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In this work, we successfully fabricated homogeneous hydrothermal titanate nanotubes (TNTs) coated with Ag nanoparticles
(NPs) and elucidated the role of Ag NPs on local surface plasmonic resonance, surface-enhanced Raman scattering, and the
enhanced photocatalytic activity of TNT/Ag nanocomposite. The results showed that the photodegradation process reached
equilibrium in just ~5min for the TNT/Ag nanocomposite, which was much shorter than that of the TNT sample (~90min).
TEM micrographs showed that Ag NPs were well dispersed on the walls of the nanotubes. XRD patterns and Raman spectra
indicated that the TNTs were in the monoclinic structure of H2Ti3O7. Furthermore, Raman active modes of the TNTs were
significantly enhanced in the TNT/Ag sample, which was attributed to surface-enhanced Raman spectroscopy. The enhanced
photocatalytic activity of the TNT/Ag sample was explained by UV-vis diffuse reflectance spectroscopy and photoluminescence
emission spectroscopy, which showed local surface plasmonic resonance-induced visible light absorption enhancement and
effective charge separation, respectively.

1. Introduction

Recently, scientists worldwide have paid much attention to
plasmonic photocatalysis [1–3]. The term “plasmonic
photocatalysis” could be understood as oxide semiconduc-
tors such as ZnO, TiO2, and WO3 coated with noble metals
that enhance their photocatalytic activity due to the local
surface plasmon resonance (LSPR) effect, which can signifi-

cantly improve visible light absorption. Amongst plasmonic
photocatalytic semiconductors, TiO2 coated with noble
metal nanoparticles (NPs) has been widely studied. Many
reports on Ag NP coating on TiO2 showed visible photocat-
alytic enhancement in both hydrogen production [4–6] and
organic dye degradation [7]. Several other works dealt with
an anatase TiO2 nanotube (NT), a highly specific surface
area material, which was obtained by annealing the
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hydrothermal titanate nanotube at ~400°C or higher [8–12].
These works used XRD characterization to confirm the pure
anatase phase of TiO2 NTs. However, by Raman scattering
investigation, our recent work showed that the anatase phase
in the annealed titanate NTs was from TiO2 NPs that were
formed by thermal-induced interruption due to the low-
thermal stability of titanate NTs, and the titanate NT itself
remained in the monoclinic phase [13]. It is worth noting
that calcination treatment gives rise to enhanced photocata-
lytic activity due to the heterojunction formation of TNTs
and TiO2 NPs.

In this work, we fabricated titanate NTs (TNTs) and Ag
NPs coating TNT (TNT/Ag) samples and studied the photo-
degradation of methylene blue dye under visible light expo-
sure. Surface morphology and crystal structure of
synthesized samples were characterized by transmission
electron microscopy (TEM), energy-dispersive X-ray spec-
troscopy (EDX), X-ray diffractometry (XRD), and Raman
spectroscopy. In order to obtain insights into the enhanced
photocatalytic activity, optical properties of synthesized
samples were investigated by UV-vis diffuse reflectance
spectroscopy (DRS) and photoluminescence (PL) emission
spectroscopy, in which bandgap and charge separation of
synthesized samples were identified.

2. Material and Methods

2.1. Chemicals. All chemicals were purchased and used with-
out further purification. The chemicals were TiO2 powder
(anatase phase, Merck), AgNO3 0.1N (Merck, purity
99.99%), NaBH4 (Merck, 99.99%), NaOH (Merck, 99.9%),
HCl (Xilong, 37%), ethanol (Sigma Aldrich, 99.9%), and
bidistilled water.

2.2. Synthesis of TNT. The hydrothermal synthesis of TNT in
sodium hydroxyl solution was reported previously [14, 15].
Typically, 0.84 g TiO2 was magnetically stirred in an 80ml
10M NaOH solution for 30min. Then, the resulting solution
was transferred to teflon autoclave for hydrothermal pro-
cessing at 150°C for 24 h. After the hydrothermal process,
the autoclave was naturally cooled down to room tempera-
ture. The resulting wet powder was collected and immersed
in a 0.1M HCl solution for 30min and then washed with
bidistilled water until the pH reached 7. Finally, the powder
was put in an oven at 100°C for hours until completely dry.

2.3. Synthesis of TNT/Ag Nanocomposite. In order to attach Ag
NPs onto the TNTs, a reduction process to form Ag from Ag+

was carried out, as described previously [16]. Typically, firstly,
0.5 g TNTs were dispersed into 30ml bidistilled water. Sec-
ondly, the resultant solution was, drop by drop, added to
0.1M AgNO3 with continuous magnetic stirring until a ratio
of Ag to Ti of 0.05 was reached. Thirdly, the powder was col-
lected by centrifugation with a velocity of 5000 rounds per sec-
ond, and then, NaBH4 was added as the reduction agent.
Finally, the powder was washed, filtered, and dried at 90°C,
and the final product was denoted as TNT/Ag.

3. Results and Discussion

3.1. Surface Morphological and Structural Properties.
Figure 1 shows transmission electron micrographs of TNT
and TNT/Ag samples. Figures 1(a) and 1(b) indicate that
the nanotubes were formed by the hydrothermal method
with a homogeneous diameter of ~8nm, and the length var-
ied from 20nm to 50nm. Figures 1(c) and 1(d) clearly show
TNT/Ag composites in which uniform Ag nanoparticles
with a size of ~3nm were attached and well distributed on
the TNT surface. EDX mapping analysis of TNT/Ag, as
shown in Figure 1(e), indicates the homogeneous distribu-
tion of Ag NPs on the TNT surface.

Figure 2(a) shows XRD patterns of synthesized samples.
In general, XRD patterns of TNT and TNT/Ag were similar
to the monoclinic phase of H2Ti3O7, with diffraction angles
(2θ) of 9.40°, 24.18°, 28.26°, and 48.22° corresponding to
directions of (001), (110), (211), and (020) [14, 17, 18].
The structural transformation from anatase TiO2 to mono-
clinic titanate with a layer structure was reported previously
[19–21]. Chen et al. showed that the spacing distance of the
interlayer was about 0.78 nm, which was formed by conju-
gated edge-sharing TiO6 octahedrons [22]. Hydrogen atoms
in the H2Ti3O7 nanotube were located between interlayers,
which replaced Na atoms in the as-prepared sodium titanate
nanotube through the HCl postwashing treatment [23].
Because of the weak bonding of the H atom in the nanotube,
the monoclinic crystal of H2Ti3O7 could easily be trans-
formed back to anatase TiO2 by simple annealing [13]. It is
worth noting that after attachment of the Ag nanoparticle,
the diffraction intensity of (211) direction was recognisably
increased.

Figure 2(b) shows Raman active modes of TNT and
TNT-Ag appearing at 192, 275.5, 445.6, and 668.3 cm-1.
These active modes represent Raman characteristic vibra-
tions of the titanate tubular structure [24–26], which were
sharply enhanced in the TNT/Ag due to the surface-
enhanced Raman scattering (SERS) effect by loading Ag
nanoparticles onto the TNTs. It can be seen that there was
no anatase active Raman mode in the synthesized samples.
Hence, the hydrothermal process fully transformed the ana-
tase TiO2 to the monoclinic titanate nanotube. The
enhanced Raman scattering in TNT/Ag proposed a useful
method to characterize the Raman vibration modes of low-
crystalline structures of TNT, whose Raman modes were
sometimes reportedly hard to distinguish [27] because of
the low crystal structure [26, 28].

The chemical composition, oxidization state, and the
presence of Ag nanoparticles in TNT/Ag nanocomposite
were determined by utilizing XPS analysis as seen in
Figure 3. Particularly, Figure 3(a) shows that the TNT/Ag
sample possessed three major elements, namely, Ti, O, and
Ag, corresponding Ti 2p, O 1s, and Ag 3d spectra, accord-
ingly. Regarding XPS spectra of the Ag 3d region
(Figure 3(b)), two emerging peaks were located at 367.4 eV
and 373.4 eV, which are assigned to characteristic binding
energy of Ag 3d5/2 and Ag 3d3/2 spin states [29]. As pro-
posed in previous studies [8, 30, 31], these peaks with a dis-
tance around 6 eV originated from Ag nanoparticles
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Figure 1: TEM micrographs of TNT (a, b), TNT/Ag (c, d), and EDX elemental maps of Ti, O, and Ag in TNT/Ag.
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anchoring onto TNT’s surface since Ag+ (AgNO3) was
reduced to Ago state in the fabrication process. By using
Gaussian peak fitting, Ti 2p XPS of TNT/Ag could be
divided into three distinct peaks at 457.8 eV (Ti4+2p3/2),

459.4 eV (Ti3+2p1/2), and 463.8 eV (Ti4+2p1/2) as depicted in
Figure 3(c). Whereas two main peaks at 457.8 and 463.8 eV
with 81.6% (peak area) belonged to Ti4+ state in TiO2 struc-
ture, there is an individual peak at 459.4 eV with only 18.4%
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Figure 2: (a) XRD patterns and (b) Raman spectra of TNT and TNT/Ag samples.
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Figure 3: (a) XPS survey spectrum; XPS spectra of TNT/Ag: (b) Ag 3d, (c) Ti 2p, and (d) O 1s.
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(peak area) ascribed to Ti3+ state which is related to Ti2O3
structure [4, 32]. Additionally, O 1s spectra had two decon-
voluted peaks, one from 529.6 eV and the other from
531.3 eV attributing to Ti-O bond and surface adsorbed
OH groups [33], respectively, which are shown in
Figure 3(d). Importantly, there was a negative shift of
around 0.6 eV and 0.4 eV in terms of Ti 2p and O 1s spectra
of TNT/Ag, respectively, compared to that of pure TNT (as
seen in Figure S1). This is due to the connection of Ti-O
bond in the TNT structure and Ag nanoparticles on its
surface through electrostatic or covalent interaction to
form Ti-O-Ag networks [34].

3.2. Photocatalytic Test. We added 0.01 g catalyst (starting
TiO2, TNT, or TNT/Ag) in a 250ml solution of 25ppmmeth-
ylene blue (MB) for photocatalytic evaluation of MB degrada-
tion. After that, the powders were simultaneously stirred in the
dark for 60min until the adsorption reached an equilibrium
state. Then, the visible photocatalytic measurement was car-
ried out by irradiating the resulting solution under natural
solar light on a sunny day.We startedmeasuringMB degrada-

tion at different times of 5, 15, 30, 60, and 90min under sun-
light irradiation. Figure 4 shows the sequence of MB
absorption spectra over exposure times (Figures 4(a)–4(c))
and the degradation efficiency ofMB by using its characteristic
absorption peak at 664nm (Figure 4(d)), where C and C0 were
concentrations of MB at the time of measuring and at the
beginning of the experiment, respectively. It showed that the
time for MB degradation to reach equilibrium was short
(~5min) in comparison to that of the TNT sample
(~90min), withMB degradation of 40% and 12%, respectively.
However, after 90min of exposure, the photodegradation effi-
ciency of TNT and TNT/Ag, which was ~45% and ~50%,
respectively, was not much different. Hence, photocatalytic
activity of TNT/Ag was significantly enhanced in terms of
time compared to the TNT sample. In order to understand
the mechanism of the enhancement, in the next section, we
will investigate the optical properties of the synthesized sam-
ples by DRS and PL measurements.

3.3. Optical Properties. Figure 5 shows UV-vis DRS spectra
of the synthesized samples and the bandgaps determined
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Figure 4: Sequence of MB degradation under visible light exposure of (a) starting TiO2, (b) TNT, and (c) TNT/Ag. (d) The
photodegradation collected at the characteristic MB absorption peak at 644 nm.
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by Tauc’s plot using the Kubelka-Munk function [35]. In
general, the DRS spectra in Figure 4(a) showed improve-
ments in visible light absorption of the TNT/Ag composite,
which played an important role in the enhanced photocata-
lytic activity. Furthermore, local surface plasmon resonance-
(LSPR-) enhanced absorption was revealed in the range of

400–600 nm, which was around the characteristic strong
absorption range of Ag nanoparticles [36, 37]. Hu and
coworkers reported that the broad absorption peak was pos-
sibly due to the nonuniformity of Ag nanoparticles [38].
However, as shown in TEM images, Ag NPs in TNT/Ag
were highly uniform with a size of 3 nm, and the low
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Figure 5: (a) UV-vis diffuse reflectance spectra of TNT and TNT/Ag; bandgaps were determined by the Kubelka-Munk function of (b) TNT
and (c) TNT/Ag.
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Figure 6: Normalized photoluminescence emission and time-resolved photoluminescence spectra of TNT and TNT/Ag.
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concentration of Ag NPs could be attributed to the broaden-
ing of the resonant peak. The bandgap values of the synthe-
sized samples were estimated from the DRS spectra using
the Kubelka-Munk method [14, 35] shown in Figures 5(b)
and 5(c), where the values were ~3.28 eV and ~3.18 eV for
TNT and TNT/Ag, respectively. The bandgap decrease in
the composite sample was attributed to the increase of the
Fermi level when n-type TNT semiconductor contacted with
metallic Ag nanoparticles [39]. The small “bump” signal at
lower energy in Figure 4(c) was induced by the SPR effect
which was observed in the reflectance spectra. Hence, by
the DRS measurement, TNT/Ag showed that Ag NPs
induced an LSPR effect in which the visible light absorption
capacity of the sample significantly increased, which could
be assigned to the enhanced photocatalytic activity.

Both enhanced light harvesting and bandgap reduction in
the composite sample were beneficial to photocatalytic
improvement [40–43]. Another important factor for
enhanced photocatalytic activity was the radiative combina-
tion rate that brought about information of the photoinduced
carriers’ lifetimes, which were usually characterized by the
photoluminescence (PL) emission intensity. Figure 6(a) shows
normalized PL emission intensities of synthesized samples,
which indicated that the radiative recombination rate of pho-
toinduced electron-hole pairs was possibly reduced in the
TNT/Ag composite [40, 44, 45]. Typically, PL signals that
appeared at 427nm (2.90 eV), 585nm (2.12 eV), and 647nm
(1.92 eV) were assigned to radiative recombinations of band-
band excitons, conduction band electron-singly ionized oxy-
gen vacancy (V+

O), and electron trap-valence band hole,
respectively [44, 46]. The lower the radiative recombination,
the longer the carrier lifetime and, thus, the higher the possi-
bility of photoinduced carriers interacting to degrade organic
compounds [47]. However, an unwanted case known as
nonradiative emission could happen to reduce the PL emis-
sion intensity when the coated materials cover the host sur-
face [48]. This phenomenon was called the PL quenching
effect, which many previous photocatalytic studies did not
pay much attention to whether the decrease of PL emission
intensity was because of the charge separation or the PL
quenching effect. In order to clarify the decreasing recombi-
nation rate in the composite, a time-resolved PL measure-
ment was carried out, as shown in Figure 6(b). The
excitation wavelength of 466nm from a 0.5μW laser source
with 5ps pulses was used. The fitting decay curves of time-
resolved PL spectra shown in the subfigure of Figure 6(b)
indicated that the photoelectron lifetime of TNT/Ag of
~4.26ns was significantly longer than that of TNT, which
was ~1.68ns. Hence, the recombination rate of the compos-
ite sample was about 2.75-fold longer than that of TNT;
thus, photoexcited carriers would have more time in the
solution vicinity to promote highly oxidative and reductive
radicals to decompose the organic dye [49, 50].

4. Conclusions

In this work, we successfully fabricated hydrothermal TNTs
coated with Ag NPs by a facile two-step method. The photo-
catalytic activity of the TNT/Ag composite was investigated

by measuring the degradation of MB. The MB degradation
equilibrium state was reached only after 5min of sunlight
irradiation with a degradation efficiency of ~40%. The
mechanism of enhanced photocatalytic activity was revealed
by DRS and PL studies, which, respectively, showed LSPR-
induced visible light absorption and charge separation
improvement, i.e., photoinduced carrier lifetimes of
~1.68ns for TNTs and ~4.26 ns for TNT/Ag. Furthermore,
the SERS effect presented in the TNT/Ag sample was useful
to characterize the TNT layered monoclinic microstructure.
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