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ABSTRACT

Introduction: Finding a novel photocatalyst for photocatalytic degradation operating in the wave-
length range from UV to visible light has been considered a great potential for environmental reme-
diation. Herein, TiO, nanocubics (NCs) decorated Ag nanoparticles (NPs) with various concentra-
tions were developed. Methods: The crystal structure, morphological and chemical characteristics
of prepared photocatalysts were thoroughly analyzed by a series of main analyses (X-ray diffraction
(XRD), field emission scanning electron microscopy (FE-SEM), energy-dispersive X-ray spectroscopy
(EDX), and UV-Vis spectra). Results: The results revealed that a significantly promoting visible-light
photocatalytic behavior of TIO,NCs@Ag photocatalyst was observed. The photocatalytic methyl
orange (MO) degradation of the as-synthesized Ag anchored TiO;NCs photocatalyst (85% and 62%
under UV light and visible light, respectively) exhibited outstanding photocatalytic efficacy com-
pared with pristine TiOy NCs. The achieved results could be assigned to the synergistic effects
between TiO,NCs and AgNPs, leading to enhanced charge carrier separation and improved ab-
sorption ability in visible-light response. Conclusion: This work facilitates designing and devel-
oping high-efficiency heterostructure photocatalysts for practical works related to environmental
deterioration.

Key words: Metal-induced plasmonic resonance, charge transfer process, photocatalytic perfor-

mance, TiO2 nanocubes, Ag nanoparticles

INTRODUCTION

The polluted environment caused by aromatic sulfur-
containing compounds and organic dyes has become
one of the most urgent issues in recent years 13,
Therefore, the disintegration of poisonous organic for
environmental purification based on green technolo-
gies and energy-efficient has attracted enormous at-
tention. Recently, photocatalysis regarded as one of
the advanced green technologies for environmental
purification with zero harmful emissions and without
additional pollutant emission has become one of the
hot topics in the field of environmental remediation
practice with the aid of light #-°. Among these various
semiconductor materials, TiO, has been proved to
be a promising candidate because of its chemical and
biological inertness, high photo corrosion resistance,
low cost, and environmentally friendly 78 However,
the photocatalytic performance of TiO, has faced
with two main obstacles: i) TiO, with a large bandgap
of 3.2 eV can only harvest under ultraviolet (UV) light
photons, which constitutes a small fraction of total so-
lar energy; ii) the high recombination rate of photo-
generated electron-hole pairs resulting in decrease the

photocatalytic productivity >, Hence, to address the
above problems, many attempts have been proceeded
to enhance the TiO, photocatalytic performance, in-
cluding cocatalyst decoration, doping bandgap en-
gineering, the combination with other semiconduc-
tors and morphology control nanostructure construc-
tion, and morphology control'!~!3,  Among these
approaches, sensitizing the surface through combin-
ing TiO, with plasmonic metal nanoparticles to cre-
ate heterostructure engineering has been a promi-
nent area of scientific interest in recent years as the
presence of plasmonic nanoparticles on the surface
of these metal oxides that could provide several ad-
vantages. First, the noble metal incorporated with
TiO, may extend the absorption efficiency toward
the visible light region through localized surface plas-

mon resonance (LSPR) 1415

. A second outstanding
advantage of functionalizing TiO, with plasmonic
nanoparticles was the improvement of photoinduced
electron-hole pairs separation based on the formation
of heterojunction related to the Schottky barrier at
the metal—semiconductor interface, contributing ef-
ficient spatial charge separation'®!”. For example, as

reported by Gong et al., the combination of plasmonic
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noble metals (such as Au and Ag) with semiconduc-
tor would be a more promising option for photocat-
alytic activity due to the enhancement of absorbance
in the visible regime and trapping the photogener-

ated charge carriers '8

. As reported by Jafari et al,
loading silver nanoparticles on the surface of TiO;
nanoparticles exhibited a higher RhB photocatalytic
degradation compared with pristine TiO, under UV

light irradiation '

. Yin et al. reported that meso-
porous TiO, hollow shells exhibited a good photo-
catalytic behavior for the degradation of organic dye
molecules?’. Yang et al. showcased that hollow TiO,
hierarchical boxes with appropriate anatase and rutile
ratios showed a high light conversion ability2!. The
plasmonic materials less than 10 nm could enable hot
carrier formation. An optimal sizes in the range of 40-
50 nm, they could harvest light efficiently 2. Asa mat-
ter of fact, the morphology of noble metal-TiO, could
vitally affect the plasmonic resonance and their pho-
tocatalytic activity. Hence, based on the above discus-
sion, a design of TiO, nanomaterials with cubic struc-
ture with an enhancement light absorption capacity
based on their high specific area was proposed. More-
over, the enhancement of TiO, photocatalytic behav-
ior in the visible regime by decorating the surface
of TiO, with spherical Ag nanoparticles was evalu-
ated. The Ag-anchored onto TiO, photocatalysts were
characterized by X-ray diffraction (XRD), scanning
electron microscopy (SEM), ultraviolet-visible (UV-
Vis) diffuse reflectance spectroscopy, and energy-
dispersive X-ray (EDX). The improved performance
of TiO,NCs@Ag was also proven in the photodegra-
dation of methyl orange (MO) under visible light ir-
radiation. A possible photocatalytic mechanism was
projected based on the evaluation of photogenerated

electron-hole pairs separation in photocatalytic activ-
ity.
EXPERIMENT

Materials

Titanium butoxide (Ti(C4H9O)4, Aldrich Chem-
ical, <99%), tetramethylammonium hydroxide
(C4H3NO, Merck), hydrochloric acid (HCI, Merck,
<37%), and methanol (CH30H, Merck, <99.9%),
silver nitrate (AgNO3, > 99%, Merck), methyl orange
(Merck, MO) and polyvinylpyrrolidone (PVP) were
received and utilized for experiments without further
purification. Double-distilled water was used during

the experiments to prepare the required solutions.
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Fabrication of TiO, nanocubes (NCs)

The TiO,NCs were fabricated via the hydrothermal
method. In a typical experiment, titanium butox-
ide (0.05 mol) was dissolved in double-distilled wa-
ter (30 mL) and stirred at 50 °C for 1 h, followed by
adding the tetramethylammonium hydroxide (0.017
mol) into the above solution at 0 °C. The resulting
mixture was heated at 135 °C for five h. Finally, the
mixed solution was transferred to a Teflon lined au-
toclave and heated at 230 °C for five h. The obtained
precipitate was centrifuged and washed several times
with water and ethanol aqueous solution, followed by
drying under vacuum.

Preparation of Ag modified onto TiO,NCs
(TiO,NCs@Ag)

Ag modified onto TiO, using the photo-reduction
method under UV light irradiation. Ag was also
deposited on the surface of TiO,;NCs via a 0.5 M
AgNOs salt solution as the Ag precursor. Firstly, 0.1
g TiO,NCs was added to 100 ml of an aqueous solu-
tion of AgNO3 with various concentrations of pow-
der (the wt.% of Ag in the solution was 0.5, 1.0, and
1.5). Then, the suspension was vigorously stirred for
2 hours under UV light irradiation. Finally, the as-
obtained black-colored products were centrifuged to
separate the powder and washed with double-distilled
water several times, and dried for 6h at 60 °C under

vacuum.

Characterization

The characteristic crystallinity and the morphologi-
cal topography of as-prepared products were char-
acterized using X-ray diffraction analysis using Cu
Ko radiation (1=1.5406 A) and field-emission scan-
ning electron microscopy (FESEM, Hitachi S-4800)
equipped with an energy dispersive Xray spectrom-
eter (EDX) to determine the constituent elements.
The UV-Visible absorbance spectra were measured on
a UVVis-NIR Spectrophotometer (SHIMADZU UV-
3600) from 200 to 800 nm at a scan rate of nm/min.
Raman scattering spectra of the photocatalysts were
evaluated by a Horiba XploRA PLUS Raman System
using a 532 nm laser with a power 25W as the excita-
tion source.

The photocatalytic activity of as-synthesized samples
was monitored by photodisintegration of methylene
orange (MO) dyes under the illumination of UV light
and visible light over the time period of 150 min. Prior
to light irradiation, a mixture of organic dye and pho-
tocatalyst were placed in dark for 30 min to establish
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an adsorption/desorption equilibrium state. The pho-
tocatalytic performance of photocatalyst was investi-
gated by the change of adsorption intensity of MO
aqueous solution as a function of illumination time at
the wavelength of 460 nm using a UV-vis spectropho-
tometer (JASCOV670). The blank experiment was
also done under the same experimental procedures.
The % disintegration performance of MO dye was es-
timated by using the following equation:

MO disintegration performance (%) = [(C-
C;)/C¢]/100, where C, and C; have corresponded to
the MO concentration at the initial absorbance and
after illumination for time “t”.

RESULTS

Figure 1 show the characteristic morphology of the
as synthesized TiO,NCs and TiO;NCs@Ag. It indi-
cated that the cubic TiO; particles had well-shaped
nanocubes and uniform size distribution with sizes
of ca. 800 nm. Almost mono-dispersed structures
of TiO,NCs could be observed in Figure 1(a). The
SEM image (Figure 1(b)) revealed the uniform mor-
phology of the as-prepared Ag NPs decorated onto
TiO,NCs. As can be seen in Figure 1(b), the Ag NPs
had spherical in shape on the surface of the TiO,NCs
with an average diameter of ~30 nm. The dispersive
energy X-ray (EDX) spectra were used to collect the
compositions of the photocatalyst, as depicted in Fig-
ure 1. It could be seen clearly that the EDX analysis
(Figure 1(c-e)) proved the existence of Ti, O, and Ag,
and no other impurities in the EDX analysis were ob-
served. Moreover, Figure 1(f) provided evidence re-
lated to the corresponding elemental mapping for Ti,
O, and Ag, indicating Ag was successfully attached to
the surface of TiO, NCs.

The crystal structure and phase confirmation of the
as-synthesized TiO, and TiO,NCs@Ag specimens
were characterized by XRD patterns, as shown in Fig-
ure 2. The diffraction peaks of TiO, located at 20 =
25°,36°,41°,48°, 54.5°, and 57° corresponding to the
reflection planes of (101), (103), (210), (200), (105),
and (201) (JCPDS No. 21-1272), respectively, and
could be attributed to the tetragonal anatase phase of
TiO,. No obvious peaks related to AgNPs were ob-
served in the XRD patterns of TiO,NCs@Ag, which
may be due to the low loading content of the metal on
the surface of TiO,NCs. Moreover, the addition of
AgNPs did not change the characteristic diffraction
peaks of tetragonal anatase TiOoNCs. This demon-
strated that the AgNPs only deposited on the surface
of TiO, without inserting into host structure.

To further ascertain the optical properties and the
band gaps of as-prepared photocatalysts, UV—vis

diffusion reflectance spectra of TiO,NCs and TiO,
NCs@Ag was characterized as shown in Figure 3.
It showed that the plurality absorption of pristine
anatase TiO, possessing a wavelength region less than
400 nm (Figure 3a) with a bandgap of 3.3 eV was
observed due to its large bandgap associated with
a charge transfer from the valence band (VB) to
the conduction band (CB), whereas, compared to
pure TiO;, Ag decorated TiO, specimens exhibited
a strong visible light absorption toward longer wave-
lengths corresponding to the bandgap of 3.1 eV (Fig-
ure 3b) which was derived from the localized surface
plasmon resonance (LSPR) between the Ag nanopar-
ticles anchored on the TiO,NCs surfaces. As the
LSPR of Ag nanoparticles on the surface of TiO,NCs
was excited by visible light related to the collective
oscillation of electrons in the noble metal nanopar-
ticles. Therefore, the photocatalytic performance of
TiO; could be significantly enhanced in the visible
light.

Raman spectra were conducted to investigate the vi-
bration modes, phase purity, and crystallinity of pris-
tine TiO,NCs and Ag-modified TiO,NCs as shown in
Figure 4. It was observed that The Raman spectrum
of TiO,NCs located at 143.32, 202.61, 397.92, 514.89,
and 635.22 cm~! was due to the presence of anatase
phase TiO, %3, indicating that anatase nanoparticles
were the dominant species. No signals associated to
metal particles were recorded for the samples ow-
ing to the relatively low concentration of Ag grafted
onto TiO,. Moreover, the intensities of Raman peaks
boosted with the decoration Ag NPs, and the posi-
tion of the characteristic Raman peak of TiO; has re-
mained. This result showed that the modification of
AgNPs onto TiO;NCs surface did not significantly
change any phase transition and vibrational modes;
however, it could cause a fluctuation of the electronic
environment in the surroundings at the interface be-
tween TiO, and Ag NPs2425,

In order to elucidate the photocatalytic performance
of pristine TiO,NCs and TiO,NCs@Ag photocata-
lyst, all as-prepared samples in this work were as-
sessed under photodegradation of methyl orange
(MO) as a model pollutant in the presence of UV
light and visible after 150 min irradiation as shown
in Figure 5. It could then be clearly observed that
no MO aqueous solution photodegradation with-
out the presence of any photocatalyst was recorded
when irradiated under UV light and visible light il-
lumination, whereas the degradation efficiencies for
MO of TiOpNCs and TiO,NCs@Ag was remark-
ably changed, thereby confirming the efficiency of
the photocatalyst. This could be explained by the
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Figure 1: The morphological characteristics and chemical elements of the prepared photocatalyst. (a,b)
SEM images of TiO,NCs and Ag grafted TiO,NCs, respectively. (c-e) elemental mapping of O, Ti, and Ag, respec-

tively. (f) EDX spectrum of TiO,NCs@Ag heterostructures.

higher charge separation depend on the generation
of junctions between TiO,NCs, AgNPs, and LSPR
effect that efficiently promoted the absorption and
generation of the photoinduced electrons and holes.
It demonstrated that the existence of photocatalyst
played an important role in improving the disintegra-
tion efficacy. Interestingly, in comparison with pris-
tine TiOpNCs, TiOpNCs grafted with AgNPs exhib-
ited a higher decomposition of organic dyes under
both UV light and visible light illumination. As de-
picted in Figure 5(a,b), it was noteworthy to men-
tion that among various composite photocatalysts,
TiO,NCs@Ag-1.0 photocatalysts the highest MO de-
composition efficiency of 85% and 62% under UV
and visible light illumination, respectively. With in-
creasing Ag concentration caused a decrease in the
photocatalytic performance due to the shielding ef-
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fect and preventing the interaction of light to the
photocatalyst that could be assigned to the reduction
in the photocatalytic performance of TiO;NCs@Ag-
1.5 under both UV and visible lights. These results
exhibited that the combination of Ag and TiO,NCs
was accountable for enhancing the photocatalytic ef-
ficacy under UV and visible light irradiation. The
kinetic curves for the decomposition of organic dye
were determined through the linearized first-order
decay model In (C/Cp)=kt, where Cy and C were cor-
responding to the absorbance of MO at the begin-
ning time and reacting for a certain time t, respec-
tively, and k was pseudo-first rate kinetic constant 2.
The achieved data exhibited that there was a linear
correlation between In(C/Cp) and the illumination
time, indicating that the disintegration of MO dye fol-
lowed the first-order rate law under UV light and vis-
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Figure 3: The optical properties of photocatalyst through the UV-Vis absorption spectra (a), and plot of

(ahv) 1/2 ys. bandgap energy (b) of pristine TiO,NCs and as-synthesized

TiO,NCs@Ag-0.5.

752



Science & Technology Development Journal, 23(4):748-756

Intensity (a.u)

1 L 1 L 1 i 1 i 1

Eig —— TiO,NCs@Ag-1.5
—— TiO,NCs@Ag-0.5

—— TiO,NCs

100 200 300 400 500 600 700 800 900

1000

Raman shift (cm™)

Figure 4: The vibration modes through Raman spectra of TiO,NCs and TiO,NCs@Ag specimens.

ible light as depicted in Figure 5(c,d). The reaction
rate constants for the degradation of MO were found
to be 0.0068 min~!, 0.0090 min~", 0.0139 min~',
0.0109 min~!, and for pure TiO,NCs, TiO,NCs@Ag-
0.5, TiO,NCs@Ag-1.0, and TiO,NCs@Ag-1.5, re-
spectively, under UV light. The estimated reaction
rate constants were 0.0006, 0.0060, 0.0093, and 0.0069
min~!, respectively, under the visible light. The re-
action rate constant value of TiO,NCs@Ag photo-
catalyst showed outstanding degradation of organic
dye compared with pristine TiO,NCs, which was gov-
erned by i) the increase in the surface area based on
TiO; cubic structure and enhancement of absorption
ability under irradiated condition based on the plas-
monic effect of AgNPs; iii) improvement of charge
transport phenomenon and prevention of charge re-
combination due to the establishment of a Schottky
barrier between the Ag and TiO, leading to a supe-
rior performance of Ag decorated TiO, NCs.

DISCUSSION

In recent years, the anatase TiO, cubic shapes exhib-
ited an outstanding performance compared with nan-
otubes, nanoparticles because of their larger specific
surface?’~2°. ‘Therefore, being grafted with AgNPs
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was favorable for the transportation and adsorption
of organic substrates, leading to excellent photocat-
alytic performance of TiO,NCs@Ag structure. Based
on above results, to further understand the photocat-
alytic performance, a photocatalytic reaction decom-
position mechanism was proposed (Figure 6). Upon
exposure to UV light (Figure 6(a)), TiO, was excited
and generated the charge carriers. The photogener-
ated electrons jumped to the CB and transferred to
Ag NPs. These electrons did reduction reactions to
form-O,— radical anions. Meanwhile, the photoin-
duced holes left behind at the VB and directly oxi-
dized the absorbed H,O to generate ¢ OH radicals.
Regarding visible light irradiation (Figure 6(b)), TiO,
did not excite due to the wide forbidden energy gap.
Only the Ag NPs could strongly absorb the visible
light depending on the LSPR effect to generate hot
electrons. These photo-excited electrons transferred
to CB of TiO; and participated in redox reactions to
form reactive species reduced to form-O, —radical an-
ions. These generated reactive species with highly ox-
idative capability participated in the oxidative deteri-
oration of organic dye. Based on the above results,
the presence of Ag NPs improved the photocatalytic
performance of TiO, NCs under both UV light and
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Figure 5: The photocatalytic activity of TiO,NCs and TiO,NCs@Ag photocatalyst through decomposition of
MO organic dyes. photodisintegration behaviors and kinetics under UV light (a, c) and visible light irradiation (b,

d) of the as-prepared photocatalyst.

visible light irradiation. This experiment showcased
that the coupling of TiO, NCs and Ag could provide
a new insight into the decomposition of pollutants.

CONCLUSION

In summary, a remarkable photocatalytic perfor-
mance of solid-phase heterojunction photocatalysts
for degradation of MO dye on TiO;NCs@Ag as a
model reaction system based on the hydrothermal
procedure and photo-reduction AgNOj3 in the pres-
ence of UV light. The TiO,NCs@Ag specimens ex-
hibited an effective degradation process of MO dye
in both UV light and visible light irradiation with re-
spect to that of the bare TiO,. These results were
obtained in the presence of AgNPs and the unique
properties of TiO, nanocubes. This excellent behav-
ior was designated to the efficient creating interac-
tion at junctions between TiO, and AgNPs, leading
to enhanced photocatalytic and effective charge car-
rier generation. The as-prepared TiO,NCs@Ag het-
erojunction provided not only a possible pathway to
improve the photocatalytic efficiency under visible-
light but also opened new prospects for designing 3-
dimension photocatalysts.
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