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Abstract 16 

Solar thermal collectors have been recognized as promising devices for solar energy harvesting. The 17 

absorbing properties of the working fluid are crucial because they can significantly influence the 18 

efficiency of the solar thermal collectors. The performance of photovoltaic-thermal (PV/T) systems can 19 

be optimized by applying nanofluids as working fluids. MXene is a newly developed 2-D nanomaterial 20 

that has proven excellent potential in electrical applications with a lack of research in the thermal and 21 

optical applications. The present work extensively studied the optical potential of the water/MXene 22 

nanofluids with respect to the variation of MXene concentrations (0.0005-0.05 wt. %) and types of 23 

surfactant (CTAB or SDBS) used in a hybrid PV/T system. The relationship between the investigated 24 

parameters was evaluated through an experimental correlation. The evaluation of the nanofluids in term 25 

of the transmittance was conducted through the Rayleigh method. The MXene concentrations and the 26 

types of the surfactant play predominant role in the transmittance, absorbance and dispersion stability 27 

of the water/MXene nanofluids. The corresponding effects due to these factors become the most 28 

noticeable in the wavelengths of 300-1350 nm. Low concentration of the MXene and shorter path 29 

lengths lead to higher transmittance. The application of the low concentration of water/MXene 30 

nanofluids as the optical filtration in a hybrid PV/T system yields a higher performance compared to a 31 

conventional PV/T system. Therefore, this research work provides novelty value in understanding the 32 

impacts of using water/MXene nanofluid in the hybrid PV/T solar collectors to harness additional 33 

energy. 34 

Keywords: Water/MXene; Nanofluid; Optical filtration; PV/T; Solar energy 35 
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1. Introduction 38 

World energy demand has enhanced drastically over the last few decades due to the enormous growth 39 

of the globe economy and it is expected to increase by 60% by the year 2030 [1]. The scale of the 40 

emission of CO2 reported for 2018 (33.1G tons) reveals the enormity of the impact and consumption of 41 

fossil fuels on environmental issues, including globe climate change, air pollution, ozone layer 42 

depletion, and acidic rain [1]. Considering that the energy from the hourly solar flux incident on the 43 

Earth’s surface is greater than the world energy demand of one year [2], the expectation of the society 44 

at large-scale is that the renewable and sustainable energy generation technologies may both fulfill the 45 

global energy demand and overcome the detrimental impact on the environment. Approximately 46 

3,400,000 EJ of the solar radiation is estimated to reach the earth in one year, which is 7500 times the 47 

world energy demand of one year (450 EJ) [3].  48 

Due to the eco-friendly nature and safety aspects of solar energy as well as the fact that it is an 49 

abundant source of energy without a limitation, almost 70% of world energy demand is expected to be 50 

supplied by solar energy technologies by 2100 [4]. Solar thermal and photovoltaic (PV) technologies 51 

are the two main approaches used for solar energy harvesting [5]. Solar PV technologies are capable of 52 

Nomenclature 

T temperature, ˚C E energy, J 

L length of PV/T system, m G solar radiation, W m-2 

W width of PV/T system, m h heat transfer coefficient, W m-2 K-1 

z height, mm k thermal conductivity, W m-1 K-1 

m mass, kg dx spatial step, m 

m. mass flow rate, kg s-1 dt time step, sec 

cp specific heat, J kg-1 K-1 v velocity, m s-1 

Greek symbols 

α absorption coefficient τ transmittance 

β temperature coefficient, K-1 ɸw weight fraction 

ε emissivity η efficiency 

𝜃 the inclination angle of the system λ wavelength 

Subscripts 

amb ambient el electrical 

g glass cover th thermal 

of optical fluid el, eq equivalent electrical 

pv PV module bf base fluid (water) 

cf cooling fluid sky sky 

bp back plate λ spectral 

Abbreviations 

PV/T photovoltaic/thermal   



 

3 
 

direct conversion of the sunlight to electricity, while solar thermal systems use the harvested solar energy 53 

to heat water, air or other fluids. According to the global installed capacity of the solar energy (about 54 

70%), solar thermal systems are more popular compared to PV technologies. The thermal collector, 55 

which handles the photo-thermal conversion of solar spectrum, is the critical component of a solar 56 

thermal system [6]. Solar thermal collectors can be categorized into three classes based on the operating 57 

temperature: i) collectors with low-temperature operation such as flat-plate and evacuated-tube 58 

collectors, ii) collectors with medium-temperature operation such as parabolic troughs, and iii) collectors 59 

with high-temperature operation, comprising of power towers and dish-concentrators [7]. The above 60 

classification is based on the temperature of the working fluid into the thermal collectors. For instance, 61 

the flat-plate type thermal collectors can achieve fluid temperatures up to ~100 °C. The main challenge 62 

of producing an effective thermal collector is selecting a suitable absorber and a working fluid for 63 

efficient conversion of the incident solar radiation into thermal energy [8]. Using the appropriate 64 

working fluid can potentially optimize the efficiency of the thermal collectors.  65 

Nanofluids have provided outstanding improvements in terms of optical and thermo-physical 66 

properties over traditional HTFs. Mu et al. [9] have demonstrated experimentally that a noticeable 67 

amount of the visible light is transmitted through the water/SiO2 nanofluid, and the TiO2 and ZrC 68 

nanofluids absorb most of the solar spectrum (ZrC has the highest absorbance). Sani et al. [10] have 69 

reported that 100% of solar energy was absorbed by water/single-walled carbon nanotubes at a loading 70 

of 0.05 g/L and a penetration path of 1 cm. Mercatelli et al. [11] evaluated the extinction coefficient of 71 

the water/single-walled carbon nanotubes at a fixed wavelength of 632.8 nm, and found that it varies 72 

linearly with the concentration of single-walled carbon nanotubes. Taylor et al. [12] conducted a 73 

comprehensive research on the amount of solar radiation absorbed by different types of water-based 74 

nanofluids containing graphite, copper, silver, aluminum, and gold nanoparticles. They have reported 75 

absorbance values higher than 95% for all the studied nanofluids at a 10-cm collector depth. The 76 

extinction coefficient is a measure of the light absorbing strength of a substance at a particular 77 

wavelength. Taylor et al. [12] have theoretically investigated the improvement of the extinction 78 

coefficient. They compared the measured extinction coefficient of the studied nanofluids with the values 79 

obtained using Maxwell-Garnett and Rayleigh scattering approximation models. They concluded that 80 

the Maxwell-Garnett model gives better prediction of the results at longer wavelengths when compared 81 

with short wavelengths (visible range). Said et al. [13] evaluated the impacts of concentration and/or 82 

size of TiO2 nanoparticles on the extinction coefficient through Rayleigh approach. They have reported 83 

that the smaller particle size (less than 20 nm) has negligible impact on the optical properties of the 84 

nanofluids and the relationship between the volume fraction and extinction coefficient is linear. Tyagi 85 

et al. [14] reported that the solar radiation absorbance of water/aluminum nanofluid is nine times that of 86 

pure water. According to them, as the absorbance and transport of solar energy can be targeted 87 

simultaneously in a volumetric absorption collector, nanofluids can enhance the energy efficiency and 88 
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lessen the energy loss. Jing et al. [15] studied the optical and thermal properties of silica/water nanofluid 89 

at different nanoparticles sizes. The authors reported that for a nanoparticles size of 5 nm and a volume 90 

fraction of 2%, the transmittance of the nanofluid was up to 97%, which is nearly the transmittance of a 91 

pure water. However, the thermal conductivity was higher by 20% for the water/silica nanofluid. Using 92 

CFD simulation to apply their results on a PV/T system, they have found that water/silica at size of 5 93 

nm and volume fraction of 2% is the best for a PV/T system. 94 

Lee et al. [16] adopted a Mont Carlo algorithm combined with the Mie scattering theory to assess the 95 

optical properties of the nanofluids. Taylor et al. [17] designed optical filters using nanofluids with 96 

suspended core/shell nanoparticles for PV/T systems. They achieved higher efficiency of solar energy 97 

harvesting compared to that of conventional optical filters. Recently introduced two-dimensional 98 

materials (called MXene family), which are comprised of early transition metal carbides/nitrides, 99 

represent supreme thermo-physical properties [18]. Chemical etching is conducted on the materials so-100 

called Mn+1AXn phases to selectively remove the A layers, where A is mostly adopted from group 101 

IIIA/IVA of the periodic table, M represents a transition metal, X indicates C or N and n is denoted as 102 

1, 2, or 3. The resulted MXene and its composites exhibit a promising feature of electromagnetic 103 

radiation absorption capability, which is contributed by their high electromagnetic interface (EMI) 104 

shielding effect in nature, as reported by Shahzad et al. [19]. Their finding has driven the great efforts 105 

given by the other scientists in studying the relationship between the MXene and certain electromagnetic 106 

waves, such as the sunlight. Excellent radiation absorption and the subsequent heat generation done by 107 

these materials could possibly render them to become the supreme material for light-to-heat (photo-108 

thermal) conversion. 109 

Several attempts have been made to assess the optical performance of the nanofluids [11–15]. The 110 

unique applicability of the nanofluids in the hybrid PV/T solar collectors is mainly due to their ability 111 

of transmitting solar radiation, demanding the comprehensive research that is related to the optical 112 

characterization on these materials. The transmittance of nanofluids is very important optical parameter 113 

to determine their utility for optical filtration. The principle of using filtration device in the PV panels 114 

is to selectively transmit the solar radiation in its beneficial range. Consequently, the efficiency of a 115 

hybrid PV/T system strongly depends on the transmittance of optical filter. Meanwhile, the dispersibility 116 

of the nanofluids are also closely related to their light transmittance capability. The developed nanofluids 117 

in current study, represent promising dispersibility performance based on the zeta potential measurement 118 

values. The preparation of a good dispersion of the water-based MXene nanofluids is the most 119 

challenging part. Surfactants could be used to achieve homogeneous water/MXene nanofluids. Hence, 120 

in this study, two different surfactants, sodium dodecyl benzene sulphonate (SDBS) and 121 

cetyltrimethylammonium bromide (CTAB) were used separately to prepare water/MXene nanofluids 122 

for the application in a hybrid PV/T system. The prepared nanofluids work as the optical filters of solar 123 

radiation. Zeta potential measurement, Fourier transform infrared (FTIR) spectroscopy, UV-Vis 124 
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spectroscopy, and morphology determination were conducted to determine the suitability of the as 125 

prepared nanofluids for applications in hybrid PV/T systems. After the characterization of the 126 

water/MXene nanofluids they were incorporated into a hybrid PV/T system.  127 

The novelty of the current study is the development of promising water/MXene nanofluids using two 128 

different types of surfactants as a new optical filter with high stability for enhancement of optical 129 

performance in a hybrid PV/T system. For the analytic evaluation of the developed nanofluids, a 130 

modified Rayleigh method was used in solar thermal applications. A new correlation between the 131 

viscosity and stability of the as-prepared water/MXene nanofluids was developed. The transmittance 132 

spectra of the water/MXene nanofluids proved that the type of surfactants can influence the 133 

transmittance spectra effectively. The water/MXene nanofluid prepared using the SDBS surfactant 134 

displays higher spectral transmittances when compared to that prepared using the CTAB surfactant. For 135 

both surfactants, an inverse relationship was observed between the MXene nanoflakes concentration 136 

and the transmittance spectra of the prepared water/MXene samples. The influence of the nanoflakes 137 

concentration on the transmittance spectra was significant. The effect of the surfactant and the 138 

nanoparticles-concentration was most observed in the range of 300 – 1350 nm, which corresponds to 139 

the Ultraviolet (UV), the Visual (Vis) and the Near Infrared (NIR) ranges. Also, the as prepared 140 

water/MXene nanofluids have a good extinction coefficient of ~1.5 Lg-1cm-1, revealing sufficient light 141 

absorption capability even at a low concentration of MXene in the nanofluids. The experimentally 142 

acquired results indicate that absorbance is directly proportional to the concentration of MXene 143 

nanoflakes. To the best of authors’ knowledge, there are a very limited number of experimental studies 144 

undertaken to investigate the band gap of MXenes. In this study, the band gap energy of the nanofluids 145 

with the highest concentration of 0.05 wt. % MXenes dispersed using CTAB or SDBS are determined 146 

using the Tauc method employing the Kubelka-Munk function. For the water/MXene nanofluid with a 147 

low concentration of 0.0005 wt. %, the efficiency of the hybrid PV/T system is about 20%. Thus, the 148 

findings of the present study reveal that optical filtration using the water/MXene nanofluid at a low 149 

concentration in a hybrid PV/T system can provide a superior performance compared to the standalone 150 

PV system. 151 

2. Methodology 152 

The water/MXene nanofluid as optical filtration for hybrid PV/T systems was evaluated 153 

experimentally. The impact of the concentration of the nanoparticles and the type of surfactant on the 154 

optical properties and stability of the nanofluid were investigated. After preparation of the water/MXene 155 

nanofluids, the characterization and the optical properties were determined as a function of the 156 

nanoparticles concentration. Finally, the electrical and thermal performance of a hybrid PV/T system 157 

using the emerging MXene-based nanofluids were investigated. 158 

 159 
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2.1 Materials and preparation 160 

Sodium dodecyl benzene sulfonate (SDBS) was procured from Sigma Aldrich as a surfactant in the 161 

ionic self-assembly reaction of cyclophene BIMCP-1. Cetyltrimethylammonium bromide (CTAB) was 162 

supplied by Sisco Research Laboratories Pvt. Ltd. with a molecular weight of 364.45 and a shelf life of 163 

60 months.  164 

2.1.1 Synthesis of delaminated MXene flakes (d-Ti3C2) 165 

In the synthesis of MXene (Ti3C2) the following materials were used without any further purification: 166 

MAX phase material (Ti3AlC2), lithium fluoride (325 mesh powder, 98.5% purity, Alfa Aesar), 167 

hydrochloric acid (37% w/w, 12 M, Fisher chemicals), and sodium hydroxide (97% purity, pellets, 168 

Sigma Aldrich). First, 30 ml of HCl (6M) solution was prepared by diluting 15 ml of the concentrated 169 

HCl with 15 ml of the DI water in a 50 ml beaker. Then 3 g of LiF was poured to the HCl solution, 170 

followed by stirring at 300 rpm for 30 minutes until dissolved. This etching process was continued by 171 

adding 3 g of MAX phase material (Ti3AlC2) to the solution slowly (within 15 minutes) to avoid 172 

overheating (exothermic reaction), and the resultant solution was stirred at 40 °C for 48 h. After the 173 

etching process, a dilute solution of NaOH was added slowly until the pH of the solution reached 6, and 174 

the solution was filtered, and the solid product rinsed several times with DI water. The product was 175 

washed further 4 times (each time of 10 minutes) at 3500 rpm using an ultrahigh speed centrifuge 176 

(Sorvall LYNX 6000, thermo scientific). The sonication process (1 h) for the produced multilayered 177 

MXene (m-Ti3C2) was conducted by using an ultrasonic probe sonicator (FS-1200N) to obtain 178 

delaminated flakes of MXene. The synthesized delaminated flakes of MXene nanomaterial were dried 179 

in a vacuum oven (VO 500, MEMMERT Germany) overnight.  180 

2.1.2 Preparation of water/MXene (Ti 3C2) nanofluids 181 

Water/MXene (Ti3C2) nanofluids were prepared at five different concentrations, consisting of 182 

0.0005, 0.001, 0.005, 0.01, and 0.05 wt. % by using two different surfactants. 3 mg of each of CTAB 183 

and SDBS surfactants were used for the preparation of the samples. To prepare the 0.0005 wt. % 184 

water/Ti3C2 nanofluid, 0.75 mg of Ti3C2 and 3 mg CTAB were added to 150 ml of DI water in a 300 ml 185 

beaker and the resulting mixture was stirred at 600 rpm for 30 minutes to obtain a homogenous 186 

dispersion. The dispersion was sonicated using an ultrasonic probe sonicator (FS-1200N) for 1 h at a 187 

power of 70% and an on/off time of 7/3 sec. The same protocol was used to prepare the 0.0005 wt. % 188 

water/Ti3C2 nanofluid with the SDBS surfactant. The water/Ti3C2 nanofluids at other concentrations of 189 

0.001, 0.005, 0.01, and 0.05 wt. % were prepared using the same procedure with 1.5, 7.5, 15, and 75 mg 190 

of Ti3C2, respectively.  191 

 192 

 193 
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2.2 Characterization of the stability and optical properties  194 

2.2.1 Determination of the stability of the water/MXene (Ti3C2) nanofluids 195 

The surfactants CTAB and the SDBS are used in the preparation of the water/MXene nanofluids to 196 

achieve adequate dispersion of MXene in water. To ensure that stable dispersions are formed, the 197 

stability of the prepared nanofluids with different concentrations of the nanoparticles was determined. 198 

The stability of the prepared nanofluids were determined through three different methods; (i) zeta 199 

potential measurements, (ii) visual inspection, and (iii) transmittance monitoring. The zeta potential was 200 

measured immediately after preparation of the nanofluids to evaluate the dispersion quality, while the 201 

other two methods were used to monitor the changes in stability with time. These three methods are 202 

described in the following sections. 203 

Zeta Potential Measurement 204 

The main aim of the zeta potential measurement is to obtain information on the surface charge of a 205 

material. Litesizer 500 Anton Paar was used for the determination of the stability of the prepared 206 

water/Ti3C2 nanofluids. This equipment measures the stability based on the concept of electrophoretic 207 

light scattering (ELS). The control temperature of the Litesizer 500 is in the range of 0-90 °C. The light 208 

source of this equipment is a laser with a power of 40 mW and wavelength of 658 nm. Zeta potential 209 

measuring range is from -600 to +600 mV, with a sensitivity of 1 mg/mL (lysozyme) and maximum 210 

sample concentration of 40% w/v. 211 

Visual Inspection 212 

Visual inspection is the simplest method available to assess the changes of nanofluids with time. The 213 

prepared nanofluid samples were filled in the clear glass vials and were allowed to stand undisturbed 214 

for 7 days. Photographs of the vials with their contents were taken at regular intervals during the 7 days. 215 

Using the variation of the appearance, the stability of the nanofluids was assessed.  216 

Monitoring of Transmittance to Assess the Degradation of Nanofluids 217 

Monitoring the transmittance of a sample is a novel method proposed in this study to assess the 218 

stability of a nanofluid. In this method the transmittance of a nanofluid is measured at different times 219 

after preparation to determine its stability. The rate of sedimentation of nanoparticles in a nanofluid 220 

determines its lifetime, and thus, its stability. As sedimentation will affect the transmittance of the 221 

nanofluid, monitoring the change of the transmittance of the nanofluid with time can be used to 222 

determine its stability.  223 

The transmittance spectra of the prepared nanofluids were determined by using a UV-Vis 224 
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spectrometer, for 7 days after preparation and the results were used to determine the rate of change of 225 

transmittance with time, which indicates the stability of a nanofluid. 226 

2.2.2 Morphology and microstructure analysis of water/MXene (Ti3C2) nanofluids 227 

The synthesized MXene (Ti3C2) was characterized using FESEM (Hitachi SU8010). Dispersion and 228 

homogeneity of the prepared nanofluids was also checked using scanning electronic microscopy 229 

(VEGA3, TESCAN) and energy-dispersive x-ray spectroscopy (EDX, OXFORD INSTRUMENT). A 230 

digital ion coater (COXEM Co, SPT-20) was used to coat the samples with Pt at a fixed current of 3 mA 231 

for 300 seconds for SEM imaging. 232 

2.2.3 Fourier transform infrared spectroscopy  233 

Perkin Elmer Spectrum Two-UATR spectroscope with an integrated detector of MIR TGS (15000-234 

370 cm-1) was used to obtain the FTIR spectra and detect the peaks due to water and water/Ti3C2 235 

nanofluids. The scanning speed used to detect the FTIR spectra of the water and the nanofluids is 0.2 236 

cm/s with an optimum scan range of 4000-1000 cm-1. 237 

2.2.4 UV-Vis spectroscopic characterization of water/MXene (Ti3C2) 238 

Perkin Elmer Lambda 750 spectroscope was used to conduct ultraviolet-visible (UV-Vis) absorption 239 

for all the prepared nanofluids. The absorption spectra were collected in the wavelength ranged from 240 

200 to 2500 nm at room temperature. The adjusted scan speed (266.75 nm/min) with the incident wave 241 

of 860 nm monochromatic is applied. 242 

UV-Vis spectroscopy was conducted to examine the optical behavior of the prepared water/MXene 243 

nanofluids by using two different surfactants (CTAB in 0.36 mM and SDBS in 0.38 mM). UV-Vis 244 

absorption of the nanofluids containing MXenes at concentrations of 0.0005 wt. %, 0.001 wt. %, 0.005 245 

wt. %, 0.01 wt. %, and 0.05 wt. % were determined using a 1 cm thickness quartz cuvette at a fixed 246 

wavelength (Figure 13).  247 

If the Beer-Lambert Law is followed, there is a directly proportional relationship between the 248 

concentration and the absorbance of a sample [20,21]. Therefore, based on the basis of Eq. 1, the molar 249 

absorptivity, εA can be calculated as shown in Eq. 2, which is determined by the resulted line gradient 250 

of A against lc [21]. 251 

𝐴 = 𝜀𝐴𝑙𝑐                                                                        Eq. 1 252 

Where:  253 

A is absorbance intensity of a sample 254 

εA is molar absorptivity/extinction coefficient (M-1cm-1) 255 
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l is path length of light (cm) 256 

c is concentration of absorbing species (M) 257 

By rearranging Eq. 1, the εA can be represented in Eq. 2.  258 

𝜀𝐴 =
𝐴

𝑙𝑐
                                                                           Eq. 2 259 

Another optical parameter, namely optical absorption coefficient (α) is calculated by using Eq. 3, 260 

which is resulted by combining both Eq. 4 and Eq. 5. It measures the fraction of light absorbed per unit 261 

length of a medium that can show how well the studied MXenes can absorbs light [22,23]. 262 

𝛼 = (ln 10 𝐴) 𝑙⁄                                                                   Eq. 3 263 

𝐴 = − log10 𝑇𝑟                                                                      Eq. 4 264 

𝛼 =
1

𝑙
ln

1

𝑇𝑟
                                                                              Eq. 5 265 

Where, α is absorption coefficient (cm-1) and Tr is the transmittance intensity of a sample.  266 

The band gap energy of the sample with the highest concentration of MXenes was determined using 267 

the most widely used method proposed by Tauc et al. [24]. The so-called the Kubelka-Munk function is 268 

applied and is presented in Eq. 6 [25,26]. The band gap energy is deduced from the intercept of 269 

extrapolated linear part of the Tauc plot of (αE)2 versus photon energy (E).  270 

𝛼𝐸 = 𝛼𝑜(𝐸 − 𝐸𝐺)𝑛                                                                      Eq. 6 271 

 272 

where: 273 

E is photon energy which is converted from the interacted wavelengths (eV) 274 

Eg is the band gap energy corresponding to transitions indicated by the value of n (eV) 275 

αo is a constant which depends on the transition probability 276 

n is a value which can be 1/2, 3/2, 2 or 3 depending on types of electronic transition 277 

2.3 Performance of hybrid photovoltaic/thermal (PV/T) system under influence of 278 

nanofluids 279 

An evaluation is presented to study the influence of both the MXene nanoflakes loading and the types 280 

of surfactant toward the operation efficiency of a PV/T solar system. The water/MXene nanofluid acts 281 

as the optical filtration. The assessment of the operation is based on the evaluation of the average PV 282 

temperature, in addition to the thermal and electrical efficiencies of the hybrid PV/T system with optical 283 

filtration. The hybrid system consists of an optical filtration channel that is directly attached to the front 284 

surface of a PV panel. Another cooling channel, with water as flowing fluid, is attached at the bottom 285 
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of the PV panel to provide the cooling from the backside of the panel. The height of the optical filtration 286 

channel is 1 cm, which equals to the cuvette size (optical path length) used through the measurements 287 

of the transmittance spectra of the prepared water/MXene nanofluids. The evaluation parameters were 288 

calculated at three concentrations of the MXene nanoparticles, in the range from 0.0005 wt. % to 0.05 289 

wt. %. The efficiencies were calculated for a whole-day study in mid-July (15th of July) in Dhahran, 290 

Saudi Arabia. The experimentally determined spectral transmittance was used to assess the performance. 291 

A comparison was held between the assessment parameters, as mentioned earlier, for both the current 292 

hybrid system and a conventional PV/T system with a single cooling channel at the bottom side of the 293 

panel. The relevant differential energy equations were developed and solved numerically by using Finite 294 

Difference Method in Matlab 2017b software. The aforementioned studied system is illustrated in Figure 295 

1. 296 

 297 

Figure 1.  Schematic diagram of the hybrid PV/T system with the water/MXene nanofluid acts as the optical filtration. 298 

2.3.1 Mathematical model 299 

As mentioned, the assessment of the performance of the hybrid PV/T system was implemented using 300 

its thermal and electrical outputs. Table 1 and Table 2 list the developed energy equations and the fixed 301 

parameters, respectively. 302 

Table 1. Energy equations of the hybrid PV/T system with the water/MXene nanofluids as the optical filtration. 303 

Components Equations Numbering 

System 

Glass cover 
𝑧𝑔𝜌𝑔 𝑐𝑝𝑔

𝜕𝑇𝑔

𝜕𝑡
= 𝛼𝑔 ∫ 𝐺𝜆𝑑𝜆

2.5𝜇𝑚

0.25𝜇𝑚

+ ℎ𝑟𝑎𝑑,𝑔(𝑇𝑠𝑘𝑦 − 𝑇𝑔) + ℎ𝑐𝑜𝑛𝑣,𝑔(𝑇𝑎𝑚𝑏 − 𝑇𝑔) + ℎ𝑐𝑜𝑛𝑣,𝑜𝑓(𝑇𝑜𝑓 − 𝑇𝑔)

+
1

𝑑𝑥
∫ 𝑡𝑔 𝑘𝑔

𝜕𝑇𝑔

𝜕𝑥

+𝑥

−𝑥

 
 

Eq. 7 

 

Optical fluid 
𝑧𝑜𝑓𝑢𝑜𝑓𝜌𝑜𝑓𝑐𝑝𝑜𝑓

𝜕𝑇𝑜𝑓

𝜕𝑥
= 𝜏𝑔 ∫ 𝛼𝑜𝑓,𝜆𝐺𝜆 𝑑𝜆

2.5𝜇𝑚

0.25𝜇𝑚

+ ℎ𝑐𝑜𝑛𝑣,𝑜𝑓(𝑇𝑔 − 𝑇𝑜𝑓) + ℎ𝑐𝑜𝑛𝑣,𝑜𝑓(𝑇𝑝𝑣 − 𝑇𝑜𝑓) 
 

Eq. 8 

PV panel 
𝑧𝑝𝑣𝜌𝑝𝑣𝑐𝑝𝑝𝑣

𝜕𝑇𝑝𝑣

𝜕𝑡
= 𝜏𝑔 {𝛼𝑝𝑣 ∫ 𝜏𝑜𝑓 ,𝜆 𝐺𝜆𝑑𝜆

2.5𝜇𝑚

0.25𝜇𝑚

− [1 − 𝛽𝑝𝑣 (𝑇𝑝𝑣 − 𝑇𝑟𝑒𝑓)]∫ 𝜏𝑜𝑓 ,𝜆 𝜂𝑟𝑒𝑓,𝜆𝐺𝜆𝑑𝜆
2.5𝜇𝑚

0.25𝜇𝑚

}

+ ℎ𝑐𝑜𝑛𝑣,𝑜𝑓(𝑇𝑜𝑓 − 𝑇𝑝𝑣) + ℎ𝑐𝑜𝑛𝑣,𝑐𝑓(𝑇𝑐𝑓 − 𝑇𝑝𝑣) +
1

𝑑𝑥
∫ 𝑡𝑝𝑣𝑘𝑝𝑣

𝜕𝑇𝑝𝑣

𝜕𝑥

+𝑥

−𝑥

 

Eq. 9 

Cooling fluid 
𝑧𝑐𝑓𝑢𝑐𝑓𝜌𝑐𝑓𝑐𝑝𝑐𝑓

𝜕𝑇𝑐𝑓

𝜕𝑥
= ℎ𝑐𝑜𝑛𝑣,𝑐𝑓(𝑇𝑝𝑣 − 𝑇𝑐𝑓) + ℎ𝑐𝑜𝑛𝑣,𝑐𝑓(𝑇𝑏𝑝 − 𝑇𝑐𝑓) Eq. 10 
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Back plate 
𝑧𝑏𝑝𝜌𝑏𝑝𝑐𝑝𝑏𝑝

𝜕𝑇𝑏𝑝

𝜕𝑡
= ℎ𝑐𝑜𝑛𝑣,𝑐𝑓(𝑇𝑐𝑓 − 𝑇𝑏𝑝) + ℎ𝑟𝑎𝑑,𝑏𝑝(𝑇𝑔𝑟𝑜𝑢𝑛𝑑 − 𝑇𝑏𝑝) + ℎ𝑐𝑜𝑛𝑣,𝑏𝑝(𝑇𝑎𝑚𝑏 − 𝑇𝑏𝑝)

+
1

𝑑𝑥
∫ 𝑡𝑏𝑝𝑘𝑏𝑝

𝜕𝑇𝑏𝑝

𝜕𝑥

+𝑥

−𝑥

 
Eq. 11 

 304 

The electrical and thermal efficiencies are calculated by using Eq. 12 and Eq. 13: 305 

𝜂𝑒𝑙𝑒𝑐 =
𝐸𝑒𝑙

𝐸𝑖𝑛
                                                                    Eq. 12 306 

 𝜂𝑡ℎ =
𝐸𝑡ℎ

𝐸𝑖𝑛
                                                                     Eq. 13 307 

where notations 𝐸𝑖𝑛, 𝐸𝑒𝑙 and 𝐸𝑡ℎ represent the solar input, electrical output and thermal output energies, 308 

respectively and they are calculated using Eq. 14, Eq. 15 and Eq. 16. 309 

𝐸𝑖𝑛 = 𝐿𝑊 ∫ [∫ 𝐺𝜆𝑑𝜆
2.5𝜇𝑚

0.25𝜇𝑚
]

∆𝑇𝑠𝑡𝑢𝑑𝑦

0 𝑑𝑡                                                       Eq. 14 310 

𝐸𝑒𝑙 = 𝐿𝑊 ∫ [𝜏𝑔 ∫ τof,𝜆𝐺𝜆η𝑐,𝑟𝑒𝑓,𝜆[1 − 𝛽(𝑇𝑝𝑣 − 𝑇𝑟𝑒𝑓)]𝑑𝜆
2.5𝜇𝑚

0.25𝜇𝑚
]

∆𝑇𝑠𝑡𝑢𝑑𝑦

0 𝑑𝑡                         Eq. 15 311 

𝐸𝑡ℎ = 𝐿𝑊 ∫ 𝑚𝑜𝑓
. 𝑐𝑝,𝑜𝑓(𝑇𝑜𝑓,𝑜𝑢𝑡 − 𝑇𝑜𝑓,𝑖𝑛)

∆𝑇𝑠𝑡𝑢𝑑𝑦

0
𝑑𝑡                                             Eq. 16 312 

Where, LW represents the front surface area of the PV panel. 313 

Figure 2 shows the weather data at the mid-July (15th of July) [27], while Figure 3 depicts, both, the 314 

spectral distribution of the incident solar radiation defined by ASTM G-173 [28] and the reference 315 

efficiency of the PV panel provided by Jing et al. [15] for the monocrystalline silicon PV cells. 316 

In order to provide a fair comparison between the current PV/T system and the conventional 317 

standalone PV system, the equivalent electrical efficiency is calculated. The equivalent electrical 318 

efficiency combines both the normal electrical efficiency and the electrically-equivalent thermal 319 

efficiency of the system.  By assuming of a conversion efficiency (thermal energy to electrical energy) 320 

of 40%, which generally represents the normal conversion efficiency in gas and combined power 321 

stations [29], the equivalent electrical efficiency is given by Eq. 17: 322 

𝜂𝑒𝑙𝑒𝑐,𝑒𝑞 = 𝜂𝑒𝑙𝑒𝑐 + 0.4 𝜂𝑡ℎ                                                     Eq.17 323 

Table 2. Fixed parameters in the study 324 

Parameter Value Parameter Value 

L 0.7 m εg 0.9 

W 0.3 m τg 0.9 

zg 3 mm αg 0.05 

zof 10 mm αpv 0.945 

zpv 3 mm εbp 0.09 

zcf 20 mm Tref 25˚C 

zbp 3 mm ΔTstudy 1 day = 86400 sec 

Δx 0.05 m m.
of 0.001 kg/s 
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v 0 m s-1 m.
cf 0.002 kg/s 
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 326 
Figure 2 Weather data at the mid-July in Dhahran, Saudi Arabia [27] 327 
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 328 

Figure 3 The spectral distribution data used in the study for the PV reference efficiency [15] and for the solar incident radiation 329 
[28] 330 

3. Results and discussion 331 

3.1 Stability characterization of the nanofluids 332 

3.1.1 Zeta potential 333 

Immediately, after the preparation of the water/MXene nanofluids, the dispersion quality of 334 

the MXene nanoparticles in water was assessed by the determination of the average zeta 335 

potential for each sample. An average absolute value of the zeta potential of over 30 indicates 336 

the presence of a good dispersion and a highly stable nanofluid. The higher the average absolute 337 

value of zeta potential, the higher the stability of the dispersion of the nanofluid. Table 3 338 

demonstrates the measured average zeta potential for each of the prepared samples and the 339 

results indicate that all samples possess good dispersion of nanoparticles resulting in stable 340 

nanofluids. In addition, the surfactant SDBS produces more stable dispersions, especially at the 341 
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lower concentrations of 0.0005 wt. %, 0.001 wt. %, and 0.005 wt. %, which is confirmed by 342 

visual inspection and the transmittance measurement methods.  343 

Table 3.  Average zeta potential values for the samples of the water/MXene nanofluid prepared at different concentrations using CTAB and 344 
SDBS surfactants. 345 

Concentration of nanoparticles, ɸ 
(wt. %) 

Zeta potential of water/MXene nanofluids 

CTAB surfactant SDBS surfactant 

0.0005 55.59 -124.71 

0.001 60.34 -71.59 

0.005 62.64 -64.70 

0.01 56.63 -55.11 

0.05 58.01 -55.98 

 346 

3.1.2 Visual observation 347 

Figure 4 and Figure 5 show the results of the stability assessment by using visual observation of the 348 

water/MXene nanofluid samples prepared with CTAB and SDBS surfactants, respectively. The visual 349 

observation was conducted for 7 days at regular intervals. The results for the water/MXene samples 350 

prepared with CTAB shown in Figure 4, indicate that sedimentation of the nanoparticles increases with 351 

time. A majority of the nanoparticles in the low concentration samples (0.0005 wt. % and 0.001 wt. %) 352 

settle down in 3 hours, while the nanofluids of a higher concentration remain largely intact. After 1 day, 353 

almost all the nanoparticles in the three nanofluids with lower concentrations settle down and at 5 days 354 

all the nanoparticles settle to the bottom. Most of the nanoparticles into two nanofluids with a higher 355 

concentration have also settled down. 356 

  
After preparation After 1 hour 

  
After 3 hours  After 6 hours  
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After 1 day After 3 days  

  
After 5 days  After 7 days  

 357 

Figure 4 Visual observation to determine the stability of water/MXene samples prepared with the CTAB surfactant during 7 days 358 
after preparation. 359 

 360 
As shown in Figure 5, the water/MXene samples prepared with SDBS surfactant display a similar 361 

behavior. Some of the samples were not able to maintain their stability even for few hours after 362 

preparation. After 5 days, most of the nanoparticles in the nanofluids of all concentrations settle to the 363 

bottom. 364 

The effects of the CTAB and the SDBS surfactants on the stability of the water/MXene nanofluid 365 

samples cannot be determined using visual observation due to the differences in their measured 366 

transmittance immediately after preparation, which is attributed to the effect of the surfactants 367 

themselves. However, the most stable nanofluid can be found using daily measurements of the 368 

transmittance to determine the degradation of the nanofluids. 369 

  
After preparation After 1 hour 

  
After 3 hours  After 6 hours  
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After 1 day After 3 days  

  
After 5 days  After 7 days  

 370 

Figure 5 Visual observation to determine the stability of water/MXene samples prepared with the SDBS  surfactant during 7 days 371 
after preparation 372 

 373 

3.1.3 Monitoring of transmittance to assess the degradation of nanofluids 374 

Monitoring the changes of the transmittance of the prepared nanofluid samples is another way to 375 

assess their stability. The transmittance spectra was measured daily for seven days in the range of 300 - 376 

800 nm. Figure 6 demonstrates the variation of the transmittance spectra of the prepared nanofluids with 377 

a concentration of 0.05 wt. % using SDBS and CTAB, with time. The results indicate a noticeable 378 

increase in the transmittance of the samples after one day, indicating high sedimentation. The results 379 

seem to indicate that the change in transmittance is higher in the case of water/MXene nanofluid 380 

prepared using the SDBS surfactant compared to that prepared using the CTAB surfactant. However, 381 

by calculating the percentage increase in the overall transmittance with time by integrating the area 382 

under the spectral transmittance curves in Figure 6, a clearer picture is obtained as depicted in Figure 7. 383 

The results in Figure 7 for the three concentrations of 0.0005 wt. %, 0.005 wt. %, and 0.05 wt. % indicate 384 

that CTAB results in more stable water/MXene nanofluids at 0.05 wt. %, while the SDBS surfactant 385 

produces more stable nanofluids at lower MXene concentrations. 386 
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Figure 6 Increase of the spectral transmittance with time indicating the degradation of the of the 0.05 wt. % water/MXene 388 
nanofluid samples prepared using either CTAB or SDBS surfactant. 389 
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Figure 7 The percentage increase in the transmittance of the water/MXene nanofluid samples of 0.0005 wt. %, 0.005 wt. %, and 391 
0.05 wt. % prepared using either CTAB or SDBS surfactant. 392 

3.2 Morphology of the water/MXene nanofluids   393 

FESEM images of the synthesized MXene (Ti3C2) nanoflakes are illustrated in Figure 8 (a) and (b), 394 

which indicate the structures have been exposed, revealing the individual sheets of the MXene along the 395 

basal planes. The chemical etching process successfully exfoliates the MXene layers and the resulted 396 

sheets display accordion-like topography. This finding is well correlated with the morphology of the 397 

MXene synthesized by using the same MAX phase of Ti3AlC2 in a past work [18]. Energy dispersive 398 

spectroscopic (EDS) analysis confirms the presence of Ti, C, O, F, and Cl elements without any trace 399 

element of Al. The absence of Al indicates its complete elimination, which the Al-C layers have been 400 
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chemically removed from the structure of precursor material, transforming the MAX phase to the Mxene 401 

[18]. 402 

Figure 8(c) and (d) depict the SEM images of the 0.05 wt. % MXene nanofluidsin the presence of 403 

surfactants CTAB and SDBS, respectively. The images indicate that the surfactants assist the dispersion 404 

of MXene nanoflakes in water. The molecules of surfactant are most likely attach on the basal planes 405 

and in-between the layers of MXene [30,31], which enhance the dispersibility of MXene in water [31]. 406 

 407 

 408 

 409 
 410 

 411 
 412 

Figure 8  FESEM images of the MXene synthesized by using the mixture of LiF and HCl solution treatment. (a) Cross-sectional 413 
view and (b) top view; SEM images of 0.05 wt. % MXene nanofluids with the surfactants of (c) CTAB and (d) SDBS. 414 

 415 

3.3 Fourier transform infrared (FTIR) spectroscopy 416 

The FTIR spectra of deionized water and the water/MXene nanofluid samples with different 417 

concentrations of MXene have been conducted in the range of 4000-1000 cm-1, as shown in Figure 9. 418 

All nanofluid samples prepared using different surfactants at all concentrations display identical spectra 419 

to that of the deionized water. The absorption peaks of all samples are at 3321 cm-1 and 1644 cm-1. The 420 

results indicate that the interaction between the MXene nanoparticles and the deionized water facilitated 421 

by the surfactants CTAB or the SDBS is only physical and not chemical. These results are confirmed 422 

(a) (b) 

(c) (d) 
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by those previously reported by Kotia et al. [32], who observed identical peaks for the nanofluids and 423 

the base fluid.   424 
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 425 

Figure 9 FTIR spectra of deionized water and water/MXene nanofluids prepared using surfactants CTAB and SDBS at 426 
concentrations of 0.0005, 0.001, 0.005, 0.01, and 0.05 wt. % in the range of 4000-1000 cm-1. 427 

 428 

3.4 Optical properties of the water/MXene (Ti3C2) 429 

Figure 10(a) and (b) illustrate the influence of the MXene nanoflakes concentration, on the 430 

transmittance spectra of the prepared water/MXene nanofluids by using the two surfactants CTAB and 431 

SDBS. The spectral transmittance curves were plotted using the measurements of the UV-Vis 432 

spectrophotometer. For both surfactants, an inverse relationship was observed between the MXene 433 

nanoflakes concentration and the transmittance spectra of the prepared water/MXene samples. The 434 

influence of the nanoflakes concentration on the transmittance spectra was significant. The effect of the 435 

surfactant and the nanoparticles-concentration was most observed in the range of 300 – 1350 nm, which 436 

corresponds to the Ultraviolet (UV), the Visual (Vis) and the Near Infrared (NIR) ranges. In contrary, 437 

the effect was negligible at higher wavelengths, which correspond to the Mid Infrared (MIR) range. 438 

With the CTAB surfactant (Figure 10 (a)), the rate of the reduction in the transmittance spectra with 439 

increasing concentration is low at lower concentrations (0.0005 wt. %, 0.001 wt. %, and 0.005 wt. %) 440 

and the transmittance decreases mainly in the range of 300-900 nm. A relatively smaller decrease in the 441 

transmittance spectra was observed in between 900 nm and 1350 nm. At higher MXene concentrations 442 

of 0.01 wt. % and 0.05 wt. %, a much more significant reduction in the transmittance is observed in the 443 

range of 300-1350 nm. The transmittance spectra of the water/MXene nanofluid samples prepared using 444 

CTAB with the concentrations of 0.001, 0.005, 0.01, and 0.05 wt. % at 700 nm are decreased by 6.7, 445 

16.1, 44.4, and 86.6%, respectively, with respect to that of 0.0005 wt. % nanofluid sample. Only about 446 
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10% of radiation is transmitted by the studied nanofluids when the concentration of the nanoparticles is 447 

0.05 wt. %. 448 
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Figure 10 Transmittance spectra of the water/MXene nanofluid at different concentrations of nanoflakes prepared using: (a) 450 
CTAB surfactant, (b) SDBS surfactant 451 

 452 

The variation of the transmittance spectra of the prepared water/MXene samples as a function of 453 

different concentrations of the nanoparticles by using SDBS is similar to that of the samples prepared 454 

using CTAB (Figure 10 (b)). However, the decrease of the transmittance of the sample with 0.05 wt. % 455 

of nanoparticles with reference to that with 0.01 wt. % is larger when compared to that observed with 456 

samples prepared using CTAB. The results indicate that the surfactant type has an influence on the 457 

transmittance spectra of the final nanofluid product. The water/MXene nanofluid samples prepared 458 

using the SDBS surfactant display a higher spectral transmittance when compared to those prepared 459 

using the CTAB surfactant, as the comparison for 0.01 wt. % samples depicted in Figure 11 indicates.  460 
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Figure 11 Comparison between the transmittance spectra of the water/MXene nanofluid samples of 0.01 wt. % prepared using 462 
CTAB and SDBS surfactants. 463 

 464 

The transmittance spectra of the water/MXene nanofluid at different MXene nanoflakes 465 

concentrations prepared by using CTAB and SDBS was compared to verify the effect of the surfactants. 466 

Results of the comparison shown in Figure 12 indicate that, in most cases, using the SDBS surfactant is 467 

better than using CTAB, as SDBS does not significantly affect the transmittance of the original nanofluid 468 

in comparison to the CTAB.  469 
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Figure 12 Comparison of the transmittance spectra of water/MXene nanofluid samples at different MXene-nanoparticles 471 
concentrations, prepared using CTAB and SDBS surfactants. 472 

Absorbance (A) of all samples increases gradually with the decreasing wavelength in the range 280-473 

800 nm (Figure 13). Even the nanofluids with the lowest concentration of MXene (0.0005 wt. %) 474 

prepared using both surfactants display a detectable absorbance [21,33,34]. A broad absorption band is 475 

observed within the visible range of 400-800nm, which becomes distinct with increasing concentration 476 

of MXene. This absorption band is attributed to the surface plasmon resonance (SPR) effect of MXenes 477 

[20,35,36]. All these findings indicate that MXenes in aqueous solution are capable of absorbing light 478 

at both UV and visible wavelengths. MXenes have been applied as photo-thermal materials instead of 479 

CNTs and reduced graphene oxide materials [20,33,37]. The MXene nanofluids prepared with SDBS 480 

display a higher A in the entire wavelength range, as compared to the MXene nanofluids prepared using 481 

CTAB. The light absorption capability of MXenes in the presence of SDBS is relatively better than that 482 

in the presence of CTAB. As the absorbance can be used as an indicator of the quality of dispersion of 483 

an absorbing species [38,39], the results indicate that MXene disperses better in the presence of SDBS, 484 

as evidenced by the previous results that display the better stability of the water/MXene nanofluids 485 

prepared by using the SDBS surfactant (Figure 7). 486 

All samples display the maximum absorption peaks in the same range of 280-288 nm, which are due 487 

to theπ-π* transition of the C=C bond and n-π* transition of the C=O bond. These transitions typically 488 
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occur in the 250-300 nm range in carbon nanostructures, such as graphene nanosheets, quantum 489 

nanodots, or nanoparticles [22,35,40,41]. The SPR of the free π electron cloud of carbonaceous material 490 

also contributes to this absorption [42]. The intensity of these SPR peaks is proportional to the amount 491 

of MXenes when they contain carbon. That is why A increases with increasing concentration of MXenes 492 

and they disperse well in aqueous solutions. 493 

 494 

Figure 13  Absorption spectra of nanofluids with different concentrations of MXenes prepared using 0.36 mM CTAB and 0.38 mM 495 
SDBS. 496 

 497 

The maximum absorption peaks of water/MXene (0.05 wt. %) prepared with both CTAB and SDBS 498 

occur at 286 nm (Figure 13). The plots of the absorbance at 286 nm versus the concentration of the 499 

water/MXene nanofluids are linear, as presented in Figure 14, indicating that the nanofluids obey the 500 

Beer-Lambert law [20,21]. The best fit of the two plots based on linear regression has coefficients of 501 

determination (R2) close to 1. 502 

 503 

Figure 14  Absorbance as a function of concentration of MXenes prepared using CTAB and SDBS at a fixed wavelength of 286 nm. 504 
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 505 

The results indicate that A is directly proportional to the concentration (c) of MXenes measured with 506 

a light path length of 1cm. The molar absorptivity, εA, which is a measure of how strong MXenes absorbs 507 

light at a given wavelength per unit concentration [21], is calculated using Eq. 1. The calculated εA at 508 

286 nm is about 1.4 Lg-1cm-1 and 1.6 Lg-1cm-1 for CTAB and SDBS, respectively. Light is adequately 509 

absorbed by the solutions in the presence of MXenes. With a higher value of εA, only a small 510 

concentration of MXenes is required to provide sufficient light absorption capability, which is ideal for 511 

the needs of nanofluid applications [43]. However, the εA calculated in this study differs from literature 512 

value, which has been determined at a wavelength of about 800 nm [20,35,44]. Nanoparticles of 513 

different size and different surface functional groups on MXenes resulting from different etching 514 

reagents and intercalants can cause variations of εA. Both LiF and HCl have been used as etching 515 

reagents, while Li+ cations are used as intercalants to delaminate MXenes in this study [35]. The nature 516 

of the medium surrounding the nanoparticles also strongly influences εA [39]. The MXene nanofluids 517 

prepared using SDBS display a higher value of εA, which explains why MXene disperses better in the 518 

presence of SDBS and provides better absorption, as compared to the nanofluids containing CTAB, 519 

which confirms the results described earlier in the section describing the stability of the nanofluids. 520 

The nanofluids with the highest concentration of MXene (0.05 wt. %) prepared using CTAB and 521 

SDBS have the best dispersion of nanoparticles, as evidenced by their highest values of A (Figure 13). 522 

Hence, both these samples are further studied to evaluate their absorption coefficient α using Eq. 3. The 523 

two nanofluids display similar behaviour and α gradually increases with the photon energy (E), then 524 

decreases starting in the range of 4.3-4.5 eV in both cases (Figure 15). When the light absorbed by an 525 

absorbing species (i.e., MXene) increases with increasing photon energy, αalso increases. Although α 526 

decreases drastically at about 4.3 eV, it still remains above 1cm-1 in the wavelength range of 200-800nm, 527 

unlike the carbon nanostructures, such as graphene or carbon nanoparticles for which α decreases to 528 

zero when the photon energy is higher than 4.3eV [22]. The maximum peaks in both samples are due to 529 

the characteristic SPR effect [22,38]. The behaviour of α is similar to that of εA described earlier, and α 530 

of MXene nanofluids prepared using SDBS is higher than that of the nanofluids prepared using CTAB. 531 

In the nanofluids with the highest concentration of MXenes, the nanoparticles disperse slightly better in 532 

the presence of SDBS, which is indicated by the higher A in the entire wavelength range resulting in a 533 

higher α overall. 534 
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 535 

Figure 15  Absorption coefficient (α) as a function of photon energy (E) between of water/MXene nanofluids prepared using  in 536 
CTAB and SDBS. 537 

 538 

Band gap of a material is an important criterion in the semiconductor and nanomaterial industries. 539 

Insulators have a larger band gap (> 4eV) than semiconductors (< 3eV). To the best of our knowledge, 540 

there are a very limited number of experimental studies undertaken to investigate the band gap of 541 

MXenes. Based on the literature, the available reference values for these 2D materials are predicted by 542 

applying HSE06 hybrid density functionals [35]. In this study, the band gap energy of the nanofluids 543 

with the highest concentration of 0.05 wt. % MXenes dispersed using CTAB or SDBS are determined 544 

using the Tauc method employing the Kubelka-Munk function described by Eq. 6 [24–26]. 545 

The Tauc plots of the water/MXene nanofluids prepared using SDBS and CTAB are presented in 546 

Figure 16 for n=1/2, which corresponds to a direct allowed transition in MXene [22]. The values of Eg 547 

determined from the Tauc plots are 3.1 eV and 2.8 eV for water/MXene nanofluids prepared using 548 

CTAB and in SDBS, respectively, indicating that they behave as semiconductors due to surface 549 

functionalization [45]. During the etching process of Al-containing MAX phases, Al is selectively 550 

etched away and replaced by O, OH, or F surface terminations due to the use of both LiF and HCl as the 551 

etching reagents. They are then bonded to the Ti layers to form MXenes. When more of the metal surface 552 

has above terminations, the Fermi level of the metal is shifted lower and its density of state (DOS) at 553 

the Fermi level is reduced, resulting in a substantial band gap value [45–47]. Even though the Eg values 554 

determined in this study are smaller than that found in previous experimental work, it is still higher than 555 

that predicted by the computational method [35]. The variation of the band gap maybe due to the 556 

differences in the extent of surface functionalization, which cannot be easily controlled during synthesis. 557 

The surface of the MXenes is highly sensitive to the etching condition, which leads to the differences in 558 

their surface chemistry. 559 

Better dispersion of MXene in the presence of SDBS as compared to CTAB is signalled by the higher 560 

values of A, εA, and α, resulting in the aforementioned results, which lowers Eg. Good dispersion of 561 
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MXene in aqueous solutions in the presence of SDBS further enhances the surface functionalization of 562 

the transition metal, which is mainly due to OH-termination rather than O- and F-terminations. The 563 

presence of OH-terminations reduces the high work function of the metal as compared to the O- and F-564 

terminations, which results in a lower Eg [48]. In addition, OH-terminations are highly stable an 565 

environment with SDBS. Electrons are relatively easily excited from the valence and conduction bands 566 

when the band gap is low.  567 

 568 

Figure 16 Tauc plot of0.05 wt. % water/MXene prepared using CTAB and SDBS. 569 

 570 

3.5 Application for hybrid photovoltaic/thermal (PV/T) systems 571 

By using the MXene in different concentrations (0.0005, 0.005, and 0.05 wt. %) as the optical 572 

filtration in the presence of two different surfactants (CTAB and SDBS), the performance of a hybrid 573 

PV/T system is investigated and compared to a conventional PV/T system without optical filtration. The 574 

comparisons in terms of the equivalent electrical efficiency and the temperature distribution along the 575 

PV panel are depicted in Figure 17. The results in Figure 19 (a) declare that the equivalent performance 576 

of the hybrid PV/T system with the water/MXene nanofluid at low MXene concentrations (0.0005 wt. 577 

%) is better than the conventional PV/T system without optical filtration. At MXene concentrations of 578 

0.005 wt. %, the hybrid system with optical filtration starts to show lower equivalent performance 579 

compared to the conventional PV/T system and it reaches its lowest performance at concentration of 580 

0.05 wt. %, due to the high obstruction of solar radiation. The equivalent electrical efficiency decreases 581 

with increasing concentration, most likely due to the increase of the absorptivity of the water/MXene 582 

nanofluid at high nanoparticles concentration, resulting in an enhancement in the thermal output and a 583 

reduction in the electrical output. The mid-day temperature distributions along the PV panel, depicted 584 

in Figure 17 (b) show lower temperatures accompanied with the addition of the optical filtration channel, 585 

which is attributed to the front-side cooling and attenuation of a part from the solar radiation to arrive at 586 
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the PV surface.  587 
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Figure 17 The equivalent electrical efficiency and the temperature distribution along the PV panel (at 12:00 pm) of the hybrid 589 
PV/T system with the water/MXene optical filtration at different concentrations of MXene nanoparticles, prepared with the use of 590 

either the CTAB or the SDBS surfactants in comparison to the conventional PV/T system without optical filtration 591 

A breakdown of the output energies and efficiencies of the hybrid PV/T system with optical filtration 592 

provides a clearer picture of the impact of the concentration of the nanoparticles and the surfactant type, 593 

as illustrated in Figure 18 and Figure 19. The results indicate that increasing the concentration of the 594 

nanoparticles affects the electrical performance negatively by decreasing the electrical energy output 595 

(Figure 18 (a) and Figure 19 (a)), while it affects the thermal performance positively by increasing the 596 

thermal energy output (Figure 18 (b) and Figure 19 (b)). When optical filtration is used, a lower amount 597 

of solar radiation reaches the PV panel resulting in a lower electrical energy output in comparison to the 598 

conventional PV/T system without optical filtration. The ideal case of optical filtration is when the 599 

nanofluid allows full transmittance of solar radiation in the useful range for PV (325 – 1125 nm), which 600 

will not reduce the electrical energy output from the PV/T system (The reference efficiency of the panel 601 

in Figure 3). However, the water/MXene nanofluids used in this study are not able to achieve that. In 602 

addition, neglecting the change of the thermal conductivity of the water/MXene nanofluid samples with 603 

increasing concentration of the nanoparticles is another reason for the reduction of the electrical energy. 604 

As the thermal conductivity of a nanofluid with increasing concentration of nanoparticles is also 605 

expected to increase resulting in better cooling of the PV, a higher electrical energy output is anticipated. 606 

Many other parameters, such as the water/MXene mass flow rate and the channel height, can also affect 607 

the electrical energy. 608 

Finally, a comparison of the results in Figure 17, Figure 18 and Figure 19 indicate that the SDBS 609 

surfactant shows better effect compared to the CTAB, when added to low concentrations from the 610 

MXene nanoparticles (0.0005 wt. %). At higher concentrations, both surfactants produce a very similar 611 

effect. Overall, the SDBS surfactant is slightly better, especially at lower concentrations, due to the 612 
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higher stability of the nanofluids it forms. 613 

In conclusion, the use of a water/MXene nanofluid, at low nanoparticles concentrations, as the optical 614 

filtration in a hybrid PV/T system performs better than the conventional PV/T system without optical 615 

filtration. However, when the amount of MXene as optical filtration is 0.005 wt. % or above in hybrid 616 

PV/T system, the performance of the conventional PV/T system without optical filtration is better. More 617 

intense research should be conducted to investigate the effect of the mass flow rate of the nanofluid and 618 

the channel height on both the electrical and thermal performance of the hybrid PV/T system 619 

accompanied with optical filtration. The nanoparticles’ size and shape as well as the types of surfactant 620 

are the important parameters to be optimized for getting the reliable efficiency in the hybrid PV/T 621 

system.  622 
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 623 

Figure 18 The electrical and thermal energies output from the hybrid PV/T system with the water/MXene optical filtration at 624 
different concentrations of MXene nanoparticles, prepared with either the use of the CTAB and the SDBS surfactants in 625 

comparison to the conventional PV/T system without optical filtration 626 
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 627 

Figure 19 The electrical and thermal efficiencies of the hybrid PV/T system with the water/MXene optical filtration at different 628 
concentrations MXene nanoparticles, prepared with the use of either the CTAB or the SDBS surfactants in comparison to the 629 

conventional PV/T system without optical filtration 630 
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4. Conclusions 631 

The effects of the concentration of MXene (Ti3C2) nanoflakes and the surfactants of CTAB and 632 

SDBS on the optical properties of the water/MXene nanofluids are evaluated. The dispersion stability 633 

of the water/MXene nanofluids is determined through visual inspection and by monitoring the 634 

transmittance change with time. The stability assessment conclusions are summarized as: 635 

• Observation from visual inspection showed high degradation of the nanofluids at all 636 

concentrations after five days.  637 

• Monitoring of transmittance change indicated that the nanofluid samples prepared using the 638 

CTAB surfactant are more stable at higher concentration of the nanoflakes. However, at lower 639 

concentration of the nanoflakes, the samples prepared using the SDBS surfactant were more 640 

stable.  641 

For the findings of the UV-Vis spectroscopy: 642 

• The nanoflakes concentration has a significant impact on the transmittance spectra.  643 

• The transmittance decreases when the amount of nanoflakes increases.  644 

• The effects of the type of surfactant and the concentration of the nanoflakes are most noticeable 645 

in the range of 300 - 1350 nm (the UV, Vis and NIR ranges).  646 

• The water/MXene nanofluids prepared using the SDBS surfactant display a higher transmittance 647 

in comparison to those prepared using the CTAB surfactant.  648 

• The SDBS surfactant affects the transmittance in a lesser extent, implying that it renders the 649 

nanofluid more stability. The MXene nanoflakes within an aqueous solution are capable of 650 

absorbing light in both the UV and visible wavelengths.  651 

Implementing the measured optical properties in a hybrid PV/T system with an optical filtration facility 652 

declared a higher performance compared to the conventional PV/T system when the water/MXene 653 

nanofluid with a low concentration is used. At MXene concentrations above 0.05 wt. %, the hybrid 654 

system with optical filtration becomes electrically-inefficient. 655 
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