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Abstract: This study effectively demonstrates the sonochemical synthesis of visible-light-responsive
Cu-ZnO/TiO; ternary Z-scheme heterojunction nanocomposite photocatalyst. The as-prepared
photocatalyst was comprehensively characterized by techniques including high-resolution trans-
mission electron microscopy (HRTEM), field emission scanning electron microscopy (FE-SEM) with
energy dispersive X-ray analysis (EDX) and elemental dot mapping, X-ray diffraction (XRD), UV-
Vis-diffuse reflectance spectroscopy (UV-Vis-DRS), Brunauer—-Emmett-Teller (BET) surface area, and
Fourier-transform infrared spectroscopy (FTIR). The photocatalytic activity of the Cu-ZnO/TiO,
nanocomposite photocatalyst was assessed for the degradation of Congo red (CR), an azo dye, under
direct sunlight. The pseudo-first-order rate constant for CR degradation was found to be 0.09 min~—1.
The outcome implies that the synthesised nanocomposite photocatalyst demonstrates excellent photo-
catalytic activity under direct sunlight as 98% degradation of CR dye was achieved in approximately
20 min using the Cu-ZnO/TiO, nanocomposite photocatalyst. Furthermore, its high recoverability
and reusability of five times indicate its excellent catalytic potential.

Keywords: Cu-ZnO/TiO,; nanocomposite; dye degradation; Congo red; photocatalysis; ultrasound;
sonochemical; energy; Z-scheme heterojunction

1. Introduction

Water pollution from numerous sectors is currently a major concern worldwide [1].
As a result, environmental preservation and water purification are the most critical criteria
for conserving natural water resources necessary for advancing the world [2]. Contami-
nants can be found in wastewater from various industries and municipal and agricultural
sources. The type of contaminants in the wastewater determines the best treatment tech-
nology criteria. Organic and inorganic recalcitrant pollutants such as azo dyes, phenolic
compounds, and heavy metals are commonly found in industrial wastewaters [3]. The
recalcitrant pollutants have been detrimental to humans and aquatic life due to their
non-biodegradability, high toxicity, and carcinogenic consequences. As a result, a ma-
jor concern among researchers is their removal/degradation before discharge from the
industry. Congo red (CR) (disodium 4-amino-3-[4-[4-(1-amino-4-sulfonato-naphthalen-2-
yl)diazenylphenyl]phenyl]diazenyl-naphthalene-1-sulfonate), an azo dye, is a recalcitrant
contaminant that is exceedingly difficult to decompose [3].

Advanced oxidation process (AOP) is one of the most successful strategies for remov-
ing colors from wastewater [4]. It is cost-effective, highly efficient, requires low energy
consumption, operates under mild conditions, presents broad applicability, and reduces
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secondary pollution. AOPs are both destructive and low-/no-waste-producing solutions
for the remediation of contaminated water. Contaminants and their intermediates can be
mineralised by AOPs [5]. Recently, a great surge in interest in harnessing solar energy as a
clean and sustainable energy source for the photodegradation of recalcitrant contaminants
has been noticed [6]. It can immediately transform recalcitrant contaminants into safer
compounds in wastewater to gain the research community’s interest.

Photocatalytic processes initiate upon the illumination of the light with photons having
higher energy than the band gap energy of semiconductor material, causing the motion of
electrons from the valence band (VB) to the conduction band (CB). Adsorbed substrates are
oxidised, and active oxygen species are reduced by a hole—electron pair formed when the
CB receives an electron from the VB, leaving behind a hole. Adsorbed water or hydroxide
ions in an aqueous solution are oxidised by holes in the VB, forming hydroxyl radicals,
whilst molecular oxygen is reduced by the electrons in the CB and forms semiconductor
superoxide radicals. Organic pollutants, such as dyes, are oxidised by hydroxyl and
superoxide radicals and disintegrate into carbon dioxide and water [7].

TiO; and ZnO nanoparticles (NPs) exhibiting wide-band-gap energies of 3.2 eV and
3.37 eV are capable materials for water treatment applications. They are inexpensive, non-
toxic, and provide high surface area [8]. One drawback of TiO, and ZnO as photocatalysts
is that they have a large band gap, which can only be activated by ultraviolet irradiation.
Due to this, several investigations have been conducted to either adjust the band gap
energy of these semiconductor metal oxides or find alternatives to harness solar energy. To
increase solar light sensitivity, many techniques are exploited, including (a) doping with
other elements and (b) creation of heterojunction structures by mixing semiconductors with
metals or other semiconductors [9,10].

Based on this, intense research is focused on improving the light-harvesting capacity
and stability of TiO, and ZnO NPs by doping them with noble and non-noble metals.
For example, Ag-ZnO [11], Cu-ZnO [12], ZnO-Sm [13], sulphated TiO,-WOs5 [14], TiO;-
GO [15], Gd-ZnO [16], TiO2-ZnO [17-20], Fe-TiO, and Ce-TiO, [21] have been reported for
the photocatalytic applications. These heterojunction nanocomposite materials showed
enhancement in photocatalytic activity compared to the individual nanomaterials. They
have greater light-harvesting abilities and lower charge carrier recombination rates due to
adequate surface imperfections and band alignment [13,17,22]. Among the most studied
heterojunctions, TiO,-ZnO type-II heterojunctions have received immense interest because
of the synergic effects caused by the introduction of electrons to TiO, from the conduction
band of ZnO, which reduces the electron-hole recombination [19,20,23-25]. However, it
should be emphasised that the majority of the studies were carried out under UV radiation,
suggesting that the TiOp/ZnO lattice may still be employed effectively for visible light
photocatalysis [26].

Recent studies have explored doping of various noble, non-noble transition metals
as an electron mediator (EM) onto the TiO,-ZnO heterojunction to improve the catalytic
performance under visible light through the formation of Z-scheme heterojunction [8,22,27].
Liang et al. demonstrated the effectiveness of ternary TiO,-ZnO/Au nanocomposite over
TiO,, TiOy-Au and TiO;-ZnO for photocatalytic hydrogen production under visible-light
illumination coupling of ZnO and TiO, and the localised surface plasmonic resonance
of Au NPs [8]. However, the incorporation of noble metals is not cost-effective. Cu,
on the other hand, is now employed as a competent dopant for several visible-light-
responsive photocatalysts, exhibiting redox potentials as low as 0.52 V (Cu?*/Cu) and
0.16 V (Cu?* /Cu*) [28,29]. Cu presents a low-band-gap energy (1.98-2.02 V), is non-toxic,
is chemically stable, possesses good thermal and electrical conductivities, is abundant, and
is environmentally friendly, leading to its widespread employment in various applications.
Even though adding a dopant to the ZnO/TiO, heterojunction may enhance its physical and
chemical characteristics, only a few studies have looked into this aspect, which necessitates
this investigation.
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This is the first work focusing on impregnating Cu and ZnO NPs onto TiO; to form
Cu-ZnO/TiO, ternary Z-scheme heterojunction nanocomposite photocatalyst to enhance
the photocatalytic decomposition of CR azo dye under natural sunlight. We demonstrate a
facile one-pot method to synthesise Cu-ZnO/TiO, nanocomposites via the sonochemical
co-reduction method. The novelty involved in this work is the synthesis of heterogeneous
visible-light-activated photocatalyst and its performance in dye degradation as well as
reusability. The outcome of this study provides a roadmap to developing highly efficient
nanocomposite photocatalysts for wastewater treatment and remediation with numerous
synergies.

2. Results
2.1. Structural, Morphological, and Optical Characterization of Cu-ZnO/TiO, Nanocomposite
Photocatalyst

A facile and rapid sonochemical approach facilitated the one-pot synthesis of the Cu-
ZnO/TiO; nanocomposite photocatalyst. The Cu-ZnO/TiO, nanocomposite photocatalyst
with various wt% of Cu, ZnO and TiO; named as CZT-1 (wt% = Cu-0; ZnO-40; TiO,-60),
CZT-2 (wt% = Cu-10; ZnO-30; TiO,-60), CZT-3 (wt% = Cu-20; ZnO-20; TiO,-60), CZT-5
(Wt% = Cu-30; ZnO-10; TiO;-60), CZT-5 (wt% = Cu-40; ZnO-0; TiO,-60) was synthesized.
For comparison, pure Cu and pure ZnO catalysts were also synthesised using the sono-
chemical approach. Furthermore, a detailed characterization was conducted for the sample
CZT-2 nanocomposite photocatalyst. The crystalline structure and average crystallite size
were obtained through an XRD pattern. The XRD analysis was carried out at 10° to 100° at
room temperature with Cu K« radiation. The obtained XRD for the CZT-2 nanocomposite
photocatalyst, pure Cu, pure ZnO, and pure TiO; is presented in Figure 1. It could be
observed that the characteristic diffraction peaks for individual Cu, ZnO, and TiO, shown
in Figure 1 coincide with the peaks of the CZT-2 nanocomposite photocatalyst and are
indexed accordingly in Figure 1a. This confirms the presence of crystalline Cu and ZnO on
the TiO, surface in the synthesized nanocomposite. The sharp diffraction peaks observed
at 31.80°, 34.52°, 36.46°, 47.63°, 56.58°, and 62.97° in Figure 1la are attributed to (100), (002),
(101), (102), (110), and (103) planes of the hexagonal crystalline structure of wurtzite ZnO.
These results align with the JCPDS Card no. 36-1451 [30], while Cu displayed FCC structure
in the CZT-2 nanocomposite photocatalyst as (111), (200), (220), (311), and (222); planes
were observed at 20 = 43.34°, 50.52°, 74.2°, 89.90°, 95.22°, respectively, in Figure 1a and
are indexed according to JCPDS card no. 04-0836 [31]. The XRD pattern also reveals the
presence of mixed anatase and rutile phases of TiO, in the prepared nanocomposite as the
characteristics peaks for rutile TiO, were observed at 36.46°(101), 43.34° (210), 56.58° (220),
62.97° (002) [JCPDS card no. 21-1276] along with anatase TiO; observed at 47.63°, 67.93°,
and 74.20° corresponding to (200), (116), and (215) planes [JCPDS card no. 21-1272], respec-
tively [18,32,33]. Figure 1d shows the XRD pattern for anatase TiO, according to JCPDS
card no. 21-1272. While Figure 1a reveals the presence of both phases of TiO,. The possible
reason for the presence of both anatase and rutile phases of TiO, in the Cu-ZnO/TiO,
nanocomposite photocatalyst could be the acoustic cavitation employed for the synthesis
of Cu-ZnO/TiO, nanocomposite, as the local hot spots generated during cavitation can
facilitate the transformation of anatase to rutile phase owing to the high temperature and
pressure conditions possessed by the local cavities. Munguti and Dejene [18] and Chen
et al. [34] have also reported the transformation of anatase TiO, to rutile TiO, as a result of
high temperature employed during the synthesis of nanocomposite.
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Figure 1. XRD pattern of the sonochemically synthesised Cu-ZnO/TiO, (CZT-2) nanocomposite
photocatalyst (a) Cu (b) ZnO (c) and TiO, (d) nanoparticles.

Using a sonochemical technique, the efficient production of CZT-2 nanocomposite
photocatalyst is confirmed as the presented XRD pattern is entirely attributed to Cu, TiO,
and ZnO (Figure 1a). For the high-intensity peak at 43.34°, the Debye—Scherrer equation
(Equation (1)) was used to compute the average crystallite size of the CZT-2 nanocomposite.

d =k\/Bcosd 1)

where d is the average crystallite size, k is the particle shape factor (0.94), A is the wavelength
(1.5406 A°), 3 is the full width at half maximum (0.368) of the high-intensity diffraction peak,
and 0 is the Bragg’s angle. Using the Debye—Scherrer equation, the average crystallite size of
the obtained CZT-2 nanocomposite was 24.27 nm. Furthermore, using the Debye-Scherrer
equation, the crystallite sizes of pure Cu, ZnO, and TiO, were estimated as 2 nm, 43 nm,
and 36.9 nm, respectively. The CZT-2 nanocomposite synthesised via the sonochemical
approach shows a highly crystalline structure and uniform particle size.

The morphological characteristics of the CZT-2 nanocomposite photocatalyst were
studied using FESEM analysis (Figure 2a). The as-prepared nanocomposites display spher-
ical morphology with an approximately uniform size of 25 nm, as evident through the
FESEEM micrograph, supporting the size calculations obtained through XRD analysis
(24.27 nm). The distribution and composition of Cu-ZnO NPs over TiO, were investigated
using FESEM-EDX and elemental dot mapping analysis, as shown in Figure 2b,c, respec-
tively. The FESEM-EDX micrograph (Figure 2b) of the CZT-2 nanocomposite reveals the
sharp peaks of Cu, Zn, O, and Ti elements only, assuring the existence of Cu, ZnO, and
TiO, in the nanocomposite photocatalyst.
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Figure 2. (a) FESEM image (b) EDX (c) Elemental mapping images (d,e) HRTEM images of Cu-
Zn0O/TiO, (CZT-2) nanocomposite photocatalyst.
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In contrast, the peak corresponding to the C element arises due to the carbon tape
used during EDX analysis. Table 1 lists the photocatalyst components and their wt%, with
TiO, being the most abundant, followed by ZnO and Cu. The FESEM-EDX elemental dot
mapping images (Figure 2c¢) illustrate the elemental dot distribution in the CZT-2 nanocom-
posite photocatalyst. Overall, the uniform anchoring of Cu, Zn, Ti, and O was detected
from the dot mapping of the constituent elements of the as-prepared nanocomposite photo-
catalyst, implying the achievement of even dispersion of Zn and Cu over the TiO, surface.
This proves that the uniformity in shape, size, and distribution of dopant materials over the
support surface is demonstrated through the co-reduction of Cu and Zn metal precursors
over TiO, NPs assisted by ultrasound.

Table 1. Elemental composition of Cu-ZnO/TiO, (CZT-2) nanocomposite photocatalyst on weight

basis.
Nanocomposite Cu (wt%) Zn (wt%) O (wt%) Ti (Wt%) C (wt%)
Cu-ZnO/TiO, 9.67 13.05 48.84 18.27 10.17

Furthermore, the detailed morphological characteristics of CZT-2 were assessed by
HRTEM images, as shown in Figure 2d,e. Figure 2d reveals that the as-synthesised
nanocomposite photocatalyst displays a nearly spherical shape with the average nanoparti-
cle size comparable to the crystallite size, which was deduced using the Debye-Scherrer
equation. The uniform deposition of Cu and ZnO over TiO, without aggregation can
also be observed in Figure 2d. The HRTEM micrographs reveal the distinct lattice fringes
indicating the formation of polycrystalline CZT-2 nanocomposites. As the TiO, and ZnO
possess nearly the same characteristics, these semiconductors do not reflect any differ-
ences in the HRTEM images, as shown in Figure 2d. However, the dark-coloured particles
represent Cu present on light-shaded TiO, and ZnO. Although TiO; and ZnO cannot be
distinguished clearly through the HRTEM images, the lattice spacings of ca. 0.208 nm,
0.246 nm, and 0.19 nm belong to the diffraction planes of Cu (111), wurtzite ZnO (101), and
anatase TiO, (200), respectively (Figure 2e). Thus, Figure 2e proves the co-existence of Cu
and ZnO over TiO; and confirms the formation of a ternary CZT-2 nanocomposite with
Z-scheme heterojunction. In addition, the presence of Cu, ZnO, and TiO, was established
through FESEM-EDX and elemental dot mapping analysis.

Notably, CZT-2 nanocomposite fabrication exhibited uniform spherical Cu and Zn
metal NPs with the particle size of the composite being about 25 nm and even distribution
of Cu and ZnO over the TiO, surface is achieved successfully through the sonochemical
approach.

The functional groups attached to the CZT-2 nanocomposite photocatalyst were deter-
mined through the FTIR analysis conducted from 4000 to 400 cm~!. The resultant FTIR
spectrum for the CZT-2 nanocomposite photocatalyst is depicted in Figure 3. The char-
acteristic peaks belonging to the metal oxides’ lattice vibrations were below 1500 cm 1.
Accordingly, the band around 449 cm ™! is the distinctive peak for Zn-O stretching vibra-
tions, while the band at 662 cm ! arises due to Cu-O stretching. The bands related to Ti-O
stretching vibration and Ti-O-Ti skeleton bending vibrations could be observed at 713 and
1053 cm ™!, respectively [22,23]. The symmetric and asymmetric stretching vibrations of
Zn-O-Zn are observed through the intense peak at 1378 cm ! [22]. The adsorbed moisture
over the CZT-2 surface gives rise to the bending and stretching vibrations of -OH groups,
as seen through the bands at 1628 and 3446 cm ™!, respectively [35]. The band appearing at
2335 cm ! is attributed to the adsorbed atmospheric CO,, whereas at 2918 cm ™! indicates
C-H stretching [18]. Hence, FTIR confirms the facile synthesis of CZT-2 via a sonochemical
approach through the co-existence of Cu, ZnO, and TiO, as their characteristic bands are
revealed at 449, 622, 713, 1053, and 1378 cm 1.
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Figure 3. FTIR of the Cu-ZnO/TiO, (CZT-2) nanocomposite photocatalyst.

The BET surface area of CZT-2 evaluated from the BET surface area plot, as shown
in Figure 4a,b, was estimated to be 60.52 m?2/ g. The external surface area and micropore
volume were determined using the t-plot method and were 31.25 m?/g and 13.98 m?/g,
respectively.
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Figure 4. (a) BET isotherm linear plot (b) BET surface area plot for Cu-ZnO/TiO, (CZT-2) nanocom-
posite photocatalyst.

The optical properties of the proposed Cu-ZnO/TiO, nanocomposite photocatalyst
were analysed to evaluate its ability to harness solar energy for photocatalytic applications.
The band gap energy of the CZT-2 nanocomposite photocatalyst was estimated using
UV-Vis-diffuse reflectance spectroscopy (UV-Vis-DRS), as illustrated in Figure 5. The CZT-2
nanocomposite photocatalyst can absorb the visible-light irradiation as the absorption edge
was reflected around 470 nm. The improved sensitivity of CZT-2 towards visible-light
irradiation can be ascribed to the oxygen vacancies created in the band gaps of ZnO and
TiO, because of copper doping [26]. Cu acts as an electron mediator and forms a Cu-
ZnO/TiO, Z-scheme heterojunction nanocomposite photocatalyst. As demonstrated in
Figure 5, the band gap energy of the proposed nanocomposite photocatalyst was estimated
from the onset of the linear increase in the diffuse reflectance spectra, as reported by
Joseph et al. [36]. The diffuse reflectance spectrum of the CZT-2 reveals the linear region
between 500 nm and 650, corresponding to the band edge absorption. The band gap energy
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was determined by the intercept of the extrapolation of the linear fit to R = 0 and was
2.68 eV (Figure 5). The remarkable decrease in the band gap energy of the as-produced
nanocomposite photocatalyst was observed in comparison with the band gap energies
reported for the pure TiO; (Eg = 3.2 eV) [27], pure ZnO (Eg = 3.37 eV) [8], and ZnO-TiO,
heterojunction (Eg = 3.15 eV) [23,27]. The narrow-band-gap energy of CZT-2 might result
from incorporating Cu and ZnO on TiO,, giving rise to the synergistic effect among them
during the sonochemical synthesis of the Cu-ZnO/TiO; nanocomposite photocatalyst.
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Figure 5. UV-Vis-diffuse reflectance spectra of the Cu-ZnO/TiO, (CZT-2) nanocomposite photocatalyst.

2.2. Assessment of Photocatalytic Efficacy

Congo red (CR), an azo dye, is highly fatal, stable, and difficult to mineralise. Thus,
CR degradation was performed to evaluate the photocatalytic efficacy of the as-synthesised
Cu-ZnO/TiO, nanocomposite photocatalyst using a renewable energy source, i.e., natural
sunlight. Upon the direct illumination of sunlight having a higher amount of energy
than the band gap energy of Cu-ZnO/TiO, nanocomposite photocatalyst (2.68 eV), the
electron transmission through the VB of photocatalyst to its CB occurs, which leaves a
hole in the VB. This results in the generation of electron-hole pairs. Subsequently, these
charges move toward the photocatalyst surface, where the electron reacts with O, to give
superoxide (O, ) radicals while holes react with H,O to give hydroxyl (éOH) radicals.
The produced ¢O,~ and eOH radicals are highly oxidising radicals and are responsible
for the degradation of adsorbed CR dye and produce H,O, CO,, and other mineralisation
products.

CR degradation studies were conducted under direct sunlight irradiation with and
without the as-prepared nanocomposite photocatalysts. For comparison, the photocatalytic
degradation of CR dye was also conducted with pure Cu, pure ZnO, and pure TiO; catalysts.
It was observed that CR degradation does not occur in the absence of photocatalyst even
after 180 min of sunlight illumination. On the contrary, the CR degradation rates were
higher in the presence of synthesised nanocomposite photocatalysts, which can be ascribed
to the photocatalytic degradation of the catalysts. Then, CR degradation was attempted in
the presence of as-prepared photocatalysts for up to 180 min in the dark. In the absence
of sunlight illumination, significant colour change or change in the absorbance of CR dye
was not detected. This suggests that the CR dye decomposition cannot proceed without
the photocatalyst or sunlight.

The photocatalytic CR degradation was conducted under sunlight radiation over Cu-
ZnO/TiO, photocatalysts. Before sunlight illumination, CR dye solution and photocatalyst
were kept in the dark for about 30 min to ensure the adsorption and desorption equilibrium
between the CR dye solution and photocatalyst. The UV-visible absorption spectra for the
samples were recorded at fixed intervals. The absorbance for the distinctive peak of CR
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dye and the colour of CR dye gradually decreased with the sunlight illumination time, as
shown in Figure 6. This implies the instantaneous onset of CR degradation with sunlight
illumination over the Cu-ZnO/TiO, (CZT-2) nanocomposite photocatalysts. However, it
was observed that the nanocomposite photocatalysts revealed enhanced photocatalytic
efficiency compared to pure ZnO, pure Cu, and pure TiO,. At the same time, pure ZnO
displayed higher photocatalytic activity than pure TiO,, while pure Cu showed the least
efficiency. Similar results were reported by Munguti and Dejene [18], Pragathiswaran
et al. [22], and Delsouz Khaki et al. [26]. Table 2 summarises the photocatalytic efficacy of
all the prepared nanocomposite samples towards photocatalytic degradation of CR. The
Cu-ZnO/TiO; nanocomposite photocatalysts offered higher photocatalytic performance
than either individual ZnO, TiO,, or Cu catalysts. The CZT-2 sample presented the highest
photodegradation efficacy with almost complete photodegradation of CR dye after 20
min. This ultrafast CR dye decomposition was obtained due to the enhanced properties
emerging from the synergy among Cu, ZnO, and TiO, in the nanocomposite photocatalyst.
Figure 6 suggests that the characteristic absorbance peak of CR dye diminishes completely
along with a simultaneous decrease in the intensity of dye solution colour until it becomes
colourless within 20 min of sunlight exposure over CZT-2 nanocomposite photocatalyst.

0 min

0.8 4
0.6 4

0.4

Absorbance (a. u.)

0.2 4
20 min

0.0 4

0 ' 500 ' 00
Wavelength (nm)
Figure 6. UV-Visible absorption spectra for the CR degradation with time over CZT-2 nanocom-

posite photocatalyst (reaction conditions: CR dye = 75 mg/L, catalyst loading = 0.5 g/L, sunlight
irradiation = 20 min).

Table 2. Photocatalytic performance of the prepared nanocomposite photocatalysts for CR degrada-
tion (reaction conditions: CR dye = 75 mg/L, catalyst loading = 0.5 g/L).

Photocatalyst Degra‘(l;ltii::)n Time (nlfi:ffl) Degl;iz)ation
TO, 100 0.013 76
Zn0O 60 0.05 99
Cu 70 0.02 94
CZT-1 55 0.071 93
CZT-2 20 0.094 100
CZT-3 40 0.075 96
CZT-4 65 0.06 91
CZT-5 60 0.04 86

Cu-ZnO 35 0.078 96
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Furthermore, the samples with lower or higher wt% of Cu and ZnO on TiO; in the
nanocomposite led to decreased photocatalytic activity than the CZT-2 sample. The reduced
photocatalytic activity of the nanocomposites with low ZnO levels could be due lack of
highly catalytic ZnO in the Cu-ZnO/TiO; nanocomposite. The pure ZnO revealed higher
photocatalytic efficacy than the Cu and TiO,, implying that Cu and TiO, could dominate in
the lower ratios of ZnO in the nanocomposites, plummeting its photocatalytic efficiency.

Delsouz Khaki et al. reported similar catalytic activity for methyl orange and methy-
lene blue dye degradation over Cu doped TiO,/ZnO photocatalyst [26]. They reported
85.45% removal of methyl orange and 73.20% removal of methylene blue over 0.6 g/L
Cu-TiO, /ZnO with an initial dye concentration of 20 ppm under visible-light illumination
after 120 min. They synthesised a Cu-TiO,/ZnO catalyst via the sol-gel method with three
steps of sol preparation: drying of sol in an electric oven, calcination, and ball milling to
obtain the nano-sized Cu-TiO, /ZnO composite. The synthesis process took approximately
18-20 h and produced crystallites with an average size of 37.65 nm and rodlike shapes
having lengths of 300-400 nm and 50-60 nm diameters. In this sonochemical approach, the
synthesis of Cu-ZnO/TiO, nanocomposite photocatalyst was obtained within 45 min of
sonochemical reduction followed by 6 h of drying. Moreover, an average crystallite size
of 24.27 nm with spherical morphology was achieved. This suggests the superiority of
the sonochemical approach for synthesising Cu-ZnO/TiO, nanocomposite photocatalyst
over the sol-gel approach. Additionally, this insinuates the potential of as-prepared Cu-
Zn0O/TiO; nanocomposite photocatalyst for the removal of various recalcitrant dyes and
phenolic compounds in wastewater streams using sunlight energy.

2.2.1. Kinetic Studies of CR Decomposition over Cu-ZnO/TiO, Nanocomposite
Photocatalyst

UV-visible spectroscopy is useful to track CR degradation and for kinetic studies.
The Beer—Lambert law states that the absorbance intensity of dye changes linearly with
its concentration. Thus, the photocatalytic degradation rate of CR dye was investigated
through the declining intensity of the CR characteristic peak, as illustrated in Figure 6. At
the same time, the Langmuir-Hinshelwood model was employed to depict the kinetic
studies between Cu-ZnO/TiO; nanocomposite photocatalysts and CR dye molecules. As
the initial CR dye concentration (C;) is small, the Langmuir-Hinshelwood model could be
considered to follow the pseudo-first-order rate equation (Equation (2)) [9].

ln% = Kapp-t )
This indicates that the slope of the linear fit for In(C;/Cy) vs. irradiation time gives the
apparent degradation rate constant (Kgpp). Figure 7 elucidates the degradation kinetics plot
for CR degradation over sunlight driven Cu-ZnO/TiO, nanocomposite photocatalysts.
The values of Kpp and degradation (%) for the prepared nanocomposite photo-
catalysts are reported in Table 2. The degradation kinetics demonstrated by the CZT-2
Z-scheme heterojunction nanocomposite photocatalyst for CR photocatalytic degradation is
outstanding compared to other synthesised composite samples and other reported reports
of photocatalysts for CR degradation. The Kapp for photocatalytic CR degradation over
the CZT-2 nanocomposite photocatalyst under sunlight irradiation was 0.094 min~!. Mag-
dalane et al. reported 85% CR degradation over TiO,-doped CoFe;O4 under visible light
after 120 min [37]. Yang et al. obtained 99.63% CR degradation over ternary metal selenide—
chitosan microspheres after 2 h of sunlight irradiation [38]. Further, Huerta-Aguilar et al.
achieved 64.7% CR degradation over ZnO-TiO; in 70 min of UV-light illumination. With
a ZnO-TiO,-Ag nanocomposite photocatalyst, 87.5 % CR degradation after 70 min of
UV-light irradiation has been reported [27]. This signifies that the doping of ZnO-TiO,
heterojunction with low-band-gap materials can greatly influence dye degradation [8,22,27].
The efficacy of several catalysts described in the literature for CR dye decomposition is
exhibited in Table 3. As evident from Table 3, the nanocomposite materials reveal good pho-
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tocatalytic efficiency compared to the individual materials. However, the Cu-ZnO/TiO,
nanocomposite photocatalyst explored in this study manifested excellent efficiency to-
wards CR removal in terms of initial CR concentration to catalyst-loading ratio, CR removal
time, and Kapp harnessing the natural sunlight. This swift removal of CR obtained in
the present study can be attributed to the synergistic properties of incorporating Cu into
the ZnO-TiO; heterojunction. Additionally, a good improvement in the photocatalyst’s
sunlight-driven excitation was observed due to the incorporation of Cu into the ZnO-TiO,,
resulting in the formation of a Z-scheme heterojunction. The CZT-2 nanocomposite pho-
tocatalyst presented the highest catalytic activity among other prepared nanocomposites
towards CR photocatalytic degradation, confirmed through its photocatalytic performance.
Thus, the catalyst characterization and further studies were conducted using the CZT-2
nanocomposite photocatalyst.

——TiO, 4- = TiO,

—e— Cu Y e Cu

——7Zn0 A ZnO

—— CZT-5 v

——CZT-1 .
Cu-ZnO

CZT-2

In (C{/Cy)

Time (min)

60 80 100

T T T T T 1
0 20 40 60 80 100

Time (min)

(a) (b)

Figure 7. (a) Photocatalytic degradation of CR with different catalysts (b) The kinetic plot of CR
degradation between In (C;/C;) and time (t) (reaction conditions: CR dye = 75 mg/L, catalyst
loading = 0.5 g/L, sunlight irradiation = 20 min).

2.2.2. Influence of Catalyst Loading, Sunlight Illumination Time, and Initial CR
Concentration on the CR Degradation

The catalyst loading has a considerable impact on the abasement of CR dye, as illus-
trated in Figure 8a. The impact of catalyst dosage on CR decomposition was evaluated by
varying the CZT-2 photocatalyst loading from 0.1 g/L to 0.8 g/L under sunlight for 20 min
with 75 mg/L of CR dye concentration. As shown in Figure 8a, the CR dye removal rises
as the catalyst loading increases up to 0.5 g/L. When the amount of catalyst increases, the
availability of reactive sites and surface area increases, facilitating the generation of many
oxidising radicals. This improves the effectiveness of CR dye decomposition up to a catalyst
loading of 0.5 g/L. Conversely, a further increase in the catalyst dosage does not promote
the CR dye decomposition; rather, it marginally diminishes the degradation efficiency. This
occurs as the dye solution becomes more and more impenetrable to sunlight due to the
increase in the catalyst dosage. As a result, the amount of visible light energy that could
be adsorbed on the catalyst’s surface becomes insufficient, lowering the photocatalyst’s
CR dye degradation efficacy [39]. These results align with the studies reported by Delsouz
Khaki et al. [26] towards the photocatalytic decomposition of methyl orange and methylene
blue dye over sunlight activated Cu-TiO, /ZnO.
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Table 3. Summary of the photocatalytic performance of different catalysts used for CR degradation.

Catalytic Dosage = CR Concentration Degradation Kapp Degradation
Photocatalyst () (mg/L) Time (min) (min-1) %) References
ZnO 0.05 16 60 0.0062 53.1 [9]
Pd-ZnO 0.05 16 60 0.0576 100 [9]
TiO, doped
CoFeyOy 0.08 10 120 85 [37]
FeNiSe-CHM 0.2 60 140 - 99 [38]
ZBiSe-CM 0.225 40 120 0.045 99.63 [39]
ZnO/Geopolymer 0.2 5 60 0.048 96.97 [40]
g_
C3N,4/RGO/BisFesOo 0.05 10 60 0.022 86.76 [41]
PbTiO3 nanorods 0.75 7 150 0.017 92 [42]
MgZnCr-TiO, 0.05 100 40 - 98 [43]
TiO, 0.1 17.4 30 - 87 [44]
CuO 0.05 20 210 - 67 [45]
CuO-ZnO/Egg 0.1 10 240 - 83 [46]
shell
ZnO-TiO, 0.1 70 70 0.0065 87.5 [27]
Cu-ZnO/TiO, Present
(CZT-2) 0.025 75 20 0.094 100 work

The sunlight illumination time can greatly affect the CR degradation. As indicated
earlier, without sunlight illumination, CR decomposition does not occur. On the contrary,
beyond 15 min, the degradation rate increases gradually. Thus, the decomposition of CR
dye (75 mg/L) was observed from 0 min to 20 min over the CZT-2 photocatalyst (0.5 g/L)
and is reflected in Figure 8b. The increase in CR degradation efficiency with increasing
sunlight illumination time was observed until it reached 100% after 20 min of sunlight
illumination. Up to 15 min, a rapid increase of 78 % CR decomposition after 15 min of
contact time was recorded. This might occur due to the photocatalyst surface’s reactive
site saturation as a high dye concentration (75 mg/L) was used for the photocatalytic
decomposition studies. A similar trend in the decomposition of CR dye with time was also
reported by Yang et al. [38].

Several researchers have reported that the decomposition of recalcitrant azo dyes can
be significantly altered based on the initial CR dye concentration [26,38,42]. Hence, the CR
removal efficiency of the as-prepared CZT-2 nanocomposite photocatalyst was investigated
by changing the initial CR dye concentration from 55 mg/L to 95 mg/L with the catalyst
dosage of 0.5 g/L up to 15 min. As indicated in Figure 8¢, it is evident that the CR removal
efficiency declines with an increase in the initial CR concentration. The CR decomposition
efficiency was reduced from 88% to 60%, with the initial CR dye concentration increasing
from 55 mg/L to 95 mg/L after 15 min of sunlight. This phenomenon is apparent as the
increasing CR concentration increases the rate of active site saturation of the photocatalyst
surface and hinders the passage of photons to reach the photocatalyst surface by blocking
the path of light due to excessive CR molecules in the suspension. Such interception of
sunlight radiation reduces electron-hole pair generation, significantly lowering the CR
removal efficiency. This behaviour was also noted by Khan et al. [40] and Ma et al. [43].



Catalysts 2022, 12, 605

13 0of 19

100 100 -
95+
] 80 -
£ S
= 1 S 60
S 85 2
= ©
S ] ®
S 80 5, 404
2 @
8 . a
o 751 [04
o ; O 20-
70
65' o+
0.0 0.2 0.4 0.6 0.8 0 3 6 9 12 15 18 A
Catalyst Loading (g/L) Sunlight illumination time (min)
100+ 1004 —1
80
90 .
= c 60-
2 804 2
3 2
8 k 40 -
[o2]
2 70- o
¢ =
o 20
60
i o‘<———r+r——1—r
50 60 70 80 90 100 0 3 6 9 12 15 18 21 24
Initial CR concentration (mg/L) Sunlight illumination time (min)
(0 (d)

Figure 8. CR degradation efficiency with (a) Catalyst loading (b) Sunlight illumination time (c) Initial
CR concentration and (d) TOC removal efficiency.

2.2.3. Assessment of TOC Abatement during Photocatalytic Degradation of CR Dye

The extent of mineralization of CR degradation (75 mg/L) was examined by analysing
the TOC removal (%) with sunlight illumination time over CZT-2 nanocomposite catalyst
(0.5 g/L). The TOC removal efficiency is demonstrated in Figure 8d. A drastic reduction
in TOC along with time could be observed, indicating increased mineralization with
time. Almost complete mineralization of CR dye was achieved after 20 min of sunlight
illumination, implying complete degradation of CR dye.

2.2.4. Photocatalyst Stability

The stability and ease of recycling are the critical factors in determining the appli-
cability of heterogeneous catalysts. Thus, the recyclability of the CZT-2 nanocomposite
photocatalyst during sequential photocatalytic CR dye decomposition was investigated
in this work. A fresh CR dye solution was used in every recycle run while the recycle
photocatalyst was employed to conduct the recycle runs. The photocatalyst was separated
and washed with DI water using a simple centrifugal operation at the end of every trial. The
photocatalysts recovered were again used in a subsequent photocatalytic CR degradation
process. Figure 9 depicts the nanocomposite photocatalyst’s recyclability and efficacy for
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CR dye degradation under sunlight illumination for five successive recycle runs. After the
third run, a small drop in the catalytic activity was noticed. Overall, Cu-ZnO/TiO, (CZT-2)
nanocomposite photocatalyst demonstrates excellent stability for CR degradation up to
five recycle runs with no significant loss in the catalytic activity.

I CR Degradation (%)
100+

/,

B (o] o4}
o o o
1 1 1

CR Degradation (%)

N
o
1

o
1

Recycle runs

Figure 9. Reusability of Cu-ZnO/TiO, (CZT-2) nanocomposite photocatalyst for CR degradation
(reaction conditions: CR dye =75 mg/L, catalyst loading = 0.5 g/L, sunlight irradiation = 20 min).

2.2.5. Plausible Mechanism for the Enhanced Photocatalytic Performance of Cu-ZnO/TiO,
Nanocomposite Photocatalyst

Generally, for TiOp-ZnO, type II heterojunction is reported between TiO; and ZnO,
which is well known for obtaining an efficient degradation. In the TiO,-ZnO type II
heterojunction, mostly localization of electrons occurs on TiO; and holes are accumulated on
Zn0O, which prevents the recombination of the charge carriers, enhancing the photocatalytic
activity [20]. However, the electron transfer is limited by the coulomb repulsions among
photo-generated electrons. To overcome this, recently, a Z-scheme system has attracted
widespread attention, which is an effective construction to boost the catalytic activities
of photocatalysts [47]. An EM is added between the semiconductor heterojunction in
the Z-scheme heterojunction. In the proposed nanocomposite photocatalyst, Cu plays
the role of an EM between ZnO and TiO,, which accelerates the transfer of electrons in
the Cu-ZnO/TiO,, thereby greatly improving the photocatalytic activity. As a result, the
band alignment of Cu-ZnO/TiO; heterojunction is Z-scheme (Figure 10). Based on the
above discussion and reported studies [34,47], a tentative mechanism for the photocatalytic
degradation of CR dye over the Cu-ZnO/TiO, composite has been proposed.

The photo-induced electrons are preferably transferred from CB of TiO, to Cu, attribut-
ing to the more positive Fermi level of Cu than CB energy of TiO, by the strong interfacial
built-in electronic field [47]. Since the Fermi level of Cu is lower than the VB energy of ZnO,
the trapped accumulated electrons in metal Cu will be partially transferred from the Fermi
level of Cu to VB of ZnO, and the photo-generated holes of ZnO are quenched; hence, the
photo-induced electrons of ZnO can be separated efficiently and enhance the reduction
ability. Furthermore, the accumulated holes in the VB of TiO;, will be able to oxidise the CR
molecules. Owing to the reasons mentioned above, the Cu-ZnO/TiO;, Z-scheme heterojunc-
tion exhibits an excellent photocatalytic activity. Thus, the Cu-ZnO/TiO, nanocomposite
photocatalyst can efficiently promote photocatalytic degradation of CR dye. The possible
charge transfer mechanism for the Cu-ZnO/TiO,; nanocomposite photocatalyst towards
CR dye degradation is illustrated in Figure 10.
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Figure 10. Charge transfer mechanism for Z-scheme Cu-ZnO/TiO, (CZT-2) heterojunction photocat-
alyst for CR degradation.

3. Materials and Methods
3.1. Reagents

As zinc precursor, zinc acetate (C4HgO4Zn-2H0, 98.5%) (S.D. Fine Chemicals Pvt.
Ltd., Chennai, India) was used. For copper, copper sulphate pentahydrate (CuSO4-5H,0,
98.5%) precursor from Hi-Media Laboratories Pvt. Ltd., Mumbai, India, was employed. The
metals were reduced using sodium borohydride (NaBHy, 97%) obtained from Molychem,
Mumbeai, India. As a stabiliser, polyvinylpyrrolidone (CcH9oNO), (PVP,11.5-12.8%, MW
40,000, Hi-Media Laboratories Pvt. Ltd., India) was used. TiO, NPs support was obtained
from Merck Pvt. Ltd., Bengaluru, India. Sigma-Aldrich (Hyderabad, India) provided the
CR dye. De-ionized (DI) water was used to obtain precursor, reducing agent, and CR dye
solutions.

3.2. Sonication-Assisted Synthesis of Cu-ZnO/TiO; Ternary Z-Scheme Heterojunction
Nanocomposite Photocatalyst

The ternary Cu-ZnO/TiO, nanocomposite was synthesised via the sonochemical
co-reduction of CuSO4.5H,0 and C;H¢O,4Zn-2H,0 in the presence of TiO, NPs. At first,
100 mL TiO, NPs suspension in DI water was prepared using an ultrasound probe sonicator
(20 kHz, 20 mm tip diameter, 220 W, Dakshin ultrasonicator, Mumbai, India) operated
with pulse mode (5 s ON and 5 s OFF) for 10 min. To this dispersion, an appropriate
quantity of CuSO,.5H,0, C4HgO4Zn-2H,0 and PVP was added, and the solution was
stirred to dissolve the metal precursors fully. These metal precursors were then reduced
with dropwise addition of 0.2 M NaBH, (50 mL) and ultrasonic irradiation for up to 40 min
using a probe sonicator operated with pulse mode (5 s ON and 5 s OFF). Centrifugation
was employed to extract and wash the resulting nanocomposite with DI water. The washed
precipitate was then dried at 80 °C for 6 h to provide the ternary Cu-ZnO/TiO; nanocom-
posite photocatalyst. The Cu-ZnO/TiO, nanocomposite photocatalyst with various wt% of
Cu, ZnO and TiO; named as CZT-1 (wt% = Cu-0; ZnO-40; TiO,-60), CZT-2 (Wwt% = Cu-10;
Zn0O-30; TiO,-60), CZT-3 (Wt% = Cu-20; ZnO-20; TiO,-60), CZT-5 (wt% = Cu-30; ZnO-10;
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TiO;-60), CZT-5 (Wt% = Cu-40; ZnO-0; TiO,-60) was synthesized. For comparison, pure Cu
and pure ZnO catalysts were also synthesised using the sonochemical approach.

3.3. Characterization of the As-Prepared Cu-ZnO/TiO;, Z-Scheme Heterojunction Nanocomposite
Photocatalyst

Fourier-transform infrared spectroscopy (FTIR) was carried out to check the functional
groups bound to the surface of the as-prepared photocatalyst. The compact Fourier-
transform infrared spectrometer of Bruker-ALPHA II with a resolution of 4 cm™! between
4000 cm~?! and 400 cm~! was utilised to record the FTIR. The crystal structure, phase de-
tection and average crystallite size estimation of Cu-ZnO/TiO, were conducted using the
X-ray diffractogram (XRD) of the obtained Cu-ZnO/TiO;. The XRD was performed using
a Malvern Panalaytical X-ray diffractometer with CuKa radiation (1.5406 A°). The mor-
phological aspects were studied with a high-resolution transmission electron microscope
(HRTEM) (JEOL-JEM 2100, Tokyo, Japan) operated at 200 kV and the overall distribution of
Cu, Zn0O, and TiO; in the as-prepared nanocomposite was investigated with Carl Zeiss,
EVO MA 15 (Oxford Instruments, Abingdon, UK) field emission scanning electron micro-
scope (FESEM) equipped with energy-dispersive X-ray spectroscopy (EDX). The optical
properties of Cu-ZnO/TiO, were examined via UV-Vis-DRS conducted on Specord 210 Plus
UV-Vis spectrophotometer (Analytikjena, Jena, Germany). The surface area measurement
was performed on Micromeritics ASAP 2020 BET analyser. Over time, the degradation
of CR dye was observed via a double-beam UV-visible spectrophotometer (UV 2080 UV-
visible spectrophotometer, Analytical Technologies Limited, Vadodara, India). The extent
of CR dye mineralisation was investigated using a total organic carbon (TOC) analyser
(TOC-Lcpn analyser, Shimadzu, Kyoto, Japan).

3.4. Photocatalytic Performance of the Sunlight-Driven CR Dye Degradation over Cu-ZnO/TiO;

The photocatalytic efficiency of ternary Cu-ZnO/TiO; heterojunction nanocomposite
catalyst was investigated to degrade CR dye as a model pollutant. To a 50 mL CR dye solu-
tion (75 mg/L), 0.5 g/L Cu-ZnO/TiO, nanocomposite catalyst was added and maintained
in the dark for up to 30 min with continuous stirring to establish the adsorption equilib-
rium. CR dye solution with catalyst was then subjected to direct sunlight illumination
under constant stirring. The decrease in the concentration of CR with time was noted by
recording the UV-visible absorbance of the reaction samples at regular intervals. The sam-
ples were collected at regular intervals, followed by catalyst separation using a centrifuge
before UV-visible absorbance measurements. The CR degradation was computed using
Equation (3).

CR degradation (%) = =G x 100 = A=A
Ci A
where C; is the initial concentration of CR, A; is the initial absorbance of the CR dye, C;
is the concentration of CR at time ¢, and A; is the absorbance of CR dye after sunlight
illumination at time ¢.

After the complete CR decomposition, the catalyst was extracted using a centrifuge,
washed and dried. The stability of the catalyst was investigated by repeating the same
photocatalytic experiment using the recovered catalyst for five cycles consecutively, and
the respective CR degradation was noted.

x 100 @)

4. Conclusions

In this study, a Cu-ZnO/TiO, Z-scheme heterojunction nanocomposite photocatalyst
was synthesised using the sonochemical approach. The average crystallite size of the CZT-2
nanocomposite photocatalyst was 24.27 nm, as determined through XRD. In comparison,
uniformity in shape and size with spherical morphology was illustrated through HRTEM
and FESEM analyses. The CZT-2 nanocomposite revealed high visible-light absorption
capability as it showed a narrow-band-gap energy of 2.68 eV. The photocatalytic activity
of the Cu-ZnO/TiO; nanocomposite was evaluated for sunlight-driven photocatalytic CR
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dye decomposition. The CZT-2 photocatalyst revealed excellent photocatalytic efficacy as
100% CR decomposition with complete mineralisation was attained after only 20 min of
sunlight irradiation. The pseudo-first-order reaction kinetics were applied to estimate the
Kapp for CR decomposition over the Cu-ZnO/TiO; photocatalyst. Rapid degradation of CR
was observed over the CZT-2 nanocomposite photocatalyst with Kypp = 0.094 min~!. This
enhancement in the photocatalytic activity was noted due to the excellent characteristics
and catalytic properties offered by the synergy between Cu, ZnO, and TiO, present in the
ternary Z-scheme heterojunction nanocomposite. Furthermore, the photocatalyst stability
was studied for five successive recycle runs. The solar-light-responsive photocatalyst
showed outstanding stability up to five recycle runs with no apparent loss in the catalytic
performance. This implies that the nanocomposite photocatalyst synthesised via the
sonochemical approach can find its applications in wastewater treatment for photocatalytic
degradation of various dyes, phenolic compounds, and other difficult-to-treat compounds.
Furthermore, utilising this solar-light-responsive photocatalyst can also offer the scale-up
potential for treating textile wastewaters in bulk.
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