the emission of toxic gases and non-renewable resources depletion. In the long run, the use of hybrid nanofluids may enhance the performance of PV/T systems by reducing their overall operating cost. The science and technology associated with hybrid nanofluids will entail economic and environmental profit by enhancing the efficiency of the systems and by reducing the emission of greenhouse gases. Table 8 presents some recent experimental and numerical works on the application of 2D nanofluids in PV/T systems in the field of technology.



Further experimental works on the use of PV/T systems with phase change materials dispersed in water or other base fluids flowing in different piping arrangements inside the hybrid phase change materials are required. The combined usage of 2D nanofluids and phase change materials has proved that systems with this solution presented higher efficiencies than those operating with only phase change materials. Innovative configurations of PV/T systems should be developed and implemented, such as PV/T systems with loop pipes and 2D nanofluids. Moreover, geometrical and structural factors, such as the radius, thickness, and roughness of the involved channels and tubes should be optimized in the near future. In addition, there is a literature gap linked with the dynamic performance of PV/T systems using 2D nanofluids and its main results and influencing factors, including the reflective coating and TC of the base fluids. Furthermore, there is a lack of studies on two-dimensional nanomaterials dispersed in bio-friendly base fluids to work in PV/T systems. Finally, the viability of PV/T systems operating with 2D nanofluids should be further addressed considering technological, economic, and environmental features.




3.4. Concentrated Solar Power


Two-dimensional nanofluids containing Gr, CNTs, and metal chalcogenides possess thermophysical properties of great interest in the CSP field of technology, such as improved long-term and thermal stabilities, enhanced heat transfer rates, and TC in reference to the traditional heat transfer synthetic oils currently employed in the CSP stations. The present subsection will briefly describe the potential applicability of two-dimensional nanofluids in the CSP area of actuation, its drawbacks, and the associated future challenges. In recent decades, CSP technology has become one of the most attractive options for energy harvesting and conversion. The increasing interest in this route has resulted in several studies on the more effective configuration of CSP systems. For instance, in systems with parabolic trough collectors, a heat transfer fluid flows through an absorber tube positioned along the central axis of the mounted mirrors in which the solar radiation is concentrated. The absorber tube is coated with a selective absorber, enabling the maximization the absorbed radiation amount by the collector in CSP plants. One of the most interesting solutions for improving the efficiency of CSP plants is to improve the thermophysical characteristics of the employed thermal fluid. Several works have stated that incorporating low concentrations of nanoparticles to a base liquid may enhance its thermophysical characteristics, including the TC and HTC. Moreover, nanoparticles usually minimize the thermal resistance between the existing sublayers of the heat transfer fluid, reducing the drop in temperature from the wall to the liquid bulk. The changing of the heat transfer properties contributes to the efficiency improvements in the base fluid and, consequently, in the overall efficiency of CSP plants. Metallic and metallic oxide nanoparticles are appealing to several researchers due to their superior TC. The transition metal dichalcogenides are also an important part of the recent advances in the sector because of their two-dimensional laminar nanostructure with promising characteristics, such as those in graphite. Two-dimensional nanomaterials present covalent intra-laminar distributions with interlaminar van der Waals forces interactions, resulting in enhanced high in-plane TC and much reduced out-of-plane losses. Due to these facts, the investigation of nanofluids incorporating transition metal dichalcogenide fillers is of great interest in the heat transfer field of research. Research has also been performed which considers how nanofluids improve the overall efficiency of solar thermal collectors, including the utilization of the two-dimensional nanofluids of interest in solar thermal energy applications. Furthermore, the use of 2D nanomaterials is expected to enhance the long-term stability of nanofluids due to their large surface area. In this direction, the liquid phase exfoliation technique is one of the easiest and most promising preparation methods for 2D nanomaterials [2]. The stability of nanofluids without the formation of aggregates can be enhanced by the inclusion of surfactants or dispersants in synthesis formulations and by adjusting their pH. Regarding CSP systems, the added nanoparticles have a remarkable impact on improving the heat transfer capability of the heat transfer base fluid and in increasing the absorption of incident solar radiation, resulting in noticeable improvements in the efficiency of solar plants. Additionally, due to the verified enhancement in the solar irradiation absorption induced by the nanoparticles, some authors have recommended the use of nanofluids in direct solar collectors. For instance, Kasaeian [142] investigated MWCNTs suspended in ethylene glycol nanofluids as working heat transfer fluids in a direct absorption parabolic trough collector. The best results were achieved using nanofluids at 0.3% wt. of MWCNTs, with an optical efficiency of approximately 71% and a thermal efficiency increase of 17%. In the study performed by Martinez-Merino et al. [92], 2D nanofluids were synthesized based on the inclusion of WS2 nanosheets in a eutectic mixture of biphenyl and diphenyl oxide, which consisted of a typical heat transfer solution for CSP facilities to evaluate their viability to be employed in this technological field. The nanosheets of WS2 were produced in situ in the heat transfer oil through liquid phase exfoliation where the inter-layer van der Waals forces of the bulk WS2 were broken through ultrasonication in a fluid with the auxiliary action of the polyethylene glycol as the surfactant. The hydrogen bond interaction between the hydroxyl groups of the polyethylene glycol and the sulfur atoms of the WS2 stabilizes the nanosheets within the fluid. The experimental results on stability revealed no appreciable alterations in the size of the nanosheets and zeta potential, which was confirmed by the low sedimentation levels observed. The enhancement of the polyethylene glycol fraction improved the stability of the 2D nanofluids and their viscosity was reported to be similar to that of the eutectic mixture base fluid, with only a slight increase reported at higher concentrations. The nanofluids provided a specific heat increase of 10%, whereas the TC showed an increase of 37.3% in compared with the base fluid itself. It was also confirmed that the HTC increased in all nanofluids by up to 22.1%, despite being synthesized with different amounts of polyethylene glycol and different ultrasonication times. The improved long-term stability of the nanofluids and heat transfer ameliorations were linked with the high surface area of the WS2 nanosheets. The determined dynamic viscosity revealed that the developed nanofluids carry relevant features to be used in CSP plants, given that they would not entail the limitations associated with the piping obstruction and pressure drop in the involved systems. All findings suggested that these nanofluids would be a promising heat transfer medium in the CSP technological field. Aguilar et al. [143] considered GO 2D nanofluids as very promising for solar thermal applications given their high TC, simple exfoliation process of the filler, and intense black coloration. The researchers prepared a nanofluid composed of GO dispersed in the eutectic mixture of diphenyl oxide and biphenyl through liquid phase exfoliation. The nanofluids were synthesized by liquid phase exfoliation from the bulk GO with the aid of a Triton X-100, PEG-200, and other surfactants. It was observed that the most effective exfoliation was achieved with the Triton X-100 with the highest number of suspended nanostructures which were stable over time. The authors reported that 6.6%, 45.5%, and 29.7% enhancements for the specific heat, TC, and HTC, respectively, were observed in the Triton X-100-synthesized nanofluid. The determination of sunlight extinction and spatial distribution in the thermal fluid enabled the estimation of the dimensions of the direct solar absorbers using the Triton X-100 nanofluid. This nanofluid exhibited an almost complete sunlight attenuation between 3.5 mm and 20 mm depending on the weight fraction of the incorporated GO. The sunlight special distribution was revealed to be increasingly more intense near the input surface at greater amounts of GO. These findings allowed the researchers to arrive at the conclusion that the incorporating Triton-X surfactant nanofluids constitute a promising option to be used as customized sunlight absorbers to be employed in thermal solar collectors. In addition, these nanofluids were found to be strong-colored meaning they are suitable for the conceptualization and implementation of direct absorption solar collectors. Yan et al. [144] synthesized atomic-layer thick h-BN nanosheets and dispersed them into molten salt base fluid solar salt (NaNO3-KNO3 with 60:40 of molar ratio). It was stated that the prepared nanofluids enabled a superior thermal performance in CSP technology, mainly due to the improved TC and enlarged specific surface area of the BN nanosheets, which reduced the thermal resistance and facilitated the formation of additional semi-solid boundary layers and active nucleation sites. The authors reported that the TC and specific heat of the nanofluids were superior by 76.8% and 12.8%, respectively, compared with those of the solar salt itself. Simultaneously, the supercooling degree was reduced considerably from 12.2 °C to 4.7 °C. The obtained results were of relevance in the CSP field since the ameliorated TC and specific heat provide an enhanced heat transfer capability, an appreciable reduced cost, and dimensions of the necessary equipment. The decreased supercooling degree averts the phase separation and the blockage of the piping. Hence, the researchers concluded that this type of 2D molten salt nanofluid can be employed as improved heat transfer and thermal energy storage fluids in CSP plants. Table 9 summarizes some of the recently published works on the use of 2D nanofluids and their hybrids in the CSP field of actuation.



There is a lack of studies on metal chalcogenide 2D nanofluids using base fluids of eutectic mixtures of biphenyl and diphenyl oxide, which are typical in CSP plants. More experimental works employing WS2 and MoS2 in the form of nanowires and nanosheets should be conducted, since these nanostructures are already known to possess higher stability over time. Further numeric simulations at the molecular level can offer useful insights into the structure and performance of the metal chalcogenide 2D nanofluids on their reactivity with the molecules of the base fluids most used in solar thermal energy collectors. Additionally, the feasibility of 2D nanofluid application in enhancing the overall thermal efficiency of several possible CSP configurations should be further addressed. There is a research gap regarding the use of 2D nanofluids in the design and large-scale implementation of volumetric solar energy collectors, which, among other benefits, are cheaper than surface collectors. More experimental and numerical works on the dispersion of 2D nanomaterials in molten salt base fluids should be conducted, as they are a very promising option for CSP plant operation. Furthermore, future studies on operating configuration factors together with the use of 2D nanofluids will bring useful insights for the CSP technological field. Some factors worth mentioning are the optimization of solar absorber or solar thermal energy tubes, amelioration of the nanofluid using modes, steam in the direct steam generation system, and the thermal energy storage behavior enhancement of direct steam generation CSP systems.




3.5. Transformers


The high TC and superior dielectric performance of 2D nanofluids, together with their general low-cost synthesis processes, makes them a strong solicitant for application in thermal management devices and systems, such as electrical transformers. The present section elucidates upon the improved thermophysical properties, and the possible applications and research gaps related to the employment of two-dimensional nanofluids in electrical transformers. To ameliorate the transformer oil thermoelectric characteristics, diverse experimental works based on the replacement of the traditional transformer mineral oil with vegetable oils have been performed, since these possess improved insulation and thermal performance. However, vegetable oils become easily contaminated which can result in the degradation of the oil properties, which in turn alters the chemical reactivity with the transformer operating parts. The degradation of the inner parts of the transformer may result in serious faults, economic losses, and extended shutdown. To solve these problems and to enhance the heat transfer and insulation features of the transformer, nanoparticles suspended in a base fluid are becoming of great interest to researchers in this field. Particularly, 2D layered nanomaterials are gaining importance in the transformers field of research and 2D nanofluids may be a promising alternative to two-dimensional fillers in the transformer liquid insulation circuit due to their very high surface area, surface-to-volume ratio, and improved stability. The facile and low-cost synthesis of 2D nanofillers makes them useful in the thermal management systems of transformers and in the breakdown voltage of the insulating fluid. Beheshti et al. [149] incorporated MWCNTs into a transformer mineral oil and found a marked enhancement in the TC, a reduction in the viscosity, and a rising temperature in comparison to those properties of the transformer oil. Moreover, the authors Maharana et al. [150] prepared a nanofluid with mineral oil as the base fluid and with the incorporation of h-BN and titanium oxide nanoparticles to be used as a transformer coolant. They exfoliated 1 µm-sized bulk h-BN nanoparticles into 2D nanosheets with dimensions of 150 nm to 200 nm, increasing the surface area of the exfoliated h-BN. After the zeta-potential analysis, the weight fractions of 0.01% wt. and 0.1% wt. of the nanoparticles were selected to evaluate the heat transfer and insulation characteristics of these fractions dispersed in mineral oil, which are the main functionalities of a transformer oil. The TC and charging dynamics analysis were performed by the authors to infer the potential of the developed nanofluids to be used as dielectric fluid for transformers in comparison to the traditional mineral oil. Particularly, the charging dynamics investigation confirmed the increase in the AC breakdown voltage of the exfoliated h-BN nanofluids. Considering the results, the authors arrived at the following conclusions:




	
The inclusion of 0.01 wt.% of exfoliated h-BN nanoparticles resulted in a more stable solution and possessed the most improved cooling and insulation properties.



	
The high aspect ratio and enhanced surface charges in h-BN were the main factors contributing to the higher TC of the mineral oil-based h-BN nanofluid. The higher moisture content in the mineral oil and nanofluids reduced the AC breakdown voltage. Nonetheless, the exfoliated h-BN nanoparticles possess low affinity towards moisture and increase the AC breakdown voltage in reference to mineral oil and other nanofluid fillers.








In the study developed by Almeida et al. [151], the thermophysical and electric characteristics of a traditional transformer oil were determined with the incorporation of 0.01% wt., 0.03% wt., and 0.05% wt. Gr nanoparticles within a temperature range of 20–90 °C. Based on the experimental results, the authors stated the following conclusions:




	
The 0.05% wt. Gr nanofluid exhibited a viscosity and density superior by 2.5% and 16.6% to that of the conventional transformer oil base fluid.



	
The 0.05% wt. Gr nanofluid showed a maximum surface tension decrease of 10.1%. The increasing temperature and enhanced weight fraction of the Gr nanoparticles improved the Brownian motion, contributing to a more uniform temperature distribution in the working fluid caused by the decrease in the forces of cohesion (because of the high temperature and increased vibration) between the nanoparticles. This resulted in surface tension reduction and to the improvement of the heat transfer rate compared with that of the transformer oil.



	
The specific resistance for all weight fractions of the nanofluids was reduced and a 79% decrease compared with the transformer oil was found for the maximum concentration of 0.05% at a temperature of 90 °C. The use of 2D nanofluids also decreased the specific resistance and enhanced the electrical conductivity and, consequently, the breakdown voltage.








Table 10 exhibits some recent experimental works on 2D nanofluids applied in the electrical transformer field of technology.



In sum there is a research gap on the incorporation of nanoparticles dispersed in transformer oil rather than in synthetic oils, as described in the majority of the literature. Further studies should be performed on the potential application of the quasi-2D amorphous Gr nanofluids in the electrical transformer technological area. More innovative preparation methods and novel ways to incorporate the Gr quantum dots into the electrical transformer heat transfer fluids are welcome. Moreover, there is a need for further studies on the potential inclusion of small amounts of CNTs in mineral oil, with the purpose of altering the breakdown voltage and lifetime of electrical transformers. Additionally, there is a need to prevent the eventual damage of the internal structure of electrical transformers by altering their electrical stress distribution. This drawback may be provoked by using nanofluids that may negatively affect the permittivity and loss factor of the transformers. Hence, nanofluids to be used in the thermal management of electrical transformers should be carefully selected considering these issues. Further works on the incorporation of Gr and its derivatives in non-edible and bio-friendly oils (e.g., cottonseed oil) should be undertaken in the near future.




3.6. Cold Thermal Energy Storage


Cold thermal energy processes are pivotal in certain applications, such as the thermal energy management of air-conditioning systems in large buildings. Two-dimensional nanofluids with high thermal storage capabilities provided mainly by their enhanced latent heat capacity, which is the case in Gr 2D nanofluids, are suitable for such heat storage purposes. The hybrid formulations composed by 2D nanofluids and phase change materials have already been demonstrated as strong candidates to successfully store cold thermal energy. In subzero cold thermal energy storage systems, it is current practice to explore ethylene glycol nanofluids as phase change materials. These nanofluids normally exhibit a large supercooling degree, an extended freezing time, a poor storage capacity, and poor colloidal stability. To overcome these limitations, Zhang et al. [157] prepared stable nanofluids composed of 2D GO nanosheets suspended in ethylene glycol to evaluate their suitability to operate as performant subzero cold thermal energy storage phase-change media. The authors stated that the uniformly dispersed monolayer nanosheets of GO reduced the supercooling degree, accelerated the charging and discharging processes, and retained the enhanced specific heat of the phase change nanofluids. Furthermore, the incorporated nanosheets provided heterogeneous nucleation points, enabling the formation of crystals and reducing the freezing time and supercooling degree. Particularly, the supercooling degree was found to be reduced by 87.2%, the freezing period was reduced by 78.2% (in reference to those of the pure base fluid), and the latent heat was maintained at 98.5%. The synthesized nanofluids increased the TC up to 12.1% compared with that of the ethylene glycol itself. Moreover, the nanofluids maintained their thermal stability after being subjected to 50 cycles of freezing/melting, which guarantees a consistent performance as a cold thermal energy storage fluid during extended working periods. In sum, the improved thermophysical characteristics, together with the facile method of preparation and low loading needs, makes GO nanosheet ethylene glycol nanofluids suitable for use in high-performance subzero phase change cold thermal energy storage systems. Nonetheless, there is a lack of research on the development of effective thermal energy management with rapid charging modes using 2D nanofluids. The energy saving potential of the combined use of 2D nanofluids and phase change materials during the freezing process should be addressed in further research. Additionally, there is a literature gap on the impact of 2D nanofluids on the rate of supercooling and freezing. Moreover, there are few experimental or numerical works on the 2D nanofluid-based storage unit potential in efficient chiller-based air-conditioning systems for the cooling of large buildings.




3.7. Geothermal Heat Recovery


Two-dimensional nanofluids are suitable for use in heat exchangers in geothermal systems. They possess great potential for use in geothermal borehole heat exchangers or ground heat exchangers as circuit heat transfer fluids. In recent decades, the need for energy consumption is increasing continuously. A major part of the energy requirement is satisfied through the use of traditional resources of energy, such as gas and coal, resulting in elevated resource spending rates. Nearly one quarter of the total energy is applied in responding to worldwide heating/cooling needs of the large-scale industrial and commercial sectors by conventional equipment, which requires a large amount of improved energy, mainly originating from power plants working with fossil fuels, releasing large number of discharges into the environment. The ever-increasing concern of pollution has persuaded researchers to shift their focus to the design and implementation of eco-friendly energy systems with minimized greenhouse gasses emissions to satisfy heating/cooling global demands by employing a smaller electrical energy input quantity. Consequently, there is an urgent need to substitute the polluting energy resources with renewable energy resources, and the sustainable energy ground source heat pump system (GSHPS) is an alternative solution. The GSHPS is an environmentally benevolent system capable of (partially) meeting universal heating/cooling requirements. The system has gained popularity in house heating and cooling, since these applications directly contact the ground energy resource that remains almost constant in the in-depth temperature profile beyond 15 meters of depth. The performance of the GSHPS depends on a heat interaction within the ground by a ground heat exchanger (GHE), also known as a geothermal heat exchanger. The heat transfer efficiency of the GSHPS is higher because of the heat rejection and the extraction is carried out under an almost constant ground temperature. Traditional energy systems are conceived to work under continuously changing ambient temperatures to fulfill space conditioning loads. The vertical borehole GHE is commonly employed in GSHPS. The elevated installation cost of the GSHPS compared with conventional air conditioning systems hinders their global implementation. A decrease in the depth of the borehole with negligible alterations in the output of the GHE is required for the economic viability of the system. As a result, many researchers have searched for the most adequate mode to improve the efficiency of the GHE. Faizal et al. [84] found that an enhanced thermal conductive filler and material can also be mixed with concrete for the heat transfer to reach considerable amelioration. Only small improvements were observed in the efficiency of the GHE with different methods. This may be justified as the operation of the GHE was within a small temperature difference between the working thermal fluid and the underground soil temperature values. Nanofluids may be considered as suitable working fluids to enhance the heat transfer performance of a GHE for a better use of the ground available energy. The mathematical modeling developed by Tarodiya et al. [158] was applied to different nanoparticles, including MWCNTs and Gr, with varying concentrations dispersed in water to study the influence of the nanofluids in the ground source heat pump system. The most relevant findings of the modeling and numeric simulation were the increase in the outlet temperature difference of the heat transfer fluid, and the decreases in the length of the ground heat exchanger, pressure drop of the system, and vertical temperature profile in a single U-tube vertical closed-loop ground heat exchanger. The impact of the concentration of the nanoparticles, imposed flow rate, and temperature gradient between the soil and the inlet operating fluid, pipe and borehole radius, and overall depth on the ground heat exchanger efficiency was also determined. Although the best overall performance was given by graphite nanofluids, the 2D nanofluids used also exhibited an improved performance. The main conclusions were as follows:




	
The temperature of the working fluid at the outlet increased in heating mode, while the required pipe length decreased when using the nanofluids compared with the water alone.



	
The outlet temperature difference was reduced with the flow rate enhancement of the operating nanofluids.



	
The effect of the increase in the GHE efficiency using the nanofluid decreased with the increasing flow rate of the operating fluid and the decrease in the difference between the soil and inlet fluid temperature values. The efficiency of the system was improved with the increases in the pipe and borehole radii and total depth.



	
The reduction in the fluid temperature at the outlet was obtained with MWCNTs and Gr nanoparticles of approximately 65% with an increase in the flow rate of 0.4 L/s.



	
The reduction in the pipe length was obtained with MWCNTs of approximately 32.9% with an increase of 0.4 L/s in the flow rate. The homologous value for the Gr nanoparticles was approximately 37.1% with the same enhancement in the flow rate.



	
The maximum outlet fluid temperature difference and GHE length reduction were 11.4% and 53.4%, respectively, using MWCNTs and when the pipe diameter was changed from 20 to 50 mm. The homologous values for the Gr nanoparticles were 12.06% and 50.2% with the same pipe diameter enhancement.



	
An augmentation of 14% in the outlet temperature and a reduction of approximately 20% in the pipe length were achieved when the borehole size was increased from 70 to 110 mm for the MWCNTs. The homologous values for the Gr nanoparticles were 18.9% and approximately 20% with the same increase in the borehole size.



	
The maximum increase in the fluid temperature at the outlet and pipe length reduction were obtained with the MWCNTs and Gr nanoparticles at approximately 68% and 61.7%, respectively, with the increase in the difference between the temperature of the inlet and that of the soil (16 °C) from 7 °C to 15 °C.








More numerical simulations in both laminar and turbulent regimes of 2D nanofluids flowing in geothermal heat exchangers are required in the future. Further studies on the innovative use of 2D nanofluids and hybrid formulations in modern geothermal heat exchangers, such as the finned conical helical type, should be addressed. Additionally, efforts should be made to optimize the use of 2D nanofluids with appropriate flow rates and specifications. Considering the flow rate, some geothermal energy extraction systems working with nanofluids have demonstrated that an increased flow rate provoked a returning flow in a geothermal heat exchanger with a lower temperature and an enhanced ground heat extraction. Special emphasis should be attributed to the sedimentation of the nanoparticles in the borehole heat exchangers, since it can be verified in the published literature works that after many hours of continuous operation, the accumulation of the nanostructures completely blocked the bottom of the borehole in cases where the nanofluids circulated with relatively low velocities. Numerical simulations on the subject are also recommended.





4. Environmental Impact of the 2D Nanofluids


Two-dimensional nanofluids have been demonstrated as a promising alternative to traditional heat transfer fluids; however, it is also of relevance to evaluate the impact of the former on the environment. Published studies have rather scarcely addressed the environmental impact (EI) of 2D nanofluids; however, a few authors have argued that these thermal fluids are a sustainable alternative. The EI of 2D nanofluids is derived fundamentally from parameters including the HTC, TC, analysis of the emissions and pressure drop, and energy efficiency, which is the ratio between the energy output and the overall energy input. Renewable energy is an attractive area of actuation, especially considering the actual environmental conditions and, consequently, harnessing energy from these sources must be effective. Two-dimensional nanomaterial thermal fluids are more performant because of their high surface area and TC. This results in size reduction in the equipment, as shown by Sundar et al. [159]. Less CO2 emissions and more bio-friendly methods consequently occur. Although emissions are low during the production of nanoparticles, they should be considered while evaluating the overall EI. Despite the broadened utilization and benefits of 2D nanomaterials, their environmentally detrimental synthesis processes must be evaluated. Additionally, the inadequate disposal of effluents generated during the manufacture of 2D nanomaterials and toxic emissions pose a negative impact to existing ecosystems and human health. Nanomaterials in general are produced by laser ablation, CVD, chemical reduction, and sol-gel, among other techniques. CVD is the technique that achieves a high yield, with large scale processing of CNTs and other 2D nanomaterials at relatively low cost. It is consequently used as a common production method for 2D nanomaterials. An EI study for CNTs synthesized by CVD using the LCA technique was undertaken by Trompeta et al. [160]. The analysis of the emissions, disposal of the effluents and by-products, and power generation were considered, and the corresponding EI was assessed considering two different pathways of CNT production through CVD. Singh et al. [161] used SimaPro v. 7.0 software to carry out an analysis on the EI of CNT preparation and verified the formation of smog and effluents, such as Fe2O3, Co2O3, MoO3, and NaOH. The authors strongly recommended that these by-products should be carefully treated to mitigate their EI. On the other hand, the laser ablation technique produces high-purity 2D nanomaterials without creating harmful emissions or the formation of toxic by-products. Suitable by-product evaluations and disposal procedures are recommended to effectively analyze the overall EI of the process. An efficient recovery of the base liquid and nanoparticles of the nanofluids will have a lesser EI by restricting the pollution of the water. Consequently, the design and implementation of proper recovery procedures, such as centrifugation followed by evaporation of the supernatants, are vital for the recovery process. In most cases, the innovative materials and chemicals still pose environmental and human health risks, including the polychlorinated biphenyls, dichlorodiphenyltrichloroethane, benzene, and halocarbon emissions. Consequently, they must be carefully assessed to mitigate the health hazards [162]. The respiratory tract is the main pathway by which nanoparticles enter the human body and, hence, the lungs are the most vulnerable organs to the exposure of nanomaterials. The chemical and structural characteristics of nanoparticles considerably impact their adversity. Size, aggregation, and chirality are the most important factors to consider. Additionally, human exposure to nanomaterials can be harmful to the cytoskeleton, DNA repair, cell signaling, and may involve the production of inflammatory cytokines and chemokines [163]. The dimensions and chemical composition of 2D nanomaterials are the main factors of toxicity in humans. As an example, researchers studied the risk to human health of 2D nanomaterials such as Gr and MoS2 [164]. Furthermore, the researchers proposed that the toxicity will increase with the decreasing size of the nanomaterials, as their dimensions are the main influencing toxicity factor [165]. The use of in situ air purifiers and water filtration equipment reduce the intake via the respiratory and digestive pathways [166]. Additionally, commercially available nanomaterials should be intensively tested to determine their toxicity to the environment. An extensive life cycle assessment (LCA) of various nanomaterials may be helpful for the design and implementation of procedures to decrease their negative features on the environment and human health.




5. Life Cycle Assessment


A LCA analysis is conceived to determine the effect of products on the environment and resources. This method enables the determination of effects across an entire product life cycle, from the raw material extraction to the production stage and usage [167]. LCA studies of 2D nanofluids involved fundamentally a LCA analysis of the included 2D nanomaterials. The already performed nanomaterials LCA analysis revealed that their manufacturing procedures are much more energy consuming than conventional materials. Nonetheless, some specific parameters, including the selection of the precursors and temperature of the preparation stage, may strongly impact energy consumption and environmental issues. The preparation of nanoparticles to be included in the base fluid requires an appreciable energy amount; however, this limitation may be outweighed by the improved performance of 2D nanofluids during their working lifespan. Some examples can be cited, such as self-cleaning nanoparticle coatings, which may drastically reduce maintenance requirements by way of compensating the undesirable EI from the manufacturing procedure. Arvidsson et al. [168] conducted an LCA analysis of ultrasonicated and chemically reduced Gr and found that the diethyl ether recovery may strongly decrease the inherent EI. Additionally, Cossuta et al. [169] applied the LCA to evaluate the scalability of three different Gr production methods: graphite electrochemical exfoliation, thermal reduction or chemical oxidation, and CVD. The researchers reported that the chemical reduction procedures were those with less propensity to be applied in large-scale Gr manufacturing processes. In conclusion, the LCA analysis of 2D nanomaterials evaluated alternative manufacturing procedures to follow and associated environmental effects, aiding in the design and implementation of an alternative synthesis method with minimized EI. The following sub-sections of this review briefly describe the LCA analysis conducted for some of 2D nanomaterials overviewed in this work.



5.1. Graphene


The study performed by Beloin-Saint-Pierre and Hischier [170] compared the previous Gr nanomaterial LCA studies with new results associated with ball milling of few-layer Gr. This study consisted of a reliable overview of the actual knowledge on the environmental sustainability of the Gr nanomaterials through three different life cycle impact assessment (LCIA) analyses. The international life cycle data (ILCD) midpoint method was chosen first since it provides the EI evaluation according to the general recommendations of the European Commission. This methodology enables the comparative examination of Gr nanomaterials in various EI categories by determining the involved extraction of the resources and emission of pollutants as a function of the equivalent effects of the polluting substances of reference for each category. The LCIA method IMPACT 2002+ was used at the endpoint or damage level. This approach advances one step and regroups the EI at midpoint into their effects on the climate change, human health, the ecosystem, and available natural resources. The ILCD and IMPACT 2002+ methods were chosen mainly because of their enhanced representativeness within the European context. The cumulative energy demand (CED) method returns the global cumulative energy needs. These LCIA methods were taken from the current Ecoinvent package. The results from the IMPACT 2002+ method were translated from points to kg of CO2 equivalent (eq.) for the categories CC, PDF.m2·year for EQ, DALY for HH, and MJ primary for Res to facilitate the comparison with the ILCD and CED methods. The initial general finding is the major influence of the chemical products and electricity consumption in a Gr nanomaterial life cycle. Their relevance varies according to the type of Gr nanomaterial and manufacturing procedure. As an example, the EI from the GO synthesis mainly comes from the employment of chemical substances, whilst the impacts of Gr nanomaterial production are largely connected to the electricity consumption required, except for the ultrasonication procedure which is dominated by diethyl ether usage. These points highlight the main overall inputs on which the technology should be focused for EI mitigation in future manufacturing processes of Gr nanomaterials. Two general recommendations should be respected: the use of chemical products should be reduced (mainly in GO synthesis), and energy efficiency in production for all manufacturing processes should be pursued. These general recommendations are compliant with the green chemistry principles that provide the guidelines to decrease EI in the production of Gr nanomaterials. The contribution study confirmed that the usual discrepancy between the published works can be interpreted based on the different aggregation of the different system models rather than by the input dissimilarities for the considered manufacturing processes. This demonstrates the need for a study based on a harmonized framework, given that it clarifies that previous works exhibited a general agreement on the main contributors of the EI from the synthesis of Gr nanomaterials. The analyzed impacts for the solution of dry material offered new insights on the important meaning of the output state for Gr nanomaterials. Keeping Gr nanomaterials under solution may be environmentally benevolent if it can be directly employed as an input to the system. These findings also indicate that the recycling processes for chemical substances may cause a significant increase in the EI from Gr nanomaterial products if they require dialysis of their solutions. The selection of energy sources or country of production could bring a meaningful reduction in the potential impacts. Energy efficient recycling options to diminish the utilization of chemical substances may be pivotal to ensure the environmental benevolence of Gr nanomaterials. The evaluation of the uncertainty associated with Gr nanomaterial manufacturing routes confirms that there is still significative ambiguity on interpreting their potential EI, except for the cases considered in the most recent studies [171]. The uncertainty degree associated with manufacturing methods is considerable for most types of Gr nanomaterial, preventing the identification of cleaner manufacturing alternatives. When the comparative results of the impacts and the contribution analysis were taken together, the electricity requirement surges as the principal source of uncertainty in the current models, even though it is not the main promotor in all procedures. This fact can be interpreted through the observed considerable variability in the inputs of electricity demand in studies where the production of Gr nanomaterials reach industrial scalability. The comparison of Gr with other competing materials indicates that manufacturing methods might result in EI mitigation for certain applications, such as touch screens or back contacts in PV cells. While this study proposes some innovative solutions to reduce the EI of the production of Gr nanomaterials, it is also limited on the analysis of certain concerns that should be tackled in future LCA studies. One of those concerns is the lack of quantified descriptions of functional characteristics of Gr nanomaterials which hinders the ability to obtain a balanced comparative analysis upon the potential applications of Gr nanomaterials. For instance, this study considers an in-depth analysis in cases where Gr nanomaterials are compared, because it is not probable that all nanomaterials possess the same functional properties that would make them interchangeable. Additionally, the measured demand for electricity in the synthesis stage must deal with considerable uncertainties associated with the values reported in previous studies that have used patents and scientific articles instead of measurements [171,172]. The differences may be interpreted by using different equipment or by the quality of the manufactured Gr nanomaterials, but the identification of the fundamental sources of discrepancy is still very challenging until further studies are performed on all processes. A reduction in the uncertainty associated with the input data should also be prioritized to clarify if the life cycle impacts of the Gr nanomaterial manufacturing processes are still overlapping or if certain alternatives might have improved environmental benevolence. This is a pressing matter in the production of GO and Gr nanomaterials, even if the Gr-associated uncertainties avert the identification, for instance, of any distinction between two types of CVD synthesis methods. The measurement of input flows in the laboratory environment could be a suitable way to reduce uncertainties until the industrial large-scale production level is reached. Moreover, the toxicity of Gr nanomaterials is often inferred within the European Graphene Flagship research initiative [173], and some characterization factors for GO have been proposed for freshwater [174]. For now, the baseline characterization factor of 777.5 CTUh·m3 ·year/kg of GO indicates that GO emissions in freshwater might bring a significant alteration to the FEcotox impact. The FEcotox impact of the synthesis process would double if 41% of the manufactures GO was released, for instance, at its end of life. In addition, the impact of GO would be less concerning for manufacturing methods with higher impacts in which a total release of GO would increase the corresponding FEcotox impact by approximately 4%. When the functional properties were defined for the family of Gr nanomaterials, the prediction models for the use stage and end-of-life stage should gain more importance. The application of new characterization factors should also be conducted to account completely for the EI of Gr nanomaterials. Additionally, the assessment should include alterations to the lifetime of the equipment when working with Gr nanomaterials, instead of those verified for competing nanomaterials. The study of previous LCA studies and the new data from the production of Gr nanomaterials, within a harmonized modelling framework, will undoubtedly provide more insights on the EI from all aspects of Gr nanomaterial production. Generally, the need to emphasize the decrease in impacts derived from the chemical products and electricity consumption in Gr nanomaterial production is widely accepted to ameliorate their environmental sustainability. Furthermore, the different production processes that depend on the type and physical state of the Gr should be considered. Additionally, the trend of European electricity mixes until the year of 2040 might not show relevant alterations in the current environmental situation of Gr nanomaterials. The comparative analysis with Gr competing materials also indicated that Gr might not be the best environmental alternative for certain applications. The study of the available publications showed that the large-scale fabrication of Gr could reduce the EI of the production stage. Many features affecting the EI of Gr nanomaterials are still not totally understood, raising important questions on their actual analysis. Indeed, there are still unresolved questions that require further investigation, such as quantified evaluations of the functional properties and toxicity level of Gr nanomaterials. Exact energy consumption values during the manufacturing stage of Gr nanomaterials would be helpful to improve the knowledge of the scientific community on the differentiation of current and further production routes.




5.2. Carbon Nanotubes


Climate change provoked by excessive worldwide CO2 emissions into the atmosphere has recently attracted global concern. The actual large-scale methods generally utilize monoethanolamine for the capture of CO2. Nonetheless, CO2 regeneration requires high temperature values, and every adsorption/desorption cycle is an energy-demanding process, as it also entails material losses. The amines with enhanced capture capability are currently implemented as adsorbents to overcome existing limitations. Nevertheless, the EI caused by the adsorbents were not often discussed in the past. Wu et al. [175] determined the EI of new CO2 capture adsorbents by synthesizing CNTs with adsorbed and covalently bonded polyethyleneimine and compared them with those associated with the conventional monoethanolamine capturer using the LCA technique. Carbon payback periods were also studied to achieve an improved knowledge on the scalability of the evaluated new materials. The obtained results suggested that the use of CNTs contributed to most of the EI for CNTs with polyethyleneimine. The corresponding carbon payback periods are over 40 times longer than when applying monoethanolamine during the production stage. Nonetheless, the energy consumption of the adsorbed polyethyleneimine may be reduced by up to 60% in comparison to the monoethanolamine in each adsorption/desorption cycle due to its lower heat transfer capability. Additionally, the rate of CO2 remission for CNT-polyethyleneimine is two-fold greater than that associated with monoethanolamine, revealing its potential for application in large-scale CO2 captures. In essence, the study indicated that solid amine is a promising option for CO2 capture but nevertheless requires several further ameliorations. Future investigation works should be focused on reducing the initial manufacturing of the nanomaterials and increasing the product lifespan based on their environmental tradeoffs. Moreover, the authors highlighted that the emphasis on only the CO2 capture effectiveness by the innovative materials may not be totally adequate, and more extensive studies should be performed based on the comparison during the nanomaterial LCA. The life cycle environmental and health impacts were modeled using SimaPro software with Ecoinvent and United States Life Cycle Inventory databases. Among others, the midpoint categories that were examined were ozone depletion (kg CFC-11 eq.), global warming (kg CO2 eq.), carcinogenic (CTUh), respiratory impact (kg PM2.5 eq.), ecotoxicity (CTUe), and fossil fuel depletion (MJ surplus). The researchers argued that the energy penalty, functional units, and scalability among other topics are the main limitations and challenges that are overlooked in the capture and storage of carbon studies [176]. The obtained results suggested that carbon payback depends appreciably on the lifetime of the CNT-polyethyleneimine. Many published works revealed a consistent recovery up to 100 cycles; however, the findings of this work indicated that a total of more than 900 adsorption/desorption cycles are needed to achieve a breakeven CO2 payback for physically adsorbed CNT-polyethyleneimine. Moreover, to optimize fabrication and improve the CO2 adsorption capability, further studies should also be carried out to ensure the maximum lifetime capability of the CNT-polyethyleneimine under extreme conditions to receive more payback outcomes. The researchers have simplified the analysis by assuming no extra environmental burden is induced by the degradants of the monoethanolamine. The monoethanolamine degradant dilution may decrease their CO2 capture capability. Such practical limitations may reduce the effectiveness of the liquid phase capturing solutions and highlight the advantages of the solid amine for CO2 remission. Despite published studies claiming that the use of solid-state amines for the capture of CO2 still define the embryonic stage of development and a considerable number of challenges still needed to be successfully resolved, the solid amines have become gradually more appealing in CO2 capture, given that the process does not employ any kind of solvent, reducing the energy penalty from regeneration in comparison with the conventional capture in liquid state. Nonetheless, the considerable energy requirements for the synthesis of the adsorbent are still a concern that may counteract the energy needs for the regeneration process. In sum, the CNT-polyethyleneimine as an amine absorbent exhibited higher environmental costs than the commonly used monoethanolamine method during the production stage. The production of CNTs was considered as the main contributor to the life cycle EI. Nonetheless, there is still room to improve the technology, such as using more sustainable energy sources, scaling up, and recycling to enhance the production efficiency. In sum, having higher CO2 remission rates, capture capability, and reusability, the physically adsorbed CNT-polyethyleneimine is a promising alternative to surpass limitations including the offset CO2 cost and sustainability of CO2 capture. Given that CO2 emissions are of paramount importance in climate change, the development of methods that diminish CO2 emissions is recommended. The authors emphasized that the focus on the CO2 capture by innovative materials alone is not sufficient, and more extensive EI comparisons using material LCAs should be carried out in the future.




5.3. Tungsten Disulfide


Regarding the LCA analysis of WS2 nanomaterials, a study was conducted by Bobba et al. [177] considering the EU-FP7 project AddNano to evaluate the EI of the gas phase reaction in the production of WS2 nanoparticles. The authors performed a preliminary review of the published literature and highlighted many data gaps because of the little or no communication between stakeholders and the lack of published LCA studies and results related to nanomaterials in general with regards to the main stages of the LCA of nanoparticles. A from-cradle-to-gate LCA of the industrial processing of WS2 nanoparticles was carried out. The obtained results confirmed that the production of WS2 nanoparticles is very energy consuming, and the tungsten trioxide is the raw material with the greatest contribution. It should be clarified that the EI evaluation referred to the synthesis of one gram of nanosized WS2. The production of WS2 was found to be a strongly energy-consuming procedure. The LCIA CML1992 study revealed that the contribution of electricity in the preparation stage of WS2 was, in every mode, higher than 26%, with 26.1% human toxicity and approximately 31% greenhouse gas impact. It was found that the impacts derived from the scrubbing solution and gas mixture were very low. Indeed, regarding the CML1992 and ReCiPe2008 impact categories, the overall impact of these products never surpassed 3.84%, with the highest value related to the human toxicity of 1.97E-05 HC for 1 g of WS2 and 8.64% with the highest value associated to the human toxicity of 2.57E-04 kg 1,4-DB eq. for 1 gr of WS2. Considering the electricity consumption, it was found that the contribution of electricity to the entire production stage of WS2 was very high for all considered impact categories. The authors conducted the LCA analysis based on data gathered from the industrial sector and, hence, the results are in reference to large-scale production processes, averting scale-up simplifications. Due to the scarce number of published LCA studies on nanomaterials, with the available studies often fragmented, it is very complex to gather data to better understand LCA approaches and to apply the corresponding outcomes for developing new and more accurate analyses. Furthermore, the available datasets and environmental assessments of the nanomaterials are usually based on data from laboratory pilot experiments and not on large-scale industrial implementation processes. The conducted review of the published LCA data emphasized an urgent need for the implementation of datasets and the improvement of communication between the various nanotechnology sectors and between producers and customers. In this regard, the LCA analysis concerning the production of WS2 nanomaterials was consistent with the published LCIA results.




5.4. Molybdenum Disulfide


The industrial production of MoS2 nanomaterials may raise concerns regarding environmental and health impacts. To mitigate these concerns, Hachhach et al. [178] applied the LCA method to the scaled-up production of MoS2-engineered nanomaterials using the solvothermal process. The method was undertaken through the combined use of Aspen Plus and from cradle-to-gate LCIA IMPACT 2002+ considering 1 kg of MoS2. The results demonstrated that most of the impact categories were linked with the production and inherent sub-processes of the lithium hydroxide. The EIs were analyzed to identify the fundamental problems and to propose technological routes to reduce, or even eliminate, the environmental burdens. The impact assessment was carried out with the aid of the 2002+ impact inferring method. The impact 2002+ LCIA approach proposes the implementation of a midpoint/damage route, linking all types of LCI results through 14 midpoint categories [179]. The researchers fundamentally focused on the categories of resources and energy consumption, given that the production of MoS2-engineered nanomaterials demands a high amount of energy and resource use. To achieve an improved understanding of the EIs and corresponding solutions to mitigate them, it is necessary to assess the contribution of every process in the impact category. Among the investigated impact categories, it has already been demonstrated that the ecotoxicities and non-carcinogen impacts derived only from the existence of aluminum emissions to the water originated from the production of lithium hydroxide according to the Ecoinvent database. The impact category of land use summarized the EIs closely linked with the tasks of human occupation, reshaping, and exploration of the land, and this can refer to the time of extended occupation on the land or to the change in the type of land that contributes to the emission of CO2 [180]. In this sense, the authors considered that the land EI originated from the occupation of the forest, implementation of industrial and traffic areas, and dumpsites. The climate change impact fundamentally originated from the release of greenhouse gases, namely CO2 and methane. The CO2 emanated mainly from the production of steam with 42.6 kg CO2 eq. and electricity consumption with 347.7 kg CO2 eq., which surpassed the CO2 generated by the land use of 0.03 kg CO2 eq. Similarly, methane production contributed to the climate change category with 1.03 kg CO2 eq., which was generated in the steam production from natural gas. The impact of mineral extraction dealt with the extraction of the molybdenum itself as the component for the precursor (NH4)6Mo7O24. The extraction of molybdenum may result in wastes containing concentrations of up to 4000 mg/kg of molybdenum, resulting in the contamination of the soil, sediment, and water. The findings were consistent with those reported in [180] which, for the same WS2 and boundaries of the involved system, confirmed that this was the principal contributor to a major part of the considered impacts, being responsible for more than 64% of the sum of the impact categories. Molybdenum is widely recognized as an essential trace metal for almost all organisms due to its role as a cofactor in diverse enzymes. Nonetheless, when present in high doses, molybdenum can be toxic [181]. In the referred study, the origins of the already mentioned chemical compounds were various. The extraction of the mineral processes impacted the environment through the extraction of pure molybdenum, and the climate change impact was generated mainly through the production of steam and electricity. The terrestrial and aquatic ecotoxicity and non-carcinogenic impact categories could be affected by the acetone production, whereas the remaining impact categories were essentially caused by the production of lithium hydroxide that can be replaced by a similar strong base, given that the lithium hydroxide is not consumed during the synthesis of engineered nanomaterials. It was confirmed that this production is resource- and energy-consuming and can translated to comparatively high impact, such as global warming, non-renewable energy mineral extraction, and intense land occupation, meaning intense deforestation. Nonetheless, it was verified that the process is not toxic for humans, flora, or fauna. To reduce the EI, the origins of the impact categories were determined, and it was found that acetone, molybdenum, and lithium hydroxide were fundamentally responsible, given that the molybdenum and acetone are vital for the production stage and are spent during the process, whereas lithium hydroxide is not consumed but is incorporated as a pH adjuster. Consequently, it can be replaced by cheaper and cleaner sodium hydroxide. Hence, the replacement of lithium hydroxide by sodium hydroxide showed positive results and may drastically reduce the associated environmental burdens. A decrease of 56% in the use of non-renewable energies and land occupation was recently reported.





6. Limitations and Future Prospects


The fundamental limitations and future prospects related to 2D nanofluids are summarized in the following points:




	
The measurement of the thermophysical properties of 2D nanofluids should be further improved. For instance, the actual TC data may be erroneous since incoming data from identical thickness samples differ appreciably from each other, which is not surprising given the lateral sides and the operating conditions considerably, hindering an accurate measurement and the comparison of results.



	
The results on the TC of 2D nanofluids show that the maximum TC enhancement did not correspond to the maximum zeta potential. Hence, a precise concentration level optimization is the main factor for achieving the optimal heat transfer nanofluid.



	
Regarding the tungsten disulfide nanofluids with the addition of surfactants (e.g., SDS), the enhanced amount of SDS reduced the TC of 2D nanofluids. However, under high temperature values the behavior oscillates. The reason behind this fact could be the detachment of the molecules of the surfactant and the consequent interaction between the WS2 nanosheets. Thus, further studies are required to better understand this high-temperature behavior.



	
Further experimental evaluation studies of 2D nanofluids are recommended to stablish a database with the stability over time, specific heat, TC, and rheological characteristics for comparison purposes.



	
More experimental and numerical works on the size reduction possibility when using 2D nanofluids in heat transfer equipment and in systems such as PV/T are required such as those analyzed in the work conducted by Sreekumar et al. [142].



	
Despite the extremely high intrinsic TC of Gr, the verified increases in the TC of Gr nanofluids were up only by 50%. This fact should be further investigated with the aid of numerical modeling and in-depth theoretical studies to achieve a better TC.



	
Since it was already reported that the viscosity of the Gr nanofluids is higher than that of other metals and metallic oxide nanofluids that may result in enhanced flow friction and pumping power needs, an accurate investigation of the friction, pressure drop, and pumping power needs is recommended to fully interpret the tradeoff between the improved TC and the augmented friction and pumping requirements.



	
The economic feasibility of Gr nanofluids should be further evaluated to identify the balanced commitment between the technical and economic feasibility of Gr nanofluid solutions. Most of the economic challenges are associated with current Gr synthesis procedures, which are expensive, material intensive, and energy demanding. Consequently, welcome advancements in Gr manufacturing would relieve the technical and economic limitations for the practical application of Gr nanofluids.



	
Further hybrid evaluation methods should be implemented through the combined usage of molecular dynamic numerical simulations and fluid dynamic laboratory experiments to achieve a better understanding the behavior of 2D nanofluids.



	
Studies on the impact of the hybrid approach of the inclusion of metal (e.g., copper, gold) or metal oxides (e.g., iron oxide) into Gr nanosheets should be undertaken in order to improve the thermal characteristics of Gr nanofluids.



	
More research on the stability, TC, and viscosity of WS2 nanoparticles suspended in ethylene glycol nanofluids with the addition of surfactants should be conducted. Playing the role of stabilizers and rheological modifiers, the careful use of surfactants such as SDBS and CTAB can improve suspension stability over time and reduce the viscosity of 2D nanofluids.



	
Further studies are recommended to evaluate as accurately as possible the real electronic contribution of phonon transport to the TC of Gr. Definitive laboratory data supporting the electronic contribution are still missing.



	
Further experiments should be conducted on the interfacial thermal conductance of 2D nanofluids and nanomaterials. Apart from the common acceptance that interfacial coupling increases interfacial thermal conductance, precise laboratory measurements of this property are scarce.



	
Future research should be conducted in the field of PV/T systems regarding heat transfer media, as it is possible to replace the commonly used phase change materials with stable nano-scaled PCMs to achieve a significant improvement in the heat transfer performance of PV cells. The thermophysical properties of the working fluid can be enhanced with 2D nanofluid usage.



	
In certain potential applications, such as enhanced oil recovery, the wettability of 2D nanofluids and nanomaterials is of great importance. Nevertheless, the already published findings regarding the wettability and contact angle measurements of the included nanoparticles are not consistent with each other. Consequently, further in-depth investigations are needed to clarify this matter and to achieve well-accepted values and trends.









7. Conclusions


The fundamental conclusions of this review can be summarized in the following points:




	
The employment of 2D nanofluids can improve the thermal performance of heat transfer systems and devices. Hence, the dimensions of heat changers, heat pipes, and thermosyphons, among others, can be noticeably reduced, resulting in greater efficiency, reliability, reproducibility, and less associated EI.



	
The results of the TC measurement of 2D nanofluids with the addition of nanosheets revealed that the maximum TC enhancement did not coincide with the zeta potential maximum. Consequently, an accurate concentration of the nanoparticles is one of the most important factors for achieving the optimal heat transfer performance when employing 2D nanofluids.



	
The size reduction in heat transfer and storage equipment and systems using 2D nanofluids is an issue of relevance and has been studied previously. For instance, in the study performed by Sreekumar et al. [142] it was demonstrated that, from the same thermal output of a PV/T system, the MXene 2D nanofluids achieved a reduction in the solar collector area between 4.5 and 14.5%, depending on the concentration of the MXene in reference to a water-based operating PV/T system.



	
The rheological analysis suggested the formation of a structured network in the nanofluids of the WS2 nanoparticles and showed that there was a transition from the viscous behavior to the elastic behavior in WS2 nanofluids with the addition of surfactants. This transition usually requires a higher initial pumping power in the system.



	
Gr nanofluids revealed a higher TC at much lower concentrations in comparison to those of the metallic and metallic oxides, such as silver, copper, alumina, and silica, exhibiting enhancements between 40% and 50% at only 0.1% wt. weight fraction. However, Gr nanofluids possess a higher density and viscosity, with the latter reported to be higher than that of the other mentioned nanofluids even at lower concentrations.



	
The improved thermophysical characteristics of the rGO are related to its monolayer or multi-layered nanostructures. Nonetheless, the adjacent rGO nanosheets cause them to aggregate into macro-scaled carbon allotropism. Consequently, the assurance of a homogeneous dispersion of the nanosheets is pivotal for the synthesis of rGO 2D nanofluids.



	
Two-dimensional nanofluids with the incorporation of Gr nanosheets are commonly found to exhibit higher convective heat transfer parameters than GO nanosheets. The difference may be related to the diverse order of the molecules in the base fluid in the proximity of the Gr nanosheets, parallel structure, and π–π plan stacking.



	
It is important to prevent the agglomeration and sedimentation of 2D nanoparticles in base fluids by modifying the charge distribution of their surface. The scientific community have used different technological solutions to tackle this limitation, including covalent functionalization by the modification of the chemical structure, non-covalent functionalization with the incorporation of surfactants, and plasma functionalization. Plasma functionalization usually involves very complex processes and overall costs.



	
The possibility of studying the thermal characteristics and mechanisms rarely detected in the bulk nanomaterials is one of the most remarkable characteristics of 2D nanomaterials and corresponding nanofluids. One example is the electronic contribution of the TC of the ballistic and hydrodynamic phonon transport in Gr. This contribution is as high as 10% and is important in thermoelectric applications.



	
Regarding 2D hybrid nanoparticles, the thermal contact resistance between the different components may limit the heat transfer capability in thermal management applications. This is the case in CNT/Gr nanofluids, where the thermal contact resistance between the individual Gr nanoflakes and the CNTs remains a problem that should be solved.



	
The incorporation of surfactants to improve the colloidal stability of 2D nanofluids should be carefully performed, given that it may be, in some cases, a counterproductive measure due to the absorption of the surfactant molecules on the surface of the 2D nanostructures, which can induce phonon scattering, impacting negatively on the heat transfer capability of 2D nanofluids.
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Figure 1. Types of 0D, 1D, and 2D nanomaterials. 
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Figure 2. Schematic diagram of the qualitative comparison of the thermophysical properties of the main 2D nanofluids. 
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Figure 3. Main practical applications of 2D nanofluids. 
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Figure 4. Schematic diagram of the preparation method of the 2D h-BN/transformer oil nanofluids. 
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Figure 5. Main tungsten disulfide preparation methods. 
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Figure 6. Schematic diagram of a four-ball tribometer and effect of the concentration of nanosheets. 
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Figure 7. Schematic diagram of microwave-synthesized molybdenum disulfide nanoparticles. Adapted from [96]. 
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Figure 8. Schematic diagram of the percolation mechanism of nanofluids. 
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Figure 9. Schematic diagram of the synthesis procedure of MXene nanosheets in a water-based nanofluid. 
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Figure 10. Main steps of the preparation of the MXene/soybean oil 2D nanofluid. Adapted from [103]. 
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Figure 11. Schematic diagram of the rGO-Fe2O3 nanocomposite. Adapted from [113]. 
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Figure 12. Preparation method of the Gr-gold nanoparticles in ethylene glycol 2D nanofluid. Adapted from [114]. 
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Figure 13. Configurations of typical PV/T systems with nanofluids: (a) as a coolant; (b) as a coolant and spectral filter with double-pass channel; (c) as a coolant and spectral filter with separate channels. 
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Figure 14. Schematic diagram of the Hummer method for the synthesis of GO. 
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Figure 15. Schematic diagram of the configuration of the PV/T system for four different conditions. Adapted from [137]. 
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Table 1. Recent studies on h-BN and hybrid nanofluids.






Table 1. Recent studies on h-BN and hybrid nanofluids.





	Reference
	Authors/Year
	Concentration
	Base Fluid
	Main Findings
	Remarks





	[25]
	Zhi et al., 2011
	6% vol.
	Water
	2.6-fold enhancement of the TC.
	Relatively low viscosity increase.



	[26]
	Fang et al., 2014
	1, 2, 5, and 10% wt.
	Paraffin phase change materials
	60% increase in the TC.
	Minor decrease in the latent heat capacity.



	[27]
	Ilhan et al., 2016
	From 0.03 to 3% vol.
	Water, water ethylene glycol mixture, and ethylene glycol
	TC increases of 26%, 22%, and 16% at 3% vol. for the different base fluids, respectively.
	Use of SDS and PVP surfactants.

Viscosity increases of 22%, 66%, and 33% for the different base fluids, respectively.



	[28]
	Ilhan and Erturk, 2017
	0.1, 0.5 and 1.0% vol.
	Water
	Heat transfer enhancements of 7, 10, and 15%, respectively.
	Formation of percolating structures and branching network.



	[29]
	Hou et al., 2018
	5, 10, 15, 20, and 25% vol.
	Water
	298% increase in the TC at 25% vol.
	Considerable increase in the viscosity.



	[30]
	Hussein et al., 2020
	Hybrid Gr-h-BN at 0.05, 0.08 and 1% wt.
	Water
	85% increase in the solar collector efficiency.
	Use of Tween 80 surfactant.



	[31]
	Zhang et al., 2021
	0.8% wt.
	Solar Salt
	16% increase in the specific heat capacity.
	Excellent thermal and long-term stabilities after 7200 min.

The viscosity of the solar salt increased by 2 to 3 times with the addition of the h-BN.



	[32]
	Farbod and Rafati, 2022
	1% vol.
	Ethylene glycol
	24% increase in the TC and

30% increase in the heat transfer rate.
	No increase in the friction factor in turbulent regime.
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Table 2. Recent works on Gr, GO, and hybrid 2D nanofluids.
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	Reference
	Authors/Year
	Concentration
	Base Fluid
	Main Findings
	Remarks





	[62]
	Ahammed et al., 2016
	Gr at 0.05%, 0.10%, and 0.15% vol.
	Water
	Viscosity increased by approximately 47% at 0.15% vol.
	Surface tension decrease of approximately 19% at 0.15% vol.



	[16]
	Das et al., 2019
	Gr at 0.1% wt.
	Water
	17% increase in the TC.
	Considerable increase in the viscosity.



	[63]
	Dong et al., 2021
	Gr at 0.2% wt.
	Propylene glycol–water Mixture
	The TC increased with increasing concentrations until 0.2% wt.
	The HTC almost remained unchanged for concentrations above 9.2% wt.



	[64]
	Borode et al., 2021
	Gr at 0.25% wt. and different surfactants
	Water
	TC increased from 5.5% to approximately 9%, depending on the added surfactant.
	Viscosity increased from approximately 6% to 23%, depending on the added surfactant.



	[65]
	Kanti et al., 2022
	GO from 0.05% to 1.0% vol.
	Water
	14.4% increase in the TC at 1.0% vol.
	Good stability over time with the PVP surfactant.



	[66]
	Kanti et al., 2022
	Gr from 0.05% to 1.0% vol.
	Ionic Liquid
	27.6% increase in the TC at 0.5% vol. and at 60 °C.
	The viscosity of the ionic nanofluids was lower than that of the ionic liquid alone.



	[67]
	Huminic et al., 2022
	Go-Si at 0.25% wt.
	Water
	A new correlation was proposed for the viscosity.
	Improved efficiency in laminar and turbulent flows.



	[68]
	Ali, 2022
	Gr at from 0.01 to 0.1% vol.
	Water
	125.7% increase in the TC.
	5% decrease in the viscosity.

Stable after 45 days with the addition of SDS.



	[69]
	Rahman et al., 2022
	Gr functionalized with apple cider vinegar at 0.1% wt.
	Clove
	24.4% increase in the TC in reference to water.
	The TC of the nanofluids was slightly lower than that of the conventional Gr nanofluids.
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Table 3. Some studies on 2D CNT nanofluids and hybrids.






Table 3. Some studies on 2D CNT nanofluids and hybrids.





	Reference
	Authors/Year
	Concentration
	Base Fluid
	Main Findings
	Remarks





	[84]
	Kumaresan and Verlaj, 2012
	MWCNTs at 0.15%, 0.30%, and 0.45% vol.
	Water and ethylene glycol mixtures
	Approximate 19.8% increase in the TC.
	Maximum specific heat capacity increase at 0.15% vol.



	[85]
	Glory et al., 2013
	MWCNTs from 0.01% to 3% wt.
	Water
	64% increase in the TC at 3% wt.
	The TC increase was temperature independent up to 2% wt. of MWCNTs.



	[86]
	Fadhillahanafi et al., 2013
	MWCNTs at 0.5% wt.
	Water
	22.2% increase in the TC.
	Addition of 0.01% wt. of PVP surfactant.



	[87]
	Tong et al., 2015
	MWCNTs at 0.25% wt.
	Water
	4% increase in the efficiency of an enclosed-type U-tube solar collector.
	Considerable decrease in CO2 emissions.



	[88]
	Delfani et al., 2016
	MWCNTs at 25, 50, and 100 p.p.m.
	Water and ethylene glycol mixtures
	From 10% to 29% increase in a direct absorption solar collector.
	The efficiency of the collector increased with an increasing concentration and flow rate.



	[89]
	Esfe et al., 2017
	MWCNTs-SiO2 at 0.05% to 1.95% wt.
	Ethylene glycol
	Increase of 22.2% in the TC at 1.94% wt. and at 50 °C.
	A correlation was proposed based on the temperature and concentration for the TC of the hybrid nanofluids.



	[90]
	Mahbubul et al., 2018
	SWCNTs at 0.05%, 0.1%, and 0.2% vol.
	Water
	10% increase in the efficiency of a tube solar collector in reference to the water alone.
	Critical solar irradiance of 900 W/m2, after that no considerable enhancement was verified.



	[91]
	Hammed et al., 2019
	MWCNTs at 0.1% wt.
	Kapok seed oil
	Approximate 6.2% increase in the TC.
	TC accurately predicted by the Khanafer and Vafai model.
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Table 4. Recent studies on 2D MoS2 nanofluids.
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	Reference
	Authors/Year
	Concentration
	Base Fluid
	Main Findings
	Remarks





	[98]
	Shah et al., 2022
	MoS2 at 0.005%, 0.0075%, and 0.01% vol.
	Ethylene Glycol
	11% increase in the TC.
	Approximately 14.7% maximum decrease in the viscosity at 50 °C and at 0.005% wt.



	[99]
	Arani and Sadripour, 2021
	MoS2 at up to 4% wt.
	Water
	The performance evaluation criterion of a solar collector at 3% wt. and brick-shaped nanoparticles was of 1.269.
	Higher pressure losses for the nanoplatelets than for the brick-shaped nanoparticles.



	[100]
	Martínez-Merino et al., 2019
	MoS2
	Byphenil and diphenyl oxide mixture
	46% increase in the TC.

4.7% increase in the specific heat capacity.

3.2% increase in the viscosity.
	21.3% increase in the efficiency of solar collectors.
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Table 5. Recent studies on 2D MXene nanofluids and hybrids.
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	Reference
	Authors/Year
	Concentration
	Base Fluid
	Main Findings
	Remarks





	[105]
	Wang et al., 2021
	MXene at 5, 10, 20, 40, and 60 p.p.m.
	Water
	Maximum of 63.4% in the photothermal conversion efficiency at 20 p.p.m.
	Near-zero spectral transmittance at 60 p.p.m.



	[106]
	Bakthavatchalam et al., 2021
	Mxene at 0.1%, 0.2%, 0.3%, and 0.4% wt.
	Diethylene Glycol and Ionic Liquid Mixtures
	Increase of 78.5% in the PV/T thermal efficiency.
	Increase of 6% in the PV/T heat transfer coefficient.



	[107]
	Das et al., 2022
	MXene-Al2O3 at 0.05%, 0.1%, and 0.2% wt.
	Therminol 55
	61.8% increase in the TC.
	Approximate 17.1% increase in the viscosity.



	[108]
	Said et al., 2022
	MXene at 0.05%, 0.08%, and 0.1% wt.
	Silicone Oil
	Approximate 70% increase in the TC at 25 °C and near 89% at 150 °C and at 0.1% wt.
	Approximate 0.50% increase in the viscosity at 25 °C and near 2.4% at 150 °C and at 0.1% wt.



	[109]
	Arifutzzaman et al., 2023
	MXene-functionalized Gr at 0.02% wt.
	Silicone Oil
	Approximate 68% increase in the TC.
	Thermal stability up to near 393 °C.

The viscosity decreased by approximately 31 with the increase of 25 °C in the temperature.



	[110]
	Sundar et al., 2023
	MXene at from 0.1% wt. to 1.0% wt.
	Water and Ionic Liquid Mixture
	56.6% increase in the TC at 1.0% wt.
	Approximate 18% increase in the viscosity at 1.0% wt.



	[111]
	Qu et al., 2023
	MXene at from 10 to 300 p.p.m.
	Water
	63.5% increase in the photothermal conversion efficiency at 220 p.p.m.
	Approximate 12% increase in the temperature rise at 220 p.p.m.
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Table 6. Recent experimental works on 2D hybrid nanofluids.
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	Reference
	Authors/Year
	Concentration
	Base Fluid
	Main Findings
	Remarks





	[120]
	Ahammed et al., 2016
	Gr–Al2O3 at 0.1% vol.
	Water
	Increase of approximately 63.1% in the HTC.

Increase in the pressure drop of approximately 20.3%.
	Increase in the cooling capacity and coefficient of performance of a thermoelectric cooler by nearly 31.8%.

Decrease in the total entropy generation in a heat exchanger of 19.6%.



	[121]
	Verma et al., 2018
	MWCNTs-CuO and MWCNTs-MgO at 0.25% to 2% vol.
	Water
	Increases in the thermal efficiency of a flat plate solar collector for the MWCNTs-CuO was approximately 18% at 0.75% vol. and at mass rate of nearly 0.025 kg/s compared with the water alone, and nearly 20.5% for the MWCNTs-MgO.
	Increase in the exergetic performance of the MWCNTs-CuO of 30.09% compared with the water alone. The homologous value for the MWCNTs-MgO was nearly 33.8% compared with the water itself.



	[122]
	Omri et al., 2022
	Gr–copper oxide at concentrations until 1% wt.
	Water
	HTC increases of approximately 23.7% and of nearly 79.7% at 0.2% wt. and 1% wt., respectively.
	Use of a vertical helical coil heat exchanger.



	[123]
	Mahamude et al., 2022
	Gr–crystal nano cellulose at 0.1%, 0.2%, and 0.5% vol.
	Water and ethylene glycol mixture
	194% increase in the TC.
	Maximum efficiency of a flat plate solar collector of approximately 16.9% at 0.5% wt.



	[124]
	Jin et al., 2022
	Gr–MXene at 1.8% wt. Gr + 0.2% wt. MXene, 1.5% wt. Gr + 0.5% wt. MXene, and 1.0% wt. Gr + 1.0% wt. MXene
	Water
	Approximate 60% increase in the TC with the 1.8% wt. Gr + 0.2% wt. MXene.
	The viscosity and viscosity increase in the Gr–MXene nanofluids decreased as MXene concentration increased.










[image: Table] 





Table 7. Recent experimental works on the use of 2D nanofluids in heat exchangers.
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	Reference
	Authors/Year
	Nanomaterial/Concentration
	Base Fluid
	Heat Exchanger Type
	Main Findings
	Remarks





	[128]
	Esfahani and Languri 2017
	GO at 0.01% and 0.1% wt.
	Water
	Shell and tube
	Increases of 8.7% and 18.9% in the TC at 0.01 wt.% and 0.1 wt.% and at 25 °C and 40 °C, respectively.
	Decreases of 22% and 109% in the exergy loss at 0.01 and 0.1 wt.% under laminar regime.



	[129]
	Poongavanam et al., 2019
	MWCNTs at 0.2%, 0.4%, and 0.6% vol.
	Solar glycol
	Shot Peened Double Pipe
	Increase of approximately 115% in the HTC at 0.6% vol. and at a mass flow rate of 0.04 kg/s.

Increase of approximately 30.6% in the TC at 0.6% vol. and temperature values between 30 °C and 50 °C.
	Increase of 1.56 times in the pressure drop at 0.6% vol. and at mass flow rate of 0.08 kg/s.



	[130]
	Fares et al., 2020
	Gr at 0.2% wt.
	Water
	Shell and tube
	Increase in the HTC of 29% at 0.2% wt.
	Increase in the thermal efficiency of 13.7% at 0.2% wt.



	[131]
	Sen and Variyenli, 2021
	Gr–CuO at 0.5% vol.
	Water
	Concentric tube
	Increase of 9.6% in the HTC.
	Decrease of 55% in the total exergy loss.



	[132]
	Abdalahh et al., 2021
	Gr at 0.02%, 0.055%, and 0.06% wt.
	Water
	Double
	Increase of 51.1% at a Reynolds number of 425 and at 0.06% wt. and 0.055% wt.
	The pressure drop and pumping power were higher at 0.06% wt. than at the other concentrations.
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Table 8. Recent works on the use of 2D nanofluids in PV/T systems.
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	Reference
	Authors/Year
	Nanomaterial/Concentration
	Base Fluid
	Main Findings
	Remarks





	[138]
	Hassan et al., 2020
	Gr at 0.05%, 0.1%, and 0.15% vol. and RT-35HC phase change material
	Water
	Decreases of 23.9 °C, 16.1 °C, and 11.9 °C in the PV temperature for nanofluid-based PVT/PCM system, water-based PVT/PCM system and PV/PCM system, respectively.

Increase of 17.5% in the thermal efficiency of the hybrid PVT/PCM system in comparison to that of the water-based hybrid PVT/PCM system, and overall efficiency increase of 12%.
	Increases of 23.9%, 22.7%, and 9.1% in the electrical efficiency, respectively, in reference to the conventional PV system.



	[139]
	Abdelrazik et al., 2020
	rGO–Ag from 0.0005% to 0.05% wt.
	Water
	The hybrid solar PV/T system with rGO–Ag/water nanofluids obtained thermal efficiencies between 24% and 30%.
	Improved performance at concentrations inferior to 0.0235% wt. compared to the PV system without the integration of optical filtration.



	[140]
	Venkatesh et al., 2022
	Gr at 0.3% vol.
	Water
	Increases of 23% and 13% in the energy efficiencies of the PV and PV/T systems, respectively.
	Decrease of approximately 20 °C in the temperature of the panel at 0.3% vol. and at 0.085 kg/s.



	[141]
	Sreekumar et al., 2022
	MXene at 0.2% wt.
	Water
	Increase of approximately 21.4% in the HTC at 0.2% wt. and at a flow rate of 40 kgh−1
	Decrease of 10% in the PV surface temperature compared with the water alone.
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Table 9. Recent works on the use of 2D nanofluids and hybrids in the CSP field of technology.
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	Reference
	Authors/Year
	Nanomaterial/Concentration
	Base Fluid
	Main Findings
	Remarks





	[145]
	Hordy et al., 2014
	MWCNTs from 5.6 mg/L to 53 mg/L
	Water, ethylene glycol, propylene glycol, and Therminol™ VP-1
	Long-term stability even after eight months in the ethylene glycol and propylene glycol-based nanofluids.

The MWCNTs were highly absorbent over most of the solar spectrum, allowing for nearly 100% solar energy absorption, even at low concentrations.
	Glycol-based nanofluids presented the best overall thermal performance.



	[30]
	Hussein et al., 2020
	Gr-h-BN at 0.10% wt.
	Water
	Increases of 12% and 64% in the TC at 20 °C and 60 °C, respectively, and at 0.10% wt.
	Thermal efficiency of the system up to 85% at 0.10% wt. and 20% higher than that of the water alone.



	[146]
	Hosseinghorbany et al., 2020
	GO at 0.5%, 1%, and 2% wt.
	Ionic liquid
	Increase of 6.5% in the TC.

Increase of 27% in the specific heat capacity.
	Increase of 7.2% in the HTC at 0.5% wt.



	[144]
	Yan et al., 2022
	h-BN at 0.5%, 1.0%, 1.5%, and 2.0% wt.
	Solar Salt
	Increase of nearly 76.8% in the TC.

Increase of 29.8% in the specific heat capacity.
	Decrease from 12.2 °C to 4.7 °C in the supercooling degree.



	[147]
	Kumar and Tiwari, 2022
	h-BN at 0.25%, 0.50%, 0.75%, 1.0%, 1.25%, 1.5%, 1.75%, and 2.0% wt.
	Water
	Maximum energy efficiency of nearly 72.1% at 1.5% vol. and at 0.051 kg/s mass flow rate.

The maximum increase in the energy efficiency of approximately 84% was obtained at 1.50 vol% and at 0.051 kg/s mass flow rate.

The maximum exergy efficiency of 13.1% was obtained at 1.25% vol. and at 0.017 kg/s of mass flow.
	The lowest value of entropy generation of 42.9 W/K was obtained at 1.25% vol.

The entropy generation increased with increasing mass flow rate and decreasing concentration.



	[148]
	Zhu et al., 2022
	h-BN-titanium nitrate at 20, 40, 60, 80, and 100 p.p.m.
	Water
	Exergy efficiency of 83% at 80 p.p.m.
	Maximum of 78% in the photothermal conversion efficiency at 80 p.p.m.
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Table 10. Recent studies on the use of 2D nanofluids in electrical transformers.
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	Reference
	Authors/Year
	Nanomaterial/Concentration
	Base Fluid
	Main Findings
	Remarks





	[152]
	Amiri et al., 2015
	CNTs functionalized with hexylamine at 0.001% and 0.005% wt.
	Transformer oil
	Increase of 10% in the TC compared with that of the transformer oil alone at 0.005% wt.
	Increases in the natural convection and forced convection HTC of 23% and 28%, respectively, at 0.005% wt.



	[153]
	Amiri et al., 2017
	Gr quantum dots at 0.001% wt.
	Transformer oil
	Increase in the HTC of 23.9%.
	Negligible increase of 1.3% in the viscosity.



	[154]
	Suhaimi et al., 2020
	MWCNTs at up to 0.02 g/L
	Disposed Transformer oil
	Increases of approximately 212.6% and 40% in the AC breakdown strength and lightning impulse pattern indicated at 0.005 g/L concentration compared with the transformer oil alone.
	The presence of the MWCNTs resulted in a decrease in the dissipation factor, and an increase in the permittivity and resistivity of the transformer oil alone.



	[155]
	Alizadeh et al., 2022
	MWCNTs functionalized with OH at 0.001% and 0.01% wt.
	Transformer oil
	Increases of approximately 26.2% and 30.1% in the HTC at 0.01% wt. and 0.001% wt., respectively.
	Decrease of nearly 28.4% in the breakdown voltage at 0.01% wt.



	[156]
	Suhaimi et al., 2022
	CNTs from 0.01 g/L to 0.2 g/L
	Mineral oil
	Increases of nearly 118.3% in the breakdown voltage at 1% probability and at 0.01 g/L.
	At 0.01 g/L, the nanofluid strongly impacted on the storage modulus, viscosity, and thermal behavior, which contributes to the breakdown performance.
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