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Abstract

The absorber plate is the key component in a flat plate solar thermal collector. Most of the black and some of the
colored absorber coatings are based on cermets, composed of metals or inorganic pigments embedded in a
ceramic matrix of metal oxides, such as alumina (Al,O5).

The current work describes the optimization steps of the alumina matrix to get optical properties and
morphology suitable for the pigment layers infiltration to develop efficient colored (yellow and green) solar
absorber coatings/plates. The alumina matrices were obtained by the depositing the alumina layer on the Al
substrate using two different methods: immersion and robotic spraying of a diluted sol. The optimized alumina
matrix, obtained by immersing the Al substrate in a diluted alumina sol (Al,O3 sol: H,O = 1: 9) for 24 hours, has
a porous morphology and promising optical properties: a =0.16, € = 0.06.

Keywords: solar thermal collectors, absorber coatings, alumina matrix, robotic spraying deposition, optical
properties

1. Introduction

The main challenges faced in the research on solar thermal collectors are focused on enhancing the thermal
performance, increasing the reliability and the long-term performance stability (Fernandes et al., 2017).
Additionally, a solar thermal collector must be economically feasible, thus should have a low cost, that means
not only low cost materials, technologies and component parts but also a long service lifetime (Sun et al., 2014).
Besides increasing the efficiency and durability, the architectural acceptance of the solar thermal collectors
currently represents an important research topic, colored solar thermal collectors being aesthetically preferred to
the standard black or dark-blue ones, although their thermal efficiency is expected to be lower. Therefore, new,
affordable and efficient solutions are expected, supporting the integration of the solar thermal systems on the
building’s facades, according to their design specifications, mainly related to architectural acceptance and good
conversion efficiency. Recently, Visa et al (2017) reported the development of a trapezoidal solar thermal
collector, with 0.67 m? active area and 69.42% nominal efficiency, which can be used as a building block in
arrays with various surfaces, shapes and colours.

The active component in a solar thermal collector is the absorber plate, usually coated with a black or dark blue
layer to absorb as much solar radiation as possible and convert it into thermal energy. This energy is further
transferred to the working fluid, thus the absorber plates must possess good thermal and radiative properties
(Alami and Aokal, 2018). Solar selective absorber (SSA) coatings are designed using materials with carefully
engineered optical properties: high solar absorptance (oo > 0.9) over the solar spectrum and low thermal
emittance (¢ < 0.1) in the IR region, at the operating temperature, along with thermal and mechanical resistance.
Cost-effective and environmentally friendly production processes represents additional requirements for SSA
coatings. In this context, spray pyrolysis (SP) and sol-gel (SG) are relatively simple and industrial up-scalable
techniques that are considered suitable for manufacturing SSA coatings (Isac et al., 2018).

The most frequently developed industrial solar selective absorbers are based on metal-dielectric composites also
called cermets, mainly consisting of nanoscale metal particles (Ni, Au, Co, Mo, Cr) or inorganic pigment
particles (Fe,0s, CuS, V,0s5) embedded in a dielectric, ceramic matrix (Céspedes et al., 2014, Duta et al., 2014,
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Estrella-Gutiérrez et al., 2016, Purghel et al., 2008). Cermet based SSA coatings with good solar selectivity,
even at high temperatures, have been already successfully commercialized (Bermel et al., 2012).

Among cermet composite coatings, SSA coatings with alumina (Al,O3) matrix have been widely used as
selective solar absorber surfaces with good optical properties (low thermal emittance, € < 0.1) and thermal
stability, due to the possibility of tailoring the coating’s surface aspect to obtain a porous morphology, suitable
for further metal/pigment particles infiltration. Alumina is a dielectric material with excellent properties, such as
high thermal and chemical stability, high hardness, high refractive index (n = 1.61 — 1.75), low permeability of
alkali ions and high radiation resistance (Balakrishnan et al., 2013, Khatibani and Rozati, 2015). Amorphous
and/or crystalline alumina thin films with good adhesion on different substrates (Al, Cu, stainless steel) are
considered promising materials acting as ceramic matrix in solar selective absorber coatings.

This work focuses on the development and optimization of the alumina matrix (Al/Al,O3) obtained by the
deposition of alumina layer on the aluminium substrate using two simple and low-cost techniques: the
immersion in diluted alumina sol and robotic spraying, at average temperature (T = 130 °C), of a diluted
alumina sol. The optical properties (a, €) of the alumina matrix were correlated with the chemical composition
(XRD and EDX), crystalline structure (XRD) and morphology (SEM).

2. Experimental

In developing the colored absorber coatings, before the infiltration with pigment particles, the Al substrate and
alumina matrix are necessary to be optimized, using the spectral selectivity (S) as output property.

The Al substrates (3cm x 3cm samples) were chemically pre-treated in three steps:

e Degreasing in ethanol (98%, ChimReactiv) and conditioning the commercial Al substrates (99,5%
Beofon, thickness 1 mm) in 4% NaOH solution (NaOH 99%, Scharlau Chemie);

e Immersing the alkali treated aluminium substrates in HNO; (HNO; 65%, Chimopar) solution, at
different acid concentrations: 0.5M, 0.75M and 1M, for 0.5 h, 3h and 20 h;

e Neutralizing the residual acid on the aluminum substrates by immersing in 2% Na,COs solution
(Na,CO3 99.9%, Scharlau Chemie) for 10 minutes, followed by rinsing with distilled water and drying
in compressed air flow.

The alumina matrix represents an additional layer of Al,O; deposited on the pre-treated Al substrate (nominated
as A) that was obtained using two different deposition techniques:

o Immersion of the Al substrates in a diluted alumina sol (Al,O5: H,O = 1: 9 in volumes) for 24, 48 or 72
hours; the samples were nominated as A/AOSG24, A JAOSG48 and A/AOSG72,;

e Robotic spraying, at T = 130 °C, of a diluted sol (1:9) using 5, 10 or 15 spraying sequences; the
samples were nominated as A/AOSGs5, A/AOSGs10 and A/AOSGs15.

The alumina sol was prepared using the sol-gel technique, according to Milea et al. (2013): aluminium chloride
hexahydrate (AlICl3*6H,0, 98%, Scharlau Chemie) was added in a mixture of bi-distilled water and absolute
ethanol (1:1) under continuous stirring, at room temperature (25°C), to promote the hydrolysis and condensation
processes; after 10 minutes, 5.5 millilitres of polyethylene glycol (PEG 400, synthesis grade, Scharlau Chemie)
was gradually added (0.5 millilitres/minute) under continuing stirring; the resulted sol was left for ageing 5
days. Afterwards, the sol was diluted and used as precursor for the Al,O; deposition on the chemically pre-
treated Al substrate A.

The optical properties of the Al substrates and alumina matrices (e, o) were evaluated using Fourier Transform
Infrared spectroscopy (FTIR, Bruker Vertex 70, equipped with a integrated sphere coated with gold) and UV-
VIS-NIR spectrophotometry (UV-VIS-NIR Spectrophotometer Perkin Elmer, double-beam spectrophotometer,
equipped with integrating sphere to 150 mm).

The thermal emittance, €, was calculated from the reflectance spectra recorded in the IR domain (A = 2.5-20
um), as the weighted fraction between the absorbed energy and the Planck blackbody energy (Ip) at certain
wavelength (L) and temperature (T, ambient temperature in this work), using eq. (1) (Duta et al., 2014):
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The solar absorptance (a)) was calculate using eq. (2) (Duta et al., 2014) from the reflectance spectra recorded in
the UV-VIS-NIR domain (A = 0.28-2.5 pum):
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where: R(}) is the material’s reflectance and I, is the solar irradiance (1SO 9854-1, 1992) with an air mass of
1.5.

The ratio of the two important optical parameters, solar absorptance (o) and thermal emittance (g), gives the
spectral selectivity, S, which generally characterizes the optical performance of an absorber material. Spectral
selectivity is defined as the ability of a material to ideally behave as a black body, absorbing the maximum of
the incoming solar radiation and minimizing energy losses through infrared radiation (Isac et al., 2017).

The overall crystallinity degree (estimated using the device software EVA 1.4) and the composition of the
crystalline phases in the samples were evaluated by X-Ray Diffraction (XRD, Bruker D8 Discover
Diffractometer with Cug,; line) using the locked-couple technique in the 20 range from 20° to 70° The
crystalline phase composition (weight %) was obtained using the integration of the diffraction data (calculating
the area, S, under the diffraction peak by mathematical integration) and then eq. (3) was applied (Birkholz,
2005):

X1 Sica)

A(%) =
(%) i Siay+ Xj' iy + -

x 100 (3)

where Sja), Sj@) are the estimated peaks areas for the individual crystalline phases A, B.

The surface morphology of the alumina substrate and of the alumina matrix was investigated using Scanning
Electron Microscope (SEM 3500N, Hitachi). The surface elemental composition of the samples was identified
using an energy dispersive spectrometer (EDS), mounted on the SEM.

3. Results and discussions
3.1. The Al substrate optimization

The influence of the HNO; solution concentration and of the immersion duration on the optical properties
(thermal emittance, preferably ¢ < 0.2) of the aluminium substrates was investigated and the results are
presented in Table 1. Based on the experimental values, the aluminium substrates with lowest thermal emittance
(e = 0.22... 0.26) were further investigated by UV-VIS-NIR spectrometry and the results show that the solar
absorptance has similar values: 0.12...0.13.

Tab. 1: The thermal emittance values for chemically pre-treated Al substrates in HNO; solution with different concentrations, at
different immersion times

Optical property €
HNO; concentration [moles/L] 0.5 0.75 1
Immersion time 0.5 0.36...0.45 0.35...0.42 0.35...0.40
(") 3 0.25...0.42 0.24...0.36 0.21...0.36
20 0.22...0.31 0.22...0.26 0.17...0.32

The chemically treated substrate with the best spectral selectivity (S = 0.59), having a = 0.13, £ = 0.22 was
obtained by immersion in 0.75M HNO; solution for 20 hours and was nominated as A.



L. Isac et. al. / EuroSun 2018 / ISES Conference Proceedings (2018)

According to the X-Ray diffraction results in Fig. 1 and Table 3, the optimized chemically treated substrate A
shows a crystallinity degree of 94.4% and contains, besides aluminium, crystalline phases of orthorhombic
Al,O3 (PDF 00-052-0803, 45.76%) and hydrated aluminium oxides (54.24%): gibbsite (Al,05-3H,0, PDF 00-
002-0192) and gibbsite syn, Al(OH); (PDF 00-023-0018), with monoclinic structure. As expected, the presence
of aluminium-oxygen based compounds on the chemically treated Al substrate is confirmed by EDS analysis:
96% Al and 4% O (weight percents). The surface morphology of this optimized substrate A, investigated using
Scanning Electron Microscope, shows a porous structure as presented in Fig. 2a.

3.2. The alumina matrix optimization

For a better infiltration of the colored pigment in the substrate’s pores, an additional layer of Al,O3; was
deposited on the optimized substrate A by: a) immersion of Al substrate in a diluted sol of alumina for 24, 48 or
72 hours, and b) robotic spraying of diluted alumina sol, at T = 130 °C, using 5, 10 or 15 spraying sequences.

The influence of the immersion time and number of spraying sequences on the optical properties (thermal
emittance, ¢ ) of the alumina matrix was investigated and the results are presented in Table 2.

Tab. 2: The thermal emittance of alumina matrices obtained by depositing the Al,O3 layer on the Al substrate by immersion in the
diluted sol, respectively by spraying the diluted sol at average temperature

Sample | A/JAOSG24 | AJ/AOSG48 | A/AOSGT72 | AJAOSGs5 | A/AOSGs10 | A/AOSGs15
€ 0.06 ...0.19 0.08...0.17 0.14..0.20 0.24..0.35 0.37...0.40 0.38...0.43

It was observed that the values of the thermal emittance decrease (¢ < 0.2) for the samples obtained by
immersion in the diluted sol and significantly increase (¢ > 0.24) for the sprayed alumina matrices. Therefore,
from each series of alumina matrices there was selected, for further characterization, the sample with the lowest
thermal emittance value: AJAOSG24, respectively A/AOSG24s5.
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Fig. 1: XRD patterns of substrate A and alumina matrices
The X-Ray diffraction spectra, Fig. 1, show that both alumina matrices have polycristalline structures, with

crystalline phases similar to the A substrate, but with quite different compositions (wieght %). The results in
Table 3 show that using two different techniques for the alumina layer deposition on the Al substrate, causes no
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significant changes in the crystallinity degree (92 - 94%), but significant changes in the crystalline phase
compositions can be observed. In the matrix obtained by spraying the diluted sol on the Al substrate, the
anhidrous Al,O3 content significantly decreases, compared to that of Al substrate, respectively Al matrix
A/AOSG24. It is expected that a lower content of alumina in the matrix leads to less suitable optical properties
(higher ¢€), reducing the optical performance of the matrix A/AOSG24s5.

Moreover, the line attributed to the Al crystalline phase (20 = 38.54°) is not detected in XRD pattern of sample
A/AOSG24s5, which means that the layer deposited by spraying is thicker than that deposited by immersion. In
this case, increasing the thickness of the matrix layer may influence the matrix morphology by covering the
pores of the substrate, resulting in denser layers that have a reduced possibility of pigment film/particles
infiltration.

Tab. 3: The crystallinity and estimative crystalline phases composition of the optimized Al substrate and alumina matrices

Sample Crystallinity Al,O4 Gibbsite, Al,03:3H,0 Gibbsite syn, AI(OH);
[%0] [%0] [%0] [%6]
A 94.4 45.76 52.12 2.12
A/AOSG24 93.9 59.98 32.53 7.49
A/AOSG24s5 92.1 26.35 67.30 6.35

The elemental composition analyzed by EDS, represented in Fig. 2, gives information about the surface
composition and, consequently, about the growth and adhesion among the successive layers, allowing the most
accurate design of the alumina and the final absorber layers. It is interesting to note that in the matrix obtained
by immersion of the Al substrate in diluted sol (A/JAOSG24), the increase in the oxygen content is not observed,
as expected. Instead, the aluminium content in matrices significantly decreases, especially in the AJAOSG24s5
sample, where the Al content is three times lower than in the substrate, that can be the result of the thicker and
more denser layer. However, for the investigated alumina matrices, the EDS results mostly confirm the
differences highlighted in XRD composition. The presence of amorphous carbon/carbon compounds in the
alumina matrices is due to the PEG additive used in alumina sol synthesis to control the
hydrophilic/hydrophobic balance and support the gelation and phase separation processes (Milea et. al, 2013).
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Fig. 2: Elemental composition graphs for Al substrate and alumina matrices

The surface morphology, along with the composition and crystalline structure, is considered an important
property with consequences on the optical performances of an absorber material. One of the most efficient and
affordable solution to improve the heat transfer and energy efficiency in a solar coating is to used porous
materials as components (Rashidi et al., 2017). Both the chemically pre-treated substrate A and the matrix
A/AOSG24 show relative porous morphologies with slightly larger pores for the matrix, as is shown in Fig. 3b.
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The highly porous Al substrate or/and the alumina matrix are expected to represent good hosts for further
infiltration with pigment layers to develop efficient solar selective absorber coatings, for coloured solar thermal
collectors.

Fig. 3: a) SEM image of optimized Fig. 3: b) SEM image of alumina matrix Fig. 3: ¢) SEM image of alumina matrix
substrate A A/IAOSG24 A/AOSG24s5

According to the SEM image in Fig. 3c, the morphology of the alumina layer deposited on the optimized Al
substrate by spraying, is quite different (with micro-cracks), comparing with morphologies of Al substrate (Fig.
3a) and alumina layer obtained by immersion (Fig. 3b). Moreover, the alumina layer is thicker and covers a
large part of the substrate pores, confirming the EDS results. Consequently, the light reflections on this surface
are significantly reduced, confirming the increase (almost double) of the thermal emittance value, thus
decreasing the optical performances of the alumina matrix A/AOSG24s5.

The solar absorptances (a), calculated from the reflectance spectra of the samples and presented in Table 4,
slightly increases for the alumina matrix, while the thermal emittances have different variation: significantly
decreases, for matrix obtained by immersion, and are close to that of the substrate, for the matrix obtained by
spraying.

Tab. 4: Optical properties for optimized Al substrate and alumina matrices

Sample a € S
A 0.13 0.22 0.59
A/AO0SG24 0.16 0.06 2.66
A/AOSG24s5 0.19 0.24 0.79

These results are expected, considering the matrices chemical compositions and surface morphologies and are in
good agreement with those obtained from the crystalline phases composition and elemental analysis.

4. Conclusions

The first step in designing colored solar selective absorber coatings is the obtaining of an alumina matrix layer
with controlled morphology, to be further infiltrated with metal particles or/and inorganic pigment(s).

The paper reports on the development, characterization and optimization (using spectral selectivity S as output
property), of the alumina matrix (Al/Al,O3) obtained by the deposition of the alumina layer on the optimized,
chemically pre-treated aluminum substrate, using two simple and low-cost techniques: immersion and robotic
spraying of a diluted alumina sol.

According to the crystalline phases composition and surface morphology, the alumina matrix obtained by
immersing the Al substrate in a diluted alumina sol for 24 hours shows the best optical results: a = 0.16, ¢ = 0.06
and S = 2.66. This matrix is suitable for further infiltration of yellow (based on V,0s) and green (based on CuS)
prigment particles to develop colored absorber coatings, for market-acceptable solar thermal collectors with
increased architectural acceptance, for facades integration in Nearly Zero Energy Buildings.
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