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1. Introduction
Dyes employed in textile and various other 

industries represent one of the major contributors 
to organic pollution, increasingly endangering 
the environment. During the dyeing process, 
approximately 1–20% of the dyes manufactured 
worldwide are lost and released, positioning them 
as a significant source of organic contamination 
in textile wastewater [1]. Methylene blue (MB), a 
cationic dye commonly applied in fabric production, 

is resistant to environmental degradation and 
has been linked to cancer, toxicity, and genetic 
mutations [2,3]. MB dyeing can also lead to fatal 
serotonin poisoning in humans when ingested in 
doses exceeding 5 mg/kg, as it inhibits the enzyme 
monoamine oxidase responsible for serotonin 
breakdown. It further harms animals living in 
ecosystems where it is discharged [4].  Major 
adverse effects of MB can involve serotonin 
syndrome, disorientation, nausea, elevated blood 

In this study, plasma electrolytic oxidation (PEO) coatings were developed on AZ31B Mg alloy under a constant current 
density of 12 A·dm⁻² in a phosphate-based electrolyte, with modifications introduced by strontium (Sr) and chromium 
(Cr) ions. Three coating types were obtained: unmodified (12A), Sr-modified (12A-Sr), and Cr-modified (12A-Cr). All 
coatings exhibited porous and micro-cracked morphologies, characteristic of oxide ejection and rapid solidification 
during the PEO process. Grazing-angle X-ray diffraction (GXRD) confirmed the presence of MgO and ZnAl₂O₄ phases. 
Surface characterization revealed that the 12A-Sr coating displayed pronounced hydrophobicity (contact angle ≈115°), 
attributed to chemical and microstructural modifications that enhanced air entrapment. Photocatalytic experiments 
demonstrated that all coatings were active under visible light, with the Cr-modified coating showing the highest MB 
degradation efficiency, followed by the unmodified and Sr-modified samples. Electrochemical impedance spectroscopy 
(EIS) further indicated that visible light irradiation significantly improved charge transfer, as evidenced by reduced 
Nyquist arc radii, highlighting efficient electron–hole separation and accelerated interfacial reactions. The results 
demonstrate that Sr- and Cr-modified PEO coatings hold promise for improving photocatalytic wastewater treatment.
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pressure, breathing difficulties, damage to red blood 
cells, headaches, and hypersensitivity reactions 
[5]. Therefore, water polluted with this dye 
demands immediate treatment, both to safeguard 
environmental and human health and to facilitate 
the reuse of alternative water resources.

Organic-polluted wastewater can be treated 
using advanced oxidation processes (AOPs), which 
are promising techniques extensively studied for 
the degradation of pesticides, antibiotics, organic 
dyes, and other emerging pollutants. These 
processes rely on highly oxidizing reactive species 
such as free radicals (SO₄•⁻, OH•, O₂•⁻, Cl•), strong 
oxidizing molecules (O₃, ¹O₂, etc.), and electrons/
holes, which degrade organic contaminants via 
intricate electron transfer pathways [6].  Among 
AOPs, semiconductor photocatalysis has attracted 
significant attention in recent years because of 
its affordability, operational simplicity, and eco-
friendly nature [7]. 

PEO is a recognized industrial method for 
surface modification, converting metals like 
aluminum, magnesium, titanium, and their 
alloys into protective oxide layers. By adjusting 
the electrolyte composition or incorporating 
nanoparticles, these coatings can be enriched with 
additional functional components [8]. 

Several studies have explored the formation of 
PEO coatings on Mg alloys to achieve photocatalytic 
activity and pollutant degradation. For example, 
Lu et al. investigated the effect of TiO₂ particle 
concentration and process voltage in a phosphate-
based electrolyte on MB degradation under UV 
light, showing that lower voltage increased TiO₂ 
incorporation and improved photocatalytic 
efficiency. Stojadinovic et al. [9] examined Eu₂O₃ 
nanoparticle concentration in an aluminite-based 
electrolyte for methyl orange degradation under 
simulated sunlight, finding that moderate doping 
enhanced photocatalytic behavior, while excessive 
doping promoted electron–hole recombination. 
Similarly, Li et al. [10] studied TiO₂ nanoparticle 
addition to a phosphate-based electrolyte for MB 
degradation under visible light, reporting improved 
photocatalytic activity at lower concentrations 
but reduced corrosion resistance at higher 
concentrations due to crack formation.

Although particle and nanoparticle 
incorporation into the PEO electrolyte is effective 
for enhancing properties such as corrosion 
resistance, this approach has limitations. 
Therefore, the present study aims to improve 
photocatalytic activity by introducing chromium 
(Cr) and strontium (Sr) ions into the electrolyte 
during the formation of PEO coatings. The 
comparative effects of Sr and Cr modifications, as 
well as their concentrations, will be systematically 
investigated to identify optimal conditions for 

photocatalytic performance.

2. Materials and Methods
2.1. Materials

In this work, AZ31B Mg alloy specimens 
measuring 20 × 15 × 3 mm³ served as substrates. The 
chemicals supplied by Merck included potassium 
hydroxide (KOH), sodium orthophosphate 
(Na₃PO₄·12H₂O), strontium nitrate (Sr(NO₃)₂), 
and chromium nitrate (Cr(NO₃)₃·9H₂O).

2.2. Fabrication of PEO coatings
A pulsed DC power supply (PM700/7 PRC 

(IPS)) capable of delivering up to 700 V was 
employed to perform the PEO process in a two-
electrode cell. Before undergoing PEO, the AZ31B 
alloy samples were polished using sandpaper up 
to a 1500-grit finish. The sanding process began 
with 80-grit sandpaper to eliminate cutting marks. 
The sample was then sequentially polished using a 
progression of grits: 120, 220, 400, 600, 800, 1000, 
1200, and 1500. Crucially, the sample’s orientation 
was rotated vertically when transitioning to each 
finer grit.

After ultrasonic cleaning in acetone to remove 
oils, the samples were washed with distilled water 
and then dried in air. The PEO treatment was 
carried out with a pulsed DC power source in a 
two-electrode configuration at a peak voltage of 
700 V. In this arrangement, the polished AZ31B 
specimens functioned as the anode, and a stainless 
steel cooling unit served as the cathode. The cooling 
system maintained the electrolyte temperature 
below 25 °C.

Each specimen underwent PEO for 7 min at 
a 1 kHz pulse frequency with a 50% duty cycle 
to obtain uniform coatings. After treatment, the 
samples were rinsed with distilled water. Table 1 
summarizes PEO parameters, including electrolyte 
composition, current density, and sample codes. 
The stability of the electrolyte is chiefly determined 
by the concentration of hydroxide ions (OH⁻) 
present in the solution [1]. As evidenced by the pH 
measurements of the electrolyte solutions detailed 
in Table 1, no significant change is observed between 
the initial state and the state following the Plasma 
Electrolytic Oxidation (PEO) coating procedure 
for electrolytes incorporating either Cr(NO₃)₃ 
or Sr(NO₃)₂. This observed stability in pH values 
verifies that the overall conditions of the electrolyte 
remain constant throughout the process. Therefore, 
it can be concluded that Sr²⁺ and Cr³⁺ ions do not 
substantially consume or deplete the available 
OH⁻ ions. This is attributed to their tendency to 
form stable coordination complexes within the 
phosphate-KOH based system, a finding that is 
corroborated by the invariant pH measurements 
recorded before and after the PEO process.
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2.3. Characterization of PEO coatings
In this work, the microstructural and surface 

characteristics of PEO coatings were analyzed 
with a QUANTA 200 FEI SEM running at 
15 kV. Crystalline phases were identified by 
grazing‑incidence X-ray diffraction (GXRD) using 
an Asenware AW-XDM300 diffractometer with 
Cu-Kα radiation at 40 kV and 30 mA. Diffraction 
patterns were processed with PANalytical X’Pert 
HighScore software, and phase identification was 
performed using the ICDD database. 

2.4. Photodegradation
The photodegradation rate of the MB solution 

was measured with a UV–Vis spectrophotometer 
to evaluate the photocatalytic performance of the 
coating. For this test, a PEO-coated specimen was 
placed in 30 mL of MB solution at a concentration 
of 10 mg/L. Illumination was provided by a 100 W 
LED source (380–780 nm), positioned 10 cm above 
the solution. Prior to irradiation, the coated sample 
in MB solution was kept in the dark for 30 min 
to establish adsorption–desorption equilibrium. 
Based on the calibration curve, MB photocatalytic 
performance was evaluated using Eq. 1:

 

 

𝑃𝑃𝑃𝑃(%) = 𝐶𝐶0 −  𝐶𝐶
𝐶𝐶0

 × 100                                           (1)
 

Here, represents the starting concentration of the 
MB solution, while indicates its concentration after 
irradiation.

2.5. Wettability Test
Prior to contact angle measurement, sample 

coatings and substrates were degreased in ethanol 
using an ultrasonic bath for 5 min, followed by hot 
air drying. Wettability was examined by placing 
a 1 μL droplet of distilled water on the sample 
surface, photographed after 5 s. Contact angles 
were determined with image analysis software. For 
each sample, measurements were taken at multiple 
surface points, and average values are presented.

2.6. Electrochemical impedance spectroscopy 
(EIS)

EIS serves as an effective technique for 
analyzing charge transfer behavior under visible 
light and dark conditions. During photocatalytic 
degradation, charge transfer and separation are 
crucial [11,12], and a smaller arc radius in the 
Nyquist plot indicates reduced charge transfer 
resistance [13]. 

Electrochemical measurements were carried 
out using a three-electrode electrochemical setup, 
in which a platinum electrode and an Ag/AgCl 
electrode served as the counter and reference 
electrodes, respectively. The fabricated coating 
acted as the working electrode, and all experiments 
were conducted using a µAutolab Type III/FRA2 
electrochemical workstation. EIS measurements 
were performed at a fixed frequency of 1000 Hz. 
The electrochemical tests were carried out in an 
aqueous electrolyte containing 0.5 M Na₂SO₄.

3. Results and Discussions
Figure 1 illustrates the surface morphology of 

PEO coatings obtained by the PEO technique. 
The coatings display the typical structure of PEO 
layers, with open pores encircled by solidified 
material expelled during processing. The pores are 
formed from molten discharge matter ejected into 
the electrolyte, where it quickly solidifies [14,15]. 
When the current density increases, the coatings 
display more cracks within the surface layer. 
Such fine cracking is linked to thermal stresses 
caused by the rapid solidification of molten oxides 
during PEO. The incorporation of chromium and 
strontium did not alter the surface characteristics 
of the coatings.

GXRD patterns at the capture angle for the 
coatings are presented in Figure 2 [16]. The 
presence of Mg (ICDD file number 00-035-0821) 
peaks indicates partial penetration of GXRD 
through the porous PEO layer, revealing the 
underlying substrate due to the limited thickness 
of the coating.

Table 1- Parameters for PEO: electrolyte composition, current density, and specimen identifiers

 

 

 

Sample identifiers 
Current density  

(Aˑdm⁻²) 
Electrolyte composition Additive pH of the Electrolyte 

12A 
12 

 

5 gˑL-1 Na3PO4 
+ 

3 gˑL-1 KOH 

- 12.65 

12A-Sr 0.5 gˑL-1 Sr(NO3)2 12.65 

12A-Cr 0.5 gˑL-1 Cr(NO3)3 12.61 
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MgO (ICDD file number 00-045-0946) is 
generated through oxidation of the substrate metal 
during PEO, while zinc aluminate (ICDD file 
number 01-073-1961) forms from oxidation of zinc 
and aluminum in the substrate. 

Considering the limited coating thickness and 
the penetration depth of X-rays, these reflections 
are attributed to the combined contribution of the 
PEO-derived oxide layer and the oxidized near-
surface region of the AZ31B substrate, where 
aluminum- and zinc-containing oxides may 
locally react under the high transient temperatures 
generated by plasma discharges.

Figure 2 displays diffraction peaks (200) 

for samples 12A and 12A-Sr, analyzed using a 
Gaussian fit. The peak for 12A at 42.99° shifts 
to 42.87° in the Sr-containing coating. This shift 
arises from the larger ionic radius of Sr²⁺ (0.118 
nm) [17] compared to Mg²⁺ (0.072 nm) [17], 
which increases the spacing between tetragonal 
crystalline planes, causing the peak to move 
toward lower angles in accordance with Bragg’s 
Law [18] The observed peak shift cannot be 
considered direct evidence of Sr²⁺ substitution 
into the MgO crystal lattice based solely on GXRD 
data. Additional factors, such as residual stress 
and defect formation, may also contribute to the 
observed peak displacement.

 

 

 

 

 

 

 

 

  

Fig. 1- SEM micrographs of PEO coatings obtained at 12 Aˑdm⁻²: (a) 12A, (b) 12A-Cr, (c) 12A-Sr, and (d) digital photos of the 
fabricated samples [16].

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Fig. 2- GXRD spectra of PEO coatings at 12 Aˑdm⁻², with and without Sr and Cr additions [16].
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Figure 3 presents the wettability of different 
PEO coatings. The 12A-Sr specimen shows a 
contact angle of 115°, demonstrating hydrophobic 
characteristics [16]. Quantification is generally 
carried out using contact angle analysis, where 
a droplet is placed on the surface and the angle 
formed at the solid–liquid interface is determined 
[19]. Wettability is an important surface property 
with broad relevance, especially in biological 
applications, and influences photocatalytic activity 
and frictional behavior.

This behavior can be attributed to the combined 
effects of surface chemistry and microstructural 
features induced by the PEO process. Incorporation 
of Sr-containing species, together with the porous 
and rough morphology typical of PEO coatings, 
can reduce surface free energy and promote air 
entrapment within surface asperities, thereby 
enhancing hydrophobicity.

For oxide coatings, the contact angle is a 
key thermodynamic parameter that reflects 
surface wettability during liquid interaction. It 
is determined by the sessile drop method, where 
the measured angle defines surface behavior: 
values above 90° indicate hydrophobicity, while 

those below 90° correspond to hydrophilicity. 
Hydrophilic surfaces encourage droplet 
spreading, resulting in enhanced wettability, while 
hydrophobic surfaces lead to droplet beading. In 
contrast, superhydrophobic surfaces characterized 
by contact angles greater than 150° show almost 
complete liquid repellency with minimal adhesion 
[20,21]. 

Figure 4 shows the surface roughness results 
[16]. Analysis confirms that all coatings possess 
Ra values above 1 μm [22,23]. This roughness 
originates from micro-discharge-driven growth, in 
which intense plasma discharges encourage thicker 
oxide formation and generate circular pores that 
define the surface morphology. The development 
of roughness in PEO coatings is influenced by 
multiple interconnected factors. When high voltage 
is applied in the electrolyte, micro-discharges form 
at localized points on the substrate, generating 
plasma channels with temperatures exceeding the 
vaporization threshold of the metal. This results 
in the violent expulsion of molten and vaporized 
material. Importantly, the addition of Sr(NO₃)2 
to the electrolyte leads to a reduction in overall 
surface roughness.

 

 

 

 

 

 

 

 

 

 

  

  

Fig.3- Contact angle results of PEO coatings at 12 Aˑdm⁻², with and without Sr and Cr additions [16].

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

Fig.4- Surface roughness (Ra) of PEO coatings at 12 Aˑdm⁻², with and without Sr and Cr additions [16].
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Sample 12A exhibits a moderate contact angle, 
reflecting a relatively weak interaction between 
the surface and water, with a moderate roughness 
factor. In the case of 12A-Cr, the higher contact 
angle indicates enhanced water repellency, likely 
due to chemical modification of the surface by 
Cr, as roughness remained nearly unchanged. The 
12A-Sr sample demonstrates a significantly larger 
contact angle, signifying strong hydrophobicity. 
Although its surface roughness is slightly reduced, 
the Cassie–Baxter model appears more suitable 
here, since Sr alters the surface structure to improve 
air entrapment [24,25]. The combined influence of 
surface chemistry and minor roughness variation 
contributes to the pronounced hydrophobic 
behavior.

Figure 5 demonstrates that the PEO coating 
possesses photocatalytic activity, as shown by the 
progressive degradation of MB dye. The results 
confirm that no degradation occurred in the dark, 
and only limited dye breakdown was observed 
under light exposure alone, highlighting that the 
primary mechanism is photocatalysis by the bio-
coating on the Mg surface.

Incorporating Sr and Cr into the electrolyte did 
not significantly boost photocatalytic efficiency, 
although Cr showed a more beneficial effect 
than Sr. The apparent kinetic constants (kapp) 
for 12A-Cr and 12A are higher than those for 
12A-Sr, confirming stronger activity. Among the 
tested coatings, 12A-Cr demonstrates the highest 
photocatalytic performance.

In contrast, 12A-Sr displayed weaker 
photocatalytic behavior compared to the other 

samples. This reduced activity is likely linked to its 
large contact angle, which limits contact between 
the MB dye solution and the coating surface, 
thereby diminishing photocatalytic effectiveness.

In general, a reduced arc radius in the Nyquist 
plot is associated with more efficient electron–
hole separation and faster charge transfer at the 
surface. To clarify this behavior, Nyquist plots 
were obtained for each sample under both visible 
light and dark conditions. The results reveal that 
the arc radius under visible light is markedly 
smaller than in darkness, demonstrating that 
illumination enhances electron transfer efficiency 
(Figure 6).

4. Conclusion
In this study, PEO coatings were successfully 

fabricated on AZ31B Mg alloy under constant 
current conditions, with modifications introduced 
by strontium (Sr) and chromium (Cr) ions. All 
coatings, whether unmodified (12A), Sr-modified 
(12A-Sr), or Cr-modified (12A-Cr), exhibited the 
typical porous and micro-cracked morphologies 
that result from molten oxide ejection and rapid 
solidification during the PEO process. Grazing-
angle X-ray diffraction (GXRD) analysis confirmed 
the formation of magnesium oxide and zinc 
aluminate phases within the coatings. Surface 
characterization revealed that the Sr-modified 
coating displayed pronounced hydrophobicity, 
with a contact angle of approximately 115°, which 
can be attributed to chemical and microstructural 
modifications enhancing air entrapment in a 
Cassie-Baxter state.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

Fig.5- (a) MB decolorization of PEO coatings in dark and under visible light, (b) kinetic constants for MB photocatalytic decolorization.
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Photocatalytic experiments demonstrated 
that all coatings were active in the degradation 
of methylene blue under visible light irradiation. 
Among the samples, the Cr-modified coating 
exhibited the highest photocatalytic efficiency, 
followed by the unmodified coating and then the Sr-
modified coating. This trend is likely influenced by 
the larger contact angle of the Sr-modified surface 
compared to the other samples. Electrochemical 
impedance spectroscopy (EIS) performed under 
both light and dark conditions further confirmed 
that visible light irradiation significantly enhances 
charge transfer efficiency. The reduced arc radius 
observed in Nyquist plots under illumination 
indicates more effective electron–hole pair 
separation and accelerated interfacial charge 
transfer, which are essential for the photocatalytic 
mechanism.

Overall, the results underscore the promise of 
Sr- and Cr-modified PEO coatings on Mg alloys 
as viable materials for photocatalytic wastewater 
treatment applications.

 

Fig.6- EIS plots of PEO coatings at 12 Aˑdm⁻², with and without Sr and Cr, under light and dark.
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