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Self-assembled bundled TiO, nanowire arrays
encapsulated with indium tin oxide for broadband
absorption in plasmonic photocatalysis
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In order to enhance photocatalysis by broadening light harvesting, bundled TiO, nanowire bundle arrays
are encapsulated with indium tin oxide (ITO) by a self-assembly technique involving anodization,
electrochemical etching, and ITO deposition. The plasmonic photocatalyst, which has a multiscale
structure with variable nanoscale gaps as well as microscale funnels, shows broadband localized surface
plasmon resonance absorption of 84% in the wavelength range between 400 and 2500 nm. The
improved photocatalytic efficiency is demonstrated by methyl orange degradation under sunlight
illumination. The improvement stems from enhanced light harvesting arising from the localized surface
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1. Introduction

Titanium dioxide (TiO,) is an extensively studied semiconductor
in photocatalysis due to its promising performance in applica-
tions including decomposition of toxic organics," hydrogen
evolution from water splitting,*® and photo-induced carbon
dioxide reduction.”® Nevertheless, the large bandgap of TiO,
(~3.2 eV) limits its photo-absorption to the ultraviolet (UV)
region, which only accounts for about 4% of the total solar
energy.'"'? Hence, semiconductor photocatalysts that can harvest
a wide spectrum of solar light for efficient solar energy conversion
is crucial to photocatalysis. Several strategies such as doping
with nonmetals (NO, and N)**® or metals (Cr and V)*"*° and
construction of heterojunctions®**>*> have been proposed to
extend the absorption of TiO, to visible light. However, the
doped materials typically suffer from thermal instability, photo-
corrosion, and fast e /h* recombination rates, thereby limiting
their photocatalytic efficiency. Moreover, near-infrared (NIR)
light, which accounts for 50% of the solar spectrum, is barely
utilized. Consequently, there is much interest in developing
efficient photocatalysts with a wide absorption range spanning
UV to NIR.

Plasmonic photocatalysts composed of plasmonic materials
and semiconductors have attracted increasing interest because
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regions and excites hot charge carriers.

of their excellent optical absorption from the visible to NIR
regions and superior photocatalytic performance.** >’ Plasmonic
photocatalysis benefits from localized surface plasmon resonance
(LSPR) which represents the strong oscillation of the free electrons
on the surface of plasmonic materials in phase with the varying
electric field of the incident light. There are three strategies to
extend the photocatalytic performance of plasmonic photo-
catalysts to the visible and NIR light range. Firstly, the plasmonic
materials can be directly coupled to semiconductors so that the
photogenerated electrons or holes from LSPR absorption may
be transferred to the semiconductors.”® Secondly, the excited
plasmonic components can also transfer the absorbed energy to
semiconductors radiatively through the localized interactions
between the semiconductors and the LSPR-induced enhanced
localized electric field.>® The third one is that heat generated
from LSPR absorption to the surroundings due to nonradiative
decay of surface plasmons to phonons can accelerate the photo-
catalytic reactions by increasing the local temperature around
the semiconductors.*

In order to maximize the plasmonic effects in the TiO,
photocatalytic performance, the plasmonic materials are
expected to provide good overlap between the LSPR absorption
band and incident light. The resonant wavelength and LSPR
intensity depend not only on the nature of the plasmonic materials,
but also the size and shape of the nanostructures.***® By
manipulating the composition and morphology of the plasmonic
materials, it is possible to design nanostructures that interact with
the broad solar spectrum.***> Among the different plasmonic
photocatalysts, much attention has been paid to harvesting visible
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light from metallic nanoparticles (Ag: ca. 410 nm, Au: ca. 520 nm),>*
but there has been less effort to harvest long-wavelength light
which actually accounts for a larger proportion of solar energy.**”
Indium tin oxide (ITO) with tunable LSPR absorption in the NIR
region is a possible candidate.*® ITO is a transparent, conducting
oxide typically consisting of 90 wt% indium oxide (In,0O3) and
10 wt% tin oxide (SnO,). Compared to noble-metal nanostruc-
tures, ITO possesses excellent chemical stability and losses are
quite small at NIR and at longer wavelengths.*® Herein, we
describe a strategy to achieve wide-range visible-NIR light
harvesting in TiO,. The materials are prepared by introducing
ITO nanoparticles on a bundled nanowire array (BNWA) using a
bottom-up self-assembly approach that combines anodization
and electric-field-directed electrochemical etching. The ITO-BNWA
plasmonic photocatalyst has multiscale structures with a small
taper angle and varying nanogaps between aggregated nanowires.
Broadband absorption with an average absorption of 84% in the
wavelength range between 400 and 2500 nm is achieved. The
photocatalytic activity is further evaluated by means of methyl
orange (MO) degradation under solar light illumination and is
compared to that of intrinsic TiO,.

2. Experimental details
2.1 Fabrication of bundled TiO, nanowire arrays

Prior to anodization, the high-purity titanium (Ti) foils (99.7%,
30 mm X 30 mm X 0.5 mm in size) were ultrasonically cleaned
in acetone, ethanol, and distilled water for 10 min each.
Chemical polishing was then carried out for 5 min in a mixture
of hydrofluoric acid (40 wt%), nitric acid (65 wt%), and water
with a volume ratio of 1:4:5 to further remove surface impurities,
followed by rinsing in distilled water and drying in N,.

The BNWAs were prepared by potentiostatic anodization of
the Ti foil (with an exposed area of 2.5 cm?) in a two-electrode
electrochemical cell with platinum foil as the cathode and Ti
foil as the anode. Anodization was carried out in an electrolyte
containing ammonium fluoride (NH,F, 0.9 wt%), water (3 vol%),
and ethylene glycol (EG) at 60 V and room temperature. The
distance between the two electrodes was 2 cm. After anodization
for 1.5 h, the samples were cleaned with distilled water imme-
diately, dried with N,, and annealed in air at 400 °C for 0.5 h.

2.2 Deposition of the ITO film

The ITO (10% Sn-doped) films were prepared using BNWAs by
the magnetron sputtering system (ATC orion sputtering system)
in an oxygen/argon plasma with a ratio at 1: 32 at room temperature.
The magnetron power was 60 W. During deposition, the pressure in
the chamber was 0.5 Pa and the distance between the target and
the substrate was 10 cm. The deposition rate was calculated to be
0.71 nm s~ *. In order to improve crystallization, the samples were
annealed at 400 °C for 0.5 h under vacuum.

2.3 Characterization

Scanning electron microscopy (SEM, FEI Inspect F50) was used
to examine the morphology of the nanocomposites and X-ray
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diffraction (XRD, Smartlab, Cu Ka1) was performed to investi-
gate the crystal structure. Transmission electron microscopic
(TEM) images and high resolution transmission electron micro-
scopic (HRTEM) images were acquired using a FEI Tecnai G20.
An ultra-violet visible near infra-red spectrophotometer with a
60 nm diameter integrating sphere (PE Lamda 750) was
employed in the hemispherical reflectance measurements in
the UV-Vis-NIR range (200 nm to 2.5 um). A Fourier transform
infrared spectrometer (PE Spectrum 100) with specular trans-
mittance and reflectance accessories was used to acquire
spectra in the mid-infrared regime (400 to 4000 cm™ ') with a

resolution of 4 cm™*.

2.4 Evaluation of photocatalytic activity

The photocatalytic activity of the BNWA was evaluated by
photo-decomposition of methyl orange (MO) under light irra-
diation using a solar simulator (ABET Technologies Sun 2000)
at room temperature. The sample was put in 5 mL of an MO
aqueous solution with a concentration of 2.5 x 10™* M in a
10 mL beaker. The active area of the photocatalyst was about
2.5 cm” (@ 1.8 cm). Prior to irradiation, the system was kept in
the dark for 30 min to establish the adsorption/desorption
equilibrium between the dye and the photocatalyst under
ambient conditions. At given irradiation intervals, the solution
was collected for analysis. The residual MO concentration was
determined by UV-Vis spectrophotometry (HALO DB-20S).

3. Results and discussion

As shown in Fig. 1, self-aggregated bundled TiO, nanowire
arrays are formed by a simple anodization process in ethylene
glycol (EG) containing NH,F and water. Fig. 1a shows that the
BNWA covering the entire surface has an average diameter of
50 nm and a length of around 6 um. The thicknesses of the
double layer structure of the top nanowires and bottom nano-
tubes are 2 pm and 14 pm, respectively, according to the cross-
sectional SEM image in Fig. 1b. The nanowires are formed by
field-assisted electrochemical etching and chemical dissolution
at the mouth of the tubes as shown in the following:*°

Field-assisted etching: TiO, + 6F + 4H" — [TiF¢[>~ + 2H,0
and
Chemical dissolution: TiO, + 6HF — [TiFg]*~ + 2H,0 + 2H".

Owing to the presence of F~ and H' at the mouth of the
nanotubes, field-assisted etching occurs at the statistically
distributed ‘“‘breakdown sites”, similar to the pitting process
in the initial stage of anodization of TiO, nanotubes. As
anodization proceeds, the nanotubes split along the vertical
tube axis to form nanowires from the top as shown in Fig. 1d.
After anodization, the sample is taken out, washed with dis-
tilled water, and dried under flowing N,. In the drying process,
if the water-air surface tension between the two TiO, nanowires
exceeds the stiffness of the nanowires, the nanowires will bend
towards the surrounding nanowires. If this bending force is
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Fig. 1 Representative SEM images of the BNWA prepared by anodization
of Ti foils: (a) overview of nanowire bundles, with the inset showing the
magnified view of the nanowires; (b) cross-sectional view of (a); (c) top
view of the ITO encapsulated BNWA, with the inset showing the magnified
view of the ITO encapsulated nanowires; (d) schematic diagram of the
mechanism of the formation of nanowires on the anodic TiO, nanotube
arrays.

greater than the yield strength, the bending nanowires
will plastically collapse, resulting in the formation of self-
aggregated nanowire bundles.*' Because the surface tension
has a random direction, the BNWA shows an irregular three-
dimensional (3D) pattern resembling mountain ridges and
valleys, as shown in the SEM images in Fig. 1a. On top of the
structure, an ITO film with 30 nm thickness is sputter-
deposited after annealing and the bundled nanowire structure
still exists as shown in Fig. 1c. It is noted that the film is black
in color.

To understand and analyze the plasmonic modes of the
nanostructured ITO membrane, the shape and size of the
collapsed TiO, nanowires before ITO coating are determined.
Fig. 2a shows that TiO, nanotubes with a diameter of about
120 nm exist underneath the nanowire layer and the bottom
ends of the nanowires are mechanically connected to the
mouth of the nanotubes. The cross-sectional SEM image of
the BNWA in Fig. 2b shows that the self-aggregated bundle has
the shape of a concave funnel with an average inclined angle of
30°, a height of 2.9 um, and a width of 5 pm.
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Fig. 2 SEM images of the nanostructure: (a) collapsed TiO, nanowires
linked to the vertices of the nanotube unit on the bottom; (b) typical cross-
sectional view of the ITO membrane showing funnel-shaped bundles, in
which the red dashed line indicates the outline of the cross-section of a
TiO, nanowire bundle. Scale bars, (a) 200 nm and (b) 1 pm, respectively.

The ITO encapsulated TiO, nanowire structure can be clearly
observed in the TEM image in Fig. 3(a). Fig. 3(b) shows the HRTEM
diffraction fringe pattern with lattice spacings of 0.350 nm and
0.270 nm corresponding to the (101) plane of TiO, and the (321)
plane of ITO, respectively. XRD is performed to investigate the
crystalline phase and the crystal structure of the as-prepared and
ITO coated BNWAs. The as-prepared BNWA is amorphous and no
diffraction peaks associated with crystalline TiO, are detected
(Fig. 3c). The salient diffraction peaks of the annealed sample
are associated with crystallized ITO and anatase TiO, except those
arising from the underlying Ti substrate. The sharp peaks at
20 = 37° and 48° are indexed to the TiO, anatase phases (103)
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Fig. 3 (a) TEM image and (b) HRTEM image of the ITO encapsulated
BNWA; (c) XRD spectra of the as-prepared, annealed and ITO encapsulated
BNWA.
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Fig. 4 Reflection and absorption spectra of the black plasmonic composite
photocatalyst ITO-BNWA.

and (200). Anatase is generally recognized to be the most active
in photocatalysis among the common crystal phases of TiO,.**>™**
There are weak diffraction peaks associated with ITO at
20 = 35.5° 50.9°% 60.7°, and 74.4°. These patterns match the
diffraction patterns of the (400), (440), (622) and (800) planes of
cubic crystalline ITO.

Fig. 4 shows the reflection and absorption spectra of the
ITO-BNWA. The membrane has broadband absorption pro-
perties and low reflection of less than ~6% in the range of
400-2500 nm. The reflection spectrum in the mid-infrared
region is displayed in the inset of Fig. 4 and the average
reflection is as low as ~3% in the range of 2.5-25 pm. Broad-
band absorption originates from the multiple LSPR modes of
the ITO film, multiple nanoscale gaps with a depth of a few
micrometers, as well as the microscale funnel shape. ITO is a
conducting metal oxide consisting of a metal oxide semicon-
ductor, In,0;, doped with a group IV element, Sn. Sn provides
free charge carriers that are responsible for the LSPR effect,
which is phenomenologically the same as that observed from
noble metals. The density of free charge carriers in ITO
(n ~ 10*" electrons per cm®) is smaller than that of noble
metals (n ~ 10> electrons per cm®)*® and as a result, the
intrinsic LSPR absorption of ITO appears at longer wavelengths
in the NIR region. LSPR absorption is determined by not only
the properties but also the morphological features of the
plasmonic materials. Here, the TiO, nanowires collapse and
aggregate in arbitrary directions to form the membrane. The
ITO structure is still aligned with the BNWA after sputter-
coating. The ridges and valleys are randomly distributed and
the cross sections have a common funnel shape. The inhomo-
geneous morphology supports the LSPR modes over a wide
wavelength range giving rise to broadband light absorption.
Furthermore, increasing the photon path length in the surface
region of TiO, due to multiple scattering in the ITO film
enhances optical absorption.

To evaluate the photocatalytic activity, MO photocatalytic
degradation experiments are performed under solar light illu-
mination. The absorption spectra of the aqueous MO are
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Fig. 5 (a) Self-degradation of MO under solar light irradiation and photo-
catalytic degradation of the as-prepared, annealed and ITO encapsulated
BNWA; (b) stability in the ITO-BNWA photocatalytic degradation of MO
after three cycles.

monitored for over 3 h and the change in the intensity of
the MO absorption peak at 4 = 463.5 nm is used to determine
the decay rates by fitting the data to c/c,, where ¢, and ¢ are the
absorbance of MO at time ¢ = 0 and ¢ (¢ denoting the reaction
time). Fig. 5a shows the comparison among the amorphous,
annealed, and ITO encapsulated BNWA. Photocatalytic activity
is barely observed from the pristine amorphous BNWA because
of the low absorption ratio of solar light. On the other hand, the
degradation rate of the annealed samples with ITO increases
significantly and generally, the photocatalytic efficiency can be
estimated by the following first-order kinetics equation:

x = —In(c/cy)/t,

where x is the reaction rate. Additionally, the durability of a
photocatalyst is crucial and the stability is assessed by cycling
experiments (Fig. 5b). After three cycles of photocatalytic
degradation of MO, the catalyst does not exhibit any significant
loss of efficiency confirming the stability.

Two mechanisms are responsible for the enhanced photo-
catalytic activity. The first one is charge carrier injection from
ITO to TiO, and the second one is energy transfer from excited
ITO LSPR to TiO,. The addition of Sn donor impurities contributes
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Fig. 6 Schematic illustration of photocatalytic degradation of MO on
ITO-BNWA due to the LSPR effect of ITO under visible and NIR light
irradiation.

electron energy levels high in the semiconductor band gap so that
electrons can be easily excited into the conduction band. Since
LSPR is induced by electromagnetic radiation, the ITO film drives
collective electron oscillations. Non-radiative relaxation of
plasmons transfers the incident photon energy to hot electrons
which acquire sufficient energy and momentum to overcome
the heterojunction barrier at the ITO-TiO, interface*®*’
(see Fig. 6). The injected electrons then reduce dissolved oxygen
adsorbed on the surface of TiO, to form *OH radicals via chain
reactions.*® Electron injection from the ITO film into the
conduction band of TiO, leaves a positive charge (hole) on
the conduction band of ITO which can be neutralized by
electron-donating species in the solution. The holes that transfer
to the surface of the ITO film and *OH radicals originating from
electro-reduction of dissolved oxygen with electrons are the major
reactive oxygen species responsible for MO degradation.*’
Although the heterojunction between the ITO and the TiO,
may enable electrons in the conduction band of TiO, to transfer
back to ITO as shown by the dashed line in Fig. 6, the intensive
LSPR effect still dominates in the migration of electrons
resulting in continuous hot electron injection into TiO,. Mean-
while, the ITO film produces heat under optical illumination
due to nonradiative decay of surface plasmons into phonon
modes.”® Localized heating and the ensuing temperature
increase further enhance the photocatalytic activity by increas-
ing the redox reaction rate and mass transfer.

4. Conclusion

Broadband visible-NIR light harvesting is achieved by encapsu-
lating the bundled nanowire array (BNWA) with TiO,. The
nanostructured BNWAs are fabricated by anodization of tita-
nium foils in EG + NH,F. The TiO, nanowires produced by
vertical splitting of the anodically grown nanotubes collapse
into bundles due to surface tension in the drying process. After
ITO sputter-coating and annealing, the ITO encapsulated
BNWAs show a random 3D pattern of ridges and valleys and
a cross section with a microscale funnel shape. The bundles
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have a multiscale structure and variable ITO nanoscale gaps
ranging from zero to hundreds of nanometers over a depth of a
few microns and the microscale funnel structure leads to
broadband absorption. The plasmonic photocatalyst shows an
average absorption efficiency of 84% in the wavelength range
between 400 and 2500 nm, a solar light photocatalytic activity
enhancement of 50%, and good stability due to localized
surface plasmon resonance absorption of ITO under solar light
irradiation and charge separation at the ITO layer. The ITO-BNWA
plasmonic photocatalyst with broadband absorption spanning the
visible and mid-infrared regions has great potential in efficient
harvesting of sunlight in photocatalytic applications.
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