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The homogeneous dispersions of 2D nanomaterials in heat transfer base fluids—so-called 2D nanofluids. The 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.
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| 1. Introduction

Introductory studies on 1D nanostructures received immediate attention from researchers soon after their introduction by
lijima [ 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 [, given that their properties, especially in heat transfer practical
situations, hold greater potential compared with traditional nanoparticles . Recently, 2D nanomaterials and nanofluids
have become the focus of the scientific community because of their improved thermophysical properties &, 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 (WS,), and molybdenum disulfide (M0S,), 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 . These materials will perform better than the
traditional nanoparticles and corresponding nanofluids due to their large surface area to volume ratio [&. Apart from three-
dimensional nanomaterials, there are two-dimensional (2D), one-dimensional (1D), and zero-dimensional (OD)
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 (0OD) 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 wW-m L.k @ 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.
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Figure 1. Types of 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 . Two-dimensional nanomaterials can be a suitable option as nanofillers in
traditional heat transfer fluids as they present a very high heat transfer area 29, 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 1. |t 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 22! 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. [@ demonstrated that it is possible to synthesize 2D materials, such as MoS,, WS,, 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 5.

« Larger surface area to volume ratios 18],

« 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.
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Figure 2. Schematic diagram of the qualitative comparison of the thermophysical properties of the main 2D nanofluids.

Moreover, hybrid nanofluids can be characterized by the incorporation of binary, ternary, and tetra X4 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 2829 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.
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Figure 3. Main practical 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 A, 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. 22 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 24 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 nanopatrticles. The investigation team demonstrated that the nanofluids with larger nanoparticles exhibited greater
TC enhancements when compared with those with smaller nanoparticles. Bhunia et al. (28] 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.
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Figure 4. Schematic diagram of the preparation method of the 2D h-BN/transformer oil nanofluids.

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.

2.2. Graphenel/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. 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 sp? 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. 22! 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 28, The laser-inducement route is usually
conducted in ambient conditions through the application of a CO, 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 1t-bonds, which are hybridized together to generate the
1Tt 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.

e 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 24, Sadri et al. [28 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. 22
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. BY and Park et al. BU 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. 22 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. 3] 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 24! 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. 5] 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. B8 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. BZ 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. 28l employed pyrene
derivatives for stabilizing rGO dispersions due to the forces of repulsion and the m—t interaction between functionalized
pyrene derivatives and the 1t 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. B2 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. ¥9 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. 1 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 ©2 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 43!, which may be due of the
greater surface area and two-dimensional nanostructure of the Gr nanoplatelets. Akhavan-Zanjani et al. 4 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. 43
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 481 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. 4 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. ljam



et al. 8 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. 49 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. 29 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 T—Tt stacking. Bahiraei et al. B4
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. 22 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. 28] 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.

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 (DWCNTSs), 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
PVIT 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. 24 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. 53 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. B8 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 B2, For instance, Hjerrild et al. 58l 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. B2 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 9. Studies on rheology included
measurements with diverse types of SWCNTs B4 and MWCNTs €2, Additionally, viscosity measurements on covalently
functionalized CNTs have been also reported B3, 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 4, 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 €3, Anson-
Casaos et al. 88 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 (€4 as a function of the concentration of the nanotubes and working temperature.

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.

2.4. Tungsten Disulfide

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

WS, nanofluids are promising in heat transfer applications within the CSP technological field. WS, 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 WS, may improve the TC of
synthetic oil base fluids by approximately 30%. Additionally, the authors Martinez-Merino et al. 68 prepared 2D WS,
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 WS, 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 WS, 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 WS,-
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. 69 2D nanofluids with WS, 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% WS, and 2% SDS,
0.01% WS, and 2% SDS, and 0.02% WS, and 0.05% SDS, respectively. Collectively, the zeta potential saw an
improvement of 554%, whereas the mean patrticle 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%
WS, 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 WS filler concentration, the higher fractions of 0.01%
and 0.02% of WS, 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 WS, nanosheets.

 The rheological analysis confirmed the formation of a nanostructured network inside the nanofluids with WS,
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 WS,
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 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 WS, 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
WS, nanoparticles have already demonstrated 9 great potential as fillers in lubricating and engine oils. WS, 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.
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Figure 6. Schematic diagram of a four-ball tribometer and effect of the concentration of nanosheets.

However, more molecular dynamics are required for the WS, 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 WS, nanofluids. The decoration of WS, requires further theoretical and experimental confirmation,
given that the decoration of the WS, edge may induce considerable beneficial effects on the rheological and heat transfer
characteristics of WS, 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 WS, nanosheets.
For instance, numeric analyses based on density functional theory determinations and electron localized functions are
welcome to better understand the WS, 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 MX, as chemical formula, where X denotes a chalcogen, such as sulfur, selenium, and tellurium, and
M denotes the transition metal. MoS, 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. MoS,
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. /4 investigated
the thermal stability of MoS, 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 MoS,, 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.
72l prepared MoS, nanosheets to be suspended in SAE 20W50 diesel engine oil to produce an effective lubricant. MoS,
nanoparticles were synthesized using a microwave hydrothermal reactor. The schematic diagram of the synthesis
procedure is presented in Figure 7.
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Figure 7. Schematic diagram of microwave-synthesized molybdenum disulfide nanopatrticles.

The tribological and oxidation analysis showed that the lubricant with a weight fraction of 0.01% wt. of MoS, nanopatrticles
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 MoS, 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 nanopatrticles 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.
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