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Abstract

To evaluate the tungsten content on the photoelectrocatalytic properties of self-organized
nanotubes grown by anodization on Ti-xW (wt%) alloys, where x is 0.5, 2.5 or 5.0, this work
investigated the phase transformation of TiO,, the tungsten oxidation states in the oxide layers
and their photoelectrocatalytic performance in the degradation of estrone (E1) and 17a-
ethinylestradiol (EE2). These films were employed in photocatalytic and photoeletrocatalytic
removals of hormones from synthetic and real water matrices. In synthetic water, E1 and EE2
removals, reached efficiencies of 92% and 71%, respectively, after 2 min under UV-Vis
photoeletrocatalysis using NT/Ti-5.0W as catalyst. About 30 times longer was needed to degrade
77% of both hormones from the real water matrix due to the presence of other high organic charge.

The high performance of the NT/Ti-5.0W was associated with the combination of doping (W-



doped TiO,) and WO; (W®") heterojunction. However, this electrode had its stability
compromised under long degradation times, mainly under visible light, due to a WOj3 leaching
process. As for NT/Ti-0.5W, the substitutional W-doped TiO- contributed to its greater stability
and efficiency for a long time. The low performance of NT/Ti-2.5W was justified by high density

of oxygen vacancy and unfavorable position of its adsorption bands.
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Introduction

Emerging contaminants (or so-called micropollutants) have gained prominence in the last
decades due to ecotoxicological risks for ecosystems and living beings at low concentration (ug
L' and ng L'"). Among these micropollutants, the endocrine disrupting compounds (EDCs) have
attracted the attention of environmental and health authorities due to the capacity to alter
organisms’ endocrine functions, promoting adverse effects on human health under chronic
exposure [1,2]. Most of endocrine effects are caused by the estrogenic hormone, since they are
biologically active and responsible for various types of cancers [1,3], feminization of male fish
and reptiles, hermaphroditism, and hormonal dysfunction in human and aquatic beings [4—6].

Estrogens are introduced in the environment by the excretion of not metabolized fraction by
living beings to sewage treatment unities; by inappropriate disposal of expired or unused
medicines; and by the use of fertilizers from the excretion of medicated animals [3,7]. In general,
estrogenic hormones present low water solubility and high affinity for lipids. However, when
excreted by mammals, they are conjugated with acids or sulfates which makes them up to 50
times more soluble in water [8,9].

Hormones may be natural, such as estrone (E1) and 17B-estradiol (E2), or synthetic, such as
17a-ethinylestradiol (EE2) [1]. Hormone concentrations in raw and treated sewage can vary
according to the consumption pattern of each region and the type of treatment used. According to
works reported by Montagner (2017) [10], concentrations of up to ~ 3180 ng L and 176 - 2080
ng L'have been determined in domestic sewage, raw and treated, in Brazil, respectively, for the
hormones EE2 and estrone. In surface and untreated supply waters, the scenario is not different
either, reaching maximum concentrations of up to 5900 ng L' and 1800 ng L' for EE2 and ElI,
respectively [10]. This is because in Brazil the most of sewage and drinking water treatment plants
are predominantly based on conventional treatments. The sewage treatment steps involve
elimination of coarse solids, adsorption, sedimentation, or coagulation, aerobic or anaerobic
biodegradation, hydrolysis or nitrification, and disinfection, while the water treatment plants are

composed by unitary operations of solid-liquid separation, such as coagulation, flocculation,



sedimentation, filtration and disinfection by chlorination. Although these plants are efficient for
nutrient removal and microbiological decontamination, they do not remove the estrogen [11,12].

Techniques such as membrane filtration[13,14], ultraviolet radiation[15], ozonization [16]
and activated carbon adsorption [17] can, within their limitations, promote a high rate of removal
of emerging pollutants when associated to the conventional treatments [12,18]. However, some
of these alternatives require a high operating cost, generating an additional cost which is not
always absorbed in the drinking water distribution market. While others only concentrate the
pollutant load, transferring the pollutant to landfills or other media, or are responsible for
converting the pollutant into other substances, sometimes with greater toxicity.

A promising technology that has been enabling the expressive reduction of these
contaminants is the heterogeneous photocatalysis, because it allows, depending on the
composition and morphology of photocatalyst, the utilization of the visible light from solar energy
and the association with a bias potential, which is called photoelectrocatalysis. Then the choice
of the photocatalyst is a key component in this process.

Among the different types of photocatalysts explored, the self-arranged TiO, nanotube
structures have attracted wide attention due to the benefits in their electronic and photocatalytic
properties compared to that of the nanoparticles and randomly-oriented particulate TiO,, such as
high electron mobility, high mechanical strength and surface active sites and low quantum
confinement effects [19-22]. These nanostructures also present large specific surface area and
surface to volume ratio, and the single characteristics of TiO, such as non-toxicity, corrosion
stability and low cost [22]. However, as well as the other morphologies of TiO,, its application in
water treatment is limited due to the rapid electron-holes recombination rate and its large band
gap energy (~3.2 eV). In order to overcome these deficiencies, many researchers have modified
self-organized TiO, nanotubes by noble metal, metal oxide or no metals but using decoration or
doping processes [21,23-26]. While the doping process is often used for narrowing the optical
band-gap and to enable a visible light photoresponse by introducing intermediate state(s) in the
band gap and/or narrowing the gap itself, the decoration technique promotes hetero-junction
formation that changes the surface band bending, reducing the electron-hole recombination, and
the suitable surface states creation that improve the charge transfer.

In general, tungsten trioxide is a promising semiconductor to combine with TiO; due to small
band gap (2.3 — 2.8 eV), which is advantageous for absorption of visible light, and the position of
valence band (2.7 eV) and conduction band (0.25 eV), which are lower for WO3 than for TiO».
As a result, the charge transfer between the oxide bands is permitted and the charge carrier
recombination is inhibited [27-30]. Various studies were reported to enhance the photocatalytic
activity of TiO, by doping or decorating with WOy [27,31-34]. However, the photocatalyst
preparation procedure, the crystalline structure and the amount of W species in the oxide play a

crucial role in the photocatalytic performance of the system.



WO; doped self-organized TiO» nanotubes using different techniques, such as Ti anodization
in electrolyte containing different concentration of WQ4.,[34], Ti-W alloy anodization [31,32]
and WO; loaded TiO; nanotubes upon self-doping process [33], showed that the incorporation of
small and optimized WO; quantities into TiO; nanotubes, around 0.21 at% (1.06 wt%) is required
to improve the photocatalytic performance of the TiO, nanotubes. Additionally, the introduction
of the defects and oxygen vacancies in the lattice of WO; and TiO,, by the presence of W>" and
Ti**, contribute to reduce the charge transport resistance and charge carrier recombination,
improving its photocatalytic efficiency compared than that of the TiO, nanotubes [35]. The
incorporation of oxygen vacancies also decreases the interfacial resistance that exists across the
electrode and electrolyte interface [36,37]. But the excessive oxygen vacancies in the bulk can act
as a recombination center of electrons and holes photogenerated [33]. On the other hand, the TiO,
nanotubes decorated with WOs electrodeposited exhibited the best photocatalytic performance
with amount of 1.27 at. % W, as a consequence of the improvement of the electron / hole
separation, thereby increasing the half-life of holes directed towards the electrode surface. But for
W content more than 2 at %, the photocatalytic activity of TiO,-WO3 composite reduced
drastically, because some of the WOj sites acted as charge recombination centers [27].

Under visible light, the photocatalyst performance of oxide nanotubular structures grown on
Ti-9W (at.%) (i.e. W content very upper limit of WO; doping) was similar than that for TiO,
nanotubes [31]. However, under anodic potential current multiplication reactions occur, that are
favored by WOs in the oxide layer [31]. The literature also suggests that the presence of WO3 in
TiO, influence to the formation of activating surface species such as W°" states that acts as
mediators for charge transfer to the electrolyte [31,32]. The water oxidation and organic molecule
degradation are favored on (002) facet on monoclinic WO; via consuming photo-excited holes
and generation active oxygen species, contributing to reduce the recombination of photogenerated
carriers. The monoclinic crystalline phase is the most stable at room temperature and it is obtained
by the transformation of WO;3;.H,O from orthorhombic into hexagonal structure and finally to
monoclinic phase during the heat treatment of WO3; composite [38]. Normally the temperature
conversion occurs from 400 to 500 °C, but in oxide nanotube arrays this transformation is strongly
dependent of the composition of the oxide and of the substrate on which it has grown [39,40].

Despite the good performance of self-organized TiO, nanotubes modified with WOs, there
are few studies on their application in the area of water and effluent treatments. Most applications
are concentrated in electrochromic devices [41], water splitting [42] and hydrogen storage [43].

Then, motivated by the previous results of hormones degradation using oxide nanotube arrays
grown on Ti-0.5W (wt.%) [44], associated to the highest level of this micropollutants in water
stream of Billings Reservoir from Brazil [45], and the lack of information about the role of W
concentration in doping or heterojunction formation, this work investigated the characteristics

and photoelectrocatalytic performance of oxide nanotubular layer grown on Ti-xW (wt.%). For



ethinylestradiol (EE2) and estrone (E1) degradation experiments, the selected values for x were
0.5 (0.13 at.%), 2.5 (0.65 at.%) or 5.0 (1.35 at.%). Characterization studies of the photocatalysts
were carried out in order to elucidate the effect of the W content in relation to the type of the
substrate microstructures, the phase transformation of TiO, nanotubes and the tungsten oxidation
sates in the oxide layers. The photo-electrocatalytic performance of these electrodes was
evaluated under UV and visible light, in a synthetic and real water matrix from Billings Reservoir,
an important water supply source for the Metropolitan region of Sdo Paulo in Brazil. The substrate
microstructure interferes in the resulting tungsten state of oxidation (W*", W>* or W®") obtained
by the anodizing process. Tungsten oxidation states and concentration result in different TiO,
modification processes as doping and/or heterojunction formation. Thus, the amount of W in the
alloy was chosen to evaluate the contribution of the unique doping phenomena and the
combination of the doping and heterojunction process on the photocatalytic activity of
semiconductors. For this, the limit of solubility of W in the Ti-W alloy, around 0.73 wt%
(0.2at.%), was taken into account [46], since the W amount below this limit can favor the doping

process in the substrate.

1. Materials and Methods

1.1. Electrode preparation and characterization

Ti-xW(wt.%) alloys (x = 0.5, 2.5 and 5.0) were prepared by arc melting under argon
atmosphere, using 99.95% titanium (Ti-Brasil) and 99.9% tungsten powder (Aldrich, 12 pm).
These ingots were remelted three times to assure the homogeneity of its chemical composition
and subsequently cooled inside the furnace under the inert atmosphere to avoid oxidation of the
alloy. After melting and solidification, the alloy bars were submitted to a hot rolling process and
cut in foils shape of 30 mm in length x 50 mm in width x 2 mm thick. For obtaining micrographs,
the substrates were polished and etched using Kroll’s solution (HNO; and HF in H,O) and
characterized using an optical microscope ZEISS Axiolab 5 connected with a Cam ZEISS
AxioCamERc 5s. The elemental composition of these alloys was verified with an X-ray
fluorescence Spectrometer (XRF — BRUKER Tiger) and phases composition of the substrates
were identified by Rietveld refinement method from XRD analysis.

Then, the substrates were placed as working electrode in an electrochemical cell and a Pt plate
as the counter electrode to obtain nanotube layers by anodization process. The samples were
anodized in ethylene glycol (MERCK) with 0.2 mol L™' HF (48%, MERCK) using a constant
potential at 120 V using a power source (Supplier, DC Power Source) coupled to a computer. The
time of anodization varied depending on tungsten concentration, being 30 min for Ti-0.5W (wt.%)

and 40 min for Ti-2.5W (wt.%) and Ti-5.0W (wt.%) alloys. Self-organized TiO,nanotubular array



(NT/Ti0O3) used for comparing with self-organized nanotubular oxide layer grown on Ti-xW
(wt.%) (NT/Ti-xW) was anodized under potential of 20 V during 6 h in ethylene glycol. During
these experiments, an Autolab PGSTAT302 potentiostat / galvanostat coupled to an ET 2042 C
voltage multiplier was used as supply source.

After anodization, the samples were rinsed with deionized water and dried under a N, stream.
The structural characterization of the anodized layers was performed with a field emission
scanning electron microscope (SEM-FEG, FEI Inspect F50). Cross-sectional images of the layers
were obtained from mechanically scratched samples.

Nanotubular array layers grown on Ti sheet was annealed at 450°C; while that obtained on
Ti-0.5W (wt.%), Ti-2.5W (wt.%) and Ti-5.0W (wt.%) alloys were heat-treated at different
temperatures from 350 to 650 °C for 150 min in atmospheric air in a muffle furnace (EDG,
F3000). XRD data were collected at room temperature on a Bruker Advance D8 diffractometer
equipped with Cu Karadiation, a Bragg—Brentano optical module and a position-sensitive
Lynxeyes detector. The angular range covered was 20 =20—90° and a step size of A26 = 0.020°
was used. Rietveld refinement of XRD patterns was carried out using DIFFRAC.TOPAS software
package. The photoelectrochemical measurements were performed in a single compartment
electrochemical cell configured in a conventional mode of a three-electrode with Pt foil as the
counter electrode and silver/silver chloride (Ag/AgCl) in 3 M KCI as the reference electrode,
conducted with an Autolab PGSTAT302. The electrolyte solution employed was 0.5 mol L™
HCOONa (sodium formate) for cyclic photocurrent and chopped light voltammetry was carried
out in 0.2 mol L' Na,SO4, pH 2.0. In both experiments, the exposed area of the working electrode
was 0.282 cm?under UV/Vis irradiation equivalent 1 sun (100 W/cm?) emitted by an 80 W Hg
lamp.

Photoelectrochemical electrode stability tests employed chronoamperometric measurements
at a fixed potential of 1.5 V vs. Ag /AgCl using real water matrix during 1 h for E1 and EE2 under
UV-Vis and using visible light the time was monitored during 1h for E1 and 8h for EE2.

Raman spectra were obtained on a Renishaw in Via model, with He-Ne excitation laser.
Absorbance data were performed from UV-Vis-NIR diffuse reflectance with a Shimadzu UV-
2600 spectrophotometer, equipped with an Integrating Sphere. The equipment was calibrated with
barium sulphate standard (Labsphere USRS-99-020) and the spectra range was recorded from 250
to 800 nm. The PL spectra were measured using a Thermal Jarrel-Ash Monospec 27
monochromator and Hamamatsu R955 photomultiplier with a krypton ion laser (Coherent Innova
200 K) as the excitation source. The photoluminescence spectrum covered electromagnetic
signals in the visible range between 320 and 750 nm and the line of excitation was kept at 350.7
nm. X-ray photoelectron spectroscopy (XPS) was performed at high-resolution (HR) using a K-
alpha spectrometer (Thermo Scientific) coupled with monochromatic Al Ka radiation (E = 1486.6

eV) and a hemispherical electron energy analyzer. The energy bandpass applied was 0.05 eV and



the spectra were deconvoluted by linear background subtraction and then fitted with Gaussian

functions.
1.2. Degradation experiments

Photolytic, photocatalytic and photoelectrocatalytic degradation experiments of E1 and EE2
were carried out in a glass electrochemical cell with a single compartment and cooling jacket. The
NT/TiO; or NT/Ti-xW photoanode and a platinum grid cathode were placed in parallel inside of
the reactor in a 40 mL of working solution consisting of deionized / natural matrix water with
added E1 or EE2 (10 mg L™") at pH 6 and 4, respectively. All electrodes were connected to a
power supply (Advancy Simple Power Supply, ADV-3052V) and bias potential applied on the
photo-anodes was 1.5 V. A Hg lamp (80 W) enclosed in a tubular quartz sleeve placed outside
the reactor was employed as light radiation source equipped with IR filter. The incident light was
adjusted at 100 mW-cm? at the surface of the photoelectrode using a calibrated UV light meter.
For visible light illumination, a purple LED (50 W) with emission at 405 nm was used as source.
All the experiments were performed at room temperature (~ 25 °C). During the treatment 0.5 mL
aliquots were removed using a syringe at regular time intervals.

The deepwater from Billings Reservoir, an important drinking water source for the
Metropolitan region of Sao Paulo in Brazil, was investigated as a real matrix in this study. Real
water matrix samples were collected in column water at 5 m of depth in triplicated using Van
Dorn bottle in (latitude: 23°43'17.5"S, longitude: 46°38'00.6"W) point and stored in 1 L capacity
sterile plastic bottles. All samples were refrigerated during transportation to the laboratory for
degradation experiments. The water parameters were obtained from the previous studies [47],
such as temperature (23 °C), pH 6.9, electric conductive (213 pS cm™), dissolved oxygen (9.05
mg L), total particulate (173,1 pug L"), chlorophyll (9.3 mg L") NO» (162,3 pg L") NH4 (609, 8
ug L) NO; (2540 pg L), and total nitrogen (1769,4 pg L"). The presence of hormones (EE2
and E1) was not observed in real water matrix, probably the concentrations of these estrones were
below the lower limit detection (LOD) of the HPLC technique, as values reported by [44]. In
addition, the total organic carbon of real water matrix showed 557 ppm (Table S1) and also, UV-
Vis spectra showed organic compounds in the composition (Figure S8).

In order to ensure the adsorption-desorption equilibrium, the concentration changes of the
pollutant in real water matrix by were monitored by measuring the peak of chromatographic
spectrum after contact of NT/Ti-xW duringl1 min in the dark. The aliquots of 750 um were taken

out at regular intervals time.

1.3. Analytical Methods



High performance liquid chromatography (HPLC) using a laser-induced fluorescence
detector (LIF) was the technique chosen to separate and evaluated the estrone (E1) and17-a-
ethinylestradiol (EE2) standards and their by-products. The HPLC method was developed and
validated according to demonstrated by Oliveira and co-authors (2020) [44].

2. Results and Discussions

3.1 Preparation and Characterization of self-organized nanotubular oxide layer on Ti-W

alloys

The results of XRF analysis from the Ti-W alloys are shown in Table 1. The chemical
composition of the samples was close to the nominal compositions, indicating that the casting
procedures were appropriate. As the W amount in the Ti-0.5W (wt%) alloy is close of the
detection limit of XRF equipment, its composition was also confirmed by ICP-MS analysis.

The optical micrographs obtained from samples of the Ti-0.5W (wt. %), Ti-2.5W (wt. %) and
Ti-5.0W (wt. %) (Fig. S1) exhibited a lenticular region separated by darker fields. The lenticular
region may be associated with the primary Ti-a (white phase), while the dark phase was related
to Ti-B and W precipitated, as observed on the Ti-W system diagram [46]. On the Ti-0.5W (Fig.
S1a), the lamellar microstructures can be associated with the doped Ti-a phase (solid solution)
[48], as identified by the Rietveld method (Table 1). The Ti-a phase is an equilibrium phase at
lower temperatures and its formation is associated with the slow cooling. Furthermore, the solid
solution formation is favored when the tungsten content is below the solubility limit in the Ti-W
system (e.i. < 0.73wt%W) [46] and, as a consequence the substitutional chemical doping that
occurs due to the insertion of W on the Ti crystal lattice. For the other samples, which W content
is higher, the presence of Ti-B phase was detected by Rietveld methods (Table 1) and it can be
present together with W precipitated in dark regions of optical microscopy in Fig. S1b and ¢.Ti-
B corresponds to metastable compound at room temperature, which can be decomposed when
subjected to an aging treatment in the field. For metastable phase of Ti-W system, the solubility
of W increases and reaches a ratio of 1:1 in the crystal lattice of the Ti-p [48]. However, due to
size incompatibility between the atomic radii of these elements, W is easily removed from the
lattice in the solid phase, leading to the positioning of W between the interstices of the Ti crystal
lattice.

Rietveld refinement method from the diffractograms of Ti-W alloys (Figure S2a) showed that
the quantity of Ti-p phase and W precipitate increased as W elemental concentration. For Ti-0.5W
substrate, only Ti-a and doped Ti-a phases were identified, while for, Ti-5.0W and Ti-2.5W alloys
higher quantity of Ti-f is present but in more quantity for Ti-5.0W. This observation is in

agreement with its close position to the eutectoid reaction, as indicated on the Ti-W phase diagram



[48]. The sum of atomic percentages obtained for Ti-a, Ti-f and W content for all samples
corroborated with the results from ICP-MS and XRF analysis. As mentioned above, the Ti-a is
predominant in all samples and the W content in the substrate can be present by chemical doping
and/or precipitation. This evidence is based on shifting the position of the Ti-a peaks towards the
higher 20 values as consequence to expansion of the Ti crystal lattice, as observed in Figure S2b.
This expansion occurs because ionic atomic radius of tungsten (193 pm) is slightly smaller than
that of titanium (176 pm) [49]. The greater the amount of tungsten, the greater the displacement
of peaks in the X-ray diffraction spectrum, due to a greater incorporation of W inside the
crystalline lattice.

In a previous work, Tsuchiya and co-authors [50] observed that the variation in the chemical
composition of the alloys and/or the anodic oxidation parameters had a stronger effect on the
nanotube layer features. In an organic solution, the anodization time has a crucial influence on
the tube length [51]. In order to obtain a self-organized nanotubular oxide layer with comparable
dimensions (length and inner diameter), the anodization conditions for Ti-xW (wt%) alloys (x =
0.5, 2.5 and 5.0) were optimized in relation to the anodization time under constant applied
potential of 120 V, as shown in Figure 1. For all samples, the increase in anodizing time resulted
in an increase in the length of the nanotubes until reaching a maximum length. After this time,
the thickness of the oxide layer decreases due to an increase in dissolution of the nanotubular
oxides and the formation of nanograss [44]. Similar behavior was observed for the inner diameters
of the tubes. To produce nanotubes with a tube length around 6 um (obtained from SEM cross
section) and an inner diameter between from 40 nm to 75 nm (obtained from SEM top image)
were applied 120 V during 30 min for Ti-0.5W (wt%) substrate and 40 min for Ti-2.5W (wt%)
and Ti-5.0W (wt%) alloys (Figure 1a).

The difference in the anodization time can be associated with the phase features in a
substrate’s microstructure. For the Ti-0.5W (wt.%) alloy, the Ti-a phase is predominant in this
substrate and tungsten is present in solid solution (doped Ti-a). For other alloys, part of W is also
present in Ti- B phase and the excess of tungsten forms a small volume fraction of W precipitated
in Ti-a [46]. Figure 1.b-d shows the top view and the cross section of oxide layers grown on Ti-
W alloys. For future comparison, pure Ti sample was also anodized at 20V for 6 h, under
conditions mentioned in previous work [44].

The self-organized nanotubes produced by anodization process are amorphous, so they need
to be submitted a thermal treatment to convert them in a crystalline structure. To study the effects
of the temperature in the anatase and rutile transformation, XRD analysis were carried out for all
samples and the results shown in Figure S3. The anatase (A) and rutile (R) phases were detected
in diffraction angles (20) of 25.28 (JCPDS, Card No. 21-1272) and 27.44(JCPDS, Card No. 21-
1276), respectively, that represent the mainly crystal plane of these phases. At 450 °C, a small

intensity peak of rutile was detected for samples with higher W amount in comparison to pure Ti



and Ti-0.5W (wt%) samples (Figure S3). This indicates that the tungsten can delay the phase
transition (from anatase to rutile). To elucidate this effect, the volume fraction of anatase and
rutile during this transformation was calculated by using the diffraction peak intensities for each

phase and by applying the equations suggested by Slimen and co-authors [52]:

Ka-lg

I = raiad M
fo=—F )
R ™ [kg141g]

where f and fr correspond the volume fractions of the anatase and rutile phases, respectively, Ka
is a constant of 0,886, and /4 and Ir refer to the intensity of diffraction peak from anatase (101)
and rutile (110), respectively. Figure 2a shows the anatase (black color) and rutile (red color)
volume fractions as a function of the heat treatment temperature of the oxide layer grown on pure
Ti and Ti-W alloys. In all plots the sum of the volume fractions of anatase and rutile phases will
be 100 %. At 350 °C, the crystallization of oxide layers is not completed, because no evidence of
rutile phase is observed in all samples. But at temperature above 400 °C an amount of rutile has
been formed on the nanotube walls for NT/Ti-0.5W and NT/TiO,, while for NT/Ti-2.5W and
NT/Ti-5.0W this formation was detected only above 500 °C, as shown in Figure 2a.

The evolution of the volume fractions of anatase and rutile formed on NT/TiO; and
NT/Ti-0.5W (Fig. 2a) shows that a mixture of 50 % anatase and 50 % rutile occurred at around
600 °C and at ~ 575 °C, respectively. During the anodization process, the W species diffuse into
the TiO, crystal lattice and replaces the Ti** atoms. Consequently, the density of the oxygen
vacancies is increased, resulting in greater mobility of atoms and acceleration of the phase
transformation compared to NT/TiO,. However, when the W amount introduced in TiO; crystal
lattice exceed of solubility limit in the oxide layer, the interstices are occupied, resulting in
retardation of the phase transformation, as observed for NT/Ti-2.5W and NT/Ti-5.0W. For these
samples, the equal mixture of anatase and rutile was not reached up to 600°C. But it is noticed
that the phase transition is slower for samples with high content of W.

To find the best temperature, in which anatase to rutile ratio promotes high photocatalytic
performance, photocurrents experiments were carried out and the results are shown in Figure 2b-
d. For NT/TiOand NT/Ti-0.5W, high current values were obtained at 450°C, while for NT/Ti-
2.5W and NT/Ti-5.0W the best heat treatment temperature was 550 °C, probably due to the
presence of the rutile in the oxide, in agreement with the results of Figure 2a. According to the
phase diagram [48], the phase transitions of the Ti-W alloy occur between 882 and 740 °C for all
alloys. So, the crystallization temperatures of the oxide layer grown on the alloys (450 and 550

°C) will not promote phase transformations of the substrate.



Figure 3 shows the XRD patterns of all the samples after heat treatment under the optimized
temperature determined in the photocurrent experiments. For all the samples, the diffraction peak
of anatase phase (20 = 25.28) appears with more intensity than that of rutile phase (20 = 27.48).
For NT/TiO, modified with tungsten, a slight shifting of these peaks towards the higher 20 values
in relation to NT/TiO; is observed, indicating a contraction in the TiO; unit cell (Figure 3a). In
addition, the Ti-a phase (20 = 40.19) appears in all diffractograms. No tungsten oxide phase
could be observed in NT/Ti-0.5W sample because it is highly dispersed in the TiO; crystal lattice
and the concentration of tungsten oxide is too low of detection limit for XRD analysis, as reported
by Oliveira and co-authors [44]. In contrast, reflections correspondent to tungsten oxide species
are seen for NT/Ti-2.5W and NT/Ti-5.0W. When the W amount exceeds over that required for
doping process, crystalline WO; (0 < X < 2.8) or/and TisaW 460; are detected [53—57]. As seen
in the Figure 3b, the peaks at 20 = 70.48° and 26 = 72.03° corresponds to WOs. and that at 20
= 70.71° corresponds to Tis5sW 4602, in agreement with the studies made by SAJJAD and co-
authors [58]. In general, WO3., (0 < X < 2.8) refers to the shifting position of tungsten oxide peaks
(stoichiometric or non-stoichiometric) due to the presence of oxygen vacancies. The absence of
oxygen leads to structural relaxation around the vacancy, causing an increase in the distance
between the W-W atoms and therefore, inducing changes in the 26 values to the species O-W-O
[53,59,60].

As mentioned above, the composition of the nanotubular matrix can be influenced by the
phases present in the substrate due to the mechanism for obtaining them through the anodizing
process [61]. The phases of the Ti-W alloy during growth show different kinetic rates of chemical
dissolution and interact differently with the electrolyte [19]. As a result, small changes in
morphology can occur as noted by Luz et. al. [61] and the formation of nanostructures with
different oxidative species and arranged in different ways may be observed under biphasic alloys,
as observed in X-ray diffraction that showed a mixture of tungsten oxides. The solid solution (W
substitutional doping Ti-a) during the anodic process can more easily lead to the formation of
oxides ternary, due to the already existing bond between Ti and W atoms inside the crystal lattice.
Meanwhile, the Ti-f phase, after its dissociation leads to the presence of W between the Ti
interstices, favors the formation of non-stoichiometric tungsten oxides (WOs) and therefore,
high density of oxygen vacancies. The inner position of the interstitial W affects the limitation of
reaction with oxygen present at the oxide / electrolyte interface during the formation of Ti-W
nanotubes by anodization process, leading to the formation of oxides rich in defects by forcing
oxygen sharing between Ti species and W. The W precipitate, from excess non-dissolved on Ti-
a e Ti-p phases, shows greater contact with the electrolyte during film growth and therefore, the
formation of stoichiometric oxide (WO3) is favored due to non-limitation of oxygen. As a result,
it is not linked to Ti and placed in more exposed regions due to deposition of this phase on the

edges of the grains during the cooling process.



Figure 4 shows the comparison of Raman profiles for the oxide films grown on Ti-W alloys.
The presence of Raman bands at 146, 391, 516 and 636 cm™are typical of the anatase phase and
correspond to values close to those reported in the literature [56,58,62,63]. The characteristic
peaks of the rutile phase of TiO, were not detected in any of the analyzed films, probably due to
the low concentration. These results corroborate with the XRD measurements that also showed
different amounts between the anatase and rutile phases. The other peaks are associated with the
W - O bending modes from the tungsten oxides, which showed very weak absorptions and the
absence of typical Raman bands in the region between 800 and 900 cm™'. These results reveal that
tungsten oxides are in low concentration, distributed in different stoichiometry in the oxide
matrix, and that there are no defects related to the dual W* = O binding mode.

The comparison of the Raman spectra obtained for NT/Ti-xW films (x = 0.5, 2.5 and 5.0)
does not show displacement between the peaks in the different spectra, showing that the oxide
layers present stability and little structural distortion even for the annealed films at 550 °C.
However, when the peak values for the bonds of Ti and W oxides are compared with those
reported in the literature, a displacement of 2 cm™ for all bands is verified, suggesting the
formation of vacancies in the structure due to the absence of oxygen and doping of the TiO,crystal
lattice [64]. With the increase of W amount in the oxide layer, the appearance of new bands and/or
increase in the intensity of the existing band were noticed. The Raman spectrum of NT/Ti-0.5W
sample showed signal only for the W>*—O ionic bond at 326 cm™' [65]. NT/Ti-2.5W sample also
presented W”*~O binding and a second band at 447 cm™ attributed to W>*=0 interactions [26].
The presence of these bands was also observed in NT/Ti-5.0W film, but with greater intensity and
combined with the appearance of hexavalence peaks at 610, 701 and 793 cm™ referred to the
elongation mode of O—-W®—O from WO; octahedral unit [65].

In order to investigate the chemical composition and oxidation state of Ti, W and their
interactions with O, XPS measurements were performed, and the results are exhibited in Figure
5. The peaks from the most energetic level of tungsten (W 4f) are situated between binding
energies of 30 and 46 eV. In this region, excitation signals from the Ti 3p layer, intermediate
titanium sublevel, are also present and the signal overlap may be occurring. Therefore, both W 4f
(Fig. 5a, 5¢ and 5e) and Ti 2p (Fig. S5) regions were analyzed to find the composition and/or
doping species on the electrode surface. XPS data for NT/Ti-0.5W (Fig.5a) showed an intense
signal at 38.1 eV and less prominent at 36.2 eV which refer to Ti*" and Ti**, respectively, in
agreement with the values reported in the literature [66]. The other peaks with binding energy at
37.5 and 39.6 eV correspond to W 4f7; and its doublet W 413/, respectively, which separation of
2.1 eV indicates the presence of W species in the oxide film [67—69]. The average binding energy
of 37.5 eV implies that the tungsten dopant is predominantly in the W>" state and does not show
undissolved levels such as W*" and W®" [53,70]. The presence of tungsten was also verified in

high resolution XPS spectra of the O 1s (Fig. Sb). In this region, the peaks centered at 530.6 eV



and 531.0 eV configure the presence of bonds between O-Ti from TiO, and from strong
interactions between W doping and O atoms, respectively [69]. The insertion of tungsten in the
TiO; crystal lattice can be verified by comparison to the spectra region of the Ti 2p for NT/TiO»
and NT/Ti-0.5W films (Fig. S3b), where a displacement between the maximum peaks of Ti 2ps.»
and Ti 2p;,» was observed. This displacement is attributed to the electronic disturbance caused by
the incorporation of W species in the TiO; crystal lattice. This is because the electronegativity of
the doping element is slightly higher in relation to Ti, resulting in a decrease in the electron density
around the base element and an increase in the binding energy [56,68,71].

For NT/Ti-2.5W and NT/Ti-5.0W samples, whose W concentration is higher, the
deconvolution of W4f and Ti2p peaks indicated the presence of W*, W>* and W®', evidenced by
the displacement of 1.5 eV between the spin-orbit peaks and their doublets, as shown in Fig. S¢
and 5e. Based in the literature, the W and W>" are originated from WO;_, (0 < x < 0.28) species
[53,72—74] and the W*'is from the non-stoichiometric ternary oxide Tio.saWo4502[57]. According
to Eibl and co-authors [75], the valence of tungsten in the ternary oxide composition is directly
related to Ti, and may assume W**, W" or W when linked to Ti*, Ti** or Ti*', respectively
[57]. However, the W*" is more favorable to react with Ti*" in the crystalline cell, favoring the
synthesis of ternary oxides through the coalescence of species from the Ti-O-W system provided
by the solid solution [57,75].

The main difference between NT/Ti-2.5W and NT/Ti-5.0W samples consists of the variation
in the intensities of W>" and W*" and the existence of a weak peak reported at 44.6 eV for only
the NT/Ti-2.5W sample. This peak is attributed to the binding energy of W 5ps, and its presence
is associated with a greater amount of W*" in relation to the W®" and consequently with the number
of defects. On the other hand, the oxygen vacancies in the Ti matrix, resulting from changes in
the electronic density of the material caused by the increase in temperature, may be associated
with the valence W>"[76,77]. However, the difference in the intensities of W>" and W*for NT/Ti-
2.5W and NT/Ti-5.0W samples can also be influenced from the phases of the substrate used to
obtain the film. Although both substrates have the Ti-a solid solution as the majority equilibrium
phase in the composition, the Ti-2.5W alloy presents a smaller portion of the W precipitate
compared to the Ti-5.0W alloy [46]. Therefore, it can be concluded that the phases that make up
the metallic substrate act as precursors in the formation of the oxide film, influencing its
composition and in the amount of W>* and W**present in NT/Ti-2.5W and NT/Ti-5.0W.

The values of peak area ratio for Ti*"and Ti*" as well as W**, W>"and W®" are tabulated in
Table 2. These results showed that the content of W*" and W>" are present in all samples, while
the W®" species are present only in those samples which W amount in the substrate is above 0.73
wt.% (0.2 at. %), reaching higher values for NT/Ti-5.0W. Despite the presence of W** in the oxide
layer on the Ti0.5W alloy, which comes from the substitutional W in the Ti crystal lattice, the

production of ternary oxide did not occur due to the low amount of W in the oxide layer and the



heat treatment temperature (450 °C). However, in the samples with a higher amount of W and
treated at 550°C, the presence of the ternary oxide occurred, as detected in the XRD analyses. For
NT/Ti-2.5W and NT/Ti-5.0W samples, the solubility limit of W in the Ti-W alloy was reached,
favoring the substitutional (W*") and interstitial (W>") chemical doping in the oxide layer, and the
precipitation of W excess that is responsible for WO;formation (W®"). About the presence of
oxygen vacancies, it can be observed from Table 2that it is greater in the NT/Ti-2.5W sample
compared with the other samples due to its highest amount of W>" species.

Figure 5d-f indicates the O1ls spectra for NT/Ti-2.5W and NT/Ti-5.0W samples. Both spectra
showed similarity in the composition, showing peaks centered at 530.8 eV (WOs), 532.4 ¢V (O-
W*), 530.5 eV (O-Ti*"), 531.3 eV (O-Ti*") and 532.5 eV (OH").While the O-W bonds are
associated with the O,™ vacancies, the O-H™ bonds can be a confirmation of the presence of defects
due to the imminent adsorption of H,O vapors on the electrode surface [29]. These groups help
maintain charge balance in oxygen deficient regions through bonds with metal cations. Then, the
presence of the OH™ group on the surface of the nanotubular oxide layer may be related to the
oxygen vacancy density [78].

Based on the characterization results of oxide layer of all samples, we concluded that the
doping process is presented in all oxide layers modified with W content, evidenced by the
displacement in XRD patterns and XPS spectra of NT/Ti-xW (x = 0.5, 2.5 and 5.0) compared
with that of NT/TiO,. For NT/Ti-0.5W, the substitutional doping process was partial because the
W amount was below of solubility limit of W in the Ti crystal lattice. For other samples which
the limit of solubility of W in the Ti-W alloy is higher than 0.73 wt% (0.2at.%), the substitutional
and interstitial chemical doping took place. Precipitation of W also occurred in the samples with
higher content of W, mainly in the NT/Ti-5.0W, and it was detected by the increase of W®* species
in the XPS and Raman analysis.

3.2Photoelectrochemical properties of self-organized nanotubular oxide layer on Ti-W alloys

Figure 6a shows the UV-diffuse reflection spectra of NT/TiO; and NT/Ti-xW (x = 0.5, 2.5
and 5.0) samples. All samples exhibit elevated absorption in UV region, except for the NT/Ti-
2.5W, where a smaller decrease in the absorption is observed between 250-350 nm. On the other
hand, the absorption intensity in the UV light region increased greatly for NT/Ti-5.0W sample,
suggesting the presence of WOs as observed in XPS spectra (Figure 5) and in the literature [79].
With the incorporation of W species in the oxide layer, the shifting of absorption edge towards
higher wavelength occurs. The change in cut-off edge is commonly owing to the substitution of
Ti*" by W species, increasing the oxygen vacancies and electron concentration.

The presence of a single band after 380 nm for NT/Ti-0.5W indicates the doping of the

material. In general, the doping process contributes to increase the oxygen vacancies in the oxide



layer, providing a greater visible light absorption [80]. For NT/Ti-2.5W and NT/Ti-5.0W, the
presence of two wide absorption bands between 420 -520 nm and 530-680 nm were displayed.
According to the literature [81], these bands are originated from the defects and impurity states
generated by ions substitutions in the crystal lattice. In this work the existence of these bands was
attributed to the presence of oxygen deficiencies in the oxide, as attested by the formation of sub-
stoichiometric WO;_x phases (Figure 3b), which it can be responsible for increasing the
absorbance in the near-infrared region due to polaron transitions between two non-equivalent
sites, W>" and W®" or W" and W **[82]. It can also be seen that the intensity of absorption of
these bands was higher for the NT/Ti-5.0W sample.

UV-vis DRS measurements suggest that the NT/Ti-5.0W can be considered to have a higher
light response than the other two photocatalysts (NT/Ti-0.5W and NT/Ti-2.5W), which is
advantageous in photocatalysis processes.

In order to obtain information about the recombination rate of electron/holes pairs in the
nanotubular oxide layer before and after incorporation of W species, photoluminescence spectra
(PL) of all samples were examined in the wavelength from 350 to 600 nm under excitation of 350
nm, as shown in Figure 6b. The spectra consist of a predominantly absorption band located at ca.
440 nm, which is due to the direct transition of electrons from conduction band to valence band
[83] The relative emission intensity of this band is maximum for NT/TiO, sample, but it recedes
with the incorporation of W in the oxide layer. Probably, the photo-generated electrons are
transferred from TiO, conduction band to the tungsten oxide conduction band and the holes
accumulate in the TiO, valance band, as suggested by Sajjad and co-authors (2009) [58]. But
when the oxygen vacancies amount is higher new recombination centers are created increasing
the emission intensity. This phenomenon is observed for NT/Ti-2.5W sample, which emission
intensity is similar of NT/Ti-0.5W sample. For NT/Ti-5.0W the result is different due to the
presence of W" in higher amount, creating tungsten oxide conduction band with different energy
levels that contribute to reduce the charge recombination.

In the region of 510-550 nm (green emission), there is a weaker absorption band for all
samples, which is usually aroused by the intrinsic defects [84]. In commercial ZnO phosphors,
the green emission intensity is strongly influenced by free-carrier depletion at the surface oxide,
particularly for small particle and/or low doping [84]. For CaWO4 and ZnO nanoparticles, without
any doping, the oxygen vacancies appear as the defect responsible and the green emission trends
to increase when the particle size is reduced [79,84]. High green emission intensity is observed
for NT/Ti-2.5W in Figure 6b as consequence of the high oxygen-vacancy density. This result is
corroborated with XPS analysis, where the amount of W>* is higher (Table 2).

The photoelectrochemical activity of the oxides grown on Ti-W alloys was further
investigated under chopped light voltammetry (CLV) by linear sweep voltammetry (LSV), as

shown in Figure 7a. All linear voltammograms were obtained from scanning the potential from-



0.5 V vs. Ag/AgCl towards positive values, passing through the open circuit potentials (OCP)
measured at ~ -0.4 vs. Ag/AgCl for all combined oxide electrodes. For NT/Ti-xW (x =0.5,2.5¢
5.0) samples, the photocurrent density followed a general trend of increase with increasing applied
potential, typical behavior of the n-type semiconductor, with an onset potential at ~-0,36 V vs.
Ag/AgCl. This phenomenon occurs due to higher band-bending at the photo-anode/electrolyte
interface, which leads to higher mobility of the photogenerated excitons, and expansion of the
depletion width with increasing applied potential [85] until reaching the saturated photocurrent.
Similar behavior was observed for NT/TiO,, but an anticipation of the onset potential for the
oxides modified with W occurred compared to the pure electrode. In addition, the maximum
current density values for the NT/Ti-0.5W, NT/Ti-2.5W and NT/Ti-5.0W electrodes were 0.78,
0.98 and 1.24 mA cm™, respectively, which is 1.5, 1.9 and 2.4 times that of NT/TiO,. The
improvement in photocurrent values for tungsten-modified oxide samples can be attributed to the
modification in the structure of the electronic bands due to the creation of the tungsten oxide
conduction band with different energy levels, which contributed to reduce the charge
recombination rate, and to the best use of the light radiation spectrum, as observed from the
diffuse reflectance and PL data. Furthermore, the insertion of oxygen vacancies in the TiO, matrix
may also have effectively contributed to the increase in the photocurrent of the tungsten-modified
electrodes.

The photoelectrochemical activity of the electrodes was further investigated by cyclic sweep
voltammetry under UV-Vis and visible irradiation, using an aqueous solution containing hole
scavenger (sodium formate). The photocurrent densities as a function of applied potential for all
samples (NT/TiO; and NT/Ti-xW), are shown in Figure 7b. For comparison, the dark current
densities under no light irradiation were also measured. No change was observed in the dark
current densities with an increase in the applied potential for all the samples under UV-Vis and
visible irradiation. The maximum photocurrent values obtained for all electrodes are shown in
Table 3. Compared with the dark current, an increase in the photocurrent is observed for all
samples under both irradiations, but under UV-Vis irradiation this increase is significantly higher.
Additionally, the highest photocurrent densities occur for oxide layers modified with W species
when compared with NT/Ti0,, mainly under visible light, reaching current maximum values 1.5
— 4.7 times higher than that of NT/TiO,. These results are consistent with the UV-Vis DRS
analysis, which shows that NT/Ti-xW (x = 0.5, 2.5 and 5.0) have higher visible light response
than the NT/TiO,. Among the electrode modified with tungsten, NT/Ti-5.0W presented the best
photocatalytic activity, with current densities around of 1.0 and 2.2mA cm™at 0.8V vs. Ag/AgCl
under UV-Vis and Visible irradiation, respectively, which are 376 % and 70 % more than
NT/TiOzat same conditions.

Comparing the results of Figure 7a-b, it is noticed that in the presence of gap acceptors the

performance of all modified electrodes was notable, showing a rapid increase in current density



in the low potential region, and then reaching saturation with an increase in the potential applied.
This behavior was observed in both UV-Vis and visible light, indicating that NT/Ti-xW films
easily interact at the interface with the gap acceptor, suggesting that they are promising in the
decomposition of organic pollutants based on photocatalytic and photoelectrocatalytic processes

[66].
3.3 Photocatalytic activity of the nanotubular oxides at hormones degradation

To compare the photocatalytic activity among the electrodes modified with tungsten (NT/Ti-
xW, x = 0.5, 2.5 and 5.0) and no modified (NT/TiO,), working solutions of E1 and EE2 were
degraded by five processes under UV-vis light: direct photolysis, photocatalysis (PC) and
photoelectrocatalysis (PEC). For every experimental run, the adsorption equilibrium between the
catalyst and the hormone was achieved under dark by mixing of the solution during 5 min, before
switching on the light of the photodegradation system. As shown in Fig. 8a and b, the
performance of the electrodes modified with tungsten (NT/Ti-xW, x = 0.5, 2.5 and 5.0) in the E1
and EE2 degradation was better than that with NT/TiO; for both processes (PC and PEC).

For photolysis, the degradation was much faster for E1, which was 35.2 % converted after 2
min, while for EE2 no conversion occurred. It can be explained by the stronger absorption of
photons for E1 in the UV region, which is in agreement with the results reported for single and
multicomponent solution of estrogens containing E1 [86]

For the photocatalysis processes, the nanotubes with low W content showed higher
degradation efficiency for E1 while for EE2 the best degradation was obtained with the nanotubes
with high W content. In these conditions, the degradation of the estrogens was around 48.6% at 2
min. According to NT/Ti-0.5W electrode characterization studies published by [44], the position
of the CB and VB edges of the NT/Ti0.5W, which are located at -0.26 V and +2.65 V vs. NHE
(pH 7), respectively, are favorable to formation of superoxide radical anion ‘O, (CB)and hydroxyl
radical *OH (VB), due to the position of the standard redox potential of the O,/'O,” (=0.18 V vs
NHE, pH 7) and OH/'OH (1.99 V vs NHE, pH 7) couples [87], as illustrated in Fig. 9a. Then,
the E1 hormone can be degraded for these both oxidants. On the other hand, for NT/Ti5.0W
electrode where the presence of WO; (W) in the oxide nanotubular wall was also evidenced by
XPS and Raman analysis, the formation of superoxide radical anion "O," is decreased because the
electrons transferred from W doped TiO, CB and trapped as W>" sites cannot be transferred to O,
molecular due to the lower position of CB edge of WO; (+0.25V) in relation of the standard redox
potential O,/'O,~ (—0.18 V vs. NHE, pH 7), as shown in Fig. 9b. In addition, the electrons
photogenerated may easily be recombined with photogenerated holes, reducing of E1 degradation
efficiency. However, in the case of EE2, its degradation under acid conditions (pH 3) takes place

preferentially by the attack of the hydroxyl radical [20], which can be produced both regions, rich



in WOs3 and in those with W doped TiO, (Fig. 9b), thus justifying the greater efficiency of the
NT/Ti-5W electrode in the degradation of EE2.

On the other hand, for photoelectrocatalytic process the NT/Ti-5.0W promoted the highest
degradation efficiency for both hormones. Under the same experimental conditions, the amount
of E1 and EE2 degraded in 2.0min with PEC using NT/Ti-5.0W was 1.4 and 1.3 times that with
NT/Ti-0.5W, as seen in Fig. 8a and b. In relation to NT/TiO», this increase corresponds to 4.2
times. When an anodic bias is applied on the photocatalytic process the separation of electron-
holes is accelerated, increasing the transport of the holes to the surface and the electrons away
from the surface (direction to inside of the electrode). Consequently, there is a decrease in the
charge recombination rate (electron-hole) and an increase in the generation of hydroxyl radicals
("OH) on the NT/Ti-5.0W (Fig. 9¢). Although in the NT/Ti-0.5W sample there is also a reduction
in the recombination rate, the amount "O,- generated is significantly reduced due to the electron
flow towards the counter-electrode, reducing its photocatalytic performance.

The high performance of the NT/Ti-5.0W electrode can also be attributed to the following
factors: high concentration of W that acts as mediators for charge transfer to the solution and
greater acidity of the sample due to the presence of WOs. Studies reported in the literature showed
that when loading up to 3% mol of WO; onto TiO; nanoparticles, the Lewis surface acidity is
increased up to a factor of 15, contributing to improve the adsorption of OH or H>O on the catalyst
surface and, consequently, generate a greater amount of ‘OH radical. At the same time, it can
adsorb more organic compounds [88].

Among the electrodes modified with W content, the NT/Ti-2.5W presented the worst
degradation results, independent of the process used. Many factors may have contributed to its
low performance. Among them, we can highlight:

a) high amount of W* in the oxide layer (Table 2). According to [53] W favors binding
with the "OH from water over binding the hormone, so the efficiency of hormone
degradation is compromised for the alloy with the highest amount of W*.

b) high density of oxygen vacancy or defects that result in an increase in the number of
charge recombination centers. This phenomenon is evidenced by its greater intensity
of green emission in the photoluminescence study and corroborated by the XPS
analysis, where the amount of W™ is greater.

c) low concentration of WO; (W) that could reduce the effect of photogenerated charge
recombination centers caused by excess oxygen vacancy or defects by formation of
heterojunction.

Taking in account the better performance of the NT/Ti-xW samples in EE2 and El

degradation under UV-Vis, photoelectrocatalytic experiments under visible light were carried out
using NT/Ti-0.5W e NT/Ti-5W, and the results compared with NT/TiO», as shown in Fig.8c e d.

For short time degradation, the NT/Ti-5W proved to be more efficient while for longer times,



higher degradation efficiencies were obtained with the doped sample (NT/Ti-0.5W). This result
can be explained by the loss of stability of WOs present in oxide layer of NT/Ti-5W, as suggested
by Das and co-authors [31]. Kndppel and co-authors [89] demonstrated that in the absence of
light, WO; is stable in a wide potential range, but in the presence of light, it dissolves
proportionally to the anodic photocurrent due to the formation of aqueous tungsten complexes
with the electrolyte that are thermodynamically more stable than WOs. In general, the leaching
process is accelerated with the use of S-containing electrolyte anions because it reacts with WO;
to form stable complexes (persulfate intermediates), reducing the photostability of WO;
photoelectrodes [90]. Considering that pure water was used as electrolyte in the hormone
degradation experiments, probably, with the progress of the decomposition reaction of EE2, by-
products were produced and formed complex with W®" that are more stable than WO;, resulting
in the WOs leaching. This consideration can be confirmed by Fig 9d where a significant reduction
in visible absorption is observed after 8 h of EE2 degradation, as well as in the UV region,
probably due to adsorption of formed by-products, reducing the active area of the electrode. The
leaching phenomenon occurred because WO; was not inserted in the TiO crystal lattice. As
discussed earlier, it was obtained from the precipitated W and Ti-f phase formed during the
confection of metallic substrate. In the case of NT/Ti-0.5W, all W content is inserted in the TiO;
crystal lattice, avoiding the material corrosion, and favoring your best performance for long time

degradation.
3.4 Hormones Degradation in real water matrix

Finally, the electrodes modified with tungsten (NT/Ti-xW, x = 0.5, 2.5 and 5.0) and no
modified (NT/TiO) were used to evaluate the degradation of E1 and EE2 in real water supply
source under photoelectrocatalytic process and UV-Vis radiation. The real water matrix, with a
total carbon organic of 577.4 ppm (Table S1), and a pH 7.0, was spiked with 10 mg L™ of E1 and
EE2 each. Although, the concentrations of the hormones in natural aquatic environmental are in
ng L' range (5900 ng L' and 1800 ng L' for EE2 and El, respectively), it is important to
understand the effect of this matrix in the degradation experiments. The results (Fig. 10) showed
that due to the complexity of the real water matrix the time for degradation 50% of E1 and EE2
was substantially higher, 8.7 and 27.4 times more, respectively, than using the solution without
competitive chemicals. This reduction of degradation efficiency of the hormones can be
associated to the presence of hydroxyl radical scavengers, such as organic matter or inorganic
anions, chloride, bicarbonate and sulfate [91].Besides the adsorption of some inorganic ions or
other substance dissolved in the water matrix can be adsorbed on the photocatalyst, reducing the
number of sites which could be available to the estrogens degradation, as observed by [92,93]. In

addition, the real matrix was a little turbid which can be contributed for reduction of the photon



flux absorbed by the photocatalyst. Similar behavior was also observed in other studies of
hormones degradation using different matrices [92,94,95].

For both hormones, the degradation efficiency was higher with NT/Ti-5.0W electrode. In
the case of E1 degradation, a very fast degradation is observed in the first 15 - 20 min of treatment,
remaining constant during a long time and falling again in the last 15 min. During the El
degradation process, the formation of two secondary peaks occurred in the chromatogram, called
X and Y, as shown in Fig. 11. When the concentration of these by-products becomes significant,
the E1 degradation rate continues to occur but at a very slow rate. Only after the almost complete
degradation of these by-products, the degradation rate of E1 increases again. This phenomenon
was observed for all samples, but it was more evident with the NT/Ti-5.0W sample. Regarding
the EE2 degradation, it was observed a continuous decay in the concentration of this hormone for
all samples, and similar to that obtained with the synthetic solution, reaching 77.9% of EE2
degradation using NT/Ti-5.0W in 60 min. Based on previous work [44] using NT/Ti-0.5W for E1
and EE2 photoelectrocatalytic degradation, oxalic acid and glutaric acid are the possible products
obtained from estrone degradation after 60 min of photoelectrocatalytic treatment. While for the
EE2, the possible by-products formed were oxalic acid, malonic acid, glutaric acid, and the
intermediates compounds (2-OH-EE2, 6-OH-EE2, and compound at m/z 328).

The results of E1 and EE2 degradation using PEC under UV-Vis were adjusted with the

simplest approach of Langmuir-Hinshelwood model and expressed by the following equation (3).

ac k-K-C
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where £ is the reaction rate constant, K the adsorption-desorption equilibrium constant and C is
the concentration of the organic pollutant. Considering the low hormone concentrations and
adsorption-desorption tests carried out in the dark for all electrodes for NT/Ti-xW (Figure S6), the
K - C<<<1, this equation is arranged, assuming the first-order kinetic model, as equations (4) and

(5) below:
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where C(0) and C(¢) are the concentrations at time zero and time (£), and kpp) is the apparent
first-order degradation rate constant. The results in Table 2 indicate that the kinetics of the
photodegradation are in accord with the model proposed, with correlation coefficients > 0.9 and
presented acceptable values of ¥* (5 degrees of freedom, o = 0.05, which have a critical value of

1.145). A promising E1 degradation rate was obtained with NT/Ti-5.0W with a value two and



three times higher than that obtained with other alloys and NT/TiO», respectively. On the other
hand, only small increases were observed in the EE2 degradation rate with increasing amount of
W in the electrode. In general, the increasing in removal rate of EE2 is less pronounced than that
of E1, because it is more stable in the different environmental which is the main characteristic of
synthetic hormones. The rate of EE2 degradation obtained in this work using real water matrix
and the NT/Ti-5.0W electrode (k= 0.025 min~ ") was slightly higher than that found by Nasuhoglu
et al. [96] using TiO; suspension irradiated with a UV radiation and real wastewater (k = 0.022
min ).

DRS analysis carried out before and after EE2 degradation demonstrated a reduction in the
intensity of UV and visible light absorption as shown in Fig.12. Probably this is due to adsorption
of some inorganic ions or other substance dissolved in the water matrix and the WO3 leaching, as
observed earlier after the tests under visible radiation. But for the NT/Ti-0.5W and NT/Ti-2.5 W
samples, no or only a small change was observed, evidencing the greater stability of these
electrodes in relation to the electrode with higher W content.

Although it took a longer time for the degradation of the E1 and EE2 hormones in the real
matrix, the photocatalysts evaluated in this work showed certain selectivity towards to the
hormones in relation to other compounds present in the aqueous medium. Only a TOC reduction
of 7.6 and 14.5% was achieved after 20 and 50 min, respectively, of EE2 photoelectrocatalytic
treatment using NT/Ti5.0Win real water matrix (Table S1).

Stability tests using PEC and real water matrix under UV-Vis and visible light for 1 and 8
h showed only small oscillations in the current values for all photoelectrodes, indicating the

stability and applicability of these materials in real medium (Fig. S7).
3. Conclusions

The production and photocatalytic performance of the nanotubes grown on Ti-W alloy is
strongly dependent of the W content in the substrate. By Rietveld refinement method, Ti-o and
doped Ti-a phases were identified in Ti-0.5W(wt.%), while Ti-f} phase and W precipitate were
also obtained in Ti-2.5W(wt.%) and Ti-5.0W(wt.%), but in higher quantity in the last sample. In
order to produce the nanotubular oxide layer on the alloys with similar dimensions, more time of
anodization was required to the substrates with higher W content under 120 V. During the heat
treatment of the oxide film, it was observed that the increasing W content stabilizes the anatase
phase, delaying the appearance of the rutile phase [97]. Therefore, heat treatment temperature of
550 °C was necessary to obtain higher photocurrent values with the increase in the amount of W
in the oxide layer.

XRD data revealed the formation of non-stoichiometric oxides (WO;4 (0 <x <0.28)) and

ternary oxide (Tigs4Wo4602) for samples with higher amounts of tungsten in the alloy. These



results corroborated with the XPS studies that also revealed the presence of oxidative species W**,
W** and W® from these oxides. The predominance of W>* was clearly observed for the NT/Ti-
0.5W and NT/Ti-2.5W films, while the percentage of W°" was higher for the NT/Ti-5.0W sample.
The characterizations of NT/Ti-xW films also showed that the W*" species can be attributed to
the ternary oxide coming from the solid solution present in the substrate. The W>* species is
referred to oxygen vacancies and its formation was conducted from the interstitial doping
originated by the metastable Ti-p phase. Meanwhile, the presence of WO; in the composition of
the nanotubular matrix had a W precipitate as precursor. Then, the metallic substrate acted as
precursor in the formation of the oxide film.

The optical properties of modified nanotubular matrices were strongly influenced by
tungsten species and oxygen vacancies, characterizing them as important semiconductors with
low recombination rate and significant absorption in the visible spectrum, mainly observed for
the NT/Ti-5.0W film. The insertion of intermediate levels through the oxidative species of W in
the TiO, bandgap favored the electronic transition and longer lifetime of the photogenerated
charges. This has been observed in the comparison of photoelectrocatalytic efficiencies between
nanotubes grown on Ti-W alloys and pure NT/TiOs.

Higher degradation efficiencies of E1 and EE2 were reached with NT/Ti-5.0W electrode
for both matrices, pure and real supply water, under photoelectrocatalytic process and UV-Vis
irradiation. But the time for degradation of 50 % of E1 and EE2 in the real water matrix was
substantially higher, 8.7 and 27.4 times more, than that of the solution without competitive
chemicals. This reduction of efficiency degradation may be associated with the water turbidity
and the presence of some inorganic ions and/or organic substance present in the matrix, which act
as hydroxyl radical scavengers. Mineralization of the pollutant in the real water matrix was less
than 15 % after 50 min of photoelectrocatalytic treatment suggesting a certain selectivity of the
photocatalyst towards the hormones in relation to other compounds in the aqueous medium. The
high performance of the NT/Ti-5.0W was associated with the combination of doping (W doped
TiO,) and heterojunction (WOs (W°®")) process, while for other electrodes (NT/Ti-0.5 and
NT/2.5W) the doping process was predominant. However, the stability of this electrode was
compromised under long degradation times, mainly under visible light, probably due to a WO;

leaching process, because of its non-anchoring in the TiO; crystal lattice.
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Table 1. Chemical composition (wt.%) and quantify of phases composition of the substrates

Substrate Phases — Rietveld
Elemental

Method
Electrode Ti-a./ Ti- Tip W
Ti(wt%) WWwt%)  Error (%) a doped (WE%) precipitate  GoF™
(Wt%) ° (Wt%)
Ti-0.5W 99.50" 0.50" 0.742 100.0 - - 1.7
Ti-2.5W 97.73 2.27 0.786 96.740 2.992 0.266 1.9
Ti-5.0W 95.33 4.66 0.868 92.136 7.436 0.428 2.1

(*) Analysis confirmed by ICP-MS; (**) goodness-of-fit.



Table 2. XPS analysis: relative peak area to molar percentages (MP) of Ti** and Ti*" species from

Ti 3p region and W*, W* and W' species from W 4f spectra of the NT/Ti-0.5W, NT/Ti-2.5W
and NT/Ti-5.0W samples.

MP (%) MP (%)
Sample Ti 3p W 4f
Ti+4 T+3 W+4 W+5 W+6
Ti-0.5W 63.02 5.22 0.43 31.33 -
Ti-2.5W 43.17 0.30 2.94 45.33 8.25

Ti-5.0W 23.54 1.45 1.14 33.06 40.81




Table 3. Dependence of the photocurrent for the NT/Ti-xW photoelectrodes on the bias voltage
and UV-Vis and visible light irradiation from cyclic sweep voltammetry (Fig 7 b) at 1.3
V vs. Ag/AgCL

Electrode UV irradiation \ii_s;:(lﬁ:;:fll:t
(i/ mA.cm™) (i/ mA.cm?)
NT/TiO, 1.39 0.22
NT/Ti-0.5W 1.64 0.34
NT/Ti-2.5W 1.78 0.75

NT/Ti-5.0W 2.34 1.01




Table 4. Kinect parameters of the photocatalytic degradation of E1 and EE2 from matrix natural
water under UV-vis irradiation.

Reaction Time
Estrogen Electrode constant 1/2 R? r
(kx 102 (min)
min!)
NT/TiO, 33 20.88 0.969 0.011
NT/Ti-
0.5W 4.1 16.93 0.996 0.009
El .
NT/Ti-
2 SW 4.5 15.40 0.997 0.007
NT/Ti-
5.0W 9.9 6.98 0.993 0.071
NT/TiOz 1.7 39.32 0.991 0.004
NT/Ti-
2.0 33.55 0.992 0.002
0.5W
EE2 .
NT/Ti-
2.3 29.86 0.997 0.001
2.5W
NT/Ti- 2.5 0.999 27.11 0.003

5.0W
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Figure 1. Influence of the anodization time at 120 V of Ti-x%wt.W alloys (a) inner diameter of
nanotubes and electronic microscopy images as function of anodization time for: (b) NT/Ti-0.5W
(c) NT/Ti-2.5W and (d) NT/Ti-5.0W.
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Figure 2. Relation of titanium crystalline phases anatase and rutile after heat treatment of layer
grown under Ti pure and Ti-xwt.%W substrates to different temperatures (350 to 600 °C).
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Figure 4. Raman spectrum of NT/Ti-0.5W (blue), NT/Ti-2.5W (green) and NT/Ti-5.0W (pink).
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Figure 6. (a) UV—Vis diffused reflectance spectra and (b) photoluminescence spectra (PL) of the
NT/TiOz, NT/Ti-0.5W, NT/Ti-2.5W and NT/Ti-5.0W.
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Figure 7. Photovoltammogram of the NT/TiO,, NT/Ti-0.5W, NT/Ti-2.5W and NT/Ti-5.0W
electrodes (a) linear sweep voltammetry scans were performed under interrupted UV-
Visirradiation in 0.2 M Na,SO4 (pH 5.7) with a scan rate of 10 mV/s. (b) Cyclic photocurrent
under UV—Vis (solid line) and visible light (dash line) in 0.5 M HCOONa.
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Figure 9. Schematic representation of the charge-transfer mechanism on NT/Ti-xW for
degradation estrones under UV-vis and visible light. (a) dopped electrode of NT/Ti-0.5W (b)
Photocatalytic process using NT-Ti-5.0W (c) Photoelectrocatalytic process using NT-Ti-5.0W
(d) DRS spectra of NT/Ti-5.0W measured as prepared electrode and after photoelectrocatalytic
process of estrones in prolonged and short period of time under UV-Vis and / or visible irradiation.
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Figure 10. Photoelectrocatalytic degradation of (a) E1 and (b) EE2 in a real matrix water under
UV-Vis irradiation. Inset: Kinetic profile of absorption spectra adjusted for pseudo-first order of

hormones removal.
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Figure 11. Concentration evolution of estrone in real water matrix and its derivatives. Process of
NT/Ti-5.0W photoelectrocatalysis at pH 6 and under UV-Vis irradiation.
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Figure 12. Comparing the DRS spectra of NT/Ti-xW measured before and after

photoelectrocatalytic process of estrones in short period of time under UV-Vis irradiation: (a)
NT/Ti-0.5W (b) NT/Ti-2.5W (c) NT/Ti-5.0W.



