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Solar thermal energy is one of the ways of using solar radiation that can be applied to meet the 
energy needs for heating. To achieve efficient photothermal conversion, selective surfaces are applied to 
solar collectors to absorb more radiation and minimize heat loss. The present work produced absorber 
surfaces from black chromium electrodeposition on stainless steel substrate, the main parameter 
evaluated was the deposition time and its effect on optical and morphological properties. In this 
sense, the techniques of characterization UV-Vis-NIR Spectroscopy, Infrared Spectroscopy, X-Ray 
Diffraction, Optical Profilometry and Thermogravimetric analysis were used. It was observed a great 
influence of the electrodeposition time in the absorptance of the films, where films with deposition 
times of  2 to 10 minutes obtained absorptances greater than 92%. The metallic Cr phase was identified 
in the films, and it is estimated that chromium oxides may have been formed in the amorphous form. 
With increasing time, the roughness oscillated due to the constant nucleation of chromium throughout 
the process. Furthermore, a 5% mass loss indicates good thermal stability of the film up to 400 °C.

Keywords: Solar thermal energy, Absorber films, Black Chromium, Electrodeposition.

1. Introduction
Despite the reductions in CO2 emissions presented 

in 2020, given the pandemic scenario and the registered 
decrease in fossil fuel demand, global emissions reached 
the highest average annual concentration in the atmosphere, 
corresponding to 412.5 parts per million1. The increase of 
CO2 levels in the atmosphere leads to an increment in Earth’s 
temperature and, consequently, to an ecological imbalance, 
thus arousing enthusiasm for clean and renewable energy 
sources2.

Among the various renewable energy sources, solar 
energy is an abundant, freely available energy source with 
high potential for small and large scale applications. Solar 
energy can be categorized into photovoltaic and solar 
thermal3. The direct conversion of solar energy into heat 
(solar thermal) can be achieved through the use of solar 
collectors. A large fraction of energy resources is nowadays 
used for heating and this energy demand can be supplied by 
solar thermal collectors4.

An efficient way to achieve photothermal conversion 
is through the use of selective absorber surfaces. These 

surfaces should have high absorptance in the spectral range 
of solar radiation and low emittance in the infrared range, 
to minimize the loss of thermal radiation and allow greater 
energy transfer to a working fluid5.

The optical efficiency of the absorber coating is given 
not only by the materials used, the number of layers and the 
morphology control, but also by the technique employed to 
produce the film. Several techniques are commonly used 
in the production of absorber coatings, such as painting, 
electrodeposition, chemical vapor deposition (CVD), 
sputtering, sol-gel and chemical oxidation6. However, due 
to the simplicity of application, low cost and high efficiency 
in photothermal conversion7, the present study was based 
on the production of absorber surfaces by electrodeposition.

Electrodeposition is one of the most widely used techniques 
in the manufacture of solar absorbers. In order to achieve the 
desired mechanical and optical properties for application in 
solar collectors it is essential to control the electrochemical 
parameters involved and understand their influence on the 
optical properties of the material8. One of the factors that 
influence the results obtained from the electrodeposition is 
the time. Several authors choose to establish fixed conditions 
(distance between electrodes, voltage, among others) and *e-mail: joao.furtado@ufpe.br
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evaluate the surfaces with various times7-11, aiming to obtain 
efficient selective surfaces.

In this paper, we evaluate the influence of the 
electrodeposition time on the optical and morphological 
properties of selective coatings on stainless steel based on 
black chromium, increasing in the analysis electrodeposition 
times higher than those discussed in the literature and based 
on some fixed parameters established.

2. Experimental Techniques

2.1. Samples preparation
An inert Pb-Sb anode (95-5%) was used to obtain the films 

by the electrodeposition technique, while the cathode used 
was the AISI 304 stainless steel substrate with dimensions 
of 20 mm x 30 mm and thickness of 3 mm. The electrolyte 
solution used for fabrication of the selective surfaces is 
black chromium and was prepared following the work 
methodology of Daryabegy and Mahmoodpoor12, whose 
composition is 274 g/l of chromium trioxide (CrO3) and 
0.854 g/l of hexafluorosilicic acid (H2SiF6).

Before the electrodeposition process of black chrome, 
the substrates were cleaned to remove any impurities. First, 
the cleaning consisted of immersing the plates in isopropyl 
alcohol for 10 minutes in an ultrasonic bath, then they were 
washed with distilled water, and once dried, the substrates 
were then prepared for the electrodeposition process.

To perform the electrodeposition, an Agilent model 
E3631A power supply was used as a current source. A voltage 
of 5 V was established based on results obtained in the 
literature8,11. In addition, the electrodes were spaced 30 mm 
apart, temperature was set at 30 ºC, and the electrodeposition 
time was varied in 9 conditions (0.5, 1, 2, 5, 10, 20, 40, 60, 
and 120 minutes).

Table 1 presents the parameters adopted in the present 
research.

The analysis was performed in triplicate for each 
electrodeposition time, totaling 27 samples, to ensure a 
level of reproducibility and confidence in the absorptance 
results of the films.

2.2. Samples characterization
The total hemispherical absorptance (α) of the solid is 

given by the mean integrated with respect to the wavelength 
direction, conformity Equation 113.

1400
,

220
1400

,
220

  

 

solar

solar

I d

I d

λ λ

λ

α λ
α

λ
=
∫
∫

	 (1)

Being Isolar,λ the spectral distribution of solar irradiance, 
αλ is the spectral solar absorptance and λ is each wavelength 
of the analyzed spectrum.

As it is an opaque material, it was possible to evaluate the 
spectral solar absorptance (αλ) of the solid from the spectral 
solar reflectance (ρλ), both are related as shown in Equation 2.

 1   λ λα ρ= − 	 (2)

In this manner the total hemispherical absorptance (α), 
also known as global absorptance, can be obtained through 
Equation 3 from reflectance measurements obtained by the 
technique of ultraviolet spectroscopy using a Shimadzu 
Spectrophotometer model UV-2600 with integration sphere 
operating in the range of 220 to 1400 nm in reflectance mode.
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To understand the composition structure of the films, 
Fourier Transform Infrared Spectroscopy was performed 
with a Spectrophotometer Shimadzu IR-Prestige 21 in 
Attenuated Total Reflectance (ATR) mode, in the range 
between 600 and 4000 cm-1 in transmittance mode.

In order to identify the microstructural composition in 
terms of crystallinity of the chromium compounds present in 
the film, X-Ray Diffraction was used in a Bruker D2‑Phaser 
diffractometer, operating with copper K𝛼 radiation, whose 
parameters were voltage and current of 30 mV and 10 mA, 
respectively, with 2θ scan between 20° and 60°, with 
0.02° step, 1 s time and 1 mm gap.

Optical Profilometry was conducted to measure the 
average roughness (Ra), the average peak (Rp) and valleys 
(Rv) of all samples analyzed. This analysis was performed 
using a Taylor Hobson non-contact CCI MP profilometer.

The samples were also submitted to Thermogravimetric 
analysis, using a Shimadzu TGA 60H thermal analyzer, 
in the temperature range up to 600 ºC, with heating rate 
of 5 ºC/min up to 100 °C and 10 ºC/min up to 600 °C. In 
order to evaluate the thermal stability of the material and to 
estimate the most suitable working temperature range for 
the selective surfaces, a nitrogen atmosphere with a flow 
rate of 50 ml/min was used.

3. Results and Discussion

3.1. UV-VIS-NIR spectroscopy
Figure 1 and Table 2 show, the optical behavior, in terms 

of absorptance, of each film produced in this work.
It can be observed from Figure 1 that the 10-minute film 

showed throughout the spectrum evaluated a higher stability 
in absorptance levels, and among the others it was the one 
with the best performance (94.65%) regarding the trapping 

Table 1. Parameters adopted.

Sample Distance Voltage Time 
(minutes)

1 0.5
2 1
3 2
4 5
5 30 mm 5 V 10
6 20
7 40
8 60
9 120
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of incident radiation, followed by the 5 and 2-minute films, 
respectively, (92.64% and 92.44%).

The shortest electrodeposition times, between 2 and 10 
minutes, provided films with high levels of absorptance, as 
according to the literature7,8,14. In the present work, it was 
evidenced that the times of 30 seconds and 1 minute for the 
parameters of 30 mm distance and 5 V produced selective 
surfaces with lower levels of absorptance, a fact that may 
have had as its main cause is the non-nucleation of chromium 
throughout the substrate, thus decreasing the performance 
of the absorbing surfaces.

In Table 2 it is observed that the selective surfaces that 
had electrodeposition time longer than 20 minutes showed 
lower standard deviation and similar global absorptances. 
However, the non-viability of such films is observed since 
the absorptance levels are not significantly higher than 
those of shorter time, and the production costs rise as the 
electrodeposition time increases.

Despite presenting a high standard deviation, 
films 3, 4 and 5 showed high levels of global absorptance, the 
10-minute film had the best performance for the conditions 
evaluated.

The graph shown in Figure  2 represents the global 
absorptance of all samples as a function of electrodeposition 
time.

When evaluating the behavior of the global absorptance of 
all samples (Figure 2), it is observed for short electrodeposition 

times (highlighted in red), a strong increase in the absorptance 
as a function of time. However, after 20 minutes, the global 
absorptance of the selective surfaces tend to stabilize between 
values of 90 to 92%, with less dispersion (variability) (see 
Table 2).

3.2. FTIR spectroscopy
Figure 3 shows the Infrared spectroscopy (FTIR) in the 

mid-infrared in terms of transmittance.
Metal oxide generally reveal absorption bands below 

1000 cm-1 due to inter-atomic vibrations15. The large bands 
are an indication of disordered structure, that is, of the nearly 
amorphous nature of the absorber surfaces. The absorption 
band at 950 cm-1 indicates the vibration of the antisymmetric 
O-Cr-O stret-ching16, while the vibrational band between 
650 and 700 cm-1 corresponds to the elongation of the Cr-O 
bond17. The identified vibrations correspond to the bonds 
resulting from the formation of chromium-based oxides. The 
band at 1600 cm-1 may be associated with -OH stretching of 
modes of the water molecule, and between 3000 cm-1 and 
3600 cm-1 with the bending modes of this same molecule18.

3.3. X-Ray diffraction
Figure 4 shows the X-Ray diffraction of the films analyzed.
As seen in Figure 4, only characteristic peaks of austenite 

phase (Fe-γ) of the stainless steel substrate (ICDD 00‑033‑0397) 

Figure 1. Absorptance spectroscopy in the UV-Vis-NIR range of 
the produced films.

Figure 2. Global absorptance of all samples. Short time samples 
highlighted.

Figure 3. FTIR Spectroscopy.

Table 2. Global absorptances of the films.

Sample Time (min)
Global 

absorptance 
(%)

Standard 
deviation (%)

1 0.5 87.87 2.73
2 1 90.88 1.98
3 2 92.44 1.32
4 5 92.64 3.45
5 10 94.65 2.85
6 20 92.00 1.01
7 40 90.89 0.21
8 60 91.17 0.25
9 120 91.07 0.31
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are evidenced in the samples deposited in the shortest times, 
from 30 seconds to 2 minutes. Due to the thin film thickness, 
the radiation interacts with the substrate and not with the 
deposited film. From the deposition time of 5 minutes, the film 
thickness is sufficient to identify the metallic chromium phase 
in the film, at the peak around 45.00° (ICDD 00-006-0694), 
results also observed in Nunes10. The Cr peak intensifies as 
the film thickness increases, which is a consequence of the 
increased electrodeposition time. In film 9 (120 minutes), the 
austenite phase disappears completely, as incident radiation 
beam only interacts with the film volume.

It is possible that chromium oxide phases are present in 
the produced films in an amorphous form, as discussed in 
Figure 3, not being identified in the diffractograms.

3.4. Optical profilometry
The optical profilometry was performed in order to 

evaluate the characteristics of the films regarding roughness. 
Through the analysis we obtained the average roughness 
of the films (Ra), as well as the average peak (Rp) and the 
average of the identified valleys (Rv), presented in Table 3 
along with the respective global absorptances.

The roughness is a fundamental characteristic in defining 
the radiation absorption capacity in the visible and near infrared 
region. Thus, it can be seen in Table 3 that the increase in 
roughness leads to an increase in absorptance until the time 
of 10 min11. For longer electrodeposition time, increasing 
Rp, Rv and Ra parameters does not increase light trapping.

Besides the best result in terms of absorptance was 
achieved by film 5, it presented high values of Rp and Rv, 
which can be identified in red in Figure 5, as peaks and 
valleys. Even with such a characteristic, it is observed in 
Figure 5 a greater uniformity of the film, compared to the 
worst film (Figure 6) that presents an irregular surface, thus 
difficulting the trapping of incident radiation. Moreover, film 
5 presented Ra within the range of interest (0.25 to 2.5 μm) 
and low average difference between peaks and valleys, thus 
obtaining high performance regarding radiation trapping.

3.5. Thermogravimetry
In order to evaluate the thermal stability of the 

produced chromium-based films, a sample was submitted 
to thermogravimetric analysis.

The weight loss is presented in Figure 7.
Figure 7 shows that the chrome-based film presents a 

good thermal stability in the temperature range of interest 
(up to 400 ºC), since there is a weight loss of approximately 

Figure 4. Diffractograms of the produced films.

Table 3. Roughness parameters.

Sample Time 
(min)

Rp 
(μm)

Rv 
(μm)

Ra 
(μm)

Absorptance 
(%)

1 0.5 0.162 0.123 0.049 87.87
2 1 0.101 0.129 0.037 90.88
3 2 0.136 0.167 0.026 92.44
4 5 0.818 0.543 0.196 92.64
5 10 2.125 1.367 0.337 94.65
6 20 0.297 0.255 0.073 92.00
7 40 6.815 5.786 0.989 90.89
8 60 7.169 7.058 1.111 91.17
9 120 11.444 9.902 1.405 91.07

Figure 5. Best absorptance result, Film 5.

Figure 6. Worst absorptance result, Film 1.
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5%. The existing weight loss can be mitigated through the 
use of another film or other components with thermal and 
mechanical properties that provide greater thermal stability 
for the solar collector6.

4. Conclusion
The vast majority of absorbent coatings produced had 

global absorptance greater than 90%, with a maximum 
reached of 94.6%, thus being able to be applied as selective 
surfaces in solar collectors.

By varying the time as a function of the deposition 
parameters adopted (30 mm distance and 5 V) the 10-minute 
time obtained the best results. In addition, it was observed 
that for the samples with short electrodeposition time, the 
increase in time tends to lead to a better production of 
efficient absorber coatings. However, after 20 minutes the 
standard deviation between the absorptance of the coatings 
produced tends to be minimal.

A crystalline phase of metallic Cr was identified in films 
of greater thickness obtained in longer deposition times, 
however there are indications that chromium oxides may 
have been formed in the amorphous form.

The roughness determined in the profilometry varied 
in an oscillatory way as a function of the increase in the 
deposition time. However, it was possible to observe that 
the sample with the highest absorptance presented greater 
uniformity and Ra value within the range of interest.

Through the thermal characterization it was observed a 
weight loss up to 400 ºC of approximately 5%, which can 
be improved by apply another film to compose the selective 
surface in order to optimize the thermal properties of the 
solar absorber, ensuring greater thermal stability and less 
optical loss, as is the case of Cermet19.
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