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Abstract 

A highly porous surface with a high crystalline content and resultant photocatalytic activity is 

ensured through the process of plasma electrolytic oxidation on pure titanium. In the present 

study the morphology, crystallinity and photocatalytic activity of plasma electrolytic oxidized 

TiO2-surfaces were investigated. The surfaces were prepared in acidic and alkaline 

electrolytes over an applied voltage range between 50 V and 300 V to optimize the crystalline 

and photocatalytic properties. Scanning electron microscopy (SEM) and X-ray powder 

diffraction (XRD) were selected to determine the morphologies which differ according to the 

type of electrolyte as well as the crystal structures of anatase and rutile on the surface 

material, which increase with the applied voltage. The oxide surfaces did not show 

morphological differences compared to typical PEO surfaces with the exception of oxide 

films obtained in H2SO4-solution which also exhibited an astounding amount of rutile even 

with low applied voltages. The increased parts of anatase and rutile on the surfaces resulted in 

photocatalytic activity, which was investigated under UV-light using methylene blue, while 

the PEO surfaces showed degradation activity. There is an indication that a high proportion of 

anatase and small amounts of rutile in the PEO layers positively influence photocatalytic 

activity. 
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1 Introduction 

Since the middle of the last century, the use of titanium has permitted many innovative 

applications [1–4]. Plasma electrolytic oxidation (PEO) (also known as: micro arc oxidation 

MAO, plasma chemical oxidation and anodic spark deposition) is a type of high-voltage 

anodic oxidation capable of producing a stable oxide layer with a wide range of coating 

structures on lightweight metals (Al, Zr, Mg, Ti, etc.). This technic was first mentioned in 

1880 by Sluginov et al. [5] and further developed in 1937 by Schulze and Betz [6]. Since the 

1960s, PEO has been used for the formation of oxide layers on different metals  

[7–10]. Plasma electrolytic oxidation is very suitable as a surface treatment because it enables 

the combined adjustment of both the morphology and chemical composition, while offering 

the possibility of generating a uniform crystalline surface in a single step [11]. The process 

includes chemical, electrochemical and thermodynamical reactions where by the local 

temperature increases by 10
3
 and 10

4
 K due to the plasma micro-discharges [12] which are the 

reason for the formation of a partly crystalline surface. PEO allows high levels of layer 

thickness and surface roughness in contrast to other chemical metal surface treatments, which 

increase linearly with regard to the applied voltage. 

In several publications the effects of different mixtures of electrolytes on the morphology 

of TiO2 coatings have been described [13–15]. It is possible to obtain a typical porous- and 

crater-like structure with solutions containing different mixtures of acids [16] and other 

morphological distributions can be achieved by changing the electrolytic compounds and such 

process parameters as the applied voltage. The photocatalytic activity of TiO2 on crystalline 

PEO surfaces has been reported by different authors [14,17–20]. However, the effects of the 

electrolytic system on crystallinity as well as the associated photocatalytic activity of the PEO 

surfaces have until now not been thoroughly investigated. These PEO coatings also possess a 

high porosity and an associated large specific surface for the absorption of photons [21,22]. 

Often, however, only small crystalline phase contents are achieved in these coatings, which 

has a strong influence on the photochemical properties [22–26]. In this study, plasma 

electrolytic oxidized titania layers were investigated with regards to their morphology and 

crystalline surfaces. The photocatalytic behaviors of the crystalline surfaces were examined 

using the degradation of methylene blue (MB), a typical organic dye. 

 



2 Materials and experimental details 

2.1 Preparation of titanium test plates for PEO treatment 

The samples used for the oxidation process were cut from a bar of pure titanium  

(grade 1) into rectangular plates of the dimension of 1.5 cm x 1 cm. The plates were cleaned 

with a solution of SurTec®152 for 10 min and etched with Turco®5578 for 5 min to remove 

the natural oxide layer and to create a uniform surface. The chemicals used are listed in Tab. 

1. After rinsing with pure water for 3 min the plates were oxidized in the chosen electrolytes 

(Tab. 2). 

Tab. 1: Used chemicals in the present study 

Chemical Purity Manufacturer 

SurTec®152  < 5% Fatalcoholethoxalate 

20% Na2CO3 

< 5% Coconutoilaminoxethylat 

Sur Tec (Bernsheim, Germany) 

Turco®5578 10 - 30% NaOH 

1 - 10% Triethanolamine 

1 - 10% Sodiumgluconate 

Henkel (Düsseldorf, Germany) 

Sulfuric acid H2SO4 95 - 97% AppliChem (Darmstadt, Germany) 

Phosphoric acid H3PO4 85% AppliChem (Darmstadt, Germany) 

Calciumacetate Ca(C2H3O2)2 ≥ 99% Sigma Aldrich Co. LL (Steinheim, Germany) 

Sodium-β-Glycerophosphate NaC3H7O6P ≈ 99.9% 

≤ 0.1% inorganic phosphorus 

≤ 1.0 mol% L-α-isomer 

Sigma Aldrich Co. LL (Steinheim, Germany) 

Sodium tartrate C4H4Na2O6 ≥ 99% Sigma Aldrich Co. LL (Steinheim, Germany) 

Sodium hydroxide NaOH Mind. 99% VWR International GmbH (Darmstadt, Germany) 

 

Tab. 2: Chemical contents of the used electrolytes 

 

 

 

 

Parameter Concentration/ Components Discharge voltages/ V 

Electrolyte 1 0.3 M H3PO4, 1.5 M H2SO4 100 - 280 

Electrolyte 2 0.2 M Ca(C2H3O2)2, 0.02 M NaC3H7O6P 180 - 320 

Electrolyte 3 1.5 M H2SO4 80 - 220 

Electrolyte 4 1.5 M H3PO4 180 - 320 

Electrolyte 5 0.5 M NaOH, 0.2 M Na-Tartrate 50 - 140 



2.2 Plasma electrolytic oxidation process 

The TiO2 layers were produced in five different aqueous electrolytes as listed in Tab. 2. 

The mixed acid electrolyte should generate a clear surface morphology that is also most 

regular. These two acids were chosen in order to compare the difference in the surfaces 

produces by both the mixture and the pure acidic electrolytes. The electrolyte containing the 

calcium compound should form a biocompatible surface and the second alkaline electrolyte 

has a composition that should smooth the PEO surfaces. A typical experimental setup for 

performing the PEO process is presented schematically in Fig. 1. The oxidation process of the 

pretreated samples was carried out in an ice-cooled glass beaker. The experiments were 

performed with a two electrode circuit whereby a titanium plate was used as the permanent 

counter electrode and the titanium sample was the working electrode. Both electrodes were 

placed in the electrolyte and contacted with a metal clip. A commercially available power 

supply EA PS 8360 15T (0 – 360 V, 0 – 15 A, 1500 W, EA Elektro-Automatik GmbH & Co. 

KG Viersen, Germany) was used. The voltage ramp from 0 to a maximum of 300 V and the 

holding time was set using the software UTA 12 (Fraunhofer IFAM). For all samples a 

polarization time of 15 min was applied after a ramp time of 3 min to reach the maximum 

voltage. The resolution of the current measurement was nominally 0.01 A. During the 

polarization process the temperature increased with increasing voltage. Therefore, the whole 

electrolyte solution was cooled by ice circulation and hold between 290 K and 303 K. During 

the whole process the solution was stirred on a digital magnetic stirrer (IKA-Werke GmbH & 

Co. KG, Staufen, Germany) and the current flow and breakdown voltages were continuously 

recorded. Finally the samples were rinsed in demineralized water and air dried at room 

temperature.  

 

Fig. 1: a) Experimental setup for plasma electrolytic oxidation with anode oxidized titanium (1), cathode titanium plate (2), 

electrolyte (3), pump with ice water cooling (4), power supply (5) and a stirring bar (6); b) scheme of experimental treatment 

during the PEO process 



2.3 Structural analysis 

The examination of the crystallinity of the oxidized titanium surfaces was performed by 

X-ray diffraction analysis. Data were collected on a Xpert MPD powder diffractometer 

(PANalytical, Kassel, Germany) with Ni-filtered Cu-Kα1,2-radiation (α1 = 1.540596 nm, α2 

= 1.544493 nm) in Bragg-Brentano geometry. Measurements were carried out from 20° to 

100° 2θ with a step-size of 0.0167° per 3 seconds. To investigate the microstructure of the 

prepared PEO surfaces scanning electron microscopy (SEM) was used. These investigations 

were carried out in a FEI Helios 600 Dual-Beam (Oregon, USA) field emission scanning 

electron microscope (FESEM). For focused ion beam (FIB) analysis the samples were 

covered with a thin platinum layer to ensure conductivity for secondary and backscattering 

electrons. During the focused ion beam measurements the samples were tilted at an angle of 

52° to obtain the coating thickness. This angle was factored into the measurement of the 

thickness from the used program. An Everhart-Thornley or an InLense-Detector was used for 

imaging. 

2.4 Photocatalytic test 

The photocatalytic activity was measured by observing the degradation of methylene 

blue (MB, AppliChem GmbH, Darmstadt, Germany) in an aqueous solution. Using a Cary
®

50 

Conc UV/Vis-spectrometer (Varian Inc., Agilent Technologies, Santa Clara, USA). The 

degradation was measured over a period of four days detecting the change of the methylene 

blue after UV-illumination. Changes were analyzed based on the Lambert-Beer equation (I: 

Intensity of transmitted light, I0: Intensity of irradiated light, c: concentration, ε: extinction 

coefficient, d: layer thickness). 

𝐸 =  𝑙𝑔 (
𝐼0

𝐼
) =  𝜀 ∙ 𝑐 ∙ 𝑑  

During the test the PEO titanium plates produced (1.5 x 1 cm) were immersed into 3 mL 

of the prepared 37 mM methylene blue solution and irradiated with a 25 W UV-lamp 

(blacklight, Phillips, Germany). Data were collected for each after one day of irradiation. To 

exclude the desorption effects of MB, a pure MB sample was irradiated during the test and 

one PEO-treated sample was left in the dark, to exclude adsorption effects. Because 

methylene blue has an adsorption peak at 664 nm [18] the spectral region from 450 nm to 800 

nm was taken to analyze the degradation by comparing the respective adsorption intensity of 

this mode. 

 



3 Results and discussion 

3.1 Plasma electrolytic oxidation measurement 

During the electrochemical process, a high amount of characteristic micro-discharges 

occurred on the surface of the anode. These discharges are due to a local breakdown of the 

growing oxide layer which forms a porous- and “crater-like” structure [16,18]. During the 

treatment the current flow was controlled by in-situ current recording with a plugged power 

supply. Fig. 2 shows the characteristic breakdown voltages of each electrolytic system. It is 

well known that the electrolytic systems have a different effect on the breakdown voltage. 

Venkateswarlu et al. [27] ascribed a dependency of the breakdown voltage to the electrolyte 

conductivity and Ikonopisov et al. [28] developed an equation to show the linearity between 

breakdown voltage and the conductivity of the electrolytic system.  

 

𝑉𝑏 = 𝑎𝐵 + 𝑏𝐵 ∙ 𝑙𝑜𝑔
1

𝜅
 

 

Where Vb is the breakdown voltage, aB and bB are constant values for the electrolyte 

composition and κ is the electrolyte conductivity. It is obvious that if the conductivity κ 

decreases the value for Vb increases. 

There is a higher breakdown voltage for the alkaline electrolyte E2 (see Tab. 2) in contrast to 

the case of the acidic electrolytes E1 and E3, with the exception of electrolyte E4. The 

breakdown voltage decreases with an increase in the conductivity of the electrolyte (Tab. 2). 

In Fig. 2 a low breakdown voltage can be seen for electrolyte E1 and E3. Both electrolytes 

contain sulfuric acid,producing a high conductivity. E5 consists of an organic compound 

(tartaric acid) which has, according to Venkateswarlu et al. [27], a higher conductivity than 

the phosphoric acid used in E4. The H3PO4 electrolyte shows a high breakdown voltage 

similar to E2, which also contains phosphates.  

Tab. 3: Conductivities of the used electrolytic systems at room temperature 

Electrolyte E1 E2 E3 E4 E5 

Conductivity κ/ mS·cm-1 6311 16.812 6111 40.42 101.92 

1CRC Handbook of Chemistry and Physics, W. M. Haynes, 96th Edition, 2015-2016 

2WTW Cond 315i/ SET, Weilheim, Germany 

 



  

 

Fig. 2: a) Increasing current density during the PEO-process with the subside after the reaching of breakdown voltage b) 

Current density of the different electrolytic systems with the characteristically breakdown voltage where the PEO process 

starts 

 

Su et al. [29] observe a lower oxidation ability in alkaline electrolytes because of the 

higher gas evolution at the anode. The balance of the oxide layer growing and the dissolution 

of the metal is more dependent on the solution rate of the metal in the electrolyte. This leads 

to a higher breakdown voltage for spark discharges. In contrast, the acidic electrolyte E4 has 

the same breakdown voltage as the alkaline electrolyte E2. This is related to the phosphate 

anion content. Kern et al. [30] describe an inhibitor relationship of phosphoric acid to the 

plasma electrolytic discharges during the process. This is similar to E2, which also contains 

phosphate components. Phosphate-containing electrolytes are less oxidizing, which increases 

the breakdown voltage. Furthermore, phosphoric acid promotes metal passivation and thus 

inhibits the discharges on the surface [31]. The alkaline electrolyte E5 shows an extremely 

low breakdown voltage of 40 V. Su et al. [32] discovered a correlation between surface 

crystallinity and the oxidative behavior of the electrolyte. More aggressive contents improve 

the crystalline parts of the layers. Therefore it is possible to decrease the breakdown voltage 

with more oxidizing electrolytes, as also seen in Fig. 2 for E1 and E3 containing sulfuric acid. 

Yerokhin et al. [29] showed that H2SO4 provides a slow rate of metal dissolution, which 

causes a fast increase in current density during a small voltage range.  

3.2 Surface morphologies  

The titanium dioxide surfaces produced via plasma electrolytic oxidation in different 

electrolytes with the lowest and the highest applied treatment voltage is shown in Fig. 3.  

A surface morphology with typical porous and rough circular or elliptical pore shapes was 

formed on the basis of the occurrence of the micro-discharges previously reported. The left 

column of Fig. 3 shows the resulting surface morphology using the lowest voltage for the 



PEO process for each electrolytic system. At low voltages many little pores appear on the 

surfaces. With higher applied voltages (right side in Fig. 3), emerging larger pores are 

observed on the whole surface. The breakdown voltages of the PEO process had a significant 

effect onto the morphology of the surfaces. With increasing voltage the size of the pores 

increases too. This effect depends mostly on the increase of the applied voltage on the system. 

During the process the layer thickness grows continuously which happens along with a 

characteristic volume discharge forming sparks on the whole surface. The increase in the 

layer thickness with higher applied voltage can be seen in Fig. 4. The spark discharges 

between the oxide layer and the electrode are further enhanced by a significantly sharp rise in 

the current flow up to the end value. After reaching the end value the current decreases to a 

low constant current flow and, for the most parts, the oxide layer growth stops. With 

increasing anode potential a growing anodic oxide layer impedes the electron flow between 

the electrodes. With a definite thickness of the layer, the discharge and melting of the oxide 

cause a local breakdown in the layer. The layer growth is kinetically slowed because of the 

diffusion of H2O and O2 towards the bulk metal. Furthermore, defects on the surface lead to 

local breakdowns and form the characteristic pores on the PEO surfaces [19,33]. Ishizawa et 

al. [34], Bayati et al. [19] as well as Ito et al. [35] described a correlation of the applied 

voltage to the morphology and thickness of the PEO layer. 

 



 

 

 



 

Fig. 3: SEM micrographs showing the surface topographies of the PEO treated Ti-plates in the different electrolytes (E1 – 

E5). 

 



 

 

Fig. 4: SEM micrographs showing the oxide layer thickness of the PEO treated Ti-plates in the different electrolytes (E1 – 

E5). 

Using the different electrolytes, a change in the appearance of the surfaces can be 

observed. Nevertheless, all have a rough and porous structure. The surfaces using E1, E2 and 

E4 are quite similar. All surfaces have the typical “crater-like” pore shapes. The pores are 

relatively big, have bell mouths and are isolated from each other. In contrast to  



Venkateswarlu et al. [27], the pores of the phosphate (PO4
2-

)-containing electrolytes E1, E2 

and E4 have a round shape compared to E3 and E5, which show a linear, flower-like structure 

with a connection of the pores inside the network. Furthermore, a round, isolated pore shape 

of the surfaces treated in borate (B4O7
2-

) and silicate (SiO3
2-

)-containing electrolytes has been 

described [27]. These anions are twofold negatively charged. Therefore, the shapes of the 

pores may be explained by the character of the corresponding molecular charge of the 

components used in the electrolytic system. The electrolytes E1, E2 and E4 contain twofold 

negatively charged anions, which can influence the type of micro-discharges and thus the 

shape of the pores. In comparison to previous reports [13,16,18,36,37], the titanium surfaces 

treated in different PO4
2-

-containing electrolytes show a similar appearance and pore shape as 

the produced surfaces given in Fig. 3 for E1, E2, E4 and E5. For E5, the pores have the same 

shape as the other surfaces, but slightly smaller pores can be observed that are not as 

pronounced as in the other three electrolytes. This electrolyte contains NaOH and the organic 

compound tartaric acid (C4H4O6
2-

). Venkateswarlu et al. [27] also used an organic electrolyte 

containing citric acid (C6H5O7
3-

). These treated surfaces look similar to the surfaces treated in 

tartaric acid, with a lower number of pores and more flat parts between the pores. Organic 

components have a significant influence on the volcano or “crater-like” structure of the pores 

and support a more plane surface. Only with electrolyte E3 did the surface not show a typical 

PEO pore shape. This can be described as a stacking of oxide layers with some cavities 

between these layers which can behave like pores, comparable to results published by Oh et 

al. [16]. These authors described the same pore shape for a 1.5 M H2SO4 electrolyte with a 

stack- like structure of the pore layers.  

Tab. 4: Pore sizes and oxide layer thickness of the PEO surfaces treated in the different composited electrolytes 

Electrolyte E1 E2 E3 E4 E5 

Applied voltage/ V 100 280 180 300 80 220 220 300 50 140 

Pore size/ µm 0.43 

±0.02 

2.99 

±0.5 

0.77 

±0.16 

1.91 

±0.7 

- 0.96 

±0.05 

0.51 

±0.05 

1.12 

±0.21 

- 1.27 

±0.6 

Oxide layer 

thickness/ µm 

0.4 

±0.17 

14.15 

±1.2 

0.37 

±0.14 

3.86 

±1.32 

0.14 

±0.01 

11.38 

±0.64 

0.39 

±0.06 

1.79 

±0.72 

1.32 

±0.13 

3.19 

±0.65 

 



  

Fig. 5: Pore sizes and oxide layer thickness of the PEO surfaces treated in the different composited electrolytes 

The pore sizes of the surfaces are given in Tab. 4 and Fig. 5 were analyzed with the 

image editing FreeWare software ImageJ (National Institutes of Health, USA). Around 20 

pores were measured and the mean value was calculated. An increasing pore size and number 

of pores on the surface with increasing applied voltage can be determined for all electrolytes. 

The pore size increases proportionally to the applied voltage of the system. This has been also 

described by Frauchiger et al. [38]. The higher applied voltage which contains a higher 

current density increases the energy of the breakdowns and the surface becomes rougher. The 

same behavior also applies to the oxide layer thickness (Tab. 4). Sul et al. [29] describe a 

linear growth of the layer with regard to the applied voltage according to the following 

equation (α: growth constant nm/V). 

𝑑 = ∝∙ 𝑉 

Compared to Sul et al. [29], a lower oxide layer thickness of alkaline electrolytes can be 

found for E2 and E5, at nearly 3 µm, in contrast to the acid electrolytes with a thickness of  

10 - 15 µm. In acidic electrolytes the oxide layer growth rate is higher than the dissolution 

rate which results in an increasing layer thickness [39]. On the basis of the higher gas 

evolution on the surface of the anode, alkaline electrolytes have a lower current yield because 

of the reduction of the surface area and therefore a lower oxide layer growth rate [40,41]. An 

exception to this is represented by the electrolyte E4, where the layer thickness reaches nearly 

1.79 µm ± 0.72 µm in contrast to the other acidic electrolytes with higher thickness of  

10 - 15 µm. Also in contrast to the other acidic electrolytes, phosphoric acid has a lower 

current density during the PEO process as seen in Fig. 2. This can result in a lower layer 

thickness. 



3.3 XRD-analysis 

To investigate the crystallinity of the PEO surfaces, the anodized samples were 

examined using X-ray diffraction. The XRD-patterns of the PEO layers were refined for all 

samples treated with the different electrolytes E1 - E5 (Tab. 2) and are shown in Fig. 6. The 

applied voltages have a strong influence on the crystallinity of the surfaces. With higher 

applied voltage the reflection intensity of the titanium substrate decreases whereas the 

reflections of the crystalline titanium dioxide phases anatase and rutile appear. This indicates 

an increase in crystallinity, as seen by the dominant anatase reflection at 25° 2θ (1 0 1) of the 

sample treated in E1 at 280 V and E2 at 320 V. Similarly, the rutile reflection at 27° 2θ (1 1 0) 

increases with higher voltages for electrolytes E1, E3 and E5. Both crystalline phases can be 

seen in the pattern for E1 at 280 V, which can be an indication of photocatalytic activity. A 

lower crystallinity at lower voltages for the anodically produced TiO2 surfaces can be 

detected. The linear increase in crystallinity with respect to the applied voltage was previously 

reported  [18,32,42,43]. The crystallinity can be set in context with the reported [44] energy 

input and the resulting local rise in temperature of the intensified discharges during the 

increasing voltage. 

 

Fig. 6: XRD-patterns of PEO layers produced in the different electrolytes with the highest and the lowest applied voltage 

(important reflection peaks are marked; A: Anatase, R: Rutile and Ti: Titanium) 



Furthermore, the composition and the conductivity of the electrolyte help to increase 

the crystallinity of the observed TiO2 phases on the surfaces [32]. Fig. 7 clarifies the 

percentage of the existing phases on the surfaces. The alkaline electrolyte E2 and the acidic 

electrolyte E4 both have a low oxidizing nature and produce an anatase-covered surface 

without any rutile. The second alkaline electrolyte E5, with a higher conductivity than E2, 

produces in regions of lower voltage mainly anatase on the surface whereas above 115 V 

rutile was formed in a higher amounts. The pure sulfuric acid in electrolyte E3 also forms a 

high amount of rutile on the surfaces with high applied voltages. A mixture of sulfuric acid 

and phosphoric acid, however, produces a mainly anatase covered surface with a lower 

proportion of rutile despite its higher conductivity. The more conductive and oxidizing 

electrolytes E1, E3 and E5 generate a mainly crystalline surface with a higher amount of 

anatase and rutile. In comparison, E3 and E5 exhibit a high amount of rutile on the surface 

with higher applied voltage. With increasing voltage, the oxide layer thickness also increases, 

(see Fig. 5). This leads to the intensity regression of the titanium main reflection peaks. With 

increasing layer thickness, the pure titanium substrate will be fully covered with TiO2 and the 

X-ray beam is mainly absorbed by the oxide layer. Because of this, the detection of the 

titanium substrate is increasingly suppressed. Therefore, primarily the oxide could be 

detected. With increasing voltage the oxides cover the surface and represent the primarily 

detected part, leading to a decreasing observability of the metallic titanium. This decreasing 

titanium amount indicates a growing layer thickness on the surfaces comparable to the SEM 

micrographs in Fig. 4. 

  



  

Fig. 7: Amounts in % of anatase and rutile on the treated PEO surfaces for different voltages (remaining share up to 100% is 

titanium substrate) 

The increase in crystallinity on the PEO surfaces may affect the lattice parameters of 

anatase and rutile. The observed lattice parameters for anatase and rutile are plotted in Fig.8. 

For the lattice parameter a and c of anatase, no significant change can be seen for all used 

electrolytes. In contrast to anatase the lattice parameters a and c of rutile change 

exponentially. A marginal change in the lattice parameters of rutile occur between the 

different electrolytes. The rutile lattice parameter a of E1 increases whereas c decreases 

compared to those of E3 and E5. The parameter changes in the upper voltage range, in 

contrast to the other electrolytes where the energy input into the system gets higher. For 

anatase a lattice expansion at small crystallite sizes is reported [45–48].  For rutile phases 

Kuznetsov et al. [49] also reported a lattice expansion with decreasing crystallite size, which 

lead to an anisotropic size-dependent variation of the unit-cell. For electrolyte E1 we found 

small crystallite sizes between 20 and 30 nm as shown in Tab. 5. These small crystallite sizes 

solely for electrolyte E1 suggest that rutile phases on the PEO surfaces are subject to lattice 

expansion. 

  



 

  

  

Fig. 8: Lattice parameter of anatase and rutile on the PEO surfaces of the different electrolytes 

Tab. 5: Average crystallite sizes (LVol(IB)) of rutlie for the used electrolytes  

Electrolyte Applied voltage /V Middle crystallite size /nm 

E1 230 - 280 21 - 38 

E2 180 - 320 No rutile 

E3 80 - 220 35 - 62 

E4 180 - 320 No rutile 

E5 50 – 160 45 - 70 

 

For both crystalline TiO2 polymorphs (anatase and rutile) and the titanium bulk 

material a preferred orientation of the crystallites can be seen. For titanium a preferred 

orientation in [0 0 2], [0 1 2] and [0 1 3] direction was found, as well as for anatase in [0 1 1] 

and [0 0 4] direction and for rutile in [0 1 1], [1 1 0] and [1 1 1] direction (Fig. 9). Because of 

the complex behavior the preferred orientations spherical harmonics were used for the 

refinement. All titanium samples were cut from the same plate, therefore the preferred 

orientation of titanium is related to the manufacturing process of the whole plate. The 

preferred orientation observed for anatase and rutile increases the intensity of the 

corresponding reflections. Both phases show a preferred orientation of the crystallites in  

[0 1 1] direction. Anatase has a frequent crystal surface [0 0 1] direction, which leads to a 



preferred orientation in [0 0 4] direction. The orientation in [0 0 4] direction is accompanied 

by the general extinction conditions of space group I41/amd. This orientation is related to the 

preferred orientation direction [0 0 2] of titanium. The anatase preferred orientation in [0 1 1] 

direction is due to the preferred orientation of titanium in [0 1 2] and [0 1 3] direction. The 

same effect can be seen for the preferred orientation direction [0 1 1] of rutile. The second 

preferred orientation of rutile in the [1 1 0] direction is one of the frequent crystal surface. The 

PEO-process for pure titanium and its alloys is already characterized in correlation to layer 

thickness and pore sizes [16,50,51]. Depending on the electrolyte the PEO-process can 

controll the surface topography as well as the crystallinity of the surface. Therefore, it is 

possible to tune the crystalline TiO2 surface with a plasma electrolytic oxidation within one 

synthesis step. 

 

Fig. 9: Preferred orientations of titanium, anatase and rutile on the anodized TiO2 PEO surfaces  

3.4 Photocatalytic activity 

The degradation of methylene blue (MB) dye solution was measured under UV-light 

irradiation using absorption spectroscopy. The results from the photocatalytic experiments are 

shown in Fig. 10. For these measurements crystalline PEO surfaces of two electrolytes with 

an anatase to rutile ratio of approximately 3:1 were chosen. This ratio was derived from the 

photocatalytic active AEROXIDE® TiO2 P 25 (Evonik Resource Efficiency GmbH, Essen, 



Germany, anatase 75%, rutile 25%). The amounts on the surfaces of the crystalline dioxides 

were determined for electrolyte E3 as 67% anatase and 33% rutile and for E5 as 75% anatase 

and 25% rutile. The corresponding SEM micrographs of the surfaces and the pore sizes as 

well as the layer thicknesses are shown in Fig. 11 and Tab. 6. For both PEO treated samples, 

photocatalytic activity can already be seen after one day of irradiation with UV-light. The 

absorption intensity compared to the initial methylene blue concentration clearly decreases. 

For the sample prepared in the electrolyte E3 (rutile amount 30%) a higher decreasing rate of 

MB concentration against electrolyte E5 (rutile amount 25%) was observed. This may 

indicate that a low amount of anatase and a comparable higher amount of rutile with respect 

to P25 can show better photocatalytic activity for these surfaces, unlike as was reported by 

Bayati et al. [19]. For comparison one non-illuminated PEO sample in Fig. 10 c) and a pure 

methylene blue solution under UV-light in Fig.10 d) were investigated. Both samples showed 

a low degradation rate during the entire experiment, which could be also an absorption effect 

of the dye on the surfaces, in general, however, an absorption or splitting effect of MB at the 

porous PEO surfaces can be ruled out. 

  

  

  

  

    

Fig. 10: Degradation of absorption intensity during 4 days of the MB for the rinsed PEO layer with the best Anatase to Rutile 

ratio and illuminated methylene blue and a pure titanium plate 



 

 

Fig. 11: SEM micrographs showing the surface morphologies and the oxide layer thickness of the PEO treated Ti-plates 

using in the photocatalytic test 

Tab. 6: Pore sizes and oxide layer thickness of the PEO surfaces used for the photocatalytic test 

Electrolyte E3 E5 

Applied voltage/ V 130 115 

Pore size/ µm 0.155 ± 0.03 0.161 ± 0.04 

Oxide layer thickness/ µm 1.67 ±0.07 0.144 ±0.03 

 

The photocatalytic activity can be controlled with the nature of the electrolytes and the 

associated crystallinity of the PEO surfaces. The samples treated in E3 show the best 

degradation rate after the entire irradiation period. Against the optimal ratio of anatase and 

rutile from 3:1 this sample shows a ratio of 2:1 (130 V). For MB there is an ongoing 

discussion regarding the adsorption and splitting effects at surfaces. Thus it can be assumed 

that there is photocatalytic activity after the illumination for both PEO surfaces. 



4 Conclusion 

The impact of the variation of the electrolytic system for the plasma electrolytic oxidation 

(PEO) on the electrochemical, morphological, crystallographic and photocatalytic properties 

of the titania layers were investigated. It was possible to synthesize titania layers with an 

individual morphology and a high crystallization level. The tuned PEO process allows an 

adjustment of the pore sizes and oxide layers of the titania surfaces in any desired direction. A 

higher breakdown voltage could be found for alkaline solutions, in contrast to acidic 

solutions, because of the lower conductivity and a strong gas evolution, which reduces the 

anode area for oxidation. This also affects the layer thicknesses, which are less in comparison 

to the acidic electrolytes. With phosphate (PO4
2-

)-containing electrolytes, the pores can take 

on a round shape compared to the electrolyte containing hydroxide anions (OH
-
), where the 

pores become more linear. A new type of appearance of the pores in sulfuric acid (H2SO4), 

with stacked cavity-containing layers could be developed. Therefore, by varying the 

composition of the electrolyte, the appearance of the pores can be changed and formed for 

specifical applications. The applied voltages and the composition of the electrolytes 

successfully produce a high crystallinity of the oxide layer with mainly anatase and rutile 

phases. For titanium, anatase and rutile, there can be found a preferred orientation of the 

crystallites on the surfaces. At this point a preferred direction of growth in [0 k l] and [0 0 l] 

can be concluded. The ratio of the crystalline phases anatase and rutile could be optimized in 

contrast to P25 because these high crystalline TiO2 coatings show photocatalytic activity. 

From the results of the photocatalytic behavior the samples prepared in 1.5 M H2SO4 show 

the highest activity with a ratio of anatase to rutile of 2:1. These samples have an optimal 

crystallite size of between 30 and 40 nm, which positively affected the activity. 
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