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The novel class of fluids known by nanofluids is composed of colloidal suspensions of solid nanoparticles
dispersed in a base fluid. When the solid nanoparticles are made of noble metals they can be named as noble

metals nanofluids or noble nanofluids for short.

noble metals heat transfer nanofluids thermal management

| 1. Introduction

The nanotechnology area is one of the most dynamic research areas in the materials science and technology and
the production of nanoparticles is gaining an ever-increasing worldwide importance. The nanoparticles show
improved properties that are influenced by their characteristics like shape, size, and nature. The nanoparticles can
be divided into inorganic and organic. The inorganic nanoparticles incorporate semi-conductor nanoparticles,
metallic nanoparticles like gold, silver, and copper, and magnetic nanoparticles like cobalt and iron, whereas the

organic nanoparticles category incorporates carbon nanoparticles like, for instance, carbon nanotubes.

There is a growing enthusiasm for noble metal nanoparticles and nanofluids like the ones of gold, silver, platinum,
palladium, and ruthenium, given that they offer superior thermophysical properties together with advantageous
features that are not easily encountered in other nanoparticles like biocompatibility, non-cytotoxicity, and chemical
inertness [, Together with the increasing use of the noble metal nanofluids came the exploration of bio-friendly
synthesis methods. The implementation of the green synthesis of the noble metals nanoparticles and nanofluids is
still advancing as a key branch of nanotechnology where the use of plant extracts and biomass, and
microorganisms for the generation of nanoparticles could be a reasonable option for chemical and physical
methods processed in a bio-friendly mode. The green synthesis progress over the conventional physical and
chemical procedures is that the green procedures are environment friendly, cost-effective, and easily scalable for
vast scale production of nanoparticles and nanofluids, whereas the limitations originated from the high-

temperature, energy, pressure, and toxic chemicals issues are not considered in the green synthesis 2.

The silver nanoparticles, for example, exhibit a considerable surface area that imparts to them remarkable catalytic
activity and biochemical reactivity in comparison with larger nanoparticles with similar chemical composition.
Moreover, the production of silver nanoparticles has attracted notorious attention due to the promising use in
catalysis, plasmonic, antimicrobial activity 8], DNA sequencing, energy conversion, and biomedical applications !,

The most common bottom-up method is the chemical reduction for the synthesis of silver nanoparticles 2. Different
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inorganic and organic reducing agents included in aqueous/non-aqueous solutions are normally employed for the

silver ions reduction. Capping agents are additionally used for size stabilization of the nanoparticles.

A considerable amount of experimental and theoretical research was carried out to infer the effect of metal and
metal oxide nanoparticles in the thermal conductivity enhancement of the nanofluids. It was found that a high
thermal conductivity enhancement could be attained with noble metals nanofluids, even with very small
concentrations of nanoparticles. Also, the heat transfer capability of the nanofluids with noble metals nanoparticles
was reported to be much higher than the one, for example, of the metal oxide nanoparticles. The noble metals
nanofluids were investigated by several researchers like, for instance, Salehi et al. [ and Liu et al. J and they

confirmed significant heat transfer improvements.

The main heat transfer application of the noble metals nanofluids is their use as the operating heat transfer media
in the direct absorption solar collectors to improve the solar—thermal conversion efficiency. The common solar
collectors pose the question on how to ameliorate the absorption efficiency of solar energy and how to efficiently
transmit the absorbed energy in the working medium. With enhanced absorption and heat transfer characteristics,
the noble metal nanofluids can accomplish the requirements for the working thermal fluid in solar collectors, and
greatly increase the conversion efficiency. In this sense, the researchers Neumann et al. 8 investigated that the
gold nanofluids could generate vapor under concentrated sunlight irradiation. The research work indicated that
80% of the gold nanofluids that absorbed solar energy were directed to the vapor generation, but only
approximately 20% of that was explored to enhance the temperature. It was believed that the thermal trapping
action of the nanoparticles provoked a non-uniform distribution of temperature and the overheating in the
nanofluids. Furthermore, the authors Otanicar et al. [ investigated the absorption capability of the hybrid
nanofluids composed of gold-iridium tin oxide nanostructures dispersed in Duratherm S flowing in the receiver of a
photovoltaic/thermal solar parabolic trough collector at temperature values superior to 100 °C. The system showed
better thermal characteristics in reference to the base fluid and achieved a photovoltaic efficiency of 4%, whilst

attaining a peak thermal efficiency of 61% with an outlet temperature of the fluid of 110 °C.

Despite the improved heat transfer and energy absorption characteristics of the nanofluids, they may still pose
threats to humans. Specifically, a great number of nanoparticles will migrate during the vapor generation under
concentrated sunlight process of the nanofluids, which deserves more attention. In the last decades, the
investigators have begun to dedicate time to the expected hazardous effects of rapidly developing nanoparticles
and issued a first warning about the nanoparticles driven pollution 2%, Many works have reported that the
nanofluids, including the metallic and carbon-based ones, had negative impact on humans, plants, and
microorganisms 1. Thus, it is paramount to deeply analyze the migration characteristics of the nanoparticles in

vapor processes.

| 2. Heat Transfer Mechanisms and Influencing Factors

The heat transfer performance of the noble metals nanofluids can be affected by various factors and mechanisms.

The most highlighted in the temperature are the effects of the solid-liquid interface Layer and interactions between
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the Molecules of the metallic Nanoparticles and the Molecules of base fluid. Some of these effects that influence
the heat transfer of the noble metals nanofluids are the aggregation morphology of the incorporated nanoparticles
and the match degree of the phonon density of state. The aggregation morphology influence was already
numerically addressed by the authors Du et al. 12, Song et al. 23] and Wang et al. 1423l The aggregation was
simulated in Molecular Dynamics by a diffusion-limit-cluster-aggregation model, where the influence of the size of
the nanoparticle, concentration, and number in a cluster on the aggregation structure were evaluated. The
researchers concluded that at a fixed volumetric concentration and size of the included nanopatrticles, the thermal
conductivity of the metallic nanofluids increased linearly with decreasing fractal dimension of the aggregation. The
authors interpreted the fact based on the more direct heat transfer channels between the nanoparticles and on the
larger interface between the nanoparticles and the base fluid produced by a lower fractal dimension. Also, the
results showed that the nanoparticle aggregation can dramatically increase the thermal conductivity of the
nanofluids, and the aggregation can be more influent for smaller nanoparticles and lower concentrations. The main
mechanism is that the aggregation raises the phonon mean free path in the solid phase, which further results in the
thermal conductivity enhancement of the nanoparticles and nanofluids. Additionally, the authors Jin et al. [2€
examined if nanoparticle additions with higher thermal conductivity are necessary for greater thermal conductivity
of nanofluids and studied gold-water, silver-water, copper-water, and iron-water nanofluids by the dynamic
molecular method. The results showed that the gold-water nanofluid exhibited the highest thermal conductivity and
thicker nanolayer because of the stronger interaction forces between the gold and water molecules. Also, the
authors proposed an index designated by match degree of phonon density of state and argued that the phonon
match between the molecules of the metal and water molecules was the critical underlying mechanism for the
thermal conductivity enhancement of the metal-water nanofluids. Moreover, the researchers Cui et al. 17 proposed
to add Janus nanoparticles into a fluid commonly named as Janus nanofluids, to further increase the thermal
conductivity of the nanofluids. Through molecular dynamics simulations, the authors reported that the thermal
conductivity can be appreciably improved by the incorporation of Janus nanoparticles into the base fluids in
contrast with the traditional nanofluids. Based on the determination of the molecular radial distribution function
around the added nanoparticles, and the diffusion coefficients of the base fluid and the Janus nanoparticles, the
thermal conductivity improvement in the Janus nanoparticles containing nanofluids was attributed to the increased
Brownian motion of the Janus nanoparticles that augments the likelihood of more inter-molecular collisions and
enhances the heat transfer capability of the medium. Answering to the question of why can hybrid nanofluid
improve thermal conductivity more, the authors Guan et al. 18 evaluated the microscopic mechanism responsible
for the enhancement in the thermal conductivity of hybrid nanofluids. The thermal conductivity and diffusion
coefficient of copper-silver/argon hybrid nanofluid were estimated by molecular dynamics and the obtained results
indicate that the peak enhancement in the thermal conductivity of nearly 70% was attained achieved for a hybrid
nanofluid with copper-silver 50:50%/argon that was much larger than the around 48% and 26.4% achieved for the
silver/argon and copper/argon nanofluids. The radial distribution function demonstrates that the atoms of argon on
the surface of the nanoparticles are in dynamical equilibrium. The nanolayer densities and diffusion coefficients are
calculated for various hybrid nanofluids to explain the underlying mechanism of the enhancement in the thermal
conductivity. The consistency of the thermal conductivity with the nanolayer density and diffusion coefficient

indicates that nanolayer structure and diffusion of the argon are the two underneath mechanisms. The authors
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stated that the nanolayer around nanoparticles can enhance the heat conductance of the nanofluid due to the
greater density and the ordered structure of nanofluid may result in more interactions between the molecules of the
nanoparticles and the molecules of the base fluid. Hence, a greater density of nanoparticles will conduct to a
greater density of nanolayer. Nonetheless, the surface structure of the nanoparticles could be even more relevant
than the density of the nanoparticles, given that it was found that the nanofluids having diverse hybridization ratios
possessed different thermal conductivity. Also, the copper-silver 50:50%/argon nanofluid exhibited the highest
nanolayer density and diffusion coefficient in respect to those of the nanofluids with smaller or greater hybridization
ratios. The reasons are that the copper-silver 50:50%/argon nanofluid had the most lattice distortions on the
surface of the nanoparticles, resulting in a greater polarization and interaction of dipoles, being the lightest copper-
silver 50:50% nanoparticle capable of inducing the greatest Brownian motion. Moreover, the motion of the base
fluid molecules in the nanolayer and the diffusion coefficient can also influence the heat transfer capability of the

nanofluid.

| 3. Noble Nanofluids
3.1. Gold Nanofluids

The gold nanoparticles possess the benefits of being biocompatible and non-cytotoxic. Besides, gold has been
used internally in humans for the last five or six decades because of their chemical inertness. The gold
nanoparticles dimensions can be minimized during their synthesis and functionalization. The gold aqueous
nanofluids using molecular dynamics nanofluids are included in a novel class of fluids with superior thermophysical
characteristics and heat transfer behavior. In this sense, the researchers Zhang et al. 19 observed that the gold
nanofluids exhibited enhanced solar thermal conversion. The authors observed that at only 0.15% wt., the gold
nanofluids enhanced the photothermal conversion efficiency by 20%. Additionally, the authors Sabir et al. 29
evaluated the heat transfer performance of gold aqueous nanofluids under laminar flow and imposed fixed heat flux
flowing in a heat pipe. The obtained results demonstrated increases in the Heat Transfer Coefficient (HTC) of 8%,
15%, and 23% at the minimal volumetric concentrations of 0.00015% vol., 0.00045% vol., and 0.000667% vol. of
gold nanoparticles, respectively, in reference to that of the water itself. The authors observed also that the heat
transfer enhancement was higher in the inlet nearby area and the thermal boundary layer of the nanofluids was
superior to the one of the water alone. The researchers concluded that the gold nanofluids are very suitable for
heat transfer purposes in micro processes using heat pipes. The governing mechanisms of the heat transfer
enhancement rely on factors like the enhanced thermal conductivity, viscosity, and nanoparticle Brownian motion
and migration. Besides, the authors Chen et al. [2l inferred the impact of the size of the gold nanoparticles on the
photothermal conversion efficiency in cube and flat direct absorption solar collectors. The nanoparticles were
manufactured by a seed mediated method and the experimental results showed that the gold nanofluids at
0.000008% wt. provided photothermal conversion efficiencies enhancements of nearly 21.3% and 20% for flat
shaped and cube-shaped direct absorption solar collectors, respectively, in reference to that of the water itself. The
cube-shaped collector presented a greater photothermal conversion efficiency than the one attained with the flat-

shaped collector operating with the same nanofluids, given that the cube-shaped collector optical path length was
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superior to the same length of the flat-shaped collector and, consequently, the former had an enhanced solar
radiation absorption. The photothermal conversion efficiency diminished with increasing size of the gold
nanoparticles for the flat-shaped collector because of the interactions of the optical properties of the nanofluids,
heat losses to the surrounding environment, and thermal conductivity increase. Nonetheless, the influence of the
size of the gold nanoparticles on the cube-shaped collector was not so evident as it happens in the flat-shaped
collector. Besides, the authors Burgos et al. 22 evaluated the impact of the concentration and dimensions of the
gold nanoparticles dispersed in water on the parameters of a direct absorption solar collector, such as the stability
of the nanofluids, extinction coefficient, and photothermal efficiency. The sizes of the nanoparticles were of 5 nm
and 20 nm and their concentrations were of around 5 ppm, 28 ppm, and 51 ppm. The authors demonstrated that
the incorporation of gold nanoparticles with a surface plasmon resonance of 516 nm for the 5 nm-sized particles
and of 520 nm for the 20 nm-sized particles enhanced considerably the light absorption capacity of the water itself.
Also, the research team confirmed that the photothermal conversion efficiency was closely linked with the
concentration and size of the dispersed nanopatrticles. In addition, the photothermal conversion efficiency was
increased to a maximum 121% in comparison with that of the water alone using the 5 nm-sized gold nanoparticles
at 51 ppm. Also, the authors reported that the photothermal conversion efficiency increase within the employed
concentration range did not follow a linear relationship, given that it was a threshold beyond which no further
increase was observed. The results demonstrated the beneficial features of using smaller sized gold nanoparticles
at lower concentrations in solar collectors. One of them is the ability to reduce the needed thermal fluid overall
volume to reduce the collector depth. This will lead to smaller and less costly direct absorption solar collectors.
Moreover, the researchers Lopez-Munoz et al. (23] examined the influence of the size, concentration, and base fluid
on the thermal diffusivity of urchin-like gold nanofluids produced by a hydroquinone two-step method using a seed-
mediated growth. The urchin-like gold nanoparticles low size dispersion synthesized by this methodology was
found to be advantageous in comparison with the single-step methodology, which are not so able for controlling the
dimensions of the branched nanoparticles. This tuning capability is vital since it is closely linked to the adjustable
surface plasmon resonance of the urchin-like gold nanoparticles. The research team observed that the thermal
diffusivity ratio altered inversely with the size of the nanoparticles that was between 55 nm and 115 nm. Also, the
thermal diffusivity ratio augmented with increasing concentration of nanoparticles and decreasing thermal diffusivity
of the base fluid. Besides, the researchers Carrilo-Berdugo et al. 24, It was experimentally found that a
concentration of 0.01% wt. of gold nanoplates provided a 1.6% increase in the specific heat capacity and an
enhancement of around 18% in the thermal conductivity at 373 K. The gold nanofluids had a eutectic mixture of
biphenyl and diphenyl oxide for base fluid, which is commonly employed in concentrated solar power stations. The
research team verified that at 4.8% wt. of gold nanoplates and at 373 K, the thermal conductivity and specific heat
increased by nearly 25% and 6%, respectively. The obtained results showed that the alteration degree of these
properties depended on the surface chemistry of the nanomaterial. Also, the density functional theory simulations
revealed that a layer of physiosorbed diphenyl oxide and biphenyl molecules were formed onto the gold surfaces.
The molecular dynamics simulations aided to achieve a correlation between the interactions at the interface and
the thermophysical features of the nanofluids. Henceforth, it can already be stated that higher specific heat
capacity increases and lower high-temperature thermal conductivity increases can be obtained with more intense

interactions between the existing molecules at the solid—liquid interfaces. Besides, the authors Han et al. 22
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introduced an optimization procedure to evaluate the impact of the concentration and size of the nanopatrticles, and
optical thickness of gold nanofluids filtered photovoltaic/thermal systems including silicon solar cells. The surface
modified gold-water and gold-ethylene glycol nanofluids with polyvinylpyrrolidone or polyethylene glycol were
synthesized to act as an optical filter for photovoltaic/thermal systems. Also, prolonged storage, heating at high
temperature values, and cycles of solar irradiation under flowing conditions experiments were performed to prove
the stability over time of the surface modified gold nanoparticles. Additionally, there were also carried out indoor
flowing tests to evaluate the effectiveness of the gold polyvinylpyrrolidone modified-ethylene glycol nanofluid filter.
The obtained results indicated that a 1.37 merit function maximum for a photovoltaic/thermal system with a gold
aqueous nanofluid filter was attained at 49 ppm with 20 mm of optical thickness and 20 nm of average nanoparticle
size. In addition, the achieved merit function value for the best gold/water nanofluid filtered photovoltaic/thermal
system was superior to that encountered in the literature, demonstrating the improved reliability and applicability of
the optimization methodology followed by the authors. The prepared gold nanoparticles with 20 nm of average size
and good distribution showed superior optical characteristics, being the localized surface plasmon resonance peak
at 525 nm. In view of the stability experimental tests, the coated gold nanoparticles with polyvinylpyrrolidone or
polyethylene glycol extended their dispersion stability over time. The absorbance of gold dispersed in
polyvinylpyrrolidone/ethylene glycol nanofluids after 10 h of heating at a temperature of 110 °C exhibited only a
negligible alteration. Apart from this, the plasmonic peak of the gold polyvinylpyrrolidone modified nanoparticles
portrayed a slight enhancement after four cycles of irradiation and flowing. Additionally, the polyvinylpyrrolidone
was a better protective shell for the gold nanoparticles in comparison to the polyethylene glycol. The results of the
flowing tests indicated that the mass flow rate affected only slightly the photo-electrical conversion capability of the
silicon solar cell, but it negatively affected the efficiency of the gold-polyvinylpyrrolidone-ethylene glycol nanofluids
filtered photovoltaic/thermal system. For the photovoltaic/thermal system at 29 ppm of gold-polyvinylpyrrolidone-
ethylene glycol nanofluid filter, the efficiency decreased from nearly 60% to 54% in the case where the mass flow
rate increased from 2 mL/min to 6 mL/min. The photovoltaic/thermal system using the 29-ppm gold-ethylene glycol
nanofluid filter with a mass flow rate of 2 mL/min attained a merit function value, photoelectrical efficiency,
photothermal efficiency, and exergy efficiency of 1.95, 9.6%, 60.2%, and 14%, respectively. Furthermore, the
authors Amjad et al. 281 performed an innovative experiment employing a single uniform solar heating system
under 280 Suns of concentrated solar flux to evaluate the steam production capability of gold aqueous nanofluids.
The researchers observed a non-uniform temperature distribution along the nanofluids heating path and proposed
an integration method to determine the contribution of the sensible heating. Also, the researchers identified
different stages of heating, which were the saturated boiling, and the surface and subcooled heating. In the surface
heating, a large energy amount was absorbed through the surface fluid conducting to the generation of vapor,
whilst the underneath fluid was still subcooled. The authors concluded that the efficiency of the photothermal
conversion process and the steam generation were enhanced almost linearly with increasing concentration of
nanopatrticles. Also, it was confirmed that an energy efficiency enhancement of nearly 95% using a gold nanofluid
at 0.04% wt. in comparison with that attained with the water alone. Moreover, the researchers Du and Tang 27
numerically investigated the optical properties of plasmonic gold nanofluids with diverse morphologies, aspect
ratios, and concentrations of the nanoparticles. The included gold nanostructures had the shape of nanoellipsoids,

nanorods, and nanosheets. The obtained results indicated that the absorption peak of the gold nanoellipsoids and
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gold nanorods could be increased by adjusting the aspect ratio. The size of the nanoparticles had only little impact
on the extinction coefficient. Because of the plasmon resonance absorption band in the near-infrared and visible
spectra, the plasmonic nanoparticles containing nanofluids possessed an improved performance in the solar
energy storage even at very low concentrations and small sizes, which attains an improved stability. Regarding
this, the authors proposed the gold blended nanofluids composed of 20% nanoellipsoids with two of aspect ratio,
60% nanorods having five of aspect ratio, and 20% nanosheets with I/h equal to seven, in view of the plasmon
resonance absorption band. With these gold blended nanofluids it was attained an enhancement in the solar
energy storage of 104% as compared to that achieved with gold spherical nanoparticles at very low concentrations
and small sizes, which somewhat prevents the lack of stability of the nanofluids at high concentrations. Figure
1 schematically represents the gold nanofluids synthesis method based on the dissolution of citrate crystals and
stirring. Figure 2 summarizes the fundamental benefits of the gold nanoparticles. Figure 3 schematically illustrates

a one-step method and a two step-method to prepare gold nanofluids.

+

Dissolving Sodium  Dissolving HAuC1a
Citrate Crystal Citrate Crystal

Stirring HAuC14 Stirring HAuC1a and
Solution to Bolling Sodium Cltrate Crystal

Figure 1. Gold nanofluids synthesis method based on citrate crystal dissolution.
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Figure 2. Main benefits of the gold nanoparticles.
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Figure 3. Typical one-step method and two step-method to produce gold nanofluids.

Table 1 summarizes the main findings of published experimental and numerical works on the gold nanofluids.
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Table 1. Main findings on the gold nanofluids.

Morphology Concentration

Authors of the of the Base Fluid Main Findings Observations Reference
Nanoparticles Nanoparticles
) TC increase "
. Spherical Addition of
Shalkevichet ~ =PTHES  0.00025% Water of 1.4% at eMUbE -
al. vol.—1% vol. 0.11% vol.
nm surfactant
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Near- Stable after
. Spherical TC increase one month 29
Kim et al. with 7.1 to 0.018% vol. Water of 9.3% without any [29]
12.1 nm surfactant
The larger
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Spherical with 50 nm zr;en(ifci?\r/li(t?jl
Abdelhalim ULEReAAY exf_]ibited increased with
nm 0.01% vol. Water higher . o [20]
et al. . . increasing size
Hexagonal viscosity than of the
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300 nm 65%
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Morphology Concentration

Authors of the of the Base Fluid Main Findings Observations Reference
Nanoparticles Nanoparticles
al. nearly 750 TOAB 4.1%
nm

TD depended  The TD values

Spherical, on the shape indicate an
Star-shaped 0.26 nM to and enhancement 35
UGS and Bean- 2.31 nM Water concentration in the TC and =
shaped of the a decrease in
nanopatrticles the SH
The specific
. Photothermal absorption rate
St 30 mg/L to conversion AU
Zeiny et al. with 2.5 nm g Water . nanofluids was 138l
to 9 nm 150 mg/L ncrease of superior to that
around 72%
of copper
nanofluids
Ketone and
alcohol
formed gold The gold
Spheres, Ketone, nano-scaled triangles and
Yuan et al. Triangles, alcohol, spheres rods had more [37]
and Rods ACN, THF tendency to
ACN and THF aggregate
formed rods
and triangles
The
convective
The nanofluid heat transfer
at 2 vol.% efficiency
with 50 nm increased with
Nimmagadda S_pherical .caused ap increasing -
ot al. with 50 nm 2% vol. Water increase m Reynolds .
and 70 nm the convective number and it
heat transfer was optimal in
efficiency the magnetic
around 13% field located
along the X-
axis
Zaaroura et Spherical 1% vol. Water The uncapped Addition of &
al. with 2.2 nm, nanofluids citrate-capping
5nm, and 10 with PBS PBS and no
nm solution citrate-PBS
showed that
the
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Authors

Morphology Concentration

of the
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Nanoparticles Nanoparticles

Chen et al.

Fogaca et al.

3.2. Silver Nanofluids

Sphere and
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Base Fluid Main Findings Observations Reference
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Morphology Concentration ‘les in the
Authors of the of the Base Fluid Main Findings Observations Reference [42]
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Han et al. 40 nm, 60 m Ethylene filtered b PVP or PEG
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nanofluid at
29.2 ppm and found an
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the water itself under the same conditions. Consequently, the nanofluids showed better heat transfer capability as
compared to water in common heat pipes since the nanoparticles can flatten the temperature difference of the
fluids and decrease the boiling limit. Additionally, the authors Khamliche et al. #& produced silver nanofluids in
ethylene glycol and reported a 23% increase in the thermal conductivity when the nanofluids were aged for five
hours. Also, silver nanoparticles in ethanol at 1% vol. and with polyvinylpyrrolidone as stabilizer 49 resulted in
silver nanoparticles with shorter size that caused low viscosity, Newtonian behavior, and considerably higher
thermal conductivity. Nonetheless, silver nanoparticles dispersed in diethylene glycol at nearly 4.4% vol. exhibited
Newtonian behavior at high viscosity B However, distinct literature findings have showed that the silver
nanofluids exhibit non-Newtonian behavior, especially under low shear rates. The influencing factors of this
behavior may include the concentration of nanoparticles, shear rate range, and dynamic viscosity of the base fluid.
Furthermore, there exists a growing interest from the research community for silver nanostructures since they offer
enhanced thermophysical characteristics 21, The silver nanoparticles have already been synthesized through the
evaporation-condensation technigue. Nonetheless, this technique possesses some limitations and technical
difficulties since the employed tube furnace occupies a lot of space, requires high amounts of energy for increasing
the temperature around the source nanomaterial, and it needs prolonged periods to obtain thermal stability. Also,
the chemical reduction is the most employed methodology to produce silver nanoparticles in the bottom-up route
B2 In this sense, diverse inorganic and organic reducing agents in different solutions are employed for the silver
ions reduction. Examples of often added reducing agents are the polyethylene glycol copolymers, sodium citrate,
sodium borohydride, and N,N-dimethyl formamide 22l Moreover, some capping agents are also employed for the

stabilization of the size of the nanoparticles. The most prominent benefit of this method is the capability of
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synthesizing a considerable yield of nanoparticles in a short period. However, this method entails the use of toxic
chemicals and results in toxic by-products. Hence, an alternative way to produce silver nanoparticles is the
biosynthesis, which does not require toxic chemicals and it is complete environmental benevolent process for
producing nanomaterials. The green synthesis of silver nanoparticles uses as precursor and reducing agents plant
extracts, plant biomass and microorganisms. Also, this type of syntheses is cost-effective, scalable, not energy
demanding, and do not require high temperature values and hazardous chemical products 3!, Furthermore, the
researchers Nyamgoudar et al. B4 manufactured silver nanoparticles and nanorods through chemical reduction to
produce and evaluate the resulting nanofluids. The authors reported that both silver nanoparticles and nanorods
exhibited a thermal conductivity peak at a volumetric concentration of 2% vol. The silver nanorods nanofluids
showed better results in comparison to those attained with the nanoparticles. The corresponding enhancement
peaks were nearly 53% at 313 K for the nanoparticles and of around 78% at 323 K for the nanorods. Also, it was
confirmed that the thermal conductivity decreased with increasing concentration of silver nanoparticles or nanorods
because of the nanoparticle clustering that occurred at higher concentrations. The thermal conductivity of the
nanofluids was also found to increase with increasing temperature values. Moreover, the researchers Hasan and
Sultan B2 evaluated the thermal performance of a V-basin tube solar collector with 20 nm-sized silver
nanoparticles dispersed in ethylene glycol and distilled water at volumetric fractions between 1% vol. and 5% vol.
The nanofluids provided an appreciable performance enhancement of the V—basin tube solar collector translated in
a higher heat transfer capability and thermal conductivity as compared to that of the ethylene glycol and distilled
water. The silver nanofluids obtained an improvement when it was compared to the distilled water and ethylene
glycol mostly at a increased inlet temperature values. The authors concluded that the size of the nanoparticles was
of relevance in the heat transfer enhancement and thermal performance of the solar collector. It should be
emphasized that the authors also did a comparative analysis with nanofluids having titanium oxide nanoparticles.
The researchers concluded that the silver nanofluids provided extra enhancements in the thermal solar parameters
in respect to those attained with the titanium oxide nanofluids. Also, the solar collector efficiency for the silver
nanofluids was larger than the one achieved when using titanium oxide nanofluids due to the smaller silver
nanoparticles and corresponding higher thermal conductivity. It was also reported that the difference between the
inlet and outlet temperature of the silver nanofluids was increased due to the heat rate of the solar collector and
lossless heat in the cases where the concentration of the nanoparticles was increased. Additionally, the
researchers Seyhan et al. B8 inferred the effect of silver nanoparticles stabilized with surfactants on the thermal
conductivity of hexane, ethylene glycol, and water. The silver nanoparticles were prepared in agueous medium
using the gum arabic surfactant and oleic acid/oleylamine to the silver nanoparticles stabilization. There were
achieved up to 10% enhancements in the thermal conductivity of the ethylene glycol and hexane at 2% wt. and 1%
wt. of silver nanoparticles, respectively. Nonetheless, it was confirmed that a nearly 10% decrease in the effective
thermal conductivity employing the 1% wt. silver aqueous nanofluids. The silver nanoparticles performed quite
better in ethylene glycol in which the stabilizer did not reduce the base fluid thermal conductivity. At a temperature
of 20 °C, the inclusion of silver nanoparticles into the hexane provided enhancements of 3% and 11% at 0.06% vol.
and 0.13% vol., respectively. Also, an enhancement of nearly 10% was observed for the ethylene glycol nanofluid
at 0.11% vol. The increase in the effective thermal conductivity was attributed to the thermal diffusion and Brownian

motion of the nanoparticles. The thermal conductivity increase could be obtained by augmenting the concentration
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of the nanoparticles. Nonetheless, the thermal conductivity increasing rate weakens at higher concentrations of the
nanoparticles because of the eventual nanoparticle agglomeration. When the gum arabic was solubilized in
ethylene glycol, it did not change the base fluid thermal conductivity. Nonetheless, when the gum arabic was
solubilized in water it considerably reduced the water thermal conductivity. The deterioration of the thermal
conductivity with the gum arabic coated silver nanoparticles was attributed to the stabilizer that reduced the water
base fluid thermal conductivity. After the incorporation of low concentrations of silver nanopatrticles, the evolution
with temperature of the water remained unchanged. Nonetheless, above a concentration threshold of
nanoparticles, the nanofluids temperature dependency was altered. This reversal effect in the temperature
dependency was explained by the authors based on the hydrogen bonding inhibition among the water molecules
because of the gum arabic presence that furnished alternative hydrogen bonding sites. Moreover, the authors
Zhang et al. BZ prepared silver nanowires by polyvinylpyrrolidone with a molecular weight of 40,000 and reported
that the thermal conductivity enhancement of the nanofluids incorporating silver nanowires could be as high as
nearly 13% at only 0.5% vol. of concentration, in reference to that obtained with the base fluid alone. The thermal
conductivity value was nearly 0.28 W/mK, which was greater than the one attained with spherical silver
nanoparticles of approximately 0.26 W/mK. The research team concluded that the molecular weight of the
polyvinylpyrrolidone had impacted considerably on the final morphology of the silver nanowires and on the thermal
conductivity of the corresponding nanofluids. The researchers used the model of Hamilton-Crosser to fit their
experimental results and found that these were consistent with the ones provided by the model. Also, the authors
lyahraja and Rajadurai 28 produced nanofluids by dispersing polyvinylpyrrolidone coated silver nanoparticles in
distilled water. It was measured the thermal conductivity of the nanofluids through the transient hot wire method
and the obtained results demonstrated that the thermal conductivity of the nanofluids augmented with decreasing
size of nanoparticles and increasing concentration of nanoparticles. It was verified a thermal conductivity increase
of 54% in comparison with the one obtained with the distilled water alone at a low volumetric concentration of 0.1%
vol. of 20 nm-sized silver nanoparticles. The researchers also reported that the surfactant and operating
temperature had an appreciable influenced on the increase of the thermal conductivity of the nanofluids. The
nanofluid temperature enhancement from 30 °C to 60 °C provided a 60% enhancement in the thermal conductivity,
whilst the inclusion of surfactants decreased the thermal conductivity enhancement to only 34% using the
polyvinylpyrrolidone and to only 31.5% using the sodium dodecyl sulfate. Additionally, the researchers
Parametthanuwat et al. 2 experimentally studied the thermal performance of 0.5% wt. aqueous silver nanofluids
at temperature values between 20 °C and 80 °C and potassium oleate and oleic acid as surfactants at
concentrations from 0.5% wt. to 1.5% wt. The researchers found that the nanofluids at 1% wt. of potassium oleate
yielded the best thermal performance improvement of approximately 28% at a temperature of 80 °C in reference to
that of the water itself. Moreover, the nanofluid containing potassium oleate exhibited a higher thermal conductivity
and specific heat dynamic than those attained with the water alone. The shear stress of the nanofluid increased
with increasing shear rate from 101 s™* to 103 s™. For a given concentration value of surfactant, the shear stress
and dynamic viscosity of the base fluid decreased with increasing working temperature, confirming that the
temperature directly influenced the viscosity and shear stress of the nanofluids. The thermal conductivity of the
nanofluid with the surfactant increased with increasing operating temperature. The surfactant had contributed

directly to the specific heat increase. Also, the authors verified that the oleic acid group surfactant contact angles
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had better wettability characteristics, depending on the content of surfactant. Besides, the 1% wt. potassium oleate
containing nanofluid could be quite effective for diminishing the wettability. The oleic acid group improved the
stability of the nanofluids. It could be concluded that the nanofluids with surfactant provided a greater thermal
performance improvement over the nanofluids without surfactant by nearly 80%. In sum, the oleic acid contributed
clearly to the heat transfer rate increase of the silver nanofluids. Also, the improvement of the properties of the fluid
with the potassium oleate conducted to the amelioration of the thermal characteristics and, consequently, offered
better features than the ones provided by the inclusion of oleic acid. The ideal concentration for the addition of oleic
acid and potassium oleate in the working fluid was of 1% wt. Furthermore, the researchers Asmat-Campos et al.
(691 considered a prototype of solar heating systems by thermosiphon assisted by a halogen light presenting
wavelengths between deep infrared and violet. The green synthesis of the silver nanoparticles explored the
precursor and reducer silver nitrate of the alcoholic extract from wine production residues, obtaining spherical
colloids having sizes between 30 nm and 40 nm. The obtained results of the application to solar thermal systems
with radiant floor heating systems demonstrated that the silver aqueous nanofluid and silver oil nanofluid had an
improved radiant heat transport and emission, being the best case the one of the silver oil nanofluid with a
temperature increase rate of 0.6 °C/5 min and considering the temperature difference in the fluid attained a rate of
nearly 2.6 °C/5 min and a specific heat capacity of 3519.4 J/kg °C. Figure 4 schematically represents a green
synthesis method to produce silver nanofluids.
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Figure 4. Bio-friendly synthesis methods to prepare silver nanofluids. Adapted from 621,

Figure 5 schematically represents a green synthesis method to produce silver nanofluids from wine grape pomace.
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Figure 5. Green synthesis method to produce silver nanofluids from wine grape residues. Adapted from (€2,

Figure 6 schematically represents the thermal conductivity increases in reference to that of water of silver

nanoparticles and nanorods.
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Figure 6. Heat transfer capabilities of silver nanoparticles and nanorods. Adapted from 4],
Table 2 presents the main findings of published experimental and numerical works on the silver nanofluids.

Table 2. Main findings on the silver nanofluids.

Morphology Concentration
Authors of the of the Base Fluid Main Findings ObservationsReference
NanoparticlesNanoparticles

. Spherical 1.55-fold .
Smgh and with 30 nm to 1% vol. Ethanol increase in the Addition of [49]
Raikar PVP
60 nm TC
TC was 2.5
Kathiravan Spherical 0.25% wi., times greater Ad_dition of .
Al with 15 nm 0.5% wt., and Water at a heat flux sodium lauryl
' 0.75% wt. of 250 kW/m? sulfate
at 0.75% wt.
The smaller
. nanoparticles
Moreira et Spherical 15.9% gavepa better
with 15.17 0.000426 Water increase in the [63]
al. am ™ enhancement
in the heat
transfer
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Morphology Concentration

NanoparticlesNanoparticles

Authors of the
Madah et Spherical
al. with 40 nm
. Spherical
Salzlh ret with 3 nm to
' 11 nm
Sarafraz et Spherical
al. with 50 nm
Nanowires
with 100 nm
of diameter
Zhu et al. and 20 um
and 100 pm
of length
Zeroual et Spherical
al. with 2-3 nm

of the

0.25% vol. to
5% vol.

0 ppm to
1000 ppm

0.5% wt., 1%

wt., and 1.5%

wit.

5 mg-mL™! to
20 mg-mL™1

Base Fluid Main Findings ObservationsReference

Water

Water

Coconut Oil

Ethylene
Glycol

Ethylene
Glycol

The TC
increased
linearly with
increasing
concentration
of
nanoparticles

Maximum
increase in the
TC of nearly
18%

Increase in the
TC of 60% at
1.5% wit.

At 20 mg-mL‘1
the
photothermal
conversion
efficiency of
the 20 um and
100 pm
nanowires
were of 43.3%
and 46.1%,
respectively

Increase in the
TC of 2.5-3%

The electrical
conductivity
increased
considerably
with
increasing
concentration
of
nanoparticles

Addition of
PVP

The TC
slightly
increased
and the
viscosity
decreased
with
increasing
temperature

The TC and
viscosity
increased
with
increasing
concentration
of
nanoparticles

The 100 um
long silver
nanowires

nanofluid had

a higher
photothermal
conversion
efficiency

than the 20

um ones

Addition of
various
contents of

[64]

[6]
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Morphology Concentration

Authors of the of the Base Fluid Main Findings ObservationsReference
NanoparticlesNanoparticles
latex
copolymer
Enhancements
Spherical or5-32%n
Walshe et with 5 nm to Water the photo- Addition of [67]
al. thermal PVA
110 nm .
conversion
efficiency
. The maximum Little
. Spherical . . . .
Oliveira et . 0.1% vol.— increase in the increase in [46]
with 10 nm Water . .
al. and 80 nm 0.3% vol. TC was 18% the viscosity
at 0.3% vol. at 0.3% vol.
Spherical Increase in the .
. . . Optimal
Nakhjavani  with 25 nm, 0.1% wt.— TC of . [61]
Water . concentration
etal. 45-50 nm, 0.4% wit. approximately of 0.1% Wi
and 75 nm 45% A
The pumping
power at high
0.01% vol [LE(EES T temperatures
Contreras . ‘ ’ Water/Ethylene  to 4.4% in the [68]
Spherical 0.05% vol. ) and mass
etal. Glycol 50:50 heat transfer
and 0.1% vol. flow rates
rate .
increased by
up to 4.1%
The SH
decreased
with
increasing
concentration
The maximum . and
Spherical enhancement ncreased
) 0.05% vol., with
Selvam et with Water/Ethylene of TC was . . [69]
. 0.1% vol. and increasing
al. diameters up 0.15% vol Glycol 70:30 around 12% at temperature
to 100 nm 270 VoL 0.15% vol. and P
50°C Maximum
decrease in
the SH of
around 7% at
0.15% vol.
and 40 °C
Seifikar et Spherical 0.002 g/100 Polyethylene The surface Highly Stable L
al. with 4.5[4h mL, 0.005 Glycol temperature Nanofluids sased on
g/100 mL, reached )
spherical

platinum nanoparticles were capped by hydrophobic hyperbranched polyglycerol (HPG) with 1.2 nm and enhanced
dispersion ability in hydrocarbons were fabricated employing an easy phase transfer procedure. The nanofluids of

methylcyclohexane and platinum nanoparticles presented a remarkable stability after six months of storage. In a
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Morphology Concentration e energy
Authors of the of the Base Fluid Main Findings ObservationsReference
Nanoparticles Nanoparticles xchanger
and 0.008 around 52 °C > thermal
g/100 mL with a AT of 24 Pt-HPG-
°C under 1

Sun solar 19.6% wit.
§imulgtor light \perature

intensity for 1
h (g having

an enhancement ot nearly Z21% In respect to the thermal cracking 1.98 MJ/Kg. 10 gain the 2.2 MJ/Kg heat sink, the
675 °C point could be reduced to 664 °C, 653 °C, and 638 °C for methylcyclohexane and Pt-HPG-MW = 3000, Pt-
HPG-MW = 5000, and Pt-HPG-MW = 13,000, respectively. The increases in the heat sink and cracking were
attributed to the catalysis of the platinum nanoparticles. Moreover, the researchers Wu et al. [ fabricated
platinum-hydrocarbon nanofluids initiated and stabilized with a hyperbranched polymer for thermal management
purposes in advanced hypersonic aircraft. The hydrocarbon-dispersible platinum nanoparticles capped with
modified hyperbranched polyethyleneimine having an average size of 2.4 nm were prepared by the phase transfer
method. The stability over time of the nanofluids produced from the methylcyclohexane was affected by the alkyl
chains length, and the methylcyclohexane and platinum-hyperbranched polyethyleneimine-C16 presented the
highest stability. With the nanofluids at 0.005% wt., the dynamic viscosity was reduced by 2% in comparison to
methylcyclohexane and the density remain unchanged. The batch reactor cracking of the nanofluids had
considerable advantages as compared to the thermal cracking, which was contributed by the catalytic
dehydrogenation of the platinum nanoparticles and the hyperbranched polyethyleneimine initiation effect, which
was increased by the platinum nanoparticles. The tubular reactor supercritical cracking experiments mimicking the
cooling channel of hypersonic aircraft revealed an ameliorated behavior of the nanofluids through conversion, gas
yield, and heat exchangers. At a temperature of 650 °C, the conversion of methylcyclohexane raised from 12.4%
wt. to 33% wt., the heat exchanger capability augmented from 1.99 MJ/kg to 2.24 MJ/kg, and the gas vyield
increased from 0.36 mmol/g to 4.01 mmol/g at a concentration of 0.006% wt. of platinum nanoparticles. To obtain
the 2.1 MJ/kg heat exchanger performance, the temperature could be decreased from 664 °C to 642 °C. The liquid
and gaseous products analyses of gaseous confirmed that the reactions forming unsaturated hydrocarbons with
greater enthalpies and hydrogen were the favorites for the nanofluids cracking. Besides, the JP-10 (jet propellant)
cracking application and platinum-hyperbranched polyethyleneimine also showed an enhanced performance.
Hence, the authors concluded that platinum-hydrocarbon nanofluids having a hyperbranched polymer acting as
stabilizer and initiator are very promising fuels with enhanced cracking performance and are very suitable to be

applied in the thermal management in advanced hypersonic aircraft.

3.4. Palladium Nanofluids

Figure 7 presents the main methodologies to produce palladium nanoparticles.
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Figure 7. Fundamental methods to produce palladium nanoparticles.

The authors Carrilo-Berdugo et al. 24 prepared and characterized palladium nanoplates dispersed in oil nanofluids
and evaluated their adequacy to be used as heat transfer fluids and volumetric absorbers for concentrated solar
power systems. Concentrations in the order of 0.02% vol. of these nanomaterials promoted the spectral extinction
of the visible spectrum, suggesting that these palladium nanofluids were very promising choices for volumetric
absorption purposes. The same nanomaterial content was enough to cause a 11.5% thermal conductivity
enhancement with palladium nanoplates at 100 °C and to enhance the specific heat by 12.9% with palladium
nanoplates at 250 °C, with no increases in the dynamic viscosity, which suggested that the developed nanofluids
are also very suitable alternatives for heat transfer enhancement purposes. Besides, the authors reported that the
palladium nanoplate nanofluid could improve the efficiency of a volumetric parabolic-trough collector for
concentrated solar power stations by around 32%. Also, the nanofluid could reduce the pumping power demand by
15%, minimized the structural alterations, and ensured the structural integrity of the collectors by preventing their
overheating. Moreover, the researchers Carrilo-Berdugo et al. /2! discussed how the modification magnitude of the
specific heat and thermal conductivity of the base fluid depended on the surface chemistry of the dispersed

nanomaterials. The authors found that at 0.01% wt. of palladium nanoplates dispersed in a diphenyl oxide and
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biphenyl eutectic mixture, the specific heat capacity was increased by around 12.5%, and the thermal conductivity
was increased by 6% at 373 K. The researchers confirmed through density functional theory and molecular
dynamics simulations that the molecules of the base fluid were chemisorbed on the palladium surfaces. The
authors proposed that the stronger interactions at solid—liquid interfaces, the greater the specific heat
enhancements, and the lower the thermal conductivity enhancements at high temperature values. Besides, the
researchers Carrilo-Berdugo 22! elaborated an in-depth examination of the heat transfer and optical characteristics
of palladium aromatic oil nanofluids, presenting promising results as heat transfer fluids and volumetric absorbers
in the parabolic trough concentrated solar power stations. The authors found that at 0.03% wt. of concentration, the
palladium nanoplates increased by 90% the sunlight extinction after a propagation length of 20 nm. The thermal
conductivity was enhanced by 23.5% at a temperature of 373 K that was sulfficient to increase the efficiency of the
system by up to 45.3% and to decrease the pumping needs by 20%, with minimum collector length increases. The
molecules chemisorbed at the interface acted as shelter boundaries that inhibited the heat transport, behaving as
thermal resistance enhanced pathways, which strongly reduces the effects of the solid on the viscosity, given that it
weakens the interactions between the nanoplates and the non-adsorbed molecules of the base fluid. The sunlight
extinction was of 53%, 90% and 98% after 20 nm of propagation and at 0.006% wt., 0.03% wt., and 0.060% wt.,
suggesting that the palladium nanofluids are very suitable to be applied as volumetric absorbers. Furthermore, the
effective thermal conductivity augmented by 2.6%, 11%, 17% and 23.5% at 0.03% wt. and at temperature values
of 298 K, 323 K, 348 K, and 373 K. The viscosity, in the studied range of temperature values and concentrations,
remained practically the same. Moreover, the researchers noted that in reference to the surface parabolic-trough
collector using the common Dowtherm TMA thermal fluid, the volumetric absorption with the palladium nanofluids
enhanced the efficiency of the system by 45% and, simultaneously, reduced the pumping power demand by 20%.
Also, the length increase of the solar collector was minimum when using the palladium nanofluids turning the
system much more cost-effective. Additionally, the molecular dynamics analysis demonstrated the effects of the
palladium nanoplates on the momentum and heat transfer capabilities of the nanofluids. The momentum transfer
can be quantified by the dynamic viscosity and the heat transfer by the thermal conductivity and were sensitive to
the adsorption mode of the molecules of the base fluid on the solid-liquid interface. Hence, the solid-liquid interface
interactions could become a novel route to further enhance the thermophysical characteristics of the nanofluids
and stimulates the evaluation of what solid-liquid pairs should be candidates for the heat transfer and volumetric
absorption in the concentrating solar power plants. Furthermore, the researchers Qin et al. /4 prepared palladium
nanoparticles with modified hyperbranched polyglycerol stabilizers with good dispersion in non-polar organic
solvents producing nanofluids with enhanced stability. The nanoparticles were synthesized with hyperbranched
polyglycerol products modified with cyclohexanethiol, dodecanethiol, and octadecanethiol, which are herein named
Pd-C, Pd-D, and Pd-O to simplify their identification. The thermal conductivity and stability improvements of the Pd-
C, Pd-D, and Pd-O nanoparticles nanofluids were studied at various temperatures. The diameters of the
nanoparticles stabilized using cyclohexanethiol, dodecanethiol, and octadecanethiol were between 2.7 nm and 3.6
nm. Also, the palladium nanoparticles can be dispersed uniformly in nonpolar base fluids like decalin. The Pd-D
and Pd-O nanoparticles containing nanofluids remained stable at room temperature for 330 days. The nanofluids
thermal conductivity increased with augmenting concentration of the nanoparticles and working temperature in

comparison to that of the base fluid. The long alkyl chain modified hyperbranched polyglycerol mitigated the
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agglomeration of the nanoparticles and aided the improvement of the thermal conductivity of the nanofluids.
Besides, the thermal stability of the nanofluids decreased with rising temperature. Also, it was found that the
palladium nanofluids thermal conductivity augmented with rising operating temperature and concentration of the
incorporated nanoparticles. In general, the palladium nanoparticles stabilized by long-chain alkyl-modified
hyperbranched polyglycerol exhibited superior thermal conductivity and stability over time than the ones that were
not stabilized with the polyglycerol. Moreover, the authors Carrilo-Berdugo et al. [Z3] examined the specific heat of
nanofluids with palladium nanoplates dispersed in a diphenyl oxide and biphenyl azeotropic eutectic mixture for
concentrated solar power purposes. The developed nanofluids were stable for two weeks after the preparation and
their density increased by 0.1%. The researchers observed that the specific heat of the nanofluids at
concentrations of 0.012% wt., 0.03% wt., and 0.006% wt., increased by approximately 6%, 7%, and 5% at 100 °C,
respectively, and nearly 14%, 17%, and 10% at 200 °C, respectively. Also, the authors observed that the evolution
in function of the operating temperature was linear having the slope diverging in reference to the base fluid. Hence,
it was concluded that the palladium nanoplates increased the sensible heat storage with increasing working
temperature. Also, the palladium nanofluids were considered by the researchers as representative for the
interfacial molecular layering analysis. Using density functional theory simulations, it was determined that both
biphenyl and diphenyl oxide molecules chemisorbed evenly on palladium (111) and (100) plan surfaces. Hence,
the formation of a high-temperature stable molecular layer on the solid—liquid interface was possible. This layer
was expected to affect the thermophysical properties of the nanofluids. Additionally, the authors Cruz et al. 13
studied the possibility of using palladium nanofluids in the hyperthermia therapy. The authors highlighted that the
palladium nanoparticles can be explored for hyperthermia therapy to increase the localized absorption of energy by
external sources, to eliminate tumor cells be only heating them and with only little thermal damages imposed on
the adjacent healthy cells. The palladium nanoparticles can also play the role of drug carriers acting on the tumor
when heated to provide a localized antioxidant action and decrease cancer cells viability. Consequently, the
palladium hydride nanoparticles can be adopted as promising materials for hyperthermia therapeutic processes.
The PdCeO, nanoparticles and palladium nanocubes were synthesized and the nanofluids prepared with them
were hydrogenated. The nanofluid having palladium nanocubes showed significant temperature increases of more
than 30 °C after 3 min of diode-laser irradiation. Also, the nanofluids having PdCeO,H nanoparticles showed
temperature increases of approximately 11 °C under similar irradiation conditions. The behavior of the PdCeO,H
nanofluids was because of the ion H* in reducing the ion Ce** to Ce3*. The palladium nanocubes were produced
through chemical precipitation with the addition of the CTAB surfactant. The mechanical grinding and internal
oxidation were also employed to fabricate a nanostructured PdCeO, alloy that displayed the formation of nano-
scaled ceria in the palladium matrix. The temperature changes verified in the nanofluids were much greater than
those verified with the distilled water alone, demonstrating the superior photothermal performance of the employed
nanoparticles, including those that were hydrogenated. Moreover, the authors Yue et al. 8 investigated diverse
palladium nanoparticles modified by octadecanethiol, octadecylamine, and a mixture of them were prepared, which
are named herein by Pd-S, Pd-N, and Pd-S+N, respectively. The size of the palladium nanoparticles was from 1
nm to 3 nm and they were well-dispersed in kerosene. The researchers verified that the Pd-S+N was the most
promising additive for the hydrocarbon fuel for preparing a highly stable propellant, thermal conductivity, and

cooling ability. The investigation team found that the viscosity of the nanofluids containing palladium nanoparticles
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with concentrations inferior to 0.2% wt. had no appreciable increase in respect to the viscosity of the kerosene.
Besides, the researchers reported that the thermal conductivities of the nanofluids were considerably enhanced at
0.2% wt. of palladium nanoparticles. The stability trend of the nanofluids were as follows: Pd-S+N > Pd-S > Pd-N.
The pyrolysis of decalin in the absence/presence of palladium nanoparticles was carried out from 440 °C to 470
°C. The order of the catalytic ability for the palladium nanoparticles was as follows: Pd-N > Pd-S+N > Pd-S. The
catalytic activities of the surface-modified nanoparticles for pyrolysis of decalin were attributed to the synergistic
effects of palladium and its ligands. Hence, it was concluded that the functional nanoparticles could be synthesized
by adjusting the relative content of the core palladium and its ligands in the nanopatrticles. The researchers verified
that the Pd-S+N was the most promising additive for the hydrocarbon fuel for preparing a highly stable propellant,
thermal conductivity, and cooling ability. Figure 8 schematically illustrates a typical green synthesis method for

palladium nanopatrticles obtained from the Origanum vulgare plant.
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Figure 8. Typical green preparation method to synthesize palladium nanoparticles from Origanum vulgare plant.

3.5. Ruthenium Nanofluids

In the last decade, novel pairs of anions and cations based on water and ionic liquids were evaluated for green
energy technology enhancement processes to substitute the conventional salt solutions to avoid the problems of
corrosion, sedimentation in addition to working temperature limitations. It was already confirmed that the solid
nanoparticles of metals and metal oxides present greater thermal conductivities than those of the traditionally
employed fluids by order of magnitude. The lonanofluids can be employed as novel heat transfer fluids and media
for the improvement of green energy applications. Most of the previous study focuses on loading nanopatrticles in
ionic liquids to study their thermophysical characteristics like viscosity, thermal conductivity, and density, which
have emerged as new generation heat transfer fluids. lonic liquids provide a flexible liquid platform to prepare and
stabilize transition metal nanoparticles. By synthesizing nanoparticles directly in ionic liquids enhances the stability
of nanofluids. The authors Patil et al. 2 developed the in-situ production of ruthenium nanoparticles in imidazolium
based ionic liquid with cation 1-butyl 3-methyl imidazolium and various anions chloride, bromide, iodide, and

tetrafluoroborate. After the preparation ruthenium nano dispersion characterized with UV-Visible for absorption
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study, HR-TEM for morphology and X-ray photoelectron spectroscopy for electronic structural analysis, ATR-IR
spectroscopy for structural analysis. Properties like the thermal conductivity, dynamic viscosity, and density of the
nanofluids were determined to evaluate the heat transfer applicability of the ruthenium nanofluids. The researchers
focused on the influence of the anion on the size of the ruthenium nanoparticles and their effect on thermophysical
properties like density, viscosity, and thermal conductivity. As an anion changes thermophysical properties varied

with the respective anion.

3.6. Iridium, Osmium, and Rhodium Nanofluids

The authors Bonet et al. [Z8 synthesized iridium nanoparticles having a narrow size distribution through the
chemical reduction of the metal species in ethylene glycol. The average size of the nanoparticles was reported to
be inferior to 10 nm for all the cases. The size of the nanoparticles was adjusted fundamentally by altering the
initial metal concentration, temperature of reaction, and concentration of the employed polyvinylpyrrolidone in the
process. The iridium nanoparticles were produced by dissolving at room temperature an amount of
polyvinylpyrrolidone in 75 mL ethylene glycol under magnetic stirring. After that it was added the metal compound.
After the solid dissolution, the solution was heated at a rate of 1 °C/min until a pre-defined temperature value. The
reaction was maintained at constant temperature for a period. Then, a regulated heating mantle was employed to
perform the synthesis of the metal under a fixed heating rate and at constant temperature. The iridium
nanoparticles prepared at 100 °C without polyvinylpyrrolidone were free of sintering. The iridium nanoparticles
average size was found to be about 3 nm. The iridium nanoparticles after the preparation stage and dispersed in
ethylene glycol compose a as prepared nanofluid. These nanofluids, together with the ones composed of iridium
nanoparticles dispersed in water, and mono alcohols should be in-depth studied. Particularly, for testing their
capability in heat transfer processes, given that their ability to work as catalysts in chemical reactions has already
been proved. The hybrid forms of iridium-ruthenium are also promising. Moreover, the authors Zhang et al. [
reported a simple one-pot solvothermal synthesis of from to 1.5 nm to 2.5 nm-sized monodispersed iridium
nanoparticles, porous nanodendrites, and worm-like chain nanowires for which the carbon monoxide oxidation
reaction was explored as probe reaction to infer the impact of the size of the nanoparticles and surface-capping
materials on the catalytic ability. The authors noted that the main contributor for the production of nanodendrites
and nanowires was the attachment mechanism through strong adsorption of the halide anions Br~ and I~ on the
facets of the nanoclusters of or by diminishing the iridium precursors reduction rate by changing their
concentrations during preparation. Also, the annealing tests revealed that a treatment under O,-H, atmosphere
was an effective way to remove the iridium nanoparticles surface-capping organics supported on commercially
available silica. The catalytic carbon monoxide oxidation reaction showed that a considerable increase in the
catalytic activity of the carbon monoxide oxidation reaction was attained along with the activation energies
alteration after the treatment for the catalysts of the iridium nanoparticles. It should be emphasized that the
catalytic activity increase might be due to the surface modifications such as the removal of the surface capping
organics, amount of iridium species in metallic and oxidized states, and different number of active sites for the
nanocatalysts during the specific atmospheric treatment. Once again, it should be noted that the different

synthesized forms of iridium nanostructures should be dispersed in adequate base fluids and applied in heat
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transfer performance experimental works. Furthermore, there are rather scarce published works on the preparation

of osmium B2 and rhodium nanoparticles 81,

3.7. Bimetallic Nanofluids

The bimetallic nanoparticles composed of two different metals have attracted considerable attention due to their
unique properties relevant for several applications including catalysis, sensing, optics, electronic devices, and
medicine 2. The bimetallic nanoparticles have also been applied to design bio sensors, to fabricate targeted drug
delivery carriers and to increase the luminescence of the nanoparticles. The bimetallic nanoparticles of copper
have also received much attention because of their novel properties and applications 3. For instance, the copper-
palladium nanoparticles have been prepared by several methods and because of many potential applications (4],
These studies confirm that copper-palladium bimetallic nanoparticles are easy to fabricate and relatively cheaper
catalysts. The preparation and characterization of the metallic nanoparticles with diverse configurations,
thermophysical properties, sizes and shapes have been the focus of the research community in the field. Also,
considerable emphasis has been given to the production of colloidal bimetallic nanoparticles because of their
improved optical, magnetic, electric, and catalytic properties over those of the single metallic nanoparticles. The
bimetallic counterparts can be applied in a broad range of purposes including catalysts, sensors, biomedical
imaging, drug delivery, and quantum dots B4, The inclusion of a second metal alters the physicochemical
properties of the individual constituents and offers synergistic-driven features derived from the interactions between
the components 2. As an example, the researchers Singh et al. B8 evaluated the catalytic activity of nickel-
palladium nanoparticles. The research team observed a high hydrogen selectivity of more than 80% for the
decomposition of hydrous hydrazine at 50 °C. The corresponding monometallic counterparts were either have poor
activity like the nickel nanoparticles or were inactive including the palladium nanoparticles. Moreover, the authors
Feng et al. 87 verified an appreciably higher catalytic activity when gold-platinum nano-sized dendrites were used
in the methanol oxidation in respect to that of the commercially available catalyst of platinum-carbon. The authors
interpreted the result based on the enhanced electronic interaction among the constituents of the nanopatrticles.
Furthermore, the researchers Kumari et al. [88 synthesized gold-silver bimetallic nanoparticles with pomegranate
fruit juice and observed an increased catalytic activity and nitric oxide and hydroxyl radical scavenging activity with
the developed nanoparticles. Besides, the pairing of gold and platinum was already frequently explored by the
researchers. The gold nanoparticles possess an large application spectrum due to the inherent wide absorption
band over the visible region in, for instance, plasmonic photothermal therapies, photovoltaics, therapeutic agents,
and electronic conductors B2, A feature of great relevance of the gold nanoparticles is the adjustable optoelectronic
ability that can be tuned according to the morphology and agglomeration degree of the nanoparticles 29, The
platinum nanoparticles exhibit enhanced antioxidation and catalytic characteristics usually employed in the
petrochemical cracking and electrocatalytic processes [21. The platinum nanoparticles due to inherent favorable
Fermi level positioning and superior electron interactions are very suitable to be applied in the hydrogen evolution
and oxygen reduction reactions as electrocatalysts. Nonetheless, the bimetallic gold-platinum nanoparticles have
shown superior performance in different purposes as compared to either of their constituents. Also, the authors
Ledendecker et al. [22 reported the preparation of gold-platinum core—shell nanorods for catalytic and medical

applications. Moreover, the authors Lucas et al. 23! reported the formation of hollow gold-platinum and gold-
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palladium nanoparticles through galvanic replacement reactions. Additionally, the authors Wang et al. [24! deposited
gold and platinum bimetallic nanostructures on palladium nanocubes for oxidizing the glucose. The authors
reported that in transient catalysis, the gold-palladium nanocubes showed a wide linear range between 0.25 mM
and 14 mM and great sensitivity of around 13.6 pA-mM~1.cm™2 in determining the d-glucose in reference to the
platinum-palladium nanocubes. The catalyst exhibited remarkable recoveries between 99.2% and 100.1% for
sensing the d-glucose. Furthermore, the growth of platinum nanoparticles on gold nanoplates having enhanced
photo response has also been published. Moreover, the researchers Lou et al. 23 synthesized platinum with
triangular gold nanoprisms and proposed them for hydrogen generation. Besides, the researchers Zhang and
Toshima 28 developed a simultaneous reduction method to fabricate gold-platinum nanoparticles having stable
and improved catalytic activity in the oxidation of glucose. Given that the gold-platinum nanoparticles exhibit a third
order nonlinear phenomenon because of the intense optical Kerr effect, they can be great contenders to produce
gyroscopic systems. The ultrasonic non-destructive testing evaluates the materials during the processing and after
the fabrication. Controlling the characteristics of the materials by monitoring the structural inhomogeneity, phase
transition, thermal conductivity, size, and dislocations that will forecast the potential uses of the materials can be
accomplished through measuring the frequency dependent ultrasonic absorption. In the last years, many
researchers have studied the ultrasonic behavior of aqueous solutions to better understand the underlying
mechanisms to attain an improved control over the procedure. It has been confirmed that in fluidic suspensions,
the dispersants tend to diminish the wave propagation caused by weak particle-liquid interactions, whilst the
nanoparticles increase the wave propagation because of the enhnecd nanoparticle-fluid interactions. Figure

9 schematically represents a synthesis method for gold-platinum nanoparticles.

HzPtCls and
NasCeHsOr NasCaHsO

Figure 9. Synthesis method for gold-platinum nanoparticles. Adapted from (28!,

The nanofluids can represent a case study for better understanding the governing mechanisms of the ultrasonic
behavior in suspensions due to the great variety of possible manipulations that can be attained by the adjustment
of their chemical composition and concentration. A reduced attenuating ability of the nanofluids might conduct to an
improved performance in ultrasound imaging. The attenuation impacts also on the propagation of waves and
signals in optical fibers, electrical circuits, and air, making such issue pivotal in the telecommunications field of
actuation. Hence, there should be developed fluidic systems having increased wave propagation or mitigated

attenuation for an improved performance. The water-based metallic nanofluids are themselves a special alternative
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as they possess superior plasmonic characteristics 27 and ultrasound properties. Only a few research works were
carried out on the ultrasonic features of the metallic nanofluids. In this sense, the authors Verma et al. [28] verified a
frequency dependent ultrasonic attenuation in the water-based gold and gold-platinum nanofluids. The gold and
gold-platinum nanofluids were synthesized by the microwave-assisted citrate reduction. The nanofluids were
characterized through X-ray diffraction, revealing a distinct two-phase bimetallic crystal structure with no alloy
formation, The nanofluids were also characterized by UV-vis spectroscopy that showed two plasmonic bands in the
bimetallic species having a aggregation tendency. The high-resolution microscopy analysis revealed spherical
nanoparticles having sizes from 15 nm to 30 nm presenting marked lattice spacings of platinum and gold. The
bimetallic nanofluids demonstrated a lower resistance to ultrasonic waves in respect to that of the gold nanofluids.
The thermal conductivity at distinct concentration values of both nanofluids had significant enhancements in
reference to that of the water, although the gold-platinum platinum exhibited lower enhancements in respect to
those of the gold nanofluids. Such fact was attributed to the mixed metallic structure in which the platinum with
much poor thermal conductivity reduced the thermal conductivity of the bimetallic species. The lower thermal
conductivity might explain the lower attenuation of the bimetallic nanofluids since it was already demonstrated that
the thermal conductivity is proportional to the ultrasonic attenuation. The fact that gold-platinum bimetallic
nanofluids could have lower attenuation because of the lower thermal conductivity in reference to that of the gold
nanofluids may have appreciable repercussion in diverse fields of actuation like ultrasound imaging and
optochemical sensors. Figure 10 summarizes the fundamental preparation methods of the bimetallic

nanoparticles.

Bimetallic Nanoparticles
Synthesis Methods

Fungi
Mo
/ Yeast
Flactree 5"“""'“““"' ; Plants — ~ Gymnosperms
Radiolytic Anglosperms
Co-Reduction

Figure 10. Fundamental preparation methods of the bimetallic nanoparticles.
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Table 3 presents the main findings on the published works on the bimetallic nanofluids.

Authors

Chen et
al.

Zhu et al.

Sanchéz-
Ramirez
et al.

Gutierres
Fontes et
al.

Nanoparticles

Gold-Silver

Gold-
Silver/nitrogen-
doped graphitic

polyhedrons

Gold-Palladium
with Au/Pd =
12/1, 5/1, 1/1,

1/5 molar ratios

Gold-Silver with
core-shell
structure at
Au/Ag = 3/1,
1/1, 1/3, and 1/6
molar ratios

Table 3. Main findings on the bimetallic nanofluids.

Concentration
of the
Nanoparticles

0.00025% vol.

5% wit.

Base
Fluid

Water

Ethylene
Glycol

Water

Water

Main Findings

Highest solar
photothermal
conversion
efficiency of
around 41.4%

The
photothermal
conversion
efficiency
increased by up
to
approximatelly
74.4%

The maximum
diffusivity was
achieved for the
nanoparticles
with highest
gold/palladium
molar ratio

Linear
increment of the
TD when the
silver shell
thickness is
increased

Observations Reference

The efficiency of
the system
using bimetallic
nanoparticles
was higher than
that using only

gold [99]
nanoparticles of
around 37.8%
with a 40%
decrease in the
gold
consumption

Considerable
broadband
absorption in
the visible and 100
near-infrared
spectrum at
lower
concentration

The TD was
strongly
dependent on 101
the composition
of the
nanoparticles

The TD was
sensible to the
type of the
metallic
nanoparticles
structure

102
The TD was
modified by
altering the
composition of
the
nanoparticles

https://encyclopedia.pub/entry/48791



Noble Nanofluids and Their Hybrids for Heat Transfer | Encyclopedia.pub

Concentration

Authors Nanoparticles of the Eﬁjslg Main Findings Observations Reference
Nanoparticles
Increase in the The TC and
Gold-Silver TC of 7% at . viscosity.
. . 0% vol. to 0.6% vol. and increases with 103
spherical with Water . . . .
30 nm 1.0% vol. the viscosity mcreasmg
has nearly concentration of
attained 6% nanoparticles
Dsouza .
et al. Increase in the
TC of 8% at 1% The TC and
vol. and viscosity
Silver-Copper 0% vol. to Water increase in the increased with
with 65 nm 1.0% vol. viscosity of increasing
about 72% at concentration of
the same nanoparticles
104 concentration >s in a base fluid to

dispense the homogenous phase that they designated by hybrid nanofluids. It has been demonstrated in several
published investigation studies that the hybrid nanofluids present increased thermal conductivity in respect to the
conventional single nanofluids. The incorporation of hybrid nanoparticles into the base fluid causes an appreciable
thermal conductivity enhancement. Still, there are many limitations associated to the exploration of hybrid
nanofluids in domestic and industrial applications that should be overcome. Several researchers studied the hybrid
nanofluids flowing in different possible configurations of real practical heat transfer processes, but they are very
small in number. Only a few scientific articles have been dedicated to the hybrid nanofluids development and
implementation. Also, the authors Gamachu and Ibrahim (03 assessed the motion of a hybrid viscoelastic
nanofluid over a disk by considering silver and alumina dispersed in carboxymethyl cellulose water. Additionally,
the authors Hayat and Nadeem 298] published relevant findings for the rotating motion of a hybrid nanofluid copper
oxide and silver nanoparticles. Also, the researchers Singh et al. 197 developed a thermally conductive, stable, and
surfactant-free hybrid nanofluid composed of in-house produced nanoflakes of silver decorated functionalized
reduced graphene oxide. The reduced graphene oxide and hybrid form were efficient photocatalysts for the water-
soluble azo dye tartrazine degradation. The hybrid nanofluid was tested on a custom-made engine test rig and a
fuel consumption reduction was observed from 15% to 17%. Other factors were also significantly increased, which
indicated that the developed nanofluid was a promising option to be applied as nanocoolant. Since graphene and
silver have the highest thermal conductivity among the carbon materials and metallic materials, respectively, it is
reasonable to consider that a hybrid material including both could be a better solution. Nonetheless, the
fundamental challenge associated with the development of such enhanced nanomaterials was to ameliorate the
stability over time of the graphene and silver dispersions in water. To mitigate such limitation, the authors
functionalized the graphene oxide using the 2,4-diaminohydroxylpyrimidine that significatively improved the stability
of the silver nanoparticles decorated functionalized reduced graphene oxide. The dimensions of the silver
nanoparticles decorated over the graphene were between 10 nm and larger silver lumps, adopting distinct
preparation methodologies. The Raman spectroscopic characterization showed the SERS property of the produced
nanomaterials and, consequently, these ones are very suitable to be applied in sensors. The SERS property

increased with increasing size of the silver nanoparticles and there was a rapid increase when their size decreased
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from 50 nm to 10 nm. The results showed that the hybrid nanomaterial having the smallest silver nanoparticles
exhibited the peak thermal conductivity enhancement of 24% at 0.25% wt. The improved stability of the dispersion
was due to the existing functionality over the graphene sheet that promoted the molecule-to-base fluid and
molecule-to-molecule interactions. Besides, the authors Naderi et al. [2%8 prepared a polyvinylpyrrolidone coated
silver nanofluid at volumetric concentrations between 250 ppm and 1000 ppm by a two-step method. The
thermophysical properties of the nanofluids were analyzed regarding their exploration in photovoltaic/thermal solar
collectors. According to the results, the polyvinylpyrrolidone coated silver nanofluids thermal conductivity improved
the base fluid properties, making the thermal conductivity coefficient to grow up to 50% at certain temperature
values and increased from 0.59 for base fluid to 1.01 W/mK by increasing the fraction to up to 1000 ppm. Thus, the
polyvinylpyrrolidone coated silver nanofluid could be considered as a novel operating fluid to improve the thermal
efficiency of the photovoltaic/thermal systems. Due to pressing need of implementing renewable energy processes
in buildings and the notorious dependency of the photovoltaic/thermal collectors on the thermophysical
characteristics of the working fluids, the critical features of the polyvinylpyrrolidone-coated silver nanofluid were
experimentally studied. The authors concluded that the stability analysis of the nanofluids indicated that the zeta
potential of the polyvinylpyrrolidone-coated silver nanofluids was around acceptable -42 mV. Because of the low
concentrations of the nanofluids, their density and specific heat have intangible alterations in comparison to the
base fluid. The nanofluids thermal conductivity was noticeably enhanced with enhancing concentration of the
nanofluids and operating temperature. This was explained by the thermal conductivity of the polyvinylpyrrolidone-
coated silver nanofluid, which was approximately two times superior to the one of deionized water at 55 °C. Also,
the authors found that the concentration that provided a more improved performance of the photovoltaic/thermal
collector was of 1000 ppm of polyvinylpyrrolidone coated silver nanofluid. The highest thermal conductivity
coefficient was 1.01, which was attained at a temperature of 55 °C and at 1000 ppm imposing to a greater amount
of heat being conducted from the photovoltaic module, by this way accessing higher efficiencies. Moreover, the
researchers Mbambo et al. 299 reported the fabrication method and thermal conductivity of gold nanoparticles
decorated graphene nanosheets based nanofluids. The graphene-gold nanostructures were synthesized trough a
nanosecond pulsed Nd:YAG laser with 1064 nm of wavelength to ablate a target made of graphite followed by gold
in ethylene glycol to produce a graphene-gold nanoparticles-ethylene glycol hybrid nanofluid. The characterization
process of the graphene-gold nanoparticles-ethylene glycol hybrid nanofluid revealed a sheet-like structure of
graphene decorated with crystalline gold nanoparticles having 6.3 mm of average diameter. On the other hand, the
gold nanoparticles appeared to be smaller with the graphene, showing the benefits from ablating gold
nanoparticles in graphene-ethylene glycol. The examination of the thermal conductivity at temperature values from
25 °C to 45 °C indicated that the graphene-gold nanoparticles-ethylene glycol hybrid nanofluid exhibited a 0.41
W/mK thermal conductivity superior to that of graphene dispersed in ethylene glycol of 0.35 W/mK and gold
nanoparticles disperse in ethylene glycol of 0.39 W/mK nanofluids. The hybrid nanofluids thermal conductivity was
also superior to that of the ethylene glycol itself of 0.33 W/mK. The graphene-gold nanoparticles-ethylene glycol
nanofluid displayed a thermal conductivity enhancement of 26% at temperature values from 25 °C to 45 °C, which
was superior to other previously published enhancements of ethylene glycol-based nanofluids. The increased
thermal conductivity of the graphene-silver nanoparticles-ethylene glycol nanofluid derived from the combined

effect between the gold nanoparticles and the graphene that possess enhanced thermal conductivity values.
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Besides, the poor thermal conductivity of the base fluid was due to the enhanced dynamic viscosity of the EG38.
The experimental results make the developed hybrid nanofluid very suitable for enhanced heat transfer
enhancement processes. It was not reported the impact on the heat transfer enhancement of the concentration of
the nanoparticles as they were synthesized inside the base fluid. Furthermore, the researchers Yarmand et al. (210
proposed an innovative method of synthesis for the decoration of platinum on functionalized graphene
nanoplatelets. The graphene-platinum nanostructures were manufactured by a simple chemical reaction process
that incorporated an acid treatment for the functionalization of the graphene nanoplatelets. The graphene—platinum
hybrid nanofluids preparation method did not involve any addition of surfactants. The stability of the nanofluids was
good with no significant sedimentation after 22 days of test. The thermal conductivity of the graphene
nanoplatelets—platinum dispersed in distilled water showed an enhancement of nearly 18% at a temperature of 40
°C and at 0.1% wt. The researchers also stated that all the tested concentrations of the graphene-platinum
aqueous nanofluids exhibited higher thermal conductivity than the one of the distilled water alone. Also, the authors
Wang et al. 2 prepared gold-palladium nanoparticles decorated on nitrogen-doped carbon nanotubes by using a
polyethylene imine reduction procedure. The polyethylene played the role of reducing and stabilizing agent,
facilitating the nanoparticles nucleation and growth on the surface of the nitrogen-doped carbon nanotubes. All the
synthesized nanofluids showed a broadband absorption ability over the near infrared and visible spectra. The gold-
palladium-nitrogen-doped carbon nanotubes nanofluids absorbed more solar irradiation when compared with the
palladium-nitrogen-doped carbon nanotubes or gold-nitrogen-doped carbon nanotubes nanofluid. The
photothermal conversion efficiency of gold-palladium-nitrogen doped-carbon nanotubes nanofluids was
approximately 62% as compared with around 53% and 57% for palladium-nitrogen doped-carbon nanotubes and
gold-nitrogen doped-carbon nanotubes, respectively. Such enhancement derived mainly from the synergetic effects
of the nitrogen doped-carbon nanotubes and gold-palladium nanoparticles. In essence, the gold-palladium
nanoparticles have been decorated successfully on the nitrogen-doped carbon nanotubes surfaces using the
polyethylene imine reduction method. Additionally, the researchers Jaiswal et al. 1121 synthesized copper-palladium
hybrid nanostructures nanofluids at varying molar ratio. The temperature dependent thermal conductivity of the
nanofluids was measured through a hot disc thermal constant analyzer. The impact of the varying molar ratio in the
copper/palladium was inferred by transmission electron microscopy imaging observation. Joint nanorods type
morphology was observed in the copper-palladium nanofluids with a molar ratio of 1:20. When increasing the
copper content at a copper-palladium molar ratio of 1:1, a hybrid nanorods and spherical nanoparticles morphology
was observed, which was further changed to uniform spherical shaped structure in the copper-palladium at 20:1
molar ratio. The nanofluids thermal conductivity augmented with increasing temperature. The significant
enhancements in thermal conductivity of the nanofluids were observed on the suspension of copper-palladium
bimetallic nanoparticles at different higher temperatures. The thermal conductivity enhancement maximum of
nearly 18.8% was found at 80 °C for copper-palladium at 20:1 molar ratio. On the other hand, the researchers
Aberoumand and Jafarimoghaddam 131 elaborated an investigation work on the preparation, and thermal
conductivity and dielectric strength determination of silver-tungsten oxide hybrid nanofluids with transformer oil as
base fluid. The nanofluids were produced via the electrical explosion of wire one-step methodology. The zeta
potential of the nanofluids was determined at 1% wt., 2% wt., and 4% wt. and it was measured their thermal

conductivity at temperatures between 40 °C and 100 °C. The investigation team reported that the electrical
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conductivity of the nanofluids diminished to 35 kV at 4% wt. Also, the authors observed a thermal conductivity
enhancement of 41% at 4% wt. The dielectric strength of the hybrid nanofluids decreased in reference to that of the
pure transformer oil and this fact was attributed to the electrical conductivity of the silver nanoparticles since the
tungsten oxide counterparts have poor electrical conductivity. Figure 11 schematically illustrates the preparation
method of silver nanoparticles decorated graphene oxide nanoflakes based nanofluids. Figure 12 represents the

synthesis method of gold nanoparticles decorated graphene nanosheets based nanofluids.
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Figure 11. Synthesis method of silver nanoparticles decorated graphene oxide nanoflakes based nanofluids.
Adapted from 1971,
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Figure 12. Synthesis method of gold nanoparticles decorated graphene nanosheets based nanofluids. Adapted
from (1091,

Table 4 presents the main findings of the experimental and numerical works on the noble metals hybrid nanofluids.

Table 4. Main findings on the noble metals hybrid nanofluids.
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