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WO,/TiO, Nanotubes with Strongly Enhanced Photocatalytic Activity
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Initiated by the work of Fujishima and Honda in 1972,
over the past decades, the use of particulate or colloidal
semiconductors in solutions has extensively been studied for
the photocatalytic oxidation of organic waste and pollutants
in water.'¥ By far the most studied material is TiO,, as it is
considered to represent the most suitable photocatalyst, in
view of effectiveness and stability against photodecomposi-
tion.*"1 Typically these photocatalytic systems are used in
form of nanoparticles, either freely suspended in solution or
compacted to a robust photoelectrode. Earlier studies
mainly focused on geometric parameters of the particles
that influence the photocatalytic activity, such as surface
area, size distribution in solution, as well as the TiO, crystal
structure, which was found to play a crucial role.*'¥ Later,
various approaches were reported to enhance the photocata-
lytic activity of TiO,, for example, by decorating the surface
of TiO, nanoparticles with noble metals such as Pt, Pd, Ag,
Au, and so forth.l" More recently, improved photocatalyt-
ic activity was reached by modifying TiO, particles with
other oxides (such as Cr,O, FeO, V.0, MoO,, WO,
etc.).22 The effect of noble particle decoration was mainly
interpreted in terms of a facilitated contribution of the pho-
toexcited electrons in the photocatalytic reaction producing,
for example, superoxide from O, dissolved in aqueous elec-
trolytes, while decoration with other oxides particles may in-
fluence the rate of charge transfer to the environment via
surface states or junction formation. In general, two main
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reactions are considered to be relevant for the photocatalyt-
ic activity of TiO,: 1) the generation of valence-band holes
that upon ejection to the environment (electrolyte) have an
oxidative power sufficient to oxidize almost any organic ma-
terial and 2) conduction-band electrons ejected to the elec-
trolyte that may form reactive superoxides.”’

Most recently, advanced geometries of TiO, have been in-
creasingly explored, in particular self-ordered TiO, nano-
tubes (TiNT) have attracted wide attention due to the high
level of geometrical definition combined with a high surface
area (for an overview see references [23-26]). Such self-or-
dered TiO, nanotubular layers can easily be grown on Ti
metal sheets by a simple but optimized electrochemical
anodization in F~ containing electrolytes.™**?"%! Investiga-
tions of their photocatalytic properties have shown that
these tubular layers can be more efficient than classical
nanoparticulate layers of a comparable thickness.?****!
Self-ordered oxide nanotubes cannot only be grown on pure
Ti, but also on other transition metals such as Mo, W, Ta,
Nb, and so forth, and a full range of Ti alloys including TiW,
TiNb, TiAl, TiMo, TiTa.*>* In the present work, we dem-
onstrate a very strong effect of tungsten addition to the
TiO, nanotubes in terms of their photocatalytic activity. For
this, different TiW alloys (Ti0.2at% W (Ti0.2W) and
Ti9at% W (Ti9W)) as well as pure Ti were anodized to
form ~2 pm-long self-organized tube layers as shown in
Figure 1. To achieve these self-organized layers different
anodization conditions had to be applied as outlined in the
Supporting Information. For all cases, comparable dimen-
sions of nanotubular layers with a tube length between
~22um to 2.6 um and a diameter (obtained from SEM
cross sections) between 85 nm to 100 nm were used. For
the TiW alloys (Figure 1a—d), a thin porous initiation layer is
present on the top of the highly ordered nanotubes, as visi-
ble in the cross-sectional images of Figure 1b and d. Fig-
ure le and f show for comparison, the top view and cross
section of pure TiO, nanotube layers. The top layer can be
removed,™ but this was found to not affect the results
strongly.

— 8993




CHEMISTRY

A EUROPEAN JOURNAL

Figure 1. Scanning electron micrographs of top view (left) and cross sec-
tion (right) of self-organized nanotube layers formed on Ti0.2W(a,b);
Ti9W (c,d) and Ti (e,f).

After formation, all the tube layers are amorphous, but
they can be converted to a crystalline structure by thermal
annealing. Figure 2 shows the XRD patterns for the nano-
tube layers of Figure 1 after the samples were annealed in
air at 450°C for 1 h.

The results indicate that pure TiNT samples underwent,
after annealing, a transformation from amorphous to a
mainly anatase structure together with slight traces of rutile.
For the oxide layers formed on the alloys, the presence of
WO; in the oxide is apparent from the XRD peak at 23.1°
corresponding to a monoclinic phase. As expected this peak
is significantly more apparent for nanotube layers formed
on the 9 at% W alloy than for the oxide formed at 0.2 at %
W. XRD data for different annealing conditions are given in
the Supporting Information. EDX and XPS (shown in Sup-
porting Information) showed that the composition of the
tube oxides corresponds to the substrate, that is, for the
Ti9W alloy tungsten content in the oxide was ~10
atomic %, whereas in case of Ti0.2W no significant W peak
is visible in XRD as this content is below the detection
limit. Moreover, surface chemical composition and the oxi-
dation states of Ti and TiWO, nanotubes were characterized
by X-ray photoelectron spectroscopy (XPS) as shown in Fig-
ure S3 in the Supporting Information. The position of bind-
ing energies (BE) of W4 f,, and W4 £, peaks is slightly
shifted towards lower energy from 35.1 and 37.3 eV to 36.8
and 34.6 eV respectively. This difference in binding energy
ABE=0.5eV, when compared with reference oxide,*” im-
plies that WOj is substoichiometric or has oxygen vacancies
thus forming WO,_,.

The photocatalytic activity for the different WO; contents
was then investigated by decomposition measurements of an
organic dye (Rhodamine B, RhB). Figure 3a shows the deg-
radation kinetics of RhB for samples with different contents
of W (0.2 at% and 9 at %) and for pure TiNTs after anneal-
ing at 450°C. No detectable degradation of RhB dye (photo-
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Figure 2. X-ray diffraction patterns for the layers of Figure 1 after anneal-
ing at 450°.

fading) was observed in absence of catalyst, that is, upon
plain UV (1=325 nm) illumination. The linear profile indi-
cates that the decomposition kinetics can be approximated
by a first-order rate law.”® Pseudo-first-order rate constants
(k) were thus determined from the relation: In(C/C,)=kr,
in which 7 is the time of irradiation. The highest photocata-
lytic activity is clearly observed with 0.2at% of W (k=
2.09h™"), followed by 9at% of W (k=131h"") and the
non-doped TiNT (k=0.68 h™!). Therefore, the influence of
the annealing temperature for low-content TiW samples was
further investigated as shown in Figure 3b. Clearly, for all
temperatures, W doping showed a beneficial effect on the
photocatalytic properties of the TiNTs. The rate constants
for this annealing series were determined as: Kkyspoc=
2.09 h™' > ksspec=1.39 h ™' > k3500c=1.21 h™'. From the XRD
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Figure 3. Photocatalytic degradation of Rhodamine B (RhB, Cy=20 um
in aqueous solution) under UV light (A=325 nm). a) Comparison of W-

doped and undoped TiO, nanotubes. b) Effect of annealing on W-doped
and undoped TiO, nanotubes.

spectra in the Supporting Information it is clear that at
350°C the crystallization of WO; is not entirely complete.
On the other hand, at 550°C significant amount of rutile has
been formed in the nanotube wall. Rutile is generally much
less active in photoelectrochemical applications due to a sig-
nificantly lower electron mobility.””!

To explore the beneficial effect of WO; and the maximum
activity for low WO; contents in the nanotubular system, a
series of photoelectrochemical experiments was performed.
From Figure S4 in the Supporting Information, it is evident
that a main effect of WO; addition is, as expected, a lower-
ing of the optical band gap from 3.12 eV for the anatase
tubes to 3.08 eV for Ti0.2W and 2.98 eV for Ti9 W material;
that is, the effect is the largest for the higher W content.
When performing photocatalytic measurements under con-
stant band-bending conditions (fixed applied potential) and
exciting only the visible spectral part as shown in Figure 4 a,
the nanotube layer containing only 0.2 at% W still shows
the highest efficiency. In other words, neither different
band-bending nor the altered visible absorption coefficient
can be the reason for the maximum efficiency at 0.2 at % W
content.

If we additionally considers the photocurrent results of
Figure 4b and c, we observe slower photocurrent transient
kinetics for the highest W content and most drastic increase
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Figure 4. Photocatalytic degradation of Rhodamine B (RhB, C;=20 um
in aqueous solution) under visible light 1 =405 nm. a) Comparison of W-
doped and undoped TiO, nanotubes. Photocurrent transient spectra with
voltage bias of 500 mV Ag/AgCl in b) 0.1 M Na,SO, electrolyte and c) in
0.1m H,SO, with and without 2m methanol addition.

of the photoresponse if a hole capture agent (CH;OH) is
added to the electrolyte. From these results one may ascribe
the strongly beneficial effect of WO; to the photocatalytic
activity mainly to an enhanced hole-transfer kinetics to the
electrolyte, while at the same time the detrimental effect of
a too high WO; content may originate from charge trapping
effects in the bulk. This is in line with literature,***! which
suggests the presence of WO; in TiO, to influence the re-
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combination rate of the photoproduced electron-hole (e™—
h*) pairs that may be either due to localized heterojunction
formation®® (due to mismatch of the TiO, and WO; band
energies) or to the formation of activating surface species
such as W' states. The present work clearly favors the for-
mation of specific surface features such as W"' states that
act as mediators for charge transfer to the electrolyte.
Overall, to emphasize the drastic increase obtained by
WO; doping of TiO, nanotubes, we compare in Figure 5 the

Photocatalytic degradation of AO7 (C = 2.5*10° M)
with various substrates
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Figure 5. Photocatalytic degradation of AO7 ( C,=2.5x 10 >m in aqueous
solution) under UV light (A =325 nm). Comparison of various TiO, nano-
tubes that were modified with Ag, Au, WO; nanoparticles, and various
mixed oxide nanotubes against undoped TiO, nanotubes are shown.

photocatalytic activity to different approaches to increase
the photocatalytic activity of TiO, nanotubes, such as metal
decoration (Ag/TiNT, Aw/TiNT™)), metal oxide decoration
(WO4/TiNT), and using other mixed oxide nanotubes
(Ti7Mol*¥). Clearly, the low WO;-content TiO, nanotubes
investigated in the present work shows the most superior en-
hancement of all investigated strategies investigated up to
Now.

In summary, the present work shows a strongly beneficial
effect of WO; addition for the photocatalytic activity of
TiO, nanotube layers both in UV and the visible region. Re-
markable is that the strongest enhancement of the photoca-
talytic activity is observed for the addition of low WO; con-
tent (0.2 at% W) to the Ti nanotubes. This is ascribed to a
facilitated charge transfer for the WOj;-containing material.
Overall, the findings presented here provide not only the
basis for enhanced environmental photocatalysis, but also
for other applications of TiO, nanotubes such as surface
wetting,[* antifogging, or regarding payload-release proper-
ties.[*]

Experimental Section

Anodic growth of nanotubes layers: TiO, nanotubes were grown by
anodization of a Ti foil at 30 V for 3 h***!! in a mixture of glycerol (1, 2,
3-propanetriol), water (60:40 vol%) and 0.27m NH,F. For Ti0.2W and
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Ti9W, the anodization was carried out at 120 V for 45 min and 60 min,
respectively, in a solution of ethylene glycol with 0.2M HF after aging the
solution for 24 h.1*!

Annealing: Thermal treatment was carried out in air by using a rapid
thermal annealer (Jipelec JetFirst) at 450°C for 1h with heating and

cooling rate of 30°C min .

Photocatalytic activity:The photocatalytic activites of TiNTs and W-
doped TiNTs were evaluated by measuring the photodegradation of
Rhodamine B (RhB) dye in aqueous solution (initial concentration Cy=
20 um) using a UV/Vis spectrometer (Lambda XLS +, Perkin-Elmer).
Every sample was prepared with same area of 1.35 cm?, which was im-
mersed in a quartz couvette containing RhB ( 2.5 mL, C,H;N,0;Cl,
Cinitir =20 pM) and kept for 30 min in dark (in dye) to establish the dye
adsorption/desorption equilibrium. Certain experiments (as shown in
Figure 5, of Acid Orange 7 (AO7, 3mL, C¢H;N,O,SNa, Ciiu=2.5%
10~ mol L") a model pollutant was also used as a standard dye for deg-
radation. Once the equilibrium was established, a UV laser (He-Cd,
Kimmon Japan A=325nm, I, =60 mWcm ) and visible laser of A=
405 nm was used for irradiation of the sample surface. The solution in
the couvette was stirred at 300 rpm. Experiments were done at room
temperature. The maximum absorbance of RhB dye was observed at A=
554 nm. Therefore, change in concentration is recorded at regular inter-
vals of time (of approx. every 20 min) at this wavelength.

Photocurrent transient measurements: To investigate the photoresponse
of TiNT, Ti0.2W and Ti9W layers, photoelectrochemical measurements
were carried out in an aqueous solution of 0.1m H,SO,. Photocurrent
spectra and transients were recorded at a constant potential of 500 mV
versus Ag/AgCl in the illumination range of 320-600 nm using an Oriel
6356 Xe lamp and an Oriel Cornerstone 7400 1/8 m monochromator.

SEM: A field emission scanning electron microscope (HITACHI SEM
FE S4800) was used to investigate morphology of samples.

EDX: Semiquantitative analysis of nanotubes layer were performed by
energy dispersive X-ray spectroscopy (EDX). The contents of WO; are
10.73 and 5.6 at% W outside and inside the anodized area respectively.

XRD: X-ray diffraction (XRD) analysis was performed Philips X'Pert
PRO diffractometer with monochromatic Cug, radiation.
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