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Single-Walled TiO, Nanotubes: Enhanced Carrier-Transport

Properties by TiCl, Treatment

Imgon Hwang,” Seulgi So,””” Mohamed Mokhtar,”” Abdelmohsen Alshehri,™ Shaeel A. Al-
Thabaiti,” Anca Mazare,”” and Patrik Schmuki*® ®

Abstract: In the present work we report significant enhance-
ment of the photoelectrochemical properties of self-
organized TiO, nanotubes by a combined “de-coring” of
classic nanotubes followed by an appropiate TiCl4
treatment. We show that, except for the expected particle

decoration, a key effect of the TiCl4 treatment is that the
electron transport characteristics in TiO, nanotubes can be
drastically improved, for example, we observe an
enhancement of up to 70% in electron-transport times.

Introduction

Over the past decade, anodic TiO, nanotube layers have been
widely explored in view of science and technology."? The
main reason for such a rapid expansion of research is based on
the easy formation of these highly ordered oxide nanostruc-
tures by a self-organizing electrochemical process. This cou-
pled with the promising functional properties of the aligned
oxide structure (optical, electronic, photoelectric, etc)!'"*™
paves the way to their application in dye-sensitized solar
cells,*®  photocatalysis,®'® gas sensors,""'? or biomedical
devices."*"

Photoelectrochemical applications (solar cells, photocataly-
sis) are specifically derived from the semiconductive nature of
TiO,, that is, the ability to form light induced mobile electron-
hole pairs, in the material when subjected to super-band gap'
illumination. As TiO, nanotubes can be easily varied through
anodization parameters and annealing, there are a considerable
number of reports that describe the influence of nanotube
geometry and crystal structure on their photoelectrochemical
properties.>?  Therefore, a large number of photo-
electrochemical data has been obtained but, in general, only
comparably low charge carrier mobilities have been reported
for conventional anodic TiO, nanotubes.”"

Nevertheless, for most of these studies, typical fluoride-con-
taining ethylene glycol based electrolytes were used for the
growth of TiO, nanotubes and this leads, due to the nature of
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the anodizing process, to a double-walled structure of the
nanotubes schematically shown in Figure 1 (left panel).?*%!
The inner layer that is the layer formed at the oxide/electrolyte
interface is less defined and considerably carbon-contaminat-
ed”” due to the decomposition (and incorporation) of organic
electrolytes during anodization at high voltages.?**¥

Only recently an approach was developed that can de-core
such “double-walled” tubes to a “single-walled” morphology.
The process is based on a selective etching process; that is,
the carbon rich inner shell is selectively etched out leaving the
outer shell behind.*”

In the present work, we investigate the photoelectrochemi-
cal properties of these single-walled nanotubes in comparison
to double-walled morphologies and explore the effect of
a TiCl, treatment®® on the photoelectrochemical properties of
the tubes. We show that the treatment not only leads to an ex-
pected nanoparticle decoration but remarkably also significant-
ly improves the electronic transport properties of the tubes.
Thus TiCl, treatments on single-walled tubes can strongly
improve the photoelectrochemical activity of TiO, nanotubes.

Results and Discussion

SEM and TEM images of typical TiO, nanotubes are shown in
Figure 1b and d, with a double-shell structure composed of an
inner and an outer layer (as indicated in the top-view SEM
image). The inner shell can be selectively etched, as illustrated
in Figure 1a, resulting in “single-walled” TiO, nanotubes (see
Figure 1c and e). The cross-sections (insets in Figure 1) show
that the removal process is successful over the entire nanotub-
ular layer (/2.5 um), and both XPS (1j) and EDX (1k) results
confirmed that most of the carbon contents was removed by
an etching process. (The remnant amounts are within the
range of natural contamination for both detection techniques.)
The double-walled nanotubes (DT) have an inner diameter of
91 nm at the top and 56 nm at the bottom, whereas for

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. a) Schematic illustration of single-walled TiO, nanotube formation
by etching process. SEM images for ¢) single- and b) double-walled and TEM
images for e) single- and d) double-walled TiO, nanotubes. The inset shows
a SEM cross section of the double and single-walled TiO, nanotubes, respec-
tively. SEM images for f) once and h) twice TiCl, treated double-walled,

g) once and i) twice TiCl, treated single-walled morphology of TiO, nano-
tubes (top view along the length). Carbon amount of single- and double-
walled TiO, nanotubes by j) XPS and k) SEM-EDX.

single-walled (ST) the inner diameter is approximately 105 nm
over the entire tube length.

Both ST and DT were in some experiments treated with TiCl,,
on the one hand to replace the contamination layer by a TiO,
nanoparticle layer (providing a high surface area hierarchical
structure), and also to explore potential electronic effects of
the TiCl, treatment.

The morphologies of the tubes after one-time TiCl, treat-
ment (DT1, ST1) and after two-times TiCl, treatments (DT2,
ST2) are shown in Figure 1f to i (all these structures are shown
after annealing at 450°C). Clearly for DT the TiO, nanoparticle
decoration is less defined than for ST. This is even more appar-
ent from DT2 that shows an increased nanoparticle decoration
onto the tube surface and considerable morphological
changes. Namely, when DT2 is compared to DT1 or DT (Fig-
ure Th to f and b), it is evident that two-times TiCl, treatment
leads to an overfilling of the DT-nanotube with nanoparticles.
In contrast, for the ST, a defined nanoparticle loading is
obtained for one-time and two-times TiCl, treatment with
a clear nanoparticle layer on both the inside and outside of
the tube wall.

Chem. Eur. J. 2015, 21, 9204 - 9208 www.chemeurj.org

9205

CHEMISTRY

A European Journal

Full Paper

In order to evaluate the photoelectrochemical properties,
the photocurrent spectra (Figure2a and c) and electron
transport times (Figure 2b and d) were acquired in a classic
aqueous electrolyte (Na,SO,) as well as in methanol containing
electrolyte. Here the MeOH acts as a hole scavenger in order
to reduce the influence of internal recombination (the fast
transfer of holes to the MeOH electrolyte reduces their
recombination probability with valence band electrons).

Figure 2a and c show the results as IPCE vs. wavelength
curves, and Figure 2b and d show the intensity modulated
photocurrent spectra (IMPS), for the bare nanotubular struc-
tures (DTO and STO) and for the TiCl4 treated ones (one-time
decorated:DT1, ST1; two-times decorated: DT2, ST2). From
these results it is apparent that irrespective of the measuring
solution, single-walled nanotubes and double-walled nano-
tubes in their “native” state provide similar photocurrent mag-
nitude but the ST provide faster electron transport kinetics
(even more pronounced in the hole capture electrolyte). Most
striking is, however, the difference if a single TiCl, treatment is
applied, the ST show 65 % increased efficiency compared to DT
and a one decade faster electron transport than in the untreat-
ed state. The TiCl, treatment also increases the photoelectro-
chemical properties of the DT but only to a significantly lesser
extent. The results thus show that not a higher surface area (a
higher nanoparticle loading) is most responsible for the im-
proved photoelectrochemical properties, but more importantly
the TiCl, treatment provides an additional beneficial effect on
the electron transport properties. The effect can clearly be
observed in both pure 0.1m Na,SO, (Figure 2b) and MeOH
addition electrolytes (Figure 2d).

Further we investigated the effect of annealing temperatures
while keeping a fixed nanoparticle loading. (The annealing
temperature can change the structure and the morphology of
nanotubes, and thus considerably influences the photoelectric
properties.”®) As mentioned before, nanoparticle decorated ST
were exposed to a two-step annealing processes, first after de-
coring and second after the TiCl, treatment. The goal of the
second annealing step was to anneal the nanoparticles.”” We
investigated annealing temperatures of 350, 450 or 600 °C for
1 h (first step) and 10 min (second step), and their influence on
structure, morphology and photoelectrochemical performance.
Figure 3 shows the X-ray diffraction patterns of the different
two-step annealing treatments. When both annealing steps are
performed at 450°C, TiO, nanotubes are composed of anatase
and a low amount of rutile; whereas annealing below 450°C
leads to a similar crystallinity for all nanotubes. Generally, rutile
is detected only when annealing at temperatures over 450 °C.

The influence of the two-step annealing process on the mor-
phology of nanoparticle decorated nanotubes can be seen in
Figure 4, both in the cross-section and corresponding top-
views (insets). TiO, nanotubes annealed at temperatures of 350
or 450°C in both steps (Figure 4a—d) show a similar morpholo-
gy. However, when using 600°C in either or both of the an-
nealing steps, the structure and morphology of nanotubes is
considerably altered (besides the change in crystalline struc-
ture clearly evident in Figure 3). As a matter of fact, the forma-
tion of rutile starts from the bottom of the nanotubes®>” and

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a) IPCE and b) IMPS for different nanoparticle loading in single and double walled TiO, nanotubes in pure 0.1 m Na,SO,; ¢) IPCE and d) IMPS for the
same nanotubular structures in 0.1 M Na,SO, with 2m MeOH addition. The exact treatment of TiCl, cycles is: without (T0), with once (T1) and twice (T2),

respectively.
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Figure 3. X-ray diffraction patterns of 0.1 m TiCl,-treated single-walled TiO,
nanotubes annealed in the first step for 1 h (350, 450, and 600°C) and in the
second step (350, 450, and 600 °C), respectively, for 10 min in air environ-
ment: A, anatase; R, Rutile; T; Ti substrate.
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is accompanied by a sintering and collapse of the structures.
Consequently, the actual thickness of remaining nanotubes is
smaller. Furthermore, when using 600 °C in both steps (see Fig-
ure 4g), the nanoparticles cannot be distinguished as separate
units anymore, meaning that they also were sintered into the
tube wall.

The influence of the annealing treatments on the photo-
electrochemical properties of one-time nanoparticle decorated
single-walled TiO, nanotubes is shown in Figure 5a and b.
ICPE results show the highest photocurrents for the ST
nanotubes with both annealing steps performed at 450°C
(450°C_1 h_450°C_10 min sample). In line with this, IMPS data
shows the fastest transport times for this annealing
sequence.

Best photocurrent improvements were obtained if tubes
and TiCl, decoration were annealed at 450°C in air, providing
a strong beneficial effect on the electric transport effect times.
For higher temperature annealing, an established detrimental
effect of conversion to rutile is observed. That is, the less rutile
in the structure, the higher the photocurrent response of the

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. SEM cross section and top view (insets) images of one-time TiCl,
treated single-walled TiO, nanotubes annealed at a) 350 °C for 1 h and
350°C for 10 min, b) 350°C for 1 h and 450 °C for 10 min, c) 450°C for 1 h
and 350°C for 10 min, d) 450°C for 1 h and 450 °C for 10 min, e) 450°C for
1 h and 600 °C for 10 min, f) 600 °C for 1 h and 450 °C for 10 min, and

g) 600 °C for 1 h and 600 °C for 10 min.

sample. This can be ascribed to a considerably shorter carrier
life time in rutile which reduces the number of charge carriers
reaching the back electrode; consequently, a decrease of the
photocurrent efficiency can be observed.®"

As a conclusion the present results on one hand underline
the detrimental influence of the inner tube shell in the TiO,
nanotubes. By removing this shell and replacing it with “clean”
TiO, nanoparticles, properties of TiO, nanotubes can be signifi-
cantly increased. Most interestingly, however, is that the TiCl,
treatment not only provides “clean” particle decoration but
also leads to a considerable improvement of the electronic
transport properties in the TiO, nanotube walls.

Conclusion

The photoelectrochemical properties of single-walled TiO,
nanotubes (obtained by anodization and subsequent etching)
with and without TiCl, treatment were compared to classic
nanotubes. From photocurrent spectra and intensity modulat-
ed photocurrent spectroscopy (IMPS) it is evident that the
single-walled nanotubes provide significantly higher IPCE
values and shorter electron-transport times than double-walled
nanotubes. Moreover, it is observed that a TiCl, treatment of
the single-walled TiO, nanotubes considerably enhances the
photoelectrochemical properties. This enhancement could be
explained not only by an enlarged surface area but is due
mainly to beneficial electronic properties. This may be ascribed
to for example, surface state passivating effects using TiCl,.
These results suggest that coring followed by an optimal TiCl,

Chem. Eur. J. 2015, 21, 9204 - 9208 www.chemeurj.org
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Figure 5. Results of a) IPCE and b) IMPS in 0.1 M Na,SO, with 2m MeOH
addition, for one-time decorated single-walled TiO, nanotubes annealed in
two steps: first step for 1 h (350, 450, or 600 °C) and second step for 10 min
(350, 450, or 600 °C), in an air environment.

treatment can significantly improve the performance of the
tubes in virtually all photoelectrochemical applications, such as
photocatalysis and dye-sensitized solar cells.

Experimental Section

Titanium foils (0.125 mm thickness, 99.6% purity, Advent) were
chemically polished by a solution containing hydrofluoric acid (HF,
40%, Sigma-Aldrich), nitric acid (HNO,, 70%, Sigma-Aldrich) and
deionized (DI) water (1:4:2 vol.%), followed by washing with DI
water and drying in nitrogen stream. Before measurements the
polished Ti foils were sonicated in acetone, DI water and ethanol
for 15 min, respectively, and then were dried in a nitrogen stream.
The electrolyte consisted of 1.5m lactic acid (LA, 90%, Sigma-Al-
drich), 0.1 M ammonium fluoride (NH,F, 98 %, Sigma-Aldrich) and 5
wt.% of DI water in ethylene glycol (EG, 99.5%, Sigma-Aldrich), as
typically used for the fast growth of highly ordered nanotubular
layers®. The first anodization was carried out in a two-electrode
system with platinum foil as cathode and Ti foil as an anode, using
120V from a high-voltage potentiostat (Jaissle IMP 88 PC) for an
anodization time of 10 min. After anodization, samples were soni-
cated to remove the nanotubular layer and a dimpled structure

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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was left on the Ti substrate, leading to more ordered TiO, nano-
tubes in the subsequent second anodization. The second anodiza-
tion was carried out under the same conditions (electrolyte, volt-
age); however, for obtaining a 2.5 um thick layer, the anodization
time was 1 min at 60°C; heating was performed at the backside of
the Ti substrate using a temperature-controlled thermostat (HAAKE
F3). After anodization, samples were washed in methanol and
dried in nitrogen stream.

Single-walled TiO, nanotubes can be obtained from as-grown TiO,
nanotubes by following procedure: The as-grown samples ob-
tained after anodization are annealed at 150°C for 1 h in air, with
a heating and cooling rate of 30°Cmin~' using a Rapid Thermal
Annealer (Jipelec JetFirst100). Afterwards, the annealed nanotubes
are etched by piranha solution (1:3 vol.% of H,0,/H,SO,) at 70°C
for 330 s. Samples were subsequently annealed at 450°C for 1h
(for annealing experiments also other temperatures were used,
such as 350 and 600°C). On the other hand, to directly obtain an-
nealed double-walled TiO, nanotubes, as-grown nanotubes were
annealed at 450°C for 1 h. For the TiCl,-treatment, single and
double-walled TiO, nanotubes were immersed once or twice in
0.1m TiCl, solution at 70°C for 1h. All treated samples were
washed with DI water and ethanol, and then dried in nitrogen
stream. After the TiCl, treatment, samples were annealed again,
this second annealing step was initially performed at 450°C for
10 min and later other temperatures were also investigated (350
and 600°C).

A field-emission scanning electron microscope (FE-SEM, Hitachi
SEM FE 4800) and a transmission electron microscope (TEM, Philips
CM30 TEM/STEM) were used to perform the morphological charac-
terization of the nanotubular samples. The structure and crystallini-
ty of prepared samples were investigated by x-ray diffraction analy-
sis (XRD, X'pert Philips PMD with a Panalytical X'celerator detector)
using graphite-monochromatized Cuy, radiation (1=1.54056 A). In
order to confirm the amount of the carbon contents both single-
and double-walled TiO, nanotubes, an X-ray photoelectron
spectrometer (XPS, PHI 5600 XPS spectrometer) and an energy
dispersive X-ray spectroscopy (EDX, fitted to SEM chamber) were
used.

Photoelectrochemical characterization was performed with
a 150 W Xe arc lamp (LOT-Oriel Instruments) with an Oriel Corner-
stone 7400 1/8 m monochromator in both pure 0.1 M Na,SO, and
in 2m MeOH containing 0.1m Na,SO, solution, at 500 mV in
a three-electrode system with TiO, nanotubes as photoanode, satu-
rated calomel electrode and platinum foil as a reference electrode
and a counter electrode, respectively. The range of photocurrent
spectra were recorded from 300 to 600 nm.

Intensity modulated photocurrent spectroscopy (IMPS) measure-
ments were carried out using a Zahner IM6 (Zahner Elektrik,
Kronach, Germany) with an UV modulated light (1 =365 nm). The
photoelectrochemical performance of the samples was analyzed in
pure 0.1m Na,SO, solution, and in 2m MeOH containing 0.1™m
Na,SO, solution in a three-electrode configuration, consisting of
TiO, nanotubes as a photoanode, platinum wire as a counter elec-
trode and a Ag/AgCl (3m NaCl) electrode as a reference electrode.
The range of frequency was modulated from 1 MHz to 1 kHz.
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