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Silver nanoparticles (Ag NPs) were loaded on TiO, nanotubes (TNTs) via photoreduction method at room
temperature without any additional reducing agent. The morphology and crystal structure were
examined by transmission electron microscopy, X-ray diffraction pattern, and Raman spectroscopy.
Chemical states of silver, titanium, and oxygen were analyzed by X-ray photoelectron spectroscopy. The
results showed that Ag NPs with an average diameter of 5 nm were uniformly distributed on TNTs surface.
Ag NPs improved both photocatalytic and the antibacterial activity of TNTs under sunlight irradiation.
Ag/TNTs decomposed 81.2% of methylene blue and 75.8% of methylene orange after 150 min under
sunlight irradiation. In addition, Ag/TNTs at 20 ppm concentration eliminated 99.99% of Staphylococcus
aureus after 60 min under sunlight irradiation. This research demonstrated that Ag/TNTs can be
synthesized at industrial scale by the photoreduction method and are effective antibacterial materials.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Recently, the use of semiconductors with solar irradiation to
deal with environmental problems is drawing a lot of attention.
Reducing the size of the semiconductors will modify their physical,
chemical, or biological properties, especially under irradiation [1].
Among these various semiconductors at the nanoscale, TiO,
nanotubes (TNTs) have been used widely to remove polluted
organic chemicals and bacteria in the water because this material
has high specific surface area and chemical stability. Moreover,
TNTs are low cost and non-toxic [2,3]. However, the photocatalytic
applications of TNTs under sunlight have been limited because of
their relatively wide band gap (about ~ 3.78 eV at room tempera-
ture) and high electron-hole recombination rate [4-6].

To overcome these obstacles, many researchers have focused on
loading a noble metal (i.e. Au, Pt, Pd, Ag) onto TNTs because (i)
these nanoparticles expand the absorption range to the visible
region by the surface plasmon resonance effect [7,8] and (ii) act as

* Corresponding authors.
E-mail addresses: pvviet@hcmus.edu.vn (P.V. Viet), Ivhieu@hcmus.edu.vn
(L.V. Hieu).

https://doi.org/10.1016/j.jphotochem.2017.10.051
1010-6030/© 2017 Elsevier B.V. All rights reserved.

electron trappers to reduce the rate of electron-hole recombina-
tion [9,10]. Among noble metals at the nanoscale, Ag is an attractive
candidate to enhance the activity of TNTs because in comparison to
other noble metals, Ag has the strongest conductivity and electron
trapping ability [2], is not very expensive, can be used on the
industrial scale, and is non-toxic for humans at low concentration.
Therefore, to improve the photocatalytic activity of TNTs, this
project will focus on loading Ag NPs on TNTs.

Many methods were investigated to synthesize Ag/TNTs, such
as chemical reduction, sputtering deposition, microwave-assisted
method, photoreduction, etc. Most of these techniques require
many kinds of chemicals and must be conducted at high
temperature. However, the photoreduction method uses water
as a solvent, does not need any reducing agent or stabilizer, and can
be carried out at room temperature.

Over the past a few years, loading of Ag NPs onto hydrother-
mally synthesized TNTs is usually accomplished by photoreduction
from a UV source, showing good results. However, the previous
studies indicated that the synthesis processes must use a UV lamp
with high power (from 400 to 500 W) [11,12] or make use of many
assistant chemicals, such as HNOs3;, NaOH, N, or Ar gas, ect
[13,12,11], or the product must be treated at a temperature of at
least 400°C [14].
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These disadvantages in synthesis process prevent the applica-
tion of Ag/TNTs in industrial scale. To overcome these obstacles, we
tried to fabricate Ag/TNTs by a simple photoreduction procedure, in
which does not use any additional chemicals and can be carried out
at room temperature.

2. Materials and methods
2.1. Chemicals

TNTs were synthesized by the hydrothermal method [15]. Silver
nitrate (99.9%) was purchased from Alpha Chemika, India.
Methylene blue (MB, 99%) was purchased from JHD Fine
Chemicals, China. Methylene Orange (MO, 99%) was purchased
from Xilong Scientific, China. Deionized (DI) water was supplied by
a Puris-Evo water system.

2.2. Preparation of Ag/TNTs

Various publications about Ag/TiO, indicated that 2.0 wt.% of Ag
exhibited the highest photocatalytic activity [ 16-18]. Therefore, we
decided to fabricate Ag/TNTs with 2.0wt.% Ag. First, 0.0425¢g
AgNO; was added into a 100mL DI. Then, the solution was
magnetically stirred with 1.0 g TNT powder. Then, the mixture was
constantly stirred and irradiated under a UVC lamp (OSRAM,
Germany, 18 W, 254 nm) for 24 h. Finally, the product was filtered,
washed with DI water, and dried at 100 °C for 2 h.

2.3. Material characterization
The crystal structure of the materials was determined by X-ray

diffraction (XRD) pattern (Bruker D8 Advance 5005, Cu Ka with
A =0.154064 nm). Vibration modes of bonds in the materials were
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Fig. 1. TEM images of TNTs (a), Ag/TNTs with 100 nm of scale bar (b), 50 nm of scale bar (c), size distribution of Ag NPs (d), and EDS of Ag/TNTs (e).
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Fig. 2. XRD patterns of materials.

detected by Raman spectroscopy (Jobin Yvon-Labram 300
spectrometer, excitation source: He-Ar laser with A =514.5nm).
The morphology of the materials was recorded by transmission
electron microscopy (TEM) image (JEM 1400 instrument). Energy
dispersive X-ray spectroscopy (EDS) mapping technique was used
to determine the weight and the atomic percentage of elements in
the material using a JEOL S4800. The chemical states of silver,
titanium, and oxygen in the materials were analyzed by X-ray
photoelectron spectroscopy (XPS) pattern (Perkin—-Elmer RBD
upgraded PHI-5000C ESCA system with monochromatic Mg-Kot
excitation, and the charge neutralizer was used to investigate the
surface electronic states of the materials).
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Fig. 3. Raman spectra of materials.
2.4. Photocatalytic activity of materials

The photocatalytic activity of the materials was evaluated by
the degradation efficiency of MB and MO (organic polluted
indicators) solutions under sunlight. 60 mL of MB/MO at 20 mg/
L and 0.02 g of catalyst were magnetically stirred for 60 min in the
dark for equilibrium of the adsorption/desorption process of MB on
the materials to be achieved. Then the mixture was subjected to
sunlight irradiation. The absorption spectrum of the MB/MO
solution was regularly recorded every 30 min of irradiation. The
experiments were carried out from 10:00 to 13:00 o’clock on a
sunny day (35-40°C) at Ho Chi Minh city, Vietham. All the
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Fig. 4. XPS of Ag/TNTs (a) and HRXPS of Tizp (b), O1s (), and Agsq (d).
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Table 1
XPS data for the oxidation state and content of Ag in Ag 3d.

Oxidation statements Peak position and content

BE (eV) %
Ag® 3dsp, 374.5 116
Ag® 3ds)» 368.5 13.5
Ag* 3ds); 371.6 25.2
Ag* 3dsp 365.5 30.5
Ag®* 3d3)» 373.1 48
Ag®* 3ds), 367.2 14.3

experiments were repeated 3 times. The photocatalytic degrada-
tion efficiency, n, was calculated as 7 (%) =100 x (Co-C;)/Co, Where
Co and C; were the concentrations of MB/MO before and t min after
sunlight exposure, respectively. MB and MO in the supernatants
were measured with a UV-vis absorption spectra (U2910, HITACHI,
Japan) at wavelengths of 664 nm and 464 nm, respectively.

2.5. The antibacterial activity of materials

Staphylococcus aureus (S. aureus) was incubated at 37 °C for 24 h
(2.4 x 108 CFU/mL) and was used to study the antibacterial activity
of the materials. The antibacterial activity of materials was tested
in the dark and under sunlight from 11:00 AM to 12:00 PM in Ho
Chi Minh city, Vietnam.

In the dark, TNTs and Ag/TNTs at a concentration of 20 ppm,
50 ppm, and 100 ppm were added separately into 6 Petri dishes. A
Petri dish was left blank as the control sample. The bacteria
concentrations were recorded after 30 min of incubation. As the
same with the investigation of the antibacterial activity under
sunlight irradiation, TNTs at 20 ppm and Ag/TNTs at 20 ppm were
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added separately into 2 Petri dishes, and a dish was left blank in the
same condition as the control sample. These Petri dishes were
exposed under sunlight irradiation for 60 min. After the illuminat-
ed period, the bacteria were incubated for 24 h in the dark. The
bacteria concentrations were recorded after the incubation.

3. Results and discussion
3.1. Morphology and structure of materials

3.1.1. TEM observation

The TEM images were used to characterize the surface
morphology of Ag NPs, TNTs and Ag/TNTs. Fig. 1 shows that the
average size of Ag NPs is about 3-5nm and Ag NPs are uniformly
deposited on the TNT surface. After the photoreduction process,
TNTs maintained their original morphology with an outer diameter
of 8 + 2 nm, an inner diameter of 6 + 2 nm, and length ranging from
200 to 400 nm. Fig. 1(e) shows that the material is high purify and
is mainly composed of Ti, O and Ag. Because the O: Ti atom ratio
(~2.3) is bigger than 2. Therefore, the product can exist a silver
oxide.

3.1.2. XRD characterization

As reported by Fig. 2, all samples exhibited diffraction
characteristics at 25.0°, 36.95°, 38.5°, 48.2°, 55.3°, and 75.0°,
corresponding to (101), (004), (200), (105), and (204). planes of the
anatase phase, respectively (JCPDS No.65-5714). The diffraction
peaks at 38.2° and 44.4° corresponds to (111) and (200) plane of Ag
NPs’ face centered cubic crystal (JCPDS No.65-2871) [8,19].
Diffraction characteristic at 27.45° corresponds to (110) plane of
the rutile phase (JCPDS No.21-1276). The significant increase in this

HE 18
| .
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MB TNTs Ag/TNTs MB TNTs Ag/TNTe
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Fig. 5. MB and MO photodegradation efficiency (a-c) of materials under sunlight irradiation and the change of color along dye degrade process (b-d).
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peak’s intensity in Ag/TNTs could be explained by the fact that Ag
NPs absorbed additional heat to improve the formation of rutile
phase [20].

3.1.3. Raman analysis

Raman spectra of TNTs show six active modes of the anatase
phase, representing three E, modes with centered-peak around
142 (Eg(1), 196 (Eg(2)), and 641 (Eg3))cm™!; two By, modes at 395
(B1ge1y) and 513 (B1gy) cm™'; and one A;g mode at 513 cm ™' [21,22]
(Fig. 3). Besides these modes, three modes at 440 (E;), 613.8 (A1),
and 828.7 (B,g) cm ™! of rutile phase [23,22] are also observed. The
Eg, Big, and A;; were contributed by the symmetric stretching
vibration, the symmetric bending vibration, and the anti-
symmetric bending vibration of O-Ti-O in TiO,, respectively.
However, the increase in the intensity of the peak at 271 cm™,
corresponding to Ti—O—H group [24,25] in Ag/TNTs can be
explained by the fact that the O-Ti-O group reacts with water on
TNTs to form a Ti—O—H group in the photoreduction process.

3.1.4. XPS characterization

Fig. 4a shows XPS of Ag/TNTs, including binding energy peaks
for Ti, O, and Ag. The carbon is attributed to adventitiously
adsorbed hydrocarbons. The high-resolution Ti 2p XPS spectrum
(Fig. 4(b)) shows two binding energy (BE) peaks at 459.4 and
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465 eV, corresponding to Ti*" in TiO, [26]. The BE peak at 456.4 eV
corresponds to Ti>* [27]. The O 1s XPS spectrum (Fig. 4(c)) shows a
major BE peak at 531eV, characterizing to 0%~ in TiO,, and a
smaller peak at 528eV, characterizing to O— [11,28]. Fig. 4(d)
shows that the Ag/TNT sample contains three states of Ag, namely,
Ag® Ag*, and Ag?*, including two BE peaks at 374.5 and 368.5 eV,
corresponding to Ag 3ds, and Ag 3ds, of Ag®, respectively [29,30].
The BE peaks at 373.1 and 367.2 eV correspond to Ag 3ds;; and Ag
3dsj, of Ag**, respectively [30]. Furthermore, there were two BE
peaks at 371.6 and 365.5 eV, corresponding to Ag 3ds,; and Ag 3ds»
of Ag*, respectively. The Ag® state exists about 25.1%, Ag>* is 19.1%,
and Ag" state dominates with more than 50% (Table 1). These
results are explained by the fact that the photoreduction process
usually contains oxygen and ozone gases, so they oxidized from
AgP to form Ag* and Ag?* states [31,32].

3.2. The photocatalytic activity of materials

Ag/TNTs have the superior photocatalytic potential of TNTs in
the photodegradation of both dyes (MB and MO). The MB and MO
photodegradation efficiency of Ag/TNTs is approximately double
that of TNTs after 150 min under sunlight irradiation. Detailly, the
MB (MO) photodegradation efficiencies of TNTs and Ag/TNTs are
41.7% (41.8%) and 81.2% (75.8%), respectively (Fig. 5(a)-(c)).

Degradation ™
product

KT

=

- - - - - - - - - - - - - -

Degradatlon

product
°”’.
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Fig. 6. Photocatalytic mechanism of Ag/TNTs under UV light (a) and visible light (b).
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Table 2
Antibacterial efficiency of TNTs and Ag/TNTs with various concentration under the
dark and sunlight irradiation.

Concentration (ppm) Antibacterial efficiency (%)

Dark Light

TNTs Ag/TNTs TNTs Ag/TNTs
100 86.55 99.37 N/A N/A
50 75.33 97.37 N/A N/A
20 55.68 92.67 95.9 99.99

In addition, dyes degradation also expresses through change of
dyes color (Fig. 5(b) and (d)). The color of MB and MO almost do not
change during the irradiation process while the color of solution
with the presence of TNTs catalyst has faded but they are not much
compared to the original dyes color. Clearly, the change a lot of
color of solution with the presence of Ag/TNTs catalyst from blue
and orange to transparent can be observed after 150 min under
sunlight irradiation.

3.3. Photocatalytic mechanism of Ag/TNTs

The photocatalytic reaction of Ag/TNTs could be activated by UV
light or visible light (Fig. 6), which both exist in sunlight.

Under UV light (Fig. 6(a)), the electrons in the valence band (VB)
of TNTs moved to the conduction band (CB) and were isolated with
the holes by the heterojunction structure between Ag NPs and
TNTs [33-35]. Then, these electrons reduced O, on Ag NPs to *0,~
[36]. These radicals could receive more electrons to become OH.
Meanwhile, the holes in the VB oxidized water on TNTs to the OH®
free radical. Next, *0,~ and OH® will oxidize MB/MO to the
degradation products.

It is also worth to note that the electron and hole recombination
can be suppressed by Ag* ion. Ag" can inhibits this process because
of its high reduction potential. Under sunlight condition, the
transformation of Ag* is shown in equations below [37]:

Ag'+ecs — Ag®

Photo-generated electrons are captured by Ag" species, which are
then reduced into Ag® (Fig. 6(a)). The contribution of silver does not
stop here, it also can suppress the electron-hole recombination by
Schottky barrier [38]. Consequently, the synergic effect of the
oxidation states of silver (including two BE peaks at 371.6 and
365.5eV as Fig. 4 (c)) significantly enhance the photocatalytic
performance of Ag/TNTs material [39].

Under visible light (Fig. 6(b)), electrons on the surface of Ag NPs
resonated (by surface plasmon resonance effect) and became
plasmonically excited. Next, they moved to the CB of TNTs, and
were further trapped by neighboring Ag NPs. As under UV light

Control

irradiation, these electrons then reduced O, on TNTs to O, anion
radical, and the holes in Ag NPs oxidized water on Ag NPs to OH".
After that, *O,~ and OH® radicals will oxidize MB/MO to the
degradation products.

3.4. The antibacterial activity of the materials

Table 2 shows that in the dark conditions, the antibacterial
activity of TNTs is very strong with 86.55% of antibacterial
efficiency at 100 ppm concentration after 60 min of incubation.
Alternately, the antibacterial activity decreases when the concen-
tration of TNTs is decreased. On the other hand, Ag/TNTs exhibited
stable antibacterial activity under dark conditions. The antibacte-
rial efficiency of Ag/TNTs in the dark reached 92.67 to 99.27% for
Ag/TNTs concentration from 20 to 100 ppm. The antibacterial
mechanism of TNTs in the dark is mainly based on the generation
of reactive oxygen species (ROS) (hydroxyl radicals (OH®),
superoxide anion (*0,~), and hydrogen peroxide (H,0,), which
were the product of the reaction between Ti>* and O~ vacancies
with water and oxygen on the TNT surface [40-43]. The presence of
Ti*>* and O~ in the materials was confirmed by XPS spectrum
(Fig. 4b, ). Furthermore, the presence of the Ag* state (about 50%
in Ag/TNTs sample) can eliminate the bacteria by destructing
bacteria’ membrane, interaction with protein thiol groups, and/or
damage to their DNA [31,43-46].

Fig. 7 shows the antibacterial activities against S. aureus of TNTs
and Ag/TNTs under sunlight irradiation. After 24h of sunlight
irradiation the S. aureus bacteria in the control sample grew fully
on a petri dish (Fig. 7a). Compared to the antibacterial activity of
Ag/TNTs, the antibacterial activity of TNTs is lower because the
number of bacteria in this dish only decreased partly (Fig. 7b).
When Ag NPs are incorporated with TNTs, their antibacterial
activity is improved. This showed that Ag/TNTs with 20 ppm
concentration showed inhibitory zones (Fig. 7¢). The antibacterial
efficiency of TNTs, and Ag/TNTs under sunlight irradiation are
95.90 and 99.99%, respectively. Compared to the dark condition,
both the antibacterial activity of TNTs and Ag/TNTs were both
improved under sunlight irradiation, and the antibacterial activity
of Ag/TNTs was better than that of TNTs. This enhancing of the
antibacterial activity of the materials was also explained by the
generation of the ROS when the materials were excited by sunlight
irradiation. This result is consistent with the photocatalytic
mechanism of Ag/TNTs which was mentioned the above.

4. Conclusions
Ag NPs were loaded on a TNT surface by the photoreduction

method at room temperature without any additional reducing
agent. Ag NPs have the average particle size from about 3 to 5 nm

Fig. 7. Antibacterial activities against S. aureus: (a) control sample, b) TNTs, and (c) Ag/TNTs under sunlight irradiation.
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and are uniformly deposited on the TNT surface. Ag NPs
significantly improved the photocatalytic activity and the antibac-
terial activity of TNTs. Moreover, the photocatalytic efficiency of
Ag/TNTs was twice that of TNTs after 150 min under sunlight
irradiation. Ag/TNTs at 20 ppm concentration eliminated 99.99% of
S. aureus after 60min under sunlight irradiation. The photo-
catalytic and antibacterial activity of Ag/TNTs was attributed to
OH*, 0,7, and H,0,, which generated under sunlight, degrade MB/
MO and eliminate bacteria. Ag/TNTs synthesized by simple
photoreduction method might be a promise material for treating
polluted water in the future.
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