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Abstract

In this paper, we used plasma electrolytic oxidat{®EQ) of titanium in water solution
containing 10 g/L NgPO,[A2H,0 + 2 g/L EuyO; powder for preparation of TKEU™
coatings. The surfaces of obtained coatings exfabiypical PEO porous structure. The
energy dispersive x-ray spectroscopy analysis sdhat the coatings are mainly composed
of Ti, O, P, and Eu; it is observed that Eu coniarthe coatings increases with PEO time.
The x-ray diffraction analysis indicated that theatngs are crystallized and composed of
anatase and rutile TiOphases, with anatase being the dominant one. Xphayoelectron
spectroscopy revealed that Ti 2p spin-orbit comptnef TiQ:EW" coatings are shifted
towards higher binding energy, with respect to plif@; coatings, suggesting that ions
are incorporated into Tilattice. Diffuse reflectance spectroscopy showedt TiOy;EU**

coatings exhibit evident red shift with respecttie pure TiQ coatings. Photoluminescence
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(PL) emission spectra of TKEW" coatings are characterized by sharp emission bends
orange-red region ascribed tef transitions of Eti ions from excited leveiDy to lower
levels ‘F; (J = 0, 1, 2, 3, and 4). The excitation PL specfrdiO,EU** coatings can be
divided into two regions: the broad band regiomfr@50 nm to 350 nm associated with
charge transfer state of Ewand the series of sharp peaks in the range frdm@bsto 550 nm
corresponding to direct excitation of the®Eians. It is observed that the intensity of peaks in
excitation and emission PL spectra increases wi¢hconcentration of Eij but the peak
positions remain practically unchanged. The rafi¢®b emission for electric and magnetic
dipole transitions indicates highly asymmetric eowiment around E{ ions. The
photocatalytic activity (PA) of TiQEW" coatings is evaluated by measuring the
photodegradation of methyl orange under simulatedight conditions. It is shown that PEO
time, i.e., the amount of Blincorporated into coatings is an important facffecting PA;

TiO:EU** coating formed after 1 min of PEO time showed tighést PA.

Keywords: Plasma electrolytic oxidation (PEO), JiOEu", Photoluminescence;

Photocatalysis;

1. Introduction
Titanium dioxide (TiQ) has been widely studied in the last few deca@estse of its

potential applications including photocatalysisustural ceramics, dye-sensitized solar cells,
sensors, biocompatible materials, etc. [1-5]. Maffprts have been made to explore 71O
based phosphors doped with various rare earth asnisiminescence materials, because of
their excellent luminescence characteristics withrg emission bands originating from the
electronic transition between f levels [6-12]. Alsloping of TiQ with rare earth ions proved
to be an efficient method to improve the photocdimproperties of Ti@ The enhancement

of the photocatalytic activity of rare earth dopg@, has been ascribed to a combination of
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several factors: (i) the formation of oxygen vagambarge trapping centers leading to a
decrease of electron/hole recombination rate;efifending the response of TLithto the
visible region; (iii) increasing the anatase toileutransformation temperature, and (iv)
pollutant interaction with rare earth metals doped TiO, via f-orbitals increase its ability to
absorb the pollutant molecules and enhance thepatalytic efficiency [13-21].

In recent years, Blidoped TiQ has attracted much attention because of its use as
luminescent material in orange-red visible regio @s an efficient photocatalyst. Many
techniques such as precipitation method [21], mllaser deposition [22], spray pyrolysis
[23], sol-gel method [24], hydrothermal method [2blermal plasma pyrolysis [26], etc. have
been employed for the formation of the*Edoped TiQ. In this paper, we have applied
plasma electrolytic oxidation process for the sgsth of TiQ:EU** coatings.

Plasma electrolytic oxidation (PEQ) is an econoreificient, and environmentally
benign processing [27-29]. During the PEO proceserelte spark discharges occur on the
coating’s surface when applied voltage is highesntha critical value (known as the
breakdown voltage). Discharge characteristics, bothvidual and collective, determine
thermal and chemical conditions on the oxidizingate and play an important role in the
phase formation and structure of the oxide coati@iggde coatings formed by PEO usually
contain crystalline and amorphous phases wheretitggrst Species can originate both from
metal and electrolyte.

Recently, a lot of research has been focused oprd#yparation of Ti@photocatalysts
obtained by PEO of titanium and titanium alloysdifferent electrolytes. Research efforts
have been directed towards improving visible lighisorption and reducing electron/hole
recombination rate of such coatings by coupling,Twith narrow band gap semiconducting
materials and metallic and non-metallic species33D The main advantage of using PEO in

producing TiQ based photocatalysts is very short fabricatioretivaused by skipping the
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annealing step, which is required to transform agohous TiQ into its crystalline phase(s).
Also, TiO, coatings formed by PEO on titanium substrate resaellent adhesion and anti-
corrosion performance which is highly desirableifatustrial applications.

Up to now, a vast number of TiEW" photocatalytic studies has been directed
towards utilizing TiQ nanocrystalline powders [21,24,33-35]. The drawbafcsuch systems
is the necessity of filtration of the powder pheattadyst from treated effluent after the
treatment, which makes the process difficult, tioo®suming, and expensive. On the other
hand, with immobilizing TiIGEU* these limitations can be overcome. The aim of wigk
was to examine the possibility of formation of FiEW** coatings on titanium substrate by
PEO in supporting electrolyte containing.Bd powder and to probe their photoluminescent
and photocatalytic properties. Scanning electrorcrascopy, X-ray energy dispersive
spectroscopy, X-ray diffraction, X-ray photoelectrospectroscopy, PL spectral
measurements, and diffuse reflectance spectrosgepmyused as tools to characterize formed

TiO,:EU** coatings.

2. Experimental details

Titanium samples (99.5% purity, Alfa Aesar) omdinsions 25 mm x 10 mm x 0.25
mm were used as working electrode in the experiniEm working electrodes were sealed
with insulation resin leaving only active surfacghaan area of 15 mm x 10 mm accessible to
the electrolyte. Schematic diagram of the expertalesetup used for PEO is shown in Fig. 1.
PEO process was carried out in a Pyrex beaker@hiOcapacity. The titanium samples and
two platinum plates of dimensions 40 mm x 20 mmemesed as the anode and cathodes in
the experiment, respectively. The electrodes wargarallel alignment and the distance
between the anode and each of the cathodes was Ruwing the PEO, current density was

set to 150 mA/cth The power supply was a Consort EV261 DC powet prividing
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voltages 0-600 V and a current of 0—-1000 mA. Watdution of 10 g/L sodium phosphate

dodecahydrate (NROy-12H,O) was used as a supporting electrolyte. Comméyr@sahilable

EwOs powder was added to supporting electrolyte in thiecentration of 2 g/L. The pH of
the electrolyte at working conditions was 12.2 wfitie conductivity was 7.9 mS/cm. During
the PEO, the electrolyte was stirred with a magnstirrer to ensure the homogenous
distribution of particles in the electrolyte andcciated through the chamber—reservoir
system. The temperature of the electrolyte was tai@ed during the PEO at (20 £ 1) °C.
After the PEO, samples were rinsed in distilled ewab prevent additional deposition of
electrolyte components during drying.

Scanning electron microscope (SEM) JSM 6610LVimgmed with an INCA 350
energy dispersion X-ray (EDS) analysis was usedcharacterize the morphology and
chemical composition of formed coatings. The cHiisity of formed coatings was analyzed
by X-ray diffraction (XRD), using a Rigaku Ultima/Idiffractometer in Bragg—Brentano
geometry, with Ni filtered CuK radiation {=1.54178 A). Diffraction data were acquired
over the scattering angléd 2Zrom 20° to 60° with a step of 0.020° and acqigsitrate of
2°/min. The x-ray photoelectron spectra (XPS) waoguired on a Kratos AXIS Supra
photoelectron spectrometer usiagnonochromatic Al K source with energy of 1486.6 eV.
The base pressure in the analysis chamber was®340 Binding energies were corrected
relative to the C 1s signal at 285.0 eV.

PL spectral measurements were taken on a Hooba@n JYvon Fluorolog FL3-22

spectrofluorometer at room temperature, with a ¥6&enon lamp as the excitation light
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source. The obtained spectra were corrected fasghetral response of the measuring system
and spectral distribution of the Xe lamp. UV-Vi#fase reflectance spectra (DRS) of formed
coatings were recorded using a UV-Vis spectropheten(Shimadzu UV-3600).
Photocatalytic activity of formed coatings wasestigated by photodegrading methyl
orange (MO) at room temperature. Samples with ea af 1.5 crhwere dipped into 10 mL
of 8 mg/L agueous MO solution. Catalyst foil in thkotocatalytic reactor was placed on
perforated holder, 5 mm above the bottom of thetoea with magnetic stirrer under the
holder. Prior to illumination, the solution and tbatalyst were magnetically stirred in the
dark for 30 min to achieve adsorption—desorptiomildium. MO solution was then
irradiated under the lamp that simulates solaratazh (Solimed BH Quarzlampen), with a
power consumption of 300 W. The light source wasasalistance of 25 cm above the top
surface of the solution. A fixed quantity of the M©Olution was removed every 2 hours to
measure the absorption and then concentrationg WihfVis spectrometer (Thermo Electron
Nicolet Evolution 500). After each measurement o Moncentration probe solution was
returned back to the photocatalytic reactor. MOdasaximum absorbance at 464 nm, which
was used as a wavelength for monitoring MO degrada® he absorbance was converted to
MO concentration in accordance with standard csivawing a linear relationship between
the concentration and the absorbance at this wagtde Prior to the photocatalysis, MO
solution was tested for photolysis in the abserfade photocatalyst in order to examine its
stability. The lack of change in the MO concentmatafter 12 h of irradiation revealed that
the MO was stable under applied conditions anddbgtadation was only due to the presence

of the photocatalyst.

3. Results and discussion
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3.1. Morphology, chemical and phase composition of TiO»:Eu®* coatings

Typical voltage-time curve during the anodizatiad titanium in 10 g/L

NagPOy-12H,0 + 2 g/L EuOz at constant current density of 150 mAfcis shown in Fig. 2a.

A linear increase of the voltage in region | isatet to relatively uniform growth of a
compact oxide layer. In this region oxide layer wggo at the titanium/oxide and

oxide/electrolyte interfaces as a result of migmawf & /OH™ and Tf* ions across the oxide

assisted by a strong electric field10" V/cm) [36]. Also, small amounts of anionic

components of electrolyte are incorporated intodbating at the oxide/electrolyte interface.
Initial oxide layer forms at the surface of titamiwas a result of the following overall reaction:
Ti+2H,0 - TiO, +4H" +4¢e 1)
At the potential of about 265 V uniform film thkiening is terminated by dielectric
breakdown (beginning of PEO process) and voltage-tcurve deflects from linearity. In
region Il a large number of small discharges amgbie. Further anodization results in
relatively stable value of the voltage while disgiag continues (region lll). During PEO
various plasma-chemical, electrochemical, and tbdgmamical processes are induced at the
discharge sites due to high plasma temperature paesisure [37]. These processes are
modifying the morphology, structure and compositioh the formed coatings. SEM

micrographs of the surface coatings formed at uaristages of PEO process are shown in
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Fig. 2b. A number of discharge channels and regressiting from the rapid cooling of
molten material are present on the surface (Fi§j. Rbthe discharge sites local temperature
sharply increases to about*1R [38], high enough to melt the oxide coating. Doethe
strong electric field, anionic components of elelgtie are drawn into these channels.
Transfer of EpO; particles towards the titanium substrate is alessiple in the strong
electric fields inherent to plasma discharging @ni$ further promoted by hydrodynamic
effects caused by titanium surface heating and exdion [21]. Concurrently, the titanium
substrate is melted out through discharge charmadsgets oxidized. BE@; particles melt
inside the discharge channels, because their mgagoimt (2620 K) is much lower than the
plasma electron temperature during PEO [39]. MolEapO; particles react with other
components from the electrolyte and the subst@t®rnm mixed-oxide coatings. After the
short-living discharging, the molten regions quenich contact with the surrounding
electrolyte, leading to the formation of solidifi@dolten oxides composed of both titanium
and materials originating from the electrolyte. tBg repetition of this process at a number of
discrete locations over the coating surface, thektiess of the coating increases. Fig. 2c
shows backscattered SEM micrographs of polishesisesections of PEO coatings grown on
titanium from electrolyte containing ED3; powder. Throughout the PEO process, the average
coating thickness increases at the rate of appeiy 1.5um/min (Fig. 1a). The coatings
show porous microstructure which is typical for twogs formed by PEO. Results of the EDS
analyses of surface coatings in Fig. 2b are showhable 1. Main elements of the coatings
are Ti, P, O, and Eu. The concentration of Eu with PEO time. In order to investigate
the distribution of Ti, P, O, and Eu in the coasirfigrmed by PEO, EDS elemental mapping
was carried out (Fig. 3). All elements are unifgrmistributed in the coating, but some areas

with high agglomeration of Eu were be observed.
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The XRD patterns of TiQEU** coatings formed after various PEO times are shiown
Fig. 4a. Diffraction peaks corresponding to anafasase (A) of TiQ(PDXL DB Card No.
9008213) and rutile phase (R) of BLi@DXL DB Card No. 9009083) can be observed in
XRD patterns. Elemental Ti originates from the $tdie due to penetration of X-rays through
the porous surface layer and reaching the subs®&® patters of pure Ti©Qcoatings are
quite similar to XRD patterns of TiOZ:Eimoatings formed under the same conditions as in
Fig. 4a, so we have decided to omit them. XRD patté pure EwO3; powder used in this
research is shown in Fig. 4b. The peaks are inrdacce with the typical cubic type structure
of EwO; crystals. We were not able to detect any peakgsponding to europium species in
XRD patterns of obtained coatings. The main redsorthis is the low concentration of
EwO;3 particles all over the coatings’ surface. Alsa thcorporation of a small quantity of
Eu®* ions from the electrolyte into Tixoatings formed during the PEO (Table 1) does not
significantly change the phase structure of JiBatterns in Fig. 4a suggest that during the
PEO anatase is the dominant phase of, Tareful inspection of XRD patterns reveals that
anatase phase TiEU" coatings are formed during the first minute of PEile after about
3 min from the onset of PEO anatase phase stattarisform into rutile phase. The main
observed peaks are d angle of 25.4and 27.5 which are assigned to anatase (101) and
rutile (110) crystalline phases, respectively. Tiitensity of diffraction peaks of anatase and
rutile phases increase with the increasing tim@BO. This suggests that the crystallization
increases with PEO time. The content of anataseratild phases was calculated from the
integrated intensities of the anatase (101) arniter(it10) peaks [40], according to equation

(2) and is presented in Table 2:

|
Wy=—FR | 2
R 0884, +1, @

whereWr represents the weight fraction of rutile phdgeepresents the integrated intensity

of the anatase (101) peak, dadepresents the integrated intensity of the r\filk0) peak.
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The crystallite size of anatase and rutile phasdbe coatings was calculated using
the Scherrer's equation of the strongest diffractieflections of the anatase (101) and rutile
(110) planes:

KA
£cosf’

3)

whereD is the crystallite size in nnik = 0.94,/ is the wavelength of the incident X-rays in
nm, @ is the Bragg angle, arglis full width at half maximum in radians. Table 2osvs that
the crystallite size of the anatase and rutile pbasf formed coatings increases with PEO
time.

For further investigation of chemical nature aotdhposition of obtained coatings and
valence state of Eu in doped Li€amples we employed XPS measurements. Typical XPS
spectra are shown in Fig. 5a. It can be seen tieaspectra show peaks originating from Ti
2p, O 1s P 2s, P 2p, C 1s and Eu 3d. Fig. 5b shimsvkigh-resolution Eu 3d spectra of Eu
doped TiQ coatings formed after various PEO times. The EueSdls are spin—orbit split
into two (3d,,and 3d),) peaks. In each spectrum, the Ey,3ueak is located at 1134.7 eV,
indicating Ed” state [41]. The Ti 2p XPS spectrum obtained foepLiO, coating shows that
spin-orbit components (2p and 2p;) are positioned at about 459.0 eV and 464.9 eV,
respectively, which can be assigned t& Tons in TiG. On the other hand, for all TKEU"
coatings XPS peaks associated with spin-orbit corapts are shifted towards higher binding
energies by 0.2 eV (Fig. 5¢). This shift in bindiegergy represents intermediate oxidation

state of Ti and indicates that Eus incorporated into Ti@lattice.

3.2. Photoluminescence (PL) of TiO, Eu®" coatings

PL emission spectra of TKEU* coatings formed after various PEO times excited at
270 nm are shown in Fig. 6a. PL spectra consisthafrp emission bands located in the
orange-red spectral region between 560 nm and @#g0carresponding to thef transition
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of EU** from excited levePDy to lower levels'F; (J = 0, 1, 2, 3, and 4) [42]. The bands are
centered at about 578 nm, 591 nm, 596 nm, 613 BBinf, and 701 nm, and are assigned to
the°Dg - "Fo, °Do— 'F1, Do 'Fa, °Do— 'Fs, °Do — 'F4 transitions, respectively.

Fig. 6b shows the excitation PL spectra of FE)*"coatings formed after various
PEO times, monitored at the most intense peak ilsstom PL spectra, i.e. at 613 nm. The
wide PL band extending from 250 nm to 350 nm, vétimaximum at about 275 nm, is
associated with charge transfer state of*Ewhich originates from electronic transition
between the completely filled 2p orbital of Qons (25) and empty 4f orbital of Eiions
(4f° [43]. The string of sharp peaks in the range f&58 nm to 550 nm corresponds to direct
excitation of the EXf ground stat€F, into higher levels of the 4f-manifold [44]. The sto
intense excitation bands are assigned to f-f ttimmsiF - °D,4 at 360 nm/Fy - °L7 at 381 nm,
Fo—°Le at 393 nm/Fy— °Ds at 413 nm/F,— °D; at 463 nm, an@Fo— °D; at 531 nm.

The total PL intensity of Ti@Eu*"coatings is a sum of PL originating from Bi@nd
Eu** ions incorporated into the coatings during the PECorder to investigate PL emission
and excitation spectra of pure TBiQoatings, we formed such coatings in supporting
electrolyte without addition of E@3; powder under the same experimental conditionsas i
Figs. 6a and 6b. PL emission and excitation speétpaure TiQ coating formed in supporting
electrolyte for 10 min are shown in Figs. 6¢ andk & obvious that PL of pure Tig®&oating
is very low compared to its counterpart formedupgorting electrolyte with EXD; powder,
indicating that the main contribution in PL for Hi@u* coatings comes from BU It is
clearly visible that the intensity of peaks in éation and emission PL spectra change with
the concentration of E{j i.e. time of PEO, but the peaks position remainactically
unchanged.

Fig. 7 shows the energy level diagram and propesedhanism of charge transfer

pathways involved in the PL of Eudoped TiQ coatings formed by PEO. Excitation may
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take place in two processes, either by transfeelagtrons to the charge transfer band (CTB)
or by electron jumping to the higher levels of Efter the excitation, excited electrons (due
to charge transfer) are transferred to the lowesited level of Ed" i.e. Do by non-radiative
transition. Only upon non-radiative transfer elent can make transitions to the lower levels
'F; (3=0,1, 2, 3, and 4) of Eu

PL emission spectra of TKEU*'coatings, in the range from 560 nm to 720 nm,
excited at the wavelengths of the most intense péakPL excitation spectraFp— "L
transition at 393 nm an'dF, - °D; transition at 463 nm) are shown in Fig. 8. Therggest red
PL peak at 613 nm corresponds to the electric dip@insition®Do— 'F» (AJ =+ 2). The
electric dipole transitio’Dy— 'F is a hypersensitive transition (with respect to kheal
environment around the Euion), which is allowed only under the conditiorattEG* ion
occupies a site without an inversion center [30].tf other handDo - ‘F1 transitions at 591
nm and 596 nm are principally magnetic allowed HWipwansitions £J = £1) which are
insensitive to site symmetry [45]. The emissioneitsity ratioR between®Do— 'F, and
Do 'F; transitions (also called the asymmetric ratio) dam used as an effective
spectroscopic technique to measure the degreestriion from inversion symmetry of the
local environment surrounding the £ions in the host matrix. The asymmetric ratio hestw
Dy 'Fo at 613 nm andDo— 'F1 at 591 nm for two excitation wavelengths at 393 amd
463 nm is shown in Fig. 4c. The asymmetric ratioréases slightly with increasing £u
concentration, i.e. time of PEO, indicating tha Symmetry of E¥f ions does not change
much with its concentration [46]. High value of tasymmetric ratio of TIQEU*" coating
formed by PEO indicates highly asymmetric environmaround E¥ ions. The site
symmetry of Tt* ions in anatase lattice aredDAccording to the branching rules of the 32
point groups, because of a large mismatch in ioadti and the charge imbalance between

Ti** (68 pm) and EUf (95 pm), the substitution of the *fiwith EL*" ions creates oxygen
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vacancies and causes the lattice distortion, thasging the site symmetry of the £ions
sites from the exact 49 symmetry to lower site symmetry [47]. Weak PL esiga bands at
653 nm and 701 nm are due to forbidd&r - 'F3 and electric dipole allowedDo— F4
transitions, respectively. It is worth mentioninigat we observed the totally forbidden
Dy 'Fo transition at 578 nm, which becomes allowed omiythe case where the site

symmetry of the metal ions is,(r lower [48,49].

3.3. Photocatalytic activity (PA) of TiO»:Eu** coatings

Before the PA characterization we investigated oati absorption of
TiOz:Eu**coatings formed after various PEO times (Fig. 9V—Mis DRS spectra of
TiOz:Eu**coatings show that the increasing amount of incared EG* gradually shifted
absorption edge of pure TiGrom the UV to the visible range. Observed redtstan be
attributed to the charge-transfer transition betwieelectrons of Etf ions and the conduction
or valence band of Ti&g}50].

The Kubelka-Munk functiorF(R.) for infinitely thick samples was used to convert

reflectance measuremenBs{npg into equivalent absorption spectra:

_ AR _

F(R.) R

a
g (4)

wherea and S denote to the absorption coefficient andtiadtering coefficient, respectively.

This is achieved by using the reflectance of Ba&®a referencdifasa):

— Rsample

R. :
RBaSO4

(®)

The optical absorption edge energy is defined asntimimum photon energy required to
excite an electron from the highest occupied mdécarbital (HOMO, at the top of the

valence band) to the lowest unoccupied moleculaitair (LUMO, at the bottom of the
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conduction band). The energy dependence of theatixmo coefficienta for semiconductors

in the region near the absorption edge is givethbyequation:

hv -E,)’
oo -EB)

hy ©)

wherev is the frequency of the incident photdnis the Planck constant, akg is the optical
absorption edge energy. The expongritepends on the type of optical transition caused b
photon absorption. With an appropriate choiceroé plot of [F(R)hi]*" vs. hv (Tauc plot)

is linear near the edge and can be used to detertménabsorption edge energy, i.e. the band
gap. For TiQ material, the value of is 2 [51], and we used this value to plot [ER]*? vs.
hvfor TiO,:EU** coatings formed in various stages of PEO, as shiowig. 10. The band gap
shifts to lower energy with increasing PEO time, iwith increasing amount of Eu The
band gaps of obtained Ti®u** coatings as well as of pure Ti€oatings are listed in Table
3. Clearly, the main contribution in the reductimiiband gap in TIQEU*" coatings is due to
the incorporation of Eu in Tigcoatings during the PEO.

Photoactivity of pure Ti@and TiQ:Eu*"coatings formed after various PEO times are
shown in Fig. 11. gis the initial concentration of MO and C is thencentration after time t.
Fig. 11a clearly implies that PA of TiEwW*'coatings is much higher than of pure TiO
Knowing that pure E#D3 does not have photocatalytic oxidation propersegsh variation in
PA is due to interaction betweenEions and TiQ. In order to explain the influence of PEO
time on PA of formed coatings we constructed a gtdtig. 11b which presents PA after 10 h
of irradiation for pure Ti@ and TiQ:Eu** coatings (formed for various PEO times). It is
evident that there is a substantially differentlf&havior of formed coatings: PA of pure %iO
coatings rises with PEO time, while PA of BiGu** coatings surprisingly drops with PEO
time. It is challenging to find out a reasonabl@laration for such behavior of TiEU**

coatings having in mind that thicknesses, surfaea,aand phase composition of Fjd.e.
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ratio between anatase and rutile (Table 2), arpaagu to be approximately equivalent for
both coatings. It is well known that catalyst’s BAmainly dependent upon band gap value,
surface texture, electron-hole generation capasiyparation efficiency of photogenerated
electron/hole pairs, and transfer of electrons frphotacatalyst to the organic pollutant
through the oxygen vacancy defects on the surfégeghotocatalyst [52]. Incorporation of
Eu** ions into TiQ coatings during the PEO could create oxygen vacaharge trapping
centers, thus decreasing the electron/hole recatibm rate. For these reasons PA of
TiOx:Eu**coatings might increases with respect to pure, Ei@atings. The rise of the Eu
concentration in coatings with PEO time expands 9pectral region that can be used for
visible light photocatalysis (Figs. 9 and 10). Fiblb clearly shows that after 10 h of
irradiation PA of TiQ:EU** coatings obtained after 1 min of PEO is almost 7Bigher than
PA of corresponding pure TiCcoatings, while it is only about 10 % higher famyples
obtained after 10 min of PEO time.

Since TiQ:EW** coatings formed after 1 min of PEO unambiguouslyileix the best
photocatalytic performance, one can assume thatfgpactive centers are created within the
coating and/or these coatings exhibit superior imoiggy with respect to PEO coatings
processed for longer times. SEM micrographs (#j.reveal that PEO coatings obtained for
the shortest processing time feature exceptior#eloped outer surface which consists of
small grains (2-3um in diameter). With prolonged PEO time this ouserface flattens
leaving pancake-like surface structure with holggimating from discharge channels. Such
morphology change, caused primarily by increasedp&ature during microdischarging,
possibly affects the overall surface area of thating, either by reducing the number of
active sites or simply by blocking the transportrefictants (light as immaterial reactant

and/or dye).
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Concurrently, TIQEW** catalyst formed after 1 min of PEO contains onlpatase
phase of TiG producing high degree of structure organizatiauad incorporated Efiions.
Transformation of anatase to rutile by prolongedOPgrocess time probably causes the
distortion of Ed* surrounding lattice as presented on Fig. 8c. The of asymmetric ratio
betweerrDy - 'F2 and°Do— ‘F1, as the measure of distortion degree, also ineseaith PEO
time. As a consequence, it is clear thaf'Hons in this case could serve as electron/hole
recombination centers, pointing that *Eusurrounding is more significant than ¥u
concentration when photocatalytic application dFEU** coatings is concerned.

An important parameter for the applicability of ghieotocatalyst is its stability, which
determines the catalyst life and operation cost P& after 12 h of irradiation after five
consecutive runs using THEU>" coating formed for 1 min is presented in Fig. 1&eAeach
run, the sample was rinsed in water, dried, and again in the next catalytic run. The results
show that PA of the coating remains almost unchdder several consecutive runs, proving
that there is neither significant attrition of pbecatalyst from the support nor catalyst
poisoning.

In order to investigate the influence of JByg concentration in electrolyte on
photocatalytic properties of obtained coatings eoset of measurements was conducted in
supporting electrolyte (10 g/L MaO,[12H,0) with various EpOs; concentrations (Fig. 13).
Obviously, there is no difference in PA for J4 concentrations of 2g/L and 3 g/L, but
concentration of 0.5 g/L causes significant dro/A The main reason for this behavior lies
in the fact that the concentration of ;B¢ in the electrolyte has low influence on the
morphology and chemical composition of the formedtings under the same experimental

conditions.

4, Conclusions
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In summary, TIGEU** coatings were prepared by plasma electrolytic atidth (PEO)
of titanium in electrolyte containing ED; powder. Structural, photoluminescent and
photocatalytic properties of obtained oxide coaimgere investigated. The main elemental
components of the PEO coatings are Ti, O, P, BEemEhtal mapping analyses showed that
coatings’ elements are distributed evenly, with edba agglomerations being observed after
prolonged PEO times. The PEO coatings are crystalland composed of anatase and rutile
TiO, phases, with anatase being the dominant phase aK&igses confirmed that Eions
are incorporated into coatings and it pointed duwttTi 2p spin-orbit components in
composite coatings are shifted towards higher bimpdnergy with respect to pure LO
coatings. Optical absorption spectra of FE*coatings exhibit evident red shift with
respect to pure Tigcoatings.

PL emission spectra of TKEW" coatings are characterized by sharp emission bands
in orange-red region ascribed ¥, — ’F; transitions of E& ions. Excitation PL spectra of
TiO,:EU** coatings are characterized by a broad band extgricim 250 nm to 350 nm, with
a maximum at about 275 nm. This broad band is &#soc with the electron transfer
transition from 2p orbital of © ions to 4f orbital of EXf ions, while the series of sharp peaks
in the range from 350 nm to 550 nm correspondsrextexcitation of the E{iground state
Fo into higher levels of the 4f-manifold. Electriagipole transitio”Do— 'F» is much more
intense than the magnetic dipole transifibg— 'Fi1, suggesting the presence of thé'Hans
in highly asymmetric environment.

TiO,:EU** coatings show much higher photocatalytic acti{®A) than pure Ti@
coatings. The time of PEO, i.e. the amount o} Hucorporated into coatings, is an important
factor affecting PA and the TKEU®* coating formed after 1 min of PEO time exhibits th

highest photoactivity.
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Figure Captions:

Fig. 1. Experimental setup used for PEO: (1) electroly&tt;2) power supply; (3) magnetic
stirrer; (4) peristaltic pump; (5) heat exchangsygtem; (6) temperature-controlled water
bath.

Fig. 2. (a) Time variation of voltage and thickness ofried coatings during anodization of

titanium in 10 g/L NaPO,-12H,0 + 2 g/L EuOs at constant current density of 150 mAfcm

(b) SEM micrographs of TiQEU** coatings formed at various stages of PEO prod@ss:

min; (i) 3 min; (iii) 5 min; (iv) 10 min. (c) Backcattered SEM micrographs of polished
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cross-sections of TiEEW" coatings formed at various stages of PEO pro¢@skmin; (i) 3
min; (iii) 5 min; (iv) 10 min.

Fig. 3. EDS maps of TIQEU** coating formed by PEO for 10 min.

Fig. 4. (a) XRD patterns of TIQEU®" coatings formed at various stages of PEO; (b) XRD
pattern of used E®3; powder.

Fig. 5. (a) XPSspectraof TiO, and TiQ:Eu*" coatings formed by PEO for 1 min; (b) High —
resolution Eu 3d XPS spectra of BiGu** coatings formed at various stages of PEO process;
(c) High — resolution Ti 2p XPS spectra of pié@nd TiQ:EW* coatings formed by PEO for 1
min.

Fig. 6. Evolution of PL spectra of TIKEW coatings formed by PEO process: (a) emission
PL spectra excited at 270 nm; (b) excitation PLc@emonitored at 613 nm. PL spectra of
pure TiQ coating formed by PEO for 10 min: (c) emission Pedra excited at 270 nm; (d)
excitation PL spectra monitored at 613 nm.

Fig. 7. Schematic representation of energy level diagracthpmoposed mechanism of charge
transfer pathways involved in the PL of*Ein TiO, coatings formed by PEO.

Fig. 8. Evolution of PL emission spectra of Hi&U** coatings formed by PEO process: (a)
excited at 393 nm; (b) excited at 463 nm. (c) Thgnametric ratio betweerD,— 'F, and
*Do— 'Fi.

Fig. 9. UV—-Vis DRS spectra of pure Tidormed in electrolyte without @3 powder for 1
min and TiQ:Eu** coatings formed at various stages of PEO process.

Fig. 10. Tauc plots of pure TiQand TiQ:EU** coatings formed at various stages of PEO
process.

Fig. 11. (a) PA of pure Ti@and TiQ:EU** coatings formed at various stages of PEO process;
(b) The influence of PEO time on PA of pure Tiénd TiQ:EW** coatings after 10 h of

irradiation.
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Fig. 12. PA stability test after 12 h of irradiation of TiBu** coating formed for 1 min of
PEO.

Fig. 13. Photocatalytic performance of TiEu** coatings formed for 1 min of PEO in

supporting electrolyte (10 g/L NAO,[12H,0) with various EpOs concentrations.

Table Captions:

Table 1. EDS analyses of TiKEW" coatings formed at various stages of PEO prodegs (
la).

Table 2. Weight fraction of anatase phase {Mveight fraction of rutile phase (), anatase
crystallite size (R) and rutile crystallite size @ of TiOxEU*" coatings formed in various
stages of PEO.

Table 3. The band gap of TiPEUW" and TiQ coatings formed at various stages of PEO

process.

Highlight

e TiO,:Eu** coatings are formed by plasma electrolytic oxidation (PEO).
*  Photoluminescence is related to transitions of Eu** from level °D, to levels F,.
«  Eu*ions occupy non-inversion symmetry sites in the coatings.

e PEOtime is an important factor affecting photocatalytic activity.

PEO time [min] Atomic [%]
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0] P Ti Eu
1 69.51 4.29 26.16 0.04
3 71.99 4.40 23.46 0.15
5 72.63 4.34 22.83 0.20
10 73.92 4.36 21.37 0.34

PEOtime W (%) Wk (%)

Da (nm) Dk (nm)

1 min 100 0 41.7 /
3 min 95.5 4.5 43.3 30.5
5 min 91.1 8.9 46.2 35.6
10 min 87.1 12.9 48.1 44.9
PEO time Band gap Band gap
TiOzEU" TiO,
1 min 3.19eV 3.20 eV
3 min 3.12 eV 3.16 eV
5 min 3.07 eV 3.16 eV
10 min 3.05eV 3.16 eV
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