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Abstract

:

Solar thermal collectors represent a practical option to capture energy from the sun, providing low-cost domestic and industrial heating and decreasing the dependency on fossil fuels. Spinel-type metal oxides show interesting physicochemical properties and so can be used as active materials for converting solar energy to electrical, chemical, and heat energy. We report the synthesis and characterization of nickel–cobalt mixed metal oxides used as an active phase in selective paints for solar absorber coatings applied to a domestic flat collector. The nickel–cobalt mixed oxides crystallized in the cubic phase related to the spinel structure, exhibiting good thermal stability and reproducibility. These mixed oxides presented oxidation states (2+ and 3+) for both nickel and cobalt. The coatings fabricated from the selective paints based on nickel–cobalt mixed oxides showed a solar absorptance value of 94%, while for the commercial paint Solkote®, the value was 93%. A representative coating based on the NiCo2O4 composition was evaluated for the first time in a domestic-type flat solar collector for water heating under real operating conditions, achieving an outstanding performance that competes with that of commercial collectors. The potential application of nickel–cobalt mixed oxides in solar collectors opens up new opportunities for future innovations and developments in functional absorber coatings.
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1. Introduction


Because sunlight is one of the most abundant resources on earth, its use has the potential to help us in the transition toward a green economy, decreasing our dependence on fossil fuels. Nowadays, there are different possibilities for converting solar energy, such as photovoltaic and photothermal processes. The latter have attracted new interest due to their diversity in applications from hot water to industrial heating, air conditioning, and electricity production [1,2,3,4,5,6]. However, despite significant progress in solar collectors (designs, geometries, and optical features), one area that requires greater effort is the innovation in active components for coatings with higher thermal efficiency in these systems. Solar selective absorber coatings (SSACs) are a critical component for collecting solar radiation and play an essential role in these systems, where 99% of the energy is dissipated in the wavelength range from 0.3 to 2.5 μm. An ideal SSAC should be able to effectively absorb radiation and limit its infrared radiation during a temperature rise, thus maximizing the use of solar energy. Therefore, a good SSAC requires high absorption (α > 0.9) in the solar spectrum (0.3–2.5 μm) and low thermal emittance (ε) in the infrared range [7,8,9,10,11,12].



Transition metal oxides with partially filled d orbitals have d–d electronic transitions that might contribute to the high absorption of incident radiation over a wide range of the solar spectrum, exhibiting near-ideal absorbing properties [10,13]. In this context, in the past few years, several studies on metal and metal oxide selective coatings used as absorbers have been reported; see Table 1. Specifically, metal oxides with a spinel-type structure possess characteristics that make them a promising material for SSAC applications, such as redox activity, high-temperature stability, and structure stability. These spinel oxides can be synthesized with different combinations of transition metals, allowing fine-tuning of the optical properties that satisfy end-user requirements with the highest efficiency and lowest cost since these materials can be prepared using simple and inexpensive methods [13,14,15,16].



In this regard, nickel–cobalt mixed spinel oxides have received special attention, being well defined by the isobaric temperature–composition diagram of the NiO–CoO–O2 system in the air [17,18], and the solubility of nickel in Co3O4 reaches up to 33 mol%, causing an expansion of the elementary spinel lattice [19]. From this system, the composition NiCo2O4 is the most studied because it is a promising active material for different applications. It has been reported that NiCo2O4 shows better electrochemical properties compared to Co3O4 and NiO because of the simultaneous presence of redox couples (Ni2+/Ni3+ and Co2+/Co3+) associated with its crystalline structure [20,21,22,23,24]. Therefore, these interesting redox properties can potentially be exploited in electrochemical and thermochemical storage technologies. Also, NiCo2O4 has gained great attention due to its relatively low toxicity, excellent stability, and easily controllable morphology [23,25,26]. Recently, our research group reported the deposition of NiCo2O4 nanoparticles on a porous ZrO2 support to evaluate the thermophysical and optical properties of the composite NiCo2O4@ZrO2. The NiCo2O4 nanoparticles caused a strong increase in light absorbance, improving the solar thermal conversion efficiency [27]. Compositions with the formula NixCo3−xO4 have been reported for exciting applications, such as thermochemical energy storage [25], solar selective absorber coatings [28], and electrocatalytic oxygen evolution [29]. Particularly, Atchuta et al. [28] reported interesting work using nickel-doped cobaltite spinel, indicating that these oxides are good candidates for high-temperature solar selective applications. Therefore, according to the achievements mentioned before, it is interesting to open up the possibility of using nickel–cobalt mixed oxides as promising materials for energy applications.



As presented in Table 1, many of the materials reported [10,28,30,31,32,33,34,35,36,37,38,39] as SSACs have not been evaluated in scale-up tests, avoiding establishing their real potential for a specific solar collection process. With this in mind, this work is focused on developing selective coatings based on spinel-type nickel–cobalt mixed oxides and evaluating their performance under operating conditions in a domestic-type flat collector for water heating. For this purpose, materials with the composition NixCo3−xO4 (x = 0.1, 0.25, 0.5, 1, and 1.5) were synthesized using a simple and cost-effective nitrate decomposition reaction. The obtained powders were used to formulate paints, which were further applied for the fabrication of selective coatings. An integral characterization of the powders and coatings was performed using different techniques. Finally, a representative selective coating was chosen to assemble a flat collector and evaluate its performance under realistic weather conditions.
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Table 1. Summary of metals and metal oxides used as solar selective absorber coatings.






Table 1. Summary of metals and metal oxides used as solar selective absorber coatings.





	Composition
	Method of Fabrication
	Substrate
	Solar

Absorptance (α)
	Thermal

Emittance

(ε)
	Scale-Up Test
	Year/Ref.





	NixCo3−xO4
	Dip-coating method
	Stainless Steel
	0.92
	0.14
	No
	2019

[28]



	Ni0.9Fe0.1Co2Oy
	Sol–gel, spraying
	Stainless Steel
	0.93
	0.11
	No
	2021

[30]



	Cu0.5Cr1.1Mn1.4O4
	Hydrothermal technique, co-precipitation, spray coating
	Haynes 230
	0.97
	0.88
	No
	2019

[31]



	Co–Cr, SiO2
	Electroplating, dip coating
	Stainless Steel
	0.96
	0.12
	No
	2022

[32]



	Nickel/black Cobalt
	Electrodeposition
	Stainless Steel
	0.95
	0.07
	Yes
	2020

[33]



	CuCrxMn2−xO4
	Sol–gel combustion/spray-coating technique
	Aluminum
	0.92–0.93
	0.22–0.31
	No
	2012

[34]



	CuMnNiOx, SiO2 and MgF2
	Sol–gel, solvothermal technique, dip coating
	Stainless Steel
	0.94
	0.14
	No
	2022

[10]



	Co:Ni:Mn = 2:1:1
	Dip coating
	Stainless Steel
	0.91
	0.13
	No
	2023

[35]



	Nickel–Black Nickel
	Electrodeposition
	Copper
	0.90
	0.08
	Yes
	2019

[36]



	Cr/Cr2O3
	Electrodeposition
	Stainless Steel
	0.90
	NA
	No
	2018

[37]



	Black Nickel
	Electrodeposition
	Copper
	0.85
	0.11
	Yes
	2022

[38]



	C/Ni/NiO
	Sol–gel, spin coating
	Copper
	0.80
	0.11
	No
	2019

[39]







NA: no available information.












2. Materials and Methods


2.1. Synthesis of Powder Metal Oxides


Five compositions with the formula NixCo3−xO4 (where x = 0.1, 0.25, 0.5, 1, and 1.5) and the simple oxides Co3O4 and NiO used as a reference were synthesized using a simple nitrate decomposition reaction. For this, an appropriate molar amount of nickel nitrate (Ni(NO3)2 ∙ 6H2O) and/or cobalt nitrate (Co(NO3)2 ∙ 6H2O) was dissolved in 15 mL of deionized water (18.2 MΩ∙cm). Next, the respective solutions were put in a crucible and heated at 250 °C on a hot plate for 2 h until complete evaporation of water. The obtained powders were homogenized using an agate mortar. Next, they were placed in a ceramic crucible and thermally treated at 500 °C for 1 h in an air atmosphere with a heating rate of 2 °C/min. All metal oxide powders were homogenized for further characterization.




2.2. Characterization of Powder Metal Oxides


The resulting powders were characterized using powder X-Ray diffraction in a Bruker D8 Advance Eco diffractometer (Bruker, Billerica, MA, USA) using the wavelength Cu-Kα = 1.5418 Å. The measurements were carried out at room temperature from 30° to 70° in 2θ, at a step size of 0.02°, a step time of 1.5 s, and 40 kV and 25 mA. The obtained XRD patterns were compared with the PDF-2 database of the International Centre for Diffraction Data to identify crystalline phases. Raman spectroscopy measurements were performed at 25 °C, and the spectra were acquired from an average of 10 exposures with 2 s acquisition and a resolution of 2.7 to 4.2 cm−1. The excitation wavelength corresponds to a 532 nm laser, which was focused to an estimated spot size of 2.1 μm using a 10×/0.4 bd objective lens (Thermo Scientific, Waltham, MA, USA). The intensity of the laser was controlled from 0.1 to 10 mW. Oxidation states and elemental quantification were examined using the X-Ray photoelectron spectroscopy (XPS) technique with a K-Alpha (Thermo Scientific, Waltham, MA, USA) spectrometer with monochromatized Al Kα radiation (1486.6 eV) at 12 kV and 40 W. The analyzed area was 400 μm2 using a relative incident angle of 30°. Before analysis, the surface of the samples was cleaned using argon erosion (30 s at 3 kV and 30 W). Survey spectra were obtained from 0 to 1350 eV (1 eV/step and 100 eV pass energy), whereas for high-resolution spectra, 0.1 eV/step and 50 eV pass energy were used. The binding energies were referenced to adventitious carbon (C 1 s) at 284.8 eV. The microstructural and chemical compositions were analyzed using scanning electron microscopy and energy-dispersive X-ray spectroscopy (SEM-EDS) with a JEOL JSM-7600F microscope (JEOL, Tokyo, Japan) and an X-Max Oxford Instruments detector (Oxford Instruments plc, Oxford, UK), respectively. For analysis, a small amount of the sample was dispersed directly onto carbon tape placed on an aluminum sample holder. Additionally, thermogravimetric analysis was carried out using TA Instruments-Discovery equipment (TA Instruments, New Castle, DE, USA). For measurements, ~20 mg of the sample was placed in a platinum crucible, and the analysis consisted of three continuous heating/cooling cycles using a ramp rate of 5 °C/min in an air atmosphere (20 mL/min). The cycles were carried out as follows: (1) from 30 to 1000 °C and from 1000 to 100 °C, (2) from 100 to 1000 °C and from 1000 to 500 °C, and (3) from 500 to 1000 °C and from 1000 to 500 °C, without a dwelling step in any cycle.




2.3. Use of Powders to Formulate Selective Paints


The obtained powders (NixCo3−xO4, Co3O4, and NiO) were used to formulate the respective paints. Although it is not possible to specify details due to the patent application, the general procedure is as follows: A specific amount of each metal oxide powder was dispersed separately with a portion of xylene in the presence of a polyester resin to obtain a typical “alkyd paint”. Next, the mixture was stirred for 30 min at 400 rpm and subsequently sonicated for 20 min. The obtained selective paints were stored for further use.




2.4. Application of Selective Paints


Recycled aluminum plates (25 cm2) were used as substrates. First, they were cleaned using 320, 600, and 2000 grit sandpaper to smooth the surface, rinsed with water, and then polished with alumina paste (1 to 0.3 µm). Later, each one of the formulated paints was applied with a brush to the cleaned plates (two sets). One set of the brush-painted plates was left to dry for 24 h without any treatment, while the other one was thermally treated at 200 °C for 24 h. Both sets of brush-painted plates were analyzed using UV–VIS–NIR–FTIR to determine their optical properties (see details later) and also characterized using other physicochemical techniques. To compare the optical properties, a set of brush-painted plates using the commercial paint Solkote® (SOLEC-Solar Energy Corporation, Ewing, NJ, USA) was also prepared following the described procedure.




2.5. Optical Characterization


Reflectance spectra for the synthesized powders, brush-painted aluminum plates, and spray-painted aluminum fins (see Section 2.7) were obtained in the range of 0.3 to 2.5 μm using a UV–VIS spectrometer (Avantes, model AVASpec2048, Avantes BV, Apeldoorn, The Netherlands) and an infrared spectrometer (Avantes, model AvaSpec-NIR256-2.5, Avantes BV, Apeldoorn, The Netherlands), both with an integrating sphere (Avantes, model 50-LS-HAL, Avantes BV, Apeldoorn, The Netherlands). For the UV–VIS–NIR measurements, the white reflective tile AVANTES WS-2 was obtained as a reference, consisting of a white, diffuse, and high-quality material based on PTFE, which reflects 98 % of light in the wavelength range of 350–1800 nm and more than 92 % from 250 to 2500 nm. Reflectance was measured as full hemispheric under normal illumination. The reflectance spectra in the range of 2.5 to 15 μm were obtained with an FTIR spectrometer (Perkin Elmer, Frontier NIR/MIR model, Perkin Elmer, Waltham, MA, USA), also equipped with an integrating sphere IntegratIR model (PIKE Technologies, Madison, WI, USA), using the gold standard as the reference. Solar absorption was prolonged by weighting the reflectance spectrum against the ASTM G173-0329 solar radiation spectrum, using Equation (1), while thermal emission was calculated using T = 100 °C and Equation (2). To determine the thermal emittance, the reflection of the coating was measured by weighting the reflection spectrum against black-body radiation at 100 °C. However, the spectra are often extrapolated to 50 μm, leading to lower values for the thermal emission upon integration with the black-body radiation curve. Based on the higher uncertainty inherent in the thermal emission values, it was preferred to report the values obtained directly from the experiments [33].


  α =     ∫   0.3   2.5    I  SUN    ( λ )  ×  [  1 − R  ( λ )   ]   d λ      ∫   0.3   2.5    I  SUN    ( λ )     



(1)






  ε =     ∫   2.5   15    I  BB    ( λ )  ×  [  1 − R  ( λ )   ]   d λ      ∫   2.5   15    I  BB    ( λ )     



(2)




where α is the solar absorptance, ISUN is the solar irradiance spectrum, R(λ) is the wavelength-dependent reflectance, ε is the thermal emittance, and IBB is the black-body radiation as a function of wavelength and temperature is given by    I  BB    (  λ ,    T   )  =  c 1  /  {   λ 5   [   e   (     c 2     λ T     )    − 1  ]   }    with c1 = 3.743 × 10−16 W m2 and c2 = 1.4387 × 10−2 m K, which are constants related to Planck’s law.




2.6. Contact Angle Measurements


The two sets of brush-painted plates were evaluated to define their hydrophilicity. The affinity to water was determined by measuring the contact angle between deionized water droplets (10 μL) and each one of the brush-painted plates. Images were taken with a Dino-Lite Digital Microscope (Dino-Lite, Torrance, CA, USA), while the contact angle was estimated by processing the images using ImageJ software with the appropriate algorithm.




2.7. Scale-Up


For scale-up evaluation, the stoichiometry NiCo2O4 composition was chosen as a representative among all prepared oxides. The principal idea was to determine the performance of this material under real operating conditions in a domestic flat-plate solar collector. For this, the formulated NiCo2O4-based selective paint was deposited onto six recycled aluminum fins (1.4 m × 0.8 m each) using a spraying gun at a distance of 30 cm, with air as a carrier gas, operating at 50 PSI. The six spray-painted fins were used to assemble the solar collector, and the results were analyzed according to the NMX-ES-004-NORMEX-2010 standard. To facilitate all measurements, the tests were carried out on the platform of the company I + D + I Solar S.A. de C.V., which is located in Xochitepec, Morelos, Mexico (latitude: 18.7808° N, longitude: −99.2316° E, and altitude: 1108 m.a.s.l.). The tests were performed from 25 to 29 May 2022. The spray-painted fins were connected in parallel, with a valve to regulate the flow in each of them in a collector with a polyurethane bottom, a polycarbonate cover, “Pintro” sheet sides, and frames. The collector had an opening area of 1.5 m2 and a capacity of 150 L. The solar irradiance, ambient temperature, and temperatures at the entrance and exit of the collector were recorded and compared with the commercial HVA collector of the company Módulo Solar S.A. de C.V, Cuernavaca, México. Figure 1 shows the general procedure conducted from the synthesis of the metal oxides up to the potential application as a solar collector.





3. Results and Discussion


3.1. Physicochemical Analysis of Synthesized Powders


Figure S1 shows photographs of all synthesized powders calcined at 500 °C for 1 h. As can be seen, Co3O4 and NixCo3−xO4 samples were black in color, whereas the NiO sample was dark green. Figure 2a shows the XRD patterns obtained for these powders. The Co3O4 sample presented a set of peaks related to the crystal planes (220), (311), (400), (422), (511), and (440) of the cubic phase (space group Fd-3m #227, JCPDS 01-076-1802), while the patterns of NixCo3−xO4 samples with x = 0.1, 0.25, and 0.5 were similar to that of Co3O4, indicating that there is no important modification of the pristine Co3O4 crystalline structure due to the substitution with a low amount of nickel. Nevertheless, for a nickel content of 0.25 and 0.5, a slight shift toward lower angle values was observed, suggesting an expansion of the cell volume. The samples with x = 1.0 and 1.5 showed the presence of NiCo2O4 (space group Fd-3m #227, JCPDS 01-073-1702) and NiO (space group Fm-3m #225, JCPDS 00-047-1049) phases, with the presence of NiO being more evident for the material with x = 1.5, in good agreement with the excess of nickel used for this composition [17,18,19]. It has been reported for NiCo2O4 (x = 1) that its stability is strongly affected by preparation conditions and thermal treatment [25,28,40]. For example, Portilla-Nieto et al. [25] observed the presence of a secondary phase in the material synthesized using the sol–gel method following Pechini’s route and calcined in air at 400 °C for 10 h, whereas Atchuta et al. [28] reported the presence of an additional minor phase in the material obtained using the wet-chemical method and annealed at 500 °C for 1h. It is important to note that NiCo2O4 and Co3O4 are isostructural and that the ionic radii of nickel and cobalt are similar [41]. The JCPDS cards used for identification of Co3O4 and NiCo2O4 phases correspond to isostructural materials where the nickel atom partially occupies the same crystallographic sites as the cobalt atom, while the synthesized NiO sample is obtained as a single phase showing reflection related to the planes (111), (200), and (222) of the cubic structure (space group Fm-3m #225, JCPDS 00-047-1049).



To confirm the identified crystalline phases, a profile fitting was made to all XRD patterns using the Le Bail method [42] implemented in the FullProf program [43]. The Le Bail profile fitting confirmed the presence of all identified phases; see Figures S2–S8. Additionally, Rietveld refinement was performed for those samples with a mixture of crystalline phases to determine their percentage. The results showed that for the sample with x = 1.0, there was a phase percentage of 96.1% for NiCo2O4 and 3.9% for NiO (Figure S6), while for the sample with x = 1.5, the percentage was 73.3% for NiCo2O4 and 26.7% for NiO (Figure S7). Also, from the Le Bail profile fitting, the cell parameter was refined and plotted versus the nickel content, showing a tendency that clearly follows Vegard’s law; see Figure 2b. The cell parameters ranged from 8.083 Å (Co3O4) to 8.121 Å (x = 1.5), and they are in good agreement with previous reports [29,40]. Those nominal compositions that deviated from Vegard’s law were corrected using the phase percentages previously calculated; after correction, the values followed the linear behavior expected for the rule of mixtures.



Raman spectroscopy was also used for structural identification analysis. Figure 3 shows the obtained spectra, with Co3O4 and NixCo3−xO4 (x = 0.1, 0.25, 0.5) samples presenting well-defined peaks at about 478, 523, 615, and 682 cm−1 ascribed to the Raman active vibrations modes Eg + F2g + F2g + A1g, respectively, reported for Co3O4 [44,45]. In these samples, the peak positions shifted to high wavenumbers for the NixCo3−xO4 materials compared to Co3O4; for example, the most intense peak varied from 682 cm−1 in Co3O4 to 706 cm−1 in Ni0.5Co2.5O4. As demonstrated by the XRD analysis, there was no important modification of the pristine Co3O4 crystalline structure by substituting with a low amount of nickel (0.1, 0.25, and 0.5). However, the effect of the Raman shift might suggest a change in the particle size and agglomeration state. In contrast, the NiCo2O4 sample exhibited a peak at 698 cm−1, while the peaks in the range from 470 to 620 cm−1 were not well defined; they could be an effect of the transition from normal-spinel Co3O4 to inverse-spinel NiCo2O4 [46,47]. The Ni1.5Co1.5O4 sample showed two broad peaks similar to the NiO sample, at 510 and 1100 cm−1 [48,49].



The elemental composition was determined using EDS analysis, finding only the presence of cobalt, nickel, and oxygen. Considering the theoretical atomic proportion for Co3O4 and NiO, Table 2 indicates that the results for all oxides had a deviation of ±2.5 at.% as the maximum compared to the theoretical value, except for Ni1.5Co1.5O4 and NiO oxides that had a higher deviation. In this last case, the higher deviation can be related to the possible presence of two oxidation states of nickel in NiO as well as a mixture of phases in Ni1.5Co1.5O4. At the same time, the EDS mapping analysis (see Figure S9) revealed a homogeneous distribution of cobalt, nickel, and oxygen in all the synthesized samples.



Both transition metals (nickel and cobalt) have the ability to exhibit mixed oxidation states that significantly modulate the properties of these mixed oxides; hence, the characterization with XPS analysis is essential. Figure 4 shows the deconvoluted high-resolution XPS spectra of all oxides. Figure 4a presents the Co 2p3/2 region, in which all samples showed peaks centered at ~779.2 and at ~780.9 eV that are related to Co3+ and Co2+, respectively, indicating the presence of both oxidation states. In the Ni 2p3/2 region presented in Figure 4b, the spectra indicate that all samples contained the mixed oxidation states for nickel due to the presence of peaks centered at ~853.9 and ~856.5 eV, which are assigned to Ni2+ and Ni3+, respectively. Based on the thermal treatment applied and the dark-green color of the synthesized NiO sample (see Figure S1), which contrasts with the pale-green color of the stoichiometric NiO, it can be concluded that the synthesized NiO sample contains both Ni2+ and Ni3+ oxidation states, while the spectra of the O 1s region in Figure 4c are also similar for all samples, and the peaks can be assigned to lattice oxygen in metal oxides at ~529.3 eV and the presence of surface hydroxyls at ~531.1 eV [50].



Figure 5 shows the quantitative results of the oxidation states of cobalt and nickel in NixCo3−xO4 oxides derived from the analyses shown in Figure 4. As expected, according to the formula NixCo3−xO4, the results agree with the fact that the content of cobalt decreases and the content of nickel increases. Besides, the proportion of Co3+/Co2+ was maintained between 2.5 and 2.8, being the highest for NiCo2O4 and Ni1.5Co1.5O4 samples, while the proportion of Ni2+/Ni3+ ranged between 1.5 and 1.8, where the highest predominance of Ni2+ was observed for the Ni1.5Co1.5O4 sample. The atomic percentage of surface oxygen (lattice and hydroxyls) was similar in all samples; see Figure S10.



Representative SEM images of Co3O4 and selected NixCo3−xO4 materials are depicted in Figure 6. In general, all the samples (see also Figure S11) showed a similar morphology and particle size, with particles of ~100 nm forming agglomerates. An important effect of the composition variation on the microstructure was not appreciated. Homogeneity in the particle size distribution allowed high dispersibility of the powders during paint preparation.



Figure 7 shows the results of the typical thermogravimetry curves of Co3O4 and three of the NixCo3−xO4 samples. According to the presented results, the Co3O4 sample depicted an onset of reduction temperature at ~890 °C, with a weight loss of 6.6%, in excellent agreement with the theoretical limit expected for the release of oxygen according to Equation (3) [51,52,53].


    Co  3   O  4  ( s )    → 3      CoO     ( s )    +  1 2       O    2  ( g )     



(3)







This indicates that Co3O4 has been fully reduced at this step and is stable below that temperature. On cooling, Co3O4 recovered its weight via its re-oxidation reaction, exhibiting excellent stability and reproducibility during several cycles (see Figure S3). The samples with Ni = 0.1, 0.25, and 0.5 showed similar reversible behavior, exhibiting good thermal cyclability and weight recovery. Samples with the highest Ni content showed less loss of oxygen despite their reversible weight loss at the slightest lowering of temperature (710 °C). The inset in Figure 7 depicts the values of the onset of the reduction temperature and the percentage of weight loss obtained from the heating–cooling (reduction–oxidation) cycles presented in Figure S12.



Table 3 shows the solar absorptance values for all synthesized powders. All the nickel–cobalt mixed oxides exhibited slightly higher values compared to pristine Co3O4. It is well documented that increasing the concentration of nickel induces the improvement of optoelectronic properties by enhancing the metallic character of this system, with a corresponding reduction in the electronic gap [54]. These results suggest the potential of these oxides as absorbers for applications related to solar capturing. When measuring optical properties in bare powders, not only should the diffuse reflections be considered, but also other kinds of them that do not follow Lambert’s law and affect the intensity of the studied peaks, producing a decrease in some properties, such as solar absorbance, compared to that obtained from solar coatings, where there is a better grain distribution on the surface [55].




3.2. Evaluation of Selective Paints


Figure 8 shows the UV–VIS–NIR spectra obtained for the brush-painted aluminum plates. Co3O4 and NiO paints showed the characteristic optical response of their nature [15,28,33,56,57,58], with the NixCo3−xO4 paints having similar optical properties as those reported for NiCo2O4 [24,27]. It can be seen that thermal treatment (200 °C for 24 h) provoked slight changes in the intensity of some peaks in Co3O4 and NiO paints, while it did not affect the NixCo3−xO4 paints, because the reflectance curves for both sets were similar. Some of the peaks observed in the far-infrared range (2–15 µm) could be related to the polymeric resin used to make the paints (see Figure S13). In general, the reflectance spectra obtained for our samples (from 300 to 2400 nm) correlate well with those reported [28], although a possible effect due to differences in the used substrate and the thickness of the coatings should be considered for a more specific comparison.



Table 4 shows the solar absorptance and thermal emittance values for brush-painted aluminum plates using the different metal-oxide-based selective paints; these values were similar, indicating good thermal stability. In particular, the brush-painted aluminum plates using the NixCo3−xO4 paints had values of α ≈ 94% and ε ≈ 88%, and after thermal treatment, the values of α decreased slightly and ε was maintained. In the case of the brush-painted aluminum plates using the commercial paint Solkote®, see Figure S14, the obtained values were α ≈ 93% and ε ≈ 63%. So, the NixCo3−xO4 paints compete well in terms of α, while it would be important to consider a reformulation to decrease the ε value. This fact opens up the possibility for the potential use of paints based on nickel–cobalt mixed oxides to prepare selective coatings for solar capture processes, such as heating water for domestic use. Furthermore, nickel–cobalt mixed oxide formulations could be more accessible in economic terms compared to commercial paints.



In contrast, all the brush-painted aluminum plates were found to be hydrophobic; see Figure 9. The contact angle values were ≥ 90° for all brush-painted aluminum plates, without thermal treatment and thermally treated. Therefore, these brush-painted aluminum plates show hydrophobic behavior, preventing water absorption at high relative humidity, which should be able to withstand weather conditions and the cycling of different conditions. The hydrophobicity, along with the thermal stability of these metal oxides, meets the requirements for selective coatings to be technologically viable as solar collector systems, ensuring durability during the operation processes and useful life.



According to the results discussed, it seems that NiCo2O4 selective paint represents the best cost–benefit balance, considering the possibility of substituting a high content of cobalt with nickel, maintaining the spinel-type structure, enhancing thermal stability, and, most importantly, improving optical properties in comparison to pristine Co3O4.




3.3. Scale-Up


Figure 10a shows the spray-painted aluminum fins using the NiCo2O4-based selective paint that were used to assemble the flat solar collector manufactured by the Mexican company Módulo Solar S.A. de C.V. A representative reflectance spectrum of the spray-painted aluminum fins is shown in Figure 10b. Note that the aluminum fins used as substrates allowed the improvement of the surface to a mirror finish, favoring the balance between absorptance and thermal emittance. The difference observed in the reflectance spectra for the brush-painted aluminum plates (see Figure 8b) and spray-painted aluminum fins (see Figure 10b) for the NiCo2O4 selective paint can be related principally to the thickness obtained by using each procedure for coating preparation. In addition, it was observed that the optical properties of α and ε were better for the NiCo2O4-based selective paint compared to the HVA commercial paint; see Table 5.



The spray-painted aluminum fins using the NiCo2O4-based selective paint were evaluated in a flat solar collector according to the NMX-ES-004-NORMEX-2010 Official Mexican Standard. Figure 11 shows a picture of the flat solar collector, and Table 6 contains the results of its thermal performance, which is characterized by its thermal efficiency (η), which represents the relationship between the useful energy transferred to the fluid (water) and the incident solar energy on the flat solar collector. Thermal efficiency can be calculated with the following equation:


  η =   mC  p   (   T  out   −  T  in    )  / I × A = Q ∕ I × A  



(4)




where η is solar collector efficiency (%), m is the mass flow of water (g/s), Cp is the heat capacity of water (J/g °C), Tout is the outlet temperature (°C), Tin is the inlet temperature (°C), I is the solar irradiation (W/m2), A is the opening area (m2), and Q is the useful heat (J/s).



The average thermal efficiency value oscillated between 46% and 50% for the flat solar collector assembled with the spray-painted aluminum fins using the NiCo2O4-based selective paint. Hence, the useful heat generated by this collector can be an option to be tested in a complete collector for real applications, and it presents a thermal performance value above the Official Mexican Standard. Therefore, the formulated selective paint based on NiCo2O4 is an attractive option for other applications related to solar capturing. As presented in Table 6, the thermal performance of the NiCo2O4-based selective paint was slightly lower compared to HVA commercial paint; however, our paint is competitive at present, and its performance can be optimized with a reformulation considering an active phase that allows reducing its emittance. Also, the use of fins with better roughness characteristics would help to improve efficiency.





4. Conclusions


Powders of nickel–cobalt mixed oxides were easily prepared using the simple nitrate decomposition reaction. The replacement of cobalt with nickel increased the cell parameter linearly and improved the redox capability through the presence of mixed valence states (2+ and 3+) both for nickel and cobalt. Powders and coatings (obtained with brush painting and spray painting) of nickel–cobalt mixed oxides presented similar optical properties to pristine Co3O4, which means that cobalt can be substituted with nickel in a wide range of compositions (0.1 to 1), representing an important advantage in terms of cost and benefit toward its potential scale-up in solar technological applications because nickel nitrate is around three times cheaper than cobalt nitrate. The flat solar collector assembled with spray-painted aluminum fins using the NiCo2O4-based selective paint showed an outstanding performance that competes well with a commercial collector, fulfilling the specifications according to the respective Official Mexican Standard. It was found that the spray-painted aluminum fins using the NiCo2O4-based selective paint showed less emissivity at night, allowing more energy to be conserved in 24 h. The results presented in this paper show that solar absorber coatings prepared using selective paints of nickel–cobalt mixed spinel-type oxides offer great potential for application in large-scale solar collectors. However, there is an opportunity to improve the performance of both paints (reduce emittance) and coatings (use of fins with other geometry and surface roughness) to make nickel–cobalt oxides more attractive in terms of cost and benefit.
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Figure 1. Schematic overview depicting the procedure for preparation of selective paints from NixCo2−xO4 powders and their application to develop a flat solar collector. 
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Figure 2. (a) XRD diffractograms for the NixCo3−xO4 materials and the reference oxides Co3O4 and NiO and (b) variation of the cell parameter as a function of the nickel content of the NixCo3−xO4 materials. 
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Figure 3. Raman spectra for the NixCo3−xO4 materials and the reference oxides Co3O4 and NiO. 
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Figure 4. Deconvoluted high-resolution spectra in the region of (a) Co 2p, (b) Ni 2p, and (c) O 1 s for Co3O4, NiO, and NixCo3−xO4. 
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Figure 5. Quantitative analysis of the oxidation states for NixCo3−xO4 samples. 
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Figure 6. Representative SEM micrographs of selected samples: (a) Co3O4, (b) Ni0.25Co2.75O4, (c) NiCo2O4, and (d) NiO. 
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Figure 7. Thermogravimetric analysis of Co3O4 and NixCo3−xO4 with x = 0.25, 1.0, and 1.5. The inset plot summarizes the results of onset temperature and weight loss for all samples. 
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Figure 8. Reflectance spectra for two sets of brush-painted aluminum plates using the different metal-oxide-based selective paints: (a) without thermal treatment and (b) with thermal treatment at 200 °C for 24 h. 
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Figure 9. Contact angle values for brush-painted aluminum plates using metal-oxide-based selective paints. 
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Figure 10. (a) Photograph of spray-painted aluminum fins (1.4 m × 0.8 m each) using NiCo2O4-based selective paint and thermally treated for 24 h at 200 °C and its (b) representative reflectance spectrum. 
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Figure 11. Photograph of the flat solar collectors assembled with spray-painted aluminum fins using the NiCo2O4-based selective paint and other commercial paints for comparison purposes. Tests were evaluated according to the NMX-ES-004-NORMEX-2010 Official Mexican Standard. 
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Table 2. Elemental composition by EDS analysis of all synthesized metal oxides.






Table 2. Elemental composition by EDS analysis of all synthesized metal oxides.





	At.%
	Co3O4
	Ni0.1Co2.9O4
	Ni0.25Co2.75O4
	Ni0.5Co2.5O4
	NiCo2O4
	Ni1.5Co1.5O4
	NiO





	Co
	41.16
	43.38
	36.84
	35.12
	28.53
	24.77
	0



	Ni
	0
	Not detected
	3.61
	7.27
	15.82
	27.48
	44.58



	O
	58.84
	56.62
	59.55
	57.61
	55.65
	47.75
	55.42
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Table 3. Solar absorptance values obtained for the synthesized powders.






Table 3. Solar absorptance values obtained for the synthesized powders.





	Sample
	α (%)





	Co3O4
	84 ± 1



	Ni0.1Co2.9O4
	85 ± 1



	Ni0.25Co2.75O4
	86 ± 1



	Ni0.5Co2.5O4
	87 ± 1



	NiCo2O4
	86 ± 1



	Ni1.5Co1.5O4
	87 ± 1



	NiO
	78 ± 1
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Table 4. Solar absorptance and thermal emittance values for brush-painted aluminum plates using the different metal-oxide-based selective paints.






Table 4. Solar absorptance and thermal emittance values for brush-painted aluminum plates using the different metal-oxide-based selective paints.





	
Sample

	
Brush-Painted

without Thermal Treatment

	
Brush-Painted and Thermally Treated at 200 °C for 24 h




	
α (%)

	
ε (%)

	
α (%)

	
ε (%)






	
Co3O4

	
93

	
87

	
92

	
87




	
Ni0.1Co2.9O4

	
94

	
88

	
92

	
88




	
Ni0.25Co2.75O4

	
94

	
88

	
91

	
88




	
Ni0.5Co2.5O4

	
94

	
88

	
92

	
88




	
NiCo2O4

	
94

	
88

	
91

	
88




	
Ni1.5Co1.5O4

	
94

	
88

	
91

	
88




	
NiO

	
90

	
86

	
90

	
82
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Table 5. Solar absorbance and thermal emittance values for spray-painted aluminum fins using NiCo2O4-based paint and HVA commercial paint used in the flat collector.






Table 5. Solar absorbance and thermal emittance values for spray-painted aluminum fins using NiCo2O4-based paint and HVA commercial paint used in the flat collector.





	
Sample

	
Spray-Painted without Thermal Treatment

	
Spray-Painted and Thermally Treated at 200 °C for 24 h




	
α (%)

	
ε (%)

	
α (%)

	
ε (%)






	
NiCo2O4

	
96

	
69

	
95

	
67




	
HVA commercial

	
91

	
84

	
89

	
84











[image: Table] 





Table 6. Thermal performance obtained for flat solar collectors assembled with spray-painted aluminum fins using the NiCo2O4-based selective paint and the HVA commercial paint. The minimum limit values established by the Official Mexican Standard are also presented.






Table 6. Thermal performance obtained for flat solar collectors assembled with spray-painted aluminum fins using the NiCo2O4-based selective paint and the HVA commercial paint. The minimum limit values established by the Official Mexican Standard are also presented.





	Solar

Collectors
	Useful Heat per 8 h Day (MJ)
	Useful Heat per 24 h Day (MJ)
	Useful Heat per Year in 8 h (MJ)
	Useful Heat per Year in 24 h (MJ)





	NiCo2O4
	12.6
	9.0
	4592
	3280



	HVA commercial
	13.4
	9.7
	4890
	3552



	Minimum limit
	12.5
	8.7
	4550
	3170
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