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Abstract.Today, even though exist a Titanium Nitride Oxide, TiNOX, a very good commercial solar absorber,
the efforts to develop new and better solar absorbers like TiNOX are continuing in several laboratories all over
the world. In this article, we used the ultrasonic spray pyrolysis technique to prepare manganese, Mn, Mn-doped
a-Fe2O3 dark thin films deposited on titanium substrates. The results of an analysis of the solar absorptance and
thermal emittance of these films are also presented here; the optical properties depend of the proportions of Mn
and iron, Fe, in the spray solution and of the deposit temperature. The best solar absorptance (0.94) and thermal
emittance (0.07) values of the films prepared at 600 °C for iron and manganese ion with concentrations of 0.0015
and 0.0035mol/l, respectively, are comparable with the optical properties of the Titanium Nitride oxide,
TiNOX, a very common commercial solar absorber used as an efficient coating for flat plate solar collectors
industry.
1 Introduction

The global demand for energy has increased over time, and
solar energy shows promise to significantly contribute to
fulfilling current annual energy world demand (630 EJ/yr).
Extensive research is actually being carried out on various
materials that would allow them to be utilized in efficient
solar-energy technology and take advantage of this energy
source on an industrial scale [1–3]. In particular, the solar
selective absorber coatings exhibit high solar absorptance
in the UV-vis region and low infrared emittance, ideal
conditions to achieve high efficiency in photo-thermal
energy conversion [2].

Our topic of research is related to solar absorber
materials, which must fulfill high standards of solar
absorptance and thermal emittance. This type of material
must also be non-toxic, abundant in nature, and stable to a
high energy flux and temperature. An example of this type
of reference material is TiNOx, which reachs a solar
absorptance of 0.95 and an emittance of the order of 0.06
[3].

The basic principle of the conversion of solar energy to
thermal occurs when solar radiation reaches the surface,
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part of it will be absorbed, thus increasing the temperature
and causing emission of infrared radiation from the surface
of the material [1]. Figure 1 shows the two significant
radiation ranges for this conversion: Solar from 0.3 to
2.5mm (part of ultraviolet, visible and near infrared) and
infrared from 2.5 to 25mm (black body spectrum). Around
200 °C there is a slight overlap of the two ranges, above
200 °C the overlap is already considered a disadvantage due
to the energy losses of the system. Formedium temperature
solar thermal applications, the working temperature of the
device is less than 100 °C [1,2], hence this phenomenon
became the subject of study from the year 1955 whenTabor
introduced the use of surfaces spectral selective for solar
collectors, considering a surface with optical properties
that will take advantage of this phenomenon [3].

Various laboratories around the world continue to seek
to obtain selective absorbent materials similar to or better
than the classic TiNOx selective coating, by means of
alternative techniques that represent an advantage in
terms of costs or as a selective solar material. In this work
we show the results, the chemical synthesis, the structural
characterization and the optical properties of a coating
based on Mn-doped iron oxide and applied on titanium
substrates. (Mn-doped Hematite a-Fe2O3), have been
prepared and used for several application, one of the most
recent was developed for Yuan et al. [4], who prepared this
monsAttribution License (https://creativecommons.org/licenses/by/4.0),
in any medium, provided the original work is properly cited.

mailto:ebc@xanum.uam.mx
https://www.edpsciences.org
https://doi.org/10.1051/rees/2021003
https://www.rees-journal.org
https://creativecommons.org/licenses/by/4.0


Fig. 1. Solar hemispherical spectral irradiance for AM1.5 (zenith
angle 48.19°). Taken from the terrestrial reference spectrum for
the American Society’s photovoltaic technology performance
evaluation.
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system through the combination of laser ablation in liquid
and hydrothermal treatment techniques, obtaining faceted
Mn-doped a-Fe2O3 nanocrystals (NCs). Electrochemical
stripping tests revealed that this compound show a facet-
dependent adsorption ability toward Pb(II), Cd(II) and Hg
(II) heavy-metal ions, which could be very useful technique
to clean environment.

It must be recognized that in the most specialized
laboratories in the synthesis of selective material, this type
of research is still continued with different materials and
different preparation techniques to try to equalize the
properties of TiNOx or reduce its manufacturing costs. An
example of these efforts is the development of selective
material based on multi-walled carbon nanotube
(MWCNT) solar absorbers on aluminum substrates that
have been prepared by electrophoresis [5]. The MWCNT
absorbers exhibit a good spectral selectivity over the visible
and infrared wavelengths. However, to further enhance the
solar absorption, an anti-reflection coating made from
porous silica was spin-coated on top of MWCNT solar
absorbers.

In this case, theMn-doped a-Fe2O3 system, synthesized
and prepared by means of the ultrasonic spray technique,
which provides very thin coatings, less than one micron,
compact and of low roughness, which leads to obtainment
of dark materials with good solar optical properties. These
materials, could be absorber materials with potentially
similar properties to TiNOx. Hematite is an n-type
semiconductor with a closed-package hexagonal crystal
structure, having a high corrosion resistance and a cheap
manufacturing cost [6]. This material has a band gap of
2.2 eV located in the visible region of the solar spectrum,
allowing the material, at least, to take advantage of almost
the half of the incident solar radiation. As reported in [7],
iron oxide’s properties can be altered varying certain
parameters, such as extrinsic defects and/or doping.
Another advantage of this material is the diversity of
preparation methods to synthesize Fe2O3. Several techni-
ques, such as sputtering [8], sol-gel [9,10], spray pyrolysis
[11,12], electrodeposition [13], hydrothermal technique
[14], and pulsed laser evaporation [15], have been useful for
this purpose.

A previous study has shown that Mn is an excellent
option for doping Fe2O3 [16] Due to its position in the
periodic table, the atomic radii of the Fe3+ and Mn2+ ions
are similar to each other, implying that there will be no
significant distortion of the host lattice. Solutions including
these two ions would obey the Hume-Rothery Rules [17].
On the other hand, recent reports show that Mn is an
excellent solar absorber because it maximizes the absorp-
tion of UV-VIS radiation [18]. In other example, it is
essential to know the UV-Vis excitation bands in the
emission properties of Mn2+ [19]. The excited states can be
quadruplets and doublets of the Mn associated with
prohibited transitions of spin [20].

Various physical and chemical techniques to obtain
Mn-doped a-Fe2O3 films have been developed. In particu-
lar, the ultrasonic spray pyrolysis is a physicochemical
technique, Figure 2 which uses precursor salts in a solution
in order to deposit thin films on substrates [21]. It is stands
out from others because it does not require expensive
accessories or a specific atmosphere to synthesize the
materials. One of the main advantage of the ultrasonic
spray pyrolysis are that the end material is obtained in film
form with high adhesion, chemical stability that yield
higher-density, mono and multilayer films. This technique,
Figure 2. has proved successful in obtaining materials used
in solar cells and semiconductors [22,23], and now we
propose its application in fabrication of solar selective
coatings, that requires a little more thicker films with a
surface roughness similar to the wavelength solar incident.

Today, there is a paucity of published reports on how to
obtain Mn-doped hematite (a-Fe2O3) films for use as solar
absorber. Previous research on this topic suggests that
these materials could be excellent coatings to be utilized as
good solar selective absorbers [2,3].

The purpose of this work is related to develop of a solar
absorber materials, which must fulfill high standards of
solar absorptance and thermal emittance. This type of
material must also be non-toxic, abundant in nature, and
stable to a high energy flux and temperature. An example
of this type of solar reference material is TiNOx, which
reachs a solar absorptance of 0.95 and an emittance of the
order of 0.06. Our main objective is prepare and evaluate a
solar absorber thin film of Mn-doped a-Fe2O3 and on
titanium substrate synthesized by the ultrasonic spray
pyrolysis technique, having similar optical properties that
the reference material. We describe the preparation
method, the X-ray diffraction analysis, XRD, the solar
optical properties and also the surface profile studies that
tell us about thin film thickness and its surface roughness.
2 Material and methods

The substrates used for depositing the film material
through the pyrolytic reaction were high purity titanium
sheets (99.9%) cut into 2� 2 cm2 samples. The substrates



Fig. 2. Mains elements of the ultrasonic spray pyrolysis technique used to prepare thin films this work.
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were washed with water and detergent, dried in ethanol
and then washed again by immersion in hot acetone to
remove any fat residues on the surface.

The precursor salts to obtain the iron oxide, Fe2O3 films
contaminated with manganese were iron nitrate, Fe
(NO3)3.6H2O (Meyer 97%) and manganese chloride,
MnCl2.4H2O (Tecsiquim 98%). They were dissolved in
deionized water at different concentrations. Subsequently,
appropriate volumes of the precursors were poured to
obtain 100ml of the solution to be spray. We sprayed the
solution for 15min at a flow of 5 L/min, using dry air as the
carrying gas. The titanium sheets were placed on a tin bed,
and the material was immediately deposited. The deposits
were made inside an air hood for allow that the products in
gas phase evacuate and not interfere with the reaction. We
found that this procedure is superior to others described in
the literature, makingmore efficient deposits and obtaining
improve optical responses in the prepared black coating
material.

After each sample was obtained, it was then subjected
to a heat treatment for two hours to stabilize the phase.
The coatings were heated from 350 °C up to 600 °C, at 50 °C
intervals, by using a Thermolyne electrical oven.

Subsequently, we analyzed the structural, optical, and
morphological characteristics. A Varian Cary 5E UV-VIS
spectrophotometer with an integration sphere to measure
the spectral total reflectance spectra of the samples, was
used. This measurement was utilized to calculate the total
solar absorptance of the samples (by means the integration
of the reflectance spectrum in the solar range, Eq. (1)). To
determine the thermal emittance coefficient, we evaluate
an arithmetic average of the difference (100%-spectral
reflectance %) in the infrared region, equation (2). These
spectra were measured with an IR spectrophotometer with
FTIR Fourier transform from Thermo Scientific, model
IS50 FT-IR. Theoretically solar absorptance is defined as
the fraction between absorbed radiation and incident solar
radiation emulated from the spectrophotometer incident
film. It was calculated according to equation (1), where l is
wavelength, R(l) reflectance and Is (l) solar normal
irradiance.

aS ¼

Z 2:5

0:3

IS lð Þ 1�R lð Þð Þdl
Z 2:5

0:3

Is lð Þdl
ð1Þ

The thermal emittance is a ratio between a radiation
emitted by the surface and the radiation that a black body
at the same temperature emit, which is presented as:

eT ¼

Z 25

2:5

E l;Tð Þ 1�R lð Þð Þdl
Z 25

2:5

E l;Tð Þdl
ð2Þ

where E (l, T) is the spectrum of the radiation of a
blackbody at temperature T [4].

For the surface profilometry analysis, a Stylus
profilometer Bruker Dektak XT sweep an area around of
1000 mm2, was used. The analysis for the structural
characterization of the samples were measured using a
Bruker D8 Advance X-ray diffractometer. Reitveld type
crystalline refinement, using the Topas software, was
used to describe the samples’ structural characteristics.
Measurements of TiNOx’s optical properties, as reference
material, was perform on a sample of this commercial
material on glass, which is the material used in the
manufacture of the evacuated tubes of commercial solar
collectors.
3 Results and discussion

3.1 Films preparations

The experimental process consisted of preparing deposits of
Mn-doped a-Fe2O3 on titanium substrates, for different



Table 1. Color, appearance, film thickness and optical properties of samples prepared at different temperatures with
0.0015 and 0.0035mol/l concentrations of Fe and Mn, respectively.

Sample Preparation
temperature (°C)

Color and
homogeneity

Film thickness,
in microns

Solar absorptance
and emittance

(a) 350 Reddish, uniform 1.011 0.75; 0.03
(b) 400 Reddish, uniform 0.749 0.76; 0.04
(c) 450 Reddish, uniform 1.170 0.89; 0.05
(d) 500 Dark reddish, uniform 1.008 0.78; 05
(e) 600 Black, uniform 0.450 0.94; 0.07

Table 2. Ssolar absorptance values of Mn-doped a�Fe2O3 films deposited on titanium substrate at 600 °C by ultrasonic
spray pyrolysis, as a function of the concentrationof Fe and Mn.

Sample [Fe] mol/lt [Mn] mol/lt Solar absorptance

(a) 0.0015 0.0035 0.943
(b) 0.025 0.0025 0.771
(c) 0.02 0.003 0.697
(d) 0.015 0.0035 0.755
(e) 0.01 0.004 0.692
(f) 0.05 0.0045 0.722
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concentrations of Fe and Mn ions in the spray solution and
heated at different temperatures. The resulting films
exhibit a good color, uniformity and the best solar optical
properties. The pyrolysis chemical reaction of the precursor
substances at temperatures greater than 350 °C could be
proposed as:

FeðNO3Þ3:6H2OþMnCl2:4H2O �����→H2O
a�Fe2O3 : Mn

þHClþ HNO3 þH2O

where, as result of the thermal decomposition, Mn-doped
a-Fe2O3 is obtained as well as the products HCl, HNO3 and
H2O in gas phase.

Initially, a visual practical test to understand better
how different preparation temperatures modify the
appearance of deposit for fixed concentrations of Fe and
Mn was realized. Also, the roughness and solar optical
properties of the films for fixed concentrations of Fe andMn
at 0.0015 and 0.0035mol/l, respectively are showed in
Table 1.

The best samples with a dark color and homogeneous
finish were yield at 600 °C. The sample thicknesses exhibit a
maximum at 450 °C and tends to decrease as a function of
the increasing temperature, reaching a thin film thickness
around one half micron for a temperature of 600 °C, as
shown in Table 1.

3.2 Spectral reflectance results

For each of these samples (Tab. 1), spectral reflectance
measurements were carried out to determine the value of
the optical properties: solar absorptance and thermal
emittance. After obtaining these values, they were
compared with each other to find the temperature that
optimizes the best optical properties. Analyzing and
observing the samples’ finishes showed that 600 °C is the
temperature that offer the best optical properties (high
absorbance and low emittance).

Once this parameter was established, another variation
was made, this time in the different molar compositions of
the solution to be deposited on the substrates, in order to
investigate the best composition to optimize the optical
properties. Table 2 shows the values of the absorptance
estimated in the solar spectrum for different concentrations
of the precursor salts. Figure 3 shows the spectral
reflectance behaviors for some representative thin films
of Mn-doped a-Fe2O3 on titanium substrates samples
deposited at 600 °C related to the concentrations indicated
in Table 2.

The experiments described above were carried out at
600 °C, and the variations of the Fe and Mn ions were the
variable modified, according to the Table 2. We highlight
that sample (a) yielded the highest value of solar
absorptance (94%), at levels comparable to the commercial
one, TiNOx [4]. The other samples from (b) to (f) present
that parameter below 80%, and are therefore not viable for
possible commercial applications.

Figure 4 shows the reflectance of the sample prepared
with 0.0015 and 0.0035mol/l concentrations of Fe and Mn,
respectively, at 450 y 600 °C. The results suggest that the
preparation temperatures modify the optical properties
trough the spectral reflectance in the uV-Vis-NIR region.
We also compared TiNOx and Mn-doped a-Fe2O3 using
the concentration associated to the sample a), in Table 2.
A deviation around of 3%was found between the absorptance



Fig. 3. Spectral reflectance in the solar spectrum, for represen-
tative samples prepared at different concentrations of Fe andMn,
mol/l, respectively (a) 0.0015:0.0035, (b) 0.02:0.003, (c) 0.015:0.0035.
Samples heat-treated at 600 °C in air atmosphere.

Fig. 4. Total spectral reflectance (%) in the entire solar and IR
spectral region for (a) commercial TiNOxsample and (b) and
(c) some of our representative samples, which let us evaluate
optical properties.

Table 3. Diffraction planes for Ti, according to the PDF
standards used to define peaks.

Angle (°) Diffraction planes Crystal size (A)

35.09 (100) 815.1
38.42 (002) 844.3
40.17 (101) 1599.4
53.00 (102) 835.6
62.94 (110) 533.6
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values of the material obtained employing the ultrasonic
spray pyrolysis technique and the commercial TiNOx
absorber. This low deviation demonstrates that spray
pyrolysis is an excellent procedure for obtaining solar
absorbers. Also, the experimentally-obtained emittance
values shown in Table 2 are comparable to those reported
for the TiNOx absorber.

The uncertainty of a digital measuring device is the
resolution, that is, the smallest subdivision given on the
reflectance measuring device, that in our case reach 0.01%
of the reflectance value. That led us to have a low uncertainty
in the solar optical properties evaluation this work.

Our results are interesting: pyrolytic spray technique
yields a homogeneous and stable film of the material and
the values of solar absorptance and the thermal emittance
are comparable with the commercial material TiNOx. The
ultrasonic spray pyrolysis reaction process is an example of
a chemical vapor deposition (CVD); this deposition
method’s principal advantage is that it provides a
homogeneous deposit on the titanium substrate. The
homogeneity provided by the ultrasonic pyrolytic spray
technique is essential for Mn-doped a-Fe2O3 to be used as a
solar coating with potentially commercial range in solar
collectors.

As noted above, the material studied in this work is
comparable with the commercial absorber TiNOx in terms
of the similarly optical properties for the photo-thermal
conversion. As mentioned in the beginning, Mn-doped
a-Fe2O3 has been obtained by simple techniques; however,
the solar optical properties values were slightly deficient
compared with the TiNOx ones. The technique used here
lead to optical good quality of the absorber films; therefore
these new materials may be used to manufacture solar
panels for finned tube solar collectors, probably at less cost
that the required to obtain TiNOx.

3.3 XRD and rietveld results

Figure 5 shows the X-ray diffraction pattern for the
optimized Mn-doped a-Fe2O3/Ti sample prepared to
different temperatures. The diffraction pattern at 350 °C
is clearly defined; as the temperature increases, the
intensities of the peaks increase as a direct consequence
of higher crystallization of Mn-doped aFe2O3.

It was found that the hematite phase was kept in all
samples, and the only change that occurred was that the
peaks of x-ray diffraction became more pronounced
increasing the temperature. This sharpening of the peaks
explains a high level of crystallinity, which is congruent
given the fact that an increase in temperature brings about
better crystalline ordering, and therefore more pronounced
peaks. The thermal treatment of the prepared material, let
to the thin film increase its density and improves their
optical properties. Tables 3 and 4 show the values of the
diffraction peaks and crystal size for titanium as substrate
and hematite as the absorber phase.
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ARietveld analysis using data from the difractogram in
Figure 5 at concentrations of Fe and Mn of 0.0015 and
0.0035mol/lt, respectively was carried out. The experi-
mental data is in agreement with theoretical projections, as
shown in the curve adjustment Figure 6.
Table 4. Diffraction planes for hematite.

Angle (°) Diffraction planes Crystal size (A)

24.29 (012) 653.4
33.15 (104) 797.4
35.61 (110) 527.9
49.47 (024) 637.4
54.08 (116) 810.8

Fig. 5. X-ray diffractogramof Mn doped Fe2O3/Ti samplesat
different temperatures.

Fig. 7. Surface roughness of Fe2O3: Mn, (a) 4
Figure 7 corresponds, to samples prepared with the
concentrations of Fe and Mn that optimize the solar
absorptance. The analysis of the roughness was performed
to understand the material’s texture changes as tempera-
ture increases. In fact, as the temperature treatment
increases, the surface roughness decrease significantly,
probably by the increase in the material density.

4 Conclusions

This work shows that the ultrasonic spray pyrolysis
technique is suitable for depositing thin films solar absorber
of Mn-doped a-Fe2O3 on titanium substrate. The molar
concentration of Fe and Mn to obtain thin films having
Fig. 6. Rietveld adjustment forMn doped Fe2O3 for a solution
concentration of Fe in 0.0015mol/lt and Mn in 0.0035mol/lt
deposited on titanium plates.

50 °C (0.117mm) and (b) 600 °C (0.045mm).
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high solar absorptance (0.94) and low thermal emittance
(0.07) was 0.0015 and 0.0035mol/l, respectively. The
optical properties values for the thin films are close to those
of the reference TiNOx, which is used commercially as an
absorber coating.

X-ray diffraction analysis indicates that our technique
guarantees reach the hematite phase, a fundamental
element for strong optical absorption. The Rietveld
refinement confirms that the titanium phase, as well as
the hematite phase, are present. Therefore, the optical
properties response seems to be due to the contribution of
the total chemical phases present in the surface, measured
by XRD analysis.

Concerning the optical properties, the reflectance
spectra measured and shown in this work allow us to
appreciate the potential good solar absorber selectivity of
Mn-doped a-Fe2O3. The relatively simple technique can be
considered as an option for the production of this material
to deposit in large areas, as is required by manufacturers of
solar collectors.
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