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Abstract 

This work reports S-TiO2 doped coatings to reduce Cr6+ to Cr3+ obtained from a Ti electrode 

through the Plasma Electrolytic Oxidation (PEO) process. The Ti sheets (20 x 20 x 1 mm) 

were submerged on 0.1 M H2SO4, and values of the duty cycle from 2% to 50% were applied 

to obtain various materials. SEM, XRD, AFM, XPS, and DRS techniques were used to 

characterize the resultant surfaces. It was observed that the duty cycle strongly influences the 
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crystalline/amorphous ratio, anatase/rutile ratio, porosity density, pores size distribution, and 

surface roughness. Besides, it is explained that the introduction of SO4
2- into the TiO2 

structure can take place either in the Ti or O places in the crystalline lattice. All materials 

showed photocatalytic properties to reduce Cr6+ to Cr3+ under UVC light (254 nm), 

decreasing the efficiency with the increase of the duty cycle. Additionally, the introduction 

of EDTA showed a positive synergy with the heterogeneous photocatalytic process when the 

material was obtained with the highest duty cycle. This last result was attributed to the 

relatively low bandgap and the high recombination rate; furthermore, EDTA acts as holes 

and hydroxyl radical scavenger. Thus, the photoelectrochemical system for the treatment of 

wastewater was evaluated, and again, the same materials showed the highest performance. 

In the same way, the re-use of the material obtained with the 2% duty cycle was tested, getting 

satisfactory results, obtaining 96.14±2.77% Cr6+ reduction even after seven cycles of reuse. 

 

Keywords: Cr6+, Reduction, PEO, Duty Cycle, wastewater, S-TiO2. 

1. Introduction  

Chromium (Cr) is one of the most hazardous heavy metals causing environmental pollution 

nowadays, it is found in two different oxidation states: hexavalent (Cr6+) and trivalent 

chromium (Cr3+). Cr6+ is the most toxic state with high bioaccumulation and is used primarily 

in the leather and electroplating industry [1,2], while Cr3+ is the least toxic and it is necessary 

for the proper functioning of living beings [3]. Nevertheless, the oxidation of Cr3+ to Cr6+ has 

been reported to occur during the chlorination process in conventional wastewater treatment 

[4] and thus the removal of Cr from water is required. The World Health Organization 
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(WHO) has established a maximum limit of about 0.05 mg L-1 Cr presence in drinking water 

[5]. 

 

Chemical reduction, precipitation, flotation, electrolysis, electrocoagulation, and membrane-

based techniques have been reported to treat water contaminated with Cr6+ [6–9]. However, 

the use of these technologies is limited due to the elevated costs for implementation or the 

production of secondary contaminants [10]. Adsorption stands out for its easy operation, 

relatively high performance, and economic feasibility in removing Cr [11,12]. The typical 

limitation of the process comes from the requirement of developing materials with high 

surface area, and the additional unit processes required to remove the solid-liquid mixture 

[13]. Thus, it is necessary to develop new alternatives for treating water contaminated with 

Cr6+. 

 

Heterogeneous photocatalysis is an alternative process, which has attracted scientific 

attention due to its capacity to promote the reduction of Cr6+ to Cr3+ with relatively low 

energy consumption [14,15]. Heterogenous photocatalysis uses semiconductor materials as 

photocatalyst, being Titanium dioxide (TiO2) the most common due to its chemical stability 

and high photocatalytic activity [16]. TiO2 has been extensively studied both theoretical and 

experimentally due to its optical and psychochemical properties and have shown interesting 

properties for both Cr6+ to Cr3+ reduction and posterior Cr3+ adsorption [17]. 

 

Several syntheses and coating methods have been used to obtain different functional TiO2 

materials, such as hydrothermal [18], sol-gel [19], chemical vapor deposition (CVD) [20], 

solvothermal [21] and magnetron sputtering [22]. However, the robust equipment required 
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or the weak coating adhesion to the substrate makes it difficult to use the obtained materials 

for real water treatment applications. 

 

In recent years, Plasma Electrolytic Oxidation (PEO) has prompted great interest since it 

allows obtaining compact, rugged, dense, and well-adhered ceramic coatings on the surface 

of different metals such as titanium, magnesium, zinc, and their alloys [23,24].  Using PEO 

presents benefits over a simple electrolytic oxidation, such as more rigid and crystalline 

ceramic phases, high adhesion to the substrate under mechanical stress, and the possibility of 

porous growth on the oxide layer with chemical elements from the electrolyte solution. 

 

The PEO technique is a low-cost and environmentally friendly technology. It is performed 

with a diluted electrolytic aqueous solution at high voltages, typically 200 V or higher, which 

develops a strong electric field that generates electric discharges on the substrate surface. 

This strong electric field establishes a plasma state that creates high local temperatures, 

between 2000 and 10,000 K. During the process, many micro discharge channels gradually 

grow up to reduce pressure when the current is increased, forming those plasma channels on 

the surface of the material [25] . 

 

 The parameters for synthesis in the PEO process are operation time [26], type and 

concentration of electrolyte [27,28], frequency, useful duty cycle, and current density [29]. 

Thus, selecting the electrolyte for the synthesis is a critical step [30]. Furthermore, coatings 

with different structures, compositions, and properties can be obtained depending on the 

substrate material, the chemical composition of the electrolyte, the oxidation time, and 

electrical parameters such as the frequency and the value of the applied voltage [27,31]. 
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Moreover, the duty cycle (time when the power source is on during a cycle) affects the 

porosity, porous size, and roughness of the synthesized material [32,33]. Unfortunately, this 

critical parameter has not been thoroughly studied, and its role in the photocatalytic 

properties of the TiO2 obtained is not well understood.  

 

The aim of this study is to evaluate the impact of the duty cycle on the properties of the 

synthesized S-TiO2 coatings on a Ti substrate using the PEO process when using H2SO4 as 

electrolyte. The synthesized materials were evaluated in the photoreduction of Cr6+ in real 

electroplating wastewater. In some cases, EDTA was introduced in the solution to evaluate 

its influence in the reduction. Finally, a photoelectrochemical approach was applied to 

overcome the performance limitation on the pure photochemical process. This study opens 

an interesting panorama for the design of versatile and reusable materials in the remediation 

of Cr6+. 

2. Materials and methods 

2.1. Materials 

Sulfuric acid (H2SO4, 96% wt. - PanReac AppliChem), phosphoric acid (H3PO4, 85% wt. – 

Sigma Aldrich), Ethylenediaminetetraacetic acid disodium salt dihydrate 

(C10H14N2Na2O8·2H2O, 99% wt. – Loba Chemie), potassium dichromate (K2Cr2O7, 99.5% 

wt. – Loba Chemie), 1,5-diphenylcarbazide (C13H14N4O, 98% wt. - Loba Chemie) and 

acetone (C3H6O, 99.5% wt. - Loba Chemie) were used without further purification. Grade 2 

Titanium sheets (99% wt. - ASTM B265 dimensions 20 x 20 x 1 mm from Electrónica I+D 

Ltda.) were used as substrates for the PEO process.  
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The Cr6+ photocatalytic reduction tests were performed using real plating wastewater. The 

physicochemical characterization of this water is shown in Table 1. 

Table 1. Physicochemical characterization of electroplating wastewater. 

Physicochemical parameters Value 

Cr (VI) (mg L-1) 13.25 

Total Cr (mg L-1)  13.63 

Cr (III) (mg L-1) 0.38 

pH 5.89 

Electric conductivity (µS cm-1) 90.65 

Turbidity (NTU) 5.6 

Total Ni (mg L-1) 0.78 

Total organic carbon (mg L-1) 1.03 

Inorganic carbon (µg mL-1) 362.5 

Total Nitrogen (mg L-1) 2.20 

 

2.2. PEO Coating process 

A previous protocol developed by S. Vargas-Villanueva et al. was adapted to synthesize the 

S-TiO2 doped sheets [30]. The Ti sheets were washed with water and then polished with SiC 

abrasive paper with a grit size of 320 – 1200. Subsequently, the polished Ti sheets were 

suspended in isopropanol and sonicated using a BUEHLER Ultramet 2002 Sonic clearer for 

10 min. This process was repeated using distilled water as solvent. Then, the corresponding 

material was dried and washed three times with distilled water and dried at room temperature. 

 

A switched source with a maximum output voltage of 357 V and frequency of 2000 Hz was 

used for the PEO process. A single sheet was submerged in 380 mL of an electrolyte 

solution of 0.1 M H2SO4, and different duty cycles were applied with values of 2, 10, 30, 

and 50% of the cycle time with a specified time of 500 μs. For all cases, the total time was 
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7 min (see Figure 1. Schematic diagram of the assembly and process of the PEO 

system. 

An attempt was made to make a control sample of a TiO2 coating without H2SO4 in the 

electrolyte. However, due to the low conductivity of the solution it was not possible to 

generate crystalline phases of anatase or rutile as observed in Figure S1. Therefore, it was 

not considered in this study as a control sample.  

). Finally, all coatings were submerged in distilled water for two hours to remove traces of 

salt from the surface. 

 

Figure 1. Schematic diagram of the assembly and process of the PEO system. 

An attempt was made to make a control sample of a TiO2 coating without H2SO4 in the 

electrolyte. However, due to the low conductivity of the solution it was not possible to 

generate crystalline phases of anatase or rutile as observed in Figure S1. Therefore, it was 

not considered in this study as a control sample.  
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2.3. Material characterization 

X-Ray Diffraction (XRD) analyses were carried out in a Bruker Advance D8 X-Ray 

diffractometer with Bragg-Brentano geometry and a Cu source (λ = 1.541874 Å) at 40 kV 

and 40 mA. The estimation of the anatase/rutile ratio was carried out following the Spurr-

Myers method [34]. Furthermore, the corresponding crystalline domains were quantified 

through the Williamsons Halls method [35]. The morphology of the coatings was obtained 

using a Carl Zeiss Field Emission Scanning Electron Microscope (FESEM) using electron 

and 5 kV irradiation with 10000× magnification and 20.0 µm aperture size. Atomic Force 

Microscopy (AFM) was used to analyze the topography and roughness of the surfaces. A 

HITACHI AFM5100N equipped with a 10 Å diameter Si3N4 tip was used in contact mode 

for a maximum area of 100 x 100 μm2. Data processing was carried out using the free 

software Gwyddion v 2.50. The static contact angle measurement was performed on a 10 

Mk2 Drop Shape Analysis (DSA) system provided by KRÜSS. For each measurement, 15 

µL of distilled water pH 6.7 were placed on top of the corresponding surface. The baseline 

detection was carried out manually by the operator. X-ray photoelectron spectroscopy (XPS) 

spectra were obtained under a high ultra-vacuum with a K-alpha+ system (Thermo Fisher 

Scientific) using a gun type of Al K Alpha source with 400 µm spot size and CAE analyzer 

mode: Pass Energy 50.0 eV. Internal calibration to correct for the surface charge was 

performed with the C1s peak at BE = 284.8 eV due to adventitious carbon. High-resolution 

XPS spectra were further taken to analyze the chemical environment of the different 

elements. The analysis was carried out using the software Avantage®, and for all cases, a 

Shirley-type background of each spectrum was used. Besides, all the experimental curves 

were solved by Gaussian-Lorentzian fitting and compared with X-ray Photoelectron 
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Spectroscopy Database from NIST [36]. The bandgap values for each coating were obtained 

by UV–vis Diffuse Reflectance Spectra (DRS) using a Shimadzu Uv-2600 

spectrophotometer with a wavelength range of 250 – 1000 nm. 

2.4. Cr6+ photoreduction test.  

The photocatalytic reduction of Cr6+ was carried out using real electroplating wastewater 

(See Table 1). In some cases, dilutions with Milli-Q water were prepared to obtain 4 or 1 mg 

Cr6+ L-1, which is the common concentration found in electroplating wastewater in Colombia 

(see Figure S2). When required, 4 mg L-1 of EDTA were dissolved in the solution before the 

reaction in further experiments where the influence of this substance in the reduction of Cr6+ 

was evaluated. A typical photocatalytic experiment uses the setup shown in Figure S3 a. The 

experiment begins by turning on the lamp (OSRAM, 75W, λ = 253 ± 10 nm) outside the 

setup and waiting 30 min to stabilize the photons emitted by the lamp. Subsequently, the 

selected material is immersed in 20 mL of reaction volume at pH 2.0 (adjusted by H3PO4). 

Finally, the lamp is positioned at 7.0 cm from the top of the recipient, and the reaction time 

starts counting. Samples of 0.8 mL were taken every 30 min and those were filtered using 

0.23 µm cellulose syringe filters to be subsequently measured in an MRC UV-61PCS UV-

Vis spectrophotometer at 540 nm. The measurement of the conversion of Cr6+ to Cr3+ was 

carried out using the Standard Methods 3500 Cr-B  [37] by complexing the Cr6+ with 1.5-

diphenylcarbazide following the protocol described in [38]. All the measurements were 

performed by triplicate and the average is reported along with its error bars.  

A synergy effect (S) was calculated for cases in which EDTA was used to promote the 

photoreduction of Cr6+. This synergy was obtained as the standardized difference between 

the photoreduction performance obtained where the material and EDTA (CPRcomb) were 
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simultaneously used as well as the sum of the performances obtained under either EDTA or 

materials individually (PRi). The equation used to calculate the synergy is shown in Eq. 1 

[39]. 

S =
CPDcomb − ∑ PRn

1 i

CPDcomb
                                                                                                         (Eq. 1) 

2.5. Cr6+ Photo-electroreduction tests. 

Photo-electroreduction tests were also carried out in a closed electric system where no 

electrical potential was applied. In this case, the synthesized material was connected to an 

untreated titanium sheet using Aluminum alligator clips attached to a copper cable of 2.05 

mm diameter (see Figure S3 b). Later, both materials were immersed in the reactant solution, 

and the synthesized surface was irradiated using the same lamp used for the photocatalytic 

reduction tests.  

3. Results and discussion 

3.1. Material characterization 

The X-ray diffractograms for the untreated Ti sheet and the treated ones by the PEO process 

at different duty cycles (DC) are shown in Figure 2. For the non-treated Ti-substrate (black 

line) the peaks at 34.9, 38.4, 40.1, 53.0, and 62.9° correspond to the planes (100), (002), 

(101), (102) and (110) of commercially pure Ti [40]. After the PEO treatment, all samples 

exhibit new diffraction bands. First, the signals at 25.4 and 48.1° correspond to the (101) and 

(200) planes of the TiO2 anatase phase (JCPDS No. 21-1272). The peaks at 27.5, 36.2, 41.5, 

44.2, 54.6, and 56.8° confirm the presence of the rutile phase (JCPDS No. 21–1276) [41]. 
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The peak at 27.5° is attributed to the plane (110). The absence of a peak at around 30.8° 

indicates no Brookite phase in the resultant material synthesized [42,43].  

These results suggest that the PEO treatment promotes first the reactive dissolution and 

posterior oxidation of the Ti substrate, producing anatase and rutile phases. However, the 

formation of amorphous phases should not be discarded. 
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Figure 2. Vertically shifted XRD diffractograms. a) Ti-substrate samples, DC-2%, DC-

10%, DC-30%, and DC-50%. b) selected magnified regions of the XRD diffractograms. 

Figure 2b shows an inversion of the peak intensity in the phases (101) for anatase and (110) 

for rutile when the duty cycle (DC) increases. Figure S4 a shows the experimental 

anatase/rutile ratio are 1.75, 0.83, 0.32, and 0.20 for the samples at DC-2, DC-10, DC-30, 

and DC-50, respectively. All the previous results indicate an increase in selectivity for the 

rutile phase when the duty cycle is increased. The higher initial anatase fraction could be 

expected at the studied conditions since anatase is the first phase to crystallize due to its more 

flexible TiO6 octahedron assembly sharing 4-edges under a kinetically control regime [44]. 

Subsequently, anatase could be transformed either in rutile or amorphous phases, but the 

conversion to an amorphous phase takes place at high energy duty cycles [44].  

 

The results from numeric integrations on the X-ray diffractograms (plotted in Figure S4 b), 

show an increase in the sample crystalline fraction when increasing the duty cycle from 2 to 

30% but the area of the diffractogram decreases by 29% when the duty cycle is increased up 
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to 50%. This result suggests that the amorphous phase increases at a duty cycle higher than 

30%, supporting the previous statement about the transformation of anatase to amorphous 

phases [45]. Furthermore, the changes in the sizes of the crystalline domains for anatase and 

rutile, being possible to observe that the mean crystalline size remained statistically constant 

at 63 nm for anatase. For rutile, the crystalline size decreased from 262 to 51 nm. Hence, it 

is concluded that increasing the duty cycle also favors the formation of nanometric anatase 

and rutile phases [45]. The convergence of the crystal domain to 51 nm suggests that the 

domain frontiers do not suffer alterations occurring only in the phase transition from anatase 

to rutile. 

 

Figure 2b also shows a change in the maximum peaks for lower and higher 2θ values in the 

samples at DC-30% and DC- 50%, suggesting an expansion and a contraction in the unit cell. 

Typically, these unit cell size changes indicate the introduction of heteroatoms in the 

crystalline structure. Thus, all the XPS spectra illustrated in Figure 3 were taken to 

understand this behavior. The survey XPS spectra shown in Figure 3a explain the presence 

of Ti, O, S, and C elements for all samples treated. Peak C is due to adventitious 

contamination, and this one was used to correct the binding energy to 284.8 eV due to 

charging effects. Omitting the C contribution, the surface stoichiometry for DC-2% and DC-

50% are Ti1.000O1.325S0.009 and Ti1.000O1.728S0.015, respectively. This result suggests that 

increasing the duty cycle enhances both O and S surface concentration. 

 

High-resolution XPS (HR-XPS) spectra were obtained for each one of the elements, and 

those are depicted in Figures 3b, 3c, and 3d. The Ti2p3/2 and Ti2p1/2 doublet were observed 

for Ti2p (Figure 3b) in the DC-50% samples. The maximum peaks were at 458.1 (for Ti2p3/2) 
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and 463.8 eV (for Ti2p1/2), and a satellite of 471.3 eV. These features align with the titanium 

standard binding energy in pure TiO2, which supports the presence of Ti4+ [46]. The 

deconvolution of these two peaks suggests the presence of five different doublets that could 

be related to various chemical environments. The bands at 456.8 and 462.6 eV show the 

presence of surface Ti3+, suggesting an incomplete surface oxidation or the in-situ production 

of Ti2O3 [47,48]. The second doublet (maximums at 459.2 and 465.3 eV) corresponds to Ti4+, 

which is consistent with TiO2 [49]. Interestingly, the doublet at 458.8 and 464.6 eV advises 

the Ti-O-S group, consistent with the XRD analysis of introducing heteroatoms in the unit 

cell [30]. The last bands at 459.2 and 465.3 eV could be attributed to oxygen vacancies in the 

surface layer [46]. 
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Figure 3. XPS spectra of the treated samples. a) survey spectra for DC-50%. b) Ti2p 

for DC-50%. c) O1s for DC-50%. d) S2p for DC-50%. 

The O1s HR-XPS spectra in Figure 3c shows a maximum peak at 529.6 eV. Its deconvolution 

resulted in the elucidation of four different species. The first species is shown at a maximum 

of 529.6 eV attributed to the lattice oxygen belonging to the TiO2 domains [46]. The second 

species is the Ti-O-S cluster represented by the band at 530.9 eV. The third species is Ti2O3, 

observed at 531.3 eV, and the last band at 532.5 eV shows the presence of O-H and O-S 

bonding. This band is attributed to adsorbed hydroxyl and sulfate or sulfite ions [50].   

 

Figure 3d shows the signals corresponding to S2p, where a doublet with a maximum of 168.4 

and 169.2 eV was observed [30,51]. This doublet corresponds to the S2p3/2 and S2p1/2 

environments. Boningari et al. obtained similar XPS results of synthesized TiO2 

nanoparticles doped with S. They attributed the XPS result to the S6+ and S4+ species at the 

Ti positions in the TiO2 structure [50]. In this case, SO4
2- or HSO4

- ions formed by the 

dissociation of H2SO4 can act as a Lewis base and can react with Ti4+ ions with Lewis acid 
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behavior. This reaction could produce Ti(SO4)2+ in the lattice with O2- free surface clusters 

that could act as nucleation sites for further growth of the solid due to the high energy in the 

system. Then, the last results suggest the introduction of -SO4
2- and -SO3

2- ions in the TiO2 

structure. This analysis agrees with the unit cell contraction and expansion hypothesis from 

the observations of the XRD diffractograms for the samples. S can form substitutional 

solutions with TiO2 since the atomic radius of S is very similar to the radius of Ti (1.00 Å vs. 

1.47 Å, respectively) and not very distant from the radius of O (0.6 Å). Thus, A unit cell 

contraction can be observed when S atoms take Ti positions in the crystalline structure (as 

shown for the DC-50% sample) while an expansion is observed if S takes O positions in the 

structure (as shown for DC-30% sample). In fact, the signal between 163.2 – 164.2 eV [52] 

could be related to introducing S2- species into the O2- sites in the unit cell which is consistent 

with the previous statement [52]. These results are interesting since they show that the 

introduction of S into a Ti or O space might be related to the duty cycle used, although further 

investigation is needed [53]. 

 

The SEM micrographs in Figure 4 display the changes in topography due to the PEO process. 

Figure 4a show that the untreated Ti substrate exhibits a flat surface. Once the PEO treatment 

is carried out, the Ti substrates develop a pore-like structure even for the lowest duty cycle 

applied (DC-2%). Further analysis demonstrates that the pore size distribution is also affected 

by the duty cycle applied (Figure S5). The average pore diameters were 78.5, 91.3, 136.7, 

and 142.9 nm for the DC-2%, DC-10%, DC-30% and DC-50% samples, respectively. 

Moreover, the relative abundance of pores with a relatively high mean diameter (< 500 nm) 

also increases with the duty cycle. 
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Although the mechanism of metal oxide film formation assisted by the PEO treatment is still 

under discussion, some authors suggest that the spark discharge region could reach 

temperatures as high as 10000 K due to the Joule effect [54,55]. This Joule effect produces 

the melting of the substrate in the discharge channels accompanied by the development of 

pressures as high as 103 MPa [56]. In this regard, the reported melting temperature of Ti is 

1941 K. Therefore, the pores observed in the micrographs of the treated samples could be 

due to the melting of the non-porous Ti substrate (see Figure 4a). Moreover, the increase in 

mean pore size with duty cycle could be due to the greater spread of the melted mass.  

 

The experimental time window applied in this study was an active pulse of 10 µs, which 

corresponds to 10 times the reported by Yerokhin et al. as the period to develop and release 

temperature and pressure (less than 1 µs) [57]. Consequently, it is reasonable to expect that 

higher values than 1 µs will develop a porous structure, as this study shows, even for the 

lowest duty cycle applied.  
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Figure 4. Selected SEM micrographs of a) untreated Ti substrate, b) DC-2%, c) DC-

10%, d) DC-30% and e) DC-50%. The words and arrows in red are intended to 

identify some structural features analyzed in the text.  

 

Several reports state that the discharge mechanism is due to the dielectric breakdown of the 

surface which takes place in localized domains with lower electrical resistance [45][54]. The 

dielectric breakdown forms the so-called discharge channels characterized by convergence 

to the pores. These channels become more concentrated on the surface with an increasing 

duty cycle consistent with increasing roughness. These structures are evident in some of the 

micrographs. Figure S6 shows a more apparent micrograph to distinguish them on the 

surface. Calottes (spherical structures) can be also seen in Figure S6 and they have been 

previously reported in several studies [58].  

 

When the melted Ti expelled from the newly formed pores interacts with the relatively cold 

solvent, it fuses to create a solid that could be adsorbed again on the electrode surface. This 

adsorption in the electrode increases the total width of the oxide/substrate. Therefore, 

surfaces with higher roughness are expected at higher temperatures, as well as increasing the 

duty cycles. Similarly, the melted substrate fraction can be high at higher duty cycles and the 

re-solidification process is not uniform. This results in the formation of non-uniform solids 

on the surface called nodular zones as evidenced by the SEM micrographs for the DC-50% 

sample. 
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Some AFM micrographs shown in Figure 5 and the contact angle (CA) measurements in 

Figure S7 agree with the results from the SEM analysis. Figure 5 shows that the experimental 

roughness increases with the increase of the duty cycle as follows: 133 ± 23, 173 ± 21, 218 

± 22, and 266 ± 20 nm for DC-2%, DC-10%, DC-30%, and DC-50%, respectively. In 

addition, Figure S7 shows an increase of CA from 97.7° to 115.3° from the untreated Ti 

substrate to the DC-50% sample. According to Wenzel, the roughness increase is 

proportional to the rise in the static contact angle of a surface [59]. 

                  

                  

Figure 5. AFM micrographs. a) DC-2%. b) DC-10%. c) DC-30%. d) DC-50%. 

Based on the previous results, the following formation mechanism is proposed. First, 

the reactive dissolution of the Ti-substrate (Reaction 1) [57] takes place due to the relatively 

high potential on the substrate and the discharge take place with the conductive surrounding 

b) 

c) d) 

a) 
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solution. Moreover, the formation of titanium dioxide takes place due to the reaction of the 

Ti4+ with the hydroxyl anion produced by the dissociation of water molecules (Reaction 2). 

Ti0 → Ti4+ + 4e-                  Reaction 1 

Ti4+ + 4HO- → TiO2(s)↓ + 2H2O + 4e-                  Reaction 2 

Moreover, due to the high energy onto the system, the ions SO4
2- or HSO4

- formed by 

the dissociation of the H2SO4, act as a Lewis base which can react with Ti4+ ions with Lewis 

acid behavior producing Ti(SO4)2- like domains on the network with free O2- surface groups 

that might act as nucleation sites for further growth of the solid.  

 

The UV-Vis absorption spectra and their corresponding Tauc-plots are shown in Figure 6a 

and Figure 6b. Values of bandgaps are 2.87, 2.96, 2.76 and 2.05 eV for DC-10%, DC-2%, 

DC-30% and DC-50%, respectively. The latter results suggest that the PEO treatment not 

only impact on the surface composition and on the roughness but also on the optical 

properties of the obtained materials. 
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Figure 6. UV-Vis absorbance spectra and Tauc-plots for all treated samples. a) UV-Vis. 

b) Kubelka-Munk transformation to determine the bandgap. 
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3.2. Photocatalytic reduction of Cr6+  

All adsorption experiments were carried out using the real electroplating wastewater at pH 

2.0, which contains the Cr6+.  For Cr concentration lower than 10 ppm and pH = 2.0, the main 

species are Cr2O7
2- and HCrO4

- with almost equimolar concentrations [60]. Therefore, both 

species should be considered. In that regard, the reduction semi-reactions involved for them 

are shown in reactions 3 and 4 [61], with E° > 0 V, which confirms the spontaneity of the 

reaction with H+ and electrons on the medium.  

Cr2O7
2- + 14H+ + 6e- → 2Cr3+ + 7H2O          E° = 1.33 V vs NHE         Reaction 3       

HCrO4
- + 7H+ + 3e- → Cr3+ + 4H2O         E° = 1.35 V vs NHE      Reaction 4                

An initial experiment was carried out by immersing the obtained materials in the wastewater 

without irradiation (dark conditions) for 120 minutes using the experimental setup shown in 

Figure S3 a. As observed in Figure 7a, the Cr6+ concentration removal (%) was less than 10% 

for all cases, equivalent to 0.1 mg L-1. The low reduction performance of Cr6+ could be related 

to the weak reducing activity of TiO2 in the ground state. Further experiments using 

irradiation with a photon source of λ = 253 ± 10 nm (configuration shown in Figure S3 

showed a more significant decrease in the Cr6+ concentration (Figure 7b). This higher 

performance in the reduction of Cr6+ cannot be attributed only to the action of light (black 

square in Figure 7b). Therefore, the results suggest that photocatalytic reduction from Cr6+ 

to Cr3+ took place. Moreover, the materials showed different performances for Cr6+ reduction, 

following the trend DC-50% < DC-30% < DC-10% < DC-2%.  
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Figure 7. Cr6+ concentration profile for each material under different conditions. (a) 

darkness, (b) UV-C irradiation. For all cases the initial Cr6+ was 1 mg L-1 at pH 2.0. 

As shown previously in Figure 6a, the DC-50% sample shows its maximum light absorption 

peak in the visible region, while the rest of the samples absorbs light in the UVA region. 

However, the shoulder highlighted in Figure 6a in the UV region (254 nm) results being 

higher for DC-2% and DC-10%, which is in agreement with the higher Cr6+ reduction 

performance. The modification of bandgaps in the treated samples could result in both a 
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kinetic and a thermodynamic change of the reactive process, making it difficult to understand 

the Cr6+ reduction performance differences observed in Figure 7. However, the DC-50% 

sample (lowest band gap of 2.05) could have the highest recombination, which could explain 

its lower performance. 

The photoreduction of Cr6+ to Cr3+ mechanism mediated by TiO2 has been widely explored 

[62,63]. TiO2 in ground-state absorb a photon with the exact energy of the bandgap (Reaction 

5) which promotes the migration of an electron from the valence band (V.B.) to the 

conduction band (C.B.) resulting on the formation of the electron-hole (eCB
- - hVB

+) pair. The 

produced photoelectron (eCB-) might participate in the direct reduction of Cr6+ as following 

the chemical reactions previously mentioned (Reactions 3 and 4). 

TiO2 + hʋ → hVB
+ + eCB

-          Reaction 5 

Additionally, the photoproduced eCB
--hVB

+ pair might react individually with the 

surrounding molecules. In fact, the photoholes (hVB
+) could react with adsorbed water 

molecules to produce hydroxyl radical (HO·) as shown in Reaction 6. Regarding the eCB
-, 

they might react with dissolved molecular oxygen producing a reaction cascade represented 

on Reactions 7 – 11, which produces oxidation agents such as anion radical superoxide (O2·-

) [64], hydrogen peroxide (H2O2), and HO· [65]. Thus, reactions 7, 8 and 11 are competitive 

reactive pathways to the eCB
--mediated Cr6+ photoreduction. 

hVB
+ + H2O → HO· + H+      Reaction 6 

         eCB
- + O2 → O2·-                        Reaction 7 

    eCB
- + O2 + H+→ HO2·             Reaction 8 

  O2·- + H2O → HO2· + HO-               Reaction 9 
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    2HO2· → O2 + H2O2                    Reaction 10 

eCB
- + H2O2  → HO- + HO·             Reaction 11 

 Therefore, the direct re-oxidation of Cr3+ through electron transfer to the hVB
+ or due to its 

reaction with the hydroxyl radical HO· (E° = 2.80 V vs NHE) is also plausible [65].  

The later analysis evidenced the complexity of the involved reactive pathway for the 

Cr6+ photoreduction. Furthermore, the mentioned discussion did not consider the impact on 

the different optical properties of the materials as the one used on this study (See Figure 6). 

The modification on the band gaps might result on both kinetic and thermodynamic 

modification of the reactive process, which complicates the understanding on the yield 

differences observed on Figure 4b. Nevertheless, the material DC-50%, which has the lowest 

band gap might be the one with the highest recombination yield of all the materials. 

3.3. Influence of the addition of EDTA in the photocatalytic reduction of Cr6+ 

The introduction of holes scavenger organic molecules and oxidizing species scavengers 

(such as EDTA) is an interesting approach to favor the photoreduction of Cr6+ over other 

competing reactions such as Cr3+ re-oxidation and to avoid the(eCB
--hVB

+) pair recombination. 

The photoreduction of Cr6+ was carried out in the presence of EDTA in solution. The results 

of these experiments are shown in Figure 8a. For the system without material (EDTA + UVC 

light), the introduction of EDTA resulted in a decrease of around 50% of the Cr6+ 

concentration. The last result suggests that EDTA plays an important role in the 

photoreduction of Cr6+. Blank experiments in the absence of light suggest that EDTA itself 

does not promote the reduction of Cr6+ to Cr3+, which is coherent with the literature [66]. 

Besides, due to the anionic nature of both Cr6+ species (vide supra) and the anionic nature of 
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EDTA (pKa = 2.0, 2.7, 6.2, and 10.3), at pH = 2.0, the formation of metal-organic complexes 

does not take place [67]. Thus, a possible route for the role of EDTA is as follows: EDTA 

acts as a hVB
+ scavenger, which avoids the (eCB

--hVB
+) pair recombination and thus favoring 

the kinetic of the Cr6+ photoreduction. Furthermore, it might also avoid the Cr3+ reoxidation 

due to its reaction with either hVB
+ or HO·. For the latter case, HO· is known to have a non-

selective behavior and thus the introduction of the EDTA might result on the decrease on the 

Cr3+ re-oxidation [66].   
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Figure 8. Cr6+ concentration profile for each material under different conditions. (a) 

photocatalytic reduction in the presence of 4 mg L-1 of EDTA. b) synergy. For all cases 

the initial Cr6+ was 1 mg L-1 at pH 2.0. 

It is also observed in Figure 8a that the reduction of Cr6+ is higher for all the tests in the 

presence of EDTA (Figure 7a vs Figure 6b). Figure 8b shows the synergy between material-

based and EDTA-based treatments for Cr6+ photoreduction process. Only the DC-50% 

material showed positive synergy suggesting that the final performance on the combined 

process is greater than the sum of the performance of the individual processes. For the EDTA-

free system of this material (Figure 8b) a decrease performance of ~10% of Cr6+ was 

observed after three hours. For the system containing only EDTA and light, ~50% of Cr6+ 

was achieved. However, for the combination of both processes a removal of ~70% of Cr6+ 

was obtained. For all other cases, the performance observed for the material-EDTA system 

was lower than the obtained by the sum of the performance of individual EDTA and its 

corresponding material.  
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Regarding the latest results, the introduction of EDTA favors the performance of the DC-

50% material in the reduction of Cr6+ to Cr3+ which is the one with the lowest bandgap and 

thus it might be the one with the highest (eCB
--hVB

+) pair recombination. 

 

The scheme presented in Figure 9 shows the general pathway for the reduction of Cr6+ to 

Cr3+ in the absence and presence of EDTA. 

 

a) 
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Figure 9. Possible reaction pathway for the reduction of Cr6+ to Cr3+ in the (a) absence 

and (b) presence of EDTA. 

3.4. Photo-electroreduction of Cr6+.  

Electron-hole recombination affects the kinetic performance of the TiO2-based 

photocatalytic process. Therefore, the diffusion of the eCB
−  away from the S-TiO2 doped 

catalyst is an exciting approach to explore. For this reason, the existing photocatalyst was 

tested in an electrochemical cell connected with an additional Ti-substrate as a counter-

electrode to close the circuit and only the S-TiO2 material was irradiated (as shown in Figure 

S3 b). The behavior of the Cr6+ concentration is shown in Figure 10. 
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Figure 10. Cr6+ concentration profile for each material in the photoelectrochemical 

circuit under different conditions. a) irradiation without the presence of EDTA. b) 

irradiation with the presence of 4 mg L-1 EDTA. c) photograph showing the decrease in 

concentration of Cr6+ through the photocatalytic process. For all cases the initial Cr6+ 

was 1 mg L-1 at pH 2.0. 

As shown in Figure 10a, the DC-50% sample (lowest bandgap) is the one that shows the 

rapidest depletion of Cr6+. As mentioned previously, a low bandgap might promote a fast 

recombination rate. But closing the circuit promotes the diffusion of eCB
−  to the Ti electrode 

facilitating the separation of charges in the photocatalyst. Besides, an improvement in the 

photo-electro reduction system (Figure 10a) is observed compared to the photocatalytic 

reduction system for DC-10% and DC-30%. DC-10% is the second fastest material in this 

new setting, and it has the highest bandgap.  
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Furthermore, DC-50% and DC-2% samples are the fastest materials after the introduction of 

the EDTA (Figure 8c). For DC-50% in a closed circuit, the time to reach equilibrium at the 

lowest concentration of Cr6+ is 2 hours in the presence of EDTA but the equilibrium is not 

reached in the presence or absence of EDTA with the circuit open. Thus, it is concluded that 

after closing the circuit, the DC-50% material considerably improves its performance from 

65% Cr6+ removal at 3 h (open circuit - in the presence of EDTA) to 90% in 1 h (closed 

circuit - in the presence of EDTA). 

3.5. Photocatalyst reuse tests to reduce Cr6+ 

Finally, the DC-2% materials were reused in several cycles to evaluate their reuse as shown 

in Figure 11 (a-b) and the material maintained its photoelectrochemical activity through 7 

cycles of 25 mL of 4 mg L-1 Cr6+ real wastewater. These materials can be reused without loss 

of effectiveness thus, avoiding unitary operations for the separation of powder catalysis. 

 

Considering that the interest in wastewater treatment for the reduction of Cr6+ through 

coatings obtained by the PEO process is growing and the difference in parameters of the PEO 

process is wide, the information found in the literature is limited. From the results obtained, 

these agree with the reported by Yao et al. [68] and Torres-Ceron et al. [69], in which they 

made TiO2 coatings using the PEO process, and in the evaluation of the material they used 

K2Cr2O7 (synthetic water).  
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Figure 11. Cr6+ Concentration profile for each material on the photoelectrochemical 

circuit. (a) irradiation in the presence of 4 mg L-1 EDTA for DC-2% and DC-50%. (b) 

cycles use for the DC-2% sample. For all cases the initial Cr6+ was 4 mg L-1 at pH 2.0. 

4. Conclusions 

Several S-doped TiO2 coatings were obtained on a Ti electrode by the PEO process. It was 

observed that the duty cycle impacts the crystalline/amorphous ratio but also the 
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anatase/rutile ratio. Along the same lines, the duty cycle impacts on the porosity density but 

also on the distribution size of the surface pores and the surface roughness. It is clarified that 

the introduction of SO4 ions into the TiO2 structure takes place at places originally of Ti in 

the crystal lattice. 

 

The bandgap of the obtained material depended on the duty cycle used. But more importantly, 

the material obtained at 50% duty cycle developed a relatively low band of 2.05 eV. 

However, although all the materials showed photocatalytic properties regarding Cr6+ 

reduction and subsequent adsorption from a real galvanized wastewater, the mentioned 

material showed the lowest performance. Nevertheless, after the introduction of EDTA, the 

system containing the same material showed the highest synergy between the individual 

processes. Therefore, it is clarified that the DC-50% material has a relative high electron-

hole recombination rate. Thus, the photoelectrochemical processes overcome the high 

electron-hole rate of recombination of this material and hence it was the fastest to photo-

reduce Cr6+ to Cr3+ with subsequent Cr3+ adsorption. In addition, it showed high reusability. 
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Highlights 

• Duty cycle impacts on surface properties of roughness and pore 

size. 

• Duty cycle impact the anatase/rutile composition and 

amorphous/crystalline ratio 

• The band gap of the obtained material depended on the used duty 

cycle. 

• Heavy duty reduction of Cr6+ to Cr3+ in raw wastewater probes.  

• Under UV light all materials showed photocatalytic properties for 

Cr6+ reduction. 
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