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In the current work, pulse current deposition has been used to prepare evenly distributed and
uniformly sized Ag nanoparticles on a TiO, nanotube array photoelectrode. The Ag particle size
and loading were controlled by the pulse deposition time. The Ag/TiO, nanotube arrays were
characterized by SEM, TEM, XRD, XPS and UV-vis diffuse reflection absorption. The resulting
electrode contained intimately coupled, three-dimensional Ag/TiO, structures with greatly

improved photocurrent generation and charge transfer compared to a two-dimensional random
Ag particle layer deposited directly on top of the nanotube array by the regular photoinduction
method. A model mechanism is proposed to illustrate the uniform Ag nanoparticle deposition via
the new deposition technique developed in the current work that promotes the uniform
distribution of the Ag particles whilst minimizing their deposition at tube entrances, thus

effectively preventing the pores from becoming clogged.

1. Introduction

In recent years, one-dimensional TiO, array nanostructures,
especially self-organized TiO, nanotube arrays prepared by
electrochemical anodizing, have attracted much attention'™
for applications in photovoltaic cells,*® environmental
puriﬁcation,L9 water photolysis,lo’11 wettability control,'>!3
gas sensors'*!° and biomedical devices'®!” due to their unique
highly ordered array structure, good mechanical and chemical
stability, excellent corrosion resistance and high specific surface
area. However, their photocatalytic efficiency is limited because
of low visible light utilization and the high recombination rate
of photogenerated electron—hole pairs. Many groups have
since attempted to improve the light absorption efficiency by
various approaches, including transition metal cation doping,'®"
non-metal anion doping,?®*? semiconductor heterojunctions®
and surface modification with noble metals.’*>! These purposes
are to increase the light sensitivity range and suppress the
recombination of photogenerated electron—hole pairs. In
terms of the modified noble metal, Ag is one of the most
suitable candidates for industrial applications due to its low
cost and ease of preparation. To the best of our knowledge,
photoinduced deposition and calcination reduction are the
only two main methods employed to deposit Ag nanoparticles
onto TiO, photocatalysts.”® 3! However, neither approach is
able to prevent the aggregation of Ag particles and keep
structures uniform during the deposition process.

To avoid the problem of particle aggregation and further
enhance the photoelectrochemical activity, we have developed
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a simple method using pulse current (PC) deposition to deposit
small and uniformly distributed spherical Ag nanoparticles
onto the surface of prepared TiO, nanotube arrays. This
process is easy to implement and can effectively suppress the
agglomeration of Ag particles by taking advantage of the high
nucleation rate under the PC. The experimental results
indicate that the Ag-decorated photocatalysts prepared by
the PC process show a great enhancement of the photo-
electrochemical activity compared to Ag/TiO, electrodes
prepared by photoreduction. Finally, the formation mechanism
is discussed for uniformly dispersed Ag particles on the surface
of TiO, nanotube arrays.

2. Experimental
2.1 Preparation of TiO, nanotube array films

99.6% purity titanium foils, 0.1 mm thick, were used in the
experiments to prepare TiO, nanotube structures by anodization.
Prior to anodization, the titanium foils (10 x 10 mm?) were
de-greased in an ultrasonic bath in acetone, anhydrous ethanol
and de-ionized (DI) water successively, followed by rinsing
with DI water and drying in air. TiO, nanotube array layers
were fabricated in 0.5 wt% HF electrolyte using the previously
reported electrochemical anodizing technique.>** Non-porous
TiO, layers were also fabricated as a reference sample by
anodizing Tiin IM H,SO,4 at 20 V for 20 min. The as-anodized
amorphous TiO, nanotubes were subsequently annealed at
450 °C in air for 2 h and then cooled at 5 °C min~"' to induce
the formation of crystalline anatase.

2.2 Pulse current electrodeposition of Ag nanoparticles

PC deposition was carried out in an aqueous solution of
10 mM AgNOj; and 100 mM NaNO; at room temperature.
The TiO, nanotube substrate (10 x 10 mm?) and Pt plate
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(20 x 20 mm?) were used as the working and counter electrodes,
respectively. A PC of 10 mA cm 2 with an alternating
0.1 s on-time and 0.3 s off-time was controlled by an Autolab
PGSTAT30 Potentiostat/Galvanostat. To compare the
morphology and performance of the Ag/TiO, electrodes, the
conventional photoreduction method was also carried out by
soaking the TiO, electrodes in a 10 mM AgNO; and 0.1 M
methanol solution with or without ultrasonication, followed
by irradiation with a 20 W UV lamp.

2.3 Materials characterizations

The structure and morphology of the TiO, nanotube array
electrode loaded with pulse-deposited and photoreduced
Ag nanoparticles were observed under a scanning electron
microscope (SEM, LEO-1530) and by transmission electron
microscopy (TEM, Tecnai-F30). The crystal structure of the
Ag-modified TiO, nanotube arrays were analyzed with an
X-ray diffractometer (Philips, Panalytical X’pert, Cu-K,
radiation). The chemical composition of the TiO, nanotubes
was characterized by X-ray photoelectron spectroscopy
(XPS, VG 2000) using Al-K, monochromated radiation as
the exciting source. The binding energy of the target element
(Ag) was determined by using the binding energy of carbon (C
Is: 284.8 V) as a reference. The absorption properties of the
nanotube array samples were investigated using a diffuse
reflectance UV-vis spectrometer (Varian, Cary 5000) with
wavelengths in the 300-500 nm range.

2.4 Photoelectrochemical performance measurements

Electrochemical impedance spectroscopy (EIS) was recorded
by applying an AC voltage of 10 mV amplitude over the
frequency range 0.01 Hz to 100 kHz in a 0.1 M Na,SOy4
solution. The photoelectrochemical measurements were
carried out in an electrochemical cell with a quartz window,
where the as-prepared Ag/TiO, nanostructured film served as
the working electrode and a platinum wire was used as the
counter electrode in a supporting electrolyte of 0.1 M Na,SO,
aqueous solution. A 150 W Xe lamp with a monochromator
was used as the light source. The generated photocurrent
signal was collected using a lock-in amplifier synchronized
with a light chopper. All measurements were controlled and
recorded by a microcomputer under zero bias in the range
250-600 nm.

3. Results and discussion
3.1 Scheme of PC deposition

Fig. 1 shows a diagram of the electrodeposition process with a
rectangular pulse shape. The PC process comprises a series of
alternating pulse-on (7,, = 0.1 s) and pulse-off (Togx = 0.3 s)
events. Compared with conventional direct current deposition,
the longer off-time (or relaxation period) in the PC process
allows time for the depleted metal ions to replenish near the
substrate surface, enhancing the nucleation rate and depressing
dendritic growth.>**> Therefore, the current technique makes
it easy to prepare a uniform Ag film with a controlled particle
size. Moreover, the size and density of Ag particles can be
controlled by varying the current density and the on/off times.
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Fig. 1 A diagram of the PC process with a rectangular pulse shape.
Ton: pulse-on period; Tog: pulse-off period.

3.2 Characterization of Ag/TiO, nanotube array electrodes

Fig. 2a shows a typical SEM image of the Ag nanoparticles
deposited on the non-porous TiO, film by anodizing in 1 M
H,SO,. It can be seen that highly dispersed Ag nanoparticles
with a size of 2-10 nm cover the surface. Fig. 2b—d show SEM
images of Ag nanoparticles deposited on a TiO, nanotube
array film (100 cycles). Similarly, the film is uniform without
obvious agglomeration on the TiO, nanotube array surface.
The EDX spectrum (inset of Fig. 2b) confirms the presence of
Ag and shows a content of about 0.45 at%. From the high
magnification images (Fig. 2c and d), the vertically oriented
TiO, nanotubes, with an inner diameter of approximately
80 nm and a wall thickness of about 15 nm, were entirely
covered by Ag particles. When the pulse deposition time is
increased to 200 circles (Fig. 2e and f), uniform Ag nano-
particles in a cluster form (5-12 nm) can be clearly observed on
top of the tubes. Also, it is more likely that more Ag particles
are deposited on the bottom of the nanotube due to the higher
electric current intensity.*® Direct evidence of this is provided
by the TEM image in Fig. 3.

For comparison, the morphologies of Ag/TiO, nanotubes
prepared by the conventional photocatalytic reduction (PR)
for 5 min are shown in Fig. 4a and b. It is apparent that
non-uniform Ag particles with a size variation from 20 nm to
1 pm are preferably located at the tube openings. The amount
of Ag nanoparticles, estimated by the EDX measurement, is
about 0.56 at%, which is comparable to that obtained by PC
deposition. The average diameter of Ag particles prepared by
the photocatalytic reduction method is much larger than that
prepared by PC deposition. To further verify the effect
of Ag particle size distribution on the photoelectrochemcial
performance of Ag/TiO, electrodes, we have developed an
ultrasound-assisted PR technique to fabricate uniform Ag
particles with a diameter of about 10-20 nm (Fig. 4c and d).
The distribution of Ag particles on the TiO, nanotubes is
better than that by the conventional PR technique, and the
particle size is close to that prepared by PC deposition.

The chemical states of the elements in the Ag particle-coated
TiO, samples were analyzed by X-ray photoelectron
spectroscopy (XPS). Previous studies have shown that the

2 | [journal], [year], [vol], 00-00

This journal i1s @ The Royal Society of Chemistry [year]



Fig. 2 SEM images of Ag/TiO, films prepared by PC deposition: (a)
PC deposition of Ag nanoparticles on a smooth TiO, surface
(100 cycles), (b—d) PC deposition (100 cycles) and (e, f) PC deposition
(200 cycles). The inset image of (b) shows the EDX spectrum of the
corresponding Ag/TiO, nanocomposites.

Fig. 3 A typical TEM image of Ag particles on the TiO, nanotube
wall surface.

Ag3ds, binding energies for Ag, Ag,O and AgO are
approximately 368.2, 367.8 and 367.4 eV, respectively. The
survey spectrum (Fig. 5a) clearly indicates that three major
sets of peaks from the Ols, Ti2p and Ag3d states exist in the
Ag nanoparticle-coated TiO, nanotube sample by PC depostion.
No trace of any impurity is observed, except for a small
amount of adventitious carbon (C1s) from the XPS instrument
itself. A high-resolution XPS spectrum confined to the Ag
window (Fig. 5b) gave binding energies of Ag3d doublet peaks
located at 368.5 (Ag3ds)) and 374.5 (Ag3ds)») eV. This reveals

Fig. 4 SEM images of Ag/TiO, films prepared by photocatalytic
reduction deposition: (a, b) conventional photocatalytic reduction of
Ag particles on TiO, nanotubes and (c, d) ultrasound-assisted photo-
catalytic reduction of Ag particles on TiO, nanotubes.

that the Ag exists in a metallic form.*"*” These results are also
in good agreement with the XRD characterization.

Fig. 6 shows XRD patterns of the Ag/TiO, nanotube
arrays. It is clear that all the samples after 450 °C annealing
show an anatase TiO, phase. The sample prepared by regular
photocatalytic reduction for 5 min shows two obvious peaks
corresponding to the metallic Ag (200) and (220) planes
at 20 values of about 44.3 and 64.2°, respectively (curve d).
The strongest peak of Ag (111) is not visible as it might be
masked by the Ti substrate peak at 20 = 38.4°. Although they
showed comparable Ag contents (~0.5 at%), there are
no obvious peaks belonging to characteristic metallic Ag
in the PC electrodeposition samples (curves b and c). This is
due to the uniformly small and well dispersed Ag particles.
The smaller Ag peaks of the Ag/TiO, sample prepared by
ultrasound-assisted PR deposition verify this assumption
(curve e).

The UV-vis diffuse reflection spectra of pure TiO, nanotube
arrays and Ag-loaded TiO, nanotube arrays prepared by
different techniques are displayed in Fig. 7. It is apparent that
a small and broad absorption peak centered close to 410 nm
can be found in the visible region (curve a). This phenomenon
is attributed to the sub-band gap state of the special TiO,
nanotube array structures.’®* The absorption edges of the
samples loaded with Ag nanoparticles by PC deposition show
a slight blue-shift (curves b and c). The peaks with higher
intensities observed at around 360-500 nm are attributed
to the surface plasmon resonance (SPR) effect of spatially
confined electrons in the Ag nanoparticles.***' It is well
known that the absorption peak of Ag nanoparticles is size-
dependent. An increase in the particle size red-shifts the
absorption peak. Therefore, because of the synergistic effect
of the coupled Ag/TiO, nanostructures, the peaks at about
390 nm in the spectra (curves b and c) indicate a very small Ag
nanoparticle size by PC electrodeposition. A peak at 430 nm
was recorded for the photocatalytically deposited Ag/TiO,
sample (curves d and e); this implies that the size of the Ag
particles prepared is larger than that by PC deposition.
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Fig. 5 XPS analysis results of the Ag/TiO, nanotube sample: (a) the
survey XPS spectrum and (b) the high-resolution spectrum for the Ag
3d states.
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Fig. 6 XRD patterns of (a) 450 °C annealed TiO, nanotube sample
without Ag deposition; Ag/TiO, by PC deposition for (b) 100 cycles and
(c) 200 cycles; (d) Ag/TiO, by photocatalytic reduction; (e) Ag/TiO, by
ultrasound-assisted photocatalytic reduction. A, T and Ag represent
anatase TiO,, the titanium substrate and metallic silver, respectively.

Compared with the typical plasmon peak of Ag nanoparticles
at 400 nm, the SPR band shows a large red-shift and a lower

(a) pure TiO2 electrode

(b) Ag/TIO2 by PC (100 cycles)
(c) AgITiO2 by PC (200 cycles)
(d) Ag/TiO2 by PR
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Fig. 7 Diffuse reflection spectra of (a) a pure TiO, nanotube sample;
an Ag/TiO, sample by PC deposition for (b) 100 cycles and (c)
200 cycles; an Ag/TiO, sample by (d) conventional photocatalytic
reduction and (e) ultrasound-assisted photocatalytic reduction.

intensity. These SPR band shifts might be related to the
interaction between Ag and TiO,.***!

3.3 Photoelectrochemical properties

To compare the interfacial charge transfer resistance, electro-
chemical AC impedance spectra (EIS) were measured for the
TiO, nanotube array films, with or without a coating of Ag
nanoparticles by PC deposition. Fig. 8 shows typical Nyquist
plots of EIS spectra for pure TiO, nanotube array electrodes
and Ag/TiO, array electrodes, with or without UV light
irradiation. The impedance arc radius of the electrodes in
the dark was much bigger than that under UV light irradiation.
This indicates that there were few electrons across the TiO,—
electrolyte interface in the dark; while under UV light
illumination, the arc radius of the Ag/TiO, nanotube array
electrode is obviously smaller than that of the pure TiO,
nanotube array electrode. This demonstrates that the
Ag/TiO, nanotube array electrode exhibits a greater separation
efficiency of photogenerated electron-hole pairs and a faster
charge transfer than the pure TiO, nanotube film at the
solid-liquid interface. Moreover, the Ag/TiO, electrodes by
PC deposition have a superior performance to those prepared
by PR deposition. These results verify that the size and
distribution of Ag particles on the TiO, nanotube surface
have a great effect on its photoelectrochemical performance.
Therefore, the PC technique to fabricate uniform Ag nano-
particles on TiO, nanotube surfaces is a promising way to
improve the efficiency of photocatalysis.

In order to examine the size-specific properties of the
nanostructured Ag/TiO, hybrid materials, photocurrent spectra
measurements were recorded in a photoelectrochemical
measurement system. Fig. 9 shows the photocurrent vs. wave-
length plots for the different TiO, nanotube array electrodes.
As is shown, the coupled Ag/TiO, nanostructure exhibits a
much stronger photoelectrochemical response than the pure
TiO, nanotube array (~ 860 nA), with a peak center at around
330 nm. This peak position displays a blue-shift from the band
gap of pure bulk TiO, (387 nm, 3.2 e¢V) due to the quantum
confinement effect.*> The enhanced visible light harvest is due
to the more efficient electron transfer and greater surface area
by the introduction of Ag nanoparticles onto the TiO,
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Fig. 8 Nyquist plots of the pure TiO, nanotube array electrodes and
the coupled Ag/TiO, array electrodes in the dark and under UV light
illumination. PC: pulse current deposition (100 cycles); PR: photo-
catalytic reduction deposition.

nanotube array to form intimate Ag/TiO, heterojunctions. In
the case of the three-dimensionally well-oriented Ag/TiO,
coupled nanotubes prepared by the PC deposition technique
(Fig. 10), the generated photocurrent is found to be greatly
enhanced, with higher intensities (~ 1700 nA) than that of the
two-dimensional, randomly distributed Ag particles prepared
by regular photocatalytic reduction (~1250 nA), and also
higher than that of the modified Ag/TiO, electrodes of
comparable particle size fabricated by PR with the assistance
of ultrasound (~ 1600 nA). It was also found that the photo-
current intensities of the resultant coupled Ag/TiO, nanotubes
decreased with increasing deposition time. This is attributed to
the smaller and more evenly sized Ag nanoparticles (“metal
islands’’) coated onto the TiO, nanotubes (semiconductor)
that allow the formation of isolated Schottky barriers.*
Schottky barriers serve as efficient electron traps to avoid
electron-hole recombination. Furthermore, because of the

1800
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Fig. 9 Photocurrent spectra of the pure TiO, and Ag/TiO,
electrodes. The inset is the photocurrent spectra in the 400-600 nm
wavelength range. PC: pulse current deposition; PR: photocatalytic
reduction deposition.
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Fig. 10 A schematic comparison of the Ag/TiO, nanotube arrays
created by (I) the newly developed PC deposition technique and (IT)
the regular photocatalytic deposition method.

surface plasmon resonance effect of Ag, the photocurrent
spectrum of the uniform coupled Ag/TiO, electrode shows a
weak photocurrent response in the 410-550 nm range, with a
maximum at about 470 nm (the inset of Fig. 9). However,
superfluous Ag content or a large particle size distribution on
the surface would block the transferring of electrons to the
acceptor to some extent. These results demonstrate the
necessity to optimize coupled electrode nanostructures in an
orderly orientation.

The method described in this study is based on PC electro-
deposition, which allows easy and controllable Ag nanoparticle
dispersed deposition on titania nanotube structures. It can
also be applied to produce other types of coupled metal/
semiconductor nanostructures. In addition, such a versatile
technique to assemble functionally coupled nanomaterials
provides opportunities for improving their performance in a
wide variety of other fields, such as surface-enhanced Raman
scattering (SERS),**** antibacterial biological materials,***’

photochromic devices,*®° ezc.

4. Conclusion

In summary, we have developed a simple pulse current
electrodeposition method to fabricate small and uniform Ag
nanoparticles with a narrow size distribution on TiO, nano-
tube array surfaces. This method effectively suppresses the
rapid growth of Ag particles and promotes the uniform
deposition of small Ag nanoparticles within the TiO, nano-
tube array, while minimizing deposition and clogging at tube
entrances. The resulting electrodes contain intimately coupled
three-dimensional Ag/TiO, nanostructures with greatly
improved photocurrent generation and interfacial charge
transfer rates compared to two-dimensional random Ag
particle layers deposited directly on the upper nanotube areas
by regular photoinduced deposition. This study provides a
convenient way to tailor the photoelectrochemical properties
of Ag/TiO, nanotube array electrodes. The same technique
can also be employed for quantum dot-sensitized solar cells
and photocatalysts.
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