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Abstract

Graphene has attracted much attention from the science world because of its mechanical, thermal, and physical properties.
Graphene nanofluid is well known for its easy synthesis, longer suspension stability, higher heat conductivity, lower erosion,
corrosion, larger surface area/volume ratio, and lower demand for pumping power. This article is an audit of experimental
outcome about the preparation and stability of graphene-based nanofluids. Numerous researches to prepare and stabilize
graphene-based nanofluids have been developed, and it is indispensable to create a complete list of the approaches. This
research work outlines the advancement on preparation and assessment methods and the techniques to enhance the stability
of graphene nanofluids and outlook prospects.

Keywords Graphene - Nanofluids - Synthesis - Stability

Abbreviations GON Graphene oxide nanosheet

AFM Atomic force microscopy GONF Graphene oxide nanofluid

BF Base fluid HM Hummers method

CVD Chemical vapor deposition MHM Modified Hummers method

DI Deionized water MWCNT Multiwalled carbon nanotube

DLS Dynamic light scattering NDG Nitrogen-doped graphene

Dw Distilled water PSD Particle size distributions

EC Electrical conductivity rGO Reduced graphene oxide

EG Ethylene glycol SBM Supplied by manufacturer

GIC Graphite intercalation compound SEM Scanning electron microscopy

GIO Graphite oxide SHM Simplified Hummers method

GNF Graphene-based nanofluid SPC Sedimentation photograph capturing

GNP Graphene nanoplatelet SWCNT  Single-wall carbon nanotube

GNS Graphene nanosheet TC Thermal conductivity

GO Graphene oxide TEM Transmission electron microscopy
ZPT Zeta potential test
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Introduction
! Department of Inorganic and Analytical Chemistry,
Budapest University of Technology and Economics, Nanofluids, coined by Choi and Eastman [1], are colloidal
Muegyetem rakpart 3, Budapest 1111, Hungary suspensions of ultrafine metallic or nonmetallic particles in
2 School of Chemical Engineering and Technology, Xi’an a base matrix host fluid. Some essential requirements should
Jiaotong University, Xi’an 710049, Shaanxi, China be met, for example, steady-state suspension, low agglom-
3 Department of Mechanical Engineering, Faculty eration of nanoparticles, and the BF should be chemically
of Engineering, King Mongkut’s University of Technology unchanged. Nanofluids can be divided into two types: metal-
Thonburi, Bangmod, Bangkok 10140, Thailand lic nanofluids (metals: Au, Ag, Cu, Al, Fe; metal oxides:
4 National Science and Technology Development Agency A1203, CuO, Fe3O4, SiOz, TiOZ, ZnO0, etc.) and nonmetallic

(NSTDA), Pathum Thani 12120, Thailand
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nanofluids (carbides: SiC, TiC, carbon materials: graphite,
diamond, SWCNT/MWCNT, graphene, etc.) [2]. There are
two primary methods to produce nanofluids: the one-step
method by creating the BF and nanoparticles together and
the two-step method by creating them separately and then
mixing [3, 4]. Nanofluids have some important characteris-
tics for different utilizations, for example, high heat conduc-
tivity, ultrafast heat transfer ability, good stability, reduction
of erosion and friction coefficient, and good lubrication.

Graphene is a form of carbon comprising of a single layer
of sp*-bonded carbon atoms densely arranged in a honey-
comb (hexagonal) lattice. Graphene attracted much atten-
tion because it has many unique electrical characteristics
like very high carrier mobility. The GNF is well known for
its easy synthesis, longer suspension stability, higher TC,
lower erosion, corrosion, larger surface area/volume ratio,
and lower demand for pumping power [5]. Thus, by using
GNFs, the inventory of heat transfer fluid can be reduced,
and energy can be saved significantly.

Unlike graphene, the exact structure of GO is still dif-
ficult to determine due to its complicated nonstoichiometric
nature. For GO the aromatic lattice of graphene is inter-
rupted by epoxide, ketone, carboxylic, and alcohol groups.
The GO nanoparticles also have some special characteristics
such as special high surface, high convective heat transfer,
hydrophilicity, insolubility, and low density [6]. GO is a
great interest of researchers due to easy access, low cost,
and extensive capability to convert to rGO.

The groups containing the polar oxygen atoms not only
bring positive effects in terms of a facilitated aqueous nano-
fluid but also a disadvantage with a very substantial decrease
in sheet conductivity. Therefore, the effective removal of
these oxygen species for the preparation of rGO is very
important for any applications related to linear and nonlinear
conductive nanoparticles [7].

Fig.1 Article number per year, 3000

The two primary requirements of an experimental study
on nanofluids are synthesis and stability of nanofluids. These
greatly affect the utilization of nanofluids in actual applica-
tions. This is the reason why these characteristics should be
reviewed in the research papers.

In recent years, research on nanofluids has increased dra-
matically. In 2017, the number of articles covering nanoflu-
ids was nearly 2500, while nanofluids and graphene were
83. Figures 1 and 2 show an exponential growth of publi-
cations in nanofluid and GNF research. Graphene and gra-
phene derivative-based nanofluids are becoming essential in
the engineering globe [8]. The great prospects are expressed
about their utilizations in different fields (Fig. 3) [9].

Preparation of graphene, GO, and rGO
Preparation of graphene

The most vital properties of graphene are the strong, light,
and good heat conductive material [11]. The heat con-
ductivity value of graphene was 3000-5000 W m~! K~!
at room temperature [12]. By using AFM, they investi-
gated the intrinsic mechanical properties of monolayers
of graphene, in which graphene has a tensile strength of
42 Nm'anda Young’s module of 1 TPa [13]. Thus, it
can usually be utilized for improving the quality of other
materials. It is a great material to produce heat-spreading
solutions like heat sinks. Graphene is useful in microe-
lectronics [14] and larger applications [15]. Graphene is
additionally a very hopeful material to be utilized in bat-
teries and supercapacitors with higher energy storage and
faster charge [16—18]. Graphene is extremely sensitive to
the environment, so this extends the sensor application
for analyses [19]. Graphene-based paints include anti-
static, conductive ink [20], electromagnetic-interference
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shielding [21], and gas barrier [22]. Because the produc-
tion technology of graphene is simple and reasonably
developed, and the development of chemical derivatives
of graphene to control the product’s optical opacity and
conductivity would be conducted, graphene is so attractive
for researchers and companies. Figure 6 outlines various

types of synthesis routes along with general applications
in modern-day life.

In Table 1, there are several techniques, by which sin-
gle- and few-layered graphenes have been produced. These
techniques are able to be broadly classified into exfolia-
tion, chemical synthesis, pyrolysis, CVD, see Fig. 3.
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Table 1 Synthesis of single- Single layer Fow Tayers

and few-layered graphene [23]

Micromechanical cleavage of highly ordered pyrolytic

graphite (HOPG)
CVD on metal surfaces

Epitaxial growth on an insulator (SiC)

Intercalation of graphite

Chemical reduction of exfoliated GO (2-6 layers)

Thermal exfoliation of GO (2-7 layers)
Aerosol pyrolysis (2-40 layers)
Arc discharge in the presence of H, (2—4 layers)

Dispersion of graphite in water, NMP

Reduction of single-layer GO
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CVD is a hopeful, cheap, and readily accessible approach
for the deposition of moderately high-quality graphene [24].
The principle of CVD is connecting and depositing mol-
ecules of volatile gas onto a transition metal substrate. There
are 2 types of CVD graphene growth as conducting through
surface catalysis or carbon segregation ways depending on
the metal, respectively, at high and low temperatures in the
process [25]. For the surface-catalyzed technique, the pro-
cess occurs in a reaction chamber, in which graphene is cre-
ated upon the surface of the substrate by the high-tempera-
ture decomposition of carbon-containing gases and therefore
the waste gases are taken out. Growth can be represented as
“self-limiting” formation of great area monolayer graphene
owing to low carbon solubility in metal. In case of segrega-
tion, graphene is produced by way of the diffusion of car-
bon that is dissolved within the majority metal to the metal
surface, which usually happens upon cooling for the reason
that the solubility of carbon is lower in metals at lower tem-
peratures. The quantity of graphene layers is synthesized by
segregation depending upon numerous factors: the quantity
of dissolved carbon and also the cooling rate [26, 27]. The
optimal condition for the CVD process depends on the metal
and other various factors (p, T, etc.) affecting graphene qual-
ity and thickness. Additionally, the power of graphene—metal
interaction might affect the degree of graphene rippling and
graphene sensitivity. Besides manufacturing graphene lay-
ers, CVD can be utilized to synthesize GNSs. The advan-
tage of the substrate-free method is that the process does
not require particular substrates or the removal of graphene
from the substrate. Moreover, graphene can be made via
continuous processing, as a result of the collected material
outside the chamber.

The mechanical or micromechanical exfoliation method
is the first acknowledged technique of graphene synthesis in
graphene’s history [28]. This is still a significant method for
producing superior graphene for purposes of study because
it gives amazing graphene films (5—10 pm). Nonetheless,
the rough thickness of layers is produced by the technique
and the cost of production is high because of low yield that
makes this technique unusable for large-scale production.
This method is a top-down strategy in nanotechnology, by
which a graphene precursor is produced upon the surface
of the layered structure materials forming graphene sheets.
Graphite is a stack of mono-atomic graphene which can be
separated into individual sheets of graphene by overcoming
van der Waals forces [29]. Graphene sheets of various thick-
nesses can be produced through mechanical exfoliation or
by stripping off layers from graphitic materials, for example,
highly ordered pyrolytic graphite, so-called HOPG, natural
graphite, or single-crystal graphite [30—34]. This method can
be performed by using various agents as ultrasonication [35],
scotch tape [28], electric field [36], etc. Graphene flakes
produced by these methods are often described by Raman

@ Springer

spectroscopy, optical microscopy, and AFM. AFM analysis
is performed on exfoliated graphene to evaluate its thickness
and layer number. Optical microscopy is another well-known
method for identifying single-layer graphene. The microme-
chanical exfoliation method is the most common method
after the discovery of graphene in order to produce superior,
defect-free graphene. In the method, graphene is isolated
from a graphite crystal by utilizing “scotch tape”. Multiple-
layer graphene stays upon the tape after being peeled off
graphite. Repeatedly, the multiple-layer graphene is sepa-
rated into a few pieces of few-layer graphene. Accordingly,
the tape is joined to the acetone substrate for disconnecting
the tape. In the end, with an unused tape, one last peeling is
carried out. The produced flakes are different in thickness
and size, where the sizes are from nm to several tens of pm
for single-layer graphene. In fact, it is difficult to get a higher
quantity of graphene by the technique, not even considering
the absence of sustainable flakes. The trouble of this method
is low production yield; however, the prepared graphene’s
quality is very high with no defects. The mechanical exfolia-
tion method needs to make a higher production yield, with
defect-free and high-purity graphene for the nanotechnology
field.

On a fundamental level, ball milling is a sub-type of
mechanical exfoliation; however, numerous varieties of
this technique were developed, so this technique should
be considered separately. Figure 4 illustrates the mechani-
cal exfoliation of graphene via ball milling. Ball milling, a
common method for generating shear force, has been uti-
lized to mix and reduce the size of particles for a long time.
Researchers have utilized this particle size reduction method
to exfoliate graphene from graphite, occasionally utilizing
magnetic assistance. This provides filtering the metallic par-
ticles in the precursors and utilizing solvent [38] or chemical
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Fig.4 Scheme for the mechanical exfoliation via ball milling [37]
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assistance [39, 40], which provides the prevention of the
sheets from stacking again by utilizing chemical interaction,
for example, 7—x (see Fig. 5). This method provides a few
layers of graphene, high generation efficiency, and a larger
surface area of graphene.

Superior, nonoxidized graphite and graphene flakes may
be produced by sonication [42]. For sonication technique,
ultrasonic power is utilized for isolating graphene sheets
heaped up in a precursor. However, the technique needs lots
of energy because sonication is the only power source and
this should be considered when extending this technique
[43]. Additionally, removing impurities is an issue that hap-
pens during this procedure. Solvent support sonication is
a simple adjustment of sonication technique with the help
of a solvent as N-methyl-pyrrolidone, triethylamine, etc., in
which graphene can be isolated from graphite with centrifu-
gation [42]. When utilizing the solvent support systems, gra-
phene can stack again after sonication due to van der Waals
forces. For preventing from these issues, surfactants are
taken to the solution before sonication; thus, the graphene
layers could not be folded. This technique can be utilized
to produce graphene layers from graphite without chemical
change.

Parvez and colleagues presented a fascinating tech-
nique for exfoliating graphene from graphite by utilizing
the electrochemical technique. 0.1 M H,SO, solution was
used as an electrolyte, while platinum wire as cathode and
graphite flakes as an anode. A 4+ 10 V charge was utilized
for the system, and the graphite flakes started to dissolve
in the solution. The voltage was discarded after 2 min, and
they collected exfoliated graphite material using vacuum
filtration. For the removal of residual acid content, the
sample was washed with DI several times. Finally, the
sample powder was dispersed in N,N'-dimethylformamide,
creating exfoliated graphene sheets. The production
yield was greater than 60% of the starting graphite’s
total amount [44]. Lu et al. showed one-pot synthesis
for various types of nanocarbons, including graphene by
the exfoliation of graphite in ionic liquids. They used a

Fig.5 Mechanical exfoliation of
carbon nanofibers into graphene
via ball milling by using mela-
mine [41]
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water-miscible ionic liquid 1-butyl-3-methylimidazolium
tetrafluoroborate [BMIm][BF,] with water at various frac-
tions as an electrolyte to produce graphene from graphite
by electrochemical technique. Static potentials from 1.5 to
15 V have been applied to two electrodes using DC power
supply. Exfoliating particles were cleaned with water and
then ethanol to obtain a neutral pH [45] (Fig. 6).

Pyrolysis provides the simplicity of the procedure and
can be extended for production. Nonetheless, the produc-
tion yield is poor, and the final product has impurities.
In this technique, Choucair et al. heated 1: 1 molar ratio
of sodium (2 g) and ethanol (5 mL) in a closed reactor at
220 °C for 72 h to obtain the solid solvothermal product—
graphene precursors, which was then quickly pyrolyzed,
and the remaining product was cleaned using DI (100 mL).
Then, the suspended sample was vacuum-filtered and dried
in a vacuum chamber at 100 °C for 24 h. The technique
can approximately yield graphene 0.1 g per 1 mL of etha-
nol—usually 0.5 g per reaction [47]. Pyrolysis has also
been utilized for producing carbon forms for high-energy
supercapacitor applications. Interestingly, their origin was
biomass and their characteristics were similar to graphene
[48].

Graphite is capable of being reduced to graphene through
intercalation as well. Between the graphite interlayer space,
various chemical species can be added to obtain GIC. The
interlayer range of graphite is significantly increased because
of the presence of these intercalations between graphite lay-
ers. This also strongly affects the properties of graphene for
the reason that the increase in the distance changes the elec-
tronic coupling between the graphene layers. Thus, various
interstitial spaces can lead to GIC having different properties
that can be utilized for applications that focus on electrical,
thermal, and magnetic characteristics [49]. Lee et al. [50]
researched the impacts of intercalation on capacitance in
the electrode. They investigated the electrode capacitance by
cyclic voltammetry and galvanostatic charge/discharge test
and reported the electroconductivity enhancement of MnO,
because of the presence of GIC.
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Fig.6 Scheme of various popular synthesis methods of graphene along with their respective features and their current and prospective applica-
tions [46]

The graphene nanopowders/flakes, sized from nm to um,  graphene in huge amount. Graphene produced by this tech-
can be produced by chemical reduction of GIO, which is  nique is good for use in battery electrodes, polymer fillers,
one kind of the conventional procedures for the synthesis of ~ supercapacitors, sensors, conductive inks, and paints, etc.
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GO is able to be exfoliated by sonication in a solvent; how-
ever, the obtained material is insulated; therefore, it can be
reduced to reestablish its conductivity. The reduction can be
done by treating it chemically or thermally [51]. Also, rapid
heating has been considered as a possible solution bringing
about significant yields of dispersed carbon powders with a
few percents of carbon flakes [52]. In addition, by dispersing
oxidized graphite, then chemically treating water, and utiliz-
ing papermaking methods, monolayer flakes in the form of a
very powerful bonding single sheet can be produced. Chemi-
cal techniques enable to produce graphene of low purity with
high-density surface defects at lower temperatures and costs.

Another technique for producing graphene is that gra-
phene can be grown quickly and continuously in atmos-
pheric plasmas without substrates, acids, or catalysts. The
plasma reactor owns a vacuum used for the removal of
atmospheric and surface contaminants, the rise of grain size
needs more time and energy and, thus, it increases the cost
of this method. The single-step process is the transfer of
carbon-containing materials into an Ar plasma, which breaks
down organic materials into the atoms because of the high
energies of heavy particles and electrons. Graphene, H,, and
CO are formed from the combination of these reactive parts
in the high-temperature condition of the plasma sparkle. The
produced graphene in this method is highly ordered, pure,
and stable under ambient conditions [53].

Askari et al. [54] produced nanoporous graphene by using
a CVD method in a catalytic basis. They heated the furnace
up to 900-1100 °C. They carried out the reaction by utilizing
CH, as the carbon source and H, as the carrier gas in a ratio
of 4:1; then, they stirred the product in HCI solution and
washed it several times with DW. Naghash et al. [55] also
utilized this method with a metal oxide catalyst.

Another method of producing graphene which has
received considerable attention is exfoliation and reduc-
tion or heating of GIO. Ramén-Raygoza et al. [56] used this
method to produce multilayer graphene and multilayer gra-
phene impregnated with copper. These materials were used
in preparing nanofluids for commercial motor oil.

Preparation of GO

Flake graphite is the most popular source of graphite and a
naturally occurring mineral. The flake graphite is purified
by removal of the heteroatomic contamination. The various
oxidation techniques of graphite into GO through a slight
modification to reported classical methods using graphite,
acids, and oxidizing chemicals are given in Figs. 7 and 8. In
1859, the synthesis of GO was first demonstrated by Bro-
die by adding a fraction of potassium chlorate (KClO;) to a
slurry of graphite in fuming nitric acid (HNO;) [59].
Staudenmaier improved on Brodie’s method in 1898 by
utilization of a mixture of concentrated fuming HNO; and

Graphite
Hofmann method

Brodie method

in 1859 Staudenmaier method

/ in 1898

Hummers method

in 1937

NOILYAIX0

in 1958
Tour method
in 2010 \
Hydrogen sulphide
) Hydrazine
Sodium
borohydride

Alkaline solutions
Hydrohalic acids
Ascorbic acid
Sodium citrate
. Plant extracts

Microorganisms

RGO

Fig.7 Scheme for the various oxidation techniques of graphite into
GO and the chemical reduction of GO into rGO [57]

sulfuric acid (H,SO,) followed by adding gradually KCI1O;
to the reaction mixture [60]. A simple and revised protocol
was provided by this small change in the procedure for the
production of highly oxidized GO. Nevertheless, this tech-
nique created 1 g of GO to 10 g of KClO; and had a lot of
hazards.

Hofmann et al. [61, 62] produced GO by using concen-
trated HNO; in combination with concentrated H,SO, and
KClO; in 1937.

Due to the utilization of concentrated HNO; and H,SO,,
the production of GO was dangerous and slow, and HM
was developed in 1958 as a quicker, safer, and more effi-
cient technique [63—-65] by using potassium permanganate
(KMnO,) and sodium nitrate (NaNO;) in concentrated
H,SO,. The obtained suspension was diluted with DW.
Then, they added hydrogen peroxide (H,0,) to eliminate
manganese from the suspension and to get a higher oxidation
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Fig.8 Schematic procedure

for Brodie, Staudenmaier, Hof-
mann, and HM (c concentrated,
ffuming) [58]

degree. They filtered the sample and washed with warm
water. The disadvantage of this technique is the time-con-
suming of the separation and purification process. MHM
has been used by several research groups for the synthesis
of GO [66-69].

An improvement of HM was performed by the Tour’s
group in 2010 [70]. Sodium nitrate was substituted with
phosphoric acid in 9:1 mixture of concentrated H,SO,/
H;PO, and the amount of KMnO, increased. This method
does not produce toxic gases, and another advantage is easy
temperature control. Some improved synthesis methods
involve oxidation of graphite by changing the amount of
KMnO, [71] or using benzoyl peroxide [72] or Jone’s rea-
gent [73] (see Fig. 9).

Esmaeili-Faraj et al. [74] prepared exfoliated GO by
modified Staudenmaier method. According to that, they
oxidized the graphite nanoparticles and stirred in a mixture
of H,SO,, HNO;, and KCIO; for approximately 100 h. Then,
they rinsed GIO with hydrochloric acid and then washed
with water. After drying, they dispersed GIO in water and
put in an ultrasonic bath to exfoliated GO. Ramé6n-Raygoza
et al. [56] also produced nanoparticles with this modified
Staudenmaier method.

@ Springer

Wastewater

decantaton\_____ J
—
- 7

Wastewater

__GO ]

(Graphene oxide)

Anin Vinccely et al. [75], Luo et al. [76], Esfahani et al.
[77], Kim et al. [78], and M. Mirzaei and A. Azimi [79]
produced GO same as other investigators with MHM.

Mehrali et al. [80] used an SHM to synthesize GO and
then introduced a technique for preparing NDG by a hydro-
thermal process with GO as a raw material in an ammonia
solution. First, they sonicated a mixture of GO and water
and adjusted the pH of the solution with ammonia. Then,
they treated hydrothermally the homogeneous solution in
a Teflon-lined autoclave at 160 °C. They collected a black
woolly precipitate by centrifugation and cleaned with DI.
Finally, they dried the obtained NDG under a vacuum.

Preparation of rGO

rGO is created by reducing GO with many techniques. There
are 3 main types: thermal reduction, chemical reduction,
and electrochemical reduction [81], which are summarized
in Fig. 3.

Reducing GO via chemical reduction may be a scal-
able technique; however, unluckily the operation has usu-
ally brought approximately poor yields and utilized highly
toxic materials like hydrazine [82]. Compared to the GO
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Fig.9 Schematic representa-
tion of the oxidation procedures
with graphite flakes as a starting

. . Hummers
material. Under-oxidized hydro-
phobic carbon material recov-
ered during the purification
of improved, Hummers, and G‘I;(:S:g}
Hummers modified GO [70] _mproved

9:1 H,80,/H,PO,

Hummers

~~.modified

precursor, rGO created by this technique typically presents
a substandard EC and surface area (see Fig. 7).

Thermally reducing GO at temperatures of 1000 °C or
higher produces rGO that has been shown to have a high
surface area, which indicates that it is similar to pristine
graphene even. Unfortunately, the intense heating method
damages the structure of the graphene layers as high pres-
sure builds up and CO, emission is discharged [83, 84]. This
causes a considerable reduction within the overall mass,
vacancies of the GO as well and influences the mechanical
strength of the rGO. The benefits of the method are simplic-
ity, nonchemical, and low cost [85] (see Fig. 10).

An electrochemical reduction may eventually be suita-
ble for the huge scale production of rGO. rGO produced by
this technique has top quality, almost consistent in terms
of structure to pristine graphene, in fact. By many ways,
rGO compound can be functionalized in numerous appli-
cations. By treating rGO, the properties of the compound
to suit business applications can be enhanced such as

Fig. 10 Schematic procedure
for the synthesis of thermally
rGO from graphite. Graphite is
oxidized to GO [86]

H,S0,, HNO,, KCIO,
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3KMnO,
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Oxidized materials
HGO IGO HGO+

6 KMnO,

H,S0,/0.5 NaNO,

T NO,
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.. - = :

B
k.

Hydrophobic carbon material recovered

high TC. Another benefit of this process is no toxic waste.
In Fig. 11, rGO can be produced by the electrochemical
reduction via two different ways: the one-step and two-step
approach. For the one-step electrochemical approach, from
an aqueous colloidal suspension GO sheets are directly
reduced in the presence of buffer electrolytes for produc-
ing the electrochemically rGO thin films on an electrode
surface. This process can be carried out with linear sweep
voltammetry [87], cyclic voltammetry [88, 89], or at a
constant potential mode [87, 90] at room temperature. For
the two-step electrochemical method, a thin film of GO
is firstly placed on the electrode surface that plays a role
as a substrate and then is dried out to produce GO-coated
electrode. This electrode is subsequently given to elec-
trochemical reduction in the attendance of a supporting
electrolyte or buffer for the production of rGO films [91].
A complete review of graphene and graphene deriva-
tives-based nanofluids is presented in Table 2. Recently, in
most of the nanofluid experimental researches, the nano-
particles have been supplied by the manufacturer.

A, 1050 °C
_—

Graphite

TR-GO
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Fig. 11 Schematic representa-
tion for electrochemical reduc-
tion approach to the production
of electrochemically rGO [91]
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Preparation of nanofluids

The preparation of nanofluids is the first and main part of the
exploratory investigation on nanofluids. It is not just a sim-
ple operation of mixing the nanoparticles into the BF. The
minimization of the particle agglomeration is an advantage
of the one-step synthesis technique. But the strict condi-
tion is required for such a process. The two-step preparation
process [201] is still popular in research articles as the most
commercial process for the production of nanofluids because
of its simplicity. Stabilization and proper mixing are required
to get nanofluids with homogeneously dispersed nanoparti-
cles due to strong van der Waals force among nanoparticles.
The most common technique is shown in Fig. 12.

A higher shear mixing or ultrasonic vibrator is mostly
used to homogenize nanopowders with BFs. In order to
reduce particle agglomeration, the regular use of ultrasoni-
cation or stirring is required. In most research articles, water
is used for BF. Jia et al. [131] used the two-step technique
to produce GNFs of DW and surfactant. Tharayil et al.
[133], Iranmanesh et al. [152] used commercially available
GNSs to prepare nanofluids of water without surfactant by
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sonication. Sarsam et al. [135], Sathishkumar et al. [138],
Selvam et al. [153], and Abd Elhafez et al. [155] prepared
GNPs nanofluids of water with different surfactants, while
Vakili et al. [136], Khosrojerdi et al. [150], and Sadeghin-
ezhad et al. [151] used without surfactant. By HM or
MHMs, Shende et al. [64], Akhavan-Zanjani et al. [65],
Anin Vincely et al. [75], Esfahani et al. [77], Kim et al. [78]
produced GONFs of water by sonication or stirring.

Yu et al. [93] exhibited a chemical method for producing
GONs-based nanofluids, which was obtained by exfoliation
of GO in anhydrous ethanol. The collected nanoparticles
were loose brown and dispersed in EG without surfactants.
Aside from the utilization of the ultrasonic device, some
various methods, for example, functionalized graphene
sheets, were presented by several other authors. Martin-
Gallego et al. [202] synthesized graphene sheets in-house
the rapid thermal expansion of GO at 1000 °C under an
inert atmosphere. Carbon material was produced with high
surface zone comprising of graphene layers with residue
carbonyl, hydroxyl, and epoxy groups. Baby and Sundara
[97] presented a technique for preparing the copper oxide-
decorated graphene-dispersed nanofluids. Firstly, carboxyl
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Table 2 Outline of several synthesized GNFs

References Base fluid Material Synthesis method Loading

[92] DW GR+GO MHM 0.001 vol%

[93] EG GONs MHM 1-5 vol%

[94] EG GONs MHM 0.01-11.03 mass%

[95] EG GONs MHM 0.01-0.05 vol%

[96] EG+DW GR MHM 0.005-0.056 vol%

[97] EG+DI Metal oxide-decorated GR Copper oxide-decorated GR 0.005-0.056 vol%

[98] EG GR Hydrogen exfoliated GR 0.005-0.05 vol%
DI 0.05-0.08 vol%

[7] EG GNS MHM 0.01-11.03 mass%

[99] DI Silver NPs-decorated GR MHM to prepare the GO 0.005-0.056 vol%

[100] EG+DI GNS MHM 0.008-0.138 vol%

0.008-0.138 vol%

[101] DW GO MHM 0.0001 vol%

[102] DW GO MHM 0.0001 vol%

[103] DW Polydispersed GNS MHM, then synthesized 0.5 mass%

[104] DW Functionalized GR CVD 0.01-0.05 mass%

[105] 70 vol% EG + 30 vol% DW GR MHM, then synthesized 0.395 vol%

[106] DI Silver NP-decorated MWCNTs GR  MHM, then synthesized 0.005-0.04 vol%

[107] DW GR MHM 0.005-0.02 vol%

[108] DW GONs SBM 0.0001-0.0002 mass%

[3] DW GNPs SBM 0.025-0.1 mass%

[109] DW GR MHM 0.03-0.06 mass%

[110] Dw GR MHM 0.01 vol%

[111] Dw Functionalized pristine GR/metal ~ MHM, then synthesized 1-3 G (generation)

NP hybrid
[112] DW GR SBM, then oxidized by acid 0.001-0.01 vol%
[113] DW + different SUR Solvent-free GR MHM, then synthesized the 10 mg mL™!
material

[114] DW + different SUR NDG MHM, then synthesized 0.01-0.06 mass%

[115] DI GO MHM 0.05-0.25 mass%

[116] DW Exfoliated GO MHM, then synthesized 0.005-0.025 mass%

[117] DW Si0O,-coated graphene MHM, then synthesized 0.1 mass%

[118] DW GO MHM, then synthesized 0.0001-0.0006 mass%

[119] DW GO + its hybrid complexes MHM, then synthesized 0.05 mass%

[120] [HMIM]BF4 GR SBM 0.0005-0.01 mass%

[121] DW GO/GNPs MHM 0.0125-0.075 mass%

[122] DW GO +its hybrid complexes MHM 0.05 mass%

[123] Acetone GR SBM 0.05-0.09 vol%

[124] DW +SUR MWCNTs + GR SBM Mass ratios: 1/3, 3/1,

1/1, 172, 2/1

[125] DI Silver oxide + GO SBM 0.01-0.1 mass%

[126] DW GONs SBM 0.005-0.1 mass%

[127] DW CNTs+GR SBM 0.1 vol%

[128] DwW GR CVD-grown graphene 0.05-0.1 mass%

[129] Silicone oil Functionalized GNS MHM, then synthesized 0.0-0.07 mass%

[130] EG NDG-MNT HM, then CVD 0.005-0.03 vol%
DI 0.005-0.02 vol%

[131] DW +SUR GNSs SBM 0.05 mass%

[132] Kerosene + SUR GNPs SBM 0.005-0.2 mass%

[133] DW GNSs SBM 0.003-0.009 mass%

[134] DW + SUR GR SBM 0.05-0.15 mass%
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Table 2 (continued)
References Base fluid Material Synthesis method Loading
[135] DW +different SUR GNPs SBM 0.1 mass%
[75] DW GO MHM 0.005-0.02 mass%
[136] DW GNPs SBM 0.0005-0.001 mass%
[137] DW Dry sulfonic acid-functionalized SBM 0.25-1.00 mass%
GNPs
[138] DW +SUR GNPs SBM 0.3-1.2 mass%
[139] DW +SUR NDG SBM 0.01-0.06 mass%
[140] DW GR-—substrate, Al,O5, SiO,—sur- SBM 0.1-10 vol%
faces
[141] DW Triethanolamine-treated GNPs SBM 0.025-0.1 mass%
[76] Oil + water GO MHM 0.005-0.01 mass%
[142] DI GNPs SBM 0.00025-0.005 mass%
[143] DI GO nanoplatelets SBM 0.001-0.045 mass%
[77] DI GO MHMs 0.01-0.5 mass%
[78] DW GO MHMs 0.01-0.03 vol%
[65] DW GO HM 0.005-0.02 vol%
[54] DW +SURs MWCNTs + nanoporous GR CVD 0.1-0.3 mass%
[144] DW GR +silver NPs SBM 0.2/0.4 mass%
[80] DW+SUR NDG SHM, hydrothermal process 0.01-0.06 mass%
[145] DW Empty fruit bunch+GO SHM 0.02-0.06 mass%
[79] DW GO MHMs 0.02-0.12 vol%
[146] DwW Propylene glycol-treated GNPs SBM 0.05-0.25 mass%
[147] DW Functionalized GNPs SBM 0.02-0.1 mass%
[148] DW +SUR GR/MWCNT SBM 0.1 mass%
[74] DW Exfoliated GO Modified Staudenmaier method 0.005-0.025 mass%
[149] EG+DI GNSs SBM 0.005-0.1 mass%
[150] DI GNPs SBM 0.00025-0.005 mass%
[151] DW GNPs SBM 0.025-0.1 mass%
[152] DW GNSs SBM 0.05-0.1 mass%
[153] DI-EG+SUR GNPs SBM 0.1-0.5 vol%
[154] DW +SUR Magnetic GR composites+GNPs ~ SBM 0.025-0.1 mass%
[155] DW +SUR GNPs SBM 0.025-0.1 mass%
[56] Oil GNPs Modified Staudenmaier method 0.5-2 mass%
[156] Oil GR SBM 0.02-1.0 mg mL™!
[157] Transformer oil GR SBM 0.01-0.08 mass%
[158] EG + water Sulfonic acid-functionalized GO SBM 0.1-0.5 mass%
nanoplatelets
[64] DI and EG Few-layered rGO HM 0.005-0.03 vol%
[159] DW rGO/Fe;0, SHMs 0.5 mass%
[160] n-butanol alcohol aqueous solution GO SBM 0.008-0.12 mass%
[161] Dw Functionalized GNPs SBM 0.02-0.1 mass%
[162] EG and water + SUR GNPs SBM 0.001-0.5 vol%
[163] Oil GNSs SBM 0.0025-0.01 mass%
[164] DW +SUR GR/MWCNT SBM 0.5-2.0 vol%
[55] DI+SUR Nanoporous GR CVD 0.025-0.1 mass%
[66] Kerosene Fe;0,4-decorated GR MHM 0.05-1.0 mass%
[67] Red wine rGO MHM 1-4 vol%
[165] [BMIM]BF, ionic liquid GI, SWCNT SBM 0.005-0.01 mass%
[166] DI GNSs/AL O, SBM 0.1 vol%
[68] DW GO MHM 0-0.05 mass%
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Table 2 (continued)

References Base fluid Material Synthesis method Loading

[167] DI+SUR GNPs/ALO4 SBM 0.25-1.25 vol%
[168] DW +SURs GI, MWCNT SBM 1 mass%

[169] DI GO SBM 0.03 mass%

[170] DW +SUR GI SBM 0.02-0.08 mass%
[171] DW GNPs SBM 0.025-0.1 mass%
[172] DW+SUR Carboxyl GR SBM 0.02-0.04 vol%
[173] DW+SUR GI+MWCNT SBM 0.25-2.0 vol%
[174] DW rGO-Fe;0, SHMs 0.5 mass%

[175] DW rGO SBM 0.02 mass%

[69] DI GO MHMs 0.01-0.1 mass%
[176] DI Functionalized GNPs SBM 0.05 vol%

[177] DW and EG GO/Co;0, MHMs 0.05-0.2 vol%
[178] Ethanol GNSs Exfoliation 0.02-0.1 vol%
[179,180] DW and EG+SUR GNPs SBM 0.001-0.45 vol%
[181] Oil GNSs SBM 0.025-0.1 mass%
[182] DI GNPs SBM 1.2-16.7 vol%
[183] DI rGO MHM 0.00125-0.01 mass%
[184] DwW GO SBM 0.025-0.1 vol%
[185] DW +SUR GNPs, MWCNT SBM 0-0.3 vol%

[186] DW and EG+SUR GNPs SBM 0.1-0.5 vol%
[187] DI GR SBM 1 mass%

[188] DW and propylene glycol Functionalized GO SBM 0.25-1.0 mass%
[189] DW GONs SBM 0.05-0.2 vol%
[190] DI Sn0,/rGO SBM 0.02-0.1 mass%
[191] DI GO MHM 0.25-1.5gL™!
[192] EG GO MHM 0.1-5 vol%

[193] DW Phenyl-sulfonic-functionalized GR  SBM 0.02—-1 vol%

[194] DI GO MHM 0.005-0.01 mass%
[195] EG GO MHM 0.01-0.05 mass%
[196] DW GNSs SBM 0.003-0.006 mass%
[197] DI GNPs SBM 0.025-0.1 mass%
[198] DW GNPs SBM 1 mass%

[199] DW +SUR GNPs SBM 0.05-0.15 vol%
[200] DW GNSs SBM 0.001-0.01 mass%

GR graphene, GI graphite, NP nanoparticle, SUR surfactant

Fig. 12 Two-step preparation

process
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and hydroxyl functional groups were introduced on the sur-
face of graphene under acidic and ultrasonication treatment.
Then, the functionalized graphene was utilized to decorate
the CuO nanoparticles with the help of CuCl, and NaBH,
and NaOH. Baby and Ramaprabhu [98] and Kole and Dey
[105] utilized dried GO to produce hydrogen exfoliated gra-
phene in hydrogen at 200 °C. Its functionalization was made
by treating as synthesized hydrogen exfoliated graphene
with acid and ultrasonication.

Wang et al. [203] produced very steady GNFs by dis-
persing GO powder into the DW by using ultrasonication
and adding hydrazine hydrate into the mixture. The solid
product was washed with ethanol and DW and then dried at
60 °C in a vacuum oven for 24 h to remove the remaining
solvent. Park et al. [204] and Ghozatloo et al. [104] produced
GNSs by using CVD to develop the GNSs on copper foil by
catalytic decomposition in a quartz tube heater system. With
the reflux system and potassium persulfate, functionalization
of graphene took part, and after that, it was mixed with DI.
Then, it was homogenized in the ultrasonic bath for 1 h to
producing the GNF.

With other BFs, Agarwal et al. [132] prepared GNPs—ker-
osene nanofluids with surfactant by the two-step process.
Luo et al. [76] used this technique to produce GO nanofluids
of oil and water, while Su et al. [160] worked with n-butanol
alcohol aqueous solution. Wang et al. [156] and Qing et al.
[157] produced GNFs of oil. Cabaleiro et al. [158] and Sel-
vam et al. [153, 162] used EG for nanofluid production in
their studies.

Stability of nanofluids

Nanofluids are able to lose their potentiality to transfer
heat for the reason that nanoparticles have a tendency of
coagulation involving electrical double-layer action, steric
action, and van der Waals forces. Balancing the competing
interactions supports nanoparticle dispersion and prevents
aggregation and clustering that were investigated as fac-
tors increasing TC of nanofluids. As a result, investigation
on a stable and homogeneous nanofluid is an unavoidable
and great challenge of nanofluid preparations. This section
reviews the stability enhancement procedures and stability
development methods. A complete list of research work on
the stability of various GNFs is available in Table 3.

Stability enhancement procedures

Various methods are used for obtaining stable nanoflu-
ids, including physical methods (i.e., mechanical agita-
tion, stirring, and ultrasonic vibration) or chemical treat-
ment (i.e., addition of surfactant, pH control). Nanofluid
stability is directly related to its electrokinetic properties.

@ Springer

Consequently, their pH control can increase the stability due
to strong repulsive forces. The pH can control the van der
Waals and electrostatic forces. As for instance, acid treat-
ment can improve the dispersible ability of graphene in BF
and enhance the TC of GNF [207]. Yarmand et al. [147,
161] studied the functionalized GNPs-based nanofluids from
a simple acid treatment reaction procedure, and the nano-
fluids were stable for a long time without sedimentation.
Vallejo et al. [208] investigated the effect of various pH val-
ues of GNP nanofluids in propylene glycol-water mixture
and observed that the absolute values of zeta potential were
higher than 30 mV for samples with pH values above 6. With
the same method, Askari et al. [209] showed that the suitable
pH value for Fe;O,/graphene nanofluids of water is 8 and 10.

Surfactants utilized in nanofluids are called dispersants.
Utilizing surfactants in the two-phase systems is an eco-
nomical and easy way to make the nanofluids in steady
state. Surfactants are able to decrease the surface tension
of BFs and rise the particle immersion. Surfactants consist
of a hydrophobic tail portion, e.g., a hydrophilic polar head
group and a long-chain hydrocarbon, which could help to
modify hydrophobic materials to enable the dispersion in
aqueous solution. In researches, for various kinds of nanoflu-
ids, some types of surfactants were utilized. Some important
surfactants with GNFs are: sodium carboxymethyl celluloses
(NaCMQ) [131], oleylamine [132], sodium dodecyl sulfate
(SDS), sodium dodecyl benzene sulfonate (SDBS) [135],
Tween 80, Acumer Terpolymer [54], sodium deoxycholate
(NaDC) [162], Triton X100 [54, 80, 139], gum arabic (GA),
cetyltrimethylammonium bromide (CTAB) [54, 135]. Nev-
ertheless, using surfactants also affects the thermophysical
characteristics of the nanofluids in many ways [54, 135,
210]. It should be noted that this technique cannot be use-
ful for nanofluids acting at high temperature as a result of
damage of bonding between the nanoparticle and surfactant.
Surfactants may produce foams while heating. Furthermore,
surfactants can extend the thermal resistance of the nano-
fluids because the surfactants attach to the nanoparticle sur-
faces. These restrictions are able to limit the enhancement
of the effective TC.

The surface modification technique is a surfactant-free
technique that can deliver long-term nanofluid stability. A
lot of researchers utilized such modification techniques.
Myekhlai et al. [144] presented work on the production of
graphene and silver nanoparticles composite by adding sil-
ver to the surface of graphene. It was noted that the com-
bination of silver and graphene in the composite material
considerably improved the thermal conductivity of BF and
the specific surface area is enhanced. Yarmand et al. [147,
161] increased the stability of nanofluids by introducing the
hydroxyl and carboxyl function groups toward the GNP sur-
face. With the same purpose, Mehrali et al. [80] prepared
NDG by a hydrothermal process with GO as a raw material
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Table 3 Summary of different stability of nanofluid research

References Stability test method Duration Surfactant

[93] TC ~ 7 days N/A

[101] ZPT N/A Modifying pH

[103] SPC > 6 months N/A

[205] SPC+UV-Vis N/A Polymers P19 and P20

[206] ZPT N/A Changing pH

[104] SPC+TC ~ 7 days N/A

[105] TC ~ 150 days (5 months) N/A

[117] SPC+UV-Vis ~ 7 days N/A

[118] SPC, UV-Vis, ZPT ~ 60 days N/A

[115] SPC N/A N/A

[114] SPC, UV-Vis, ZPT ~ 180 days (6 months) Triton X-100

[113] SPC N/A N/A

[112] SPC 24 h N/A

[3] SPC, UV-Vis, ZPT 600 h N/A

[107] UV-Vis 1 week PVA

[123] SPC 7 days N/A

[122] ZPT+SPC N/A Modifying pH and tannic acid

[121] SPC 2 months Modifying pH

[124] SPC 4 days SDBS

[129] SPC+UV-Vis 256 h N/A

[131] ZPT, PSD, SPC ~ 1 month Sodium carboxymethyl celluloses

[132] DLS+TC > 2 months (0.005%), few days Oleylamine

(>0.005%)

[133] ZPT N/A N/A

[135] ZPT, UV-Vis ~ 60 days Gum arabic, cetyltrimethylammonium
bromide, sodium dodecyl sulfate, sodium
dodecyl benzene sulfonate

[136] ZPT N/A N/A

[139] UV-Vis ~ 200 days Triton X-100

[76] SPC ~ 30 days N/A

[142] ZPT ~ 45 days N/A

[143] ZPT N/A N/A

[77] ZPT, DLS N/A N/A

[78] ZPT N/A N/A

[65] UV-Vis ~ 1 week N/A

[54] ZPT N/A Gum arabic, Tween 80, CTAB, Triton
X100, Acumer Terpolymer

[80] UV-Vis ~ 10 days Triton X-100

[147] UV-Vis ~ 10 days N/A

[74] ZPT N/A N/A

[149] SEM 12h N/A

[156] SPC ~ 30 days N/A

[157] ZPT, UV-Vis ~ 2 weeks N/A

[158] ZPT N/A N/A

[64] SPC, UV-Vis ~ 2 weeks N/A

[159] UV-Vis ~ 60 days N/A

[161] UV-Vis ~528h N/A

[162] UV-Vis ~ 15 days Sodium deoxycholate

[66] UV-Vis > 5 months N/A

[67] UV-Vis, ZPT N/A N/A
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Table 3 (continued)

References Stability test method Duration Surfactant

[165] TC ~ 4 days N/A

[68] SPC > 15 days N/A

[168] ZPT N/A Sodium dodecyl sulfate, sodium dodecyl
benzene sulfonate, dodecyl betaine

[169] ZPT, PSD ~ 30 days N/A

[174] UV-Vis ~ 60 days N/A

[175] ZPT, SPC ~ 2 months N/A

[176] Sedimentation balance method ~ 34 days N/A

[179, 180] UV-Vis, ZPT ~ 15 days Sodium deoxycholate

[183] UV-Vis ~ 10 days N/A

[184, 189] SPC, ZPT ~ 3 months N/A

[190] ZPT ~ 60 days N/A

[196] ZPT N/A N/A

in an ammonia solution. Grinding can be utilized to enhance
significantly the dispersibility property in BF water [207].

After the nanofluid preparation, an agglomeration can
occur over time, which causes rapid sedimentation of the
particles as a result of enhancement of downward body
force. The physical techniques used to promote stability of
nanofluids are stirring, mechanical agitation, and ultrasonic
vibration. Several researchers have used mechanical stir-
ring techniques, where the working BF was DW [56, 211].
Many authors have studied the use of ultrasonic vibration to
disperse and suspend in many BFs. For instance, Ahmadi
et al. [212] studied the importance of sonication time on the
stability of nanofluids.

The stability of nanofluids has been a main and challeng-
ing problem so far. This limits the utilization of nanofluids
in heat transfer applications. Thus, further investigation is
required to obtain optimum methods to enhance the thermal
and chemical stability of GNFs on the optimum basis, sur-
face modification techniques of nanoparticles, and the use
of various surfactants.

Stability mechanisms

Stabilization of nanofluids is the most urgent concern. It
means the nanoparticles do not agglomerate at a significant
speed. The reason for the agglomeration of the nanoparticle
is that nanoparticles in nanofluid are able to attach together
as a result of the attractive force against the repulsive force.
Respectively, they are van der Waals and electrical double
layer, which exist between nanoparticles. Also, they come
close to others by reason of the random Brownian motion
[213]. When attraction prevails over repulsion, two nanopar-
ticles will collide, and nanoparticles tend to agglomerate in
clusters. In contrast, if nanoparticles have stronger repulsion
than attraction, then nanofluids will exist in steady state.
Accordingly, the enhancement of repulsive force can ensure
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Fig. 13 Electrostatically and sterically stable nanoparticles [215]

to keep nanofluid in steady state and prevent the nanoparti-
cle agglomeration. As specified by the repulsion kinds, the
fundamental mechanisms are divided into two kinds: steric
stabilization and electrostatic stabilization [214], shown in
Fig. 13.

For steric stabilization, macromolecules (polymers, sur-
factants) are involved in the colloidal system. They will
be attached or grafted to the surfaces of the particles, pro-
ducing an additional steric repulsive barrier to prevent the
particle from coming close to each other [216, 217]. For
instance, Askari et al. [66] grafted oleic acid on the surface
of Fe;0,-decorated graphene nanoparticles by chemisorp-
tion and the nanofluids have good stability. GNPs nano-
fluids are very stable on account of the protective role of
oleylamine, as it prevents the growth and agglomeration of
nanoparticles by the steric effect. This effect of surfactant
is determined by the concentration of the surfactant. Agar-
wal et al. [132] found that for maximum stabilization of
nanofluid the oleylamine to GNP mass ratio is 0.6.
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For electrostatic stabilization, the existence of surface
charge or Coulomb repulsion is a major source of stabili-
zation. Electrostatic stabilization is developed through the
following mechanisms: preferential adsorption of ions, the
isomorphic substitution of ions, dissociation or physical
adsorption of surface-charged species, accumulation or
depletion of electrons at the surface [218, 219]. Electro-
static interactions are a pH-sensitive way [67]. Therefore,
the electrostatic stabilization is limited to use.

Stability evaluation methods for nanofluids

Stabilization of nanofluid can be estimated through measure-
ment of the exact amount of the settled and suspended nano-
particles in BF over time. There are six different methods
to study the stabilization of nanofluids as follows: UV-Vis
spectrophotometry, ZPT, SPC, SEM and TEM, sedimen-
tation balance method, 3@ method, centrifugal dispersion
analysis, and TC. A summary of some studies on the stabi-
lization of nanofluid is given in Table 3.

In nanofluid, zeta ({)-potential is the difference of
potential between the immobile sheet of BF grafted to the
nanoparticle and BF. The electrical potential is considered
as {-potential that is associated with the repulsive force
between neighboring, analogously charged nanoparticles
in the suspension system. Therefore, nanofluids having low
{-potentials will gradually coagulate, when nanofluids with
high {-potentials (positive or negative) are known as electri-
cally stabilized. Nanofluids are believed to have good stabili-
zation with {-potential between 40 and 60 mV (see Fig. 14).
Nanofluids with {-potentials higher than 60 mV are known
as having excellent stabilization [220]. Many researchers
[131, 133, 135, 136] utilized ZPT to study the stability of

Positive zeta potential

STABLE
+30mV
0mV. % NOT STABLE
PRI —30mv,
STABLE

Negative zeta potential

Fig. 14 Scheme for (-potential of stable and unstable dispersions
[221]

nanofluids because of the simplicity of the technique. Vakili
et al. [142] utilized this method for GNP nanofluids, and
Tahani et al. [143] also utilized it for GO nanoplatelets.

Sedimentation method is the most elementary and sim-
plest technique to evaluate the stability of nanofluids [222].
The sediment amount is an expression of the stabilization of
the characterized nanofluids under an external force field to
start the sedimentation of nanoparticles. When the concen-
tration or particle size of the supernatant particles remains
constant over time, the nanofluids are generally considered
to be stable. Wang et al. [156] used the principle of this
technique in their own experimental setup for measuring the
stabilization of the GNFs.

Spectral absorbance analysis via UV-Vis spectrophotom-
eter is another efficient way for evaluation of the stability
of the nanofluids. Generally, there is a linear relationship
between the concentration of nanoparticles in fluid and the
absorbance intensity. The advantage of this method compar-
ing to other methods is that UV-Vis spectroscopy can give a
concentration of nanofluids. Many researchers analyzed the
stability of nanofluids by measuring the UV-Vis absorption
after different sediment time (see Fig. 15) [65, 135, 139,
159, 161, 162].

However, many methods were utilized for improving
stability of GNFs. In the literature, the methods can only
make a stable nanofluid for only some days or months and
nanofluids with long-term stability are not available. So,
more studies are required for suppressing the formation of
nanoparticle cluster and changing the surface properties of
suspended nanoparticles to obtain homogeneous and stable
nanofluids.
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Fig. 15 UV-Vis spectra of GNF before and after using the nanofluid
in the testing cycle duration of 1 week [114]
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Table 4 Specifications of GNP, GO, and their nanofluids (BF/water)

Property GNP [3] GO [115]

Particle GNPs GO

Color Black granules/powder Brown granules/powder
Peak in UV-Vis spectrophotometer 265 to 270 nm 227 nm

Thickness 2 nm <2nm

Stability of nanofluid 600 h 1 week

Zeta potential (0.1 mass%) —45.7 mV —43.1 mV [223]

Viscosity (0.1 mass%, shear rate 100 1 s’l)

TC enhancement
GNP: at 35 °C; GO: at 30 °C and 40 °C

EC (0.1 mass%, 25 °C)

27.64% (0.1 mass%)
1.2x1073Sm™!

1.3 mPa s (20 °C), 0.9 mPa s (40 °C)
11.94% (0.025 mass%)

1.4 mPas (25 °C), 0.8 mPa s (40 °C) [77]

11.67%, 14.75% (0.05 mass%)
15.00%, 24.59% (0.1 mass%)

5.1%x1073 Sm™'[118]

GO and GNFs

GO and graphene/water nanofluids have long-term stability.
Almost, no sedimentation of GO and graphene was observed
in water after one week. Table 4 shows that these nanofluids
have zeta potential below —30 mV; thus, it is confirmed that
they have good stability. This also shows that between GNPs
and GOs the electrostatic repulsive force is strong enough to
get over the attractive force between nanoparticles. In addi-
tion, greater electrostatic force can make more free particles
state easily because the distance between particles increases.
Thus, the hydrogen bonding range between particles is
exceeded, and further, the chance of particle coagulation
and settling is decreased.

A rise in viscosity has to be examined. The viscosity of
nanofluid affects fluid dynamics and results in a pressure
drop that is significant from the perspective of the fluid
application. At low temperatures, GNP nanofluids have
more benefits because of lower viscosity compared to GO
nanofluids, see Fig. 16. At higher temperatures, the viscosity
of the nanofluid is lower because of the weakening of the

2
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intermolecular and interparticle adhesion forces. The viscos-
ity of DW decreased exponentially as a function of shear rate
which shows non-Newtonian shear thinning behavior (pseu-
doplastic). Like BF, the samples of GNP, GONFs exhibit
this property.

The most interesting property in nanofluids is its TC,
which shows the ability of a nanofluid to conduct heat. The
TC enhancement of nanofluids depends highly on features of
dispersed nanoparticles, such as the conductivity of the nan-
oparticles. From Tables 4 and 5, it can be seen that the TC
of the GNPs is higher than that of the GO. For composites,
there are some standard TC models like the Maxwell model,
Hamilton—Crosser. However, these models present weak-
ness in predicting the thermal conductivities of nanofluids,
so various new mechanisms have been proposed. Several
researchers indicated the Brownian motion of nanoparticles
as a main element for the observed enhancement of the TC.
However, the nanoparticle aggregation and the existence of
a nanolayer at the solid-liquid interface can make a major
contribution to the mechanisms of TC improvement of nano-
fluids. The BF molecules near the nanoparticle surfaces form
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Fig. 16 Plots of viscosity versus the shear rate at various concentrations and temperatures for GNP and GO nanofluids [3, 77]
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Table 5 Dimensions, carbon

Sample Thickness/nm Lateral dimen-  Carbon Interlayer spac- TC/W m~! K~!
content, TC of graphene, GO sions/um content/% ing/nm
nanoplatelets [224]
GNPs ~10to 15 ~ 1510 20 ~99 0.3372 2275+338
GNPs ~10to 15 ~15t020 ~99 0.3376 2180+314
Oxygen-interca- ~1to2 ~5 ~93 0.3540 776 +96
lated graphene
GO <1 ~1 ~46 0.3827 18+2

layered structured and act as a solid. Using a low concentra-
tion of GNP nanofluids can obtain acceptable TC enhance-
ment for applications of solar collectors, thermal exchanger
systems.

The EC has not been studied widely as TC, although it is
an important property. The EC of a nanofluid can increase
or decrease depending on the BF, size, loading, and charge
of the nanoparticles. Through the results, it could be seen
that the enhancement of EC of GONFs was better than of
GNP nanofluids. The reason can be that the surface charge
of nanoparticles has a big role in enhancing EC of the nano-
fluids, and GO nanoparticles have higher surface charges
originating from its functional groups.

Applications of GNF

Different types of GNFs have been used for a large range
of engineering application, such as heat pipes, sensors,
micro-mini-channels, clean energy devices, heat sinks,
composite materials, automobiles, medicine, cosmetic, air-
conditioning, refrigeration, solar energy device, lubricants,
and coolants as shown in Fig. 17.

Due to the rapid development of modern technology,
a higher density of chips, recent electronic devices with
more compact dimensions generate a tremendous amount
of heat. This reduces the normal efficiency of the advanced
electronic devices and reduces expected life and reliability.
Thus, the reliable thermal management system is essential
for good working of electronic devices. Generally, heat
removal can be improved with two approaches: finding an
optimum geometry of cooling devices and increasing the
heat transfer capacity. Ali and Arshad [226, 227] used GNF
with pin—fin heat sinks. This contributed a striking advance-
ment in active cooling technology with GNPs/DW nanofluid.
The integral fin heat sink with GNPs nanofluid is appropriate
for electronic devices that dissipate the maximum heat flux
around 50 kW m~2.

The heat pipe, a two-phase thermal transfer device, is
explored with different coolant mediums as an active and
passive cooling technology. Different graphene-based nano-
materials such as GO, GNPs in a miniature loop heat pipe,
oscillating heat pipe, wick, and grooved heat pipe have

been studied and have obtained remarkable improvement
in thermal transfer efficiency [133, 139, 151, 160, 196]. It
is believed that the functionalization of GNPs may present
the various impacts in heat efficiency of the heat pipe. Thus,
it is recommended to compare the thermophysical and heat
transfer efficiency of functionalized and nonfunctionalized
graphene-based nanomaterials by changing base liquids.

Heat management of automotive engines much impacts
the efficiency of vehicles indirectly and directly as it influ-
ences motor efficiency, fuel utilization, human comfort,
emissions, component life, maintenance, and vehicles qual-
ity. For the effective cooling of motors utilizing GNF has
been investigated by different researchers. Amiri et al. [228]
used crumpled NDG with DW-EG mixture, and Selvam
et al. [180, 186] utilized GNPs dispersed in water—EG as a
coolant through an automobile radiator. It can be released
that with higher loading of GNPs, a higher heat transfer
coefficient is obtained. The authors suggest more investiga-
tions for various BF, loading, inlet temperature across the
car radiator.

The use of mini-channel with GNFs has been reported
for thermal system applications by some researchers.
Ahammed et al. [166] performed an experimental study for
entropy generation analysis in a multiport mini-channel heat
exchanger coupled with a thermoelectric cooler. It can be
observed that the thermal efficiency of GNFs is better than
Al,O5 nanofluid and hybrid nanofluid containing Al,O; and
graphene.

The heat exchanger is utilized broadly in industry and
particularly in process plants, for example power plants,
cooling towers, refineries, etc. The key challenge is the pow-
erful heating and cooling of processing liquids inside the
heat exchangers. To improve the heat exchange rate the con-
ventional technique is to increase the surface area; however,
here the cost comes to the main parameter. Some researches
accessible on effective cooling of heat exchanger with GNFs
on flow arrangement [189, 229], flow regime [128, 184],
and construction [153, 164]. From the studies, at a fixed Re
number, the rise of loading graphene to water enhances the
convective heat transfer coefficient. Furthermore, higher Re
number and concentration of graphene cause the increment
in friction factor, which results in increasing the pressure
drop and pumping power.
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Fig. 17 Several utilizations of GNFs [225]

Some studies have been presented on boiling heat trans-
fer under various regimes and boiling parameters with
GNFs [230]. Pool boiling heat transfer is still investigated
to decrease or increase the rate of heat transfer. Several
researchers [92, 101, 102, 108, 231] used graphene with
DW reporting the improvement in critical heat flux and boil-
ing heat transfer coefficient by modifying heater size, shape,
material, diameter and orientation, the heat of channel sur-
face condition, the degree of surface wetting, etc.

Researchers [64, 136, 142, 211, 232] have investigated
GNFs in direct absorption solar collector and flat plate
solar collector, focusing on enhancement of the absorp-
tion of solar irradiation. Wang et al. [156] used graphene/
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oil-based nanofluid with low graphene concentration to
examine the dispersion stability, TC, and kinetic viscos-
ity by changing mass fraction. The TC of nanofluids was
enhanced remarkably, and the kinetic viscosity of nanoflu-
ids reduced compared with that of pure oil. It is observed
that GNFs improved remarkably solar-to-thermal energy
conversion and heat transfer efficiency as compared to the
BF to enhance the system thermal efficiency. The authors
recommend to further investigate graphene-based nanopar-
ticles with metallic and metallic oxides nanoparticles by
changing the concentration, inlet temperature, flow rate, and
pumping power.
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Conclusions and outlook

In the review article, most investigations performed on the
preparation and stability of different GNFs have been cov-
ered. It has been found that the two-step preparation method
has been accepted by a majority of the researchers because
of its simplicity and economic benefits. Moreover, the steps
and mechanisms in the stabilization process of these nano-
fluids have been discussed. Figure 18 summarizes the future
challenges for GNFs.

The shape of graphene nanoparticles is very important
for their properties. There is a need to investigate further the
effect of morphological, fluid and thermal properties, and
use of different BFs, which helps to increase the thermal and
flow performance and improve the production of nanoflu-
ids. The long-term stability of GNFs should be investigated
more for many practical applications. There are very few
researches on the long term of stability of these nanofluids.

Another interesting topic is decreasing the cost of GNF.
The high-temperature stability has not been investigated as
well. In different high-temperature thermal applications,
the physical phenomenon with other materials should be
studied as corrosion, friction. Additionally, the EC, viscos-
ity, and convective heat transfer coefficient of nanofluids
should be investigated widely as their TC, which are impor-
tant for nanofluid research. Development of more suitable
surfactants and methods, the optimum amount of surfactant
for better stability of nanofluids will be an interesting topic.
Another important research priorities are the investiga-
tion of sonication time and power on GNFs and finding
the optimal settings [233]. More research is needed for GO

composite-based nanofluids, i.e., GO can have a composite
with inorganic materials. In addition, various functionaliza-
tions and heteroatoms of GO can be checked in more detail.
Finally, theoretical models need to be developed further to
explain the experimental data on different parameters affect-
ing heat transfer performance; then, these parameters can be
optimized for various applications.
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