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Plasmonic silver-decorated TiO, inverse opal has shown an interesting potential for photocatalysis
owing to its physically tunable optical absorbance, highly active area, and flexible fabrication. In this
study, electrophoretic deposition was used as a key technique to overcome the disadvantages of
traditional inverse opal (IO)-fabricating methods, resulting in high reproducibility, chemical stability, and
periodic area. The use of |O structural engineering, beneficially delocalizing and enhancing absorbed
visible light, accounted for 46% of the total solar light, leading to the enhancement of the localized
surface plasmonic resonance (LSPR) hot electrons of Ag NPs and an enhanced local electromagnetic
(EM) field for the formation of photogenerated electrons on TiO,. These enhancements in Ag-deposited
TiO, 10 promoted the excellent photocatalytic kinetic constant of methylene blue degradation around
17 x 103> min7%, responding to tunable optical absorption at the stopband edge of TiO, IO containing
288-nm sized pores and low absorbance of Ag in the overlapped band. The explanation for the
enhanced photocatalytic mechanism was studied based on high Ag deposition density, decrease
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in photocurrent, increase in electron lifetime in electrolytes, and the contribution of a slow photon
effect to these characteristics. The proposed photocatalysis mechanism concerned the enhancement of
EM-generated electrons on TiO, that immigrate to the Ag surface for photoreduction while
photooxidation occurred at the TiO, surface by the holes. This study provides an interesting strategy to
improve the photocatalysis of semiconductor—metal composite systems.
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renowned for efficiently initiating redox reactions.” Among
them, TiO, has attracted the most interest owing to its low

Introduction

Solar-driven photocatalysis has focused on the development
of light-harvesting materials and structural designs to obtain
the highest efficiency in utilizing solar energy for wastewater
treatment, volatile organic carbon (VOC) removal, and photo-
voltaics." A heterogeneous photocatalyst based on semicon-
ductors, such as TiO,, ZnO, and Fe,0;, possesses wide-band
gaps that are photoactive in the ultraviolet-visible range and are
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cost, high chemical stability, relative photocatalytic efficiency,
flexible fabrication, and non-toxicity.® However, the photocata-
Iytic efficiency of TiO, is restricted; photoinduced electrons are
crucially created through excitation in the UV range, which is
less than 5% of the total solar light and shows a high recombi-
nation rate of hole-electron pairs.® Therefore, the combination
of two or more semiconductors, such as Fe,O; modified TiO,,
ZnO/TiO, nanocomposites, and Fe,O3/ZnO nanocomposites,
have been revealed to undergo enhanced photocatalysis.”™*
In addition, nonmetal (N, C, S, Se, etc.) or transition metal
(Fe and Cu) doped TiO, can modify their bandgap belonging to
the visible light range, which occupies almost 46% of the total
solar light.">™*® The obtained chemical stability of doped ele-
ments is one of the key factors involved in tuning the photo-
absorption of TiO,. Among the surface modifications of TiO,,
the deposition of noble metal nanoparticles (NPs) (Ag, Au, Pt,
etc.) can efficiently suppress electron-hole recombination and
tune optical response in the visible light region.'”'® Localized
surface plasmonic resonance (LSPR) on metal NPs allows for an

Mater. Adv,, 2024, 5, 8615-8628 | 8615


https://orcid.org/0000-0001-8935-1306
https://orcid.org/0000-0002-4911-0214
https://orcid.org/0000-0003-0731-8428
https://orcid.org/0000-0003-1442-4667
https://orcid.org/0000-0003-3847-4781
http://crossmark.crossref.org/dialog/?doi=10.1039/d4ma00807c&domain=pdf&date_stamp=2024-10-10
https://doi.org/10.1039/d4ma00807c
https://doi.org/10.1039/d4ma00807c
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00807c
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA005021

Open Access Article. Published on 26 September 2024. Downloaded on 2026-06-11 5:41:13 nm..

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

increase in an electromagnetic wave (EM) field that enhances
the light absorption of the band edge of TiO,, accelerating the
generation of photoinduced electron/hole pairs.’>?® The light
absorbance range, peak, and intensity of LSPR depend on the
particle size, shape, structure, composition, and distance of
metal NPs.?* The contact between TiO, and the noble metal
NPs was classified as an ohmic metal solution contact with
Pt or Pd, forming an efficient catalyst for electron migration
in solution, while non-ohmic interfaces (Ag, Au, Cu) tend to
retain the photoinduced electron at the interface of both
components.”’®?>>* At the interface of the semiconductor and
metal NPs, the equilibrium of the charge carrier enables the
bending of the CB of the semiconductor, which aligns with the
Fermi energy levels of the metal NPs, forming a Schottky
barrier.>* The formation of the Schottky barrier and its height
adjustability contribute to the efficient hot electron transfer-
ability from metals to semiconductors for optoelectronic
devices and act as a barrier to prevent hole/electron recombina-
tion for photocatalysis.?>*®> The purity of the metal phase and
the distance between the metal and semiconductor affect
the Schottky barrier energy the same as the charge transfer
efficiency. Solving these problems becomes a motivating strategy
for improving the photocatalytic activity of semiconductor-metal
composite systems.

Accompanying the chemical surface modifications, the mor-
phology of TiO, also properly contributes to the efficiency of
the electron transfer to the interface and redox reactions,
i.e., mesoporous nanoparticles, nanorods, and microporous
IO structures provide a higher specific surface area than
discrete particles. Moreover, the mesoporous morphology can
suppress photogenerated hole/electron recombination. Among
the interesting porous structures, photonic IO efficiently sup-
plies a specific surface area and generates a slow photon effect
that can broaden the light absorption range by amplifying
light-matter interactions.>®*” The silver or gold-decorated
TiO, IO photocatalyst has attracted much interest due to its
flexibility in preparation and high efficiency in separating
photogenerated hole/electron pairs for photocatalytic reactions
upon visible light irradiation.*®** Most studies have confirmed
the advantages of the specific surface area and injection of
noble metal nanoparticles inside the pores. The efficiency of
the slow photon effect has rarely been investigated regarding its
photocatalytic properties due to the difficulty in IO structure
fabrications on a large scale and low uniform reproducibility.

This study attempted to clarify the slow photon effect on the
visible light absorbability of silver NPs inside microporous TiO,
10 to enhance the photodegradation of an organic dye. The use
of electrophoretic deposition (EPD) shortens the fabricating
time of opal films from several days (self-assembled deposition)
to several minutes, controls the thickness, and provides high
reproducibility on flexible scales. The key point for successful
EPD is to control the relation between the template suspen-
sions and the evaporation speed of the solvent to obtain a
packed hexagonal structure after complete drying. Silver NPs
were directly grown on the 10 walls of TiO, via the sol
immobilization method using chemical reduction and thermal
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treatment steps. The controlled size, hydrophilic properties,
and high purification of the silver metal NPs introduced in TiO,
IO films using the naphthalene 2,6 disulfonate surfactant were
investigated. The co-deposition of surfactants also improved
the uniform adsorption of silver NPs on the I0 walls, which
radically utilized the enhanced absorbing light created by the
slow photon effect. The purity of the Ag metal at the Schottky
junction plays a role in promoting a high charge transfer
and preventing electron/hole recombination, which is key to
the improvement of photocatalytic reactions upon visible light
irradiation.

Experimental
Preparation of TiO, 10

The polystyrene spheres (PSs) were synthesized using standard
emulsion polymerization methods with the participation of
sodium dodecyl sulfate (SDS) surfactant.®® The synthesis pro-
cess of PS was modified to adapt to the EPD conditions. The
potassium persulfate (KPS, 10 g L") was prepared in distilled
water at 70 °C for 1 hour and then mixed with a sodium dodecyl
sulfate (SDS) solution of various concentrations. In the next
step, 300 g of the PS monomers was added to the solution in a
flask. The system used a nitrogen gas atmosphere and was
stirred at 500 rpm and 70 °C. The reaction continued for 24 h,
then cooled to room temperature and filtered to obtain
a uniform PS size. The obtained average PS bead sizes were
316 + 5, 338 £ 5, and 387 + 5 nm, which were controlled by the
amount of SDS. The opal PS film deposited on indium tin oxide
(ITO) coated glass (Geomatec Co., Ltd, Tokyo, Japan; <5 Ohm sq ')
was prepared by EPD. Recently, EPD has been a good technique
for fabricating PhCs; however, negatively charged PS beads and
their suspension for EPD should be optimized.*® The high
reproducibility and short time consumption for achieving the
opal PS films using EPD have been confirmed (Fig. 1).
Two electrodes were separated by 5 mm and connected to a
Source Meter (Keithley Model 2400, Ohio, USA) used as the
electric field generator. The as-synthesized 8 wt% aqueous PS
slurry was diluted by ethanol to volume ratios of 1 and 4. The
2 x 3 ecm? ITO glass was first properly treated in ethanol and
then coated with the PS beads by applying a voltage of 10 V for
1 minute. The PS opal film was dried at 50 °C for 24 hours to
properly remove the solvent and increase the void volume.
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Fig. 1 Schematic of the synthesis process of the TiO, IO films, deposition
of the Ag and NS-modified Ag NPs inside the IO walls, and different Ag NP
structures.
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The TiO, IO (TIO) film was fabricated by infiltrating the
precursor of TiO, and heating at high temperatures in air. The
TiO, precursor solution was composed of ethanol, water, and a
TiCl, solution (16.0-17.0% as Ti), corresponding to a volume
ratio of 0.75, 0.125, and 0.125, respectively. The mixed solution
was stirred at 70 °C for 15 minutes until a slightly opaque
solution was obtained. The PS bead opal film was fixed at an
angle of 20° using the drop-casting method; then, the residual
solution on the surface was removed. The infiltrated PS opal
film was heated to 550 °C at a speed of 1.8 °C per minute,
remained at 550 °C for 2 hours, and then slowly cooled to room
temperature. The TiO, IO films with the abbreviations of TIOx
(x =250, 288, 318 nm as the pore sizes) were stored at 50 °C for
the next characterizations and fabrications.

Preparation of Ag-decorated TiO, IO

The Ag NPs were prepared by applying the chemical deposition
method, ie., the reduction of Ag" cations from an AgNO;
aqueous solution using NaBH, reagent to form Ag nuclei.’”
The 0.023 M AgNO; and 0.002 M NaBH, aqueous solutions were
separately prepared in water at a temperature of 5 °C for 1 hour.
To prevent aggregation, 2, 4, 6, or 8 mL of AgNO; solution was
slowly dropped into 60 mL of the NaBH, solution during strong
stirring at a speed of 500 rpm for 5 minutes and then con-
tinually mixed for another 5 minutes. The mixed solutions were
slowly heated to room temperature. Similarly, the Ag NPs were
prepared with naphthalene 2,6 disodium sulfate (NS). The
AgNO; precursor solution (0.023 M) was well mixed with an
aqueous NS solution (0.0125 M) before being reduced by
NaBH,. Two kinds of Ag NPs were abbreviated Agy or AgNSy
with y =1, 2, 3, 4, which corresponded to 2, 4, 6, and 8 mL of the
Ag precursor solution, respectively. The aqueous Ag and AgNS
NP suspensions were stabilized for 1 hour and then deposited
on the TIO films.

To fabricate the Ag-deposited TIO films, 150 uL of an Ag or
AgNS suspension was spread on the surface of TIOx (x = 250,
288, and 318) and then heated at 50 °C until a completely dried
film was obtained. The same procedures were performed three
times. In the last step, the Ag-decorated TIO films were con-
tinually heated at 100 °C for at least 24 hours. Fig. 1 shows a
schematic diagram of the simple methods used to prepare the
Ag-deposited TiO, IO films.

Characterization

The diffuse absorbance and transmittance spectra of the sam-
ples were measured by UV-Vis-NIR spectroscopy (V570, Jasco
Corp.) in the wavelength range of 200-1000 nm at a scan rate of
1000 nm min . The specular reflectance spectra of the IO films
were measured at an incidence angle of 5 degrees in the
wavelength range of 300-1000 nm using a UV-Vis-NIR spectro-
photometer (Solidspec-3700, Shimadzu Corp.). The top view,
pore size, and thickness characteristics were analyzed by field
emission scanning electron microscopy (FE-SEM, SU8000, Hita-
chi High-Technologies Corp.) at 10 kV. High-resolution (HR)
observations of the powder were performed by applying an
HR-transmission electron microscope (HR-TEM) and STEM
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(JEOL JEM 2100F) equipped with an energy-dispersive X-ray
(EDX) analysis device. The X-ray powder diffraction (XRD)
patterns were recorded at room temperature at the 2-theta
angle in the range of 20°-60° using a SmartLab diffractometer
(RIGAKU, 40 kv and 30 mA) with Cu Ka radiation (1 = 1.54 A),
a step size of 0.02° and a scan speed of 1° min~". The electron
binding energy spectra were measured by X-ray photoelectron
spectroscopy (XPS) (PHI Quantera SXM (ULVAC-PHI)) using Al
Ko radiation at 20 kV and 5 mA and a take-off angle of 45°. All
the binding energies were calibrated concerning the C 1s peak
of the adventitious carbon at 285 eV. The typical chemical
vibration of the powder was recorded by Fourier transform
infrared spectroscopy (FTIR) (IRAffinity-1s, Shimadzu Corp.) in
a wavenumber ranging from 4000 to 500 cm™'. The lumines-
cent emitting spectra of the films were measured by high-
performance fluorescence spectroscopy (JASCO FP8500) con-
nected to a Xenon lamp at a scan rate of 1000 nm min~".

The photocurrent current and electrochemical impedance
spectroscopy measurements were performed in a standard
three-electrode configuration using a source meter (VSP300,
Potentiostat, BioLogic). The TIO working electrode contained
an active area of 2 x 2 cm” and was fixed at the irradiating angle
of 90°. The Ag/AgCl reference electrode in KCl (3 M) and the
aqueous electrolyte of Na,SO, (0.1 M) were applied. A bias
voltage of 0.6 V referenced as the open voltage of TiO, was
applied in frequencies ranging from 0.1 Hz to 5 MHz with an
oscillation amplitude of 10 mV. The electrochemical impe-
dance spectroscopy measurements were measured in the dark
and upon light irradiation of one sun (AM 1.5G illumination,
HAL-320, Asahi Spectra USA, Inc.).

Photocatalytic degradation of organic pollutants

The efficiency of the photocatalytic degradation using bare TIO
and Ag-decorated TIO films was evaluated by the decolorization
of methylene blue (MB) in an aqueous solution at room
temperature. The as-synthesized TIO films with an active area
of 2 x 2 cm® were immersed in 50 mL of an MB aqueous
solution (5 x 10™* g, 31 uM L") contained in a 100-mL beaker.
The system was first stirred in the dark for 20 minutes to obtain
the adsorption-desorption equilibrium among MB, TIO, and
water. The surface of the TIO films was irradiated by the solar
energy of one sun (AM 1.5G illumination, HAL-320, Asahi
Spectra USA, Inc.) with a power density of 100 mW c¢cm™> at a
90° angle. MB decolorization was evaluated by the intensity of
the absorbance at 664 nm using UV-Vis-NIR spectrometry
(V570, Jasco Corp.). The concentration of MB corresponding
to an intensity peak at 664 nm before irradiation was abbre-
viated as C, while C(y was the intensity after irradiating at the
fixed time (¢). The MB solution was collected at an interval time
of 10 min for 60 or 120 minutes to calculate the kinetic
photodegradation. The reaction was kept at room temperature
to reduce the thermal effect. The MB photodegradation recycles
were performed for 2 hours and repeated 4 times for every
sample. The independence of the reaction kinetics vs. irradi-
ance power was measured for 30 mL of MB aqueous solution
(3 x 10~* g, 31 uM L) for 40 minutes.
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Results and discussion

Characterization of Ag-deposited TIO films

In this study, three sizes of PS beads of 316 + 5, 338 £+ 5, and
387 £ 5 nm were successfully synthesized by controlling the
SDS surfactant. Fig. 2a shows the top view of the TiO, opal films
prepared by EPD, having a hexagonal arrangement of the PS
beads with a close-packed plane (111). Fig. 2b illustrates an IO
structure with homogeneously 250 nm-sized pores in a large
porous area after removing the template from the 316 nm-sized
opal film. At higher magnification, a face-centered cubic (fcc)
structure coming from the periodic arrangement of pores is
observed, supplying the complete template removal. As a result
of this structure, the film reflects a uniform blue color as
depicted in the photograph in Fig. 2c. The volume of the pore
size was reduced by an average of 20% compared to the PS
template size due to the shrinkage of the PS beads during heat
treatment before the TiO, phase was formed. The cross-section
of TIO250 also shows a face-centered cubic (fcc) structure with a
thickness of 3.4 pm (Fig. 2d). Similarly, an approximately 20%
shrinkage phenomenon also occurred for the 338 and 387-nm
sized templates that corresponded to the achieved pore sizes of
288 and 318 nm (Fig. 2e and f). The photographs show the
green and orange-colored TIO films corresponding to the 288
and 318 nm-sized pore structures. In addition, the thicknesses
of TIO288 and TIO318 increase to 5.3 and 7.1 um (Fig. S1, ESIY),
respectively. To explain the realistic reflecting color of the TIO
films with different pore sizes, the specular reflectance spectra
of the TIO films were measured at an incidence angle of
5 degrees. The opal films containing 316, 338, and 387 nm-
sized PS beads show a reflectance peak in the near-infrared
range at 734, 818, and 921 nm (Fig. 2g and Table S1, ESIY),
respectively. Similarly, the TIO films containing 250, 288, and
318 nm-sized pores have a reflectance peak at 474 (blue), 568
(green) and 613 (orange), respectively (Fig. 2f and Table S1,
ESIT). The IO TiO, films synthesized from the electrophoretic
opal film show a stable structure with a large area and high
reproducibility. In summary, the expected pore sizes of the TiO,
10 films are successfully obtained by controlling the PS bead

Fig. 2
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size to generate a stopband that is tunable with the optical
property of the depositing metal NPs.

The advantage of the IO structure is that it creates a photo-
nic band gap that can delocalize the emitting and refracting
light inside the pores and reduce the spontaneous scattering of
light. Moreover, the IO structure can induce a slow photon
effect to enhance light absorption, which is beneficial for the
light-harvesting efficiency during photocatalysis.>® The approx-
imate stopband position of the opal and IO can be calculated by
a modification of Bragg’s law, which is expressed by eqn (1)
(Table S1, ESIT)***°:

2 .
Amax = Zdhkl\/;\/fnlz + (1 = f)n?2 — sin 0, (V)

where A is the stopband position for the first-order Bragg
diffraction, dj; is the opal size or pore size of 10, n is refractive
indices (n = 1 for air, n = 1.59 for PS and n = 2.6 for TiO,), and
0 is the incidence angle of the light, which is 5° in this
measurement.’® Depending on the face-centered cubic (fcc)
structure of the opal film, the volume fraction of air was
theoretically occupied at 0.26, which is an average value of
0.33 + 0.03 in this study (Table S1, ESIt). EPD is a proper
technique for fabricating a good opal structure. The TiO,
volume fraction was about 0.07, which is smaller than the
expected theoretical volume of 0.26. Although it was difficult
to achieve the crack-free I0 film, the prepared IO films
obtained a crucial photonic band gap that enabled the slow
photon effect.

However, the slow photon effect of the TIO films was eval-
uated for the photodegradation of organic pollutants in a water
medium. In this case, the volume fraction (f) of water with a
refractive index of 1.33 was considered similar to that of air
with an f of 0.93. The incident angle (6) of the light direction
was set up at angles of 5° and 90° for the photocatalytic and
electrochemical impedance spectroscopy measurements. There-
fore, the real photonic stopband of the TIO films in a water
medium depending on the light irradiating angles is recalculated,
ie, 460 (90°) and 438 nm (5°) for TIO250, 530 nm (90°) and
504 nm (5°) for TIO288, and 585 nm (90°) and 556 nm (5°) for
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TIO318 (Table S1, ESIt). It is suggested that the blue-shifting
stopband edge created by TIO250 overlaps with the slow-photon
absorbance of TiO,, and others induce slow photon light absor-
bance in the visible range (450-550 nm).

As is known, silver NPs broaden the photon absorbance in
the visible band by utilizing free photoelectron coherent oscil-
lation, which is called localized surface plasmon resonance
(LSPR).*" In this study, the deposition of spherical Ag NPs on
the IO walls of the macroporous TiO, film was prepared by sol
immobilization through the reduction and chemical deposition
steps. In addition, LSPR strongly depended on the size, uniform
deposition, concentration, and shape control of the Ag NPs,
resulting in a different broadening of the Vis-NIR range
and intensity of the light absorption.*” Broadening of the
absorbance was expected in the range of 400-600 nm, which
accounted for 46% of the total solar light corresponding to a
metal size less than 100 nm. Therefore, the NS surfactant was
employed for the first time to control the size, concentration,
and hydrophilic properties of the Ag NPs. The objective of this
study is to introduce small incomplete reduced Ag clusters on
the TiO, IO walls and then grow Ag NPs with the support of heat
treatment. The role of NS is to slow down the aggregation of the
Ag clusters in the solution before being introduced into the 10
films. The mean average size (MA) and size distribution (SD) of
the Ag NPs without and with NS measured after stopping the
reaction for 1 hour are presented in Fig. 3a and Fig. S2 (ESIT).
The mean average sizes of the NS-combined Ag NPs are
recognized from 5 to 16 nm with a low size distribution, while
they are larger than 115 nm for the bare Ag NPs. These small
NS-combined Ag NPs in suspension were stabilized for 2
months that were not obtained in the bare Ag NPs (Fig. S3,
ESIT). The amount of added Ag precursors also affected the size
of the produced Ag NPs. The size distribution of the bare Ag
NPs is greater in comparison to the NS-combined Ag NPs. The
broad and large size of the Ag NPs directly affects their uniform
growth on the IO walls. Most bare Ag NPs are bigger than
100 nm, and the pattern assigned to the (111) plane is con-
firmed in the HR-TEM images (Fig. 3b and c). This suggestion
is supported by photographs of the Ag and AgNS4 NPs asso-
ciated with methanol. To summarize, the NS molecules play
a good role in preventing the aggregation of the Ag NPs, as
observed in the HR-TEM images with a size smaller than
100 nm (Fig. 3d). Fig. 3e illustrates the confirmation of the
Ag element in the metal NPs with the weak signal of S in the NS
molecules. It is suggested that the NS will co-deposit with the
Ag NPs on the TIO walls and support deposition inside the
pores with a small size. The distributions of the bare Ag NPs
and NS-combined Ag NPs on the IO wall of the TIO film were
investigated based on the HR-TEM and STEM images (Fig. 5).
The small white dots observed in Fig. 3f are assigned to the
AgNS4 NPs with homogeneous small sizes. The NPs were also
observed in the HR-TEM image as black dots measured at
different magnifications (Fig. 3g and h). The hexagonal close-
packed array structure of the TIO was successfully prepared.
As illustrated in Fig. 3i, the patterns of the Ag and TiO, lattices
were observed in the (111) and (101) planes, respectively,
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as calculated in the HR-TEM images (Fig. S4, ESI{). The HR-
TEM images assigned to the (101) plane of TiO, were observed,
which supported the performance of the anatase TiO, pattern
in the XRD. In addition, the growth of Ag NPs on the TiO,
lattice proves the creation of a heterojunction joint, which
improves the plasmonic energy transfer from Ag near the band
edge to generate the electron/hole pair on TiO,. Moreover, both
the reduction and oxidation reactions were suggested to occur
at least around the surface of the metal. Therefore, the short
deposition distance of the Ag NPs is controlled to improve the
charge transfer for photocatalysis.**?

Fig. S5 (ESIT) illustrates the confirmation of the existence
of the Ag-NS4 NPs on the IO pore wall and the element
composition of silver. The silver NPs without stabilizers also
succeeded in anchoring the TiO, IO wall. However, the Ag
element composition anchoring on the pore wall, which is
calculated from 5 positions using EDX-STEM mapping, shows
a difference between the two kinds of Ag NPs (Table S3, ESIT).
The deposition of Ag with the support of the NS stabilizers
shows a higher Ag concentration and better uniform distribu-
tion on the pore wall than that of Ag4 without stabilizers. This
means that most Ag4 NPs deposited on the free cracking place
the same as on the ITO surface and big-sized particles with
a similar original concentration of the precursors. It can be
suggested that NS will support the immobilization of the Ag
nanoclusters on the TiO, surface in the first stage. The sulfo-
nate group with SO;~ bonding on NS possibly forces the
adsorption of the NS-combined Ag clusters at the Ti," site
using hydrogen bonding with the OH group adopted of the
TiO, lattice and acid-base interaction occurs between S and O
on the lattice.*»*> However, NS is suggested to adsorb directly
on the TiO, lattice rather than deposited on Ag NPs, as
confirmed in the element spectra (Fig. S6, ESIt). This sugges-
tion is also in agreement with the FT-IR spectra of the NS and
AgNS-TIO films. The vibrational band assigned to C-C of the
ring and S-O of the sulfonate group of NS appears in the
spectrum of the NS-combined Ag-deposited TIO without chan-
ging the chemical bonding. The NS modification on the TiO,
surface is also beneficial for increasing the adsorption of the
organic dye using sulfonate groups.

Fig. 3k shows the XRD pattern of the TiO, IO films presented
for TIO250 (line 3), TIO250 Ag4 (line 4), and TIO250 AgNS4
(line 5) with the observation of specific 2-theta angles centered
at 25.3° (101), 37.9° (004), 48° (200), 54° (105), and 55.1° (211).
These series of peaks completely overlapped with the anatase
TiO, pattern as observed in line (2) (COD - ID 9015929). The
pattern peaks assigned to Ag NPs (line 6) are not observed in
the Ag-decorated TIO films due to the low concentration of big
crystals. Anatase TiO, positively results in photocatalysis prop-
erties compared to the rutile or mixed phases. The 10 TiO,
introduced Ag NPs were peeled off from the film, and the
optical properties were measured to eliminate the effect of
the slow photon effect. The increase in the amount of silver
nitrate is proportional to the enhanced light absorbance of the
metallic silver part and the saturated ratio obtained for the
Ag4 and AgNS4 compounds (Fig. 4a). All the curves show an
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(a) Differential distribution and size distributions of the Ag3, Ag4, AgNS3, and AgNS4 NPs after synthesizing for 1 hour. (b) and (c) HR-TEM images

of Ag4 NPs. (d) HR-TEM images and (e) STEM-EDX mapping of element compositions of AgNS4 NPs. (f) SEM and (g)—(i) HR-TEM images of TIO250
deposited AgNS4 at different magnifications. (k) XRD pattern of the ITO-coated glass (1), anatase TiO (reproduced using a file with COD-1D 9015929) (2),
TIO250 (3), Ag4 deposited TIO250 (4), Ag-NS4 deposited TIO250 (5) and Ag4 NPs (6). *Photograph of the Ag4 and AgNS4 NPs associated in methanol.

absorbance with a peak at around 450 nm and broadening to
650 nm caused by utilizing the LSPR of the Ag NPs, accom-
panying the absorbance of TiO, in the ultraviolet ranging from
340 to 390 nm. A similar tendency was also obtained for
the AgNS-deposited TiO,, as depicted in Fig. 4b. However, the
absorption peak shifts from 477 to 465, 455, and 442 nm as a
function of the increasing precursor amounts accompanied by
a narrow range, as illustrated in Table S2 (ESIt). Consequently,
the optical energy band gaps are also modified (Fig. S7, ESIT).
Bare TIO films achieve an optical energy band gap of 3.17 eV,
which decreases by tuning the visible absorbance of plasmonic

8620 | Mater. Adv, 2024, 5, 8615-8628

Ag NPs, such as around 2.19 for TIO Ag4 and 2.35 for TIO
AgNS4. As is expected, the as-synthesized silver NPs on the
surface of TiO, by chemical deposition produce a good absor-
bance in the visible range, which accounts for 46% of total solar
light. In addition, the NS stabilizer is an efficient agent for
controlling the small size of the Ag NPs and uniform-size
distributions, which are properly attributed to the uniform
deposition on the IO walls. The role of NS is clearly determined
in the investigation of the slow photon effect.

When plasmonic metal NPs contact a semiconductor,
the Schottky barrier on the metal-semiconductor interface

© 2024 The Author(s). Published by the Royal Society of Chemistry
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appears, affecting the charge carrier transfer efficiency to the
surface of the TiO, or Ag NPs. Therefore, the high purification of
Ag® nuclei at the interface can modify the Schottky barrier height
to enhance the change in the transfer efficiency.*® The fabrication
of pure Ag metal growth on the TiO, lattice is important. The
use of the NS stabilizer beneficially controls the existence of the
impurity silver oxide, as proved by the XPS spectra. The XPS
spectra assigned for the binding characteristics between elements
were calibrated concerning the C1s peak of adventitious carbon at
285 eV (Fig. 5). NS increases the deposition of the Ag NPs inside
the TIO pores, as confirmed by the Ti/Ag ratio of 100/8, while bare
Ag NPs show that of 100/1 (Table S4, ESIt). The small size of the
Ag NPs and high hydrophilic properties controlled by NS should
be key factors for a uniform deposition. Fig. 5a shows the

deconvolution of the C1s region assigned to NS containing
C—C bonding centered at 284.6 eV, C-C, C-H bonding cen-
tered at 285.4 eV from the naphthalene rings, and C-S bonding
centered at 286.1 eV from the sulfonate group (Table S5, ESIT).
These characteristics also appear in the Cl1s spectrum of the
TIO AgNS4 film at a low concentration.?” There is no difference
in the spectrum of the Ti2p region for all the films (Fig. 5b).
In great detail, the binding energy peaks centered at 459.4 eV
and 465.2 eV are assigned to the splitting of the 2p;,, and 2p,
regions, respectively, which come from the Ti*" state in the TiO,
lattice.>® As depicted in Fig. 5c, the binding energy centered at
530.7 eV assigned to the O1s region of the O-Ti bonding was
observed in TIO, TIOAg4, and TIO AgNS4. In addition, the
binding energy centered at 531.8 eV was assigned to the S—O

(@) fo1s (b)  {Tio’AgNS4 "Tizp ]
__ |AgNs4 7 el
3 G
) 2 ]
> TIO AQNS4 24 N, g _
7] o |
8 |10 Ag4 £ ]
E —
TIO ] ]
468 466 464 462 460 458 456
290 288 286 284 282 -
Binding energy (eV) Binding energy (eV)
d
(¢) To1s ___Agomix (d) Ag3d (e) TIO AgNS4
i o ] AgNs4
El | £ 3| AN .
< TIOAGNS4 | 2 rio agNss 0 <]
a b 1 9 3d3/z Ag 7 3d512 b C-SO.
[ — @ - s |AgNs4 -SO;
N 1 A el
15 ‘ TIOAg4 < | = 2 s2p
= j < Inonags Ag™ | E
___J\ TIO AM\\
534 532 530 528 378 376 374 372 370 368 366 364 172 170 168 166 164

Binding energy (eV)

Binding energy (eV)

Binding energy (eV)

Fig. 5 XPS and its deconvolution spectra of (a) Cls and (b) Ti2p, (c) Ols, (d) Ag3d, and (e) S2p regions of the TIO, TIO Ag4, TIO AgNS4 and AgNS4.
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bonding, and a small shoulder was attributed to a partially
negative oxygen atom (-SO,-O~) on the sulfonate group.*’
A deconvoluted peak centered at 531.3 eV in AgNS4 corre-
sponds to oxygen in O-H bonding coming from bound water
adsorbed on the surface of the Ag metal.*®*® This observation
in AgNS4 is not observed in combination with TiO,. The
deconvolution of the Ag3d region of TIO Ag4 and TIO AgNS4
or AgNS4 shows a significant difference in the peak positions
(Fig. 5d). Two kinds of binding energies assigned to the Ag3d
regions of TIO AgNS4, i.e., 368.1 eV (3d5/2) and 374.2 eV (3d3/
2), were ascribed to metallic silver, and 367.6 eV (3d5/2) and
373.6 €V (3d3/2) ascribed to Ag-O in Ag,0O metal oxide (Table
S5, ESIT)." The ratios of Ag and Ag,O in TIO Ag4 are 0.21 and
0.79, respectively, which are 0.94 and 0.06 in TIO AgNS4 or
AgNS4. The synthesis of the Ag NPs combined with the NS
stabilizer enhanced the purification of the silver metallic
composition, which improved the charge transfer through the
Schottky barrier. In general, the binding energy of the S2p
region of AgNS4 shows a splitting of two peaks centered at
168.1 eV (2p1/2) and 169.3 eV (2p3/2), which is ascribed to the
S-O bonding in the C-SO;~ sulfonate groups of NS (Fig. 5e).
However, the binding energy shifts to higher energies, corres-
ponding to 168.6 eV (2p1/2) and 169.8 eV (2p3/2). It is suggested
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that the -C-SO;~ sulfonate groups were chemically adsorbed
on the surface of TiO, and created a possible -C-SO,-O-Ti
bonding. This result agrees with the previous report, ie., the
C-SO,~C (x = 1,2,3) bonding resulted in the binding energy of
S2p centered at 168.4 €V.>® The adsorbed NS can enhance the
hydrophilic interaction with organic dyes, which beneficially
creates immobilization of the dye for catalytic reactions.

Slow photon effect and enhanced photocatalytic efficiency of
Ag-deposited TIO films

Fig. 6a shows the specular reflectance spectra at the 5-degree
incident angle of TIOx (x = 250, 288, and 318), correspondingly
observing the reflectance peaks at 474, 568, and 613 nm,
respectively. The AgNS-deposited TIO powder shows an absor-
bance band narrower than that of the Ag-deposited TIO, agree-
ing better with the homogeneous sizes of the particles. Bare
TIO does not show absorbance in the visible band. As depicted
in Fig. 6b, the trapped refractive light is scattered inside the
pores of the IO structure, which physically enhances the
absorbed photon energy at the stopband edges. TIO250 has a
stopband that almost overlapped with the strong visible absorp-
tion of Ag NPs, as observed by the dotted lines of the disordered
TIO Ag4 and TIO AgNS4. The edges of the stopbands of TIO288
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(a) UV-vis absorption of disorder TIO and specular reflectance spectra at the 5-degree incident angle of TIOx (x =
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250, 288, and 318).

(b) Schematic of the distribution of the Ag NPs (red) and the absorbed light scattered by the IO structure. Normalized specular absorbance spectra at the
5-degree incident angle and transparency spectra of (c) and (f) TIO250, (d) and (g) TIO288, and (e) and (h) TIO318 deposited Ag NPs.
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and TIO318 overlapped with the low absorption range caused
by the Ag NPs. Consequently, the specular absorption spectra
show a difference in absorbance caused by the Ag NPs, ie.,
a reduction of the absorbance at about 478 nm, while an
enhancement of the absorbance at 493 nm for TIO288 and
502 nm for TIO318 was observed, as illustrated in Fig. 6¢c-e. In
addition, the absorbance of trapped light centered at 405 nm is
achieved for all the ITO films. The slow photon effect properly
occurs in the three IO structures, which agrees with the
literature.®® The diffuse transparency spectra provide more
evidence of the slow photon effect, as illustrated in Fig. 6f-h.
The visible light-absorbing enhancement is proportional to the
trapped light when the Ag NPs are deposited inside the IO
pores. All diffuse absorption spectra confirm the homogeneous
deposition and high density of the AgNS NP inside the IO pores,
corresponding to better absorption for the same concentration
powder spectra (Fig. 6a). Moreover, the diffuse absorbance of
TIO is broadened in the range overlapped with the enhanced
specular absorbance, i.e., enhancement at 405 nm and reduc-
tion at 480 nm for TIO250, and enhancements at 405 and 480
for ITO288 and ITO318, respectively. Interestingly, TIO288
shows an absorbance increase of 8% at 480 nm, and it is
15% for TIO318 in comparison to the absorbance at 480 nm
for the disordered TIO (Table S6, ESIt).

The efficiency of the slow photon effect was properly inves-
tigated by the decolorization of methylene blue upon irradia-
tion by simulated solar light, in which a visible band from 400
to 600 nm accounted for 46%. The purpose of utilizing the IO is
to enhance the optimal absorbance of solar energy in this

View Article Online
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range. Fig. 7a shows the photocatalytic reactivity of the Ag
NP-deposited TIOx (x = 250, 288, 318 nm). The film was
immersed in an aqueous MB solution for 20 minutes in the
dark to obtain the adsorption-desorption equilibrium. The Ag
NP-deposited TIO accelerates the MB photodegradation twice
in comparison to the bare TIO for the first hour (Fig. 7a).
Similarly, the photoreaction kinetics are faster in the case of the
deposition of Ag metal; thus, the group of TIO AgNS4 shows the
fastest photodegradation (kryozss = 17.3 min’l), while TIO
shows low kinetic constants of krozso = 9.3 min™* (Table S7
and Fig. 7b). The lower photodegradation efficiency in the case of
the Ag-deposited TIO (krjoss = 15.3 min ') is due to the coagula-
tion of big particles on the ITO glass and low distribution of the
Ag NPs inside the IO pores even at the same concentration as the
AgNS NPs. The photodegradation rate was performed three times
for different series of samples, as illustrated in Fig. 7c. The bare
TIO250 with the 3.4 pm thickened film and 250 nm-sized pores is
the best photocatalyst upon excitation in the ultraviolet range. It is
interesting to realize that the thickness of the films is not an
essential factor attributed to the photodegradation efficiency.
TIO288 (5.3 pm) and TIO318 (7.1 um) show a lower photocatalysis
even when they achieve a thicker film the same as the larger active
areas. It can be explained that the contribution of the slow photon
effect at the stopband of 405 nm in 10250 leads to the enhance-
ment of the photo absorbance to create photo-excited electron/
hole pairs.

In the sample series of the Ag NP-deposited TIO, the photo-
degradation changes the tendency, ie., the increase in the
photocatalytic efficiency obtained for 10288 and 10318 due to
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Fig. 7 (a) Photocatalytic degradation efficiency of MB (50 mL of 31 uM L) using different samples under the illumination of an AM 1.5G standard solar
simulator for 1 hour. (b) Chemical reaction kinetics calculated from photodegradation. (c) Degradation rate and (d) reproducibility of the photocatalytic
degradation of different samples. (e) Reproducibility of the photocatalytic degradation of ITO288 AgNS4 after 14 cycles, and (f) photodegradation rate of

MB (30 mL of 31 uM L™ as a function of light solar irradiance fitted using
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the enhanced photon absorption occurring in the visible range
of exciting the Ag NPs. The metallic NPs present two crucial
factors to accelerate the reaction: (i) limiting the electron/hole
recombination in TiO, by generating the Schottky junction,
and (ii) absorbing photon energy in the visible light range
to create the plasmon photoexcited electron or called “hot
carriers”, which increase the local electromagnetic field.”"**>"
The generated hole and hot charge electron on silver can create a
local non-equilibrium charge and activate the redox reaction.’>
The absorbed photon energy is proportional to the plasmonic hot
electrons, similar to the electromagnetic field at the interface for
exciting the electron at the edge band of TiO, and increasing the
redox ability to degrade the dye. The uniform size, high density,
and distribution of the NS-combined Ag NPs inside the IO
structure support the interaction between the slow photon effect
and the absorption of visible light. Therefore, a higher photo-
catalyst efficiency is recorded for these TIO AgNS films with high
reproducibility. Both the Ag and AgNS-deposited TIO288 show
photocatalytic stability after the 4th cycle, while the ability of the
bare TIO288 gradually decreases (Fig. 7d and Table S7, ESIt). The
reproducibility of film fabrication and high photocatalytic effi-
ciency provide huge potential for practical applications. Impress-
ively, the ITO288 AgNS4 film can prove the stabilization of the MB
photodegradation rate after 14 cycles, with an average value of
94% for every cycle (Fig. 7e). The film structure is retained so that
the porous film fabricating technique in this study can provide a
good strategy for scaling up in practical applications.

The plasmonic silver NPs accelerate the photocatalytic reac-
tion via the generated hot-charge carriers and heat genera-
tion.>"*2>3 To investigate the dependence of the photodegradation
reaction on heat generation, an experiment was performed to
determine the change in the MB degradation rate as a function
of the irradiance power (Fig. 7f). This result confirms the linear
dependence of the chemical transformation rate on the increase
in the solar light powers for the bare TIO288 and Ag-deposited
TIO288 films.>® The photothermal effect was less attributed to
the photodegradation.

The photocurrents of the bare TIO and Ag-deposited TIO
films are presented in Fig. 8a and Fig. S8 (ESIt). In general, the
plasmonic hot carriers of the Ag NPs due to visible light
absorbance are injected into the conducting band (CB) of
TiO,, increasing the photocurrent by a transfer to an external
circuit. The injection into the CB of TiO, occurs when the
energy of the hot plasmonic carriers is higher than the Schottky
barrier energy generated by metal contact with Ti0,.**** Under
a small bias, the high resistance of the Schottky barrier can
limit the transfer of hot carriers to the conduction band of TiO,.
This could explain the decrease in the photocurrent after the
deposition of Ag NPs in this study (Fig. 8a). Gross and his
colleagues also revealed that the positive or negative effect on
the photocurrent depended on the illumination, distance,
concentration of the Ag NPs, and applied bias.>* Following
their conclusion, at a high Ag deposited density and a short
distance between the Ag NPs, the photogenerated electron/hole
separation is more efficient. Therefore, the strengthened hole
strongly photo-oxidizes H,O to form O,, which makes the
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evolution of the O, concentration on the electrolyte/metal
interface. The high catalytic activity of Ag then preferably
utilizes the captured electrons to reduce the generated oxygen,
thus reducing the migration of captured electrons into the
external circuit. Another study also reported that an increase
in the metal deposition amount led to an increase in the
Schottky barrier height, thus limiting the primary hot electron
transfer to the CB of TiO,.>® This clarification possibly explains
the decrease in the photocurrent after the deposition of Ag NPs
on TiO, IO films in this study. Depending on the photocurrent
at 90s, the Ag-NS deposited TIO films show a lower value, which
indicates the better covering of Ag NPs the same as the
homogeneous distribution and size. In summary, the chemical
immobilization method in this study is efficient for growing
small silver NPs with a high concentration and density on the
10 walls, which promotes the active sites for photocatalytic
reactions occurring on the metal interface. In addition, the
photocurrent shows interesting different trends in the two
groups of TIO films, ie., bare TIO films result in a higher
current vs. the smallest pore size of 250 nm with a stopband at
460 nm in water (Table S1, ESIt). In contrast, the Ag-deposited
TIO films obtained a better photocurrent for TIO288 and
ITO318 nm, showing the proper contribution of the slow photo
effect at the blue shifting shoulder of the stopband at 530 and
585 nm, respectively, as depicted in Fig. 6.

It has been reported that the rate of hot electron transfer
depends on the intensity of the generation of high-energy elec-
trons, net surface area, plasmon wavelength, and plasmonic
enhancement factor.*' As already mentioned, the enhancement
of the photon absorbance as well as the electromagnetic (EM)
field on the Ag NPs contributes to an increase in the light
absorption in the near-band edge of TiO, to create charge carriers
and accelerate the number of primary hot carriers. When the
plasmonic and photogenerated charge density increases, they
tend to inject a conduction band of TiO, and immigrate to an
external circuit to increase the photocurrent. Consequently, all the
Ag3 or AgNS3 deposited TIO288 and TIO318 films show a higher
photocurrent in comparison to the Ag or AgNS deposited on
TIO250, which did not have the slow photon effect. At a higher
Ag concentration and density of Ag4 or AgNS4, the photocurrent is
slightly reduced due to the electron utilized for redox reactions on
the interface, as already discussed.

To understand the photocurrent result deeply, electro-
chemical impedance spectroscopy was done to characterize
the charge separation at the electrolyte/semiconductor and
the lifetime of the photogenerated electron/hole pairs. This
measurement was performed using a three-electrode configu-
ration in a neutral aqueous solution to stimulate the charge
transfer for photodegrading a dye in an aqueous medium.
Fig. 8b shows the Nyquist plots of the bare TIO and Ag-
deposited TIO films, which are fitted to an equivalent electrical
analogue using ZView software. Table S8 (ESIt) presents the
charge-transfer resistance (R.) and space charge capacitance (Cy.)
in the dark and under illumination. In the dark, the Ag-deposited
TIO films show a lower R and Cj. after introducing the Ag NPs.
The lower R, and C, suggested a lower electron/hole

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Transient photocurrent after applying a bias of 0.6 V after 90s and 1000s under ambient conditions. (b) Nyquist plots and equivalent circuits

used for fitting cell impedance, (c) electrode resistance calculated from the fitting of equivalent circuits using ZView software of the different ITO films,
and (d) electron lifetime of the charge carrier calculated from the frequency maximum in Bode plots. (e) Photoluminescence emission of the TIO films

without and with the deposition of the Ag NPs.

recombination, i.e., allowing the fast electron/hole transfer to the
electrolyte/semiconductor interface to be photoreactive with the
dye.”® The sheet resistance (R,) propetly increased due to the
deposition of Ag NPs, limiting the electron transfer between the
electrode and electrolyte (Fig. 8c). As discussed, the covering of TIO
on ITO glass is incomplete, and the Ag concentration is simulta-
neously deposited in cracks and IO wall positions. The Ry resis-
tance is proportional to the deposited Ag concentration covering

© 2024 The Author(s). Published by the Royal Society of Chemistry

the ITO glass, thus achieving a lower photocurrent. This result
agrees with the reduction in the total photocurrent of the Ag-
deposited TIO, as shown in Fig. 8a.

Upon light irradiation, the lower R, and higher double-layer
Csc are obtained for all the films due to the assumption of
photo-excited electrons and holes. This result is in agreement
with other reports.”” The electron lifetime Tn = 1/(2xf) is
calculated from the maximum frequency (wmay) (Fig. S9 and
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Table S8, ESIt). The different electron lifetimes were recorded
at two irradiating angles of the light of 5° and 90°. Several
points should be clarified in this result, ie., increasing the
photoinduced electron lifetime caused by deposition of the Ag
NPs and a slow photon effect. First, the slow photon effect-
induced absorption creates a higher number of hot electrons
on the Ag NPs and photoexcited electrons at the conduction
band of TiO, due to the enhanced local EM field, leading to a
reduction of R. upon illumination.>® Second, the increase in
the hot electron density on a metal led to the low potential
created by the equilibrium of the Fermi levels of Ag and TiO,.
Consequently, the photoexcited electron on TiO, in the con-
duction band is forced to transfer and be trapped in the metal
NPs, increasing the electron lifetime and the interfacial charge
transfer efficiency (Fig. 8c). The amount of the slow photon
effect-induced energy is controlled by the stopband position.
As mentioned in Fig. 6 and Table S1 (ESIt), the stopband edges
of TIO288 and TIO318 enhance the photon energy caused by
the Ag NPs at the irradiation angles of 5° and 90°, respectively.
The stopband created by TIO250 at these angles overlapped
with the strong absorbance of the Ag NPs, so it did not work to
increase light absorption. The increased irradiation angle leads
to a red shift in the stopband position, which is far from the
low absorption band of the Ag NPs. Consequently, a stronger
enhanced photon absorbance is obtained at an illumination
angle of 5°. In relation to the stopband positions vs. electron
lifetime, the enhanced photon energy is proportional to
the photogenerated lifetime, as shown in Fig. 8d. The electron
lifetime increases by 1.5 times after introducing Ag NPs and
obtains high reproducibility with a film containing the NS-
combined Ag NPs. These results are in agreement with the
photoluminescence (PL) emission, the intensity of which is
associated with the charge carrier recombination rate (Fig. 8e).
The PL emission of TiO, shows the main different contri-
butions, ie. 380, 398, and 420 nm assigned to the indirect
band-to-band recombination between the gap, and 451 and
470 are assigned to the surface oxygen vacancies and defects,
respectively.”>>® The average intensity of the PL emission
decreases, followed by the tendency of TIO > TIO Ag > TIO
AgNS for similar thickness and Ag amount. The introduction
of the AgNS NPs is more efficient in slowing down the combi-
nation of the electron/hole pairs between the band gaps of TiO,.

The photocatalytic mechanism of the plasmonic metal/
semiconductor is a complex process that is contributed by
many compositions, ie., (i) UV-absorption efficiency of TiO,
for photogenerated electrons (UV intensity accounted for 5% of
total solar light), (ii) localized surface plasmon resonance
caused by metal NPs for generating hot carriers (46% of visible
light), and (iii) plasmon-induced resonance energy transfer
(PRET) and enhanced local EM field from the plasmonic Ag
to increase light absorption of TiO,, and (iv) light scattering
and photothermal heat.?’*> The photothermal heat insignif-
icantly affects the photocatalytic efficiency of MB degradation,
as illustrated in Fig. 7f. Following the standard influence of the
Schottky barrier (¢SB), the hot plasmonic carriers from Ag with
the appropriate energy can transfer to the CB of TiO,,
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separating the photogenerated holes and electrons. However,
the SPR mechanism in the photocatalytic enhancement is still
unclear, supposing the migration of electrons on the metal
surface for the photocatalysis.’® In this study, the use of
photonic I0 engineering enables us to improve the effect of
the LSPR and local EM field caused by the Ag NPs, leading to a
strong distribution of the photogenerated electrons of
TiO,.**"** The IO structure can create a stopband whose edge
can enhance the photon energy at the low absorption range of
light-harvesting materials. The high density and homogeneous
silver NPs were immobilized on the surface of the TiO, 10 wall
with expectations, i.e., broadening the visible-light absorbance
for Ag-TiO, and enhancing the photon absorbance in the
visible range by the slow photon effect. In summary, TIO288
and TIO318 have a stopband with the blue-shifting edge over-
lapped with the low absorbance band of the Ag NPs, resulting in
an increase in their absorbance by about 15% at a wavelength of
480 nm. As shown, the AgNS-deposited TIO288 and TIO318
showed better MB photodegradation with a maximum photoreac-
tion kinetic constant of 17. 10~% min ", responding to a longer
photoexcited electron lifetime in an electrolyte medium.

In addition, the high photocatalytic activity of the Ag-
deposited TIO films was achieved only when the samples were
irradiated on both the UV and visible regions with a broader
wavelength range, as shown in Fig. S10 (ESIt). The results
present low photocatalytic efficiency when separately irradiat-
ing upon a single wavelength of 370 nm (UV) or a multi-
wavelength greater than 400 nm (Vis), showing a similar
photodegradation rate for TIO and Ag-deposited TIO films.
The photocatalytic result confirms the distinct role of UV-
light adsorbing TiO, and visible light-adsorbing LSPR Ag NPs
in the catalytic mechanisms that support the suggestion of
enhancement of LSPR-generated electrons on TiO, more active
than the “hot carriers” generated on Ag NPs. To summarize,
the enhanced photocatalysis of the Ag-deposited TiO, comes
from the additional electron/hole pairs of TiO, that are gener-
ated by an electromagnetic (EM) field in the LSPR of Ag
NPs.?>%%°! The local EM field enhanced by LSPR, which is
lower than the activation energy, excites TiO, by resonance
energy transfer. The local EM field depends on two factors,
i.e., the intensity of LSPR is improved by the slow photon effect
of the IO structure; the short distance between high-deposited
Ag metal and TiO, which is favorable for transferring plasmo-
nic energy, followed by enhancement of charge carries and
lifetime, as demonstrated in Fig. 8d. These electrons continue
to transfer to Ti** defect states and then further to Ag NPs. The
total photogenerated electron on the conduction of TiO, tends
to accumulate within the depletion layer at the Schottky junc-
tion at the interface of Ag, resulting in the prevention of hole/
electron recombination. This hypothesis agrees with a previous
report.*” The second abundant “hot carrier” excited by LSPR on
the Ag NPs under visible light absorption is enhanced by the
slow photon effect of 10.°>°* With the decrease in photocur-
rent, the plasmonic-induced hot carriers are preferably gener-
ated, and LSPR-generated electrons are suggested to immigrate
to the surface of the metal for initiating the reduction of O, to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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UV (~5%)
Vis (~ 46%)

Fig. 9 Scheme of the effect of LSPR and slow photon effect on
the generation of electron/hole pairs on Ag-deposited TiO, by absorbing
UV-Vis light.

form oxygen species radicals (TO2°, *OOH, and *OH) (Fig. 9).
Simultaneously, the holes in TiO, photo-oxidize H,O to form
hydroxyl radicals (*OH).**' The active oxygen and hydroxyl
radical species degrade MB.>*** The high density of the Ag
NPs efficiently prevents the hole/electron recombination,
resulting in the evolution of oxygen on the interface and
promoting the electron transfer to the Ag metal. Consequently,
the MB photodegradation kinetics of Ag-TiO, IO is properly
2 times faster in comparison to that of bare TiO, 10, resulting
in impressive photocatalytic properties and high catalyst stabi-
lity even after the 14th cycle (Fig. 7e).

Conclusions

Electrophoretic deposition is an efficient technique for the
fabrication of a periodic IO structure with a flexible thickness
and pore sizes in a very short time and high reproducibility.
The investigation of the slow photon effect coming from these
10 structures on the photocatalytic effect of the Ag-deposited
TiO, was studied. The growth of the Ag NPs with a high Ag
chemical composition and their homogeneous distribution on
the 10 walls was strongly supported by the co-deposition of the
naphthalene 2,6 disulfonate molecules. TIO288 and TIO318
showed strong slow photon effects during the LSPR absorbance
of the Ag NPs, resulting in high photocatalytic kinetics of the
MB photodegradation and a longer photogenerated charge
lifetime in electrolytes. The decrease in the photocurrent of
the Ag-TIO confirms the tendency of the photogenerated
electron on TiO,, i.e., the photoexcited electrons on the CB of
TiO, are transferred to the surface of the Ag NPs for redox
reactions due to the high concentration of the Ag NPs on the IO
walls. The photocatalytic mechanism was also clarified with an
impressive point. The slow photon effect in IO structures
enhance the LSPR on Ag metal and enhance the local EM field
on TiO,, which is mainly attributed to electron/hole pair gen-
eration used for photocatalytic reactions. This study provides a
good strategy for improving the photocatalytic effect of semi-
conductor-metal composite systems for water splitting and
CO, reduction.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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