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ABSTRACT 

Solar-to-thermal energy is considered to be the most direct way of converting solar radiation 

into usable forms of energy for a wide range of applications, including seawater desalination, 

heating water, photocatalysis, space heating and cooling, thermophotovoltaics etc. Spectrally 

solar selective absorber (SSSA) surfaces are the major components in photothermal energy 

conversions and ideally exhibits a high solar absorptance (α  ≥ 0.90) in the wavelength rage 

(300 ≤ λ ≤ 2500nm) and low emissivity (ε  ≤ 0.10) in the IR wavelength range (λ > 2500nm). 

Copper oxide (CuO, tenorite) is a transitional metal oxide from two elements copper (Cu, 

([Ar]4s13d10)), and oxygen (O, [He]2s22p4). The Cu ions are coordinated by four oxygen ions 

in a monoclinic phase of CuO crystals. Basically, CuO is a p-type semiconductor due to Cu 

vacancies, and interstitial oxygen within the structure, and it has narrow band gap values of 

1.2-1.9 eV that allow it to have a high solar absorptivity in the solar region.   

 In this investigation, spectrally selective single-layered CuO and Ag@CuO nanocermet 

coatings deposited on stainless steel (SS) substrate are introduced. The SS has been widely 

used as a substrate for various range applications due to its thermal and chemical stability, 

environmental friendliness, and good optical properties. CuO and its plasmonic nanocermet 

coatings were successfully demonstrated using facile and reproducible green synthesis, 

electrodeposition, and sputtering methods aimed at high absorptance(α), and low emissivity 

(ε) values for solar-to-thermal conversion application. In green synthesis, spectrally selective 

single-layered CuO nanocoatings and Ag@CuO nanocermet coatings were synthesized from 

copper nitrate trihydrate (Cu(NO3)2.3H2O) and silver nitrate (AgNO3) salt precursors using 

plant extract (cactus pear) as stabilizing and reducing agent and then deposited on SS 

substrates using spin coater at 700, 800, 900, and 1000 rpm. In electrodeposition, the Cu thin 

films were reduced on the electrode or SS substrate surface from Cu(NO3)2.3H2O electrolyte 

at 15, 20 and 25 min deposition time at room temperature and then annealed in a furnace, 

results in the growth of nanostructured CuO. Conversely, the Cu films were deposited using 

RF sputtering on SS substrate at different thicknesses and then oxidized in alkaline solution at 

room temperature. The morphological, structural, compositional, chemical states and 

thickness of the coatings were analysed using scanning electron microscopy (SEM), Atomic 

microscopy (AFM), X-ray diffraction (XRD), Energy-dispersive X-ray spectroscopy (EDS), 

X-ray photometer spectroscopy (XPS), and Rutherford backscattering spectroscopy (RBS). 

The SEM images confirmed the growth of CuO nanorods, nanowalls, and nanoplates (NPs) 
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from green synthesis, electrodeposition, and sputtering methods, respectively. The Ag@CuO 

nanocermet coatings also showed a better dispersibility of white plasmonic Ag NPs in the 

nanorods of CuO matrix. The XRD patterns revealed a well-crystalline nature of the 

monoclinic phase of CuO, and face centered cubic of Ag metal, the incorporated Ag NPs did 

not affect the monoclinic phase of CuO. The EDS clearly confirms compositional purity of 

the coatings. The grain size, surface roughness and crystalline size of the coatings depend on 

the thickness of the coatings, and were found to increase with coating thickness. The content 

of the elements in the coatings and the thicknesses of the coatings were determined by RBS. 

The thickness of the coatings is calculated to be 1416×1015 atoms/cm2 (298.2 nm), 1296×1015 

atoms/cm2 (272.8 nm), 1153×1015 atoms/cm2 (242.7 nm) and 998×1015 atoms/cm2 (210.2 nm) 

at 700, 800, 900, and 1000 rpm, respectively. Raman spectra showed peaks attributed to 

Raman active (Ag+2Bg) modes which are characteristics of Cu-O stretching vibrations and 

XPS spectra revealed peaks of Cu2p, O1s, and Ag3d core levels; These peaks are typical 

characteristics of Cu (II), O(II) and Ag(I), respectively.  

The optical properties of CuO nanocoatings, and Ag@CuO nanocermet coatings was 

characterized as spectrally selective absorbers using UV-Vis-NIR, and IR spectrometers. The 

vital solar selectivity parameters of solar absorptivity (α) and emittance (ε) were evaluated, 

respectively from UV-Vis-NIR and IR spectral reflectance in a wavelength range of 300-

2500, and 2500-20000 nm. The optimized coatings exhibit a solar absorptance (α = 0.93, 0.92 

and 0.97), and thermal emissivity of (ε = 0.23, 0.28, and 0.40) from green synthesis, 

electrodeposition, and sputtering methods, respectively. The incorporated Ag NPs improved 

the intrinsic absorption and reflectivity properties of green synthesized CuO nanocoatings 

from (α/ε = 0.90/0.31) to (α/ε = 0.93/0.23) at 700 rpm. This is due to the concentrated free 

electrons which contribute a plasma resonance frequency and its particle sizes are comparable 

to or smaller than the wavelength of incident light. The optical bandgap energy (Eg) of CuO 

coatings was estimated from reflectance spectra using Kubelka-Munk (K-M) function and 

found in the range of 1.65-1.27 eV. The lower band gap values are attributed to higher solar 

absorption above the band gap energy. Hence, the CuO nanocoatings and Ag@CuO 

nanocermet coatings are capable of a potential candidate(s) for SSSA surfaces in solar to 

thermal energy conversion systems.    
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THESIS STRUCTURE 

➢ This thesis is divided into four chapters. The first chapter presents the general concept 

about solar energy and spectrally solar selective coatings. In addition, the problem and 

aims of the study will be briefly stated in this chapter.  

➢ The second chapter: introduces the literature review on solar energy, electromagnetic 

radiations, mechanism of photothermal conversions, properties of spectrally selective 

surfaces, solar collectors, introduction to CuO, synthesis approaches, fundamental 

properties, and applications of CuO.   

➢ Chapter three: The methodologies for spectral solar selective CuO coatings (or green 

synthesis, sputtering, and electrodeposition methods), and the main characterization 

techniques employed are briefly illustrated in this chapter. 

➢ Chapter four: Result and discussion for the obtained all of CuO nanocoatings and 

Ag@CuO nanocermet coatings are briefly addressed. In this chapter the morphological, 

structural, and optical properties of the optimized coatings prepared via green synthesis, 

electrochemical, and RF sputtering methods are briefly analysed.  
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CHAPTER ONE 

BACKGROUND OF THE STUDY 

1.1 Introduction 

The progress of human civilization, energy demands and environmental concerns due to 

greenhouse gases (GHG) have aroused much interest in clean, and sustainable energy sources 

to replace the non-renewable use of fossil fuel-based energies namely coal, gas, oil, etc. 

Among the known renewable energies such as wind, biomass, and hydro energy, solar energy 

is becoming indispensable as it is a source of clean energy, bountiful, inexhaustible, and also 

considered as a possible solution to the environment pollutions and energy crisis because of 

its carbon-neutral energy source, and pollution-free nature [1-4]. Solar energy is widely 

utilized for various potential applications, such as photocatalysis, solar vapour generation, 

photovoltaic, photothermal and solar-driven energy conversion fields. In comparison to solar-

to-thermal conversion, photovoltaic conversion of solar radiation into electricity is a well-

proven technology with a low cost. However, due to its high conversion efficiencies and good 

storage functionality, solar-to-thermal systems are regarded as a very promising route [4-8].  

 Solar-to-thermal energy conversion is considered as a direct method of harnessing and 

converting solar radiation into thermal and then to thermophotovoltaics for various potential 

applications, such as seawater desalination, heating water, refrigeration, industrial processing, 

power generation etc., [9-11]. Spectrally solar selective absorber (SSSA) surfaces which are 

the major components in photothermal conversion efficiency, exhibit a high absorptances (α  

≥  0.90) in solar spectrum wavelength (300  ≤  λ  ≤  2500 nm), while retaining low emissivity 

(ε  ≤  0.10) in the IR wavelength (λ  ≥  2500 nm) to enhance the conversion efficiency and 

they are thermally stable at their operational temperatures. Based on the working temperature, 

the solar selective absorber (SSA) coatings can be categorized as low (T < 100 ºC), medium 

(100 ºC < T < 400 ºC), and high (T > 400 ºC) temperature for photothermal applications [12-

18]. So far different designs of solar selective coatings, such as intrinsic (e.g, V2O5, and 

Al2O3) [19-21], semiconductors (e.g, Si0.8Ge0.2, and Cu2O) [22, 23], metal-dielectric 

composites (e.g, W-Al2O3, Mo-SiO2 and Ni-NiO) [10, 24, 25], dielectric-metal-dielectric 

(AlxOy/Pt/AlxOy and Cr2O3/Cr/Cr2O3) [26, 27], multilayers (Al/NbMoN/NbMoON/SiO2, 

and WAlN/WAlON/Al2O3) [15, 28, 29],  and textured surface (e.g, CuO and  MoO) [30, 31] 

have been widely investigated to improve the conversion efficiencies for various potential 

applications. Among them, semiconductor coatings have been intensively used for 
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photothermal energy conversion because they have good intrinsic, and/or selectivity 

properties as well as transparency for photons below their optical bandgap energy but absorb 

energy above the bandgap [32-35].  

Copper oxide (CuO, tenorite) is one of the stable oxide forms of Cu ([Ar]4s13d10 ) metal.  In a 

crystal, CuO has a monoclinic phase structure, and the Cu ion is coordinated by four oxygen 

ions. CuO with large surface area exhibits superior physical and chemical properties and has 

been broadly studied because of its practical applications in various fields, such as biology, 

chemistry, medicine, physics, and electronics [36-38]. Moreover, CuO basically is a p-type 

semiconductor with narrow band-gap energy of 1.2–1.9 eV that allows to absorb UV-Vis-

NIR irradiation effectively and also a good infrared (IR) mirror to suppress the reemission 

loss in the long wavelength IR region for photothermal. CuO films have been investigated 

and reported for photothermal energy applications as solar selective absorber (SSA) using 

different physical and chemical methods [17, 18, 39]. S. Karthick et.al [40], demonstrated 

CuO nanocoating as SSA on Cu substrate using NaOH, and NH4OH and reported an 

absorptance of (α = 0.90) and emissivity (ε = 0.07). He et.al [41] reported Ag@CuO 

nanocomposite film as novel SSA via step sol-gel and achieved (α = 0.917, ε=0.05). Barshilia 

et.al [42] fabricated CuO thin films on silicon (Si) substrates using reactive sputtering at high 

temperatures, and reported a high absorptance (α = 0.95), and emissivity (ε = 0.52).    

Recently, green synthesis method has demonstrated several advantages over the physical and 

chemical procedures due to its inevitability to develop clean, environmentally friendly, cost-

effective, and effective synthesis techniques [43-46]. In this investigation, spectrally selective 

single-layered CuO nanocoatings and its plasmonic nanocermet (Ag@CuO) coatings were 

synthesized via green synthesis using plant extract (cactus pear), copper nitrate trihydrate 

(Cu(NO3)2, and sliver nitrate (AgNO3) salt precursors,  and then spin-coated on SS substrates 

at different rotational speeds (RS). Moreover, CuO nanocoatings are fabricated using facile, 

cost-effective, and scalability of electrochemical and sputtering deposition techniques for 

improved SSA surfaces. In the electrochemical method, the copper (Cu) thin films were 

deposited on the electrode surface or SS substrates from an electrolyte (Cu(NO3)2.3H2O) 

solution using a three-electrode configuration at room temperature and then annealed for CuO 

formation. Conversely, in the sputtering process, the Cu films were deposited on SS 

substrates using RF sputtering and then oxidized into CuO in alkaline solution at room 

temperature. Optical, and non-optical characterization techniques were applied to study the 

surface morphologies, structural and optical properties of the prepared coatings.  
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 1.2 Problem of the study 

Currently, the world relies upon fossil fuel-based materials like coal, gases, oil, petroleum 

etc, to produce most its energy and meet demands. However, the consumption of fossil fuel-

based energy sources is generating green-house gases (GHGs), which are a major factor for 

global warming. Due to the scarcity of fossil fuel, environmental concerns, increasing the 

need of clean and sustainable energy, and the growing of global energy crisis driven by the 

strong economic development, the world shifted towards alternative renewable energy 

technologies. So far, significant efforts have been devoted to the development of renewable 

energy technologies, which have led to utilization of solar energy, wind energy, biomass 

energy, and other renewable energy sources. Of the renewable energy sources, sunlight is 

abundant, easily accessible, eco-friendly, and considered as a potential solution to energy 

crisis as well as environmental challenges to propel sustainable development of human 

society. This reliable, and abundant energy source is harnessed and then converted into 

usable energy forms by using solar technologies such as photovoltaics and photothermal [1, 

2, 47, 48].   

The photothermal conversion technology which converts directly solar radiation into thermal 

(heat), and then to thermophotovoltaic for concentrated solar system (CSP) applications, 

becomes mature and cost-effective. The solar-to-thermal devices are very promising routes 

for the low and medium-temperature applications such as domestic water heating at medium 

temperatures (T ≤ 400 oC), and strongly depend on electrical and optical properties of the 

solar collector surfaces to harvest the incident solar radiation [47, 49, 50].  So far, spectrally 

selective CuO thin films have been achieved by using different coating techniques such as 

spraying, spin coatings, sol-gel, electrophoretic depositions, chemical oxidation, D.C. 

magnetron sputtering, and chemical vapour deposition (CVD) on different metallic substrates 

for photothermal applications. However, these physical and chemical methods may need high 

energy and produce chemical by-products to the environment [30, 51-57].   

Recently, green synthesis of nanomaterials demonstrated to have several advantages over 

physical and chemical procedures due to being clean, environmentally friendly, cost-effective 

and utilizing effective synthesis techniques [43, 46]. In this research work, spectrally 

selective single-layered CuO nanocoatings and Ag@CuO nanocermet coatings were 

synthesized via green synthesis and then deposited on SS substrates by spin coating. 

Moreover, CuO nanocoatings aimed at high absorptivity were also fabricated via 

electrochemical and sputtering deposition techniques on SS substrate because of its 
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simplicity, low-temperature processing, high quality, and accurate deposition rate, and 

viability of commercial production [58].   

1.3 Aims of the study 

➢ The main aim of this research work is to develop an improved spectrally selective single-

layered copper oxide (CuO) based nanocoatings using cost-effective, and reproducible 

methods (i.e green synthesis, electrochemical, and sputtering deposition) aimed at high 

solar absorptance (α), and low emissivity (ε) values in the solar spectrum and infrared 

(IR) region as solar selective absorbers, respectively.  

1.4 Specific objectives    

The following specific objectives were performed to achieve the above aims; 

➢ To prepare plant material extracts which are used as chelating, stabilizing and/or reducing 

agents for synthesis of nanoparticles and nanocomposites.  

➢ To synthesis of CuO nanoparticles and Ag@CuO nanocomposites using plant extracts, 

copper nitrate trihydrate (Cu(NO3)2.3H2O)  and sliver nitrate (AgNO3) salt precursors.   

➢ To deposit the green synthesized CuO NPs and Ag/CuO nanocomposites on stainless 

steel (SS) substrates via spin coater at different rotational speed (RS) of the spin-coater. 

➢ To deposit Cu thin films on SS substrates at different deposition time via electrochemical 

deposition from Cu(NO3)2.3H2O electrolyte-solution at room temperature.  

➢ To oxidise the deposited SS/Cu thin film into SS/CuO via thermal oxidation. 

➢ To deposit Cu thin films using RF sputtering on SS substrates at room temperature.  

➢ To oxidise the deposited SS/Cu thin film into SS/CuO in alkaline solution at room 

temperature.  

➢ To characterise the obtained all coatings using different optical and non-optical 

characterization techniques.  

➢ To analyse the effect of film thickness on the morphological, structural and optical 

properties of all the coatings.  
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CHAPTER TWO   

LITERATURE REVIEW 

2.1 Solar energy 

The global energy demands for a clean and sustainable environment and environmental 

concerns due to greenhouse gases (GHGs) have aroused much interest in renewable sources 

of energy to replace those non-renewable or fossil fuel-based energy sources like coal, gases, 

oil, petroleum etc. There is a variety of renewable resources energy including wind energy, 

solar, hydro, biomass, nuclear, geothermal energy and so on. Of those, solar energy is a 

bountiful, clean, environmentally friendly, accessible, and carbon-neutral energy source. The 

total power of solar energy is 3.8×1023 MW, out of which 4 x1014 kW is incident on the earth 

surface in the form of electromagnetic radiations per day almost 5000 times the current 

annual energy consumption. Fig. 2.1 illustrates the solar energy distribution in our planet.  

Even if Africa has large average solar energy distribution compared to other continents, the 

United States, Germany, Spain, Italy, and Japan are at the forefront of photothermal energy 

utilization [1, 2, 59, 60].  

 

 

Figure  2.1 Solar energy distribution potential [60].  

The incident light can be harnessed using passive and active solar system approaches. 

Structure, design, and position to use solar energy are the primary characteristics of passive 
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solar systems. The active solar techniques use mechanical and electrical equipment to utilize 

the solar energy into usable energy forms, such as thermal or electricity [61, 62]. The 

versatile  solar energy source can be transformed into different types of usable energy forms 

such as chemical (fuels), electrical and thermal energies by using active systems of 

photochemical [63], photovoltaic [7] and photothermal [8] processes, respectively. The 

conversion of the incident light to electricity via photovoltaics is a well-proven technology 

compared to photothermal conversions. However, solar to thermal conversion process is a 

promising route to harvest, and convert the sun light into thermal, and then to electricity via 

thermophotovoltaic systems for concentrating solar power (CSP), and has proven for broad 

applications such as domestic water heating, and cooking, environmental purification, 

desalination sea water, space heating, and cooling, industrial processing, catalytic production 

of fuels and chemicals, and electricity generation [5, 6, 62].  

2.1.1 Electromagnetic radiation 

In 1865, James Clerk Maxwell projected the theory of electromagnetic and predicted light as 

electromagnetic radiations which is the cause of magnetic and electric phenomena. 

Electromagnetic radiation propagates as electrical and magnetic waves and travels in packets 

of radiant energy called photons. The vibrations of magnetic and electric charges created an 

electromagnetic wave that have both an electric-field and magnetic-field. In electromagnetic 

waves, both fields are perpendicular to each other [55, 64]. Electromagnetic radiations are 

classified according to the wavelengths or frequencies of their oscillations within the 

electromagnetic spectrum, for example,  in order of decreasing wavelength (λ)  or increasing 

frequency from  gamma rays (~ 10−12 μm/1020Hz) to long radio waves (~1010 μm/108 Hz) 

includes, gamma rays, X-rays, ultraviolet (UV), visible-light, IR radiations, micro, and radio 

waves [55, 64] as shown in Fig.2.1.1. 
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Figure 2.1.1: Electromagnetic spectrum 

 

The electromagnetic radiation emitted by the sun is called solar radiation, and it falls in the 

ranges of 0.3~2.5μm wavelength, and radiations emitted from absorbers above 200 oC 

temperature spreads in the far IR region which extends in the range of 2.5~50μm 

wavelengths. The electromagnetic solar and thermal radiations are important for 

photothermal applications [17].  

2.1.1.1 Solar radiation    

 

When sunlight reaches on the absorber surface, some light is reflected and the rest enters into 

the medium and can be absorbed and/or transmitted. When a surface of a matter is subjected 

to electromagnetic radiation, absorption, reflection, and transmission phenomena occur as the 

total radiation shown in Fig.2.1.1.1. Absorption can occur when the energy of an incident 

light is equal or greater than the bandgap energy of the absorber material [65]. 

  



 

 

8 

 

 

Figure 2.1.1.1: Electromagnetic wave interaction with solar absorber surface 

The amount of light reflected from the absorber surface is analysed by the reflectance (R), 

and it is the ratio of light reflected (IR) to incident light (I0). According to energy conservation 

in Fig.2.1.1.1, the sum of transmission (τ), reflection (R), and absorption (A) of the incident 

light is equal to unity (1) in a given wavelength, as expressed in eq. (2.1.1.1) [65, 66]. 

                                                                      (2.1.1.1) 

For non-transparent absorbers, the τ is zero (τ(λ) = 0), and the total energy is expressed in 

terms of the absorptance α(λ), and total reflectance, R(λ), as follows; 

     ) )                                                                                      (2.1.1.2) 

                                                                                        (2.1.1.3)  

The solar absorptance (α) is one of the parameters that characterizes the performance of the 

absorber material and is defined as the ratio of the solar radiation absorbed by the absorber to 

the incident radiation [33, 65].  

)(

)(
   ),(











G

IG sol=                                                                                   (2.1.1.4) 

where GλIsol(λ) and Gλ(λ) are, respectively the absorbed and incident radiations. Using Eqs. 

(2.1.1.3) and (2.1.1.4), the solar absorptance (α), represents the ability of the absorber of 

coating to absorb incident light in the solar spectrum (AM 1.5), and integrating from 0.3–

2.5µm wavelengths as follows eq. (2.1.1.5).  
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                                                                    (2.1.1.5) 

where Isol is the density of incident sunlight at AM 1.5 [65, 66]. 

2.1.1.2 Thermal radiation  

The infrared emissivity (ε) is another criteria to determine the performance of solar absorber 

coatings in the far infrared compared to the ideal blackbody. A perfect blackbody is one that 

absorb all the electromagnetic radiation falling on the surface of the absorber, no radiation is 

reflected and appears perfectly black. Therefore, a blackbody is a perfect absorber surface, at 

the same time a perfect emitter. Planck’s radiation law governs blackbody radiations. 

                =                                                                             (2.1.1.6) 

where Ebλ is the spectral radiance, T is the temperature, h is Planck constant (6.63 ×10−34 Js),  

c is the speed of light (3.0 ×108 m/s), k is Boltzmann’s constant (1.38 × 10−23 J/K) [65, 67]. 

The total emitted energy by the blackbody at a given temperature can be obtained by 

integrating Planck’s spectrum and proportional to the fourth (4) power of its temperature (T) 

according to Stephan-Boltzmann law, as expressed in eq. (2.1.1.7).  

                                                                           (2.1.1.7) 

where  is Stefan-Boltzmann constant (5.67051 x10-8 W/m2K4). The thermal emissivity(ε) of 

an object in IR region is the ratio of radiation emitted by the heated absorber surface at a 

temperature (T) to emitted radiations by a blackbody (Ebλ), and can be expressed as [65, 67, 

68]. 

),(

),(
 T),( 

TI

T

b 


 =                                                                                         (2.1.1.8) 

where ε(λ, T), and εIb(λ,T) are radiation emitted by the object and by a perfect blackbody, 

respectively. In thermal equilibrium (i.e, at a constant temperature (T)), for an opaque 

substance, the spectral thermal emissivity (λ) is equal to the solar absorptance (α) at every 

wavelength (λ) known as Kirchhoff’s Law (see eq. 2.1.1.9).   

),(1),(),( TRTT  −==                                                                       (2.1.1.9) 

and combining eqs. (2.1.1.8), and (2.1.1.9) the total thermal emissivity at T can be calculated 

by [65, 66].                                       

                                                                 (2.1.1.10) 
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where Ib is emitted radiation by blackbody at a given (λ, T).  

The photothermal conversion efficiency (ɳ) of spectrally selective coatings at working 

temperature (T) can be calculating by combining the solar absorptance (α), and thermal 

emissivity (ε) using eq.(2.1.1.11). 

                                                                                                          (2.1.1.11) 

where σ is Stefan Boltzmann constant (5.67X10-8 Wm-2K-4), C is concentration factors (e.g 

parabolic C=15 to 40) and I is intensity of solar radiation [67, 69]. 

2.2 Mechanisms of photothermal conversion 

Photothermal conversion is a process of converting the incident solar radiation into heat and 

then to electricity via thermophotovoltaic technologies. The conversion of the incident light 

into usable energy forms is based on the optical and electrical properties the absorber 

material. The optical property such as the absorption coefficients, absorption of sunlight, heat 

transfer, and heat loss play important roles in the optimization of solar radiation to thermal 

energy [5, 6, 33, 70]. Absorption of light can cause several phenomenal to occur such as 

excitation of electrons, vibration, and rotation of bonds as well as ionization of atoms or 

molecules. The photothermal process is created via thermal effects which is caused by photo-

excitement phenomena in the absorber surface to enhance the conversion performance of 

incident light to thermal energy [34, 71]. According to Gao et.al [72], the solar-to-thermal 

energy conversion mechanism is categorised and depends on their light absorption 

wavelengths as plasmonic localized heating in noble metals, nonradiative relaxations in 

semiconductors, and thermal vibrations in organic molecules (e.g in carbon-based 

compounds, conjugated polymers etc.) as shown in Fig.2.2 (a-c).   

The electromagnetic radiation absorption of plasmonic noble metal (like Ag, Au etc.,) NPs is 

governed by the surface plasmonic resonance effects and strongly depends on the structure, 

size, and shape of the absorber nanoparticles. Optical absorption primarily activated by intra-

band transitions when the free conduction electrons are excited within the conduction band, 

and this absorption is called free carrier absorption as shown in Fig.2.2 (a). The noble metals 

exhibit intense bright colors caused by wavelength extinctions due to the localized surface 

plasmonic resonance (LSPR) effects, three successive processes namely, nearfield 

magnification, hot electrons, and photo-thermal conversions occurred in a plasmonic noble 

metal. The photothermal effect in noble metals occurs by the illumination of noble metallic 

NPs, and results in electronic oscillation at unoccupied states by the electron (e-) excitation 
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from occupied state, which creates hot electrons. These hot electrons are cooled fast due to 

electron-phonon scattering with in the noble metal lattices, and then, heat is distributed 

through phonon-phonon relaxations into the environment [72, 73]. 

The optical absorption in inorganic semiconductor materials reveals strong variation near the 

band-gap energy. Practically, when photons have higher energy than the band-gap energy of 

semiconducting materials under illumination leads to an electron-hole (e--h+) pairs generation 

by exciting of electron (e-) to the CB from the VB as illustrated in Fig.2.2(b). Eventually, the 

excited electron (e-) is returned to the low-level states by transferring thermal energy or heat 

to impurities/ defects by radiative relief in the form of photons or nonradiative relaxations in 

the form of phonons (or heat) to surface bonds of the semiconductor absorber. When energy 

is transferred to the surface bonds in the heat form, it causes local heating depending on the 

optical absorption strength and surface recombination properties [34, 74].  

Many carbon-based organic molecules such as carbon black, amorphous carbon, and graphite 

have the ability to absorb broad-band light and convert solar energy to heat via lattice 

vibrations within a material. The common optical transitions of n-π*, π-π*, and n-δ* are 

generally weaker than δ-δ bonds due to the electrons being less bonded and thus, these 

electrons (e-) can be excited with a lower photo-energy of the sun in the solar spectrum. The 

energy difference between the highest occupied molecular orbitals (HOMO), and that of 

lowest unoccupied molecular orbitals (LUMO) is decreasing with increasing number of π 

bonds. When a material is illuminated, an electron (e-) is excited from the HOMO to LUMO 

orbital as shown in Fig.2.2(c). Eventually, the excited electron (e-) is relaxed by electron-

phonon coupling, and subsequently, the absorbed energy is transferred from the excited   

electron (e-) to vibrational modes throughout the atomic lattices which leads to increase the 

temperature of the absorber [33, 34, 74].  
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Figure 2.2: Photoexcitation phenomena in photothermal conversion a) in plasmonic metals, b) in semiconductor 

metal oxides, c) Carbon-based organic molecules [33]. 

2.3 Properties of spectral solar selective absorber surfaces  

In nature, there is no intrinsically perfect absorber material which can be used in SSA 

coatings. The spectrally solar selective absorbers (SSSA) are a key component in 

photothermal energy conversion, and also the material types, structure, fabrication procedures 

etc., determine the optical performance of the absorber surface [13-18, 65]. Solar radiation 

has a broad spectral range, but its energy is primarily concentrated in the range of UV-Vis-

NIR region; Meanwhile, the thermal radiation of the absorber is distributed in the wavelength 

of far IR region. The SSA coating is said to be ideal spectral selective absorbing if it absorbs 

all solar radiation in the UV-Vis-NIR ranges while reflecting all thermal radiation in the IR 

ranges. Ideally, SSSA has low reflectance (≈0) in the solar spectrum (0.3–2.5 μm), and high 

reflectance (≈1) in the infrared region (>2.5 μm). The solar and thermal spectrum of heated 

bodies do not overlap to any substantial extent. As the temperature of the blackbody is 

increasing, the maxima radiation increases and location of the corresponding peak density 

can shift towards shorter wavelength. The wavelength at which the transition occurs is 

referred to as the cut-off wavelength and depends on the material type and operational 

temperatures. For example, at higher temperature, the transition waves will shift towards 

shorter wavelengths while at lower temperature towards longer wavelengths [6, 15, 51-54, 

75-78]. Clearly, Fig.2.3 below illustrates the relation of the solar region (AM, 1.5, blue), ideal 
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reflectance spectrum (black), perfect blackbody radiations (at 100, 200, 300°C) and actual 

solar selective absorber (red).  

 

 

Figure 2.3: Spectral illustration of an ideal and real SSSA, the sun light at AM1.5, and blackbody at different 

temperature (T) [67].  

2.4 Design of spectral solar selective absorber coatings 

The solar selective absorber (SSA) coatings are primarily used to improve the ability of solar 

thermal collectors, particularly in photothermal applications to harvest solar radiation. The 

first investigations of SSA coatings were projected by Tabor [79], Gier, and Dunkle [61], and 

Shaffer [80] in 1955. Different physical mechanisms and design principles are employed to 

improve the absorbing efficiency of the coatings. The absorber types, structures, fabrication 

processes, and other criteria determine the optical response and performance of the absorber 

coatings at its operational temperature. The spectral selectivity, good chemical and structural 

stabilities, ability to prevent oxidation/reduction, humidity, and corrosion can determine the 

desired properties the absorber surface should possess. Based on designs, and principles, the 

SSSA coatings are categorised into six (6) namely, intrinsic, semiconductors, metal-dielectric 

composites, metal-dielectric, multilayers, and textured surfaces [2, 68], as illustrated in 

Fig.2.4.  
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2.4.1 Intrinsic absorbers 

The intrinsic or mass absorber coatings inherit spectral selectivity as a property and are 

homogeneous materials (see Fig 2.4(a)), structurally more stable but optically have lower 

efficiency when compared to other types of SSA coatings [65]. The intrinsic absorbers are 

mostly found in transition metals and are characterized by large number of orbitals for 

absorption of solar radiation. Semiconductors such as tungsten (W) metal [55], ZrB2, HfC 

[81, 82], V2O5 [83],  Fe3O4 [84], etc, are examples of intrinsic materials.  They are not ideal 

for solar applications without modifications and thus the property of the intrinsic material 

should be tailored with some other materials to satisfy the needs of solar selectivity properties 

[65, 85].  

2.4.2 Semiconductor absorbers    

Semiconductor absorber materials have promising prospects due to their invulnerability to 

photo-bleaching, degradation, and large extinction coefficients in NIR region. Semiconductor 

materials show an intrinsic property because they are transparent for photons with lower band 

gap (Eg) energy but absorb energy above the bandgap. Bandgap energy (Eg) governs the 

light absorption in semiconductor absorbers. Semiconductors with energy band-gaps (Eg) in 

the range of  0.5 eV (2.5μm) to 1.26 eV (1.0 μm) can absorb sunlight with short wave 

radiation [11, 32]. The common semiconductor materials are germanium Ge (0.7 eV), silicon 

Si (1.1 eV), and lead sulfide PbS (0.4 eV) have good potential as absorbers in photothermal 

applications [86, 87]. Xiao et.al [88] took advantage of narrow band gap of copper oxides 

(CuO, Cu2O) semiconductors for solar absorptions. The disadvantage of the semiconductor 

absorber is that it has a higher refractive index (n) in the solar region which causes large 

reflection of photons and thus, the antireflection coating (ARC) is deposited onto 

semiconductor to improve its performance or of high porosity are needed to reduce the 

reflectance losses as illustrated in Fig 2.4 (b).  A single layer ARC of Al2O3 [89], Si3N4, TiO2 

[90] etc., can deposit on semiconductors to reduce its reflectivity. Barrera et.al [91] fabricated 

CuO/SiO2 thin film via sol-gel method comprised of tetraethoxysilane (TEOS), and copper 

propionate (Cu(C3H5O2)2) solutions on SS substrate using dipping process. The final film was 

thermally oxidized at 450 oC for 4 h in air, they reported 92% of solar absorptance (α), and 

20% of emissivity (ε).  

https://pubchem.ncbi.nlm.nih.gov/#query=C6H10CuO4
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2.4.3 Cermet absorbers  

A cermet (combination of ceramics and metals) coating is a composite absorber in which fine 

metal nanoparticles are incorporated into a porous ceramic-based layer as shown in Fig 

2.4(c). By scattering solar radiation between the metal nanoparticles and the dielectric, the 

metal in cermets can be modified through the ceramic matrix for high optical response. The 

multilayers and ceramic coatings are similar in that dielectric material is used in both 

structures for solar absorptions, while metal nanoparticles can serve as infrared reflectors. 

The cermet coatings strongly absorb the incident radiation in the wavelength of solar region 

and are transparent in the IR wavelengths because of inter-band transitions in the metal and 

plasmonic effect of the fine particles. The surface plasmonic resonance (SPR) phenomenon 

due to quantum confinements (QCs) effect of the metal NPs in cermet coatings can trap more 

sunlight. In general, coating thickness, particle concentrations, size, orientation, and shape 

determine the solar selectivity of the cermet coatings [68, 70, 92]. Different dielectric 

materials like Cr2O3, Al2O3, etc., as dielectric, and Cr, Ni, W, Al, Au, Ag etc.,) as the metallic 

NPs have been investigated for cermet composite coatings [92, 93]. Such kind of cermets, 

like W-Al2O3 [94], Ag-Al2O3 [95], Mo-Al2O3 [96], and Ni-NiO [97] have been reported for 

SSA coatings. The advantage of DMD structure is that small material is required to fabricate 

the coatings, which reduce usable costs [17, 98]. 

 

 

Figure   2.4: Types of SSA coatings for solar energy absorption [60]. 
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2.4.4 Multilayer absorbers 

The semiconductor and intrinsic absorbers are not appropriate in high temperatures used for 

photothermal applications. Multilayer coatings reveal high solar absorption, low emissivity, 

and good stability at high temperatures. A multilayer coating consists of antireflection layer 

(ARL), dielectric, and semi-transparent metallic layers shown in Fig 2.4(f). Multilayer films 

can improve the solar selectivity properties of the absorber with dielectric layer as the main 

absorber and metal layers as IR reflectors. The bottom metallic layer (e.g. Cr, W, Ag, Cu, Ni) 

exhibits a high reflectance property in the IR wavelength and less reflectance in the visual 

region. The top antireflection layer (e.g Al2O3), reduced the visual reflectance. To improve 

solar absorption of multilayer absorbers the metal volume fractions and refractive indexes of 

each layer typically increase from surface of the absorber to substrate [11, 92, 98]. In recent 

years, the transition metals and their nitrides/oxynitrides/oxides coatings such as 

TiAlSiN/TiAlSiON/SiO2 [99], Mo/AlCrON(H)/AlCrNO(L)/AlCrOx [100], 

HfMoN(H)/HfMoN(L)/HfON/Al2O3 [101], TiAlCrN/TiAlN/AlSiN [102] have been reported 

for high temperatures photothermal applications.  

2.4.5 Dielectric-metal-dielectric (DMD) absorbers 

Multiple reflections are used in dielectric-metal-dielectric (DMD) absorbers to absorb the 

sunlight efficiently (see Fig 2.4(e)). Nanocrystalline dielectric materials such as Cr2O3, MgO, 

Al2O3, and others are suitable absorbers in DMD coatings because of their great temperature 

stability. Moreover, based on the high melting point and their resistance against chemical 

oxidations at higher temperatures, metals like Cr, Al, etc., are suitable candidates for DMD 

absorber layer. Different DMD absorbers such as HfOx/Mo/HfO2 [103], AlxOy/Al/AlxOy 

[103] etc., have reported for high photothermal applications. The advantage of DMD coating 

is the lower coat required to fabricate the coating structure. The issue in developing such 

layers is to find tuneable composition that bridged the gap between metal and dielectric 

optical characteristics and maximizes solar absorptions while reducing thermal emissivity 

[68, 70]. 

 2.4.6 Textured surface absorbers 

Textured surface coatings are emerging coatings both in the micro, and nanomanufacturing 

technology. Though the optical performance of other coatings reported in literature are 

superior, the oxidation, intra and interlayer reactions, substrate diffusion, and 
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thermomechanical stress between the layers at high temperature fails. To overcome the 

aforementioned gap, materials with high intrinsic absorption, and unaffected selective 

property, surface texturing appear as an alternative approach (see Fig 2.4(d). Textured surface 

structure with porous grooves, dendrite micro and nanostructure are capable of capturing 

solar energy and are the main way to improve solar absorptance materials. Such structure can 

help to trap more short wave photons via multi-reflection inside the structures, while smooth 

absorber surfaces for longer waves can achieve low emissivity [68, 70, 85, 104]. Moon et.al 

[105] demonstrated a multi-scaled silicon (Si) germanium (Ge) absorber surface through a 

spark erosion process with an absorptivity(α) of 0.9 and emissivity(ε) of 0.3. Sergeant et.al 

[106] proposed a design of V-groove grating coatings, which has α > 0.94 and ε < 0.06 at 720 

K.  

2.5 Solar thermal collectors 

 A unique heat exchanger known as a solar collector is used to harvest the sun light and 

convert it into thermal energy. Solar collectors are the major component in the system and are 

designed to harvest and convert the incident solar radiation into heat and then to electricity to 

satisfy some energy demands. Solar energy can be harnessed using passive and active 

approaches. Design and structural aspects of solar systems can be named as the passive 

techniques. The solar energy uses mechanical and electrical equipment to convert the sunlight 

into heat and/or electricity using active solar approaches [56, 65, 107].  

Solar thermal collectors are heat exchangers that convert solar radiation into thermal energy 

and stores it for later use. Transferring of solar energy into heat transfer fluids (HTFs) via 

absorber plates is the core mechanism in solar-to-thermal conversion. A solar thermal 

collector can absorb the incident light, and heat is then transferred to working fluids (i.e, 

water, air, or oil), and the heat in the working fluids can be used directly for various 

applications such as domestic and commercial applications. Many solar thermal collectors are 

available for photothermal energy conversion, and basically, solar thermal collectors are 

categorised as concentrating and non-concentrating collectors. Non-concentrating solar 

collectors are generally used in residential areas and commercial buildings for hot water and 

space heating, while concentrating collectors are typically used in solar power plants [108-

110]. Fig. 2.5 illustrates the concentrating, and non-concentrating types of solar collectors. 
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Figure  2.5: Different types of solar collectors [68]. 

2.5.1 Non-concentrating solar collectors  

Non-concentrating solar collectors are mainly designed for domestic purpose, tertiary sectors, 

and some industrial processes which require energy delivery at low, and medium 

temperatures. Though a broad variety of non-concentrating collectors are available, flat plate 

collector (FPC) and evacuated tube collectors (ETC) are the two main types of non-

concentrating solar thermal collectors [68, 108]. 

2.5.1.1 Flat-plate solar collector 

Flat-plate collectors (FPCs) are the most investigated technology and are low-cost and do not 

require more skill to operate. The FPC consists of a glazing transparent cover, absorber 

plates, insulation layers, heat transfer fluid (HTF), and other auxiliaries as illustrated in 

Fig.2.5.1.1. Glazing transparent cover is made of single or multiple sheets of transparent 

material with high transmittance in the short wavelength radiations and low transmittance of 

in the long wavelength radiations. Moreover, the transparent cover prevents the absorber 

plates from adverse weather conditions. The absorber plate is generally coated with 

blackened surfaces able to absorb the incident sunlight but transparent to long-wavelength 

thermal radiations. The absorber plates can be covered with a selective layer to maximize the 

solar absorptions. The heat is then transferred to working fluids in the absorber tubes. To 

reduce heat losses, the absorber plates are well-insulated on all sides. Due to high solar 

radiations and lower heat losses, conventional flat-plate solar thermal collectors work 

efficiently in warm climate seasons [109, 111-113].  
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Figure 2.5.1.1: Illustrative of a flat-plate collector [112]  

2.5.1.2 Evacuated tube solar collectors 

The evacuated tubular collector (ETC) consist of row of parallel transparent tube glasses with 

absorber plates to absorb the incident radiation in the solar region and a heat transfer tube to 

collect the absorbed energy in each glass tube, as shown in Fig.2.5.1.2. The absorber plate is 

responsible for collecting the incoming solar radiation, and also reduces the heat loss in the 

infrared radiation. It is purposely painted with a dark color to maximize absorption. The heat 

from the absorber plates is transferred to the HTF, which is then transported to manifold 

mainstream fluids. The manifold is insulated to prevent heat loss and the air between the 

outer and inner glass tubes is evacuated to prevent convective heat loss. This leads to a better 

photothermal conversion, and it is commonly employed in medium-temperature applications. 

ETC is reported to be less expensive, easier to transport and performs better than FPC [108, 

111, 112].  
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Figure  2.5.1.2: Illustrative of evacuated tube collectors [112]. 

2.5.2 Concentrating solar collectors  

 Concentrating solar power (CSP) is one of the matured solar thermal technologies that has 

shown significant potential for the future and is presently being deployed around the world. 

Concentrating thermal collectors reflect the incident solar beam radiation onto a small surface 

using reflective and/or refractive absorber surfaces. The CSP plants generate electricity, but it 

uses sunlight as a source of energy. Concentrators, receivers, storage/transporter media 

system (gas, molten salt, air, etc.), and conversion devices are the four main components of a 

CSP system. In CSP system, the incident solar radiation is concentrated by mirrors and 

focused the solar radiation on the receiver surface for processing heating and/or power 

generations (see Fig. 2.5.2 (i)). The absorber is usually deposited with a selective coating 

onto the receiver tube, where HTFs are heated to have higher absorptivity in solar spectra and 

lower thermal emissivity in the far IR spectrum. The HTF by the absorber is driven via a 

series of heat exchangers to generate superheated steam. The steam is then utilized to power a 

generator, such as gas or steam turbine engine. The main advantage of concentrating solar 

thermal collectors is conversion of sunlight into high temperature as compared to non-

concentrating collectors; however it concentrated only beam radiations, not diffuse radiations 

[65, 112, 114]. 
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Figure 2.5.2(i): Schematic mechanism to generate electricity from sun light  in CSP systems [65].  

 

CSP technologies are classified into four solar collector types based on how they focus solar 

radiation and technology used to collect solar energies: parabolic trough collectors, solar 

tower collectors, parabolic dish collectors, and Linear-Fresnel reflectors [65] as illustrated in 

Fig. 2.5.2(ii). In parabolic trough collector (PTC) technology, there are a series of curved 

mirrors to concentrate solar radiation onto receiver tubes located in the curved trough’s focal 

lines (see Fig. 2.5.2(ii) (a)). The concentrator is made of polished metal sheets properly bent 

or it is composed of concave mirrors. Through this system, the solar energy is reflected on the 

receiver tubes, bringing it to higher temperature of approximately 400 ◦C, and heating the 

HTF e.g, oil, that flows via the receiver tube along the trough solar collectors. The 

superheated steam in HTF powers a turbine, which drives a generator to generate electricity, 

and the water is cooled and condensed before returning to the heat exchangers/HTF. 

Parabolic trough technologies can be used in an existing coal-fired power plant or combined-

cycle systems [92, 108, 115].  
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Figure  2.5.2(ii): Illustrative of four concentrated power systems a) parabolic b) solar tower c) concentrated dish, 

and d) Fresnel reflectors [65]. 

 

The sunlight rays are tracked by large mirrored collectors known as heliostats in solar power 

tower collectors. Each heliostat is independently oriented to directly reflect incoming sun 

light onto the central receiving units and concentrate the solar energy flux by focusing the 

sunlight on the receivers, which is located on top of a towers (see Fig. 2.5.2(ii)(b)) and this 

transfer energy to a working thermic fluid at higher temperatures (>1500 oC) for power 

generation. The HTF, which is molten salts or water/steam, that flows into the receiver, is 

heated by concentrated sun light and then used to generate electricity in generators and 

turbines. An advantage of heliostat field collectors (HFCs) is a large amount of solar 

radiation concentrated on a single receiver (200–1000kW/m2), which minimizes heat losses 

as well as simplifies the heat transport, and storage requirements [92, 115]. 

On the other hand, the parabolic dish reflector system consists of a parabolic concentrator 

that reflects sun light onto a receiver placed at the focal point of the dish (See Fig. 2.5.2(ii) 

(c)). These concentrators are mounted on a structure and tracks the sun radiation with a two-

axis tracking system. The fluid or gas (air) in the receiver is heated (750 ◦C), when the 

focused beam is incident on the receivers. Typically, the collected heat is used by a heat 

engine mounted on the receiver. For power conversion, Stirling and Brayton cycle engines 

are currently preferred and various options exist for the HTF thermal energy storage and 

power cycle [92, 108, 115].  
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Finally, linear Fresnel collectors uses linear or slightly curved mirrors placed on tracker on 

the ground arranged to reflect the rays onto a receiver above the mirrors. A Linear Fresnel 

reflector consists of mirror strips as a Fresnel lens, which concentrates sunlight onto a fixed 

receiver placed on a linear tower (See Fig. 2.5.2(ii) (d)). The reflector segments are 

horizontally aligned, following the sunlight, so that the transceiver can be hit by the sun's rays 

without having to move [92, 116]. 
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2.6 Mechanism of heat transfer in solar thermal energy 

Solar energy harvesting systems such as thermoelectric generators and thermophotovoltaics 

are widely used in solar water heating and concentrated power systems (CPS). In solar-to-

thermal conversion the solar collectors are types of heat exchangers that absorbs the 

incoming sun light and cause to an increase of the internal energy of the absorber. The 

harvested heat is transferred through heat conduction, convection, and radiation from one 

body fluid to another. Heat conduction occurs when heat flows from a higher to a lower 

temperature bodies as a result of collisions between neighbouring particles in the medium and 

the heat convection occurs when a mass of fluid moves from a heated source to a cooler part. 

Finally, the heat radiation is electromagnetic radiation and no medium, as well as mass 

exchange, is required during the process. In electromagnetic radiation the absorber surface on 

the receiver tube involves maximization of solar absorption with reducing heat losses to 

ensure high photothermal conversion efficiency [33, 50, 117, 118].  

The absorber on the receiver surface captures solar radiation and confines it, reducing heat 

losses to the environment. The incident light on the absorber surface is converted into a heat 

flux and transported to the thermal (heat engine) system, where it is converted into the 

desired output (heat, electricity, etc.). Radiative and convective heat losses heat at the 

absorber surfaces reduce the photothermal conversion efficiency and thus the absorber is 

generally deposited with spectrally selective coatings onto receiver tubes, where HTFs are 

heated to have strong solar absorptance in solar spectrums, and low emissivity in the IR 

regions. The heat transfer or photothermal conversion system is illustrated in Fig 2.6 below. 

The solar thermal conversion efficiency (ɳ) of SSA coatings at operating temperature can be 

determined using eq.(2.1.1.11) [15, 67, 75, 119, 120]. 
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Figure 2.6 Schematic diagram of heat transfer or photothermal conversion system [67, 121]. 

2.7 Thin films for solar collectors   

In the last decades, the need for synthesis of nanomaterials for various industrial applications 

has resulted in an increase of innovative thin film-based solar energy collecting, conversions, 

and storage for improved efficiency. So far different solar collector thin films have been 

fabricated using different methods for various potential applications including photovoltaic, 

photothermal, fuel cells, supercapacitor and rechargeable batteries [122-125]. Hottel and 

Unger [55] demonstrated CuO coatings as solar collector thin film on flat plate collectors 

using spraying a dilute solution of Cu (NO3)2.6H2O onto an aluminum (Al) sheet, and then 

converted the Cu(NO3)2.6H2O to black CuO by heating it above 170 oC. Mohammed et.al 

[125] demonstrated a few-layers of graphene nanoflakes films by vacuum kinetic spray at 

room temperature for supercapacitors and revealed a high areal capacitance with small series 

resistance. Xiao Sun et.al [126] reported that solution-processed CuO thin films as a light 

emitted diodes (LEDs) and revealed an external quantum efficiency (EQE) of 5.37% with a 

maximum brightness over 70,000 cd/m2. 
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2.7.1 Deposition of thin films 

Synthesis methods and deposition techniques control the microstructural, morphological, 

electrical and optical properties of the thin films [127-129]. Thin film deposition techniques 

are categorised as either purely physical techniques (vacuum thermal evaporations, electron 

beam evaporations, arc evaporations, ion plating evaporations, sputtering techniques, etc.) or 

purely chemical (sol-gel techniques, chemical bath depositions, spray pyrolysis, 

electroplating, chemical vapour depositions (CVD), plasma enhanced depositions, atomic 

layer deposition, and so on) [127, 128, 130].  Fig. 2.7.1 illustrates thin film processing 

methods.   

 

Figure 2.6.1: Diagram of film deposition methods 

2.7.1.1 Sputtering deposition  

Sputter deposition is a PVD technique for uniform deposition films or coatings on substrates. 

Atoms are ejected or eroded from the target materials by plasma bombardment and then 

condensate on a substrate. In essence, plasma is formed by combining inert or reactive gases 

with energetic ions that knock out atoms or molecules from the raw material or target and 

deposit these atoms or molecules as a uniform thin film on the surface of the substrate. The 

sputter plasma can be inert, consisting of argon (Ar) ions and the target; alternatively, the 

sputter plasma can be reactive, containing, for example, oxygen, and thus an oxide film can 

be produced by sputtering from a metallic target. Based on the power used and sputtering 

systems, sputtering can be direct current (DC), radio frequency (RF), magnetron, and ion-

beam sputtering. Typically, the chamber is first evacuated, and then the sputter gas is 

introduced. The RF or DC voltage is applied between the target(s) and substrates to establish 

a plasma. An inert gas such as argon (Ar) is usually used as the sputter gas, but reactive gases 
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such as oxygen can also be mixed with the sputter gas. When reactive gases are introduced, 

the deposition involves chemical reactions [128, 131]. If a metal is sputtered with oxygen, 

deposition of a metal oxide(MO) film may occur includes, including zinc oxide (ZnO) [132], 

tungsten oxide (WO)[12] depending on the type of the target metal. The setup of sputtering 

deposition is illustrated in Fig. 2.7.1.1. 

 
 

Figure 2.7.1.1: Schematic illustration of sputtering deposition 

Co-sputtering is a method where multiple targets are used simultaneously to allow the 

deposition of a variety of mixed materials for example oxynitrides, metal/metal oxide 

composites etc. Many industrial applications have been developed by sputtering deposition 

such as metal films, semiconductor films, and antirejection coatings etc. SSA coatings have 

also been extensively studied using sputtering [61, 133]. Zhang et.al [134] demonstrated 

W/AlN, Mo/AlN, and SS/AlN cermets using direct current (DC) sputtering in the presence of 

Ar and N2 gases. S. K.Kumar et.al [135] reported a nanostructure CuO thin film on Cu 

substrates in the mixture of oxygen (O) to Argon (Ar) gases ratio via DC sputtering for 

photothermal applications and achieved absorptance(α) value of 0.71, and emissivity(ε) of 

0.07. 
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2.7.1.2 Electrochemical deposition 

 

Electrochemistry deals with the interconversion of chemical and electrical energy for 

electrochemical energy conversion and storage technologies. Electrochemical methods are 

known as electroplating, and widely used for the preparation of metals, semiconductors, or 

metal oxide (MO) thin films on the conductive substrate due to its simplicity, room-

temperature processing and industrial viability. It has also advantages because the growth 

orientations, morphological, structure and size of the thin film products can be easily 

controlled by the deposition parameter such as voltage, working electrode, electrolyte 

solution, temperature, electrode configuration etc.) [136-138]. Typically, an electrodeposition 

set-up can be either a two or three-electrode configuration system. The two-electrode 

configuration consists of the working-electrode (WE), as well as counter, while reference-

electrode is included in the case of the three-electrode configurations. Fig.2.7.1.2 illustrates 

the three-electrode configuration setup of electrochemical deposition. The working electrode 

(WR) can be defined as the electrode where the electrochemical reaction being investigated, 

while counter electrode (CE) is an electrode which provides a potential to working electrode 

(WE) in the electrochemical reaction and made of an inert material like platinum (Pt) metal. 

The reference electrode (RE) has a well-known electrode potential and serves as a reference 

point in the electrochemical reaction for potential control and measurement [137, 139, 140].  
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Figure 2.7.1.2: Schematic of the electrodeposition set up 

In electrochemical technique, electrolyte concentration, reaction temperature, deposition 

potential and time are play a vital role in the deposition of thin films. Typically, when a 

potential is applied across the system, the direct current (DC) source supplies current in one 

direction and electrical transfer occurs in the electrolyte solution via electrically charged 

particles known as ions. When a potential is applied, positive ions (cations) travel towards the 

negative electrode (cathode) and are deposited on the working electrode (WE) surface, while 

negative ions (anions) travel toward the positive electrode (anode). So far, different CuO thin 

films for various applications have been fabricated via electrochemical techniques with 

desirable morphological surfaces [137, 141] such as nano-whisker, nano-dendrite [142], 

nanodisks [143] nanoribbons [142], and nanorods [144]. Das and Srivastava [143] fabricated 

nanodisks-like structure of CuO via electrochemical method from copper-succinate 

(Cu(C3H5O2)2) electrolyte solution at diverse applied currents. Mancier et.al [142] prepared 

CuO nanopowder via sono-electrodeposition by utilizing mechanical energies to enhanced a 

specific chemical reactions.  

2.7.1.3 Spin coating deposition    

Spin coating is the simplest technique that is used to fabricate rapid and uniform thin films on 

flat a substrate by centrifugal force. The spin coater is the apparatus used in spin coating for 

https://pubchem.ncbi.nlm.nih.gov/#query=C6H10CuO4
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deposition of films on a substrate. The substrate is held in place by a rotatable fixture (often 

using vacuum), and the solution is dispensed onto the center of a wafer in the deposition 

stage and then rotated at high speed until the excess solution spins off the substrate and the 

desired thickness of the film remains. The applied solvent is removed partially during the 

deposition process and evaporated at elevated temperatures. The thickness of the film is 

determined by the rotational speed, evaporation rate, surface tension, solution density, surface 

wettability and viscosity of the solution. A typical spin coating process consists of four basic 

steps of deposition, acceleration, flow domination, and evaporation. In the deposition step, 

the solution to be coated is applied onto a substrate for deposition. The amount of applied 

solution relies on the viscosity of the solution and the size of the substrate. In the acceleration 

step, the solution is spread across the substrate by centrifugal force. The rotational or 

spinning speed is set at a specific value for the desired film thickness [145-147]. 

 

Figure 2.7.1.3: Illustrates process of spin coating 

. 

 Eskandari et.al[148] used copper acetate tetrahydrated (Cu(C4H3O2)2.4H2O) precursor to 

prepare cuprous oxide (Cu2O) via sol-gel methods, and then spin-coated for hydrophobic 

properties. He et.al [149] fabricated superhydrophobic ZnO nanorods via electrochemical and 

spin-coated on zinc foil, and the maximum contact angle achieved was 167o.  
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2.8 Introduction to copper oxide 

Nanoscale transition metal oxide (TMO) thin films are the unquestionable prerequisites for 

the development of a wide range of novel smart, and functional materials. Preparation and 

characterization of nanosized metal oxides (MOs) have gained immense attention for both 

scientific research and practical applications due to their unique physical and chemical 

properties. MOs properties are in a wide range of characteristics inherent to metals, 

semiconductors, and insulators [138, 150]. Among the TMOs, oxides of copper (Cu) metal 

have provoked attention due its large surface area, optical properties, non-toxicity, and 

abundance in nature, good thermal conductivity and catalytic activity. Copper (Cu) metal is a 

universal element with [Ar]4s13d10 electron configuration, and it has high electrical and 

thermal conductivities [36-38]. Cupric oxide (CuO) and cuprous oxides (Cu2O, cuprite) are 

stable oxides of Cu metal. Although the properties are contrasting, both oxides have an 

important application in modern technologies due to their low bandgap, high absorption, 

nontoxicity, and low-cost [151-154]. CuO (tenorite) is a transitional metal oxide from two 

elements copper (Cu, ([Ar]4s13d10)) and oxygen (O, [He]2s22p4) which are block d and block 

p elements, respectively. The Cu ions are coordinated by four oxygen ions in a monoclinic 

phase of CuO crystals. Basically, CuO is a p-type semiconductor due to Cu vacancies and 

interstitial oxygen within the structure, and it has narrow band gap values of 1.2-1.9 eV. CuO 

has the advantages of ease of synthesis, low cost, environmental friendliness, chemical 

stability, natural abundance, and good electrical conductivity. CuO with large surface area 

exhibits superior physical and chemical properties and has been widely studied using 

different approaches in various fields, such as biology, chemistry, medicine, and physics and 

[155, 156].  

2.8.1 Synthesis strategies of CuO nanostructures 

Innovative and convenient synthesis techniques play an important role in understanding the 

fundamental importance and practical applications of nanomaterials. So far, considerable 

efforts have been made to design, synthesise and fabricate MOs to modify the morphology, 

particle size, size distributions, crystal structure, as well as elemental and/or chemical 

composition reaction parameters, which in turn provide promising development in various 

smart materials and novel functional. Numerous synthetic strategies have been developed to 

synthesises various nanostructured CuO with diverse particle sizes, surface morphology and 

controllable dimensions [157, 158]. CuO nanostructures with different dimensions like  zero, 
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(0D), two-dimensional (2D), and three-dimensional (3D)  as well as diverse surface 

morphologies such as nanospheres [159], nanoflowers [160], nanowires [161], nanoplates 

[162], nanorods [163], etc., have synthesized using methods (Fig. 2.10.1). 

 

 

Figure 2.8.1: SEM images of CuO nanostructures (a) butterfly-like[164] , (b) gear wheel bundles [165], (c) 

nanoflowers [160], (d) dendrite-like[166], (e) nanobat-like [167], (f) layered hexagonal [168], (g) honeycomb 

and leaf-like [160], (i) peachstone-like [169], (j) shrimp-like [170], (k) sheaf-like [171], and (l) urchin-like 

spheres [159]. 

Generally, synthesis strategies of CuO are categorized into three approaches, namely physical 

(such as arc discharge, electron beam, ion implantation, vapour phase synthesis, etc,) 

chemical (such as, co-precipitation, chemical oxidation/reduction, pyrolysis, sol-gel, 

hydrothermal, solvothermal etc.), and biological (such as, plant extracts, microorganisms, 

biomolecules etc.,) approaches. Conventional physical, and chemical procedures have been 

extensively studied and used in scientific research and industrial areas, while biological 

methods involve a complicated process and, thus, have not been largely used [51, 52, 172-

177].  
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2.8.1.1 Physical approach  

Physical methods use mechanical forces or high vacuum to break the particles or use a beam 

of atoms to form nanoparticles. Physical vapour deposition (PVD), and sputtering are the 

commonly used physical methods to prepare nanoparticles. PVD involves converting a solid 

bulk material into a gaseous phase and then cooling it under vacuum conditions to re-deposit 

particles with nanoscale dimensions. Similarly, sputtering uses high-energy ion sources to 

knock molecules or atoms from the target atom and subsequently deposit on a substrate. 

Copper oxides have been synthesized via different physical methods such as PVD, sputtering, 

and arc evaporation. Generally, physical procedures are highly useful in producing ultra-thin 

and highly pure nanoparticles, nanostructure particles, and nanoalloys [178-181]. 

 

  

                           Figure 2.8.1.1: Synthesis approaches of CuO nanomaterials 

2.8.1.2 Chemical approach 

 

Chemical approaches are other conventional techniques and involve formation of ions 

through a series of chemical reactions for the preparation of nanoparticles. Nanostructured 

copper oxides (CuOs) have been reported via different chemical procedures such as chemical 

precipitation, hydrothermal [182], chemical vapor deposition (CVD) [183], microwave [184], 

chemical precipitation and mechanochemical [185]. Copper oxides are generally synthesised 

from copper salt precursors in the presence of organic and/or inorganic reducing/oxidizing 
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agents. Copper sulfate hexahydrate (CuSO4.6H2O), copper nitrate trihydrate (Cu(NO3)2.H2O) 

copper acetate tetrahydrated (Cu(C4H3O2)2.4H2O) and copper chloride (CuCl2) are the 

common precursors for the preparation of CuO nanoparticles. Chawla et.al [185] fabricated 

spidle-like CuO nanostructure via facile chemical precipitation method from 

Cu(C4H3O2)2.4H2O and Cu(NO3)2) precursors with a grain size of 60 and 32 nm, 

respectively. Table 2.8 summarizes the surface morphology, synthesis methods, and 

applications of CuO nanoparticles.  
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Table 2.8 Summary of surface morphology, synthesis methods, and applications of CuO 

Morphology Reactant materials Additives Synthesis 

method 

Application  Ref. 

Nanoplatelets CuxS  & NaOH   

Cu foil  

 

H2O2 

Hydrothermal Electrochemical  

Solar energy   

[160, 186] 

Microspheres   Cu(CH3COO)2 .3H2O  Hydrothermal  LIBs [187] 

NanoLeaf, shuttle, 

flower 

Cu(CH3COO)2 .3H2O 

       NH3 

 Hydrothermal LIBs [188] 

Dendritelike 

structures  

CuCl2.2H2O 

CH3COOH 

 Kirkendalle 

effect-based 

approach 

LIBs [189] 

Nanoleaves  (CuSO4·5H2O) 

     NaOH 

 Aqouse solution  Glucose Sensor  [190] 

Nanowires   CuO   Sputtering  Ethanol gas Sensor  [191] 

Microspheres Cu(NO3)2·3H2O 

      & 

CO(NH2)2  

 Hydrothermal & 

calcination  

Sensor  [192] 

Nanofibers Cu(CH3COO)2·H2O & 

syringe  

 electrospinning Solar cells [193] 

Nanorod copper foil 

& NaOH 

 Chemical 

oxidation  

Solar cells [194] 

Nanowires Cu foil  Thermal oxidation Photodetector  [188] 

Nanowires Cu foil  Thermal oxidation Catalysts  [195] 

Nanowires CuSO4·5H2O 

CTAB 

 Chemical 

precipitation 

Photocatalysts  [196] 

Nanowires Cu foil & NaOH  (NH4)2S2O8 solution route Photocatalysts [175] 

Nanowires 

 

Cu foil   Thermal oxidation  Field emission 

displays (FEDs) 

[197] 

Nanocabbages  CU foil, NaOH  Aqouse solution  Superhydrophobic  [198] 

Nanoparticle Cu(CH3COO)2   urea  Microwave  Photothermal  [199] 

Nanospheres  Cu(CH3COO)2& NaOH EDTA  Microwave Solar absorbance  [200] 

Nanoscrolls and 

nanotubes 

Cu substrate  

 NaOH 

(NH4)2S2O8 Chemical 

oxidation   

Superhydrophobic [201] 

Nanosperical  Cu foil   Sputtering  Photothermal [39] 
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2.8.1.3 Biological approach  

 

Physical and chemical synthesis methods are the most used procedures to prepare CuO 

nanoparticles for various applications but they remain expensive and involve the usage of 

high energy and/ or toxic chemicals. These disadvantages have led to the emergence of green 

chemistry or biological methods based on the use of biocompatible and environment-friendly 

materials such as plant materials, enzymes, and microorganisms (bacterial, fungal, and other 

microbial routes). In the biological synthesis methods, the extract of living organisms act as 

reducing/oxidizing, stabilizing, and capping agents for the synthesis of the nanoparticles [45, 

142]. Among the available biological synthesis methods, plant-mediated synthesis is simple 

and an easy process to synthesize nanoparticles at large scale compared to microorganisms 

(e.g bacteria, yeast, and/or fungi) mediated synthesis. Plant material such as leaves, stems, 

flowers, and roots have a significant biochemical components such as phenolics, flavonoids, 

quinols, alkaloids, terpenoids, chlorophyll pigments and others which act as reducing, 

stabilizing, and capping agents to facilitate the formation of the nanoparticles [45, 46]. Huang 

et.al [202] explained that the existence of functional molecules such as, –C–O–,-C-O-H, -C-

N-C, –C=C-, –C=O– etc, derived from plant material helps in the biosynthesis of the 

nanoparticles. To date, different plant families have been used such as solanum lycopersicum 

[203], Stereum hirsutum [204], Tabernae montana [205], Rheum L [206], Aloe vera [207], 

Piper betle [208], Theobroma cacao [209] etc., to synthesis CuO nanoparticles.  

The Opuntia ficus indica commonly known as cactus pear belongs to the family of 

Cactaceae (see Fig.2.8.1.3). The distribution of this plant material in Tigray, northern 

Ethiopia is so large, and this tremendous existence of the plat material (cactus pear), and its 

rich phytochemistry attracted the researcher to study its extracts as a reducing/oxidizing and 

stabilizing agents for the preparation of CuO nanoparticles and Ag@CuO nanocomposites as 

SSA for solar-to-thermal application [46]. Generally, CuO nanoparticles are commonly 

synthesised from Cu (II) precursors or Cu substrates by using different methods with or 

without additives of reagents as summarized in Table 2.8. 
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Figure 2.8.1.3: Cactus pear plant 
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2.8.2 Fundamental properties of CuO 

 Understanding of the fundamental properties of CuO nanostructure is crucial to their 

synthesis and applications and a key to the rational design of CuO nanostructure-based 

functional devices. In this section, the fundamental properties of CuO nanostructures 

including crystal structure, optical property, spectral selectivity and vibrational properties are 

addressed.  

 2.8.2.1 Crystal structure and phase transitions of CuO 

The structural phase of CuO was reported in 1933 by Tunnel and then developed using X ray 

method in 1970 [150, 210]. CuO has a black color and crystallizes a monoclinic phase 

structure with C6
2h groups. The copper (Cu) atom is coordinated with four (4) oxygen (O) 

atoms at the corner of square planar configurations, which forms chains by shared edges 

[211] as illustrated in Fig. 2.8.2.1 below. 

 
Figure  2.8.2.1 Monoclinic structure of CuO unit cell [212]. 

The Cu-O, O-O, and Cu-Cu bond length are 1.96, 2.62, and 2.90 ˚A, respectively and the 

lattice parameters are a = 4.6837 ˚A, b=3.4226˚A, c=5.1288 ˚A, x=99.54 oC and y=z=90o 

[138, 150]. X-ray diffraction (XRD) is the most common characterization technique to 

analyze the crystal structures and phases CuO. From XRD patterns, the particle size, lattice 

constants and lattice strain can be calculated from the Debye-Sherrer formula. According to 

Aparna et.al [211], elastic strains of CuO was analyzed from XRD patterns and revealed a 

high strain with smaller than 20 nm of CuO was observed. Table 2.8.2.1 summarizes some 

basic crystallography and physics constants of CuO.  
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Table 2.8.2.1 Crystallographic and some physics constants of CuO 

Space group                    C2/c(No 15) 

Unit cell                                              a = 4.6837 ˚A 

                  b = 3.4226 ˚A 

                  c = 5.1288 ˚A 

                  β = 99.54o 

                  α = γ = 90o 

Cell content                    4CuO 

Stable phase                    Monoclinic     

Bandgap energy(Eg)                   1.26-1.90 eV 

Density                    6.515 g cm-3 

Distances     

Cu–O 

               O–O 

 Cu–Cu 

                 1.96 ˚A 

                 2.62 ˚A 

                 2.90 ˚A 

Melting point                   1201˚C 

Refractive index                  1.4 

Dielectric constant                  18.1 

Hole mobility                   0.1-10 cm2/vs 

 

2.8.2.2 Optical properties   

The optical property of CuO in the solar spectrum are dominated by absorption thresholds, 

which is determined by its band gap energy. CuO has lower band-gap value, which allows to 

absorb the incident light in the visible region strongly. The electronic bandgap is the 

difference between the top of the conduction band (CB) and that of the valence-band (VB) 

derived from the Cu 3d orbital. Compared with bulk CuO, the bandgap of nanostructured 

CuO is blue-shifted with lower band gaps (from 1.2 to 2.1 eV). Therefore, CuO absorbs 

strongly throughout the visible spectrum, with slight transparency for bigger band gap 

nanostructured samples which absorb in the UV region [138, 157]. In addition to the variation 

of the band gaps, the optical properties of nanostructured CuO is related to quantum dots 

(QDs) effects. The QDs occur due to the unique quantum confinement effects. When a 

photon energy is equal to or greater than the band gap of the absorber material or QDs, it 

excites an electron (e-) from the VB to CB, simultaneously creating a positive hole (h+) in its 

position. This leads to an electron-hole (e--h+) pair called as an exciton. In a QDs, the average 

size of the exciton (the Bohr radius) is smaller than the size of the quantum dot, providing 

confinement energies as the exciton is squeezed into the materials. Notably, the optical 

bandgap of semiconductors can be calculated from the reflectance spectra by using Tauc’s 

relations (2.8) [138, 211, 213]. 

                                                                                                          (2.8)  
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where, A is constant, Eg is the optical bandgap of the material, hv is photon energy, α is the 

absorption coefficient and n is type of transition band. The absorption coefficient (α) is 

calculated using  αd = ln(1/T) relation, where T is the transmissivity and d is the length of the 

waves in centimetre [214]. Yang et.al [215] reported different shapes of nanostructure CuO 

by controlling the reaction parameters. The UV–visible absorbance spectra, and band-gap 

energy for each nanostructured CuO is reported in Fig.2.8.2.2. The calculated band gaps of 

flower, boat, plate, and ellipsoid-like structures of CuO were found to be 1.425, 1.429, 1.447, 

and 1.371 eV, respectively.  

 

Figure 2.8.2.2:  A) UV–Vis-NIR absorbance of (a) flower, (b) boat, (c) plate, and (d) ellipsoid-like structure of 

CuO, B)  band gap values of CuO nanostructures [215]. 

In addition to absorption property of CuO by absorption techniques, photoluminescence (PL) 

spectroscopy is an important technique to study the electronic transitions including the band 

edge transitions. Several PL bands are reported for CuO which expands from UV to near IR 

region, however, most the peaks are in 400 to 600nm wavelength ranges. Deep level 

emissions in CuO is typically composed of green emissions (605nm), and near-yellow 

emissions (680nm). The green emission is attributed to the oxygen (O) vacancy or Cu-O 

antisite defects, and the yellow or red emissions relating to the interstitial defects of Cu metal 

ions in Cu-O [211]. Vila et.al [36] reported that PL bands appeared at 1.33, 1.23, and 1.11 eV 

in CuO nanoparticles and concluded that the emissions with higher energy were attributed to 

near band edge transitions in CuO while the other two emissions are from oxygen (O) 

vacancy, and oxygen on Cu antisite defects. The CuO have three emission bands at 305, 505, 

and 606 nm (see Fig.2.8.2.2.1(a)). The PL peak at 305nm is assigned to the band edge 

emission of nanostructured CuO. The peaks positioned at 489, 505, and 525nm are due to the 

defects in CuO. The bands extended from 585 to 625 nm are attributed to CuO deep-level 
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defects. The PL peak at 685 nm is caused by a CuO interstitial defect, whereas the peak at 

714 nm is caused by electron-hole recombination (e--h+) at O vacancies [216-218].  

 

Figure 2.8.2.2.1: The PL spectra of CuO prepared  via  thermal decomposition [216] 

Raman spectroscopy (RS) is also extensively employed to analyze the optical and vibrational 

properties of nanomaterials like CuO because of its sensitivity to the atomic arrangement and 

lattice vibration of the material. CuO with a monoclinic structural phase belongs to the C6
2h 

symmetry with two molecules per primitive cells and has twelve optical phonon modes (i.e 

4Au + 5Bu +Ag + 2Bg) in Raman spectrum; of these only three (Ag + 2Bg) are Raman active 

modes. For example, as shown in Fig.2.8.2.2.2, three Raman active peaks are observed at 

288, 330, and 621 cm-1. The peak at 288 cm-1 was allocated to the Ag mode, while the peaks 

at 330 and 621 cm-1 were assigned to the Bg mode [219-221].  
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Figure 2.8.2.2: Raman spectra of CuO with a grain size of 10 nm (a), 30 nm (b)  >100 nm (c) [221].  

2.8.2.3 Vibrational properties 

Raman, infrared (IR), and PL spectroscopy were used to investigate the lattice dynamics of 

CuO materials and provide on the nature of the electron-phonon interactions and also 

revealed details about spin-phonons interactions and electron-phonons scatterings.  Debbichi 

et.al [222] described the vibrational property of Cu-O by using Raman spectroscopy and 

clearly identified the existing vibrational modes in CuO. Shih et.al [223] demonstrated size 

effect of spin-phonons coupling in nanostructure CuO and concluded that the spin-phonons 

mode varies with the size of nanowire CuO due to the strengthened coupling. The infrared 

modes are related with the relative motion of both Cu and O atoms which consists of O-Cu-O 

stretching vibrations and bending modes [224].  

2.8.2.4 Spectral selectivity of CuO for solar to thermal energy 

Metal oxide (MO) semiconductors have good intrinsic properties and/or selectivity due to 

their transparency for photons with energy below their optical band gap, but absorbed for 

energy above the optical bandgap energy. In principle, solar absorber surfaces are expected to 

have a very low band gap to achieve light absorption in the solar spectrum region. Practically 

the excited electrons return to the ground state after the absorber surface absorbs incident 

light through radiative or non-radiative transitions to produce thermal energy or heat [32-34]. 

As aforementioned, CuO is a p-type semiconductor with lower bandgap values of 1.2–1.9 eV 

that allows to have high broadband absorption in solar radiation. CuO is a good solar 
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selective absorber (SSA) material due to its intrinsic as well as selectivity properties, which 

helps to absorb the incoming radiation in the UV-Vis-NIR region, and high reflectance in the 

far IR region [6, 51, 56, 77, 78, 138, 172]. Spectrally selective CuO as SSA has been studied 

by using different coating techniques [51-54]. S.Karthick et.al [40] reported that CuO 

nanocoatings on Cu substrates as SSA using NaOH, and NH4OH aqueous solution and 

achieved absorptance (α) of 0.90 and emissivity(ε) of 0.07 in 0.3-2.0 µm wavelengths range. 

S.Kumar et.al [225] demonstrated nanostructure CuO thin films selective solar absorber via 

sputtering, and reported (α=0.71) and (ε=0.07). X. Zhang et.al [226] also prepared  CuO thin 

films via chemical oxidation as selective solar absorber on Cu substrate in alkaline solution 

(KOH and K2S2O8). He et.al [41] reported Ag@CuO nanocomposite film as a novel SSA via 

the one step sol-gel method and achieved a solar absorptivity of α=0.85 and emissivity of 

ε=0.05, and solar absorptivity was improved to 0.917, after the antireflection was added while 

the emissivity remained unaltered. 

2.8.3 Application of copper oxide 

Different transition metal oxides (MOs) have attracted much attention in the fundamentals, 

applied researches, and applications in the field of biology, chemistry, medicine, physics, and 

electronics. Due to the large surface area to volume ratio of the NPs provide novel functions 

in various practical applications. Among the transition MOs, CuO films with large surface 

area-to-volume ratio exhibits superior physical and chemical properties and have been widely 

studied because of their potential applications in various fields [15, 175-177, 227]. This 

section focused on the recent developments in the different CuO nanostructures as building 

blocks for applications in a wide range of fields,  include Lithium-ion batteries (LIBs), 

supercapacitors, sensors, solar cells, field emissions, photocatalysis, photothermal and 

biomedical.  

2.8.3.1 Application in Lithium-ion batteries (LIBs)  

The surging demand for LIBs with capability to deliver increased energy aroused great 

interest in developing novel negative electrodes with high rate performance and good cycling 

stabilities.  Transition MOs with environmentally friendly and high theoretical capacity have 

been a potential candidate(s) for LIBs. Among transition MOs, CuO is considered as a 

promising material for developing negative electrodes for LIBs due to its low-cost, easy 

preparation, chemical stability, environmental friendliness and high theoretic capacity [138, 

228]. Fig.2.8.3.1 illustrates LIB and electrochemical processes during charge-discharge. 
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Figure 2.8.3.1: Illustration of LIB and electrochemical processes [228]. 

  

For example, F. Wang et.al [229] demonstrated that CuO dumbbell and sphere-like structures 

can be synthesized via chemical solution methods and annealing treatment approaches. The 

morphological surface of the samples is affected by the reaction temperature, and the 

dumbbell and sphere-like structure of CuO are used for LIBs, evidencing good rate 

capabilities of 569 mAh/g and 467 mAh/g at 5 oC and high cycling stability of 680 and 601 

mAh/g for dumbbell, and sphere-like structure of CuO over 400 cycles at 2oC, respectively. 

Yang et.al [230], reported the fabrication of CuO nanoflakes on Cu foam substrates for LIB-

negative electrodes, showing excellent rate performances and stable reversible capacities. L. 

Feng et.al [231] reported CuO@Ag core-shell structured nanocomposites by simple chemical 

reduction method. Ag shell was coated onto the surface of CuO to improve the cycle stability 

of CuO, and the results confirm that CuO@Ag nanocomposite revealed the best 

electrochemical response. The specific capacity of Ag@CuO composite reached 420 mAh/g 

which is higher than 138 mAh/g of CuO at current density of 0.2C. Anjian et.al [232] 

successfully synthesized hollow porous CuO@C nanorods by coordination reaction of 

[Cu(NH3)4]
2+ with benzenetri-carboxylic acid (H3BTC) under ultrasound irradiation and 

calcining at a temperature of 250 oC in air. The specific capacities of CuO@C were 505 



 

 

45 

 

mAh/g which is higher than of 250 mAh/g, and 192.3 mAh/g at a current density of 100 

mA/g calcined at 300 and 350 oC in air, respectively.  

2.8.3.2 Application in solar cells and light-emitting diodes 

The need for clean, renewable and environment-friendly energy sources has increased interest 

in the development of solar conversion applications. Copper oxide (CuO) coatings are 

potential candidates for developing various optical devices, including solar cells and light 

emitting diodes (LEDs). As aforementioned CuO is an intrinsic p-type semiconductor and 

produced with low cost for efficient photovoltaic applications, especially for perovskite solar 

cells (PSCs). Inorganic materials like CuO are explored to be good candidates as hole 

transport layers (HTLs) due to their intrinsic properties. Compared to organic HTL, inorganic 

p-type materials generally possess good chemical stabilities, high hole mobility, and ease of 

preparation for solar cell applications [224, 233]. Fig.2.8.3.2(a,b) illustrates typical device 

structures of solar cells and LEDs, respectively. Bian et.al [234] demonstrated solution 

processed CuO thin films as HTL in the inverted planar  PSCs and concluded that CuO thin 

films showed higher performance than organic device with PEDOT:PSS layer. Sun et.al 

[235] proposed CuO as HTL in inverted planar (p-i-n) PSCs, and achieved a power 

conversion efficiency (PCE) of 17.1% with open circuit voltage (Voc) of 0.99 V, short circuit 

current densities (Jsc) of 23.2 mA/cm2 and a fill factors (FF) of 0.74.  

 

Figure 2.8.3.2 Typical device structures of (a) solar cells, and (b) LEDs. 

LEDs are devices that produce non-coherent and narrow-spectrum light when voltage is 

applied. The charge generation layers are typically studied for tandem LEDs using small 
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molecule organic layers or organic light-emitted diodes (OLEDs). OLEDs are characterized 

by low drive voltages, brightness, full-colour emissions, and easy of processing of thin-film 

devices. The energy level alignment between HOMO level of HTL and LUMO level of ETL 

is an essential component for efficient charge generation. Compared to organic molecules, 

metal oxides (MOs) HTLs have the advantages such as good air stability, high carrier 

mobilities and solution processabilities. The OLEDs involve an injection of charges from the 

anode and cathode into emissive layer(EL),  transport of charge carriers via the emissive 

layers (ELs), exothermic recombination of HTLs, and ETLs to generate excited states of 

electrons known as excitons, followed by their deactivations of emissions of fluorescence 

[236-238] as seen in Fig.2.8.3.2 (b). Xiao Sun et.al [126] solution-processed CuO thin films 

are introduced as HIL for LEDs. The optimized CuO-based LEDs revealed external quantum 

efficiencies (EQEs) of 5.37% with a maximum brightness over 70,000 cd/m2. Zheng, and 

Zhen [239] fabricated CuO/Cu as buffer layer in OLED by inserting it between ITO and 

HTL. The CuOx/Cu limits the current operating densities while brightness and efficiencies 

are improved. The maximum brightness of the device was over 14 000 cd/m2 at 3 cd/A 

current efficiency. 

2.8.3.3 Application in supercapacitors 

One type of supercapacitor that has received a lot of attention as an efficient energy storage 

device is the pseudo-capacitor, which involves the passage of charges across a double layer, 

resulting in faradaic current passing via supercapacitor cells.  Copper oxide (CuO) is 

established as technologically important for high-energy supercapacitors to meet the rising 

demands for efficient electrochemical energy storage systems due to its favourable 

pseudocapacitive characteristics [211, 240]. Zhang et.al [241] reported the electrochemical 

property of CuO NPs with different morphological surfaces synthesised via chemical 

precipitations as electrode material in supercapacitors and reported higher specific 

capacitances of CuO NPs at a current density of 10 mA/cm2.  
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Figure 2.8.3.3; Schematic diagram of the pseudo-capacitor [242] 

 

Zhang et.al [49] synthesised cauliflower-like, nanobelt-like, and feather-like CuO NPs 

through chemical deposition. They reported that morphological surfaces of nanostructure 

CuO can influence the electrochemical properties and the cauliflower-like structure of CuO 

showed higher specific capacitances (115.3 Fg−1). J. Sackey et.al [243] reported the 

electrochemical performance of CuO NPs via biosynthesis method and the obtained CuO 

nanoparticles exhibited maximum specific capacitance values of 39.45 mF/cm2 at a scan rate 

of 20 mV/s. This confirmed that plant material-mediated CuO nanoparticles is promising for 

electrochemical energy storage applications.  

2.8.3.4 Application in photocatalysis 

Organic dyes and heavy metals are commonly used in industrial processes and are 

components of industrial wastewater. Degradation and removal have been a source of 

concern around the world due to the potential toxicities and visibilities in surface water areas. 

Photocatalysis has been recognized as a green energy conversion technology to degrade many 

organic dye pollutants by using light absorber semiconductors. CuO is a promising 

photocatalyst used in various chemical processes for the degradation of contaminated organic 

dyes under visible light irradiations due to its narrow bandgap and environmental 

friendliness. Hydrogen peroxide (H2O2) is frequently added to enhance the photo-catalytic 

property of CuO for the degradation of dye pollutants due to its electronic structures is 
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characterized by a filled valence bond (VB) and an empty conduction bond (CB), which 

plays a significant role in the photo-catalytic process [244, 245]. When the photocatalyst CuO 

absorbs photons higher energy electron (e-) in the VB can excite to the CB, with simultaneous 

creation of holes (h+) in the VB. The electron-hole (e--h+) pairs induced by light excitation 

will accelerate surface redox reactions for the structural destruction of toxic pollutants. The e-

-h+ pairs can be captured by hydrogen peroxide (H2O2), leading to radical oxidant formations 

(·OH, ·OOH, and ·O-2), and these oxidant radicals react with the organic dye (R) to produce 

intermediates. These intermediates include radicals and radical cations to achieve complete 

mineralizations with the formations of CO2, H2O [138, 246] as illustrated in Fig.2.8.3.4.  

 

Figure  2.8.3.4: Schematic illustration of photocatalysis process [244] 

Sun et.al [247] reported that 3D structure of CuO spindles exhibits higher photocatalyst 

degradation of Rhodamine B (RhB) than 2D structured CuO plates and the degradation 

efficiencies was 72.5%, and 51.9% for CuO spindles, and CuO plates, respectively. Yao et.al 

[248] observed that CuO exhibits high photocatalysis towards oxalic acid solution which is a 

pollutant in industrial wastewater and  is a powerful reducing agent [224, 249]. Nillohit M 

et.al [250] also reported hierarchical CuO thin films on FTO by using deposition and thermal 

oxidation methods for photocatalysis of organic dyes such as Methylene Blue (MB), 

Rhodamine (RhB), and Congo Red (CR). In the presence of visible light irradiation, very 

feeble mineralization or high degradation was observed, and the intensity of the absorption 
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for RhB (λmax ~ 554 nm), CR (λmax ~ 500 nm), MB (λmax ~660 nm) was found to decrease 

with time.  

2.8.3.5 Application in photothermal energy 

The photo-thermal conversion process is an important pathway to convert the incident solar 

radiation into heat and then to electricity via thermophotovoltaic technologies [5, 6]  and has 

proven its performance in the production of clean, secured, environment friendly and low-

cost energy. The harvested thermal energy has a potential application for domestic heating 

water, refrigeration, space heating and cooling, catalytic production of fuels and chemicals, 

seawater desalination, distillation, industrial process, environmental purification, and thermal 

power generation [4, 9, 33, 172, 251]. So far, CuO thin films as a spectrally selective 

absorber for solar-to-thermal conversion has been achieved by using different techniques 

such as spraying, spin coating, sol-gel, thermal oxidization, chemical conversion method, 

electrophoretic-deposition, chemical oxidation, D.C. Magnetron sputtering, cathodic arc 

deposition, and chemical vapour deposition (CVD) on different metallic [30, 51-57]. Hottel 

and Unger [55] reported CuO coatings as SSA on flat plate collectors by spraying a dilute 

solution of Cu(NO3)2.6H2O onto an aluminium (Al) sheet and then converted to black CuO 

by heating it above 170 oC and revealed α=0.93 and ε=0.11. Table 2.8.3.5 summarises CuO-

based SSA coatings reported for solar-to-thermal conversion.  
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Table 2.8.3.5 Summarise reports of CuO based coatings for photothermal applications 

Reference(s) Year Coating type Concepts Optical response 
α-value ε-value 

G. Toquer et.al 

[252] 

2019  CuO  The tandem CuO nanofilm is deposited onto silicon wafer via 

electrophoretic-deposition (EPD) by varying the EPD 

parameters to control surface morphology and thickness of the 

obtained CuO film in order to optimize the final optical 

property.  

97% >14% 

S. Murugesan 

et.al [30]  

2014  CuO  Nanostructured CuO thin films (nanofibers, and nanoneedles) 

with one dimensional (1D) were prepared via chemical 

oxidation on Cu substrate by varying NaOH concentration in 

the reaction medium. 

86-90% 6-8% 

G. Xu et.al [51]  2011 CuO  CuO thin films as SSA were conveniently prepared on Cu 

substrate by immersed in chemical solutions and the coatings 

surface was changed from square-like to porous belt-like 

structures with the of reaction time.  

94% 16% 

P. Amezaga 

et.al [253]  

2020  CuO-Co2O4 

/AlxOy  

CuO-Co2O4 based thin films were synthesized on SS substrate 

as SSA coatings via aerosol-assisted CVD techniques at 

different deposition temperatures.  

92% 14% 

S.Kim et.al 

[172]  

2017 CuO CuO nanostructured as SSA was prepared on Cu substrate by 

dipped into the alkali-solution composed of NaOH, NaClO2, 

Na3PO4.12H2O and water at 95 oC by varying the reaction 

stages.  

87-95 % 11-14% 

C. Barshilia 

et.al [42]  

2019  CuO CuO films were deposited using reactive magnetron sputtering 

on glass, Cu, and Si substrates. Both sputtering time and oxygen 

flow rate showed a significant effect on the optical property of 

the films 

95% 52% 

A.Ma´rquez 

et.al [254]  

2004 CuO CuO coatings produced by using a dc cathodic arc technique. 

During the deposition, the substrates were exposed into 

different discharge potential.   

93% 16% 

Barrera et.al 

[91] 

2008 CuO-SiO2 CuO-silica composite films were fabricated by sol-gel method 

using ethanolic solution of tetraethoxysilane/ tetraethyl 

orthosilicate (TEOS) and copper-propionate solution on SS 

substrate using dipping process and then the final film was 

annealed at 450 oC in air for 4 hrs.  

92% 20% 

G. Toquer et.al 

[255] 

2017 CuO 

nanoparticles  

CuO NPs were investigated by using cathodic electrophoretic 

deposition (EPD) for photothermal absorber.  

80% 12% 

He et.al [41] 2016 Ag@CuO/Al2O3 Ag–CuO nanocomposite film as a novel SSA via the one step 

sol-gel method from copper acetate, and copper nitrates.  

91% 5% 
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2.8.3.6 Application in sensors 

Semiconducting MO nanomaterials have been reported widely for sensor applications owing 

to their semiconducting nature and active surface. Among these oxides, CuO as a p-type 

semiconductor offers great potential for optical, gas, and biosensors [138, 256]. CuO coatings 

have been confirmed to be highly sensitive towards various gases, including ethanol 

(C2H5OH), carbon monoxide (CO), and Hydrogen sulfide (H2S) [224, 257, 258]. H2S is one 

of the hazardous and toxic gas explained by the smell of rotten eggs. Naturally, it is produced 

in natural gas, crude petroleum, foods, and also by the bacterial breakdown of animal and 

human wastes. The health effects of H2S gas depend on the duration of exposure and its 

concentration. Low H2S concentrations can cause various serious health problems, including 

eye and throat damage, poor memory, dizziness, and loss of balance and reasoning [259]. 

Y.E. Greish et.al [259] fabricated CuO NPs embedded in a glycerol ionic liquid-doped 

chitosan to prepare organic-inorganic nanocomposites (CSIL-CuO) and tested against H2S 

gas with reference to time at different H2S gas concentrations and reaction temperature. The 

fabricated sensor membrane exhibited a fast response (i.e, 14 s), and good sensitivities (15 

ppm) towards H2S gas at 40 °C of temperature.  

Moreover, semiconductor CuO coating also shows significant sensitivity for the detection of 

toxic organic molecules. Glucose is one organic molecule used in the human body to generate 

energy. However, high levels of glucose in the blood is linked to a number of diseases. 

Because of their electrochemical activity and transfer electrons at lower over-potentials, CuO 

can detect glucose concentrations. Non-enzymatic detection of glucose by CuO-based sensors 

has proven to be more advantageous than enzymatic detection by enzymatic sensors [260-

262]. Sahoo et.al [263] fabricated nanoribbons CuO for glucose detection via hydrothermal, 

and microwave methods and concluded that the faceted CuO were more efficient for 

nonenzymatic glucose sensing compared to non-faceted CuO. S. Kima et.al [264] also 

demonstrated CuO rose-like nanostructures for glucose chemical sensing applications via 

hydrothermal at low temperatures and showed a very high sensitivity of 4.640 μA mM-1 cm-2.  

2.8.3.7 Application in biomedicals  

Recently, the field of nanoscience research has exponentially increased for a wide range of 

applications such as biosensing, diagnosis, imaging, and therapies. Metal oxide (MO) NPs 

such as CuO have gained attention mostly from the scientific communities in many 

biomedical applications. Copper (Cu) is an essential trace element for humans, plants, as well 
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as animals and is needed in a minimal amount for humans. CuO nanoparticles have been 

efficiently used for sensing and in many biomedical applications [264-266]. Goyal et.al [267] 

also studied the antimicrobial properties of CuO nanoparticles depend on the surface and size 

of nanoparticles. He confirmed that small CuO nanoparticles with a large surface area have 

better antibacterial activities than the larger ones. CuO nanoparticles also exhibited 

antimicrobial activity against B. subtilis bacteria. Kalilur et.al [268] biosynthesized CuO 

nanoparticles to evaluate the antioxidant activities as well as cytotoxicity against four cancer 

cells (human breast, cervical, epithelioma, lung) and concluded that biosynthesized exhibited 

higher antioxidant and cytotoxicity than those produced via chemical method. G. Sharmila 

et.al [269] demonstrated biosynthesis of CuO nanoparticles using Bauhinia tomentosa leaf 

extracts for antimicrobial activities. The biosynthesized nanoparticles exhibited an excellent 

antibacterial activity against gram negative of E. coli (22 mm), and P. aeruginosa (17 mm).  
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CHAPTER THREE 

SYNTHESIS METHODOLOGIES AND CHARACTERIZATION TECHNIQUES 

3.1 Synthesis methodologies  

The development of synthetic methods is widely recognized as a critical component in 

understanding and applying nanoscale materials. It allows to modulate different parameters 

such as morphology, particle size, size distributions and composition [157, 158]. In this 

investigation the green synthesis, eletrodeposition and sputhering techniques were employed 

to prepare different CuO nanostructure surfaces and its plasmonic nanocomposites. 

3.1.1 Green synthesis method 

Green synthesis refers to the synthesis of different nanoparticles using bioactive agents such 

as plant materials, microorganisms and various biowastes. In the biological synthesis 

methods, the extract of living organisms act as reducing/oxidizing, stabilizing, and capping 

agents for the synthesis of the nanoparticles [45, 142]. Herein, CuO nanoparticles and 

Ag@CuO nanocomposites were synthesised using green synthesis (i.e., Cactus extracts) and 

spin-coated on a stainless steel (SS) substrate for solar-to-thermal energy conversion.  

3.1.1.1 Materials and chemicals    

Methanol (CH3OH, 99.8%, Sigma Andrich, Saint Louis, USA), Isopropanol (H3CCHOHCH3, 

96%, Sigma Andrich, Cologne, Germany), trichloroethylene (C2H2Cl2, 99.5%, Saint Louis, 

USA), Copper nitrate trihydrate (Cu(NO3)2.3H2O, 99.99%, Sigma Andrich, Cologne, 

Germany, Germany), Silver nitrate (AgNO3, 99.99%, Sigma Andrich, Cologne, Germany), 

Potassium peroxydisulphate (K2S2O8, 99.8% Sigma Andrich, Darmstadt, Germany), 

Potassium hydroxide (KOH, 99.95% Sigma Andrich, Darmstadt, Germany), Copper target, 

(Cu, 99.99%, Sigma Andrich, Saint Louis, USA), Stainless steel (SS) (1.5cm ×1.5cm ×1mm, 

Saint Sigma Andrich, Saint Louis, USA) substrates, Electronic balance (E-Metter, Zurich, 

Switzerland), Ultrasonic-bath (1510C-MTH, Mexico, Mexico), Hot-plate (Coring, PC-420D, 

Vietnam), Spin-coater (WS-400-6NPP-Lite, PA, USA), Oven (Thermo-scientific, 

PR305225M, Twinsburg, USA) and Radio frequency (RF) sputtering (VST Sputtering 

Machine, Telavi, Israel) were used for preparing the samples. All reagents were analytical 

grade and were used without further purification. All solutions were prepared with high-

purity of de-ionized (DI) water.  
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3.1.1.2 Plant preparation and extraction  

The cactus pear (Opuntia ficus indica) was freshly collected from eastern Tigray, Ethiopia. 

Initially the cactus pear was washed using tap water and then deionized water to remove dust 

and contaminants present on the surface. Small pieces of cactus pear were dried in an oven at 

60 °C for 12 h, and then ground using an electric blender. In this procedure, 10 g of the 

cactus powder was added to 200 mL de-ionized water, and the mixture solution was heated at 

80 °C for an hour under a constant magnetic stirrer. The solution was cooled, filtered using 

Whatman (No 1) paper, and then kept in a refrigerator at 5 oC until further use.     

3.1.1.3 Green synthesis of copper oxide (CuO) nanoparticles 

For green synthesis of CuO nanoparticles, cactus pear extract was used as a chelating and 

stabilizing agent [45]. In a typical procedure, 100 mL of cactus pear extract was mixed with 

300 ml of 5 mM cupric nitrate trihydrate (Cu(NO3)2.3H2O) solution and the reaction mixture 

was heated at 100 oC for 7-8 h under vigorous stirring until a brownish black color precipitate 

was formed. The obtained product was centrifuged at 4000 rpm for 30 minutes and 

thoroughly washed reputedly with de-ionized water, and then dried at 100 oC in the oven for 

1 h. Finally, the dried sample was thermally oxidized at 420 oC in a furnace and stored in a 

tight container at room temperature for further use. 

3.1.1.4 Deposition of thin films  

The green synthesized CuO nanoparticles were deposited on SS substrate using a spin coater. 

Prior to the deposition, the SS substrates were cleaned by sonicating while dipped in acetone, 

isopropanol, and deionized water for 15 minutes each and then dried under nitrogen flow.  

The suspension solution was prepared by adding of 0.25 g of CuO in 1.5 mL of distilled 

water and stirred for 1 h. In the spin-coating procedure, a vacuumed spin-coater was used to 

deposit the prepared CuO suspension solution on SS substrates, and then 50 μL of suspension 

was spin-coated at 700, 800, 900, and 1000 rpm for 15 seconds; subsequently, the deposited 

CuO coatings were dried in a vacuum oven at 80 °C for 2h. Fig.3.1.1.4 illustrates the overall 

green synthesis and deposition procedure of CuO nanocoating on SS for SSA applications.  
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Figure 3.1.1.4 Schematic illustration of green synthesis, and deposition process of CuO nanocoating as absorber 

surface  

3.1.1.5 Green synthesis of Ag@CuO nanocermet 

 

In green synthesis of Ag@CuO nanocomposites, 10 mL of cactus pear extract was mixed 

with  40 mL of 1 mM AgNO3 aqueous solution and stirred for 10 min until a dark brown 

color was observed, which indicated that the reduction of Ag+ to Ag0 or the formation Ag 

nanoparticles in a mixture [270]. Subsequently, 0.5gm of CuO nanoparticles in 2 mL 

dispersion solution was added into the reaction mixture and then kept under vigorous stirring 

for 2 h at room temperature. The suspension mixture solution was centrifuged at 4000 rpm 

for 30 minutes and washed repeatedly using deionized water to remove impurities. Finally, 

the obtained solid powder was dried in a vacuum oven at 60 oC for 2 h.  

3.1.1.6 Deposition of Ag@CuO thin films 

The green synthesized Ag@CuO nanocermet were deposited on SS substrate using a spin-

coater technique. Before the deposition, the SS substrates were cleaned by sonicating while 

dipped in acetone, isopropanol and distilled water for 15 minutes each. The cleaned SS 

substrates were dried under nitrogen flow and then used for Ag@CuO nanocermet 

deposition. The suspension solution was prepared by adding 0.25g of Ag@CuO 

nanocomposite to 1.5 mL of deionized water and stirred for 1h. In the spin-coating procedure, 

a vacuumed spin-coater was used to deposit the prepared Ag@CuO suspension solution on 
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SS substrates. Then, 50 μL of suspension was spin-coated at 700, 800, 900, and 1000 rpm for 

15 seconds. Subsequently, the deposited Ag@CuO nanocermet coatings were dried in 

vacuum oven at 80 °C for 2h. Fig.3.1.5 illustrates the green synthesis and deposition process 

of Ag@CuO nanocermet as solar absorber. 

 

Figure 3.1.1.5 Schematic illustration of green synthesis and deposition process of Ag@CuO nanocermet as 

absorber surface 

3.1.2 Electrochemical deposition method 

3.1.2.1 Fabrication of nanostructure CuO nanocoatings   

 

Nanostructure CuO coatings were prepared on SS substrate (1.5 cm x 1.5 cm x 1mm) via 

combined procedures of electrochemical deposition and thermal oxidation. Prior to 

deposition of the Cu thin films, the SS substrates were cleaned by ultrasonicating while 

dipped in distilled water, acetone, and isopropanol for 15 minutes each. Growth of the Cu 

thin films on SS substrates were carried out by using three-electrode configuration equipped 

with a saturated calomel electrode (Ag/AgCl) which served as a reference electrode (RE), 

Platinum (Pt) plate as a counter electrode (CE), and SS substrates as a working electrode 

(WE). The Pt plate and Ag/AgCl were immersed into the electrolyte solution and both 

connected to the potentiostat with a cathodic voltage of 1.0 V. Firstly, 0.25 M of 

Cu(NO3)2.3H2O solution as electrolyte was prepared and pH of the solution was 2.4. The 

cleaned WE or SS substrate was immersed into the electrolyte (Cu(NO3)2.3H2O) solution. 

During the deposition the solution was stirred using Argon (Ar) gas. The Cu thin films were 
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electrochemically deposited on the surfaces of the WE or SS substrate at room temperature 

from an electrolyte solution at 15, 20, and 25 min deposition time, and then dried at 60 °C for 

1 h. Finally, the dried Cu thin films were annealed at 420 °C for 2 h in a furnace to form 

nanostructured CuO coatings. Finally, a nano profilometer (Nanomap, Bruker) was used to 

measure the thickness of coatings.   

3.1.3 Sputtering deposition method  

3.1.3.1 Deposition of films by RF Sputtering  

The target Cu metal with a diameter of 6 cm was used to deposit Cu films using RF 

sputtering on SS substrates in the presence of Argon (Ar) gas at 100W power. Prior to 

deposition, the substrates were cleaned using distilled water, acetone, and isopropanol for 15 

minutes each. Argon (Ar) gas sputtering was used to clean Cu target 15 min. The distance 

between the sputtering Cu target and substrate was fixed at 10 cm and then the Cu target was 

cleaned using Ar gas for 15 min before deposition. The base pressure and RF sputtering were, 

respectively fixed at 1.50x10-1, and 1.0x10-1 (Torr). During sputtering Cu thin films at room 

temperature, the flow rate of Ar gas was 20 standard cubic centimetres per minute (sccm).  

The substrate was rotated at 25 rpm to confirm uniform thickness. The thickness of the Cu 

coatings was controlled by deposition time (at 1.00, 1.15, 1.30, and 1.45 h). 

3.1.3.2 Preparation of CuO nanocoating 

The deposited SS/Cu films were chemically oxidized into CuO by immersing in an alkaline 

aqueous solution (i.e in 100 mL 2.25 M of potassium hydroxide (KOH), and 0.060 M 

potassium per sulphite (K2S2O8) for 30 min at room temperature. The prepared CuO 

nanocoatings were thoroughly rinsed with distilled water and then finally dried in vacuum 

oven at 100 oC for 1 h. 
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3.2 Characterization techniques 

The term characterization refers to the general concept, and broad processes in which the 

properties of the material are explored, this is fundamental for scientific understanding of the 

materials. The size, composition, and structure of materials depend on the preparation 

procedure, reaction concentration, temperature, solvent condition, reaction time, and so on. 

Characterization techniques are the most important aspects in material science to determine 

the morphological, composition, structure as well as optical properties, and also various 

physical, chemical, electrical, and magnetic properties of materials. Nanoscale materials have 

a large surface-area-to-volume ratio compared to their bulk counterparts. For instance, 2 nm 

particles may have different optical, electronic, and surface properties than 10 nm particles, 

and also, the surface functionality of NPs may exhibit different properties than the 

corresponding bulk particles [45, 252, 271, 272].     

This section will be focused on theoretical, and practical description of widely used and 

effective techniques employed to characterize the prepared CuO-based coatings for 

photothermal applications. In most cases, the widely used characterization techniques are 

categorised into microscopic-based techniques (i.e scanning electron microscopy (SEM), 

Atomic force microscopy (AFM) and energy dispersive X-ray spectroscopy (EDS)), 

spectroscopy-based techniques (i.e ultraviolet-visible near-infrared (UV–VIS–NIR) 

spectroscopy, and Fourier-transform infrared spectroscopy (IR), Raman spectroscopy,   

Rutherford backscattering spectrometry (RBS)), and X-ray-based techniques (i.e X-ray 

diffraction (XRD), and X-Ray photoelectron spectroscopy (XPS)). 

3.2.1 Microscopic based characterization techniques  

3.2.1.1 Scanning Electron Microscopy  

Scanning electron microscopy (SEM) is a useful technique for high-resolution imaging of 

surfaces that is used to characterize nanomaterials. The SEM technique provides information 

regarding surface morphology of the materials. The SEM uses an electron rather than light 

for imaging surfaces, and an electron beam is directed toward the specimen at the top of the 

microscope by heating a metallic filament to form an image. The electron beam travels 

vertically via electromagnetic lenses that focus and direct the beam to the sample, as revealed 

in Fig 3.2.1.1. A highly concentrated electron beam is shot from an electron source and 

strikes the specimen surface. When the beam of electrons hits the sample, three types of 
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electrons (or backscattered, secondary, and Auger electrons), and X-rays are emitted. SEM 

uses of the backscattered and/or the secondary electrons to examine an image (i.e grain size, 

surface and cross-sectional morphologies) which have fairly low energy and reflected (back 

scattered) electrons both give information about topography of the specimen surfaces [271-

273].   

 

Figure 3.2.1.1: Working principle of SEM [45]. 

In this research work, the surface morphology of the CuO nanocoatings and Ag@CuO 

nanocermet coatings was acquired using scanning electron microscopy (SEM, Leo-Stero 

Scan 440). Using appropriate detectors, the signals from the surface of the sample was 

detected and then focused on a screen using cathode ray tube (CRT) to reproduce the 

morphology images. SEM images were taken on a higher resolution field emission with 

acceleration voltage ranging from 3 to 10 kV. The current probe range was 6 to 10 μm. The 

images were captured using SEMAfore software. 

3.2.1.2 Energy Dispersive X-Ray spectroscopy  

Energy dispersive X-Ray spectroscopy (EDX) is a technique for elemental analysis and their 

proportion present on the surfaces of the samples in conjunction with SEM of the surface 

morphology. EDX spectra provide elemental composition and image of materials using 

emitted x-rays from the material during beam bombardments. A higher energy beam of 

charged particles such as electrons or X-rays are focusing and moving across the material 

being investigated. Electrons excite from inner shells by the incident electrons and image of 
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the sample is obtained. The SEM microscope is integrated with Energy Dispersive X-ray 

Spectroscopy (EDX) and with electron backscatter diffraction pattern detection and analysis 

system [271-273]. The same SEM (SEM, Leo-Stero Scan 440) system was used for EDX 

analysis and the EDX was used to perform on randomly selected regions of samples surface 

with an acceleration voltage of ranged between 7-10 keV. By X-ray, it was able to obtain 

profiles maps of elements and perform sequence analysis of particles and regions in a sample. 

3.2.1.3 Atomic Force Microscopy  

Atomic force microscopy (AFM) is a non-destructive and versatile microscopic technique 

used to study the surface morphology at nanoscale. AFM can generate an image in three-

dimensional surface images at high resolution with angstrom scale (Å), and provides various 

kinds of specimen surface measurements. It is essential to understand how the AFM operates, 

its basic components, and the interaction forces between the probe and specimen surface. The 

structural diagram of an AFM is displayed in Fig.3.2.1.3. The AFM measures forces between 

the probe and specimen surface through a sharp tip (probe) deflection system, with a laser 

beam incident on a flexible rod called a cantilever. The sharp tip (probe), located at the end of 

the cantilever with small deflection is observed in the cantilever toward the surface, and 

interacts with the specimen surface during the scan. Changes in specimen topography 

encourages movement of the cantilever, which deflects the laser beam to the photo-detector. 

The changes in the photo-detector output are used to adjust the movement of the piezoelectric 

ceramic (scanner) in the z direction, whose value is recorded as a function of the scanning 

[45, 271, 274].   

 

Figure 3.2.1.3: Schematic diagram of AFM principle [45]. 
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In this research work, the topography and surface roughness of CuO nanocoatings coatings, 

and Ag@CuO nanocermet coatings were studied by using AFM (AFM, a Veeco® 

Nanoman). The system operates by scanning a tip across the sample surface while monitoring 

the changes in cantilever deflection with split photodiode detection. A feedback loop 

maintain a constant deflection between the cantilever and sample by vertically moving the 

scanner at each (x, y) data point to maintain a ‘’setup point’’ deflection. The distance of the 

scanner moves vertically at each (x, y) data point was stored by a computer to form the 

topographic image of the sample surface. Digital instrument dimension 3000 AFM with a 

resolution of 10 pm in accompanied with nanoscope software was used for recording the 

surface topography and analyzing the recorded images.  

3.2.2 Spectrometry-based characterization techniques  

3.2.2.1 Ultraviolet-visible near infrared (UV-Vis-NIR) spectroscopy 

 UV-Vis-NIR spectrophotometer is a powerful characterization technique to analyse the 

optical property (or absorbance, reflectance, and transmittance) of nanoscale materials. It 

measures the interaction between absorber materials and electromagnetic radiation. The UV-

Vis-NIR spectroscopy wavelength range is from the ultraviolet (200–400 nm) via the visible 

light region (400–800 nm) to the NIR (800–2500 nm). All non-transparent materials can 

absorb, reflect, and scatter specific visible wavelengths and used to analyze the optical 

properties of materials in terms of what they absorbed, reflected, and scattered as illustrated 

of in Fig.3.2.2.1. Typically, UV-Vis-NIR spectroscopic works by shining incident light at 

materials, and recorded the light intensity that reaches a detector, known as transmittance. 

Intensity loss recorded by detector, compare with the original incident light at that specific 

wavelengths has absorbed, reflected or scattered by the material, collectively known as 

extinctions [275, 276].  

 
Figure 3.2.2.1: Absorption, reflection, transmission  and scattering in UV-Vis-NIR spectrometer [276]. 
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Herein, the diffuse reflectance (R) spectra of CuO nanocoatings and Ag@CuO nanocermet 

coatings deposited on SS substrate were measured using UV-Vis-NIR spectrometer (Varian, 

Inc. model Cary-2500) in the range of 0.30-2.5 μm wavelength. As a reference plate, 

Polytetrafluoroethylene (C2F4)n coated disc was used and measurements were conducted at 

room temperatures with 500 nm/min scanning speed. The solar absorptance(α) of all the 

coatings was calculated according to eq. (2.1.1.5) from the measured diffuse reflectance 

spectra.  

3.2.2.2 Fourier-Transform Infrared Spectroscopy 

The thermostatic infrared spectrophotometer is a powerful characterization technique used to 

measure the spectral emissivity of the absorber surface with a high spectral resolution. 

Thermal emission is a fundamental physical process by which all objects emit light at 

temperatures of above 0 K in the far IR wavelength region (>2.5 μm) or in the wavenumber 

range 4000-400 cm-1. The spectral emissivity is an important parameter describing the 

thermal radiative property of absorber materials. It is well known that the emissivity (ε) value 

can change greatly with surface conditions of absorber surfaces and strongly depends on the 

surface roughness, temperature, surface oxidized film and so on. In the past decades, new 

developments in photonics and nanoscale fabrication have enabled research into engineered 

thermal emission for various applications such as passive radiative cooling, photothermal, 

and thermophotovoltaics [275, 277-279]. Many thermal-emission measurements are 

performed via reflection, and transmission measurements, and subsequent application of 

Kirchhoff’s law, according to eq.(2.1.1.9), which relates the thermal emissivity of the 

absorber surface in thermal equilibrium to its absorptivity [280-282].  

Herein, the thermostatic infrared spectrometer (Bruker Vertex 70) spectrometer in the 

infrared wavelength region (2.5–25 μm) was employed to measure was spectral reflectance in 

the IR region. The measurements were performed in a vacuum at room temperature and the 

spectra were recorded. Before the sample measurement, a background reference was 

performed with an Aluminium (Al) mirror placed at the same position as the sample. Finally, 

the thermal emissivity (ε) of CuO and Ag@CuO nanocermet coatings were calculated 

according to eq. (2.1.1.10).  
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3.2.2.3 Raman Spectroscopy  

Raman spectroscopy is an important, versatile, and non-destructive technique to probe the 

vibrational and electronic properties of materials (solid, liquid, and gaseous). Raman 

spectroscopy involves measuring the inelastic scattering of monochromatic photons with 

different frequencies from the laser source to characterize the vibrational, rotational, and 

other modes of nanomaterials. Raman scattering can be divided into stokes scattering (if the 

emitted radiation or vibrational state has a lower frequency than the scattered photons), 

Antistokes scattering (if the emitted radiation has higher frequency than the scattered 

photons), and/or Rayleigh scattering (if the emitted radiation has same frequency with the 

scattered photons) (see Fig 3.4.2.3). The interaction between the scattered photons and 

incident light results in a shift in energy, the energy difference between the incident and 

scattered photon is usually known as the Raman shift (cm−1); this shift provides information 

about the modes of phonons in the material [271, 272, 283, 284].  

 

Figure 3.4.2.3 Raman spectroscopy interaction of photon with samples 

In this research work, Raman spectroscopy (Jobin-Yvon T64000 Raman spectrometer) was 

recorded over 100–800 cm−1 at room temperature using 532 nm radiations for laser excitation 

to identify the existing phases and lattice vibrational properties of the samples. The system 

was operated with an output laser power of 2.5 mW and the laser beam was focused on the 

sample and the spectra were collected with a 600 groove/mm grating.  

3.2.2.4 Rutherford Backscattering Spectroscopy  

Rutherford backscattering spectroscopy (RBS) is an ion scattering technique that used 

nuclear technique in the ion beam analysis (IBA) fields. RBS is a useful, and precise 
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quantitative technique for stoichiometry, thickness, and compositional of thin film analysis 

without need for standards. Identification, depth, and concentration of an element is achieved 

by detecting the energy of beam particles by Rutherford scattering after scattered. The elastic 

scattering provide information on the mass involved scattering partner and also depth profile 

of the samples when the beam particles lose energies while crossing the sample before, and 

after the point of scattered. During the RBS analysis, high-energy helium ions (He++) are 

passed into the samples, and the backscattered yield is measured at a given angle. RBS 

provide lower accuracies for lower elements in a periodic table [272, 285-288].  

 

 

Figure 3.2.2.4: Schematic representation RBS set up at scattering angle of 165°. 

Herein, the elemental composition, thicknesses, and depth profile of CuO and Ag@CuO 

nanocermet coatings were determined using Tandetron accelerator RBS (NEC MeV ion beam 

accelerator systems, RBS, USA) at iThemba labs, NRF-South Africa. The samples were 

individually mounted on a ladder before being loaded into a sample chamber with a vacuum 

pressure greater than 10-6 mbar. The channel energy of backscattered energy of particles was 

achieved using silver copper oxide nanocomposite on silicon substrate calibration sample. 

The scattered ion energy spectra were recorded using a Si surface detector positioned at a 

scattering angle of 165° with a 2MeV 4He++ beam. The RBS spectra were simulated using 

SIMNRA 7.02 software to determine elemental compositions, thickness, and depth profile of 

the obtained coatings.  
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3.2.3 X-ray based Characterization Techniques 

3.2.3.1 X-Ray Diffraction 

X-ray diffraction (XRD) is the most widely used characterization technique and provides 

information related to the nature of the phase, crystalline structure, crystalline size, and lattice 

parameters. During the measurement, the interaction of the monochromatic X-rays beam with 

the atomic planes results in refracted, absorbed, scattered, and diffracted by the angle (θ) (see 

Fig 3.2.3.1). Scattering occurs only when the X-ray impinges the crystal lattices. Maximum 

scattering is eliminated as it interferes with itself, which is known as destructive interference. 

When the scattering comes in phase with another plane, diffraction occurs, and the diffracted 

beams from the sample interfere constructively for certain angles and appears as peak 

intensity. The diffraction of the beam is directly related to the atomic crystal arrangements, 

which is described by Bragg’s law, and occurs only when Bragg’s Law is fulfilled for 

constructive interferences from planes with spacing “d” [271, 272, 275, 289] and is given by 

eq.(3.2.3.1).  

                 sin2dn =                                                                   (3.2.3.1) 

where d is planes space planes, θ is Bragg angle, n is order of reflections, and λ is beam 

wavelengths (Fig. 3.2.3.1).  

 

 

Figure 3.2.3.1: X-ray diffraction 

In this research work, CuO nanocoatings and Ag@CuO nanocermet coatings were studied by 

using X-ray diffraction (XRD, D-800, Bruker AXS). D-800, Bruker AXS X-ray 

diffractometer was employed to analyze the phase and crystal size of the absorber samples. 

The samples were characterized by rotating the sources and detector at a constant angular 
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speed for 2θ between 0 and 100o. The samples were analysed at normal angles of incidence 

with an incident beam angle of 45o. The diffractometer uses a monochromatic Cu X-ray 

source with a major component CuKα-1 radiation of wavelength 01.5406 Ǻ, a voltage of 40 

kV and current of 40 mA. 

3.2.3.2 X-Ray Photoelectron Spectroscopy   

X-Ray Photoelectron Spectroscopy (XPS) is commonly used to analyze the near-surface 

composition of materials for oxidation states, and elemental composition within a material. In 

XPS analysis, the material irradiated with monochromatic X-rays in an ultra-high vacuum 

environment leads simultaneously measured both the kinetic energy and number of electron 

excited from core orbitals of the elements at the surface. The kinetic energies and number of 

electron that emitted from the material surfaces provide characteristics of the surface 

composition of the samples. X-ray excitation causes the emission of photoelectrons and are 

measured by analysing the binding energy present on the surface of the substance. The 

intensities of the peaks reflects the type of each element, and the position of peaks confirms 

the chemical states for each element within a material [272, 275, 285, 287].  

 

Figure 3.2.3.2 Principle of X-ray photoelectron spectroscopy  

In this research work, the chemical state of CuO and Ag@CuO nanocermet coatings were 

analysed using X-ray photoelectron spectroscopy (XPS, a thermo K-alpha 

spectrophotometer). X-ray photoelectron spectroscopy (XPS) was performed using a thermo 

scientific K-alpha photoelectron spectrometer using monochromatic Alkα radiation. During 

the measurement, the sample was irradiated with X-rays and a detector measured the kinetic 

energies of those ejected electrons coming from the surface (from the top 1-10 nm) of the 
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sample. Higher resolution scans were recorded for the principal peaks at a pass energy of 50 

eV. The peaks were modelled using CasaXPS software with binding energies adjusted to 

adventitious carbon (284.5 eV) for charge correction. 
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CHAPTER FOUR 

RESULT AND DISCUSSION 

4.1. Single layered biosynthesised copper oxide(CuO) nanocoatings as solar selective 

absorber   

4.1.1 Possible reaction mechanism of green synthesised CuO nanoparticles 

The phytochemicals present in plant materials are rich in secondary metabolites with different 

functional groups such as -C-O-H, –C–O–, -C-N-C-, –C=C-, –C=O– etc., which have a 

significant role in the formation, nucleation, accumulation, and stabilizing of the 

nanomaterials. Different plant parts, such as roots, stems, leaves, seeds, fruits, peel, or 

flowers, can be used in biosynthesis of nanoparticles. The cactus pear, commonly known as 

Prickly Pear belongs to Angiosperm Cactaceae family. The cactus pear (Opuntia ficus indica) 

is the source of several phytochemicals like flavonoids, saponins, phenylpropanoids, 

alkaloids, polyphenols, essential oils, and steroids. In biosynthesis, the plant extracts are 

mixed with a metal precursor salts at ordinary temperature, which is easy, environmentally 

friendly, cost-effective, and non-toxic [43, 45, 46, 290].  

In this reaction mechanism, we hypothesised the organic molecules present in a plant extracts 

with a poly hydroxyl functional group as a phytochemical agent for CuO NPs formation as 

displayed in Fig.4.1.1. In the biosynthesis of CuO nanoparticles, the phytochemicals in the 

cactus extracts activate the copper (Cu) metal in the copper nitrate-trihydrate 

(Cu(NO3)2.3H2O) into Cu2+ ion in a mixture solution, leads to the formation of complex 

structure with phytochemicals of the extract or [Phyto-Cu-Phyto]2+ complex structure. The 

formed complex structure is converted into Cu(OH)2 and byproduct, and then to CuO after 

dried in a vacuum oven at temperature of 100 oC. Finally, the obtained amorphous CuO 

stabilized and capped into CuO nano-powders by annealed at 420 oC [43, 46, 291].     
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Figure 4.1.1: Proposed reaction mechanism of CuO NPs via Cactus extracts 

4.1.2 Surface morphology of CuO nanocoatings 

4.1.2.1 Scanning electronic microscopy 

The morphological surface is one of the most important factor that influences the 

performance of spectrally selective absorber (SSA) coatings [292]. The surface morphology 

of single-layered CuO nanocoatings via green synthesis was characterized using scanning 

electronic microscopy (SEM). Fig.4.1.2.1(a-d) shows SEM images of CuO nanocoating on 

stainless steel (SS) substrate deposited using spin-coating at 700, 800, 900, and 1000 rpm, 

respectively. From the SEM images, nanorod likes-structures are observed, and the surface 

structures are densely covered and compacted at lower RS of 700, and 800 rpm as shown in 

Fig. 4.1.2.1(a, b). When the RS increases to 900 and 1000 rpm a nanorod-like surface with 

lower density is observed, as shown in Fig. 4.1.2.1(c, d). The particle size of CuO 

nanocoatings are found to be 57.6, 51.2, 43.1, and 36.7 nm at 700, 800 ,900, and 1000 rpm, 

respectively; these results confirm that thickness of coatings decrease with increase of RS of 

the spin coating [75, 293].  
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Figure 4.1.2.1: SEM image of CuO nanocoatings spin coated at RS of a) 700 b) 800 c) 900 d) 1000 rpm 

4.1.2.2 Atomic force microscopy 

Fig.4.1.2.2 (a-d) depicts the 3D AFM image of green synthesized CuO nanocoatings 

deposited by spin-coating on SS substrate at RS of 700, 800, 900, and 1000 rpm. The AFM 

images confirm the presence of nanorod-like structures on the CuO nanocoating surfaces. 

From Fig.3 (a, b) at RS of 700, and 800 rpm growth of vertically aligned nanorod-like 

structures with relatively uniform distribution and better coverage of nanorod surfaces are 

observed, and these are characterized by higher surface roughness of 28.3, and 24.5 nm, 

respectively. From Fig.4.1.2.2 (c, d), further, increase in the RS to 900, and 1000 rpm, 

complicated the uniform distribution of the particles, and the vertically aligned nanorod-like 

structures are reduced as well as appeared smooth with a surface roughness of 21.2, and 17.6 

nm, respectively. As the RS increase the surface homogeneity of nanorod-like surfaces, and 

grain size are reduced, indicating that the crystallization quality and thickness of the 

nanocoatings are decreased. The average surface roughness of CuO coatings is slowly 

decreased with increasing in RS due to lowering of the coating thickness and surface 

uniformity of the coatings [294-296] as shown in Fig. 4.1.2.2 (a-d). It should be noted that the 

surface roughness is an important factor in an absorber surface, as the incident light interacts 

directly with it. When the incident light encounters the absorber surface of the coatings, some 

of them are absorbed and some reflected. The suitable surface roughness creates optical traps 

between nanosized particles, which can increase the scattering of short wavelengths and 

reflection of long wavelengths [295, 297]. Moreover, the distribution of peaks in the surface 

structure traps more-light in the inner structure of the coatings by multireflection, 

consequently, the intrinsic absorption of CuO nanocoatings can be enhanced which contribute 

to better solar absorption properties [41, 298]. 
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Figure 4.1.2.2: AFM of CuO nanocoatings spin coated at RS of (a) 700, (b) 800, (c) 900, and (d) 1000 rpm 

4.1.3 Structural and compositional analysis of CuO nanocoatings  

4.1.3.1 X-ray diffraction  

The structural analysis of CuO nanocoatings were analysed from x-ray diffraction (XRD) 

spectra. Fig. 4.1.3.1(a-d) shows the XRD patterns of CuO nanocoatings spin-coated on SS 

substrates at RS of 700, 800, 900, and 1000 rpm. The crystallographic orientations originated 

at 2θ values of 32.6o , 35.5o, 38.6o, 48.8o, 53.5o, and 58.2o associated to (110), (11 ), (111), 

(20 ), (020), and (202) crystal planes of the monoclinic phase structure of CuO, respectively, 

and it is well-matched with the previous literature (according to the JCPDS card No. 80-

1917) [40, 299, 300]. For all the obtained nanocoatings, characteristic diffraction patterns at 

2θ values of 43.58°, and 50.72° attributed to (111), and (200) planes of the face-centered 

cubic (fcc) of Chromium Iron Nickel (Cr0.19 Fe0.7 Ni0.11) SS substrate are observed, 

respectively (according to the JCPDS card No. 033-0397). The average crystalline size (D) of 

the nanocoatings were calculated from Scherrer’s formula, D=0.9 λ/βcosθ where λ is 

wavelength, β is the full width at half maximum (FWHM) at the diffracting angle θ, by 

determining the width of (111) Bragg reflection [301, 302], and found to be 76, 57, 44, and 

36  at RS of 700, 800, 900, and 1000 rpm, respectively. The results in agreement with the 

trend observed by SEM. As shown in Fig 4.1.3.1 (a-d), increasing RS results decrease in the 

intensity of the coatings, which confirms that the thickness, grain size, and crystallite of the 

deposited nanocoatings are decreased [294, 303].  
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Figure 4.1.3.1: XRD of CuO nanocoatings spin coated at RS of a) 700, b)800 c) 900 d) 1000 rpm 

4.1.3.2 Energy dispersive spectroscopy 

The elemental compositions of green synthesised CuO nanocoatings deposited on SS 

substrate at different RS were determined using the EDS technique. EDS of CuO 

nanocoatings with nanorod-like structure (as observed in SEM) are shown in Fig.5 (a-d). The 

EDS spectra reveal strong peaks associated to Cu and O, confirming the purity of CuO 

nanocoatings. The EDS spectra also show weak peaks of Fe and Cr which originated from SS 

substrate. EDS result also suggests that the atomic percentage of Cu, and O are decreased 

with increase of RS of the coating which compliments with the XRD results.  
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Figure 4.1.3.2: EDX spectra of CuO nanocoatings spin coated at RS of a) 700, b)800 c) 900 d) 1000 rpm 

4.1.3.4 Raman spectroscopy  

Raman spectroscopy is a versatile and non-destructive technique used to probe the phase and 

vibrational properties of materials [42]. CuO belongs to C6
2h symmetry with two molecules 

per primitive cell, and has twelve (12) phonon modes (i.e 4Au + 5Bu +Ag + 2Bg) in Raman 

spectrum; of these only three (Ag + 2Bg) modes are Raman active [17, 43, 44]. Fig.4.1.3.4 

(a-d) reveals the Raman spectra of biosynthesized CuO coatings recorded over 200–700 cm−1 

at room temperature using 532 nm radiation. The Raman spectrum exhibits the characteristic 

peaks of CuO at 305.5, 344.3, and 642.7 cm-1. The first peak at 305.5 cm-1 is assigned to Ag 

mode and the two peaks at 344.3 and 642.7 cm-1 are attributed to the Bg mode [43, 45]. As 

shown from Fig.4.1.3.4 (a-d) at lower RS of the spin coating, the Raman peak intensity is 

more intense, and sharper, confirming that the thickness, particle sizes, and crystallinity are 

improved [52], which is good complement with the obtained XRD results. Xu et.al [52], 

reported that the Raman spectra peaks become stronger as well as sharper and shift to higher 

wave numbers as grain size increases. Moreover, the Raman spectrum shows a weak peak at 
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596.5 cm-1 which clearly indicates the presence of Cu2O phase [43]. From the Raman 

analysis both CuO and Cu2O phases coexisted in the coatings. However, the XRD spectra 

does not reveal the presence of Cu2O phase, and this confirms that Raman spectroscopy is 

more surface sensitive than XRD and provides more surface information [43]. 

 

Figure 4.1.3.4 Raman spectra of CuO nanocoatings spin-coated at a) 700 b) 800 c) 900 d) 1000 rpm 
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4.1.4 Optical properties CuO nanocoatings  

The optical properties of green synthesized CuO nanocoatings were analyzed using UV–Vis–

NIR (300–2500 nm), and IR (2500–20000 nm) spectrometers. The absorptance and 

emissivity (α, ε) of the coatings were deduced from their corresponding diffuse reflectance 

spectra using eqs.(2.1.1.5) and (2.1.1.10), respectively. Fig.4.1.4 (a-b) reveals the spectral 

reflectance spectra of CuO nanocoating absorbers in the solar and IR region, respectively as a 

function of spin coating rotational speed (RS). The spectra reflectivity of CuO nanocoatings 

in the UV-Visible region (300–800 nm) is below 2% while above the visible (or from 800-

2500 nm) a gradual transition from low to high reflectance is observed. In the IR region (λ ≥ 

2500 nm), the reflectivity spectra of the coatings is above 40%, and increase with increasing 

RS of the spin coating, as revealed in Fig.4.1.4 (a, b) and indicates that good characteristic 

spectrally selective coatings were obtained [283]. At 700 rpm, the lower reflectance spectra is 

observed both in solar and IR spectrum and reveal the broader absorption or highest solar 

absorptance (α) of 0.90, and emissivity (ε) of 0.31 as shown in Fig.4.1.4 (a, b). When the RS 

increased to 800 and 900 rpm, the reflectivity spectra of the coatings raised, the solar 

absorptance (α) value is slightly decreased to 0.88 and 0.86, simultanously, the emissivity is 

decreased to 0.28 and 0.23, respectively. Further increasing in RS to 1000 rpm, a higher 

reflectance spectrum is observed; thus both (α, ε) are smoothly decreased, respectively to 

0.85 and 0.19 as shown in Fig.4.1.4 (a, b).  

It is well known that at lower RS of the spin coating, the coatings tended to be slightly thicker 

with rough surface [296] (also observed from AFM). This increases the solar absorption by 

lowering the surface reflection of the coatings in the solar spectrum region and also causes to 

have high infrared absorption as well as higher attenuation of light in the IR region. 

Consequently, the reflectance spectra of the coatings is lowered which is attributed to rise the 

of emissivity (ε) of the coatings [67, 303, 304]. Moreover, the appropriate surface roughness 

can determine the optical properties of absorber surfaces. When the dimension of surface 

roughness is longer than the wavelength (λ) of incident light, the electromagnetic wave (EW) 

get more trapped energy which contributes to better solar absorptivity in the solar spectrum 

region. On the contrary, when the wavelength (λ) of the sunlight is longer than surface 

roughness, the coating surface exhibits mirror-like properties and most of infrared (IR) light 

would be reflected in the IR region, so a lower emissivity (ε) could be achieved [41, 292, 

305]. 
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Figure 4.1.4: Diffuse reflectance of CuO nanocoatings a) solar region b) IR region 
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4.2 Spectrally selective single layered Ag@CuO nanocermet coatings; Surface   

morphology, structural, and optical properties 

4.2.1 Surface morphology of Ag@CuO nanocermet coatings   

4.2.1.1 Scanning electronic microscopy 

The surface morphology of green synthesized single-layered Ag@CuO nanocermet coatings 

was characterized using Scanning electronic microscopy SEM). Fig.4.2.1.1(a-e) shows the 

SEM images of CuO coating and Ag@CuO nanocermet coatings spin-coated on SS 

substrates at 700, 800, 900 and 1000 rpm. Fig.4.2.1.1 (a) exhibits a surface image of CuO 

nanocoating spin-coated at 700 rpm, and a nanorod-like structures with uniform particle 

distribution are observed with a grain size value of 57.6 nm. Fig.4.2.1.1 (b-e) reveals 

Ag@CuO nanocermet coatings spin-coated at RS of 700, 800, 900, and 1000 rpm. The 

surface morphology confirms that bright white Ag nanoparticles clusters on CuO surface are 

observed, and the existence of these Ag NPs has obviously changed the boundary grains of 

CuO, and thus non-uniform, as well as irregular nanorod-like structures are observed, as 

shown in Fig.4.2.1.1 (b-e) compare to CuO coating in Fig. 4.2.1.1 (a), this may be assigned to 

high agglomeration came from lack crystallinity of Ag@CuO nanocermet coatings [41, 294]. 

When the spin coating RS increases from 700 to 1000 rpm, uniformly dispersed of Ag NPs 

on CuO surface are decreased, as shown in Fig.4.2.1.1(b-e). The grain size of Ag@CuO 

nanocermet coatings are 68.3, 56.1, 48.7, and 42.4 nm at 700, 800, 9000, and 1000 rpm, 

respectively; these results confirm that the coating thickness is decreased with RS of the spin 

coating increased [293].   
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Figure 4.2.1.1: SEM images of CuO coating (a) at 700 rpm, and Ag@CuO nanocermet coatings b) 700, c) 800, 

d) 900, and e) 1000 rpm 

4.2.1.2 Atomic force microscopy  

The 3D AFM images of green synthesis CuO and Ag@CuO nanocermet coatings spin-coated 

at different RS are shown in Fig.4.2.1.2 (a-e). The CuO coating surface deposited at RS of 

700 rpm has a relatively smooth and homogeneous surface with an average surface roughness 

of 34.1 nm as shown in Fig.4.2.1.2 (a). Fig.4.2.1.2 (b-e) reveals AFM images of Ag@CuO 

nanocermet coatings at RS of 700, 800, 900, and 1000 rpm, respectively. The embedded Ag 

NPs in the matrix of CuO surface presents the feature of a peak and valley structure and grain 

growth, as shown in Fig.4.2.1.2 (b-e). The embedded Ag NPs increase the average surface 

roughness of Ag@CuO nanocermet coatings compared to CuO coating due to the 

accumulation of plasmonic Ag NPs in the CuO matrix which leads the coatings to absorb 

more light (including infrared band) [292, 306]. The average surface roughness of Ag@CuO 

nanocermet coatings is decreased in the range of 45-23 nm as RS increased from 700 to 1000 

rpm, possibly a result of lowering the thickness as well as surface uniformly of the coatings 

as shown in Fig.4.2.1.2(b-e). The surface roughness is a key factor to increase the surface 

solar absorption by decreasing the surface reflection might be with the increasing roughness 

in the solar spectrum region. When the incident light encounters the coating absorber surface, 

more light is absorbed (including infrared band), and some are reflected. Moreover, the peaks 
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and valley structures of the coatings can trap more light effectively in the inner structure of 

the coatings by multireflection on the surface of individual peaks [41, 292].  

 
 

Figure 4.2.1.2: 3D AFM image of CuO coating (a) at 700 rpm, and Ag@CuO nanocermet coatings b) 700, c) 

800, d) 900, and e) 1000 rpm 

4.2.2  Structural, and compositional analysis of Ag@CuO nanocermet coatings 

4.2.2.1 X-ray diffraction 

The crystallinity and phase purity of Ag@CuO nanocermet coatings were evaluated from X-

ray diffraction (XRD) spectra. Fig.4.2.2.1 shows the XRD patterns of green synthesized (a) 

CuO coating at RS of 700 rpm, and (b-e) Ag@CuO nanocermet coatings spin-coated on SS 

substrates at RS of 700, 800, 900, and 1000 rpm, respectively. The crystallographic 

orientations originated at a diffraction angle of 32.45o, 35.5o, 38.6o, 48.7o, 53.4o and 58.3o 

corresponding to the (110), (11 ), (111), (20 ), (020), and (202) crystal planes, respectively, 

as revealed in Fig.4.2.2.1 (a). These results confirm the formation of a monoclinic phase of 

CuO crystals, and it is well-matched with the previous literature (according to the JCPDS 

card No. 80-1917) [40, 299, 300]. Moreover, from Fig.4.2.2.1 (b-e), the XRD patterns at 2θ 

values of 38.14ᵒ and 44.27ᵒ corresponding to (111), and (200) crystal planes are assigned to 

face-centered cubic (fcc) phase of Ag metal (according to JCPDS file no. 35–0801) [270, 

307], these confirm the successful embedment of Ag NPs into CuO to form Ag@CuO 

nanocermet coatings. For all coatings, the diffraction patterns originated at 2θ values of 

43.58° and 50.72° associated to (111) and (200) planes of the fcc of Chromium Iron Nickel 
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(Cr0.19 Fe0.7Ni0.11) SS substrate, respectively (according to the JCPDS card No. 033-

0397). As shown in Fig.4.2.2.1 (b-e), as the RS spin coating of Ag@CuO nanocermet 

coatings increased, the peaks intensity is slightly decreased, which confirms that thickness of 

the deposited coatings is decreased [303]. Moreover, when the Ag NPs are incorporated into 

CuO, the peak intensity of CuO coatings is decreased, this may be due to the lack of 

crystallinity of the obtained Ag@CuO nanocermet coatings as well as the scattering factors 

difference of Ag, and Cu atoms. However, there are no changes in the position of peaks, and 

thus the incorporated Ag NPs do not affect the monoclinic phase structure of CuO [298, 307].   

 

Figure 4.2.2.1: XRD pattern of CuO coating (a) at 700 rpm, and Ag@CuO nanocermet coatings b) 700, c) 800, 

d) 900 and e) 1000 rpm 

4.2.2.2 Energy dispersive spectroscopy 

The elemental composition of Ag@CuO nanocermet coatings was analyzed using Energy 

dispersive spectroscopy (EDS). Strong peaks attributed to O and Cu are detected which 

confirms the purity of coatings as shown in Fig.4.2.2.2 (a).  Fig.4.2.2.2 (b-e) represents the 

EDS of Ag@CuO nanocermet coatings spin-coated at 700, 800, 900 and 1000 rpm. In 
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addition to Cu, and O, weak peaks from Ag metal are observed, as revealed in Fig.4.2.2.2 (b-

e) which confirms that the Ag metal is well embedded into CuO for the formation of 

Ag@CuO nanocermet coatings. A weak peak of iron (Fe) from SS substrate is also observed.  

 

Figure 4.2.2.2: EDX spectra of CuO coating (a) at 700 rpm, and Ag@CuO nanocermet coatings b) 700, c) 800, 

d) 900, and e) 1000 rpm 

4.2.2.3 X-ray photometry spectroscopy 

The surface electronic states and elemental composition Ag@CuO nanocermet coatings on 

SS substrate was analyzed via X-ray photometry spectroscopy (XPS), and the results 

displayed in Fig.4.2.2.3 associated to 700 rpm. The Wider scan spectra of CuO nanocoating 

confirms the presence of Cu, O, Ag, C, and N elements as shown in Fig.4.2.2.3 (a). The high 

resolution of XPS spectra of Cu2p shows that two peaks of Cu 2p1/2 and Cu 2p3/2 at 953.15 

eV, 933.72 eV binding energy, respectively, as shown in Fig.4.2.2.3 (b), which are typical 

characteristics peaks of Cu (II) for CuO. The binding energy of Cu2p1/2 and Cu2p3/2 are 

separated by 20 eV are essentially identical binding energies of Cu2p of Cu(II). The satellite 

peak at 944.13 eV confirms the presence of paramagnetic chemical states of Cu2+. From XPS 
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spectra a peak with low intensity centered at 932.62 eV binding energy is associated to Cu1+. 

As demonstrated in Fig.4.2.2.3 (b), the corresponding XPS spectra O  in Ag@CuO reveals 

two-peaks, which indicates that there are two-oxygen states, and the peak at 529.30 eV 

binding energy corresponding to metal-oxygen (M-O) lattice which confirms the formation of 

CuO [231, 308]. In the XPS spectrum of Ag3d (Fig.4.2.2.3 (c)), two peaks of Ag 3d3/2 

(375.75 eV) and Ag3d5/2 (369.20 eV) are attributed to metallic Ag+ and Ago, respectively 

which well-agrees with the previous reports [231, 308]. Among them, the C element might 

derive from impurities on the surface of the samples.  

 

Figure 4.2.2.3: XPS spectra of a) Ag@CuO, b) Cu2p, c) O1s, d) Ag3d, and e) C1s associated to 700 rpm 
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4.2.2.4 Rutherford backscattering spectrometry  

 

The elemental composition and thickness of green synthesized Ag@CuO nanocermet 

coatings were determined using Rutherford backscattering spectrometry (RBS). RBS is the 

most precise quantitative, and versatile technique of ion beam analysis for elemental surface 

analysis, and depth profiling of thin films, as gives information on the thickness,  content, and 

depth of thin films and absolute concentration of elements in the thin film without the need 

for standards [286, 288, 309]. Fig.4.2.2.4 (a-e) shows the RBS spectra of CuO (a), and 

Ag@CuO (b-e) nanocermet coatings at RS 700, 800, 900, and 1000 rpm. The fitting of RBS 

spectra was simulated using SIMNRA 7.03 software to determine elemental composition and 

thickness of the coatings. In Fig.4.2.2.4 (a) two peaks of alpha particles backscattered from 

Cu and O atoms at channels of 2424, and 1112, respectively are observed. The contents of 

elements of Cu, and O is 54, and 46 at %, respectively, and the thickness of CuO coating is 

calculated to be 1406×1015 atoms/cm2 (296.3 nm) at 700 rpm. Fig.4.2.2.4 (b-e) shows RBS 

results of Ag@CuO nanocermet coatings, the plasmonic Ag atom appeared at channel of 

2605, in addition to peaks of Cu, and O atoms. The concentration of Ag, Cu, and O contents 

in Ag@CuO nanocermet is 5, 51, and 44 at percentage (%), respectively, and the result does 

not show remarkable change, as the RS is increased from 700 to 1000 rpm. Thickness of 

Ag@CuO nanocermet coatings are found to be 1416×1015 atoms/cm2 (298.2 nm), 1296×1015 

atoms/cm2 (272.8 nm), 1153×1015 atoms/cm2 (242.7 nm), and 998×1015 atoms/cm2 (210.2 

nm) at 700, 800, 900, and 1000 rpm, respectively, at 700, 800, 900 and 1000 rpm, 

respectively.  
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Figure 4.2.2.4: RBS spectra of CuO coating (a) at 700 rpm, and Ag@CuO nanocermet coatings b) 700, c) 800, 

d) 900 and e) 1000 rpm 

4.2.3 Optical properties Ag@CuO nanocermet coatings 

The optical property of Ag@CuO nanocermet coatings deposited on SS substrates via spin 

coating were characterized using UV–Vis–NIR (300–2500 nm), and IR (2500–20000 nm) 

spectrophotometry. The optical parameters of solar absorptance (α), and emissivity (ε) of the 

nanocermet coatings were calculated from their diffuse reflectance data’s using eqs. (2.1.1.5), 

and (2.1.1.10), respectively. Fig.4.2.3 (a, b), shows the optical characteristics of both CuO, 

and Ag@CuO nanocermet coating absorbers in solar spectrum region (300–2500 nm), and in 

the mid-infrared spectrum region (2500–20000 nm), respectively as a function of spin coating 

rotational speed (RS). The CuO coating exhibits relatively higher reflectance spectra in solar 

region with a absorptance(α) value of 0.90, while in the IR region displays lower reflectance 

with higher emissivity (ε) value of 0.31 as shown in Fig.4.2.3 (a, b). The optimized Ag@CuO 

nanocermet coatings have broader absorptions in a solar spectrum compared to CuO coatings. 

In the UV-visible spectrum (300–800 nm) the diffuse reflectance of nanocermet coatings is 

lower than 3%, while above the visible (or from 800-2500 nm) a gradual transition from low 

to high reflectance is observed as revealed in Fig.4.2.3 (a), Simultaneously in the IR (λ ≥ 

2500 nm) region, the reflectance spectra increases sharply from 27% to a value higher than 

94% as shown in Fig.4.2.3 (b), indicates that good characteristics of spectrally solar selective 

coatings [283]. With the Ag@CuO nanocermet coating deposited at 700 rpm, a lowest 

reflectance spectrum is observed both in the solar and IR region; conversely, it achieves 
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respectively the highest solar absorptance (α) value of 0.93, and emissivity (ε) of 0.23 as 

shown in Fig.4.2.3 (a, b). The embedded AgNPs in the CuO surfaces enhanced the intrinsic 

absorption properties of Ag@CuO nanocermet coatings due to the concentrated free electrons 

which contribute to trapping of more incident light caused by inter-band transitions and 

surface plasmon resonance in the solar spectrum while being transparent to the longer 

wavelength of IR radiation [59, 311-313]. When the spin coating RS increases to 800 and 900 

rpm, the spectral reflectance slightly increases, leading the solar absorptance(α) value to 

decrease to 0.91, and 0.88, together the emissivity (ε) is decreased to 0.18 and 0.14 

respectively. Further increasing the RS to 1000 rpm both the absorptance (α), and 

emissivity(ε) values are smoothly decreased to 0.86, and 0.11, respectively. Table 4.2.3 

summarise both (α, ε) values of CuO and Ag@CuO nanocermet coatings as a function of the 

RS of spin-coater.  

Table 4.2.3: Summarise the RBS thickness, solar absorptance (α), and emissivity (ε) of CuO 

and Ag@CuO nanocermet as a function of RS of the spin coater. 

  

The results confirm both the solar absorptance (α), and thermal emissivity (ε) are gradually 

decreasing with increasing the RS due to decrease in thickness (as confirmed from RBS) and 

effect of surface morphology of nanorod-like surfaces of the coatings. Firstly, as the film 

thickness decreases, the volume of light-matter interaction and light scattering within the 

coatings decreases, resulting in lower light absorption and higher reflectance of the coatings, 

which leads to a decrease in absorptance (α) in the solar spectrum. Furthermore, based on 

surface morphology, the particle size of the coatings is found to decrease as RS increases, 

which may reduce efficient capturing of incident light in the solar spectrum [67, 292, 303, 

310].  

 The surface roughness, and thickness of the nanocermet coatings, on the other hand can 

greatly influence the thermal emissivity (ε). The surface roughness is a key factor that creates 

more optical traps between nanoparticles, which can increase the scattering of short waves, 

RS of Spin- 

coater 

CuO nanocoatings Ag@CuO Nanocermet coatings 

RBS thickness Absorptance (α) Emissivity (ε) RBS thickness Absorptance (α) Emittance (ε) 

700 rpm 296.3 nm 0.90 0.31 298.2 nm 0.93 0.23 

800 rpm 271.0 nm 0.88 0.28 272.8 nm 0.91 0.18 

900 rpm 239.8 nm 0.85 0.23 242.2 nm 0.88 0.14 

1000 rpm 207.5 nm 0.82 0.19 210.2 nm 0.86 0.11 
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and the reflection of long waves [297, 314, 315]. Moreover, when the dimension of surface 

roughness is longer than wavelength of the incident light, the electromagnetic wave (EWs) is 

getting more trapped by multiple reflections, resulting in improved solar absorption in the 

solar spectrum region. On the contrary, when the light wavelength is longer than surface 

roughness, the coating surface exhibits mirror-like properties, and most of the infrared (IR) 

light would be reflected in the IR region, allowing for lower emissivity (ε) could be achieved. 

The intrinsic reflectance properties of the coatings are much higher in the IR region than in 

the visible spectrum [41, 292, 305]. 

 

Figure 4.2.3: Reflectance spectra of CuO, and Ag@CuO nanocermet coatings: a) solar spectrum b) IR spectrum 
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4.3 Electrodeposition of nanostructured copper oxide (CuO) coatings as solar selective 

absorber 

4.3.1 Electrodeposition mechanism of Cu metal 

The field electrochemistry deals with electrochemical processes and involves 

electrodeposition or electroplating, electrophoresis, and displacement deposition for 

fabrication, characterization, and functionalization of materials on the electrode surface. The 

principle electrodeposition mechanism is the movement of positive (+ve) or negative (-ve) 

ions under the influence of an applied potential between electrodes in an electrolyte solution. 

The electrodeposition of a metal layer is achieved by the presence of a negative charge or 

cathodic potential on the electrode, which is immersed into ionic conductor solution or 

electrolyte that contains a salt precursor of the reduced metal. The metallic ions of the salt 

with +ve charge are attracted to the electrode surface, which provides electrons(e-) to reduce 

the metal ions on the electrode or substrate surface. The interface between the electrolyte 

solution and electrodes is the heart of electrochemistry. It is an area where charged particles 

or ions are transferred. Moreover, the mechanism of depositions, nucleation, and growth 

processes as well as structures and properties of the deposits, are the key components in 

electrodeposition of materials. Generally, the electrochemical depositions of metals involve 

the reduction of metal ions (Mz+) from an electrolysis solution as follows [138, 316, 317].   

                                                                       (4.3.1a) 

According to this equation, Z electrons(e-) are supplied by a direct external current (DC), and 

then a metal ion (Mz+) is transferred from the electrolyte into the ionic metal lattice (MLattice).   

Herein, the electrochemical deposition of Cu metal on stainless steel (SS) substrates were 

carried out using three-electrode configuration equipped with a saturated calomel electrode 

(SCE, Ag/AgCl) as reference electrode (RE), Platinum (Pt) plate as a counter electrode (CE), 

and SS substrates as working electrode (WE). Fig. 4.3.1 (a, b) illustrates the electrodeposition 

process of Cu metal on WE or SS surface and formation of CuO, respectively.   
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Figure 4.3.1: Schematic diagram of (a) electrodeposition process of Cu metal, and (b) thermal oxidation of Cu 

thin film 

The electro-reduction process or reduction of copper ions(Cu2+) from Cu(NO3)2 electrolyte 

begins as soon as a DC or cathodic potential is applied across the WE, and occurs according 

to the following two-stage electrochemical reactions ((Cu2+/Cu+, and Cu+/Cu)), the 1st one 

being the rate-determining step, and the 2nd step is the reduction of Cu ions to Cu metal [318-

321].  

Cu2+ +  e                 Cu+,  E0 = -0.087   vs SCE     Slow                        (4.3.1b)

Cu+ +  e                  Cu,  E0 = -0.281   vs SCE      Fast                           (4.3.1c)  

After successful electrodeposition, we observed that a red Cu thin film appeared at the 

surface of the SS substrates, and then the electrodeposited Cu thin films were thermally 

oxidized at 420 oC, and results in the growth of nanostructured CuO coating. A nano 

profilometer (Nanomap, Bruker) was used to measure the coating thickness and found to be 

42, 60 and 74 nm at 15, 20, and 25 min of deposition time, respectively.  

4.3.2 Surface morphology of nanostructure CuO coatings   

4.3.2.1 Scanning electronic microscopy  

The surface morphology is one of the key factor in spectrally selective absorbers, and the 

absorber surfaces are strongly depends on the surface morphologies the coatings [292]. The 

surface morphology of electro-deposited CuO coatings were analyzed using SEM and AFM. 
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Fig.4.3.2.1 (a-c) exhibits the SEM images of nanostructured CuO coatings on stainless (SS) 

substrate at 15, 20, and 25 min deposition time. It clearly shows that uniformly distributed 

and well-covered nanowall-like structures of CuO coatings are observed at 15 min deposition 

time as revealed in Fig.4.3.2.1 (a). With increase in the deposition time to 20 min, the 

nanowall-like surfaces become denser and more faceted as shown in Fig.4.3.2.1 (b). Further 

increase in the deposition time to 25 min, resulted in the nanowall-like structures are well 

arranged, compacted, and more homogeneous, as revealed in Fig. 4.3.2.1 (c). The particle 

size of the coatings is found to be 26, 37, and 44 nm at 15, 20 and 25 min of 

electrodeposition, respectively. The increment in grain size confirms that the thickness and 

crystallization quality of the coatings are improved with deposition time, and this is attributed 

to increase in surface energy of the coating which is useful for selective absorber surfaces in 

photothermal devices [75, 294, 322]. 

 
 

Figure 4.3.2.1: SEM images of CuO coatings electrodeposited at a) 15 min b) 20 min and c) 25 min 

4.3.2.2 Atomic force microscopy 

Fig.4.3.2.2 (a-c) shows 3D AFM images of nanostructured CuO coatings at 15, 20, and 25-

min. From the AFM image at 15 min of deposition time, a relatively uniform and 

homogeneous surface morphology of CuO coatings was obtained as revealed in Fig.3 (a), 

indicating the well-crystallinity of the coatings [294]. When the electrodeposition time 

increased to 20, and 25 min, the AFM images exhibited columnar growth, formation rough 

surface, and valleys on the surface structure, and increases in grain sizes as shown in Fig. 

4.3.2.2 (b, c), confirming that crystallization quality of the coatings is improved [323]. The 

average surface roughness gradually increased from 17 to 21, and then to 26 nm as the 

deposition time respectively increased from 15 to 20, and then to 25 min. Surface roughness 

can determine the absorber surfaces as incident light can be effectively trapped by increasing 
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of the surface roughness by multireflection [41, 324]. The scattering of light by the surface 

irregularities in the absorber surface causes the light path length to increase, and then the 

absorption of CuO coatings can be enhanced [298, 325]. And also, the distribution of the 

peaks, and valleys in the surface structure leads to effectively trapping more incident light in 

the inner structure of the coatings, consequently improving the intrinsic absorption of the 

coatings and thus contributing to better absorption properties [41, 294, 323].  

 

Figure 4.3.2.2: AFM images of CuO coatings electrodeposited at a) 15 min b) 20 min and c) 25 min 
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4.3.3 Structural and compositional analysis of nanostructure CuO coatings 

4.3.3 1 X-ray diffraction  

The phase purities, and crystal structure of CuO coatings were evaluated from XRD spectra. 

Fig 4.3.3.1 (a-c) shows the XRD diffraction pattern of CuO coatings on SS substrate for 15, 

20, and 25 min of deposition time. The crystallographic orientations originated at 2θ values 

of 32.6o, 35.5o, 38.6o, 48.8o, 53.5o and 58.2o corresponding to (110), (11 ), (111), (20 ), 

(020),  and (202) crystal planes of monoclinic structure of CuO, respectively, and it is well-

matched with the literature (according to JCPDS card No. 048-1547) [40, 299, 300]. For all 

coatings, characteristic of diffraction patterns at 2θ values of 43.58° and 50.72° correspond to 

(111), and (200) planes of fcc of Chromium Iron Nickel (Cr0.19 Fe0.7Ni0.11) SS substrate, 

respectively (according to the JCPDS card No. 033-0397). All XRD diffraction peaks can be 

indexed as typical monoclinic phases, and no other structural phases are observed except the 

SS substrate. The average crystalline size (D) of CuO coatings is calculated from Scherrer’s 

formula, D=0.9λ/βcosθ, where λ is the wavelengths of X-ray radiations, β is the FWHM of 

the peak at the diffracting angle θ, by determining the width of (11 ) Bragg reflection [302], 

and found to be 47, 58, and 71 nm at 15, 20 and 25 min of deposition time, respectively, and 

the results coincides with the trends observed by SEM. The crystallite size increases with the 

deposition time, thus indicating that the deposition time can contribute to improve of 

thickness, particle size, and crystallinity of the coatings [303, 306].  
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Figure 4.3.3.1: XRD spectra of CuO coatings electrodeposited a) 15 min, b) 20 min and c) 25 min 

4.3.3.2 Energy dispersive X-ray spectroscopy 

The elemental compositions of electrodeposited nanostructured CuO coatings with nanowall-

like structures (observed from SEM) was analyzed by using EDX as shown in Fig. 4.3.3.2 (a-

c). The EDX spectrum reveals a strong peaks attributed to Cu, and O indicates the purity 

phase of the prepared CuO coatings. The EDS results also suggested that the atomic 

percentage of Cu and O increases with deposition time which compliments with the XRD 

peak intensity results. The EDX spectral also exhibits weak peak of Cr and Fe from SS 

substrate.  
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Figure 4.3.3.2: EDS spectra of CuO coatings electrodeposited a) 15 min, b) 20 min and c) 25 min 

4.3.3.3 Raman spectroscopy  

Raman spectroscopy was applied to investigate the existing lattice vibrations and phases with 

nanostructured CuO coatings because of its sensitive investigation to the atomic arrangement 

and lattice vibration of materials [219, 221]. Fig. 4.3.3.3 (a-d) shows Raman spectra of 

electrodeposited CuO coatings carried out at room temperature using 532 nm radiation for 

electron excitation. There are twelve optical phonon modes (i.e 4Au + 5Bu +A1g + 2Bg) are in 

Raman spectrum for CuO, of these only Raman active (A1g + 2Bg) modes are involved in the 

motion of Cu and O atoms [326, 327]. From the Raman spectra in Fig 4.3.3.3 (a-c), for all 

coatings three peaks at 305, 348 and 644 cm-1 are observed for characteristics of Cu-O 

stretching modes. The first peak at 305 cm-1 is assigned to asymmetric stretch A1
g mode of 

CuO along with binding B1g mode around 344 cm-1, and the symmetric stretching mode 

appeared at 644 attributed to B2g. As shown in Fig 4.3.3.3 (a-c), as deposition time increase 

from 15 to 20 min, and then to 25 min,  the intensity of the  Raman peak becomes stronger, 

and sharper that confirms the thickness and crystallinity of the obtained nanocoatings are 
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improved [221]. Moreover, the Raman spectra of CuO coatings show a peak around 596 cm-1 

confirms the presence of Cu2O phase [328]. 

 

Figure 4.3.3.3: Raman spectra of CuO coatings electrodeposited at (a) 15 min, (b) 20 min, and (c) 25 min 

4.3.4 Optical properties nanostructure CuO coatings   

The optical property of electrodeposited CuO coatings on SS substrates at different 

deposition time were characterized by using UV–Vis–NIR, and IR spectrophotometers in the 

wavelength range of 300–2500nm, and 2500-20000nm, respectively. The solar absorptance 

(α) and thermal emissivity (ε) values of the coatings were calculated from their diffuse 

reflectance spectra using eqs.(2.1.1.5), and (2.1.1.10), respectively. Fig.4.3.4 (a, b) shows the 

diffuse reflectance spectra of the electrodeposited CuO coatings in the solar spectrum (300–

2500nm) and IR (2500-20000nm) region, respectively. The diffuse reflectance spectra of the 

coatings exhibit very low reflectance spectra in the UV-visible region (300–800nm), while 

above the visible, the diffuse reflectance increases significantly, which confirms the spectral 

selectivity properties of the coatings due to its intrinsic property, and destructive interferences 

effect [7,51–53]. In the IR region, the coatings maintain their high reflectance spectra which 

helps build the absorber with low emissivity(ε); the reflectance spectra is lowering smoothly 

with increasing of deposition time as shown in Fig.4.3.4 (b). The CuO coating at 15 min 

exhibits higher reflectance throughout the solar spectrum region and acquires of (α = 0.88 and 

ε = 0.14). When the deposition time increased to 20 min, the reflectance of the coating was 
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slightly decreased as shown in Fig.4.3.4 (a, b), and both absorptance (α), and thermal 

emissivity (ε) are gradually increasing respectively to 0.90, and 0.19. Further increase the 

deposition time to 25 min, the reflectance spectra is lowered, and it achieves higher solar 

absorptance (α) of 0.92 and emissivity (ε) of 0.23 as revealed in Fig.4.3.4 (a, b).  

  It is well known that, the CuO coatings thickness is increased with deposition time, this 

leads to improve grain size of the particles (also confirmed from SEM image). In the solar 

spectrum the large grain size can improve the light trapping or volume of light-matter 

interactions between the nanoparticles resulting in lowering reflection, which can enhance 

solar absorption and leads the absorption edge to shift towards higher wavelengths; 

consequently, solar absorptance (α) value of the coatings is increased [42, 56, 303]. 

Moreover, surface roughness is a key factor which leads to increase in the coating solar 

absorption by decreasing the surface reflection might be with the increasing of roughness in 

the solar region. On the other hand, in the IR spectrum the thermal emittance (ε) is a function 

of surface properties especially, the surface roughness of the films. Increasing of surface 

roughness with thickness can result in light scattering and radiation loss which causes higher 

emittance (ε) in the IR region. And also, increasing in coating thickness leads to high infrared 

absorption as well as higher attenuations of light and consequently decreases the reflectance 

spectra in the IR wavelengths attributing to rise emissivity (ε) value of the coatings. The 

intrinsic reflectance property of the coatings is much higher in the IR region than in the 

visible spectrum. In general, the thermal emissivity is a function of surface roughness and is 

found accordingly to rise with increase in surface roughness of the coatings [303, 305, 315]. 

 

Figure 4.3.4: Reflectance spectra of CuO coatings a) UV-Vis-NIR range b) IR range 
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4.3.4.1 Optical band-gap energy of CuO coatings  

The optical band-gap energy (Eg) of a semiconductor material is the energy required to excite 

electron from the valence band (VB) to that of the conduction band (CB), and this energy 

reflects the ability of semiconductor materials to excite electrons from VB to CB as illustrates 

in Fig.4.3.4.1a. The properties semiconductor properties are strongly affected by the band-

gap energy (Eg) parameters. 

 

 

Figure 4.3.4.1 Band gap energy diagram 

In semiconductor materials, there are two types of transitions that occur i.e direct transition 

and indirect transition. The Kubelka-Munk (K-M or F(R)) function is the most employed 

function to estimate the band-gap energy (Eg) of semiconductor absorbers, like CuO from 

diffuse reflectance (DR) spectra [329-331], and here, the function is applied to estimate the 

optical Eg of CuO coatings by using eq.(4.3.4.1a).  

         ( )
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                                                                    (4.3.4.1a) 

Where R, α and s are reflectance, absorption and scattering coefficients, the scattering 

coefficient(s) is dominated by the particle size of the semiconductor material and does very 

slowly with wavelength range. Hence, in direct transitions the K–M function is 

approximately proportional to the absorption coefficients (α) of the material or  F(R) ≈ α, and 

can be obtained by multiply the F(R) function with photon energy (hν) associated with an 

electronic transition (n) using  eq.( 4.3.4.1b) [327, 332]. 
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gEhvAhvhvRF )()( −==                                                         (4.3.4.1b) 

Where, A is physical constant or the band edge parameter, Eg is band-gap energy, h is 

plank’s constant, and n is transition band type, for direct transition, n = ½.   

Fig. 4.3.4.1 (a) shows UV-Vis-NIR spectrometer reflectance of CuO coatings in the range of 

200–1000 nm at 15, 20, and 25 min electrodeposition time, and (b) a plot between the photon 

energy (ℎ𝜐), and the quantity (αhυ)2 to estimate the optical band gap energy of CuO coatings. 

The optical band gap was estimated by intercept of the straight line with X-axis as displayed 

in Fig. 4.3.4.1b (b), and the intercepts of this plot on the photon energy (ℎ𝜐) axis gives the 

band gap of CuO coatings. When the deposition time increases from 15 to 20, and then to 25 

min, the spectral reflectance is slightly lowered, as revealed in Fig 4.3.4.1b(a); this enhances 

solar absorption properties of the coatings [333]. The estimated direct band gap for 15 to 20, 

and 25 min of deposition time are 1.45, 1.47, and 1.50 eV, respectively and these results are 

well matched with the literature. Bayansal et.al [334] obtained a band gap 1.42 eV for CuO 

thin film deposited via successive ionic layer adsorption on glass substrate. Moreover, the 

estimated band gap energy of CuO coatings decreases slightly with deposition time increased, 

and smaller band gap energies are needed for high solar absorptions [335, 336]. The CuO 

coating at 25 min of deposition time experiences lower diffuse reflectance spectra in the 

UV−Vis−NIR region, attributed to its higher absorptivity which can be described by its lower 

band gap value of 1.45 eV because the lower band gap materials have higher solar absorption 

above the band gap [331]. The band gap may be influenced by crystallinity, particle growth, 

and stress of the prepared coatings. The overall crystal structure was improved with the 

increasing deposition time as observed from XRD results. On the other hand, the grain size 

could play an important role in the observed reduced band gap values since the grain size of 

CuO coatings was increased with increase in deposition time and the larger grain size that 

may cause good absorption (as evident from Fig.4.3.4.1). It is also known that the stress in 

thin films decreases with an increase in thin film thickness. Improved crystallinity and 

increased grain size shifting the absorption edge towards higher wavelengths and thereby 

causing the band gap to shift to lower position [327, 337]. 
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Figure 4.3.4.1: Diffuse reflectance spectra of CuO coatings (a), and estimated band-gap energy (b) of CuO 

coatings 
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4.4 Thickness dependent morphological, structural, and optical properties of CuO 

nanocoatings as solar selective absorber 

4.4.1 Sputtering mechanisms and nanostructure CuO formation  

Sputtering deposition is one of physical vapor deposition (PVD) techniques that used to 

produce uniform thin films or coatings on a substrate. The cathodic sputtering process takes 

place through the ejection or eroding of atoms and/or small clusters from a solid target under 

the plasma bombardment of energetic positive ions, typically inert gas of Argon (Ar) ions. 

The collision of inert gas ions or (Ar+) ions with the target causes the sputtering or releasing 

of atoms from the target and then condensed on the substrates as a thin film similar to the 

target materials [338, 339].  Fig. 4.1.1(a) illustrates the sputtering process of Copper (Cu) thin 

films on SS substrate from Cu target (Cu, 99.99% in purity). Typically, cathodic voltage is 

applied to the Cu target to start the Argon (Ar) gas ionization. As the gas is ionized, the 

plasma or vacuum chamber consisting of electrons and the positively charged Ar+ ions. The 

positively charged (or Ar+) ions hitted the Cu target with kinetic energy proportional to the 

Cu target. Above an energy threshold, the Cu target atoms are started to eject and travel 

across the vacuum chamber and eventually condensed on SS substrate surface [338-340]. The 

thickness of the Cu films was controlled by deposition time and found to be 300, 400, 500, 

and 600 nm at 1.00, 1.15, 1.30, and 1.45 h, respectively.  

 

Figure 4.4.1: a) Sputtering process of Cu thin films, and b) thermal oxidation of deposited Cu film to CuO 
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The chemical reaction mechanisms that were involved in the formation of nanostructure CuO 

coatings on SS substrates at room temperature described below (eqs.(4.1.1a-d). The deposited 

Cu films of SS substrates were successfully oxidized into nanostructure CuO by immersed 

the Cu film in alkaline aqueous solution that contains KOH and K2S2O4. The chemical 

reaction is simply an oxidation-dehydration process. 

Cu + 2KOH + K2S2O8
2K2SO4  +  Cu(OH)2

Cu(s) Cu2+(aq)         +   2e-

Cu2+(aq)  + 2OH- Cu(OH2)(aq)

Cu(OH)2(aq) CuO   + H2O

(4.1.1a)

(4.1.1b)

(4.1.1c)

(4.1.1d)  

When the deposited Cu film is dipped into the alkaline solution, it starts to released Cu2+ ions. 

The presence of potassium hydroxide (KOH) accelerated the formation of Cu2+ ions from the 

Cu film in the reaction medium and enhanced the oxidization process of Cu film. The ionized 

Cu2+ ions then react with the OH- ion and resulted the formation of copper hydroxide 

(Cu(OH)2(aq) (eq.(4.1.1.1(c)). The formed Cu(OH)2(aq) act as nuclei, and increasing the growth 

of nuclei in the subsequent reactions influenced the stability of Cu(OH)2 in the reaction 

medium and then converted to the nanoflake-like surface of CuO [52, 172, 341-345]. Finally, 

the formed CuO coatings is crystalized at 100 oC in a vacuum furnace.  

4.4.2 Surface morphology of CuO nanocoatings  

4.4.2.1 Scanning electron microscopy 

The morphological surface of the obtained CuO nanocoatings was investigated using 

Scanning electron microscopy (SEM). Fig.4.4.2.1 show SEM images of CuO nanocoatings 

on SS substrate at 300, 400, 500, and 600 nm. From Fig. 4.4.2.1(a) as deposited uniform 

nanosquare-like surfaces of Cu was observed at 300 nm coating thickness. The nanosquare-

like surfaces of Cu coatings are changed to vertically aligned nanoflake surfaces of CuO after 

the Cu coatings were oxidized in alkaline solution as shown in Fig. 4.4.2.1(b, c). The 

nanoflake surfaces are well distributed and uniform, However, further increased the thickness 

to 500, and 600nm, the nanoflake surface is transformed to densely rice-leave-like surfaces as 

revealed in Fig. 4.4.2.1(d, e). Moreover, growth of some agglomerated particles is observed 

from denser, and compacted nanocoatings. The spaces or pores with in the surface of the 

coatings enables to enhance the solar absorption of the CuO nanocoatings [75, 346]. The 

particle size of CuO nanocoating is found to be 26.65, 39.50, 50.24, and 59.60 nm for 300, 
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400, 500, and 600 nm of coating thicknesses, respectively, these results confirm that 

crystallinity of the  CuO nanocoating is improved with increasing of the coating thicknesses 

[36, 347].  

 

Figure 4.4.2.1: SEM images of Cu 300 nm (a), and CuO 300-600 nm (b-e) as a function of thickness 

4.4.2.2 Atomic force microscopy 

The surface morphology and average surface roughness of CuO nanocoatings were further 

investigated using atomic force microscopy (AFM). Fig. 4.4.2.2 demonstrates the 3D AFM 

images of CuO on SS substrate at 300, 400, 500, and 600 nm of coating thickness. As shown 

in, Fig. 4.4.2.2(a), as deposited Cu coating is uniform, and homogeneous surfaces is observed 

with average surface roughness of 9.9 nm. After the Cu coatings were oxidized into CuO a 

rough surface is observed. The CuO nanocoatings mainly consist of uniformly distributed and 

congruent vertical grains at 300, and 400 nm coatings thickness with 21.55 and 24.03 nm 

average surface roughness, respectively as shown in Fig. 4.4.2.2 (b, c). when the coating 

thickness increased to 500, and 600 nm, structural evolution as well as grain growth are 

observed, and the surface roughness of the coatings is increased respectively to 26.10, and 

28.36 nm. Noticeably, the surface roughness of the coatings is gradually increased with a 

thickness accompanying with grains growth which can increase the scattering of short waves 

to trap more photons in the solar regions, and the reflection of long waves [346, 348, 349].  
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Figure 4.4.2.2: AFM images of Cu 300 nm (a), and CuO 300-600 nm (b-e) film thickness. 

4.4.3 Structural, and compositional analysis of CuO nanocoatings 

4.4.3.1 X-ray diffraction  

The structural properties of the obtained CuO nanocoatings were investigated using X-ray 

diffraction (XRD). Fig. 4.4.3 illustrates diffraction peaks of Cu (a) metal and CuO (b-e) 

deposited on SS substrate at 300, 400, 500, and 600 nm coating thickness. For all the 

coatings, the diffraction peaks originated at 2θ of 43.38° and 50.42° corresponding to (111), 

and (200) planes of fcc phase of Cu metal, respectively. The XRD peaks at 2θ of 35.5o and 

38.4o associated to (002), and (200) crystal planes of monoclinic structure of CuO, 

respectively (according to the JCPDS card No. 80-1917) [40, 299, 300] as shown in Fig. 

4.4.3.1 (b-e). The diffraction peaks does not reveal peaks attributed to cupreous oxide (Cu2O) 

indicate that either Cu2O does not exist or the proportion of Cu2O is low. The peak referenced 

by ‘SS’ centered at 2θ of 74.70o is from SS substrate. The diffraction peak intensities is 

increased as a coating thickness increases indicating that the crystallinity nature of the 

monoclinic structure of CuO nanocoatings is improved [323].  
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Figure 4.4.3.1: XRD of CuO (a-d) 300-600 nm coatings thickness 

4.4.3.2 Energy dispersive spectroscopy  

The elemental composition of CuO nanocoatings was analyzed using Energy dispersive 

spectroscopy (EDS). As deposited from Fig.4.4.3.2 (a), a strong peak corresponding to Cu 

metal only is observed. From Fig.4.4.3.2 (b-e) in addition to Cu peaks, a peak attributed to O 

is observed in the spectra, confirms that the purity of obtained CuO. EDX result also suggests 

that the atomic percentage of Cu and O are increased with increases of thickness of the 

coatings which is compliment with the XRD results. The EDX spectra also shows weak 

peaks of chromium Cr and C originating from SS substrate and carbon, respectively.  
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Figure 4.4.3.2. EDX spectra of Cu 300 nm (a), and CuO 600-300 nm (b-e) film thickness 

4.4.4 Optical properties of CuO nanocoatings  

The optical properties of CuO nanocoatings on SS substrate were characterized using UV–

Vis–NIR, and IR spectrometers in the wavelength of 300–2500 nm, and 4000-20000 nm, 

respectively. The SS substrate as a substrate has been extensively studied, and it exhibits (α,ε) 

of 0.36 and 0.14, respectively [6, 350]. The solar absorptance (α), and thermal emissivity (ε) 

values of the coatings were calculated from their diffuse reflectance spectra using 

eqs.(2.1.1.5), and (2.1.1.10), respectively to analyse their spectral selectivity. Fig.4.4.4(a,b), 

depicts the detailed diffuse reflectance characteristics of CuO, respectively, in the solar and 

IR spectrum. From Fig.4.4.3 (a, b), the Cu coatings have the highest reflectance spectra with 

solar absorptance (α= 0.57) in the solar spectrum and emissivity of (ε=0.18) in the  IR region 

due to large concentrated free electrons in metals which shows high nature of reflectance both 

in the wavelength of range solar spectrum, and IR region [351, 352].  

Fig.4.4.4 (a) displays the reflectance spectra of CuO nanocoatings in the solar spectrum (300-

2500 nm). For all nanocoatings, the reflectance spectra is almost close to zero (0) in the 

visual wavelength (400-800 nm) region and show negligible variation, while above the UV-

visible region (400-2500 nm), the reflectance spectra is rather high confirms that CuO 

nanocoating surfaces have good intrinsic absorption properties [13, 27, 53, 151]. Above the 

visible region (or from 800-2500 nm) all the coatings reveal lower reflectance (< 18%) and 

acquire a solar absorptance (α = 0.94) at 300 nm of coating thickness. The reflectance spectra 
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of the coatings are decreased as the thickness of the coatings increased to 400, and 500 nm, 

and thus a high absorption with solar absorptance of (α = 0.95, and 0.96)  is observed 

respectively. Further increasing to 600 nm, the reflectance spectra is lowered, strong and 

broad absorption is occurred and exhibits an excellent absorption (α = 0.97) as revealed in 

Fig.4.4.4 (a). Clearly, the results confirm that as the coating thickness increases, the 

absorption edge expands to near-infrared region and achieved broader absorption in solar 

spectrum, due to the volume light-matter interactions increases, which enhances light 

absorptions of the coatings. Moreover, both particle size and surface roughness of CuO 

coatings are gradually increasing with thickness of the coatings which are beneficial for 

efficiently capturing more photons in the solar spectrum region. In the contrary, higher 

average surface roughness can result in radiation loss by increased thermal emittance (ε) of 

the coatings [36, 349, 353-355]. 

 

Figure  4.4.4: Diffuse reflectance spectra of CuO nanocoatings a) solar spectrum b) IR spectrum 

Conversely, the thermal emissivity (ε) of the nanocoatings was analyzed using IR from 4000-

20000nm wavelength as displayed in Fig.4.4.3 (b). The CuO shows higher spectral 

reflectance near to 90%, and it exhibits emissivity (ε) of 0.23 at 300nm. When the thickness 

is increased to 400, 500 and 600nm, the reflectance spectra is lowered, and thus, the 

emissivity (ε) of the nanocoatings is gradually increasing, respectively to 0.29. 0.33 and 0.40. 

The infrared emissivity (ε) of the obtained coatings are increasing with the thickness 

attributed with different effects, specifically surface properties. Increasing in coating 

thickness causes to have high infrared absorption can lead to higher attenuation of light in the 

IR region; consequently, the reflectance of the coatings is lowered, which is attributed to rise 
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the emissivity (ε) of the coatings in the infrared wavelengths [67, 303]. Moreover, the spaces 

or pores between nanoparticles can enhance the average surface roughness of the coatings 

(observed from AFM), this can cause light scattering and radiation losses which leads to 

lower reflectance spectra in the IR spectrum. The reduction of reflectance spectra inversely 

increased in the emissivity (ε) of coatings [51, 151, 349, 354].  

4.4.4.1 Optical band gap energy 

Band-gap energy (Eg) reflects the ability of semiconductor materials to excite electrons from 

VB to CB. The optical band-gap energy is crucial in predicting solar absorption property of 

semiconductor materials. The Kubelka-Munk (K-M) function is the most common to estimate 

Eg of semiconductor materials from their diffuse reflectance spectra. Diffuse reflectance is a 

non-destructive technique for surface examination and in particular to estimate the Eg and 

optical properties of semiconductor materials like CuO [329, 330, 356]. To calculate the 

optical Eg from diffuse reflectance spectra of CuO, here the K–M function  F(R) is applied 

using eqs( 4.3.4.1a), and (4.3.4.1b) [327, 332, 356].   

 Fig. 4.4.3.1b shows the diffuse reflectance (a), and estimated Eg (b) of CuO. The reflectance  

spectra is decreased as the coatings thickness increases from 300 to 600 nm, as shown in Fig. 

4.4.4.1 (a), this enables to improve solar absorptions of the coatings [333]. The optical Eg is 

estimated by the intercept of the straight line with X-axis as shown in Fig. 4.4.3.1 (b), and 

optical Eg values are found to be 1.62, 1.45, 1.34, and 1.27 eV at 300, 400, 500, and 600 nm 

coatings thickness, respectively, and these results are well-matched with the literature. 

Bayansal et.al [334] demonstrated CuO film on glass substrates via successive ionic layer 

adsorption and obtained 1.42 eV of Eg, and also Shahid et.al [329] prepared CuO via 

hydrothermal and reported a Eg of 1.34 eV. Moreover, the estimated Eg values are gradually 

decreased with increased coating thicknesses, and smaller Eg values are needed for higher 

solar absorptions [335, 336]. 
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Figure 4.4.4.1: Diffuse reflectance (a), and bandgap values (b) of CuO nanocoatings 
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CHAPTER FIVE  

CONCLUSION 

Due to climate change and gradual increase of global energy consumption studies on 

renewable energy sources for clean and sustainable growth are needed. Solar energy is 

becoming indispensable as it is a source of clean environmental energy, bountiful and 

inexhaustible. Solar-to-thermal energy conversion is considered as a direct method of 

harnessing and converting solar radiation into thermal, and then to thermophotovoltaics for 

various potential applications. In solar-to-thermal energy systems nanostructured absorber 

surfaces enable to enhance the conversation efficiency of the solar radiation to thermal 

energy by manipulating spectral selectivity properties ranging from solar spectrum region 

(300–2500 nm) to mid-infrared (IR) spectrum (2500–25000 nm). The conversion solar to 

thermal energy can be improved using of solar selective absorber (SSA) surfaces consisting 

of semiconductor and/or novel plasmonic nanoparticles that are incorporated in 

semiconductor matrix. In this research work, green-synthesized single-layered CuO 

nanocoatings, and Ag@CuO nanocermet coatings deposited on SS substrates using spin-

coater at different rotational speed (RS) and also CuO via electrochemical and Radio 

frequency (RF) sputtering depositions as SSA surfaces were investigated. The influences of 

synthesis methods on the morphological, structural, and optical properties of the obtained 

coatings were studied. The results clearly showed that synthesis methods and the thickness of 

the coatings have a significant effect on the morphological and optical properties of the 

coatings. The SEM confirms that the surface of CuO nanocoatings varies with synthesis 

methods, and thus, nanorods, nanowalls, and nanoplates CuO surfaces are observed from the 

green synthesis, electrochemical, and sputtering methods, respectively. The XRD confirms 

the presence of crystal monoclinic phase structure of CuO. The incorporating Ag NPs does 

not affect the monoclinic phase structure CuO, even if it affected the nanorod like-surfaces of 

CuO and XRD peak intensities. EDX and Raman spectra confirm the purity of elemental 

composition and lattice vibrational within the coatings, respectively. The RBS experiment 

revealed the elemental concentration and changes in the thickness with rotational speed of the 

spin coater. The optical properties of all coatings were deduced from UV-Vis-NIR and IR 

spectrometers reflectance measurements in the solar spectrum and IR region, respectively, 

and the optimized coatings exhibited a high solar absorptance (α > 0.90). The broader and 

highest solar absorptance (α ≈ 0.97) value is achieved using RF sputtering method even if the 
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emissivity (ε = 0.40) is high. The absorption edge of the coatings is slightly shifted towards 

higher wavelengths as thickness increased, this enable to increase solar absorption in solar 

spectrum, while the emissivity (ε) of the coatings is decreased. Both the solar absorptance (α) 

and emissivity (ε) values of the coatings are gradually increased as the thickness of coatings 

is increased because of the intrinsic absorption properties and higher attenuation of light, 

respectively. The optical band-gap energy of CuO nanocoatings was estimated from the 

diffuse reflectance spectra and found to decreased as solar absorption properties of the 

coatings was increased; this may be influenced by several parameters such as crystallinity, 

grain growth, and stress of the coatings.  
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RECOMMENDATIONS  

Although nanostructure CuO nanocoatings, and Ag@CuO nanocermet coatings were 

successfully prepared, and characterized as solar selective absorber surfaces using green 

synthesis, electrodeposition, and sputtering methods, the thermal stability of the coatings at 

low temperature (≤100 oC), and med-temperature (100≤T≤400 oC) are under ongoing 

investigations and its preliminary results of CuO show the material could be applicable for 

medium temperature applications.   
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