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Abstract

In this research work, MXene with a chemical formula of TisC> is used for the first time with
silicone oil to improve thermo-physical properties of MXene based silicone oil. This paper focuses
on preparation, characterization, thermal properties, thermal stability and performance
investigation of new class of silicone oil nanofluids induced with MXene in three different
concentrations for a Concentrated Solar Photovoltaic Thermal (CPVT) collector.

The thermal conductivity of the silicone oil-based MXene nanofluids is measured using a Transient
Hot Bridge (THB) 500. Viscosity is measured using a Rheometer at various temperatures including
25, 50, 75, 100, and 125 °C. Perkin EImer Lambda 750 is used to measure optical absorbance. The
highest thermal conductivity enhancement is found to be 64% for 0.1 wt.% concentration of
silicone oil-MXene nanofluid compared to pure silicone oil at 150 °C. The viscosity of MXene
with silicone oil nanofluids is found to be independent of addition of MXene nanoparticles in the
silicone oil base fluid. Viscosity is reduced by 37% when temperature is raised from 25 °C to 50
°C for different concentrations of MXene with silicone oil . Silicone oil-based MXene nanofluid
with 0.1 wt.% concentration is thermally stable up to ~ 380 °C. Introducing more MXene
nanoparticles into silicone oil improves electrical efficiency of PV module due to better cooling of

MXene based nanofluids. Higher solar concentration is resulted in higher average temperature of
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the PV module. This consequently raises thermal energy gain which is useful for different
applications.

Keywords: MXene; Nanofluids; CPVT, thermo-physical properties

1. Introduction

When nano-sized particles are suspended into traditional heat transfer fluids, the term is called
nanofluids [1]. Nanofluids have superior thermal properties due to the dispersion of nanoparticles
[2, 3]. Murshed, Leong [4] reported that there are data on thermal properties, thermal conductivity,
and enhancement of nanofluids in the open literatures. Murshed, Leong [4] also stated that
nanofluids enhanced thermal properties better than the base fluid. The stability of the dispersed
nanoparticle is an important criterion to determine the thermal properties of a nanofluid [5].
Nevertheless, the percentage of nanoparticles into a base fluid in volume percentage will determine

the stability and suspension of the nanofluid and the improvement of thermal properties [6, 7].

Many studies on the enhanced thermal properties of nanofluids were conducted in the past
decade. Metals such as metal oxides, metal carbide, metal nitride, and carbon materials were
categorized as nanoparticles [8-10]. To date, numerous research were carried out on Cu, Ag, Ni,
Au (metals), Al203, CuO, MgO, Zn0, SiOz, Fe203, TiO2 (metal oxides), SiC (metal carbide), AIN
(metal nitride), CNTs, MWCNTSs, diamond and graphene (carbon materials) [8-10]. Among all the
nanoparticles, the graphene is a 2-dimensional material that showed the highest thermal properties
due to the largest surface area compared to other nano-materials.

Domestic and industrial sectors use concentrated photovoltaic thermal (CPVT) collectors and
systems widely. High thermal and electrical outputs provided by CPVT collectors as the incoming
sunlight and sun irradiation is maximized on the cell surface via energy-efficient concentrators
[11, 12]. When concentrated sunlight fall into the cell surface, high heat flux occurs and raise the
heat transfer fluid’s temperature in the system rapidly [11, 13]. Conventional heat transfer fluids
used in solar thermal collectors are limited by poor heat transfer properties [13]. Therefore, to
improve the solar energy conversion efficiencies, researches have been replacing conventional
heat transfer fluids with nanofluids which enhanced heat transfer properties [14, 15]. According to

Tyagi, Phelan [17], the efficiency of solar system enhanced by 10% by adding Al.Os3 to the heat



63
64
65
66
67
68
69

70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85

86
87
88
89
90
91

transfer fluids. Saidur, Meng [18] found out that the collector performance and solar absorption
rate increased when the volume fraction of nanoparticle increased up to 1 % in the fluid. Taylor,
Phelan [19] found that the thermal performance of the solar efficiency increased by 10% with the
addition of graphite nano-particles in the heat transfer fluids. Otanicar, Phelan [20] conducted
experiment on the performance of the direct absorption solar collector (DASC) using various type
of nanofluids (graphite, CNT and silver nanoparticles). The authors found out that the efficiency

of DASC improved by 5% due to promising properties of nanofluids.

Using nanofluids from the front side of the solar systems has gained great interest among the
many researchers to evaluate the influence of the optical properties of the nanofluid to show the
effectiveness of using nanofluids on the enhancement of the efficiency of the Direct Absorption
Solar Collectors (DASC). However, few studies investigated the application of the optical
filtration, using nanofluids, in the hybrid PV/T and CPV/T systems. Han et al. [21] suspended
silver (Ag) nanoparticles in a hybrid CoSOs-PG base fluid and the mixture was tested on the front
side of the PV panel in a hybrid PV/T system. The authors observed that the filters showed high
transmittance in the useful ranges of the cell material and higher absorbance outside the solar
radiation ranges. Abdelrazik et al. [22] ] investigated experimental and numerical study on the
influence of the optical filtration using water/Ag nanofluid on the performance of hybrid PV/T
systems. Defining an equivalent electrical efficiency, they reported higher values for the PV/T
system with optical filtration compared to the standalone PV system (24.5% compared to 10.5%)
at low nanoparticles concentration (0.0005 wt.%). However, the hybrid system was electrically-
inefficient at high nanoparticles concentrations (>0.5 wt.%). In another study, Abdelrazik et al.
[23] mentioned that the strength of the optical filtration in the PV/T systems came from the
filtration, from one side, and the cooling, from another side, that it provides at the same time.

Crisostomo et al. [24] prepared an optical filtration nanofluid using the core-shell Ag-SiO>
dispersed in water base fluid. Under the same illumination conditions, the results showed 12%
improvement in the weighted energy output from a PV/T system, using the water/Ag-SiO- for
optical filtration, in comparison to a standalone PV system. An et al. [25] ] carried out an outdoor
experimental testing for the performance a hybrid CPV/T system accompanied with optical

filtration, using a solution from the CugSs nanoparticles. They reported that the overall efficiency
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of their system, with optical filtration, was 17.9% better than the standalone system without

filtration.

Emerging nano-materials, MXene was invented by Drexel University in 2011 by Naguib et al.
[26]. Since then an extensive number of experimental and theoretical studies were carried out on
this material due to its superior properties compared to some other materials. This material found
to have better thermal, electrical, optical and other properties along with their versatile applications
as reported in literature. MXenes family materials inclusive a general formula of Mn+1 Xn Tx (n=1-
3), where M indicates an early transition metal (Ti, Sc, V, Cr, Ta, Nb, Zr, Mo, Hf), X stands for C
and/or N atoms and Tx represents the surface terminations (_O, _OH, and _F) which are attached
to the surface of the MXene nanomaterial. In MXenes family materials, n+1 layers of M cover n
layers of X in an [MX]n M arrangements. The first MXene family material (TisC>) was synthesized
in 2011, using hydrofluoric acid (HF) etching process [26]. More MXene nanomaterials have been
synthesized using different wet-chemistry etching methods and more MXenes family materials are
expected to discover. In addition, it has a large surface area, hydrophilicity, adsorption ability, and

high surface reactivity, which are useful for various energy and other applications [27].

MXenes are derived from transition metals such as, carbides, nitrides, and carbonitrides [26].
Till to date, even though there are approximately 70 MAX phases discovered, only a few MXenes
have been established using etching method. The established MXenes are TizCz, Ti2C, (Tios,
Nbos)2C, (Vos, Cros)3Cz, TisCN, TasCz [28], Nb2C, V2C [29], and NbsC3 [30]. In order to produce
emerging nanoparticles, the layers of SP elements from 3-dimensional materials (MAX phases)
are etched. Selective etching method is used to remove “A” layers from MAX phases to produce
MXene multilayer flakes. Details of this material such as synthesis, properties and applications are
provided comprehensively in one of the review article [31]. MXenes are unique and better than
other nanoparticles in terms of energy storage properties, high capacitance, good electrical
conductivity, and high mechanical properties. These excellent properties made MXenes as good
candidates for many applications such as super-capacitor, reinforcements in polymers and lithium

and non-lithium-ion batteries [32-35].

Base fluid is an important element to prepare nanofluids. Silicone oil is one of the base fluids

which has better heat transfer ability. Silicone oil is transparent, colorless, non-toxic, and has a
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broad viscosity range of 0.65-1 million cSt depending on the molecular weight and structure [36].
It is a polymer that contains silicon and oxygen atoms that produced artificially by composing
siloxane bonds silicone [36]. Generally, silicone oil can withstand high heat, high shear, and
corrosion because of the strong siloxane bonding [37]. Silicone oil can be used in higher
temperature (i.e. up to 400 °C) continuously without changes in its property due to the heat
resistance. However, it has very low thermal conductivity which limits heat transfer performance

improvement.

Recently, nanofluids getting intensive interests in thermal applications due to their high thermo-
physical properties and added functional properties of base fluids. Silicone oil-based nanofluids
have the high operating temperatures up to almost 400 °C which allows it to medium-to-high
temperature applications like a solar thermal collector or concentrated solar power system. Silicone
oil-based nanofluids can produce higher energy conversion efficiency as the solar thermal
efficiency is proportional to the temperature rise of nanofluid. Although silicone oil-based fluid
could perform better for solar thermal application, a stable dispersion of nanoparticles in the base

fluid at relatively high operating temperatures has not been reported yet.

The dispersion of MXene nanoparticle into silicone oil to develop a stable nanofluid is the most
challenging part of the MXene based nanofluid preparation. The MXene nanoparticles need to be
suspended into the oil-based fluid to form a homogeneous nanofluid. Even though the stability of
the nanofluid remains a challenge, silicone oil is stable at high-temperature (i.e. up to 400 °C) [38].
Silicone oil cannot fulfill the requirement for the higher heat transfer and heat transfer
improvement in special conditions. To ensure this issue, the nanofluid with the mixture of MXene
nanoparticles and silicone oil could be a good option. Therefore, thermal conductivity, viscosity,
TGA, FTIR, UV-Vis, and morphology have been studied to investigate the suitability of this
material in CPVT applications. After the thermal properties study, MXene with silicone oil
nanofluid is used in a Concentrated Photovoltaic Thermal system to investigate its thermal and
electrical performance. Novelties of the present study are highlighted below:

We formulate new nanofluid with MXene and silicone oil for the first time. Thermal conductivity,
viscosity, thermal degradation of MXene based silicone oil at higher temperatures is the first study
to the best of authors’ knowledge. The electrical and thermal performance of this new fluid is also

another new finding. Moreover, thermal conductivity found to be improved by 64% for the highest
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concentration. Besides, the viscosity of MXene with silicone oil nanofluids remains unchanged
even with the additions of MXene nanoparticles in the silicon oil base fluid. This is another
outstanding finding in relation to the viscosity performance. New correlations for the viscosity and
thermal conductivity as a function of temperature and concentration are developed using
experimental data. Findings on electrical and thermal performances in the CPVT system are also

new outcomes.

2. Methodology

In the present research work, MXene (TisCz) nanoparticles are synthesized using a wet
chemistry method. Because of high viscosity of the silicone oil, a new method of preparation of
MXene based silicone oil is developed. Four different solvents consisting of n-Hexane,
chloroform, toluene and tween 40 are evaluated to obtain the uniform and less viscous solution.
The mixture of silicone oil and the examined solvents (Toluene) are kept in the ratio of 1:1 (60
ml). The mixture is stirred with 400 rpm at 50 °C for 30 minutes. The same protocol is used for n-
Hexane, chloroform and Tween 40. The resultant products reveal better dilution for utilized
Toluene. Adding MXene nanoparticles to silicone oil is carried out with the dilution method by
Toluene. Three different concentrations including 0.05, 0.08 and 0.1 wt.% of MXene nanoparticles
are suspended in silicone oil to prepare samples. Thermo-physical properties consisting of thermal
conductivity, thermal stability and viscosity are measured using THB 500, TGA and Rheometer,
respectively. Optical properties and chemical structure are evaluated using UV-Vis and FTIR.
Morphology of the synthesized MXene nanoparticles is studied using FESEM. The performance

of the resultant nanofluid is assessed in a concentrated photovoltaic thermal collector.

2.1 Preparation of MXene with silicone oil
2.1.1 Silicone oil, Toluene, Chloroform, n-Hexane and Tween 40

Base fluid silicone oil is procured from R&M Chemicals with viscosity of 350 mm?.s-
Lat 25 °C. Toluene (Analytical reagent grade), Chloroform (Analytical reagent grade
=>99.8%), n-Hexane (for analysis) and Tween 40 are obtained from Fisher Chemicals

Company.

2.1.2 Preparation of MXene (TisCz)
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Emerging nano-materials MXene (TisC,) is synthesized using hydrofluoric acid (HF, 48%
Fisher Chemical) and MAX phase powder (TisAIC>). Following steps are used to synthesize
MXene. MAX phase, TisAlIC2 powder is immersed and stirred in hydrofluoric solution for 20 hours
in a fume hood. The resultant mixture is centrifuged at 5000 rpm for 5 minutes. Washing process
of the mixture is then performed for several times to obtain pH above 5. The mixture is rinsed
using methanol for 3 times and placed in an ultrasonic cleaner to remove contaminant from the
mixture. Finally, the resultant MXene (TisCz) is dried in a vacuum oven (101L VO500
MEMMERT) at 50 °C for 24 hours.

2.1.3 Preparation of MXene with silicone oil as a new class of heat transfer fluids

Preparation of the silicone oil-based MXene with three different concentrations (0.05, 0.08 and
0.1 wt.%) is processed in a precise protocol. Because of high viscosity of silicone oil, a new method
of adding MXene is developed. Firstly, silicone oil is diluted in solvents to suspend in
nanoparticles. For the purpose of diluting silicone oil, aromatic (ring structure) solvents such as
toluene, xylene and naphtha can be affective. Furthermore, solubility of the silicone oil in
chlorinated solvents such as trichloroethylene, perchloroethylene and methylene chloride is
reported. Silicone oil is highly soluble in hydrocarbon solvents such as ligroin and mineral spirits.
However, it is insoluble in ethanol, methanol and water. In this research work, 4 different solvents
consisting of n-Hexane, chloroform, toluene and tween 40 are used to dilute the proposed silicone
oil. The dilution process is performed with ratio of 1:1 for all 4 types of solvents. First of all, 60
ml of silicone oil (boiling point> 350 °C) is added to a 150 ml beaker, followed by the addition of
60 ml of Toluene to the beaker. Then, the mixture is stirred with 400 rpm at 50 °C for 30 minutes
using a hot plate (RCT BASIC, IKA). The same protocol is used for n-Hexane, chloroform and
Tween 40. The resultant products provide better dilution for utilized Toluene. Adding MXene
nanoparticles to silicone oil is conducted with the diluted method by Toluene. For the purpose of
preparing MXene based silicone oil with the concentration of 0.05 wt.%, 27 mg of MXene is added
to 53.973 g of diluted silicone oil.

The resultant fluid is sonicated for 30 minutes using an ultrasonic probe sonicator (FS-1200N)
with power of 70%. Same protocol is used for preparing MXene based silicone oil with loading

concentrations of 0.08 and 0.1 wt.%. MXene based silicone oil with concentrations of 0.08 and
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0.1 wt.% is prepared with adding 43 and 54 mg of MXene nanoparticles to 53.957 and 53.946 g
of diluted silicone oil, respectively. The mixing procedure of silicone oil and MXene using
Toluene as a dilutor is accomplished in good condition. Evaporation procedure of the Toluene was
followed by setting the temperature of a hot plate at 120 °C (boiling point of toluene is 110 °C)
and stirring at 500 rpm for 30 minutes to achieve the initial volume of silicone oil without any
solvent (60 ml). The visual inspection of the prepared MXene based silicone oil with three different
concentrations including the base silicone oil is conducted for two weeks continuously. Figure 1
shows the condition of the prepared samples after two weeks. The UV-Vis spectroscopy analysis
reveals good stability for all prepared nanofluids in agreement with the visual inspection. Figure 2
presents experimental data for absorbance degradation analysis as a function of time (two weeks).
Monitoring the changes of the absorbance of the prepared MXene based silicone oil nanofluid
samples is another way to assess their stability. The absorbance spectra measurement is conducted
daily for 14 days to evaluate the absorbance degradation of the samples as illustrated in Figure 2.
Experimental spectra for three samples demonstrates slight variation of the absorbance spectra of
the prepared nanofluids. The experimentally acquired results for MXene based silicone oil with
loading concentration of 0.5 wt.% indicate good stability of the prepared nanofluids. The acquired
absorbance for 14 days represent almost same trend with negligible change which proves good
stability of the nanofluids with less sedimentation. Same trend is observed for MXene based
silicone oil nanofluids with loading concentrations of 0.8 and 1 wt.%, which further proves good
stability of the suspended MXene nanoparticles in the silicone oil. This might be due to the high
specific surface area of MXene nanoparticles which improves the interface interaction between

MXene nanoparticles and silicone oil.
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Figure 1. Prepared MXene based silicon oil in three different concentrations a) pure silicone oil,
b) 0.05 wt.%, c) 0.08 wt.% and d) 0.1 wt.%
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Figure 2. Absorbance degradation analysis of the prepared MXene based silicone oil nanofluids

in three different concentrations as a function of time (14 days)
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2.2 Thermo-Physical properties
2.2.1 Thermal Conductivity Measurement

The thermal conductivity of MXene based silicone oil with different concentrations are
measured using a Transient Hot Bridge (THB) 500 from Linseis (Germany) with a heater power
18 mW and current 5 mA. For the purpose of stabilizing the sample before measurement, a waiting
time of 15 seconds is used. THB has broad range of thermal conductivity (0.01 to 500 W/m.K)
with high accuracy due to the patented sensor design and covers broad range of temperature (-150
to 700 °C). In this research work, thermal conductivity measurements are performed using Linseis
Hot Point Sensors (HPS). The HPS sensors work according to the transient plane method and
suitable to measure anisotropic samples. Due to the small amount of heat, which is produced by
the hot point sensors, it is a good choice to measure liquids with negligible convection. The
principle of the THB 500 is based on newly developed Quasi-Steady-State (QSS) method for the
measurement of thermal conductivity. The temperature dependency measurements are performed
for temperatures including 25, 50, 100 and 150 °C. The temperature is maintained using a hot plate
(RCT BASIC, IKA).

2.2.2 Viscosity measurement of MXene based silicone oil

The viscosity measurement is performed using a Rheometer (Anton Paar model MCR92). The
share rate measurement as a function of temperature is conducted for all samples (60 ml) for 5
temperatures 25, 50, 75, 100 and 125 °C. Viscosity measurement for the temperature 150 °C cannot
be measured due to the limitation of the equipment used. T-Ramp measurement (viscosity as a
function of temperature) is performed for the pure silicone oil and MXene based nanoparticles
with silicone oil in different concentrations consisting of 0.05, 0.08 and 0.1 wt.%.

2.2.3 Thermal stability test using TGA

Thermogravimetric analysis (TGA) of the pure silicone oil and silicone oil-based MXene has
been conducted using Perkin Elmer TGA 4000. A 180 pl alumina crucible that can withstand ~
1750 °C under an ultra-high pure nitrogen gas flow of 19.8 ml/min with the gas pressure of 2.6 bar

is selected to examine the samples. The utilized heating rate was 10 °C/min to raise the temperature
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from 30 to 800 °C. About 10 mg of pure silicone oil is used for the decomposition temperature
measurement. Decomposition temperature measurement for the other samples is followed with

same protocol (10 mg). The obtained data is analyzed using Pyris Software.
2.3 Chemical structure, Optical properties and morphology analysis
2.3.1 Fourier Transform Infrared Spectroscopy (FTIR) analysis

Perkin Elmer Spectrum Two-UATR spectra with integrated detector of MIR TGS (15000-370
cm™) is used to detect the peak and the functional group of silicone oil and different concentration
of TisC, dispersed into silicone oil. The scanning speed used to detect the Fourier Transform
Infrared Spectrum (FTIR) of the silicone oil and the nanofluids is maintained constant 0.2 cm/s

with the optimum scan range of 4000-450 cm™.
2.3.2 UV-Vis analysis of the silicone oil-based MXene

Perkin Elmer Lambda 750 is used to perform Ultraviolet-visible spectroscopy (UV-Vis) to get
the optical absorbance. The absorption data is collected at room temperature with the wavelength
range from 800 to 200 nm. The adjusted scan speed is 266.75 nm/min with the 860 nm

monochromatic.
2.3.3 Morphology and microstructure analysis of MXene nanoparticles

Morphology of the MXene flakes is investigated using FESEM (Hitachi SU8000) imaging at
an accelerating voltage of 15 kV. Working distance is set to be 15,900 um with emission current
of 10,500 nA. Microstructure of the MXene flakes is investigated using HRTEM (JEOL JEM-
ARM 200F) imaging at an accelerating voltage of 200 kV. About 1 mg of MXene flake is added
into ~ 4 ml of ethanol in a vial. The mixture is kept on the hot plate at 60 °C and stirred using a
magnetic stirrer for half an hour. About 4 pl of diluted sample is then taken by a micropipette and
dripped onto the carbon-coated cupper grid. An energy dispersive X-ray spectroscopy (EDX,
Oxford instrument) is used to confirm the elemental map imaging and observation of spatial
distribution of all the elements in both FESEM and HRTEM analysis. The spot analysis is carried

out to detect the quantitative distribution of elements in different portions of MXene.
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2.4 Performance investigation of Concentrated Photovoltaic Thermal (CPVT) Collector
2.4.1 CPVT Collector System Configuration

In a typical CPVT system, the cooling fluid is used to cool the PV cells to avoid overheating.
The cooling fluid channel is placed beneath the PV module. Sidewalls of the channel are insulated.
the upper surface of the channel is exposed to the PV module. Figure 3 shows a schematic diagram
of a CPVT collector system. The MXene nanoflakes are dispersed in the cooling fluid to remove

excess heat from the PV panel.

The PV panel is directly exposed to the incident radiation and it converts less than 20% of the
energy to electric power. Most of the remaining energy is absorbed by the PV panel and raises PV
surface temperature. This is undesirable as electrical efficiency will be lowered due to higher PV
surface temperature. Heat transfer to the cooling fluid channel from the upper surface of the PV
panel is by convection and radiation from the sky, while the heat transfer from the bottom surface
is through convection and radiation from the ground. The enhancement of the thermal conductivity
of the cooling fluid by the inclusion of potential emerging nanomaterials, MXene expected to
improve the cooling of the panel. Hence, the effect of the loading of MXene nanoparticles on the
performance of the system is studied under different weather conditions (atmospheric temperature
and concentration of solar radiation) and at different operating conditions (channel height and flow

rate of the cooling fluid).
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Figure 3. Schematic diagram for a typical CPVT system

2.4.2 Numerical calculation of thermo-physical properties

Due to the limitations in the measurement facilities, the specific heat of the silicon oil/MXene
nanofluid is calculated using the formulas commonly used in studies published in the literature
[39] as follows:

(pcp)cf = Q)(pcp)np +(1- @)(pcp)f Eq. 1
where, Cppp o and Cps are the specific heat of the nanoparticles, the base fluid, and the

nanofluid, respectively, in J/kg.K. The dependence of the MXene nanoparticles specific heat on
the temperature is measured experimentally and correlated as follows:

¢, = —0.01T.* + 34T, + 604.5 Eq. 2

Pup
Where, T, is in (°C)

Due to the difficulty in the measurements of the density and the unknown value of the MXene
nanoparticles density, the density of the silicon oil/MXene is assumed to be constant and equal to
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the density of the pure silicon oil. Indeed, the effect of the nanoparticles loading on the density of
the nanofluid could be effective at high loadings values. Neglecting the effect of the density
change as nanoparticles loadings are very small, the specific heat of the silicon oil/MXene
nanofluid is calculated as follows:

Cp .y = @cpnp + (1 - (D)cpf Eq. 3

2.5 Thermal and electrical models

Mathematical models of the CPVT have been developed to study the performance of the system
numerically. Transient two-dimensional governing mathematical equations are developed, and the
model has been divided into two parts, i.e., the thermal model and the power generation model.
Matlab 2017b software program was used to analyze the data.

2.5.1 Thermal model

Heat transfer in a typical CPVT system normally occurs through conduction, convection, and
radiation. A portion of the incident solar energy is lost by radiation and convection to the
atmosphere, a portion is absorbed by the PV panel, and a portion is converted to electricity. The
absorbed part is transferred through the lower surface of the panel to the cooling fluid channel

beneath the PV module by conduction and convection.

The energy balance equations along the main parts of the CPVT system are presented as
follows:

PV panel:

dTyy
My CPpy —> = oy AXWCG — AXWCGef[1 = Bpo(Tpy — Tres)| + AxWhiga py (Tsiey —

WtyyKpy
Tpv) + AXthonv,pv(Tamb - Tpv) + AXM/hconv,cf (ch - Tpv) + Zx - (TpVH_1 - Tpv) +
Wtppkpp
Zx . (Tp"i—l B Tp") Eq. 4
Cooling fluid:
m'cfcpcf(ch,out - ch,in) = Axvl/hconv,cf(Tpv - ch) + AXVVh-conv,cf (pr - cf) Eq- S
Back plate:

dT
MppCPhp d_l;p = Axm/hconv,c}‘(ch - pr) + AXVVhTad,IJp (Tground - pr) +
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Wtbpkbp Wtbpkbp

Ax (pri+1 B pr) T (pri—l - pr) Eq. 6

AXM/hconv,bp (Tamb - pr) +

where, T;,; and T;_ are the temperatures of the layer to the right and left directions on the x-axis
from the calculation point.

hraa,pv @Nd hyqq by are the radiation heat transfer coefficients at the upper and lower surfaces of
the system calculated using the following formulas described by Cengel and Ghajar [40]:

hraapy = DxWep, 0 (Tsky + Tov) (Tsiy” + Tpv”) Eq. 7
hraapp = DxWepso (Tground + Tbs)(Tgroundz + Tbsz) Eq. 8
hconvpv @Nd heony s are the convection heat transfer coefficients calculated at the upper and lower
surfaces of the system using the formulas mentioned in Cengel and Ghajar [40] and depends on
the type of convection as follows:

For natural convection:

PV panel (faces upward):

1
(*2) 0.54Ras Tow > Tamb
hconv,pv = Ko 1 Eq. 9
(*2)0.27Ra%  Tpy < Tamp
_ 3
where, Ra = 2 (T”;’ aT“mb)L
Back plate (faces downward):
k 1
(*2) 0.27Ra Top > Tamb
hCOnv,bp = ke 1 Eq 10
(%2) 0.54Ra* Ty < Tamp
For forced convection:
1 1
heomy = (kT) 0.664Re,2Pr, 5 Eq. 11

L
where, Re,, = ”UL

a

heonv,cr 1S the convection heat transfer coefficient of the cooling fluid and can be calculated using
the following formulas, which depend on the nature of the flow (i.e., developing or fully

developed) and the existence of a laminar flow.

Nucrk
hconv,cf = lc)fh = Eq. 12
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D
0.065RecPTcr—"

3.66 + 7 0.05Rest.r > 0.1L (Developing)
Nucr = 1+0.04(ReCfPrchL—h>3 Eq. 13
8.24 0.05Re.st.r < 0.1L (Fully developed)

2.5.2 Power generation model

The electrical power generated by the CPVT system is defined by Eq. 14.

Pel,out = LWCGnref[l - .pr(Tpv - Tref)] Eq. 14
The electrical efficiency and its relationship with the PV panel temperature is defined by Eqg. 15.
Pe ,0U
Nelt = # = 77ref[1 - ﬁpv(Tpv - Tref)] Eqg. 15

where, P, is the input power, which is evaluated as: P;,, = LWCG

The reference efficiency (n,.r) and the temperature coefficient (5,,) of the CPV are considered
constants at 20% and 0.005/°C, respectively.

The heat collected by the cooling fluid in the CPVT system and the resulting thermal efficiency of
the system are represented by Eq. 16 and 17.

Qtn = m'cfcpcf(ch,out - ch,in) Eqg. 16
Q
e = 22 Eq. 17

The thermal and electrical output energies from the system can be calculated, depending on the
study time as follows:

Eip = Qi X ATime Eqg. 18
Eop = Poyour X ATime Eg. 19

2.5.3 Parametric Investigation

The main target of developing this numerical solution is to assess the effect of the inclusion of
the MXene nanoparticles in the silicone oil on the performance of the hybrid CPVT system. The
performance of the CPVT is evaluated at the different nanoparticle loadings (0.05, 0.08 and 0.1
wt.%) and solar concentrations (1, 2, 5 and 8) using the mathematical model equations 4-6 and 14-
19. The temperature of the CPV panel, the electrical energy generated, and the electrical and

thermal efficiencies are used as indicators of the performance of the system. The input parameters
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involved in the study are presented in Table 1.

Table 1. Input parameters used in the study

Parameter Value Parameter Value
L 0.7m Tomp 45 °C

w 0.3m G 900 W/m?
oy 3 mm Ax 0.05m
top 3 mm At 10 sec
ter 20 mm Tref 25 °C
mes 0.005 kg/s Ug Oms?

ATime 3600 s

3. Results and Discussion
3.1 Thermal Conductivity of MXene based silicone oil

Experimentally measured thermal conductivities of MXene with silicone oil nanofluid samples
for the varying loading of MXene nanoflakes are plotted in Figure 4 as a function of temperature.
The effect of temperature on the thermal conductivity of MXene with silicone oil nanofluids is
analyzed. Y-axis error bars with the experimental thermal conductivity values are the standard
deviations of the measured thermal conductivity of the nanofluids. Standard deviations are found
to be £ 0.002. It is seen in that thermal conductivity of MXene with silicone oil nanofluid samples
is increased linearly with the increasing temperature. From the analysis, it is found that the thermal
conductivity of MXene with silicone oil nanofluid is dependent on both temperature and increased
loading of MXene nanoflakes in silicone oil. MXene with silicone oil nanofluid sample with 0.1
wt.% shows the highest thermal conductivity which is ~ 0.203 W/m K at 25 °C and it reaches to ~
0.263 W/m K at 150 °C. This remarkable improvement is possible because of the presence of
extremely large basal plane of MXene sheets in silicone oil and high thermal conductivity through
the MXene nanoflakes basal plane [41, 42].
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Figure 4. Thermal conductivity of MXene with silicone oil nanofluids as a function of

temperature for the varying MXene nanoflakes loading of 0.05, 0.08, 0.1 wt.%

Due to increase of PV cell temperature over the whole PV module by 10-15 °C, the electric
power is decreased ~ 6 % in real operating conditions [43]. Surface temperature of the PV panel
can be reduced significantly by removing excess heat from PV panel with the improvement of
thermal conductivity of the heat transfer fluids [44]. Thus, PV panel temperature can be kept
uniform by increasing the thermal conductivity of the cooling fluids used in the channel attached
[43].

Figure 5 shows the overall percentage of thermal conductivity enhancements of MXene with
silicone oil nanofluids with the MXene loading of 0.05, 0.08 and 0.1 wt. % over silicone oil at four
different temperatures varied from 25 to 150 °C. Percentage of thermal conductivity enhancements
of MXene with silicone oil nanofluid samples are estimated using the correlation ((Kns-
Ks)/Kf))x100 %. Here, Kns is the thermal conductivity of MXene with silicone oil nanofluids and
Kt is the thermal conductivity of base fluid (pure silicone oil). Figure 5 describes the effect of
addition of MXene nanoflakes on the thermal conductivity enhancements of MXene with silicone
oil nanofluids over the silicone oil at different temperature. It is seen that addition of MXene

nanoflakes in silicone oil provides drastic enhancement of thermal conductivity over the silicone
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oil. Because of the contribution of high basal plane, thermal conductivity of MXene nanoflake is

increased by both MXenes loading and temperature [45].

For a certain wt.% of MXene loading, thermal conductivity enhancements are varied minimally
with the rise in temperature. For the silicone oil with 0.05 wt.% MXene loading, the enhancement
of thermal conductivity is found to be varied about 10-15 % over silicone oil for the temperature
range 25 to 150 °C. Similar trends are observed for sample with 0.08 and 0.1 wt.% loading of
MXene nanoflakes. On the other hand, for a certain temperature, thermal conductivity of MXene
with silicone oil nanofluids increased significantly with the increase of MXene loading in the
silicone oil. At 150 °C, percentage increase of thermal conductivity is obtained ~ 22, ~ 40 and ~
64 % over silicone oil for the MXene loading of 0.05, 0.08 and 0.1 wt.%, respectively. Similar
trends are observed in the lower temperatures as well. It means, a lower degree of thermal
conductivity enhancement is found for certain MXene loading with the increasing temperature. In
contrast, for a certain temperature, higher enhancement of percentage of thermal conductivity over
silicone oil is observed with the increasing loading of MXene in silicone oil. It reveals that, effect
of MXene loading is higher than that of increasing temperature on the thermal conductivity
enhancements of the MXene with silicone oil. Similar phenomenon was also perceived by Gu, Xie
[46] when authors investigated the thermal conductivity of sheet like graphene flakes dispersed

nanofluids.

Thus, the addition of MXene nanoflakes with silicone oil offers considerably high thermal
conductivity. Thermal conductivity of MXene nanoflakes increases with the increase in
temperature. So, the contribution of thermal conductivity also increases in MXene with silicone
oil nanofluids. Moreover, smaller flakes (such as < 1 um) could move randomly with the increasing
temperature so that energy transport inside the base fluids becomes stronger [47, 48]. In this case,

electron can hop from one flake to other in the nanofluid [41].

Thermal conductivity of the MXene nanoflakes suspended nanofluids deteriorate very
negligibly by Brownian motion, possibly due to the flexibility and extra-large surface area of the
2D flakes like graphene [49]. However, at room temperature percentage of thermal conductivity
enchantments are found lower than that of the higher temperatures. Because, in this temperature,

there is no effect of Brownian motion of the particles [47, 48, 50]. This can be because of chain
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mechanisms created in the fluids influencing thermophoresis effect and Benard-Maragoni effect
and also the inherent enhancements in the thermal conductivity of the nanofluid. These

mechanisms always lead to the rise of the thermal performance of the system [51].

80 o 1w
—A-0.08 Wt. %
01 —6- 005wt %
g 60 P il R N o
E /
e > 50 - /
53 ¢
§S 40 -
€3 3, S—e._ A
nh] e~
10 T T T T T T
0 25 50 75 100 125 150
Temperature (°C)

Figure 5. Percentage of thermal conductivity enhancements of MXene with silicone oil

nanofluids as a function of temperature for different concentrations

3.2 Viscosity of MXene with Silicone Oil Nanofluids

To evaluate the rheological behaviors of silicon oil/MXene nanofluids, the viscosity is
measured with varying shear rate at five different temperature ranges from 25 to 125 °C. The
variationsof the viscosity with silicone oil and MXene nanofluids with varying wt.% as a function

of shear rate is plotted in Figure 6.

, The viscosity of MXene with silicone oil nanofluids does not change as a function of shear
rate within the range investigated at a certain temperature. It indicates that MXene with silicone
oil nanofluids behaves as a Newtonian fluid. This phenomenon is also perceived for every
temperature difference. Newtonian shear might be dueto the spindle rotation and the alignments
of the fluid molecules those are not decorated [52]. If the shear rate is increased further, it will not

make any difference to the viscosity. This means that MXene with the viscosity of silicone oil
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nanofluids is independent of the rate of shear force. Silicone oil is normally comprised of small

isotropic (symmetric in shape and properties) molecules that are not oriented by the flow.

On the other hand, viscosity of MXene with silicone oil nanofluid samples only depends on
temperature. MXene with silicone oil nanofluids show the higher viscosity at lower temperature

and it decreases with the increasing temperatures. Therefore, if the temperature doesn’t change,

the viscosity remains constant.
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Figure 6. Kinematic viscosity of MXene with silicone oil nanofluids as a function of shear rate at

different temperatures: (a) Pure silicon oil, (b) 0.05, (c) 0.08, (d) 0.1 wt.%
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Typically increase of particle loading in the fluids incur the increase of viscosity [53]. Increasing
viscosity adversely effects the heat transport properties of the nanofluids [54]. Increase of viscosity
of the heat transfer nanofluids resulting in increase of erosion of carrying channels, pumps and
heat exchangers [53]. Due to the implication of nanoflakes (MXene), the effect of momentum and
the kinetic energy will be very less on the solid surfaces of the carrying channels which leads to

the reduction of erosion and pump efficiency used in the CPVT system.

The viscosity of MXene with silicone oil nanofluids at a high shear rate of 100 s? at different
wt.% for all tested temperatures is reported in Figure 7. Surprisingly, it can be seen that, at a certain
temperature, viscosity of MXene with silicone oil nanofluids is not changed with the increasing
loading of MXene nanoflakes in the silicone oil base fluid. It means that viscosity of silicone oil
is independent of MXene additions. MXene nanoflakes act as large anisotropic molecules. For this
reason, when MXene nanoflakes are added in the silicone oil in low concentrations, MXene with
silicone oil nanofluids display a constant viscosity regardless of shear rate. While viscosity of
MXene with silicone oil nanofluids and silicone oil base fluid are strongly dependent on
temperature, it is also observed that the viscosity is decreased at higher temperatures. This
temperature effect on viscosity is related to the weakening of the inter particle and inter molecular
adhesion forces. It can be further explained as, with the increase of fluid temperature, the average
speed of the molecules increases and the amount of time they spend in contact with their nearest
neighbors’ decreases. Thus, with the increase in temperature, the average intermolecular forces
decrease which, in turn, reduces the viscosity [52]. Notably it is seen that viscosity is reduced about
37% for the increase of temperature by ~ 25 °C for all the MXene concentrations with silicone oil
nanofluids samples. This percentage reduction of viscosity is about ~ 27% at 125 °C with the

increase of temperature by 25 °C (as in Figure 7).
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Figure 7. Viscosity of MXene with silicone oil nanofluids samples as function of MXene loading

in the silicone oil base fluids

3.3. Thermal Stability of silicone oil-based MXene

Thermal durability of the pure silicone oil and silicone oil-based MXene in different
concentrations is evaluated by thermogravimetric analysis (TGA) and presented in Figure 8. TGA
measurement is performed with mass value of 10 mg and heating rate of 10 °C/min in the
temperature range 30-900 °C to ensure the accuracy of the obtained results. It is revealed that the
initial and final degradation temperature of pure silicone oil increases with the increase in the
concentration of MXene nanoparticles. This research work indicates that adding MXene
nanoparticles increases thermal stability of commercially available silicone oil. Enhancement of
9.8% is achieved for the highest loading of MXene nanoparticles (0.1 wt.%) compared with pure
silicone oil. The onset degradation temperatures for pure silicone oil and silicone oil-based MXene
nanofluids consisting of three different concentrations are 346, 358, 367 and 380 °C. The
decomposition temperature for pure silicone oil is close to the commercially available silicone oil
[55]. Silicone oil-based MXene nanofluids show 3.5 and 6.2% enhancement for concentrations of
0.05 and 0.08 wt.%, respectively. From the Figure 8, it can be observed that with adding MXene
nanoparticles, the degradation step becomes smoothed compared with pure silicone oil. According
to the Thermo-gravimetric analysis (Figure 8), the IDT (initial decomposition temperature) of the

silicone oil-based MXene with concentration of 0.08 wt.% is found higher than loading
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concentration of 0.05 wt.%. However D1/2 (half decomposition temperature) and FR (final
residue) of the silicone oil-based MXene with loading concentration of 0.05 wt.% becomes higher
than the loading concentration of 0.08 wt.%. The increment in D1/2 and FR of the silicone oil-
based MXene with loading concentration of 0.5 wt.% in comparison with loading concentration
of 0.8 wt.% might be due the activation energy in temperature above 400 °C. Since MXene
nanomaterial has very high SSA (specific surface area), the interface interactions between MXene
nanomaterial and silicone oil in higher temperature might increase the activation energy which is

directly related with the decomposition temperature [56].

Silicone oils are used as lubricants at high operating temperatures for applications depending
on rolling friction [57]. The fluids are also used in solar collectors, shock absorbers, hydraulic
fluids, dashpots and other damping systems designed for high-temperature operation. Due to the
beneficial advantages of silicone oils in high temperatures, the critical point (thermal stability) is
an important parameter. Conventional silicone oils have been used in plastics processing for a long
time as internal and external lubricants. The usage of silicone oils has caused enormous advantages
in terms of texture, strength, pliability and special finishes. Their superior lubrications properties
leads to enhance the productivity [58]. Thermal stability of lubricants at high temperatures is one
of the crucial criteria which should be taken into account carefully. The interface interaction
between silicone oil and MXene nanoparticles, due to the high surface area of MXene layers might

be the reason of enhancement in thermal durability of silicone oil-based MXene.
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Figure 8. TGA results of the silicone oil-based MXene nanofluids
3.4. FTIR of silicone oil-based MXene

Figure 9 shows the FTIR spectrum of silicone oil and different concentration of MXene and
silicone oil for the frequency range of 4000-450 cm™. The FTIR spectrum of silicone oil and
different concentration of MXene nanoparticles shows an almost identical peak. A similar
spectrum peak indicates that there is only physical interaction between the TizCz nanoparticles and
silicone oil [59]. Kotia, Haldar [59] reported similar findings in their research where the peak for
the base fluid is identical with the different concentration of nanofluid. Hence, it can be concluded

that the dispersion between TizC2 nanoparticles and silicone oil is chemically stable [59].
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Figure 9. FTIR spectrum of Silicone oil, and Silicone oil-based MXene nanofluids with loading

concentration of 0.05 wt.%, 0.08 wt.% and 0.1 wt. % in the frequency range of 4000-450 cm*

The major absorption peaks for the silicone oil and different concentration mixture of MXene
nanoparticles occurred at 2959 cm™, 1251 cm™, 1011 cm™?, 797 cm, and 674 cm™. Table 2 shows
the wavenumbers of peak and the functional group at the respective wavenumbers. The peak 2959
cm! shows the C-H bonding of the silicone oil based-fluid [60]. The peak defines that the stable
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balance of attractive and repulsive forces between carbon and hydrogen atoms exists in silicone
based-fluid [61].

The peaks 1251 cm™ and 1011 cm™ indicate the Si-O-Si bonding [60]. These peaks solely
attributed to silicone oil and do not overlap with the nanoparticles. The Si-O-Si bond had slightly
shifted to higher wavenumber due to the weak interaction of Silicone and Carbon molecules [62].
The reason for the peak similarity on silicone oil and different concentration mixture of TisC> is

because of the dominance of silicone oil’s chemical structure [63].

The low-frequency peak of 797 cm™ and 674 cm™ in silicone oil and different concentration
mixture of TisC> nanoparticles are caused by Si-C bonding [60]. In their research, Canaria, Lees
[64] mentioned that the Si-C bonding are expected to appear at lower frequencies due to the
stretching mode. From the observation of the entire peak, it can be concluded that there are no
peaks in the spectrum of nanoparticles corresponding to its component, silicone oil. From the FTIR
results, it has been proven that there is no chemical interaction that changes the nature of silicone

oil’s functional group [65].

Table 2. Functional group at certain wavenumber

Wavenumbers, | Functional groups
(cm™)

2959 C-H bonding
1251 Si-O-Si bonding
1011 Si-O-Si bonding
797 Si-C bonding

674 Si-C bonding

3.5. UV-Vis absorption of silicone oil-based MXene

Figure 10 shows (RT) UV-Vis absorption spectra of silicone oil and different concentration of
MXene (TizC>) nanoparticles dispersed into silicone oil at room temperature. The wavelength for
the silicone oil and the different concentration of nanofluids are near to 280 nm wavelength.

Azzolini, Docchio [66] found the similar value of the wavelength for the silicone oil in their
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research which is in the range of 280 nm. In another research by Kawaguchi, Ohmura [67], the
wavelength of silicone oil was found at 288 nm. Authors stated that the wavelength of silicone oil

found due to the emission of silicone oil which is adhered to the surface.

Figure 11 shows the absorption value of the percentage of MXene nanoparticle dispersed into
silicone oil according to the weight percentage. It is observed in the spectra in Figure 11 that the
overall absorption increased with the concentration of nanoparticle in silicone oil. The Beer-
Lambert-Law states that when the concentration of a substance in a solution increases, the
absorbance will increases too [68]. The peak value for the absorption for silicone oil, 0.05 wt.%
concentration of MXene, 0.08 wt.% concentration of MXene, and 0.1 wt.% concentration of
MXene is 0.39, 0.56, 0.71 and 0.92, respectively. The percentage of absorption for the different

concentrations is calculated using Eq (20).

Absorption of nanofluid—Absorption of base fluid

Absorption percentage (%) = x 100 Eq. 20

Absorption of base fluid

The percentage of absorption of 0.05 wt.% concentration of MXene is 43.6% higher than the
base fluid, silicone oil. Meanwhile, the 0.08 wt.% concentration of the TisC, absorption percentage
is 82.1% higher than silicone oil. As for 0.1wt.% concentration of TizC; its absorption is 135.9%
higher than silicone oil. The increment in absorption is directly proportional to the concentration

of a substance in a base fluid which is proven by the Beer-Lambert-Law.
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Figure 10. Variation of absorption with the wavelength of Silicone oil and different volume of

Ti3C> nanofluid
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Figure 11. Absorption value of the percentage of TisC2 nanoparticle dispersed into silicone oil

3.6. Morphological characteristics of MXene (Ti3C>)

The FESEM images of the multilayered MXene are shown in Figure 12 (a, b). The insert further
demonstrates that the thickness of the layered structure is very small. Flake-like structure of the
multilayered MXene is clear from Figure 12 (a, b) which proves the completion of the exfoliation
process. HRTEM images of the multilayered MXene are illustrated in Figure 12 (c, d). HRTEM
images are in accordance with FESEM images indicating the multilayered structure of the MXene.
Figure 12 (c) shows that the sheets of the MXene are very thin and transparent. Additionally, some
wrinkles on the sheets are observed which might be due to the flexibility of MXene nanosheets
[69]. Figure 12 (d) demonstrates a high-resolution TEM (HRTEM) image of a typical MXene
nanosheet including the corresponding selected area electron diffraction (SAED) pattern. Its Fast
Fourier Transform (FTT) (Figure 12 d) reveals a hexagonal-based crystal with chain-like features
of the MXene nanosheets [70]. The image clearly shows that the atomic arrangement in the basal
planes is identical to that in the parent MAX phase [71]. HRTEM and FESEM images prove further
convincing evidence for three-dimensional to the two-dimensional conversion of the material.

From the acquired images from HRTEM, it is clear that the MXene sheets are more stable than
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graphene sheets under 200 kV electron beam [72]. Energy dispersive X-Ray diffraction (EDX)
was performed using HRTEM images to evaluate the intensity of the elements. Elemental analysis
was conducted for 5 points. Atomic percentage for titanium is achieved in mean value of 75.90%.
Mean atomic percentages of the other elements including aluminium, fluorine, oxygen and carbon
was 1.46, 8.18, 6.03 and 8.43% respectively. The particle size of the as-synthesized MXene flakes

is in the range of 1-10 pum as reported in our previous research work [35].
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Figure 12. FESEM images of MXene flakes (a,b) and HRTEM images of MXene flakes (c,d)

3.7 Performance of silicone oil-based MXene in CPVT system

The experimental values of the thermal conductivity and viscosity will be introduced in the

numerical solution. The dependence of the values of the thermal conductivity and the viscosity of
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the silicon oil/MXene nanofluid on the temperature at different nanoparticles loadings were

derived from the experimentally measured values as mentioned in Table 3 and Table 4.

Table 3. Derived correlations for the thermal conductivity of the silicone oil/MXene nanofluid at

different concentrations

¢ (wt.%) Derived correlation
0 ke = 0.232T. + 131.4
0.05 ke = 0.124T.; + 178.3
0.08 ke = 0.0000480T.° — 0.0112571T,/* + 1.0485714T. + 165
0.1 ke = —0.0000026T.* + 0.000864T,> — 0.1056T.s> + 5.86T,; + 109

*kin (mW/m.K) and T in (°C)

Table 4. Derived correlations for the viscosity of the silicone oil/MXene nanofluid at different

concentrations

¢ (wt.%) Derived correlation
) Hep = 0.0011233T.* — 053482137, + 104.2939333T,/°
— 10666.3966667T,; + 547043
0.0 Hep = 0.0011279T.* — 0.5433173T,° + 106.1622667T.;”
' — 10800.3466666T,; + 550215
0.08 per = 0.0015316T.,* — 0.6624800T.;> + 118.2451333T,;°
' — 11283.37T,; + 556925
o1 pep = 0.0015884T.* — 0.6675680T.;> + 117.0008667T,;°
' — 11142.37T,; + 555078

* win (uPa.s) and T in ("C)

Figure 13 shows the electrical performance of a hybrid CPVT system with the silicon

oil/MXene nanofluid for cooling of the PV module. The figure shows the comparison of the
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electrical performance at different nanoparticles loadings and different solar concentrations. It is
obvious from the figure that the electrical efficiency in general decreases with the increase of the
solar concentration, which can be attributed to the great increase in the denominator (the input
energy) in comparison to the nominator (the output electrical energy). On the other side,
introducing more MXene nanoparticles enhances the electrical efficiency because of enhancing
the cooling of the PV module as can be seen from Figure 13. The enhancement is found more
pronounced at the higher solar concentrations. The electrical energy output showed different
behavior. The electrical energy output is increased with the increase of the solar concentration due
to the increase in the input energy. Moreover, it is increased with the nanoparticles loadings as a
results of PV cooling enhancement. However, the electrical energy output from the PV module
has started to decrease at the high concentration of eight due to insufficient cooling by the cooling
fluid. This consequently degrades electrical performance of the system.

Figure 14 shows the thermal performance of the hybrid CPVT system at different nanoparticles
loadings and different solar concentrations. Similar behavior like the electrical efficiency can be
seen in the thermal efficiency. The thermal efficiency is decreased with the solar concentration
due to higher rate of increase in the input energy with the solar concentration compared to output
thermal energy. The thermal efficiency has enhanced by introducing more MXene nanoparticles
to the silicon oil. The extracted thermal energy is increased with the increase in the solar
concentration and the nanoparticles loading due to the heat up of the PV panel from one side and
the enhancement of the thermal properties of the silicon oil with the addition of the MXene
nanoparticles from the other side. With the higher values of solar concentrations, at which the
effect of the nanoparticles loadings becomes more significant compared to its effect at the low

solar concentrations.

Figure 15 shows the influence of the solar concentration and the nanoparticles loading on the
average PV temperature and how it was reflected on the temperature gain through the cooling
fluid. The increase in the solar concentration resulted in boosting the average temperature of the
PV module, and its consequent improvement in the amount heat collected by the cooling fluid. On
the other side, and due to enhancement of the thermal properties of the nanofluid, addition of more
MXene nanoparticles resulted in better cooling for the PV module and again an improvement in

the amount of heat collected by the cooling fluid. The effect of the solar concentration and the



715  nanoparticles loading on the average PV temperature and the temperature gain through the cooling
716  fluid were reflected on the electrical and thermal performance of the system as discussed earlier.
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Figure 15. Average PV temperature of the CPVT and the temperature increase across the

cooling fluid at different nanoparticles loadings and solar concentration

Table 5 shows the effect of the MXene nanoparticles loading on percentage reduction in the
average temperature of the PV module at different solar concentrations. In addition, it clarifies the
consequent enhancement percentage in the thermal and electrical energy outputs. The reduction
and enhancement percentage are calculated for different nanoparticles loadings and solar
concentrations. For the same solar concentration, more reduction percentage is achieved in the
average PV module temperature at higher nanoparticles loadings, which resulted in better
enhancement percentages in the overall electrical and thermal performance as a result of better
cooling for the PV module. In contrast, fixing the value of the nanoparticles loading shows that
the addition of the MXene nanoparticles becomes more efficient in enhancing the overall
performance at higher solar concertation values. To sum up, MXene nanoparticle is a highly
promising material that is more suitable to be used at high solar concentrations and temperature

levels.



742 Table 5. Percentage of enhancement in the performance of the CPVT system at different

743 nanoparticles loadings and solar concentration
Concentration
ratio Change Parameter $=0.05wt.% | ¢=0.08 wt.% | $=0.1 wt.%
% Reduction in Tovav 5.698 6.230 8.580
Nel 1.699 1.857 2.558
1 Ntn 4.889 5.307 7.325
% Enhancement in Eel 1.700 1.860 2.560
Qmn 4.840 5.250 7.254
Tet, out, av — Tefin 7.637 9.800 13.100
% Reduction in Tovav 6.779 7.640 10.830
MNel 3.245 3.660 5.186
5 MNth 5.385 6.103 8.722
% Enhancement in Eel 3.240 3.660 5.190
Q 5.330 6.030 8.619
Tef, out,av — Tetin 8.015 10.420 14.270
% Reduction in Tovav 7.212 8.570 12.690
Mel 10.530 12.510 18.530
Nth 5.892 7.136 10.61
° % Enhancement in Eel 10.53 12.510 18.530
Qn 5.860 7.090 10.550
Tef, out,av — Tefin 8.290 11.070 15.690
% Reduction in Tovav 6.593 8.300 12.450
Nel 36.670 46.180 69.240
g Nth 6.184 8.017 11.950
% Enhancement in Eel 36.670 46.180 69.240
Qn 6.170 7.990 11.920
Tef, out,av — Tefin 8.445 11.730 16.780
744
745
746 4. Conclusion
747 MXene based silicone oil is formulated for the first time to evaluate thermal properties

748  applicable to a CPVT system. About 64% of thermal conductivity improvement is found for the

749 0.1 wt.% concentration of MXene in silicone oil at 150 °C compared to pure silicone oil. This is a
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remarkable achievement in terms of thermal conductivity improvement. The Authors found that
viscosity does not change with the addition of MXene into silicone oil. Moreover, viscosity found
to be reduced with an increase in temperature. On average, viscosity is found to be reduced by
32% for 25 °C increase in temperature. This is also outstanding finding as viscosity reduction is a
desirable requirement since this will reduce pumping power in a flow channel. Silicone oil-based
MXene nanofluid with 0.1 wt.% concentration is thermally stable up to ~ 380 °C. The highest
electrical efficiency of CPVT is obtained for the 0.1 wt.% concentration of MXene into silicone
oil for all concentration ratio. However, electrical efficiencies are low at a higher concentration
ratio. More thermal heat can be gained for a higher concentration ratio. This heat can be useful for

various process heat applications.

The major absorption peaks for the silicone oil and different concentration of MXene
nanoparticles have been obtained at 2959 cm™, 1251 cm, 1011 cm™, 797 cm™, and 674 cm™. The
percentage of the absorption for 0.05 wt.%, 0.08wt.% and 0.1wt.% MXene are, 43.6%, 82.1, and
135.9%, respectively than pure silicone oil. The mean atomic percentage for titanium is achieved
to be 75.90% with carbon content 8.43%. Future works can be considered for this novel nanofluid
including density measurement, calculation of pumping factor in real concentrated photovoltaic

systems and thermal conductivity and viscosity measurement at high temperature.
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