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Chapter 6

Influence of plasmonic nanostructure geometry on a host
semiconductor and optimization of key parameters for enhanced

photocatalytic efficiency

In the preceding two chapters, two distinct types of photocatalysts were developed, each
incorporating Ag nanostructures to exploit LSPR for enhanced photocatalytic
performance. The study revealed that DET and PIRET were the notable mechanisms
through which LSPR enabled enhancement. Notably, the efficiency of LSPR is strongly
influenced by the size and shape of the metal nanostructures supporting it. Therefore, to
gain deeper insight into the influence of size and shape on photocatalytic performance,
Ag@TiO, photocatalysts with three distinct Ag nanostructure morphologies were
synthesized and investigated in this chapter. Specifically, spherical, cubic, and bulbous
branched Ag nanostructures were prepared using chemical reduction methods. Each
morphology exhibited a unique plasmonic resonance spectrum, highlighting the shape-
dependent nature of LSPR. The shape-based effect in plasmonic photocatalysis have
been studied by successfully incorporating these Ag metal nanoparticles onto TiO,
semiconductor photocatalyst. The degradation of MB was performed using each of
these photocatalysts and compared. Additionally, the optimization of Ag loading was
achieved by evaluating the photocatalytic activity of samples prepared with varying Ag
concentrations. The calcination temperature of the host semiconductor was also
systematically varied to determine the optimal thermal treatment condition for enhanced
photocatalytic efficiency. The analysis results demonstrate that a particular shape of Ag
with suitable size, loading amount, and calcination temperature, leads to the highest
activity of the photocatalyst. The work presented in this chapter addresses some key
objectives of this thesis, focusing on the influence of plasmonic nanostructure
morphology on photocatalytic activity and the optimization of host semiconductor and

co-catalyst parameters for maximum efficiency.

6.1. Introduction

It is already established that the performance of a plasmonic photocatalyst depends on
the plasmonic counterpart, the compatibility of the plasmonic material, and the host

semiconductor. The plasmonic behaviour of noble metals such as Ag and Au has been

173



Chapter 6

extensively studied, and it was reported that the different sizes and shapes of the same
metallic nanoparticle can strongly affect the pattern of the plasmonic resonance spectra
[1-4]. As particle size increases beyond the quantum confinement regime, the plasmonic
resonance peak exhibits a red shift [S]. This is primarily due to the ease of separating
the associated charges further in larger particles, which consequently lowers the
frequency of the collective oscillation of electrons, resulting in a red shift of the
resonance peak. This behaviour has been observed in nanospheres as their diameter
increases and in Ag nanocubes as their edge length increases [6, 7]. The shape of the
particle also affects the plasmonic response. It has been observed that the lower the
symmetry of the nanoparticle, the greater the number of resonances supported by the
particle. A nanosphere exhibits one single resonance peak, while a nanocube and
nanorod exhibit two resonance peaks because of their unique symmetry [2]. A sphere is
isotropic, while a nanorod or nanocube is anisotropic. Thus, two types of resonances—
longitudinal and transverse polarisation, have been observed in anisotropic particle such
as nanorods [8]. If the size of a particle is larger and the shape supports even more
resonances, then broad plasmonic spectra are observed over a range of wavelengths [9].
For example, nanostars with branching features show broad plasmonic resonance
absorption. Additionally, the intensity of the plasmonic resonance peak has been
observed to be influenced by the strength of the dipole formed within a structure;
therefore, symmetries that allow large charge separation to facilitate greater dipole
formation tend to exhibit higher peak intensities compared to symmetries that do not
possess such characteristics [2]. Moreover, the presence of sharp corners or edges
facilitates effective charge separation, leading to a reduction in the restoring force
required for the oscillation of the charges in plasmonic resonance. Consequently, this
induces a notable shift of the plasmonic resonance peak towards longer wavelengths [2,
10]. When comparing two nanostructures of similar sizes, the presence of sharp corners
in one and rounded structures in the other causes a significant difference in their
plasmonic resonance behavior. In particular, the nanostructure with sharp corners shows
a red-shift in the resonance peaks in comparison to the primary dipole resonances
observed in the rounded structures. Furthermore, the sharp edges and tips of
nanoparticles have a tremendous effect on the local electric field intensity generated by

the plasmonic resonance. These features have been reported to increase the local
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electrical field in the vicinity of the particle by a factor of around 1000, known as the
lightning rod effect [3,9]. This can enhance the photocatalytic performance of the
plasmonic photocatalyst by aiding in charge separation and generation through well-
known mechanisms like local electromagnetic field enhancement (LEMF) and plasmon-
induced resonant energy transfer (PIRET) [11].

Thus a plasmonic photocatalyst can truly benefit from its plasmonic counterpart if
it possess optimized size and shape, along with the good compatibility with the
semiconductor. In this study, different shapes of Ag have been synthesized and their
photocatalytic influences are evaluated. For this, TiO, was chosen as the host
semiconductor which has good compatibility with Ag due to the high DOS of TiO, and
suitable Fermi level of Ag [12]. Three shapes of Ag—spherical, cubical, and bulbous
branching structures—were successfully prepared and incorporated into TiO,. The
photocatalytic performance was evaluated by measuring the degradation of MB, and
each sample was characterized with XRD, SEM and TEM to verify shape incorporation.
Among the various synthesized shapes, the cubical Ag particle proved to be the best

plasmonic counterpart for TiO,.

6.2. Experimental section

6.2.1. Materials and methods

Titanium isopropoxide [Ti(OCH(CHs3),)4] was purchased from Alfa Aesar. Silver nitrate
[AgNOs], 2-propanol [(CH3),CHOH], Ascorbic acid [C¢HsOg], and nitric acid [HNO;]
were acquired from Merck, India. Polyvinyl Pyrolidone [PVP] was supplied by Himedia
Laboratories Pvt. Ltd, India. Tri-sodium Citrate Dihydrate [CsHsNa;O;.2H,0], and
Sodium Borohydrate [NaBH4] were purchased from Merck Life Science Private
Limited.

For the synthesis of spherical Ag nanoparticles (Ag(S)), first 100 mL of 0.25 mM
AgNO; solution was first prepared using distilled water. An equimolar amount
(0.25mM) of trisodium citrate dihydrate was then added. After obtaining a clear
solution, 1 mL of 10 mM NaBH, was slowly introduced under continuous stirring using
a micropipette, resulting in the formation of a clear yellow colloidal solution.

For the synthesis of Ag nanocubes (Ag(C)), 0.0075 g of AgNO3 was dissolved in
50 mL of distilled water. Subsequently, 7 mL of the previously prepared spherical Ag

nanoparticle solution was added as a seed solution. After thorough mixing, 4 mL of
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0.16 mM PVP solution was introduced, followed by the slow addition of 0.5 mL of
100 mM L-ascorbic acid under continuous stirring. The solution gradually developed a
bluish-purple color.

Again, bulbous branched Ag nanostructures (Ag(B)) were prepared by mixing
equal volumes (10 mL each) of 4.6 mM L-ascorbic acid and AgNOj solution. The
reaction yielded a precipitate, which was subsequently collected by centrifugation.

Next, the Ag@TiO, photocatalyst incorporating bulbous branched Ag
nanostructures was synthesized using the following procedure. Ti (IV) isopropoxide
(8.88 mL) was mixed with isopropanol in a 1:10 volume ratio under continuous stirring.
After 30 minutes, 0.01 g of branched Ag was added, and stirring was continued for
another 30 minutes. Subsequently, 1 mL of 1 M HNO3; was introduced, followed 20
minutes later by the dropwise addition of 200 pL of distilled water. The mixture was
stirred continuously for 24 hours and then left undisturbed for another 24 hours to allow
aging. The resulting solid was dried at 80-100°C, ground into a fine powder, and
calcined at 600 °C for 2 hours.

For the incorporation of Ag nanospheres or nanocubes into TiO, to prepare
Ag@TiO, photocatalysts, the following procedure was employed. Ti (IV) isopropoxide
(4 mL) was mixed with isopropanol in a 1:10 volume ratio and stirred for 30 minutes.
Subsequently, 1 mL of 1 M HNO; was added, and stirring was continued for another 30
minutes. Then, 500 pL of distilled water was added dropwise, followed by an additional
30 minutes of stirring. After this, 10 mL of Ag nanosphere or nanocube solution was
gradually introduced (1 mL at a time) under continuous stirring. The subsequent steps of
aging, drying, and calcination were carried out in the same manner to obtain the final

product.

6.2.2. Characterization

The photocatalysts were characterized using a range of analytical techniques, including
XRD, UV-visible DRS, SEM, TEM, Raman spectroscopy, photoluminescence, and
XPS. Instrumentation details for each technique are provided in Chapter 2. The
photocatalytic performance was assessed through the degradation of MB dye, following

the methodology outlined in Chapter 2.
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6.3. Results and discussion

6.3.1. Photocatalytic performance optimization coupled with XRD study
The XRD patterns of the Ag@TiO, photocatalysts prepared with spherical, cubical and
bulbous Ag nanoparticles, designated as Ag@TiOx(S), Ag@TiO,(C), and Ag@TiO,(B),
respectively, are shown in Figure 6.1(a). The diffraction spectra of Ag@TiO,(S) and
Ag@TiO,(B) show both the anatase and rutile peaks.
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Figure 6.1. (a) XRD spectra of Ag@TiO; calcined at 600 °C prepared with different Ag
shapes and (b) photocatalytic degradation profile (C/Cy vs. time) of MB using the

samples under visible light.

177



Chapter 6

The anatase peaks are located at 25.3° 37.8° 48.1°, and 62.8° (PDF no 89-4921) with
(101), (004), (200), and (204) as their corresponding crystal planes, while the rutile
peaks are observed at 27.4°, 36.1°, 39.2°, 41.3°, 44.1°, 54.4°, 56.7°, 64.2°, and 69.1° (PDF
no 89-4920) having crystal planes as (110). (101), (200), (111), (210), (211), (220),
(310), and (301), respectively. However, the XRD pattern of Ag@TiO,(C) exhibits a
dominant rutile phase (PDF no 89-4920), with only a single weak diffraction peak
corresponding to the anatase phase at 62.8°. The rutile peaks of Ag@TiO,(C) are
located at the same positions as those observed in Ag@TiO,(S) and Ag@TiO,(B). No
distinct peaks corresponding to Ag were observed, likely due to the relatively low
concentration of silver compared to TiO; in the samples.

The photocatalytic performance of the samples Ag@TiOx(S), Ag@TiO,(C), and
Ag@TiO,(B) have been evaluated, and are shown in Figures 6.1(b) and 6.2. Figure
6.1(b) shows the degradation profile of (C/Cy vs. time) of MB under visible light. Figure
6.2(a) shows the In C/Cy vs. time plot to determine the rate constant. It was observed
that Ag@TiO,(C) shows the highest activity among the prepared samples. Figure 6.2(b)
illustrates the degradation percentage of photocatalysts in a bar diagram. Table 6.1
presents the rate constant values of the photocatalysts. Ag@TiO,(C) shows 1.1 and 6
times higher activity than Ag@TiOy(S) and Ag@TiO,(B) respectively. Moreover,
Ag@TiO,(C) shows 35-times higher activity than the pristine TiO, whose activity was
reported in Chapter 4. Due to its superior performance, Ag@TiO,(C) was further
optimized by varying the loading of cubic Ag and the thermal treatment conditions.

To optimize the loading of cubic Ag nanoparticles, two variants of Ag@TiO,(C)
photocatalysts were additionally synthesized using 5 mL and 20 mL of cubic Ag
solution. The resulting powders were calcined at 600 °C, and labeled as Ag@TiO,(C5)
and Ag@Ti0,(C20), respectively. For ease of comparison, the original sample prepared
with 10 mL of cubic Ag solution was designated as Ag@TiO,(C10). Figure 6.3 presents
the XRD patterns of Ag@TiO,(CS5), Ag@TiO,(C10), and Ag@TiO,(C20). The results
show that Ag@TiO,(C5) and Ag@TiO,(C20) have similar 20 peak positions, except for
the peaks at 39.2° and 64.19°, which correspond to the rutile phase, and are observed in
Ag@TiO,(C5) and Ag@TiO,(C10) but absent in Ag@TiO,(C20). The matching XRD
peak positions of Ag@Ti0O,(C5) and Ag@TiO,(C20) are observed at 25.3°, 37.0°, 37.8°,
38.6° 48.1°, 53.8° 55.1° and 62.8° (PDF no 89-4921) attributed to the anatase phase
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with (101), (103), (004), (112), (200), (105), (211), and (204) as their corresponding
crystal planes. Similarly, the matching rutile peaks of Ag@TiO,(C5) and
Ag@TiO,(C20) are located at 27.4°, 36.1°, 41.3°, 44.1°, 54.4° 56.7°, 64.2°, and 69.1°
(PDF no 89-4920), which are observed in Ag@TiO(C10) as well. As already
established, XRD spectra of Ag@TiO,(C10) shows only one single anatase peak
located at 62.8°. Moreover, the intensity of the main anatase peak at 25.3° is stronger in

Ag@TiO,(C20) than in Ag@TiO,(C5), and is completely missing in Ag@TiO,(C10).
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Figure 6.2. (a) In C/Cy vs. time plot to determine the rate constant of the MB
degradation using Ag@TiO, calcined at 600 °C prepared with different Ag shapes, (b)
bar chart representing the dye degradation capabilities of the photocatalysts.
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Table 6.1. Rate of MB degradation using Ag@TiO; photocatalysts calcined at 600 °C

prepared with different shapes.

Photocatalyst Rate constant (min™) Regression coefficient
Ag@TiOy(S) 0.0318 0.99
Ag@TiO,(C) 0.0352 0.99
Ag@TiO,(B) 0.0058 0.96
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Figure 6.3. (a) XRD spectra of Ag@TiO, calcined at 600 °C prepared with different Ag
concentration and (b) photocatalytic degradation profile (C/C vs. time) of MB using the

samples under visible light.
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This suggests a mixed anatase-rutile phase composition, with Ag@TiO,(C10) being
rutile-dominant, Ag@TiO,(C20) anatase-rich, and Ag@TiO,(C5) exhibiting a balanced
mixture of both phases. The photocatalytic performance of the samples Ag@TiO,(C5),
Ag@TiO,(C10), and Ag@TiO,(C20) are shown in Figure 6.3(b) and 6.4(a-b). Figure
6.3(b) shows the degradation profile of (C/Cy vs. time) of MB under visible light. Figure
6.4(a) shows the In C/Cy vs. time plot to determine the rate constant. Figure 6.4(b)
illustrates the degradation percentage of photocatalysts in the bar diagram. It was

observed that the Ag@TiO,(C10) shows highest activity among the prepared samples.
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Figure 6.4. (a) In C/Cy vs. time plot to determine the rate constant of the MB
degradation using Ag@TiO; calcined at 600 °C prepared with different Ag loading, (b)
bar chart representing the dye degradation capabilities of the photocatalysts.
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The rate constant values, summarized in Table 6.2, indicate that Ag@TiO,(C10)
achieved 6.9 and 3.2 times higher activity than Ag@TiO,(C5) and Ag@TiO,(C20),
respectively. Based on these results, 10 mL Ag loading is identified as the optimal
concentration, and the Ag@TiO,(C10) photocatalyst was subsequently selected for
further optimization of the calcination temperature.

To optimize the calcination temperature, the most active Ag@TiO,(C)
photocatalyst was further calcined at 400°C, 500°C, and 700°C, in addition to the
previously analyzed sample Ag@TiO,(C10) at 600°C. A comparison of the XRD
patterns, shown in Figure 6.5(a) reveals that Ag@TiO,(C10) calcined at 600 °C and
700 °C exhibit similar diffraction features, characterized by multiple rutile peaks and a
single anatase peak at 62.8°. In contrast, Ag@TiO,(C10) calcined at 400 °C displays
broad, diffuse humps centred around typical anatase peak positions, suggesting an
amorphous structure in the early stages of crystallization. This transition is further
confirmed by the well-defined anatase peaks observed in the sample calcined at 500 °C,
which appear at positions matching the broad features seen in the 400 °C sample. The
positions of the anatase peaks are 25.35° 37.8°, 38.6° 48.1°, 53.8° 55.1° and 62.8°
(PDF no 89-4921) with (101), (004), (112), (200), (105), (211), and (204) as their
corresponding crystal planes. The photoactivity of these photocatalysts calcined at
various temperatures have been compared, and are shown in Figures 6.5(b) and 6.6(a-b).
Figure 6.5(b) shows the degradation profile of (C/Cy vs. time) of MB under visible light.
Figure 6.6(a) shows the In C/Cy vs. time plot to determine the rate constant. Figure
6.6(b) illustrates the degradation percentage of photocatalysts in bar diagram. It was
observed that Ag@TiO,(C10) at 600 °C outperforms all the samples prepared at other
temperatures. The rate constant of the photocatalysts are shown in Table 6.3.

To gain a better perspective on which specific parameter most significantly
enhances photocatalytic activity, a comparative analysis was conducted. Figure 6.7(a)
presents the XRD patterns of all Ag@TiO, photocatalysts exhibiting rutile phases only.
The XRD patterns of Ag@TiO1(S), Ag@TiOy(B), Ag@TiO,(CS5), Ag@TiO,(C10) and
Ag@TiO,(C20) each possessing rutile phase are presented in Figure 6.7(a). For most
samples, the rutile phase appears only after calcination at 700°C, except for
Ag@TiO,(C10), which already shows rutile characteristics at 600°C. The

corresponding photocatalytic performances are shown in Figures 6.7(b) and 6.8(a-b).
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Table 6.2. Rate of MB degradation using Ag@TiO, photocatalysts calcined at 600 °C

prepared with different concentration of cubical Ag nanoparticles

Photocatalyst Rate constant ((min")  Regression coefficient
Ag@TiOy(C5) 0.0051 0.99
Ag@TiOy(C10) 0.0352 0.99
Ag@TiO»(C20) 0.0107 0.98
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Figure 6.5. (a) XRD spectra of Ag@TiO, with 10 mL cubical Ag loading, calcined at
different temperatures and (b) photocatalytic degradation profile (C/Cy vs. time) of MB

using the samples under visible light.
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Figure 6.6. (a) In C/Cy vs. time plot to determine the rate constant of the MB

degradation using Ag@TiO,(C10), calcined at different temperatures, (b) bar chart

representing the dye degradation capabilities of the photocatalysts.

Table 6.3. Rate of MB degradation using Ag@TiO, photocatalysts with 10 mL cubical

Ag loading, calcined at different temperatures

Photocatalyst Rate constant (min™)  Regression coefficient
400 Ag@TiO,(C10) 0.0058 0.99
500 Ag@TiO,(C10) 0.0029 0.99
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600 Ag@TiO5(C10) 0.0352 0.99
700 Ag@TiO»(C10) 0.0065 0.99

As summarized in Table 6.4, Ag@TiO,(C10) consistently demonstrates the highest rate
constant and photocatalytic efficiency. These results confirm rutile-phase

Ag@TiO,(C10) as the most optimized photocatalyst among all rutile-phase candidates.
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Figure 6.7. (a) X-ray diffraction spectra of different Ag@TiO, photocatalysts having
rutile phases and (b) photocatalytic degradation profile (C/Cy vs. time) of MB using the

samples under visible light.
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Figure 6.8. (a) In C/Cy vs. time plot to determine the rate constant of the MB
degradation using different Ag@TiO; photocatalysts having rutile phases, (b) bar chart
representing the dye degradation capabilities of the photocatalysts.

Table 6.4. Rate of MB degradation using different Ag@TiO, photocatalysts having

rutile phases

Photocatalyst Rate constant (min™)  Regression coefficient
rutile Ag@Ti0,(C5) 0.02 0.99
rutile Ag@Ti0,(C10) 0.0352 0.98
rutile Ag@Ti0,(C20) 0.0067 0.98
rutile Ag@TiO0x(S) 0.0089 0.99
rutile Ag@TiO2(B) 0.0063 0.99
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6.3.2. UV-visible absorbance and DRS characterization

The UV-vis absorbance spectra of various shaped Ag particles and the UV-vis DRS
spectra of corresponding Ag@TiO, photocatalyst prepared using each of the spherical,
cubical, and branched shaped Ag particles are shown in Figure 6.9(a). As shown in
Figure 6.9(a), the spectra of spherical Ag nanoparticles has one intense peak located at
about 390 nm, while the cubical Ag shows two peaks located at 288 nm and 417 nm.
The moderate broadening of the peak for spherical Ag suggests the presence of particles
with a distribution of diameters, indicating slight size polydispersity. The two peaks
observed in the spectrum of cubical Ag nanoparticles arise from shape anisotropy,
which enables distinct plasmonic resonances along different crystallographic directions
of the cube, resulting in absorption at two separate wavelengths. The one at 417 nm is
of relatively higher intensity than that at 288 nm. In contrast, the bulbous branched Ag
nanoparticles exhibit no distinct peaks but rather a continuous rise in absorbance from
321 nm to beyond 700 nm. This broad spectral response is attributed to their large size
and complex branched morphology, which may support multiple plasmon modes,
resulting in the broadening of the overall absorption spectrum.

The UV-vis DRS spectra of the Ag@TiO, photocatalysts, each synthesized using
spherical, cubical, and bulbous Ag nanoparticles, closely resemble the absorption
profile of pure TiO,, as shown in Figure 6.9(a), but exhibit slight variations. These
differences can be attributed to the superposition of the absorption features of their
respective Ag counterparts. A noticeably steeper rise in the spectrum of Ag@TiO,(S) is
detected starting around 425 nm. Meanwhile, Ag@TiO,(C) exhibits a more gradual rise
in absorbance, aligning closely with the wavelength range of 525-425 nm, where its
metallic co-catalyst, cubical Ag, shows broad plasmonic absorption peaking around 418
nm and tapering off toward 700 nm. This clearly indicates that the absorption onset in
the spectra of Ag@TiO,(S) and Ag@TiO(C) is strongly influenced by the position and
nature of the plasmonic absorption peaks of their respective Ag nanoparticles. In
particular, since the most intense peak of spherical Ag appears around 390 nm, the
absorption spectrum of Ag@TiO,(S) also reaches its peak intensity close to this
wavelength. Similarly, the spectrum of Ag@TiO,(B) shows its highest absorbance
around 360 nm, precisely where its corresponding branched Ag nanoparticles exhibit a

marked increase in absorbance. This absorbance continues to rise across the visible
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spectrum, resulting in broad spectral coverage. Additionally, a broad hump observed in

the 550-700 nm range in the Ag@TiO,(B) spectrum aligns with the rising absorbance

profile of the branched Ag particles, indicating strong spectral overlap.

~
=
~

Absorbance (a.u.)

— Ag(S)
— Ag(C)
— Ag(B)
e Ag@TiO,(S)
— Ag@TiO,(C)
e Ag@TiO,(B)

250 300 350 400 450 500 550 600 650 700

Wavelength (nm)

(b) 3.0

25p
20p
1.5

1.0

(F(R).hv)’ (eV)’

0.5p

Ag@TiO,(S)
— Ag@TiO,(C)
—— Ag@TiO,(B)

2.2 24 2.6 2.8 3.0 3.2
Photon energy (hv) eV

Figure 6.9. (a) UV-vis DRS of Ag@TiOx(S), Ag@TiO,(C), Ag@TiO,(B); and UV-vis

absorbance spectra of spherical, cubical and bulbous Ag, (b) bandgap determination of

the photocatalysts.
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Figure 6.9(b) presents the Tauc plots of the Ag@TiO, photocatalysts, derived
using the Kubelka-Munk function to estimate their optical bandgaps. The calculated
bandgap energies were found to be 2.96 eV for Ag@TiO,(S), 2.93 eV for Ag@TiO,(C),
and 2.84 eV for Ag@TiO,(B). These values indicate a slight narrowing of the bandgap

compared to pure rutile TiO,, which typically exhibits a bandgap of around 3.02 eV as
reported in chapter 4.
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Figure 6.10. (a) UV-DRS of Ag@TiO,(C) calcined at various temperatures, (b) bandgap

determination using Tauc plot.

The UV-DRS spectra of Ag@TiO,(C) photocatalysts calcined at different

temperatures are shown in Figure 6.10(a). Notably, the sample calcined at 600 °C
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exhibits a distinctive absorption profile, characterized by the most gradual onset of
absorption beginning around 550 nm. The corresponding Tauc plots, used for estimating
the optical bandgaps, are presented in Figure 6.10(b). Among all Ag@TiO,(C) samples,
Ag@TiO,(C) calcined at 600°C displays the lowest bandgap energy of 2.93¢V. In
comparison, the bandgaps of Ag@TiO,(C) calcined at 400 °C, 500 °C, and 700 °C were
found to be 3.10eV, 3.05eV, and 2.98 ¢V, respectively. This trend highlights the
influence of calcination temperature on the optical properties of the photocatalysts, with
600°C emerging as the optimal temperature for bandgap narrowing and enhanced

visible light absorption.

6.3.3. Structural and morphological analysis

The different shapes of synthesized Ag nanoparticles, intended for evaluating the shape-
dependent effects on the photocatalytic activity of Ag@TiO,, were confirmed through
TEM imaging. Figure 6.11(a-d) presents the TEM images of spherical Ag nanoparticles
at different magnifications, clearly verifying the successful formation of spherical Ag

nanostructures.

Figure 6.11. (a-d) TEM images of Ag(S).
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The particles appear well-defined and uniformly distributed, with diameters ranging

from approximately 5 nm to 25 nm.

Figure 6.12. (a-b) TEM images of Ag(C).
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Figure 6.13. (a-d) TEM images of Ag(B).
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Similarly, Figure 6.12(a-b) displays the TEM images of Ag nanoparticles with
cubical morphology, confirming the successful formation of well-defined Ag cubes.
The sizes of these cubical nanoparticles were found to be ranging between 20 nm and
70 nm. Furthermore, the distinctive morphology of bulbous branched Ag nanoparticles
is evident in the TEM images shown in Figure 6.13(a-d), captured at different
magnifications. These branched structures, characterized by irregular protrusions and
larger overall dimensions, exhibit sizes ranging from approximately 0.2 um to 0.9 um,
indicating their substantially larger and more complex geometry compared to the
spherical and cubical structure. The TEM images presented in Figure 6.14(a-d) confirm
the successful incorporation of spherical Ag nanoparticles into the Ag@TiO(S)
photocatalyst. Figure 6.14(a) highlights the spherical Ag particles prior to their
integration, with several particles outlined to emphasize their morphology. Their
corresponding diameters are also labeled, providing a comparative view of particle size
distribution. These images collectively validate the retention of spherical geometry in
the composite structure, as indicated in Figure 6.14(b-d). The sizes of the spherical Ag
nanoparticles observed in the TEM images of Ag@TiO,(S) fall within the same range
(15-18 nm) as those measured from the TEM image of the separately synthesized
spherical Ag nanoparticles shown in Figure 6.14(a), indicating that the morphology and
size are well-preserved during the photocatalyst synthesis. The incorporation of Ag into
the TiO, matrix is further confirmed by the HRTEM image, shown in Figure 6.15(a)
and the SAED pattern in Figure 6.15(b), of Ag@TiO,(S) calcined at 600 °C. In the
HRTEM image, interplanar spacings of 0.32nm and 0.23 nm are observed, which
correspond to the (110) plane of rutile TiO, and the (111) plane of metallic Ag,
respectively. Additionally, the SAED pattern exhibits diffraction rings indexed to the
(111) plane of Ag and the (204) plane of anatase TiO,, further corroborating the
successful formation of the Ag@TiO,(S) composite with both TiO, polymorphs and
metallic Ag.

Similarly, the successful incorporation of cubical Ag nanoparticles into the TiO,
matrix is confirmed through the TEM images shown in Figure 6.16(a-d). Figure 6.16(a)
displays clearly outlined and labeled cubical Ag nanoparticles with sizes ranging from
20 to 70 nm. The dimensions of the cubical particles observed within the TiO, matrix in

Figure 6.16(b-d) are consistent with those of the separately synthesized Ag cubes. This
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provides a credible evidence that the cubical morphology of Ag is retained in the

Ag@TiO,(C) photocatalyst.

DI
2 = 0.32 Am

Ag (111)
A

o
5 Ti0, (204)
0.23 nm

S1/nm

Figure 6.15. (a) HRTEM image and (b) SAED pattern of Ag@TiO,(S).
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40 nm

Figure 6.16. TEM images of (a) Ag(C) and (b-d) Ag@TiO,(C).

Figure 6.16(d) shows a highly detailed TEM image showing Ag nanoparticles
with facets surrounding TiO,. The formation of Ag and TiO, phases in Ag@TiO,(C)
was confirmed by the HRTEM images and SAED pattern presented in Figure 6.17(a-d).
An interplanar spacing of 0.23 nm, corresponding to the (111) plane of metallic Ag, was
measured precisely at the locations of the cubical particles, which are characterized by
their well-defined sharp edges, as shown in Figures 6.17(a) and 6.17(c). Again, an
interplanar spacing of 0.32 nm was detected in regions devoid of cubical particles,
clearly indicating the presence of rutile TiO,, as shown in Figure 6.17(b). Additionally,
the SAED pattern in Figure 6.17(d) reveals two diffraction rings corresponding to the
(111) plane of Ag and the (204) plane of anatase TiO,, further supporting the successful
formation of Ag@TiO,(C). The successful incorporation of bulbous branched Ag
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nanostructures into the TiO, matrix was confirmed by SEM and TEM analyses, as

shown in Figure 6.18(a-d).

| 023 nm I L

— TiO, (204)

0.23 nm //Ag - y —— Ag(111)

51/nm
20 nm —_—

Figure 6.17. (a-c) HRTEM images, and (d) SAED pattern of Ag@TiO,(C).

The FESEM images of the branched Ag nanostructures (Ag(B)) are presented in
Figures 6.18(a) and 6.18(b), clearly revealing their distinctive morphology. A similar
structural feature was observed in the TEM image, shown in Figure 6.18(c), where the
branched morphology is outlined with a red dashed line for clarity. Size analysis from
the SEM images indicates that individual Ag(B) nanoparticles exhibit dimensions in the
range of approximately 100-400 nm. Figure 6.18(d) presents the TEM image of
Ag@TiO,(B) calcined at 600 °C, showing the retention of branched Ag morphology,
outlined with a red dashed line. The measured size (100-200 nm) matches that of the
separately synthesized Ag structures. Interplanar spacings of 0.22nm and 0.32 nm,

shown in Figures 6.19(a-c), confirm the presence of metallic Ag and rutile TiO,,
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respectively. The SAED pattern in Figure 6.19(d) further supports this, revealing
diffraction rings for Ag (111) and TiO, (204).

S3um

Figure 6.18. (a-b) FESEM, (c¢) TEM image of Ag(B), and (d) TEM image of
Ag@TiOy(B).

The SEM images of Ag@TiO,(C) prepared with different Ag concentrations,
along with Ag@TiOx(S), are presented in Figure 6.20(a-f). Notably, the calcined
photocatalysts exhibit significantly larger particle sizes compared to their raw, non-
calcined counterparts. Ag@TiO, photocatalysts synthesized with 10 mL of spherical
and cubical Ag and calcined at 600°C are shown in Figures 6.20(a) and 6.20(d),
respectively. The pre-calcined forms of Ag@TiO,(C) with 20 mL and 5 mL Ag loadings
are displayed in Figures 6.20(c) and 6.20(f), while their corresponding calcined forms
appear in Figures 6.20(b) and 6.20(e). Figure 6.21(a-d) shows SEM images of the best-
performing Ag@TiO,(C) photocatalyst, synthesized using 10 mL of cubical Ag and
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calcined at 600 °C, under various magnifications. A uniform distribution of cubical-

shaped particles are visible, particularly in Figures 6.21(c) and 6.21(d).

%?f : 0.22 nm

0.32 h’m‘?
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0, (204)

Ag (111)
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Figure 6.19. (a-c) HRTEM images and (d) SAED pattern of Ag@TiO,(B).
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Figure 6.20. SEM images of (a) Ag@TiO,(S), (b) Ag@TiO,(C20), (c) raw
Ag@TiO,(C20), (d) Ag@TiO,(C10), (e) Ag@TiO,(C5), and (f) raw Ag@TiO,(C5).
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Figure 6.21. (a-d) SEM images of Ag@TiO»(C10) at different magnifications.
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6.3.4. Raman and photoluminescence analysis

The Raman spectra of TiO;, Ag@TiO»(C), Ag@TiO(S), and Ag@TiO,(B)
calcined at 600 °C, are presented in Figure 6.22. Characteristic peaks corresponding to
the rutile phase are observed at 140 em™, 233 em™, 444 cm™, and 609 cm™!, while peaks
at 144cm™ and 516 cm™ correspond to the anatase phase [13-16]. Both TiO, and
Ag@TiO5(C) are observed to be rutile-dominat exhibiting the rutile peak at 140 cm™,
attributed to the symmetric B, mode. In contrast, Ag@TiOx(S) and Ag@TiO»(B)
display anatase peaks at 144 cm’™ (E,) and 516 cm’ (A1gtB1g), confirming their anatase
phase composition, which is consistent with XRD results. Notably, all samples TiO,,
Ag@TiO,(C), Ag@TiO(S), and Ag@TiO,(B) show peaks at 444 cm™ and 609 cm™,

corresponding to the E, and A, modes of the rutile phase.

——Ag@TiOS) o Ie
—— Ag@TiO,(C)
—— Ag@TiO,(B)

—TiO,
E

2

Intensity (a.u.)

Wavenumber (cm")

Figure 6.22. Raman spectra of Ag@TiO; (prepared with different Ag shapes) and
pristine TiO, calcined at 600 °C.

A distinct broad peak around 233 cm™ was also observed in all the photocatalysts,
which is attributed to two-phonon scattering in the rutile phase [15]. This peak appears
more intense in Ag@TiO,(C) and Ag@TiOy(B) compared to TiO, and Ag@TiO,(S).
The enhanced intensity in Ag@TiO»(C) and Ag@TiO,(B) may be attributed to the

larger size and anisotropic shapes (cubical and bulbous) of Ag, which promote stronger
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Raman scattering. Alternatively, it could result from a higher Ag loading in these
samples relative to Ag@TiO,(S).

The photoluminescence spectra of TiO,, Ag@TiO,(C), Ag@TiO(S), and
Ag@TiO,(B) calcined at 600 °C, are shown in Figure 6.23. The PL spectra span a broad
wavelength range from 400 to 550 nm, and are influenced by various factors, including
self-trapped excitons, oxygen vacancies, and surface states [17]. The emission peak
around 419 nm, which slightly varies among the samples due to their differing
bandgaps, corresponds to band-edge emission related to the corresponding bandgap
[18]. Peaks at approximately 439 nm and 469 nm are attributed to intrinsic structural
defects and surface oxygen vacancies, respectively [17]. Additionally, the emission at
450 nm has been reported to originate from self-trapped excitons within the TiOg
octahedra [19]. The PL spectra reveal lower PL intensities for all Ag@TiO;
photocatalysts compared to pure TiO,, indicating reduced charge carrier recombination.
This reduction in the PL intensity in all the Ag@TiO; samples can be attributed to the
formation of a Schottky junction between metallic Ag and TiO,, where the resulting
internal electric field promotes efficient charge separation. The extent of PL intensity
reduction varies among the Ag@TiO, samples, suggesting that the size and shape of the
Ag nanoparticles plays a significant role in influencing recombination dynamics. It was
observed that Ag@TiO,(C) shows higher PL intensity than both Ag@TiO, (S) and
Ag@TiO,(B). TEM analysis confirms that the cubical Ag particles are larger than the
spherical ones but smaller than the bulbous branched particles. Since smaller Ag
nanoparticles are generally reported to exhibit stronger PL emissions, the comparatively
higher PL intensities of Ag@TiO,(S) and Ag@TiO,(C) relative to Ag@TiO,(B) can be
reasonably attributed to their smaller particle sizes. However, the observation that
Ag@TiO,(C) has a higher PL intensity than Ag@TiO(S) appears contradictory if only
particle size is considered. This discrepancy can be explained by considering plasmonic
effects. The cubical Ag nanostructures in Ag@TiO,(C) can generate stronger localized
electromagnetic fields than the spherical (Ag@TiO,(S)) or bulbous (Ag@TiO,(B))
counterparts, owing to their optimal shape and size. This field enhancement can
significantly boost electron-hole pair generation in TiO; [20]. If a portion of these
photogenerated carriers are not effectively separated and instead undergo radiative

recombination, it could lead to higher PL emission despite the overall improved
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photocatalytic activity, consistent with the observed result. The enhanced PL intensity
in Ag@TiO,(C) may also arise from radiative plasmon decay, contributing to metal-

enhanced luminescence [21].
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Figure 6.23. Photoluminescence spectra of Ag@TiO; (prepared with different Ag
shapes) and pristine TiO; calcined at 600 °C.

6.3.5. XPS analysis

X-ray photoelectron spectroscopy (XPS) was employed to investigate the chemical
composition and electronic structure of the optimized Ag@TiO»(C) photocatalyst. The
survey spectrum, presented in Figure 6.24(a), confirms the presence of Ag, Ti, O, and C
elements. The high-resolution Ti 2p spectrum in Figure 6.24(b) displays two prominent
peaks at binding energies of 458.5 eV and 464.3 eV, corresponding to Ti (2p;,2) and Ti
(2psn), respectively, which are characteristic of Ti*" oxidation state [22-24]. Figure
6.24(c) shows the O 1s core-level spectrum, where peaks at 529.7 eV and 531.0 eV are
attributed to lattice oxygen and surface-adsorbed hydroxyl species, respectively [25-27].
Additionally, the Ag 3d spectrum in Figure 6.24(d) exhibits two distinct peaks at 368
eV (3dsp) and 374 eV (3ds);) separated by 6.0 eV due to spin—orbit coupling, indicating

the presence of metallic silver [28-30].
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Figure 6.24. (a) XPS survey profile of Ag@TiO,(C), XPS peak fit of Ag@TiO,(C): (b)
Ti 2p spectra, (c) O 1s, and (d) Ag 3d.

6.4. Summary

Out of all the Ag@TiO, photocatalysts prepared with different Ag shapes, the cubical
Ag loaded TiO, calcined at 600 °C shows the highest photocatalytic performance
against degradation of MB under visible light. The superior performance of this
photocatalyst can be ascribed to the suitable size and cubical shape of Ag nanoparticles.
The size of the cubical Ag (Ag(C)) was found to be between 20-70 nm which is larger
than that of spherical Ag (Ag(S)) but smaller than that of branched Ag nanoparticles
(Ag(B)). Moreover, the shape of a cube offers two different plasmonic resonances,
while sphere exhibits only a single resonance peak. The UV-vis absorbance spectra of
Ag(C) also showed that one of its characteristic resonance peaks (at 288 nm), lies in a
short wavelength region, which implies that Ag(C) can inject plasmonic electrons, with

energy higher than what is possible in Ag(S), through DET to conduction band of TiO,
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in Ag@TiO,(C), when the resonance at this shorter wavelength is excited. This could be
also one of the reasons for higher emission in PL spectra of Ag@TiO,(C). The cubical
shape of the Ag(C) also offers facets and edges to create an enhanced local electric field
in the vicinity of the nanoparticle. This highly intense near field can then boost the
charge carrier generation in the conduction band of TiO,. In comparison, the spherical
Ag nanoparticles of Ag(S) are smaller in size, and consequently shows a resonance peak
at shorter wavelength (390 nm) than the main resonance peak (at 417 nm) of Ag(C).
However, the absorbance spectrum of Ag(S) exhibits a confined peak within a narrow
wavelength range, indicating relatively lower responsiveness than that of Ag(C) in the
visible light region. As a result, Ag@TiO,(S) shows second highest enhanced activity
owing to its own intense LSPR and efficient hot electron injection. The smaller size of
Ag(S) also generates strong local-fields, while cubical Ag in Ag@TiO,(C), with sharp
edges, induces even stronger fields. On the other hand, the sizes of bulbous branched
nanostructures are larger, in the size range of 100-200 nm, and thus show broad
absorbance in the visible light range. However, due to less distinct resonances and the
bigger size of the particles, the plasmonic benefit of this branched Ag to the host TiO,
could be less pronounced. Thus, the optimized shape of Ag for Ag@TiO, photocatalysts
was found to be cubical shape. Thereafter, the loading amount of Ag(C) solution was
varied to determine the optimum amount. The photocatalytic evaluation experiments
revealed that the 10 mL Ag loading, to form Ag@TiO,(C10), was the optimum amount
among other chosen amounts concentrations. It is apparent that Ag@TiO,(C5) possess
lower Ag concentration, so that it only benefits from plasmonic effects of the available
Ag nanoparticles and thus exhibits lower activity. On the other hand, Ag@TiO,(C20)
with higher Ag concentration suffers from recombination issues caused by Ag
nanoparticles acting as recombination centers. Thus, Ag@TiO,(C10) photocatalyst was
found to exhibit superior performance with optimized Ag shape and loading. The
calcination temperature of Ag@TiO,(C10) was further varied, and photocatalytic
performance of each of these variants were evaluated. The result indicated that 600 °C
was the optimal condition for Ag@TiO,(C10). Finally, all the shape and loading
variants of Ag@TiO; photocatalyst were thermally treated to transform them into the
rutile phase, and upon evaluating their photoactivity, the cubical Ag loaded TiO, with
10mL Agi.e Ag@TiO,(C10) emerged as the most efficient photocatalyst.
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