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Abstract

Efficient solar energy harvesting through selective absorber coatings is critical
for advancing sustainable thermal applications, such as domestic hot water
production and water purification. Enhancing photo-thermal conversion while
maintaining durability and ease of fabrication remains a challenge. To address this,
a composite selective coating was developed by decorating a heat-resistant paint
with aluminium and nickel particles, applied via air-spraying on the base paint
layer. The coatings were characterized structurally, morphologically, and
compositionally using optical microscopy, field-emission electron microscopy, UV-
Vis spectroscopy, energy dispersive X-ray analysis, and elemental mapping. Photo-
thermal conversion performance was evaluated by measuring solar absorbance and
the maximum substrate temperature under solar irradiation using a flat-plate
collector setup. The study correlates the photo-thermal conversion with the
coatings’ structural and compositional features. Notably, the coating decorated with
nickel particles achieved a maximum solar absorbance of 96.07%, enabling
substrate temperatures exceeding the boiling point of water without the need for
antireflection coatings. The fabrication method and superior photo-thermal
properties position this composite coating as a promising candidate for domestic hot
water generation and water purification applications, outperforming conventional
selective coatings regardless of collector geometry.

Keywords: Coating, Solar collectors, Photothermal effect, Optical absorption,
Nanopowders.
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1. Introduction

Photo-thermal conversion is a process of transforming light energy into heat [1]. The
technology involved in this process is gaining attention for solar energy harvesting-related
applications, such as water purification and thermoelectric power generation [2-5].
Developing efficient, cost-effective, and easily fabricated solar selective coatings offers
significant advantages for addressing freshwater scarcity and enabling sustainable water
heating and purification solutions [6, 7]. Increasing the photo-thermal conversion is essential
for more efficient solar systems [8, 9]. This requires achieving two targets: increasing
absorbance and minimising reflectance and emittance of the collector surface [10-12].
Achieving these goals requires different strategies because they depend on various ways to
reach them. High-absorption surfaces are fabricated by specific engineering processes known
as texturing, using black coating materials and multiple and composite coatings [13, 14]. The
choice of the materials used is governed by the application requirements and the collector
design. On the other hand, low emission properties are maintained using thin films of metals
that reflect infrared radiation into the space where they are generated, leading to a reduction
of heat losses. Additionally, anti-reflection coatings are used to reduce reflection and enhance
light transmission [15].

In 2022, Kafle et al. explored the development of efficient and durable black nickel
coatings for solar thermal collectors using the electrochemical bath method [16]. They
succeeded in optimizing the electrochemical synthesis of the coatings by controlling the pH
level, temperature, electric current density and deposition time. These parameters were linked
to the structural and optical properties and photothermal conversion characteristics of the
coating. They identified the optimal parameters of the synthesis method that led to the best
conversion characteristics. Reyna et al. synthesized and characterized nickel-cobalt mixed
metal oxides for use as selective coatings in flat-plate solar collectors [10]. They used a
nitrate decomposition reaction to synthesize the oxides and characterized them using various
techniques like XRD, Raman spectroscopy, and SEM-EDS. The coatings were tested in a
domestic flat solar collector, showing outstanding performance under real operating
conditions. The investigated nickel-cobalt mixed oxides exhibited high solar absorbance of
94% and good thermal stability. In 2024, Junli et al. demonstrated the development of a
single-layered cermet absorber with a structure of Ti@a-C cermet layer/a-C protective
layer/Si0O; antireflective layer [17]. This absorber was found to achieve absorption of 96.5%
of the incident radiation in the UV, visible, and near-infrared bands. To further enhance
absorption, a quasi-optical micro cavity structure based on cermet-metal-cermet was
proposed. With such a structure, an absorption rate of 97.1% was achievable. The absorbers
exhibited high thermal stability, maintaining performance after annealing at various
temperatures. The absorbers were highly efficient in practical scenarios, insensitive to
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incident angle and polarization state, and might be fabricated using a simple, lithography-free
method. These results pave the way for large-area applications of a-C matrix materials,
offering a sustainable solution for efficient solar energy utilization.

The key criteria of electromagnetic radiation absorption by matter are the following [18,
19]: Interaction mechanism, which involves the nature of interaction between the radiation
and matter. Electromagnetic radiation in the ultra-violet and visible regions interacts with the
electrons, leading to their excitation to higher energy levels. Infrared radiation affects the
vibrational states of the molecular bonds of the materials. This means that the type of
materials present in the coating determines the amount of radiation to be absorbed. Energy
matching, which entails that absorption occurs if the energy difference between two
quantized energy states of the absorbing material exactly matches the wavelength of the
incident radiation. This means that each wavelength is absorbed by a specific material.
Accordingly, each material has its-absorption spectrum. The concentration of the absorbing
material affects the absorption characteristic. This means that the surface density of the
powders affects the surface absorptivity.

In the present work, enhancement of the photo-thermal conversion was attempted by
increasing the absorption characteristics of a composite coating applied on aluminium
substrates. The composite coating was prepared by adding aluminium or nickel metal
powders on top of a black coating layer. The morphological properties and photo-thermal
conversion behaviour were measured and discussed. The thermal conversions of the coating
were compared with those investigated by other researchers using different composite
coatings. Suggestions for further research are presented at the end of the discussion.

2. Materials and Methods

The substrates used in the present work were a 1 mm-thick aluminium plate of 95% purity
purchasd from the local market. The substrates were cut into 4 cm*4 cm square pieces. Each
substrate was subjected to systematic cleaning to remove unwanted impurities such as dirt,
oil, and grease. The cleaning procedure started with mechanical polishing of the surfaces,
followed by thorough washing with distilled water and acetone. The final step of cleaning
was air drying. All substrates were coated with a heat-resistant black paint, known as Rust-
Oleum V2100 System Enamel aerosols from Rust-Oleum Corporation/USA, which is
commercially available on the market. This paint has a mat black appearance, high adhesion
and anti-crack characteristics, a reasonably short curing time, and is resistance to moderately
high temperatures. The photo-thermal conversion characteristics of the heat-resistant paint
were investigated and reported in earlier work [20]. Aluminium or nickel metal powders were
air-sprayed on top of the primary coating immediately after its application to the substrate
surface. Despite being less quantifiable than other methods, this method guarantees adequate
distribution homogeneity. It is also expected to allow for a homogeneous diffusion of the
metal powder particles used to enhance the coating characteristics for the solar-to-thermal
conversion application. The coating thickness was measured using an LS220 coating
thickness gauge manufactured by Shenzhen Linshang Technology, China. Once the coating
thickness is measured, its gravimetric density can be determined from the coating surface
area.

The coated substrates were investigated primarily under an LED light source optical
microscope from CoolingTech, China. The coating morphology was then examined under a
scanning electron microscope. The elemental analysis and elemental distribution of the
composite coatings were determined by electron energy dispersive spectroscopy (EDS) using
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XFlash-6110 detector from Bruker attached to the scanning electron microscope. The UV-Vis
spectroscopy was used to determine the spectral reflectance of the coatings. Radiosity, is
defined as the total radiant flux leaving a surface per unit area, was measured for the current
coatings using a Pyrheliometer-like setup (see reference [20] for a detailed description of the
measurement setup). Radiosity involves measuring the emitted, reflected and transmitted
components of radiation expressed in units of W/m?. Finally, the photo-thermal conversion
was investigated using a flat-plate solar collector. The substrate temperature was measured
with exposure time to solar radiation.

3. Results and Discussion

Figure 1 shows the substrates under the optical microscope. Figure 1 (a) shows the uncoated
aluminium substrate in which longitudinal and unidirectional grooves are observable. These
were due to brush cleaning performed on the substrate. These grooves ensured the required
adhesion of the primary coating on the Al substrate, after which they became less visible as
they were filled with the primary coating. The addition of the metal powders on top of the
primary coating was evident from the optical microscope images (Figure 1 (b) and (c)). The
distribution feature of the particles is believed to be a direct result of the spraying process
adopted in the present work.

Figure 1: The aluminium substrates under optical microscope. (a) uncoated substrate (b)
Heat-Resistant Paint (HRP) decorated with Al particles (¢c) HPR decorated with Ni Particles.

The surface morphology of the composite coatings was investigated using an Inspect S50
scanning electron microscope (SEM) from FEI, Netherlands. Figure 2 shows low and high-
resolution micrographs of the AI/HRP and Ni/HRP composite coatings. Careful inspection of
the SEM images confirms that the spraying process led to homogeneous coverage of the
primary coating surface with the metal powders. Both composite coatings exhibited rough
surface morphologies attributed to the deposition of particulate additives of the metal
powders onto the primary coating layer. Scanning electron microscopy revealed distinct
microstructural features for each formulation. For aluminium-incorporated coating, uniformly
distributed particles with sizes ranging from 10 - 50 um were observed. The nickel-
incorporated coating featured hierarchally structured clusters (~60 um in diameter) composed
of finer secondary agglomerates (1-3 um particle size). These clusters were evenly dispersed
across the coating surface, forming a homogeneous distribution of micro-scale features. The
nickel powder coating showed a unique structure of tiny, round-shaped clusters submerged in
the paint matrix. Each cluster was made of several nanoparticles that agglomerate to form
bigger particles. These clusters were attached, forming a complex rough morphology, which
is believed to assist the harvesting of the incident radiation because the surface is rich with
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many cavities that may assist the multiple internal reflections of the incident radiation rays.
Such property is essential in the photo-thermal conversion character of the coating. These
morphologies are associated with the photo-conversion efficiency of the coating. The
complex rough morphology of the coating surface increases the effective surface area with
which the incident radiation interacts, causing an increase in the photo-thermal conversion.
These features are believed to play an important role in the sought functional behaviour of the
coatings because the particles are expected to act as centres for selective absorption of the
incident electromagnetic radiation. Furthermore, the spaces and gaps between the particles
may act as trapping centres for the incident light. This may eventually enhance the absorption
of the incident solar radiation via scattering and multiple reflections [21, 22]. Furthermore,
the complex morphology with protruding asperities might be more reactive to the indirect
components of the incident radiation (i.e. the diffused radiation). The most effective situation
is when the solar radiation falls perpendicularly on the collector surface. Thus, the protruding
features (providing segments of the area not parallel to the whole coating surface) allow the
indirect radiation to fulfil the perpendicular incidence on the collector surface. This also
allows the incident radiation with the chance to penetrate deeper inside the absorbing surface.

Figure 2: The scanning electron micrographs of the composite coatings. (a-c) low and high
magnification images of AI/HRP coating. (d-f) low and high magnification images of
Ni/HRP coating.

The EDS spectra and the elemental mapping of the AI/HRP and Ni/ HRP are shown in
Figures 3 and 4, respectively. The peak height in the EDS spectrum correlates with the
concentration of the element identified. The relative height of two peaks on the same EDS
spectrum may also be used to compare the elemental concentration of the respective elements
within the material under investigation. The element concentrations are tabulated and
demonstrated below the EDS spectra. The elemental mapping of the three most occurring
elements is shown under each spectrum. Silicon, chromium and ferrite are the elements
present in the prepared coating because the primary paint (the heat-resistant black paint) is
synthesized from silicon-modified alkyd resin and chromium and ferrite-based pigments.
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Other elements are due to some contamination during specimen preparation. The elements
identified were obtained based on Mosely’s law. A comparison of the peak position of each
element identified in the EDS spectra confirms this. For example, peaks due to the presence
of silicon appear at an energy of 1.739 keV, aluminium at 1.486 keV, iron at 6.398 keV and
Nickel at 7.471 keV. The peak positions of these elements are characteristic of their
respective elements and are determined and identified from the characteristic X-ray emissions
at equivalent energies [23].

The spectral reflectance of the composite coatings was measured in the ultra-violet-visible
range (i.e. 200 — 1000 nm). All the spectra showed common or comparable characteristics of
two distinct peaks (see Figure 5). These peaks were at wavelength values at which the
intensity of the incident light signal is mostly reflected from the coating surfaces. The
intensities of the peaks and peak positions vary with the addition of different powders to the
heat-resistant paint. Also, the peak intensity and position vary depending on particle size,
oxidation state, and local environment. The area under the curves was determined to be 8.48
a.u. and 3.29 a.u. for the Al and Ni-containing coatings, respectively. As the area under the
curve increases, the coating has high reflectivity, hence low absorbance towards the incident
radiation. This behaviour will facilitate a qualitative comparison of the coatings’ absorptivity
and support the findings from total reflection measurements (Table 1). Accordingly, the
Ni/HRP coating has higher absorbance than the AI/HRP coating. For the uncoated substrate,
it is well-known that the aluminium surface is known to have high UV-Vis reflectance,
making it suitable for various optical applications. However, surface morphology and
inertness (ex., presence of an oxide layer) can affect the reflective properties of the surface.
Uncoated aluminium exhibits high reflectance across a broad spectrum. UV-Vis spectra
showed distinct peaks related to reflectance higher than 90% at 248 nm, 400 nm and 532 nm.
An unprotected oxidized aluminium surface exhibited a drop in the reflectance to about 50 —
60 % [27]. Nickel particles and their oxides show absorption features near visible
wavelengths, likely due to excitation of surface vibrations [24-26]. The reflectance peaks
around 600 nm, observed in Figure 5, align well with the known optical properties of nickel
particles. These peaks probably arise because the metal particles act as scattering centers,
enhancing light trapping and thus increasing absorption in the coating. In contrast, these
peaks were less pronounced when aluminium particles were added to the coating.

The spectral characteristics are not the only decisive parameters as far as the photo-thermal
conversion is concerned. Other factors are important, such as the surface morphology and the
presence of certain surface features that may act as multiple reflections and trapping centres
for the incident radiation. Thermal conductivity may also play an important role in the photo-
thermal conversion character of the composite coating. The photo-thermal conversion was
investigated directly by measuring the substrate temperature due to exposure to solar
radiation.
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Figure 3: The elemental analysis and elemental mapping of the AI/HRP composite coating
by EDS analyzer.
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Figure 4: The elemental analysis and elemental mapping of the Ni/HRP composite coating
by EDS analyzer.
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Figure 5: The UV-Vis reflectance spectra of the AlI/HRP(red-coloured spectrum) and
Ni/HRP(black-coloured spectrum) composite coatings.

The total reflection of the incident radiation was measured via a homemade pyrheliometer-
like setup. A detailed description of the device setup was reported by Jasim and Al-Tabbakh
[20]. The device setup allows for estimating the total reflected radiation in relation to the
incident radiation after the exclusion of the diffused radiation. The absorbance values were
then determined from the corresponding reflected intensities. Table 1 lists the absorbance of
all the substrates. The Ni/HRP showed an absorbance of 96.07% at incident radiation of 1122
w/m?; the AI/HRP coating exhibited an absorbance of 95.63%. Both composite coatings
showed enhanced absorbance compared with the HRP-coated substrate. These results agree
generally with the areas under the curve values of the UV-Vis spectra.

Table 1: The absorptivity of the composite coatings as determined from the reflected
radiation.

Coating Irradiance (W/m?) | Reflected Intensity (W/m?) | Absorbance (%)
Uncoated Al-substrate | 1186 760 35.91
HRP 1186 67 94.32
Al/HRP 1100 48 95.63
Ni/HRP 1122 44 96.07

The photo-thermal conversion of the coatings was measured using the flat-plate collector
setup. The temperature of the substrate is recorded against the time of exposure to solar
radiation. The measurement continues until a maximum temperature is reached. At this
temperature, the substrate is under thermal equilibrium. This means that the energy absorbed
by the specimen is equal to the energy lost. Figure 6 shows the photo-thermal conversion
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curves of the coatings. The substrate temperature increased rapidly immediately after
exposure to solar radiation. Then, a saturation behaviour was observed as the substrate
temperature reached its maximum value. The maximum temperatures of the substrates are
listed in Table 2. The thickness and density of the composite coatings were also determined
and tabulated. As the maximum temperature of the uncoated substrate reached 350.75 K
(77.6 °C) at 1176 W/m?, the AI/HRP and Ni/HRP coatings achieved 361.95 K (88.8 °C) and
375.5 K (102.4 °C), respectively. This might be attributed to multiple effects. Our results
showed that the Ni/HRP coating had a higher thickness and density. The Ni/HRP-coated
substrate was exposed to slightly higher irradiance. The complexity of surface morphology
plays an important role in the absorbance characteristic of the surface. The type, distribution
and concentration of the coating constituting elements are also essential in determining the
coating photo-thermal conversion capacity. The morphology and structural aspects are
expected to improve the surface's photo-thermal conversion due to the increase in multiple
reflections and enhancement of surface absorbance at a wide range of solar radiation
incidences on the coating surfaces.
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Figure 6: The photo-thermal conversion curves of the uncoated and coated substrates.

Table 2: The maximum substrate temperature

Coating Thickness (um) | Density (g/cm?) | Irradiance (W/m?) | Tiax. (°C)
Uncoated substrate | NA 2.7 1176 77.6
Al/HRP 71 0.615 1121 88.8
Ni/HRP 929 0.888 1131 102.4

The decoration of heat-resistant paint with aluminium and nickel particles enhanced the
coating’s photo-thermal conversion performance. The morphological, structural, and
compositional aspects of the composite coating decide its photo-thermal conversion
character. There are also other possibilities for the enhancement of the photo-thermal
conversion of the coating, like adding an antireflection coating layer and mixing Al and Ni
powders in an optimal ratio. Such approaches will be investigated in future work. In
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comparison with other composite coatings, as shown in Table 3, the present investigated
coatings showed greater photo-thermal conversion. Table 3 also exhibits a comparison of the
photo-thermal conversion in terms of the substrate temperature. The AI/HRP and Ni/HRP
composite coatings could lead to higher substrate temperature as compared with the CNT-
CuO nanoparticles dispersed in black paint, CuO nanoparticles in black paint and NiAl alloy
embedded in black paint. However, future research may be directed to incorporating other
materials in the composite coating, such as metal-organic frameworks and plasmonic metal
nanoparticles, which could lead to broadband solar absorption and conversion efficiency
while maintaining durability of coatings.

Table 3: Comparison of the substrate maximum temperature for different coatings.

Irradiance Tsubstrate

Coating Type (W/m?) ©C) Reference
Al/HRP 1121 101.7 Present work
Ni/HRP 1131 102.4 Present work
CNT-CuO NPs dispersed in black paint 964 84.3 [28]
CuO NPs mixed with black paint 1100 97 [29]
NiAl Alloy embedded in black paint 1000 69.7 [30]

4. Conclusions

The photo-thermal conversion of a heat-resistant paint was enhanced successfully by
adding metallic particles of aluminium and nickel powders on the top of the coating base
layer. The submerged particles resulted in complex structural and morphological features that
play a critical role in the photo-thermal conversion characteristics of the coating. This has
been attributed to the enhancement of the surface absorbance to the incident radiation and the
contribution of surface morphological features in trapping the incident radiation. The
absorbance values of the Al and Ni decorated coatings were 95.63 % and 96.07%,
respectively. The maximum temperature of the substrate was higher than the boiling
temperature of water, making these composite coatings suitable for many domestic
applications. The coating could easily be prepared and applied irrespective of the substrate
geometry. The photo-thermal conversion of the composite coating is superior to many
conventional alternatives, making it a suitable candidate for flat-plate and trough collectors.
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