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Abstract. Cobalt-based metal oxide thin film coatings have been successfully deposited on 

highly reflective aluminum substrates via sol–gel dip-coating process. The coating’s surface 

composition, surface topography and morphology as well their optical properties were 

probed using X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM), 

scanning electron microscopy (SEM), and UV-Vis-Nir spectrophotometry, respectively. 

The XPS spectra indicated that the coatings contained the mixed cobalt based metal oxides. 

Topographical and morphological investigations showed that the copper-cobalt oxide 

coating had the roughest surface with contour in range of 120 nm compared with other two 

coatings. The copper cobalt oxide coatings also exihibed a distinct optical property and 

behaved as solar selective absorber. Variation in withdrawal rate and dip-drying cycles 

confirmed that the copper cobalt thin film coating had a very tuneable absorptance value 

with the highest absorptance (α=80.2%) was achieved when the coating was created using 

six times dip-drying cycles with the withdrawal rate of  120 mm/min. Simplicity and safe in 

the synthesis process as well as the optical features of the copper–cobalt coatings imply 

good prospects for future application as a solar absorber coating material for photothermal 

collector application, though they still need further engineering to improve optimal 

performance. 
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1 Introduction 

Photothermal/solar thermal collectors are designed to collect solar radiation and convert it 

into maximum heat energy for various industrial and domestic applications such as for 

electricity generation (concentrating solar power (CSP)), solar water heater (SWH), solar 

air conditioner (Solar-AC/solar thermal cooling), etc. A significant component that 

affects the efficiency of a solar thermal collector system is the solar selective absorber 

(SSA) material coating which absorbs the incoming solar radiation in the UV-Vis-Nir 

range (high solar absorptance (α)) with concurrent low thermal emittance (reject mid-far 

infrared (MFIR)) [1]. The most frequently used industrial SSAs in recent years are the 

metal particles embedded in ceramic matrix thin film coating (cermet) structures 

synthesized via electroplating or vacuum/sputtering deposition techniques  [2,3,4]. 

Though these techniques are effective, they are, nonetheless, not environmentally-

friendly (electroplatting), while vacuum/sputtering deposition processes are technically 

complicated and not cost-effective [5,6]. Concerted efforts by materials scientists are 

currently underway in seeking alternative SSA materials synthesis processes which 

exhibit benefits such as simplicity, cost-effectiveness and environmentally-friendly 

aspect. 

One breakthrough strategy is the implementation of solar absorber coating on the top of 

highly reflective metal substrate (absorber-reflector tandem). The absorptive layers 

should be transparent in the MFIR infrared region to maintain the low thermal emittance 
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of the substrate [2]. Using this approach sol-gel/sol-gel-like processes can be utilized to 

synthesize the SSA coating [3]. The sol-gel/sol-gel-like methods are promising 

techniques to fabricate SSA coatings as the optical properties and selectivity of the 

material can be controlled by varying preparation parameters. The sol-gel is widely-

known cost-effective and environmentally friendly process. The aim of this presentation 

is to highlight the author’s exploration research results in the synthesis of cobalt based 

metal oxides thin films coating tandem on the highly reflective aluminium substrate 

synthesized via sol-gel method for SSA aplication. The sol-gel route carried out in this 

research was very simple and safe, so it has a very good prospect for industrial scale. 

2 Experimental Methods and Characterization Techniques 

Experiments were carried out by preparing the materials needed. Nickel (II) acetate 

tetrahydrate (Ni(OOCCH3)2.4H2O, Alfa Aesar, 98%), cobalt (II) chloride (CoCl2.6H2O, 

APS Chemical, >99%), anhydrous manganese (II) acetate (C4H6MnO4, Alfa Aesar, 

>98%), copper (II) acetate monohydrate (Cu(OOCCH3)2.H2O, Alfa Aesar, 98%), 

propionic acid (C2H5COOH, Chem Supply, 99%) and absolute ethanol (Merck) were 

used as received. Commercial highly reflective aluminum (Anofol) were used as 

substrate. The aluminum substrates (size 2 cm x 4 cm) were cleaned using an etching 

solution to facilitate the coating layer attached on the aluminum surface.  

Nickel acetate (0.15 M) and cobalt chloride (0.15 M) were mixed using absolute ethanol 

with the addition of propionic acid as the complexing agent. The solution was then stirred 

for 2 h in sealed glass container at room temperature.  The resulting solution was then 

used for thin film deposition on aluminum substrates using dip-coating at withdrawal rate 

of 60 mm/min and subsequently dryed at 150 °C for 10 min. The relative humidity was 

maintained at less than 55% so that a relatively smooth and even film could be produced. 

Nickel-cobalt (Ni-Co) thin films with varying thicknesses were prepared by varying the 

withdrawal rate and  repeating the dip-drying cycles before annealing in oven at 

temperature 500 °C for 1 h to remove volatiles. An analogous procedure was used to 

prepare the copper–cobalt and manganese-cobalt mixed metal oxides thin film coatings. 

Surface composition, surface topography-morphology, as well as optical properties of 

thin film coatings were caracterized using X-ray photoelectron spectroscopy (XPS), 

Atomic Force Microscopy (AFM), scanning electron microscopy (SEM), and UV-Vis-

NIR spectrophotometer, respectively. In more detail, the surface composition of samples 

were probed by X-ray photoelectron spectroscopy (XPS) (Kratos Axis Ultra XPS 

spectrometer, Manchester, UK) with Mg Kα radiation (hν=1253.6 eV). The samples were 

mounted, using double-sided Cu sticky tape, horizontally on the holder and normal to the 

electrostatic lens. The vacuum pressure of the analyzer chamber was better than 10−9 

Torr. The voltage and emission current of the X-ray source were held at 12 kV and 12 

mA, respectively. Initial survey scans used a pass energy of 80 eV. To ensure high 

resolution and good sensitivity for the features of interests, pass energy of 10 eV was 

used. The XPS spectra energy scale was calibrated using Cu 2p (932.67 eV), Ag 3d 

(368.27 eV), C 1s (284.8 eV; hydrocarbon: C–H) and Au 4f (83.98 eV). The electrostatic 

lens mode and analyzer entrance of the XPS instrument were selected using the Hybrid 

and Slot mode (iris=0.6 and aperture=49), respectively. Charge neutralization was 

employed during the XPS measurements.  
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Surface topographic images of the thin films were obtained using a commercial atomic 

force microscope (AFM) (Ntegra Prima, NT-MDT Co., Moscow, Russia) in semi-contact 

mode. The thin film samples were fixed on adhesive tape before AFM scans were 

conducted. The probe used for the imaging contained a tetrahedral tip with a height of 

14–16 μm and a typical curvature radius of 6 nm. The tip was mounted on a rectangular 

single crystal silicon (N-type, antimony doped) cantilever with a thickness of 2 μm, a 

resonant frequency of 140–390 kHz and a force constant of 3.1–37.6 N/m. The surface 

morphologies of the film samples were examined using a PHILLIPS XL 20 scanning 

electron microscopy (SEM).  

Solar absorptance was calculated based on the AM1.5 solar spectrum standard using the 

hemispherical reflectance recorded from 300 to 2700 nm using a UV–Vis-NIR Jasco V-

670 double beam spectrophotometer with 60 mm integrating sphere. A template of 

reflectance data against spectral distribution (using Air Mass standard of AM1.5 for 

absorptance) in equal energy increment was created using an Excel worksheet to count 

the absorptance value [7]. 

3 Results and Discussion 

3.1. Surface composition 

Fig. 1 shows the wide scan of XPS spectrum for Mn-Co, Ni-Co and Cu-Co thin film 

coatings. All film coatings contain O 1s peak with their each metal partners of 2p which 

indicate the formation of metal oxide structures. In every coating they are could be in 

form of single oxide (MxOz, CoOz)  only, in binary metal oxides (MxCoyOz, M= Mn, Ni, 

Cu) only, or mix of them. It could not be ascertained which species dominates, and need 

further decoupling of spectra to elaborate the oxidation states of each species. However  it 

can be stated that each coating is the mix of cobalt based metal oxides system [3]. It is 

normal in the XPS analysis that the C 1s are also detected which could be from the 

contaminant in the XPS chamber operation or from the handling of samples before 

entering the chamber. It can be ensured that the carbon species is not from the synthesis 

process since the calcinations process carried out above 400oC where all organic volatiles 

have been evaporated. These results show that the cobalt based metal oxide thin film 

coatings have been successfully deposited on aluminum substrate. 
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Figure 1 Wide scan of XPS spectra of cobalt based metal thin film coatings 

3.2. Topographical and morphological properties 

Fig. 2 (a, b, c) describes the topographical image of samples in area of 5 µm x 5µm 

probed using AFM. AFM images of Mn-Co and Ni-Co coatings are relatively smoother 

than the Cu-Co coating having a depth of top-bottom (contour) in range of around 120 nm 

(Fig. 2c). This contour contour can be used to predict roughly the thickness of film 

coating per dipping [8]. The rough surface contour of Cu-Co coating provides a 

conducive site for a multiple reflection and resonance scattering of incoming radiation 

which in turn would decrease the reflection and increase the light absorption [9]. The 

SEM images of the samples in magnitude of 5 µm (Fig. 2 (d, e, f)) clarify the AFM 

images where the Cu-Co coating has the roughest surface among the samples (Fig. 2f) 
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Figure 2 AFM images of a) Mn-Co, b) Ni-Co, c) Cu-Co thin film coatings; and SEM 

images of d) Mn-Co, e) Ni-Co, f) Cu-Co 

3.3. Optical and mechanical properties 

Fig. 3 shows the reflectance spectra for coatings on reflective aluminum substrates within 

a wavelength range of 300-2650 nm together with the corresponding solar absorptance 

values. Reflectance spectra and the absortance values for raw aluminum and etched 

aluminum without coatings are also inserted. Different from the Mn-Co and Ni-Co 

coatings, the Cu-Co coating exhibits a distinct character with low spectral reflectance in 

range of 300-1800 nm (<60%) and high specral reflectance in the high wavelengths range 

area (>1800 nm) which means it has high solar (UV-Vis-NIR) absorptance but refuse the 

mid to far infrared (MFIR). Such spectra profile has behaviour as solart selective 

absorber. Further exploration in higher withdrawal rate and in variation of dip-drying 

cycles confirm that the copper cobalt thin film coating has a very tuneable absorptance 

value as seen in  Fig 4.  

It can be seen (Fig. 4) that there is an interference peak (signed *) and an absorption edge 

(signed #) in every spectrum [3], except for coating synthesized at 2 x dip-drying cycles 

and withdrawal rate 120 mm/min.   Generally the interference peaks and the absorption 

edges move to higher wavelengths area as the dip-drying cycles are increased. Likewise 

the the amplitudo of pairs of interference peak-absorption edge also increase as the dip-

drying cycles are increased. The highest absorptance (α=80.2%) is achieved when coating 
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was created using six times dip-drying cycles with the withdrawal rate of 120 mm/min. It 

is estimated that the increase of dip-drying cycles would increase the absorptance, 

however it will absorb the MFIR too much as well which will decreases the selectivity 

character. High selectivity is characterized with the cut-off point (wavelengths of around 

2500 (signed $)) higher than 50%, low in amplitudo of pair of interference peak-

absorption edge, as well as the position of absorption edge in high wavelengths (1000 - 

2000  nm).  

It is very interesting for copper cobalt oxide coating to be an absorber material in solar 

selective absorber application. We believe that besides the copper-cobalt coating material 

itself behaves like a semiconductor, the rough surface with contour profile of copper 

cobalt coating as shown in Section 3.1 is capable of providing a conducive surface 

morphology for absorption of incidental solar radiation due to the multiple reflections, 

resonant scattering and relaxation mechanism [4]. As such, this boosts the absorptance 

overall of copper-cobalt coating. At the same time, the highly reflective aluminium 

substrate functions to reflect back the lower energy radiation (infra-red) that penetrates 

the film coating. 

              

Figure 3 Reflectance spectra of film coatings (6 x dip-drying cycles, 

withdrawal rate of 60 mm/min) on highly reflective aluminum 

substrates with corresponding solar absorptance (α) values. 

. 
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Figure 4 Reflectance spectra of copper-

cobalt thin film coatings on aluminium 

substrates with variation in dip-drying cycles 

for a) withdrawal rate 120 mm/min, and b) 

withdrawal rate 180 mm/min 

 

4 Conclusions 

Mixed cobalt-based metal oxides thin film coatings have been successfully deposited on 

highly reflective aluminum substrates using sol–gel dip-coating method. The surface 

topography and morphology of Cu-Co coating are relative different from the other two 

coatings where it is the roughest with a contour profile. The Cu-Co coating also 

demonstrate a distinct optical properties with character as solar selective absorber 

compared the other two coatings. Further exploration in variation of withdrawal rate and 

dip-drying cycles confirm that the copper cobalt thin film coating has a very tuneable 

absorptance value with the highest absorptance (α=80.2%) is achieved when coating was 

created using six times dip-drying cycles with the withdrawal rate of 120 mm/min. 

Simplicity and safe in the synthesis process as well as the optical features of the copper–
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cobalt coatings imply good prospects for future application as a solar absorber coating 

material, though they still need further engineering to improve optimal performance.  
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