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Application of TigoRE;( alloys (RE = Ho, Er, Nd, Y, Ce, Tm) as a working electrode, instead of Ti pure foil in
anodic oxidation in a fluoride-based electrolyte, resulted in formation of well-ordered nanotubes made of TiO,
and RE,03 mixture, which could be efficiently used for pollutant removal from water and air phase upon UV and
visible irradiation and easily separable from the reaction mixture to recycle. The as-prepared NTs were char-
acterized by scanning electron microscopy (SEM), energy-dispersive spectroscopy (EDX), diffuse reflectance
spectroscopy (DRS), luminescence spectroscopy, X-ray diffraction (XRD), and X-ray photoelectron spectroscopy
(XPS). The photocatalytic activity of the synthesized samples was investigated used phenol and toluene as a
model compounds to follow degradation kinetics. The influence of the RE metals on the photoelectrochemical
performance of modified TiO, NTs was investigated. Surface morphology analysis showed formation of uniform
and vertically oriented NTs structures with an open tube top and smooth walls. The results of EDX, XRD and XPS
analysis proved that RE ions exist as surface compounds (RE*>* oxides). Visible light induced photoactivity (both
photocatalytic and photoelectrochemical) is mostly pronounced in the presence of nanotubes obtained by anodic
oxidation of TigoHo1¢ alloy. These nanotubes are able to degrade toluene in the gas phase even by irradiation of
low-powered light source, such as light emitting diodes (Amax = 465nm). Photocatalytic test of phenol de-
gradation in the presence of scavenger indicates that photogenerated electrons and superoxide radicals play a
meaningful role in the photocatalytic degradation of pollutants under visible irradiation. In addition, the pho-
toelectrochemical tests performed under the influence of visible light irradiation confirmed that the RE-mod-
ification of TiO, NTs caused a significant increase of photocurrent (up to 10 times higher). The new and original
results on the preparation of RE;03/TiO, nanotubes obtained in one step anodic oxidation and photocatalytic
activity in aqueous and gas phases represent an important contribution then will benefit photocatalytic surfaces
preparation technologies.

Introduction various alloys by the electrochemical anodization process (relatively

straightforward and cost-effective technique). This process mainly

In recent years the one-dimensional nanostructures (such as nano-
fiber, nanorods, nanotube, and nanowires) have attracted significant
interest due to their high surface-to-volume ratios and directional
shapes, which exhibits enhanced photoelectrochemical properties
[1-3]. Belong to them - high electron mobility or quantum confinement
effects, low dimensionality, a very high specific surface area, and better
adsorption ability [4-6].

Especially interesting is the formation of nanotubes (NTs) on
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employs titanium alloy in order to obtain self-organized titanium di-
oxide-based nanotube layers. This approach results in a combination of
their unusual physical properties with a well controllable nanotubular
structure [7]. TiO, nanotubes from a wide range of applications could
be used as a photocatalytic material [8], in solar cells [9], in electro-
chromic devices [10], as a biomedical coating [11], drug-delivery
capsule [12], and as biosensors [13]. The photocatalytic application
plays an important role due to growing problem with environment
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pollutants and TiO, can be used for the treatment of wasted water
[14,15] and polluted air [16,17].

Application of solar light to drive pollutants degradation over
semiconductor surface is one of the green approaches proposed for air,
water and wastewater treatment. Thus, a lot of attention is paid to
different methodologies improve TiO, properties in visible range of
electromagnetic spectrum because it allows obtaining photocatalysts
active under solar light, and at the same time trying to retain its high
stability and high quantum field. Several reports have shown that these
requirements can be met by rare earth (RE) modification of TiO,
[14,18,19]. In the literature, the most often presented preparation
routes of RE-TiO, nanotubes have been one- or two-step electro-
chemical anodization process. Generally, the one-step method consists
in anodization of titanium foil in ethylene glycol-based electrolyte
containing RE precursor [20,21]. While, two-step method consists of
anodic oxidation of Ti (in the first step) followed by electrochemical
doping from electrolyte (in the second step) [22,23]. However, despite
the widely described the growth of nanotubes on various binary alloys
(for example, TiNi, TiMn, TiCr, TiZr, TiAl, TiMo, TiNb [24-32] there is
no information about growing nanotubes from suitable TiRE alloys.
Alloys anodization thus enables the growth of mixed anodic oxides with
tailored and improved properties for a wide range of applications [33].

Recently, it was reported that TiO, modification with Ho [23], Er
[34],Nd [18], Y [35], Ce [36], Tm [37] can enhance the photocatalytic
activity both under UV and visible irradiation. Contrary to previously
reported RE;05-TiO, nanotubes, obtained by two-step electrochemical
method [23], currently presented method allows to form photocatalytic
surface in one step reaction, which is less time-consuming method and
avoids to generate spend electrolyte containing lanthanides ions.
Therefore, the presented research is a promising way to adoption and
implementation of the principles of green technology (consisting in
minimization of energy and materials input as well as reducing waste
generation) [38].

In view of this, RE-TiO, NT arrays were prepared by the anodization
of TigoRE;¢ (RE = Ho, Er, Nd, Y, Ce, Tm) alloys for the first time and
their properties were discussed in detail. The photocatalytic activity
and stability of all of obtained photocatalysts were evaluated by mon-
itoring the degradation of phenol and toluene as water and air pollution
models, respectively. To provide insight into which reactive species
participating in the degradation mechanism, a test with scavengers was
also performed. The influence of the RE metals on the photoelec-
trochemical performance of modified TiO, NTs was investigated as
well.

Experimental
Materials

A titanium foil and TiRE alloys with 10 wt% of rare earth metal
content (0.5mm thickness, 99.7% purity, HMW-Hauner Metallische
Werkstoffe Rottenbach, Germany) was cut into pieces of 25 X 25 mm.
Acetone, isopropanol, methanol, ammonium oxalate and silver nitrate
were purchased from POCh S.A (Poland), benzoquinone, phenol and
tert-butanol were bought from Sigma-Aldrich, ethylene glycol was ac-
quired from CHEMPUR (Poland), and ammonium fluoride was bought
from Acros Organic (Belgium). Deionized (DI) water with a con-
ductivity of 0.05 uS was used to prepare all of the aqueous solutions.

Preparation of pristine TiO, and RE-TiO» nanotube arrays

Pristine TiO, and RE-TiO, NT arrays were fabricated by electro-
chemical anodization of Ti foil and TiRE (10 wt% RE) alloys with di-
mensions of 25 X 25mm. Prior to anodizing samples were ultra-
sonically cleaned with acetone, isopropanol, methanol and deionized
water for 10 min (in each solvent). The anodization was carried out in
an electrolyte solution containing ethylene glycol, deionized water
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(2vol%) and ammonium fluoride (0.09 M) and using the Ti or TiRE
substrates as an anode and a cylindrical platinum grid as a cathode,
applying a constant voltage (40 V) at room temperature for 1 h. The Ag/
AgCl reference electrode was used to control the process and obtain
information about the actual working electrode potential. To measure
the actual current and potential of anode versus Ag/AgCl, a reference
electrode digital multimeter (BRYMEN BM857a) was applied. After
anodization, the initial layer was removed by sample ultrasonication in
the deionized water for 5min and then dried in air at 80 °C for 24 h.
Finally, the samples were annealed at 450 °C in air (heating rate: 2 °C/
min) for 1h in order to obtain anatase crystalline structure.

Characterization techniques

The morphology and microstructure of the anodized samples were
characterized by field emission scanning electron microscopy (FE-SEM,
JSM-7610F, JEOL). The UV-Vis absorbance spectra of obtain nanotubes
were recorded on Shimadzu UV-Vis Spectrophotometer (UV 2600)
equipped with an integrating sphere. The baseline was determined
using barium sulphate as a reference. The spectra were registered in
range of 300 to 800 nm, with a scanning speed of 250 nm/min at the
room temperature. The photoluminescence (PL) spectra were recorded
by LS-50B Luminescence Spectrometer equipped with a Xenon dis-
charge lamp and a R928 photomultiplier. The excitation radiation
(300 nm) was directed onto the surface of the samples at an angle of
90°. X-ray diffraction method (PANalyticalX’Pert Pro, Cu-Ka radiation)
was used to check chemical composition of the samples. The data were
collected for 10° < 26 < 70° range, with a step of 0.02°. The dif-
fraction patterns were analyzed by the LeBail profile refinement
method using HighScore Plus program. X-ray photoelectron spectro-
scopy measurements were performed using a PHI 5000 VersaProbe
(ULVAC-PHI) spectrometer with monochromatic Al Ko radiation
(hv = 1486.6 eV) from an X-ray source operating at 25W and 15kV
and a 100 pm spot size. High-resolution (HR) XPS spectra were col-
lected with a hemispherical analyser at a pass energy of 23.5eV, an
energy step size of 0.075-0.1 eV and a photoelectron take-off angle of
45° with respect to the surface plane. CasaXPS software (version 2.3.18)
was used to evaluate the XPS data. The binding energy (BE) scale of all
detected spectra was referenced by setting the BE of the aliphatic
carbon peak (C-C) signal to 284.8 eV.

Measurement of photocatalytic activity

The photocatalytic activity of pristine and RE-modified TiO, NTs
was evaluated with phenol and toluene as water and air pollution
models, accordingly. The photodegradation experiment of phenol in the
presence of NTs under UV-Vis or visible light irradiation were per-
formed using a 1000 W Xenon lamp (Oriel 66021) with equipped with
water IR cut-off filter and optical filters (GG350 or GG420) to cut-off
the emission below 350 or 420 nm. Generally, a phenol solution (8 mL,
0.21 mM) in quartz photoreactor was mixed (550 rpm) and aerated
(5dm®/h) in the dark for 30 min in order to establish an adsorption-
desorption equilibrium between phenol and photocatalyst. Immediately
after, the photoreactor was irradiated with a cut-off spectrum of light.
Samples of a 0.5mL reaction mixture were collected at regular time
periods during irradiation and 20puL of them were examined by
Shimadzu high-performance liquid chromatography. The HPLC system
was equipped with a C-18 column (Kinetex, 150 mm X 3 mm; particle
size of 2.6 um; pore diameter 100 A) and the mobile phase was com-
posed of a mixture of water and 0.1% formic acid using isocratic elution
(80/20 v/v) with a constant flow rate equal to 0.4 mL/min. The SPD-
M20 A diode detector was fixed at A = 205nm. To investigate the
mineralization of phenol, the total organic carbon (TOC) was carried
using TOC analyzer Shimadzu TOC-L. In addition, the research was
extended to include which reactive individuals participate in the phenol
degradation mechanism under visible (A > 420 nm) light irradiation.
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These studies included a hydroxyl radical test using terephthalic acid
(0.5mM) and a reactive species formation test using benzoquinone,
silver nitrate, ammonium oxalate and tert-butanol (solution of sca-
venger and phenol 1/1C/C) as scavengers were carried out. The effi-
ciency of hydroxyl radical generation was measured using a Perkin
Elmer limited LS50B spectrophotometer equipped with a xenon dis-
charge lamp and an R928 photomultiplier. The obtained solution was
measured with an excitation wavelength of 315nm. The photo-
degradation experiment of toluene in the presence of NTs was per-
formed under the influence of radiation emitted by light-emitting
diodes (LEDs) with Apna.x = 375, 415 and 465 nm. The reactions were
carried in a flat stainless steel photoreactor equipped with a quartz
window, two valves, and a septum. After the gaseous mixture
(200 ppm, flow rate: 0.3 dm®/min) was passed through the reaction
chamber for 1 min and establishing an adsorption-desorption equili-
brium (30 min in dark) the illumination was initialized. 200 pL samples
were withdrawn regularly from the reactor for analysis. The toluene
concentration was analysed by a Thermo Scientific gas chromatography
(Trace 1300) equipped with an Elite-5 capillary column and a flame
ionization detector.

Measurement of photoelectrochemical properties

The photoelectrochemical properties of pristine and modified TiO,
NTs were investigated using an AutoLab PGSTAT 204 potentionstat-
galvanostat (Methrom Autolab) in the three-electrode system. Pristine
and modified TiO, NTs were used as a working electrode, Ag/AgCl/
0.1 M KCl and Pt mesh as reference and counter electrodes, respec-
tively. Prior to measurement, electrolyte (0.5 M Na,;SO,4 water solution)
was purged with argon for 1 h. The photoelectrochemical properties of
prepared samples under UV-Vis and visible irradiation were performed
using a 150 W Xenon lamp (Hamamatsu Photonics K.K., model E7536)
with equipped with water IR cut-off filter and optical filters (GG420) to
cut-off the emission below 420 nm. The irradiation intensity was mea-
sured by an optical power meter (Hamamatsu, C9536-01) and was
adjusted to 4 mW/cm? for visible irradiation.

Results and discussion
Surface morphology and growth mechanism
The growth of the nanotubular oxide can be monitored by recording

the current density-time characteristics. Fig. 1 shows the current tran-
sients (j-t curves) recorded during holding the sample in a 0.09 M
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Fig. 1. Current density-time curves recorded for the anodization of Ti sheet and
Ti/RE alloys at a constant voltage of 40V during 1h in a fluoride-containing
ethylene glycol electrolyte.
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fluoride-containing ethylene glycol electrolyte. The formation of RE-
TiO, NTs includes a competition between electrochemical etching and
chemical dissolution processes. The graph shows the classical anodi-
zation curve shape. The registered i-t curves of all samples are similar
and present typical IlI-stage curve described previously in the literature
[39-41] and clearly suggests the formation of nanotubes from TiRE
alloys (10 wt% RE). In the initial stage of anodization (0-100s), the
compact TiO, layer is formed on the Ti surface which causes rapid drop
in the current density. Subsequently, as light increase in current density
is observed because oxide layer is attacked by fluoride ions and pores
begin to grow. In the final stage (from approximately 1000 s to 3600 s),
a steady-state formation of nanotubular oxide is observed. In other
words, the current density remains unchanged due to dynamic equili-
brium between the growth and the dissolution of TiO, nanotubes
(formation of TiF¢>™). Concluding, it is likely that TiRE alloys do not
affect the chemical properties (solubility of the oxide in fluoride, the
formation of TiF¢>~ complex) and preferred nanotubular morphology is
completely retained (what will be described and proved later).

Figs. 2 and S1 (see supplementary material) presents top views and
cross-sectional morphologies of synthesized RE-modified and pristine
TiO4 NTs, respectively. It shows that the anodization of TigoRE( alloys
at a relatively high voltage (40 V) in an electrolyte solution containing
ethylene glycol, deionized water (2vol%) and ammonium fluoride
(0.09M) for 1 h and annealed in 450 °C for 1 h with heating rate 2 °C/
min resulted in the formation of uniform and vertically oriented NTs
structures with an open tube top and smooth walls. Literature review
indicates that a small amount of the H,O in the electrolyte leads to the
formation of highly ordered TiO,-based NTs. In contrast, the excessive
H,0 content results in disordered structure due to quick dissolution of
the NTs during anodization [42]. Based on these studies, the amount of
water in the electrolyte was selected.

The tubes dimensions including diameter, length and wall thickness,
based on SEM images are given in Table 1. RE-TiO, NTs had the similar
external diameter and wall thickness and were determined to
97 + 2nm and 18 *= 1nm, respectively. The length of tubes was
varied in the range from 4.5 to 5.6 um. The developed surface area of
RE-modified TiO, NTs was calculated, and all of the sample’s values
amounted from 2251-10° to 2821-10° nm*.

Changes in the surface area is a consequence of slight differences in
geometrical dimensions. Moreover, a large surface area is often con-
sidered to be advantageous for the photocatalytic reactions [44]. Based
on our previous paper [43], in order to explore the general NT forming
principles for other Ti alloys, the pristine TiO, NTs samples were pre-
pared under different conditions (30, 40, 50 V for 1 h) using Ti sheets.
Pristine NTs presented an average length of 1.5-6 um, a tube diameter
of 70-120 nm, and a wall thickness of 10-18 nm [43]. It is well known
that nanotubes dimensions are strongly dependent on the anodization
potential, namely, they are increased by increasing the applied voltage
while the anodic oxidation processes [45]. In comparison to RE-TiO2
NTs, the pristine TiO, NTs synthesised at a voltage of 40 V presented a
different morphology, i.e. the sample was characterized by lower geo-
metrical dimensions. Madian et al. [46] observed that the wall thick-
nesses of NTs grow directly proportional to Sn contents in Ti-Sn alloys.
Yasuda et al. and Miangar et al. [27,47] have reported that the main
reason for increasing NT dimensions is due to the different standard
enthalpies of formation of TiO, and ZrO,, also the equilibrium constant
of (NH,4),[TiF¢] is lower than that of (NH,4), [ZrFg] thus NTs were
characterized by different length. That suggested that RE metals in TiRE
alloys can also change the growth kinetics of the nanotube. In other
hand, Kim et al. [48] research demonstrated that the diameter of the
NTs, was not dependent on Zr content in TiZr alloys, however, it in-
fluenced to the interspace between the TiO, nanotubes. When the Zr
content was 10 wt%, the interspace was the smallest, while when Zr
content increased the interspace between the NTs had increasing. These
studies have shown that ZrO, has a role in the formation of NTs on the
surface. This these may also be consistent with our observations. In
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Fig. 2. Top views and cross-sectional morphologies of RE-TiO5 NTs.

order to confirm this explanation, the energy-dispersive spectrometer
analysis was conducted and exhibited the presence of titanium, oxygen
and rare earth atoms in the compositions of prepared samples. The EDX
mapping images (Fig. 3) demonstrated that RE elements were uni-
formly distributed on the surface of the TiO, NTs. Nevertheless, the
TigoY10 alloy exhibits less homogeneous distribution of yttrium across
the substrate and also agglomerates of yttrium are observed in some
areas.

Optical and luminescence properties

To examine the optical absorption properties of obtaining NTs, the
UV-Vis diffuse reflectance spectra were investigated, and data were
converted by Kubelka-Munk (K-M) function to obtain absorption
spectra. Obtained data are shown in Fig. 4. The typical absorption band
in the UV region and the broad band in the range of 390-800 nm were
clearly observed for all nanotubes. The absorption has assigned to
produced holes trapped at lattice oxide ions immediately below the
surface and electrons trapped in the bulk at Ti* center [49]. The RE-
TiO, samples exhibited wider absorption range than that of TiO, due to
the RE modification. As shown, there is an apparent absorption peak
from ~400 to ~700 nm from the RE-O-Ti NTs. RE could lead to the
formation of the additional transitions between the different energy
levels of oxygen vacancy, Ti®*, and conduction band. However, ab-
sorption bands in the visible region from RE** ions were not detected
because of broad band attributed to pristine TiO5 NTs.

Although numerous factors may be responsible for the photo-
catalytic activity, the intense investigations of photoluminescence

Table 1

spectroscopy were applied to understand the rate of electron-hole re-
combination, determining the presence of surface defects, trap states,
and sub-band states in the mid-gap level of photocatalysts [2,3]. Fig. 5
shows photoluminescence spectra of all samples. The shapes of the
spectra were similar for all NTs, and emission and position peaks were
observed among all series. According to the available literature
[49-51], the intense blue emission at 425 nm can be attributed to the
existence of self-trapped excitons from TiOg®~ octahedron. In turn,
peaks of approximately 445 and 480 nm could be originated to the
oxygen vacancies, which can form intermediate energy states located
below the conduction band and are able to trap electrons. The least
intense peaks approximately 525nm is most likely resulted from the
recombination of electrons in oxygen vacancies related luminescent
centers to the holes in the valence band of TiO, [49-51]. Additionally,
the RE-modified TiO, NTs exhibited the higher photoluminescence in-
tensity than TiO, NTs. A probable reason is the occurrence of numerous
RE-O-Ti bonds increasing the presence of surface or structural defects,
which can improve the photocatalytic performance [52].

X-ray diffraction studies

Fig. 6 presents X-ray diffraction patterns for the whole series of
studied samples. A pattern for the pristine sample shows only TiO,
(anatase) and Ti metal for which phases the Bragg reflections are
marked by red and green bars, respectively. The Miller indices for
anatase are also presented. The intensity of the highest peak of anatase
(101) is comparable to the highest peak of titanium (101), latter
observed at 20 = 40.2°.

Sample labels, characterization and photocatalytic activity of TiO, and RE-TiO, nanotubes.

Samples label Modification type External diameter (nm)

Nanotubes length (um)

Wall thickness (nm) Reference

Ti_30V None 80 1.5 10 Our previous work [43]
Ti_40V None 100 3.0 13

Ti_50V None 120 6.0 18

TigoHo10_40V Ho 99 5.6 19 This work
TigoEr10_40V Er 98 5.5 19

TigoNd;_40V Nd 98 5.3 18

TiggY10_40V Y 98 4.5 18

TigoCe10_40V Ce 96 4.6 17

TigoTm; o 40V Tm 95 4.8 17
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Fig. 4. UV-Vis Kubelka-Munk absorption of TiO, and RE-modified TiO, na-
notubes.

X-ray patterns for RE-TiO, samples reveal the same majority phases
- TiO,, Ti, however additional reflections are also seen. For Y-TiO, and
Nd-TiO, oxyfluorides (YOF and NdOF) were found which is in agree-
ment with the highest fluorine concentration in those samples as it is
discussed in 3.4. YOF and NdOF form in a regular (Fm-3m, s.g. #225)
and a tetragonal crystal structure (P4/nmmm, s.g. 129), respectively. X-
ray diffraction reflections for both phases are represented by blue bars
(the lowest set of bars). For Ce-TiO, and heavier rare earth metals (Ho,
Er, Tm) RE,O3 (Ia3, s.g. #206) oxide was found and the strongest re-
flection (222) at approximately 29.5deg. is marked by a vertical
arrow. Besides Ce;03, CeO, (marked by green arrows) is also present in
agreement with XPS results.

LeBail method was used for refining lattice parameters for Ti and
iO,. The averaged crystallite size for the anatase was calculated using
the Scherrer formula. Obtained results are shown in Table 2. As ex-
pected, the lattice parameters for Ti metal foil are smaller than for TiRE
foils. This is likely caused by the fact that TiRE foil contains 10% of RE
metal. There is no obvious trend visible for the anatase, i.e. the
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Fig. 5. Photoluminescence spectra of TiO, and RE-modified TiO, nanotubes.

estimated lattice parameters do not shrink for heavier RE. Lack of this
effect as well as no observed shift of (1 01) diffraction peaks suggests
that the rare earth metals do not incorporate into the anatase crystal
structure substituting titanium metal, they are located on the surface of
nanotubes in the form of oxides.

Chemical composition

The elemental composition (in at.%) in the surface layer of pristine
TiO2 and RE (Nd, Ce, Tm, Ho, Er, Y) modified TiO2 NTs was evaluated
by XPS. The analysis was performed for each of samples on three areas
(250 pm x 250 pm) separated by about 3 mm. The average data from
these measurements are shown in Table 3 and all atomic composition
data are collected in supplementary material in Table S1.

The presented data confirm the effective modification of the RE and
reveal their different surface contribution. The surface compositions of
Nd, Ce and Tm are close to those expected in TigoRE;( alloys formation.
However, the Ho and Er atomic content was found to be smaller and the
Y much larger than expected (see RE/Ti ratios in Table 3). Carbon,
nitrogen and fluorine species were also detected in the surface region of
all samples (Table 3). They are common contaminants of TiO,
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Fig. 6. X-ray diffraction patterns for all studied samples. Red and green bars
represent Bragg reflections for Ti and TiO, (anatase), respectively. Miller in-
dices for the anatase are provided. Oxyfluorides, YOF and NdOF are marked by
blue bars. Vertical arrows show the strongest (2 2 2) reflection for RE,O3 oxide,
and in addition two reflections for CeO, are marked by green stars. (For in-
terpretation of the references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)

Table 2

Unit cell parameters of TiO, and RE-modified TiO, nanotubes.
Samples label Anatase Ti

a ) cd) dd  a@d c@d

Ti_40V 3.7919(3) 9.5148(7) 340 2.9564(2) 4.6908(2)
TigoY10.40V 3.8001(9) 9.523(2) 310 2.9596(5) 4.6975(8)
TigoCe10_40V 3.7947(6) 9.517(1) 350 2.9573(3) 4.6935(5)
TigoNd;_40V 3.7925(7) 9.517(1) 310 2.9561(4) 4.6922(7)
TigoHo19_40V 3.7948(7) 9.518(1) 300 2.9572(4) 4.6928(6)
TigoEr;0 40V 3.7952(4) 9.5208(9) 330 2.9579(2) 4.6951(4)
TigoTm;o_40V 3.7925(7) 9.521(1) 370 2.9573(4) 4.6939(7)

nanotubes obtained by anodic oxidation, and all derive from the elec-
trolyte [53,54]. The chemical character of the elements originating
from pristine TiO, (Ti, O) and from all RE detected within the surface
layer of the RE-TiO, nanotubes were identified from the HR XPS spectra
showed in Fig. 7 and summarized in Table S1.

The Ti 2p spectrum is resolved into two doublet-components at

Table 3

Elemental composition (in at. %) in the surface layer of RE (Nd, Ce, Tm, Ho, Er, Y) modified TigoRE;o NTs, evaluated by XPS. The analysis were performed for each of samples on three areas (250 pm x250 pm) separated

by about 3 mm. The average data from these measurements are shown in the table.

RE/Ti ratio

Elemental composition (at.%)

Sample label

Er

Ho

Tm

Ce

Nd

Ti

0.28 = 0.08
0.24 = 0.07
0.32 = 0.08
0.34 = 0.25
0.34 = 0.16
0.17 = 0.11

0.82 = 0.27
2.79 = 0.69
0.98 = 0.11
1.54 = 0.15
0.76 = 0.12
1.50 *+ 0.11
4.87 = 3.29

13.09 = 2.02
12.66 = 3.83
542 = 1.19

23.74 = 0.92 62.05 + 1.11

22.20 = 1.62

Ti_40V

TiooNd; 40V

0.098

2.16 = 0.35

59.95 * 2.14

0.078

1.91 = 0.32

66.95 + 0.92
61.07 = 0.70

24.43 = 0.75
59.72 + 1.87

TiooCero 40V

0.075

1.55 + 0.28

14.73 = 0.56
16.39 = 3.11

20.76 = 0.59

TigoTm;o_40V

0.030
0.035

0.86 + 0.03

0.66 = 0.11

8.06 = 0.58

64.96 + 0.38

22.14 = 1.20
24.45 = 0.10

TigoHo10_40V
TigoEr;o_40V
TigoY10_40V

0.671

10.20 = 4.30

13.14 = 3.64

56.60 + 5.83

15.20 + 5.38
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Fig. 7. XPS spectra of RE-modified TiO, NTs.
Table 4
Photocatalytic activity of TiO, and RE-TiO, nanotubes.
Samples label Phenol degradation rate, r (umol-dm ~>min~1) Toluene degradation rate, r (umol'min~') x 10%
UV-Vis, A > 350 nm Vis, A > 420 nm Amax = 375 nm Amax = 415 nm Amax = 465 nm
Ti_30V 1.25 0.04 4.75 0.52 0.13
Ti_40V 1.35 0.13 4.93 0.62 0.16
Ti_ 50V 1.44 0.15 4.70 0.72 0.24
TigoHo10_40V 2.37 0.45 5.21 2.87 2.24
TigoEr;0 40V 1.82 0.43 5.16 2.85 1.82
TigoNd;_40V 3.04 0.40 5.13 1.87 1.70
TiogY10.40V 2.12 0.13 5.13 2.34 1.37
TigoCeq0_40V 3.09 < detection limit 5.15 < detection limit < detection limit
TigoTm; o 40V 2.96 0.26 5.14 1.20 0.81

binding energies of Ti 2p3,» signal at 458.6 and 457.3 eV and are as-
signed to Ti** and Ti®*, respectively. The Ti** is the dominant surface
state and relative contribution of the Ti** species is similar for all
TigoRE1¢ NTs (3.6-4.9%) (Table S2). The deconvolution of the Ce 3d
spectrum (Fig. 7) reveals five doublets formed by 3ds,, and 3ds,» spin-
orbit splitting components, separated by 18.4 + 0.2eV [55-58]. The
Ce 3ds,, peaks at BE of 880.1eV and 884.4 eV are related to Ce>*
species while the corresponding peaks at 882.0eV, 887.5eV and
897.9 eV are assigned to Ce** species [57,58]. All deconvoluted peaks
were used to determine the relative contribution of the Ce®* and Ce*"*
states at the surface to be 41.9% and 58.4%, respectively (Table S2).
The Y 3d spectrum reveals two states of Y>* surface species represented
by Y3ds,, signals at 157.9 eV and 159, 2 eV. First, one can be attributed
to oxide (Y-Ox) and second to hydroxide (Y-OH) groups [59-61]. The
Tm 4d, Ho 4d, Er 4d and Nd 4d peak positions located at 176.6 €V,
162.0eV, 168.7 eV, and 123.2 eV, respectively (Fig. 7), indicate that RE
surface compounds can be attributed to RE** oxides, namely Tm,05
[59,62], Ho,03 [59,60,63], Ers03 [59,60,64] and Nd»O3 [65,66]. The
Tm 4d and Ho 4d peaks are accompanied by satellites at BEs 180.0 and
167.0 eV, respectively. The XPS results demonstrated the RE oxides are
distributed on the surface of TiO, NTs, which is in good agreement with
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the XRD and EDX results.

Photocatalytic performance and mechanism discussion

Definitely, the most attended application of titania-based photo-
catalysts is the photodegradation of various organic pollutants. In order
to evaluate the photocatalytic activity and stability of the obtained NTs,
phenol and toluene were employed as target pollutants. Phenol and
toluene as organic compounds are commonly present in the environ-
ment and human surroundings that reveal toxic influence towards
living organisms [67,68]. The photodegradation reaction in aqueous
solution was conducted under influence of UV-Vis (A. > 350 nm) and
visible (A > 420 nm) light irradiation, while the reactions in gas phase
were illumination by light-emitting diodes (LEDs) with Ana.x = 375,
415 and 465nm. The observed degradation rates (calculated for the
60 min of irradiation) are listed in Table 4.

The highest phenol degradation rate under UV-Vis irradiation
(Fig. 8a), were observed for the samples obtained from TigyCeo,
TigoNd;, TigoTmye alloys (3.09, 3.04, and 2.96 umol-dm ~>min~?, re-
spectively). It should be noted that remaining samples showed con-
siderably higher reaction rate than pristine TiO, NTs. Substantially, the
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Fig. 8. The correlation between the length and photocatalytic activates of pristine TiO, NTs and RE-modified TiO, NTs under (a) UV-Vis (. > 350 nm) and (b) Vis

(A > 420nm) light irradiation.

nanotube dimensions are responsible for light absorption and the longer
the nanotube length, the higher is the light absorption. Based on our
previous study, the linear correlation between the length of pristine
TiO5 NTs and photocatalytic activity was observed [43]. However, for
UV radiation the absorption coefficient increases dramatically, conse-
quently the photogenerated electron has to travel a longer path. In
addition, due to the fact that RE metals were found to be on the surface
of TiO, NTs, they lowered the excitation of TiO,. Therefore, it is not
always possible to observe correlations. The theoretical kinetic model
developed by Liu et al. [69] showed that photocatalytic efficiency in-
creases, till reaches a saturated value as NT length increases, which
mainly impacts the change of light absorption as well as the diffusion of
reactants along the NTs [69]. The research shows the positive (im-
proved absorption) and negative (longer carrier diffusion path) impact
of nanotube length [26,69]. Pasikhani et al. [70] studies were con-
sistent and reported that nanotubes with shorter length (with an op-
timum of approximately 6.5 um), exhibited maximum photoactivity in
degradation of 2,4-dichlorophenol under UV-assisted irritation. Li et al.
[22] reported Er-modified TiO,, synthesised via anodization of titanjium
in an electrolyte containing ammonium fluoride, ethylene glycol and an
erbium precursor, showed 100% photoactivity after 4h in methylene
blue degradation in aqueous phase under UV-Vis (but lower compared
to our samples). Moreover, the use of dyes as a model compound for
photocatalytic decomposition reaction are not recommended, because
of their absorption in the range of visible light and large photo-
absorption coefficient [71].

In the case of visible light irradiation (Fig. 8b), the samples showed
slightly lower activity compare to UV-Vis irradiation. When holmium
was used as modification, the highest reaction rate was observed and
equal to 0.45 pmol-dm ~>min~'. In addition, this sample showed sta-
bility in four measurement cycles (Fig. 9). This illustrates the high
potential of applications. The kinetics of disappearance of phenol fol-
lowed an apparent first-order rate, therefore the reaction rate decreases
with the duration of the process (see Fig. S2 in supplementary mate-
rial). The intermediate products formed during the phenol photo-
catalytic degradation under UV-Vis light in presence of pristine and RE-
modified TiO, NTs were consistent with a classic scheme of photo-
degradation in which the rapid preliminary substrate decomposition
was followed by formation of main by-products, such as hydroquinone
and benzoquinone (Table S3) [8]. Subsequently, after 20-40 min, the
amount of main by-products achieved maximum and then decreased
simultaneously with the decrease of the phenol content. These results
confirm the behavior observed in photocatalytic performance. The Tm,
Nd, Ce-modified TiO, NTs decrease the amount of primary by-products
and hasten their degradation. A high different effect is observed with
other samples (Ho, Y, Er-modified TiO, NTs), the amount of the created
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Fig. 9. Phenol degradation rates calculated for the 60 min of visible light
(A > 420 nm) irradiation in four subsequent degradation cycles.

intermediate products increases, and in the same time, their degrada-
tion was slower. Concerning to the intermediate products detected
under visible light, the degradation is slower, and it was found that only
a low amount of hydroquinone was formed after 1h (results not
shown). It should be noted, that the literature data indicate a more toxic
effect of benzoquinone and hydroquinone than phenol [72]. However,
the presented studies showed the amount of intermediate products
decrease rapidly under the influence of UV-Vis irradiation. In addition,
the total organic carbon in the phenol aqueous solution was determined
after 7.5 h of photodegradation under visible irradiation in presence of
Ho-modified TiO, NTs. And, it was found that the applied photo-
catalytic system strives for the formation of carbon dioxide and water
(total mineralization), and during that time, approximately 53% of
initial phenol was totally mineralized.

At the present time, traditional incandescent lamps are displaced by
LEDs in many applications, due to much higher efficiency in light-
electricity conversion. In addition, benefits deriving from the im-
plementation of LEDs result from the small dimensions and the long-
lasting. Therefore, the research has been extended with photo-
degradation experiment of toluene in the presence of NTs under the
influence of radiation emitted by LEDs with A, = 375, 415 and
465 nm and the results are presented in Fig. 10. Under UV LEDs illu-
mination, toluene degradation rate in presence of RE-modified TiO,
NTs reached varies from 5.13 x 10~ 2 to 5.21 x 10~ pmol'min 1.
However, the efficiency of toluene degradation decreased only to
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Fig. 10. Linear plot of In(Cy/C) for the photodegradation of toluene as a function of LEDs-irradiation time ((a) Amax = 375, (b) Amax = 415 and (c) Amax = 465nm.)

in the presence of pristine and RE-modified TiO, NTs.

4.70 x 103 umol'min~? for pristine TiO, NTs. The results so obtained
point to a clear confirmed that type of RE modification of TiO, as well
as the larger dimensions of nanotubes slightly improved photoactivity
(as discussed in the next section). In case of a longer irradiation wa-
velength (Ana.x = 415nm), lower effectivity of toluene removal (but
still relatively high) was obtained, namely the toluene photodegrada-
tion rates equaled to 2.85 x 102 and 2.87 x 10~ umol'min " for Er-
and Ho-TiO, NTs (as the most active samples), respectively. Moreover,
when the photodegradation experiment of toluene was performed
under Apax = 465nm light irradiation, efficiency decreased to
1.82 x 1072 and 2.24 x 10~ pmol'min~*, accordingly. Moreover,
visible light induced activity for nanotubes obtained by anodization of
TigoRE;( alloys change in order: Ho > Er > Nd > Y > Tm > Ce.

Obregén et al. [73] prepared Er-TiO, powder photocatalysts by
hydrothermal method and investigated the gas-phase photocatalytic
degradation of toluene under UV (A < 350nm) and sunlight (UV
content of 3%) irradiation. The toluene photodegradation rates equaled
to 2.75 and 1.45molsm? under UV and UV-Vis irradiation, respec-
tively (calculated for the 120 min of irradiation) [73]. However, the
drawback of powdered photocatalysts is the problem of separating the
photocatalyst after the photocatalytic process, which hinders industrial
applications of TiO,. Obtained results are consistent with our previous
study [23], focused on the photocatalytic properties of RE-TiO, NTs
(RE = Er, Yb, Ho, Tb, Gd, Pr) prepared via two-step electrochemical
method (preparation of TiO, nanotubes by anodic oxidation of Ti fol-
lowed by electrochemical doping). The holmium-modified sample also
showed the highest photoactivity in toluene degradation in gas phase
(Amax = 465 nm) in the same reaction conditions. Nevertheless, it was
observed the higher photoactivity in present studies, initial reaction
rate calculated for the first 10 min of irradiation, increase from 2.5 to
6.16 x 103 umol'min~'. The proposed method allows to obtain pho-
tocatalytic surface in one step reaction, thus, it less time-consuming
method and avoids generating spend electrolyte containing lanthanide
ions [23]. Therefore, the presented research is a promising way to
adoption and implementation of the principles of green technology
(consisting in minimization of energy and materials input as well as
reducing waste generation) [38]. To clarify the interaction between RE
ion and the TiO, lattice and to probe how this interaction is affected to
photocatalytic properties, the plane-wave- based Vienna ab-initio si-
mulation package (VASP) implementing spin-polarized density func-
tional theory (DFT) and generalized gradient approximation (GGA)
calculations have been employed. Overall, our analysis clearly revealed
changes in the structural and energy properties of TiO,, furthermore,
indicated that simultaneous presence of newly formed Ho f states and
defects in the TiO, surface may contribute to reduction of photon ex-
citation energy and in consequence to the initiation of photoreaction
under visible light irradiation [23].

The photocatalytic properties strongly depend on the surface
properties, and more specifically on bulk or surface structural defects,

420

because they determine the efficiency by which electrons can be
transferred along the long path. Based on XPS analysis, Ti®* and
oxygen vacancies are quite common in as-prepared NTs. As a result, the
electronic conductivity and optical properties of TiO, structures is en-
hanced (by self-doping) [41,74]. It can be seen that nanotubes formed
from TigoRE1q alloys seem to be little prone to oxygen loss and reduc-
tion. The RE contents (in at.%) were not compatible with the nominal
amount of RE present in the TigoRE( alloys, because of different che-
mical properties of them. The samples obtained from TigoHo;o and
TigoEr;o alloys (which showed the highest photoactivity) are char-
acterized by a small content (less than 1 at.%) of the holmium and
erbium in TiO, NTs. While for other samples, a much larger contribu-
tion of RE, may contribute to blocking of the TiO, surface, thus causing
lowered the excitation of semiconductor. Furthermore, there were ob-
served that when the NTs length increased up to certain optimum, the
photoactivity under visible irradiation also increases (see Tables 1 and
4). Based on literature and our previous research, UV-induce photo-
activity could be tunable by tubes length, which is affect by applied
voltage value during anodic oxidation. On the other hand, Vis-en-
couraged activity is mostly dependent on the amount of second metal
oxide [26,43,69,75,76]. Thus, this point needs more consideration and
further research for nanotubes obtained by Ti/RE alloys electro-
chemical oxidation.

The final stage of studies was monitored which reactive individuals
participate in the phenol degradation mechanism under visible
(N > 420 nm) light irradiation. These studies included a hydroxyl ra-
dical test and scavengers test (Fig. 11). The formation of hydroxyl ra-
dicals has been monitored following, via spectrophotometric method,
using terephthalic acid (TPA). TPA reacts with the photogenerated ‘OH
radicals forming fluorescent compound (2-hydroxyterephthalic acid).
For this reason, the increase of fluorescence (PL) intensity indicates the
formation of "OH radicals. The test was performed irradiating the Ho-
modified TiO5 NTs in TPA solution with visible light and the results are
presented in Fig. 11a. Pristine TiO5 NTs was used as a reference sample.

The fluorescence (PL) spectra intensity increase observed along with
exposure time. However, PL spectra of RE-modified TiO, exhibited
much lower intensity compared with literature data and also almost the
same as for TiO, NTs [18,77]. The results of this study deny that hy-
droxyl radicals play a primary role in the photocatalytic process. In
order to improve the understanding what type of active species is re-
sponsible for photodegradation of pollutants, the trapping experiments
with used different reactive species scavengers were performed
(Fig. 11b). Ammonium oxalate, benzoquinone, silver nitrate and tert-
butanol were used as scavengers of h*, O," ~, e~ and "OH, respec-
tively. The decreased of reaction rate constant indicates the formation
of appropriate active species. After addition of ammonium oxalate and
tert-butanol, similar phenol degradation rate constant were observed
compared to the system without scavengers. In contrast to the system
containing silver nitrate and benzoquinone, wherein decreased or
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Fig. 11. (a) Fluorescence spectral changes in solution of terephthalic acid under visible (A > 420 nm) light irradiation; (b) Phenol degradation rate constant under
visible (A > 420 nm) light irradiation in the presence of TigoHo10 40V and scavenger.

completely inhibited phenol photodegradation were obtained. Overall,
the research suggests that superoxide radical and electrons are the main
active species in presented system under visible irradiation, which is
consistent with literature reports and our previous research [18,23].
Probably, visible light inducted photoreaction was initiated by the ex-
citation of the RE®", followed by electrons transfer to the conduction
band of TiO, NTs. Subsequently, electrons migrate to the surface of the
nanotube where they are engaged in the formation of O, and then
H202 and HOZ..

Photoelectrochemical properties

Potential application of the prepared RE-modified TiO, NTs and
pristine TiO, NTs (reference sample) as photoelectrode under visible
irradiation was investigated as chronoamperometry and results are
displayed in Fig. 12. For all prepared samples, negligible photocurrent
was recorded in dark conditions, while the visible irradiation of RE-
modified TiO, NTs caused a significant increase of photocurrent. Fur-
thermore, no photocurrent was observed in the presence of reference
sample (pristine TiO, NTs). For all samples, the photocurrent was re-
corded at 0.5V bias voltage. Among the RE-modified samples, the
measured photocurrent under visible irradiation decreased in the

40
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Fig. 12. Transient photocurrent response registered at +0.5V vs. Ag/AgCl/
0.1 M KCI under visible (A > 420 nm) light in the presence of TiO, and RE-
TiO, NTs.

following order:  TigoH0719.40V, TigoErig 40V, TigoNd;_ 40V,
Tigon10_40V, Ti90Y10_40V Tigocelo_4ov (Flg 12) In this cause, sam-
ples modified with Ho, Er, Nd and Tm species exhibited much higher
photocurrent generation in comparison with pristine TiO, NTs. Photo-
current recorded for TigoHo;9 40V was over 10 times higher compared
to pristine TiO, NTs and 2 times higher than TigoEr;_40V (the second
most photoactive sample after TigoHo10_40V). A direct correlation be-
tween photoelectrochemical and photocatalytic activity was observed,
which indicates a similar role of TiO, modifiers in these processes under
visible light (discussed in previous part). An insignificant current was
measured for Ti_40V, TigyY;0_40V and TiggCe;_40V samples.

Conclusions

It has been demonstrated for the first time that the photo-
catalytically active, vertically-oriented self-organized nanotubes - made
of mixture of TiO, and RE,O3 — can be formed via quite easy and cost-
effective one-step electrochemical anodization process of Ti/RE alloy.
Contrary to previously reported RE;O3-TiO, nanotubes, obtained by
two step electrochemical method (anodic oxidation of Ti followed by
electrochemical doping from electrolyte) [18], currently presented
method allows to form photocatalytic surface in one step reaction,
which is less time-consuming method and avoids generating spend
electrolyte containing lanthanides ions. The presence of RE** oxides,
formed RE-O-Ti boundary of TiO, NTs, has been proved using by XRD
and XPS analysis. It was observed that the presence of RE strongly af-
fects the photocatalytic ability of TiO, NTs, which could be attributed
to enhanced absorption range in the visible spectrum as well as en-
hanced adsorption capacity, and moreover presence of RE f states in the
band gap of defective TiO,. Visible light induced activity for nanotubes
obtained by anodization of TigoRE;( alloy possesses not only the highest
visible light inducted activity, but also stability in four measurement
cycles. Moreover, our research indicates that electrons and superoxide
radicals play a significant role in the photocatalytic degradation of
pollutants. In addition, the photoelectrochemical tests performed under
the influence of visible light irradiation confirmed that the RE-mod-
ification of TiO, NTs caused a significant increase of photocurrent.
Photocurrent recorded for TigoHo,0_40V (as the most active sample)
was over 10 times higher compared to pristine TiO, NTs. The present
work suggests that nanotubular titanium dioxide modified by rare earth
metals can be used as a potential candidate for an environmentally
friendly photocatalytic process for the removal of organic pollutants
from air and industrial wastewater using irradiation from visible range.
Moreover, this type of ordered TiO,/RE;O3 nanotube array could serve
as a photocatalytic surface, which could be easily separate from
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reaction mixture after process and reuse.
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