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Abstract

We fabricated Sn-doped TiOnanotubular film via annealing of anodized 7iO
nanotubes grown on F-SpQ@FTO) glass. Annealing was carried out at 500 AC |
ambient air. Anatase crystal structure was achievgd no change in nanotubular
morphology in respect to as-anodized amorphous; Tm@notubes. The X-ray
photoelectron spectroscopy analysis revealed Shegurface of Ti@film, following
the thermal treatment, probably caused by the sldfufrom FTO glass. Depth profile
examination of the film chemical composition wasdocted by elastic recoil detection
analysis, which showed that in addition to thewsifbn of Sn from FTO, diffusion of Ti
to FTO concurrently occurred. Thus, a higher cotre¢ion of Sn was found at the
bottom of the tubes, while a lower concentratiors weesent on the tubes’ surface top.
This explains the improved optical response revkdbdy a diffuse reflectance
spectroscopy. The absorption enhancement demartstitzdt Sn-doped Tilfilm was
efficient in the degradation of methyl orange dyeer visible light.
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1. Introduction

Titanium dioxide (TiQ) is a semiconductor with numerous applicationsetasgon its
remarkable photoactivity [1-4]. It absorbs UV lighmid generates electron—hole pairs
that can be useful for degradation of organic sufrsts in polluted water systems [5,6].
Titanium dioxide is widely used since it is cheapundant and easy to process [7]. One
approach to enhance its photocatalytic performasmaeenostructuring of Tig) which
provides high specific surface areas and an ineceaamber of photoactive sites [7,8]
The widely used anodization technique for obtainimghly ordered TiQ@ nanotubes
(NTs) [9] is superior to other methods, since ibptes self-organization of the NTs
that are perpendicular to the substrate which mé#kesxploitation of the material’s
high specific surface enhanced [10]. Other explonethods for synthesis of THTS,
such as hydrothermal or solvothermal [11], resaoltai random orientation on the
substrate. Moreover, specific synthesis requiresmjenstich as high pressure, high
temperature and long reaction time, make them d&a#dgeous compared to the
anodization technique [12]. Differing to Ti@hin films obtained by anodization, any
catalyst in powder form requires filtration of th&stem for removal of the
photocatalyst. The major benefit of anodized J7NO's for photocatalytic applications
is the orthogonal separation of charge carrierstdudeir 1D structure, meaning that
electrons and holes are spatially separated withen tube wall. This means that
electrons are collected in the wall center andsjparted to the back contact, while holes
are driven to the wall-solution interface [13].this study, we explored the use of Ti
thin film applied on a conductive substrate, sushFa&SnQ (FTO) glass [14] for the
fabrication of photocatalytic nanotubular Tithin film. Because as-synthetized NTs are
amorphous, annealing (>300 °C) is required for eosion to crystalline structure [15].
Indeed, amorphous Tigincludes structural defects and exhibits poor pbatalytic
activity. The TiQ has three main types of crystal structures: aratasile and brookite
[16]. Among them, anatase possesses the best pialygc property due to long
electron lifetime [17]. When annealed at 400 °C2dn, the amorphous Ty3Jilms are
completely converted to nano-crystalline anataseas@hWhen increasing calcination
temperature, photocatalytic activity rises due e formation of anatase TiCand
improvement of its crystalline quality [18]. Withurther increase of calcination
temperature from 600 to 800 °C, the photocatalgtitivity rapidly decreases due to
vanishing of the anatase phase, collapse of NTtsires and decrease of active surface
area [15].

In a previous study, we noted that the diffusionSsf from FTO to TiQ can be
promoted by annealing [19]. The aim of this workasntensify this effect in order to
obtain Sn-doped Tigxhin film that can then be used as an improved gdaialyst with
respect to undoped THRO]. It is well known that doping of Tifeads to generation of



inter-band levels in energy gap of Gi@nd/or band gap narrowing [21]. Herein, we
investigated the nature of Sn incorporation usinga)X photoelectron spectroscopy
(XPS) and surveyed the atomic content into theldepthe film using Time-of-Flight
Elastic Recoil Detection Analysis (TOF-ERDA). Scamrgnelectron microscopy (SEM)
was used to monitor possible morphological charmyesto the annealing. The phase
composition of the film was investigated by grazingcident X-ray diffraction
(GIXRD). The optical properties of the film befamad after annealing were determined
by measuring their diffuse reflectance spectra (PR8e photocatalytic activity of the
doped film was studied by assessing the degradatiorethyl orange (MO) dye.

2. Experimental

Radio frequency magnetron sputtering (RF-MS) tepimmi was employed for the
deposition of pure titanium (Ti) thin films onto BTglass (PI-KEM Ltd, 200 nm FTO
film, 12-14Q/cn). A Ti target (Alfa Aesar GmbH) was used in expesnts. Prior to
deposition, the FTO substrates were successivedneld by ultrasonication in acetone,
ethanol and deionized water. After drying they wenechanically set inside the
deposition chamber, at 40 mm from the target. Fivese sputtered using a Cesar RF
Power Generator equipped with a Dressler RMC-1 Matr Controller (13.56 MHz)
deposition system with a magnetron cathode witlhaanpa ring of ~50 mm diameter.
The sputtering chamber was first evacuated dovenresidual pressure of ~2 x 1®a.
Then pure argon was admitted into the reactor clearaba constant gas flow rate of 5
sccm. The sputtering was carried out for 1 h abeing pressure and electrical power
of 0.5 Pa and 60 W, respectively.

The anodization of the sputtered Ti films was penied in ethylene glycol containing
0.3 wt% ammonium fluoride and 2 wt.% water. A platn plate served as a cathode.
The electrodes were placed 20 mm apart and voltageset at 60 V. The anodization
was stopped when reaching the transparency ofilthe {(~10 min), indicating that all
Ti was oxidized. Next, the samples were well ringaith water and left to dry in air for
24 h. Subsequently, the dried samples were anngabedat 500 °C for 2 h.

Surface morphology of the samples was studied uaingescan Mira X3 FESEM.
Transmission electron microscopy (TEM) imaging wasformed using an image
corrected FEI TITAN TEM operating at 300 kV. For NMEanalysis the surfaces of the
samples were scratched with a diamond wire andrfesgs collected by dragging the
carbon grid over the scratched surface. The DR® wemorded using a Shimadzu 2600
UV-Vis spectrophotometer with an integrating sphateachment within wavelength
range 300-800 nm.



The crystal structure of the samples was invesigdiy GIXRD using a Rigaku
SmartLab 3 kW system with CyKadiation { = 1.5418 A), operated at 40 kV and 40
mMA at room temperature. The incidence angle wasts@25° (to maximize the signal
originating from TiQ NT arrays), and the scattered intensity was schmmehe 2
range of 20-50° with a step size of 0.04° and spaed of 0.25°/min (dwell time of 9.6

S).

The XPS analyses were performed using a 1253.6-gi,Nbeam source to check the
overall chemical composition of the samples. Thargimg of spectra was corrected
according to adventitious carbon with BE at 284/8 '€he surface cleaning was done
by applying 2 keV of At ionic etching for 10 min. The XPS spectra werelyaeal by
fitting the Shirley-type function (i.e. non-linedrackground) and a sum of Voigt
functions, using KolXPD software.

The elemental depth profiles of the films were deieed using TOF-ERDA.
Measurements were performed using a 23-M&1?* beam, with 20° incidence angle
toward the sample surface, and TOF-ERDA spectranpetsitioned at 37.5° in regard
to the beam direction. More details about the TG¥ER spectrometer (and analytical
method) can be found in refs. [22,23]. Data analygs carried using simulation code
Potku [24] and Monte Carlo (MC) code CORTEO [25].

Photocatalysis was evaluated by following the ddggian of MO dye (5 mg/L) by
immersing the Ti@-FTO photocatalyst in 10 mL of dye solution andriinating the
system with a solar simulator lamp, with the sampd® mm away from the light
source. The first 30 min was considered as the tenqeired for reaching adsorption—
desorption equilibrium because a prolonged peribdlaskness did not lead to any
change in dye concentration. The sampling was @bwifferent time intervals and the
dye concentration was inferred by measuring theordlasice of the solution on a
Shimadzu 1800 UV-Vis spectrophotometer. The infagerof photolysis was also
investigated by following the dye degradation uptmmination without the TiQ
photocatalyst.

3. Results and discussion

Surface morphology changes due to annealing warkest by comparing the FESEM
micrographs collected before and after the themneaitment. A careful analysis of the
images showed that the annealing did not affectNfienorphology. Thus, Fig. la—c
presents the review of only the as-anodized, NDs, as there were no changes due to
annealing. The NTs were ~60 nm wide, ~30 nm thiot @500 nm long. Some TEM
and HRTEM micrographs of the annealed sample ae@len in Fig. 1d—f in order to
present more clearly the structure and crystaflioftNTs.



Fig. 1. FESEM and TEM micrographs of (a—c) as-anodized(dnf) annealed Ti®
nanotubes.

Phase composition of the annealed JHETO sample vs. FTO substrate was
investigated by GIXRD (Fig. 2). In addition to tligfraction maxima of the FTO
substrate (a Sndike phase, e.g. ICDD: 00-041-1445), the Ti€ample featured 101
and 200 reflections of anatase. The other anatamemma (ICDD: 00-021-1272),
peaking in this angular region, were superimposethb higher intensity reflections of
the substrate. Only the (103) crystal plane rafdactvas hinted by the slender shoulder
appearing to the left-hand side of the prominer®Klbstrate peak.

Crystalline coherence length (“crystallite size"asumnferred from the full-width at half
maximum of the 101 diffraction line of anatase ngsthe Scherrer equation [26]. The
line width was corrected for instrumental broadgnusing a corundum standard
reference (NIST SRM 1976). The crystallite size 164 anatase reflection of annealed
TiO, was ~45 nm.
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Fig. 2. Comparative GIXRD patterns of the bare FTO-glagssate, and annealed
TiO, film deposited onto FTO-glass substrate. For comapa, the ICDD: 00-021-1272
reference file of Ti@anatase is presented in the bottom graph togefitleiCDD: 00-

041-1445 for Sn@phase.

In order to examine in more detail the annealirfuénce of TiQ film on FTO glass,
the XPS analyses were performed on the amorphotisaanealed Ti@films before
Ar* jonic etching. The O 1s line was fitted and theutes are presented in Fig. 3
together with Table 1 where the positions of thakgeare given.

Intensity, a.u.

L 1 1 L L
536 534 532 530 528 526

Binding energy, eV

Fig. 3. XPS O 1s line for (a) amorphous and (b) annealéd film, before Af ionic
etching.

Peak 1 at ~530 eV was attributed to the latticegerybound to T, whereas peak 2 at
~531 eV corresponded to oxygen from surface OHpgda7] and bound to Tiions.

Peak 3 at ~532 eV most probably originated fronfieser HO groups [27]. We cannot
exclude, however, the contribution of oxygen bontte® as a surface impurity. The



small shift of the peak 1 position to lower bindiegergy as a consequence of the
annealing indicated a change in O environment. b\@g the intensity of peak 2
decreased after annealing, which can mean tharttwint of T{* ions was diminished
and consequently the number of oxygen vacanciesedsed. This is supported by
spectra of Ti 2p (Fig. 4). The presence of'Tions and oxygen vacancies is
characteristic of nonstoichiometric TiOwith nonstoichiometry increasing as the
amount of atmospheric oxygen decreased. After dimgesn oxygen atmosphere, the
nonstoichiometry decreased and so did the inte$ipeak 2. The decrease of peak 2
intensity is also indicative of removal of OH greugn the surface.

Table 1 The position of O 1s line obtained by XPS analy#eB O, films.

Sample Position of peak 1Position of peak 2 Position of peak 3
(eV) (eV) (eV)

Amorphous TiQ 530.08 531.08 532.36

Annealed TiQ before 529.97 530.86 532.01

Ar" ionic etching

After deconvolution of the Ti 2p line for the ambgus TiQ film (Fig. 4a), the four
peaks were revealed: 464.39 eV y(2pand 458.66 eV (2p), which indicates the 1i
state; and 463.78 and 457.08 eV are associatedthatiit state [27]. After annealing
(Fig. 4b) the two peaks at 457.08 and 463.78 e\apgisared, demonstrating the
decrease in oxygen vacancies. The two main pealkeofif* state did not change
position (464.36 eV for 2p and 458.66 eV for 2p).

b)

Intensity, a.u.

Binding energy, eV
Fig. 4. XPS Ti 2p line for (a) amorphous and (b) annedi€} film, before Af ionic
etching.

Chemical composition of the annealed 7ifdm was assessed by XPS analysis. The
compositional results obtained on the as-receiasdpte (before Arion etching) and
after 10 min of Af ion etching are presented in Table 2. In bothsase O, Sn and C
were detected. There was also a small amount of Ehe case of the as-received
sample. This could be N originating from surfaceakg bonded species and would not
affect the intrinsic properties of the material eTgresence of C can also be attributed to



surface contaminants since its amount decreased X815 to 9.45 at.% after Amonic
etching.

Table 2 Chemical composition of the annealed Ji#dm determined by XPS before
and after ionic etching.

Chemical composition (at.%) O C Ti Sn N
Before Al ionic etching 58.05 18.15 2226 0.15 1.40
After Ar* ionic etching 649 945 2535 0.30 -

Presence of a certain quantity of Sn both beforkadter A ionic etching should be
emphasized. It is likely that Sn was incorporatedhie TiQ lattice. Indeed, as already
reported, at higher temperatures (>500 °C}" &iom FTO glass diffuses into Tiby
substituting the Ti ion [29]. To check this hypothesis, XPS analyseS$m 3d core
electron level were done (and compared) for thee BaFrO-glass substrate and the
annealed Ti@film—FTO glass (Fig. 5).

The Sn 3d line of FTO glass was fitted (Fig. 5apafoublet at 486.75 eV (g¢ and
495.13 eV (3dy), having the spin orbit separation of = 8.38 eV, which is
characteristic of SH in pure Sn@[30]. In the case of annealed Ti@iIm, these
positions were slightly shifted to lower bindingeegies: 486.49 and 494.94 eV, akd
= 8.45 eV (Fig. 5b). This means that*Swas also present in the annealed ;Tii0n,
since the positions of the characteristic peaks ™ were at significantly lower
energies (484.7 eV for 3¢ [31]. It should be noted that for the as-anodizadple,
the content of Sn was at the detection level lisotresponding to 0.03 at.%, and peaks
with BE of 486.83 and 495.32 eV were very closéhtise of FTO positions. The small
shift of Sn 3d;, and 3d,, positions in annealed Tidilm to lower binding energies in
regard to FTO glass can be accounted for by theease of electron cloud density
around Sfi" ions due to higher electronegativity of Sn (1.96) Ti (1.54). Indeed, the
bigger the electron density around an ion is, #rgdr is the shift of binding energy
positions toward lower energies. Particularly;*'Sions in the TiQ structure attract
electrons more than the*Tions do, leading to the shift of Snsadnd 3d, positions to
lower binding energies compared to the position pore Sn@. Such shifts are
indicative of a change in the surface electronatest, which ultimately can result in
unique surface reactivity [32].
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Fig. 5. XPS Sn 3d line for (a) FTO glass and (b) the armte@lQ; film, before Af ion
etching

Because the XPS technique is only surface sensitigpth profile composition was
investigated by ToF-ERDA. The atomic contents @& ¢éhements of interest (Ti, O and
Sn) showed an overlapping of the depth profilesSiorand Ti in the range of 750-1300
at./cnf (Fig. 6). This indicates that potential diffusiori 8n from FTO occurred
simultaneously with potential diffusion of Ti to BT Similar observations were
previously reported for bilayer TEOSNGQ composite [29]. As expected, the Sn
concentration was higher in the vicinity of Snfdm and gradually decreased toward
the TiG, domain. The same trend was observed in the cas$e diffusion to SnQ. It
was essential to combine XPS and ToF-ERDA methodsbtain a detailed insight
concerning chemical composition of the sample. KRS provided highly precise
measurements of the surface, showing 0.15 at.%no&atSthe surface before ionic
etching, whereas ToF-ERDA showed that the Sn cdratéon at the surface was 0 —
thus the Sn concentration was much lower that ihend@ O concentrations, estimated
as 33 and 67%, respectively.
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Fig. 6. Atomic content in depth of Tiannealed film. Solid line-depth profile
calculated by MC code CORTEO [22]. Dashed line-dgpbfile calculated using
software Potku [21] (slab analysis).

It should be noted that the analyzed Fi@yer consisted of hollow NTs (non-
homogeneous film, Fig. 1), while the depth scal&im 6 represents only the average
thickness of the Ti@film as “seen” by the ion beam probe. Depth peofiteps in Fig. 6
are equal to 190 x 1Dat./cnf, corresponding to ~20 nm (for the pure anatase Wih
density of 4.23 g/ci). Furthermore, additional energy straggling ofoiming and
recoiled ions occurred, producing the broadeningnefisured energy spectra at the
TiO—SnQ interface. Unfortunately, this extra contributimnenergy straggling cannot
be simulated even by MC code. Thus the depth prafil Fig. 6 is a convolution of
diffusion between the layers and energy stragglimpugh the non-homogeneous
media.

In order to further investigate the effect of arimgpon optical properties of the films,
DRS spectra were recorded and compared (Fig. ®.alsorption edges were taken
from the intersection of the tangent lines and &l to the x-axis that corresponded
to the reflectance. The inferred values were413 and 425 nm for the as-anodized and
annealed samples, respectively. The correspondemd bgap energiesky; were
calculated as Mg where h is Planck’s constant and c is the spédidid, and thek,
values were 3.0 and 2.92 eV for the as-anodizedaandaled samples, respectively.

Because the characteristic absorption edge fomaegihase is 387 nm, we can deduce
that in both cases there was a red shift of absorpin the case of the non-calcinated
sample, this could be due to N incorporation from,N [33], but since the absorbance
red shift was larger for the annealed sample, was likely a consequence of Sn
diffusion from FTO glasss already evidenced by XPS analyses.

DRS, a.u.

b)

T T T T
300 400 500 600 700 800
A, nm

Fig. 7. DRS spectra of Ti©film (a) before and (b) after annealing.

The photocatalytic activity of Tigfilms was studied by investigating the degradatbn
MO dye over time. No photocatalytic effect was releal for the amorphous sample,
even though a red shift of TiOvas observed. Most probably this was due to high
recombination of the photoinduced charges, as ¢ggdeim the case of amorphous



structures. We therefore present here only thdtsefar the annealed TiJFig. 8). The
influence of photolysis was also investigated bynitwoing the dye degradation upon
illumination without the TiQ photocatalyst. Since there was no change in absoeba
even after 6 h, the possibility of photolysis slibloé excluded (inset of Fig. 8a).

b
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—— 30 min dark 6 h solar 104
0.40 +{—— 30 min solar
—— 1 h solar
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——3 h solar
0.30 {——4 h solar
——5 h solar
0.25 4——6 h solar
—— 14 h solar
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—— Annealed TiO, film on FTO

0.05 4 —— Photolysis of MO dye

0.00+

300 350 400 450 500 550 600 0 2 4 6 8 10 12 14 16
A, nm t,h
Fig. 8. (a) Absorbance spectra of methyl orange (MO) dyté presence of annealed
TiO; film upon solar illumination. Inset: results of M@hotolysis in the absence of the
catalyst during 6 h. (b) Efficiency of MO photodadation as a function of time. Inset:
linear transformation of photocatalytic data inertb determind.

The absorption spectra of MO after visible lighpesure is given in Fig. 8a, and the
kinetic behavior of MO decomposition by the anndal&O, film is shown in Fig. 8b.
According to Fig. 8b and the straight line of fuont In(A/A;) on timet, it can be
concluded that this photocatalytic reaction follomepseudo-first order reaction:

A
In| — |=-kt 1).
”[AJ =

where Aq is initial absorbance of MO dye after adsorpticgsatption equilibrium is
reachedA is absorbance of dye at particular tilm@uring the experiment aridis the
pseudo-first order constarit; is calculated from the slope of the linear partl am
0.0453 A™. The reason for low value &fmight be due to the clogging of the NTs with
the gas molecules produced during the photodegoadat MO (CQ and HO) [34],
since there was no stirring applied during the gssc A well-designed agitated cell is
necessary to further address this issue.

We believe that not only the extended absorptiorth@ visible part favored the
photocatalytic activity of the annealed Tj®ut also that the charge recombination was
reduced due to the TPSNQ interface. The presence of the HSNnQ interface is
known to be beneficial for photocatalysis compatedhe two-layered independent
structure [29]. Photogenerated electrons are tearexf from the conduction band of
TiO, to that conduction band of Sa@hich is lower than that of T In other words,
SnQ, acts as a sink to collect electrons from JiOn the other side, holes migrate in
the opposite direction, from Sa@ TiO,. This improves charge carrier separation and



reduces recombination [35]. Actually, Talinungsagl. observed that the two-layer
TiO~SnQ—glass exhibited a higher degradation rate of niebilye than just a
monolayer deposited on a glass such asg@ss or Sng-glass [36]. Moreover,
Cheng et al. [37] reported that the $SRTUO, core-shell structure grown on indium
doped tin oxide (ITO) glass had better photocatalyerformance than just the flat THO
film deposited on ITO. The electron—hole pair sapan was significantly improved for
the SnQ-TiO, core-shell structure due to the higher work functod SnQ than ITO.
Duan et al. [38] investigated the influence of Sitent in TiQ photoanodes on
efficiency of dye-sensitized solar cells. They skdwthat the electron lifetime and
transport time decreased with increasing Sn/Torh&cause electron density rose and
increased the rate of recombination. Additionalgcording to Ligian et al. [39], doping
of TiO, with an appropriate amount of Sn enhanced phabdat activity compared to
pure TiQ. This is due to easier electron transfer from;[H®SNQ due to the potential
difference in conduction bands and so improvest@eehole separation. In addition to
the valence band of Saeing lower than for Tigg SnQ has a higher oxidation
capability of photoinduced holes than Bioping TiQ with Sn increases the ability
of surface states on Ti(hanoparticles to bind photoinduced carriers tanfonore
excitons.

This dynamic diffusion of Sn from FTO to the oxidep layer at high annealing
temperature (500-550 °C) was also reported for hamphotoanodes. Shinde et al.
[40] showed that diffusion of Sn was only in theedtion of the hematite layer and not
toward the glass support. Additionally, the FTO duactivity was preserved. Hence, we
assumed that the diffusion of Sn occurred withrd@rangement of the Ti and O atoms
during the transformation from amorphous to crystalstructure.

Based upon the measured dimensions of obtainedWw estimated that the porosity of
the film was ~32 %, calculated using the equatmrcfose packed tubes, as in our case
[41]:

_ 2mv(w+D)

V3(D +2w)®

whereD is the NT’s inner diameter (60 nm) awds the wall thickness (30 nm), as seen
in Fig. 1. Taking into account the thickness of fila (~500 nm) and the 10 mm x 10
mm film surface, that would lead to 5 x2@m® x (1 - P) = 3.4 x 10 cn? for the
volume of TiQ. As the density of anatase is known to be 3.8 my/the amount of
photocatalyst used was estimated as ~1@%nd the photocatalyst concentration was
13 ug/L. This information was used to compare the ptataytic activity of the sample
with previously published reports. However, direotmparison was difficult since this
is the first study about TEONTs grown on FTO support that were shown to besdop
with Sn by annealing. Studies of THH®ITs grown on Ti support have reported longer
and wider NTs with higher kinetic constant for dmation of MO, but also had
different dye concentrations [42]. Some studieseharesented the benefit of either P-

=1 (2)



doping of TiQ anodized NTs on Ti foil [43] or coupling with Awanoparticles [44] or
even applying an external bias [45]. Another stafi$n-doped TiQ@fibers synthesized
by electrospinning reported almost complete MO dégtion under visible light after
150 min but the concentration of the catalyst wasmhigher (400 mg/L) and the
catalyst was dispersed as a powder in 20 ppm M@tisol[46]. A direct comparison
with our results is therefore quite difficult.

One of the methods to improve the photocatalytiividg of such a system as this,
without embedding in heterostructures (e.g. ZnO-JAQ- [47]), would be Ar/Q
plasma treatment, which increases the hydrophilwitthe TiQ films [48]. Apart from
plasma treatment, annealing in different atmosphesach as Nk is another way to
dope TiQ with N and enhance the absorption propertiesfitim [49].

4. Conclusion

The TiOG, NT films were fabricated by anodization of a Tifisputtered on FTO glass.
The XPS analyses were performed to study the clammdenposition of the film before
and after annealing in air at 500 °C. The anneaisgsed the simultaneous diffusion of
Sn into TiQ film as well as Ti diffusion to the Sn@upporting film. By fitting the O 1s
line, a small shift to lower binding energy was @fved. This indicated a modification
of the chemical environment of O due to Sn diffasiand conversion from an
amorphous to a crystal structure. The XPS anaBsisved that even at the surface of
TiO, there was 0.10 at.% of Sn before and 0.30 at.& afhic etching, and the ToF-
ERDA investigations revealed a potential graduatease of Sn concentration toward
the bottom of the NTs. The DRS measurements sholadhe annealing induced the
absorption red shift from 413 to 425 nm and coneatiy a positive photocatalytic
effect for the degradation of MO dye. Obviouslye thresence of the T©OSnQ
interface was beneficial for photocatalysis. Weidsal that not only the extended
absorption in the visible part favored photocatalyctivity of the annealed Tig)but
also that the recombination of charges was reddaoedo the Ti@-SnQ interface and
the appropriate energy level arrangements. Thislystmdicates that Ti@-SnQ
coupling is a promising direction for further resgain the field of photocatalysts based
on TiO, NTs.
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Nanotubular TiQ film was obtained by anodization of Ti sputteredFoSnQ glass.
XRD showed that annealing in air at 500 °C resulteghatase phase of TiO
XPS and ToF-ERDA were used to investigate pos$Shldiffusion from F-Sn@
Sn-doping of TiQ could be the reason for improved absorbance syito 425 nm.
Sn-doped Ti@film was shown effective in the degradation of hy¢brange dye.
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