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Abstract: The solar absorption efficiency of water as a base-fluid can be significantly improved by
suspending nanoparticles of various materials in it. This experimental work presents the photo
thermal performance of water-based nano-fluids of graphene oxide (GO), zinc oxide (ZnO), copper
oxide (CuO), and their hybrids under natural solar flux for the first time. Nanofluid samples were
prepared by the two-step method and the photothermal performance of these nanofluid samples was
conducted under natural solar flux in a particle concentration range from 0.0004 wt % to 0.0012 wt %.
The photothermal efficiency of water-based 0.0012 wt % GO nanofluid was 46.6% greater than that of
the other nanofluids used. This increased photothermal performance of GO nanofluid was associated
with its good stability, high absorptivity, and high thermal conductivity. Thus, pure graphene oxide
(GO) based nanofluid is a potential candidate for direct absorption solar collection to be used in
different solar thermal energy conversion applications.

Keywords: solar energy; hybrid nanofluid; direct solar absorption; photo thermal performance

1. Introduction

Solar energy is the most abundant renewable source, and can be used for space heating [1],
electricity generation, desalination, and many other similar applications [2]. Owing to the increase of the
population, the depleting trend of non-renewable energy resources must be taken into consideration [3].
Efficient energy use is a difficult task [4]. The existing literature describes different type of collectors
that rely upon surface-based solar absorption and heat transfer, which is engaged by collectors to a
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fluid flowing inside [5]. The low thermal efficiency of conventional solar thermal collectors is a serious
concern because of extensive heat losses [6–8]. Thus, the conventional surface-based solar collector
cannot be used at high temperatures because of the heat losses [9]. Therefore, to decrease these heat
losses, a volumetric type of solar collector was suggested, which uses nanoparticle suspension as
the absorbing medium [10,11]. In volumetric solar collectors, working fluid absorbs solar radiation
directly from sun [12]. This type of solar collector has certain advantages over the surface-based
type of solar collectors including minor heat losses, lower thermal resistance, radiation trapping, and
increased thermal conductivity [13]. Thus, all this helps in enhancing the overall performance of the
solar collector [14]. Volumetric solar collectors result in the achievement of higher temperatures due to
volumetric absorption and radiation trapping phenomenon [15,16]. The solar absorption efficiency is
improved by suspending nanoparticles of various materials in heat transfer fluid [17].

The existing literature describes the different properties of individual nanofluids and binary
nanofluids like solar absorptivity, stability, and viscosity [18–20]. These reported experimental
studies have shown numerous problems with individual nanofluids as a result of high cost, low
solar absorptivity, and low stability [21]. Moreover, individual nanofluids have poor heat transfer
properties [22–24]. Radiation flux has a significant role in driving the process of desalination from
seawater [25]. However, formerly used solar-based evaporation systems generally depended on
intense sunlight and are not appropriate for seawater, and a severely limited number of applications
are linked with this technology [26].

In current years, the nanofluid formulated of binary nanoparticles has received special attention [27].
Binary nanoparticles may possess many distinctive properties because of the mixing of two different
materials [28,29]. The photothermal performance of different nanoparticles, like metals (copper,
gold, silver, and aluminium) [30], metal oxides (Fe2O3, and TiO2), and carbon nanotubes (CNTs), is
subjected to evaluation under different outdoor and laboratory conditions [31–34]. A pure carbon-based
nanofluid, metal oxides, and mixtures of carbon and metal oxides-based binary nanofluid are more
suitable for increased photo thermal efficiency [35] owing to good potential to absorb radiations
compared with individual metals and metal oxides nanofluids [36,37]. Previous works [29,38,39] on
binary nanofluids (CuO-MWCNTs) show that they are more suitable because of the good solar radiation
absorbing capability in the solar spectrum, and their photothermal performance and transmittance are
quite satisfactory, showing they are feasible materials for a direct solar absorption solar collector [40].

Now, the current need is the improvement of heat transfer capacity, cost of the nanofluids, and
type of solar collectors to increase maximum absorption, which is used for solar desalination [36,37].
The solar absorption efficiency can be significantly improved by suspending nanoparticles of various
materials in the base fluid [41]. A pure carbon-based nanofluid, metal oxides, and mixtures of carbon
and metal oxides-based binary nanofluid are proposed to maximize the solar absorption over a
broader solar spectrum [42,43]. This achievement in the nanotechnology plays an important role
in improving thermal desalination processes and efficiencies. Different carbon-based nanofluids
and binary nanofluids, which are combination of carbon and metal oxides, are proposed to broaden
the absorption spectrum. Carbon-based nanofluids and mixtures of carbon and metal oxides-based
binary nanofluid and the volumetric type of solar collectors have been developed to maximize photo
absorption, which increased the photothermal efficiency [35]. Metals and metal oxides are the potential
candidates for this research work [44].

The purpose of this research is to examine the photothermal efficiency of nanofluids based on
their optical absorption. To this aim, a comparison is made between photothermal performance
and specific absorption rate (SAR) for different nanofluids. So, in this context, the photothermal
efficiency and specific absorption rate of three different nanofluids, that is, copper oxide (CuO), zinc
oxide (ZnO), graphene oxide (GO), and their hybrids (binary nanofluids), at three different weight
concentration under natural solar flux are studied in this work. The change in temperature of the
different nanofluid samples at different weight concentrations is measured with three equally spaced
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K-type thermocouples. The photothermal performance and specific absorption rate of the individual
and binary nanofluids are used for performance comparison.

2. Material and Methods

2.1. Experimental Setup

Nanoparticles of three different materials (CuO, ZnO, and GO) were used in this experimental
investigation. The experimental setup consisted of a pyranometer, direct solar absorber, digital scale,
K-type thermocouples, and data acquisition system or data logger. The solar radiations were absorbed
by the nanofluid present in the sample container. The pyranometer interfaced with the computer
through a data logger. As a result of evaporation, weight losses occur, which were measured using
a digital scale. K-type thermocouples were used to measure the average temperature of nanofluid.
Thermocouples were calibrated using a NIST (National Institute of Standards and Technology) traceable
precision glass thermometer with ±0.01 ◦C and the uncertainty in temperature measurement was
±0.25 ◦C. The data logger was used to record the data over the time of the experiment. A simplified
experimental setup scheme is shown in Figure 1.

Deionized water (IPEX, Inc., Oakville, ON, Canada) was used as a base fluid to prepare nanofluid
samples. A petri dish was used as a sample container to hold nanofluid samples. It was so deep that
three different thermocouples at three different heights were installed to take the average temperature.
It helped in the direct absorption of solar irradiation. It was a cylindrical container with a diameter
and height of 7 cm each. Before the start of each experiment, 250 g of water was filled in this petri dish,
with different concentrations of nanoparticles.

The petri dish was placed on a digital scale for measuring weight loss in the fluids. Change in
bulk fluid temperature was determined by three K-type thermocouples (OEM WRR2-130), which were
placed at three typical depths; just at the top surface of the nanofluid, in the middle, and close to
the bottom of the petri dish. Ambient temperature was measured with the help of a fourth k-type
thermocouple. Light irradiance was measured with a pyranometer (SR30-D1). All data were registered
to the computer via a data logger (CX402-XXM).
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2.2. Nanofluids’ Preparation

Water nanofluids of ZnO, CuO, GO, and their hybrids were prepared by the two-step method.
For example, in the preparation of copper oxide nanofluid, sodium hydroxide (NaOH) and copper
chloride dehydrate (CuCl2:2H2O) were used as chemical reagents for synthesis. Copper chloride
and sodium hydroxide were used according to a molar ratio (CuCl2:NaOH) of 0.5:1 to prepare the
solution sample. The amount of CuCl2 as per the molar ratio was dissolved in 100 ml of deionized
water. Precipitating agent (NaOH) was added dropwise in this solution under constant stirring. pH
value of 12 was maintained throughout the reaction. NaOH was used as a precipitate agent to control
the pH value. NaOH was added dropwise under constant stirring and the solution was mixed with
precipitating agent (NaOH) to obtain less chemically dispersed nanoparticles. There is no time limit to
control the pH value during the preparations of nanofluids. The precipitate settled down upon the
completion of the reaction process. The sample was aged for 10 h afterwards. The precipitate was
collected and washed a number of times with deionized water through filter paper to make it free from
sodium and chloride ions. These precipitates were dried in an oven at 80 ◦C for 10 h. The precipitate
was ground using a pestle and mortar to a clear black powder. The black powder was sintered at
600 ◦C in a muffle furnace for 3 h. After the completion of the reaction, the samples were aged for
10 h, because of the nanofluids are settled down on the surface of the beaker and in order to obtain
less dispersed nanoparticles. Afterwards, samples were put in the muffle furnace for different times
and some changes in the nanofluids were observed, that is, change in the crystal structure, size of the
nanofluids, and length of the nanofluid. In this new work, a co-precipitation method was used to
prepare nanoparticles, where NaOH was used as the precipitating agent and serves as a terminator for
growing the nano-particles because the particles cannot come together easily. Furthermore, it expands
during the calcination process, which is why the temperature was 80 ◦C for 10 h and 600 ◦C for 3 h.
The same procedure was followed for the synthesis of other nanomaterials, that is, GO and ZnO [28].
To make a nanofluid sample in base fluid, a measured amount of nano powder was mixed with a given
base fluid volume and the acquired mixture was sonicated for 30 min before starting the photothermal
conversion experiment. Three different concentrations (0.0004 wt %, 0.0008 wt %, and 0.0012 wt %) of
nanoparticles were used in this research. Nanopowders with a maximum concentration of 0.0012 wt %
in the experimental range were suspended in the basefluid using ultrasonication and magnetic stirring.
A visual method and absorption spectra were used to evaluate the nanoparticle sedimentation. No
sedimentation was observed after suspending the nanoparticles in the base fluid until 30 minutes.

Photothermal conversion experiment of the nanofluids was conducted in a particle concentration
range from 0.0004 wt % to 0.0012 wt % for individual water-based nanofluids of GO, ZnO, and CuO.
The hybrids (binary nanofluids) GO–CuO and GO–ZnO were analysed at 0.0004 wt % concentration
under natural solar flux. Table 1 shows that experiments were carried out on 0.0004 wt % for individual
nanofluids of GO, ZnO, and CuO and the hybrid combination of GO–CuO and GO–ZnO. The amount
of GO is different, but weight concentrations of hybrid nanofluids are still same by varying the
concentration of other nanoparticles used in this study. It was observed that adding a very small
amount of nanoparticles in the base fluid enhanced the thermo physical properties of the base fluid
and heat transfer rate. Photothermal efficiency was sensitive to concentration mixing ratio in the case
of binary nanofluids GO–CuO and GO–ZnO, and extreme addition of an individual nanoparticle
component ZnO or CuO lowered performance.
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Table 1. Various nanofluids with different ratios of different nanoparticles. GO, graphene oxide; CuO,
copper oxide; ZnO, zinc oxide.

Sr. No. Nanofluid (%) Amount of GO (g) Nanofluid Concentration (wt %)

1 100% GO 0.0001 0.0004
2 80%GO + 20%CuO 0.00008 0.0004
3 60%GO + 40%CuO 0.000060 0.0004
4 40%GO + 60%CuO 0.000040 0.0004
5 20%GO + 80%CuO 0.000020 0.0004
6 100%CuO 0.0000 0.0004
7 80%GO + 20%ZnO 0.000080 0.0004
8 60%GO + 40%ZnO 0.000060 0.0004
9 40%GO + 60%ZnO 0.000040 0.0004
10 20%GO + 80%ZnO 0.000020 0.0004
11 100%ZnO 0.0000 0.0004

3. Results and Discussion

3.1. Optical Absorbance

In this study, a UV–vis spectrophotometer (Shimadzu 1800, Japan) was used for evaluating the
dispersion stability of the prepared nanofluids. Incident scanning light is thrown on the sample
in the wavelength range of 300 to 1000 nm. All data were recorded at room temperature (25 ◦C).
The spectrophotometer works on the principle of Lambert–Beer’s law (A = εcl), where A shows
absorbance, ε shows the molar absorption coefficient, c shows the molar concentration, and l shows the
optical path length. Two cuvettes of weight capacity of 0.0001 g each are used. One cuvette contains
the reference base fluid, while other is filled with nanofluid. Incident light of equal intensity is thrown
on both the cuvettes and difference in the light is measured by the detectors after passing through
the solutions. Hence, a spectrum is obtained between the absorbance and wavelength, which gives
the concentration of nanoparticles in nanofluids. After comparing this spectrum trend at a specific
wavelength after defined time intervals, the concentration and thus stability of nanoparticles are noted.

In UV–visible regions, different types of nanofluids at 0.0004 wt %, 0.0008 wt %, and 0.0012 wt %
concentrations have different absorption peaks. The experimental results showed that different
nano-fluids have different peaks of optical absorption over the UV–visible spectrum. The display
of copper oxide, zinc oxide, and graphene oxide nanofluids was a broad shoulder around 275 nm,
314 nm and 287 nm, respectively, at three different weight concentrations. The intensity of absorption
peaks increased with the rise in the concentration of the nanofluid. The graphene oxide nanofluid
absorption peak is higher than that of all the other nanofluids used in this research compared at the
same weight particle concentration of 0.0004 wt %, 0.0008 wt %, and 0.0012 wt %, respectively. This is
because of the augmented performance of carbon-based nanofluids (GO), which have good stability,
high absorptivity, and high thermal conductivity properties, which make them distinct from the others.
It can fluoresce over a wide range of wavelengths (from near-infrared to ultraviolet) and effectually
reduce the fluorescence of other fluorescent dyes. In contrast, minimum absorbance was observed
in the case of deionized (DI) water because, in the visible light spectrum, water is a poor absorber of
solar energy. Adding nanoparticles that have good absorptivity in the visible region can significantly
enhance the solar absorption of water. Compared with graphene oxide, other nanofluids have their
absorption peaks in the UV–visible region. Although nanofluids of ZnO and CuO do not have very
strong absorption peaks in the UV region, their absorption is far better than water, which is shown
below in Figure 2.

In Figures 3 and 4, the optical properties of composite nanoparticles (GO–ZnO and GO–CuO)
are evaluated in UV–vis spectroscopy [45,46]. The spectrum exhibits absorption in the visible and
infrared regions, but prominent absorption occurs in the UV region. In both situations of GO–ZnO
and GO–CuO composites binary nanoparticles, the absorption peaks of pure GO, pure ZnO, and pure



Energies 2020, 13, 4956 6 of 16

CuO are observed at 275 nm, 314 nm, and 287 nm, correspondingly. Peaks’ intensity decreases with
the decrease in GO concentration. A maximum absorption peak is observed in the case of pure GO
nanofluids compared with other individual and binary nanofluids used in this research.
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3.2. Change in Fluid Volume Temperature

Figure 5 represents the temperature variations of copper oxid, zinc oxide, and graphene oxide
nanofluid samples at 0.0004 wt % concentrations in the base fluid under natural sunlight during
the experiments. Supposing that the temperature of particles in the base fluid is approximately
equal to that of the complete solution because of very minute loading. All nanofluid samples and
the deionized water are heated under the natural sun for a duration of half an hour. Changes in
the temperature readings of all three installed thermocouples (TC1, TC2, and TC3) are depicted by
the average temperature profiles of copper oxide, zinc oxide, graphene oxide, and their hybrids.
The average temperature of the nanofluids is calculated by the formula (∆T = (TC1 + TC2 + TC3)/3)
and plotted with respect to time for all the nanofluids.

An increasing linear trend in bulk fluid temperature can be seen by the reading of all three
thermocouples at the start of the experiments. However, this increasing trend is not continued later.
This is because, at the beginning of the experiment, most of the transferred heat energy results in a linear
rise in temperature, and very little heat is wasted to the environment. As the nanofluid temperature
increases, the temperature of the nanofluid sample and environment is also increased, which is the
reason for the enhanced heat loss and linearity not being observed. The increase in temperature is
very little when the value of temperature difference reaches the maximum value, and it is clear that,
after 600 s, the linear trend finished and the non-linear trend started somehow during the experiment.
Moreover, the temperature rises at a greater rate for TC1 than for that of the other two remaining
thermocouples (TC2 and TC3). This is because of the decreasing tendency in solar light irradiance
accomplished with the optical length. The highest temperature variation between the top and bottom
surfaces of the nanofluid was 3.86 ◦C.
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The environmental temperature remained almost the same during the experiment throughout
this study. If the comparison is made between the nanofluids and deionized water temperature, it can
be realized that all nanofluids have greater temperature gradients than DI water (see Figure 5). It can
also be seen that nanofluids’ temperature increased with the increase in nanoparticles’ concentration,
as presented in Figures 6 and 7. The greatest increase in the average change in temperature (2.51 ◦C)
was achieved in GO nanofluid compared with the other nanofluids used in this study because of
high solar absorptivity. The specific capacity of nanofluids was observed to be very close to that
of water. Moreover, the difference in the increase in temperature is due to the high absorbance of
graphene nanofluid (GO) in the visible region. GO is black and carbon-based nanofluid. Thanks to this
characteristic, it shows augmented absorptivity of solar irradiation.

The temperature variations for the 0.0004 wt % hybrid nanofluids GO–CuO and GO–ZnO and
DI water are displayed in Figures 6 and 7 respectively. The average change in temperature increased
initially and then decreased with the increasing copper oxide and zinc oxide concentration, which is
still higher than that of individual ZnO and CuO nanofluids. The increase in the wt % of of CuO and
ZnO nanoparticles in GO reduced the mixture performances even at lower fractions of of CuO and ZnO
nanoparticles, but they were superior to that of DI water. Thus, it can be observed that the addition
of GO in metal-oxides nanoparticles, that is, binary nanoparticles, enhanced the overall solar energy
absorption. This increased the average change in temperature, which resulted in the enhancement
in photo thermal efficiency as compared with individual nanofluids, except for pure GO nanofluid,
because pure GO nanofluid is a carbon-based nanofluid having the highest solar absorptivity compared
with other individual nanofluids (ZnO, CuO) and binary nanofluids GO–CuO and GO–ZnO used in
this study.
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3.3. Mass Loss of Nanofluids

A digital balance was used to calculate the reduction in mass of the nanofluids because of the
evaporation phenomena. The time duration for this measurement was selected as 1800 s under natural
sunlight. It is observed that a reduction in the mass of the nanofluids is directly related to the bulk
temperature increment. Instead of heating bulk fluid, most of the absorbed energy is used to evaporate
fluid. An increment in the temperature of the sample as a whole means that more heat loss occurs to
the environment.

Figures 8–10 show the average mass loss of water-based (GO, ZnO, CuO) nano-fluids and their
composites nanofluids (ZnO–GO and CuO–GO) at 0.0004 wt % concentrations under natural sun
light during the experiment for the time period of 30 min. The maximum mass loss was observed for
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GO nanofluid and minimum for DI water. It can be observed during the experimentation that the
mass loss of all types of nanofluids was enhanced with the enhancement in the concentration of the
nanoparticles. Maximum mass loss was achieved in GO nanofluid compared with other nanofluids
used in this study because of the high solar absorptivity. The average mass loss of binary nanofluids
increased first and then reduced with the increasing CuO and ZnO concentration, which is higher than
that of individual CuO and ZnO nanofluid as seen in Figures 9 and 10 respectively. The addition of
CuO and ZnO nanoparticles in GO nanoparticles reduced the mixture performance even at a low CuO
and ZnO mass fraction, but greater than that of DI water. Figure 8 shows the mass loss for a specific
time duration in the nanofluid of CuO, ZnO, and GO under natural sun over the period of 1800 s of DI
water base nanofluids at 0.0004 wt % concentration.
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3.4. Photothermal Efficiency

Photothermal efficiency (PTE) is the ratio between the internal energy increase of fluid to the total
incident solar radiation [46].

ηPTE =

∫ t
0 (CWmW)·∆T·dt +

∫ t
0 LVmloss·dt∫ t

0 I·A·dt
(1)

where CW defines the specific heat capacity of water measured in (J/kgK); Lv is the latent heat of
vaporization (J/kg) at a pressure of 1 bar; mloss is the mass loss (mloss = minitial/t) of nanofluid in time
t, measured in kg/s; I is the solar irradiance, which is equal to 850 W/m2, measured by the pyranometer;
mw is the mass of water in (kg); A is the illumination area of the nanofluid sample, measured in m2;
and ∆T is the average change in temperature value in time t of three thermocouples. Equation (1) gives
this energy analysis, which is translated in the form of photothermal efficiency.

Figures 11 and 12 show the photothermal efficiency of water base (GO, ZnO/H2O, CuO) nanofluids
and their composites (GO–ZnO and GO–CuO) at different wt % concentrations (0.0004 wt %, 0.0008 wt
%, and 0.0012 wt %). It can be observed that the photothermal efficiency of all types of nanofluids
is directly related to nanoparticle concentration, which is enhanced with the enhancement of the
nanoparticle concentration.

Pure GO nanofluid has the highest efficiency relative to other nanofluids used in this research
because of its high absorptivity and high thermal conductivity compared with the others. Photothermal
efficiency would be higher for nanoparticles of higher thermal conductivity. According to the Fourier
law of heat conduction, the heat transfer rate depends on thermal conductivity, which is directly related
to temperature. At a higher thermal conductivity, a higher temperature will be achieved, which is the
main parameter in calculating the photothermal efficiency.
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3.5. Specific Absorption Rate (SAR)

The specific absorption rate is conventionally defined as energy absorbed per unit mass of
nanoparticles. It is an important factor that is also used to calculate the photothermal efficiency of
different types of nanofluids. It can be calculated in (kW/g) using Equation (1) [46].

SAR =
(CWmW)(∆Tn − ∆Tw) + LVmloss

1000∆tmn
(2)

In Equation (2), Cw and mw symbolise the specific heat capacity (J/kgK) and mass (kg) of base fluid
(water), respectively. Lv is the latent heat of vaporization (J/kg) at a pressure of 1 bar. ∆Tn and ∆Tw

show the change in nanofluid temperature and base fluid (water) in time ∆t, respectively. Figures 13
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and 14 show the specific absorption rate (SAR) of binary nanofluids (ZnO–GO and CuO–GO) and
individual nanofluids (ZnO, CuO, and GO). Comparing all the nanofluids used, pure GO nanofluid
has the maximum specific absorption rate (SAR) at different wt % concentration.
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4. Conclusions

The collection of direct solar absorption-based nanofluids is an encouraging technique for
solar power generation systems. Many studies on different types of nanoparticles for solar energy
state that a comparison for photothermal performance characteristics of various nanofluids at the
same experimental conditions is much needed. In direct absorption solar collectors (DASCs), the
photothermal conversion efficiency of three nanomaterials (GO, ZnO, and CuO) and their composites
(GO–CuO and GO–ZnO) is experimentally examined under natural sun. The contribution of optical
absorption, changes in fluid volume temperature, and reduction in the mass of the nanofluids are
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disclosed in the perspective of their photothermal conversion efficiencies. Experimental outcomes
describe that all nanofluids and their composites have higher solar energy absorption, higher
temperature gain, and higher mass loss than base fluid (DI water), and GO nanofluid proved
to be the best because of its strong solar absorptivity nature. A 46.61% enhancement in photothermal
conversion efficiency of GO nanofluids is accomplished within experimental domain at 0.0012 wt
% concentration. It is quantitatively observed during experimentation that the addition of a small
amount of nanoparticle in the base fluid can significantly increase and improve its photothermal
performance. Compared with the base fluid, the growing tendency and order of nanofluids with respect
to photothermal performance in this experimentation is GO, GO–ZnO, GO–CuO, ZnO, and CuO.
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