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Abstract: In this work, the possibility of incorporating TiO2 titanium dioxide particles derived from
the recycling process of photovoltaic panels into PEO coatings was investigated. These particles
constitute the main filler of the polymer constituting the rear part of the panels, and are characterized
by possessing photocatalytic properties. The particles were added in different quantities to the
electrolyte (a basic solution containing sodium silicate). The incorporation into the PEO coating
produced on an aluminum alloy 1050, and the possibility of conferring photocatalytic properties to
the surface of the samples were studied. The different samples were first characterized by optical
microscope analysis, SEM and XRD and from the point of view of corrosion resistance by means of
potentiodynamic tests. The photocatalytic properties of the samples were evaluated by monitoring
the degradation of aqueous solutions of methylene blue exposed to a UV lamp. The particles have
been successfully incorporated into the coating, and their presence does not alter the corrosion
properties, which are improved compared to the uncoated sample. The particles, initially composed
of a mixture of rutile and anatase, are instead transformed into rutile after incorporation due to the
locally very high temperatures that can occur during the PEO process. In the samples obtained with
higher quantities of titanium dioxide particles (60 and 80 g/L), a significant photocatalytic effect is
observed with a significant reduction of methylene blue.

Keywords: plasma electrolytic oxidation; aluminum alloys; titanium oxide; photocatalytic; corrosion;
circular economy

1. Introduction

The Plasma Electrolytic Oxidation (PEO) process is a surface treatment conceptually
similar to the conventional anodizing process, but in which different electrolytes are used
(neutral-basic alkaline instead of acid) and higher voltages and currents are employed [1,2].

Key to the process are the anodic micro-discharges formed over the metal surface,
due to the fact that the potential is higher than the dielectric breakdown. These discharges
produce the formation of the discharge channels (that after will partially result in pores
in the final coating) and permit growth on an oxide ceramic film constituted not only by
the oxide of the substrate but also by compounds coming from the electrolyte that remain
trapped in the discharge channels [3]. This, together with the extremely rapid melting
and re-solidification process that produces the formation of amorphous and nanocrys-
talline phases, permits the obtaining of coatings with improved corrosion and tribological
properties in comparison with the ones obtained through traditional anodizing [4].

Some of the main characteristics of the coatings obtained with PEO are the high
porosity of the outermost layer and the possibility of incorporating particles or compounds
dispersed within the electrolyte directly into the coating, thus functionalizing the metal
surface accordingly [5].
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Considering the incorporation of particles suspended into the electrolyte, O’Hara
et al. [6] recently demonstrated that the main mechanism of incorporation is the sweeping
of suspended particulate into active discharge sites immediately after plasma collapse.
Hence, the particles are trapped in the discharge channels; the incorporation could occur
due to inert or reactive incorporation, depending by the chemical nature of the particles.
Particles with a high melting point are incorporated inertly into the PEO layer. Particles
with a low melting point are instead reactively incorporated into the coating due to a rapid
melting/solidification process, forming generally amorphous phases that can significantly
modify the corrosion performance of the coating [7].

Clearly the type of compound/particles incorporated determines the particular func-
tional property of the surface: inhibitors to improve the corrosion properties [8]; com-
pounds to increase the biocompatibility of the surfaces [9], hard particles to improve the
wear properties [10]; and photocatalytic compounds to confer this property to the surface.

The study of the photocatalysis and the production of photocatalytic surfaces has
attracted increasing interest in recent years, due to the key role that photocatalytic com-
pounds can play in the reduction of pollution and of energy consumption, which are among
the problems of the 21st century [11–15].

In particular, an often-employed compound that is characterized by photocatalytic
properties is titanium dioxide, in particular in the form of anatase [16–18]. In fact, TiO2
properties depend strongly on the particle size, crystal structure, morphology and crys-
tallinity, and TiO2-based coatings can be employed for a wide range of applications, from
protection or corrosion to optical properties passing through the photocatalytic activity,
depending by the crystalline form employed [19–22].

The possibility of conferring photocatalytic properties on PEO coatings was already
quite widely studied in the literature and in particular a lot of works are based on the
photocatalytic properties of titanium dioxide. Stojadinovic et al. [23] prepared TiO2:Eu3+

coatings by plasma electrolytic oxidation (PEO) in an electrolyte containing Eu2O3 powder
using titanium as substrate, obtaining good photocatalytic activity. Lin et al. [24] produced
highly photocatalytic TiO2-containing coatings over flexible Ti foils using phosphate-based
electrolyte. Lu et al. [25] achieved photocatalytic activity of PEO coatings produced on
magnesium alloy substrate via the introduction of anatase (TiO2 particles) to the treat-
ment bath. They found that the photocatalytic performance of the coating is primarily
related to the anatase content on the coating surface, and can be modified by varying
the process parameters. Considering aluminum alloy substrate, Tadic et al. [26] reported
the rapid deposition of TiO2 nanoparticles on aluminum by plasma electrolytic oxidation
in a Na2SiO3·5H2O water-based electrolyte with the addition of TiO2 nanoparticles and
Na2WO4·2H2O, obtaining notable photocatalytic activity for the photodecomposition of
MO (Metil-Orange).

In all the works carried out in the literature, in order to confer photocatalytic properties
to the coatings, expensive compounds were added into the electrolyte. In this work, and, to
the best of our knowledge, for the first time, titanium dioxide powders were recovered from
waste and after employed to functionalize PEO coatings produced on aluminum alloys. In
detail, the aim of this study was to analyze the possibility of incorporating titanium dioxide
particles, obtained from the recovery process of end-of-life solar panels into PEO coatings
produced on 1050AA.

The particles, in an idea of circular economy, were recovered from End-of-Life (EoL)
Photovoltaic (PV) panels and incorporated into PEO coatings with the aim of conferring
photocatalytic properties to the coated surface. In fact, in order to block ultraviolet (UV)
from the back side and redirect reflected sunlight (albedo) from the front side of a PV
module, white pigments such as titanium dioxide (TiO2) and barium sulfate (BaSO4) are
widely used in back sheet layers to modify the optical properties of polymeric layers [27,28].

The particles, in detail, were recovered from the back sheets of the EoL PV panels
through a process performed in a pilot plant dedicated to PV recycling, which is described
by Cerchier et al. [29]. As we will discuss in the manuscript, the particles are initially
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composed of a mixture of rutile and anatase, and they turn into a unique rutile phase after
PEO incorporation.

The photocatalytic properties of the recovered particles were, therefore, first verified
themselves and subsequently those of the particles-containing coatings were analyzed. De-
spite the crystalline transformation, it was observed that the photocatalytic properties of the
coatings are strongly dependent on the quantity of incorporated particles. For high contents
of incorporated particles, the coated surface possesses acceptable photocatalytic properties
even if the temperatures reached during the PEO process led to the transformation of
anatase into rutile and, therefore, to the loss of part of the photocatalytic capacity.

2. Materials and Methods
2.1. Coatings Preparation

The 1050 aluminum alloy samples (nominal composition reported in Table 1) were
used as substrate for PEO coatings.

Table 1. Chemical composition of 1050AA (wt%).

Al% Si% Fe%

99.5 0.25 0.25

The samples, before the PEO treatment, were polished with standard metallographic
technique using a grinding step with abrasive papers (500, 800, 1200 and 4000 grit) and
a polishing step with cloths and diamond suspensions (6 µm and 1 µm). The samples
were then degreased using acetone in ultrasound. Polishing was performed to obtain
uniform superficial conditions between the samples before PEO treatment. PEO coatings
were produced using a TDK-Lambda DC power supply of 400 V/8 A capacity working
in galvanostatic mode at the fixed current density of 0.5 A/cm2. The treatments were
performed in pulsed current mode, with a frequency of 20 Hz and a duty cycle of 50%,
obtained with a proper relay. All the samples were treated for 4 min.

During the treatments, the substrate working as anode and the cathode was a carbon
steel mesh. An aqueous alkaline solution containing 25 g/L of Na2SiO3 and 2.5 g/L of
NaOH was employed as an electrolyte to produce the standard PEO samples.

The effect of different quantities (5, 10, 20, 40, 60 or 80 g/L) of recovered titanium
dioxide particles on the microstructure, corrosion and photocatalytic properties of the
coatings was studied. Additionally, a sample without particles (0 g/L) was produced and
characterized as a comparison for all the properties. The titanium dioxide particles were
maintained in suspension through magnetic stirring.

The photocatalytic activity of the powders was preliminary tested (see Figure S1,
Supporting Information) to prove potential application in dye degradation.

The particles were recovered from the back sheets of a uniform batch of EoL PV
panels, in order to be sure that only TiO2 was contained in the back sheet (thereby avoiding
excessive contamination of BaSO4 powder).

According to the recycling process described by Cerchier et al. [29], the PV panels
were subjected to incineration at high temperature (>450 ◦C) that was performed in a
dedicated furnace designed and constructed by the University of Padova in the framework
of the ReSiELP research project. The performed process eliminated the EVA encapsulant,
which keeps together the different layers of which the panels are made, thus allowing the
separation of the materials contained in the PV modules. During this process, the polymeric
back sheets of the PV panels were also incinerated, releasing the TiO2 powder contained
inside them.

After heating treatment and cooling of the treated material, this powder was sucked
up using an ash vacuum cleaner. The powder was then sieved with 1 mm mesh to re-
move any residues of glass or photovoltaic cells accidentally aspirated. The resulting
particles, as can be observed from SEM observation in Figure 1, were characterized by
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sub-micrometric dimensions and spherical shape. XRD analysis performed on the particles
(Figure 2) evidence the presence of titanium dioxide, both in the forms of rutile and anatase,
but also other compounds such as barium sulphate, silicon and silicon oxide are present, as
can be predicted due to the fact that the particles are recovered from PV wastes.
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The electrolyte with the particles dispersed was also maintained at ambient tempera-
ture by a thermostatic bath and magnetic stirred. After the treatment, the samples were
washed with deionized water and dried with compressed air.
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2.2. Coatings Characterization

PEO treated samples were cut along the cross section, mounted in epoxy resin and
polished. A Cambridge Stereoscan 440 scanning electron microscope (Leica Microsystem
S.r.l., Milan, Italy) equipped with a Philips PV9800 EDS (Leica Microsystem S.r.l., Milan,
Italy), was used to analyze both the surface and the cross section of the samples in order to
evaluate composition, thickness, adhesion and microstructure of the coatings.

Phase composition of the coatings was performed with a Siemens D500 X-ray diffrac-
tometer (Siemens, Munich, Germany) with a nickel-filtered Cu-Kα radiation source
(λ = 0.15405 nm), operating at 40 kV and 30 mA. Identification of the phases was per-
formed with the PDF-2 database.

Photocatalytic tests were performed in a glass beaker using methylene blue (MB,
15 mg/L in water, 50 mL) as a model compound [30,31]. Before experiments, the initial
absorbance of the solution was measured using a UV–vis spectrophotometer Jasco V570,
(JASCO EUROPE S.R.L, Lecco, Italy) between 350 and 850 nm. We verified the adsorption
activity of the samples by leaving them in the dark for 30 min before irradiation. The
samples were then perpendicularly irradiated for 60 min with a UV lamp LC5 Hamamatsu,
10 mW/cm2, (Hamamatsu Corporation, Bridgewater, New Jersey, USA). After a given
amount of time, a 3 mL MB test portion was taken out of the beaker and the change in
absorbance was measured at 664 nm. After each measurement, the probe solution was
returned to the photocatalytic reactor. Before photocatalysis measurements, the MB solution
was tested for photolysis in the absence of the photocatalyst to examine its stability. The
degradation efficiency χ was obtained from the following Equation (1):

χ =
C0 − Ct

C0
∗ 100 (1)

where C0 is the initial concentration of MB, and Ct is the concentration at a given time t [26].
The degradation rate constant k was also calculated from Equation (2):

ln (C0/Ct) = kt (2)

where k is the apparent first-order rate constant and t is the illumination time [32].
Additionally, corrosion performances of the samples and the effect of the presence

of the titanium dioxide particles were briefly performed by means of potentio-dynamic
polarization (PDP) tests. These preliminary tests were performed with comparative pur-
poses in order to understand whether the presence of the particles can modify the corrosion
behavior in comparison with the sample PEO treated without particles and with the un-
treated sample. An AMEL 2549 Potentiostat (Amel Electrochemistry S.r.l., Milan, Italy), was
employed for PDP tests that were performed in a solution 0.1 M Na2SO4 and 0.05 M NaCl,
to simulate a moderate aggressive environment containing both sulphates and chlorides.
A saturated calomel electrode was used as a reference electrode (SCE) and a platinum
electrode as a counter electrode. The tests were performed after 30 min of OCP stabilization
with a scan rate of 0.5 mV s−1 in a potential range from -1.5 to -0.8 V. Every measure was
repeated three times in order to assure the reproducibility of the test. Additionally, an
untreated sample and a sample PEO treated without particles were tested as a comparison.

Finally, we measured the static water contact angle (WCA) of the samples by the
ses-sile-drop method using a home-made set-up consisting of a DCC1545M CMOS sensor
camera (Thorlabs GmbH®, Bergkirchen, Germany) and MVL7000 sensor lens (Thorlabs
GmbH®, Bergkirchen, Germany) and a dispensing microfluidic syringe. An average of
3 points was measured.

3. Results
3.1. Microstructural Characterization

A first visual inspection of the samples, reported in Figure 3, evidenced that the
recovered titanium dioxide particles produce the formation of black zones on the surface
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of the sample, in comparison with the one produced without the addition of particles
(Figure 3a). The number of black zones increased with the increase of particle content.
Additionally, the uniformity in the distribution of the particles increased with the number
of particles. In fact, in the samples 5, 10 and 20 g/L a strong disuniformity in particle
distribution can be noted, whereas in the samples 40, 60 and 80 g/L almost the whole
surface is covered with particles (except for the zone in the right-bottom, probably due to
the flow of the particles due to magnetic stirring).
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The samples show a hydrophilic behavior, with an average water contact angle of 26◦

for the 0 g/L. The addition of the nanoparticles decreases the WCA up to 15◦–10◦ for the 40,
60 and 80 g/L compositions, while a higher variability of the values was observed for the
lower particle content, consistent with the high disuniformity. The results are summarized
in Table S1 in the Supporting Information.

All the samples were also observed both on the surface and along the cross section by
SEM, and the results are reported in Figures 4 and 5, respectively.

Considering the surfaces of the samples (Figure 4), the typical microstructure of PEO
coatings with the presence of the pores and of the pancake structures can be noted, due
to the discharge phenomena that occur during the process. This resulted in accordance
with the current literature regarding PEO coatings [33,34], due to the fact that the discharge
channels resulted in pores on the surface of the samples. Comparing the surfaces of the
different samples, no significant differences in the surface morphology can be observed
between the samples obtained without titanium dioxide powders (Figure 4a) and the ones
obtained with TiO2 addition. In detail, the pores that resulted from the PEO treatment were
not filled by the powders, which did not result in them being inertly incorporated into
the coating. However, the presence of titanium compounds on the surfaces of the samples
resulted in confirmation by EDS analysis, as reported in Table 2. In detail, the quantity of Ti
increased with the increase of TiO2 powders in the electrolyte (11.1% in the sample 80 g/L
vs. 4.3% in the sample 5g/L), indicating that more titanium oxide enters into the coating,
increasing its quantity into the electrolyte.
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Table 2. Results of semi-quantitative EDS analysis (wt%) performed on the surface of the different
samples.

Element 0 g/L 5 g/L 10 g/L 20 g/L 40 g/L 60 g/L 80 g/L

O% 49.2 49.1 49.3 48.3 49.5 50.8 49.6
Na% 1.6 3.1 3.9 5.2 4.9 6.2 6.9
Al% 19.1 13.4 11.3 8.1 8.9 7.0 6.1
Si% 29.8 26.9 23.6 22.5 22.5 7.0 20.4
Ca% 0.2 3.2 5.8 7.3 4.3 7.0 5.9
Ti% 0.1 4.3 6.1 8.6 9.9 7.0 11.1

In order to deeply analyze the microstructure of the coatings and to verify the effect
of the addition of titanium oxide powders, the cross sections of the samples were also
analyzed at the SEM and the results are reported in Figure 5. Additionally, in this case
EDS analysis was performed and the semi-quantitative results can be found reported in
Table 3. First of all, it can be observed that the presence of the particles does not modify
the morphology of the coating, which remains porous and with good adhesion to the
substrate (see Figure 5a of the sample, obtained without particles with the others). The way
in which the particles are effectively incorporated within the coating through a partially
reactive mechanism, which leads them to re-solidify within the coating itself, can also
be observed. In fact, from the images obtained with backscattered electrons, it can be
observed that the areas rich in TiO2, lighter than the others and highlighted by red circles
in the images, increase as the particle content increases. In particular, the presence of these
zones resulted particularly evidently in the samples obtained with 60g/L (Figure 5f) and
80 g/L (Figure 5g) of particles. The partially reactive mechanism of incorporation of the
titanium dioxide powders can be related to the melting point of TiO2, which is around
1800 ◦C [35]. According to Lee et al. [36], the temperature of arc plasma ranges, in fact,
between 1800 and 2370 ◦C, and this will produce at least partial melting of the titanium
dioxide during the process, causing the reactive incorporation into the coating.

Table 3. Results of semi-quantitative EDS analysis (wt%) performed on the cross-sections of the
different samples.

Element 0 g/L 5 g/L 10 g/L 20 g/L 40 g/L 60 g/L 80 g/L

O% 39.7 48.5 39.7 41.4 37.6 37.9 36.3
Na% 1.1 1.9 0.0 2.5 2.0 3.2 1.2
Al% 13.2 12.3 14.7 15.3 15.4 12.7 12.3
Si% 46.0 33.8 26.0 31.2 29.3 28.8 28.1
Ca% 0.0 1.8 5.0 3.2 3.1 7.3 5.8
Ti% 0.0 1.7 14.6 6.4 12.6 10.1 16.3

The successful incorporation of the particles during the PEO treatment is also demon-
strated by the XRD analyses reported in Figure 6 (sample 0 g/L of particles) and Figure 7
(sample 80 g/L of particles). Comparing the two spectra, it can, in fact, be noted that
in the sample obtained with 80 g/L of particles the rutile peaks are clearly observable,
as well as those of alumina (from the PEO coating) and aluminum (from the substrate).
In the sample obtained without particles the rutile peaks are not visible. By comparing
the spectrum of Figure 7 with the one related to the particles shown in Figure 2, it can
be observed that, following the incorporation, the crystalline form of anatase, which was
instead present in the particles, is no longer visible in the coating. In fact, only rutile is
visible in the PEO coating. This is due to the fact that the high temperatures reached during
the PEO treatment (even if only locally and for the short duration of the discharges) cause
the transformation of anatase into rutile. In fact, this transformation generally takes place
at temperatures around 900 ◦C–1000 ◦C [37], decidedly lower than those locally reachable
during the process of formation of the PEO discharges (about 1800 ◦C–2370 ◦C [36]). This
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transformation is not favorable for obtaining surfaces with photocatalytic characteristics,
since the photocatalytic effect of anatase is greater than that of rutile. The fact that the PEO
treatment produces the transformation of anatase in rutile is, however, of high scientific
interest, because it is indirect proof of the temperatures reached during the PEO treatment.
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3.2. Corrosion Resistance Evaluation

The corrosion resistance of the coated samples was also evaluated through potentio-
dynamic polarization tests and the results are presented in Figure 8. First of all, it can be
observed that all the coated samples are characterized by a higher resistance to corrosion
than the uncoated sample since, following the treatment, a marked drop in the corrosion
current and therefore in the corrosion rate is observed. On the other hand, a definite trend
that links the quantity of particles with the corrosion properties is not observed. In fact,
all the samples treated with the presence of titanium dioxide particles show a behavior
similar to each other and similar to that of the PEO treated sample without particles, in
terms of corrosion current density. This can be connected to the fact that, as observed from
the SEM images, the presence of the particles does not lead to large microstructural or
morphological variations in the coating, thus not involving substantial variations in the
corrosion behavior. Moreover, as previously observed, the titanium dioxide particles do not
fill the pores that characterize the PEO layer, thus not improving the corrosion resistance.
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The effect of the particles’ addition on the corrosion properties is, in fact, strongly related
to the microstructural changes that they produce in terms of densification of the coatings.
When the presence of the particles does not lead to coating densification, the corrosion
properties can remain un-modified or can even be reduced [38].
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3.3. Photocatalytic Properties

The photocatalytic properties of the samples were evaluated by monitoring the change
in absorbance of the MB solution with the time of irradiation at the 664 nm wavelength
(Figure 9a). Before the irradiation, we verified the adsorption of dye from the samples in
the dark (see Figure S2 in the Supporting Information). As expected, a slight reduction of
the dye concentration was observed, due to the presence of porosity in the PEO coatings
(Figure S2, Supporting Information). However, the effect is much lower if compared to the
degradation under UV light. As visible from the results in Figure 9b, the degradation of the
MB is accelerated in the presence of PEO samples with TiO2 NPs.
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The calculated rate constants were 0.0038, 0.0055 and 0.0054 min−1 for PEO samples
prepared with 10, 60 and 80 g/L, respectively (see Table 4). These rates are about three
to five times higher compared to the control condition without samples. After 60 min of
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irradiation, the percentage of degradation was estimated to be about 30% for PEO 60 and
80 g/L, 10% more compared with the sample prepared with a lower amount of TiO2. The
results are comparable with the values reported in the literature for other PEO coatings
with titania nanoparticles [39]. The increased efficiency for 60 and 80 g/L agrees with the
cross-section SEM images, which showed higher incorporation of TiO2 particles in these
conditions. The improvement in the photocatalytic efficiency could be also related to the
formation of oxygen vacancies on the surface during the PEO process [40].

Table 4. Rate constant k and percentage of degradation χ after 60 min of MB in the presence of PEO
samples and without it.

Sample k [min−1] χ [%]

Control 0.0011 6.78
10 g/L 0.0038 21.20
60 g/L 0.0055 28.81
80 g/L 0.0054 27.97

It can therefore be stated that, despite the transformation of anatase into rutile, the
samples containing high quantities of titanium dioxide (60 and 80 g/L) show significant
photocatalytic activity. Considering that the particles are waste from the recycling process
of end-of-use photovoltaic panels, the result is promising for a possible future use of the
particles themselves.

4. Conclusions

In conclusion, the obtained results can be summarized as follows:

• Titanium dioxide particles were successfully incorporated into PEO coatings on
1050 aluminum alloy. The incorporation takes place by simply adding the particles to
the electrolyte used during the process by exploiting the formation of discharge chan-
nels during the PEO process. The incorporation is partially reactive, as the particles
lose their original shape and re-solidify in the coating, due to the fact that the tempera-
tures reached during the treatment are above the melting point of titanium dioxide;

• The presence of particles does not lead to large microstructural variations in the
coating, which in any case remains rich of pores that are not sealed by the presence of
the particles;

• The incorporation instead leads to significant changes in the crystalline structure of
the particles. The particles, initially made up of a mixture of rutile and anatase, are
only made up of rutile after incorporation due to the very high local temperatures
obtained during the PEO process;

• All coated samples are characterized by superior corrosion resistance if compared to
the uncoated sample. The quantity and the presence of the particles does not influence
the corrosion resistance of the coated samples. In fact, the behavior of the samples
obtained with the particles is comparable to that of the sample without particles.

• Despite the unfavorable anatase–rutile transformation that occurs during the incor-
poration, the presence of the particles confers photolytic properties on the surface of
the coated samples. These characteristics increase as the particle content increases,
and are highest in samples obtained with 60 and 80 g/L of particles in the electrolyte.
For these samples, a capacity to reduce methylene blue after 60 min of around 30% is
observed;

• The use of titanium dioxide particles recovered from the recycling of end-of-use pho-
tovoltaic panels as an additive for the production of PEO coatings with photocatalytic
properties is, therefore, a promising application in an idea of circular economy.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/coatings13020411/s1, Figure S1: Photocatalytic activity of TiO2
powder from wastes under UV illumination; Figure S2: Adsorption of methylene blue in the dark by
PEO samples; Table S1: Water contact angles of the different PEO samples.
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