

  catalysts-10-00034




catalysts-10-00034







Catalysts 2020, 10(1), 34; doi:10.3390/catal10010034




Article



A Comparative Evaluation of Physicochemical Properties and Photocatalytic Efficiencies of Cerium Oxide and Copper Oxide Nanofluids



Rashmi M. 1,2, Padmanaban R. 1, Vaithinathan Karthikeyan 3[image: Orcid], Vellaisamy A. L. Roy 4, Anantha-Iyengar Gopalan 5[image: Orcid], Gopalan Saianand 6[image: Orcid], Wha-Jung Kim 5,* and Venkatramanan Kannan 1,*[image: Orcid]





1



Department of Physics, SCSVMV Deemed University, Kanchipuram 631561, India






2



Department of Physics, St. Joseph’s College of Arts and Science for Women, Hosur 635126, India






3



Department of Materials Science & Engineering, City University of Hongkong, Hong Kong 999077, China






4



Department of Electronics & Nanoscale Engineering, University of Glasgow, Glasgow G12 8QQ, UK






5



Daeyong Regional Infrastructure Technology Development Center, Kyungpook National University, Daegu 41556, Korea






6



Faculty of Engineering and Built Environment, The University of Newcastle, Callaghan NSW 2308, Australia









*



Correspondence: kimwj@knu.ac.kr (W.-J.K.); kv@kanchiuniv.ac.in (V.K.)







Received: 6 December 2019 / Accepted: 23 December 2019 / Published: 26 December 2019



Abstract

:

Copper oxide (CuO) and cerium oxide (CeO2) of various concentrations have been prepared through an ultrasonically assisted dispersion of CuO and CeO2 nanoparticles (NPs) in which water and nanofluids (NFs) were formulated. The morphological properties of the CuO and CeO2 NPs are reported. Few of the physicochemical properties that can influence the photocatalytic activities of the NFs are evaluated, such as viscosity, activation energy, density, thermal conductivity, electrical conductivity, alternating current (AC) conductivity, pH, stability, refractive index and optical band gap of the CuO and CeO2 NFs. Viscosity studies have been made at four different temperatures (303 K, 308 K, 313 K and 318 K) and the activation energy is calculated and compared between the CuO and CeO2 NFs. The thermal conductivity of the two NFs is calculated and compared. Electrical conductivity is measured for CuO and CeO2 NFs using an impedance analyzer at different frequencies at 303 K. The dielectric constant and AC conductivity were studied. The electrical conductivity and pH of the prepared NFs are measured and the results are compared. The stability of the NFs is determined from Zeta potential values obtained from dynamic light scattering measurements. UV-Visible diffuse reflectance measurements were used to deduce the optical bandgap of the respective metal oxide NPs in the NFs. The photocatalytic efficiencies of the CuO NFs and CeO2 NFs were evaluated using methylene blue (MB) as the model dye. The rate constant for the photodegradation of MB was higher for CuO NF as compared CeO2 NF and also higher than simple NPs-based photocatalysts. A plausible explanation for the role of NFs over the simple NPs-based photocatalytic solution is presented.
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1. Introduction


The ever-increasing demand for developing strategies towards utilization of waste heat and management of high heat fluxes poses a significant bottleneck and provides the drive to search for advanced heat transfer fluids. The term “nanofluid (NF)” was introduced by Choi in 1995 at Argonne National Laboratory of USA, referring to the suspension of nanometer-size particles dispersed in a liquid [1]. In the same period, a Japanese group made metal-oxide dispersed NFs [2]. With advances in nanomaterial synthesis and with the proven fact that nanomaterials are known to enhance the thermophysical properties of fluids, a great number of NFs are developed as next-generation heat transfer fluids. and studies on effective thermal conductivities have been extended by many researchers [3,4,5,6,7]. The generally used base fluids for NF formulation are water, ethylene glycol, engine oil, mineral oil, kerosene oil and silicon oil, as applied in a vast range of engineering applications [8]. NFs provide auspicious heat transfer applications in the industrial sectors and essential fields such as electronics, transportation and medical applications, etc. [9]. The NFs based on metal oxide nanoparticles (NPs) have been prepared and investigated by several researchers such as Choi [1], Das et al. [10], Xuan et al. [11], Eastman et al. [12] and Lee et al. [13]. These studies demonstrated that great enhancement of thermal conductivity (5%–60%) could be deduced over the smaller range of volume fractions (0.1%–5%). The metal oxide nanomaterials that are commonly used for NFs are TiO2, CuO and Al2O3 [14,15]. Keeping in mind the expanding applications, there is a need for the fundamental understanding of the physicochemical properties and a comparison of the behavior of new kinds of metal oxide-based NFs in order to expand their potential benefits and applications in diversified areas that include photocatalysis.



The synthesis of nanoscale transition metal oxides (such as ZnO, TiO2, Fe2O3, and CuO) is of significant interest owing to their intriguing physicochemical properties, such as enhanced catalytic activity, high thermal conductivity and availability of economical and scalable synthetic routes [16,17,18,19,20,21,22,23,24,25,26,27,28,29]. CuO is an indirect bandgap semiconductor with a narrow bandgap of 1.2 eV, an optical absorption depth of around 500 nm and a carrier diffusion length of about 200 nm. CuO finds widespread application as heterogeneous catalysts and recently as photocatalysts [30,31,32]. The enhancement in the thermal conductivity has been investigated for CuO-ethylene glycol NFs [33]. CuO/dimethicone NFs were prepared with CuO nanowires and spherical NPs and thermal conductivity increments were critically evaluated based on the influence of nanomorphology [34]. With respect to CuO NFs, there are limited reports available based on NFs prepared in a range of conditions [10,35,36,37,38,39]. However, to our knowledge, none of these kind of reports on the CuO based NFs describe the photocatalytic property of the NFs.



Cerium oxide (CeO2) is a typical fluorite-structured compound containing a cubic close-packed array of metal atoms with eight coordinate Ce4+ and four coordinates O2−. The high mobility of oxygen vacancies and the Ce4+/Ce3+ reversible characteristics make CeO2 a key ingredient for catalytic applications and reactions. The vacancies in CeO2 crystal structure also enable binding of the adsorbate molecules more strongly than normal oxide sites and assist in their dissociation [40,41]. Various kinds of nanostructured CeO2 have been prepared and utilized for catalytic applications. CeO2 NPs-based photocatalysts were also developed [42]. Oxygen vacancies are effectively utilized for photocatalysis [43], as they can lead to band-bending and enhance electron-hole pair separation. The Ce3+ ions that are present on the CeO2 crystal surface act as the surface sites for catalysis and photocatalysis. Recently, Jiang et al. compared the heterogeneous photoreactivity of CeO2 NPs towards photocatalytic oxidation of volatile organic compounds and O2 evolution [44]. The relatively inactive octahedron CeO2 was transformed into photoactive CeO2 by growing prism arm [45]. The photocatalytic activities of CeO2 nanotubes and NPs were compared with commercial TiO2 (P25) [46]. Synthesis and characterization of a stable, thermo-conductive oil-based CeO2 NFs have been reported [47]. Ceria–ethylene glycol (EG) NF was prepared with ceria NPs having diameters ranging between 30 and 50 nm [48]. The studies on transport properties of ceria–EG NFs revealed the viscosity reduction and thermal conductivity enhancement over a range of nanoparticle concentration (0–1 vol%) and temperature. Spherical ceria NPs of the sizes in the range of 18–25 nm were used to prepare ceria-propylene glycol NFs [49]. Energy and environmental protection are two important areas that many of the countries and decision-makers are giving major importance and concern. The elimination of environmental pollution and the transfer of thermal energy with a common NF will be the most ideal area for in-depth studies. In this work, we showed interest on evaluating the photocatalytic efficiencies of NFs based on two oxide materials, namely CuO and CeO2. The former is a transition metal oxide and the latter is a lanthanide series (inner transition) metal oxide, respectively. Both of the selected metal oxides (CuO and CeO2) exhibit photocatalytic properties but have different origins for the photoactivities due to their electronic configurations. On perusal of the literature, one can notice that photocatalytic activities of CuO and CeO2 nanostructured materials have been evaluated through simple dispersion in water. We ensured effective dispersion of CuO and CeO2 nanoparticles (NPs) through ultrasonic vibrations while formulating NFs. We believe that a comparative evaluation of the photocatalytic activities between the two selected metal oxides in NF form would be an interesting aspect for investigation. To the best of our knowledge, there is no report available on the comparative account of physicochemical properties and photocatalytic applications between CuO and CeO2.



In view of the above facts, the present work aims on; (i) preparation of water-based CuO and CeO2 NFs for a range of concentrations of the respective metal oxide NPs, (ii) comparative evaluation of the few of the physicochemical properties that can influence the photocatalytic efficiencies, and iii) comparative evaluation of photocatalytic degradation capabilities of the NFs on a chosen dye. Methylene blue (MB) is used as the representative organic dye for photocatalytic degradation studies. Herein, the photocatalytic activities of CuO and CeO2NFs were evaluated in terms of the photodegradation of MB. The present work discusses these aspects.




2. Results and Discussion


In this work, our interest is to demonstrate the utility of CuO (surface area = 35 m2/g) and CeO2 (surface area = 20 m2/g) NPs, in the form of nanosuspensions or NFs, as the photocatalyst for a model reaction. The prepared NFs were used as the new photocatalysts against a specific reaction, degradation of a dye (methylene blue (MB)). There could be a large number of quantifiable parameters associated with the complex photocatalytic processes during the photodegradation of the dye. For example, the photocatalytic processes involved in MB photodegradation are expected to involve a number of events such as photon absorption, exciton separation, carrier separation, carrier transport, electrochemistry and mass transport. These events can be influenced by the parameters such as absorbance / reflectance / scattering, viscosity activity coefficient, activation energy, effective mass (density), dielectric constant/dielectric loss, diffusion coefficient, electric field, drift current, current density (charge transfer resistance), charge/electron transfer coefficient (impedance), Zeta potential, pH of the medium, etc. A complete knowledge about the influence of all of these parameters involved in the photocatalytic processes will be useful for good optimization towards achieving the best overall photocatalytic efficiency from the NFs. Of course, this is a time-consuming and tedious task.



Alternatively, the quantitative descriptions of at least a few of the associated physical and chemical properties of the NFs that can influence the events/parameters in the photocatalytic processes and the overall photocatalytic efficiency can be deduced through experimental studies. In this work, we have selected a few of the properties that can be quantitatively measured or calculated, and performed adequate measurements and/or calculations to obtain them. We believe that the obtained values of these properties could be integrated in such a way to circumvent the kinetic/energetic bottlenecks of the specific properties/processes. Through the knowledge of these properties, the experimental conditions for the photocatalytic process can be decided to achieve better efficiency for the photocatalytic process. Keeping these aspects in view, we arranged the results and the consequent discussion into three major headings (with subheadings), including (i) materials characterization, (ii) physicochemical properties of the NFs and, (iii) photocatalytic application.



2.1. Materials Characterization


Typical results of microstructural and morphological characterization are presented and discussed. The X-ray diffraction (XRD) pattern of CuO and CeO2NPs are shown in Figure 1a,b. The XRD pattern of CuO consists of few crystalline peaks (2θ = 35.5°; 2θ = 38.7°) that agree well with the assignments of JCPDS, File No. 01-0801916 for the monoclinic CuO (Figure 1a). The XRD pattern of CeO2 (Figure 1b) exhibits mainly reflections that correspond to (111), (200), (220), (311), (222) and (400) planes. These peaks are characteristic of the cubic ceria phase with fluorite structure (JCPDS card number 34-394). The average crystalline size was calculated using Debye–Scherrer formula,


  D =   K λ    β   cos θ     



(1)




where D is the crystallite size in nanometers, λ is the wavelength of the radiation (1.54056 Å for CuKα radiation), K is a constant equal to 0.94, β is the peak width at half-maximum intensity, and θ is the peak position. The average crystallite size of CuO and CeO2NPs is 77 nm and 33 nm, respectively.



Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) analysis provide information on the morphology and particle size of the CuO and CeO2NPs, respectively. The SEM image of CuO NPs (Figure 2a) shows the presence of smaller sized spherical particles with larger agglomerates in different shapes. SEM image of CeO2 NPs (Figure 2b) reveals the presence of mostly spherical shaped particles with fewer agglomerates. TEM image of CuO NPs (Figure 2c) shows that smaller particles with sizes in the range 50 to 90 nm are spherical and larger particles are agglomerates of smaller particles. TEM image of CeO2NPs (Figure 2d) shows the narrowly distributed smaller sized spherical particles with a narrow distribution of sizes having the average size of 32 nm, which is in agreement with the XRD results.



The energy dispersive X-ray analysis (Supporting Information–F1) confirms the purity of the metal oxides. The clear presence of the respective metal and oxygen elements only in the copper oxide and cerium oxide samples suggest that there is no contamination.




2.2. Physicochemical Properties of the NFs


The viscosity of the NFs depends on various parameters such as nanoparticle volume fraction, base fluid, size of the particle, particle shape, dispersion technique, pH value, temperature, and Brownian motion of NPs. The viscosity can also reveal the particle–particle interactions. Viscosity is expected to play a significant role in the mass transfer process and reaction rate of heterogeneous catalytic reactions. Hence, measurement of viscosity of the NFs becomes important. Relative viscosity (cP) values were determined for CuO and CeO2 NFs in the concentration range of 0.2%–2.0% at different temperatures 303 K, 308 K, 313 K and 318 K. Supporting Information T1 shows the variation of cP for different concentrations (%) of CuO and CeO2 NFs with temperatures. Results revealed that cP increases with the metal oxide concentrations (0.2% to 2.0%) and decreases with the increase in temperature (from 303 K to 318 K). The maximum increase in cP was noticed for CeO2 (9.71%) as compared to CuO (5.49%) with the respective concentrations (%) of the metal oxides. With regards to temperature effects, a maximum decrease in cP was witnessed for CeO2 (2.91%) as compared to CuO (1.65%). For both metal oxides, the cP is minimum at lower concentration (0.2%) and steadily increases with higher concentrations (up to 2.0%). The results suggest that frictional forces developed between the layers of NPs in the NFs may be predominant for CeO2 NPs as compared to CuO NPs. Our results on the viscosity of NFs as a function of temperature at different concentrations of the metal oxides (CeO2 and CuO) in the concentration range from 0.2% to 2.0% revealed that the viscosity of NFs increases with temperature. This observation was true for the studied concentration range of both metal oxides. An increase in the viscosity can be attributed to higher suspension concentration of the NPs in water, causing higher internal viscous shear stresses [50]. In one of the earlier reports, there was no significant change in the viscosity of NFs over a wider concentration range from 1 to 10 wt.% CuO [51]. The viscosity increase of NFs, as witnessed in this work, with increasing temperature is explained by the fact that the increase in temperature does not weaken the intermolecular forces between the NPs and the base liquid (water) in NFs [52].



The Arrhenius expression was used for representing the activation energy, according to Moore et al. [53],


η = AeQ/RT



(2)




where Q is the apparent activation energy of flow and A is the pre-exponential term with an activation entropy significance. The logarithm of this equation informs a straight-line-type relation.


lnη = lnA + (Q/R)1/T



(3)







The existence of water in photocatalytic systems influences the activity of the catalytic NPs and activation energy of the photocatalytic processes [54]. Figure 3 shows the variation of the logarithmic value of viscosity (lnη) against inverse of temperature (1/T) for CuO NFs (Figure 3a) and CeO2 NFs (Figure 3b). The plots of lnη against 1/T are linear in all of the cases.



The activation energy (Q) is deduced from the slope of these curves (Figure 3a,b). The variation of activation energy Q with the concentration of metal oxides (CeO2 and CuO) is given in Supplementary Information F2. It has been hypothesized to explain the parameters influence the activation energy in heterogeneous photocatalysis [55]. It has been reported that the apparent activation energy increased at lower temperatures (between 233 and 273 K), and at temperatures higher than 353 K, it changed to negative. In addition, the activation energy values for the photocatalytic reactions were lower than thermal reactions in the intermediate temperatures [56]. From Supplementary Information F2, one can notice that the Q of NFs in the case of CeO2 NPs showed a sharp increase upon increasing the concentration from 0.2% to 0.4%, and thereafter dropped and varied. Typically, with increase in concentration of CeO2 NPs from 0.2% to 0.4%, the Q value increased nearly 2.6 times in magnitude. However, in the case of CuO NPs-based NFs, the dependence of Q on concentration was almost independent for the concentration range 0.2% to 0.6%. A gradual increase and decrease in activation energy were noticed between 0.6% and 1.4%. Beyond the concentration of 1.4%, the activation energy remained nearly constant. The results are in corroboration with the probable percolated-like viscosity changes because of the probable collisions between water molecules and metal oxide NPs. Thus, in the present study, it is observed that for CuO and CeO2 NFs, there is a sudden decrease in the activation energy after 1.0% concentration for CuO and after 0.4% concentration for CeO2 NFs. In most cases, Q for the viscous flow of fluids increases continuously with increasing particle concentration, except in particular cases of critical combinations. The decrease in Q with the particle concentration for the viscous flow of solutions in poor solvent is attributed to the temperature dependence of the limiting viscosity number [57].



2.2.1. Density


With the view of characterizing the volumetric behavior of metal oxide (CuO and CeO2)-based NFs, density measurements were made at concentrations ranging from 0.2% to 2.0% in weight fractions. The density results show a uniform increase with the increase in concentration of CuO and CeO2 NPs in the NFs at 303 K (Figure 4). While densities of the metal oxides (CuO and CeO2) are nearly the same in the lower concentration (from 0.2% to 0.6%), an increasing trend in density was seen in both metal oxide-based NFs for a higher concentration range (>0.6%). The density of CuO tends to be lower as compared to CeO2 in concentrations above 0.6%. This density enhancement for NFs above a concentration of 0.6% may be attributed to either the interfacial effects of the bulk fluid properties produced by the solid nanoparticle surface, or by the interactions that arise among the solid particles [58]. The density is a maximum with a value of 1011.49 kg/m3 for CuO and 1012.59 kg/m3 for CeO2 NFs at higher concentration range (2.0%).




2.2.2. Thermal Conductivity


The dispersion of nanosized, thermally conductive particles to liquids has been proven to be a potent strategy to increase the thermal conductivity (k) of the fluid [7]. The first report on k enhancement was copper (Cu) NFs with a lower loading of highly thermal conductive metallic nanoparticles with ethylene glycol as the heat transfer fluid [12]. A 6% enhancement in k was reported with 100 nm sized Cu NPs [59]. A much higher ∼24% increase in k was reported with 2 vol% Cu NPs dispersed in gear oil [60]. The bottleneck issue on metallic NP based NF is arcing in high voltage transformer applications. However, a large number of studies on thermal management have been reported on less thermal conductive NPs such metal oxides etc. In particular, the inclusion of micron-sized lesser thermal conductive particles into a heat transfer fluid, such as water, poses a major issue in terms of significant increase in viscosity, abrasion of equipment, aggregation, and settling. The k enhancement in NFs was explained based on few mechanisms that include the concepts of liquid layering around the nanoparticle surface, ballistic phonon transport, Brownian motion induced micro convection and aggregation of nanoparticles [61]. Various factors such as volume fraction (ϕ), nanoparticle size (d), nanoparticle morphology, additives, pH, temperature, nature of base fluid, and nanoparticle morphology, are expected to influence the k of NFs [62,63,64]. The k values are calculated for CuO and CeO2 NFs using the mathematical formula,


k = 3(N/V)2/3K



(4)




where k is thermal conductivity, N is Avogadro’s number and V is ultrasonic velocity. The thermal conductivity of the two studied NFs increases with the respective NP concentration [34]. Brownian motion of suspended nanoparticles is considered as the major key factor for the noticeable enhancement of thermal conductivity with the nanoparticle addition. Also, the sonication time gives a direct influence on thermal conductivity enhancement. From Supporting Information F3, it is noted that thermal conductivity of CuO NF is greater than CeO2 NFs. The k enhancements for metal oxide NF typically occur at high particle loading fractions and are dependent on the morphology of the particles. Thus, this information is not typically reported. A nearly 1.18 to 1.54-fold enhancement in thermal conductivity was noticed for the inclusion of 5−16 vol% micron-sized CuO particle loadings [65]. Nearly 9% to 22% enhancements was reported for 6−10 vol% Al2O3 loadings [36]. Based on these, it is concluded that the high particle loadings can lead to a significant increase in viscosity and cause an increase in pumping power, negating the advantage of thermal conductivity gain. In the present work, a significantly higher thermal conductivity increase was witnessed for both CuO and CeO2 NFs with relatively lower particle loadings. The enhancement of k and stability of NF were documented for the monodispersed oleic-acid-capped ceria NPs [47]. It is to be noted that due to the surface functionalization, a long-term stability for the NS was observed. The enhanced thermal conductivity for the surface-functionalized ceria NF was attributed to the small size of particles and the compatibility of surface-modified nanoparticles with the base fluid. Ceria NPs of a diameter ranging between 30 and 50 nm were dispersed in ethylene glycol over a concentration range (0–1 vol%) and a nearly 10.7% enhancement in k was reported for 1 vol% NF at 30 °C [48]. To the best of our knowledge, this is the first report on the comparative evaluation between water-based CeO2 and CuO NFs for heat transfer properties.




2.2.3. Electrical Conductivity


In order to understand the electrical properties of the CuO and CeO2 NFs, various electrical conductivity parameters like impedance, angle, capacitance, resistance, D-factor and reactance were measured using electrochemical impedance analyzer at different frequency range. The electrical conductivity of a NF informs about the ability of charged particles (ions) in the NF to carry the charges (electrons) towards respective electrodes under the applied electric potential. In the case of NFs, the relevant (meta/metal oxide) NPs dispersed in a base fluid (water etc.) creates electrical double layer around the surface of the NPs and NPs along with the EDL move towards oppositely charged electrode surface under the applied potentials. This kind of electric double layer formation depends on the surface charge, size and volume fraction of the particles and ionic concentration in the base fluid. Thus, the electrical conductivity of the NFs is dependent on the electrophoretic mobility of charged particles. Few reports are available on the electrical conductivity of water-based NFs [[66,67]. With relevance to metal oxide-based NFs, electrical conductivity studies were reported on alumina [68]; TiO2 [66] and a linear increase of electrical conductivity of metal oxide with increasing of particle volume fraction and temperature was observed. Although the electrical properties of NFs are important parameters towards electrical related applications, systematic studies concerning the electrical properties of NFs are limited. In this work, for the first time, we are reporting data on the critical comparison of few of the electrical properties between CuO and CeO2 in water. The variation of electrical conductivity parameters with frequency is shown in Supporting Information T2. It is observed that the magnitude of impedance decreases with the increase in the applied frequency. Impedance and AC conductivity is found to be inversely related to each other.



The values of angle increase for CuO but CeO2 show a different trend. The angle values first increase and then decrease at higher frequencies for CeO2 NFs. The resistance, capacitance and D-factor values of the NFs showed a decreasing trend with increase in frequency. The variation of reactance with frequency of the NFs is also found to decrease with increase in frequency. Using these complex impedance parameters (capacitance, dissipation factor, impedance, resistance, reactance and phase angles), the AC conductivity and dielectric constant of the NPs were calculated.




2.2.4. AC Conductivity Studies


By measuring the conductance (G), thickness and area of pellets of CuO and CeO2 NPs, the AC conductivity σac(ω) in the frequency range of 100 Hz to 5 MHz is calculated using the equation [69],


σac(ω) = G(ω)t/A



(5)




where t is the thickness of the pellet in cm and A is the area of cross-section in cm2.The variation of σac (ω) as a function of frequency at room temperature is shown in Figure 5. The value of σac (ω) AC increases with the applied frequency.



We attribute this observation due to the presence of inhomogeneity in the material as the electrical conductivity is associated with the available quantity of free charge carriers and their mobility. This indicates that conduction is due to hopping of charges, and AC conductivity is affected by the mobile charge carriers. The other possibility may be that the polarization of dipoles, i.e., the dipoles rotate between the comparable equilibrium positions. The AC conductivity remains nearly constant for both nanoparticles until 1 MHz, then shows slight variations. The high AC conductivity of CeO2 NPs is attributed to small polaron hopping at higher frequencies.




2.2.5. Dependence of Electrical Conductivity on pH


It has been well demonstrated that understanding the pH influence on NFs helps in the investigations of fundamental nature of many of the properties such as heat transfer, stability, contact angel and electrical conductivity of the NFs. Various factors that include adhesive force and friction present in aqueous NFs depend on their pH values. Also, the physicochemical of ionization in different pHs can influence the electrostatic forces that arise between the charged nanoparticles suspended in the fluids. Hence, the pH of a NF needs to be known to assess the influence on fluid friction, which in turn can be correlated to the viscosity and rheological behavior of NFs. The enhancement mechanism of electrical conductivity of NFs is completely different from thermal the conductivity of NFs. The changes in the pH of SiC–water NF in the range from 5.5 to 10.3 caused a drop in effective viscosity enhancement of the NF [70]. The viscosity and thermal conductivity of Cu–H2O and Al2O3–H2O NFs were investigated at different pHs. (the viscosity and thermal conductivity of Cu–H2O and Al2O3–H2O NFs.). Based on results, it was concluded that the NFs were stable and had minimum viscosity enhancements for volume concentration between 0.1 and 0.4%. In the case of copper–water NF, results on the thermal conductivity and Zeta potential dependence for the variations of pH showed that the thermal conductivity reached a maximum at an optimum pH and zeta potential of steadily decreased in the pH between 2 and 9, and thereafter increased [71]. Thermal conductivity and dispersion stability of Al2O3–H2O NFs showed pH dependences between the pH range of 2 and 12 [72]. Studies on zirconium dioxide (ZrO2) and titanium dioxide (TiO2) particles-based NFs revealed the pH influence on zeta potential, particle size distribution, viscosity, and thermal conductivity [73]. In another report, the pH influence of Fe2O3 (20–60 nm) and CuO (30–50 nm) powder dispersed NFs having three different base fluids: (a) water, (b) ethylene glycol, and (c) water with sodium dodecylbenzene sulfonate surfactant, on zeta potential and thermal conductivity has been detailed [74]. The pH and electrical conductivity of NFs are interrelated and connected through configuration and surface charge of the NPs in the NF suspensions. In the case of NFs, the variations in the degree of ionization with pHs cause changes in electrostatic forces, which in turn alters the electrical properties of the base fluid due to the interactions with the particle surface charges [75]. Similarly, the electrical double layer and electrophoretic mobility of NFs are influenced by pH of the NFs resulting in changes in electrical conductivity [76]. However, a comparative account on the pH influence of electrical conductivity between CuO and CeO2 NF has not been reported until now. The electrical conductivity and pH values were determined for CuO and CeO2 NFs over a concentration range from 0.2% to 2.0% at different temperatures and compared (Supporting Information T3. Firstly, the electrical conductivity of the NFs is found to be higher than the base fluid (water). The electrical conductivity and pH values showed variations with concentrations and temperature (Supporting Information T3). It is known that the electrical conductivity of the NFs not only depends on the physical properties of the base fluid and NPs but also greatly influenced by other aspects such as the electrochemical properties, electrical double layers, particle size, and aggregation. It is clear from the table that the electrical conductivity values of both the NFs increases with increase in concentration and decreases with increase in temperature. A probable explanation for the influence of pH on electrical conductivity is that when the NF concentration is low, 90.2% in this case, the distance between the NPs is relatively larger and the NF is considered to have nearly monodispersed NPs. Consequently, the Zeta potential, the mobility particles and the Brownian motion also increases when the distance between the particles are larger. As an outcome, the electrical conductivity of the NF is increased. The increase in mass and particle size at higher temperatures can cause a decrease in the mobility of the NPs produced by the Brownian motion; as a result, the electrical conductivity enhancement can slow down in higher temperatures [77]. The pH values increase gradually with increase in concentration as shown in Supporting Information T3. It was found that the pH of NFs is greater than that of the base fluid and increases linearly with concentration of NPs.




2.2.6. Stability


The investigation of stability of NFs is vital as it affects the thermophysical and catalytic properties of the NFs. Zeta potential determination gives information on the stability of NFs. As a simple guideline, the colloids with high zeta potential (negative or positive) corresponds to the electrical stabilization, whilst low zeta potentials leads to coagulation or flocculation. In general, a value of 25 mV (positive or negative) can be taken as the arbitrary value that separates low-charged surfaces from highly charged surfaces. The colloids having zeta potential in the range 40 to 60 mV are considered to be good stable. A zeta potential more than 60 mV suggests excellent stability. The obtained values of zeta potential for the present study are shown in Table 1. The CuO NFs have excellent stability at low concentrations (0.2%) and good stability at higher concentrations. CeO NFs have excellent stability at all of the concentration studies in the present work.




2.2.7. Refractive Index


The refractive index (RI) of NFs is defined as the ratio of speed of light in vacuum to speed of light in the medium. RI depends on the wavelength, shape, and chemical composition of the NPs. RI correlates to the magnitude of the optical force that an electromagnetic field exerts on NPs [77]. RI studies were performed for the CuO and CeO2 NFs in the concentration range of 0.2% to 2.0% at 303 K. Supporting Information F4 shows the variation of refractive index against concentration for CuO and CeO2 NFs at 303 K. In the lower concentration range (0.2%), the RI is the minimum with a value of 1.335 for CuO NFs and 1.334 for and CeO2 NFs. However, it is noticed that the refractive index is maximum at a higher concentration range (2.0%) with a value of 1.344 for CuO and 1.343 for CeO2 NFs. In general, it is observed that the refractive index increases with the increase in concentration.




2.2.8. Optical Properties


Optical absorption measurements were carried out for CuO and CeO2 NP using UV-Vis absorption spectroscopy with the diffuse reflectance spectroscopy technique. Supporting Information F5 shows the variation of the optical reflectance, transmittance and absorbance of CuO and CeO2 NPs in the wavelength range of 400–900 nm. Figure 6 presents the absorbance spectra and the bandgap determined by Kubelka–Munk absorption function using the equation [78],


    ( α h ϑ )   1 / n   = A   h ϑ −  E g     



(6)




where K is the proportionality constant,  α  is the absorption coefficient and   h ϑ   is the photon energy. The exponent n depends on the transition type, whose value for direct transition is ½ and 2 for indirect transition. The shift in the absorption edge with respect to the higher wavelength correlates well with the change in bandgap of the corresponding materials [79,80]. A deep change in the absorbance of CeO2 is found around 640 nm, which corresponds to narrow bandgap arising from the oxygen vacancy defects [81,82]. In the plot (  α h ϑ )  2 versus photon energy   h ϑ  , the bandgap of CeO2 and CuO NPs are estimated as 2.1 eV and 1.4 eV, respectively, from the x-intercept as shown in Figure 7.






3. Photocatalytic Studies


Figure 7a,b show the UV-vis absorption spectra recorded during the photoderadation of MB in terms of absorption spectra and as a function of irradiation time under UV light irradiation in the case of CuO and CeO2 NFs, respectively. The decrease in absorbance at 660 nm informed that the concentration of MB decreased obviously with the increase in reaction time. Several control experiments were carried out to compare the removal efficiencies of MB in the two different systems with identical conditions except in and absence of NFs under UV irradiations. For perusal and reference, snapshots of the MB-containing vessel were taken for the different conditions over various irradiation times are shown in Supporting Information F6. The typical UV-vis absorption spectra recorded for the optimum experimental conditions (CuO NF and CeO2 NF = 20 mg and MB = 20 mg L−1) are shown in Figure 7a,b. Under UV irradiation, the electron and the hole are generated in the conduction band and in the valence band of CuO and CeO2, respectively. The positive hole oxidizes the surface oxygen atom/water molecule of CuO and CeO2 and generates hydroxyl ions and dioxide radicals, respectively. These radicals subsequently cause the degradation of MB [80,81]. Figure 7c shows the percentage of the photo decomposed MB with the reaction time with NFs. The photocatalytic degradation of MB with these NFs is mainly due to the generation of reactive charge carriers of the excited photoactive NPs in the NFs Upon UV light irradiation for 80 min, nearly 100% photodecomposition of MB was witnessed with CuO NFs, whilst CeO2 needs nearly 120 min for 100% photodecomposition of MB. On perusal of Figure 7c, it is inferred that CuO NF is more efficient photocatalytic system for MB as compared to CeO2. Besides, we noticed that the photodegradation of MB with these NFs follows pseudo-first-order kinetics model, as evidenced by the linear plot of ln(C/C0) vs. reaction time t (Figure 7d). The pseudo-first-order rate constant for the photocatalytic degradation of MB in CuO and CeO2 was 0.035 min−1 and 0.024 min−1, respectively.



Regarding the present work, the rate of degradation of MB is faster with CuO NF as compared to CeO2 NF. As a simple explanation, this can be correlated to the higher surface area and porosity of the CuO NPs. However, there can be additional reasons based on the properties of the respective NPs in the NF formulation. Based on the literature, one can notice that CuO NF and CeO2 NF exhibited higher rate constants for photodegradation of MB than many of the reported rate constants of the conventional nanoparticles-based photocatalysts, such as ZnO (0.022 min−1) [83], TiO2 (0.025 min−1) [84] and CdS (0.0079 min−1) [85] and also rate constants of the CuO-based nanocatalysts, such as CuO nanowires (0.0046 min−1) [86] and CuO–CuS core–shell nanowires (0.0097 min−1) [86]. Our results gave a clue that the metal oxide nanoparticles—when dispersed in the form of NFs—exhibit enhanced photocatalytic performances. In-depth analysis is underway in our research group to understand the reasons for the enhanced photocatalysis for the NFs, with further studies ongoing regarding other nanoparticles-based NFs.




4. Materials, Characterization and Measurements


4.1. Preparation of Metal Oxide Nanopowder


An aqueous solution of copper acetate (0.02 M) was kept (mL) in a round bottom flask and about 1 mL glacial acetic acid was added (to avoid hydroxylation of Cu2+ ions). The solution was stirred vigorously with a magnetic stirrer for 30 min. To the above solution, a solution of NaOH (1M) was dropwise added until the pH reached between 6 and 7. The mixture was stirred for another 10 min at 40 °C. The resultant precipitate was filtered, washed with water and heated to 1000 °C in a muffle furnace. The resultant black powder was crushed and dried to obtain CuO nanopowder. The sample of CeO2 NPs was purchased (US Nano Laboratories) and used without further purification.



Preparation of NFs


CuO and CeO2 NPs were dispersed in distilled water to obtain the respective NFs. Ten different concentrations (0.2%–2.0%) in the steps of 0.2% were prepared at room temperature under sonication with a frequency of 24 kHz for about 4 h to ensure effective dispersion of particles.





4.2. Characterization


XRD patterns of the CuO NPs were recorded using the X’Pert PRO pananalytical powder X-ray diffractometer (UK). The diffraction patterns were recorded at room temperature using Cu Kα radiation (k = 1.5406 å) with the Bragg’s angle varying from 10° to 80°, with a step size of 0.05°. scanning electron microscopy (SEM) for analyzing high-resolution surface imaging was performed using JEOL JSM-6390 LV (USA) attached with Oxford instruments EDX (UK). High-resolution transmission electron microscopy was measured using JEOL JEM 2100 (Japan) for analyzing the CuO and CeO2 nanoparticles in the nanofluid. Using the Mittal model of the single-frequency ultrasonic interferometer (2 MHz, F-81 model, India), the ultrasonic velocity measurements were made for all the concentrations of the synthesized NFs at 303 K. The viscosity of the suspensions was carried out for all concentrations at four different temperatures, 303 K, 308 K, 313 K, 318 K using a digital viscometer (Brookfield make). With the specific gravity bottle (5 cc), the density of the NFs was determined. Refractive index studies were made using Abbe’s refractometer (Mittal make, India). The electrical measurements were done using 6500B Wayne Kerr precision impedance analyzer (UK) in the frequency range of 100 Hz to 5 MHz at 303 K after applying conducting silver paste to the pellets of pure NPs. The electrical conductivity of the prepared NFs was measured using digital conductivity meter (alpha-06 model, India) at four different temperatures 298 K, 303 K, 308 K and 313 K in the range of 20 mS. The pH values were measured using a digital pH meter (Alpha-01 model, India) at 303 K. The Zeta potential was measured using the Zetasizer Nano ZS90, Malvern Instruments Ltd., UK). The GT Sonic Professional Ultrasonic cleaner (China) was used for sonication purpose, operating at a 40-kHz ultrasonic frequency. UV absorption measurements were made using UV Visible spectrometer (ANALYTIKJENA, Germany).




4.3. Photocatalytic Studies with NFs


The photodegradation of MB was monitored under 8W UV lamp (Excel IMPEX) irradiation at room temperature in open air. The quartz cuvette was used as the reaction vessel. The distance between the light source and the reaction vessel was fixed around 10–12 cm. Typically, the NFs-based photocatalyst prepared with 20 mg of respective NPs photocatalyst was kept in 50 mL of MB aqueous solution (30 mg L−1) in a 50-mL beaker. Prior to irradiation, the photocatalyst included NF was stirred homogeneously for 15 min in dark atmosphere. During the photodegradation reaction, stirring was continuously maintained to keep the stable dispersion of NPs in the NFs. About 2 mL of sample was taken out at regular intervals using a syringe filter and immediately transferred to the reaction vessel.





5. Conclusions


CuO and CeO2 nanofluids are prepared by a two-step method with the help of a sonicator. The structure and morphology of the CuO and CeO2 nanoparticles were studied by XRD, SEM, TEM and EDAX techniques. From the measured acoustic parameters, the molecular interaction and thermal conductivity enhancement of the nanofluids are analyzed. The electrical conductivity of the nanofluids were found to increase with an increase in concentration and decrease with an increase in temperature. The stability of the nanofluids are analyzed from Zeta potential measurement. The optical properties of the two nanofluids are studied for possible photocatalytic application. The rate of photodegradation of methylene blue was compared between the CuO and CeO2 nanofluids. Our results predicted that metal oxide-based nanofluids exhibit enhanced the photocatalytic efficiency in comparison to NPs-based photocatalytic systems. Our results pave the way for further research activities towards exploring the intricate details and mechanisms of photocatalysis in correlation with the properties of the nanofluid systems.
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Figure 1. X-ray diffraction pattern of (a) CuO NPs and (b) CeO2 NPs. 
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Figure 2. SEM images of (a) and (b) are CuO and CeO2, (c) and (d) are HR-TEM images of CuO and CeO2, respectively. 
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Figure 3. Variation of 1/T against Log η for (a) CuO NFs and (b) CeO2. 
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Figure 4. Variation of density with concentration. 
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Figure 5. Variation of AC conductivity with frequency. 
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Figure 6. (a) Absorbance spectra and (b) Kubelka–Munk plot of CuO and CeO2 NPs. 
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Figure 7. UV-vis absorption spectra of the Methylene Blue solution during the decomposition reaction under UV irradiation in the presence of (a) CuO NF and (b) CeO2 NF; (c) shows the percentage of the degradation of MB over the reaction time; (d) Pseudo-first-order kinetics curves of the degradation of MB under UV irradiation in the presence of CuO NF (a) and CeO2NF (b). Experimental conditions: CuO NF and CeO2 NF = 20 mg and MB =20 mg L−1. 
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Table 1. Variation of Zeta potential with concentration.
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Nanofluid

	
Concentration (%)

	
Zeta Potential (mv)






	
CuO

	
0.2

	
−200.0




	
1.0

	
−43.4




	
2.0

	
+22.3




	
CeO2

	
0.2

	
+200.0




	
1.0

	
−200.0




	
2.0

	
−200.0
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