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Abstract 

In the present work, Cobalt tetra oxide (Co3O4) nanoparticles have been added to Silicon rubber (SiR) at 

different concentrations to be used as a solar selective material for thermal solar heaters. The prepared samples 

have been characterized by using XRD, FT-IR, SEM, TGA, and DSC. The absorbance and the emittance have 

been calculated from the reflection spectra of the UV-Vis-NIR in the range from 300 to 2500 nm. The investigated 

samples exhibited integral solar absorbance values of about 91% and emittance values of about 8.7%. 
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1. Introduction   

Climate change is one of the most critical 

problems these days that capture the thought and 

efforts of scientists to find a quick and effective 

solution. The main cause of this problem is the use 

of fossil fuels. On the other hand, the need for more 

energy continues to rise. Therefore, scientists are 

trying to find alternative clean, and sustainable 

sources of energy. Solar energy is one of the most 

promising renewable energy. It can be used to 

produce electricity directly via the photo volatile 

cells or thermal power plants, thermal solar heaters, 

and water desalination. Nowadays, many countries 

exert a lot of effort to switch the electric or gas 

heaters into thermal solar ones. Concentrating solar 

power (CSP) systems are the most important 

candidate for this purpose. Solar energy can be 

concentrated onto a highly absorbing material in the 

visible and near-infrared regions with low 

emissivity in the infrared portion of the solar 

spectrum [1]. The photo-thermal conversion 

efficiency of the CSP system depends on the 

progress of materials in the collector which can be 

improved by applying spectrally selective absorbing 

coatings with high solar absorptance and low 

thermal emittance over the entire solar spectrum 

range (0.3–2.5 μm) and infrared region (2.5–25 μm) 

respectively [1-3]. An ideal spectrally selective 

absorbing coating is characterized by high 

absorptance (α = 1) and low emittance (ε = 0) at high 

operating temperatures in the visible and infrared 

wavelengths of the solar spectrum respectively [4]. 

However, achieving these characteristics is not 

possible using a single material. Therefore, different 

approaches such as absorber-reflector tandem and 

cermet coatings were used by various research 

groups [5–7]. Realizing optimal characteristics of 

selective absorbing coatings requires the synthesis 

of composite layers [8], optimizing their thickness 

and surface roughness [9–12]. 

In CSP, several components like 

concentrator, receiver, structure, heat transfer fluid, 

thermal insulation material, and other optical and 

mechanical components are involved to get 

maximum efficiency of the system. Out of all these 
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components, the solar receiver tube (SRT) plays a 

vital role to convert all solar radiation into heat [13]. 

SRT absorbs all the solar radiation in the wavelength 

region of 0.3–2.5 μm and converts them into thermal 

energy. The photothermal conversion efficiency of 

SRT majorly depends upon the solar absorber 

coating type. Therefore, the coating in the solar 

receiver tube must be chosen carefully [14]. The 

coating should absorb most of the incoming solar 

radiation and has the minimum emitting heat 

radiation. These properties like absorptance (α) and 

emittance (ε) can be measured at different 

wavelength regions depending upon the transition 

wavelength of the CSP operating temperature 

[15,16].  

Polysiloxanes or silicone rubbers (SiR), 

which are the most common inorganic elastomers, 

utilize the siloxane functional group (Si–O–Si) in 

their backbone (see Fig. 1) [18]. Commercial 

silicone rubbers usually contain some organic side 

groups attached to the silicon atoms, which can 

promote cross-linking. The inorganic/organic 

hybrid nature of silicone rubbers provides them with 

a unique combination of properties, placing them in 

a material regime between silicate minerals and 

organic polymers with attributes of both sides [20]. 

The higher binding energy of Si–O bonds (∼433 kJ 

mol−1) compared to that of C–C bonds (∼355 kJ 

mol−1) results in greater heat resistance and thermal 

stability for this class of polymers [21,22]. 

Furthermore, structural features, such as higher 

bond length (Si–O: 1.64 oA compared to C–C: 1.53 
oA) and relatively free rotation around Si–O–Si 

bond, result in very high chain flexibility and Tg 

values well below zero (∼ − 125°C). The organic 

side groups also lead to the very low surface energy 

of the chains, imparting high hydrophobicity [22–

24]. In addition to outstanding elasticity and a wide 

working temperature, SiR exhibits weatherability 

and better stability when exposed to ultraviolet 

radiation and corona discharge compared to organic 

polymers. SiR has very little water absorption even 

after long periods of submersion and can resist high-

temperature oils as well. Furthermore, with very 

high resistance of 1–100 T Ω.m, SiR has significant 

electrical insulating performance over a wide 

frequency spectrum [21]. SiR's inert nature provides 

them with good biocompatibility as well [25]. Due 

to these excellent properties, SiR has found a special 

place in many industries such as aerospace and 

automotive, electronics, power transmission and 

distribution, household and leisure, food sector, 

building industry, health and medical, and 

pharmaceutical [25, 26].  

 

 

 

 

 

 

 

Fig 1. Chemical structure of a silicone rubber 

 

In the present work, the objective of this 

study is the synthesis of polymeric solar selective 

absorber materials to be used in low-temperature 

solar collectors (≤100 °C) which consist of nano-

structured Co3O4 embedded into SiR at different 

concentrations.  

 

2. Experimental 

2.1 Materials 

Cobalt hydroxide (Co (NO3)2_6H2O) was 

provided by QualiKems Chemical Company, India. 

Sodium hydroxide (NaOH) and Toluene were 

purchased from Adwic pharmaceutical and 

chemicals company Egypt. 

2.2 Co3O4 preparation 

Cobalt hydroxide b-Co (OH)2 precursor 

was chemically precipitated by mixing cobalt nitrate 

(Co (NO3)2_6H2O) and sodium hydroxide (NaOH) 

aqueous solutions with continuous stirring [27,28]. 

The brown precipitate was separated by 

centrifugation after being washed several times with 

double distilled water to remove sodium nitrate ions 

and then dried in an oven at 383 K for 24 h. The 

color of the precipitates was turned black and Co3O4 

crystallites are directly formed. To obtain Co3O4 

nanoparticles of different sizes, the dried powder 

was calcined in an air atmosphere at different 

temperatures from 473 to 973 K for 3 hrs. 

2.3 preparation of Co3O4-SiR as a solar selective 

absorber 

An efficient new method for mixing 

nanoparticles and rubber [29] was used to get better 

dispersion of nanoparticles in coatings. In the new 

method (A) (see Fig. 2), nanoparticles were 

dispersed in the solvent, and then the dispersion was 

added to the silicone rubber. 20 gm of SiR dissolved 

in 400 ml Toluene (Tol) at 50 °C for one hour. The 

mixture has been filtered with filter paper. SiR/Tol. 

The solution has been stirred for another 6 hours 

after filtering. Co3O4 powder has been added wisely 

to 10 ml of the SiR/Tol. solution at different 
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concentrations (0, 0.05, 0.25 and 1 wt.%). The 

mixing process was done by using the magnetic 

stirrer for another two hours before using the 

ultrasonic device to break up any agglomerates. The 

samples have poured gently into Petri dishes and 

placed in the oven at 70 °C for two hours then left to 

dry for 72 hours at room temperature. The prepared 

samples were compressed in the form of tablets by 

hot press molding for curing at 170 °C under the 

pressure of 150 KPa for 10 min. The dimension of 

the tablet is 16 mm in diameter and 1.5 mm in 

thickness. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. The new mixing method (A) and usual 

mixing method (B) of coating production. 

 

2.4 Characterization 

The reflectance spectra of the coatings in the 

UV–Vis–NIR regions were measured using 

PerkinElmer Lambda 950 spectrophotometer. A 

high-resolution X-ray diffractometer (XRD) (Model 

APD 2000 PRO) was used to study the 

microstructure of Co3O4 absorber coating. The 

surface morphology of the film was investigated 

using Scanning Electron Microscope (SEM) 

(Model: FEI Nova Nano SEM 450). Fourier 

Transform Infrared Spectroscopy (FT-IR) (Model: 

TENSOR 27) was used to measure the infrared 

reflectance in the range of 5000–25000 nm. Thermal 

analysis (TGA) Thermogravimetric analysis, (DSC) 

Differential scanning calorimetry, and (DTA) 

Differential Thermal Analysis were studied by a 

thermal analyzer (Model: PerkinElmer TMA 4000). 

 

3. Results and discussion 

The crystal structure and the particle size of 

prepared Co3O4 have been examined by using the 

XRD technique, see Fig. 3. From the Figure, one can 

see the characteristic peaks of Co3O4. In Fig. 3, we 

notice the presence of peaks (111), (220), (311), 

(400), (422), (511), and (440) relating to Co3O4 

material, located at 2θ equal to 18.90°, 31.30°, 

36.81°, 44.90°, 55.70°, 59.50° and 64.92º 

respectively. The results found are in perfect 

agreement with the work of Patel et al. [30-32]. The 

crystallite size (D) of Co3O4 powder has been found 

to be 42 nm, was calculated by using Scherer Eq. (1) 

𝑫 =
𝟎.𝟗 𝝀

𝜷 𝒄𝒐𝒔Ѳ
                   (1) 

Energy-dispersive X-ray spectrometry (EDX) 

analysis was employed to determine the 

composition of the Co3O4 NPs prepared. As shown 

in Fig. 4, the EDX spectrum of the product contains 

only oxygen and cobalt elements. No other elements 

can be detected in the spectrum, indicating the high 

purity of the Co3O4 nanoparticles. The experimental 

atomic percentages of Co and O are found to be 

43.22% and 56.78%, respectively, which is near to 

the theoretical ratio (3:4) of Co3O4 [33]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.  XRD of Co3O4 prepared powder 

Fig. 4.  EDX spectra of Co3O4 nanoparticles 
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Fig. 5 shows the X-ray diffraction pattern 

of Co3O4/SiR at different concentrations. A broad 

peak at 2θ = 20.6 ° which can be referred to as the 

silicone rubber peak position, results failed to find 

any significant differences between virgin SiR and 

the different concentrations of Co3O4. This may be 

due to the nanosize and the small percentage of 

prepared Co3O4 powder in the silicone rubber 

matrix. These results indicate that the microstructure 

of the samples was amorphous and that grafting did 

not change the bulk properties of the base aterial 

[34]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. XRD of Co3O4 -SiR solar selective 

absorber at different concentrations. 

The FT-IR spectrum obtained from 

Co3O4-SiR solar selective absorber at different 

concentrations is illustrated in Fig. 5. The peaks 

observed at 3610 cm-1 characteristic peaks 

assigned to the cobalt-oxygen (Co–O) vibrational 

modes in Co3O4 we observed that the intensity of 

the peak in a steady value  by the concentration of 

Co3O4 increase, the scan observed transmittance 

peaks at 3452 cm-1, 2964 cm-1, 1637 cm-1, 1267 cm-

1, 1267 cm-1,1259 cm-1 and lastly at 802 cm-1. The 

3452 cm-1 corresponds to the stretching and 

bending vibrations for the hydroxyl (O–H) groups 

of water molecules present in the samples [34]. In 

the region 3450 cm-1  the intensity of absorption 

associated with O–H groups and free water 

increases (in turn reducing the transmittance) which 

can be directly related to the moisture content of the 

Co3O4. The bands located at 1637 cm-1 –1259 cm-1 

correspond to a strong three bond alkyne group (C–

C) and carbonyls (C = O). In the fingerprint region 

peaks 1018 cm-1 – 802 cm-1 indicate a strong 

presence of esters, ethers and carboxylic acids (C–

C; C-O) bonds in the sample [35]. 

 

 

 

 

 

 

 

 

 

 

Fig 6.  FT-IR spectrum of Co3O4 /SR solar 

selective absorber at different concentrations. 

 

 

        Fig. 7 illustrates TGA curves of Co3O4 /SiR 

composite at different concentrations. The initial 

weight change from the core/shell composites up to 

230 oC was probably due to the removal of surface 

hydroxyls and/or surface adsorbed water [37], the 

mass increased slightly due to the carboxylate groups 

being decomposed to CO2 followed by re-adsorption 

by the coordination polymer, that indicating that the 

molecular structure has not changed and aging has 

not happened,  so the samples showed good thermal 

stability up to 230 oC [38]. The weight loss at higher 

temperatures (230–370 oC) could be attributed 

mainly to the evaporation and subsequent 

decomposition of the amorphous carbon bonds and 

the SiR decomposition. The total amount of mass lost 

is about  5% of the starting mass. It has been observed 

that the sample (1wt%) showed the best thermal 

stability while the pure SiR sample (0 wt%) is the 

fastest in decomposition, which mean the thermal 

stability increase with the increase of Co3O4 

concentration. Fig. 8 shows the results obtained from 

the DSC measurement of the prepared samples. There 

is no endothermic or exothermic peak appeared, also, 

there is no phase transformation occurring in the low 

temperature < 100 °C where glass transition occurs at 

about -127℃ [39]. These results are in agreement 

with TGA results, where the samples showed thermal 

stability at temperatures <100 °C. 
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Optical properties of the absorber coatings 

The optical properties of the samples have 

been determined in the UV–Vis-NIR interval, for 

total reflectance (R(λ)) and transmittance (T(λ)) 

measurements. Absorptivity was obtained from the 

Eq. (2) 

 

A(λ) = 1 -R(λ) -T (λ)   (2) 

 

where A(λ) is the absorptance, R(λ) is the total 

reflectance and T(λ) is the total transmittance. 

The performance of the samples as 

selective solar coatings was characterized in terms 

of their spectral reflectance. The absorptance of a 

non-transparent material for a given temperature and 

wavelength is given by Eq. (3): 

 

α (λ, T) =1 - (λ, T)  (3) 

 

And considering Kirchhoff's law of thermal 

radiation, the emittance for a given temperature and 

wavelength can be calculated according to Eq. (4): 

 

ε (λ, T) = α (λ, T)       (4) 

 

which is obtained from measurements of the spectral 

reflectance at the operating temperature. To 

calculate the total solar absorptance of the selective 

surface and thermal emittance Eqs. (5,6) expressions 

have been used 

 

𝜶𝒔𝒐𝒍 
=

∫ 𝑰𝒃
𝟐.𝟓 𝝁𝒎

𝟎.𝟑 𝝁𝒎 (𝛌)(𝟏−(𝛌,𝑻)𝒅𝛌

∫ 𝑰𝒔𝒐𝒍
𝟐.𝟓 𝝁𝒎

𝟎.𝟑 𝝁𝒎 (𝛌)𝒅𝛌
      (5) 

 

𝜺 =
∫ 𝑰𝒔𝒐𝒍

𝟐.𝟓 𝝁𝒎
𝟎.𝟑 𝝁𝒎 (𝛌)(𝟏−(𝛌,𝑻)𝒅𝛌

∫ 𝑰𝒃
𝟐.𝟓 𝝁𝒎

𝟎.𝟑 𝝁𝒎 (𝛌)𝒅𝛌
         (6) 

 

where ρ(λ, T) is the spectral reflectance and Isol(λ) dλ 

is the normal spectral irradiance (AM 1.5 spectral 

irradiance for air mass 1.5), which is a standard of 

solar spectral radiation on the earth's surface and Ib 

is the spectral black body emissive power at room 

temperature [40,41]. The above expression 

describes the ability of the material to collect the 

solar energy it receives at the level of the earth's 

surface. Some expressions can be used to indicate 

the effectiveness of the selective surface. The first 

one is the selectivity (ξ) which is the relationship 

between solar absorptivity (α) and thermal emittance 

(ɛ) at temperature T (Eq. (7)). 

 

𝛏 =
𝜶

𝜺
    (7) 

 

The reflectance measurements were carried out in 

diffuse reflectance conditions within the 300 – 2500 

nm wavelength range and used to calculate the 

absorbance for these structures by using eq. 4. The 

measured absorbance results are in Fig. 9(a). To 

understand the room 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

Fig. 8. DSC of Co3O4-SiR solar selective 

absorber at different concentrations. 

 

a 

Fig. 7. TGA of Co3O4 /SR solar selective 

absorber at different concentrations. 
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Fig. 9 UV-vis-NIR (a) Reflection and 

(b)Absorption spectra of Co3O4-SiR solar 

selective absorber at different concentrations. 

temperature thermal emittance, we carried out 

reflectance measurements infrared region, which are 

plotted in Fig. 9(b) by using eq 5. Table 1 

summarizes the values of selectivity parameters α, ε, 

and ξ [42]. 

 

Table 1. The absorption coefficient, emission 

coefficient, and selectivity of Co3O4-SiR solar 

selective absorber at different concentrations. 

sample α ε ξ 

Pure 86.85 % 8.47 % 10.24 

0.05 wt% 85.12 % 8.84 % 9.62 

0.25 wt% 91.12 % 8.78 % 10.37 

1 wt% 86.99 % 8.77 % 9.90 

 

 

 

4. Conclusions 

Co3O4 nanoparticles have been prepared and 

examined by XRD and EDX before impeding 

successfully inside a Silicone rubber as a polymeric 

nanocomposite matrix using a standard solvent-

based technique to be used as a solar absorptance 

paint. Co3O4-SiR nanocomposite selective absorber 

has been investigated by measuring spectral 

reflectance. The solar absorptance of Co3O4-SR 

nanocomposite selective absorber up to 91% and 

thermal emittance about 8.7% for the optimum 

concentration of (0.25wt %). Thermal properties 

studies showed good thermal stability at low 

temperatures > 100°C. 
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