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Abstract: In this study, we report an investigation of the photoelectrochemical activity of TiO2 films
formed by DC plasma electrolytic oxidation (PEO) at a variable potential in a sulfuric acid electrolyte
at 0 and 25 ◦ C. The surface morphology was mainly determined by the oxide-forming potential.
X-Ray Diffraction and Raman analyses showed that the relative amount of the anatase and rutile
phases varied from 100% anatase at low potential (110–130 V) to 100% rutile at high potential (180–200
V), while mixed-phase oxide films formed at intermediate potential. Correspondingly, the band gap of
the TiO2 films decreased from about 3.20 eV (pure anatase) to 2.94 eV (pure rutile) and was red-shifted
about 0.1 eV by reducing the electrolyte temperature from 25 ◦ C to 0 ◦ C. Glow-Discharge Optical
Emission Spectroscopy (GD-OES) and X-ray Photoelectron Spectroscopy (XPS) analyses evidenced
S-containing species located preferentially close to the TiO2 /Ti interface. The photoelectrochemical
activity was assessed by measuring the incident photon-to-current efficiency (IPCE) under Ultraviolet
C (UV-C) irradiation, which showed a non-gaussian normal trend as a function of the PEO cell
potential, with maximum values exceeding 80%. Photoelectrocatalytic activity was assessed by
decolorization of model solutions containing methylene blue. Photoanodes having higher IPCE
values showed faster decolorization kinetics.
Keywords: TiO2 ; titanium dioxide; plasma electrolytic oxidation; anatase; rutile; photoelectrocatalysis

1. Introduction
Since the beginning of the 21st century, the application of photoelectrocatalysis (PEC) to water
treatment has attracted increasing attention [1]. Compared to photocatalysis, in PEC the application of
an anodic bias to the photoanode prevents electron-hole recombination, thereby greatly enhancing
the quantum efficiency for the production of OH (hydroxyl) radicals. Additionally, PEC shows the
typical advantages of photocatalytic processes, such as non-toxicity, no use of chemicals, potentially no
secondary pollution and complete mineralization. Despite the promising features of PEC processes,
they are still limited at the laboratory scale. Most of the studies available in literature use synthetic
wastewater prepared by the addition of pollutants (either dyes, chemicals or pharmaceuticals) to
ultrapure water [2,3]. Recently, some of the present authors have described the degradation of
pharmaceuticals in real waste-water matrices, showing that PEC is more rapid, more efficient and
less energy demanding compared to photolysis [4,5]. They also reported a remarkable increase of the
biodegradability of real pharmaceutical wastewaters by an H2 O2 -assisted PEC process, compared to
photolysis, photocatalysis and chemical oxidation with hydrogen peroxide [6].
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However, in addition to the validation tests using several classes of pollutants and matrices,
the scaling-up of PEC processes will also depend on the possibility of using relatively inexpensive
electrodes. Although numerous semiconductor oxides may be used for environmental remediation
purposes (TiO2 , ZnO, MgO, WO3 , etc.), titanium dioxide (TiO2 ) is the most investigated photocatalyst
due to good availability, non-toxicity and low-cost [1]. PEC processes require supported catalysts in
order to allow electrical biasing. A wide range of techniques have been used to obtain photoactive
TiO2 -based films, including sol-gel, chemical vapor deposition, radiofrequency magnetron sputtering,
plasma spray, electron beam evaporation and electrochemical oxidation [7]. By assuring a good
electrical contact between the support and the catalyst layer, electrochemical oxidation is undoubtedly a
promising approach to guarantee an effective polarization of the catalyst. With regard to electrochemical
oxidation, extensive research has been focused on the preparation of oxide nanotube (NT) arrays [8,9].
However, the synthesis of NT arrays requires several steps: (i) thermal treatment of the Ti substrate to
release internal stresses (≈1–2 h); (ii) anodic oxidation to obtain an array of TiO2 NT having amorphous
phase structure (≈8–12 h); (iii) thermal treatment to crystallize the amorphous phase into a mixture of
anatase and rutile (≈2 h). The complete procedure is time and energy consuming, and then not easy to
implement at the industrial level.
An alternative technique belonging to the class of electrochemical oxidation methods is plasma
electrolytic oxidation (PEO). Although PEO is performed in a similar configuration as conventional
anodizing, the physico-chemical conditions established during the process are profoundly different [10].
The high operating potential applied during PEO induces a local breakdown of the dielectric oxide
with spark discharges usually associated with visible light emission and gas evolution. Therefore, the
two-phase electrode/electrolyte interface associated with conventional anodic oxidation changes into a
three-phase electrode/gas (plasma)/electrolyte interface. The high pressure and temperature locally
induced by sparking significantly affect the oxide morphology, crystal structure and composition,
promoting oxide crystallization and the incorporation of chemical species from the electrolyte [11–16].
Compared to traditional anodizing for TiO2 NT arrays [8,9], the PEO process works at higher currents
and potentials, and requires a shorter processing time (less than 10 min). PEO shows some other
technological advantages over the synthesis of NT arrays, in addition to the short processing time;
namely: a high growth rate (roughly 1 µm min−1 ), the crystalline structure of the oxide [17,18] and
the incorporation of chemical species from the electrolyte [10,17,18]. Some of the present authors
reported that TiO2 films obtained by PEO can outperform TiO2 nanotube arrays, showing quantum
yields higher than 90% in photon-to-electron conversion [17]. They also demonstrated that TiO2 films
obtained by PEO are effective in water decontamination [3,4,6]. Additionally, the PEO process has been
known since decades as an industrial technology to synthesize protective layers on aluminum and
magnesium alloys [10], and titanium alloys, mostly Ti-6Al-4 V for biomedical implants [19]; therefore,
no big issues are foreseen for the development of PEO processes to produce TiO2 photoanodes at the
industrial scale.
Compared to NT arrays, studies of the photocatalytic behavior of nanoporous oxide films obtained
by PEO are relatively scarce [20–25]. In fact, PEO TiO2 films are not even mentioned in several
recent review papers on the environmental applications of photoelectrocatalysis (PEC) [1,26,27].
In fact, as already mentioned, PEO of titanium and its alloys, has been mostly applied for biomedical
applications [28–30]. Conversely, in the area of photocatalysis, the research has been concerned
particularly with two specific aspects related to solar assisted hydrogen production: first, the correlation
between oxide structure and its photocatalytic behavior [18,31]; secondly, the shift of the adsorption
band of PEO TiO2 films, either by oxide doping—with S [32], B, N [33], Ni [34], Zn [35], Cr [36], V [25]
or Eu [37]—or by formation of composite coatings; i.e., WO3 -TiO2 [20].
Surprisingly, most of the studies available in literature do not report the photoelectrochemical
activity (PEA) of PEO photoanodes. PEA can be measured by electrochemical photo-voltammetry
under either polychromatic or monochromatic irradiation and potentially enables a straightforward
comparative evaluation of different photoelectrodes. There are also virtually no data for the band gap
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values of TiO2 films obtained by PEO. Finally, most of the PEO catalysts described in the literature,
obtained in alternating current (AC)/pulsed mode, are traditionally applied to obtain thick and compact
protective layers on Al and Mg alloys [10]. On the contrary, photoactive oxide coatings should have
high surface areas and thicknesses close to the penetration depth of the incident light [38]; therefore,
direct current (DC) mode would probably be more appropriate. Lukiyanchuk et al. recently showed
that DC PEO is a very promising operation mode with which to obtain high surface area porous
morphologies [23]; however, they did not show evidence of the advantage given by DC mode for the
synthesis of undoped TiO2 photoanodes. DC mode operation was also applied by Stojadinovich [37],
Bayati [21] and Wan [39], focusing on doping, but no results were shown on the photoelectrochemical
activity of the semiconductors, which in this paper is presented as a tool to foresee the photocatalytic
activity of the catalysts in water treatment.
The present paper focuses on DC plasma electrolytic oxidation with the aim of contributing to
the validation of PEO as a viable route to produce TiO2 photoanodes and as a step forward in the
technological development of photoelectrocatalysis in water treatment. PEO TiO2 photoanodes are
characterized not only in terms of morphology, crystal structure, composition and photocatalytic
activity in the decolorization of a commercial dye, but also considering band-gap and incident
photon-to-current efficiency (IPCE), trying to correlate IPCE and photocatalytic activity. We recently
described the effect of electrolyte temperature during DC PEO of Ti in 0.5 M H2 SO4 , showing that tuning
this parameter can be an effective way to optimize the phase proportion of anatase and rutile, and the
resulting electrochemical photoactivity [17,40]. As a further step in this direction, the present paper
explores the combined effect of applied potential and electrolyte temperature on the physical properties
of the coatings with the aim of supporting a deeper understanding not only of the photocatalytic
activity but also, and more in general, of the photoelectrochemical activity of PEO TiO2 photoanodes.
2. Results and Discussion
2.1. Oxide Thickness and Surface Morphology
PEO anodizing conditions were established over the whole range of cell potential used in this
work, irrespective of the electrolyte temperature, as revealed by micro-discharge development at the
anode and by the coating morphology, as shown further on. The relationship between the thickness
of PEO-TiO2 films derived from GD-OES measurements and the anodizing potential at electrolyte
temperatures of 0 ◦ C and 25 ◦ C is shown in Figure 1a. Apparently, the anodizing potential is the main
factor controlling the oxide thickness, whereas the electrolyte temperature has an overall negligible
effect. At first, in the range of low potential up to about 140 V, the thickness increased slightly from
about 1 to 2 µm; then, the increase was much steeper for potential in excess of the latter value. Notably,
the increasing trend of thickness and its values with increasing potential agree with the results reported
in [41] for oxide coatings formed in a mixed H2 SO4 -H3 PO4 electrolyte. Expectedly, the charge passed
during film growth (Figure 1b)—derived from the integration of the current vs. time profile at varying
potential—shows a similar trend to that of the thickness vs. potential, pointing to two different kinetic
regimes of oxide growth, at low and high potentials, which were ostensibly associated with relatively
lower and higher micro-discharge rates and lifetimes, respectively.
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Figure 2. SEM micrograph (left) and AFM image (right) of a typical TiO2 film obtained at 140 V at 0 ◦ C.
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2.3. In-Depth Composition Profile
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2.4. Optical
Optical Properties
Properties
2.4.
2.4. Optical Properties
The UV–Vis spectra of some representative samples are shown in Figure 6a. The band gap was
calculated based on the reflectance UV–Vis spectra after Kubelka–Munk conversion using the Tauc
plot method [46], as shown in Figure S6 in the Supplementary Material for some selected processing
potential and electrolyte temperature. However, in some cases the band gap could not be reliably
derived from Tauc plots due to interference fringe perturbation. The calculated band gap is plotted in
Figure 6b as a function of processing potential. Increasing the applied potential, the band gap decreases
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82% and
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then decreased abruptly to values lower than 20% for the oxides having a large fraction of the rutile
phase and thickness in excess of about 3 µm (Figure 1a). Therefore, the PEA of the TiO2 films can
be tuned by controlling either electrolyte temperature or PEO potential. In agreement with previous
findings [17], oxide films formed at low temperature show an overall improved performance in terms
of both photocurrent response and corresponding IPCE.
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selected TiO2 anodes and by photolysis for comparison. The selected TiO2 anodes were prepared at 0
°C and 140, 150 and 200 V, respectively. As previously mentioned, the TiO2 photoanode prepared at
200 V consisted mostly of the rutile phase, and the IPCE under UV-C irradiation was below 1%.
Correspondingly, under irradiation and electrical bias, this photoanode showed the lowest
decolorization rate (k = 0.015), not exceeding the kinetic rate obtained by photolysis (only UV, no
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photoanode), so a complete decolorization was obtained after 240 min. By reducing the PEO cell
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3. Materials and Methods

3. Materials and Methods
3.1. Synthesis of TiO2 Films
TiO2 coatings were obtained by plasma anodizing of grade I titanium sheets (4 cm2 area) in 1.5 M
H2 SO4 (14.7 wt. %), at varying constant potentials in the range of 110–200 V for 5 min. Visually, all
the samples had a light gray and uniform appearance. The electrolyte temperature was controlled
at about 0 ◦ C or 25 ◦ C by means of a cryostat (HAAKE D10, Thermo Electron Corp., Karlsruhe, DE).
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The shift of the temperature from the set-point of 0 ◦ C or 25 ◦ C was at most 5 ◦ C, when operating at
high values of the cell potential; namely, when the latter was in excess of 180 or 170 V, respectively.
Following PEO, the samples were first rinsed with water, and then dried in a stream of air. All PEO
samples were prepared in duplicate.
3.2. Morphologies and Crystal Structures of TiO2 Films
The surface morphology was observed using a scanning electron microscopy (SEM, EVO 50,
Carl Zeiss Jena GmbH, Jena, DE) instrument. The phase structure and texture of each TiO2 film was
assessed by X-ray diffraction (XRD) and Raman spectroscopy. XRD was carried out using a PW1830
instrument (Malvern Panalytical Ltd, Malvern, U.K. and Almelo, NL) operating in Bragg–Brentano
geometry at a potential of 40 kV with a filament current of 40 mA. Spectra were acquired with Cu
Kα1 radiation in the 2θ range 20◦ –90◦ at the scanning rate of 2.5◦ per minute. The XRD patterns were
indexed according to the powder diffraction files released by the International Center for Diffraction
Data (U.S.A.) for titanium (PDF 44-1294), anatase (PDF 21-1272) and rutile phases (PDF 21-1276).
To calculate the lattice parameters a and c, a least mean square method was applied using the
interplanar spacing of (101), (103) and (200) reflections for the anatase phase, and the (110), (200) and
(210) reflections for the rutile phase.
The weight fraction of anatase was calculated according to Equation (1) [48], where IR is the
intensity of the strongest rutile reflection, (110), and IA is the intensity of the strongest anatase reflection,
(101),
1
%
fA = 
(1)
(I )
1 + 1.26 (IR )
A

Micro-Raman spectra were acquired using a LABRAM HR800 spectrometer from HORIBA, Ltd.
(Kyoto, JPN) equipped with a Peltier cooled CCD detector. The λ = 514 nm excitation line was
provided by an argon ion laser (Stabilite 2017, Spectra Physics, Santa Clara, U.S.A.). The laser radiation
was filtered by an interference filter and focused on the sample through a 50× objective with a 0.75
numerical aperture. The Rayleigh radiation was rejected using an edge filter for the 514 nm laser line.
Surface porosity was evaluated by analyzing several SEM surface micrographs taken at 20,000x
magnification using ImageJ analysis software, an open-source image processing program released by
the National Institutes of Health, U.S.. Film thickness and in-depth composition profile were assessed
by Glow-Discharge Optical Emission Spectroscopy (GD-OES) using a Spectruma GDA750 analyzer
(SPECTRO Analytical instruments Inc., Kleve, DE) operating at 700 V in an argon atmosphere at 230 Pa.
GDOES analysis was carried on sample areas of ≈2.5 mm diameter. The monitored light emission
wavelengths during the analysis were 130 nm and 362 nm for oxygen and titanium, respectively. XPS
data were acquired with a Phoibos 150 hemispherical analyzer (SPECS GmbH, Berlin, DE) by exciting
the electrons with a Mg-Kα source (hν = 1253.6 eV). The spectrometer is housed in a home-built
vacuum system described elsewhere [49] and kept in ultra-high vacuum conditions (base pressure in
the low 10−8 Pa). We accounted for possible charging effects by setting the peak from adventitious
carbon to 285 eV [45].
3.3. Photoelectrochemical Properties of TiO2 Films
The photocurrent was measured by linear sweep photo-voltammetry (LSPhV) in a 4.2 mM KCl
aqueous solution with and without irradiation. LSPhV was conducted at a scan rate of 5 mV/s at
room temperature using a potentiostat/galvanostat (Solartron Analytical ModuLab ECS, Ametek Inc.,
Berwyn, U.S.). A saturated calomel electrode (SCE) was used as a reference and the counter electrode
was a Pt foil.
The irradiation was achieved by means of a 30 W low-pressure Hg vapor lamp (HGL, Helios
Italquartz, Cambiago, IT) emitting at λ = 254 nm. The emission spectrum of the light source is shown
in Figure S1 in the Supplementary Material. The irradiance on the TiO2 film at 254 nm was 1.3 W/m2
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as measured by quantum-photo-radiometer (PM200,Thorlabs Inc., Newton, U.S.). The exposed area
during PEO and LSPhV was 4 cm2 . The photocurrent measurements were repeated three times. The
incident photon-to-current efficiency (IPCE), which is defined as the number of electrons generated
by light in the external circuit divided by the number of incident photons in the middle ultraviolet
(λ = 254 nm), was calculated using the following equation:
IPCE(%) =

h∗c
I
∗
e
P∗λ

(2)

where h is the Plank constant [m2 Kg/s], c is the speed of light [m/s], e is the electron charge [C], I is
the steady-state photocurrent density [A/m2 ], P is the light intensity [W/m2 ] and λ is the incident
wavelength. The IPCE values were taken under polarization at 0.6 V and 1.5 V vs. SCE.
The band-gaps were measured by UV–Vis reflectance spectra using the integrating sphere accessory
of a V570 spectrometer (JASCO Corp., Tokyo, JP). No electrical bias was applied to the TiO2 samples
during spectra acquisition.
4. Conclusions
The results described in this study confirmed that DC PEO can be a viable and industry-friendly
route to produce photoactive TiO2 for water treatment. TiO2 films were synthesized at a potential
ranging from 110 to 200 V and electrolyte temperature of 0 and 5 ◦ C. The total charge supplied during
the experiment increased with the processing potential, resulting in higher TiO2 film thicknesses of
up to 11 µm. SEM images showed a homogeneous morphology with sub-micrometric pores. X-ray
diffraction revealed that the relative amounts of rutile and anatase phases were mainly affected by the
PEO potential; and pure anatase, pure rutile and a mixture of anatase and rutile were obtained at lower
potentials, higher potentials and intermediate potentials, respectively. In agreement with the phase
structure modification, the band gap also changed from 3.2 eV to 2.94 eV. GD-OES and XPS analyses
revealed that S-containing species were preferentially located at the TiO2 /Ti interface and might consist
of both SO4 2− adsorbed groups and S6+ doping species. The PEC activity of the films was assessed by
photocurrent measurements under polychromatic UV–Vis irradiation and by decolorization tests of
model solutions of methylene blue. IPCE reached a maximum value of 88% for the TiO2 photoanode
synthesized at 140 V. Correspondingly, the fastest decolorization kinetics were observed.
Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/3/325/s1.
Figure S1: Emission spectrum of the light source employed during photoelectrochemical characterization. Figure
S2: SEM micrographs of PEO-TiO2 coatings grown at varying potential, as indicated, during 5 min anodizing
time, at 0 and 25 ◦ C. Figure S3: AFM images of TiO2 films obtained by PEO in potential range of 100–160 V at 0 ◦ C
and 25 ◦ C. Figure S4: XRD patterns of TiO2 films obtained at 0 ◦ C (a) and 25 ◦ C (b). Figure S5: Lattice parameters
a, c and c/a ratio for anatase and rutile as a function of potential. Filled and empty symbols refer to 0 ◦ C and
25 ◦ C, respectively. Arrows indicate the reference values of lattice parameters a and c and c/a ratio for anatase and
rutile phases. Figure S6: UV–Vis Diffuse Reflectance plot of selected TiO2 synthesized at 25 ◦ C (a as inset), and
corresponding Tauc plot after Kubelka-munk conversion (b).
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photoluminescent and photocatalytic properties of TiO2 :Eu3+ coatings formed by plasma electrolytic
oxidation. Appl. Surf. Sci. 2016, 370, 218–228. [CrossRef]
Chiarello, G.L.; Zuliani, A.; Ceresoli, D.; Martinazzo, R.; Selli, E. Exploiting the Photonic crystal properties
of TiO2 nanotube arrays to enhance photocatalytic hydrogen production. ACS Catal. 2016, 6, 1345–1353.
[CrossRef]
Wan, L.; Li, J.F.; Feng, J.Y.; Sun, W.; Mao, Z.Q. Anatase TiO2 films with 2.2 eV band gap prepared by micro-arc
oxidation. Mater. Sci. Eng. B Solid State Mater. Adv. Technol. 2007, 139, 216–220. [CrossRef]
Franz, D.S.; Perego, O.; Marchese, M.B. Photoelectrochemical AOPs Based on Nanotubular Titanium Diox-Ide,
Ecotechnologies for Wastewater Treatment; ECOSTP: Karnataka, India, 2014.
Quintero, D.; Galvis, O.; Calderón, J.A.; Castaño, J.G.; Echeverría, F. Effect of electrochemical parameters on
the formation of anodic films on commercially pure titanium by plasma electrolytic oxidation. Surf. Coat.
Technol. 2014, 258, 1223–1231. [CrossRef]
Matykina, E.; Berkani, A.; Skeldon, P.; Thompson, G.E. Real-time imaging of coating growth during plasma
electrolytic oxidation of titanium. Electrochim. Acta 2007, 53, 1987–1994. [CrossRef]

Catalysts 2020, 10, 325

43.
44.

45.

46.

47.

48.
49.

14 of 14

Friedemann, A.E.R.; Thiel, K.; Haßlinger, U.; Ritter, M.; Gesing, T.M.; Plagemann, P. Investigations into the
structure of PEO-layers for understanding of layer formation. Appl. Surf. Sci. 2018, 443, 467–474. [CrossRef]
Hussein, R.O.; Nie, X.; Northwood, D.O.; Yerokhin, A.; Matthews, A. Spectroscopic study of electrolytic
plasma and discharging behaviour during the plasma electrolytic oxidation (PEO) process. J. Phys. D Appl.
Phys. 2010, 43, 105203. [CrossRef]
Topalian, Z.; Niklasson, G.A.; Granqvist, C.G.; Österlund, L. Spectroscopic study of the photofixation of
SO2 on anatase TiO2 thin films and their oleophobic properties. ACS Appl. Mater. Interfaces 2012, 4, 672–679.
[CrossRef] [PubMed]
Ebraheem, S.; El-Saied, A. Band Gap Determination from Diffuse Reflectance Measurements of Irradiated
Lead Borate Glass System Doped with TiO2 by Using Diffuse Reflectance Technique. Mater. Sci. Appl. 2013,
4, 324–329.
Murphy, A.B. Band-gap determination from diffuse reflectance measurements of semiconductor films, and
application to photoelectrochemical water-splitting. Sol. Energy Mater. Sol. Cells 2007, 91, 1326–1337.
[CrossRef]
Spurr, R.A.; Myers, H. Quantitative Analysis of Anatase-Rutile Mixtures with an X-Ray Diffractometer. Anal.
Chem. 1957, 29, 760–762. [CrossRef]
Berti, G.; Calloni, A.; Brambilla, A.; Bussetti, G.; Duò, L.; Ciccacci, F. Direct observation of spin-resolved full
and empty electron states in ferromagnetic surfaces. Rev. Sci. Instrum 2014, 85, 73901. [CrossRef]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

