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Abstract: MgAl and MgAl/ZnO coatings were prepared by plasma electrolytic oxidation (PEO) of
AZ31 magnesium alloy in aluminate electrolyte (5 g/L NaAlO2) without and with addition of ZnO
particles in various concentrations. The MgAl coating was partially crystallized and contained MgO
and MgAl2O4 phases. The addition of ZnO particles to aluminate electrolyte had no significant effect
on the surface morphology of formed coatings, while the Zn content increased with ZnO particle
concentrations. X-ray diffraction confirmed the incorporation of ZnO particles in the coatings. The
photodegradation of methyl orange (10 cm3 of 8 mg/L) was used to measure the photocatalytic
activity (PA) of MgAl and MgAl/ZnO coatings. The PA of MgAl coating after 8 h of irradiation
was around 58%, while the PA of MgAl/ZnO coatings formed in aluminate electrolyte with the
addition of ZnO particles in concentrations of 4 g/L, 8 g/L, and 12 g/L were around 69%, 86%, and
97%, respectively.

Keywords: plasma electrolytic oxidation; photocatalysis; MgO; MgAl2O3; magnesium alloy

1. Introduction

Rapid industrial expansion in recent years has resulted in environmental contami-
nation, which has had a substantial influence on human health and the long-term devel-
opment of the environment. As a result, many physicochemical and biological methods
for environmental protection and pollutant removal have been developed [1–7]. The bi-
ological methods have certain limitations because they require long operation times and
exhibit sensitivity to experimental conditions, failure to treat wastewater containing a
high concentration of dyes, etc. Similarly, physicochemical techniques such as adsorption,
precipitation, coagulation, etc., are ineffective due to secondary pollution caused by the
use of chemicals. Alternatively, advanced oxidation processes are regarded as promising
techniques for the treatment of dye-contaminated wastewater. In comparison to other
chemical techniques, advanced oxidation processes are more effective at removing organic
pollutants. Among advanced oxidation processes, nonselective photocatalytic oxidation
process employing heterogeneous photocatalysts, with its low energy consumption and
environmentally friendly nature, is recognized as a promising method for decomposing
harmful pollutants to final non-toxic products [8–10]. Furthermore, photocatalytic reactions
occur at room temperature, and solar irradiation can activate the photocatalyst.

Semiconductors such as TiO2, ZnO, Fe2O3, CdS, etc. have been used and extensively
investigated as photocatalysts in the degradation of numerous organic pollutants due to
a good combination of their electronic structure, light absorption properties, and charge
transport characteristics [11–14]. In recent years, MgO [14–17] and MgAl2O4 [18–20] have
been recognized to be efficient for the photocatalytic degradation of organic pollutants,
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because MgO and MgAl2O4 have high concentrations of surface vacancies and other
defects [21–23]. Active centers of heterogeneous photocatalytic reactions were closely
related to surface vacancies, which determine the electron transfer between reactants and
photocatalysts [24,25].

Currently, MgO and MgAl2O4 photocatalysts are synthesized in powder form, which
restricts their practical applications due to the high cost of photocatalyst separation and
recovery from suspension. Moreover, photocatalyst particles easily form agglomerates
that are not suitable for use in flow systems. Photocatalytic materials supported on a
stable substrate can solve this problem. In this work, we have shown that the plasma
electrolytic oxidation process (PEO) of AZ31 magnesium alloy in aluminate electrolyte
can be used for the formation of photocatalytic active coatings that contain both MgO and
MgAl2O4 phases. Furthermore, the addition of ZnO particles to electrolyte enhances the
photocatalytic activity of formed heterogeneous catalyst.

PEO is a cost-effective, energy-efficient, and environmentally friendly electrochemical
process that produces a stable oxide coating on the surface of lightweight metals or metal
alloys (aluminum, magnesium, zirconium, titanium, and so on) [26–29]. The PEO process
is coupled with the plasma formation, as evidenced by the presence of micro-discharges on
the metal surface. Due to the elevated local temperature (~104 K) and pressure (~102 MPa),
a number of processes, including chemical, electrochemical, thermodynamic, and plasma–
chemical reactions, take place at the micro-discharge locations. The structure, content,
and morphology of the resulting oxide coatings are altered by these processes. The oxide
coatings created by the PEO technique often have constituent species originating from both
metal and electrolyte in both crystalline and amorphous phases.

2. Results
2.1. Structural and Photocatalytic Properties of MgAl Coating

Time variation of voltage during anodiation of AZ31 magnesium alloy in 5 g/L
NaAlO2 is shown in Figure 1a. A linear increase in anodization voltage characterizes the
rather uniform growth of the compact barrier oxide film at constant current density [30].
This is followed by a visible deviation from linearity in the voltage versus time graph, begin-
ning with the breakdown voltage. As the anodization voltage approached the breakdown
voltage, a large number of visible sparks appeared, uniformly dispersed over the surface.
An SEM micrograph of the surface coating formed after 10 min is shown in Figure 1b.
A number of discharge channels and regions resulting from the rapid cooling of molten
material were present on the surface. An SEM micrograph of a polished cross section of
the MgAl coating in Figure 1c shows that a relatively dense layer, about 22 µm thick, was
formed after 10 min of processing. The main elements of the coating were Mg, Al, and O
(Figure 1d).

The XRD pattern of the MgAl coating is shown in Figure 2. The coating was partially
crystallized, and two weak peaks at 2θ angle at about 43.3◦ and 45.1◦ can be detected,
corresponding to the (200) reflection of MgO (JCPDS card No. 79-0612) and (400) reflection
of MgAl2O4 (JCPDS card No. 77-0435). Due to X-ray penetration through the porous
oxide layer and reflection off the substrate, the diffraction peaks from the substrate were
significant. MgO and MgAl2O4 phases can form as a result of an interaction between the
AZ31 substrate and the electrolyte. MgO is formed by the reaction of outward migration of
Mg2+ ions from the substrate to the micro-discharge channels and inward migration of O2−

ions from the electrolyte to the micro-discharge channels by the following reaction [31]:

Mg2+ + O2− → MgO (1)

NaAlO2 is dissolved in distilled water (NaAlO2 → Na+ + AlO−2 ) and reacts with
Mg2+ according to the following reaction [32]:

Mg2+ + 2AlO−2 → MgAl2O4 (2)
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Figure 1. (a) Voltage–time curve during anodization of AZ31 magnesium alloy in 5 g/L NaAlO2 at
150 mA/cm2; (b) top-view SEM micrograph of MgAl coating; (c) cross-sectional SEM micrograph of
MgAl coating; (d) EDS spectrum of MgAl coating.
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The photodegradation of methyl orange (MO) using the formed MgAl coating as
a photocatalyst after five consecutive runs is presented in Figure 3a. C0 is the initial
concentration of MO, while C is the concentration after time t. After each run, the sample
was rinsed with water, dried, and reused in the next photocatalytic run. The results reveal
that the PA of the coating remained practically unaltered after multiple successive runs,
indicating that there was no significant attrition of photocatalyst from the support or catalyst
poisoning. The efficiency of MgAl coating in MO degradation was much higher than that
of TiO2 [33], MgO [34], ZrO2 [35], and Nb2O5 [36] coatings formed by PEO on titanium,
AZ31 magnesium alloy, zirconium, and niobium substrate, respectively (Figure 3b).

The light-harvesting performance of MgAl coating was investigated using DRS, and
the result is given in Figure 3c. A broad absorption band in the mid-UV region is observed
and can be attributed to the large bandgap of MgO [14] and MgAl2O4 [37]. Although
this absorption band of MgAl coating is detrimental for photocatalytic applications using
the sunlight as an energy source for the photoreaction, the high concentration of different
types of oxygen vacancies and other defects generated in MgAl during the PEO processing
results in good PA of MgAl coating. The PL emission spectrum of the MgAl coating excited
with 265 nm radiation is shown in Figure 3d. Three dominant PL bands can be observed in
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the spectrum. The UV emission band centered at around 325 nm can be attributed to F+

centers in MgO, whereas the band in the range from 360 nm to 600 nm can be attributed
to structural defects in the coatings such as Mg vacancies and interstitials [14,38]. The
band with a maximum centered at about 720 nm can be associated with F+ centers in
MgAl2O4 [39].
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2.2. Structural and Photocatalytic Properties of MgAl/ZnO Coatings

The addition of ZnO particles to the aluminate electrolyte has no significant effect on
the voltage-time characteristic of the PEO process, the morphology, and the thickness of
the formed coatings (Figure 4).
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Figure 4. (a) Voltage–time curve during anodization of AZ31 magnesium alloy at 150 mA/cm2 in
5 g/L NaAlO2 without and with addition of 12 g/L ZnO; (b) top-view SEM micrograph of MgAl
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(c) cross-sectional SEM micrograph of MgAl coating formed in 5 g/L NaAlO2 + 12 g/L ZnO.
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Table 1 shows the elemental composition of the coatings in Figure 4b as determined
by integrated EDS analysis (the relative errors are less than 2%). The main elements found
in the coatings were Mg, O, Al, and Zn. The content of Zn in formed coatings increased
as the concentration of ZnO particles in aluminate electrolyte increased. The elemental
distribution on the surface of the coating formed in aluminate electrolyte with the addition
of 12 g/L ZnO (Figure 5) shows that all elements were distributed rather uniformly.

Table 1. EDS analysis of coatings in Figure 4b.

Sample ZnO (g/L)
Atomic (%)

O Mg Al Zn

Figure 1a 4 64.12 15.51 19.40 0.97
Figure 1b 8 63.37 16.21 16.72 3.70
Figure 1c 12 66.19 9.90 18.89 5.02
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The diffraction maxima of ZnO can be seen along with the diffraction maxima arising
from MgO and MgAl2O4. These results indicate that ZnO particles were incorporated into
the coatings. Namely, the melting point of ZnO particles was roughly 1975 ◦C, which is
substantially lower than the plasma electron temperature inside the micro-discharge chan-
nels [40]. Molten ZnO particles could produce mixed-oxide coatings inside the discharge
channels by reacting with other electrolyte and substrate components.

MgAl/ZnO coatings had significantly higher PA than MgAl coatings (Figure 7a). The
highest PA was observed for MgAl/ZnO coating formed in aluminate electrolyte with the
addition of 12 g/L of ZnO particles. After 8 h of irradiation, the initial pH value of MO
aqueous solution of 6.2 increased to 6.9 for the sample PEO processed in electrolyte with
12 g/L ZnO. This was expected, because at very high values of MO conversion (97%), the
pH value of the initial solution approaches the value of pure water. The incorporation of
ZnO particles into MgAl coatings had a considerable impact on the absorption and PL
properties of the coatings. When compared to MgAl (Figure 7b), the DRS of MgAl/ZnO
coatings shifted to higher wavelengths and exhibited a band edge at around 385 nm
(~3.2 eV), which was due to photo excitation from the valence band to the conduction band
of ZnO in coatings [41].
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Figure 7. (a) PA of MgAl/ZnO coatings formed in aluminate electrolyte with addition of ZnO
particles in various concentrations; (b) DRS spectra of MgAl/ZnO coatings formed in aluminate
electrolyte with addition of ZnO articles in various concentrations; (c) PL spectra of MgAl/ZnO
coatings formed in aluminate electrolyte with addition of ZnO particles in various concentrations.

PL emission spectra of MgAl/ZnO coatings are shown in Figure 7c. The overall PL
of MgAl/ZnO coatings is a sum of PL originating from MgAl coatings and ZnO. The
sharp near-ultraviolet emission band centered at about 380 nm is attributed to the radiative
recombination of free excitons in ZnO [42]. Further, ZnO particles showed a broad green
emission band centered at about 510 nm, which originated from oxygen vacancy and
zinc vacancy-related defects [43]. This PL is superimposed in the range from 400 nm to
600 nm on the PL of the MgAl. The PL intensity of each of these PL bands increased as the
concentration of ZnO incorporated into MgAl coatings increased.
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3. Discussion

Many active oxygen species are produced by photogenerated electrons and holes
on photocatalytic solid surfaces, including superoxide anion radical (•O2−), hydrogen
peroxide (H2O2), singlet oxygen (1O2), and hydroxyl radical (•OH), which are involved
in oxidative and reductive reactions [44]. •OH radicals are primarily responsible for the
decomposition of organic pollutants [45]. Electrons are excited from the valence bands to
the conduction bands of MgO and MgAl2O4 when MgAl coatings are irradiated, leaving
photo-generated holes in the valence bands of MgO and MgAl2O4. The holes react with
water molecules or hydroxyl groups to form •OH, which undergo an oxidation process
with the MO to convert it into CO2 and H2O [46,47]. In the case of ZnO particles modified
with MgAl coatings, a similar process occurs when ZnO particles are subjected to UV
irradiation [48], resulting in an increase in •OH radicals and hence an increase in PA of
MgAl/ZnO compared to MgAl.

PL measurements on the surface of the MgAl coating and MgAl/ZnO coating gener-
ated in aluminate electrolyte with addition of 12 g/L ZnO particles were used to test the
production of •OH radicals (Figure 8a). The intensity of PL is related to the amount of •OH
radicals generated [49]. The PL intensity of both MgAl and MgAl/ZnO samples increased
with illumination time, while the MgAl/ZnO coating had a greater PL intensity at 425 nm
emission than MgAl. This result was expected, because •OH radicals in MgAl/ZnO coating
produce not only MgO and MgAl2O4, but also ZnO, the most active photocatalyst.
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The role of holes (h+) in photocatalytic degradation of MO was investigated using
1 mM of triethanolamine (TEOA) as a radical scavenger. The test was performed with
the most active photocatalyst (MgAl/ZnO coating formed in aluminate electrolyte with
addition of 12 g/L ZnO) under the same conditions of photocatalytic degradation. After
irradiation, the photocatalytic degradation of MO with the addition of TEOA was only
slightly reduced; Figure 8b. This result indicates that holes (h+) had no significant contribu-
tion to the photocatalytic degradation of MO and that •OH radicals played a main role in
the MO photodegradation [50].

The stability of MgAl/ZnO photocatalyst was investigated using MgAl/ZnO coating
produced in aluminate electrolyte with addition of 12 g/L ZnO, as shown in Figure 9a,
demonstrating the excellent stability of MgAl/ZnO photocatalyst. Furthermore, after
five runs, the morphology (Figure 9b), compositions (Figure 9c), and optical absorption
(Figure 9d) did not change, indicating that the MgAl/ZnO coatings formed by PEO are
dependable and efficient photocatalysts.
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4. Materials and Methods

PEO coatings were formed on rectangular samples of AZ31 magnesium alloy (96% Mg,
3% Al, 1% Zn, Alfa Aesar) with dimensions of 25 mm × 10 mm × 0.81 mm. The samples
were ultrasonically cleaned with acetone and dried in a warm air stream. Following that, the
samples were covered with insulating resin, leaving only the 15 mm× 10 mm active surface
exposed to the electrolyte. Figure 10 depicts a schematic diagram of the PEO experimental
setup. The electrolytic cell was a double-walled glass cell with water cooling. To ensure
the homogeneous distribution of particles in the electrolytic cell, the electrolyte was stirred
with a magnetic stirrer. Anode samples of AZ31 magnesium alloy were used and placed in
the center of the electrolytic cell, surrounded by a tubular stainless-steel cathode.
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PEO coatings were formed in an aluminate electrolyte (5 g/L NaAlO2) with the addi-
tion of ZnO particles in concentrations ranging from 4 g/L to 12 g/L. PEO was performed
for 10 min at a constant current density of 150 mA/cm2. The electrolyte temperature was
kept at (20 ± 1) ◦C. After the PEO process was completed, the samples were rinsed with
distilled water and air dried.
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A scanning electron microscope (SEM, JEOL 840A, Tokyo, Japan) with energy-dispersive
X-ray spectroscopy (EDS, Oxford, UK) was used to examine the morphology and elemental
composition of the PEO coatings. The phase composition of the PEO coatings was tested
by X-ray diffraction (XRD, Rigaku Ultima IV diffractometer, Tokyo, Japan) using Cu Kα

radiation with 2θ ranging from 25◦ to 75◦ (0.05◦ step and a rate of 2◦/min) and working at
40 kV and 40 mA with Bragg–Brentano geometry. UV–Vis diffuse reflectance spectroscopy
(DRS, Shimadzu UV-3600 spectrophotometer, Tokyo, Japan) equipped with an integrating
sphere) was used to evaluate the light absorption ability of the PEO coatings by scanning
over a range of 200 nm to 600 nm. Photoluminescence (PL) spectra of the PEO coatings
were collected with a Horiba Jobin-Yvon spectrofluorometer (Edison, NJ, USA) equipped
with a 450 W xenon lamp as the excitation light source. The emission PL spectra were
measured with an excitation wavelength of 265 nm over a wavelength range of 300 nm to
775 nm.

The photoactivity (PA) of PEO coatings was determined using the degradation of
methyl orange (MO). MO was chosen as the model compound for azo dyes. The tests
were carried out at 20 ◦C in a 6.8 cm diameter open cylindrical thermostatic Pyrex glass
reactor. The samples (15 mm × 10 mm) were placed 5 mm above the reactor bottom on
the steel wire holder. The solution (10 cm3) was mixed with a rotating magnet placed
beneath the holder (500 rpm). The initial MO concentration was 8 mg/L. As a light
source, a solar radiation simulator lamp (Solimed BH Quarzlampen, Leipzig, Germany)
with a power consumption of 300 W was placed 25 cm above the top surface of the test
solution. PA was calculated by measuring the MO decomposition after an appropriate
light exposure time. A spectrophotometer (UV-Vis Thermo Electron Nicolet Evolution
500, UK) was used to measure the MO concentration using the maximum MO absorption
peak at 464 nm.

Prior to the PA measurements, the adsorption of MO was tested in the dark in the
presence of PEO coatings. The concentration of MO remained nearly constant after 60 min,
indicating that adsorption of MO was negligible. In addition, MO was tested for photolysis
in the absence of a photocatalyst using simulated solar light. There was no difference in
MO concentration after 12 h of irradiation, indicating that the MO degradation was caused
solely by the presence of the photocatalyst.

In order to detect the formation of free hydroxyl radicals (•OH) on the illuminated
PEO coatings, PL measurements were performed using terephthalic acid, which is known
to react with •OH radicals and produces highly fluorescent 2-hydroxyterephthalic acid that
exhibits a PL peak at 425 nm [45]. The experiment was carried out at room temperature.
The PEO coatings were placed in a Pyrex glass reactor containing 10 mL of 5 × 10−4 mol/L
terephthalic acid diluted in a 2× 10−3 mol/L NaOH aqueous solution. The same lamp used
for PA measurements was used as the light source. On a Horiba Jobin-Yvon Fluorolog FL3-
22 spectrofluorometer, PL spectra of reaction solution were measured using an excitation
wavelength of 315 nm.

5. Conclusions

In conclusion, the PEO process of AZ31 magnesium alloy in aluminate electrolyte
without and with ZnO particle addition is a cost-effective and efficient approach for
producing MgAl and MgAl/ZnO photocatalysts. After 8 h of irradiation, the PA of
the MgAl coating was around 58%. When MgAl coatings were combined with ZnO
particles, their PA increased. The PA for MgAl/ZnO coatings formed in aluminate
electrolyte with the addition of ZnO particles in concentrations of 4 g/L, 8 g/L, and
12 g/L, were around 69%, 86%, and 97%, respectively. After multiple successive cycles,
the PA, morphology, compositions, and optical absorption of the formed photocatalysts
did not change, suggesting their chemical and physical stability, which is an important
prerequisite for potential applications.
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30. Stojadinović, S.; Vasilić, R.; Radić-Perić, J.; Perić, M. Characterization of plasma electrolytic oxidation of magnesium alloy AZ31 in
alkaline solution containing fluoride. Surf. Coat. Technol. 2015, 273, 1–11. [CrossRef]

31. Farshid, S.; Kharaziha, M. Micro and nano-enabled approaches to improve the performance of plasma electrolytic oxidation
coated magnesium alloys. J. Magnes. Alloys 2021, 9, 1487–1504. [CrossRef]

32. Sampatirao, H.; Radhakrishnapillai, S.; Dondapati, S.; Parfenov, E.; Nagumothu, R. Developments in plasma electrolytic oxidation
(PEO) coatings for biodegradable magnesium alloys. Mater. Today Proc. 2021, 46, 1407–1415. [CrossRef]
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