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Current work reports the study of Ag nanocrystals (NCs) decorated doubly anodized (DA) TiO2 nanotubes (NTs) thin film as an
efficient photoelectrode material for water splitting and photocatalytic hydrogen gas production. DA process has been shown to be
capable of producing less defective NTs and creating additional spacious gaps in between NT bundles to allow efficient and uniform
integration of Ag NCs. By employing photoreduction method, Ag NCs can be deposited directly onto NTs, where the size and
density of coverage can be maneuvered by merely varying the concentration of Ag precursors. Field emission scanning electron
microscope (FESEM) images show that the Ag NCs with controllable size are homogeneously decorated onto the walls of NTs
with random yet uniform distribution. X-ray diffraction (XRD) results confirm the formation of anatase TiO2 NTs and Ag NCs,
which can be well indexed to standard patterns. The decoration of metallic Ag NCs onto the surface of NTs demonstrates a
significant enhancement in the photoconversion efficiency as compared to that of pristine TiO2 NTs. Additionally, the as-
prepared nanocomposite film also shows improved efficiency when used as a photocatalyst platform in the production of
hydrogen gas. Such improvement in the performance of water splitting and photocatalytic hydrogen gas production activity can
be credited to the surface plasmonic resonance of Ag NCs present on the surface of the NTs, which renders improved light
absorption and better charge separation. The current work can serve as a model of study for designing more advanced
nanoarchitecture photoelectrode for renewable energy application.

1. Introduction

The depletion of fossil fuel has triggered serious concern
since crude oil reserves are vanishing at the rate of 4 billion
tons a year [1]. Thus, it is predicted that oil deposits will be
totally depleted by 2052 if consumption continues persis-
tently at this rate [2]. Therefore, the development of a clean
and renewable energy as alternative energy source without

involving fossil fuel is a great technological challenge today.
One of the realistic approaches is by adopting hydrogen gas
as a recyclable energy carrier since it does not generate
“greenhouse gas” during the combustion process. Moreover,
it is clean, green, and renewable as well as has a large specific
energy density to be converted into electricity in the fuel cell
system for real-life usage. However, unfortunately, existing
industrial hydrogen gas production still employs fossil fuels
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(such as coal or natural gas), which emits a large quantity of
carbon dioxide and consequently results in climate changes
and acid rain [3].

With respect to this, hydrogen gas production using
renewable energy resources rather than fossil fuels, such as
photocatalysis water splitting process utilizing solar radia-
tion, has attracted numerous interests for application as a
clean energy carrier. Since the first breakthrough report by
Fujishima and Honda on their success in designing photo-
electrochemical (PEC) for producing hydrogen and oxygen
gases through a water splitting process by using a TiO2 elec-
trode in 1972 [4], intensive efforts have been devoted in
improving this process with the main objective of converting
light energy into chemical energy by using renewable energy
resources. Recently, semiconductor-driven photoelectro-
chemical water splitting has been identified as one of the ideal
candidates in green and sustainable research for battling the
global challenge of fossil fuel depletion as well as global
warming. This technique has been recognized worldwide as
an environmentally friendly method for hydrogen gas gener-
ation based on renewable and apparently unlimited natural
resources such as water and solar energy [5].

In conjunction with this, congruent efforts have been
devoted to improving the conversion efficiency of the pro-
cess. Even though it has been more than three decades of
explorative research on this technology, it still does not reach
the commercialized status and research today is focused on
the awareness of dilemma. The reasons are mainly due to
the lack of feasible yet suitable approach in preparing high-
quality photoelectrode thin film and lack of fundamental
understanding on the factors that hamper photoelectro-
chemical performance. Basically, there are only a few param-
eters that dominate the controlled efficiency of the process,
which influence the absorption spectrum, electron-hole sep-
aration efficiency, and photostability. With respect to these,
TiO2 renders the highest stability [6], is less carcinogenic
[7], and is cost-effective [8]. Moreover, it is feasible to prepare
a one-dimensional nanostructure (either in the form of
nanowire, nanorod, or nanotube) for enhancement in light
confinement, higher surface-active sites, efficient charge sep-
aration, and better carrier mobility properties. Among these
nanostructures, nanotubes (NTs) are excellent candidates
because they have a tubular structure and are easy to prepare
in vertical aligned mode for better light trapping. It also can
be anodized in a highly ordered tubular array to create a bet-
ter surface-to-volume ratio [9]. Finally, the one-dimensional
layout is well complemented for unidirectional electrical con-
duction and the curved tubular walls can promote efficient
charge separation due to complementary carrier lifetime
and carrier diffusion length [10].

Nevertheless, the bandgap energy of TiO2 that lies in the
UV-A region (380-400 nm) can suppress the overall perfor-
mance of photoelectrochemical system because of the lower
concentration of photoexcitons. In order to resolve this lim-
itation, numerous techniques have been employed to shift
the light absorption spectrum towards the visible-light region
that comprised of ~40% of incident solar spectrum. For
instance, bandgap engineering through nonmetal doping
[11, 12] and dye sensitization [13] has been adopted to nar-

row the bandgap energy towards the visible-light region.
However, nonmetal doping has its drawback of suppressing
the number of free carriers due to the presence of surface
trapping sites due to the introduction of external elements
that are noncommensurable onto the lattice sites [14]. In
terms of dye sensitization, dyes serving as activation elements
to trigger photoexcitation frequently undergo photobleach-
ing and thus gradually reduce light absorption, which has
an impact on the overall performance.

Lately, noble metal nanocrystals (NCs) such as silver
(Ag), gold (Au), and platinum (Pt) have been used as cocat-
alysts and are decorated onto semiconductor nanostructures
to boost the photoelectrochemical performance. The surface
electron of these noble metals can absorb visible light and
then undergoes collective oscillations. These so-called surface
plasmon resonance (SPR) feature can serve as additional
energy input (in the form of electromagnetic wave) to pro-
mote efficient charge separation by breaking energy bonds
during the preformed photoexcitation (electron and holes)
process. It is possible for the plasmon-excited hot electrons
in these noble metal NCs to be injected into the conduction
band of semiconductors [15]. As a result, additional electrons
that play the role of carriers can be swept towards the exter-
nal circuit and subsequently render better photoconversion
efficiency as compared to that of pure semiconductors. In
addition, these noble metal NCs reveal satisfactory stability
against oxidation, necessitate only trace quantities [16], and
are economically feasible (especially silver) [17].

With respect to the advantages in decorating noble
metals onto semiconductor nanostructures as photoelec-
trode, this current work is envisaged to contribute to the
existing platform of photoelectrochemical technology for
better advancement in this field, where a value-added photo-
electrode (Ag NCs-decorated TiO2 NTs) is fabricated and
studied systematically. Besides this, there are numerous other
works on Ag NCs-decorated TiO2 NTs reported. However,
the main difference of the current work compared to other
works is that this work employs UV-light-activated photode-
position method to directly reduce Ag+ ion incorporated
onto NTs, which is rarely reported. By merely varying the
Ag precursor concentration, the density of coverage and dis-
tribution of Ag NCs photodeposited onto the surface of NTs
can be tailored. In contrast to other decoration methods such
as isometric impregnation [18] and coreduction [19], this
method renders better controllability in terms of particle cov-
erage density and size distribution. Furthermore, there is no
further posttreatment required in the current method as
compared to the thermal-assisted hydrolysis reduction tech-
nique previously reported by Liu et al. [20]. Additionally,
both the structural and photocatalytic properties can be
maneuvered by varying the concentration of Ag precursors,
which is simple and does not require the use of a vacuum sys-
tem such as in the physical vapor deposition method. The
threshold of photoconversion efficiency for the most opti-
mum sample (0.2M Ag/DA-TiO2) of 1.393% at 1.006V (ver-
sus Ag/AgCl) is higher than the value reported byWang et al.
[11], who adopted a relatively sophisticated and pyrophoric
preparation technique to hydrogen-doped 1D TiO2 nano-
structures. Finally, the as-prepared Ag-decorated TiO2 NTs
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can be used as a platform to produce hydrogen gas through
water splitting reaction under the absence of voltage bias.
The current work can be used as a platform of study to diver-
sify the preparation technique to produce similar nanocom-
posite system for clean and renewable energy application
for long-term sustainability.

2. Materials and Methods

2.1. Synthesis of Double Anodization (DA) TiO2 Nanotube
Template. Titanium foils (99.7% purity, 0.25mm thick, and
10mm × 20mm) from Sigma-Aldrich were used for prepar-
ing doubly anodized TiO2 nanotubes (NTs). Prior to first-
round anodization, the foils were ultrasonically cleaned with
acetone followed by ethanol for 15 minutes. Upon that, those
foils were rinsed with deionized water and dried in an oven.
The first-round electroanodization process was carried out
in a conventional electrodeposition setup comprised of two
electrodes under vigorous magnetic stirring at room temper-
ature, in which titanium foil served as the anode (or working
electrode) while platinum rod was employed as a cathode (or
counter electrode). The distance between the anode and cath-
ode was fixed at 30mm throughout the reaction. The electro-
lyte used was ethylene glycol (C2H6O2; Alfa Aesar, UK)
containing 0.2M ammonium fluoride (NH4F; R&M Chemi-
cals, UK) and 2 vol% water (H2O). Consort Power Supply
EV245 was used for the first electroanodization process by
supplying a constant potential (40V) for the duration of 30
minutes followed by subsequent sonication for 10 minutes
in an ultrasonic bath to remove the first-round electroanodi-
zation NT products. Upon sonication, the preformed NTs
were peeled off and left the basal foil that were subsequently
used as template for the second-round electroanodization
process at identical potential (40V) for 180 minutes. After
this, this so-called doubly anodized TiO2 NTs (DA-TiO2
NTs) were immediately rinsed with deionized water, air-dried,
and annealed at the 350°C for 3 hours by using a propor-
tional–integral–derivative controller oven (Lenton-WHT6/
30/3216P1) with predefined temperature ramping rate
(5°C/min) to scrupulously control the annealing temperature
for transforming the doubly anodized TiO2 NTs that existed
in an amorphous phase into well-crystalline anatase TiO2NTs.

2.2. Loading of Argentum Nanocrystals onto Doubly
Anodized TiO2 Nanotubes. The argentum nanocrystal-
decorated doubly anodized TiO2 nanotubes (Ag NCs/DA-
TiO2 NTs) were prepared via photoreduction process by
immersing the as-annealed doubly anodized TiO2 NTs
(DA-TiO2 NTs) in an aqueous solution of AgNO3 (0.02M)
containing ethanol for 24 hours. The mixtures were then
irradiated with a UV irradiation chamber (UV-crosslinker-
UVP-CL1000, Cambridge) with the light source from a
high-pressure mercury lamp (power of 8W and emission
wavelength of 254nm). The samples were fixed at an irradia-
tion distance of 4.0 cm below the lamp. The average intensity
of UV irradiance exposed to samples was measured to be ca.
100μJ/cm2. Upon 2 hours of irradiation, the as-synthesized
Ag NCs/DA-TiO2 NTs were then rinsed with deionized water
repeatedly to remove unreacted AgNO3 precursor and dried at

room temperature. In order to obtain DA-TiO2 NTs deco-
rated with different density coverage of Ag NCs, a similar
experiment was repeated by using different concentrations of
AgNO3 (0.02 M, 0.11M, 0.20M, and 1.10M). Thereafter, the
samples were named in accordance with the concentration
of the AgNO3 precursor as 0.02M Ag NCs/DA-TiO2, 0.11M
Ag NCs/DA-TiO2, 0.2M Ag NCs/DA-TiO2, and 1.1M Ag
NCs/DA-TiO2.

2.3. Characterization. The morphology and elemental com-
position of Ag NCs/DA-TiO2 NTs were observed using a
variable-pressure field emission scanning electron micro-
scope (FESEM-Zeiss Supra 35) equipped with energy disper-
sive X-ray spectroscopy (EDX). For a better overview of NTs
length and Ag NCs distribution, cross-sectional images were
taken from the edge of scratched samples. The crystallinity
and phase transition were identified by an X-ray diffractom-
eter (XRD, Panalytical Empyrean) under powder scanning
mode with the X-ray source of Cu-Kα radiation that emitted
a wavelength of 0.154 nm (40 kV and 35mA). The scan rate
of 0.05o/s was employed within a 2-theta range of 20° to
80°. Diffuse reflectance spectroscopy (DRS) (Varian Cary-
5000 coupled with integrating sphere) was used to measure
the absorption of the sample in UV-visible range.

2.4. Photoelectrochemical Water Splitting. Typically, a quartz-
made photocell (Pine Research Instruments, RRPG147)
with a flat optical window (surface quality: 60-40 scratch-
dig) was used to ensure the perfect collimation of light.
The photoelectrochemical setup was comprised of a stan-
dard three-electrode system, where the as-prepared samples
in the form of thin films were used as a working electrode
and Ag/AgCl electrode as reference electrode while Pt rod
was used as a counter electrode. All irradiation was per-
formed with the light source of xenon lamp (300W) with
an air mass filter (AM 1.5G) to simulate the real sunlight
condition (100mWcm-2). The electrolyte used is 1.0M
NaOH solution. Linear sweep voltammetry (LSV) was
conducted by using potentiostat (Autolab Potentiostat:
Metrohm-PGSTAT302N) with the scanning rate of 10mV/s.

2.5. Hydrogen Gas Generation. In order to evaluate the feasi-
bility of samples as an efficient photocatalyst material for
chemical fuel generation, hydrogen generation test was con-
ducted. The reaction was preceded by mixing 3ml ethanol
(as sacrificial agent) with 27ml deionized water in a 40ml test
tube. A 300W Xe arc lamp serving as a UV-visible light
source was mounted with a beam turner (Newport 66245)
and attached with a fin-like heat sink to dissipate excessive
heat. The test tube was placed 5.0 cm away from the edge of
the filter holder, and the light was perpendicularly focused
onto the thin film samples that were held by a sample holder.
During the photocatalytic reaction, the gasses evolved onto
the headspace of test tube were pumped into sample loop
and further quantified by using gas chromatography (GC-
Agilent 7890A) under online monitoring mode. The gas
was separated by using MS-5A and HayeSep Q columns
and analyzed by a thermal conductivity detector (TCD)
attached on the GC.
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3. Results and Discussion

3.1. Morphological Study (FESEM). Figure 1 shows the cross-
sectional and top view images (inset) as well as the size distri-
bution of the as-prepared samples. According to the top-view
image in Figure 1(a), doubly anodized pure TiO2 nanotubes
(DA-TiO2 NTs) are having good monodispersity in terms
of its internal diameter within the range of 150nm to
160nm and these NTs are well stacked together in relatively
high packing order to form bundles. When referring to its

cross-sectional image (inset Figure 1(a)), these NTs are well
grown from the Ti substrate and indeed stacked together
closely to each other with very limited space in between each
NT. Somehow, these stacks of NTs reflect that each NT is not
exactly vertically aligned. Instead, they appear to be slightly
bended away from vertical orientation yet discontinue tex-
tures along its wall, which is having almost similar morpho-
logical appearance to that of TiO2 NT membrane that was
produced at higher voltage (60V) by using graphite as a
counter electrode [21].
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Figure 1: Top-view FESEM images at magnification of 50 kX for (a) pristine DA-TiO2 NTs, (b) 0.02M Ag/DA-TiO2, (c) 0.11M Ag/DA-
TiO2, (d) 0.2M Ag/DA-TiO2, (e) 1.1M Ag/DA-TiO2, and (f) size distribution histogram for the selected Ag NCs that decorated onto the
surface NTs (inset spherical images in (a–e) is the cross-sectional view at magnification of 30 kX).
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For 0.02M Ag/DA-TiO2 NTs, it seems like there is not
any major structural differences or morphological changes
even though it had been integrated with Ag nanocrystals
(NCs) as shown in Figures 1(b)–1(e). The difference is only
in terms of the density coverage and morphological appear-
ance of Ag with respect to the different concentrations of
the Ag precursor. For the Ag precursor with a concentra-
tion of 0.02M, a nonhomogeneous size of Ag NCs is ran-
domly dispersed throughout the surface of DA-TiO2 NTs
as shown in the white-coloured spot in Figure 1(b). These
Ag NCs have relatively broad and large size. This white-
coloured spot is caused by an enhanced electron scattering
phenomenon that is contributed by the abundance of sur-
face electron in Ag NCs [22]. The size distribution analysis
as depicted in Figure 1(f) indicates that the mean size of Ag
NCs is estimated to be 70.80 nm (red-coloured graph).
Furthermore, the morphology of Ag NCs appears to be
ununiformed, where some of them appear to have irregular
shapes ranging from an elongated structure up to multifac-
eted edges. These morphologies well agree with typical Ag
nanostructures that are widely reported [23–25]. Such
physical appearance with relatively large size and shape dis-
tribution is further supported by a cross-sectional image
(inset image of Figure 1(b)), which reflects that the Ag
NCs that anchored onto the wall of NTs are having rough
yet granular surface topology.

For 0.11M Ag/DA-TiO2 NTs that had been prepared by
increasing the concentration of the Ag precursor to 0.11M,
the mean size of NCs become smaller (Figure 1(c)) and the
overall size distribution is improved and getting narrow as
indicated in Figure 1(f). For this sample, it is found that most
of the tiny Ag NCs are attaching onto the mouth edges of the
NTs and some even go further deep into the internal com-
partment of the tube. The mean size of Ag NCs is found to
be decreased down to 36.13 nm (Figure 1(f)). Meanwhile,
the cross-sectional image (inset of Figure 1(c)) reveals that
this sample has a smoother surface in contrast to the earlier
sample, where some Ag NCs are successfully diffused
through the bundle gap among the NTs and are attached
onto the walls at one-third of the overall height from the
top of NTs. In comparison to the existing study [26, 27],
the NT bundles appear to be much more loosely packed to
each other.

Moreover, for the sample that are grown with a Ag
precursor concentration of 0.2M (Figure 1(d)), there is
no major variation as compared to that of 0.11M Ag pre-
cursor concentration except in terms of Ag NC attachment
along the vertical wall with respect to the cross-sectional
view (inset of Figure 1(d)). However, the top-view image
remains almost identical to that of 0.11M Ag/DA-TiO2
NTs (Figure 1(c)), whereby the Ag NCs is also randomly
yet well dispersed at the mouth edges of NTs. The mean
diameter is determined to be 12.03 nm with respect to
Figure 1(f). It is predicted that a smaller size of NCs is
beneficial for surface-enhanced plasmon resonance to take
place [28, 29] and thus will enhance the photocatalytic
performance in this study through improvement of the
charge transfer rate and better electron-hole separation
efficiency [30].

On the other hand, Figure 1(e) shows the FESEM image
of 1.1M Ag/DA-TiO2 NTs, which are prepared by using a
Ag precursor concentration of 1.1M. According to the
top-view image, the surface of some NTs is covered by
Ag NCs with relatively large size distribution. Also, the
shapes of Ag nanostructures appear to be slightly irregular.
Moreover, part of NTs’ mouth is fully blocked by these Ag
NCs. As compared to the sample that is grown with a Ag
precursor concentration of 0.2M, the cross-sectional image
of this sample reveals that the Ag NCs are highly agglomer-
ated and densely occupying one-third of the top NTs’
region. Such highly agglomerated Ag NCs are attributed
to a homogeneous nucleation process that had taken place
during the deposition of Ag+ ion on DA-TiO2 NT template.
Due to the high concentration of Ag+ ion, the saturation
level easily gets attained and subsequently promotes the
tendency of homogeneous nucleation among Ag nuclei
itself [31]. This process occurs at a very fast rate and causes
the nuclei that initially form in the solution to have no suf-
ficient time to travel from the bulk solution to the surface
of NTs. Instead, these nuclei further grow into highly
agglomerated nanostructures with irregular shape rather
than get deposited onto the surface of NTs. The mean sizes
of the NCs for this sample are determined to be 53.70 nm.

3.2. Optical Study (DRS). The active absorption region for all
the samples is identified by using diffuse reflectance spectra
(DRS) and further converted into absorption spectrum.
According to Figure 2, pristine DA-TiO2 NTs reflect almost
continuous yet negligible absorption in the visible light
region. However, there is an obvious absorption that attrib-
uted to the excitonic electron transition from the valence
band (O-2p orbital) to the conduction band (Ti-3d orbital)
[32] at the UV region with the onset absorption ~375 nm.
Upon Ag NC integration (sample 0.02M Ag/DA-TiO2),
the onset absorption greatly shifted to ~600nm, which
implies that there is a traceable absorption in the visible-
light region in addition to that of UV absorption at the
bandgap energy transition point. The improvement on the
light absorption can be ascribed to the so-called surface-
enhanced plasmon resonance effects, which are contributed
by collective oscillation of electron clouds on the surface of
Ag NCs that are integrated onto the surface of NTs. This
plasmon effect has been frequently reported to create a
strong electric field that spreads towards its surrounding,
which subsequently greatly improves electron-hole separa-
tion efficiency for those similar hybrid nanostructures that
consisted of metal-semiconductor nanostructures [33–35].
Such improvement in electron-hole separation implies that
the larger number of photoexcitation had taken place. Thus,
an enhancement of absorption is observed in the UV region
for all the Ag NC-integrated TiO2 NTs in Figure 2.

With respect to the changes on the absorption for those
samples that had been integrated with Ag NCs, it is found
that there is progressive absorption with respect to the
increment of Ag precursor concentration. Among all those
samples, the sample prepared with a Ag precursor concen-
tration of 0.2M appears to own the most optimum
absorption in the visible-light region. Further increment
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on the Ag precursor concentration up to 1.1M had
resulted in the decrement on the absorption among all
the Ag NC-decorated samples due to reduction on the
quanta of light by larger-size NCs that attached on the
surface of NTs. These larger-size NCs had render a screen-
ing effect by blocking large quanta of light from reaching
to surface of TiO2 to produce adequate number of exci-
tons [36]. Hence, the light absorption for this sample is
greatly suppressed.

3.3. Structural Study (XRD). Figure 3 shows the XRD pat-
terns of the pristine DA-TiO2 NTs annealed at 350°C for 3
hours and Ag NCs/DA-TiO2 NTs with different Ag pre-
cursor concentrations for 0.02M, 0.11M, 0.2M, and
1.1M. For the spectra of DA-TiO2 NTs, the peaks at
25.28°, 37.80°, 38.58°, 48.05°, 53.89°, 55.06°, and 62.68°

are well matched to (101), (004), (112), (200), (105),
(211), and (204) reflections of anatase phase, which are
in well accordance with the standard pattern of JCPDS
No. 21-1272. Meanwhile, the peaks at 2 theta of 38.11°,
44.28°, and 64.43° can be associated to the planes of
(111), (200), (220), and (311), which belong to Ag with
the cubic-phase crystal system (JCPDS NO. 04-0783).
Upon integration, the relative intensity of the peak at
38.11° depicts an obvious increment as compared to that
of pure DA-TiO2 NTs. This reflects the successful decora-
tion of Ag NCs without the alloy formation since there is
not any unknown peaks or peak shifting presence. All
these observations well complement to the XPS result that
will be discussed in the following section.

3.4. Composition Study (XPS). In order to prove that the as-
prepared TiO2 NTs are indeed composed of pure anatase-

phase TiO2 (but not rutile-phase TiO2) as well as to prove
that the as-synthesized Ag NCs do not experience major
oxidation, XPS is carried out on the representative sample
of 0.2M Ag NCs/DA-TiO2 NTs. Figure 4(a) depicts the
wide scanning profile for this sample with the binding
energy within the range of 600 to 100 eV. The spectra
showed pronounced featured signals of a Ag 3d state. In
more detail, the narrow scan is carried out to clearly elu-
cidate the binding energy for each element as well as the
purity of the compounds (Figures 4(d)–4(d)). According
to Figure 4(b), a dominant peak is observed at 530.5 eV,
which corresponds to the energy state of O1s that belongs
to lattice oxygen of TiO2 [37]. On the other hand, the peaks at
459.2 eV and 465 eV in Figure 4(c) can be assigned to the
energy state of 2p3/2 and 2p1/2 sourced from core levels of
Ti 2p in anatase TiO2 as reported by Xiao [38]. Finally, the
peaks at 368 eV and 374 eV in the Ag 3d spectrum in
Figure 4(d) originate from the energy state of Ag 3d5/2 and
Ag 3d3/2 of pure metallic Ag, respectively [33].

As a short remark, all the above results reveal that
the as-synthesized NTs are indeed a pure anatase-phase
TiO2 without the presence of rutile phase. Similarly,
the Ag NCs that are decorated on this sample are indeed
a pure Ag without the formation of oxide byproducts
even though the posttreatment annealing is carried out
at 350°C for 3 hours to transform the amorphous TiO2
into well-crystalline anatase TiO2. Furthermore, this
result also proved that the as-adopted photoreduction
method is a feasible method that can be adapted to pro-
duce pure metal NCs integrated hybrid nanostructures
without the formation of unwanted byproducts such as
metal oxide and without inducing any phase transition
such as alloying [39].
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3.5. Photoelectrochemical Water Splitting Study (LSV). The
photoelectrochemical performance of Ag NCs/DA-TiO2
NT heterostructure is shown in Figure 5. According to the
linear sweep voltammetry (LSV) curve in Figure 5(a), the
photocurrent density for pure DA-TiO2 NTs is relatively
low and the value is determined to be ~0.21mA/cm2. This
value is well complemented with the values reported by
other researchers [40–42]. Also, this value agrees well with
the photocurrent density value that had been reported by

Mohamed et al. [43], who had successfully produced ultra-
thin wall (4 nm in thickness) TiO2 NTs for the first time
and was used as a photoanode. The photoconversion effi-
ciency (Figure 5(b)) for this sample is estimated to be
0.034% at a potential of 0.928V (versus Ag/AgCl), which
is relatively low.

Upon Ag NC integration, it is observed that the photo-
current density value increases in the range of 23 times (for
sample 1.1M Ag/DATiO2) to 41 times (for sample 0.2M
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Ag/DATiO2). The as-correlated photoconversion efficiency
(Figure 5(b)) is found to increase to the range of 0.764% at
1.001V (versus Ag/AgCl) for sample 1.1M Ag/DATiO2 to
1.393% at 1.006V (versus Ag/AgCl) for sample 0.2M
Ag/DATiO2. For all these Ag NC-decorated samples, signifi-

cant photocurrent improvements are observed, where the
photocurrent onset point begins to shift to more cathodic
voltage. Similar cathodic shifting is also observed in photo-
conversion efficiency. The shifting towards cathodic poten-
tial can be attributed to the efficiency in band bending,
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where a depletion region is created and produces an internal
potential that is sufficient to separate the electron-hole pairs
and produces higher photocurrent [44, 45]. Upon Ag NC
decoration, it is deduced that a higher number of photoex-
cited electrons are produced because of surface plasmon res-
onance that is created by Ag NCs. The surface plasmon
resonance that arises from collective oscillation of surface
electrons on the surface of Ag NCs has spread towards the
interface between Ag NCs and TiO2 NTs. As a result, those
photoexcited electrons manage to gain additional energy
input to break the exciton binding energy and existed in the
transient state as free carriers [27]. As a result, overall
electron-hole recombination is refrained, and efficient charge
separation has taken place for better photocurrent density
output in all the Ag NC-decorated NTs.

3.6. Hydrogen Gas Generation Analysis. In order to evaluate
the performance of the as-prepared samples to be used as
photocatalyst platform for producing hydrogen gas, the sam-
ples are subjected to a similar lighting system in the section of
photoelectrochemical test but without supply of any voltage.
The hydrogen gas yield is obtained by normalizing to the
sample area. Figure 6(a) represents the amounts of hydrogen
gas evolved at specific irradiation time intervals. The amount
of hydrogen gas produced by pristine TiO2 NTs is estimated
to be 0.63μmol/cm2 only at 90 minutes. Upon integration
with Ag NCs, all the nanocomposite samples depicted a sig-
nificant increment in hydrogen gas production rate as indi-
cated in Figure 6(a).

The hydrogen gas production rate increased tremen-
dously within the first 30 minutes, and the increment rates

gradually reduced. Some fluctuations were observed for
1.1M Ag/DA-TiO2 NTs upon 30 minutes. Similar observa-
tion was also reported by Huang et al. [46], and they accre-
dited such fluctuation to the presence of gas bubbles
formed on the sample surface. These bubbles are believed
to greatly suppress the probability of water molecules to
get in contact with the sample surface and reduce the pen-
etration of incident light needed for triggering the photo-
excited electrons that are required for initializing the
photocatalysis process. Nevertheless, the existence of bub-
bles is just temporary and they were diminished within a
short time. Somehow, the new bubbles will form concur-
rently [47].

For better overview, a bar chart that reflects the cumu-
lative amount of hydrogen gas produced at 90 minutes is
plotted as shown in Figure 6(b), where the cumulative
hydrogen gas yield for nanocomposites falls within the
range of 2.54μmol/cm2 (for 1.1M Ag/DA-TiO2 NTs) up
to 6.10μmol/cm2 (for 0.2M Ag/DA-TiO2 NTs). The pro-
gressive increment of the Ag precursor concentration
indeed boosted the yield of hydrogen gas, and there was
an optimum range of Ag precursor concentration up to
0.2M. Further increment of the Ag precursor concentra-
tion rendered drawbacks by suppressing the photocatalytic
activity as evidenced by sample 1.1M Ag/DA-TiO2 NTs.
Such low yield of hydrogen gas is due to overoccupancy
of Ag NC loading impeding the light from striking onto
TiO2 NTs. As a result, the numbers of photoexcited elec-
trons generated on the surface of TiO2 NTs are reduced
and subsequently reduced the overall photocatalytic pro-
cess as discussed in the aforementioned section.
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4. Conclusion

As a conclusion remark, the direct photoreduction method
has been successfully employed to integrate Ag nanocrystals
(NCs) onto doubly anodized (DA) TiO2 nanotube (NT) thin
films and these thin films have been used as an efficient
photoelectrode for applied bias water splitting. Additionally,
its feasibility to be used as a photocatalyst thin film for hydro-
gen gas production has been evaluated. Detailed sample anal-
ysis reflects that the structural properties of the samples are
strictly dependent on the Ag precursor concentrations used.
The photocatalytic performance results also depict that there
was an optimum Ag loading amount, where the 0.2M Ag
precursor concentration renders the best photocatalytic per-
formance. The current study can serve as a platform that can
be diversified to prepare a new type of hybrid-based nanoma-
terials, where noble metal can be directly photoreduced onto
metal oxide semiconductor nanostructures for clean and
renewable energy application.
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