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Abstract TiO, nanotube arrays (NTAs) decorated with
controllable Ag particles were prepared by pulse reverse
current deposition in AgNO3z/NaNO; aqueous solution,
aiming to improve the photoelectrochemical properties of
TiO, NTA electrode in visible-light region. By tuning the
pulse current density and deposited charge density, a
controllable synthesis of Ag structures was achieved.
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Excellent photocurrent responses of TiO, NTAs in UV and
visible light regions were achieved by depositing Ag
nanorods and nanoparticles, which was attributed to highly
efficient charge separation by the Schottky junction at the
Ag/TiO, interface and localized surface plasmon resonance
effect of Ag nanostructures.
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1 Introduction

Owing to the energy crisis and environmental pollution,
tremendous efforts have been devoted to utilize solar
energy for hydrogen production and organic compound
degradation via developing semiconductor-based photo-
catalysts. TiO, nanomaterials have been undoubtedly pro-
ven to be the most promising photocatalysts due to the high
chemical and physical stability, nontoxity and low price
[1, 2]. Among various TiO, architectures, vertically
aligned TiO, nanotube arrays (TNAs) crafted by electro-
chemical anodization have been extensively studied in
view of its merits such as facile synthesis, high-specific
surface area, and highly ordered array structure which is
favorable for transportation of photo-generated excitions
[3-8]. Despite the unique properties above, TiO, NTAs
suffer from two major drawbacks: its intrinsic wide band-
gap (i.e., 3.2 eV for anatase) leading to the low utilization
efficiency of the solar spectrum and its high recombination
rate of photo-generated electron-hole pairs. To this end,
many strategies have been developed in quest of higher
photocatalytic efficiency and utilization of solar light.
Recently, construction of noble metal-semiconductor
nanocomposites has emerged as an outstanding approach to
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improve the photocatalytic efficiency [9-12]. On one hand,
the Schottky junction at the metal/semiconductor interface
enhances the separation rate of photo-generated electrons
and holes [13—16]. On the other hand, the surface plasmon
resonance (SPR) effect of noble metals (mainly Au and Ag)
enables the light adsorption in visible region [12, 17, 18].
Compared with Au, Ag is particularly suitable for industrial
applications for its nontoxicity, relatively low price, and
easy preparation of Ag-TiO, composites. Several tech-
niques, such as electrodeposition, photo-reduction, atomic
layer deposition, successive ionic layer adsorption, and
reaction and solvothermal reduction, have been reported to
fabricate Ag-TiO, NTAs [14, 19-27].

As a facile, versatile and inexpensive technique for
decorating Ag nanoparticles on TiO, NTAs, electrodepo-
sition has attracted immense attention. In particular, gal-
vanostatic pulse current deposition (PCD) technique has
been recently considered to be highly effective. Compared
with the traditional direct current deposition, PCD pos-
sesses the advantages in controlling the morphology of
deposited particles by tuning the variable process param-
eters like pulse current density, pulse on-time, and pulse
off-time [14, 24]. In our previous studies [14, 21], Ag
nanoparticles on the surface of TiO, nanotubes were syn-
thesized by PCD. However, it is inevitable that some big
Ag nanoparticles were always deposited on the top of TiO,
nanotubes, which declined the photocatalytic activity.
Therefore, it is highly desired to optimize the
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electrodeposition parameters for achieving a rational
design and effective control of Ag structure. Further,
nanoparticle fabrication using PCD with a homogeneous
size distribution remains a challenge.

Herein, we demonstrate a facile galvanostatic pulse
reverse current deposition (PRCD) approach for tuning the
size of Ag nanoparticles on TiO, NTAs by varying the pulse
current density and deposited charge density, respectively.
Using reverse anodic pulse is aiming for the removal of the
unwanted Ag particles on the top of nanotube arrays via
anodic dissolution on the top surface of TiO, NTAs. Fur-
ther, the influence of the parameters (i.e., pulse current
density and deposited charge density) on the photoelectro-
chemical properties was systematically explored.

2 Experimental
2.1 Synthesis of TiO, TNAs

Highly ordered TiO, TNAs were grown from Ti foil
(>99% purity, thickness of 0.1 mm) via anodization using
a two-electrode electrochemical cell, where Ti foil served
as anode and a Pt foil served as counter electrode (CE). The
anodization was carried out at 20 V for 25 min at room
temperature without stirring. A glycerol-water (a volume
ratio of 2:1) mixed solution containing 0.5 wt% NH4F was
used as electrolyte. The as-anodized samples were subse-
quently annealed in air atmosphere for 2 h at 450 °C to
obtain anatase crystallinity.

2.2 Synthesis of Ag-TiO, TNAs

The Ag-TiO, NTAs were prepared by the PRCD method
using a two-electrode system controlled by an Autolab
potentiostat/galvanostat (PGSTAT30). Ti-based TiO, NTAs
with a working area of 1 cm x 1 cm and a Pt foil
(2 cm x 2 cm) was used as working electrode (WE) and
CE, respectively. The PRCD was carried out at room tem-
perature in an aqueous solution containing 0.01 M AgNO;
and 0.1 M NaNOj; without stirring and the distance between
WE and CE was always kept at 1 cm. PRCD consists of
cycles of bipolar current pulses with equal amplitude and
laxations depicted in Fig. 1. Typically, a 10 ms cathodic
pulse with a certain current density was employed for the
deposition of metallic Ag and a reverse anodic pulse current
with same current amplitude was applied for the preferential
dissolution of Ag preventing growth of Ag dendrites on the
surface of TiO, NTAs [28]. Followed by the bipolar pulses, a
relaxation of 1000 ms was given to allow the penetration of
Ag* ions inside the channels of nanotubes. The forward duty
cycle was determined to be 0.98%. In this study, the influ-
ence of deposited charge density and pulse current density
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Fig. 1 The current-time profile of pulse reverse current for elec-
trodeposition of Ag particles (i, cathodic current density, i, reverse
anodic current density, f. cathodic deposition time, t,, anodic
dissolution time, f,z off time)

was investigated. For the variation of pulse current density,
numbers of deposition cycles were adjusted in order to reach
the same deposited charge density of 54 mC cm ™~ for all the
samples. Pulse current densities of 10, 40, 70, and
100 mA cm 2 were employed. For the variation of depos-
ited charge density, the pulse current densities were set as
40 mA cm™? for all the cases. Deposited charge densities of
18,54, 180, and 540 mC cm ™ were applied by repeating the
deposition cycles (i.e., deposition duration).

2.3 Characterization

The morphology of the obtained samples was examined
using a scanning electron microscope (SEM, Hitachi
S4800). The crystalline structure of the samples was
identified by X-ray diffraction (XRD, Philips, Panalytical
X’pert, Cu Ko radiation). UV-vis diffuse reflection spectra
(DRS) of the samples were recorded using a Varian Cary-
5000 spectrophotometer. The photocurrent measurements
were carried out in 0.1 M Na,SO4 using a LHX 150 Xe
lamp, a SBP 300 grating spectrometer, and an electro-
chemical cell with a quartz window. The wavelength-de-
pendent spectral response was measured in a two-electrode
configuration with a platinum wire as counter electrode at
zero bias in the range of 250-550 nm.

3 Results and discussion
3.1 Effect of pulse current density

Figure 2 presents the representative SEM images of Ag—
TiO, NTAs obtained with pulse current density of 10, 40,
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70, and 100 mA cm ™2, respectively. It can be seen that the
shape of Ag particles varies remarkably with different
pulse current densities. Under a pulse current density of
10 mA cm ™2, the resulting Ag particles are mainly in
micrometer-scaled plate-like shape (Fig. 2a). Notably,
most of Ag particles/plates deposit only on the top of TiO,
NTAs under this current density (Fig. 2b). Interestingly,

Fig. 2 SEM images of Ag—
TiO2 NTAs obtained under
pulse current densities of 10 (a,
b), 40 (c, d), 70 (e, f), and

100 mA cm 2 (g, h). A total
deposited charge density of

54 mC cm~2 was achieved for
each electrode

@ Springer

increasing the pulse current density up to 40 mA cm™ 2, Ag
nanorods form and deposit along the inner channel of TiO,
nanotubes (Fig. 2c—d). Similar observation has been

reported by Misra and coworkers [29], where TiO, nan-
otubes were filled with iron nanorods by pulse current
deposition. As the pulse current density further increases to
70 mA cm ™2, round-shaped Ag nanoparticles form on the
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both inner and outer walls and even the bottom of TiO,
nanotubes (Fig. 2e—f). When the pulse current density
increases up to 100 mA cm™2, the size of Ag particles
becomes even smaller (Fig. 2g—h). The mean diameter and
size distribution of Ag particles are investigated by statis-
tical analysis of the particle diameter by measuring 100
particles for each samples (Fig. 3). It is clear that the mean
size of Ag particles decreases with the increasing pulse
current density (Fig. 3a). Quite intriguingly, the deviation
of Ag particles becomes smaller when pulse current density
increased, which is further confirmed by the study of size
distribution (Fig. 3b). The histograms show that the Ag
particles have rather board size distribution under low
pulse current density (i.e. 10 mA cm 2) and much nar-
rower size distribution under higher pulse current densities
(>40 mA cm™?) (Fig. 3b). It reveals that a high pulse

a
—~ 400
S
£
« 300
(]
P
(]
€ 200
8
T
c 100
©
[}) ——
E 0 56 nm Z
2 17 nm
40 70 100
Current density (mA cm?)
b 40
ZOJ\L Il 100 mA cm?
2 I
; 40
g 20 | 170 mA cm?
Q L
> 40 -
Q - 2
= 20l [ 40 mA cm
e -1l
2 40 (=Hlilla
] I
_ [ 10 mA cm?
Q 20t
(14

11T T e
0 100 200 300 400 500 600
Diameter (nm)

Fig. 3 Effects of pulse current density on size distribution of the
diameters of Ag nanoparticles on TiO,NTAs (a) and the correspond-
ing particle size distributions (b). Particle size distributions were
obtained by measuring 100 particles from several SEM images

current density is favorable for the size refinement of Ag
nanoparticles. The results of SEM and particle size distri-
bution evidently illustrate that pulse current density
strongly influences the morphology and location of the
deposited Ag particles on TiO, NTAs.

Based on the observation from SEM, it is possible to
elucidate the Ag deposition behavior during PRCD. There
is a competition between nucleation and cluster growth
during the electrodeposition process. Low pulse current
density leads to low nucleation rate and fast particle growth
rate. Ag" is mainly consumed at the opening of nanotubes
(Fig. 2b). Compared with low pulse current density, mod-
erate pulse current density accelerates the nucleation rate
and improves cluster density. Ag™ is consumed inside the
nanotube channel. Particle growth is less dominant but
remains the major process. Penetration of Ag™ leads to the
growth of Ag nanorods along the TiO, nanotubes (Fig. 2d).
High pulse current density causes large over potentials and
thus accelerates the nucleation rate and improves the
cluster density. Ag" consumption is mainly for nuclei
growth and particle growth is limited. Therefore, highly
dispersed nanoparticles can be obtained.

Figure 4 presents the XRD patterns of Ag-TiO, NTAs
obtained with different pulse current densities. The
reflections at 25.2° and 48.1° originate from the (101) and
(200) planes of anatase structure (JCPDS No. 21-1272).
The peaks locate at 38.1°, 44.3°, 64.4°, and 77.7° can be
indexed to the (111), (200), (220), and (311) planes of Ag,
confirming the presence of metallic Ag in the nanocom-
posites by PRCD. It is noted that the shape of characteristic
peak of Ag (111) phase becomes boarder with the increase
of the pulse current density, indicating that the size of Ag
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Fig. 4 XRD patterns of Ag-TiO, NTAs obtained under pulse current
densities of 10, 40, 70, and 100 mA cm™ 2 A total deposited charge
density of 54 mC cm ™2 was achieved for each electrode. A, T and Ag
represent anatase TiO,, titanium substrate and metallic silver,
respectively
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particles on TiO, NTAs decreases. Further, sharp peaks of
Ag (200), (220), and (311) phases emerge on Ag-TiO,
NTAs with 10 mA cm™? and become weaker and boarder
with higher pulse current densities. The XRD results fur-
ther confirm the promoting effect of high pulse current
density on the control of small particle size of deposited
Ag, which is consistent with the observation from SEM
(Fig. 2).

UV-vis DRS was implemented to examine the light
absorption property of the Ag-TiO, NTAs obtained with
different pulse current densities (Fig. 5a). The two broad
absorption peaks in the spectrum of pristine TiO, NTAs are
attributed to the sub-band gap state of the special tube
structure [30]. Intriguingly, all the Ag-TiO, NTA samples
show rather strong absorption in the visible light range of
400-750 nm due to the SPR effect of metallic Ag [12]. The
Ag-TiO, NTAs obtained at 40 mA cm ™2 exhibit a maxi-
mum red-shift of adsorption edge and strongest absorption
in the visible light region, implying that the light absorp-
tion was affected by the size of as-deposited Ag particles.
In addition, the existing of oxygen vacancies on TiO,
NTAs cannot be ruled out based on our results. However,
the anatase TiO, nanotube arrays annealed in air atmo-
sphere have been reported to only contain negligible
amount of oxygen vacancies, while those annealed in
oxygen-poor atmosphere like N, and H, may be possible to
generate oxygen vacancies [31, 32].

Photocurrent measurement was performed at zero bias
potential (vs. SCE) in order to further investigate the effect
of particle size by varying the pulse current density on the
photoelectrochemical properties of Ag-TiO, NTAs. Fig-
ure 5b presents the photocurrent spectra in the wavelength
range of 250-550 nm. In general, a higher photocurrent
response indicates a lower recombination rate of the photo-
induced electron-hole pairs and a higher transfer efficiency
of photo-induced electrons. The spectrum of pristine TiO,

a
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NTAs only shows a maximum peak of photocurrent density
(Ip) located at 330 nm, while those of the Ag-TiO, NTAs
display two peaks at 330 and 475 nm, respectively. The
poor photocurrent response in the visible light region on
the spectrum of pristine TiO, NTAs indicates that the
oxygen vacancies are unlikely to be abundant in pristine
TiO, NTAs. The later peak can be assigned to the SPR
effect of metallic Ag particles. With a pulse current density
of 10 mA cm 2, Ag-TiO, NTAs shows a declined pho-
tocurrent response in UV region (<400 nm) and negligible
SPR effect in visible region (>400 nm), which is very
likely due to the light blocking of Ag plates on the top of
TiO, NTA films and less Ag/TiO, contact. As pulse current
densities are higher than or equal to 40 mA cm 2, the
photocurrent responses of Ag—TiO, NTAs are significantly
improved in both UV light and visible light regions. The
enhanced photocurrent response in UV region can be
assigned to the Schottky barriers at the interface of Ag/
TiO, that facilitate the separation of photo-induced elec-
tron-hole pairs from TiO, [14]. On the other hand, under
specific visible-light irradiation, metallic Ag can be excited
via SPR process to generate electrons, which can be
transferred to the conductive band of TiO, [12]. Similar to
the observation in UV—vis DRS, Ag-TiO, NTAs obtained
at 40 mA cm ™2 presents a maximum SPR-driven pho-
tocurrent response in the visible light region (Fig. 5b).
Remarkably, this maximum photocurrent density among is
determined to be 24 pA cm ™2, which is much higher than
reported values from Ag/TiO, NTAs [14, 21, 33].

There is a balance between particle size of Ag on TiO,
NTAs and photoelectrochemical activity, which has also
been often reported in literature [24, 27, 34-38]. In this
work, the smallest Ag (~ 17 nm) uniformly dispersed on
TiO, obtained at the current density of 100 mAcm 2
showed a great improvement in photoelectrochemical
activity of TiO, NTAs, while the medium size Ag nanorods
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Fig. 5 UV-vis DRS (a) and photocurrent spectra (b) of Ag-TiO, NTAs obtained under pulse current densities of 10, 40, 70 and 100 mA cm™2,
A total deposited charge density of 54 mC cm ™2 was achieved for each electrode
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Fig. 6 SEM images of Ag-TiO, NTAs obtained under electrodeposited charge densities of 18 (a), 54 (b), 180 (c), and 540 mC cm™2 (d). Pulse

current densities of 40 mA cm ™2 were applied
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Fig. 7 XRD patterns of Ag-TiO, NTAs obtained under electrode-
posited charge densities of 18, 54, 180, and 540 mC cm™2. Pulse
current density of 40 mA cm ™2 was applied. A, T and Ag represent
anatase TiO,, titanium substrate and metallic silver, respectively

(~59 nm) deposited inside TiO, nanotubes obtained at the
current density of 40 mA cm ™2 seemed to be possible to
achieve the highest photoelectrochemical activity. Our
results are in consistent with a recent study by Valenti and
coworker’s study, where they found that small Ag
nanoparticles (~ 15 nm) improved the photocurrent by

light absorbing effect, while the large Ag nanoparticles
(~65 nm) could further increased the photocurrent by
light scattering effect [37]. On the other hand, the pho-
tocurrent response measures the photo-generated electrons
moving from the perpendicular walls to bottom of TiO,
nanotubes and then to the Ti substrate. However, this
electron transfer process is always limited by the poor
conductivity of TiO,. We believe that TiO, nanotubes fil-
led with 1D Ag nanorods could improve the conductivity
thus leading to an enhancement on the photocurrent
response. Similar strategies have also been reported in the
literatures [29, 39].

3.2 Effect of deposited charge density

In another series, the deposited charge density was varied.
The cathodic and anodic pulse current densities were set as
40 mA cm™? for all the samples, according to the finding
from Sect. 3.1. Figure 6 presents the representative SEM
images of Ag-TiO, NTAs obtained with deposited charge
density of 18, 54, 180, and 540 mC cm_z, respectively.
With a deposited charge density of 18 mC cm ™2, some Ag
nanoparticles are deposited on the opening and the top of
TiO, nanotubes (Fig. 6a). As deposited charge density
increased up to 54 mC cm™2, Ag nanoparticles become
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Fig. 8 UV-vis DRS (a) and photocurrent spectra (b) of Ag-TiO, NTAs obtained under electrodeposited charge densities of 18, 54, 180, and

540 mC cm™>. Pulse current density of 40 mA cm™> was applied

larger and homogeneously filled inside the TiO, nanotubes
(Fig. 6b). With further increase in deposited charge density
to 180 mC cm 2, the size of Ag particles obviously
becomes bigger (Fig. 6¢). When deposited charge density
increases up to 540 mC cm ™2, the size of Ag particles
grows remarkably up to 2 um with rather broad size dis-
tribution (Fig. 6d). This observation is in good agreement
with Faraday’s Law that the amount of deposits is pro-
portional to the quantity of electrical charge. Also, the
SEM studies demonstrate that the effect of variation of
deposited charge density is more significant on the Ag
particle size than on the particle shape.

The XRD patterns of Ag-TiO, NTAs obtained with
different deposited charge densities are shown in Fig. 7,
which also confirm the existing of anatase TiO, and
metallic Ag on Ag-TiO, NTAs. It can been seen that the
intensities and FWHMs of characteristic Ag peaks (relative
to intensities of TiO, (101) phase) increase with deposited
charge density, implying an increasing trend of particle
size.

Figure 8a shows the UV-vis DRS of Ag-TiO, NTAs
obtained with different deposited charge densities. Apply-
ing a deposited charge density of 18 mC cm 2, the
obtained Ag-TiO, NTA sample shows rather strong
absorption in the visible light range of 400-750 nm due to
the SPR effect of metallic Ag [12]. Intriguingly, with
higher deposited charge density, the obtained Ag-TiO,
NTA samples show near complete light adsorption in the
visible light region.

Figure 8b presents the photocurrent spectra of Ag—TiO,
NTAs obtained with different deposited charge densities.
With lower deposited charge densities (18 and
54 mC cm™?), the photocurrent responses Ag—TiO, NTAs
are significantly improved in both UV light region
(<400 nm) and visible light region (>400 nm). The
enhanced photocurrent response in UV region can be
assigned to the Schottky barriers at the interface of Ag/
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TiO, that facilitate the separation of photo-induced elec-
tron-hole pairs from TiO, [14]. However, Ag-TiO, NTAs
obtained with higher deposited charge densities (180 and
540 mC cm™?) show inhibited photocurrent responses in
UV light region and negligible responses in visible light
region. It is rational that the small Ag nanoparticles inside
TiO, nanotubes effectively promote the separation rate of
photo-induced electrons and holes by the Schottky junction
at the Ag/TiOsinterface [14], while the huge Ag particles
on the top greatly prevent the light adsorption on TiO,
resulting in poor photocurrent responses in both UV and
visible-light regions. On the other hand, it also illustrates
that photocurrent response are strongly influenced by the
Ag particle size. In this work, it demonstrates that Ag
nanorods (synthesized under a pulse current density of
40 mA cm™2 and deposited charge density of
40 mC cm™?) other than the small nanoparticles can dra-
matically enhance the light adsorption and photocurrent
response in both UV and visible-light regions.

4 Conclusions

In summary, we have demonstrated that Ag-coupled TiO,
NTAs were successfully synthesized by pulse reverse
direct current deposition method. It is found that the Ag
particle shape and size were significantly influenced by the
pulse current density and deposited charge density. Vary-
ing the pulse current density could alter the Ag particle
shape and particle size by tuning the nucleation and for-
mation rate of Ag nanoparticles, while varying the depos-
ited charge density could affect Ag particle size. In
particular, the high pulse current density can prevent the
formation of large Ag nanoparticles at the opening of TiO,
nanotubes, leading to a better penetration of Ag™ ions, and
therefore, small Ag nanoparticles uniformly dispersed on
the inner and outer surface of TiO, nanotubes, which
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showed excellent photoelectrochemical activities (i.e.,
photocurrent response) in both UV and visible-light
regions. Our findings show that pulse reverse current
deposition is a promising, facile, and versatile technique to
synthesize size-controlled nanoparticles without any addi-
tional assistance.
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