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Abstract 17 

In this research work, MXene with a chemical formula of Ti3C2 is used for the first time with 18 

silicone oil to improve thermo-physical properties of MXene based silicone oil. This paper focuses 19 

on preparation, characterization, thermal properties, thermal stability and performance 20 

investigation of new class of silicone oil nanofluids induced with MXene in three different 21 

concentrations for a Concentrated Solar Photovoltaic Thermal (CPVT) collector.  22 

The thermal conductivity of the silicone oil-based MXene nanofluids is measured using a Transient 23 

Hot Bridge (THB) 500. Viscosity is measured using a Rheometer at various temperatures including 24 

25, 50, 75, 100, and 125 °C. Perkin Elmer Lambda 750 is used to measure optical absorbance. The 25 

highest thermal conductivity enhancement is found to be 64% for 0.1 wt.% concentration of 26 

silicone oil-MXene nanofluid compared to pure silicone oil at 150 °C. The viscosity of MXene 27 

with silicone oil nanofluids is found to be independent of addition of MXene nanoparticles in the 28 

silicone oil base fluid. Viscosity is reduced by 37% when temperature is raised from 25 ºC to 50 29 

ºC for different concentrations of MXene with silicone oil . Silicone oil-based MXene nanofluid 30 

with 0.1 wt.% concentration is thermally stable up to ~ 380 °C. Introducing more MXene 31 

nanoparticles into silicone oil improves electrical efficiency of PV module due to better cooling of 32 

MXene based nanofluids. Higher solar concentration is resulted in higher average temperature of 33 



the PV module. This consequently raises thermal energy gain which is useful for different 34 

applications.  35 
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1. Introduction  38 

When nano-sized particles are suspended into traditional heat transfer fluids, the term is called 39 

nanofluids [1]. Nanofluids have superior thermal properties due to the dispersion of nanoparticles 40 

[2, 3]. Murshed, Leong [4] reported that there are data on thermal properties, thermal conductivity, 41 

and enhancement of nanofluids in the open literatures. Murshed, Leong [4] also stated that 42 

nanofluids enhanced thermal properties better than the base fluid. The stability of the dispersed 43 

nanoparticle is an important criterion to determine the thermal properties of a nanofluid [5]. 44 

Nevertheless, the percentage of nanoparticles into a base fluid in volume percentage will determine 45 

the stability and suspension of the nanofluid and the improvement of thermal properties [6, 7].  46 

Many studies on the enhanced thermal properties of nanofluids were conducted in the past 47 

decade. Metals such as metal oxides, metal carbide, metal nitride, and carbon materials were 48 

categorized as nanoparticles [8-10]. To date, numerous research were carried out on Cu, Ag, Ni, 49 

Au (metals), Al2O3, CuO, MgO, ZnO, SiO2, Fe2O3, TiO2 (metal oxides), SiC (metal carbide), AlN 50 

(metal nitride), CNTs, MWCNTs, diamond and graphene (carbon materials) [8-10]. Among all the 51 

nanoparticles, the graphene is a 2-dimensional material that showed the highest thermal properties 52 

due to the largest surface area compared to other nano-materials.  53 

Domestic and industrial sectors use concentrated photovoltaic thermal (CPVT) collectors and 54 

systems widely. High thermal and electrical outputs provided by CPVT collectors as the incoming 55 

sunlight and sun irradiation is maximized on the cell surface via energy-efficient concentrators 56 

[11, 12].  When concentrated sunlight fall into the cell surface, high heat flux occurs and raise the 57 

heat transfer fluid’s temperature in the system rapidly [11, 13]. Conventional heat transfer fluids 58 

used in solar thermal collectors are limited by poor heat transfer properties [13]. Therefore, to 59 

improve the solar energy conversion efficiencies, researches have been replacing conventional 60 

heat transfer fluids with nanofluids which enhanced heat transfer properties [14, 15]. According to 61 

Tyagi, Phelan [17], the efficiency of  solar system enhanced by 10% by adding Al2O3 to the heat 62 



transfer fluids. Saidur, Meng [18] found out that the collector performance and solar absorption 63 

rate increased when the volume fraction of nanoparticle increased up to 1 % in the fluid. Taylor, 64 

Phelan [19] found that the thermal performance of the solar efficiency increased by 10% with the 65 

addition of graphite nano-particles in the heat transfer fluids. Otanicar, Phelan [20] conducted 66 

experiment on the performance of the direct absorption solar collector (DASC) using various type 67 

of nanofluids (graphite, CNT and silver nanoparticles). The authors found out that the efficiency 68 

of DASC improved by 5% due to promising properties of nanofluids.  69 

Using nanofluids from the front side of the solar systems has gained great interest among the 70 

many researchers to evaluate the influence of the optical properties of the nanofluid to show the 71 

effectiveness of using nanofluids on the enhancement of the efficiency of the Direct Absorption 72 

Solar Collectors (DASC). However, few studies investigated the application of the optical 73 

filtration, using nanofluids, in the hybrid PV/T and CPV/T systems. Han et al. [21] suspended 74 

silver (Ag) nanoparticles in a hybrid CoSO4-PG base fluid and the mixture was tested on the front 75 

side of the PV panel in a hybrid PV/T system. The authors observed that the filters showed high 76 

transmittance in the useful ranges of the cell material and higher absorbance outside the solar 77 

radiation ranges. Abdelrazik et al. [22] ] investigated experimental and numerical study on the 78 

influence of the optical filtration using water/Ag nanofluid on the performance of hybrid PV/T 79 

systems. Defining an equivalent electrical efficiency, they reported higher values for the PV/T 80 

system with optical filtration compared to the standalone PV system (24.5% compared to 10.5%) 81 

at low nanoparticles concentration (0.0005 wt.%). However, the hybrid system was electrically-82 

inefficient at high nanoparticles concentrations (>0.5 wt.%). In another study, Abdelrazik et al. 83 

[23] mentioned that the strength of the optical filtration in the PV/T systems came from the 84 

filtration, from one side, and the cooling, from another side, that it provides at the same time. 85 

Crisostomo et al. [24] prepared an optical filtration nanofluid using the core-shell Ag-SiO2 86 

dispersed in water base fluid. Under the same illumination conditions, the results showed 12% 87 

improvement in the weighted energy output from a PV/T system, using the water/Ag-SiO2 for 88 

optical filtration, in comparison to a standalone PV system. An et al. [25] ] carried out an outdoor 89 

experimental testing for the performance a hybrid CPV/T system accompanied with optical 90 

filtration, using a solution from the Cu9S5 nanoparticles. They reported that the overall efficiency 91 



of their system, with optical filtration, was 17.9% better than the standalone system without 92 

filtration. 93 

Emerging nano-materials, MXene was invented by Drexel University in 2011 by Naguib et al. 94 

[26]. Since then an extensive number of experimental and theoretical studies were carried out on 95 

this material due to its superior properties compared to some other materials. This material found 96 

to have better thermal, electrical, optical and other properties along with their versatile applications 97 

as reported in literature. MXenes family materials inclusive a general formula of Mn+1 Xn Tx (n=1-98 

3), where M indicates an early transition metal (Ti, Sc, V, Cr, Ta, Nb, Zr, Mo, Hf), X stands for C 99 

and/or N atoms and Tx represents the surface terminations (_O, _OH, and _F) which are attached 100 

to the surface of the MXene nanomaterial. In MXenes family materials, n+1 layers of M cover n 101 

layers of X in an [MX]n M arrangements. The first MXene family material (Ti3C2) was synthesized 102 

in 2011, using hydrofluoric acid (HF) etching process [26]. More MXene nanomaterials have been 103 

synthesized using different wet-chemistry etching methods and more MXenes family materials are 104 

expected to discover. In addition, it has a large surface area, hydrophilicity, adsorption ability, and 105 

high surface reactivity, which are useful for various energy and other applications [27]. 106 

MXenes are derived from transition metals such as, carbides, nitrides, and carbonitrides [26]. 107 

Till to date, even though there are approximately 70 MAX phases discovered, only a few MXenes 108 

have been established using etching method. The established MXenes are Ti3C2, Ti2C, (Ti0.5, 109 

Nb0.5)2C, (V0.5, Cr0.5)3C2, Ti3CN, Ta4C3 [28], Nb2C, V2C [29], and Nb4C3 [30]. In order to produce 110 

emerging nanoparticles, the layers of SP elements from 3-dimensional materials (MAX phases) 111 

are etched. Selective etching method is used to remove “A” layers from MAX phases to produce 112 

MXene multilayer flakes. Details of this material such as synthesis, properties and applications are 113 

provided comprehensively in one of the review article [31]. MXenes are unique and better than 114 

other nanoparticles in terms of energy storage properties, high capacitance, good electrical 115 

conductivity, and high mechanical properties. These excellent properties made MXenes as good 116 

candidates for many applications such as super-capacitor, reinforcements in polymers and lithium 117 

and non-lithium-ion batteries [32-35].   118 

Base fluid is an important element to prepare nanofluids. Silicone oil is one of the base fluids 119 

which has better heat transfer ability. Silicone oil is transparent, colorless, non-toxic, and has a 120 



broad viscosity range of 0.65–1 million cSt depending on the molecular weight and structure [36]. 121 

It is a polymer that contains silicon and oxygen atoms that produced artificially by composing 122 

siloxane bonds silicone [36]. Generally, silicone oil can withstand high heat, high shear, and 123 

corrosion because of the strong siloxane bonding [37]. Silicone oil can be used in higher 124 

temperature (i.e. up to 400 ºC) continuously without changes in its property due to the heat 125 

resistance. However, it has very low thermal conductivity which limits heat transfer performance 126 

improvement. 127 

Recently, nanofluids getting intensive interests in thermal applications due to their high thermo-128 

physical properties and added functional properties of base fluids. Silicone oil-based nanofluids 129 

have the high operating temperatures up to almost 400 ºC which allows it to medium-to-high 130 

temperature applications like a solar thermal collector or concentrated solar power system. Silicone 131 

oil-based nanofluids can produce higher energy conversion efficiency as the solar thermal 132 

efficiency is proportional to the temperature rise of nanofluid. Although silicone oil-based fluid 133 

could perform better for solar thermal application, a stable dispersion of nanoparticles in the base 134 

fluid at relatively high operating temperatures has not been reported yet. 135 

The dispersion of MXene nanoparticle into silicone oil to develop a stable nanofluid is the most 136 

challenging part of the MXene based nanofluid preparation. The MXene nanoparticles need to be 137 

suspended into the oil-based fluid to form a homogeneous nanofluid. Even though the stability of 138 

the nanofluid remains a challenge, silicone oil is stable at high-temperature (i.e. up to 400 °C) [38]. 139 

Silicone oil cannot fulfill the requirement for the higher heat transfer and heat transfer 140 

improvement in special conditions. To ensure this issue, the nanofluid with the mixture of MXene 141 

nanoparticles and silicone oil could be a good option. Therefore, thermal conductivity, viscosity, 142 

TGA, FTIR, UV-Vis, and morphology have been studied to investigate the suitability of this 143 

material in CPVT applications. After the thermal properties study, MXene with silicone oil 144 

nanofluid is used in a Concentrated Photovoltaic Thermal system to investigate its thermal and 145 

electrical performance. Novelties of the present study are highlighted below: 146 

We formulate new nanofluid with MXene and silicone oil for the first time. Thermal conductivity, 147 

viscosity, thermal degradation of MXene based silicone oil at higher temperatures is the first study 148 

to the best of authors’ knowledge. The electrical and thermal performance of this new fluid is also 149 

another new finding. Moreover, thermal conductivity found to be improved by 64% for the highest 150 



concentration. Besides, the viscosity of MXene with silicone oil nanofluids remains unchanged 151 

even with the additions of MXene nanoparticles in the silicon oil base fluid. This is another 152 

outstanding finding in relation to the viscosity performance. New correlations for the viscosity and 153 

thermal conductivity as a function of temperature and concentration are developed using 154 

experimental data. Findings on electrical and thermal performances in the CPVT system are also 155 

new outcomes. 156 

2. Methodology 157 

In the present research work, MXene (Ti3C2) nanoparticles are synthesized using a wet 158 

chemistry method. Because of high viscosity of the silicone oil, a new method of preparation of 159 

MXene based silicone oil is developed. Four different solvents consisting of n-Hexane, 160 

chloroform, toluene and tween 40 are evaluated to obtain the uniform and less viscous solution. 161 

The mixture of silicone oil and the examined solvents (Toluene) are kept in the ratio of 1:1 (60 162 

ml). The mixture is stirred with 400 rpm at 50 °C for 30 minutes. The same protocol is used for n-163 

Hexane, chloroform and Tween 40. The resultant products reveal better dilution for utilized 164 

Toluene. Adding MXene nanoparticles to silicone oil is carried out with the dilution method by 165 

Toluene. Three different concentrations including 0.05, 0.08 and 0.1 wt.% of MXene nanoparticles 166 

are suspended in silicone oil to prepare samples. Thermo-physical properties consisting of thermal 167 

conductivity, thermal stability and viscosity are measured using THB 500, TGA and Rheometer, 168 

respectively. Optical properties and chemical structure are evaluated using UV-Vis and FTIR. 169 

Morphology of the synthesized MXene nanoparticles is studied using FESEM. The performance 170 

of the resultant nanofluid is assessed in a concentrated photovoltaic thermal collector. 171 

 172 

2.1 Preparation of MXene with silicone oil  173 

2.1.1 Silicone oil, Toluene, Chloroform, n-Hexane and Tween 40  174 

Base fluid silicone oil is procured from R&M Chemicals with viscosity of 350 mm 2.s-175 

1 at 25 °C. Toluene (Analytical reagent grade), Chloroform (Analytical reagent grade 176 

=>99.8%), n-Hexane (for analysis) and Tween 40 are obtained from Fisher Chemicals 177 

Company.  178 

2.1.2 Preparation of MXene (Ti3C2) 179 



Emerging nano-materials MXene (Ti3C2) is synthesized using hydrofluoric acid (HF, 48% 180 

Fisher Chemical) and MAX phase powder (Ti3AlC2). Following steps are used to synthesize 181 

MXene. MAX phase, Ti3AlC2 powder is immersed and stirred in hydrofluoric solution for 20 hours 182 

in a fume hood. The resultant mixture is centrifuged at 5000 rpm for 5 minutes. Washing process 183 

of the mixture is then performed for several times to obtain pH above 5. The mixture is rinsed 184 

using methanol for 3 times and placed in an ultrasonic cleaner to remove contaminant from the 185 

mixture. Finally, the resultant MXene (Ti3C2) is dried in a vacuum oven (101L VO500 186 

MEMMERT) at 50 °C for 24 hours.  187 

2.1.3 Preparation of MXene with silicone oil  as a new class of heat transfer fluids  188 

Preparation of the silicone oil-based MXene with three different concentrations (0.05, 0.08 and 189 

0.1 wt.%) is processed in a precise protocol. Because of high viscosity of silicone oil, a new method 190 

of adding MXene is developed. Firstly, silicone oil is diluted in solvents to suspend in 191 

nanoparticles. For the purpose of diluting silicone oil, aromatic (ring structure) solvents such as 192 

toluene, xylene and naphtha can be affective. Furthermore, solubility of the silicone oil in 193 

chlorinated solvents such as trichloroethylene, perchloroethylene and methylene chloride is 194 

reported. Silicone oil is highly soluble in hydrocarbon solvents such as ligroin and mineral spirits. 195 

However, it is insoluble in ethanol, methanol and water. In this research work, 4 different solvents 196 

consisting of n-Hexane, chloroform, toluene and tween 40 are used to dilute the proposed silicone 197 

oil. The dilution process is performed with ratio of 1:1 for all 4 types of solvents. First of all, 60 198 

ml of silicone oil (boiling point> 350 °C) is added to a 150 ml beaker, followed by the addition of 199 

60 ml of Toluene to the beaker. Then, the mixture is stirred with 400 rpm at 50 °C for 30 minutes 200 

using a hot plate (RCT BASIC, IKA). The same protocol is used for n-Hexane, chloroform and 201 

Tween 40. The resultant products provide better dilution for utilized Toluene. Adding MXene 202 

nanoparticles to silicone oil is conducted with the diluted method by Toluene. For the purpose of 203 

preparing MXene based silicone oil with the concentration of 0.05 wt.%, 27 mg of MXene is added 204 

to 53.973 g of diluted silicone oil.  205 

The resultant fluid is sonicated for 30 minutes using an ultrasonic probe sonicator (FS-1200N) 206 

with power of 70%. Same protocol is used for preparing MXene based silicone oil with loading 207 

concentrations of 0.08 and 0.1 wt.%.  MXene based silicone oil with concentrations of 0.08 and 208 



0.1 wt.% is prepared with adding 43 and 54 mg of MXene nanoparticles to 53.957 and 53.946 g 209 

of diluted silicone oil, respectively. The mixing procedure of silicone oil and MXene using 210 

Toluene as a dilutor is accomplished in good condition. Evaporation procedure of the Toluene was 211 

followed by setting the temperature of a hot plate at 120 °C (boiling point of toluene is 110 °C) 212 

and stirring at 500 rpm for 30 minutes to achieve the initial volume of silicone oil without any 213 

solvent (60 ml). The visual inspection of the prepared MXene based silicone oil with three different 214 

concentrations including the base silicone oil is conducted for two weeks continuously. Figure 1 215 

shows the condition of the prepared samples after two weeks. The UV-Vis spectroscopy analysis 216 

reveals good stability for all prepared nanofluids in agreement with the visual inspection. Figure 2 217 

presents experimental  data for absorbance degradation analysis as a function of time (two weeks). 218 

Monitoring the changes of the absorbance of the prepared MXene based silicone oil nanofluid 219 

samples is another way to assess their stability. The absorbance spectra measurement is conducted 220 

daily for 14 days to evaluate the absorbance degradation of the samples as illustrated in Figure 2. 221 

Experimental spectra for three samples demonstrates slight variation of the absorbance spectra of 222 

the prepared nanofluids. The experimentally acquired results for MXene based silicone oil with 223 

loading concentration of 0.5 wt.% indicate good stability of the prepared nanofluids. The acquired 224 

absorbance for 14 days represent almost same trend with negligible change which proves good 225 

stability of the nanofluids with less sedimentation. Same trend is observed for MXene based 226 

silicone oil nanofluids with loading concentrations of 0.8 and 1 wt.%, which further proves good 227 

stability of the suspended MXene nanoparticles in the silicone oil. This might be due to the high 228 

specific surface area of MXene nanoparticles which improves the interface interaction between 229 

MXene nanoparticles and silicone oil.  230 

 231 

 232 



 233 

Figure 1. Prepared MXene based silicon oil in three different concentrations a) pure silicone oil, 234 

b) 0.05 wt.%, c) 0.08 wt.% and d) 0.1 wt.% 235 

 236 

 237 
 238 

Figure 2. Absorbance degradation analysis of the prepared MXene based silicone oil nanofluids 239 

in three different concentrations as a function of time (14 days) 240 

 241 
 242 
 243 
 244 
 245 

(a) (b) (c) (d) 



2.2 Thermo-Physical properties 246 

2.2.1 Thermal Conductivity Measurement 247 

The thermal conductivity of MXene based silicone oil with different concentrations are 248 

measured using a Transient Hot Bridge (THB) 500 from Linseis (Germany) with a heater power 249 

18 mW and current 5 mA. For the purpose of stabilizing the sample before measurement, a waiting 250 

time of 15 seconds is used. THB has broad range of thermal conductivity (0.01 to 500 W/m.K) 251 

with high accuracy due to the patented sensor design and covers broad range of temperature (-150 252 

to 700 °C). In this research work, thermal conductivity measurements are performed using Linseis 253 

Hot Point Sensors (HPS). The HPS sensors work according to the transient plane method and 254 

suitable to measure anisotropic samples. Due to the small amount of heat, which is produced by 255 

the hot point sensors, it is a good choice to measure liquids with negligible convection. The 256 

principle of the THB 500 is based on newly developed Quasi-Steady-State (QSS) method for the 257 

measurement of thermal conductivity. The temperature dependency measurements are performed 258 

for temperatures including 25, 50, 100 and 150 °C. The temperature is maintained using a hot plate 259 

(RCT BASIC, IKA). 260 

2.2.2 Viscosity measurement of MXene based silicone oil  261 

The viscosity measurement is performed using a Rheometer (Anton Paar model MCR92). The 262 

share rate measurement as a function of temperature is conducted for all samples (60 ml) for 5 263 

temperatures 25, 50, 75, 100 and 125 °C. Viscosity measurement for the temperature 150 °C cannot 264 

be measured due to the limitation of the equipment used. T-Ramp measurement (viscosity as a 265 

function of temperature) is performed for the pure silicone oil and MXene based nanoparticles 266 

with silicone oil in different concentrations consisting of 0.05, 0.08 and 0.1 wt.%. 267 

2.2.3 Thermal stability test using TGA  268 

Thermogravimetric analysis (TGA) of the pure silicone oil and silicone oil-based MXene has 269 

been conducted using Perkin Elmer TGA 4000. A 180 µl alumina crucible that can withstand ~ 270 

1750 °C under an ultra-high pure nitrogen gas flow of 19.8 ml/min with the gas pressure of 2.6 bar 271 

is selected to examine the samples. The utilized heating rate was 10 °C/min to raise the temperature 272 



from 30 to 800 ºC. About 10 mg of pure silicone oil is used for the decomposition temperature 273 

measurement. Decomposition temperature measurement for the other samples is followed with 274 

same protocol (10 mg). The obtained data is analyzed using Pyris Software. 275 

2.3 Chemical structure, Optical properties and morphology analysis 276 

2.3.1 Fourier Transform Infrared Spectroscopy (FTIR) analysis 277 

 Perkin Elmer Spectrum Two-UATR spectra with integrated detector of MIR TGS (15000-370 278 

cm-1) is used to detect the peak and the functional group of silicone oil and different concentration 279 

of Ti3C2 dispersed into silicone oil. The scanning speed used to detect the Fourier Transform 280 

Infrared Spectrum (FTIR) of the silicone oil and the nanofluids is maintained constant 0.2 cm/s 281 

with the optimum scan range of 4000-450 cm-1. 282 

2.3.2 UV-Vis analysis of the silicone oil -based MXene 283 

Perkin Elmer Lambda 750 is used to perform Ultraviolet-visible spectroscopy (UV-Vis) to get 284 

the optical absorbance. The absorption data is collected at room temperature with the wavelength 285 

range from 800 to 200 nm. The adjusted scan speed is 266.75 nm/min with the 860 nm 286 

monochromatic. 287 

2.3.3 Morphology and microstructure analysis of MXene nanoparticles  288 

Morphology of the MXene flakes is investigated using FESEM (Hitachi SU8000) imaging at 289 

an accelerating voltage of 15 kV. Working distance is set to be 15,900 µm with emission current 290 

of 10,500 nA. Microstructure of the MXene flakes is investigated using HRTEM (JEOL JEM-291 

ARM 200F) imaging at an accelerating voltage of 200 kV. About 1 mg of MXene flake is added 292 

into ~ 4 ml of ethanol in a vial. The mixture is kept on the hot plate at 60 ºC and stirred using a 293 

magnetic stirrer for half an hour. About 4 µl of diluted sample is then taken by a micropipette and 294 

dripped onto the carbon-coated cupper grid. An energy dispersive X-ray spectroscopy (EDX, 295 

Oxford instrument) is used to confirm the elemental map imaging and observation of spatial 296 

distribution of all the elements in both FESEM and HRTEM analysis. The spot analysis is carried 297 

out to detect the quantitative distribution of elements in different portions of MXene. 298 

 299 



2.4 Performance investigation of Concentrated Photovoltaic Thermal (CPVT) Collector 300 

2.4.1 CPVT Collector System Configuration 301 

In a typical CPVT system, the cooling fluid is used to cool the PV cells to avoid overheating. 302 

The cooling fluid channel is placed beneath the PV module. Sidewalls of the channel are insulated. 303 

the upper surface of the channel is exposed to the PV module. Figure 3 shows a schematic diagram 304 

of a CPVT collector system. The MXene nanoflakes are dispersed in the cooling fluid to remove 305 

excess heat from the PV panel. 306 

The PV panel is directly exposed to the incident radiation and it converts less than 20% of the 307 

energy to electric power. Most of the remaining energy is absorbed by the PV panel and raises PV 308 

surface temperature. This is undesirable as electrical efficiency will be lowered due to higher PV 309 

surface temperature. Heat transfer to the cooling fluid channel from the upper surface of the PV 310 

panel is by convection and radiation from the sky, while the heat transfer from the bottom surface 311 

is through convection and radiation from the ground. The enhancement of the thermal conductivity 312 

of the cooling fluid by the inclusion of potential emerging nanomaterials, MXene expected to 313 

improve the cooling of the panel. Hence, the effect of the loading of MXene nanoparticles on the 314 

performance of the system is studied under different weather conditions (atmospheric temperature 315 

and concentration of solar radiation) and at different operating conditions (channel height and flow 316 

rate of the cooling fluid). 317 



 318 

Figure 3. Schematic diagram for a typical CPVT system 319 

 320 

2.4.2 Numerical calculation of thermo-physical properties 321 

Due to the limitations in the measurement facilities, the specific heat of the silicon oil/MXene 322 

nanofluid is calculated using the formulas commonly used in studies published in the literature 323 

[39] as follows: 324 

(𝜌𝑐𝑝)
𝑐𝑓

= ∅(𝜌𝑐𝑝)
𝑛𝑝

+ (1 − ∅)(𝜌𝑐𝑝)
𝑓
                                                                                   Eq. 1 325 

where, 𝑐𝑝𝑛𝑝
, 𝑐𝑝𝑓

 and 𝑐𝑝𝑐𝑓
 are the specific heat of the nanoparticles, the base fluid, and the 326 

nanofluid, respectively, in J/kg.K. The dependence of the MXene nanoparticles specific heat on 327 

the temperature is measured experimentally and correlated as follows: 328 

𝑐𝑝𝑛𝑝
 =  −0.01𝑇𝑐𝑓

2  +  3.4𝑇𝑐𝑓  +  604.5                                                                                  Eq. 2 329 

Where, 𝑇𝑐𝑓 is in (°C) 330 

Due to the difficulty in the measurements of the density and the unknown value of the MXene 331 

nanoparticles density, the density of the silicon oil/MXene is assumed to be constant and equal to 332 



the density of the pure silicon oil. Indeed, the effect of the nanoparticles loading on the density of 333 

the nanofluid could be effective at high loadings values.  Neglecting the effect of the density 334 

change as nanoparticles loadings are very small, the specific heat of the silicon oil/MXene 335 

nanofluid is calculated as follows: 336 

𝑐𝑝𝑐𝑓
≅ ∅𝑐𝑝𝑛𝑝

+ (1 − ∅)𝑐𝑝𝑓
                                                                                                     Eq. 3 337 

 338 

2.5 Thermal and electrical models 339 

Mathematical models of the CPVT have been developed to study the performance of the system 340 

numerically. Transient two-dimensional governing mathematical equations are developed, and the 341 

model has been divided into two parts, i.e., the thermal model and the power generation model. 342 

Matlab 2017b software program was used to analyze the data.  343 

2.5.1 Thermal model 344 

Heat transfer in a typical CPVT system normally occurs through conduction, convection, and 345 

radiation. A portion of the incident solar energy is lost by radiation and convection to the 346 

atmosphere, a portion is absorbed by the PV panel, and a portion is converted to electricity. The 347 

absorbed part is transferred through the lower surface of the panel to the cooling fluid channel 348 

beneath the PV module by conduction and convection. 349 

The energy balance equations along the main parts of the CPVT system are presented as 350 

follows: 351 

PV panel: 352 

𝑚𝑝𝑣𝑐𝑝𝑝𝑣
𝑑𝑇𝑝𝑣

𝑑𝑡
= αpv∆𝑥𝑊𝐶𝐺 − ∆𝑥𝑊𝐶𝐺η𝑟𝑒𝑓[1 − 𝛽𝑝𝑣(𝑇𝑝𝑣 − 𝑇𝑟𝑒𝑓)] + ∆𝑥𝑊ℎ𝑟𝑎𝑑,pv(𝑇𝑠𝑘𝑦 −353 

𝑇pv) + ∆𝑥𝑊ℎconv,𝑝𝑣(𝑇𝑎𝑚𝑏 − 𝑇pv) + ∆𝑥𝑊ℎ𝑐𝑜𝑛𝑣,𝑐𝑓(Tcf − Tpv) +
𝑊𝑡𝑝𝑣𝑘𝑝𝑣

∆𝑥
(𝑇pv𝑖+1

− 𝑇pv) +354 

𝑊𝑡𝑝𝑣𝑘𝑝𝑣

∆𝑥
(𝑇pv𝑖−1

− 𝑇pv)                                                                                                              Eq. 4 355 

Cooling fluid: 356 

𝑚.
𝑐𝑓𝑐𝑝𝑐𝑓(𝑇cf,out − 𝑇cf,in) = ∆𝑥𝑊ℎ𝑐𝑜𝑛𝑣,𝑐𝑓(Tpv − Tcf) + ∆𝑥𝑊ℎ𝑐𝑜𝑛𝑣,𝑐𝑓(Tbp − Tcf)                 Eq. 5 357 

Back plate: 358 

𝑚𝑏𝑝𝑐𝑝𝑏𝑝
𝑑𝑇𝑏𝑝

𝑑𝑡
= ∆𝑥𝑊ℎ𝑐𝑜𝑛𝑣,𝑐𝑓(Tcf − Tbp) + ∆𝑥𝑊ℎ𝑟𝑎𝑑,𝑏𝑝(𝑇ground − 𝑇bp) +359 



∆𝑥𝑊ℎ𝑐𝑜𝑛𝑣,𝑏𝑝(𝑇𝑎𝑚𝑏 − 𝑇bp) +
𝑊𝑡𝑏𝑝𝑘𝑏𝑝

∆𝑥
(𝑇bp𝑖+1

− 𝑇bp) +
𝑊𝑡𝑏𝑝𝑘𝑏𝑝

∆𝑥
(𝑇bp𝑖−1

− 𝑇bp)                   Eq. 6                                             360 

 361 

where, 𝑇𝑖+1 and 𝑇i−1 are the temperatures of the layer to the right and left directions on the x-axis 362 

from the calculation point.  363 

ℎ𝑟𝑎𝑑,pv and ℎ𝑟𝑎𝑑,𝑏𝑝 are the radiation heat transfer coefficients at the upper and lower surfaces of 364 

the system calculated using the following formulas described by Cengel and Ghajar [40]: 365 

ℎ𝑟𝑎𝑑,pv = ∆𝑥𝑊𝜀𝑝𝑣𝜎(𝑇𝑠𝑘𝑦 + 𝑇pv)(𝑇𝑠𝑘𝑦
2 + 𝑇pv

2)                                                                     Eq. 7 366 

ℎ𝑟𝑎𝑑,bp = ∆𝑥𝑊𝜀𝑏𝑠𝜎(𝑇𝑔𝑟𝑜𝑢𝑛𝑑 + 𝑇𝑏𝑠)(𝑇𝑔𝑟𝑜𝑢𝑛𝑑
2 + 𝑇bs

2)                                                           Eq. 8 367 

ℎ𝑐𝑜𝑛𝑣,𝑝𝑣 and ℎ𝑐𝑜𝑛𝑣,𝑏𝑠 are the convection heat transfer coefficients calculated at the upper and lower 368 

surfaces of the system using the formulas mentioned in Cengel and Ghajar [40] and depends on 369 

the type of convection as follows: 370 

For natural convection: 371 

PV panel (faces upward):                                                                         372 

ℎ𝑐𝑜𝑛𝑣,𝑝𝑣 = {
(

𝑘𝑎

𝐿
) 0.54𝑅𝑎

1

4            𝑇pv > 𝑇amb 

(
𝑘𝑎

𝐿
) 0.27𝑅𝑎

1

4           𝑇pv < 𝑇amb   
                                                                          Eq. 9 373 

where, 𝑅𝑎 =
𝑔𝛽𝑓(𝑇𝑝𝑣−𝑇𝑎𝑚𝑏)𝐿3

𝑣𝑎𝛼𝑎
 374 

Back plate (faces downward): 375 

ℎ𝑐𝑜𝑛𝑣,𝑏𝑝 = {
(

𝑘𝑎

𝐿
) 0.27𝑅𝑎

1

4            𝑇bp > 𝑇amb

(
𝑘𝑎

𝐿
) 0.54𝑅𝑎

1

4           𝑇bp < 𝑇amb

                                                                         Eq. 10 376 

For forced convection: 377 

ℎ𝑐𝑜𝑛𝑣 = (
𝑘𝑎

𝐿
) 0.664𝑅𝑒𝑎

1

2𝑃𝑟𝑎

1

3                                                                                                   Eq. 11 378 

where, 𝑅𝑒𝑎 =
𝑢𝑎𝐿

𝑣𝑎
     379 

ℎ𝑐𝑜𝑛𝑣,𝑐𝑓 is the convection heat transfer coefficient of the cooling fluid and can be calculated using 380 

the following formulas, which depend on the nature of the flow (i.e., developing or fully 381 

developed) and the existence of a laminar flow. 382 

ℎ𝑐𝑜𝑛𝑣,𝑐𝑓 =
𝑁𝑢𝑐𝑓𝑘𝑐𝑓

𝐷ℎ
                                                                                                                    Eq. 12 383 



𝑁𝑢𝑐𝑓 = {
3.66 +

0.065𝑅𝑒𝑐𝑓𝑃𝑟𝑐𝑓
𝐷ℎ

𝐿

1+0.04(𝑅𝑒𝑐𝑓𝑃𝑟𝑐𝑓
𝐷ℎ

𝐿
)

2
3

         0.05𝑅𝑒𝑐𝑓𝑡𝑐𝑓 > 0.1𝐿 (𝐷𝑒𝑣𝑒𝑙𝑜𝑝𝑖𝑛𝑔)

                8.24                                          0.05𝑅𝑒𝑐𝑓𝑡𝑐𝑓 < 0.1𝐿 (𝐹𝑢𝑙𝑙𝑦 𝑑𝑒𝑣𝑒𝑙𝑜𝑝𝑒𝑑)

    Eq. 13 384 

 385 

 386 

2.5.2 Power generation model 387 

The electrical power generated by the CPVT system is defined by Eq. 14. 388 

𝑃𝑒𝑙,𝑜𝑢𝑡 = 𝐿𝑊𝐶𝐺𝜂𝑟𝑒𝑓[1 − 𝛽𝑝𝑣(𝑇𝑝𝑣 − 𝑇𝑟𝑒𝑓)]                                                               Eq. 14 389 

The electrical efficiency and its relationship with the PV panel temperature is defined by Eq. 15. 390 

𝜂𝑒𝑙 =
𝑃𝑒𝑙,𝑜𝑢𝑡

𝑃𝑖𝑛
= 𝜂𝑟𝑒𝑓[1 − 𝛽𝑝𝑣(𝑇𝑝𝑣 − 𝑇𝑟𝑒𝑓)]                                                                Eq. 15 391 

where, 𝑃𝑖𝑛 is the input power, which is evaluated as: 𝑃𝑖𝑛 = 𝐿𝑊𝐶𝐺 392 

The reference efficiency (𝜂𝑟𝑒𝑓) and the temperature coefficient (𝛽𝑝𝑣) of the CPV are considered 393 

constants at 20% and 0.005/°C, respectively. 394 

The heat collected by the cooling fluid in the CPVT system and the resulting thermal efficiency of 395 

the system are represented by Eq. 16 and 17. 396 

𝑄𝑡ℎ = 𝑚.
𝑐𝑓𝑐𝑝𝑐𝑓(𝑇cf,out − 𝑇cf,in)                                                               Eq. 16 397 

𝜂𝑡ℎ =
𝑄𝑡ℎ

𝑃𝑖𝑛
                                                                                   Eq. 17 398 

The thermal and electrical output energies from the system can be calculated, depending on the 399 

study time as follows: 400 

𝐸𝑡ℎ = 𝑄𝑡ℎ × ∆𝑇𝑖𝑚𝑒                                                                                                                 Eq. 18 401 

𝐸𝑒𝑙 = 𝑃𝑒𝑙,𝑜𝑢𝑡 × ∆𝑇𝑖𝑚𝑒                                                                                                             Eq. 19 402 

 403 

2.5.3 Parametric Investigation 404 

The main target of developing this numerical solution is to assess the effect of the inclusion of 405 

the MXene nanoparticles in the silicone oil on the performance of the hybrid CPVT system. The 406 

performance of the CPVT is evaluated at the different nanoparticle loadings (0.05, 0.08 and 0.1 407 

wt.%) and solar concentrations (1, 2, 5 and 8) using the mathematical model equations 4-6 and 14-408 

19. The temperature of the CPV panel, the electrical energy generated, and the electrical and 409 

thermal efficiencies are used as indicators of the performance of the system. The input parameters 410 



involved in the study are presented in Table 1. 411 

 412 

Table 1. Input parameters used in the study 413 

Parameter Value Parameter Value 

𝐿 0.7 m 𝑇𝑎𝑚𝑏  45 °C 

𝑊 0.3 m 𝐺 900 W/m2 

𝑡𝑝𝑣 3 mm ∆𝑥 0.05 m 

𝑡𝑏𝑝 3 mm 𝛥𝑡 10 sec 

𝑡𝑐𝑓 20 mm 𝑇𝑟𝑒𝑓  25 °C 

𝑚𝑐𝑓
.  0.005 kg/s 𝑢𝑎 0 m s-1 

∆𝑇𝑖𝑚𝑒 3600 s   

 414 

3. Results and Discussion 415 

3.1 Thermal Conductivity of MXene based silicone oil  416 

Experimentally measured thermal conductivities of MXene with silicone oil nanofluid samples 417 

for the varying loading of MXene nanoflakes are plotted in Figure 4 as a function of temperature. 418 

The effect of temperature on the thermal conductivity of MXene with silicone oil nanofluids is 419 

analyzed. Y-axis error bars with the experimental thermal conductivity values are the standard 420 

deviations of the measured thermal conductivity of the nanofluids. Standard deviations are found 421 

to be ± 0.002. It is seen in that thermal conductivity of MXene with silicone oil nanofluid samples 422 

is increased linearly with the increasing temperature. From the analysis, it is found that the thermal 423 

conductivity of MXene with silicone oil nanofluid is dependent on both temperature and increased 424 

loading of MXene nanoflakes in silicone oil. MXene with silicone oil nanofluid sample with 0.1 425 

wt.% shows the highest thermal conductivity which is ~ 0.203 W/m K at 25 °C and it reaches to ~ 426 

0.263 W/m K at 150 ºC. This remarkable improvement is possible because of the presence of 427 

extremely large basal plane of MXene sheets in silicone oil and high thermal conductivity through 428 

the MXene nanoflakes basal plane [41, 42]. 429 

 430 



 431 

Figure 4. Thermal conductivity of MXene with silicone oil nanofluids as a function of 432 

temperature for the varying MXene nanoflakes loading of 0.05, 0.08, 0.1 wt.% 433 

 434 

Due to increase of  PV cell temperature over the whole PV module by 10-15 °C, the electric 435 

power is decreased ~ 6 % in real operating conditions [43]. Surface temperature of the PV panel 436 

can be reduced significantly by removing excess heat from PV panel with the improvement of 437 

thermal conductivity of the heat transfer fluids [44]. Thus, PV panel temperature can be kept 438 

uniform by increasing the thermal conductivity of the cooling fluids used in the channel attached 439 

[43]. 440 

Figure 5 shows the overall percentage of thermal conductivity enhancements of MXene with 441 

silicone oil nanofluids with the MXene loading of 0.05, 0.08 and 0.1 wt. % over silicone oil at four 442 

different temperatures varied from 25 to 150 ºC. Percentage of thermal conductivity enhancements 443 

of MXene with silicone oil nanofluid samples are estimated using the correlation ((Knf-444 

Kf)/Kf))×100 %. Here, Knf is the thermal conductivity of MXene with silicone oil nanofluids and 445 

Kf is the thermal conductivity of base fluid (pure silicone oil). Figure 5 describes the effect of 446 

addition of MXene nanoflakes on the thermal conductivity enhancements of MXene with silicone 447 

oil nanofluids over the silicone oil at different temperature. It is seen that addition of MXene 448 

nanoflakes in silicone oil provides drastic enhancement of thermal conductivity over the silicone 449 
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oil. Because of the contribution of high basal plane, thermal conductivity of MXene nanoflake is 450 

increased by both MXenes loading and temperature [45]. 451 

For a certain wt.% of MXene loading, thermal conductivity enhancements are varied minimally 452 

with the rise in temperature. For the silicone oil with 0.05 wt.% MXene loading, the enhancement 453 

of thermal conductivity is found to be varied about 10-15 % over silicone oil for the temperature 454 

range 25 to 150 ºC. Similar trends are observed for sample with 0.08 and 0.1 wt.% loading of 455 

MXene nanoflakes. On the other hand, for a certain temperature, thermal conductivity of MXene 456 

with silicone oil nanofluids increased significantly with the increase of MXene loading in the 457 

silicone oil. At 150 ºC, percentage increase of thermal conductivity is obtained ~ 22, ~ 40 and ~ 458 

64 % over silicone oil for the MXene loading of 0.05, 0.08 and 0.1 wt.%, respectively. Similar 459 

trends are observed in the lower temperatures as well. It means, a lower degree of thermal 460 

conductivity enhancement is found for certain MXene loading with the increasing temperature. In 461 

contrast, for a certain temperature, higher enhancement of percentage of thermal conductivity over 462 

silicone oil is observed with the increasing loading of MXene in silicone oil. It reveals that, effect 463 

of MXene loading is higher than that of increasing temperature on the thermal conductivity 464 

enhancements of the MXene with silicone oil. Similar phenomenon was also perceived by Gu, Xie 465 

[46] when authors investigated the thermal conductivity of sheet like graphene flakes dispersed 466 

nanofluids. 467 

Thus, the addition of MXene nanoflakes with silicone oil offers considerably high thermal 468 

conductivity. Thermal conductivity of MXene nanoflakes increases with the increase in 469 

temperature. So, the contribution of thermal conductivity also increases in MXene with silicone 470 

oil nanofluids. Moreover, smaller flakes (such as < 1 𝜇m) could move randomly with the increasing 471 

temperature so that energy transport inside the base fluids becomes stronger [47, 48]. In this case, 472 

electron can hop from one flake to other in the nanofluid [41].  473 

Thermal conductivity of the MXene nanoflakes suspended nanofluids deteriorate very 474 

negligibly by Brownian motion, possibly due to the flexibility and extra-large surface area of the 475 

2D flakes like graphene [49]. However, at room temperature percentage of thermal conductivity 476 

enchantments are found lower than that of the higher temperatures. Because, in this temperature, 477 

there is no effect of Brownian motion of the particles [47, 48, 50]. This can be because of chain 478 



mechanisms created in the fluids influencing thermophoresis effect and Benard-Maragoni effect 479 

and also the inherent enhancements in the thermal conductivity of the nanofluid. These 480 

mechanisms always lead to the rise of the thermal performance of the system [51]. 481 

 482 

 483 

 484 

Figure 5. Percentage of thermal conductivity enhancements of MXene with silicone oil 485 

nanofluids as a function of temperature for different concentrations 486 

 487 

3.2 Viscosity of MXene with Silicone Oil Nanofluids 488 

To evaluate the rheological behaviors of silicon oil/MXene nanofluids, the viscosity is 489 

measured with varying shear rate at five different temperature ranges from 25 to 125 °C. The 490 

variationsof the viscosity  with silicone oil and MXene nanofluids with varying wt.% as a function 491 

of shear rate is plotted in Figure 6. 492 

, The viscosity of MXene with silicone oil nanofluids does not change as a function of shear 493 

rate within the range investigated at a certain temperature. It indicates that MXene with silicone 494 

oil nanofluids behaves as a Newtonian fluid. This phenomenon is also perceived for every 495 

temperature difference. Newtonian shear might be dueto the spindle rotation and the alignments 496 

of the fluid molecules those are not decorated [52]. If the shear rate is increased further, it will not 497 

make any difference to the viscosity. This means that MXene with the viscosity of silicone oil 498 
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nanofluids is independent of the rate of shear force. Silicone oil is normally comprised of small 499 

isotropic (symmetric in shape and properties) molecules that are not oriented by the flow.  500 

On the other hand, viscosity of MXene with silicone oil nanofluid samples only depends on 501 

temperature. MXene with silicone oil nanofluids show the higher viscosity at lower temperature 502 

and it decreases with the increasing temperatures. Therefore, if the temperature doesn’t change, 503 

the viscosity remains constant.  504 

 505 

    506 

    507 

Figure 6. Kinematic viscosity of MXene with silicone oil nanofluids as a function of shear rate at 508 

different temperatures: (a) Pure silicon oil, (b) 0.05, (c) 0.08, (d) 0.1 wt.% 509 
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    Typically increase of particle loading in the fluids incur the increase of viscosity [53]. Increasing 510 

viscosity adversely effects the heat transport properties of the nanofluids [54]. Increase of viscosity 511 

of the heat transfer nanofluids resulting in increase of erosion of carrying channels, pumps and 512 

heat exchangers [53]. Due to the implication of nanoflakes (MXene), the effect of momentum and 513 

the kinetic energy will be very less on the solid surfaces of the carrying channels which leads to 514 

the reduction of erosion and pump efficiency used in the CPVT system.  515 

The viscosity of MXene with silicone oil nanofluids at a high shear rate of 100 s-1 at different 516 

wt.% for all tested temperatures is reported in Figure 7. Surprisingly, it can be seen that, at a certain 517 

temperature, viscosity of MXene with silicone oil nanofluids is not changed with the increasing 518 

loading of MXene nanoflakes in the silicone oil base fluid. It means that viscosity of silicone oil 519 

is independent of MXene additions. MXene nanoflakes act as large anisotropic molecules. For this 520 

reason, when MXene nanoflakes are added in the silicone oil in low concentrations, MXene with 521 

silicone oil nanofluids display a constant viscosity regardless of shear rate. While viscosity of 522 

MXene with silicone oil nanofluids and silicone oil base fluid are strongly dependent on 523 

temperature, it is also observed that the viscosity is decreased at higher temperatures. This 524 

temperature effect on viscosity is related to the weakening of the inter particle and inter molecular 525 

adhesion forces. It can be further explained as, with the increase of fluid temperature, the average 526 

speed of the molecules increases and the amount of time they spend in contact with their nearest 527 

neighbors’ decreases. Thus, with the increase in temperature, the average intermolecular forces 528 

decrease which, in turn, reduces the viscosity [52]. Notably it is seen that viscosity is reduced about 529 

37% for the increase of temperature by ~ 25 ºC for all the MXene concentrations with silicone oil 530 

nanofluids samples. This percentage reduction of viscosity is about ~ 27% at 125 ºC with the 531 

increase of temperature by 25 ºC (as in Figure 7).  532 

 533 



 534 

Figure 7. Viscosity of MXene with silicone oil nanofluids samples as function of MXene loading 535 

in the silicone oil base fluids 536 

 537 

3.3. Thermal Stability of silicone oil -based MXene  538 

Thermal durability of the pure silicone oil and silicone oil-based MXene in different 539 

concentrations is evaluated by thermogravimetric analysis (TGA) and presented in Figure 8. TGA 540 

measurement is performed with mass value of 10 mg and heating rate of 10 °C/min in the 541 

temperature range 30-900 °C to ensure the accuracy of the obtained results. It is revealed that the 542 

initial and final degradation temperature of pure silicone oil increases with the increase in the 543 

concentration of MXene nanoparticles. This research work indicates that adding MXene 544 

nanoparticles increases thermal stability of commercially available silicone oil. Enhancement of 545 

9.8% is achieved for the highest loading of MXene nanoparticles (0.1 wt.%) compared with pure 546 

silicone oil. The onset degradation temperatures for pure silicone oil and silicone oil-based MXene 547 

nanofluids consisting of three different concentrations are 346, 358, 367 and 380 °C. The 548 

decomposition temperature for pure silicone oil is close to the commercially available silicone oil 549 

[55]. Silicone oil-based MXene nanofluids show 3.5 and 6.2% enhancement for concentrations of 550 

0.05 and 0.08 wt.%, respectively. From the Figure 8, it can be observed that with adding MXene 551 

nanoparticles, the degradation step becomes smoothed compared with pure silicone oil. According 552 

to the Thermo-gravimetric analysis (Figure 8), the IDT (initial decomposition temperature) of the 553 

silicone oil-based MXene with concentration of 0.08 wt.% is found higher than loading 554 
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concentration of 0.05 wt.%. However D1/2 (half decomposition temperature) and FR (final 555 

residue) of the silicone oil-based MXene with loading concentration of 0.05 wt.% becomes higher 556 

than the loading concentration of 0.08 wt.%. The increment in D1/2 and FR of the silicone oil-557 

based MXene with loading concentration of 0.5 wt.% in comparison with loading concentration 558 

of 0.8 wt.% might be due the activation energy in temperature above 400 °C. Since MXene 559 

nanomaterial has very high SSA (specific surface area), the interface interactions between MXene 560 

nanomaterial and silicone oil in higher temperature might increase the activation energy which is 561 

directly related with the decomposition temperature [56].  562 

Silicone oils are used as lubricants at high operating temperatures for applications depending 563 

on rolling friction [57]. The fluids are also used in solar collectors, shock absorbers, hydraulic 564 

fluids, dashpots and other damping systems designed for high-temperature operation. Due to the 565 

beneficial advantages of silicone oils in high temperatures, the critical point (thermal stability) is 566 

an important parameter. Conventional silicone oils have been used in plastics processing for a long 567 

time as internal and external lubricants. The usage of silicone oils has caused enormous advantages 568 

in terms of texture, strength, pliability and special finishes. Their superior lubrications properties 569 

leads to enhance the productivity [58]. Thermal stability of lubricants at high temperatures is one 570 

of the crucial criteria which should be taken into account carefully. The interface interaction 571 

between silicone oil and MXene nanoparticles, due to the high surface area of MXene layers might 572 

be the reason of enhancement in thermal durability of silicone oil-based MXene. 573 

 574 

 575 
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Figure 8. TGA results of the silicone oil-based MXene nanofluids 576 

3.4. FTIR of silicone oil-based MXene  577 

Figure 9 shows the FTIR spectrum of silicone oil and different concentration of MXene and 578 

silicone oil for the frequency range of 4000-450 cm-1. The FTIR spectrum of silicone oil and 579 

different concentration of MXene nanoparticles shows an almost identical peak. A similar 580 

spectrum peak indicates that there is only physical interaction between the Ti3C2 nanoparticles and 581 

silicone oil [59]. Kotia, Haldar [59] reported similar findings in their research where the peak for 582 

the base fluid is identical with the different concentration of nanofluid. Hence, it can be concluded 583 

that the dispersion between Ti3C2 nanoparticles and silicone oil is chemically stable [59]. 584 

 585 

 586 

Figure 9. FTIR spectrum of Silicone oil, and Silicone oil-based MXene nanofluids with loading 587 

concentration of 0.05 wt.%, 0.08 wt.% and 0.1 wt. % in the frequency range of 4000-450 cm-1 588 

 589 

The major absorption peaks for the silicone oil and different concentration mixture of MXene 590 

nanoparticles occurred at 2959 cm-1, 1251 cm-1, 1011 cm-1, 797 cm-1, and 674 cm-1. Table 2 shows 591 

the wavenumbers of peak and the functional group at the respective wavenumbers. The peak 2959 592 

cm-1 shows the C-H bonding of the silicone oil based-fluid [60]. The peak defines that the stable 593 



balance of attractive and repulsive forces between carbon and hydrogen atoms exists in silicone 594 

based-fluid [61].   595 

The peaks 1251 cm-1 and 1011 cm-1 indicate the Si-O-Si bonding [60]. These peaks solely 596 

attributed to silicone oil and do not overlap with the nanoparticles. The Si-O-Si bond had slightly 597 

shifted to higher wavenumber due to the weak interaction of Silicone and Carbon molecules [62]. 598 

The reason for the peak similarity on silicone oil and different concentration mixture of Ti3C2 is 599 

because of the dominance of silicone oil’s chemical structure [63]. 600 

The low-frequency peak of 797 cm-1 and 674 cm-1 in silicone oil and different concentration 601 

mixture of Ti3C2 nanoparticles are caused by Si-C bonding [60]. In their research, Canaria, Lees 602 

[64] mentioned that the Si-C bonding are expected to appear at lower frequencies due to the 603 

stretching mode. From the observation of the entire peak, it can be concluded that there are no 604 

peaks in the spectrum of nanoparticles corresponding to its component, silicone oil. From the FTIR 605 

results, it has been proven that there is no chemical interaction that changes the nature of silicone 606 

oil’s functional group [65].  607 

 608 

Table 2. Functional group at certain wavenumber 609 

Wavenumbers, 

(cm-1) 

Functional groups 

2959 C-H bonding 

1251 Si-O-Si bonding 

1011 Si-O-Si bonding 

797 Si-C bonding 

674 Si-C bonding 

 610 

3.5. UV-Vis absorption of silicone oil -based MXene  611 

Figure 10 shows (RT) UV-Vis absorption spectra of silicone oil and different concentration of 612 

MXene (Ti3C2) nanoparticles dispersed into silicone oil at room temperature. The wavelength for 613 

the silicone oil and the different concentration of nanofluids are near to 280 nm wavelength. 614 

Azzolini, Docchio [66] found the similar value of the wavelength for the silicone oil in their 615 



research which is in the range of 280 nm. In another research by Kawaguchi, Ohmura [67], the 616 

wavelength of silicone oil was found at 288 nm.  Authors stated that the wavelength of silicone oil 617 

found due to the emission of silicone oil which is adhered to the surface. 618 

Figure 11 shows the absorption value of the percentage of MXene nanoparticle dispersed into 619 

silicone oil according to the weight percentage. It is observed in the spectra in Figure 11 that the 620 

overall absorption increased with the concentration of nanoparticle in silicone oil. The Beer-621 

Lambert-Law states that when the concentration of a substance in a solution increases, the 622 

absorbance will increases too [68]. The peak value for the absorption for silicone oil, 0.05 wt.% 623 

concentration of MXene, 0.08 wt.% concentration of MXene, and 0.1 wt.% concentration of 624 

MXene is 0.39, 0.56, 0.71 and 0.92, respectively. The percentage of absorption for the different 625 

concentrations is calculated using Eq (20). 626 

 627 

Absorption percentage (%) =
Absorption of nanofluid−Absorption  of base fluid

Absorption of base fluid
 ×  100                Eq. 20 628 

 629 

The percentage of absorption of 0.05 wt.% concentration of MXene is 43.6% higher than the 630 

base fluid, silicone oil. Meanwhile, the 0.08 wt.% concentration of the Ti3C2 absorption percentage 631 

is 82.1% higher than silicone oil. As for 0.1wt.% concentration of Ti3C2 its absorption is 135.9% 632 

higher than silicone oil. The increment in absorption is directly proportional to the concentration 633 

of a substance in a base fluid which is proven by the Beer-Lambert-Law. 634 

 635 



Figure 10. Variation of absorption with the wavelength of Silicone oil and different volume of 636 

Ti3C2 nanofluid 637 

 638 

 639 

Figure 11. Absorption value of the percentage of Ti3C2 nanoparticle dispersed into silicone oil 640 

 641 

3.6. Morphological characteristics of MXene (Ti 3C2) 642 

The FESEM images of the multilayered MXene are shown in Figure 12 (a, b). The insert further 643 

demonstrates that the thickness of the layered structure is very small. Flake-like structure of the 644 

multilayered MXene is clear from Figure 12 (a, b) which proves the completion of the exfoliation 645 

process. HRTEM images of the multilayered MXene are illustrated in Figure 12 (c, d). HRTEM 646 

images are in accordance with FESEM images indicating the multilayered structure of the MXene. 647 

Figure 12 (c) shows that the sheets of the MXene are very thin and transparent. Additionally, some 648 

wrinkles on the sheets are observed which might be due to the flexibility of MXene nanosheets 649 

[69]. Figure 12 (d) demonstrates a high-resolution TEM (HRTEM) image of a typical MXene 650 

nanosheet including the corresponding selected area electron diffraction (SAED) pattern. Its Fast 651 

Fourier Transform (FTT) (Figure 12 d) reveals a hexagonal-based crystal with chain-like features 652 

of the MXene nanosheets [70]. The image clearly shows that the atomic arrangement in the basal 653 

planes is identical to that in the parent MAX phase [71]. HRTEM and FESEM images prove further 654 

convincing evidence for three-dimensional to the two-dimensional conversion of the material. 655 

From the acquired images from HRTEM, it is clear that the MXene sheets are more stable than 656 



graphene sheets under 200 kV electron beam [72]. Energy dispersive X-Ray diffraction (EDX) 657 

was performed using HRTEM images to evaluate the intensity of the elements. Elemental analysis 658 

was conducted for 5 points. Atomic percentage for titanium is achieved in mean value of 75.90%. 659 

Mean atomic percentages of the other elements including aluminium, fluorine, oxygen and carbon 660 

was 1.46, 8.18, 6.03 and 8.43% respectively. The particle size of the as-synthesized MXene flakes 661 

is in the range of 1-10 μm as reported in our previous research work [35]. 662 

 663 

  

  

 664 

Figure 12. FESEM images of MXene flakes (a,b) and HRTEM images of MXene flakes (c,d) 665 

 666 

3.7 Performance of silicone oil-based MXene in CPVT system 667 

The experimental values of the thermal conductivity and viscosity will be introduced in the 668 

numerical solution. The dependence of the values of the thermal conductivity and the viscosity of 669 

(c) (d) 

(a) (b) 



the silicon oil/MXene nanofluid on the temperature at different nanoparticles loadings were 670 

derived from the experimentally measured values as mentioned in Table 3 and Table 4. 671 

 672 

Table 3. Derived correlations for the thermal conductivity of the silicone oil/MXene nanofluid at 673 

different concentrations 674 

ɸ (wt.%) Derived correlation 

0 𝑘𝑐𝑓  =  0.232𝑇𝑐𝑓  +  131.4 

0.05 𝑘𝑐𝑓  =  0.124𝑇𝑐𝑓  +  178.3 

0.08 𝑘𝑐𝑓  =  0.0000480𝑇𝑐𝑓
3  −  0.0112571𝑇𝑐𝑓

2  +  1.0485714𝑇𝑐𝑓  +  165 

0.1 𝑘𝑐𝑓  =  −0.0000026𝑇𝑐𝑓
4  +  0.000864𝑇𝑐𝑓

3  −  0.1056𝑇𝑐𝑓
2  +  5.86𝑇𝑐𝑓  +  109 

* k in (mW/m.K) and T in (˚C) 675 

 676 

 677 

 678 

Table 4. Derived correlations for the viscosity of the silicone oil/MXene nanofluid at different 679 

concentrations 680 

ɸ (wt.%) Derived correlation 

0 
𝜇𝑐𝑓  =  0.0011233𝑇𝑐𝑓

4  −  0.5348213𝑇𝑐𝑓
3  +  104.2939333𝑇𝑐𝑓

2  

−  10666.3966667𝑇𝑐𝑓  +  547043 

0.05 
𝜇𝑐𝑓  =  0.0011279𝑇𝑐𝑓

4  −  0.5433173𝑇𝑐𝑓
3  +  106.1622667𝑇𝑐𝑓

2  

−  10800.3466666𝑇𝑐𝑓  +  550215 

0.08 
𝜇𝑐𝑓 =  0.0015316𝑇𝑐𝑓

4  −  0.6624800𝑇𝑐𝑓
3  +  118.2451333𝑇𝑐𝑓

2  

−  11283.37𝑇𝑐𝑓  +  556925 

0.1 
𝜇𝑐𝑓 =  0.0015884𝑇𝑐𝑓

4  −  0.6675680𝑇𝑐𝑓
3  +  117.0008667𝑇𝑐𝑓

2  

−  11142.37𝑇𝑐𝑓  +  555078 

 * μ in (μPa.s) and 𝑇𝑐𝑓 in (˚C) 681 

 682 

Figure 13 shows the electrical performance of a hybrid CPVT system with the silicon 683 

oil/MXene nanofluid for cooling of the PV module. The figure shows the comparison of the 684 



electrical performance at different nanoparticles loadings and different solar concentrations. It is 685 

obvious from the figure that the electrical efficiency in general decreases with the increase of the 686 

solar concentration, which can be attributed to the great increase in the denominator (the input 687 

energy) in comparison to the nominator (the output electrical energy). On the other side, 688 

introducing more MXene nanoparticles enhances the electrical efficiency because of enhancing 689 

the cooling of the PV module as can be seen from Figure 13. The enhancement is found more 690 

pronounced at the higher solar concentrations. The electrical energy output showed different 691 

behavior. The electrical energy output is increased with the increase of the solar concentration due 692 

to the increase in the input energy. Moreover, it is increased with the nanoparticles loadings as a 693 

results of PV cooling enhancement. However, the electrical energy output from the PV module 694 

has started to decrease at the high concentration of eight due to insufficient cooling by the cooling 695 

fluid. This consequently degrades electrical performance of the system.   696 

Figure 14 shows the thermal performance of the hybrid CPVT system at different nanoparticles 697 

loadings and different solar concentrations. Similar behavior like the electrical efficiency can be 698 

seen in the thermal efficiency. The thermal efficiency is decreased with the solar concentration 699 

due to higher rate of increase in the input energy with the solar concentration compared to output 700 

thermal energy. The thermal efficiency has enhanced by introducing more MXene nanoparticles 701 

to the silicon oil. The extracted thermal energy is increased with the increase in the solar 702 

concentration and the nanoparticles loading due to the heat up of the PV panel from one side and 703 

the enhancement of the thermal properties of the silicon oil with the addition of the MXene 704 

nanoparticles from the other side. With the higher values of solar concentrations, at which the 705 

effect of the nanoparticles loadings becomes more significant compared to its effect at the low 706 

solar concentrations. 707 

Figure 15 shows the influence of the solar concentration and the nanoparticles loading on the 708 

average PV temperature and how it was reflected on the temperature gain through the cooling 709 

fluid. The increase in the solar concentration resulted in boosting the average temperature of the 710 

PV module, and its consequent improvement in the amount heat collected by the cooling fluid. On 711 

the other side, and due to enhancement of the thermal properties of the nanofluid, addition of more 712 

MXene nanoparticles resulted in better cooling for the PV module and again an improvement in 713 

the amount of heat collected by the cooling fluid. The effect of the solar concentration and the 714 



nanoparticles loading on the average PV temperature and the temperature gain through the cooling 715 

fluid were reflected on the electrical and thermal performance of the system as discussed earlier. 716 
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Figure 13. Electrical performance of the CPVT at different nanoparticles loadings and solar 718 

concentration 719 
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 720 

Figure 14. Thermal performance of the CPVT at different nanoparticles loadings and solar 721 

concentration 722 
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 723 

Figure 15. Average PV temperature of the CPVT and the temperature increase across the 724 

cooling fluid at different nanoparticles loadings and solar concentration 725 

 726 

Table 5 shows the effect of the MXene nanoparticles loading on percentage reduction in the 727 

average temperature of the PV module at different solar concentrations. In addition, it clarifies the 728 

consequent enhancement percentage in the thermal and electrical energy outputs. The reduction 729 

and enhancement percentage are calculated for different nanoparticles loadings and solar 730 

concentrations. For the same solar concentration, more reduction percentage is achieved in the 731 

average PV module temperature at higher nanoparticles loadings, which resulted in better 732 

enhancement percentages in the overall electrical and thermal performance as a result of better 733 

cooling for the PV module. In contrast, fixing the value of the nanoparticles loading shows that 734 

the addition of the MXene nanoparticles becomes more efficient in enhancing the overall 735 

performance at higher solar concertation values. To sum up, MXene nanoparticle is a highly 736 

promising material that is more suitable to be used at high solar concentrations and temperature 737 

levels.  738 

 739 

 740 

 741 



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

nanoparticles loadings and solar concentration 743 

Concentration 

ratio 
Change Parameter ɸ=0.05 wt.% ɸ=0.08 wt.% ɸ=0.1 wt.% 

1 

% Reduction in Tpv,av 5.698 6.230 8.580 

% Enhancement in 

ηel 1.699 1.857 2.558 

ηth 4.889 5.307 7.325 

Eel 1.700 1.860 2.560 

Qth 4.840 5.250 7.254 

Tcf, out, av – Tcf,in 7.637 9.800 13.100 

2 

% Reduction in Tpv,av 6.779 7.640 10.830 

% Enhancement in 

ηel 3.245 3.660 5.186 

ηth 5.385 6.103 8.722 

Eel 3.240 3.660 5.190 

Qth 5.330 6.030 8.619 

Tcf, out, av – Tcf,in 8.015 10.420 14.270 

5 

% Reduction in Tpv,av 7.212 8.570 12.690 

% Enhancement in 

ηel 10.530 12.510 18.530 

ηth 5.892 7.136 10.61 

Eel 10.53 12.510 18.530 

Qth 5.860 7.090 10.550 

Tcf, out, av – Tcf,in 8.290 11.070 15.690 

8 

% Reduction in Tpv,av 6.593 8.300 12.450 

% Enhancement in 

ηel 36.670 46.180 69.240 

ηth 6.184 8.017 11.950 

Eel 36.670 46.180 69.240 

Qth 6.170 7.990 11.920 

Tcf, out, av – Tcf,in 8.445 11.730 16.780 

 744 

 745 

4. Conclusion 746 

MXene based silicone oil is formulated for the first time to evaluate thermal properties 747 

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

0.1 wt.% concentration of MXene in silicone oil at 150 ºC compared to pure silicone oil. This is a 749 



remarkable achievement in terms of thermal conductivity improvement. The Authors found that 750 

viscosity does not change with the addition of MXene into silicone oil. Moreover, viscosity found 751 

to be reduced with an increase in temperature. On average, viscosity is found to be reduced by 752 

32% for 25 °C increase in temperature. This is also outstanding finding as viscosity reduction is a 753 

desirable requirement since this will reduce pumping power in a flow channel. Silicone oil-based 754 

MXene nanofluid with 0.1 wt.% concentration is thermally stable up to ~ 380 °C. The highest 755 

electrical efficiency of CPVT is obtained for the 0.1 wt.% concentration of MXene into silicone 756 

oil for all concentration ratio. However, electrical efficiencies are low at a higher concentration 757 

ratio. More thermal heat can be gained for a higher concentration ratio. This heat can be useful for 758 

various process heat applications.  759 

The major absorption peaks for the silicone oil and different concentration of MXene 760 

nanoparticles have been obtained at 2959 cm-1, 1251 cm-1, 1011 cm-1, 797 cm-1, and 674 cm-1. The 761 

percentage of the absorption for 0.05 wt.%, 0.08wt.% and 0.1wt.% MXene are, 43.6%, 82.1, and 762 

135.9%, respectively than pure silicone oil. The mean atomic percentage for titanium is achieved 763 

to be 75.90% with carbon content 8.43%. Future works can be considered for this novel nanofluid 764 

including density measurement, calculation of pumping factor in real concentrated photovoltaic 765 

systems and thermal conductivity and viscosity measurement at high temperature. 766 
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