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Abstract 

The photocatalytic activity of titanium dioxide (TiO2) results from its crystalline phase’s 

anatase and rutile. In this regard, plasma electrolytic oxidation (PEO) is a promising process for 

producing highly porous surfaces with a high proportion of crystalline phases into the oxide layer on 

pure titanium. PEO-coatings were produced under different conditions in various electrolytes in order 

to identify the crystalline fractions of the surfaces and to examine the associated photocatalytic 

activity. The composition of the PEO electrolyte was varied to optimize the polymorphic composition 

of the TiO2 comparable to the photocatalytic active TiO2 material AEROXIDE® P25. X-ray powder 

diffraction (XRD) was selected to identify the produced crystal structures of anatase and rutile on the 

surface material depending on the electrolytic system. In order to establish the expected band gap of 

the titanium dioxides on the surfaces, the samples were subjected to a diffuse reflectance 

measurement, which detected direct transitions for all samples using the TAUC and DASF methods. 

The acceptance of the photocatalytic reaction by the crystalline PEO-samples was further confirmed 

by the degradation of two typical dyes (methylene blue MB, rhodamine B RB) under UV-light 

irradiation. Both a high proportion of anatase and the presence of rutile on the PEO-layers had a 

targeted effect on the catalytic efficiency. However, the average crystallite sizes also played an 

important role in the samples produced in an optimum range of 30 - 40 nm. Both effects support the 

photocatalytic properties of PEO-surfaces. 
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1 Introduction 

With the current high levels of energy consumption and the necessity of developing ecological 

disposal methods, photo-catalysis has been the focus of scientific research as a gentle method for 

removing organic or inorganic pollutants [1–3] and for the generation of renewable energies [4–7]. 

Due to the high efficiency in this area, semiconducting compounds have been shown to be very useful. 

Of these, TiO2 is considered to be one of the most successful photo-catalysts due to its high oxidizing 

ability and the rapid generation of excitons (electron hole pairs), because of its high photon-absorbing 

property with band gap energies of Eg = 3.2 eV for anatase and Eg = 3.0 eV for rutile. Many 

parameters act on the photocatalytic activity of TiO2 such as the phase composition, average crystallite 

size, particle size, surface area, crystallinity of the phases, impurities and absorption or desorption of 

molecules [8–11]. Anatase is apparently the most photocatalytic active polymorph of TiO2 and has 

played an important role in many ongoing investigations on titania products over the last few years. 

On the other hand, studies on the influence of rutile during photocatalytic reactions are not extensive 

[12–17]. 

Normally, photocatalytic experiments are carried out with nano-particulate powder samples, 

which are significantly crystalline as their high surface area enables a high absorption of photons on 

the surface [18,19]. There are many different methods of forming titania layers, such as sol-gel [20], 

dip-coating [21], thermal sintering or chemical vapor deposition [22,23]. To combine crystallinity and 

a huge surface area, plasma electrolytic oxidation (PEO) (also called: micro arc oxidation (MAO), 

plasma chemical oxidation, micro plasma oxidation or spark anodizing) is a suitable process of 

forming titania layers with a high porosity showing both anatase and rutile phases. This type of 

process has been used industrially since the 1960s [24–27]. Several local micro discharges with a high 

temperature increase and energy input over the entire metal surface result in the formation of partially 

crystalline TiO2 polymorphs, which also allows a high layer thickness and surface due to the emerging 

pore density [28]. During the last few years the context of photo-catalysis and PEO has been reported 

[29–33]. The effect of crystallinity and TiO2 phase composition on PEO-surfaces has not yet been 

fully investigated. Light quanta are generated by the illumination of the titanium oxides anatase and 

rutile with UV-light, causing excitation of the electrons in the conduction band. During the excitation 

the electron generates a hole in the valence band and this hole can be filled by some electron donors at 

the surface of the particles. Also, the oxidative holes can capture an electron from the existing organic 

compounds [8,34]. However, the optimization of photocatalytic activity with PEO-generated surfaces 

has not yet been fully investigated. 

In comparison to our previous investigation [35], this study was carried out to optimize the 

crystalline parts of the titania layer with the PEO-process using different electrolytic systems and 

voltages. These two parameters were used to create, on one hand, an anatase-rich surface and, on the 

other hand, an anatase and rutile-containing surface with a ratio nearly identical to the commercially 

available AEROXIDE® P25. AEROXIDE® P25 shows very high photocatalytic behavior and is used 



as a reference. The degradation reactions were carried out with two typical organic dyes (Methylene 

blue, Rhodamine B) to compare and exclude any interfering reactions at the TiO2 surfaces. Prior to the 

photocatalytic investigation, all produced samples were examined for their TiO2 band gap. Due to the 

variety of parameters act on the photocatalytic activity in this study it was focused on the crystallinity 

and composition of TiO2 polymorphs in the PEO-surfaces. 

  



2 Experimental procedures 

2.1 Preparation of titania films 

The rectangular titanium samples (cp Ti, grade 1) with the dimensions 150 x 100 mm2 were 

cleaned with a solution of SurTec®152 and etched with Turco®5578 prior to oxidation to remove the 

natural oxide layer. The samples were rinsed with pure water and afterwards oxidized in the chosen 

electrolytes. Different aqueous electrolytes, as listed in Tab. 1, were used to produce the PEO titania 

layers. The electrolytes were maintained at a temperature of 295 ± 10 K by re-circulation through a 

chemical pump and an ice cooled beaker and stirred with a digital magnetic stirrer (IKA-Werke GmbH 

& Co. KG, Staufen, Germany). The experiments were performed with a two electrode circuit and 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). The voltage ramp and holding time (total 18 min) 

was set using the software UTA 12 (Fraunhofer IFAM Bremen, Germany). Finally, the PEO-samples 

were rinsed in demineralized water and air-dried. 

Tab. 1: Contents of the used electrolytes 

 

 

 

 

 

2.2 Investigation of crystallinity and structural analysis 

The crystallinity of the titania layers was examined by X-ray diffraction (XRD) analysis on a 

Xpert MPD powder diffractometer (PANalytical, Kassel, Germany) with Ni-filtered Cu-Kα1,2-

radiation (Kα1 = 154.05929(5) pm, Kα2 = 154.4414(2) pm) in Bragg-Brentano geometry. The samples 

were measured from 20° to 100° 2θ with a step-size of 0.0167° per 3 s. Scanning electron microscopy 

(SEM) was used to clarify the surface structure, carried out in a FEI Helios 600 Dual-Beam (Oregon, 

USA) field emission scanning electron microscope (FESEM) (Thermo Fisher Scientific, Hillsboro, 

USA) in the BSE mode. To investigate the oxide layer thickness the focused ion beam (FIB) analysis 

was used. Before measuring the samples were covered with a 1 µm platinum layer by means of ion 

beam induced deposition to protect the surfaces from the following ion bombardment. The protection 

layer can be seen on top of the oxide layer in all cross-section micrographs. Usually when preparing 

cross-sections in the FIB samples are tilted 52° that the ion beam is parallel to the surface normal. 

Hence, the electron beam is not perpendicular to the surface of the cross-section under this geometry. 

The resulting foreshortening of the y-axis was corrected in the microscope software for all 

Electrolyte Concentration  PEO Voltages /V 

E 1 0.3 M H3PO4, 1.5 M H2SO4 220, 280 

E 2 0.2 M Ca(C2H3O2)2, 0.02 M NaC3H7O6P 300 

E 3 1.5 M H2SO4 130, 140 

E 5 0.5 M NaOH, 0.2 M C4H4Na2O6 105, 115 



measurements of oxide thicknesses. Depending on the chosen mode an Everhart-Thornley or a 

ThruLense-Detector was used for imaging. 

2.3 Band gap measurement 

The band gaps of the produced PEO-samples were determined from UV-Vis diffuse reflectance 

spectra. The spectra were recorded on a Shimadzu UV-Vis spectrophotometer UV-2600 (Duisburg, 

Germany) equipped with an ISR-2600 plus a two-detector integrating sphere. Barium sulfate was used 

as a reference and was measured before the series to smooth the background. The data were collected 

from 200 to 1400 nm in 0.5 nm steps. 

2.4 Photo degradation reactions 

The PEO-samples were investigated regarding their photocatalytic activity by observing the 

degradation of the aqueous solution of two typical dyes under UV-light. Methylene blue (MB, 

AppliChem GmbH, Darmstadt, Germany) and rhodamine B (RB, AppliChem GmbH, Darmstadt, 

Germany) were used. To determine the change in absorption of the two dyes, a UV/Vis-spectrometer 

Cary®50 Conc (Varian Inc., Agilent Technologies, Santa Clara, USA) was used. Changes in 

absorption intensity were 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  (1) 

The region from 450 nm to 800 nm was chosen because methylene blue has an absorption 

peak at 664 nm [32,34]. For rhodamine B, the region of 400 nm to 700 nm was chosen because of an 

absorption peak at 554 nm [36]. The PEO-samples were immersed in 3 mL of a prepared 37 mM MB 

solution and a 0.005 mM RB solution and irradiated with a 25 W UV-lamp (black light, Phillips, 

Germany). After 1 day, a solution of each sample was measured with the UV/Vis-spectrometer. To 

exclude some adsorption or desorption effects one untreated titanium plate was measured. Also, one 

PEO-treated sample was left in the dark and the dye solutions were irradiated without a sample. P25 is 

used as a reference because of its proven optimal photocatalytic behavior and it allows a comparison 

of the strength in photocatalytic behavior for the PEO-surfaces. 

  



3 Results and discussion 

3.1 Film characterization and crystallinity 

The SEM images of the photocatalytic active titania films prepared with the PEO-process 

(section 2.2) are shown in Fig. 1. The topographies of the different layers display a characteristic 

rough and pore-rich structure comparable to [32,37–40]. The acidic electrolytes E1 and the alkaline 

electrolyte E2 generated a high pore density with a pore diameter of 1.5 - 3.0 µm, which has only been 

reported for phosphate-containing electrolytes [30,31,37,39–41]. In contrast, the electrolyte E3 and E5 

produce a more stacked oxide layer containing holes instead of pores, showing a “pore” diameter of 

1.0 - 1.3 µm. The determined pore sizes of the different surfaces are summarized in Tab. 2. To analyze 

the phase composition of the layers, the diffraction patterns of the PEO-surfaces were measured (Fig. 

2). The analyzed crystalline phases on the PEO-surfaces are also given in Tab. 2. 

 

 



 

 

 



 

 

Fig. 1: SEM micrographs of the surface topographies of the PEO-treated titanium plates in the different electrolytes (E1 – 

E5): (left side) top view on the surface morphology with the characteristically pore-structures (magnification 10 µm) (right 

side) FIB cross-section of the as produced PEO-layers (different magnifications) 

Tab. 2: Surface morphology and amounts in % of anatase and rutile of the PEO-treated surfaces (the remaining share up to 

100% is titanium substrate) fabricated in different electrolytic systems 

Electrolyte Applied voltage /V Pore size /µm Layer thickness /µm 
Phase amount 

anatase : rutile /% 

E1 
220 1.58 ± 0.31 6.29 ± 1.87 71(3) 

280 2.99 ± 0.51 14.37 ± 1.43 64(12) : 34(7) 

E2 300 1.9 ± 0.7 3.86 ± 1.32 70(11) 

E3 
130 0.27 ± 0.09 1.04 ± 0.15 37(4) : 15(2) 

140 0.37 ± 0.11 1.69 ± 0.06 28(8) : 32(3) 

E5 
105 0.16 ± 0.02 0.22 ± 0.03 16.1(6) 

115 0.29 ± 0.09 0.5 ± 0.03 16.8(7) : 5(2) 

 

Crystalline parts of anatase could be seen in the diffraction patterns for all PEO-samples, which 

were easily identified by the main reflection at 25.3 ° 2θ(Cu). On the surface of the samples prepared 

in E1 and E3, recognizable crystalline parts of rutile were identified by the phase main reflection at 



27.4° 2θ(Cu). These crystalline parts of TiO2 give an indication about the photocatalytic activity of the 

PEO-surfaces. Applying high voltages resulted in an increase in TiO2-surface crystallinity. The 

alkaline electrolytes E2 and E5 produced a mainly anatase-covered surface without any clear rutile 

reflections, whereas the acidic electrolytes E1 and E3 resulted in surfaces that clearly show quantities 

of rutile. The strongest rutile reflection was seen for sample E1 at 280 V (Fig. 2). Increasing 

crystallinity with higher applied voltage caused by the resulting energy input of the intensified 

discharges over the surface is well known [31,42–45]. 

 

Fig. 2: XRD-pattern of PEO layers produced in the different electrolytes with the chosen applied voltage (important 

reflection peaks are marked; * anatase, + rutile, ° titanium) 

3.2 Band gap measurement 

Based on the XRD results of the PEO-surfaces, some measurements with UV-Vis diffuse 

reflectance spectroscopy were performed on the crystalline PEO-surfaces to determine the band gaps 

of the TiO2 polymorphs. For the interpretation of the measured reflectance spectra, two systems, the so 

called TAUC-method [46] and DASF-method [47] were used. The reflectance spectra were first 

transformed into an absorbance spectrum using the Kubelka-Munk equation [48,49] and the band gaps 

were then calculated with the TAUC and DASF equations. Afterwards, both methods were applied to 

the absorbance spectra (Fig. 3) to determine the widths and the band gap type (indirect or direct) of the 

titania layers [50,51]. The absorbance spectra of the TAUC-plots for the samples prepared in the 

electrolytes E1, E2 and E3 in Fig. 3 show a clearly defined band gap. Thus, all samples show an 

expected band gap which are consistent with the calculations of the TAUC and DASF-method from 

Souri et al. [47]. For the samples prepared in E5, a refinement could not be carried out due to a slight 



coloration of the surfaces. At this point, the PEO titania layers showed a direct band gap in contrast to 

the reported indirect band gap of anatase, which can clearly be seen in the comparison of the two 

methods in Fig .3. Anatase usually shows a band gap at almost Eg = 3.2 eV, while rutile shows a band 

gap at Eg = 3.0 eV [8], both TiO2 polymorphs are semiconductors with an indirect band gap. The 

indirect band gap calculated with the TAUC-method does not fit to the data from the literature, while 

the direct band gaps given in Tab. 3 are closer to the data in the literature. The proportion of the rutile 

phase has a high influence on the band gap values, which shift to Eg = 3.0 eV. Madhusudan Reddy et 

al. [52] recognized a direct band gap of anatase nanoparticles with a small particle size of 5 - 10 nm, 

which results in an even smaller crystallite size. This could be one reason for the calculated direct 

band gap due to the relatively low crystallite sizes from 20 to 30 nm for all measured samples (Tab. 4). 

Due to the small crystallite size the specific surface area increases and the band gap shifts to a direct 

transition. Direct band gap semiconductors have a greater efficiency to absorb energy, because they 

contain an allowable transition from the conduction band to the valence band, whereas for indirect 

band gap semiconductors an additional phonon is necessary to shift the electron to the conduction 

band minimum, which reduces the efficiency drastically. As a result, these direct band gap materials 

can be used much more purposefully for specific applications [52]. 

 

Fig. 3: UV/Vis absorbance spectra of the band gap measurement: Reflectance spectra (top), evaluated using the TAUC-

method (middle rows; indirect and direct band gap) and DASF method (bottom). Plots of three PEO layers: first line sample 

E2 300 V, second line E1 280 V, third line E3 130 V. The solid lines show the fitted peaks and the dotted lines the bandgaps. 

 



Tab. 3: Defined band gaps with the TAUC and DASF method for the PEO-treated surfaces for all electrolytes and applied 

voltages 

Electrolyte E1 E2 E3 E5 

Voltage /V 220 280 300 130 140 105 115 

TAUC indirect /eV 2.76(1) 2.80(10) 2.90(1) 2.27(3) 2.71(1) n.d. n.d. 

TAUC direct /eV 3.17(1) 3.05(10) 3.24(1) 2.96(3) 3.05(1) n.d. n.d. 

DASF /eV 3.25(1) 3.10(1) 3.28(3) 3.16(1) 3.15(1) n.d. n.d. 

n.d.: not definable 

3.3 Photo degradation reactions 

The degradation of two aqueous dye solutions was measured under UV irradiation by 

absorption spectroscopy. For these experiments the two widely used dyes methylene blue (MB) and 

rhodamine B (RB) were chosen. This carried out to compare the photocatalytic degradation in 

different solutions to exclude adsorption and desorption effects on the surfaces, which is a widely 

discussed effect. For these investigations crystalline PEO-surfaces with an optimal ratio of anatase to 

rutile compared to AEROXIDE® P25 (Evonik Degussa GmbH, Essen, Germany) (anatase 80%, rutile 

20%) were used, analyzed with X-ray data Rietveld refinements. The respective crystalline phase 

compositions on the surfaces are given in Tab. 3. P25 is widely used to investigate photocatalytic 

activities as it is the most commonly used commercially available substance with a very high proven 

activity. Additionally, a PEO-sample was selected as dark reference, which was analyzed without UV-

irradiation to determine the adsorption effects of the dye on the TiO2 surface and is illustrated in each 

graph for each electrolyte. The decrease in absorption after storage in the dark is thus shown in the 

graphs and can visually subtract from the photocatalytic samples. The results from the photocatalytic 

experiments are shown in Fehler! Verweisquelle konnte nicht gefunden werden. and Fehler! 

Verweisquelle konnte nicht gefunden werden. for all PEO-treated samples at different voltages and 

in the four used electrolytes. 

A high degradation rate of the used reference AEROXIDE® P25 can already be seen after 3 

hours with a complete disappearance of absorption intensity. This is a typical reaction of P25 due to 

the interaction of its anatase and rutile quantities and the optimal average crystallite size of around 35 

nm. For photocatalytic measurements, there is an ongoing discussion regarding adsorption and the 

splitting effects of dyes used at the soaked surfaces. Therefore, in addition to the dark reference, where 

the PEO-samples are not irradiated, an irradiated pure dye solution was examined as second reference. 

Slight absorbance degradation appeared for both pure dye solutions and the PEO-sample without UV 

irradiation. Nevertheless, both samples did not show a clear activity under UV irradiation or a strong 

decrease of absorption intensity. Thus, adsorption or desorption effects of the dyes at the surfaces and 

under UV-light can be refuted. 



 
 

  

Fig. 4: Degradation rate of absorption intensity of MB: Values of the measured absorption maximum at 664 nm for the used 

electrolytes and the applied voltages a) E1 b) E2 c) E3 and d) E5 



  

  

Fig. 5: Degradation rate of absorption intensity of RB: Values of the measured absorption maximum at 554 nm for the used 

electrolytes and the applied voltages a) E1 b) E2 c) E3 and d) E5 

The samples prepared in the electrolytes E2, E3 and E5 showed the highest MB degradation rate 

after a 1-day illumination time (Fehler! Verweisquelle konnte nicht gefunden werden.). This 

behavior was also noticeable in RB for all these samples in nearly the same way (Fehler! 

Verweisquelle konnte nicht gefunden werden.). Both dyes showed a clear decrease in absorption 

intensity after 24 hours illumination time. The samples prepared in the electrolytes E1 in MB and E5 

in RB showed a slightly lower activity compared to the other electrolytes. This behavior was clearer 

for the rhodamine B solution (Fehler! Verweisquelle konnte nicht gefunden werden.), whereby 

after 24 hours the degradation of the dye was only 25% of the starting intensity of the solution. For 

another exclusion of not desirable reactions the two dyes were compared in their photo degradation of 

the PEO-samples. Out of the two dyes, Rhodamine B showed significantly stronger photo degradation 

already after 24 hours and therefore is better suited for checking the photocatalytic activity of PEO-

layers. In Fig 6 two degradation curves of the same sample in MB and RB is shown. The Rhodamine 

B dye shows a stronger degradation reaction after one and two hours (Fehler! Verweisquelle konnte 

nicht gefunden werden.). The samples soaked in methylene blue solution show only after 24 hours a 

decrease in absorption intensity. The illumination time for the experiments could thus be reduced 

while using RB as photocatalytic dye. 



 

Fig. 6: Comparison of the two degradation spectra of sample E3 140 V (left side) MB after maximum illumination time of 96 

hours (right side) RB after maximum illumination time of 24 hours 

Mirelman et al. [33] reported a high photo-degradation rate with high quantities of anatase and a 

high coating thickness of the PEO-surfaces, which can be explained by the increased surface area 

available for the photocatalytic action of the produced UV photons. The increased photocatalytic 

activity can be seen for the samples with high applied voltages, which showed a high layer thickness 

(Tab. 2) and contained a high amount of anatase and some parts of rutile. Sample E3 140 V and 

sample E5 115 V exhibited both properties, such as high anatase content with a simultaneous 

increased layer thickness, which explains the strong photo activity of these samples. In the case of 

electrolyte E1 the layer thickness seems to be favorable for its photocatalytic activity and on the other 

hand for electrolyte E5 this seems to be unfavorable. The surfaces produces in electrolyte E5 show a 

relative low layer thickness compared to the other electrolytes but they show a comparable photo 

activity. That can be explained with the presence of the crystalline phases, which exist already at a 

very small layer thickness. Therefore in electrolyte E5 the crystallinity predominates over the surface 

area effects. 

The photoactive surfaces treated in E3 contained a rutile amount of 15% (130 V), 31% (140 V) 

and a related ratio of 2:1 (130 V) and 1:1 (140 V) against the optimum ratio of both polymorphs of 3:1 

in comparison to P25. The here demonstrated activity of all PEO-samples with high quantities of 

anatase and rutile could be an indication that not only the anatase phase causes photocatalytic activity 

and that PEO-surfaces are meant to contain some higher parts of rutile. During the PEO-process, in 

correlation with a high applied voltage causing a high oxide layer thickness, the photocatalytic activity 

and the associated crystallinity of the surfaces can be controlled using the nature of the electrolytes. 

This in turn leads to an increased surface area of the resulting low crystallite sizes of the TiO2 phases, 

created by the high energy input of the plasma discharges. It has been reported [43,53] that an 

optimum crystallite size of 32 – 40 nm for TiO2 surfaces enables photocatalytic activity. Accordingly, 

the crystallite sizes of anatase and rutile were investigated with Rietveld refinement (Diffrac Plus 

TOPAS, Bruker AXS GmbH, Karlsruhe, Germany) (Fig. 7). The PEO-surfaces showed a small 



average crystallite size below 50 nm, which could be a reason for the photocatalytic activity of all 

surfaces. The anatase and rutile phases produced in E3 demonstrated an almost optimum crystallite 

size of around 40 nm. The samples produced at 130 V and 140 V in E3 showed an optimal crystallite 

size of almost 35 nm for both phases in contrast to the other investigated samples (Tab. 4), where 

average crystallite sizes were either below 30 nm or above 40 nm. Tiny crystallite sizes show less 

photocatalytic activity, because there are fewer possibilities for photo-excited interfaces [54,55]. 

Accordingly, the surface of “higher” crystallite sizes decreases, because of increased adsorption 

reactions of other molecules to the surface. Therefore, the photo-excited charges cannot reach the 

surface for photocatalytic activity [43,56]. Otherwise, the influence of layer thickness or pore sizes did 

not affect most the photocatalytic activity of the PEO-samples. Both samples with high or low layer 

thicknesses and pore sizes had the same results concerning the degradation rate (Fehler! 

Verweisquelle konnte nicht gefunden werden., Fehler! Verweisquelle konnte nicht gefunden 

werden.). As previously reported, the occurrence of high amounts of crystalline phases on the surface 

and the presence of anatase and rutile phases in conjunction with a crystallite size between 30 and 40 

nm has an effect on photocatalytic behavior. Especially for both samples of electrolyte E1 sample with 

a very high layer thickness and both samples of electrolyte E5 with a very small layer thickness. These 

samples show irrespective of their layer thicknesses a very good photocatalytic activity. All surfaces 

have a very high crystallinity observed in the XRD diffractogram and sample E1 280 V and E5 115 V 

contain also some amounts of crystalline rutile. In this case the crystallinity of the polymorphs seems 

to be more purposeful. 

  



  

Fig. 7: Average crystallite sizes for anatase and rutile phases on the PEO surfaces produced in the electrolytes for each 

applied voltages a) E1 b) E2 c) E3 and d) E5 

 

Tab. 4: Average crystallite sizes (LVol(IB)) of rutile and anatase on the PEO samples 

 

  

Electrolyte  E1 E2 E3 E5 

Applied voltage /V  220 280 300 130 140 105 115 

Average crystallite size /nm Anatase 30.9(3) 28.3(6) 29.4(6) 33.5(6) 34.1(5) 27.9(10) 25.4(9) 

Rutile - 38.1(10) - 34.5(10) 40.4(10) - 45.2(40) 



4 Conclusion 

The suitability of PEO-treated surfaces for photo-catalysis through the optimization of the TiO2 

surface crystallinity was investigated in this study. High amounts of the crystalline phases anatase and 

rutile were found throughout the oxide layers of PEO-treated titanium substrates. The different 

electrolytes affected these phases and enabled a control of the ratio between both phases from 100% 

anatase to 75% anatase and 25% rutile inside the PEO oxide layer. Using the PEO-process, it was 

possible to set purposeful surface conditions and layering properties for the photocatalytic suitability 

of the specimens. The investigations on the band gaps of the surfaces revealed a direct transition 

contrary to the reported indirect transition for TiO2. The direct band gap could be clearly shown with 

the DASF method. This effect resulted from the very small crystallite sizes of TiO2 polymorphs on the 

PEO-samples, namely 20 to 30 nm average crystallite size. It has been demonstrated that all PEO-

surfaces show a photocatalytic degradation rate in contrast to an untreated titanium substrate with a 

natural amorphous oxide layer. This is consistent with the idea that high anatase and rutile contents 

and high levels of surface porosity with the characteristically PEO-structure optimize the surface area 

to form photons. It could also be argued that rutile particles in the layers can favor photocatalytic 

activity, as seen for the samples E1 280 V and E5 115 V, but a high proportion of anatase with a 

crystallite size of 30 nm appears to be the most effective at strengthening the photocatalytic properties. 

The small crystallite size maximizes the surface area on which the catalytic reaction can occur. Both 

effects of optimization using the PEO-process are a possible way to support photocatalytic activity. 
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