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ARTICLE INFO ABSTRACT

Ag-doped flowerlike rutile-phase (Ag-FR) TiO, film with exposed (110) and (111) facet was fabricated by a
facile hydrothermal method at 150 °C without additive or capping agent with different Ag content ranging from
Rutile 0.5 to 2 wt%. This study investigated the influence of Ag content in enhancing the photocatalytic activity of Ag-
Ag-FR TiO, film FR TiO, film. The flowerlike structures increased the active area of the TiO, film. XPS revealed that the con-
(Slc;(i)tf; tl):r)ﬂf;_mt centration of Ti> " -oxygen vacancy defects increased upon doping, while TEM revealed that the (110) and (111)
Photocatalysis are highly exposed facets of rods with flowerlike structure. The effectiveness of the Ag-FR TiO, film was tested

on methylene blue degradation under xenon lamp irradiation. The Ag-FR TiO, film with 1 wt% Ag resulted in the
highest methylene blue degradation, which was 20% higher than degradation by the undoped TiO,. The sy-
nergistic effect between both (110) and (111) facets and Ti*>*-oxygen vacancy from Ag play an important role
in reducing the band gap and acts as an electron trap. This suppresses recombination between electrons and
holes to enhance the photocatalytic activity thus extending the lifetime of the photogenerated electron and hole.

Keywords:
Hydrothermal

1. Introduction

The world faces severe water pollution, which affects all living
creatures, particularly humans and aquatic organisms. The improper
management of waste systems in various industrial settings is one of the
sources of hazardous chemicals that affecting global ecosystems. The
conventional procedures for eliminating these pollutants have proven
to be difficult and ineffective. Hence, this scenario has prompted the
introduction of numerous methods such as flotation, membrane pro-
cess, coagulation, and precipitation to degrade organic compounds [1].
However, these existing methods require improvements to effectively
remove the contaminations. Thus, complementary methods have been
proposed to remove contaminants for a cleaner environment. In the
past few years, advanced oxidation processes (AOPs) have shown great
potential for the removal of organic compounds by semiconductor
photocatalysis [2]. These processes utilise hydroxyl radicals and su-
peroxide anions to degrade the organic compounds [3].
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TiO, is a well-known material due to its high chemical stability,
high refractive index, large surface area, and cost effectiveness com-
pared to other semiconductors [4-6]. Nevertheless, photocatalysis
using TiO; is constrained by three major problems: first, the wide band
gap of TiO, limits its practical environmental application under solar
irradiation. Second, the high recombination potential of the photo-
generated charge carriers in semiconductors, and lastly, post-separation
after the treatment of TiO, nanoparticles is a difficult and costly process
[7]. Various studies have reported the preparation of powder catalysis
in photocatalytic wastewater treatment [8,9]. However, post-separation
handling poses a burden in ensuring no powder passes through to the
water stream. Thus, the development of film catalysts with comparable
photocatalytic activities to the powdered form has emerged to over-
come these difficulties.

Generally, many factors contribute to the excellent photocatalytic
activity of the film. For example, surface morphology, structural
property, surface defect, and fabrication method of the sample [10,11].
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Table 1

Comparison of studies doped TiO film for MB degradation.
Synthesis method Dopant type Percentage degradation (%) Degradation duration (h) Ref.
Sol-gel spin coating Ag 54.13 8 [19],
Thermal oxidation Au 25 3.5 [25],
Dip coating Ag 35 5 [26],
Two-step hydrothermal Pr 76 12 [271,
Hydrothermal method Ag 75 This study

The three main crystallographic forms of TiO, are anatase, rutile, and
brookite. Each crystalline exhibits a different band gap, surface state,
and physical properties. Both anatase and rutile are commonly used in
photocatalysis. Many studies have focused on anatase due to its ex-
cellent performance in photocatalysis compared to the rutile phase
[12]. This may be due to the higher degree of hydroxylation and higher
Fermi level in the anatase phase [13]. However, the origin of the low
photocatalytic activity of rutile-phase TiO, may be due to low surface
area from the synthesised route by thermal treatment of the anatase
phase at high temperatures (400-1000 °C), which causes aggregation of
the catalyst [14]. Furthermore, the rutile phase possesses several ad-
vantages over the anatase phase such as high chemical stability and
high refractive index [15]. In addition, the rutile phase with rod-like
morphology has excellent electron mobility, efficient light-trapping
structure, and high surface area that provides more active sites for
photocatalytic reaction [16,17]. In another report, Masahashi et al.
claimed that the rutile phase ensures higher decomposition of methy-
lene blue (MB) compared to the anatase phase due to high crystallinity,
which enhanced the electron mobility in TiO, [18].

Moreover, this suggests that the electron transfers to the (110)
facet, while the hole migrates to the (111) facet that is spatially se-
parated [19]. Therefore, the modification of existing methods is re-
quired for a controllable and efficient facet of the catalyst. Hence, do-
pants are introduced into the lattice TiO, by generating local defects
such as self-doped Ti**-oxygen, vacancy in TiO,, and engineering
structural facet. These modifications are widely adopted to increase the
performance of TiO, in photogenerated carrier transfer and reduce the
band gap energy [20]. TiO, modification can also be done by in-
troducing metals or nonmetals to produce extra impurity in the energy
level that can reduce the band gap energy [21,22].

Among these modifications, self-doped Ti** is a very attractive
additive used to increase the level of impurity. Generally, self-doped
Ti®* can be generated by hydrothermal and calcination processes [23],
and subsequent treatment by high energy flows such as neutron beam
[24], nitrogen-ion implantation [25], and ultraviolet pulsed laser ab-
lation [26]. Moreover, the modification of TiO, by metal doping is
widely studied. Noble metals such as Au, Ag, and Pt are typically used
in the modifications. The metal dopant greatly improves the oxygen
vacancy, modifies electron density, and reduces recombination between
electron-hole pairs [27].

Ag has a great advantage of lower toxicity, lower cost, and higher
antibacterial property compared to Au and Pt, all of which are very
useful in wastewater treatment [28,29]. Ag doping is also commonly
used to reduce the band gap energy; subsequently, Ag acts as an elec-
tron trapper to capture the electrons and react with contaminants [30].
Hence, Ag assists in charge separation by forming a Schottky barrier
between TiO5 and metal [31],[32]. Ag also enhances the absorption of
TiO, for visible light due to the localised surface plasmon resonance
(LSPR). Dong et al. synthesised Ag-decorated TiO, nanoparticles to
enhance the photovoltaic effect for dye-sensitised solar cell application
[33]. The solar conversion efficiency of Ag-decorated nanoparticles is
approximately 22% higher than that of undoped TiO,. Zhou et al.
synthesised Ag-decorated Ti** self-doped porous black TiO, pillar
using combined oil bath and wet impregnation methods [34]. The au-
thors claimed that the synergistic effect between Ag decoration and
Ti®* self-doping enhanced the photocatalytic performance.

To date, many syntheses have been reported in metal-doped fabri-
cations such as sol-gel spin coating [35], solvothermal method [36],
electrochemical synthesis [10], and reduction using UV irradiation
[37]. However, the abovementioned methods have several drawbacks
such as insufficient contact, low efficiency, and extended duration re-
quired for sample preparation. In this study, a fast and facile hydro-
thermal method was designed for the fabrication of Ag-doped rutile-
phase TiO, film using titanium butoxide (Ti(OBu),), hydrochloric acid
(HCD), deionised (DI) water, and silver nitrate (AgNO3) as a metal do-
pant at a low temperature of 150 °C for 10 h. No capping agent or toxic
additive reagent was used to prevent secondary pollution of the en-
vironment. Furthermore, the optimum loading for the doping process
was determined from different amounts of the Ag dopants. To the best
of the authors’ knowledge, limited studies exist on the fabrication of Ag-
doped rutile-phase TiO, film with active facets (110), (111), and Tis*-
oxygen vacancy defects on fluorine-doped tin oxide (FTO) substrate
using a simple hydrothermal method. Table 1 shows a comparative
summary of previous works and the current study on MB degradation.

2. Experimental
2.1. Materials and methods

Hydrochloric acid (HCl) was purchased from J. T. Baker with
36-38% purity. Titanium(IV) butoxide (Ti(OBu),) and fluorine-doped
tin oxide (FTO) substrates were purchased from Sigma-Aldrich.
Methylene blue (MB) was purchased from Wako. Silver nitrate (AgNO3)
was purchased from QREC. All chemicals were used without any pur-
ification.

2.2. Preparation of Ag-FR TiO; film

Fig. 1 shows the schematic illustration of the fabrication route for
the Ag-FR TiO, film. The Ag-FR TiO, film was fabricated using a simple
one-step hydrothermal method. The FTO substrate was cut into
35 x 35 mm dimensions before cleaning with acetone, ethanol, and DI
water using the sonication method. Precisely, 80 mL of HCl was mixed
with 80 mL of DI water and stirred for 5 min in a clean beaker. Next, the
mixed solution was heated to 212 °C. Then, AgNO3 was added into the
solution at different weight percentages and the solution was stirred for
30 min. The solution was subsequently cooled to room temperature.
Then, 0.10 M of Ti(OBu), was added dropwise, and the mixture was
stirred until the solution was clear.

The FTO substrate was placed in the conductive area facing upward.
Then, the prepared solution was poured into a steel autoclave with
Teflon liner (300 mL). The hydrothermal reaction was conducted for
10 h at 150 °C. After cooling down, the film was rinsed several times in
DI water and dried in the oven at 100 °C for 30 min. No post-annealing
treatment was applied. The films were denoted as TiO, (undoped TiO5),
TiO,—Ag 0.5 wt%, TiO,—Ag 1.0 wt%, and TiO,—Ag 2.0 wt% according
to the weight percentages of the dopant.

2.3. Characterization of Ag-FR TiO, film

The X-ray diffraction (XRD) PANalytical X-Pert Powder machine
was used to examine the structural properties of the film at 26 from 20°
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Fig. 1. Schematic illustration of the fabrication route for making Ag-FR TiO, film.

to 80°. Raman spectroscopy (XploRA PLUS model BX41TF) was used to
further examine the structural property. FESEM JEOL JSM-7600F was
used to study the surface morphologies and the elemental property of
the samples. The electron energy used for EDX analysis was 15 kV.
Transmission electron microscopy (TEM) model JEOL JEM-2100F was
used to observe the lattice fringes and shape of the films.
Photoluminescence spectroscopy (Jasco spectrofluorometer FP-8600)
was used to analyse the characteristics of the light emitted from the
photo-excited materials. UV-vis NIR spectroscopy (Shimadzu 3600 Plus
spectrophotometer) was used to examine the optical property of the
film. XPS spectroscopy (AXIS ultra) was utilised to investigate the de-
fect levels in TiO,.

2.4. Photodegradation of MB

The ability of the rutile-phase TiO, film in photocatalytic activity
was tested for MB degradation using a xenon lamp (MAX-303, Asahi
spectra, 300 W), which has a wide wavelength ranging from 300 to
600 nm. The power density of the xenon lamp was 20 mW c¢m ™2, Fig. 2
shows an illustration of the photodegradation of MB. The rutile-phase
TiO, film was placed in the beaker. The distance of the lamp to the
solution was 21 cm. Then, the film was exposed to light for 30 min to
eliminate unwanted adsorption of molecules and to enhance the ad-
sorption of MB on the TiO, surface. Next, 100 mL of MB solution was
poured and stirred in the dark for 1 h to attain adsorption-desorption
equilibrium. The initial pH of the solution was 12, while the initial
concentration of MB was 5 mg/L. At least three replicate experiments
were conducted to confirm the reproducibility. The experiment was
continued for 5 h with continuous stirring during which 3 mL of the
sample was collected at 1 h intervals. The dye degradation was calcu-
lated using Eq. (1).

A, - A

Dye degradation (%) = L % 100
ye deg (%) A o

where A, is the initial absorbance and A; is the absorbance at a time, t.
The absorption of MB was taken at 664 nm.

Xenon lamp =

T
Magnetic stirrer

Fig. 2. Schematic diagram for Photodegradation of MB.

3. Results and discussion
3.1. Structural analysis

The XRD analysis was performed to investigate the structural
properties of the films in the range of 20-80°, as shown in Fig. 3(a). All
the samples show peaks for the rutile phase, whereas no anatase peak
was detected. The XRD peak detected matched the JCPDS file No: 98-
008-0842. The XRD patterns obtained from the analyses showed that
pure rutile phase was formed from the simple hydrothermal method
without calcination. The peaks at 26 of 27.38°, 36.10°, 41.24°, and 54.5°
fitted well with the (110), (101), (111), and (211) planes of the rutile
phase of TiO», respectively [38]. The Ag-FR TiO, film is crystalline even
without thermal treatment. No diffraction peak for Ag or its oxides was
detected, which confirms that the rutile phase was not interrupted upon
doping. This finding reveals that silver ions were successfully dispersed
on the TiO, matrix. This also agrees with a previous study where XRD
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Fig. 3. (a) XRD spectra (b) Raman shift for undoped TiO, and various amount of Ag dopant.

analysis was unable to detect Ag, particularly if the Ag content is < 4
wt% [39]. Hence, the deposited Ag is expected to be lower than the
visibility limit for XRD [40].

At high dopant concentration, the intensity of the peaks decreased.
This observation may be due to the incorporation of Ag ions into the
parent lattice of TiO,, which resulted in modification of the lattice’s
periodicity and crystal symmetry [33]. The data also show that the
diffraction peak slightly shifted to the lower angle values, which can be
explained by the ionic radius of the incorporated metal ion in the TiO,
lattice. The diffraction peak of the XRD spectra is shifted to a lower
angle due to the incorporation of the metal ion with a larger radius,
while a smaller ionic radius will shift the XRD spectra to the higher
angle [41]. It is well known that the rutile phase has good electron
mobility, which helps the electron move to the surface and react with
the wastewater [42]. The crystallite size of the Ag-FR TiO, film was
calculated using the Debye-Scherrer equation at the major peak of the
rutile phase at 20 = 27.38° (Eq. (2)).

D= Ecos@
2

where D is the crystallite size, k is the shape factor (k = 0.94), 1 is the
wavelength of the X-ray radiation (Cu Ka = 0.1542 nm), 8 is the full
width at half maximum (FWHM), and 6 is the angular position of
maximum peaks location. The crystallite size ranges from 33 to 86 nm
as shown in Table 2 but decreased with the increase in Ag content. The
presence of Ag ions leads to the repulsion between the Ti ions, which
may possibly inhibit crystal growth and result in smaller particle size.
This result is coherent with a previous study by Ali et al. [30].

Raman spectroscopy was conducted for further investigation of

Table 2
FWHM, Crystallite size (D) and Raman percentage of different Ag concentra-
tions.

Sample B (FWHM) D (nm) Raman A, ¢/E; (%)
TiO, 0.1968 86.86 77.8

TiO,-Ag 0.5 wt% 0.416 41.09 87.41

TiO2-Ag 1.0 wt% 0.4305 39.71 91.45

TiO,-Ag 2.0 wt% 0.511 33.45 93.89

structural properties of the Ag-FR TiO, film. The rutile phase was de-
picted by a tetragonal space group of P42/MM, which has four main
transitions including Bi,, multi proton process (#), E,, and A, [13].
The Raman spectra of the pristine TiO, and Ag-FR TiO, films with
different Ag concentration are shown in Fig. 3(b). All the peaks shown
represent the Raman shifts for the rutile phase [43]. These results have
good agreement with the XRD result. The Ag-FR TiO, film shows good
crystallinity even without annealing treatment. The Ag-FR TiO, film
has a pure rutile phase crystal but no Ag peak exists in the result. The
sample displays the main peaks at 120 cm ™! (B1g), 244 cm ™! (multi-
proton process), 453 cm ™' (E,), and 622 cm ™' (A;,). The E, mode is
due to the symmetric stretching vibration of O—Ti—O, while the By,
mode is from symmetric bending vibration of O—Ti—O0, and A, is from
anti-symmetric bending vibration of O—Ti—O [44]. Fig. 3(b) shows that
the 453 cm ™' (Ey) peak slightly shifted towards a higher wavelength
when the Ag concentration increased.

Generally, the shift in Raman peak may be due to the modifications
or defects in the structure and changes in particle size [30]. The peaks
broadened when the Ag concentration increased, which can be corre-
lated to the increase in oxygen vacancy concentration on the Ag-FR
TiO, film [45]. Another reason for the broadening of the peak may be
due to the effect of particle size on the force constant and vibrational
amplitude [30]. In Table 2, the A,, intensity ratio to E; was compared.
At higher Ag concentrations, the stretching of the A, peak was affected
by the replacement of Ti atoms by Ag atoms. This phenomenon shows
the increasing intensity ratio of the A;,/B;; modes and proves that the
Ag dopant was successfully incorporated into the TiO, structure.

3.2. Morphology

Fig. 4 shows the surface morphology of the fabricated undoped TiO,
and TiO,—Ag 1.0 wt%. The sample displays a flowerlike structure
containing a bundle of the rods. The flower distribution covered on top
of the FTO structure. The average diameter of a single rod of the flower
is from 90 to 120 nm, while the average diameter of the flower is from 7
to 9 um. The 3D microstructure significantly contributes to the large
surface area, whereas the multiple petal arms provide more active sites
for the photocatalytic activity that enhances MB photodegradation. The
charge transportation between the electron and the hole in the rod’s
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Fig. 4. (a) FESEM image for undoped TiO,, (b-d) HR-TEM images for undoped TiO,, (e) FESEM image for TiO,—Ag 1.0 wt% film, (f-h) HR-TEM images for TiO,—Ag

1.0 wt% film.

structure was also improved by localising the electron in the direction
along the crystal length. Though the nanopore offers a high surface-to-
volume ratio, it cannot ensure efficient transportation of the charge
carrier due to the multiple paths and hence traps the electron at the
grain boundaries [16]. Thus, the morphology of the flowerlike structure
containing the rod petal offers a direct pathway for the electron to
overcome the recombination between electron and hole.

Fig. 4(b) and (f) show the petal arrangement of the rods for both
samples, which also consists of fine rods. The size of the fine rods can
clearly be seen in the HR-TEM result. From Fig. 4(d) of the undoped
TiO,, the exposed facet is at (101) with a lattice fringe value of
0.276 nm, which is a match with the XRD data. This finding contradicts
a previous study which claims that the exposed facet for the rutile phase
is at (110) [11]. Fig. 4(f) to (h) show the HR-TEM images of the
TiOy—Ag 1.0 wt% film and the lattice fringes of 0.325 and 0.225 nm
corresponding to (110) and (111) facets, respectively. The fine rods’
sizes range from 7 to 10 nm. For the rutile phase, rutile (110) and
(111) have been reported to act as active photocatalytic sites [46].
These high-energy facets enhance photocatalytic activity. The lattice
arrangement of the doped sample changed, which proves the ability of
Ag dopant to modify the TiO, lattice. The combination between the
(110) and (111) facets also induced the spatial separation between
electron and hole pairs [19]. Fig. 5(a) shows the elemental mapping Ti,
0, and Ag in the TiO,—Ag 1.0 wt% film. It shows that the Ti, O, and Ag
elements are uniformly distributed in the Ag-FR TiO, film. However,
from the EDX spectrum analysis, Ag element was not detected even
with 15 keV of electron beam energy (Figure (b)). This may due to the
low weight percentage of dopant used in the doping process. In addi-
tion, when mapping a surface area with high roughness, there is a high
possibility of elemental peak overlapping that may cause mis-
interpretation of a simple X-ray, due to low reflection from a surface.
Thus, we further clarified the detection of Ag element through XPS
analysis in Section 3.5. The proposed growth mechanism of flowerlike
rutile-phase TiO, film is described in Egs. (3) and (4) [47],:

Ti(C3H,0)4 + 4H,0 — Ti (OH), + 4C3H,OH (hydrolysis) 3)

Ti(OH), — TiO, + 2H,0 (condensation) (€))

At the first step, tetrabutyl titanate was hydrolysed to form Ti(OH),4
(Eq. (3)). This was followed by the formation of the octahedral TiOg
from the protonation of the OH ligands by HCl, and subsequently, the
condensation of Ti(OH), which leads to the formation of the 3D
structure of TiO, [48,49] (Eq. (4)). The rutile phase was reportedly
formed under the high acidic condition when HCl was used to control
the hydrolysis process [50]. HCl plays a significant role in producing
the rod-like structure of rutile TiO,. The formation of rutile TiO, is
based on the edge-sharing mode. Furthermore, the C1~ affects the or-
ientation along the c¢ direction. The (110) plane that possesses a polar
surface and Cl~ restricts formation in the [110] direction and growth
along the [001] direction [51]. The accelerated growth in the [001]
direction leads to the formation of a rod-like structure.

For the flower structure, the grain growth from the crystal nuclei
formed in the solution tends to tilt from the original nucleation centre
of the (110) plane and grows identically along the [001] direction;
hence, it produces multi-arm rods that are similar to the flowerlike
structure [52]. If the condensation process is increased, the formation
of oxygen vacancy is also increased, and hence, the electron trapped at
Ti** will form Ti®* [53]. Fig. 6 shows the difference between the
sample growth of the undoped TiO, and the Ag-FR TiO, film. Oliver
et al. calculated the surface energy for rutile and found the lowest en-
ergy in the (110) faces, followed by (101) and (001) surfaces [54]. It is
proposed that the lower surface energy of the crystallographic face has
a higher affinity for its attachment orientation. This phenomenon will
lead to the attraction of Ag to attach to the lower surface energy of the
crystal face, which are the (110) faces. The introduction of Ag dopant
changed the TiOg octahedral chain. The Ag dopant induced fewer sur-
face defects at the edge and more surface defects at the face of TiOg
octahedral. Thus, the decrease in the lattice size increased the density of
the TiO, flower petal, and Ag was well dispersed in TiO,.

3.3. Optical property
Fig. 7(a) shows the diffused reflectance spectra with different Ag

contents of 0.5 to 2.0 wt% and undoped TiO, film. The results show
that both the undoped TiO, film and Ag-FR TiO, films have a strong
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Fig. 5. (a) Elemental mapping (b) EDX spectrum for TiO>—Ag 1.0 wt% sample.

absorption for ultraviolet spectrum. The reflectance percentage de-
creased with increasing Ag content. This may be due to the existence of
the Ag dopant and Ti®*-oxygen vacancy defects in TiO,. Fig. 7(b)—(e)
show the band gap for the undoped TiO, film and Ag-FR film. The
diffuse reflectance spectra were converted into the Kubelka—-Munk
function [F(R)] for band gap calculation, which is based on Eq. (5).

(1-R)

FR=+"x ®)
where R is the reflectance. The band gap was obtained from the mod-
ified Kubelka-Munk function versus the energy of the absorbed photons
graph, [F(R) x hv 1" [55]. The pure TiO, film has 3.21 eV, while the
Ag-FR film was reduced to 3.18 eV for 0.5 wt%, 3.12 eV for 1.0 wt%,
and 3.06 eV for 2.0 wt% of Ag. This shows the synergistic effect of the
Ag dopant, and that the Ti®>*-oxygen vacancy defect is responsible for
reducing the band gap and introducing intermediate levels that require
less energy for electron excitation. It is expected that this behaviour will
significantly assist in enhancing the photocatalytic activity of the Ag-FR
T102 film.

3.4. Photoluminescence (PL) analysis

The PL analysis examines the effectiveness of charge carrier trap-
ping, transfer, and immigration of an electron, and the intermediate
level or shallow trap in the semiconductors. Fig. 8(a) shows the PL
spectra for the undoped TiO, film at various contents of the Ag-FR TiO,
film with an excitation wavelength of 300 nm. Three strong emission
peaks are shown at 423, 468, and 651 nm. The 423 nm excitation is
attributed to the near band edge of the estimated band gap of TiO, [56].
Other emission peaks observed may be due to surface-state emissions.
The surface state is a shallow trap near the absorption band edge lo-
cated within the band gap of the catalyst and acts as an electron trap
that can cause emission at higher wavelength [57]. The emission peaks
at 1.90 eV are due to the Ti**-oxygen vacancy defect state, which is
located between 0.7 and 1.0 eV below the conduction band [58],[59].
Moreover, the shoulder peak beside the main peak may be due to the
Ti2* defect, which is explained later in chemical state analyses. This
result agrees with the band gap energy calculation by the Kubelk-
a-Munk equation, which indicates that the Ag dopant and Ti®>* -oxygen
vacancy defects help to create the surface defect state and hence, re-
duces the band gap energy.
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Fig. 8(b) shows the illustration of the PL mechanism affected by the
defect state that reduces the band gap energy. The PL spectra exhibit a
similar pattern between the undoped TiO, and Ag-FR films but with
different intensities of PL. The lower intensities of the PL spectra in-
dicate the suppression of electron recombination between holes at the
valence band in the TiO, film. This phenomenon is verified at optimum

Ag content, which is the TiO,—Ag 1.0 wt% film. It has the lowest in-
tensity of PL spectra and successfully delays the recombination between
the electron and hole pair. This gives more time for the electron and
holes to react with the contaminants. Moreover, the Schottky barrier
also suppressed the recombination between the electron-hole pair, in
which the Ag dopant acts as an electron trapper to avoid the electron
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Fig. 8. (a) PL spectra of undoped TiO, at various amounts of Ag dopant, (b) The illustration of the PL mechanism by defect states.

from back-transferring to TiO5 [60]. These synergistic effects between
the Ti**-oxygen vacancy defect and the Schottky barrier are strongly
responsible for enhancing the photocatalytic activity compared to the
pure flowerlike rutile-phase TiO film.

3.5. Chemical state analysis

The surface chemical state was investigated using X-ray photoelec-
tron spectroscopy (XPS). For TiO,, the oxygen vacancy was formed
from the surface defects, where the Ti*" was reduced to lower oxida-
tion states such as Ti*, Ti>*, and Ti®*, thus acting as an electron trap
to suppress the recombination between the electron-hole pairs [24].
Generally, these defects can be generated by Ti** reduction. When the
Ti** ions accept the electron while being exposed to UV irradiation on
the TiO, catalyst, the formation of Ti®* occurs. The electron was
trapped to reduce Ti** to Ti®*, while the hole oxidises the 0%~ anions
to the hole trapped (O~) [61]. This electron trap enhances the photo-
catalytic activity.

Fig. 9 shows the de-convolution spectra of the narrow scan XPS
spectra for Ti 2p and O 1s for the undoped TiO, and the TiO,—Ag 1.0 wt
% sample. Table 3 presents a summary of the binding energy value for
the undoped TiO, and Ag-FR TiO, film from XPS analysis. A carbon
correction was applied at 284.6 eV on the high-resolution scan. For the
undoped TiO, (Fig. 9a[i]), the Ti 2p consists of two spin orbitals at
458.86 and 464.56 eV, which correspond to the Ti** 2p;,, and Ti**
2p1,2, respectively with a binding energy difference of 5.72 eV. Fur-
thermore, the Ti** defect already exists in the undoped TiO, sample,
which proves that the hydrothermal method has the ability to produce
the defects. The shoulder peaks at 457.18 and 462.88 eV represent Ti®*
2ps,2 and Ti** 2p, ,, with a binding energy difference of about 5.70 eV,
which is similar to the previous study [62].

When compared to the TiO,—Ag 1.0 wt% sample (Fig. 9b[i]), the Ti
2p peak shifted to lower binding energy, and the peak broadened. This
is due to the decrease in Ti** and the increase in Ti** and Ti** oxi-
dation states, which exist after doping with Ag as shown in Fig. 9. This
proves the successful doping of Ag into the TiO, lattice. This high-re-
solution scan is well-fitted by the Gaussian-Lorentzian fitting with the
energy centred at 458.59 and 464.29 eV of Ti*" 2p;,, and Ti** 2p; o,
respectively. The Ti®* oxidation state for the TiO,—Ag 1.0 wt% sample
located at 457.39 and 463.09 eV correspond to Ti®* 2p3,, and Ti®*
2p1,2, respectively. The Ti>* oxidation state also appeared in this
sample at 455.36 eV and 461.06 eV with a difference of 5.70 eV binding
energy. The existence of Ti>* was also confirmed by the PL analysis.

The shoulder peak arises beside the major peak, which means there
has been an electron and hole recombination. In addition, the area

under the graph represents the concentration of that element. The Ag
dopant was triggered to produce a higher concentration of Ti** and
Ti%*, resulting in decreased Ti** concentration. The concentration of
the Ti** 2ps,, (65.32%) of the undoped TiO, decreased to 22.57% for
the TiO,—Ag 1.0 wt% sample. Table 4 shows the summarised data for
the intensity ratios of Ti**/ Ti** and Ti**/Ti®** for the undoped TiO,
and TiO,—Ag 1.0 wt% film. The results show that the intensity ratio of
Ti**/ Ti®* decreased after the doping process and an increase in the
Ti®*/Ti** intensity ratio. The presence of the Ag dopant in this reac-
tion introduces an oxidation state into the TiO, catalyst, which acts as
an electron trap, delaying the recombination between the electron-hole
pair and thus enhancing the photocatalytic activity. This data was
correlated with PL characterisation, which shows several peaks that
proved the existence of the oxidation state in the film.

Fig. 9a(ii) and b(ii) show the high-resolution scans of the O 1s peak
for the undoped TiO, and doped sample for TiO,—Ag 1.0 wt%, re-
spectively. The undoped TiO, sample consists of two major peaks
centred at 530.06 and 531.57 eV, which are attributed to the lattice
(Op) and hydroxyl (Oy), which is similar to the output of a previous
study [27]. In the TiO,—Ag 1.0 wt%, the O 1s peak became wider and
produced an additional peak centred at 530.19 eV. This peak is at-
tributed to bridging (Og) binding energy. This bridging binding energy
correlates to the connection between the Ag—O bonds. This proves that
the dopant has successfully entered the lattice of TiO,.

The 3ds,» and Ag 3ds,» peaks for the Ag dopant are centred at 366.9
and 372.9 eV, respectively as shown in Fig. 10. The splitting of the 3d
doublet with a 6 eV difference in binding energy proves the presence of
Ag in the TiO;—Ag 1.0 wt% film in the form of metallic Ag [63]. The
high interaction between Ag and the defective site of TiO, causes the
forceful transfer of an electron to the Ag metal. This effective interfacial
interaction is needed for electron trapping and hence, enhances the
photocatalytic performance.

3.6. Photodegradation of MB

The effectiveness of the Ag-FR TiO, film and the undoped TiO, film
was evaluated by MB degradation. To ensure the reproducibility of the
results, the photocatalytic reactions were carried out in triplicates. The
replication of degradation data was within the 95% confidence limit as
tabulated in Table 5. Fig. 11(a) shows the photodegradation of MB by
pure TiO, film and Ag-FR TiO, film with various Ag content under
xenon lamp. The initial pH of the MB solution was set at 12 to ensure
the MB degrades continuously during the entire irradiation time for all
films. The TiO,-Ag 1.0 wt% film showed the highest MB degradation at
75% within 5 h followed by TiO,—Ag 0.5 wt% film and TiO>—Ag 2.0 wt
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Fig. 9. a(i-ii) Ti 2p and O1s deconvolution graph for undoped TiO,, b(i-ii) Ti 2p and O 1s deconvolution graph of TiO,-Ag 1.0 wt%.

% film with 67% and 64%, respectively. The pure TiO, film showed the
lowest degradation of MB at only 59%. High Ag content lowered the
efficiency of the photodegradation process. Thus, the 1.0 wt% loading

Table 4
Ratio of Ti**/ Ti** and Ti®* /Ti?* for undoped TiO, and TiO,-Ag 1.0 wt% film.

- I . Sample Ti 2ps/2 Ti 2p1,2
of Ag represents the optimum loading for enhanced photodegradation
of MB. Fig. 11(b) shows the kinetics study for the undoped TiO and Ag- Ti*t/ Tt Ti* /Ti%* Ti*tt/ Ti*t Ti** /it
FR TiO, film with various Ag content. The photodegradation reaction - - -
k) lculated by re-plotting the photodegradation -2 569 il 1.68 !
rato:e constan't (k) was calcula ed by re-plotting the photodegradatio TiOy-Ag 1.0 Wt% 153 477 1.40 1.23
ratio according to the pseudo-first-order reaction as given in Eq. (6)
[64],:
InC,/C; = k; (6)
Table 3
Binding energy value for undoped TiO, and Ag-FR TiO, film from XPS analysis.
Samples Ti 2p (eV) 0O 1s (eV) Ag 3d (eV)
2ps/2 2p1/2 Ti—0 Ag—O OH 3ds/2 3d3/2
Ti** Ti®* Ti2* Ti** Ti®* Ti2*
TiO, 458.86 457.18 nil 464.56 462.88 nil 530.06 nil 531.57 nil nil
TiO»-Ag 1.0 wt% 458.59 457.39 455.36 464.29 463.09 461.06 529.01 530.19 531.61 399.9 372.9
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Table 5

Dye degradation and k,;;, value for various Ag weight percent. The degradation
correspond to 95% confidence limit.

Samples (wt%) Dye degradation (%) Kapp(X 10~ min™1) R? value
TiO, 59 * 1.67 0.183 0.9974
TiO,-Ag 0.5 wt% 67 = 2.83 0.376 0.9996
TiO,-Ag 1.0 wt% 75 £ 2.90 0.464 0.9983
TiO,-Ag 2.0 wt% 64 + 1.20 0.342 0.9974

where C, and C, are the maximum absorbance of the MB at initial time
and time t, respectively.

The summarised data on the percentage degradation, rate constant
(k), and regression rate (R) are shown in Table 5. The K value increased
from 0.183 x 1072 to 0.464 x 10”2 min~* for pure TiO, film and
TiO,—Ag 1.0 wt%, respectively. The K value decreased to
0.342 x 10~ 2 min~! for TiO,—Ag 2.0 wt%. These results suggest that
the TiO, modification with the Ag metal successfully enhanced the
photodegradation of MB. Generally, many factors contribute to the

90
1 —=—TiO,
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excellent photocatalytic activity of the film, for example, surface mor-
phology, structural property, surface defect, and the fabrication method
of sample, among others [10,11].

The flowerlike morphology provides numerous active sites for the
photodegradation of MB. In addition, the flowerlike morphology has a
scattering effect that helps the photon disperse through the rods and
provides the energy for electron excitation in the conduction band [65].
The effectiveness of the TiO, Ag-FR film is also attributed to the in-
termediate Ti®*-oxygen vacancy level that exists in the TiO,. However,
this only delays the recombination of the electron-hole pair by femto-
seconds [66]. The probability of an electron and hole to recombine is
high. Thus, the Ag metal will assist in charge separation by the for-
mation of a Schottky barrier between TiO, and the Ag metal [31],[32].
This high barrier value inhibits the electron transfer back to the TiO,.
The Ag metal acts as a reservoir for the electron, suppresses the elec-
tron-hole recombination, and enhances the photodegradation of MB.
Furthermore, the exposed facets of (110) and (111) also assist in en-
hancing photocatalytic activity by inducing spatial separation between
the electron-hole pairs.

The decreased photogenerated charge carrier could be ascribed to
the low degradation at high Ag content. The Ag dopant covers the ac-
tive site of TiO, and limits the photonic permeation for photoexcitation
of electron [35]. Conversely, the high Ag content causes the Ag metal to
agglomerate, which increases the interface between the TiO, and Ag.
The high-density defect, such as the surface state contained in the in-
terface, could act as a recombination centre for electron and hole [64].
These issues lead to lower efficiency of the photocatalytic activity. The
mechanism for photocatalytic degradation of MB is illustrated in
Fig. 12. The proposed mechanism for the photocatalytic activity of the
Ag-FR TiO, film towards MB degradation under UV light irradiation is
described below [45]. The electron is excited from the valence band to
the conduction band when irradiated with UV light (Eq. (7)). Next, the
h* reacts with the hydroxyl group (OH ™) from the water or alkaline to
form the hydroxyl radical that degrades the dye (Egs. (8)-(9)).

TiOy + hv - e~ + h* )
h* + H,LO - H" + OH" ®
h* + OH™ — OH’ 9)

When the Ti** ions accept the electron while being exposed to UV
irradiation on the TiO, catalyst, the formation of Ti** occurs. The

1.6
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Fig. 11. (a) Photodegradation of MB [5 ppm of MB, pH 12]. The error bars correspond to the 95% confidence limit. (b) Kinetic Study for undoped TiO, and various

amount of Ag dopant.
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Fig. 12. The mechanism of photocatalytic activity for MB degradation.

electron is trapped and reduced Ti** to Ti®* while the hole oxidises
O, anions to hole trapped (O7) [61]. The electron is excited to the
localised state and Ti** is reduced to lower oxidation states such as
Ti*, Ti2*, and Ti®" that act as an electron trap and suppresses the
recombination between the electron-hole pairs [24], (Egs. (10)-(13)).

e” + Ti*" —Ti* (10)
e~ + Ti*T—Ti?* 11
T3t + 0y = Ti**T + 05~ 12)
Tt + 0, = T3 + 05~ (13)

From the XPS results, only Ag metal was detected. Ag becomes ionic
upon irradiation (Eq. (14)). The electron flows to the Ag site and sub-
sequently reduces the recombination between the electron and the hole
(Egs. (15)—(16)). Since the Fermi level of Ag is lower than TiO,, it in-
hibits the electron from Ag from transferring back to TiO,. This leads to
the formation of the Schottky barrier at the interface between Ag—TiO,
[63]. This phenomenon allows more reaction with O, to produce more
reactive radical species (Eq. (17)).

Ag® + hv — Ag* a4
e” + AgT" — Ag! (15)
Ag" ! + h* - TiO, + Ag™ (16)
A"l + 0y — Ag™™ 4+ 0,7 a7

The trapped electron reacts with dissolved oxygen to form super-
oxide anions, while the hole reacts with water molecules or hydroxide
ions to form hydroxyl radicals (Egs. (18)—(19)). Both radicals attack the
organic compound and degrade the dye [35], to produce degraded dyes
with CO, and H,O, which are not harmful to the environment (Egs.
(20)-(21)).

02_

+ e + HY - H,0, (18)

O,~ + organic compound — CO, + H,O (20)
OH" + organic compound — CO, + H,0 21

Even though the degradation rate by the film is lower than that of
powder catalyst, the film catalyst is more practical in reducing the cost
of treatment. This is because it eliminates the need for post-separation
between the catalyst and treated water. In contrast, the nanosized
powder makes the post-separation more difficult with a higher prob-
ability of the catalyst passing through into the water stream, which can
cause harm to aquatic lives.

4. Conclusion

Ag-FR TiO, films with various Ag content were successfully fabri-
cated on FTO substrate using facile hydrothermal method. The Ag
content was varied to obtain the optimum amount for the flowerlike
rutile-phase TiO,. The optimum Ag loading was 1.0 wt%. The surface
morphologies of the Ag-FR TiO, film and the undoped TiO, with dif-
ferent exposed facets remain unchanged, which also enhanced the
photocatalytic activity. When the amount of Ag content was increased,
the intensity of the XRD peak decreased and FWHM value increased.
The existing Ti®>*-oxygen vacancy defect is confirmed by the XPS and
PL analyses. This defect creates shallow trap, suppresses recombination,
and reduces band gap. However, it is insufficient to suppress the re-
quired time for recombination. The modification of TiO, using Ag do-
pant proves the ability of Ag to act as a reservoir for an electron to
suppress the recombination caused by the Schottky barrier. The sy-
nergistic effect between the (110) and (111) facets and Ti3+-oxygen
vacancy from Ag play an important role in the reduction of TiO, band
gap. It also acts as an electron trap for suppressing the recombination of
electrons and holes to enhance the photocatalytic activity, thus ex-
tending the lifetime of the photogenerated electron and hole. The im-
mobilised catalyst or film has great potential for wastewater treatment
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aside from being a significant recent progress reported on film mod-
ification. In future, the authors propose to expand the investigation on
the specific surface area, transient photocurrent, and the detection of
reactive oxygen species to identify the major influences of Ag-FR TiO,
film in photocatalytic degradation. The stability of the film is one of the
important issues to be addressed before it can be applied in the in-
dustrial sector. The stable and smart responsive film with high en-
durance is a crucial factor for making cost-effective material to meet the
industrial requirement. Hence, the potential reusability of the Ag-FR
TiO, film needs to be examined in the future to determine its stability
for industrial implementation.
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