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Chapter 4

Strategically developed plasmonic-activated heterojunction system for

high-efficiency visible-light-driven photocatalysis

The tunability of light absorption across a broad spectral range, along with enhanced
generation of electron-hole pairs, can be effectively achieved through the sensitization
of host semiconductors with plasmonic metal nanostructures. This chapter focuses on
enhancing the photocatalytic performance of a heterojunction-based TiO, photocatalyst
through plasmonic sensitization using Ag nanoparticles as a co-catalyst. Ag metal
nanoparticles support surface plasmon resonance (SPR) phenomena that can boost the
electron population in the conduction band of the host semiconductor, thereby
enhancing photocatalytic efficiency. Metallic Ag nanoparticles can also form a Schottky
junction with TiO,, which promotes a unidirectional charge transfer from Ag to TiO,,
preventing back migration. With suitable tuning of the size and shape of Ag particles,
the wavelength of plasmonic resonance can be adjusted within the visible light range.
This, in turn, facilitates the development of an enhanced plasmon-assisted
heterojunction photocatalyst with superior activity under visible light irradiation. A
bulbous branched plasmonic Ag nanostructure assisted Cu,O-CuQO/TiO; heterojunction
photocatalyst was thus prepared using a facile sol-gel technique, and its MB degradation
efficiency was explored. The physicochemical, morphostructural, and spectroscopic
characteristics were studied using XRD, UV-vis-DRS, SEM, TEM, Raman, ESR, and
XPS. The -current study demonstrates an integrated plasmonic-heterojunction
photocatalytic system that offers a promising avenue for enhancing photocatalytic

performance in dye-contaminated water treatment.

4.1. Introduction

Plasmonic photocatalysts have garnered considerable attention due to the unique
phenomenon of plasmonic resonance, which offers light absorption tunability
throughout a wide range of spectral regions [1]. Several studies have reported on the
enhancement of the photocatalytic activity using different shapes and sizes of plasmonic
metals, with increasing visible light response [2-5]. This enhancement arises from the
different localized surface plasmon resonance (LSPR) effects involved in the plasmonic
photocatalysis, as discussed in Chapter 1. Among plasmonic metals, silver nanoparticles

(Ag NPs) are especially notable for their high-quality factor over the near UV-Vis-IR
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spectrum, as well as for their superior electrical and thermal conductivity [6]. Ag
nanostructures can be readily synthesized to absorb and scatter light in the visible and
near-UV regions, resulting in the generation of strong local electric fields around the
nanoparticles [7]. This induced LSPR can significantly reduce photoexcited charge
carrier recombination and facilitate electron injection from plasmonic metal to host
semiconductor [8]. Additionally, in metal-semiconductor composites, the average
photon path length increases as a result of the light absorption and re-emission in
plasmonic metals, resulting in a higher activation rate of incident photons. Therefore,
the incorporation of suitably engineered Ag nanoparticles into a heterojunction
semiconductor photocatalyst is highly likely to result in a significant enhancement of
photocatalytic performance. Further, in comparison to single-component systems,
multicomponent heterojunction systems comprising multiple activated components have
been demonstrated to enable efficient spatial separation of photo-induced electron-hole
pairs via sequential charge transfer at the interfaces, resulting in enhanced
photocatalytic performance [9]. The formation of multiple p-n junctions and the LSPR
effect of Ag nanoparticles in M@CuyO/ZnO (M = Au, Ag) demonstrated improved
visible-light-driven catalytic activity, which is ascribed to the synergistic effect of the
wider spectral band, efficient transfer of photogenerated charge carriers, and strong
LSPR impact [10]. Thus, herein, we have initially synthesized bulbous structured Ag
nanoparticles using a facile method and later sensitized them on Cu,0/TiO,
heterojunction photocatalyst and finally obtained a plasmonic-heterojunction hybrid
material (Ag@Cu,O-CuO/TiO,) via a post thermal treatment. The Cu,O-CuO/TiO,
ternary junction enhanced the charge carrier separation through the interface between
the semiconductors. The mismatch in band edge positions between Cu,O, CuO, and
TiO; produces a built-in field near the junctions that plays a vital role in boosting the
photocatalytic performance. Additionally, the bulbous Ag nanoparticles exhibit broad
absorption across the visible range, which further enhances the catalyst’s performance
in visible light. Methylene blue (MB) was used as a test pollutant for photocatalytic
degradation. The plasmonic charge carrier injection into the photocatalyst and the ease
of the charge transfer between the interface were demonstrated via a ternary interfacial

junction.
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4.2. Experimental details

4.2.1. Materials and methods

The reagents that were used for preparing the photocatalysts are: Titanium isopropoxide
[Ti(OCH(CHj3),)4] was purchased from Alfa Aesar. Silver nitrate [AgNOs3], 2-propanol
[(CH3),CHOH], Ammonia solution [NH3], Ascorbic acid [CsHgOg], and nitric acid
[HNO;] were supplied by Merck, India. Sodium hydroxide pellets [NaOH] and copper
sulfate pentahydrate [CuSO4.5H,0] were obtained from Avantor Performance Materials
India Limited. Ammonium oxalate [(NH4),C,04] was purchased from Rankem, India,
and p-Benzoquinone [C¢H40,] from Sigma-Aldrich, and L-histidine [C¢HoN3O,] was
obtained from Loba, Chemie.

In the synthesis of pure TiO,, a mixture of Ti(OCH(CH3),)s and (CH3),CHOH at a
particular 1:10 volume ratio was obtained and stirred rapidly. Half an hour later, 200
pL of H,O was added dropwise under stirring conditions. Again, after 30 minutes, 1 ml
of 1M HNO; was added to the mixture. This mixture solution was continuously kept
under stirring conditions for the next 24 hours. A semi-gel precipitation was obtained
after aging for a few hours. The product was then dried at 80-100 °C, followed by
pulverization into a fine powder, and then finally calcined at 600 °C for two hours.

To obtain the CuO co-catalyst, a simple wet-chemical procedure was adopted that
required a moderately low temperature (~80 °C) condition. First, a 100 mL solution of
0.0216 M copper sulfate pentahydrate (CuSO4.5H,0) was prepared. Afterward, 500 uL
of 14.7 M ammonium solution was added under constant stirring conditions. Next, 25
mL NaOH (0.1 M) solution was mixed with the above suspension followed by 10 mL
ascorbic acid (0.1 M) addition and kept at ~80 °C for 50 minutes under constant stirring.
After obtaining a red-brown precipitate, it was washed several times and calcined for
two hours at 600 °C.

In a typical synthesis of bulbous branched Ag nanostructure, 10 ml L-ascorbic
acid (4.6 mM) was blended with 10 ml silver nitrate (AgNO3), and the resultant mixture
was centrifuged to obtain the Ag product.

In order to synthesize CuO/TiO;, 2 mL titanium isopropoxide was initially added
to 20 mL isopropanol. After 30 minutes of vigorous stirring, 0.1 g of previously
prepared CuO dispersed uniformly in 50 mL isopropanol was added. Then, after 50

minutes, 1 mL of concentrated HNO; solution was mixed with the solution. The
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suspension was stirred for 24 hours and kept in the ambient condition for another 24
hours. The obtained sample was ground into a fine powder and calcined at 600°C for

two hours.

Add

Propan-2-ol

Stirring
for 30 min

Mixture Propan-2-ol

Stirring _—
Add for 1 hr Stirring

Mixture Suspension

Stirring for 24 hrs

Pulverization
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Heating and
Drying

g Powder

Figure 4.1. Block diagram illustrating the synthesis of Ag@Cu,0-CuO/TiO,.

Calcination

In the Ag@Cu,O-CuO/TiO, photocatalyst synthesis, Ti(IV)-isopropoxide and
isopropanol were mixed by stirring it constantly and vigorously. After 30 minutes,
0.0045 g of well-dispersed Ag was added to the solution. Subsequently, 0.20 g of Cu,O
was uniformly dispersed in 50 mL isopropanol, and 1 mL of concentrated HNO; was

added to the mixture. The mixture was stirred for 24 hours and then left to age for 72
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hours. Finally, the supernatant was discarded, and the obtained product was calcined at
600°C for two hours. A block diagram representation of the synthesis procedure is

provided in Figure 4.1.

4.2.2. Characterization

The photocatalysts were characterized using the following analysis techniques: XRD,
UV-visible DRS, Raman, ESR, photoluminescence, XPS, SEM, and TEM. The details
of the instrument for the technique have been provided in Chapter 2. The photocatalytic
performance of the photocatalysts was evaluated against MB and Phenol dye

degradation, following the procedures as described in Chapter 2.

4.3. Results and discussion

4.3.1. XRD and UV-vis-DRS analysis

XRD patterns of TiO,, CuO, CuO/TiO, and Ag@Cu,O-CuO/TiO; are shown in Figure
4.2.
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Figure 4.2. XRD patterns of TiO,, CuO, CuO/TiO,, and Ag@Cu,O-CuO/TiO..

The diffraction spectra of pristine TiO,, CuO/TiO,, and Ag@Cu,O-CuO/TiO; at 26 =
27.4° 36.1°, 41.3° 44.1°,54.2°, 56.7°, 64.1°, and 69.1° corresponds to the rutile phase
(PDF no: 894920). These peaks represent the planes (110), (101), (111), (210), (211),
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(220), (310), and (301), respectively. No peaks corresponding to the anatase phase were
observed in TiO, and CuO/Ti0,. However, the observed peaks at 260 = 25.3°, 48.1°, and
62.7° in Ag@Cu,0-CuO/TiO, are due to the anatase phase of TiO,, which correspond
to the planes (101), (200), and (204) (PDF no: 894921). The presence of the anatase
phase in the Ag@Cu,0-CuO/TiO, sample could be ascribable to the Ag incorporation
which prevents the growth of the rutile phase [11].

A similar result was observed in the Ag@TiO; sample shown in Figure 4.3. The
Ag@TiO, photocatalyst shows both the phases of TiO,, i.e. anatase and rutile phase
corresponding to PDF no: 89-4921 and 89-4920, respectively. Notably, the as-prepared
CuO has formed only after calcination of Cu,O (pristine) at 600 °C [12].
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Figure 4.3. X-ray diffraction spectra of Cu,0 (as-prepared), Ag@CuO calcined at 600
°C and Ag@TiO; calcined at 600 °C.

The XRD spectra of as-prepared pristine Cu,O are shown in Figure 4.3 along with

Ag@CuO (600 °C) and Ag@TiO, (600 °C). The major XRD peaks of CuO were
located at 20 = 35.2°, 38.6°, 48.7°, 53.4°, 61.4°, and 67.9° (PDF no: 892530). The

presence of CuO is confirmed by the appearance of peaks at 35.2° and 38.6° in
CuO/TiO; and Ag@Cu,O-CuO/TiO,. However, the peaks related to Cu,0 and Ag were
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not observed in the XRD spectrum of Ag@Cu,0-CuO/TiO;, which might be due to
their low concentration compared to TiO,. The crystallite size determined by the Debye-
Scherrer equation (2.2), is ~11, ~12, ~17, and ~35 nm, in CuO, TiO,, CuO/TiO, and
Ag@Cu,0-CuO/TiO,, respectively.
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Figure 4.4. (a) UV-Vis-DRS of TiO,, CuO, CuO/TiO,, and Ag@Cu,O-CuO/TiO, and
UV-vis absorbance spectra of bulbous Ag, (b) Bandgap determination of TiO,, CuO,
CuO/TiO,, and Ag@Cu,yO-CuO/TiO; using Tauc plot.
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Figure 4.4 displays the absorbance spectra of TiO,, CuO, CuO/TiO,, and
Ag@Cu,O-CuO/TiO;. Pure TiO, shows sharp absorption onset in the UV region at
around 387 nm, while CuO/TiO, and Ag@Cu,0-CuO/TiO; sample exhibits an
extended absorption over the visible range of 400 to 800 nm. The absorbance spectrum
of Ag is highly broad and extends into the near-infrared (NIR) region, attributable to the
branched nature (illustrated in Figure 4.4) [13-14].
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Figure 4.5. (a) UV-Vis-DRS of Cu,0 (as-prepared), Ag@CuO (600 °C) and Ag@TiO,
(600 °C). (b) Bandgap determination using Tauc plot.
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The Tauc plot of the Kubelka-Munk function for calculating the optical bandgap
is shown in Figure 4.4(b) [15]. The obtained bandgaps of the samples are 3.02, 1.47,
1.17, and 1.24 eV for TiO,, CuO, CuO/TiO,, and Ag@Cu,0-CuO/TiO,, respectively.
The absorbance spectra and the Tauc plot for determination of the bandgap of
Ag@TiO,, Ag@CuO, and Cu,0 are shown in Figure 4.5(a-b). There was no change in
the bandgap of TiO, and CuO after Ag incorporation. The bandgap of Cu,O (as-
prepared), Ag@CuO (600 °C) and Ag@TiO, (600 °C) were calculated to be 2.01 eV,
1.40 eV and 3.01 eV, respectively.

4.3.2. Raman, ESR and photoluminescence analysis
The Raman spectra of TiO,, CuO/TiO,, and Ag@Cu,0-CuO/TiO, are displayed in
Figure 4.6(a). The pure TiO; revealed the typical stretching peaks of the rutile phase at
140, 447.1, and 607.9 cm_l, which correspond to the symmetric modes Big, Eg, and Ay,
respectively [16-18]. Additionally, the broad and mid-intensity signal detected at 238
cm ' is attributable to the two-phonon scattering of the rutile phase [18]. The peak
observed at 277 (A,) and 616 cm’' (Bg) in CuO/TiO; and Ag@Cu,O-CuO/TiO, are
related to CuO [19-20]. In Ag@Cu,O-CuO/TiO,, the Raman signals at 144, 197, 396,
and 513 cm' with symmetries of Eg, Eg Big and (Aj, + Bg) represent the anatase
phase, whereas the signals at 143, 443, and 608 cm ! with symmetries of Bjg, E; and A,
denote the rutile phase [21]. Furthermore, the Raman spectrum of Ag@Cu,0-CuO/TiO;
reveals the presence of Cu,O at 410 (multi-phonon scattering) and 515 cm™ (T2g), which
accords with the XPS results [20, 22, 23]. The presence of the anatase phase in the
Ag@TiO, counterpart was also observed as shown in Figure 4.6(a).

The electron spin resonance (ESR) study was performed to understand the
presence of oxygen vacancy or Ti’" in the photocatalyst. ESR spectrum of TiO,,

CuO/TiO,, and Ag@Cu,0-CuO/TiO; are displayed in Figure 4.6(b). The g-value was
obtained using the relation g = hv/ﬁ H,’ where h is the plank constant, v is the
frequency, £ is the Bohr magnetron, and H,, is the resonance magnetic field [24]. The
ESR resonance peak at g = 1.98 in pure TiO, corresponds to the Ti** species [25]. The

observed ESR signals of CuO/TiO; and Ag@Cu,0-CuO/TiO,, at g = 2.13, are
attributable to Cu®" [26, 27]. The ESR peak intensity at g = 2.13 is decreased
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considerably after Ag incorporation in Ag@Cu,O-CuO/TiO,, indicating the formation
of Cu,0 [26].

(@) | — Ag@Cu,0-CuO/TiO,
CuO/TiO, E le
—TiO,

— Ag@TiO,

Intensity (a.u.)

Py 1 Y Il 2 [ 2 'l 2 [l Py [ Y 'l
100 200 300 400 500 600 700 800
Wavenumber (cm™)

(b) = Ag@Cu,0-CuO/TiO,
——CuO/TiO,
— "l"i()2

Intensity (a.u.)

0 100 200 300 400 500 600
Magnetic Field (mT)

Figure 4.6. (a) Raman, and (b) room temperature ESR spectra, of TiO,, CuO/TiO,, and
Ag@Cu,0-CuO/TiO,.
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The photoluminescence (PL) measurement provides crucial information about the
separation, trapping, and migration of the photoexcited electron holes. Figure 4.7 shows
the room temperature PL spectra of TiO,, CuO, CuO/TiO,, and Ag@Cu,0-CuO/TiO; at

the excitation wavelength of 320 nm.
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Figure 4.7. Photoluminescence spectra of TiO,, CuO, CuO/TiO,, and Ag@Cu,0-
CuO/TiO,.

The pristine TiO, and CuO/TiO; show emission spectra in a wide wavelength
range from 400 to 550 nm, which arises due to the self-trapped excitons, oxygen
vacancies, and surface states [28]. However, in the case of CuO, no discernible peaks
with significant intensity are detectable. It can be observed that the resultant PL
emission spectrum of CuO/TiO, is significantly quenched compared to TiO,, which
implies a substantial decrease in the recombination of electron-hole pairs. This is
because the photogenerated electrons in the conduction band (CB) of TiO; migrate to
the CB of CuO. The emission peak located at around 419 and 415 nm in TiO, and
CuO/TiO; respectively, is attributed to the band edge emission corresponding to the
bandgap of TiO, eV [29]. The emission peaks produced at 434 and 466 nm are
attributed to the intrinsic structural defects and the surface oxygen vacancies,

respectively [28]. Additionally, the peak detected at 443 nm may be originating from
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the self-trapped excitons in TiOg octahedra [30]. Notably, the PL emission of
Ag@Cu,0-CuO/TiO, was further quenched to extremely low intensity, indicating the
efficient electron-hole separation and increased lifetime of the carriers. The
heterojunction Cu,O-CuO/TiO, and the Schottky junction created with metallic Ag are

responsible for facilitating charge separation and transfer through the interfaces.

4.3.3. XPS analysis

XPS was used to study the chemical and electronic states of the prepared catalysts.
Figure 4.8(a) depicts the complete scanning spectra of TiO;, CuO, CuO/TiO,, and
Ag@Cu,0-CuO/Ti0,, revealing the presence of the key components C, Ti, O, Ag, and
Cu. The signal of carbon appearing at binding energy (BE) 284.8 eV is due to the

presence of adventitious carbon [31].
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Figure 4.8. (a) XPS measurements (full survey profile) of various catalysts. XPS peak
fitting: Ti 2p spectra of (b) TiO,, (¢) CuO/Ti0,, and (d) Ag@Cu,O-CuO/TiO,.
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The entire survey XPS spectra of the counterparts Ag@TiO, and Ag@CuO are also
displayed with the key elements Ag, Ti, Cu, O, and C, shown in Figure 4.9. The
characteristic Ti 2p XPS spectra of TiO,, CuO/TiO;, and Ag@Cu,0-CuO/TiO; are
presented in Figure 4.8(b), (c), and (d), respectively. The well-resolved Ti spectra of
TiO, show two distinct peaks at BE 458.5 and 464.1 eV, which correspond to the Ti
(2p1r2) and Ti (2ps;) doublets, respectively, reveal the existence of the Ti*" oxidation
state [32-34]. Similarly, the Ti 2p doublets are observed at BE 458.6 and 464.3 eV for
both CuO/TiO; and Ag@Cu,0-CuO/TiO,. The Ti 2p spectra were deconvoluted into
three peaks. For the pristine TiO; sample, the deconvoluted peaks are located at 458.5,
460.3, and 464.1 eV (shown in Figure 4.8(b)). The peak at 460.3 eV represents the Ti*"
(2p12) oxidation state [32, 35]. The XPS peaks are found to be shifted to 458.6, 460.6,
and 464.3 eV in CuO/TiO; and Ag@Cu,0-CuO/TiO;. The larger XPS peak fit area
owing to the Ti** (2p12) state in CuO/TiO, (Figure 4.8(c)) and Ag@Cu,0-CuO/TiO,

(Figure 4.8(d)) implies the formation of additional oxygen vacancies.
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Figure 4.9. XPS spectra of Ag@CuO and Ag@TiO, (full survey profile).
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Figure 4.10. XPS peak fitting: O 1s spectra of (a) TiO,, (b) CuO, (c) CuO/TiO,, and
(d) Ag@Cu,0-CuO/TiO;.

The high-resolution O 1s XPS measurements of the prepared photocatalysts are
presented in Figure 4.10. In pristine TiO,, the peaks at BE 529.5, 530.1, and 531.5 eV
are attributable to lattice-oxygen, Ti,O3, and surface adsorbed O, (Figure 4.10(a)) [32,
36-37]. Figure 4.10 (b), (c) and (d) display the fitted O 1s peaks of CuO, CuO/TiO, and
Ag@Cu,0-CuO/TiO,, respectively. As shown in Figure 4.10(b), the O 1s spectra of
CuO were deconvoluted with five peaks with binding energy positions 529.6, 530.6,
532.0, 532.7, and 533.5 eV. The peak located at the lowest binding energy of 529.6 eV
is allocated to the lattice oxygen of the CuO structure [38-40]. The peak located at 530.6
eV can be assigned to the CO3*/HCO5™ and OH™ groups [41].

The deconvoluted XPS peak at 532.0 eV corresponds to the weakly oxidized
carbon species [41, 42] and the peaks at 532.7 and 533.5 eV agree with the binding
energy positions where weakly bound species are adsorbed [41, 43-44]. For CuO/TiO,,
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the deconvoluted O 1s peak at 529.8 eV signifies the lattice-O of CuO and/or TiO; [36,
37, 43], while the peak at 531.3 and 532.8 eV are due to surface adsorbed OH group and
weakly adsorbed bound species [35-38, 41]. Similarly, the fitted O 1s peaks of the
sample Ag@Cu,O-CuO/TiO, at 529.8, 530.3, 531.8, and 532.9 eV are ascribed to
lattice-O* of CuO and/or TiO,, Ti,O; or (lattice- O of Cu,0), weakly oxidized carbon
species and adsorbed bound species, respectively [32-34, 37, 38, 41, 43].

Figure 4.11(a-c) illustrates the high-resolution Cu 2p XPS measurements of CuO,
CuO/TiO,, and Ag@Cu,O-CuO/TiO,. In CuO, the Cu 2p spectra show two distinct
peaks at BE 933.8 and 953.7 ¢V corresponding to the Cu®" state of CuO. Similarly, the

Cu 2p3s, and Cu 2p;; doublet was observed at 933.5 and 953.5 eV in CuO/TiO; [39, 41,
44-45].
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Figure 4.11. XPS peak fitting Cu 2p spectra of (a) CuO, (b) CuO/TiO,, (c) Ag@Cu,0-
CuO/Ti0,, and (d) XPS scanning of Ag 3d.
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In addition, the peaks located at BE 962.2 and 962.4 eV in CuO and CuO/TiOs,
respectively, are related to the typical CuO satellite peaks. The peaks in the binding

energy range of 940-945 eV in CuO are known as shake-up satellite peaks (Figure
4.11(a)) [39, 45, 46-49].
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Figure 4.12. Ag 3d XPS spectra of (a) Ag@TiO,, and (b) Ag@CuO.

However, in Ag@Cu,O-CuO/TiO,, the Cu 2p spectrum can be fitted with seven
peaks at B.E. 932.5, 933.8, 941.3, 943.8, 952.4, 953.8 and 962.3 eV (Figure
4.11(c)). The peaks at 933.8 and 953.8 eV are attributed to 2ps, and 2p;» peaks of cu?,
Notably, the additional peaks at 932.5 and 952.4 eV representing Cu 2ps3, and Cu 2p;.,

109



Chapter 4

peaks suggest the presence of Cu,0 (Cu'* oxidation state) in Ag@Cu,0-CuO/TiO, [38,
45,46, 50, 51]. This result validates the findings of the Raman and ESR studies.

The ratio of the area of Cu 2p3/,; peak for Cu,O and CuO in the XPS spectra of
Ag@Cu,0-CuO/TiO; was calculated to be 10:27, and the ratio of the area of Cu 2p;.,
for the same samples was found to be 10:18 showing that CuO is larger in quantity than
Cu,0. The areas of shake-up satellites and satellite peaks are decreased in Ag@Cu,0-
CuO/TiO,, which could be due to the presence of Ag that retards the complete
transformation from Cu,O to CuO. Furthermore, the well-resolved XPS spectrum of Ag
3d of the Ag@Cu,O-CuO/TiO; photocatalyst is shown in Figure 4.11(d). The Ag 3d
doublet at 368.5 (3ds) and 374.5 (3d3») eV is due to the spin-orbit splitting, and
exhibits an energy separation of 6.0 eV, indicating the presence of metallic Ag [52-54].
Similar results were evidenced in Ag@TiO, and Ag@CuO, shown in Figures 4.12 (a)
and (b), respectively.
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Figure 4.13. XPS spectra of Ag@CuO and Ag@TiO; (a) Ti 2p spectra, (b) Cu 2p
spectra, and (c-d) O 1s spectra.
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Figure 4.13 shows the (Ti 2p, O 1s, Cu 2p) XPS spectrum of Ag@TiO, and
Ag@CuO. The Ti 2p XPS spectrum of Ag@TiO, was deconvoluted into three peaks at
BE 458.6, 460.5, and 464.4 eV, shown in Figure 4.13(a). The high-resolution Cu 2p
spectrum of the Ag@CuO sample as shown in Figure 4.13(b) reveals only the Cu®"
oxidation state. The fitted O 1s XPS peaks of Ag@TiO,; and Ag@CuO counterparts are
displayed in Figures 4.13 (c), and (d). respectively.
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Figure 4.14. Valence band XPS spectra of TiO,, CuO, and Cu,0.

The valence band XPS spectra of TiO,, CuO, and Cu,O were recorded to
determine the valence band maximum (VBM) and comprehend the band edge positions
of the heterojunctions [55]. The VBM of pristine TiO, was found to be 2.52 eV,
determined by linear extrapolation of the curve as shown in Figure 4.14. Likewise, the
VBM of CuO and Cu,0 was calculated to be 1.02 eV and 0.65 eV, respectively. Thus,
considering the bandgap value obtained from the Tauc plot (shown in Figure 4.4(b)), the
conduction band minimum (CBM) of the photocatalysts were estimated to be -0.5, -

0.45, and -1.36 eV for TiO,, CuO and Cu,0, respectively.
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4.3.4. FE-SEM and TEM analysis
The surface morphologies of Ag, TiO;, CuO, CuO/TiO,, and Ag@Cu,0O-
CuO/TiO, were characterized by FE-SEM, shown in Figure 4.15(a-f).

ENT= 5004V Sigaal A = inLens Date: 13 Apr 2022 — ENT= 5004V Signal A Inkens Date: 13 Apr 2022 —
WO 59 mm Meg» 1500KX Time: 142708 '_{ WO~ 59 mm Meg» TS500KX Time: 142059

Ag@Cu,0-CuO/TiO,.

The formation of the bulbous branched structure of Ag is displayed in Figure
4.15(a-b) at different magnifications. The TiO, nanoparticles are observed to be
agglomerated, with an average size of 50 nm (Figure 4.15(c)). The SEM micrograph of
pure CuO shows a spherical structure of sizes 500 to 900 nm (shown in Figure 4.15(d)).
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However, this spherical shape is no longer observed in CuO/TiO, and Ag@Cu,O-
CuO/Ti0,, which could be due to the higher amount of TiO, matrix than CuO. Similar
morphology was observed in CuO/TiO; and Ag@Cu,O-CuO/TiO,, as shown in Figures
4.15 (e) and (f).

In addition, the TEM images of Ag, TiO,, CuO/TiO,, and Ag@Cu,0-CuO/TiO,
were analyzed to obtain further morpho-structural information. The structure of Ag is

shown in Figure 4.16(a).
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Figure 4.16. TEM and HR-TEM images of (a-b) Ag, (c) TiO,, (d-e) CuO, (f-g)
CuO/Ti0,, and (h-1) Ag@Cu,O-CuO/TiO,.

The magnified view of Ag particles is displayed in Figure 4.16(b) with
highlighted dotted lines. A uniform distribution of the spherical-shaped pure CuO was
evidenced with average sizes of 0.9 um, shown in Figure 4.16(d). The TEM image of
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TiO,, CuO/Ti0,, and Ag@Cu,O-CuO/TiO, are presented in Figure 4.16 (c), (f), and
(h), respectively, and show similar morphological characteristics. The obtained size of
the TiO, nanoparticles ranged from 30 to 50 nm. The interplanar spacing (d) of CuO,
calculated from the HR-TEM micrograph, shown in Figure 4.16(¢e), was found to be
0.25 nm. The HR-TEM of CuO/TiO, in Figure 4.16(g), reveals the presence of two
different interplanar spacings, 0.25 and 0.32 nm, which correspond to CuO and TiO,,
respectively. Furthermore, the obtained interplanar spacings 0.2, 0.24, 0.25, and 0.32
nm in the Ag@Cu,0-CuO/TiO; sample (shown in Figure 4.16(i)), indicated the
existence of Ag, Cu,0, CuO, and TiO,, respectively.

4.3.5. Photocatalytic degradation kinetics

To evaluate the photocatalytic activity of the photocatalysts, the kinetic study of MB
degradation was performed. Figure 4.17(a) illustrates the degradation profile of MB
from 0 to 60 min irradiation of visible light. A maximum degradation was shown by
Ag@Cu,0-CuO/TiO;, with a degradation percentage of 83%, while the CuO/TiO,,
CuO, and TiO; photocatalysts exhibited 26, 6.4, and 5.9%, respectively. The rate of
degradation of MB was calculated from In C/C, vs. time graph as plotted in Figure
4.17(b). The degradation followed pseudo-first-order kinetics with a good regression
coefficient. The degradation rate by Ag@Cu,0-CuO/TiO; photocatalyst was found 26.5
times higher than the pure TiO,. Table 4.1 displays the calculated rate constants of MB
degradation by different photocatalysts and regression coefficients of the linear fit. It
was observed that the CuO/TiO, photocatalyst also exhibits a significant improvement
in MB degradation compared to pure TiO,. This enhancement is likely due to the
electron-hole separation due to the built-in electric field at the interface that prolongs
the lifetime of charge carriers for photocatalytic reactions [56, 57]. Notably, the activity
was further enhanced by Ag@Cu,0-CuO/TiO, photocatalyst. The SPR effect of
branched Ag nanostructure amplifies the localized electric field in their vicinity,
increasing charge carrier generation and facilitating effective separation between them
[1]. Due to the shape effect of the plasmonic nanostructures, the particular branched
structure of Ag exhibits low symmetry, allowing for extensive absorption over the
visible spectrum. [13-14, 58]. In addition, the Ag nanoparticle acts as an electron
source, which promotes the electron injection into the CB of the semiconductors under

visible light illumination [1].
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Figure 4.17. (a) Photocatalytic degradation profile (C/C, vs. time) of MB under visible
light using different photocatalysts, (b) In C/C, vs. time plot to determine the rate
constant.

The absorption spectra of MB degradation using various photocatalysts are shown
in Figure 4.18(a-d). The maximum absorption of the MB dye was recorded at
wavelength 664 nm. The degradation trend and the rate constant determination of the
counterparts Ag@TiO; and Ag@CuO are displayed in Figure 4.19(a-b). The rate
constant of Ag@TiO, and Ag@CuO were calculated as 0.004 min™ and 0.003 min™.
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Figure 4.18. Absorption spectra of MB degradation with time using (a) TiO», (b) CuO,
(c) CuO/Ti0,, and (d) Ag@Cu,0-CuO/TiO;.
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Figure 4.19. (a) Photocatalytic degradation profile (C/C, vs. time) of MB under visible
light using Ag@TiO; and Ag@CuO, (b) In C/C, vs. time plot to determine the rate

constant.
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Figure 4.20. (a) Photocatalytic degradation profile (C/C, vs. time) of phenol under
visible light using TiO,, CuO/Ti0,, and Ag@Cu,0-CuO/Ti0,, and (b) In C/C, vs. time

plot to determine the rate constant.

In addition, the degradation of phenol using the photocatalysts was performed
under a similar experimental setup and light illumination as discussed in Chapter 2.

Figure 4.20 illustrates the degradation profile and determination of the rate constant of
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phenol degradation using TiO;, CuO/TiO, and Ag@Cu,O-CuO/TiO, photocatalyst.
Pristine TiO, showed negligible degradation of phenol. However, a small enhancement
in photocatalytic activity was observed with the CuO/Ti0O, photocatalyst, while further
enhancement in the activity was achieved by Ag@Cu,0-CuO/TiO,. The degradation
rate of phenol using Ag@Cu,0-CuO/TiO, was found to be 5 times higher compared to
TiO;.
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Figure 4.21. (a) Repeatability test of Ag@Cu,O-CuO/TiO, photocatalyst, and (b) In

C/C, vs. time plot to determine the rate constant.
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Table 4.1. Rate of degradation of MB using different photocatalysts under visible light.

Photocatalyst Rate constant of Regression
MB degradation coefficient (R?)
(min™)
TiO, 0.001 0.961
CuO 0.001 0.959
CuO/TiO, 0.005 0.997
Ag@Cu,0-CuO/TiO, 0.029 0.999

The repeatability test was carried out to evaluate the stability of the primary
photocatalyst Ag@Cu,O-CuO/TiO, under a similar experimental set-up and the light
source (as discussed in Section 2.5.1), and is shown in Figure 4.21(a). The repeatability
test was conducted over four cycles of 60 min each. After each cycle, the remanent MB
concentration was made equal to the initial value (at 0 min) before initiating the next
photocatalysis cycle. The fall in the photocatalytic activity after the fourth cycle was
extremely minimal, displayed in Figure 4.21(b) (less than 15%), indicating the high
stability and robustness of the photocatalyst.

4.3.6. Active radical quenching experiments

To understand the active species involved in the degradation of MB, free radical
quenching experiments were conducted for the main photocatalyst Ag@Cu,0-
CuO/TiO,, shown in Figure 4.22(a). The major reactions that occur in the photocatalytic
process are shown in equation (1.1-1.12) in Chapter 1. It was observed that there is a
significant drop in MB degradation when the SN (e~ quencher), LH (102 quencher), and
AO (h" quencher) were introduced, in the order SN > LH > AO, shown in Figure
4.22(b). This result indicates the major participation of ¢”, 'O, and h” in the degradation
process. The calculated rate constants are shown in Table 4.2. On the other hand, there
is only a small decline in the degradation with the addition of BQ ('O, quencher) and
IPA (‘OH quencher), up to 4.3% and 1%, respectively. However, to ensure the role of
‘0, and ‘OH radicals, a double-quenching test was performed using BQ and IPA

simultaneously. Clearly, a substantial drop in the degradation was observed in double-
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quenching, which indicates that ‘O, and "OH radicals are produced abundantly by e and
h" and therefore individual quenching is not sufficient using BQ and IPA [59].
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Figure 4.22. (a) Photocatalytic degradation of MB and (b) degradation percent by
Ag@CuyO-CuO/Ti0O; photocatalyst with various scavenging agents.

Table 4.2. Rate constants, quenching agents and amount, and active radicals.

Quenching agent Amount Active radical (s) Rate constant (min™)
SN 4mM e 0.009
LH 0.5 mM '0, 0.009
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AO 4mM h' 0.014
BQ 0.5mM ‘0, 0.026
IPA ImL "OH 0.026
BQ + IPA 0.5mM + ImL "0, and "OH 0.009
SN+LH 4mM+0.5 mM e and 'O, 0.005

It can be speculated that, during "0, quenching by BQ, the production of ‘OH (by
both e  and h") is sufficient to take part in the degradation reaction and therefore no
significant decline in the degradation can be observed. Likewise, ‘OH quenching by IPA
was compensated by ‘O, production. In addition, the double-quenching experiment
using LH and SN demonstrates the lowest degradation of MB, implying the active
participation of both ¢, and 'O,. Summarily, when the scavenging agent SN and AO
capture ¢ and h', respectively, it prevents the formation of ‘O, , ‘OH, and 'O, resulting

substantial decline in the degradation.

4.3.7. Photocatalytic mechanism and schematic representation

As indicated by valence band XPS analysis and the Tauc plot, the conduction band
minimum (CBM) of TiO; is situated below the CBM of Cu,0, whereas the valence
band maximum (VBM) of TiO; lies much below than that of Cu,0, forming a Type-II
(staggered gap) band alignment between TiO; and Cu,O. Likewise, the CBM and VBM
levels of CuO are situated between the CBM and VBM position of TiO,, resulting in a
Type-I (straddling gap) heterojunction. Figure 4.23 illustrates the ternary heterojunction
system, where a Type-I heterojunction exists between CuO and TiO,, while a Type-II
heterojunction is present between Cu,O and TiO,. The Ag nanoparticles are considered
to be in contact with CuO, Cu,O, and TiO,. The unique branching shape of the Ag
microstructure obtained in this study enables electromagnetic waves to stimulate
multiple resonances in the nanoparticles resulting in broad absorption of the visible light
spectra [60, 13]. The facets of Ag nanoparticles, revealed from SEM images, can
establish excellent contact with CuO and TiO,, forming a Schottky junction that
effectively separates photogenerated charge carriers [61]. When the photocatalyst is
illuminated by light, the semiconductors CuO, Cu,O, and TiO; generate electron-hole
pairs, and the electrons in the Ag metal exhibit local surface plasmonic resonance. As

depicted in Figure 4.23, the photo-excited electrons at the CB of the Cu,O phase are
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initially expected to be transferred to the CB of TiO, and subsequently to the CB of
CuO [62-64]. On the other hand, the holes generated at the VB of TiO, migrate towards
VBs of CuO and Cu,O. However, the holes that are transferred to the VB of Cu,O are
unable to produce reactive species as the VB position is unsuitable for oxidation
reactions (indicated with a cross mark in Figure 4.23). Besides, the SPR promotes
electron injection from Ag nanoparticles, leading to a higher population of electrons at
the conduction bands of TiO,, CuO, and Cu,0, which ensures the adequate availability
of charge carriers for photocatalytic reactions [1]. These electrons are the outcome of
plasmonic excitations induced by the time-dependent electric field of illuminating light
in the visible range. Consequently, the photogenerated electrons and holes undergo a
large spatial separation, migrate towards the surface of the photocatalyst, and participate

in chemical reactions with the adsorbed molecules to produce active radicals [65, 66].
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Figure 4.23. Photocatalytic mechanism of Ag@Cu,O-CuO/Ti0, photocatalyst:

interfacial junctions between CuO-TiO,-Cu,0 phase.

4.4. Summary

The synthesis of a novel plasmonic-heterojunction photocatalyst (Ag@Cu,0O-
CuO/TiO,) with extensive visible light absorption and high photocatalytic activity has
been reported in this chapter. XRD and XPS measurements corroborated the crystalline
phases of CuO and TiO,, chemical compositions, and the presence of metallic Ag. The

asymmetrical feature of branched Ag, confirmed in the FE-SEM analysis, results in
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SPR induced light absorption across the visible and near-infrared region. The
photocatalytic activity of the Ag@Cu,0O-CuO/TiO, photocatalyst was found to be 26.5
times higher than the pristine TiO, counterpart towards methylene blue degradation
without sacrificial reagents. The increased photoactivity of Ag@Cu,O-CuO/TiO,
photocatalyst can be attributed to the synergistic impact of reduced electron-hole pair
recombination caused by the Cu,O-CuO/TiO, ternary heterojunction, strong visible
light absorption, and SPR driven enhanced localized field by Ag. In addition, the
presence of the mixed phase of TiO, in Ag@Cu,O-CuO/TiO; facilitates interfacial
charge separation between the phases. Remarkably, the photocatalyst exhibited
exceptional recyclability, indicating its excellent stability and robustness for efficient
photocatalytic applications. The current study suggests that the heterojunction-
plasmonic nanostructured photocatalyst substantially enhances the photocatalytic
efficiency synergistically and shows great potential for dye-contaminated water
treatments. The research work presented in this chapter aligns with the objectives

outlined in this thesis.
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