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Abstract

The photocatalytic activity of TiO, nanotubes (NTs) makes these materials promising candidates for a variety of
applications, including photocatalytic degradation, water splitting and biomedical devices. The large band gap of TiO»
(anatase ~3.2 eV; rutile ~ 3.0 eV) requires excitation with UV light, which accounts for only a small fraction of solar light.
In order to increase the light absorption in the visible region, reduction of the band gap is required. Here, TiO> nanotubes
(NTs) were fabricated by electrochemical anodization of Ti foil. Scanning electron microscopy (SEM), X-ray diffraction
analysis (XRD) and X-ray photoemission spectroscopy (XPS) were used to determine morphology, crystal structure and
surface composition of the TiO, NTs. Different synthesis conditions influenced TiO, NTs properties that allowed the tuning
of the band gap. UV-Vis analysis of 61.54 um long NTs showed light absorption over the whole visible range, while NTs
with the length up to 0.21 pm are able to absorb only UV light. 61.54 um long NTs exhibited band tailing up to 1.43 eV.
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Introduction

TiO, nanotubes (NTs) offer attractive technological
advantages in a variety of applications, such as
photocatalytic water and air purification [1, 2], water
photoelectrolysis [3, 4] and dye-sensitized solar cells [5,
6], due to high chemical stability, non-toxicity and
corrosion resistance. Besides promising photocatalytic
utilization, TiO, NTs are highly biocompatible materials
that attracted significant interest for biomedical
application. Due to unique morphology-dependent
physicochemical properties such as high specific surface
area, nano-roughness, highly ordered structure, surface
charge and wettability, which all affect their interaction
with biological materials, TiO» NTs have advantage
before widely used metallic Ti and its alloys.

In general, native TiO; is photoactive only under
UV light due to its wide band gap (3.0 eV and 3.2 eV for
rutile and anatase, respectively) [7] and capable of
absorption of only small fraction of the solar spectrum
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(3-5 %). In order to improve its sensitivity to visible
light, various bandgap engineering approaches have been
developed, involving coupling of TiO, with other
materials (e.g. CdS quantum dots [8], plasmonic Au [9],
graphene [10]) and band gap narrowing by doping with
various atoms (e.g. carbon - C [11], nitogen - N [12],
sulphur - S [13]), which often require two-step synthesis
method. Some of the biomedical applications such as
photodynamic therapy for cancer treatment [14], photo-
induced drug delivery systems [15], photo/electro-
chemical biosensors [16] and antibacterial surfaces [17]
require the use of light energy, therefore band gap
engineering of TiO, NT is of significant importance.

In present study, we report on the effect of NTs
morphology on their optical properties. Electrochemical
anodization is cost effective and simple method to
produce self-organized NTs arrays with highly
controllable geometry; varying synthesis parameters e.g.
anodization time, applied voltage and -electrolyte
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composition influence the NTs length, diameter,
nanopore/nanotube formation and open tops of NTs [18].
Theoretical predictions indicate that TiO, NTs diameter
highly influences its electronic structure [19].

Although TiO; NTs are widely studied, there is still
lack of information about their optical properties. To the
best of our knowledge, a systematic investigation of the
light absorbance and band gap energy of self-assembled
TiO, NTs has not yet been reported. Here, TiO, NTs
were produced by electrochemical anodization of Ti foil
at different synthesis conditions. The effect of
morphology on the light absorption is demonstrated and
the mechanism of the band gap reduction is proposed.

Experimental

Materials

Titanium foil (Advent, 0.1 mm thickness, 99.6%),
ethylene glycol - EG (Fluka, >99.5%), H,O (miliQ),
ammonium fluoride - NH4F (Sigma Aldrich,
28.0-30.0%), ethanol (Sigma  Aldrich, 96%),
hydrofluoric acid - HF (Sigma Aldrich, >40%) and
acetone (Honeywell Riedel - de Haen, 99.5%).

Material synthesis

TiO, NTs were fabricated with electrochemical
anodization method of Ti foil. Experiments were carried
out at a room temperature (= 20 °C) in a system with two
electrodes with a working distance of 1.5 cm. The
ethylene glycol based electrolytes allows for fabrication
of highly ordered NTs arrays [20], while fluoride ion
concentrations are responsible for formation of porous
oxides, therefore in present study NH4sF and HF as a
sources of fluoride ions were used. H,O was added to the
electrolyte, since allows for the transition of nanopores
to nanotubes [20].

The pre-treatment was performed in order to obtain
a pre-dimpled surface, which leads to higher surface
homogeneity with fewer defects on the surface of the
NTs grown in the second step as shown in previous
studies [18, 20]. Before anodization, Ti foil was
ultrasonically cleaned in acetone, ethanol and deionized
(DI) water, 5 min in each and further dried under a
nitrogen stream. The electrolyte used in this step was
composed of ethylene glycol and 0.35 wt. % NH4F with
the addition of 1.7 wt. % H»O and was the same for all
NTs. Nanotubular layer grown in this step was then
removed with successive ultrasonication in H,O, acetone
and ethanol.

In the second step of anodization process, the
pretreated Ti surfaces were used as a substrate to grow
NTs. The electrolyte based on an ethylene glycol,
containing water and HF or NH4F was used. Detailed
synthesis parameters of this step are presented in
Table 1. As-synthesized NTs were kept in ethanol for 2
hours in order to remove all organic components from
the electrolyte and dried under a nitrogen stream. As-
prepared NTs were additionally annealed at 450 °C for
lh in air atmosphere with annealing/cooling
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rate = 8 °C/min and as such used for further
characterization.

Table 1. The effect of the synthesis conditions on the diameter, length
and crystallite size of the synthesized TiO, NTs.

Voltage | Time | Electrolyte | Diameter | Length

Sample | vy | ) | owvt%) | am) | um)
HF (1.1),

NTIS 10 1| 10 (15.3), 15 021
EG
HF (1.1),

NT50 40 1| 1O (15.3), 50 1.26
EG
HF (1.0),

NTI00 | 58 25 | H0(110), | 100 2.53
EG
NHLF (0.3),

NTiOO' 58 17 | H:0(18), 100 61.54
EG

Characterizations

Morphology of the NTs was analyzed by scanning
electron microscope (SEM - JSM 7100F - JEOL)
equipped with a thermal field emission gun with an
accelerating voltage of 15 kV.

X-ray diffraction (XRD) analysis was performed by
MiniFlex 600 Benchtop X-ray Defractometer (Rigaku)
using Cu Ka radiation. Data were collected in a range
10<26<70°, with a scan step of 0.017°, divergence slit of
0.218° and counting speed 10°/min.

The X-ray photoelectron spectroscopy (XPS)
analyses were carried out on the PHI-TFA XPS
spectrometer produced by Physical Electronics Inc. The
high-energy resolution spectra were acquired by the
energy analyzer operating at resolution of approximately
0.6 eV and pass energy of 29 eV. During data processing
the spectra from the surface were aligned by setting the
Cls peak at 285.0 eV, characteristic for C—C bonds. The
accuracy of binding energies was approximately = 0.3
eV. Quantification of surface composition was
performed from XPS peak intensities taking into account
relative sensitivity factors provided by instrument
manufacturer. Three different XPS measurements were
performed on each sample and average composition was
calculated. The XPS spectra were measured for NT100
sample immediately after the anodization and after
thermal treatment. The depth profile analysis of NT100
was conducted in order to observe the changes in
chemical composition in lower layers of the surface. The
Ar" ion beam with 1 keV energy was used for sputtering
at an incidence angle of 45° and a raster of 5 mm x 5 mm.
The sputtering rate was approximately 1 nm/min.

Diffusive reflectance spectroscopy (DRS) was used
to evaluate absorption of light and band gap energies of
the materials. The samples were analysed with a
PerkinElmer Lambda 650S  (Waltham, MA)
spectrophotometer in a 250—700 nm spectral range. A
Spectralon reflection standard was used as a reference.
The diffuse reflectance spectra were converted into the
absorption spectra by the Kubelka-Munk equation [21].
Since it was previously shown that the anatase TiO; have
indirect band gap [22], the band gap energies were
determined by plotting /F(Rwo)hv]'? versus hv.
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Results and discussion

The electrochemical process of TiO> NTs formation after
sufficient applied voltage can be divided into three steps:
(1) formation of an oxide layer (Eq. 1), (ii) pore formation
and (iii) nanopores to nanotubes transition.

Ti+ 2H,0 - TiO, + 4H" + 4e~ )
TiO, + 6F~ + 4H* > TiF?"2H,0 (2

The exact process of TiO> NTs growth is still not
known, however it is assumed that the tube elongation is
governed by a competition between (i) field assisted
oxidation of the Ti metal - formation of TiO, at
metal/oxide interface and (ii) chemical dissolution at
tube mouth and field-assisted dissolution of formed
oxide at the tube bottom layer (oxide/electrolyte
interface). According to Lockman et al. [23] the applied
voltage controls the degree of field assisted dissolution,
which causes inwards growth of NTs at the bottom part
of the NTs (oxide/electrolyte interface). The effect of
electrochemical and chemical etching rate determines
the NTs length: if the electrochemical dissolution rate at
tube bottom is faster than the chemical dissolution rate at
tube mouth, the NTs grow longer [24].

Different types of NTs were formed depending on
the applied voltage, concentration of electrolyte and time
(as presented in Table 1). When the synthesis time was
fixed at 1h in HF-containing electrolyte, 10 V of applied
voltage resulted in 210 nm thick uniform layer of
nanopores with around 20 nm in diameter — NT15 -
Fig. 1A. It was previously reported that the water in the
electrolyte is responsible for nanotube formation, since it
acts as a source of oxygen for oxide formation and as a
component which induce the separation of the nanopores
at cell boundaries - “pore-wall-splitting” mechanism
[25-27]. The formation of NTI15 and separation of
nanopores to nanotubes can be explained by one of the
theoretical models, which suggests that the electric field
that moves towards oxide/electrolyte interface is
responsible for transport of Ti*" ions towards the oxide
surface, where filed-assisted dissolution takes place.
Fluoride ions from the electrolyte solution react with
ejected Ti*" ions from the Ti metal and with formed
oxide layer (TiO,) and form water soluble complexes-
[TiFs]* (Eq. 2), that are accumulated at cell boundaries.
It was experimentally proven that these metal/oxide
interfaces are composed of [TiFs]> species [28]. As
[TiFs]* species are water soluble, the fluoride-rich layers
are prone to chemical dissolution by water [26]. Despite
the water and fluoride concentration in the electrolyte
was the same at 10 V, 40 V and 58 V applied voltages in
present study, the 10 V is not enough to initiate “pore-
wall-splitting” mechanism. Regonini et al. [29] suggest
that chemical dissolution of fluoride rich layers increases
with higher voltages (> 10 V in their study), because
higher electric field is responsible for weakening the Ti-
O bond and favouring the chemical attack of
fluoride ions. The same was shown in present study; at
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Fig. 1. The top and cross section morphology of synthesized TiO,
NT15 - (A) and (B), TiO, NT50- (C) and (D), TiO, NT100 - (E) and
(F) and TiO, NT100-L - (G) and (H) analyzed by SEM.

higher voltage (40 V) well-defined nanotubes with
empty space in between were formed (Fig. 1B). The
diameter of as formed NTs (40 V) is 50 nm, while length
is 1.26 um. With further increase in applied voltage
(58 V) and time (2.5 h), NTs diameter and length
increase to 100 nm and 2.53 um, respectively — NT100
(Fig. 1C). Similar results were obtained before [18, 30].
According to these findings, the electrochemical
dissolution prevails above chemical dissolution with
increasing of the applied voltages. In order to prepare
longer NTs, NH4F- based electrolyte was used. As the
synthesis time increased to 17h, significant increase in
NT100-L length (61.5 pm) was observed, while diameter
was still 100 nm as for NT100 (Fig. 1D). SEM analysis
of the annealed samples revealed that the structure of
NTs remained undistorted.

X-ray diffraction analysis revealed the amorphous
nature of as-anodized TiO> NTs (in Fig. 2 the sample of
as-anodized NT100 is presented, while similar spectra
were obtained for other NTs). After annealing at 450 °C
for 1h, XRD peaks of NTs samples correspond to anatase
crystal structure, as can be seen from Fig. 2. Small
anatase peak was also observed for NT15.
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Fig. 2. XRD patterns of synthesized TiO, NTs; A - peaks
corresponding to anatase crystal structure, Ti - peaks corresponding to
Ti foil.

It has been previously reported that TiO, NTs
prepared by electrochemical anodization method
contain some electrolyte residues, in particular
fluoride and carbon, despite cleaning the samples
with the ethanol immediately after the synthesis [18].
The XPS analysis conducted on as-anodized NT100 and
annealed NT100 confirmed the contamination with
electrolyte remainings. The as-anodized NT100 sample
contains fluoride on the surface, beside titanium,
oxygen and carbon, (Fig. 3A). XPS analysis
confirmed the absence of fluoride on the annealed
NT100 (Fig. 3B).

There were no differences in the C 1s peaks for the
as-anodized and annealed NTs, as seen from Fig. 3C.
The concentration of carbon remains the same (30 at. %)
even after 17-h anodization followed by annealing of
NT100-L at 450°C for 1h (data not shown). These results
show that by the thermal treatment carbon atoms ae not
removed from the surface of NTs, while fluoride can be
successfully eliminated.

Analysis of the C 1s core levels peaks showed
prominent peak at 285 eV, which is indicative for
adventitious carbon (C-C, C=C and/or C-H bonds).
However, no characteristic peak was found at 281 eV
corresponding to Ti-C, this indicates that carbon was not
doped into the TiO; lattice as suggested in Ref. [31]. This
was also confirmed by depth profile analysis, as no
carbon was detected on the surface after 2 min of
sputtering of the surface with Ar* (corresponding depth
is 2 nm) (Fig. 3D). Thus carbon is merely present as
contaminant on the top surface of TiO, nanotubes. The
peaks at ~ 286 and ~ 289 eV correspond to C-O-C, C=0
and O-C=0O (Fig. 3c), which means that carbon is
partially oxidized on the surface, however in literature
also Ti-O-C bonds can be correlated to this binding
energy [31]. As mentioned Ti-C bond (281 eV) as
present in pure titanium carbide was not observed,
neither was detected by XRD.
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Fig. 3. XPS analysis of as-anodized (A) and annealed NT100 (B) and
comparison of C 1s peaks (C) and depth profile analysis of NT100
sample (D).
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UV-Vis spectroscopy analysis revealed that
maximum absorption edge of NTs with length up to
2.5 um (NT100) is at ~380 nm, therefore this samples
absorb UV light (Fig. 4A). However, there are some
differences in light absorption among annealed and
as-anodized samples; the maximum absorption edge for
the as-anodized NTs is slightly shifted towards longer
wavelengths. Besides, it can be seen in Fig.4A that the
maximum absorption edge is increasing with increasing
NTs length. Correspondingly, the band gaps of NT15-
NT100 follow the trend; the lowest band gap energy was
observed for the annealed NT100-3.27¢V and the widest
band gap for as-anodized NT15 - 3.53eV (Fig. 4B).

The color of NT100-L (length = 61.5 um) is darker,
which indicates the absorption of light of higher
wavelengths as compared to shorter NTs (<2.5 um). The
UV-Vis spectroscopy analysis of NT100-L is consistent
with its brown-colored appearance; as-anodized and
annealed NT100-L samples showed absorption over the
whole visible region (400-700 nm) along with the UV
light absorption (Fig. 4C), although the diameter of these
NTs is the same (100 nm) as of the 2.5 pm long NT100.
The band gap of NT100-L is reduced with respect to
other samples (Fig. 4D). However, it is intriguing that
as-anodized amorphous NT100-L sample exhibits a
bandgap almost identical to crystalline.

Kurian ef al. [32] connected the capability of visible
light absorption of ~12 um long TiO, NTs with 100 nm
in diameter to the surface layer composed of
substitutional and interstitial carbon atoms, which are the
consequence of the annealing process in air atmosphere.
Carbon atoms introduce a structural disorder and
localized states at the surface along with oxygen
vacancies, which effectively reduces the band gap and
allows the visible light absorption. Shorter time of
annealing (30 min at 450 °C) in Ref. [32] resulted in high
carbon content and visible light absorption of ~12 um
long TiO; NTs, while for 3 h annealed sample at 450 °C,
carbon in the samples was not observed by XPS analysis
and the maximum absorption edge of TiO, NTs was in
the UV region [32]. It is well known that carbon can
induce visible light absorption of TiO,; band gap
narrowing occurs due to the overlap of the O 2p and
dopant states [33].

The band gap analysis by DRS of the NT100-L
indicates the band tailing; initial band gap of the
annealed and as-anodized NT100-L is 3.00 eV and
3.05 eV with the surface band gap of 1.53 eV and
1.43 eV, respectively. Kurian et al. [32] attribute the
band tailing nature of NTs to the surface carbon content.
Authors propose band model with bulk band gap of 3.32
eV and surface band gap of 1.7 eV [32], similar as in
present study. The XPS spectra of NT100 synthesized in
the present study confirmed the presence of carbon at the
surface of as-anodized as well as annealed (1h at 450 °C)
samples; 30 at. % and 29.5 at. % of carbon, respectively.
The XPS analysis also confirmed carbon atoms in the
annealed NT100-L sample (30 at. % - data not shown).
Similar carbon content on the surface of the as-anodized
and annealed NT100 and annealed NT100-L indicates
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that carbon cannot be the reason for better NT100-L
visible light absorption performance, moreover it has
been shown that carbon is merely present on the top
surface layer of NTs (about 2 nm in depth).
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Fig. 4. UV-visible absorbance spectra of as-anodized and annealed
NTs (A, C) and the corresponding band gap energies of indirect
electron transition calculated by the Kubelka—Munk function (B, D).
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However, the main difference in surface chemical
composition between as-anodized and annealed NTs
synthesized in the present study is in the content of
fluoride. The XPS results of the annealed NT100 do not
show its characteristic peak at 484 eV, while as-anodized
sample contains 8.2 at. % of the fluoride. It was reported
that the presence of fluoride in the lattice induces the
formation of reduced Ti*" centers that localize the extra
electron needed for charge compensation [34]. Yu ef al.
[35] claim that the crystallinity of anatase TiO, was
improved upon fluoride doping and samples exhibited
stronger absorption in the UV-visible range with a red
shift in the band gap transition. In the present study, all
NTs samples, as-anodized and annealed, showed similar
light absorbance characteristics. Besides, similar
concentrations of fluoride atoms in the annealed NT100
and NT100-L indicate that fluoride is not responsible for
the NT100-L red shift of absorbance spectra.

Although the Ti*" surface states can act as
recombination centers for photogenerated charge, these
states together with corresponding oxygen vacancies,
can also be responsible for visible light absorption in
Ti-oxides due to the formation of the band gap electronic
states and its reduction [35]. Kurian ef al. [32] stated that
Ti*" surface states are physically equivalent to oxygen
vacancies, as a physical origin for the high visible light
absorption. It was previously reported that the surface
area of NTs increases with increasing length [30],
therefore we suspect that higher surface area of longer
NT100-L enables to generate more Ti*" states at the
surface of NTs walls, but Ti** states formation cannot be
due to the presence of fluoride or carbon atoms at the
surface of the NTs.

Formation of Ti’" states commonly requires
post-anodizing treatments [36], annealing in a controlled
atmosphere [37], air plasma treatment [38], etc..
Introduction of the Ti** states into NTs crystal structure
by a simple method is therefore challenging. Results of
this study show that the 17-h electrochemical
anodization method enables production of visible light
sensitive NTs. It has been demonstrated that NT100-L
band gap reduction is not chemically induced, but is
probably related to physical changes in the material
during electrochemical anodization. Assumingly, longer
time (17h) exposure of NT100-L to anodization
conditions, is responsible for the formation of surface
defects/oxygen vacancies/Ti’" states that significantly
reduce NT100-L band gap energy.

Conclusions

The increase of the applied voltage leads to increase of
the TiO, NTs diameter and length up to
61.5 um - NT100-L. Apparently, higher voltage induces
higher electric field that drives field assisted dissolution
(elongation of TiO, NTs) and chemical dissolution -
splitting of pores to nanotubes. The length of NTs plays
significant role in the band gap narrowing and visible
light absorption. NTs with length up to 2.5 um (NT100)
absorb only UV light, while 61.5 um long NT100-L are
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visible light sensitive. Assumingly, the reason for visible
light absorption and band tailing of NT100-L is higher
Ti*" surface states content on the larger surface area of
the as-anodized and annealed NT100-L, which induces
reduction in the band gap. The narrower band gap of
shorter NT50 and NTI100 is 3.27 eV (amorphous
NT100), while annealed NT100-L has bulk band gap of
3.00 eV and surface band gap of 1.53 eV. In present
study it was demonstrated that NTs, capable of efficient
visible light absorption, can be synthesized with an
electrochemical anodization method.
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