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Abstract
The energy crisis and environmental pollution have forced humanity to look for alternative and clean energy. Collecting 
solar energy by using solar nanofluids (NFs) due to their excellent photo-thermal properties has been popular. Since many 
literature focused on solar collectors rather than solar nanofluids, this paper was written to promote the commercialization 
of solar NFs by reviewing state-of-the-art advances in the preparation techniques, stability, and heat-collection efficiency 
of solar NFs. The first procedure is to prepare stable NFs, and the preparation techniques of NFs were briefly evaluated, 
including the one-step method, two-step method, post-treatment method, and phase transfer method. Then, the stability 
mechanism of NFs was elucidated from a microscopic perspective and the effect of the dielectric constant of base fluid, pH 
value, surfactant, the size, shape, and concentration of nanoparticles on the stability of NFs were explored. The heat-collection 
efficiency of solar NFs was also discussed. It is found that the unique optical properties of solar NFs effectively/significantly 
improved the absorption of solar radiation; meanwhile, the high thermal conductivity (TC) of solar NFs can also improve 
the efficiency of conversion and transmission of solar collectors. Finally, the knowledge gap and future challenges of solar 
NFs are summarized, and corresponding suggestions are put forward, hoping to promote the process of putting solar NFs 
into collectors for commercial use officially.
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Abbreviations
NFs  Nanofluids
TC  Thermal conductivity
CNTs  Carbon nanotubes
EG  Ethylene glycol
PWE  Pulsed-wire evaporation
EEW  Electro-explosive wire
DW  Distilled water
NHS  N-hydroxysuccinimide
SDBS  Sodium dodecylbenzenesulfonate
CTAB  Cetyltrimethylammonium bromide

SDS  Sodium dodecylsulfate
IEP  Isoelectric point
TX-100  Triton X-100
GA  Gum Arabic
TEM  Transmission electron microscope
DLS  Dynamic light scattering
TGA   Thermo-gravimetric analysis
MWCNT  Multi-walled carbon nanotubes

Symbols
V  Velocity of nanoparticles (μm  s−1)
E  Electric field strength (volts  cm−1)
CCDs  Charge-coupled devices
Aλ  Absorbance
I  Intensity
l  Optical path length
c  Concentration
Tλ  Transmittance
R  Radius of particles
X  Distance between the rotation axis and a spe-

cific position in the centrifuge tube
g  Gravity
d  Diameter
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D  Translational diffusion coefficient
RH  Dynamic radius of the fluid
KB  Boltzmann constant
T  Temperature

Greeks
�  Zeta potential
�  Permittivity
�  Viscosity
α  Absorptivity
ω  Angular velocity of the centrifuge
ρ  Density

Subscripts
T  Total potential energy
VdW  Van der Waals
EP  Repulsive potential
R  Relative
0  Vacuum
i  Incident
t  Terminal
p  Particle
b  Base fluid

Introduction

Background

The global demand for energy coming from the refining 
and processing of natural crude oil and combustion of fos-
sil fuels including coal and natural gas, is increasing rap-
idly due to the huge population of the world and the speedy 
development of industry [1]. However, these energy sources 
are not renewable because fossil fuels and natural crude oil 
can only be obtained through geological changes of more 
than 10,000 years. According to the speed of human energy 
consumption today, the reserve of fossil energy discovered 
on earth will soon be declared exhausted. In addition to the 
energy crisis, on the other hand, the exploitation and utili-
zation of fossil energy will cause serious pollution to the 
environment, such as industrial wastewater, soil acidifica-
tion, the greenhouse effect and other issues [2, 3]. Therefore, 
the search for clean and environmental-friendly renewable 
energy has become a global focal point in addressing the 
problem of scant sources and the damage to the environment. 
Solar energy has great potential because it is inexhaustible 
and non-polluting to the environment [4]. The solar radiation 
hits the earth with huge energy, which reaches the surface of 
the earth in one hour is more than the global energy needed 
in a year [5, 6]. Utilizing the solar energy of earth efficiently 
will help reduce carbon emissions and provide a possible 
way to tackle the energy crisis.

Water is the most widely used heat transfer medium in 
solar collectors because water is cheap and easily available. 
However, the further development of solar collectors is lim-
ited due to the scant absorption of water to solar radiation 
and the not good thermal conductivity. It is reported that 
just 13% of the energy reaching the earth from the sun can 
be absorbed [7]. Upgrading the efficiency of solar collec-
tors by improving the structure of solar collectors is one 
of the methods, but it has not been widely studied because 
this method is economically expensive and has little effect, 
so many researchers have to focus on finding other types 
of heat transfer medium which have good thermal physical 
properties. The fluids that contain nanoparticles, typically 
between 1 and 100 nm in size, are called NFs. The NFs 
are widely used in heat exchanger [8], cooling [9], solar 
energy-collecting [10], desalination [11] and so on. For heat 
exchanger with different geometries, such as H-shaped cav-
ity with porous media [12], heat pipe [13], double-layered 
microchannel [14], wavy microchannel [15], using NFs can 
markedly enhance the heat transfer efficiency of heat sink. 
For example, Tariq et al. found that, compared with water, 
the  TiO2–H2O NFs can effectively reduce the bottom tem-
perature when they studied the heat dissipation of micro-
channel [16].

This is largely attributable to the enhanced thermal con-
ductivity of the base fluid by the nanoparticles. In 1995, 
Choi et al. [17] found that the incorporation of small-size 
particles in the fluid can significantly enhance the thermal 
conductivity of fluids, from then on, NFs received wide-
spread attention. The addition of nanoparticles will change 
the thermos-physical properties of the fluid. Some experi-
mental results have shown that after adding trace amounts 
(ppm) of metals, oxides, carbon nanotubes (CNTs), gra-
phene, Au/TiN, TiN and other nanoparticles to the fluids 
which including water, oil, and ethylene glycol (EG), can 
significantly improve the efficiency of heat collection. For 
example, the volumetric solar receivers using graphene-NFs 
with a concentration of 0.0005–0.001 mass% can improve 
the efficiency of heat collection by up to 70% [18]; Chen 
et al. found that the transmission of 0.03 mass% SiC-NFs 
over the entire wavelength range rate can be reduced to zero 
[19]. Such NFs, which are used for solar heat collection due 
to their excellent photo-thermal properties, are called solar 
NFs [20]. Figure 1 lists several common NFs that can be 
used for collecting solar energy. Besides, for direct absorp-
tion volume collectors, solar NFs can be used as both the 
carrier for the absorptions of solar radiation and the working 
medium for heat transfer, while for surface solar absorbers, 
it can just enhance the heat transfer.

There are two main ways to harness solar energy. One 
is that photovoltaic cells convert radiation into direct cur-
rent under the exposure of sunlight, while the other one is 
that the solar collectors convert solar radiation into heat 
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energy through the heat transfer medium. In photovoltaic 
systems, NFs can effectively reduce the increase in tem-
perature of photovoltaic cells caused by continuous heat 
absorption, thereby improving the efficiency of photovoltaic 
systems [21–23]. Hence, photovoltaic systems can convert 
solar energy into electricity and thermal energy simultane-
ously, which is called photovoltaic thermal (PV/T) system 
[24]. Besides, the NFs can be an optical filter to absorb 
solar energy that the PV system cannot convert to achieve 
cooling [25]. Solar collectors involve the forms of the flat 
plate, parabolic trough, vacuum tube and direct absorption 
volume and so on [26]. The heat transfer medium plays an 
important role to determine the photo-thermal conversion 
efficiency and transmission efficiency of the system [27]. 
Except for ameliorating the structure of heat collectors, 
many researches [28, 29] have adopted NFs as work fluid. 
In the parabolic solar device with a wavy absorber pipe, the 
use of CuO-oil NFs can greatly improve the heat transfer 
coefficient[30]. Some scholars also said that adding turbu-
lators and using hybrid nanomaterial containing CNTs and 
 Al2O3 can increase the Nu by 75.22% [31].

With the aggravation of the energy crisis and environmen-
tal pollution, the literature on finding clean and renewable 
energy that can replace fossil energy, such as solar energy, is 
also increasing year by year. Experiments have verified that 
NFs can be used as a working medium in heat collectors. 
However, most of the review articles on NFs are focused 
on the summary of their physical properties, and there are 
few review articles on NFs that can absorb solar radiation. 
Therefore, this paper only focuses on solar nanofluids, which 
can efficiently absorb solar radiation, and summarizes its 
preparation mechanism and common problems in obtaining 
a stable state. More importantly, the experimental research 
and numerical simulations of solar NFs in solar heat collec-
tion are comprehensively compared and analyzed. This work 
provides theoretical support for finding stable and efficient 
solar nanofluids.

Aim of this review

Nanofluids have been widely used in various fields. Yang 
et al. [32, 33] summarized and analyzed the topics of those 
review papers on NFs in 2014–2016 and 2017–2019, and 
found that the contents of those research are mainly about 
the preparation and evaluation of NFs [34, 35], various phys-
ical properties [36] and forms of heat transfer and flow [37, 
38], the application of heat exchange [39], refrigerated air 
conditioning [29, 40] and solar collectors [41, 42]. Most of 
the reviews focused on the summary or analysis of properties 
of NFs or different solar collectors with nanofluids, while the 
review on the preparation, stability and collecting efficiency 
of solar nanofluids is blank [20]. Therefore, it is necessary 
to implement a much-needed and detailed latest literature 
on the preparation, stability and solar thermal properties of 
solar NFs. In this paper, a critical analysis of techniques to 
prepare NFs is firstly made, and then the stability mecha-
nism and influencing factors are elaborated in detail, and 
besides that, the evaluation techniques for the stability of 
solar NFs are reviewed. According to the latest research, 
some points on the photo-thermal properties of solar NFs 
are summarized and discussed. In the end, based on a large 
number of experimental and numerical research reviews, a 
series of problems to be handled about the utilization of 
solar NFs and the challenges faced in the commercialization 
process are pointed out and suggestions for further develop-
ment and research of solar NFs in the future are proposed. 
The layout of the review paper is shown in Fig. 2 as follows.

The preparation of nanofluids

Long-term stability is one of the bottleneck issues in the 
commercialization of NFs. Under the influence of gravity 
and Van der Waals forces, nanoparticles tend to form clus-
ters and settle in the base fluid. The ways for preparing stable 
NFs have become essential. In this section, the preparation 
methods of NFs which mainly consists of a one-step method 
and a two-step method will be comprehensively analyzed, 
and other preparation methods will be briefly introduced.

The one‑step method

The method of simultaneously synthesizing nanoparticles 
and dispersing them in a base fluid using physical meth-
ods or liquid chemical techniques is called the one-step 
method. A summary of techniques of the one-step method 
for the preparation of NFs is shown in Fig. 3. The physical 
method includes vapor deposition, laser ablation and sub-
merged arc, which is often used to prepare metal and metal 
oxide nanoparticles. EG-based ZnO NFs were successfully 

Fe3O4
Graphene

Solar nanofluids

Carbon nanotubes 
Au

Fig. 1  Schematic diagram of some types of solar NFs
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prepared by one of the physical methods called the pulsed-
wire evaporation (PWE) technology [43], which uses 26kv 
pulsed high voltage to superheat and evaporate pure zinc 
thin wires into plasma. For Cu-water NFs, electro-explosive 
wire (EEW) technology can be used to synthesize copper 

nanoparticles with a diameter ranging from 30 to 50 nm, 
which can stay stable for 72 h [44]. In addition, chemical 
methods such as chemical reduction are also commonly used 
in the one-step method for the preparation of NFs. For exam-
ple, Zhu et al. [45] used chemical reduction technology to 
reduce  CuSO4·5H2O by using  NaH2PO2·H2O and EG under 
microwave irradiation, then on that basis, a stable Cu-EG 
nanofluid was prepared. The following year, Zhu et al. [46] 
prepared  Fe3O4 nanofluids with different concentrations 
by co-precipitation method. The commonly used prepara-
tion method of silica NFs is the sol–gel method, and many 
researchers have successfully synthesized silica NFs by this 
method [44, 47]. Table 1 lists the relevant literature using the 
one-step method to prepare NFs. Based on a comprehensive 
analysis of the latest reports, the evaluations on this method 
are listed next:

The advantages of the one-step method for the prepara-
tion of NFs are as follows:

Introduction
Preparation of
 nanofluids

Stability of 
nanofluids

Applications on 
solar-collecting 

Background 

Conclusion

Mechanism

Knowledge gaps and 
future directions

Knowledge 
gaps on 
stability

Applications on 
heat-collecting

Negative impact

Mechanism

Influencing 
factors

Evaluation 
methods

Heat-collecting 
efficiency

Aim of this 
review

One-step 
method

Two-step 
method

Other 
methods

Fig. 2  The overall layout of this review paper
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Fig. 3  The specific technologies for preparing NFs by one-step 
method

Table 1  A review of the one-step method to output the solar NFs

Type Researcher Base fluid Shape & size Concentration Technology

Cu Khoshvaght-Aliabadi [50] Water Spherical, d = 30–50 nm 0.1mass%, 
0.3mass%

EEW technology

Zhu [45] EG Spherical, d < 20 nm Chemical reduction
Kumar [51] EG 740 nm 0.1 M Chemical reduction

Fe3O4 Zhu [46] Water Spherical, d = 10 nm 0–1% Co-precipitation
ZnO Lee[43] EG Spherical, rectangle, 

d < 100 nm
0.5, 1.0, 2.0, 3.0, 

4.0, 5.5 vol.%
Pulse line evaporation, physical 

method
Ag Salehi[52] Distilled water (DW) Spherical, d = 5 nm 0–1000 ppm Chemical reduction

Ashok[53] Ethanol Spherical, 30 nm, 60 nm Chemical reduction assisted by 
microwave

Bönnemann[54] 9.5 nm 0.3, 0.011 vol.% Chemical reduction
C Teng[55] DW 500–4500 0–0.4 mass% Water-assisted synthesis
CuO Lo[56] DW Spherical, 49.1 nm Submerged arc
Al2O3 Hung[57] Water 10–30 nm 0.5, 1, 3 mass%
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• The prepared NFs have better stability, and the time of 
aggregation and sedimentation of the particles in the base 
liquid is greatly extended.

• Synthesize types of NFs directly can avoid the occur-
rence of agglomeration during the process of drying, 
transport, and dispersion of nanoparticles in the two-step 
method, guaranteeing the good stability of NFs.

• The size of the nanoparticles synthesized by the one-
step method is controllable and small, and the shape and 
size of nanoparticles can be controlled by varying pH, 
temperature, and concentration of individual components 
[48].

• Oxidation of nanoparticles can be avoided while prepar-
ing pure metal NFs.

However, there are main reasons why this technology 
cannot be industrialized, which are shown as follows:

• The one-step method for preparation is complex and the 
cost of equipment is high, so it cannot be produced in 
large quantities, which is the major reason why the one-
step method cannot be used widely.

• The one-step method is only suitable for low vapor pres-
sure fluids, causing a small range of applications of this 
method [48].

• Residues produced during preparation can have a nega-
tive effect on the NFs [49].

The two‑step method

The two-step method refers to the process of synthesizing 
nanopowders firstly and dispersing them into the base fluid 
secondly to prepare NFs. The techniques for the yielding of 
NFs are summarized in Fig. 4, and Table 2 summarizes the 
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Fig. 4  The specific technologies for preparing NFs by two-step 
method

Table 2  A review of the two-step method to output solar NFs

Type References Dispersants/surfactants pH Other methods

Cu [64] Oleic acid Ultrasonic vibration for 10 h
CNTs [60] N-hydroxysuccinimide Magnetic stirring, Ultrasonic vibra-

tion
[65]
[66] Nitric acid treatment Ultrasonic vibration

Al2O3 [62] 4.9 Ultrasonic vibration for 4 h
[67] 5.5 Ultrasonic 

vibration 
for 4 h

[68] Sodium dodecylbenzenesulfonate 
(SDBS)

HCl + NaOH

[69] SDBS cetyltrimethylammonium 
bromide (CTAB)

HCl + NaOH Ultrasonic vibration for 20 min

ZnO [70] Ultrasonic vibration for 4–100 h
Fe2O3 [63] Polyethylene glycol 11.1 Magnetic stirring for 1 h

[71] Nonylphenol ethoxylate 9.1(0.1 mass%) 9.6(0.3 
mass%)

Ultrasonic vibration for 30 min

CuO [58] Magnetic stirring, Ultrasonic vibra-
tion

[72] Ultrasonic vibration for 30 min
Fe3O4 [59] Tetramethyl ammonium hydroxide
TiO2 [73] 7.5 (0.2 vol.%) 7.1 (0.6 vol.%)
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literature on the preparation of different kinds of NFs using 
the two-step method. Several methods are used to synthesize 
nanopowders, which include chemical vapor deposition tech-
niques and wet chemical methods. The wet chemical method 
is more suitable for the preparation of metal oxide NFs, the 
principle of which is to extract metal oxide nanoparticles 
from metal salts through chemical reactions. For example, 
CuO nanopowders are usually produced by this method 
using  CuSO4 as the precursor, and the high-temperature 
annealing process is used to purify the copper oxide nano-
particles during the preparation process [58].  Fe3O4 nano-
particles can be obtained from  FeCl3-6H2O and  FeCl2-4H2O 
under the action of ammonia water [59]. However, the vapor 
deposition method is mostly used to prevent oxidation of 
nanoparticles and multi-walled carbon nanotube powders. 
Liu et al. [60] used the catalytic chemical vapor deposition 
method to prepare the multi-walled carbon nanotube powder. 
In addition, different from the general gas-phase technol-
ogy, Kathiravan et al. [61] used high-voltage direct current 
magnetron sputtering to prepare copper nanoparticles for the 
first time, with an average particle size of 10 nm.

It is less difficult to synthesize nanopowders compared 
with the one-step method, and the process of producing some 
kinds of nanopowders has been industrialized. Therefore, it 
can be convenient for many experiments to directly purchase 
nanopowders and then disperse them into basefluid. How-
ever, there is a problem that nanopowder is easy to agglom-
erate during the process of storage and dispersing. In order 
to keep it dispersed in the base liquid uniformly, these ways 
are adopted usually: 1. Grinding nanopowder mechanically; 
2. Long-time stirring; 3. Ultrasonic treatment; 4. Adjusting 
pH value; 5. Adding surfactants. For the propose of stably 
suspending copper nanoparticles in the base liquid, Kathi-
ravan et al.[61] vibrated the nanofluids in an ultrasonic bath 
for about 10 h, and finally obtained a uniform copper–water 
nanofluids; Similarly, to prepare dispersed evenly and stable 
CNT-ethylene glycol NFs, the method of magnetic stirring 
and ultrasound homogenize the nanofluids are utilized at the 
same time [60]. According to the experimental results of Qu 
et al. [62], the alumina nanoparticles remain stable for 72 h 
when the pH value was 4.9, and they succeeded in using 
electrostatic stabilization technology and ultrasonic vibra-
tion for 4 h to disperse the suspension uniformly. Besides, 
it is reported that  Fe2O3-water nanofluids have the best sta-
bility when pH = 11.1. Apart from this, at this pH value, 
adding 0.8 mass% polyethylene glycol can ensure the stable 
dispersion of  Fe2O3 nanoparticles in DW for a week. During 
preparation, they were also magnetically stirred for about 
1 h to ensure the uniformity of nanoparticles [63]. Abareshi 

et al. [59] dispersed the prepared  Fe3O4 nanoparticles in DW, 
and added a dispersant to overcome the effects of magnetic 
and van der Waals forces and reduce the agglomeration of 
nanoparticles.

Based on the mature industrial technology, the two-step 
method is a widely used and simple way for preparing NFs. 
The advantages are as follows:

• It is more convenient for researchers to obtain nanopo-
wder because the process of synthesizing nanopowder 
is relatively mature and large-scale production has been 
realized.

• The means to maintain good dispersion and stability of 
NFs during experiments, which refer to magnetic stir-
ring, ultrasonic oscillation, adjustment of pH and adding 
dispersant, are simple and feasible.

But the disadvantages are also obvious:

• Nanoparticles are prone to agglomerate during the pro-
cess of storage, transportation and dispersion, so a range 
of means are needed. Nevertheless, the stability of NFs 
prepared by the two-step method is still inferior to that 
of the NFs prepared by the one-step method.

• Although metal particles can be prepared in inert gases, it 
is susceptible for metal nanoparticles to occur oxidation 
when dispersed.

• Compared with the one-step method, the two-step 
method cannot achieve precise control of the diameter 
of nanoparticles.

Other technologies

For some NFs which are in poor dispersion or already 
formed agglomerates, the method to obtain NFs with 
better dispersion by some special methods is the post-
processing method. For example, the initial agglom-
eration of CB and Ag nanofluids was not effective by 
means of stirring, ultrasonic bath and breaker; however, 
the size of those two nanoparticles after high-pressure 
homogenizer treatment could get good results (45 nm 
and 35 nm) [74].

The method of changing the synthesis environment of 
nanoparticles from polar to non-polar (and vice versa) is the 
phase treatment method, which is suitable for the insolubil-
ity problem during the preparation of nanofluids [75]. Some 
mental nanoparticles, such as Ag, Au and Pt, could realize 
the transfer from the aqueous phase to the 1-butanol phase 
transfer [76]
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The stability of nanofluids

Mechanism of stability

Since there is no chemical reaction between the nanoparti-
cles and the base liquid, the instability of the NFs is mani-
fested as agglomeration and sedimentation of the nanopar-
ticles. Obviously, unstable solar NFs will no longer have 
excellent performance on heat collection, which is also the 
biggest obstacle to the industrialization of solar NFs. Fig-
ure 5 shows the factors affecting the stability of NFs. There 
are many reasons for the instability of solar NFs, which are 
summarized into two categories in this paper: internal effects 
and external forces. The internal reason is reflected in the 
characteristics of the nanoparticles themselves. Due to their 
extremely small size, nanoparticles have the extremely large 
specific surface area and specific surface energy, which are 
thermodynamically unstable [77]. Because of the existence 
of Brownian motion, small-sized nanoparticles move faster 
and have a greater chance of colliding. Particle-to-particle 
collisions may produce adhesion effects, resulting in nano-
particle clustering [78]. External forces mainly include Van 
der Waals force, gravity, magnetic force, electrostatic attrac-
tion, etc. Under the action of these external forces, nanopar-
ticles are very easy to aggregate and cause inevitable pre-
cipitation under the action of gravity. The DLVO theory is 
commonly used to explain the mechanism of dispersion of 
suspensions [79]. This theory has four assumptions: (1) the 
nanoparticles are uniformly dispersed; (2) only the Van der 
Waals and electrostatic forces are considered; (3) the effects 
of buoyancy and gravity are omitted; (4) The ion distribution 
in the base fluid is only affected by three factors: Brownian 
motion, electrostatic force, and entropy [80]. The theoretical 
expression of DLVO is Eq. (1):

(1)FT = FVdW + FEP

where FT is the total potential energy, which is the sum of 
the attraction potential (FVdW) and the repulsive potential 
(FEP) between particles. The attractive potential between 
particles is from the Van der Waals force, and the repulsive 
potential depends on the electrostatic repulsion. Obviously, 
if the Van der Waals force between the particles is stronger 
than the electrostatic repulsion, then the total potential 
energy appears as an attractive force, and the nanoparti-
cles are prone to aggregate to form clusters, resulting in a 
decrease in the stability of the NFs. The expressions of the 
two forces are related to elements which are size, shape and 
concentration of nanoparticles.

Influencing factors of stability

Many factors affect the stability of NFs, including the 
dielectric constant of base fluid, pH value, surfactant, zeta 
potential, size, shape and concentration of nanoparticles. 
These factors all affect the stability of NFs by directly or 
indirectly influencing the attraction or repulsion between 
particles, which are displayed in Fig. 6. And the details will 
be explained next.

Fig. 5  Schematic diagram about 
the mechanism of stability of 
NFs, which include internal rea-
sons (small size and Brownian 
motion) and external reasons 
(Van der Waals force, gravity, 
magnetic force and electrostatic 
attraction)
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Fig. 6  Schematic diagram of factors affecting the stability of NFs
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Dielectric constant of base fluid & zeta potential

The dielectric constant of the base fluid is one of essential 
to impact the stability of the NFs, and a high dielectric con-
stant means a higher repulsive potential, which is beneficial 
to the stability of the nanofluids. It is discovered that the 
highest dielectric constant is water because the fact that the 
dielectric constant of common base fluids, for example, the 
acetone is 21.01, the ethanol and EG are 24.6, while water 
is 78.5, so pure water is the most common base fluid in the 
preparation of NFs [81]. The higher the zeta potential value 
of the NFs, the greater the repulsive potential between par-
ticles. A more detailed explanation of the zeta potential will 
be carried out in the next section, so it will not be repeated.

The value of pH

Changing the pH value of the liquid is actually changing the 
charge density on the particle surface, and enhancing the 
stability by strengthening the electrostatic repulsion. The 
isoelectric point (IEP) refers to the zero zeta potential of the 
fluid, at which point the repulsive force and the attractive 
force are in equilibrium, and the NFs is in an unstable state. 
If the pH value is controlled at the pH value far from the 
isoelectric point of the suspension, the suspension is stable. 
Relevant experiments have confirmed this phenomenon: 
11 samples with a pH value of 2 ~ 12 were prepared in an 
experiment and the pH value of  TiO2-water nanofluids with 
a concentration of 0.25 vol.% at IEP is 6.5. The samples with 
pH = 6 firstly appeared in precipitation. After two weeks, 
the samples with a pH of 4 to 8 were no longer turbid and 
became clear liquids. After 30 days, only the samples with 
a pH of 12 maintained good stability [82]. However, the 
optimal pH values for maintaining the stability of different 
NFs are different. For example,  Al2O3-water NFs reach the 

maximum zeta potential at pH = 8, which is − 40.1 mV; Cu-
water NFs reach the maximum zeta potential at pH = 9.5, 
which is − 43.8 mV [83].

Surfactant

Adding surfactants to the fluid can effectively improve the 
stability of NFs. The surfactant is amphiphilic due to the 
molecular structure which is composed of two ends of a 
hydrophilic group and a hydrophobic group, respectively. 
Appropriate amount of surfactants can affect the surface 
properties of NFs, such as anionic surfactants, the posi-
tively charged head is adsorbed by the nanoparticles, and 
the negatively charged tail is freed in the electric double 
layer of nanoparticles, causing an increasing of (negative) 
zeta potential.

Figure 7 shows the zeta potential of the  Al2O3-water 
nanofluids with and without sodium dodecylsulfate (SDS). 
It can be seen that the zeta potential of the nanofluids with-
out SDS is + 15 mV and gradually decreases with time, 
indicating that this nanofluid is unstable. After adding 
SDS, the zeta potential of the nanofluids was maintained 
at about − 30 mV for 16 days, which shows that the addi-
tion of SDS greatly improved the stability of the nanofluids 
[84]. However, there are many types of surfactants, and how 
to choose the most suitable surfactant is also a key issue. 
MWCNT has poor stability due to its unique large aspect 
ratio structure, so surfactants are often added when prepar-
ing MWCNT-NFs. Surfactants which are commonly used 
include SDBS, CTAB, SDS, Gum Arabic (GA), etc. Choi 
et al. [85] experimentally studied the effect of four sur-
factants on the stability of MWCNT NFs. By comparison, 
SDBS and Triton X-100 (TX-100) NFs gave the best per-
formance, followed by CTAB NFs, and SDS NFs dropped 
most in suspension stability within 1 month. And they also 

Fig. 7  The contrast about the 
zeta potential of 0.01 vol.% 
 Al2O3-water with and without 
SDS in 16 days. (Reprinted 
from ref [84], with permission 
from Elsevier)
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concluded that temperature can affect the effect of surfactant 
to a certain extent.

The concentration, shape, and size of nanoparticles

The properties of nanoparticles such as size, shape and con-
centration can also impact the time of nanofluids to maintain 
stable. Both Van der Waals and electrostatic repulsion will 
change with the variety of sizes and shapes of nanoparticles. 
The classical DLVO theory is applicable to spherical nano-
particles. While the nanoparticles are no longer spherical, 
the expression of electrostatic repulsion will be more com-
plicated. Some scholars have summarized the electrostatic 
repulsive interaction potential and Van der Waal attractive 
interaction potential under different boundary conditions 
with various shapes [81]. Compared with spherical particles, 
nanoparticles with high aspect ratios (such as MWCNTs) are 
more likely to form clusters, and the action potential in the 
parallel direction is stronger than that in the vertical direc-
tion. For asymmetric nanoparticles, Van der Waals attrac-
tion is more dominant than electrostatic repulsion, and its 
aggregation may be greater [86]. Kim et al. [87] measured 
the stability of water-based boehmite alumina NFs of differ-
ent shapes (brick, plate, and leaf), Under the same volume 
fraction, pH value and temperature conditions, the shape of 
the particles suspended in the base liquid changed from leaf 

to plate and finally to brick, which indicates that the leaf-like 
nanoparticles are easier to aggregate, and the aggregated 
nanoparticles will settle rapidly. The total potential energy 
of nanoparticles with different particle sizes is different. The 
decrease in particle size causes an increase in the number 
of atoms on the surface of the particle, and thus the attrac-
tive potential between particles increases. Many literature 
reported that the gathered tendency of small-sized nano-
particles is stronger. As shown in Fig. 8, with the increase 
in hematite (α-Fe2O3) particle size, the repulsive potential 
between particles increases. Obviously, the change in attrac-
tiveness is weak but the overall trend is decreasing. The Van 
der Waals force increases as the distance between particles 
decreases, so when the concentration of nanoparticles in 
the fluid increases, the attractive potential between particles 
increases correspondingly, and the increase in particle con-
centration will increase the size of particle clusters. There-
fore, the phenomenon of agglomeration and sedimentation 
is more likely to occur in the nanofluids with high concen-
tration. The Cu–Zn–Al LDH nanofluids was reported to be 
stable at 40 ppm, but precipitation was observed at 240 ppm, 
and the aggregated size increased with the addition of par-
ticle concentration [88].

Fig. 8  The attractive potential, 
the repulsive potential and the 
total interaction potential of 
different diameters of nanopar-
ticle (α-Fe2O3). (Reprinted from 
ref [81], with permission from 
Elsevier)
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Evaluation methods of stability

Measurement of zeta potential

Zeta potential is a common method for measuring the ten-
dency of NFs to form aggregates. When the nanoparticles 
are dispersed in the fluid, a fixed layer (Stern layer) and a 
dispersion medium layer (diffusion layer) will be formed on 
the surface of the particles. The potential difference between 
the two layers is the zeta potential ( � ). The Stern layer is 
closer to the surface of the nanoparticle with ions on it, 
which are opposite of the surface; while outside the stern 
layer is the diffusion layer, which includes both the positive 
and negative ions. The zeta potential can be got by the fol-
lowing Equation [80]:

where V means the velocity of nanoparticles (μm  s−1) and 
E means electric field strength (volts/cm). � can be obtained 
by Henry equation:

where �r is relative permittivity, �0 is vacuum permittivity, 
f (ka) is Henry function, and � is the viscosity at the experi-
mental temperature.

The larger the zeta potential value, the stronger the elec-
trostatic repulsion between nanoparticles, the weaker the 
assembly of nanoparticles, and the better the stability of the 
nanofluids. On the contrary, the smaller the value of � , the 
worse the stability of the nanofluids. In general, NFs are con-
sidered to be electrostatically stable when the zeta potential 
is >  ± 30 mV, and NFs are considered to remain stable for a 
long time when the zeta potential is >  ± 60 mV [80]. If the 

(2)�e =
V

E

(3)�e =
2�r�0� f (ka)

3�

zeta potential is ± 15 mV, some scholars have indicated that 
when the zeta potential is 0 ~  ± 5 mV [48], the nanofluids are 
prone to occur agglomeration. Studies have shown that the 
value of zeta potential can be increased by changing the pH 
of the fluid, adding surfactants or functionalizing nanopar-
ticles. When the pH value changes from the isoelectric point 
( � = 0), the electrostatic charge on the surface of the nano-
particles will increase, and the repulsion between the parti-
cles will become larger, thereby obtaining a stable suspen-
sion [89]. The  Fe3O4-Water NFs with a mass concentration 
of 0.1 − 0.3 mass%, when the pH value is adjusted between 
9 and 10, the measured zeta potential is − 32 mV, which can 
remain stable for 504 h [71]. The  Al2O3-Water nanofluids 
had the best zeta potential value when 0.064 mass% SDBS 
was added [69]. Sarsam et al. [90] also indicated that when 
the concentration of GNPs and SDBS was 1:1, the GNP-
water nanofluids had the best stability, and the zeta potential 
value was − 45.6 mV. Table 3 lists the relevant literature on 
the measurement of solar nanofluids stability by the zeta 
potential method.

However, zeta potential measurement has limitations on 
the viscosity and concentration of NFs [91], and the zeta 
value is only a predictor of particle agglomerated tendency 
and should therefore not be considered as a final measure of 
nanofluids stability [80].

Measurement of spectral absorbance and transmittance

When ultraviolet or visible light passes through the NFs, it 
will be absorbed to different degrees, so the stability of the 
NFs can be judged by measuring the change of the absorb-
ance or transmittance of the NFs with time. The unstable 
NFs will form deposition at the bottom, and the decrease 
in the concentration of nanoparticles in the upper layer 
will lead to a decrease in the absorption of light. There-
fore, if the measured absorbance decreases with time or the 

Table 3  A review of the stability of solar NFs measured by zeta potential

Nanofluids pH Dispersant Zeta potential

Cu-water [92] – SDBS  − 43.8 mV
Fe3O4-Water [71] pH = 9.1, 9.6, 10.1 (0.1—0.3 mass%) Nonylphenol Ethoxylate  − 32 mV
CuO-DI Water [93] pH = 10.2 SDS  − 11.94 mV
ZnFe2O4-water [94] – CTAB 30 ~ 42 mV
Al2O3-Water [94] – CTAB 45 mV
Al2O3-Water [69] pH = 8.6 SDBS, CTAB  ≥ 30 mV
GNP-water [90] pH = 7.6 (SDBS) pH = 7.42 (SDS) pH = 4.78 

(CTAB) (after ultrasonic vibration for 1 h)
SDBS, SDS, CTAB  − 18.5 mV (SDS) − 45.6 mV (SDBS) 26.6 mV 

(CTAB)
GNP –water [95] – Pluronic P-123  − 31.9 mV
MWCNT-water, [96] pH = 7 GA, PVP, SDS  − 58.0 mV (SDS), − 47.5 mV (GA), − 45.6 mV 

(PVP) (When the ratio of CNT to dispersant 
is 1:1)

Au-water, [97] pH = 4.0 ± 0.37 –  − 32.1 ± 0.95 mV (0.018 vol.%)



601The preparation, stability and heat-collection efficiency of solar nanofluids  

1 3

transmittance increases with time, it means NFs are unsta-
ble. Usually, this method is suitable for nanoparticles with 
absorption peaks between 190 and 1100 nm [98], but not 
for dark-colored NFs such as CNTs and high-concentration 
NFs. The equipment that provides the light source can be 
the He-Ni laser with a wavelength of 632 nm, and ultravio-
let spectrophotometers and charge-coupled devices (CCDs) 
can capture images at specific wavelengths to complete the 
measurement of absorbance and transmittance [48]. The 
measurement principle of absorbance ( Aλ ) is as follows:

where I, Ii, α, l and c represent the intensity, intensity of the 
incident laser, absorptivity, optical path length, and particle 
concentration of the laser beam passing through the NFs, 
respectively. It is not difficult to see from formula (4) that 
the absorbance is proportional to the particle concentration. 
When the NFs is precipitated, the concentration of the super-
natant decreases. The relationship between transmittance 
and absorbance ( Aλ ) is as follows:

Figure 9 shows the absorption spectra of the Ultravio-
let–visible spectroscopy of different kinds of NFs ((a) 1.0 
mass% γ-Al2O3, (b) 0.1 mass% α-Al2O3, and (c) 0.01 mass% 
 TiO2 NFs) [99]. The absorption rate of the three NFs showed 
a steady downward trend with time, and the stability of 
γ-Al2O3 with high concentration was much stronger than 
that of α-Al2O3 NFs with low concentration. Interestingly, 

(4)Aλ = log
(

Ii∕I
)

= � × l × c

(5)Tλ = I∕Ii

the stability of  TiO2 NFs with a concentration of only 0.01 
mass% is not much different from that of γ-  Al2O3 NFs with 
a concentration of 1.0 mass%.

Sedimentation and centrifugation

Nanoparticles will settle downward under the action of 
gravity, and agglomeration is likely to occur in suspen-
sions with poor stability, which accelerates the precipita-
tion of particles. The method that the precipitation of the 
NFs was observed by photographing technology is called 
the sedimentation method. The longer the precipitation time 
of the suspensions, the better the stability of the NFs. Some 
researchers have also judged the stability by observing the 
change of the precipitation height with time. The settling 
velocity could be got by the Stokes law which works for 
spherical particles:

where Vt refers to the terminal velocity, r is the radius of 
particles, ρp is the density of the particle, and ρb, g, and η 
means density, gravity and dynamic viscosity of the base 
fluid, respectively. Considering that the sedimentation takes 
a long time, the centrifugation is proposed to replace the 
sedimentation. The sedimentation of the fluid is accelerated 
by centrifugal force which is stronger than gravity. Replac-
ing the gravity by centrifugal force in Eq. (5), we can get:

where dP is the diameter of the nanoparticle, ω is the angular 
velocity of the centrifuge, and X is the distance between the 
rotation axis and a specific position in the centrifuge tube. It 
can be seen from Eqs. (5) and (6) that the smaller the size of 
the nanoparticles, the higher the viscosity of the base fluid, 
the greater the relative density difference between the base 
fluid and the nanoparticles, and the lower the gravitational 
sedimentation velocity. But the size of nanoparticles can-
not be as small as possible. Small-sized NFs have higher 
surface energy and are easy to form agglomerates, which is 
not conducive to the stability of NFs. Figure 10 shows the 
change of  Al2O3 nanofluids with time [100]. It can be clearly 
seen from the figure that the transparency of the nanofluids 
becomes higher and higher with the passage of time and 
a white precipitate appears under the test tube. Although 
the sedimentation is simple to operate and does not require 
complicated equipment, its significant disadvantage is that 
it takes a long time, and usually observation for a period 
ranging from 1 to 30 days.

(6)Vt =
2r2

(

�p − �b

)

g

9�

(7)Vt =
d2
p
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�p − �b

)
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Fig. 9  The absorbance of different NFs with the change of time. 
(Reprinted from ref [99], with permission from Elsevier)



602 F. Zhou et al.

1 3

Nanofluid
preparation 

order

preparation 
dayConcentration

Al
2
O

3
 0.1 mass% and

Al
2
O

3
 0.5 mass%

Al
2
O

3
 1.0 mass%

SDBS 0.064 mass%

SDBS 0.32 mass% SDBS 0.064 mass%

SDBS 0.32 mass%

Week1 Week2 Week3

1

2

3

4

5

6

7

Week4 Week5
Nanofluid

preparation 
order

preparation 
dayConcentration Week1 Week2 Week3 Week4 Week5

Al
2
O

3
 0.1 mass%

Al
2
O

3
 0.5 mass% and

Al
2
O

3
 0.1 mass% and

Al
2
O

3
 0.5 mass% and

Fig. 10  Visual inspection of seven selected NFs. (Reprinted from ref [100], with permission from Elsevier)

Fig. 11  TEM images and 
histogram plot of  TiO2 with and 
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treatment. c, d After treatment. 
(Reprinted from ref [101], with 
permission from Elsevier)
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Transmission electron microscope (TEM)

Transmission electron microscopy can provide two-dimen-
sional images of nanoparticles on the nanometer scale, which 
can be used to observe the agglomeration phenomenon of 
NFs, and is also a common method for measuring the diam-
eter of nanoparticles. The operation steps are generally as 
follows: first, a small amount of nano-powder is attached to 
the carbon substrate. After sweeping away the excess nano-
powder, the sample should be dried under a mercury lamp. 
Finally, the sample is scanned using a transmission electron 
microscope. All pre-scan steps are essential, if the sample is 
still wet, it will not be able to adhere to the carbon substrate. 
During the drying process, NFs of different morphologies 
are very likely to agglomerate, which is an unavoidable dis-
advantage of electron microscopy measurements. Figure 11 
shows the TEM image of  TiO2 nanoparticles along with the 
particle size histogram [101]. It can be clearly observed that 
the  TiO2 nanoparticles have various shapes such as spheri-
cal, square and polygonal through TEM pictures. The histo-
grams (b) and (d) can be obtained by counting the number 
of particles with different particle sizes in the SEM images.

Dynamic light scattering (DLS)

TEM technology is used to accurately measure the diameter 
of nanoparticles, and DLS can give the number of nanoparti-
cles of different sizes. The measurement principle is to deter-
mine the stability of NFs by measuring the variety in size of 
suspended nanoparticles through a long time. Nanoparticles 
suspended in the fluid move caused by Brownian motion, 
leading to the oscillation of intensity of the scattered light 
which illuminates on nanoparticles. The fluctuation data 
of light intensity can be monitored and recorded by photon 
detectors. In unstable NFs, larger-sized aggregates will set-
tle at the bottom of the container under gravity, resulting in 

reduced interaction between the nanoparticles and the laser 
in the supernatant. Figure 12 shows the schematic diagram 
of [99] scattering of laser light through NFs with differ-
ent stabilities over a period of time. The principle of light 
scattering explains the relationship between the intensity of 
scattered light and the diffusion coefficient, which can be 
used to determine the size of nanoparticles in colloids using 
the Stokes–Einstein equation for the diffusion coefficient, 
as follows [102]:

where RH is the dynamic radius of the fluid, KB is the Boltz-
mann constant, T is the absolute temperature, η is the vis-
cosity, and D is the translational diffusion coefficient. NFs 
with poor stability are agglomerated due to electrostatic 
interaction or other reasons, so the nanoparticle diameter 
measured is larger. That is, if the measured size of nano-
particles increases with time, it means that the NFs do not 
have good stability. However, this method is not suitable 
for high concentrations of NFs or when nanoparticles of 
various sizes are suspended in the base fluid, because DLS 
techniques give inconsistent size distributions. DLS technol-
ogy can be combined with TEM technology to obtain precise 
nanoparticle size.

Figure 13 shows the distribution of particle size of  Al2O3 
NFs with the mass concentration of 1 mass% and the graph 
of the mean hydrodynamic diameter as a function of time, 

(8)RH =
KBT

6��D
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Fig. 12  The schematic diagram of scattering of laser light through 
NFs with different stabilities over a period of time. (Reprinted from 
ref [99], with permission from Elsevier)
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both were obtained by the DLS technique [99]. The distribu-
tion of particle size of the  Al2O3 NFs remained unchanged 
during the observation period of 5 consecutive days, indi-
cating that the NFs were stable. However, when the con-
centration decreased, it was observed that the peak of the 
distribution of particle size shifted significantly to the left 
when the mass concentration of  Al2O3 NFs was 0.1 mass%, 
and the average horizontal dynamic diameter decreased from 
the initial 255 nm to 38 nm (after 5 h) showed poor stability.

Thermo‑gravimetric analysis (TGA) of nanofluids

Unlike conventional stability measurement methods, ther-
mos gravimetric analysis aims to determine the thermal 
stability of NFs. A small amount of the sample is heated in 
a heat-resistant container (usually a heat-resistant ceramic 
crucible), and a very sensitive balance is set at the bottom 
to measure the mass of the sample. When the exact mass 
percentages of surfactant and nanoparticles in the fluid are 
known, thermal stability analysis of NFs can be performed 
in conjunction with the balance mass data. Studies have 
shown that the addition of carbon nanotubes can increase the 
thermal stability of heat transfer oil. The peak temperature 
of the mass loss changes of the heat transfer oil appeared 
at 388 °C. With the increase in the concentration of carbon 
nanotubes, the peak temperature of the mass loss change 
of the fluid gradually moved back. The largest change in 
mass loss of 1mass% carbon nanotube-oil nanofluids occurs 
at 412 °C [103]. The enhanced thermal resistance of the 
base fluid by nanoparticles will enable the fluid to operate 
at higher temperatures.

Summary of those evaluation methods

In order to summarize the above methods for measuring the 
stability of NFs, the principles and scope of application of 
the six methods are listed in the following table (Table 4).

Applications of solar nanofluids on heat 
collection

Now, reports on the utilization of NFs for solar energy col-
lection have gradually increased. As non-polluting and plen-
tiful energy, solar energy is favored by experts in the field 
of energy at home and abroad in solving the problem of 
global warming [105]. According to the data, the energy of 
solar radiation incident on the earth is about 1.7*1014 kW. 
Assuming that the solar energy can be used for only 84 min, 
it will greatly ease the consumption of global energy [106]. 
As an inexhaustible, clean and renewable energy, the effi-
cient use of solar energy is of great significance for reducing 
the greenhouse effect and environmental pollution caused 

by fossil fuels. Solar collectors which are commonly used 
in recent years include flat plate collectors, direct absorption 
collectors and parabolic trough collectors. Surface collectors 
heat the surface by absorbing solar radiation and transferring 
heat to the working fluid, while direct absorption collectors 
heat the working fluid by directly absorbing solar radiation. 
The core problem is that the working liquid used in solar 
collectors must have high heat transfer efficiency and light 
absorption capacity; therefore, NFs have been proposed for 
solar heat collection and a large number of experimental or 
theoretical studies have been carried out. Some experimental 
results have shown that the addition of trace amounts (ppm 
magnitude) of metals, oxides, CNTs, graphene, Au/TiN, TiN 
and other nanoparticles to fluids with water, oil, EG and 
other fluids can significantly improve the collector efficiency. 
We will refer to these NFs that can improve the heat collec-
tion efficiency as solar NFs, which are listed in Fig. 14.

Next, this paper will firstly study the heat transfer per-
formance and light absorption characteristics of solar 
NFs, explore the operation mechanism of nanoparticles to 
improve the heat collection efficiency and finally summarize 
the current experimental applications of solar NFs.

Mechanism of heat collection of solar nanofluids

Achieving high-efficiency absorption, conversion and stor-
age of solar radiation is a key goal in the field of solar ther-
mal collection. Due to the lower specific heat of NFs, NFs 
can increase the collector outlet temperature higher than 
ordinary liquids under the condition of absorbing the same 
amount of solar radiation [1]. In addition, when NFs are used 
in direct absorption heat collectors, NFs with good proper-
ties of light absorption can broaden the absorption width of 
the solar spectrum and maximize the absorption efficiency 
of solar radiation. The high heat transfer efficiency of NFs 
also contributes to the conversion efficiency of solar radia-
tion into thermal energy. These two features are described 
in detail below:

Optical properties of solar nanofluids

The solar radiation is mainly concentrated in the visible 
light part (0.4—0.76 μm), and less in range of the wave-
lengths of infrared rays (> 0.76 μm) longer than visible 
light and ultraviolet rays (< 0.4 μm). More than 99% of 
solar energy converge on wavelength from 0.15 to 4 μm, 
which are mainly distributed in the visible, infrared and 
ultraviolet regions, and which is about 3%, 44% and 53%, 
respectively [107]. Traditional fluids in solar collectors do 
not have broad spectral absorption properties, which limit 
the efficient heat collection of the system. Therefore, it is 
necessary to improve the fluid's absorption capacity in the 
visible and infrared regions, because more than 85% of the 
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solar radiation energy is concentrated here. NFs are widely 
used in solar systems due to their ability to absorb specific 
solar spectrum, which helps to increase the temperature of 
NFs to produce high energy absorption capacity. Different 
types of NFs may obtain different absorption effects, and the 
spectral absorption properties of some solar NFs are shown 
in Fig. 15. Some studies have shown that factors such as the 
concentration and size of NFs can also affect the absorp-
tion of solar radiation [108]. And generally speaking, the 
relationship between absorbance and concentration satisfies 
the Beer law, showing a linear relationship, and the photo-
thermal conversion efficiency of small-sized nanoparticles 
is better.

From the perspective of optical and thermos-physical 
properties, carbon materials are considered to be one of the 
most suitable materials for solar energy applications. Under 
the same exposure time, the temperature rise of amorphous 
carbon-based NFs is approximately three times that of dis-
tilled water [114]. In the ultraviolet–visible-near-infrared 
absorption spectrum, both water and carbon black NFs 

have better absorption capacity in wavelength from 1400 to 
2500 nm, while in the wavelength of 200–1400, carbon black 
NFs show better absorption than water. The low transmit-
tance indicates that the carbon black nanofluids can absorb 
most solar energy in the whole wavelength about from 200 
to 2500 nm [109]. Adding graphene and multi-walled carbon 
nanotubes to the fluid had the same effect. Compared with 
pure water, adding a small amount of N-(rGO-MWCNTs) 
to pure water can significantly improve the absorbance of 
the fluid, and with the increase in the concentration of nano-
particles, the optical absorption increases, and the peak of 
absorbance is around 272 nm. In addition, it was found that 
the light absorption ability of water-based NFs was stronger 
than that of EG-based NFs, and the enhancement rate of 
water-based NFs with a concentration of 0.02% was 2.6% 
higher than that of EG-based NFs with a volume fraction 
of 0.03% [115]. Lee et al. [116] experimented the absorb-
ing ability of water-MWCNT NFs at a fixed wavelength of 
k = 632.8 nm, and the results showed that the absorbing abil-
ity of MWCNT NFs upgraded linearly as the concentration 

Fig. 14  The types of nanoparti-
cles and base fluid to compose 
solar NFs Solar nanofluids
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increases. Not only that, at the depth of 10 cm, the water-
MWCNT with only 0.0005 vol.% could completely absorb 
the incident solar energy of a fixed wavelength, reflecting 
the excellent light absorption performance of multi-walled 
carbon nanotube NFs.

Precious metal nanoparticles are also favored. These 
particles mainly rely on local surface ion resonance to 
achieve spectral absorption, and the spectral properties can 
be regulated by changing the shape and size of the parti-
cles [117]. Nanoparticles of different sizes have different 
absorption ranges. The Ag nanoparticles are divided into 
three types: type A (particle diameter is 10–50 nm), type 
B (particle diameter is 10–85 nm), and type C (particle 
diameter is 5–120 nm). The absorbance of A type NFs is 
mainly about 350–450 nm in wavelength, while B and C 
type is 350–800 nm. In particular, there is an absorption 
peak around 550 nm in the B-type nanofluids, probably 
due to the presence of larger nanoparticles (the diameter is 
range from 30 to 80 nm) [110]. Au NFs with a size ranging 
from 2 to 10 nm have an absorption peak around 528 nm 
and have good absorbance in the wavelength range of 300 
to 600 nm [118]. Au and Ag nanoparticles appear to have 
similar light-absorbing properties. Au NFs with a concen-
tration of 26 ppm (the diameter of Au nanoparticles are 
24—38 nm) have high absorption rates on 200–700 nm, and 
high transmittance between 800 and 1100 nm, while Ag NFs 
(the diameter of Au nanoparticles are 16–23 nm) have high 
absorbance on 200–500 nm, and high transmittance between 
700 and 1100 nm [117]. However, the size of the nanopar-
ticles seems to be inversely related to the light absorptivity, 

with the increase in the size of the Au nanoparticles, which 
changed from 62.1 nm to 170.6 nm, the absorptivity of the 
Au-water NFs decreases instead [111]. Quasi-spherical and 
spiny gold nanoparticles can be synthesized by a seed-medi-
ated method. The wavelengths of the absorption peaks of the 
quasi-spherical and spiny NFs are located at 879–553 nm 
and 899–594 nm, respectively. As the gold nanoparticles 
changed from quasi-spherical to spiny, the absorption peak 
of the solar nanofluids on the spectrum changed from 562 
to 772 nm, and the size of the gold nanoparticles in this 
experiment was 42 ~ 188 nm. The photo-thermal conversion 
efficiency of spiny gold NFs is also higher than that of quasi-
spherical gold NFs [111, 119]. In particular, Zeiny et al. 
[118] compared the spectroscopic properties of gold, copper 
and carbon black NFs. The absorbance peak of copper NFs 
with a size of 10–30 nm measured by spectrometer is about 
740 nm, which indicates that the absorption capacity of car-
bon black NFs is better than that of gold and copper NFs.

Metal oxide nanoparticles can also be utilized to 
strengthen the light absorption capacity of NFs in the visible 
or infrared region. The optical properties of CuO and ZnO-
CuO binary water-based NFs were analyzed by spectrogram. 
The transmittances of the three NFs (CuO-ZnO binary NFs 
mixed in two different proportions) all decreased sharply 
with increasing concentrations, and at a concentration of 
0.01%, the transmittance reaches zero, which achieved full 
absorption of sunlight. Compared with pure CuO, the binary 
oxide nanofluids exhibit an absorption peak at 368 nm. It 
can be seen that the addition of zinc oxide can improve 
the light absorption capacity at short wavelengths, and the 

Fig. 15  The spectral absorption 
properties of some solar NFs, 
and those pictures come from 
[109–113]
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improvement increases with the increase in the addition 
amount [72]. The solar light absorptivity of  TiO2-water 
NFs which is 43 nm with 0.1 mass% showed a decreasing 
trend within the area of 440–500 nm, while there was an 
increasing trend in the wavelength range of 700–900 nm. 
 TiO2-water NFs exhibit good light absorption properties in 
the ultraviolet and infrared regions [113]. However, this is 
contrary to the results reported by Said et al. [120],  TiO2 
NFs only have high absorption in the ultraviolet region and 
part of the visible light region, while the extinction coeffi-
cient in the infrared region is negligible. This may be due to 
the differences in the size of the prepared nanoparticles and 
the use of surfactants.

In addition to carbon materials, metals and metal oxides, 
other materials such as CuS and AlN also have good light 
absorption properties. For example, Fang et al. [112] tested 
the spectral absorption curve of water-CuS NFs with the 
volume fraction increased from 0.002% to 0.02%, and the 
results showed that CuS NFs have strong light absorption 
ability in the visible and near-infrared regions, Similarly, 
with the increase in concentration, the absorption rate also 
increased, and reached complete absorption at the concen-
tration of 0.02%. In addition, they also verified that the 
light-absorbing ability of tubular NFs is stronger than that 
of spherical NFs, which may be due to the larger surface 
area or more slit-like pores of tubular nanoparticles. The 
AlN-water NFs exhibit partial absorption in the visible part, 
and the transmittance increases with wavelength increasing 
from 200 to 800 nm. In the spectral curve, TiN-water NFs 
have the strongest absorption capacity, whose transmittance 
was smaller than 1%, followed by ZrC-water NFs with solar 
radiation absorption capacity, whose transmittance was 
smaller than 8% [121].

The function of solar nanofluids on enhancing heat transfer

The high TC of NFs is also a key element to improve the 
heat collection efficiency of solar NFs. Brownian motion, 
clustering of particles, and thermophoresis are considered 
to be the main reasons for the strengthening of TC. Brown-
ian motion refers to the phenomenon that when particles 
move in the base liquid, heat is transferred from one solid 
to another due to the collision effect, thereby realizing the 
enhancement of TC. The heat transfer process inside the NFs 
is affected by the generation of micro-convection due to the 
Brownian motion [122]. The aggregation of nanoparticles 
also helps to provide a transport path for heat inside the fluid 
[1]; however, the aggregation of particles to form bulky clus-
ters is not conducive to the thermal conductivity of liquids. 
The other is the thermophoresis of nanoparticles. The nano-
particles act as the heat collector core. After the temperature 
rises, a non-uniform internal heat source term related to the 
optical thickness is added inside. The thermo-phoretic effect 
will cause the nanoparticles to migrate from the hot region 
to the cold region, thereby enhancing the convective heat 
transfer efficiency.

The addition of different types of nanoparticles can sig-
nificantly improve the thermal conductivity of fluids, and 
many domestic and foreign scholars have carried out experi-
mental research on this. Multi-walled carbon nanotubes are 
ideal materials for strengthening the heat transfer perfor-
mance of liquids due to their high TC and large aspect ratio. 
As the SWCNT NFs’ concentration varies from 0.05 vol.% 
to 0.25 vol.%, the thermal conductivity increases from 2.84% 
to 36.39% [123]. Compared with pure water, carbon nano-
tubes with a volume fraction of 0.05 vol.% can increase the 
thermal conductivity by 36% at 45 °C, which can be seen 
form Fig. 16 [124]. In addition to carbon materials, other 
nanoparticles such as metals and their oxides can improve 
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Fig. 16  The enhancement of thermal conductivity of pure water by CNTs. (Reprinted from ref [124], with permission from Elsevier)
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thermal conductivity to varying degrees. The  TiO2-water 
nanofluids with a volume fraction of 3 vol.% can improve 
the thermal conductivity by 7.2% [73].  Al2O3-water NFs 
with a mass fraction of 0.15 mass% were reported to improve 
thermal conductivity by 10.1% [68]. Abareshi et al. [59] 
prepared magnetic  Fe3O4 NFs by co-precipitation technol-
ogy and measured its TC. The results indicated that at the 
temperature of 45℃, when the concentration is 3 vol.%, the 
highest strengthening rate of TC is 11.5%. The TC enhance-
ment effect of solar NFs on different base fluids is differ-
ent. CuO nanoparticles have a more apparent influence on 
improving the TC of distilled water, and the maximum 
enhancement rate can reach 40%, while the TC of EG and 
engine oil is weakly enhanced, increasing by 27% and 19%, 
respectively [58].

The efficiency of heat‑collecting of nanofluids

Compared with pure water or other traditional industrial 
fluids, the unique optical properties of NFs can broaden the 
extinction spectrum of liquids, enhance the extinction abil-
ity in the visible or infrared region, and thus capture solar 
energy more efficiently. In addition, the high TC of the NFs 
further strengthens the heat transfer efficiency of the liquid 
and the solar collector. For example, the good light absorp-
tion properties and photothermal conversion properties of 
titanium nitride (TiN) materials have attracted the attention 
of some researchers. Wang et al. [125] analyzed the photo-
thermal properties of TiN NFs. They experimented the influ-
ence of concentration on fluid warming: Below 500 ppm, 
the maximum temperature rise of TiN NFs increased with 
increasing concentration. When the concentration is higher 
than 500 ppm, the solar radiation is mainly absorbed by the 
surface of the fluid, which increases the heat dissipation 
of the surface temperature to the environment, while the 
heat transfer efficiency inside the fluid is lower than that 
of the surface, which increases heat loss. In addition, they 
compared the photothermal conversion efficiency of several 
common materials, and the heating rate was in the following 
order: TiN > Graphene > Au > CNTs-OH > Ag > CuS > EG. 
In particular, the maximum temperature rise of TiN 
within 20 min is 14.2 °C, which is 7 °C higher than that of 
graphene.

When the NFs are used in direct absorption solar collec-
tors, the NFs act as both a heat collector and a heat trans-
fer working fluid, and they exhibit efficient heat collection 
performance compared to traditional heat transfer working 
fluids. When 0.02 mass% MWCNTs nanofluids were placed 
under natural illumination, the nanofluids conversion effi-
ciency reached 95% within the first 10 min. And with the 
increase in the concentration, the performance of the nano-
fluids does not decrease, which shows the great potential of 
carbon nanotubes for solar heat collection [126]. However, 

with the increase in the concentration, there will be a large 
temperature difference between the upper and lower sur-
faces of the receiving end of the MWCNTs NFs, resulting in 
heat loss. To reduce the problem of heat loss caused by the 
uneven temperature distribution inside the receiver, the heat 
conduction inside the fluid can be changed into convection 
by adding a rotating magnetic field [127]. The experimental 
results show that the photothermal conversion efficiency of 
FeNi/C-EG NFs with a concentration of 50 ppm in direct 
absorption solar collectors can reach up to 58.7%, while 
the photo-thermal conversion efficiency of the non-external 
rotating magnetic field is 47.9%. When the concentration 
is increased from 5 to 50 ppm, the thermal conversion effi-
ciency of the nanofluids with an external magnetic field can 
basically reach more than 50%. Based on the plasmonic 
effect of silver ions and the high thermal conductivity of 
carbon materials, Mehrali et al. [128] prepared reduced gra-
phene oxide solar NFs modified by silver nanoparticles and 
used them to directly absorb solar heat collection devices. 
The study found that the Ag-rGO nanofluids can achieve a 
heat collection efficiency of up to 77% at a low concentration 
of 40 ppm, while the rGO nanofluids without modification 
by Ag ion reached the highest heat collection efficiency of 
63.3% at the concentration of 80 ppm. It can be seen that 
the reduced graphene oxide NFs modified by silver ions can 
further strengthen the absorption ability of solar collectors. 
Similarly, they found that the temperature at the top of the 
fluid increased with increasing concentration, but the tem-
perature at the lower surface of the liquid showed a different 
trend. Compared to pure water, NFs raise the temperature 
faster. CuO-water NFs, as solar absorbers, can be used for 
direct absorption parabolic trough solar collectors. When 
the nanofluids flow rate increased, the temperature differ-
ence parameters of nanofluids and pure water with volume 
fractions of 0.01 vol.%, 0.05 vol.% and 0.1 vol.% decreased 
by 68%, 67%, 65%, and 53%, respectively. In addition, the 
addition of CuO nanoparticles significantly improved the 
heat collection performance of the fluid, and the maximum 
increase in the thermal efficiency of the NFs with concen-
trations of 0.01%, 0.05% and 0.1% for pure water was 3.23 
times, 3.6 times and 3.82 times, respectively [129].

Flat plate collectors are considered to be the most com-
monly used collectors, but due to their relatively low energy 
absorption and transfer efficiency, NFs have been proposed 
to replace traditional working fluids to strengthen the heat 
collection efficiency. When solar NFs work on flat-plate 
collectors, the main role is the high-efficiency heat transfer 
performance. Tong et al. [130] applied water,  Al2O3, CuO, 
 WO3, MWCNT, and  Fe3O4 NFs to flat-panel solar collectors 
and experimentally investigated their performance charac-
teristics. The examinations display that the adjunction of 
nanoparticles significantly improves the heat collection 
efficiency of the fluid: when the working fluid is water, the 
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collector efficiency is only 62%, while when the working 
fluid is MWCNT, the collector efficiency increases to 87%. 
And carbon nanotube NFs are most sensitive to changes 
in solar radiation. In particular, they also found that the 
 WO3 nanofluids have the lowest heat loss coefficient and 
can maintain a good heat collection performance in a wider 
working range. Metal oxide NFs are a good choice for flat 
plate collectors. When the ZnO NFs work in the plate solar 
collector, the heat collection efficiency of the ZnO nanoflu-
ids with a volume fraction of 1 vol.% is 19.9% and 19.8% 
higher than that of the base fluid, respectively. Its highest 
efficiency can reach 70.28% and 69.24%, respectively. Its 
highest efficiency can reach 70.28% and 69.24%, respec-
tively. When the volume fraction of MgO nanofluids is 0.2 
vol.% and the flow rate is 1.5 Lit/min, the maximum ther-
mal efficiency is 69.1%, which is 16.36% higher than that 
of EG/DW. However, when the flow rate is 1 Lit/min, the 
maximum thermal efficiency of the nanofluids can also reach 
67.8%, which is not much different from that of the flow 
rate of 1.5 Lit/min [131]. The use of multi-walled carbon 
nanotubes can significantly improve the exergy efficiency 
and energy efficiency of the system. The maximum exergy 
efficiency of flat-panel solar collectors using NFs is about 
23.35%, while the largest exergy efficiency using distilled 
water is 14.55%. Compared with pure water, the MWCNTs 
with concentrations of 0.01% mass%, 0.05 mass%, and 0.1 
mass% increased the efficiency by 16%, 21%, and 34.13%, 
respectively. Based on the improvement of the heat collec-
tion efficiency, the collector no longer needs a large area size 
for solar radiation absorption, and 0.1 mass% MWCNTs can 
reduce the size of the flat plate collector by 34% [132]. Flat-
plate collectors using hybrid NFs perform better than NFs 
alone: Hybrid NFs (covalently functionalized multi-walled 
carbon nanotubes and covalently functionalized graphene 
nanosheets) as interiors of flat-panel solar collectors The 
thermal efficiency of the mixed nanofluids with a concen-
tration of 0.10 mass% and a flow rate of 4 l/min is as high 
as 85%, which is 20% higher than that of DW at the same 
flow rate [133].

In addition to the most common flat plate collectors, the 
use of NFs in surface collectors such as parabolic trough 
and dish collectors also has good improvement effects. 
Khan et al. [134] used NFs for parabolic dish solar collec-
tors combined with supercritical carbon dioxide Brayton 
cycles. Three oil-based NFs  (Al2O3, CuO and  TiO2) were 
used in this collector, and the experiments displayed that 
the total energy efficiency and exergy efficiency of  Al2O3 
oil-based NFs were the highest, and  TiO2/oil-based NFs was 
higher than CuO/oil-based NFs. As the mass flow rate of 
the nanofluids (0.1–0.3 kg  s−1) increases, the system effi-
ciency increases significantly, but the lift effect slows down 
after 0.3 kg  s−1. Specially, the working fluid of the parabolic 
trough collector can be gas, and the gas can work at a higher 

temperature than the liquid. The air dispersed with CuO 
powder is used for the high-temperature parabolic trough 
collector, the maximum temperature of the fluid can reach 
180 °C within 24 h, and the fluid temperature above 145 °C 
is maintained for about 10 h, and the average efficiency of 
the parabolic trough collector is 65% [135].

The efficiency heat collection of volumetric solar col-
lectors is generally higher than that of surface collectors. 
Lee et al. [136] systematically investigated the heat col-
lection efficiency of surface solar collectors and nanoflu-
ids-based volumetric solar collectors. They prepared sta-
ble carbon nanotube NFs with different volume fractions 
(0.0005 ~ 0.005 vol.%), and analyzed the heat collection 
efficiencies of the two solar collectors according to volume 
fractions and Peclet numbers. The results showed that the 
volumetric solar collectors with nanofluids have higher heat 
collection efficiency, which is 10% higher than that of con-
ventional surface solar collectors.

To sum up, nanomaterials with good optical properties 
and heat transfer properties, such as MWCNT, TiN, Au, Cu, 
CuO, ZnO,  Al2O3, etc., are used in solar collectors to sig-
nificantly improve the heat collection efficiency. Relatively 
speaking, carbon materials with high thermal conductiv-
ity (MWCNT, graphene) have more efficient heat collec-
tion properties, and in particular, TiN materials also exhibit 
excellent photothermal properties. Based on the analysis 
above, the reason why solar nanofluids can improve the effi-
ciency of solar energy collectors is that they have a longer 
spectral absorption band and better thermal conductivity, 
especially metal nanoparticles have better optical absorp-
tion properties due to the plasmon resonance effect. Many 
researchers have used mixed nanofluids containing metal 
particles and other non-metallic nanoparticles to achieve full 
spectrum absorption to improve heat collection efficiency. 
However, in the direct absorption solar collector, as the 
concentration increases, the heat collection efficiency also 
increases, but at the same time, the heat loss also increases. 
The reason is that the increase in the concentration causes 
the temperature of the fluid surface to rise rapidly, which 
causes the heat dissipation of the upper surface to the sur-
rounding environment to be accelerated. Some studies have 
shown that the heat loss caused by this reason can be effec-
tively reduced by applying an external magnetic field.

Compared with surface solar collectors, volumetric solar 
collectors can make the most of the properties of nanoma-
terials. NFs can be used as working fluids to directly absorb 
solar energy, which can not only strengthen the absorption 
of solar radiation in the visible or infrared region, but also 
enhance the heat transfer efficiency inside the fluid, and 
improve the collector efficiency from both solar energy 
absorption and transmission. In surface collectors, the only 
thing that plays the biggest role is the enhancement of the 
thermal conductivity of the base liquid by nanomaterials. 
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The relevant literature on the use of NFs for solar heat col-
lection is summarized in Table 5 as follows.

Conclusions

Many research focused on solar collectors, and the NFs are 
widely used as working fluids seen from those researches. 
However, the reviews specifically for solar nanofluids that 
can absorb solar radiation have been rarely reported. Most 
of the literature focuses on the upgrade of the structure of 
solar collectors, but the enhancement mechanism and heat 
collection effect of solar nanofluids are lacking. Hence, it is 
necessary to supplement the performance of solar nanofluids 
themselves. In this paper, we analyzed the stability mecha-
nism of solar nanofluids, and then assessed various meth-
ods for preparing long-term stable solar nanofluids and their 
characterization methods. Finally, the applications of solar 
nanofluids in heat collection systems were summarized. The 
main conclusions are as follows:

The commonly used nanofluids preparation techniques 
are the one-step method and the two-step method, and the 
advantages and disadvantages of the two methods are actu-
ally complementary. The nanofluids particles prepared by 
the one-step method are smaller and more precise, and the 
nanofluids have better stability, but the economic cost is 
huge. The two-step method for synthesizing NFs is techni-
cally simple and can industrially produce nano-powders, but 
the stability of NFs cannot be guaranteed, so the prepared 
NFs can only be used in experiments. In order to prepare 
long-term stable nanofluids, reducing the cost of the one-
step method or using other methods to improve the stability 
of nanofluids prepared by two-step methods will be the focus 
of future research.

Compared with solar collectors using pure water, the 
reasons why solar collectors using NFs can significantly 
improve the efficiency of solar heat collection are at two 
points:

• Nanoparticles have a strong light absorption ability in the 
visible light region, and 44% of the energy of solar radia-
tion is concentrated in this region, which can maximize 
the solar energy absorption efficiency of solar energy.

• Nanoparticles can effectively improve the thermal con-
ductivity of the fluid, so that the thermal energy can be 
rapidly transferred in the fluid, and the solar energy con-
version and transportation capacity of the collector can 
be improved.

In future work, it may become the focus to compare mul-
tiple solar nanofluids in solar collectors to maximize the 
efficiency of the heat-collection system. In addition, how to 

avoid the deposition, blockage and erosion of nanofluids is 
also something that researchers should consider.

Knowledge gaps and future challenges

This paper provides a necessary review of the preparation, 
stability and applications on solar heat collection of solar 
NFs. After a comprehensive analysis of the preparation 
technology, evaluation technology of stability, and thermal 
collection efficiency of solar NFs, this paper gives the fol-
lowing suggestions for the current knowledge gap and future 
development of NFs:

Knowledge gaps on stability

• Long-term stability is essential for the application of NFs 
to heat collector systems or other projects. Considering 
the cost, the two-step preparation technique is widely 
used, but this makes the NFs easily agglomerate or settle. 
The nanoparticles will precipitate in the pipeline, and the 
presence of solids will block the operation of the system, 
which greatly reduces the service life of the system. In 
addition, the production cost of NFs is too high, and it is 
still unable to completely replace the status of traditional 
working fluids in terms of economic benefits.

• The current detection methods for stability are mostly 
carried out in the initial period or short experimental 
cycle after the completion of the preparation of NFs, 
lacking long-term systematic detection methods for the 
stability of NFs. And practical detection methods such as 
the zeta potential method have the possibility of misjudg-
ing the stability of NFs.

• At present, there is still a big gap in the study of the sta-
bility of NFs, and the establishment of theoretical models 
needs to be further developed.

Applications on heat‑collecting

• About the long-term observation and evaluation of the 
system of solar collectors are lacked. The corrosion of 
NFs to the system, the blockage caused by precipitation 
or the reduction in the overall efficiency of the system 
caused by the reduction in the heat-collecting load capac-
ity of particles still requires a lot of experiments.

• Under intense UV irradiation, solar radiation may nega-
tively affect the chemical stability of NFs, which requires 
further experimental exploration. In addition, how to 
detect the chemical stability of NFs and prevent chemical 
instability caused by prolonged exposure to ultraviolet 
light is also an urgent problem to be settled.

• It can be seen from a large number of experimental 
reports that the increase in the concentration of NFs will 
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cause unnecessary heat loss due to a surface temperature 
of the fluid which is much higher than the ambient tem-
perature. This may be one of the bottlenecks that limit the 
further improvement of the efficiency of collectors with 
nanofluids.

Negative impact of nanofluids

It is reported that nanoparticles may make a positive contri-
bution to the rate of bacterial mutation [141]. Nanoparticles 
may cause pollution to the environment during production, 
storage, transportation, etc. As we all know, particles under 
10 μm can be inhaled by the human body, while nanoparti-
cles with a size of only 1–100 nm can completely enter the 
human body through the respiratory tract and pose a threat 
to life and health.
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