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Daniel Sánchez-Señorán e, Ángel Morales a 
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A B S T R A C T   

The challenging development/modification of particles to meet the requirements of thermal stability, high 
absorptance and mechanical resistance with minimal economical cost is a key point to attain for the next particle 
receivers of concentrated solar power plants. The properties of the particles influence the performance of the 
system, since the concentrated solar radiation is absorbed and stored in these solid materials. In this work, 
resulting from the studies carried out within the HORIZON 2020 COMPASsCO2 project, the deposition of black- 
coloured transition-metal oxides with spinel-like structure coatings on different particles is proven. Five different 
particles (state-of-the-art and innovative) developed by Saint-Gobain have been coated, studied and compared. 
The coating deposition was adapted to the dip-coating methodology, ensuring high and good reproducibility. The 
composition of solid particles as well as the composition of the precursor solution, the curing methodology and 
the number of deposited spinel layers demonstrate that they have a great influence on the solar absorptance 
value and the abrasion resistance. Therefore, it is essential to find the perfect balance between all these different 
parameters in order to achieve the best performance of the particles. The addition of silica nanoparticles in the 
precursor solution provides rougher layers with enhanced absorptance, up to 0.980, on newly developed par
ticles with excellent thermal stability and abrasion resistance.   

1. Introduction 

The current energy crisis and climate change have greatly inspired 
the search for alternatives to traditional fossil fuels. These alternatives 
will contribute to achieve the goal of the European Union of decar
bonising the power sector by 2050 [1] by increasing the use of more 
efficient energy conversion systems and renewable energy sources. Solar 
energy, concretely, the concentrated solar power (CSP) systems, stand 
out as indisputable candidates given their sustainability (respect for the 
environment), affordability (abundance) and reliability. During the last 
decades, increasing interest has been shown in improving current 
commercial CSP plants (390 ◦C for thermo-oil and 560 ◦C for molten 
salt) [2–6] taking into account the weakness of this technology due to 
the freezing and decomposition behaviour of the working fluid outside 
the useable temperature range. Nowadays, CSP systems based on 

particle technology are a growing field where solid particles used as 
receivers in CSP plants are potential candidates to overcome current 
working temperature limits, given their high temperature stability (close 
to 1000 ◦C) and their high flexibility in terms of the selection of tem
perature levels [5,7]. Furthermore, these solid particles are also 
preferred as a thermal storage medium, resulting in this way in a 
reduction in the complexity and costs of the system [6,8,9]. Therefore, in 
this new concept, solid particles will be responsible for absorbing 
(serving the particle medium as a solar absorber and heat transfer fluid 
(HTF)) and storing (serving as thermal energy storage (TES) material) 
[10]. In fact, since the radiation is directly absorbed by the particle re
ceivers, flux restrictions and heat transfer resistance linked to indirect 
heating across the tube walls are ruled out [4,11]. Definitely, since the 
concentrated solar radiation is absorbed in the particles, the receiver 
overall efficiency is crucially conditioned by the optical radiative 
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properties of this solid material; it is more interesting to maximise the 
solar absorptance value even though it implies an increase in the ther
mal emittance value as well. This means that a good solar material is 
whose solar absorptance is high, although its thermal emittance is high 
[12]. 

Based on the important role that solid particles play in CSP tech
nologies, it is mandatory for these solid materials to achieve several 
tempting properties such as high packing density, high heat capacity, 
resistance to high-temperature oxidation and erosion, resistance to 
sintering and agglomeration, high solar absorptance, relatively low 
thermal emittance, low cost, and wide availability [4,13]. Several 
research studies are focused on the manufacturing of suitable particles 
with the best performance [14] and environmentally friendly (from 
recycled material) [15]. 

The solid particles mainly employed in a particle receiver are 
ceramic-based materials (alumina, silica, silicon carbide, zirconia and 
proppants) [16,17]. The most used are sintered bauxite-type ceramic 
proppants [18,19]. The resistance of these materials, which correlates 
with their porosity and therefore with their density, determines the 
lifetime and the maximum closure stress [20]. Based on their density 
and strength, which are related to the alumina content, ceramic prop
pants can be categorised into three groups: lightweight ceramics (LWC) 
containing 45–50 % of alumina, intermediate density ceramics (IDC) 
enclosing 70–75 % of alumina and high density ceramics (HSC) 
composed of 80–85 % of alumina [21]. In general, proppants are strong, 
resistant to sintering under pressure, non-corrosive and have a measured 
solar weighted absorptance greater than 90 %. However, these 
bauxite-type proppants showed limited optical performance after ther
mal exposure in several studies performed [19,22,23], demonstrating 
the need to improve their surface to overcome these durability draw
backs. To achieve this goal, modification of the surface of the particles 
by applying a durable solar absorber coating is considered a promising 
solution. Spinel-type transition metal oxides are commonly used for the 
design of spectrally selective absorber coatings (SSACs) in solar energy 
conversion field. These materials present a high ability to absorb all 
incident solar radiation with minimal heat losses and their high thermal 
stability [24–30]. Few studies have been conducted on solar absorber 
coatings applied to solid particles given the novelty of the particle 
receiver concept [22,23,31]. However, in recent decades, the interest in 
improving the reliability and long-term performance stability of solar 
receivers has acquired increasing importance; resulting in several pub
lications on this matter [32–35]. Different methodologies for the depo
sition of coatings on solid particles have been proposed in previous 
researches, such as mixing particles with spinel powders by a resonant 
acoustic mixer [18] or ball milling [36]. Other authors have proposed 
the calcination of high-viscous gel containing transition metal oxides 
with a chelating agent and sand/bauxite to obtain a final spinel powder 
[37,38]. Spinels of three metals (Cu, Mn, Fe, and Cu, Cr, Mn) and of two 
metals (Mn, Fe, and Cu, Mn) have been prepared using these method
ologies. With these materials and methods, the highest solar absorptance 
value reported was 0.92 [18]. 

Within the HORIZON 2020 COMPASsCO2 project, the integration of 
the CSP particle system into highly efficient CO2 Brayton power cycles is 
pursued for electricity production. Therefore, the design, development 
and test of high-performance particles for CSP receivers are primordial 
tasks to address. In this work, the advances reached in solid particle 
materials to improve their current optical properties, high-temperature 
stability and abrasion resistance with low cost are presented. To this 
end, different kinds of particles developed by Saint-Gobain have been 
coated with new designed spinel coatings using an optimised process of 
depositing and sintering. This work provides an innovative way to apply 
coatings on particles with a methodology adapted from the dip coating 
principle, guaranteeing the simplicity, easy-scalability, reproducibility, 
flexibility and cost-effectiveness typical of this technique. The applica
tion of Cu, Mn and Co spinels on particles to increase solar absorptance 
has not been previously reported. All particles studied have been 

optically measured both in the as-received state and after coating. A 
complete study of abrasion resistance, thermal stability and character
isation by scanning electron microscopy (SEM) has been performed for 
the spinel-coated solid particle with the best optical performance. 

2. Materials and experimental methodology 

2.1. Sample preparation 

Four “state-of-the-art” (S.O.A.) particles with mesh sizes of 16/30 
(BauxLite/BL) and 30/50 (BauxLite/BL, Sintered Bauxite/SB and 
Interprop/IP) presented in SolarPACES 2021 Conference [39] and a new 
generation of solid particles (Gen3) with a size between 0.6 and 1.2 mm 
developed by Saint-Gobain were studied. They were coated with dark 
precursor solutions by chemical deposition under atmospheric condi
tions of humidity (50–60 %) and at room temperature (22 ◦C). Taking 
into account the small size of the particles, a new methodology adapted 
to the principle of dip-coating has been designed to coat them. This new 
application method consists of adding the precursor solution to 50 g of 
particles, which are located in a funnel with a paper filter, until they are 
totally covered. The precursor solution is then drained by gravity and 
the resulting coated particles are introduced into the oven at high 
temperature (600 ◦C or 1000 ◦C depending on the chosen heat treat
ment) for curing. Two different heat treatment methodologies (Method 
1 and Method 2) have been studied and compared. A maximum of five 
layers were applied to the solid particles studied, incorporating a ther
mal treatment between the deposition of each coating. The experimental 
procedure followed is schematised in Fig. 1. 

Two precursor solutions were prepared for the experiments shown in 
this manuscript: CuCoMnOx (Sol B) and SiO2/CuCoMnOx (Sol A). Both 
solutions were prepared by dissolving in absolute ethanol the precursors 
of copper nitrate (Sigma Aldrich, 98–103 %), cobalt nitrate (PRS Pan
reac, 98 %) and manganese nitrate (PRS Panreac, 98 %) in a molar ratio 
of 1:0.6:1 and adding a complexing agent and a wetting additive to 
improve film adhesion [40]. 15 % colloidal silica (Aerosil® 792) was 
incorporated into Sol A, giving an interesting roughness to the coating. 
Then, the only difference between both precursor solutions is the pres
ence (Sol A) or absence (Sol B) of silica nanoparticles, showing in both 
cases long-term stability, ensuring in this way reproducible and reliable 
absorber deposition. 

Fig. 1. Scheme of the experimental procedure followed to coat and anal
yse particles. 
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2.2. Abrasion test 

An adapted Taber oscillating abrasion tester (Model 6160) has been 
used to evaluate the effect of abrasion due to interactions between the 
particles. This equipment was originally designed to rub the sample 
under study with an abrasive agent such as sand or other compound that 
acts as abrasive [41]. As in the case of the particles, this original pro
cedure cannot be followed and the abrasive agent itself is the in
teractions between the particles, a pad with three compartments for test 
tubes has been introduced in the original device in order to test several 
samples at the same time. Three glass tubes filled with 7 mL of coated 
particles (Gen3) were subjected to the cyclic oscillating movement. The 
cycle speed applied was 100 cycles per minute, accumulating several 
cycles up to a maximum of 16,000. From time to time, the particles were 
removed and optically characterised. 

2.3. Optical and structural characterisations 

The hemispherical reflectance spectra of solid particles were 
measured by a UV-VIS-NIR PerkinElmer Lambda 950 double beam 
spectrophotometer equipped with a 150 mm Spectralon coated inte
grating sphere. The wavelength range used was from 0.3 to 2.5 μm. 
Given the challenging requirement of placing the samples in a vertical 
position for their optical measurements on the spectrophotometer, the 
measurements of the particles were based on the Montecchi window 
optical model included in the SolarPACES reflectance guideline [42]. 
For this, the particles were poured into a sample holder equipped with a 
window made of quartz glass that is a material transparent in the 
measurement range (0.3–2.5 μm). A diffuse Spectralon coupon of 10–20 
% reflectance has been used, given its similar reflectance characteristics 
to the particles measured. The reflectance was calculated according to 
the SolarPACES reflectance guideline [42] by applying Equation (1), 
which relates the reflectance and transmittance of the window and then 
calibrates the measurement with respect to the target with and without 
the window, subtracting them from the value of the sample. 

Rs =
ρw,s − ρw

τ2
w + ρw

(
ρw,s − ρw

) (1)  

where. 

Rs is the near-normal hemispherical spectral reflectance of the 
specimen (the particle layer). 
ρw,s is the overall near-normal hemispherical reflectance spectrum of 
the specimen measured at the near incidence angle θ0 through the 
window. 
ρw and τw are near-normal hemispherical reflectance and near- 
normal hemispherical transmittance spectra of the window at θ0. 

The solar-weighted hemispherical reflectance (Rs,h) was calculated 
according to the ASTM standard E903-20 procedure [43] by weighting 
the hemispherical spectral reflectance Rs (λ) with the direct AM1.5 solar 
spectrum (Gb) from ASTM G173-03 [44] between 0.3 and 2.5 μm, 
applying Equation (2). 

Rs,h =

∫ 2.5
0.3 Rs(λ) ⋅ Gb (λ)dλ

∫ 2.5
0.3 Gb (λ)dλ

(2) 

The solar-weighted hemispherical absorptance (αs) of the particle 
analysed was calculated from 1 - Rs,h. 

The thermal emittance (εT) at a selected temperature was also 
calculated following the SolarPACES reflectance guideline [42], 
applying Equation (3). IR-reflectance spectra of particles recorded from 
2.5 to 17 μm were obtained with a PerkinElmer Frontier FTIR spectro
photometer equipped with a diffuse gold-coated integrating sphere. For 
the measurements, a sample holder made of ZnSe window which is a 
material transparent to the measurement range (2–20 μm) has been used 

as well as a certified diffuse gold reference. 

Ɛs(T)=
∫ 17

2.5 [1 − Rs(λ)] Mbb (λ,T)dλ
∫ 17

2.5 M bb (λ,T)dλ
(3)  

where. 

Ɛs(T) is the thermal emittance of the sample at the selected tem
perature. 
Rs(λ) is the hemispherical spectral reflectance. 
Mbb is the emission intensity of a black body for every wavelength at 
a given temperature, calculated according to Planck’s law. 

The thermal stability of the bare and Gen3 coated particles with four 
layers of Sol A spinel solution was studied by subjecting the particles at 
1000 ◦C in a muffle furnace for up to 4000 h. Both the αs and ε900 ◦C were 
analysed before and after each ageing step. 

The surface roughness of the layers prepared from Sol A or Sol B was 
studied in samples deposited on quartz substrates (thickness of 3 mm) 
and characterised by profilometry using a Dektak 150 Surface Profiler. 
Ten linear scans of 1 mm length were carried out with a pin of 2 μm 
diameter and a load of 3 mg. The average surface roughness (Ra) was 
calculated according to ISO 4287, being the data presented in this work 
the mean value of ten measurements per sample. 

A digital microscope (Olympus DSX1000) was used to study and 
compare the morphology, aspect and colour of some selected coated 
particles. X-ray analysis of the absorber thin films was carried out with a 
Pananlytical XPERT X-ray diffraction spectrometer (XRD), where the 
crystalline phases were identified. In addition, coated particles were 
microstructurally and chemically analysed by SEM (Ultra 55, Zeiss, 
Wetzlar, Germany) and energy-dispersive spectroscopy (EDS; UltiMate, 
Oxford, Abingdon, UK); with cross-section preparation micro and 
nanoidentification. 

3. Results and discussion 

The motivation to reach the maximum αs value, setting a 95 % 
minimum desirable absorptance as a positive result, led to the study of 
the influence of several parameters on this value. These parameters 
include the type and size of particles (S.O.A. and new generation), the 
number of spinel layers applied, the method of applying these absorbing 
layers and their respective sintering heat treatments and the composi
tion of the precursor solution. The results are discussed in the next 
points. 

3.1. Physico-chemical properties of solid particles 

Four porous S.O.A particles and a new candidate of granulated par
ticles (Gen 3), developed by Saint-Gobain, were used in this work. The 
so-called S.O.A particles stem from a previous activity of Saint-Gobain 
dedicated to the development and production of proppants, and the 
new granulated particles have been developed in the frame of the 
COMPASsCO2 project, among others. The five different types of parti
cles have been characterised in the project in terms of the physico- 
chemical properties that have priority for the CSP application. Table 1 
summarises the most relevant physico-chemical characteristics and the 
economic cost per kg, in decreasing order from the highest to the lowest 
importance, of the particles tested. The data designed in green refer to 
the physico-chemical properties that meet the requirements of the target 
implemented by the project consortium, whereas the red numbers reveal 
the ones that underperform. Data for the newly developed granulated 
particle Gen 3, which has a homogeneous microstructure and is made of 
a rich content of iron oxide that comes from recycled products from the 
steel industry, are not fully included in this comparative table, as it is in 
the process of being patented by Saint-Gobain. 

Based on the data shown in Table 1, it can be seen that, depending on 
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the type of particle, these solid materials can have a variable αs, density 
(ρm) and size. One of the drawbacks of the four S.O.A. proppants studied 
is the reduction of their αs over time (as an example, the data of the 
ageing at 1000 ◦C during 500 h). On the contrary, the Gen 3 particles 
exhibit good thermal stability, withstanding the 500 h at 1000 ◦C 
without showing any alteration/loss of the αs value due to their soft
ening temperature around 1080 ◦C (Table 1). Among the S.O.A. parti
cles, and taking the target values as a reference, the BL 16/30 particles 
are the ones whose properties best fit the target specifications. 

Regarding the chemical composition of the bauxites of the proppants 
family developed by Saint-Gobain, the sintered bauxite (SB) contains the 
highest amounts of alumina and the lowest amounts of silica among the 
rest of the particles studied. Meanwhile, bauxlite (BL) is made up of the 
highest amounts of silica and the lowest amounts of alumina. Between 
these two extremes are the interprop (IP) particles, which contain the 
highest iron oxide quantity and intermediate amounts of alumina and 
silica with respect to SB and BL. These chemical variations influence the 
optical properties (αs, εT) of the particles, as can be corroborated in 
Table 1 as well as their crush resistance and thermal conductivity. The 

BL has the highest crush resistance (5 % at 69MPA) and the lowest 
thermal conductivity at high temperature (0.032 at 1000 ◦C), while the 
SB has the lowest crush resistance (0.6 % at 69MPA) and the highest 
thermal conductivity at high temperature together with IP (0.066 at 
1000 ◦C). 

3.2. Effect of depositing sequential Sol B-layers on S.O.A. Particles and 
their curing temperature 

The S.O.A. solid particles were coated with a maximum of four spinel 
layers (Sol B) and sintered following two different heat treatments 
(Method 1 and Method 2) to compare, evaluate and determine the 
optimal conditions to reach the highest αs value with minimal energy 
consumption during thermal curing. Method 1 was designed with the 
aim of minimising the economic costs by first sintering each deposited 
spinel layer at 600 ◦C for 1 h and then, once the fourth layer is sintered at 
600 ◦C, performing a subsequent heat treatment at 1000 ◦C for 2 h. 
Differently, Method 2 consisted of directly sintering each deposited 
layer at 1000 ◦C for 2 h. The reason for using these high temperatures to 

Table 1 
Physico-chemical properties of the tested particles. 
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densify the coatings comes from the high temperatures that they would 
reach in operation (1000 ◦C). In this way, the use of temperatures similar 
to those reached under working conditions will ensure the maintenance 
of the coating properties, minimising possible future diffusion problems, 
layer breakage, etc. 

The evolution of the αs value as consecutive spinel layers are 
deposited on the S.O.A. particles is displayed in Fig. 2. As can be seen, 
regardless of the heat treatment applied, higher αs values are obtained as 
the number of spinel layers deposited on the particles increases, reach
ing the maximum value with a fourth layer. However, the range of 
values is quite different between both heat treatments. The layers sin
tered at 600 ◦C presented a higher αs value than those sintered at 
1000 ◦C, since at a lower heat treatment temperature the layers are not 
as dense. Nonetheless, as the temperature increases from 600 ◦C to 
1000 ◦C, the coating is thinner and therefore the value of αs is reduced. 
By comparing the results obtained from the four-layer samples after 
sintering at 1000 ◦C with both heat treatments, it is observed that higher 
αs values were obtained with Method 2 (0.958 instead of 0.917 obtained 
in Method 1 for BL 16/30 particles, for example). One exception is the 
BL 30/50 particles whose αs value is almost the same for both heat 
treatments (0.956 vs. 0.953). 

The differences observed in the αs values in both heat treatments are 
examined in Fig. 3 where the hemispherical reflectance spectra obtained 
for the four accumulated coatings on the BL 16/30 particles are dis
played. From this graph, a minimal difference in the reflectance value in 

the range comprising 300 and 500 nm is observed. The coating sintered 
according to Method 1 presents a lower reflectance than Method 2 but 
these values are within the measurement uncertainty, which is about 1 
%. With respect to the wavelength range of 550–2500 nm, where the 
layer thickness is a determining factor, important differences can be 
appreciated, being attributed the lower reflectance values of Method 2 
to the formation of thicker layers. At this point, it is interesting to 
emphasise the risk that does not allow the layers to be sufficiently sin
tered at 600 ◦C in heat treatment 1, which can consequently cause a 
weakening of the final coating structure. This statement coincides with 
what happens in dip-coating methodology when new layers are depos
ited on top of other less dense layers. In this case, several phenomena can 
occur, such as the appearance of cracks in the layers and delamination or 
loss of thickness due to partial ruptures of the outer parts of the layers 
with less density. Definitely, Method 2 benefits the formation of a 
thicker four-layer pack and produces a smoothing of the roughness. 

Fig. 4 collects the diffraction patterns corresponding to the powder 
samples obtained from heating the precursor solution used to reproduce 
the sintering method applied to the particles. It can be seen that both 
sintering methods resulted in a slightly different absorbent structure that 
supports the differences obtained in the optical properties. Peaks well 
matched with the phases of CoO (JCPDS 00-042-1300), Co3O4 (JCPDS 
04-022-7366), MnO2 (JCPDS 04-026-2316) and CuMn2O4 (JCPDS 04- 
005-6874) appear in both spectra. However, when Method 2 is 

Fig. 2. Effect of depositing consecutive Sol B-layers on αs values on the porous 
S.O.A. Heat treatment method 1, a). Heat treatment method 2, b). 

Fig. 3. Hemispherical reflectance spectra of BL 16/30 particles coated with 
four Sol B consecutive layers and sintered by Method 1 and Method 2. 

Fig. 4. XRD spectra of precursor solution powder obtained from reproducing 
the sintering method applied on the particles. 
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applied, less sharp and less intense peaks are obtained for the MnO2 and 
CuMn2O4 phases. Nevertheless, the peaks related to the CoO phase are 
more intense and defined, indicating a higher presence of this crystalline 
compound in comparison to the Method 1. In fact, CoO is well known as 
a material with intrinsic high-absorption properties [45,46]. Similar 
structural results are obtained with samples deposited on a quartz sub
strate applying the same procedure. 

Optical microscope images of the four consecutives absorber layers 
on BL 16/30 particles sintered following both heat treatments are shown 
in Fig. 5. The different colour of the samples is clearly appreciated. 
Particles sintered by Method 1 are browner, whereas those sintered by 
Method 2 are black. This colour difference supports the results obtained 
by X-rays and by the hemispherical specular reflectance measurements. 
The blacker the sample, the more it absorbs, which increases its αs value. 

In conclusion, the higher αs value obtained with Method 2 heat 
treatment is attributed to the formation of thicker, more compact layers 
and with a higher presence of black CoO. From this comparative study 
between both heat treatments, Method 2 was selected as the optimal to 
perform the succeeding studies. In this way, all the deposited layers are 
completely sintered, seeking to ensure minimal optical ageing over time. 

Completing the results obtained from the optimum heat treatment 2, 
in Fig. 6 is displayed the hemispherical reflectance spectra of the four S. 
O.A. particles coated with four layers (Sol B). As can be seen, the shape 
of the curve is quite similar in the range between 300 and 1700 nm for 
the tested particles, being the greatest difference observed in the near-IR 
region. 

As shown in Fig. 2 b) and in relation to the heat treatment Method 2, 
all particles tested coated with four layers (Sol B) reached the 95 % 
minimum desirable αs established as a goal. A clear increase in the αs 
value is observed when going from three to four layers of spinel 
deposited. The highest αs was presented by the four coated BL 16/30 
particles (0.958). 

Since the best results were obtained with the BL 16/30 particles, 

Fig. 7 shows the graphic variation of the hemispherical reflectance from 
300 to 2500 nm with the number of layers applied to these particles. As 
can be seen, as the solid particles are coated with the additional spinel 
layer, the hemispherical reflectance spectra decrease considerably, 
implying a thicker coating and leading to an increase in the αs value. 

The BL16/30 particles coated with four layers (Sol B) and heated 
with Method 2 have been characterised by the SEM-EDX technique. 
Fig. 8 reveals a uniform layer on the surface of proppants, with a 
thickness of around 3–4 μm, which is indicated by Cu-rich purple re
gions. Since the K, L alpha values for Mn and Fe overlap, Cu is consid
ered as the most representative component for observing the coating. 
Furthermore, the typical proppant morphology comprised of main phase 
corundum (Al2O3), Fe bearing crystals and the surrounding glassy 

Fig. 5. Final aspect of Sol B-coated particles after heat treatment Method 1 a) and Method 2 b).  

Fig. 6. Hemispherical reflectance spectra of the four studied S.O.A. particles 
coated with a maximum of four spinel layers. 
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matrix were revealed, which indicates that the inner structure remained 
unaffected by the coating process. It is also worth mentioning that 
several particles were investigated and all exhibited a microstructure 
similar to that presented in Fig. 8, indicating the reproducibility of the 
coating process. 

3.3. Application of the optimised coating preparation conditions in the 
new Gen3 particle 

The latest dense granulated Gen3 particles, whose hardness and heat 
capacity are improved with respect to those of the S.O.A., were coated 
following the same experimental procedure used for proppants, i.e. 
applying a maximum of four spinel coatings and employing the heat 
treatment method 2, in order to compare it with the S.O.A. results 
(Section 3.2). As can be seen in Fig. 9, when spinel layers were applied to 
Gen3 particles, the αs value increased from 0.882 (bare particle) to 
0.950, reaching this maximum value after the deposition of the third 
layer and then decreasing to 0.948 with the fourth layer. Additionally, 
these preliminary results showed that coated Gen3 particles achieved 
slightly lower αs values than coated S.O.A. particles whose αs values 
were between 0.952 and 0.958. This lower αs value after four layers of 

Fig. 7. Variation of the hemispherical reflectance spectra with the number of 
Sol B layers on the BL 16/30 particles following heat treatment Method 2. 

Fig. 8. SEM/EDS mapping of the BL 16/30 proppant after four layers of absorber coating (Sol B) a) with the corresponding elemental mapping of: Co b), Cu c), Fe d), 
Si e) and Al f). 
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spinel applied to the Gen3 particles is linked to the surface properties of 
this new solid candidate, which is smooth, brilliant and quite dense, as 
shown the microscope pictures included in Table 1, causing the pre
cursor solution to slide more easily over the surface of the particles, 
retaining less liquid. 

3.4. Comparison between depositing different precursor solution 
compositions in Gen3 particle 

In order to increase αs values and surpass those reached by the S.O.A. 
particles, the Gen3 particles were coated with a new spinel solution 
labelled as Sol A, which provides roughness to the coatings by con
taining silica nanoparticles in its composition. The interest in adding 
roughness to the layers is to promote multiple reflexions of incident solar 
radiation in the rough structure of the coating, intensifying the solar 
absorption [47]. This phenomenon is known as wave-front discrimina
tion, and is produced when the wavelength of the incident radiation is 
equal to or less than the measured roughness of the coating surface. 
Definitely, roughness influences the solar absorption capacity of the 
coating in the region comprising the VIS and the NIR [48,49]. As a 
general trend, the increase in the roughness of the coating is accompa
nied by an increase in the αs and εT [50,51]. Fig. 10 shows the evolution 
of the αs value together with the roughness of the surface when 
consecutive spinel layers of Sol A (a) or Sol B (b) were applied to the 
substrates. The evolution of the αs value was studied in Gen3 particles, 
meanwhile, the variation of the surface roughness was analysed on 
coated quartz substrates to rule out the influence of the substrate and 
analyse the behaviour of only the coating. The results depicted in Fig. 10 
show that regardless of the spinel solution used, the increase in the 
number of spinel layers implies an increase in the αs value up to a 

maximum of four deposited layers. Furthermore, it demonstrates the 
higher absorbing ability of Sol A with which a αs value of 0.949 was 
reached by depositing only one layer of Sol A instead of four layers in the 
case of applying Sol B (Fig. 10 b)). The solar absorptance value of almost 
0.98 obtained with 4 layers of Sol A is remarkable. This drastic differ
ence lies in the nature of Sol B, which produces smooth layers with a 
slight variation in the roughness of the coated particle as the spinel 
layers accumulate and therefore to very slight increases in αs. What is 
observed for Sol B coincides with what was previously reported by 
Bergström et al. [52] i.e. for roughnesses below 150 nm, the influence of 
this physical magnitude on the αs may not be as significant [50]. This 
statement supports the results presented in this work. The greater 
roughness achieved with Sol A (>150 nm) benefits from a greater in
crease in the αs compared to Sol B, which presents a lower roughness of 
the coating. In the case of Sol A, the roughness increases considerably 
with the number of layers up to a maximum of four layers, providing 
similar roughness values with four (Ra 260 nm) and five layers (Ra 265 
nm). Regarding Sol B, between two or three coats, there is hardly any 
change in roughness, reaching the maximum roughness (Ra 137 nm) 
with four layers and losing it after the application of a fifth layer (Ra 127 
nm). According to the roughness values provided, Sol A gives place to a 
greater deviation between the measurements as more roughness is 
generated, giving rise to more pronounced error bars. 

Fig. 11 shows the profile scans of the quartz samples as the Sol A a) 
and Sol B b) consecutive layers were deposited. Sol A samples present a 
2D scan with numerous hills and valleys that are accentuated as the 
number of deposited Sol A layers increases, indicating the increase in 
roughness. On the contrary, the 2D scan profile of Sol B-coated samples 
is softer with shallow hills and valleys compared to Sol A samples. 
Despite the fact that the roughness values of Sol B-coated samples are 
lower, they also demonstrate an increase in roughness when going from 
three to four layers and a loss of roughness when going from four to five 
layers. 

In addition to the conclusions reached from the roughness data, the 
decrease in the αs once the fifth spinel layer is applied due to a reduc
tion/maintenance of the roughness is corroborated in the spectra shown 
in Fig. 12 a) and b). In both cases, the reflectance decreases with the 
number of absorber layers. This result is due to two phenomena: the 
increase in the surface roughness that leads to light scattering and ra
diation loss, and the increase in coating thickness that causes high 
infrared absorption and higher light attenuation [53]. These findings 
were in agreement with other authors who reported the effect that the 
surface roughness and coating thickness have on the absorber optical 
properties [47]. Note that the reflectance spectra of the four and 
five-layers configurations are practically the same, suggesting that the 
application of more than four layers does not improve the optical 
properties. Thus, finding the right balance between thickness and 
roughness is essential to achieve the best optical properties. This balance 
was achieved in this work by coating the Gen 3 particles with four layers 
of Sol A spinel solution; achieving the best αs value (close to 0.98) with 

Fig. 9. Variation of the αs value as absorber layers are deposited on tested 
particles following heat treatment Method 2. 

Fig. 10. Effect of both spinel composition and number of deposited layers on Gen3 particles on αz values and surface roughness (red dot curve): Sol A a), Sol B b).  
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high reproducibility between different batches. 
Besides, the effect of the composition of the solution on the Gen 3 

particles has been studied using the SEM-EDX technique, as represented 
in Fig. 13. These images correspond to four-layers configuration and 
reveal the difference in thickness and uniformity of the absorber coating 
between the two solutions used. 

By comparing these images, it can be seen that the Sol A-coated 
particles present a homogeneous spinel layer with a thickness around 
the submicron size stabilised on the surface, while the Sol B-coated 
particles show a thicker spinel layer (~25 μm) diffused also to the inner 

parts of the Gen 3 material. Furthermore, due to the difference in the 
compositions of the precursor solution, a clear difference in the 
elemental mapping of Si can be observed, as shown in Fig. 13 c) and d). 
The presence of silicon nanoparticles in the Sol A coating solution 
resulted in Si-rich regions in the coating A. 

Based on these promising results obtained with Sol A and the 
required mechanical resistance that must present coated particles, 
abrasion resistance testing of coating layers was performed. Sol A and 
sol B coated particles were tested to compare the resistance of both 
absorber solutions against abrasion. Fig. 14 shows the variation of the αs 
value as oscillating abrasion cycles accumulate in both types of coated 
Gen3, including in the inset the hemispherical reflectance spectra after 
16,000 abrasion cycles accumulated for both cases. 

An interesting opposite trend between both coatings has been 
observed from Gen3 coated particles for the first 1500 abrasion cycles. 
In the case of Sol A-coated particles, a marked decay of the αs value 
(from 0.974 to 0.969) has been noticed while, in contrast, Sol B-coated 
particles registered a considerable increase in the αs value (from 0.940 to 
0.953). The decay of the αs value of the Sol A-coated particles is 
consequence of erosion between the particles, which causes a reduction 
in the thickness of the absorber coating. In the case of Sol B-coated 
particles, a combined effect took place due, on the one hand, to the 
reduction of the film thickness and, on the other hand, to the erosion of 
the absorber film, which increases the roughness of the particles leading 
to an initial increase in the αs. In both cases, from 1500 abrasion cycles 
the loss of thickness of the absorber coating as a consequence of the 
accumulated erosion causes the αs to decrease asymptotically with the 
number of cycles. A αs value of 0.963 were reached for Sol A-coated 
particles after 16,000 abrasion cycles, while a αs value of 0.947 was 
obtained for Sol B-coated Gen3 particles. This comparative behaviour 
highlights that the particles coated with Sol A gradually lose their 
absorptance optical properties as the coating is lost due to abrasion, but 
they maintain acceptable conditions to continue perfectly operating. 

Fig. 15 shows the variation of the hemispherical reflectance spectra 
with the cumulative number of abrasion cycles for the Sol A-coated 
particles. Given the large number of spectra, only the complete spectra 
obtained in some selected numbers of abrasion cycles are plotted, 
although the absorptance values for all cycles are collected in Fig. 14. 
The hemispherical reflectance spectra shows an increase in solar 
reflectance throughout the solar wavelength range because of a reduc
tion in coating roughness and a loss of coating thickness as the abrasion 
cycles accumulate. 

The evolution of the reflectance value is shown in more detail in 
Fig. 16 where at selected wavelengths (covering the entire solar range 
up to 1800 nm to rule out noise from the measurement equipment) the 
effect of accumulated abrasion cycles on the reflectance value of the 
particles is displayed. At 400 nm, a clear decrease in the reflectance 
value is appreciated since the first 200 abrasion cycles and continues to 
decrease as the abrasion cycles accumulate as a consequence of the 
reduction of the roughness of the coating. At higher wavelength values, 

Fig. 11. Variations of the 2D profile scan as Sol A a) Sol B b) spinel layers are 
deposited on quartz samples. 

Fig. 12. Variation of the hemispherical reflectance as the spinel layers Sol A a) and Sol B b) are deposited on Gen3 particles.  
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i.e. 800, 1200, 1500 and 1800 nm, a drastic increase in the reflectance 
value is observed as the abrasion cycles accumulate as a result of the 
coating thickness loss. 

After the large number of test cycles, the αs values obtained are still 
values much higher than those presented by the uncoated Gen3 particles 
(0.882), showing the good resistance of the coating to abrasion between 
particles. After 16,000 abrasion cycles, the αs value has only dropped 
around 1.1 % (αs 0.963). This value highlights the important role that 
the coating plays in the final efficiency of this material. 

The promising results obtained for Sol A-coated Gen3 particles raised 
interest in studying their thermal stability. To this end, the uncoated and 
coated Gen3 particles were subjected to isothermal annealing at 1000 ◦C 
for a total of 4000 h. The variation of both αs and ε900◦C are shown in 
Fig. 17. As can be seen, the Gen 3 particles proved to be very stable, 
maintaining their initial optical properties at the end of the 4000 h of 
testing (αs ≈ 0.883, ε900◦C = 0.72). Regarding the coated Gen 3 particles, 

the coatings also showed good stability, without showing drastic 
degradation. Specifically, the value of αs was only reduced by 2.5 %, 
from 0.975 to 0.951, and the ε900◦C remained unchanged (ε900◦C 0.86) 
after 4000 h at 1000 ◦C. Despite the decrease in αs at the end of the 
thermal stability test, the coated particles still have an absorptance value 
greater than the uncoated particles (7.8 %). The value of αs of 0.951 at 
the end of the test still meets the desirable absorptance set as a goal at 
the beginning of the project, highlighting the good quality of the coated 
particles that can continue to operate perfectly and ensure the thermal 
efficiency of the system. Definitely, both the particles and the coatings 
manifested good thermal stability after such a long-term thermal 
exposure. 

4. Conclusions 

Five different particles (four S.O.A. and a new granulated candidate 
Gen3) developed by Saint-Gobain in the frame of the COMPASsCO2 

Fig. 13. SEM/EDS mapping of Gen3 particles with Sol A a) and Sol B b) coatings with the corresponding elemental Si mapping Sol A c) Sol B d).  

Fig. 14. Variation of the αs value with the number of abrasion cycles in Sol A 
and Sol B coated Gen3 particles. Hemispherical reflectance spectra of coated 
particles after 16,000 abrasion cycles (inset). 

Fig. 15. Variation of the hemispherical reflectance spectra of Sol A-coated 
Gen3 particles in the solar range with abrasion cycles. 
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project have been employed to study their coating deposition to modify 
and over perform their optical properties and efficiency. A new meth
odology that has been adapted to the principle of dip-coating has been 
designed and tuned. The composition of both solid particles and 

precursor solutions, the deposition of consecutive absorber layers on 
solid particles and their curing conditions showed a direct influence on 
the final αs value, thermal stability and abrasion resistance. As the 
number of layers deposited increases, up to a total of four, higher αs 
values are obtained reaching the maximum value by sintering each layer 
at 1000 ◦C for 2 h. The best αs results obtained with S.O.A. particles, 
were obtained with BL 16/30 reaching a value of 0.952, which exceeds 
the 95 % minimum desirable absorptance set by the project. The addi
tion of silica nanoparticles to the spinel precursor solution provided 
roughness to the final coating, affecting the resultant optical properties. 
Solar absorptance values up to 0.98 were achieved in the novel granu
lated particles. In addition, these samples presented an excellent thermal 
stability and good resistance to abrasion. After 4000 h of isothermal 
annealing at 1000 ◦C, the αs value was only reduced by 2.5 % presenting 
the still competent value of 0.951. With regards to the ε900◦C it remained 
unchanged (0.86). Also, the αs value has only dropped around 1.1 % (αs 
0.963) after 16,000 accumulated abrasion cycles, maintaining accept
able conditions to continue operating with high performance. Therefore, 
this work proves the possibility of depositing dark-coloured transition- 
metal oxides with spinel-like structure coatings on all the particles 
studied, achieving the best results with the novel granulated particles 
coated with spinel/silica layers, being successfully met the requirements 
of high αs, thermal stability and abrasion resistance. 
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