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ABSTRACT: The present work shows a significant enhance-
ment of the photoelectrochemical water-splitting performance
of anodic TiO, nanotube layers grown on low concentration
(0.01—0.2 at% Ru) Ti—Ru alloys. Under optimized preparation
conditions (0.05 at% Ru, 450 °C annealing) the water splitting
rate of the oxide tubes could be 6-fold increased. Moreover, the
beneficial effect is very stable with illumination time; this is in
contrast to other typical doping approaches of TiO,.

ver since Fujishima and Honda' reported on the photoelec-
Etrolysis of water into H, and O, on a TiO, electrode, much
attention has been drawn to produce hydrogen from water or
organic fuels using various photocatalyst materials under suitable
light irradiation.”” * The water splitting reaction is based on the
light induced electron—hole pair creation in a semiconductive
material and the subsequent phase transfer reaction of the charge
carriers to reduce/oxidize H,O to H, and O,. The main factors
limiting the efficiency using pure TiO, as a water splitting
photocatalyst are that (i) it can only absorb the UV light of the
solar spectrum (owing to the wide band gap of 3.0—3.2 eV) and
that (ii) only a sluggish charge transfer kinetics to H,O is
obtained. Main efforts are therefore directed to enhance the
photocatalytic material by band gap engineering (narrowing the
band gap and aligning the band-edge positions) and to facilitate
charge transfer by maximizing the surface area and using charge-
transfer catalysts.” '' In terms of band gap engineering to narrow
the band gap, most widely used are nitrides or oxonitrides.'>"?
However, these materials tend to photodecompose, and thus
they typically lack a sufficient long-term stability.'> In contrast,
TiO, is photostable, but to achieve reasonably efficient H,
evolution, the electron transfer reaction to the electrolyte needs
to be catalyzed, typically using either Pt nanoparticles'*~'® or a
photoelectrochemical arrangement, where the TiO, based
photocatalyst is used as a photoanode in combination with a
separate Pt cathode. Additionally, for catalyzing the O, produc-
tion reaction, some work used TiO, decorated with RuO,
nanoparticles, this with variable success."’ " In order to achieve
areasonable overall efficiency, high surface area photoanodes are
required that are built of a nanoscale TiO, network, for example
by fabricating layers of compacted nanoparticles.
Most recently, a highly promising route to obtain efficient and
highly defined nanoscale photoelectrodes has been reported,
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which is the anodic growth of self-organized TiO, nanotube
layers on Ti. Length, diameter, and crystallinity of such layers can
be adjusted by the selection of the anodization parameters** and
the thermal post-treatment.”’ These TiO, nanotubular layers
grow vertically aligned on the Ti substrate (i.e., represent directly
back contacted electrodes) and were reported to show excellent
photoelectrochemical properties, which are significantly en-
hanced compared with nanoparticulate layers.>***

In the present work, we demonstrate how a strong improve-
ment of the water splitting activity of such nanotubular anodes
can be achieved if the oxide nanotubes are grown by anodizing a
Ti—Ru alloy substrate under self-organizing oxide-tube forming
conditions. The resulting nanotube oxide layers, after an appro-
priate heat treatment, not only show strongly enhanced water
splitting ability, in comparison to an undoped TiO, nanotube
sample, but also provide (in contrast to many other doping
attempts'*) long-term stability. Moreover, this approach, where
an alloy is used to grow oxide tubes, is found to be much more
efficient than any attempt to achieve a similar effect by decorating
pure TiO, nanotubes with RuO, nanoparticles.

An example of a Ru-doped TiO, nanotube layer is shown in
the SEM images of Figure 1a,b. The 4 um thick layer was grown
on a 0.05 at% Ti—Ru alloy by electrochemical anodization in an
ethylene glycol electrolyte containing 0.2 M HF (experimental
details on alloy preparation and anodization are given in the
Supporting Information (SI)). Self-organized oxide nanotubes
were grown on substrates with different amounts of Ru
(containing 0.01 at%, 0.05 at%, 0.1 at%, 0.2 at%, 0.5 at%, and
1.2 at%). SEM images are given in the SI (Figure S1). For Ru
concentrations higher than 1.2 at%, anodization resulted in
increasingly disordered nanotube layers, and at concentrations
>$ at% only highly random porous oxide layers were obtained. For
all the samples it was found that the as-grown nanotube layers are
amorphous as shown in the SAED pattern in Figure 1c—d and
the XRD spectra in Figure 1f (shown for the 0.05 at% Ru
sample). To crystallize the tubes, we annealed the samples at
various temperatures. Figure le shows the SAED pattern, and
Figure 1f the XRD pattern after annealing the 0.05 at% sample at
450 °C. Both XRD and SAED patterns show the conversion to
anatase with a small amount of rutile. Although crystallization of
RuO, is expected to take place around 300 °C,”* in the XRD
pattern, this conversion could not be observed due to the low
Ru concentration. The presence of RuO, can, however, be
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Figure 1. (a) Top viewand (b) cross-sectional view SEM images of 0.05
at% Ru doped TiO, nanotube layers. (c) TEM image of an as-grown
single nanotube doped with 0.2 at% Ru and the corresponding SAED
pattern (d) before and (e) after annealing. (f) XRD pattern of 0.05 at%
Ru doped TiO, nanotube layers, as-formed and after annealing at 450 °C
for 1 h, revealing mostly anatase TiO, and no significant RuO, peak due
to a very low doping concentration (A, anatase; R, rutile; T, titanium).

confirmed by the TOF-SIMS analysis (see SI, Figure S2). This
uptake, however, does not change the optical absorption char-
acteristics significantly (Figure S3). For different annealing
temperatures, the amount of rutile phase increases, and at
650 °C, the nanotube layer transformed mostly into a rutile
phase and a minor amount of anatase (see SI, Figure S4).
Figure 2 shows an assessment of different tubes in terms of
their photoelectrochemical water splitting performance under
simulated sunlight AM 1.5 conditions. From the photocurrent
transient vs potential curves, it is apparent that the nanotubes
grown on Ru alloys can show a significantly enhanced perfor-
mance in comparison with undoped TiO, nanotubes. If the tubes
are annealed at various temperatures a maximum efficiency can
be found for 450 °C (Figure 2c—d). It is also evident that an
optimum concentration of 0.05 at% Ru exists. These tubes, after
annealing at 450 °C, show an almost 6-fold increase of the
photocurrent compared with nondoped TiO, nanotubes. Ac-
cordingly, GC analysis revealed a H, production rate of 45 ymol/
h/cm® (measured at 500 mV), which indicates a nearly 100%
conversion of the current to H, with an H,/O, ratio of ~2:1. For
all nanotube layers an increase in the photocurrent with an
increase in the applied potential can be observed with a dark
current that remains very low (<S #A). If the photoelectrochemical
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Figure 2. (a) Photocurrent transient vs potential curves of different Ru
substrate contents (0—1.2 at%) TiO, nanotube layers after annealing at
450 °C for 1 h and (b) corresponding photostability experiment for 1 h
holding at S00 mV. (c) Photocurrent transient vs potential curves for
0.05 at% Ru content layers after annealing at different temperatures
(350—650 °C) and (d) photostability experiment holding at S00 mV.
All experiments were carried out in 1 M KOH solution using a Ag/AgCl
reference electrode under AM 1.5 illumination.

water splitting efficiency is evaluated (as shown in the SI, Figure S6),
an increase from 0.25% for pure TiO, nanotubes to 0.91% for the
nanotube layers on the alloy is obtained. A very important finding is
that the Ru effect is extremely stable (Figure 2b); i.e.,, the beneficial
effect does not deteriorate with time. Even if the experiment is
carried out for 14 h, no significant drop in the photocurrent (H,
production rate) can be observed (see SI, Figure S7). This is a key
advantage over other doping approaches, using N- or C-doping in
TiO, or Ta,Os, where a significant drop in efficiency is reported
with illumination time (for example, the water splitting efficiency of
TaON drops by 80% within 5 min under similar illumination
conditions'”). Moreover, it should be pointed out that the present
approach is far superior to attempts that apply the RuO, catalyst to
the TiO, nanotubes by nanoparticle loading. This is shown in the SI
(Figure S8) where TiO, nanotubes were decorated with RuO,
nanoparticles using various procedures,”® where the water splitting
performance could only mildly be influenced by particle decoration;
i.e,, the bulk-doping process introduced in the present paper yields a
significantly higher performance.

In conclusion, we demonstrate a strong and stable enhance-
ment of the photoelectrochemical water splitting activity of
anodic TiO, nanoube layers grown by anodization on low concen-
tration Ru in Ti—Ru alloys. The effect is far superior to attempts
using RuO, nanoparticles as a surface catalyst. The overall water
splitting efficiency depends on the Ru content and the annealing
conditions. Under an optimized preparation procedure the water
splitting rate of TiO, nanotubes could be almost 6-fold increased
in comparison with undoped TiO, nanotube layers.
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