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Abstract 

Nano-colloidal suspensions of nanomaterials in a fluid, nanofluids, are appealing because of 

their interesting properties related to heat transfer processes. Whilst nanomaterials based on 

transition metal chalcogenides (TMCs) have been widely studied in catalysis, sensing, and 

energy storage applications, there are few studies of nanofluids based on TMCs for heat 

transfer applications. In this study, the preparation and analysis of nanofluids based on 2D-

WS2 in a typical heat transfer fluid (HTF) used in concentrating solar power (CSP) plants is 

reported. Nanofluids prepared using an exfoliation process exhibited well-defined nanosheets 

and were highly stable. The nanofluids were characterized in terms of properties related to 

their application in CSP. The presence of WS2 nanosheets did not modify significantly the 

surface tension, the viscosity, or the isobaric specific heat, but the thermal conductivity was 

improved by up to 30%. The Ur factor, which characterizes the thermal efficiency of the fluid 

in the solar collector, shows an enhancement of up to 22% in the nanofluid, demonstrating 

great promise for CSP applications. The Reynolds number and friction factor of the fluid 

were not significantly modified by the addition of the nanomaterial to the HTF, which is also 

positive for practical applications in CSP plants. Ab initio molecular dynamics simulations 

of the nanoparticle/fluid interface showed an irreversible dissociative adsorption of diphenyl 

oxide molecules on the WS2 edge, with very low kinetic barrier. The resulting ‘decoration’ 

of the WS2 edge dramatically affects the nature of the interface interactions and is therefore 

expected to affect significantly the rheological and transport properties of the nanofluids.  
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1. Introduction 

Nano-colloids or nanofluids are colloidal suspensions of nanomaterials in a fluid. The 

addition of nanomaterials can modify properties such as the thermal conductivity, isobaric 

specific heat or heat transfer coefficient of the fluid. Therefore, nanofluids constitute an 

emerging technology for the improvement of heat transfer fluids (HTFs),1-4 and they are 

considered as promising alternatives to conventional HTFs in several applications, such as 

electronic cooling,5 nuclear reactors,6 thermal energy storage7 and biomedical applications.8 

Nowadays, one of their most interesting applications is in solar energy systems. The presence 

of nanoparticles can lead to an increase in the absorption of incident solar radiation, which 

improves the global efficiency of the collectors.9-10 Nanofluids could enhance the features of 

the HTFs used in solar energy applications, more specifically in concentrating solar power 

(CSP) plants based on parabolic trough collectors. Here, the typical HTF used is the eutectic 

mixture of diphenyl oxide and biphenyl.11 Improvements in the thermal properties of the 

HTFs can lead to an enhancement of the global efficiency of CSP plants.12-14 Since Choi first 

reported interesting enhancements of the thermal properties of fluids thanks to the 

incorporation of nanoparticles,15 many studies have analyzed this effect and reported 

significant improvements in thermal conductivity. For example, Chen et al showed an 

improvement of about 20% for nanofluids based on carbon nanotubes,16 while Xuan et al. 

found enhancements of about 60% for nanofluids obtained using Cu nanoparticles in water.17 

However, an important issue surrounding nanofluids is that they should be stable, because 

nanofluids showing high stability have improved thermal properties over the time. Two-

dimensional nanomaterial may therefore be an interesting alternative to metallic or metal 

oxide nanoparticles because they present good physical stability, which can lead to a decrease 
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in agglomeration and sedimentation processes when they are included in colloidal 

suspensions, mainly thanks to their higher surface area. 

The present work shows the preparation of nanofluids based on 2D-WS2 and the typical 

synthetic oil used in CSP plants based on parabolic trough collector technology.11 The 2D 

nanostructures were prepared in situ in the fluid using a liquid phase exfoliation method. The 

nanofluids were characterized in terms of their stability and properties related to their 

efficiency in heat transfer processes, such as rheological and thermal properties. To 

understand the behavior of the nanofluids at the molecular level, theoretical calculations were 

performed based on molecular dynamics and ab-initio molecular dynamics. 

 

2. Materials and methods 

2.1. Preparation of nanofluids 

A nanofluid consists of three components: the fluid, the nanomaterial and the stabilizing 

agent or surfactant. For preparing stable nanofluids, the components are chosen according to 

the following considerations. The thermodynamic requirements for obtaining a stable 

colloidal suspension are reached when the tension at the solid-liquid interface, SL, is 

minimized. Fowkes18 and Owens-Wendt19 defined SL as: 
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where S and L mean solid and liquid, respectively, and p and d denote the polar and dispersive 

components of the surface tension. Therefore, to minimize the tension at the solid-liquid 
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interface the magnitudes of the 𝛾S
p
𝛾S
d⁄  and 𝛾L

p
𝛾L
d⁄  ratios should be similar, as should the 

values of 𝛾S
d and 𝛾L

d. The values of the polar and dispersive components were obtained using 

the WORK formula (Wendt, Owens, Rabel and Kaeble)20 following the procedure described 

in the literature,21 in which surface tension and contact angle are measured. Details of this 

calculation are shown in the Supporting Information. In this work, the fluid used was the 

eutectic mixture of diphenyl oxide (C12H10O, 73.5%) and biphenyl (C12H10, 26.5%), supplied 

by The Dow Company©. The nanomaterial used was WS2 (nanopowder, average size: 90 

nm, purity > 99%, Sigma-Aldrich©) and the surfactant was cetyltrimethylammonium 

bromide (CTAB, purity > 99%, Sigma-Aldrich©). The amount of CTAB was chosen to 

obtain 𝛾S
p
𝛾S
d⁄ ≈ 𝛾L

p
𝛾L
d⁄ . The ratio of the polar and dispersive component for bulk WS2 is 

0.52.22 Several base fluids using different concentrations of CTAB were tested to calculate 

the ratio between the polar and dispersive components. Table 1 shows the CTAB 

concentration tested, the values of the surface tension components, and the ratios between 

them obtained in the experiments. The intermediate concentration tested has the best fit to 

the ratio of the surface tension components of the base fluid with that of the bulk WS2.  

After defining the base fluid, a liquid phase exfoliation (LPE) method was used to prepare 

nanofluids based on WS2 nanosheets. When an LPE method is developed using the 

appropriate base fluid, the 3D material is exfoliated and 2D nanostructures are obtained. The 

procedure followed here has been described previously,21 and can be summarized as: (i) 3.75 

mg of 3D WS2 and 5 mL of the base fluid were added to four vials; (ii) these were sonicated 

for 8 h at 28-32 ºC using an Elma© Transsonic Tl-H-5 sonication bath (80 kHz, 150 W); (iii) 

the colloidal suspension was centrifuged twice. The supernatant obtained after the second 

centrifugation was the nanofluid. The present study considered four nanofluids, which were 
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prepared following the procedure described above, under the conditions shown in Table 2. 

Not all combinations of surfactant concentrations and sonification times are considered 

because conditions were being optimized after each preparation/characterization cycle. 

 

Table 1. Values of the surface tension and their components, and the ratio between them 

for the base fluid prepared using different concentrations of CTAB. 

CTAB /  

%wt. 
𝜸𝐋 /  

mN m-1 
𝜸𝐋
𝐩
 /  

mN m-1 

𝜸𝐋
𝐝 /  

mN m-1 

𝜸𝐋
𝐩
𝜸𝐋
𝐝⁄  

0.009 35.96 13.80 22.16 0.62 

0.011 35.61 12.62 22.99 0.55 

0.014 36.26 11.15 25.11 0.44 

 

Table 2. Preparation conditions for the nanofluids analyzed in this study. 

Nanofluid CTAB  

/ wt.% 

Sonication 

time / h 

#1 0.009 4 

#2 0.014 4 

#3 0.009 8 

#4 0.011 8 

 

2.2. Characterization of nanomaterial and nanofluids 

First, transmission electron microscopy (TEM) was used to analyze the shape and size of the 

nanostructure obtained from the LPE process. The TEM images were recorded using a JEM-

2100F microscope supplied by Jeol©. X-ray diffraction (XRD) and X-ray photoelectron 

spectroscopy (XPS) techniques were also used to test whether the WS2 underwent significant 

changes during the exfoliation process. A Bruker® D8 Advance A25 diffractometer emitting 

Cu-Kα radiation (1.540 Å) and a Lynxeye detector were used. The measurement range was 

from 3º to 75º in the 2θ range, with an accuracy of 0.020º. The measurement conditions were 

40.0 kV and 40.0 mA. Furthermore, XPS spectra were recorded using a Kratos Axis 
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UltraDLD spectrometer with monochromatized Al K radiation (1486.6 eV), a 20 eV pass 

energy and given with an accuracy of 0.1 eV.  

Stability is a key property of nanofluids because it can have a significant effect on the 

observed thermal properties. Stability was assessed using UV-Vis spectroscopy to analyze 

the sedimentation process, by evaluating the extinction coefficient and particle size 

measurements. UV-Vis spectra were recorded using a system consisting of a DH-2000-BAL 

halogen lamp and a USB2000+ spectrometer, both supplied by Ocean Optics®. Spectra were 

recorded between 300 and 900 nm and the extinction coefficient was extracted at  = 629 nm 

to analyze the evolution of nanomaterial in suspension in each nanofluid. Particle size 

measurements were also performed using the dynamic light scattering (DLS) technique by 

means of a Zetasizer Nano ZS system supplied by Malvern Instruments Ltd®. The extinction 

coefficient and particle size values were obtained every day in triplicate. 

Several measurements were performed to analyze whether the nanofluids prepared could 

replace the typical HTF used in CSP plants: density, surface tension, dynamic viscosity, 

isobaric specific heat and thermal conductivity. The fluid used in this study, which is the 

typical HTF used in CSP plants, was also characterized for comparison purposes.  

The density () values were obtained using temperature-controlled pycnometry. Five values 

were registered to obtain statistical values. A KRÜSS GmBH DSA-30 Drop Shape Analyzer 

(Hamburg, Germany) was used to measure the surface tension of samples from the pendant 

drop technique. The comprehensive experimental procedure followed has been described 

previously.23 Surface tension values are determined from the drop shape analysis using the 

Young-Laplace equation. In this configuration, uncertainty was reported to be less than 0.1% 

at ambient condition with calibration gauges and less than 1.08% for distilled water in the 
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temperature range 10-60°C.23 A Malvern Kinexus Pro stress-controlled rheometer (Malvern 

Instruments Ltd©, United Kingdom) equipped with cone and plate geometry (60 mm in 

diameter and 1º in angle) is used for rheological evaluation of samples. Temperature was 

controlled by using a Peltier control system with a precision of ±0.1K. Measurements were 

performed applying logarithmic shear stress ramp under steady-state condition once the 

sample is equilibrated at the required temperature. The uncertainty for viscosity measurement 

was evaluated to be lower than 4% in the literature.24 Isobaric specific heat (CP) was 

measured using the temperature modulated differential scanning calorimetry (TM-DSC) 

technique, using a DSC 214 Polyma supplied by Netszch®. The program performed to 

measure the isobaric specific heat has been previously described in the literature.21  

Thermal conductivity is one of the most important properties of nanofluids prepared for use 

as a heat transfer fluid. In this study, thermal conductivity (k) was obtained from thermal 

diffusivity (D) values according to the ASTM E1461-01 standard, which supplies the 

relationship between both properties as 𝑘(𝑇) = 𝐷(𝑇) · 𝐶P(𝑇) · 𝜌(𝑇), where all variables 

have been defined previously. Thermal diffusivity was measured using the light flash 

technique using an LFA467 Hyperflash equipment supplied by Netszch®. 

 

2.3. Computational framework 

In order to get insights into the behavior of the system from a molecular level viewpoint, 

classical and ab-initio molecular dynamics simulations were performed.  

The Transferable Potentials for Phase Equilibria (TraPPE) force field was used for classical 

molecular dynamics calculations. A cluster of 75 atoms was used for describing the WS2 

particle, cut from a unit cell with space group P63/mmc.25 The non-bonded interactions were 



 9 

described by using Lennard-Jones and Coulomb potentials, with parameters from the 

literature.26-27 More details about these calculations are shown in the Supporting Information.  

The DLPOLY code was used to carry out molecular dynamics simulations using periodic 

boundary conditions.28 The canonical ensemble (NVT) was employed, with a Nose-Hoover 

thermostat at 300 K. The Ewald sum methodology was applied to account for electrostatic 

interactions. The simulation time was 1 ns, with a time step of 0.5 fs. More details of these 

calculations are shown in the Supporting Information. 

For the ab initio molecular dynamics (AIMD) simulations, periodic slab models were used 

to represent the interaction between prominent WS2 surfaces with the organic solvent (the 

surfactant was not included). WS2 was cleaved along the (0001) (basal) and the (10-10) 

(edge) termination planes to create basal-plane and edge-plane slab models. Basal-plane slabs 

consisted of 6 atomic layers (two WS2 layers) in the direction perpendicular to the surface, 

whereas edge-plane slabs had a depth of 8 atomic layers. The region between slabs was filled 

with the same fluid used in the experiments, i.e. diphenyl oxide and biphenyl, in a 3:1 ratio, 

quite similar to the experimental one. Interface models for both surfaces consisted of 1744 

atoms.  

The AIMD simulations were performed using the CP2K software package.29 All electronic 

minimizations were carried out using density functional theory (DFT) with the Quickstep 

implementation30 where the orbital transformation method31 was employed. DFT 

calculations used the generalized gradient approximation in the form of the revised Perdew-

Burke-Ernzerhof (revPBE) exchange-correlation functional.32 For a correct representation of 

dispersion interactions, Grimme’s D3 corrections33 were applied to all calculations. The 

single-zeta, molecule-optimized, short-ranged basis sets34 (SZV-MOLOPT-SR-GTH) were 

used with the Goedecker-Teter-Hutter (GTH) pseudopotentials,35 to represent atomic cores. 
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The simulations were performed within the NVT canonical ensemble (both at 300 K and 653 

K) using the Nose-Hoover thermostat chain36 with a time constant of 13 fs. A time step of 1 

fs was used, and each simulation ran 9,000 AIMD steps, giving a total simulation time of 9 

ps. 

Energy barriers to dissociative adsorption were calculated using the nudged-elastic-band 

(NEB) method as implemented within the Vienna Ab Initio Simulation Package (VASP).37-

38 VASP calculations were performed with the Perdew-Burke-Ernzerhof (PBE) functional,39 

with Grimme’s corrections, and with a planewave energy cutoff of 400 eV. The projector 

augmented wave (PAW) method40-41 was used to represent the interaction of electrons with 

atomic cores, which consisted of levels up to 1s for C and O, up to 2p for S and up to 5p for 

W. NEB calculations were performed on the reactive (10-10) edge-plane termination of WS2, 

with a single diphenyl oxide molecule dissociatively adsorbed at the surface. For simplicity, 

the edge surface was represented using only one WS2 trilayer. This was built as a nanoribbon, 

with periodicity in only one crystallographic direction. Five intermediate geometries 

(images) were built to represent the dissociative adsorption path of diphenyl oxide at the 

surface. 

 

3. Results and discussion 

3.1. 2D-WS2 characterization 

Transmission electron microscopy images were recorded to assess whether the exfoliation 

process generated 2D WS2 nanostructures. Figure 1 shows representative images recorded 

for the samples extracted from the nanofluids prepared. The presence of nanosheets is 

observed in nanofluids #1, #2 and #3 (Figures 1a-c), but the exfoliation process was not 

highly efficient because the electro-transparency of the nanostructures generated was low. 
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Nanosheets were observed but nanostructures that appeared not to be exfoliated were also 

apparent. Figure 1d shows TEM images obtained for nanofluid #4, which was prepared using 

the CTAB concentration that best fits the ratio between the surface tension components for 

the solid and the base fluid. In this case, we can observe a better exfoliation of the bulk WS2 

and nanosheets with high electro-transparency. 

 

 

Figure 1. TEM images for nanofluids #1 (a), #2 (b), #3 (c), and #4 (d); and XRD pattern 

recorded from the solid extracted from nanofluid #4 after the LPE process (e). 
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XRD was used to analyze the WS2 obtained after the LPE process. The solid was extracted 

from nanofluid #4, which shows a better efficiency in the exfoliation process, and the XRD 

pattern was recorded. It is shown in Figure 1e. The diffraction peaks at 2 values of 14.2º, 

28.5º, 33.0º, 33.7º, 39.6º, 42.9º and 49.4º are assigned to the diffraction planes (002), (004), 

(100), (101), (103), (006) and (105) of WS2 with a hexagonal structure (P63/mmc space 

group) according to the reference JCPDS 08-0237. The strong diffuse background and weak 

(002) peak indicate that WS2 layers were packed in a highly disordered manner and with low 

stacking.42-43  

 

3.2. Nanofluid stability 

Stability is a key factor in the performance of nanofluids because the load and size of heat 

carriers, namely the nanostructures in the nanofluids, are vital factors in heat conduction 

processes. Consequently, changes in the amount and size of heat carriers should be registered 

to determine the stability of nanofluids. The amount of 2D-WS2 in the nanofluids prepared 

was evaluated from extinction coefficient. Figure S1 in the Supporting Information shows 

the spectra registered for the nanofluids after preparation. The presence of WS2 nanosheets 

is confirmed by the observation of the characteristic peak at about 629 nm.44 Also, this value 

of wavelength is chosen for checking the evolution of the sedimentation process. These 

spectra show that no chemical differences were observed in the nanomaterial exfoliated in 

each case. Figure 2 shows the extinction coefficient values recorded each day at =629 nm 

for the nanofluids. A decrease in the extinction coefficient was observed for nanofluids #1 

and #2, while no significant decrease was found for nanofluids #3 and #4. This is probably 

due to the centrifugation process after exfoliation, which leads to a practically stable load 
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being obtained. However, the absolute extinction coefficient values are the most important 

result. The values obtained for nanofluids #1 and #2 were very low, which means the load of 

nanomaterial in suspension after the exfoliation process is poor. Furthermore, neither of these 

nanofluids was stable at the beginning, probably due to incomplete exfoliation. Nanofluid #3 

presented higher extinction coefficient values and is clearly more stable than nanofluids #1 

and #2. However, the highest values found were those obtained for nanofluid #4, meaning 

that the highest load of nanomaterial in suspension was found for this nanofluid. Therefore, 

the exfoliation process was clearly more efficient for nanofluid #4, which is consistent with 

the results obtained from TEM. Moreover, no changes were found in the extinction 

coefficient for this nanofluid, so it is stable over the time and the most promising nanofluid 

prepared in this study due to the high load of 2D-WS2 in suspension. 

 

Figure 2. Extinction coefficient values at =629 nm for the nanofluids prepared. 

 

Analyzing the size of the particles in the colloidal suspension makes it possible to understand 

the agglomeration process taking place in the nanofluids. The average size of the heat carriers 
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in terms of hydrodynamic diameter is shown in Figure 3. Nanofluids #1 and #2 are on average 

larger than 250 nm and show clearly particle sizes increasing with time. This is coherent with 

the values of extinction coefficient. The average particle size obtained for nanofluid #3 is 

lower than for nanofluids #1 and #2 (lower than 250 nm). Also, nanofluid #3 seems to be in 

constant change, and the particles are seen to increase in size over time, which suggests poor 

stability for this nanofluid. Finally, the average size for nanofluid #4 remained practically 

constant, at about 200 nm, after more than two weeks. These results agree with those obtained 

from UV-Vis spectroscopy, and confirm that #4 is the most stable of the four prepared 

nanofluids. 

 

Figure 3. Average particle size obtained by DLS for the nanofluids prepared. 

 

3.3. Nanofluid performance  

Several thermophysical properties of the nanofluids were also analyzed in this study, to 

determine the nanofluid efficiency. Such properties are also involved in the heat transfer 

coefficient, h, as evidenced in the literature.45 Therefore, density, surface tension, dynamic 
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viscosity, isobaric specific heat and thermal conductivity were characterized in the present 

study. 

Numerous studies reported that heat transfer fluids are more efficient when their density 

increases, because of an increase in the load of nanoparticles.46 The density values measured 

at 298 K for each nanofluid are available in Table 3. Density values increase slightly for 

nanofluids, the highest increase of 0.45% corresponding to the nanofluid #4, which also 

showed the highest extinction coefficient values due to the higher load of nanomaterial in 

suspension. The volume fraction was calculated according to 𝜙 = (𝜌nf − 𝜌bf) (𝜌nm − 𝜌bf)⁄ , 

where the subscripts “nf”, “bf” and “nm” refer to the nanofluid, base fluid, and nanomaterial, 

respectively. The density of 2D-WS2 is 7500 kg m-3.47 Again, the volume fraction was highest 

for nanofluid #4. 

 

Table 3. Values of density, the increase in density and the volume fraction. 

Nanofluid 
 

/ kg m-3 

(𝝆𝐧𝐟 − 𝝆𝐛𝐟) 𝝆𝐛𝐟⁄  
/ % 

 
/ vol.% 

Base 

fluid 
1056.00.9 -- 

-- 

#1 1056.61.2 0.06 0.009 

#2 1056.51.0 0.05 0.008 

#3 1057.91.8 0.18 0.029 

#4 1060.81.4 0.45 0.075 

 

The stability analysis and density measurements lead to the conclusion that nanofluid #4 is 

the most promising nanofluid. Nanofluids #1 and #2 show a very low load of nanomaterial, 

and nanofluid #3 shows poor stability as discussed previously. Therefore nanofluid #4 is the 

most promising, which may be rationalized by considering that it presents the highest load 
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of nanomaterial in suspension and it is also highly stable. Therefore, this nanofluid was 

characterized for its rheological and thermal properties. 

We now discuss the surface tension of the fluid, because of the major role this thermophysical 

property has in applications and processes involving heat transfer.48 The surface tension of 

the original HTF, the base fluid (HTF + surfactant), and nanofluid #4 are plotted against 

temperature in Figure 4. A good agreement is obtained between the measured surface tension 

of the fluid and available manufacturer data in the range 20-40°C with an average deviation 

of 1.21%. Figure 4 also shows that the surface tension of the base fluid and of nanofluid #4 

are very close to that of the pure HTF at all temperatures. 

 

Figure 4. Surface tension of the HTF, the base fluid and nanofluid #4. 

 

Shear flow curves of the HTF, the base fluid and nanofluid #4 are reported in Figure 5a. All 

the fluids behave in a Newtonian manner, that is for the shear rate values the viscosity is 

constant. Comparison of viscosity values are also reported in Figure 5b, evidencing the 

decrease in viscosity with temperature and showing that the viscosity of the HTF is not 
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modified by the presence of surfactant and nanoparticles. The result is important because it 

means that the introduction of WS2 nanosheets does not modify the viscosity of the base 

fluid. Consequently, it will not induce any significant increase in pumping power, pressure 

drop or friction factor under application conditions, as demonstrated below. 

 

Figure 5. (a) Shear flow curves of the HTF, base fluid and nanofluid #4 at different 

temperatures; (b) Viscosity of the HTF, base fluid and nanofluid #4 against temperature. 

 

Isobaric specific heat is a key property in heat transport because it determines the energy 

storage capacity of the fluids. The isobaric specific heat values obtained for the base fluid 

and nanofluid #4 are shown in Figure 6a. The changes in isobaric specific heat between the 

HTF and the base fluid were found to be negligible, and therefore the values for the HTF are 

not shown for clarity of the figure. The values for the base fluid and for the nanofluid show 

a typical trend: the higher the temperature, the higher the isobaric specific heat. The isobaric 

specific heat for nanofluids is expected to decrease with respect to the base fluid because the 

isobaric specific heat of fluids is usually higher than that of solids, although some 

experimental results have shown the opposite behaviour.4, 49 In our case, CP decreased by 

about 1.6% with respect to the base fluid, but this variation is of the same order as the 

uncertainty of the measurements.  
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Figure 6. Temperature variation of (a) the isobaric specific heat, and (b) the thermal 

conductivity of the base fluid and the nanofluid #4; (c) the ratio of the thermal conductivity 

values for the nanofluid #4 and the base fluid. Dash lines joining the points are only a guide 

to the eye. 

 

Figure 6b shows the thermal conductivity values obtained for nanofluid #4 and for the base 

fluid versus temperature. The changes in thermal conductivity between the HTF and the base 

fluid were found to be negligible; therefore, the values for the HTF are not shown in the 
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figure for the sake of clarity. The thermal conductivity values for the nanofluid increased 

with temperature, which means they followed the opposite trend to the base fluid. This means 

that the heat conduction mechanism in the nanofluids may be different to that of the base 

fluid. This different trend with temperature leads to an important enhancement of thermal 

conductivity at temperatures get close to 100 ºC. Figure 6c shows the ratio of the thermal 

conductivity values for nanofluid #4 and the base fluid (knf / kbf), which gives the thermal 

conductivity enhancement for nanofluid #4. The highest increase was about 30% at 90ºC. 

The large thermal conductivity enhancement is a promising feature for solar thermal 

applications. 

The performance of the nanofluids in CSP applications can be characterized by the useful 

energy production (Qu), which can be calculated as 𝑄u = 𝑈r𝐴riΔ𝑇, where Ari is the internal 

surface of the receiver and T is the temperature difference between the receiver and the 

fluid. Ur is a factor which considers the typical enhancement of the heat transfer coefficient, 

h, and also the heat that can be moved from the fluid, typically defined from (𝜌𝐶P).
12 When 

the values of e (𝜌𝐶P) are higher, the heat moved increases, and this leads to an enhancement 

in the thermal efficiency. Ur is defined as: 

 

𝑈r = (
1

ℎ
+

𝐴𝑟
2(𝜌𝐶P)𝑉

)
−1

 (2) 

 

being V the flow rate. Higher values of Ur imply lower temperature values in the solar 

receiver, if Qu is assumed to be constant. This means the higher the Ur values, the lower the 

temperature in the receiver and the lower the thermal losses. If thermal losses are decreased, 

the solar collector will be more efficient. Thus, the thermal efficiency will be higher when Ur 
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values are high. A comparison of Ur values for the base fluid and nanofluid gives the 

performance enhancement of the nanofluid with respect to the typical HTF used in CSP 

plants. Details of the calculations of Ur are shown in the Supporting Information. Figure 7 

shows the values of Ur for the base fluid and for the nanofluid #4 at several flow rates between 

100 and 300 L min-1. In all cases, an increase in Ur is observed for the nanofluid. In the figure, 

the ratio between the Ur values for the nanofluid respect to the base fluid is included in the 

right side. We can observe an enhancement of up to 22%, which is promising for the use of 

this kind of nanofluid in CSP plants.  

 

Figure 7. Ur values and the ratio between the values of the nanofluid with respect to the 

base fluid at several flow rates. Dash lines joining the points are only a guide to the eye. 
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In addition, the friction factor (f) can also be evaluated, as a performance indicator of the 

nanofluid in comparison to the base fluid, from the thermophysical properties experimentally 

determined. This is done using the following equation:50 

 

𝑓 = 0.25 [𝑙𝑜𝑔 (
150.39

𝑅𝑒0.98865
−
152.66

𝑅𝑒
)]

−2

 (3) 

 

where 𝑅𝑒 = 𝜌𝑉av𝐷 𝜇⁄  is the Reynolds number. Vav and D are the average fluid velocity in 

the inner pipe, and the inner pipe diameter, respectively. Such an equation is valid for 

Re = 3000–108, turbulent flow and smooth pipes that generally compose CSP collector. An 

inner tube diameter D of 0.066m was considered12 and flow rates were varied between 100-

300 L/min,12 as done for the evaluation of Ur. It is observed in Figure 8 that, due to the slight 

change of both density and viscosity of the nanofluid in comparison to base fluid, that Re 

number and the friction factor of the nanofluid are not significantly modified compared to 

the base fluid, which is a positive feature for CSP applications. As expected, the Re number 

increases and the friction factor decreases when the flow rate increases or the temperature 

decreases. 
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Figure 8. Influence of temperature and flow rate in the friction factor and Re number for 

the base fluid and the nanofluid #4. Dash lines joining the points are only a guide to the 

eye. 

 

 

The performance of this nanofluid seems to be promising for CSP applications, which is a 

high temperature application (at about 380ºC in parabolic through collector technology). At 

these high temperatures, some undesirable processes may occur. Thus, nanofluid was tested 

in thermal cycles, reaching 573 K without stirring. The nanofluid was heated for 5 h, and the 

evaporation of the fluid was controlled. Figure 9a shows the results obtained for the 
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extinction coefficient at  = 629 nm before and after each cycle. After the first cycle, a slight 

increase of the extinction coefficient was observed. After three cycles, the changes in 

extinction coefficient are negligible, therefore the nanofluid reaches stability. In the inset of 

Figure 9a, the UV-vis spectra registered at the beginning and at the end of these tests are 

shown. We cannot observe significant changes in the spectra, suggesting that no chemical 

changes occur in the nanofluid after thermal cycles. Also, Figure 9b shows the values of the 

mean particle size. The values of particle size are stable for all cycles, confirming that the 

nanofluid remains stable after thermal cycles. 

 

 

Figure 9. Extinction coefficient values obtained at  = 629 nm (a), and particle size values 

(b) for the nanofluid #4 before and after thermal cycles. 

 

 

 

3.4. Base fluid-WS2 reactivity 

In order to gain insights into the behavior of the experimental system from a molecular level 

viewpoint, classical and ab-initio molecular dynamics simulations were performed.  
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As a preliminary analysis, we used classic molecular dynamics to study how the surfactant 

and base fluid molecules are placed around the WS2 slab. For this, we performed a spatial 

distribution function (SDF) analysis of the system up to 12.0 Å. A detailed analysis of the 

radial distribution function (RDF) to support this discussion is included in the Supporting 

Information. Figure 10 shows the SDF of the system and its associated structure. We observe 

six blue lobes corresponding to N atoms placed in a first layer around the WS2 slab belonging 

to six molecules of CTAB. Also, Figure 10 shows two red lobes corresponding to two O 

atoms from two diphenyl oxide molecules oriented toward the W from the edge from the 

WS2 slab. Finally, it can be appreciated the presence of soft-grey color lobes from three 

biphenyl molecules on the two faces of the slab. It is clear that diphenyl oxide molecules 

present a strong tendency to interact with the W atoms from the edge of the slab, which agrees 

with the well-defined peak from the RDF W-O pairs (see Figure S2 in the Supporting 

Information). Moreover, the chain of the six surfactant molecules may impede more diphenyl 

oxide and biphenyl molecules getting closer to the slab. The results of classical molecular 

dynamic simulation reveal the oxygen atoms from diphenyl oxide molecules are oriented 

toward W atoms of the WS2, mainly on the edge of the slab, which justifies the interest to 

explore the reactivity of the interaction between diphenyl oxide and biphenyl molecules and 

the WS2 by ab initio molecular dynamics, which will be discussed below. 
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Figure 10. SDFs of the WS2 nanofluid (left side) and a representation of the structure 

around the WS2 slab (right side). The red-colored spatial distribution is assigned to the O 

atoms of diphenyl oxide molecules. The blue spatial distribution corresponds to the N 

atoms of the CTAB. The SDF for C of diphenyl oxide and biphenyl appears in soft-grey 

and for C atoms of CTAB in dark-grey. 

 

 

AIMD simulations indeed reveal strong interactions between diphenyl oxide and the W-

terminated WS2 (10-10) edge, which leads to a rapid dissociative adsorption of the diphenyl 

oxide at that edge. Such reactivity was observed to occur within the simulation time at both 

300 K and 653 K, suggesting a low kinetic barrier to the dissociative adsorption process. The 

formation of the O-W bond was observed after ca. 2 ps of simulation. Figure 11 shows 

snapshots of the AIMD simulations before and after the reaction between diphenyl oxide and 

the particle edge takes place.  
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Figure 11. Two snapshots of AIMD simulation performed at 653K. The snapshot on the 

left shows the state of the system at point (A), 1.6 ps, and the snapshot on right shows the 

state of the system at point (B), 2.4 ps. 

 

To quantify the transition barrier for the dissociative adsorption of diphenyl oxide, we 

performed nudged elastic band calculations. Figure 12 shows that there is indeed a very small 

energy barrier between the image zero (molecule away from the edge) and image 2 (molecule 

adsorbed with formation of an O-W bond). The formation of an additional (C-W) bond 

precedes the breaking of the molecule, again with a small barrier of ~0.2 eV. The final state 

is the one seen in the AIMD simulations, where both fragments are bonded to the surface, 

resulting in one O-W bond and two C-W bonds in total. The dissociative adsorption of 

diphenyl oxide on the W-terminated edge is a highly exothermic process, with an energy 

release of ~4 eV. Therefore, there is a huge driving force, and negligible kinetic barrier for 

this process to occur at the interface between WS2 nanoparticles and the organic fluid.  
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Figure 12. Results of simulations performed within the NEB method with relative energies 

obtained using VASP code. All energies given relative to the fist image (0), the diphenyl 

oxide represented as part of the ‘bulk’ solvent layer.  Visual representation included at 

points of high significance. 

 

 

We do not observe any reactivity in the simulations of the interface between the basal plane 

and the organic fluid, which can be expected from the well-known stability of that 

termination. Our simulations therefore suggest that the edge of the nanosheets will become 

decorated with fragments of diphenyl oxide almost immediately after contact with the 

solvent, whereas the basal planes will remain unreactive. However, further simulations would 

be needed to understand the possible reactivity of the basal plane, as it might occur at time 

scales not accessible to our current simulations. Clearly, the ‘decoration’ described here 

could have significant impact on the rheological and transport properties of the nanosheets, 

and this will be the subject of future theoretical and experimental research.  
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To confirm the dissociative adsorption analyzed by means of AIMD from an experimental 

point of view, XPS measurements of the solid extracted from the nanofluid were performed. 

The survey spectrum (see Figure S2 in Supporting Information) shows the presence of W 

and S from WS2, but also of C and O. The signals of these elements were also recorded. 

Figure 13a shows the signal for S 2p. The contribution for S 2p3/2 was found at a binding 

energy (BE) of 162.5 eV, which is typical for WS2 
51-52. Furthermore, a clear splitting of the 

spin-orbit component doublet in the S 2p region is observed, showing a separation of about 

1.2 eV. Figure 13b shows the signal for W 4f. This signal is complex: a spin-orbit component 

doublet at BE of 34.4 and 32.3 eV corresponds to the 4f5/2 and 4f7/2 signals for W in WS2 
51, 

53. W 4f7/2 signals for W bonded to C have been reported previously, typically appearing at 

31.8 eV. Therefore, the W 4f7/2 signal has been deconvoluted, and two contributions were 

found, as the inset of Figure 13b shows. A contribution at a BE of 31.8 eV (highlighted as 

Peak 2 in the figure) was found and assigned to the W-C bond 51, which can be produced due 

to the dissociative adsorption of biphenyl and diphenyl oxide molecules at the edges of WS2 

nanosheets. This is coherent with the AIMD results shown previously. The spectrum for W 

4f shows another doublet, generated by the splitting of the spin-orbit component of this 

signal. This doublet appears at BEs of 37.8 and 35.6 eV, and the peaks are assigned to 4f5/2 

and 4f7/2 contributions for W in W(VI) oxides.51 This signal may be due to the adsorption of 

species on the surface, but it can also be generated by the formation of W-O bonds when 

diphenyl oxide molecules are adsorbed dissociatively on WS2 nanosheets, as is shown in the 

AIMD results above. Figure 13c shows the signal for C 1s, and also the deconvolution of the 

signal. The typical peak at about 284.8 eV (named Peak 1) is observed and assigned to 

adventitious carbon. Another two peaks were also found centered at 285.2 and 286.7 eV. 

These peaks can be assigned to C in phenyl rings. The peak at the lower BE is typically 
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assigned to the C of the benzene rings,51 while the peak centered at the higher BE is assigned 

to the C belonging to benzene rings but with O atoms substituting H atoms, that is, phenol 

groups.51 Again, this result confirms the results obtained from AIMD calculations, namely, 

that diphenyl oxide molecules are dissociatively adsorbed and both fragments are bonded to 

the surface, resulting in O-W and C-W bonds. Finally, Figure 13d shows the signal for O 1s. 

The signal shows a shoulder at a lower BE, which means that there are two contributions to 

this signal. The deconvolution of the signal is shown and two contributions were found at 

BEs of 532.6 eV and 531.1 eV. The peak at the higher BE is usually assigned to adsorbed 

species, which can appear during the manipulation of the sample. The signal at the lower BE 

corresponds to the O atoms bonded to W, but this signal appears slightly shifted with respect 

to the typical signal for WO3, which usually is found at a BE of 530.5 eV.51 This shift may 

be due to the presence of W-O-C (belonging to benzene rings) because O bonding to benzene 

rings usually appears at a higher BE than the O of the lattice from oxide compounds. 

Therefore, the XPS results support the prediction of dissociative adsorption the AIMD 

calculations, and of the ‘decoration’ of WS2 edges. 
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Figure 13. X-ray photoelectron spectra of (a) S 2p; (b) W 4f; (c) C 1s; and (d) O 1s 

obtained for the solid extracted from the nanofluid. 

 

4. Conclusions 

We have presented a comprehensive study of nanofluids based on 2D-WS2 and have 

demonstrated their remarkable thermophysical properties for applications as heat transfer 

fluid in CSP plants. We achieved highly stable nanofluids using the liquid phase exfoliation 

method, as evidenced by extinction coefficient and particle size measurements. We found 

that the surface tension of the nanofluid did not change significantly with respect to the 

typical HTF used in CSP plants. From rheological measurements, we could conclude that the 

nanofluid behaves in Newtonian manner, and the introduction of WS2 nanosheets did not 
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modify significantly the viscosity of the typical HTF used in CSP plants. Consequently, this 

will not induce any significant increase in pumping power, pressure drop or friction factor 

under real conditions. In addition, the thermal conductivity of the nanofluid was improved 

by up to 30% with respect to the HTF, which is promising for solar thermal applications. We 

observed an enhancement of up to 22% in the parameter Ur characterizing the thermal 

efficiency of the nanofluid in the solar collector, thus confirming that this kind of nanofluid 

could be very useful in CSP plants. Also, the Reynolds number and the friction factor of the 

nanofluid were not significantly modified compared to HTF, which is also reassuring for 

practical applications. Finally, thermal heating/cooling cycles were performed. We observed 

the nanofluid was stable in these cycles, which is also imperative for application in CSP 

plants. 

Molecular level simulations have given us very useful insights about the structure and 

behavior of these WS2-based nanofluids. AIMD simulations revealed a rapid dissociative 

adsorption of diphenyl oxide molecules at the W-terminated WS2 (10-10) edge, occurring 

with a very low kinetic barrier, and a very negative adsorption energy. The dissociation 

fragments will remain adsorbed, decorating the edge and forming new W-O and W-C bonds, 

as a large energy would be required for desorption. XPS measurements confirmed the 

dissociative adsorption, providing clear evidence of the formation of permanent W-O and W-

C bonds in the nanofluid. The decoration of the WS2 edge could have significant impact on 

the rheological and transport properties of the nanofluids, and might explain some of the 

appealing features reported here for this kind of system, although the link between the two 

observations can only be speculated at the moment. This is a topic that calls for further 

theoretical and experimental investigation.  
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