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ABSTRACT

Due to the presence of basic surface sites, g-C3Ny is utilized for many applications, including
catalysis, biosensors, and hydrogen production. However, because of some limitations such as less
ability to utilize the visible spectrum of light and low conductivity, g-C3Ny suffers from a low
efficiency in many applications. The objective of this study was to synthesize S-doped g-C3Ny
CuO/ZrO:.based semiconducting NCs for sensor and catalytic degradation of pollutant dyes using
the chemical precipitation method, as well as to elucidate the position of S in S-doped g-C3N4
applying computational studies. A facile gas-templating method was developed to realize the
synchronous S-doped g-C3Ny in one step at 550 °C. The XRD results indicate the average
crystallite sizes of S-doped g-C3Ny, binary CuO@S-doped g-C3N4(30%), ZrO>@S-doped g-C3N4
20%) and ternary CuO/ZrO>@S-doped g-C3Ny (30%) to be 13.23,6.50, 6.99 and 3.36 nm
respectively. The band gap energy of synthesized samples was determined by UV-vis/DRS studies
respectively. The specific surface area of the samples was determined via BET analysis. The
position of S in S-doped g-C3Nywas visualized with DFT using optimized structures. The presence
of N, C, and S elements, monoclinic shape CuO and ZrO: in the NCs was confirmed by
HRSEM/EDS and XPS study analysis. The morphology and presence of flower-shaped S-doped g-
C3Ny in the binary and ternary NCs were investigated through HRSEM/EDS/TEM. The
electrochemical property for mono, binary and ternary samples was verified by using CV, EIS, and
M-S analysis. The ternary NC showed outstanding performance (99.56%) in the reduction study
of 4-NP to 4-AP within 300s at the optimized load of 0.01g with pseudo-first-order kinetics. The
electrochemical reaction taking place at the modified electrodes was a diffusion-controlled process
The sensitivity of the binder-free electrodes for CuO@S-doped g-C3N4 (30%)/FTOE, ZrO>@S-
doped g-C3Ny (20%)/FTOE, and CuO/ZrO>@S-doped g-C3Ni4 (30%)/FTOE for 4-NP was
determined to be 0.017, 0.007 and 0.004 uAuM ~'cm™? respectively. In the study of BPA sensing,
surprisingly the ZrO>@S-doped g-C3N4 (20%)/CPE present the highest LOD (3.21nM) than the
CuO@S-doped g-C3N4 (30%)/CPE and CuO/ZrO:>@S-doped g-C3N4 (30%)/CPE. The higher
photocatalytic (99.454%) degradation of MB was recorded by CuO/ZrO>@ S-doped g-C3N4(30%).
Generally, this study supports the notion that the synthesized binary and ternary NCs have good
promise for multifunctional uses as catalysts, sensors, and photocatalysts.

Keywords: S-doped g-C3N4, Nanocomposite, Reduction, Sensor, Photocatalysis, Semiconductor,

Doping
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CHAPTER 1. INTRODUCTION

1.1 Background of the study

In recent decades, due to rapid industrialization growth, a major cause of water pollution has been
organic compounds from different industrial sources. These persistent organic pollutants,
introduced into natural water resources or wastewaters, are highly toxic and hazardous to living
organisms. Food and beverage industries are among the most polluting industries in terms of the

volume and the complexity of treatment of their effluent discharge.

The presence of pharmaceutical waste in water bodies is significantly influenced by hospitals and
the pharmaceutical industries. Additionally, it has been claimed that household waste contains
pharmaceuticals as a result of improperly discarding outdated or expired medications and excreting
unmetabolized drugs. Due to its expanding use in the production of pharmaceuticals, fungicides,
paracetamol, herbicide/insecticide industries, and dyes, 4-NP (p-nitrophenol or 4-hydroxy
nitrobenzene) has gained environmental significance (G. Chang et al., 2012). Because of this, these
industries are producing 4-NP-contaminated effluent, which leads to water pollution, and creates
several negative effects such as the cognitive, nervous, and ocular systems in all living things,
including the central nervous system, liver, kidneys, and blood of animals and humans (Bogireddy
et al., 2020; Carneiro et al., 2010). Due to its toxicity, high stability, solubility in water, and extent
and severity of environmental pollution, 4-NP has been listed as a “priority pollutant” by the U.S.
Environmental Protection Agency (EPA) (C. Wang et al., 2017). Because of this health problem,
the maximum allowable level in drinking water is 60 ug/L (~0.43 uM) (Carneiro et al., 2010; Yin
et al., 2010; H. Yuan et al., 2016). This is why one of the research topics that has received a lot of
attention recently is monitoring of 4-NP from contaminated wastewater by developing various
mechanisms. Many strategies, including solvent extraction, photocatalytic degradation, chemical
oxidation, adsorption, chemical precipitation and biodegradation, have recently been developed to
remove 4-NP (Sahiner et al., 2010; Sonavane et al., 2007). In this regard, according to (Idris et al.,
2020), despite the g-C3N4's outstanding performance for quantifying medicines in water, there

aren't many studies available on its use for sensing pharmaceuticals in water.

Bisphenol A (BPA) is a chemical produced in large quantities for use primarily in the production

of polycarbonate plastics, epoxy resins and paper products (thermal papers). It is also found in
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various products including shatterproof windows, eyewear, and water bottles, bottle tops, and
water supply pipes (Xing et al., 2022). Literature shows that phenols and parabens are a group of
chemicals commonly found in personal care products and household items. Exposure to these
chemicals has been associated with gestational length, and several growth parameters at birth,
including birth weight and birth length. Previously reported associations with bisphenols show that
BPA is associated with changes in birth size, depending on the timing of exposure (Aker et al.,
2020). BPA can leach into food from the protective internal epoxy resin coatings of canned foods
and consumer products such as polycarbonate tableware, food storage containers, water bottles,
and baby bottles. Moreover, disturbances in thyroid hormones during development have been
implicated in some neurodevelopmental and cognitive disorders (Zheng & Andou, 2022).
Considering the large number of chemicals in the environment that can affect the thyroid system,
it is important to consider that a proportion of these public health trends are related to chemical
exposures acting on the thyroid system. Although this area of research is relatively not new and
not limited, evidence supports the notion of an increased risk of adverse effects with exposure to
high concentrations of environmental chemicals BPA and modifying the methods of monitoring

the detecting levels of BPA is still at its early stage.

Methylene blue (MB), is a very poisonous and carcinogenic derivative of the phenothiazine used
to dye textiles (Imran Din et al., 2023). Although decolorizing textile effluents has been
accomplished using coagulation, flocculation, adsorption, and membrane filtration, these
processes have drawbacks, including sludge production, adsorbent regeneration, and membrane
fouling. For the treatment of wastewater including pesticides, phenols, chlorophenols, dyes, and
other substances, advanced oxidation processes (AOPs), which include UV light, Fenton reagents,
ozone, etc., have been investigated alone as well as in combination, in the presence and absence
of catalysts (Babu et al., 2019). Thus, the treatment of MB wastewater containing such dyes is a

vital environmental problem.

Even though the aforementioned techniques can identify and degrade a variety of contaminants,
however, the majority of them require time-consuming sample preparation and pre-treatment,
expensive equipment, energy, and trained operators (Zheng & Andou, 2022). Recently researchers
have developed several instrumental techniques and strategies to maintain a secure environment.
However, efficiency and costs are still big challenges. In this context, semiconductors are

recommended as prospective candidates for the detection, reduction, and photodegradation of
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harmful organic pollutants due to their low cost, lack of toxicity, ease of sample preparation, energy
efficiency, and environmental safety (Chegeni et al., 2019; Vasiljevic et al., 2020; Zheng & Andou,
2022).

Graphitic carbon nitride (g-C3N4) is considered an intrinsically nitrogen-rich system with a
lamellar structure. The polymeric structure of g-C3Nj arises from the repetition of tri-s-triazine
(symmetry. 1,3,5 triazine) units and the 2D lamellar structure arises from the weak van der Waals
interaction between the layers. The lone pair of electrons on nitrogen could provide surface polarity
on the electrode material and that could offer several binding sites for the electrolyte ions to interact
with the electrode surface. The g-C3N4 has exceptional properties such as high mechanical
strength, good chemical stability, high level of oxygen-ion conductivity, and corrosion resistance.
Due to these exceptional properties, g-C3N4 has been a promising candidate for a wide range of
applications such as electrochemical biosensors (Kessler et al., 2017; Kimmel et al., 2012) gas
sensors (H. Xu et al., 2019), hydrogen evolution (Yu et al., 2017) carbon dioxide storage (Y. Wang
et al., 2021), solar cells (X. Yang et al., 2021), and photocatalysis (X. Wang et al., 2012) etc.

However, because of some limitations such less the ability to utilize the visible spectrum of light,
low conductivity, and small surface area, g-CsNy suffers from low efficiency in many applications
(Kavil et al., 2019). The ideal g-C3N4 consists uniquely of an assembly of C—N bonds without
electron localization in the 7 state (this material is a m-conjugated polymer). However, the potential
value of this material was not fully recognized until recent decades, most likely because of its
chemical inertness, insolubility in acidic, neutral or basic solvents, and its unrevealed structure (Ke

etal., 2014; X. Wang et al., 2012).

To improve these limitations scholars have been devoted to altering surfaces by a variety of
methods, such as calcination at various temperatures (Dong et al., 2013), doping with nonmetals
(Q. Guo et al., 2016; Stolbov & Zuluaga, 2013a) and the effects of metal and metal oxides (Chafi
et al., 2018) on different precursors (Tian et al., 2019). However, detailed investigations on the
local structure, optical characteristics and composition of fabricated g-C3Ns-based NC materials
are not properly discussed in many related studies and thus uncertainty prevails in many aspects

(Ke et al., 2014; Mohammad, Ehtisham, et al., 2020; Tan et al., 2015).

This is why creating low-cost, multifunctional NCs with high catalytic activity has gained

popularity as a research area in recent years. Because of its simple, inexpensive, environmentally



friendly manufacturing methods, promising stability, and outstanding physicochemical properties
for usage in a variety of the degradation of organic pollutants, g-C3N4 is an essential substance in
chemistry, physics, and engineering (You et al., 2017; J. Zhu et al., 2014). There are several
advantages to employing g-C3N4-based NCs for multiple applications over other semiconductors.
For instance, ease of synthesis using a variety of techniques, low cost, favorable electrical
structural morphologies, and good heat stability up to 600°C. Size reduction, doping, or sensitizers
can change the electrical and optical characteristics. Moreover, a technique that facilitates multi-
electron transfer is non-toxic and recyclable without significantly affecting the desired activities

(Babu et al., 2019; Ong et al., 2016; P. P. Singh & Srivastava, 2022).

By using diverse fabrication procedures, several strategies have been used to enhance the catalytic
performance of g-C3N4.based materials. Doping with nonmetal elements, such as through nitrogen,
(D. Zhu & Zhou, 2021), phosphorus (Mat&jka et al., 2022) and sulfur (You et al., 2017) exhibited
great opportunity to boost the visible light absorption of g-C3Ny, since the electronic structure and
band gap changed dramatically shows much higher activity than the optical prism g-C3Ns. We
consider that two rules should be followed for anion dopant: one is that the electronegativity of the
anion dopant must be lower than that of the substituted lattice atom; the other is that the dopant
anion should have a radius comparable to that of the substituted lattice atom. In this work, to
demonstrate the above considerations, Smaller electronegativity and larger radius (2.58 vs 3.04)
than nitrogen (1.09 vs 0.75 A) was chosen as a dopant into g-C3N4 (Lu et al., 2017). However,
studies have shown that when two or more semiconductors are combined, the combined
semiconductors' properties are improved over those of the individual semiconductors (Chegeni et
al., 2019). For instance, the loading of some transition metal oxides such as AgzVOs4 (Zhao et al.,
2019), ZrO; (Sudhaik et al., 2018), SnO: (Y. Zhang et al., 2020),and ZnO (S. Zhang et al., 2019)
significantly boosted the potential degradation rate of g-C3N4. Additionally, numerous studies have
been carried out where the addition of transition metal oxides loading CuO (L. Li et al., 2016),
TiO> (Lachheb et al., 2002) and Fe>Os (Jia et al., 2016) on the g-C3N4 was investigated and proven

to be effective for the successful detection and degradation of harmful organic contaminants.

CuO, a transition metal oxide with P-type conduction, has drawn a lot of attention because of its
adjustable electrical structure, narrow bandgap, affordable price, and eco-friendly composition.
However, pristine CuO has some drawbacks like rapid recombination of photogenerated electron-

hole pairs and a low rate of light absorption, which significantly lowers the material's
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photocatalytic performance (Harish et al., 2017; J. Li et al., 2011). ZrO» has also been extensively
employed due to its chemical and physical qualities, which include outstanding mechanical
strength, high ionic conductivity, low thermal conductivity at high temperatures, and good thermal
stability. It also has great refractoriness and chemical resistance. ZrO; is also utilized in a wide
range of applications, such as solid-state electrolytes, thermal barrier coatings, electro-optical
materials, catalyst or catalyst support (Ke et al., 2014; Y. Li et al., 2001) and sensor technology (R.
Zhang et al., 2010). ZrO; is a promising potential candidate for several applications due to its
distinctive features, such as its high surface area and the presence of numerous oxygen vacancies.
However, due to its wide band gap energy (>3.5 eV), ZrO; is limited in using in photocatalysis,
particularly for applications in the UV-Vis range (Najibi-Ilkhechi et al., 2015). As a result, to
advance the aforementioned environmental issues as well as the used materials and processes,

novel multifunctional semiconducting g-C3Ns-based binary and ternary NCs must be developed.

Two types of synthetic methods have been mainly employed for the synthesis of g-Cs;Ns.based
composites. The first one is mixing the substance with a carbon nitride precursor followed by the
thermal condensation at the desired temperature; the second one is the post-treatment of the
substance with as-formed g-C3N4 by deposition or simply mixing (Sudhaik et al., 2018). The g-
CsNy is abundant and can easily be prepared via a one-step polymerization of cheap feedstocks
such as melamine (G. Liu et al., 2017) cyanamide, (X. Wang et al., 2009), dicyanamide (X. Bai et
al., 2014) urea, (Ong et al., 2015; Paquin et al., 2013) and thiourea (G. Zhang et al., 2012). Some
researchers preferably synthesized MOs incorporated g-C3N4 NCs via the hydrothermal method
(J. Cao et al., 2017) and microwave irradiation (Hosseini et al., 2020). However, due to the
limitations related to yield and energy consumption, other researchers prefer the familiar and
simple pyrolysis method. Notably, because of its feasibility in the economy, ease of use and high
yield, nowadays direct pyrolysis of precursor followed by ultrasonication and chemical
precipitation technique is the best synthesizing technique of g-Cs;Ns-based NCs (L. Bai et al.,
2022). Therefore, the synthesis procedure that reduces the stated disadvantages, and that avoids

complex preparation procedures should be developed.

Even though there are significant ongoing efforts to improve the functionality of g-CsNy, there is
a need for accurate and trustworthy data on the entire structural characterization, pore sizes,
morphology, crystallinity, photoluminescence, formation energy, charge analysis, band gap energy,

etc. There are various ways to synthesize non-metal doped g-C3N4 NCs. For instance, S-doped g-
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C3N4 was created by calcining a precursor made of thiourea, a molecule that contains carbon,
nitrogen, and sulfur. Despite the impressive results of such materials, there is disagreement
regarding the precise structure of the resulting S-enrichment of g-C3N4. Furthermore, there are
very few opportunities for such synthesis to be directed in a way that favors a specific type of S-
enrichment (it is still unclear precisely which type of S-enrichment is advantageous for a given
application). The second approach involves the combined pyrolysis or co-polymerization of a
mixture of precursors that are known to contain C and N (urea, cyanuric acid, melamine, or
dicyandiamide) and sulphur-containing precursors (trithiocyanuric acid) which is believed to be a
sort of S-doped g-C3N4. On the other hand, this approach has the same drawbacks as the thiourea
pyrolysis. With this information, investigating a novel strategy to gain S-doped g-Cs3Na.based
binary and ternary NCs is one of the findings of the current study.

It is evident from the discussion above that MOs, such as ZnO, CuO, and ZrO,, as well as non-
metal elements, such as S, P, and N, are potential candidates to address the drawbacks of g-C3N4
semiconductors and have attracted a lot of interest. With this regard, CuO and ZrOz NPs have
adhered to the surface of the S-doped g-C3N4 NCs that served as support in the current study. The
reduction of 4-NP, sensing of 4-NP, and BPA were among the applications used to evaluate the
electrocatalytic performance. Additionally, the photodegradation of MB was used to gauge the
effectiveness of synthesized ternary photocatalysis. Using a variety of advanced experimental
characterization techniques, the required foundation for the future synthesis, clarification, and
prospective applications of such ternary semiconducting NCs was provided. With this regards,
HRSEM/EDS/SED, BET, and TEM methods were used to corroborate the morphology and porous
nature of the NCs. In addition to the binary NCs, the presence of S, CuO, and ZrOx in the ternary
NCs as well as their predicted composition were assessed using HRSEM/EDX/SED, TEM, and
XPS analyses. Analytical methods including CV, EIS, and M-S were used to assess the
electroconductivity of the synthesized NCs. The DFT calculations were applied to shed more light
on the exact substitution positions of S and correlate the experimental and calculated band gaps.
The potential sensing procedure was evaluated using the CV, DPV, EIS, and M-S approaches. In
addition, the performance of the NCs as electrocatalysts was assessed using the potential pollutant
molecule 4-NP. The reduction reaction and adsorption-diffusion process were studied using the

pseudo-first-order (PFO), kinetic model. There have been suggestions for potential electrocatalytic



sensing, reduction, and photocatalysis mechanisms of processes. Generally, the aforementioned

operations were summed up in the upcoming objectives.
1.2 Statement of the problem

Various human activities related to agriculture and industry in modern societies are releasing a
variety of wastes and toxic pollutants into the environment. For a variety of uses, the
pharmaceutical, plastics, textile, cosmetics, food processing, and dye manufacturing industries use

dyes like 4-NP, BPA, and MB, and they discharge their waste directly into the environment.

In Ethiopia, several industries are producing plastic containers for bottled mineral water production
and sales to manufacture drugs, fungicides, insecticides, dyes and tannery processing. BPA is a
priority environmental pollutant listed by the United States Environmental Protection Agency
(USEPA) and in many other countries (Name et al., 2013). 4-NP is also listed by The Agency for
Toxic Substances and Disease Registry (ATSDR) of the United States (Nishimura, 1992). Due to
the inconsistency between industrial water consumption, requirements and water pollution,
familiarizing novel wastewater treatment and detecting and recycling technologies is essential.
Despite the progress, there is a need to bridge the knowledge gap in accessing g-C3Ny-based NCs
capability in pollutant dyes remediation approaches, especially in the -electrocatalytic,
electrochemical sensor and photocatalysis processes. Hence, compressive theoretical
investigations and experimental mechanisms of non-metal doped g-CsN4 incorporating MOs for
multifunctional applications should be designed and developed. This approach is crucial for
designing future structural features, predicting, and comprehending the entire reaction mechanism

at the molecular level for the planned applications.

To the best of the researcher's reading and knowledge, there is no information on ternary NCs that
are heterostructured composites made of CuO, ZrO; and S-doped g-C3N4. Therefore, in this study,
mono, binary, and ternary semiconductors using S-doped g-C3N4, CuO and ZrO; for the sensor and
catalytic degradation of pollutant dyes applications are reported. The novelty of this study is to
enhance conductivity activity and realize the active-site structures of S-doped g-Cs;Ns.based
nanostructures containing readily available and non-toxic CuO and ZrO, NPs for electrocatalyst

and sensor active material by experimental and computational modelling studies.



1.3. Objectives
1.3.1. General objective

The general objective of this study is to synthesize S-doped g-C3Ns CuO/ZrO:-based

semiconducting nanostructures for sensor and catalytic degradation of pollutant dyes.
1.3.2 Specific objectives

The specific objectives are:

w To synthesize intrinsic g-C3Na4, S-doped g-C3N4, CuO and ZrO> NPs, binary CuO@S-doped g-

C3N4 (Cu0=5,10,20 and 30%) and ZrO@S-doped g-C3N4 (Zr0»=5,10,20, and 30%) NCs and

ternary CuO/ZrO> @S-doped g-C3Ns4 (CuO/Zr0»=5,10,20, and30%) NCs by chemical

precipitation method.

w To characterize the as-synthesized materials by TGA/DTA, XRD, FTIR, UV-Visible /DRS, PL,
HRSEM/EDS/SED, TEM, BET, XPS, CV and EIS, M-S techniques.

w To optimize some experimental parameters (catalyst dose, pH, concentration of analyte) for the
evaluation of the performance of catalytic reduction of 4-NP, photocatalytic degradation of MB,
and sensor study of 4-NP and BPA.

w To evaluate performance, catalytic reduction of 4-NP, photocatalytic degradation of MB

sensing of 4-NP and BPA.

w To utilize DFT simulations in optimizing structural and electrical (electronic) properties of S-

doped g-C3N4 and predicted the position of S in the s-triazine rings.
1.4 Significance of the study

Utilization of semiconductor-based NCs from carbon-rich resources effectively and efficiently is
generally regarded as one of the many potential options. To improve the drawbacks of g-C3Na, one
of the many strategies employed was doping g-C3;N4 semiconductors with non-metal elements as
the hottest study topics in contemporary material science. Copper (II) and zirconia are promising
materials due to their excellent conductivity, low hazardous characteristics, chemical and thermal

stability and environmentally friendly features.

This study established S as the sought-after chemical that served as the dopant. Because of the

potential for mixed metal-sulphur-doped materials, all metallic salts were avoided. Ammonium



sulphate ((NH4)2 SO4) was selected in light of these requirements and it is an N and S-containing
compound that isn't frequently thought of as a sulphur dopant for such materials. Thus, the findings
of the preliminary studies on S-doped g-C3N4 produced in a single step utilizing (NH4)> SO4 as a
pre-pyrolysis agent and sulphur source were presented. These days, some researchers employ
organic solvents, more precisely those that fall within the worldwide harmonized system's category
of "hazard and precautionary" and "severe human health risk phrases." Particularly these organic
solvents, which have high vapor pressures and low boiling temperatures, can also result in

potentially fatal explosions. With this regard, this work simply uses water as a solvent.

It is also important to mention that the benefits of this study in preparing intrinsic S-doped g-C3Na,
binary CuO@S-doped g-C3N4, ZrO2@S-doped g-C3N4 and CuO/ZrO2@S-doped g-C3N4 materials
with ease of construction, enhanced surface area, improved conductivity, chemical stability, non-
toxicity, catalytic and electrochemical activities. Generally, through the current work, the
groundwork for upcoming experimentally-based syntheses, clarifications, and prospective uses of

such semiconducting NCs is established.



CHAPTER 2. LITERATURE REVIEW

2.1 Historical background of graphite carbon nitride (g-C3Ny)

In 1989, Cohen and Liu published an article based on the crystal structure calculation of B -SizN4
in Science, predicting a carbon-nitrogen compound -C3Ny4 with an elastic modulus comparable to
that of the diamond. They calculated that the elastic modulus of the compound is similar to that of
a natural diamond, and it is assumed that its hardness may be close to that of the diamond
(A~Y.~Liu & M.~L.~Cohen, 1989). In 1996, Teter and Hemley recalculated C3N4 using the
minimum energy pseudopotential method and proposed five various phases of several allotropic
forms of carbon nitride, possible structures of C3N4. They are a phase, B phase, cubic phase, quasi-
cubic phase and graphite-like phase (Teter & Hemley, 1996). Numerous researchers have
contributed to the creation of the current state of carbon nitride, as demonstrated in Figure 1's

history of the material's historical background (Siddiquee et al., 2020).

Berzelius and Licbig Franklin found the Redemann and Lucas "/])ig.;overy of g-C:Nj as a
develop a linear empirical composition of reported on melon metal-free conjugated
polymer called ‘Melon’ to be CsNy has graphite semiconductor
Melon carbonic nitride (C:Ny) o structure photocatalyst for Hz

\ could be final

1834 1922

Figure 1.The historical background of g-C3Ny4

With a moderate energy bandgap of 2.7 eV, the covalent connection between the carbon and
nitrogen atoms in C3Ng4 has been robust and largely persistent. As a result, after the carbon-nitrogen
compound in the B-C3N4 covalent crystal was proposed. More elucidation on the type of bond that
exists in g-C3N4 shows the presence of the bond by sp? hybridization between the carbon and
hydrogen atoms in g-C3N4. The C-N bond connects each of these triazine rings, which together

form the structure known as a triazine ring. The tri-s-triazine ring (CsN7) and the g-C3N4 with a
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triazine ring (C3N3) are the two chemical structures of graphitic carbon that are generally accepted

to exist (Figure 2).

One of the two allotropes of g-C3Ny is formed by joining triazines together, whilst the other is
created by joining together tri-s-triazines units. However, due to the different sizes of the nitrogen
in the structure, the two g-C3Ns allotropes lead to different electron environments for the nitrogen
atoms, as a result of the different stability of the two g-C3N4 species. Importantly, a thorough
investigation through DFT calculations revealed that the tri-s-triazine-based g-C3N4 is more stable.
As a result, catalysis research has recently focused on the tri-s-triazine structural unit g-C3Ny
(Kroke et al., 2002). g-C3Na, is also a polymeric material consisting of C, N, and some impurity
H, connected via tri-s-triazine-based patterns (Figure-2b). Compared with the majority of carbon
materials, it has electron-rich properties, basic surface functionalities and H-bonding motifs due
to the presence of N and H atoms. It is thus regarded as a potential candidate to complement carbon

in material applications (Alaghmandfard & Ghandi, 2022).

tri-s-triazine(heptazine)

(@)

triazine

Figure 2.The proposed chemical structure for g-C3N4 of (a) s-triazine and (b) tri-s-triazine
2.2 Properties of graphitic carbon nitride

The ideal g-CsN4 (a m-conjugated polymer) consists uniquely of an assembly of C—N bonds
without electron localization in the & state. The carbon and hydrogen atoms in g-C3N4 are bonded
together by sp” hybridization. Both the carbon and nitrogen atoms in the g-C3Nj are sp? hybridized
and are joined by o bonds to form a hexagonal structure. The small units, the C—-N bond connect
each of these rings to form the structure, a triazine ring (Idris et al., 2020). As can be seen in Figure

3, real materials, such as those made by polycondensing cyanamide, contain a small amount of
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hydrogen in the form of primary and/or secondary amine groups on the terminal ends. Hence, the
presence of hydrogen shows that the real g-C3Ns is partly condensed and that several surface
defects exist, which can be useful in for example to promote electron relocalization on the surface,
which indicates the Lewis-base character toward metal-free coordination chemistry and catalysis
(Figure 3). Moreover, due to the presence of hydrogen and the fact that nitrogen has one more
electron than carbon, g-C3N4 has rich surface properties that are important features, such as basic
surface functionalities, electron-rich properties, H-bonding motifs, etc. Among the advantages of
g-C3Ny properties, the most important one is stability. Hence, in a variety of conventional solvents,
such as water, alcohols, dimethylformamide, tetrahydrofuran, diethyl ether, and toluene, g-C3N4
exhibits good chemical stability, making it an excellent material for both liquid-phase reactions
and gas-phase reactions carried out at high temperatures. TGA studies reveal that g-C3N4 can
withstand temperatures of up to 600 °C and that its profiles are comparable in atmospheres of inert
gas or oxygen, indicating that it has a high degree of thermal stability and is inert to oxygen (J.
Zhu et al., 2014). Its capacity to operate in liquid or gaseous settings and at high temperatures,
together with its excellent thermal stability (up to 600 °C in air) enhance its variety of uses in
heterogeneous catalysis (J. Liu et al., 2011; Mo et al., 2015). This shows that g-C3N4 can withstand
high temperatures, even in an oxidizing environment, and that the weight loss at temperatures
above 600 °C is caused by g-C3N4's thermal breakdown rather than the material's oxidation by
oxygen (to create oxides like CO or CO»). In contrast to conventional inorganic materials that are
reactive to molecular oxygen, it is anticipated that g-C3N4 can demonstrate interesting outcomes

in catalysis (J. Zhu et al., 2010).

Electronic N YNH ", Bronsted basic
Ay, noyy s functions

......

Lewis basic H-bonding
[unctions molif

Figure 3. Multiple surface functionalities found on g-C3N4 (Thomas et al., 2008)

12



In addition to its role as a metal-free catalyst, g-C3N4 also has an essential role in catalysis. For
example, g-C3N4 can be used as a functional material to graft metal NPs in catalyst preparation,
and as a reference material to manufacture catalysts to distinguish the oxygen activation sites.
Based on the improved thoughtful of the intrinsic characteristics which can restrict its application,
such as small specific surface area and rapid recombination of the photogenerated electron—hole
pair, several types of research have been attempted which will certainly widen its applications and

lead to magnificent results (J. Zhu et al., 2014).

According to the reported investigations, the UV-Vis absorption qualitatively confirm that the
calcination temperatures affect the unique electrical characteristics and catalytic activity of g-C3Na.
The g-C3N4 exhibits the typical characteristic absorption pattern of a semiconductor with a
noticeable band gap at about 420 nm which gives the material slightly yellow. However, the
calcination temperature also affects the g-C3Ns bandgap. Hence, when calcined at 550°C, the
bandgap is narrower than when calcined at 450 and 650 °C. Surprisingly, for g-C3N4 synthesized
at the calcination temperature of 450, 550 and 650 °C respectively, the BET-specific surface areas
were found to be 37.8, 73.7 and 65.6 m*-g ! respectively. In general, this shows that at higher
temperatures, the degree of g-CsN4 polymerization, the larger the n-plane conjugation degree of

heptazine rings via N> atoms (Alaghmandfard & Ghandi, 2022).

Further evidence for the complete synthesis of g-C3Ns can be obtained by the two typical
diffraction peaks seen in the XRD spectra of g-CsN4. The diffraction peak at 27.54° typically
represents the interlayer stacking of conjugated aromatic structures indexed for graphitic materials
as the (002) peak, and the diffraction peak at 13.38° is attributed to in-plane (100) ordering of tri-
s-triazine units indicating the successful synthesis of g-C3N4. The FTIR measurement is helpful to
examine the chemical bonding of the sample. The out-of-plane bending vibration typical of
heptazine rings and the characteristic mode of the triazine units of g-C3N4 are responsible for the
sharp peak at 810 cm™! originates from the characteristic breathing mode of s-triazine (T. Wang et
al., 2020). The weak peak at 2137 cm ™! is assigned to the C=N double bonds. Due to incomplete
condensation, there are more or less undeleted amino groups in g-C3;N4 prepared by thermal
condensation polymerization. The absorption peaks between 1650 and 890 cm™! correspond to the
usual stretching vibration modes of repeated units and connected units of C—N(—C)—C (full

condensation) or C-NH—C (partial condensation) (Kavil et al., 2019; J. Zhu et al., 2014). The
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broad band in the range of 3500-3000 cm! is attributed to the stretching mode of the O—H bond
and the vibration mode of the N—H bond (J. Zhu et al., 2010).

Elemental analysis results reveal the molar ratios of C to N of the g-C3N4is around 0.60 (theoretical
value of g-C3Ny4 = 0.75), implying incomplete crystallization. A recent study shows that the PL
emission spectra of g-C3N4 samples that used urea as a precursor were recorded at a lower PL
intensity. This suggests a lower recombination rate of the electron—hole pairs under light irradiation
(K. Li et al., 2023). A similar study reveals that the optical bandgaps were moved towards higher
energies (from 472 nm to 420 nm emission maxima) due to the result of better layer packing and
electrical coupling. This shows that the PL sensitively depends on the degree of condensation and
the packing between the layers. While the uncondensed melem still shows a PL peak maximum at
around Amax = 366 nm, this peak shifts for melon-like materials (condensed for 4 h at 550 °C) to
around Amax=472 nm, in agreement with lowering the optical band gap by condensation of single

molecules to an extended solid material (Thomas et al., 2008).

The survey (Figure 4a) and high-resolution XPS spectra measurement have been used to
investigate the binding energy of carbon (Figure 4 b) and nitrogen elements (Figure 4 ¢) in g-C3Na.
Thus, the sp? -bonded carbon in C—C (284.6 eV) and N-C=N (288.1 eV), the sp>-bonded N in C—
N=C (398.7 eV), the nitrogen in tertiary N—(C)3; groups (400.3 eV), and the presence of amino
groups (C—N-H, 401.4 eV) caused by imperfect polymerization (K. Li et al., 2023).
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Figure 4. XPS spectra of g-C3Ny: (a) full spectrum, (b) Cls, (c) N1s and (d) Ols (G. Zhang et al.,
2012).
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2.3 Synthetic techniques of graphitic carbon nitride

Graphitic carbon nitride (g-C3N4) can be prepared by one-step thermal polymerization of oxygen-
free and nitrogen-rich compound precursors having bonded core structures (triazine and heptazine
derivatives) such as melamine (G. Liu et al., 2017) cyanamide,(X. Wang et al., 2009) dicyanamide,
(X. Bai et al., 2014; G. Liu et al., 2010), melamine, (G. Liu et al., 2017) urea, (Dong et al., 2011;
Fang et al., 2016; Ong et al., 2015; Paquin et al., 2015; Y.-P. Yuan et al., 2013; X.-X. Zou et al.,
2011) and thiourea (G. Zhang et al., 2012). To create the polymeric g-C3N4 network, these C and
N precursors have straightforward and effective condensation routes. Solvothermal, plasma
sputtering and chemical vapor deposition (CVD) are methods for making g-C3N4. To synthesize
high-quality composites, CVD does not require high vacuum and can deposit a wide variety of
materials and does not require a high vacuum. On the other hand, physical vapor deposition (PVD)
involves a high vacuum atmosphere. The disadvantage of CVD is that some CVD precursors are
costly, highly toxic, explosive, or corrosive, such as Ni (CO)s, B2Hg, and SiCla, respectively. The
by-product of this method, such as CO, or HF, can also be hazardous. Additionally, since the
substrates must withstand high temperatures, the substrates are limited (Alaghmandfard &

Ghandi, 2022).

Several studies reported that g-C3N4 can be synthesized utilizing a template technique or an
adequate precursor (such as urea), which can result in the synthesis of g-C3Ns with better
photocatalytic H, generation (Y.-P. Yuan et al., 2013). A straightforward thermal condensation
process and inexpensive precursor (melamine) were used to create the g-C3Ny that was prepared
at various temperatures (450 °C, 500 °C, 550 °C, 600 °C, and 650 °C), Figure 5. As the calcination
temperature rises, the photocatalytic activity of the g-CsNs improves, and the maximum
photocatalytic activity was seen in g-C3N4 synthesized at 650 °C (Mo et al., 2015). According to
(H.-Y. Y. Xu et al., 2015), pyrolytic synthesis of g-C3N4 conducted by heating dicyandiamide and
melamine has shown slight differences in crystal and morphology. Generally speaking, the
crystallite size of the g-C3N4 sample made from dicyandiamide was lower than that made from
melamine at the same pyrolysis temperature. Literature shows that the precursor type and synthesis
process can strongly affect physical and chemical properties and the C/N ratio in g-C3Ns. As an
example, Figure 5 illustrates how nitrogen-rich precursors can be polycondensed or pyrolyzed to
produce g-C3Njy. In this regard, the bandgap of the g-C3N4 synthesized from such precursors ranges

from 2.58 to 2.89 eV. The majority of these precursors are unstable, challenging to obtain, and/or
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extremely explosive. Due to their low thermodynamic stability, single-phase sp>-hybridized carbon
nitrides are difficult to synthesize (Thomas et al., 2008). It appears that the imperfect materials are
significantly more useful than the ideal ones, especially for catalysis, which necessitates surface
defects. Therefore, when the substance is going to be used in catalysis, the synthesis of g-C3N4
with defects is an interesting topic.
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Figure 5. Preparation of g-C3N4 using different precursors (Luo et al., 2023)
2. 4 Cupric oxide

Transition metal oxides (TMOs) are widely investigated materials, which have been widely used
due to many advantages as co-catalysts or co-photocatalysts in g-C3N4 heterojunction systems. By
adjusting the ratio of precursors and synthesis conditions, different crystal structures with distinct
energy band structures can be obtained, which provide great flexibility in the design of Type I/11,
Z-scheme, p-n and Schottky junctions. TMOs show different d-orbital electronic activities and
their electronic structures can be adjusted to enhance the conductivity of the TMOs as co-catalysts
and to improve the carrier transfer efficiency of heterojunctions (L. Bai et al., 2022). Most MO
semiconductors such as ZrO> (band gap of 3.75 eV) are unable to absorb visible light because of
their wide band gap. While small band gaps containing semiconductors like CuO exhibit a fast

recombination phenomenon, photo-generated holes and electrons are unable to act efficiently for
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photocatalytic conversion. A co-catalyst can be used to trap photo-generated electrons or holes,
delay the recombination time by monitoring the defect density in the semiconductor lattice, or
dope heteroatoms and functionalize photocatalysts (Henderson, 2011; Kamat, 2012;

Szczepankiewicz et al., 2000).

The study of CuO NPs conducted earlier made a significant contribution to its future outlook of
semiconductor photocatalysis. The prospect of potential applications of CuO nanostructures has
led to substantial research and development efforts to have various types of nanostructures. Studies
on CuO show that it is a p-type semiconductor with a band gap of 1.2 eV, large surface area, and
a very intriguing reactive morphology. It has also high catalytic reusability, minimum cost, superior
chemical and thermal stability, low toxicity, and ease of handling. compared to organic and
microbial agents, CuO NPs are stable, robust and have a longer shelf life. CuO NPs can be
produced by using various synthesizing techniques typically the wet chemical synthesis technique,
which involves the nucleation and development of liquid substances, is the main type of bottom-
up synthesizing technique. This method has the advantage of consistent particle size and shape

with fewer chances of surface defects and impurities (Behari, 2010; L. Li et al., 2016).
2.5 Zirconia

Zirconium oxide known as zirconia (ZrOz) is a polymorphic metal oxide with a white crystal. It
has different types of polymorphs including cubic, tetragonal and monoclinic (Figure 6). It is a
potential catalyst and catalyst support, with superior mechanical strength, high ionic conductivity,
and low thermal conductivity at high temperatures. ZrO is used for a variety of applications
including electro-optical materials catalyst or catalyst support (Y. Li et al., 2001; B.-Q. Xu et al.,
2003; R. Zhang et al., 2010). Literature shows that ZrO» exists in three distinct crystal phases:
monoclinic, tetragonal, and cubic (Figure 6). ZrO; can be prepared using a variety of methods,
including precipitation, hydro-thermal, microwave heating, etc. It is well known that ZrO>, wide
band gap (>3.5 eV) TMO nanostructures can be used to make materials that are electro-optic,
dielectric, and nanocomposites. Mesoporous materials have opened up several new possibilities
because of the enormous surface area of ZrO,, tunable pore size, and simple functionalization

(Dourandish et al., 2011; Sathyaseelan et al., 2017).
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Figure 6. Atomic structure (a-c) and Zr to O coordination units (d-f) for the three low-pressure
polymorphs of ZrO»: cubic (a and d), tetragonal (b and e), and monoclinic (c and f). Large dark

circles denote O atoms, and small light circles, Zr (Dourandish et al., 2008).

The most stable phase at ambient temperature and normal air pressure is monoclinic zirconia (m-
Zr0O2). On the other hand, the pH at which the precursor gels precipitate is what determines whether
the material would form the monoclinic or tetragonal phase after being calcined at 400-600 °C.
As a result, the monoclinic phase could be produced in the medium pH (8-11) range whereas the
tetragonal phase can be produced at a high pH (13-14) (Srinivasan et al., 1988, 1992).
Accordioning to (Srinivasan et al., 1991),the crystal structure formation, polymorphic transition,
and crystalline development are strongly influenced by the solution chemistry of zirconia precursor
materials. Because of the similarity of their lattice parameters (ap = 0.5124 nm for the cubic, and
a0 = 0.5094 nm and co = 0.5177 nm for the tetragonal structures), the assignment of the tetragonal
and cubic structures can be accurate. The tetragonal and cubic phases can be distinguished from
one another by the presence of the distinctive splitting of the tetragonal phase reflections, (002),
(200), (113), (311), (004), (400), and (006), whereas the cubic phase only displays single

reflections at all of these positions.

According to the researchers, zirconia began to form almost devoid of organics, nitrates, and
hydroxides at about 450 °C and no additional weight loss was observed up to 1200 °C. Tetragonal
zirconia was visible in the x-ray diffraction pattern at 500 °C after drying an amorphous material
at 100 °C. Pure amorphous zirconia made from gels or hydroxides crystallizes first as a metastable

tetragonal phase, which transforms into a stable monoclinic form at temperatures below 1000 °

( Sathyaseelan et al., 2017; Srinivasan et al., 1991).
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2. 6 Modification techniques of graphitic carbon nitride (g-C3Na)

Despite the significant achievements over the years, there are still several obstacles in the way of
the use of g-C3Ny particularly related to modification techniques. As depicted in Figure 7, there
are several methods to modify the physical and chemical behaviors of g-C3N4-based materials.
First, changes need to be made to g-C3Ny's surface area and structural stability. It is known that g-
C3N4 prepared via condensation technique typically suffers from incomplete poly-condensation,
leading to various structures/composites from batch to batch. The surface area of such obtained g-
C3Ns material is low, which reduces its catalytic activity. Although a template approach can
produce g-C3N4 with an increased surface area, the surface morphology and characteristics may
suffer as a result of the extreme conditions employed during the template etching process. Thus,
the search for better, milder, and more reversible procedures to synthesize g-C3N4 with enhanced
surface area is of crucial importance. Second, the physicochemical properties of g-C3N4 need to
be further explored. Although g-C3N4 has been demonstrated to be an effective catalyst for some
processes, its actual role is not clear. To better understand the reaction and improve the material, it
is therefore necessary to relate the knowledge of g-C3Na4's physicochemical characteristics and
their impact on the catalytic activity. As depicted in Figure 7, the most important is to improve the
catalytic efficiency of g-C3Ny in the reactions either by functionalization (doping) with nonmetal,
alkali metals, transitional metal elements and rare earth metals. Since g-C3N4 is a covalent
molecule, it contributes to reactions by donating of electrons to the substrate, which necessitates
the splitting of the complex and subsequent establishment of the covalent bond. Because dissolving
a covalent bond requires a lot of energy, this procedure slows down the electron donation process
and lowers reaction rates. Therefore, to speed up the rate of electron donation, g-C3N4's surface
energy and/or surface basicity must rise. In conclusion, two types of synthetic methods have been
mainly employed for the synthesis of g-C3Ns.based composites. The first one is mixing the
substance with a carbon nitride precursor followed by the thermal condensation at the desired
temperature; the second one is the post-treatment of the substance with as-formed g-CsN4 by

deposition or simply mixing (Sudhaik et al., 2018).
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Figure 7. Flow chart showing modification methods for g-C3N4 and various doping strategies.

2.6.1 Template-assisted methods

Templating (Hard and soft templating methods)) approaches offer a promising strategy to modify
the structural and physical properties of semiconductor materials by varying the overall
morphology and introducing porosity. Thus, larger guest-accessible surface areas, more active sites
and more efficient charge separation can be achieved; all thought to benefit overall photocatalytic
activity. Hard-templating is a multi-step process that involves filling a rigid template with a
precursor, treatment of that precursor to generate the target material, and the removal of the
template to yield a replica. In this approach, organic/inorganic molecules are used as templates to
synthesize porous g-C3Ns.based semiconductors. For example, the mesoporous carbon nitride
photocatalyst was prepared by the replication of silica nanoparticles with a size of (12 nm) with
melon obtained through the thermal condensation process of cyanamide precursors. The
mesoporous g-C3N4 varied surface area from 8 to 373 m?/g (X. Wang et al., 2009). Similarly, soft-
templating offers an alternative, potentially greener method for the manufacturing of carbon nitride
nanostructures. Soft structure-directing agents such as surfactants, amphiphilic block polymers,

and ionic liquids were used to introduce porosity into a carbon nitride framework. 1-butyl-3-
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methylimidazolium tetra-fluoroborate ([Bmim][BF4]) and 1-butyl-3-methylimidazolium
hexafluorophosphate ([Bmim][PFs]) ionic liquid-butyl- 3-methylimidazolium tetrafluoroborate
(BmimBF4) has been used as soft template for the preparation of B and F doped mesoporous g-
C3N4 with a high surface area of 444 m?/g with active sites for catalytic reactions (Kessler et al.,

2017).
2.6.2. Non-metal doped graphitic carbon nitride

Doping is a useful technique for increasing the efficiency of NCs in many applications, because it
helps semiconductor materials' optical response ranges to become more flexible. Doping foreign
elements onto the matrix structure is likely to modify the semiconductor’s chemical makeup,
atomic arrangement, electronic properties, and band position, leading to variations in its capacity
to absorb photons and separate electron-hole pairs (J. Zhu et al., 2014). The lattice disorders caused
by ion modification are known to have a significant impact on the electronic structure and surface
characteristics by creating dopant-related states or mid-gap states, which may reform the
conduction band (CB) and valence band (VB), and as a result, act as the active centers for electron-
hole excitation and tune the optical response of semiconductors. Non-metal ion doping of g-C3N4
is thought to be one of the most effective alterations that might reduce the bandgap and increase
the visible light absorption of g-C3N4, causing a red shift of the absorption edge and its
luminescence. Non-metallic elements having accessible d-orbitals, such as sulphur and phosphorus

are known to tailor electronic (Shylo et al., 2019).

Additionally, the electro-negativity and ionization energies of non-metals are always high as a
result, non-metals often pick up electrons during reactions to create covalent connections with
other substances. As shown in Table 1, to date, there are some studies on the non-metal ions
employed for doping on g-C3N4 matrix such as nitrogen (D. Zhu & Zhou, 2021), phosphorus (S.
Liu et al., 2018), boron (S. Zhang et al., 2017) oxygen (J. Zhang et al., 2022) and sulfur (You et
al., 2017) exhibiting great opportunity to boost the visible light photocatalysis of g-C3N4 (Pollutant
& Visible, 2017). Non-metal doped g-C3N4 NCs are discussed in more detail in the following

sections.
Nitrogen-doped graphite carbon nitride

An exceptionally narrow band gap nitrogen-doped g-C3Ns (NCN) was produced and used for the

photodegradation of phenols. Similar in thought, experimental tests and DFT research revealed
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that N-doping was introduced in the g-C3N4 matrix by swapping out C atoms. By using DFT, PL
spectra, optical property, and photoelectrochemical (PEC) analysis, it was reported that N-doped
g-C3Ny has an incredibly narrow band gap, effective photogenerated carrier separation, efficient

charge transfer, improved absorption of visible light (D. Zhu & Zhou, 2021).
Sulphur-doped graphite carbon nitride

The preparation of porous S-doped g-C3Ns can be employed from different precursors and
synthesizing methods (Table 1). The first set of methods in the pyrolysis of compounds containing
sulphur, carbon and nitrogen in one molecule (thiourea) is a common example of such precursors.
With this regard, the pyrolysis of known C and N-rich precursors like urea, cyanuric acid,
melamine or dicyandiamides and sulphur-containing compounds or sulphur precursors is a hot
research area. However, as an example, the mixture of melamine and elemental sulphur (Ss) is
known not to provide any of S-doped g-C3N4 (J. Zhang et al., 2012) only structurally transformed
g-C3Ny is produced. Melamine and trithiocyanuric acid were co-polymerized to produce an
intriguing substance that is thought to be a form of S-doped g-C3N4 (Shylo et al., 2019). On the
other hand, the above-mentioned method suffers from similar shortcomings as shown with the
thiourea pyrolysis (Shylo et al., 2019). However, there are several mechanisms proposed for the
enhancement of catalytic activity but no clear research evidence was presented where the band gap
and the separation of charge carrier are indicated as responsible factors for such improvements.
Additionally, it is assumed that these non-metals replace the C, N, and H constituents in the tri-s-
triazine structural unit. Therefore, the separation of photogenerated electrons and holes efficiently
occurs when certain elements are substituted, leading to the establishment of a lattice defect in g-
CsN4 and increased catalytic performance. Despite the remarkable results of such materials, still
there is a lack of accordance about the detailed structure of resulting sulfur enrichment of g-C4Na,
hence, the possibilities of the direction of such synthesis in favour of one particular kind of sulfur
enrichment are very limited. Hence, there is still a lack of detailed information on which kind of
sulfur enrichment is advantageous to a target application. To circumvent this constraint, recently
some research groups have attempted by using DFT to designate the position of non-metal dopants
such as S atom, which likely replaces the first N atom, while a P atom preferentially positions the

interstitial sites of in-planar of g- C3N4 (Ma et al., 2012).
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Sulfur-doped g-CsN4 by treating g-C3Ns powder in a gaseous H»S atmosphere at 450°C was
synthesized for the first time by (G. Liu et al., 2010). The S-doped g-C3N4 exhibits a larger VB
width along with a higher CB minimum and a slightly lower absorbance. This unusual electronic
structure is brought about by the homogeneous replacement of sulfur for lattice nitrogen and a
concurrent quantum confinement effect. This results in the S-doped g-C3N4 with outstanding
photoreduction of H» evolution and photo-oxidation of phenol. Researchers in this field
hypothesize that the g-C3Ns matrix generated by pyrolyzing melamine and thiourea with a
relatively low S content (<1wt.%) has both structural and optical characteristics. S-doped g-C3N4
had greater surface areas, a wider light adsorption range, and smaller band gaps than bulk g-C3N4
as a result of the synergistic effects of sulfur and g-C;N4, which led to improved photocatalytic

activity (G. Liu et al., 2017).

Among the various ways to synthesize S-doped g-C3Njs, the first technique involves pyrolyzing
precursors like thiourea that contain carbon, nitrogen, and sulfur all in one molecule. Despite the
impressive results of such materials, there is disagreement over the precise structure of the
resulting g-C3N4 S-enrichment. Moreover, there are very few opportunities to steer such a synthesis
in favour of a certain type of S-enrichment (there is still a lack of detailed knowledge of which
kind of S-enrichment is beneficial to a target application). The second approach involves the
combined pyrolysis or co-polymerization of a mixture of precursors that are known to contain C
and N (urea, cyanuric acid, melamine, or dicyandiamide) and sulphur-containing precursors
(trithiocyanuric acid, ammonium sulphate) Figure 8, which is thought to be a form of S-doped g-

C3N4 (Guan et al., 2021).

Dicyandiamide
(C3HN,)
LiBr-KCl salt

Heating

©

Trithiocyanuric acid Sulfur doped g-C,N,
[c]H!NJSI,

Figure 8. A schematic of the synthesis of S-doped g-C3N4 from different precursors.
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As shown in Table 1, the properties of an S-doped g-CsNj catalyst depend on the variety of
precursors and treatment conditions. The best option is to change the precursors and modify the
synthesis parameters such as time and temperature to attain a specific surface area of S-doped g-
C3Nsand particle size to optimize the electronic structure and reaction sites. Nano-porous S--doped
g-C3Ns microrods were synthesized by direct thermal condensation of melamine and
trithiocyanuric acid supramolecular cocrystal in the N2> atmosphere. The prepared S-doped g-C3N4
semiconductor was having a larger surface area and enhanced visible light absorption afforded an
activity about 9.3 times higher than that of pure g-C3N4 for H> evolution and exhibited satisfactory
stability (J. Chen et al., 2015). Recently, S-doped g-C3N4porous rods with enhanced photocatalytic
activity for the degradation of RhB in visible light were produced using the same precursor. The
enhanced photocatalytic activity was attributed to greater mass and charge transfer in the
mesoporous structure as well as stronger and longer light absorption brought on by sulfur doping
(Fan et al., 2016). A study show that the substitution of the edge of the N atom in g-C3;N4 with the
S atom was practically advantageous due to the similar electro-negativities of S and N, which was

compatible with the DFT studies examined by (Ma et al., 2012).

Figure 9 shows the XPS spectra of survey for g-C3Na4, S-doped g-C3N4 and high-resolution spectra
for C, N and S elements. The high-resolution C /s XPS spectra of the sample S-doped g-C3N4 in
comparison to the g-C3N4 sample are displayed in Figure 9b. Consequently, the S-doped g-C3N4
sample exhibits three peaks at binding energies of 284.2, 284.8, and 287.9 eV. The main peak at
287.9 eV is assigned to the sp” - bonded carbon of N=C—N in g-C3N4, whereas the peak at 284.2
eV is ascribed to the C—C coordination due to carbon impurities. The characteristic peak centered
at 284.8 eV is related to the C—S bond, which reveals that the S atom is indeed covalently bound
to the CN framework. The high-resolution N /s XPS spectra of the samples were split into three
peaks. The highest intensity peak at 398.5 eV is assigned to the sp? - bonded nitrogen of the C=N—C
group. The peaks at 399.5 and 400.9 eV are attributed to the tertiary nitrogen of N-(C)3 and the
amino functional groups with hydrogen (C—N—H), respectively. For the S 2p XPS spectrum
(Figure 9d), the S 2p peak centered at 164.2 eV can be assigned to the S-C chemical bonds formed
in g-C3Ny4 by substituting the lattice N atoms with the S atoms. Accordingly, it can be concluded
that a part of nitrogen is substituted with sulfur (An et al., 2019). The S 2p peak at about 164 eV
can further establish the presence of the S-C bond created by substitution lattice nitrogen atoms in

the g-C3N4 skeleton with sulfur (J. Chen et al., 2015; G. Liu et al., 2017).
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Figure 9. XPS spectra of survey for (a) g-C3N4 (CN) and S-doped g-C3N4 (SCN) and high-
resolution spectra for (b) Cls, (¢) N /s and (d) S 2p for S-doped g-C3N4

In summary, according to the studies on Table 1, one advantage of doping g-C3N4 with a non-metal
element is that, it lowers the band gap, improves the ability to capture visible light and so
enhancing the photocatalytic. It can be realized that even though the optical properties of g-C3Na
are enhanced by doping with non-metal elements, however, are not favorable for catalytic
reactivity of carbon nitrides due to the generation of further electron-hole recombination sites and
due to potential side reactions, that give rise to light-obstructive minority phases (Kessler et al.,
2017). However, in some non-metal doped g-CsNs semiconductors, unexpected blue shifts
occasionally appeared in the PL spectra and absorption edge of those modified products, which
was inconsistent with the usual redshifts in earlier reports, especially for the B-doped samples (Q.
Guo et al., 2016). This is because of some factors such as the different local structure, length of
interlayer periodicity and defects formed during the modification processes. This leads to the
adjustment of the lowest unoccupied molecular orbital (LUMO) and the highest occupied
molecular orbital (HOMO).
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Table 1. Summary of non-metal doped g-C3N4 NCs with applications

Type of material Precursor Method  Prope Application ~ Polluta Ref.
rties nt
g-C3Ny Dopants °C:ch  Eg(eV)
P-doped g-C3sNs  (NH»).CO CoH4Ny Pyrolysis  525:2  N/A  Photocatalyst Rh B (Mat¢jka et al., 2022)
CHsN3-HCI
S-doped g-CsNs  (NH2).CO (NH2).CS Calcination 550 N/A  Photocatalyst Rh B (An et al., 2019)
S-doped g-C3Ns  C3HsNeg C3H3N3S3 Calcination 550:4  2.50  Photocatalyst H> (J. Chen et al., 2015)
N-doped g-C3sN4  (NH»2).CO CsHsO-H>O Calcination 550:4  N/A  Photocatalyst Phenol (D. Zhu & Zhou, 2021)
S-doped g-C3Ns  C3HsNeg (NH4)2Sx Calcination 550:4  2.67  Photocatalyst AO7 (Shylo et al., 2019)
P-doped g-C3N4  C3HgNg C3HsNes Thermal  500;2  2.68  Photocatalyst H> (Ran et al., 2015)
CoHsNOsP exfoliation
O-doped g-C3Ns  (NH2).CO (NH4)2C204 Thermal  550:2  2.63  Photocatalyst BPA (J. Zhang et al., 2022)
C2H5NO;
S-g-C3N4 C2HaNy4 C3H3N3S3 Calcination 500:3  N/A  Photocatalyst MB (Guan et al., 2021)
P-doped g-CsNs  CHsN3-HCI  ClgN3Ps, Calcination 550 N/A  Photocatalyst Rh B (Y. Zhou et al., 2015)
0-g-C3Ny CsHeNe, H>S4 Sensor 4-NP (Mammadova et al.,
2022)
S-doped g-C3Ns  Melamine Thiourea Pyrolysis  550:4  N/A  Photocatalyst RhB (G. Liuetal., 2017)
(NH4)2SO4 (H. Guo et al., 2020)
S-doped g-C3N4  Thiourea CS; Pyrolysis ~ 520;2  2.49  Photocatalyst UO,?* (Luetal., 2017)

°C: h Calcination temperature per hr., D: crystallite size (nm), N/A; not available
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2.7 Modification of graphitic carbon nitride by metal oxides

An interesting group of materials such as metal-oxides exhibits several unique properties, like
exceptional carrier mobility, increased optical transparency, and mechanical stress endurance. MO
NPs readily aggregate and agglomerate with one another due to their huge surface area and high
surface energy. The aggregation/agglomeration of metal oxide NPs reduces the generation of the
radioactive oxygen species and hydroxyl radicals. This is due to the quenching of holes and
electrons with neighboring aggregate electrons and holes, respectively. Unfortunately, g-C3N4 has
some disadvantages, such as rapid recombination of photogenerated electron-hole pairs, and
insufficient visible light absorption (L. Bai et al., 2022; Moeinian & Akhbari, 2015). Thus, there
is an urgent need to explore the modification strategy of the g-C3Na. Some of the primary strategies
include designing heterojunctions (C.-C. Wang et al., 2019), defect engineering (P. Yang et al.,
2019; Yu et al., 2017), and doping (Jiang et al., 2017). The synergistic effect of both g-C3N4 and
MO results in enhanced stability, visible light range, separation and transfer of charges and more
effective oxidizing species formation to improve the limitations of g-C3Ns (the electro-hole
recombination, and promoting the charge carriers’ separation, specific surface area, band gap
energy) (Siddiquee et al., 2020). The following sections discuss the typical synthesis and
characterization methods of CuO/g-C3Ns and ZrO>@S-doped g-CsN4 NCs and their potential

applications.
2.7.1. Cupric oxide /graphitic carbon nitride binary nanocomposites

The MO/g-C3Ns-based NCs have been applied in various applications such as sensing pollutants
especially, phenol-group molecules (BPA, 4-NP), tetracycline, photocatalytic reduction of toxic
organic pollutants, removal of hazardous metal species such as Cr (VI) from water, etc. (Table 2).
CuO exists in cubic, tetragonal or monoclinic structures, which is a Mott or charge transfer
insulator driven by strong electron correlation with a bandgap of 1.4—1.7 eV (Figure 10a) (Mishra
etal., 2016). Among several MOs used to improve g-C3Ny properties, researchers used CuO binary
composites to increase the applications of these kinds of composites. Accordingly, the synergetic
interactions between CuO and the g-CsNs, have been evaluated by different characterization
methods including XRD, FTIR, UV-Vis/DRS, XPS, SEM, TEM etc. (Huang et al., 2019; L. Li et
al., 2016; J. Zou et al., 2018).
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Figure 10.Crystal structure of (a) CuO and (b) its band structure

For instance, (C. Zhou et al., 2020) used the chemical precipitation approach to prepare the CuO/g-
C3N4 composite. As shown in Figure 11 a, from the XRD pattern of CuO, the main diffraction
peaks centred at 32.5°, 35.6°,38. °, 48.8°, 53.6°, 58.2°, 61.6°, 66.2°, 67.8°, 72.4°, 74.8° and 83.0°
corresponding to (110), (111), (111), (202), (020), (202) (113), (311), (113), (311), (004), and (222)
planes of CuO (Huang et al., 2019). Furthermore, the presence of CuO in the composite is
demonstrated by a sequence of additional absorption peaks at the wavelength range of 400—800
cm—1, which correspond to the Cu—O bond as shown in the FT-IR Figure 11 b. These findings
further supported the existence of two phases in the composite by correlating with the XRD
patterns. The primary diffraction peak at 27.3 © originates from g-CsN4's surface (C. Zhou et al.,
2020). Moreover, XRD and TEM studies revealed the existence of nanobelt CuO structure,
supporting the composite's synergistic impact between CuO and g-C3N4. However, due to the
strong peak of CuO, the diffraction peak of g-C3N4at 13.1° was not shown in the composite. Only
the main diffraction peaks of CuO can also be detected in the composite. The EIS study confirms
the electrochemical improvement of g-CsNs by CuO which significantly improved the
performance in the capacitance of the composite compared to that of the bulk g-C3N4. The nitrogen
adsorption—desorption isotherms show that the specific surface of g-C3N4 is 86.05 m?/g while that
of CuO is 26.218 m*/g. Due to the addition of CuO nanobelts, the specific surface of CuO/g-C3N4
composites has been significantly improved, reaching 17.856 m*/g. This larger specific surface can
increase the reversible adsorption of the electrolyte ions on the surface of the electrode material,
and provide more active sites for the rapid and reversible redox reaction during the

charging/discharging process. Finally, the authors recommended that the chemical precipitation
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technique is safe and reliable because it does not require a high-temperature-pressure environment

and the preparation process is simple and short (C. Zhou et al., 2020).

Figures 12a, b, and c display the UV-vis diffuse reflectance spectra of g-C3N4 and CuO, which can
be obtained using the Kubelka-Munk (K-M) theory. Equation (1) was used to measure the bandgap
g-C3N4 and CuO.
(hv)!"" = A (hv —E) (D

where, #v and A are the absorption coefficient, incident light frequency and proportionality
constant, respectively. The exponent ‘n’ gives the nature of the electronic transition of the
semiconductor. Among them, ‘n’ refers to 1/2 for direct transition and 2 for indirect transition. The
values of 'n' for CuO and pure g-C3Ny are 1/2 and 2, respectively. g-C3Na4 's bandgap was calculated
to be 2.7 eV, whereas CuQO's bandgap was 1.7 eV (Sharma et al., 2020).
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Figure 11. (a) XRD and (b) FTIR patterns of g-C3N4, CuO, and CuO/g-C; N4 composite

The efficiency of charge carrier transfer and separation from photo-generated charge sources was
further examined using electrochemical EIS and PL spectroscopy. It was found that the g-C3N4
photocatalyst's PL emission intensity was more than 4% CuO loaded. The decrease in the intensity
of PL emission in 4% CuO-loaded g-C3N4 photocatalyst was attributed to the effective increase in
migration and separation of photogenerated electron-hole pair at the 4% CuO/g-CsNy interface.
The charge transfer resistance of the photocatalysts can be determined from the arc radii of the
Nyquist plots. As can be seen in Figure 12d, the 4% CuO/ g-C3N4 composite sample had a smaller
Nyquist arc radius than the sample made up entirely of g-C3Na. It was found that when 4% CuO
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was loaded onto g-C3N4, the charge carriers separated better and the charge carriers generated more

than when g-C3Ns was used alone (Sharma et al., 2020).
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Figure 12. (a) UV analysis of CuO, g-C3N4, and CuO/ g-C3N4 photocatalyst (b and ¢) Taut
plots of g-C3N4 and CuO and (d) EIS Nyquist plots of bare g-C3N4 and 4% CuO/ g-C3Na.

The survey XPS spectra, as displayed in Figure 13a, provide additional proof that the constructed
composite contains the anticipated atoms. The N /s emission was deconvoluted revealing the
presence of two distinct peaks with core locations at 398.2 and 399.2 eV. These peaks were the
result of C-N sp® nitrogen groups and C=N sp’-hybridized nitrogen, respectively, and corresponded
to the nitrogen in the structure (Figure 13b). Cu-O-Cu coordination sites in CuO were responsible
for the O /s peak at 531.67 eV and the two further peaks at 529.92 eV that were seen (Figure 13c).
Additionally, the presence of C /s emissions at 285.6 eV, which may be associated with C-C in g-
C3N4, confirmed the existence of one type of carbon (Figure 13d). Similarly, the high-resolution
Cu 2p spectra were deconvolved to reveal four different binding energies: 934.7, 943.4, 954 and
962.1 eV. This allowed for the assignment of significant peaks with centres at 934.7 and 954 eV
around the valence states of Cu 2p*? and Cu 2p'”?, respectively, confirming the presence of Cu in
the Cu®" oxidation state (Figure 13e). The Cu®* d’ structure was also supported by two satellite
peaks, located at 943.4 and 962.1 eV, respectively (Karthik et al., 2020; Pei et al., 2018; Sharma et
al., 2020).
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Other scholars have reported CuO/g-C3N4 synthesized via calcining synthesis with the aid of
ultrasound to serve as a 2-butanone gas sensor. CuO NPs with a high density and homogeneity
were equally disseminated on g-C3N4 sheets to create a heterogeneous composite based on the
results obtained by XRD, XPS, and TEM studies. The prepared sensor demonstrated quick reaction
and recovery behaviour, with times of less than 2 and 40 s, respectively. The linear range of the 2-
butanone gas sensor was 16.11-161.08 pgmL™' (r = 0.998) and the limit of detection was 11.06
ugmL ™! (S/N = 3). Due to the addition of mercaptosuccinic acid which is supported by ultrasonic
and calcining the synthesis step, it became evident that there was a new, easy method for creating
g-C3N4 sheets that were coated with CuO nanoparticles (CuO/g-C3Ns). This technique's key is
good for the formation of uniformly distributed CuO nanoparticles on the g-C3N4 sheets, which
not only successfully minimized stacking of the g-CsN4 sheets but also avoided CuO NPs’
agglomeration. The authors claim that the CuO/g-C3Ns composite-based gaseous sensor as
designed exhibits exceptional analytical characteristics, including high sensitivity, quick response,
and relative stability for the measurement of 2-butanone (L. Li et al., 2016). To solve the problems
of low photocatalytic effectiveness caused by electron-hole pairs recombination and restricted
photo-response range, a new g-C3N4/Cu2O composite photocatalyst was effectively designed and

produced. When exposed to visible light, the g-C3N4/Cu,O composite demonstrated noticeably
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higher photocatalytic activity for the breakdown of acid orange-II (AO-II) than did bare Cu,O and
g-C3N4 (Peng et al., 2014).

CuO/g-C3N4 NCs were prepared in a different work by combining calcination and hydrothermal
techniques. Maximizing the g-C3Ns (2, 5, 7 weight percent) for the glucose and dopamine sensor
was the aim of the investigation. As a result of the characterization, it was discovered that g-C3N4
sheets are covered in CuO particles, which retain their structural integrity but have a rougher
surface. EDS element mapping shows that the C, N, Cu, and O elements make up 5% wt of the g-
C3N4in the CuO/ g-C3Ns samples. It offers to prove the coexisting of g-C3N4 and CuO. Also, the
presence of the ring-like CuO, which was composed of many particles with sizes of several
nanometers, was confirmed by the TEM images of CuO and CuO/ g-C3N4 (5%) in both samples.
By using the CV and DPV techniques, the electrochemical response of a modified glassy carbon
sensor toward glucose and DA was assessed. CuO and CuO/CN composites react to 50 M
dopamine at 20 mVs™! in phosphate buffer (pH 7.0). Anodic and cathodic peak currents were higher
in the modified CuO/ g-C3N4 (5%) than in the other materials. The authors claim that the strong
electrocatalytic activity of CuO/ g-C3Ns 5%) can be attributable to its good conductivity and
comparatively high adsorption capacity. Moreover, a diffusion-controlled process controls the
oxidation of the dopamine molecule on the CuO/ g-C3N4 5%) GCE. To measure how the modified
CuO/ g-C3N4(5%)/GCE responded to dopamine in phosphate buffer, the standard DPV was carried
out (pH 7.0). The results showed that at a working potential of 0.22 V (vs. Ag/AgCl), the oxidation
peak current increases with increasing dopamine concentration, and that the current is linearly
dependent on dopamine concentration with two linear dynamic ranges (Table 3). From 0.2-16.0
uM, the linear regressing equation was Ip' (uAcm2) = 0.834C (uM) + 4.372 (R*> = 0.992) with a
sensitivity value of 0.834 pAuM 'cm 2. Another linear relationship is Ip? (wWAcm %) =0.331C (uM)
+12.276 (R?=0.990) in the range of 16.0-78.7 uM with a sensitivity value of 0.331 pApM '-cm 2.
In comparison to CuO, the CuO/ g-C3N4 (5%) sensor has a wider linear range (0.2-78.7 M) and
lower detection limit (0.06 M). The sensing properties can be improved by combining the active
CuO with the carbonaceous substance, g-C3N4. Due to its high conductivity and the synergistic
effect of CuO and g-CsNa4, the sensor exhibited considerable electrocatalytic activity toward both

glucose and dopamine (Huang et al., 2019).
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2.7.2 Zirconia/graphite carbon nitride binary nanocomposites

As shown in Table 3, combining g-C3N4 with zirconia becomes another study area to amend the
limitations of g-C3Ny. Using calcination and hydrothermal treatment techniques, researchers have
created a unique ZrO/g-C3N4 composite photocatalyst for the first time (Ke et al., 2014). They
found significant advantages for the photocatalytic destruction of phenolic compounds when
comparing nanomaterials to more conventional oxidation processes, such as biological and
physical methods. In addition to this, the NCs of ZrO; and g-C3;N4 were effectively synthesized to
quantify 4-chlorophenol (4-CP) photoelectrochemically (PEC) in water. The results show that
ZrOz NPs and ZrO2/ g-C3N4 NCs have increased the surface area and ability of intrinsic g-C3Ns to
absorb light (Zarei, 2020b). Recent research has demonstrated the potential of g-C3;Ns-based
hybrid NCs to be used as photocatalysts and electrochemical sensors. For example, (Kavil et al.,
2019) used g-C3N4/ZrO; to degrade various organic contaminants, such as RhB, MO, and AO I,
when exposed to visible light. Similarly, (Ke et al., 2014) who prepared a ZrO; and graphitic carbon
nitride (g-C3N4) composite photocatalyst by calcination method and hydrothermal treatment for
photodegradation of MB, the binary composite showed much greater performance than either pure
g-C3Ng or ZrO; alone. A visible-light-driven PEC detection platform was developed using a
Zr0,/g-C3N4 nanocomposite as the transducer and a tetracycline (TET) binding aptamer as the
biorecognition molecule. The g-C3N4 nanosheets were produced by pyrolyzing melamine, and the
Zr02/g-C3N4 NC was prepared using a simple ultrasonication technique. The combination of high
thermal, chemical, and photocatalytic stability, robust photocatalytic activity, and well-visible light
absorption g-C3N4 nano-sheets with ZrO, NPs with outstanding adsorption capacity yield a unique

platform for efficient tetracycline detection (Zarei, 2020a).

The FT-IR spectra of ZrO, shown in Figure 14a exhibited the broad bands in the region 500-550
cm! and at 800 cm™! wavelengths attributed to the Zr—O vibration absorptions. Moreover, a broad
region 3350 cm™! corresponds to the hydroxyl groups of hydrated oxide. The breathing mode of
triazine units is responsible for the acute peaks in g-C3Ny4 that were observed between 1200-1700
cm! region, and the N-H groups correspond to the broad absorption band that reached a maximum
at about 3200-3700 cm’!. The FT-IR spectra of pristine g-C3Na and ZrO»/ g-C3N4 NCs show a
significant similarity, however, the differences in the bands of 800 and 3300 cm™! with the variation
of ZrO still show the presence of ZrO> NPs (Zarei, 2020b). The hybrid structure and behaviour of
Z1r0/g-C3N4 were validated by the FT-IR, which exhibited a correlation with XRD results.
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Similarly, the PL spectra (Figure 14b) show the effect of the ZrO»/g-C3N4 hetero-junction on the
separation efficiency of electron—hole pairs. The strong emission peak (380 nm) in pristine g-C3N4
is attributed to the emission of band-gap transition with the energy equal to the bandgap energy of
pristine g-C3Ns. However, fluorescence quenching can be seen in a similar region of the PL
spectrum of ZrO»/g-C3Ns. Additionally, the charge transfer between g-C3N4 and ZrO» prevented
the electron-holes from recombining. In comparison to the pristine g-C3N4, the emission intensities
in ZrO2/g-C3N4 NC are much lower, which demonstrates the efficient electrons-holes separation,
resulting from incorporating ZrO> NPs into the g-C3N4 nanosheets. On the other hand, the addition
of ZrO> NPs increased the surface area of g-C3Ns nanosheets, as shown in Table 3, and the
modified sensor's samples with 30 weight percent ZrO»/g-C3N4 were 65.3 m? g'!. However, due to
its shape, the g-C3N4 showed a comparatively small surface area of 51.8 m? g'!. According to the
BET results, the surface area of the g-C3N4 nanosheets was enhanced by the addition of ZrO> NPs
(Zarei, 2020a).
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Figure 14.(a) FT-IR spectra of ZrO,, g-C3N4, and ZrO»/ g-C3N4 (b) PL spectra of g-C3Ns and ZrO»/
g-C3N4 NCs (Zarei, 2020Db).

Recent research on ZrO2/ g-C3N4 NCs synthesized by melamine pyrolysis and then ultrasonication
with ZrO2 may qualify as one technique to modify g-C3N4. The interfacial behaviour of the ZrO-/g-
C3N4 modified electrode was investigated using electrochemical impedance spectroscopy (EIS)

with [Fe (CN)6]*” *-as a redox probe.
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Table 2.Summary of CuO/(g-C3N4) binary nanocomposites with different applications

Synthesis
method

Wet
impregnation/
calcination
Ultrasound-
calcining
Hydrothermal
Calcination

Microwave
One-pot

Calcination

Precursor Properties Application
g-C3Ny/ °C:h Size LR LOD Target
CuO SEM/TEM  pgmL' pgmL™ pollutant
Melamine 540;5 N/A N/A N/A H> Photocatalytic
Cu(NO3)2
Melamine N/A  0.253 curled 16.11- 11.06  2-butanone Sensor
Cu(NO)2-3H20 161.08

Melamine 550:4 ring-like 0.5 uM - 0.150  Glucose and Sensor
Cu (NO3)2:3H20 8.5 mM 60nM  Dopamine

0.2-16.0

uM

16.0-78.7
Urea, CuO N/A Nano N/A N/A H» PEC

feathers

Melamine 350:5 0.23 N/A N/A salicylic acid  Photocatalytic
Cu (NOs)>2-3H,O
Urea N/A  Flakiness N/A N/A 2, 4 dimethyl Photocatalytic

Cu (NOs),

phenol

Ref.

(Karthik et
al., 2020)

(L. Li et al,
2016)

(Huang et al.,
2019)

(Hosseini et
al., 2020)
(Duan, 2018)

(Sharma et
al., 2020)

°C: h Calcination temperature per hr., LR; Linear range, N/A; not available
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The Nyquist plot of the EIS demonstrates that the interfacial charge-transfer resistance (Rct) value
of the bare FTO electrode is 370. By coating FTO with ZrO,/ g-C3N4 composites, the R¢: value is
raised to 680 Q, demonstrating the low conductivity of these nanocomposites and the obstruction
of electron transmission between [Fe (CN)s]*”* reaction species and electrode. The aptamer
immobilization on the ZrO»/g-C3N4/FTO electrode surface was demonstrated by the improved Rt

of the aptamer ZrO»/g-C3N4/FTO electrode (Zarei, 2020a).

On g-C3N4/ZrOa, g-C3N4, and ZrO,, UV-vis DRS was used to determine the sample's optical
characteristics Figure 15 a and b. To determine the absorption wavelength threshold, the cut line
approach was utilized to create the tangent and intersection with the abscissa. ZrO> can absorb
light with a maximum wavelength of 247 nm. Compared to g-C3N4, with a maximum absorption
wavelength of 428 nm, the absorption band edge of g-C3N4/ZrO; is red-shifted hence, its
absorption of visible light is significantly increased as investigated by UV-vis DRS (Figure 18a)
and PL studies (Figure 18b). The 4: 1 ratio of g-C3N4/ZrO> composite absorption band reaches 465
nm, which indicates improvement of the visible light absorption performance of g-C3N4 due to the
incorporation of ZrO,. Using the Kubelka-Munk equation, the calculated values for ZrO> and g-
C3N4 using the n= 1/2 value were estimated to be 2.68 eV, 2.82 eV, and 4.91 eV, respectively,
corresponding to g-C3Ny /ZrO2, g-C3N4, and ZrO,. As a result of the interaction of ZrO, with g-
C3Ny, the 4:1 g-C3N4 /ZrO2 composite exhibits greater light absorption capabilities than g-C3N4
which was also displayed by the PL study (Figure 18b). It is indicated that g-CsNs exhibits a
significant emission peak at about 460 nm, which is a result of band gap transition emission. The
fluorescence emission intensity of g-C3N4/ZrO> composites is much less than that of pure g-C3Na.
The degree of fluorescence quenching first drops and then increases as the g-C3N4/ZrO; ratio rises.
The 4:1g-C3N4/ZrO2 composite has the lowest electron-hole recombination rate, and it appears that

this rate falls initially before rising (B1 et al., 2020).
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Figure 15.UV-vis spectra of g-C3N4/ZrO> composites and g-C3N4, ZrO> (a); the Transformed

diffuse reflectance spectra (b).
2.8 Graphitic carbon nitride-based ternary composites

A practical technique to improve the properties of the composite is to build the binary, ternary,
quaternary, etc. structure by incorporating additional elements or compounds. The use of g-C3N4
in conjunction with inorganic semiconductors is a promising method for separating charge carriers
in three dimensions. With binary composites, the issues surrounding charge carriers and their role
in the photocatalytic mechanism are still somewhat unclear. To create effective sites for catalytic
reactions, ternary composites with the inclusion of a cocatalyst or support were also created and

researched (Jo & Selvam, 2017).

An ideal semiconductor NC is typically thought to simultaneously possess the benefits of an
appropriate band gap, a wide surface area, and cost-effectiveness. The fabrication of binary g-
C3N4o/MOF and ternary g-C3N4/MOF/X (X is one of the semiconductors photocatalysts)
heterojunction composites in both macroscale and nanoscale have been proven to be an effective
strategy for overcoming the shortcomings of MOFs and g-C3N4. The construction of the
heterostructures can achieve the following advantages: (i) high surface area which improves
reactant/catalyst interactions via increasing adsorption performance toward targeted models; (i1) it
can also result in improved separation rates of photoinduced electron-hole activities. Since, the
formed junction can speed up charge transfer across the interface and shortens the charge transport
distance; (iii) critically, the -7 interactions between the large aromatic ligands of MOs and triazine

rings of g-C3Ns enable active close contact, heterojunction building, and efficient electron

37



transmission rings and (iV) broadening the light spectrum to a visible light region (C.-C. Wang et

al., 2019).

Table 4 provides a summary of the synthesizing techniques and application of the g-C3N4 /MO-
based composites. The benefits of the strong visible light absorption of all three materials used,
their appropriate band structures, and the high oxidation power of the VB holes in BioO3 have been
reported in a ternary photoactive system composed of Bi2O2, g-C3N4, and CuO. In this work, CuO
has also been used for enhancing the photocatalytic activity of BioO3 and g-C3Nj4 through the Z-
scheme mechanism. When exposed to visible light with a wavelength greater than 420 nm, the
suggested ternary system of CuO/g-CsN4/Bi2O; was demonstrated to be photoactive for the
breakdown of 2,4-dichlorophenol (2,4-DCP). In the crystal structure study, the typical diffraction
patterns of CuO and g-C3N4 were not observed, according to the authors, this is probably because
they are present in low concentrations (Sudrajat & Hartuti, 2018). Similarly, the potential
application of TMOs/g-C3Ny.based ternary NCs fabricated from a variety of precursors has been
explored by researchers. As example, g-C3N4/TiO; (TO)/PbTiO3 (PTO) films were prepared by the
sol-gel followed by the CVD to explore PEC water splitting. It was stated that the interface of
CNO0.10/TO0.4/PTO had a lower interface (RCT) than pure PTO and CN0.10/TO0.4/PTO which
made the charge transfer easier and reduced electron-hole recombination (Alaghmandfard &

Ghandi, 2022).

Visible light-active g-C3Ns (0.94)/Ce02(0.05)/Fe304 (0.01) ternary composite nanosheets were
made using a straightforward co-precipitation technique. Density functional theory calculations
show that the geometry and electrical properties of g-C3N4 were altered by the addition of CeO>
and Fe3;04. DRS and PL spectroscopy demonstrated that the energy band gap tailoring ranged from
2.68 eV for bulk g-C3Nsand 2.92 eV for CeO> to 2.45 eV for the ternary nanocomposite. Due to
effective electron/hole pair separation, an increase in redox species, and significant band gap
tailoring, the degradation efficiency of g-C3N4(0.94)/Ce02(0.05)/Fe304(0.01) is high. Superior
photocatalytic breakdown of 2-chlorophenol was reported with g-C3N4 with CeO> loading up to
Swt. The addition of 1% weight percent Fe3O4 to the binary composite of g-C3N4 and CeO»
nanocomposites increased visible light catalysis as predicted by DFT studies and also made

magnetic recovery possible (Rashid et al., 2019).
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Table 3.Summary of ZrO, /g-C3N4 binary nanocomposites with different applications

Synthesis method Precursor for Properties

g-C3Ngand ZrO» °C:ch  Eg LOD Target pollutant ~ Application Ref.
(eV)

Precipitation ZnCl,, CdCl-H2O, 550:3 N/A MR Photocatalytic (Berhanu et al.,
Urea 2022)

Calcination ZrOCl».8H20, 400:4 2.44 N/A RhB,MO, I (AO Photocatalytic (K. Zhang et al.,
Melamine 10 2020)

Ultrasonication CsHeNs N/A N/A  TET Sensor (Zarei, 2020a)
ZrOCl2.8H20

Hydrothermal Melamine 530:4 N/A MB Photocatalytic (Ke et al., 2014)

treatment. ZrOCl2.8H20

Ultrasonication CsHeNs 600:2 2.6 50-150 TET Sensor (Bi et al., 2020)
ZrOCl2.8H20

Calcination CsHeNs 520:4 N/A  Hydroxyl Catalyst (Ghafuri et al., 2018)
ClLbH,OZr

Hydrothermal CsHgNs 600:4 3.46 N/A  MB Photocatalytic (Ahilandeswari,
ZrO (NO3)2.H20 2022)

°C: h Calcination temperature per hr., N/A; not available
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As indicated in Table 4, CuO, BixO3, and g-C3Ns were combined to create a novel ternary
photocatalyst, CuO/g-C3N4/Bi203.The electron population has been observed to grow significantly
when Bi2O3 is doubly coupled with CuO and g-C3N4. The enhanced electron population has
improved photocatalytic activity for the breakdown of 2,4-dichlorophenol under visible light
(Sudrajat & Hartuti, 2018). Recently Hanif et al., (2022) reported the synthesis of a ternary
ZnO/CuO/ g-C3N4 heterostructured NCs to remove contaminants (MB and CR) from wastewater
via a photocatalytic process. The results show remarkable photocatalytic performance in MB
within 50 minutes, with efficiencies of 75.3%, 39.2%, 15.6%, and 13.0% for ZnO/CuO/g-C3Ny, g-
C3Ny, and ZnO, respectively. As shown in the Figure 16 (a-c) g-C3N4, ZnO-NPs, CuO-NPs, and
ternary ZnO/CuO/g-C3Ns NC had computed E; values of 2.33, 2.25, 1.46, and 1.69 eV,
respectively. Remarkably, after forming the NC, the E, value was significantly lower than that of
the constituents of the NC, with the exception of CuO-NPs. The composite's lower E; speeds up
the creation of e/h" pairs and reduces the rate at which they recombine. Due to the photocatalytic
efficiency being susceptible to several parameters, including crystalline size, heterojunction
formation, and charge recombination effect, pure CuO demonstrated low photocatalytic efficiency.
Therefore, the nanocomposite's small crystallite size and modification of surface morphology and
form, such as the production of heterojunctions, may account for the ternary composite's higher

photocatalytic activity than that of a pristin CuO (Hanif et al., 2022).

By applying the impregnating method, ternary ZnO/Fe;03/g-C3Ns NCs’ photocatalytic
performance was assessed in the H> production from water splitting. Figure 17 shows the XRD
patterns of samples of ZnO/Fe>O3/ g-C3N4 and bare g-C3N4 (a). Two peaks at 13.5 and 27.4° were
found in the XRD pattern for the pure g-C3N4 and were attributed to the (100) and (002) crystal
planes, respectively. The XRD patterns of 11-ZnO/Fe>O3/g-C3sNs4 and ZnO/Fe>O3 exhibit
diffraction peaks at 30.4, 35.6, 57.2, and 62.7°, which correspond to (220), (311), (440), and (511)
Fe;0Os crystal planes, respectively, hence establishing the existence of Fe2Os in the composite
material. Both diffractograms' peaks at 22.5°, 34.8°, and 36.8° were indexed as ZnO crystal planes
(100), (002), and (101), demonstrating that the composite also comprises the ZnO phase. When
the ZnO/Fe;O3; proportion increases in the composite samples, the strength of the peaks

corresponding to pure g-C3N4 decreases.
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Figure 16.Tauc plots for (a) g-C3N4, (b) ZnO NPs, (c) CuO NPs, and (d) ZnO/CuO/ g-C3N4 NC.
(Hanif et al., 2022).

Because the concentrations of ZnO and Fe>O3 were too low, the typical peaks of ZnO and Fe»03
could not be seen in the XRD pattern of the ZnO/Fe;03/g-C3N4 samples. The characteristic
ZnO/Fe>0O3 diffraction peaks were recognized in the diffractogram when the ZnO/Fe,03; (2:1)
content was higher than 10%. The XRD pattern of 11-ZnO/Fe2O3/ g-C3N4 did not reveal any more
novel crystal phases. It was observed that the pure g-C3N4 did not lose its crystal structure as a
result of the preparation procedure or the thermal treatment applied to the samples to alter the
nitrate precursors in the related oxides. The FT-IR spectra of pristine g-C3N4 and ZnO/Fe>Os/g-
C3N4 samples are shown in Figure 17b. The benzene ring's C-N-C vibrations are responsible for
the bands at 1620-1500 cm™!, whereas the bands at 3450 and 1390 cm™! are caused by the vibrations
and bending stretching of N-H and C—N, respectively. The bands found in the ZnO/Fe;03/ g-C3N4
composites' spectra between 1620 and 1500 cm™ are related to the benzene ring's stretching C-N-
C vibration modes. The vibrations of C-N and N-H, respectively, are responsible for the bands at
1390 and 3450 cm’!. The bending and stretching vibrations of the Zn-O and Fe-O bonds in the
ZnO and Fe>Os networks are attributed to the peaks at 551-652 cm™'. The bands between 551-650

cm’! in the ZnO/Fe,03 spectra correspond to the vibrations of Zn-O and Fe-O. Hence, the infrared
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data are comparable to the XRD results in depicting that Fe;O3 and ZnO were formed on the

surface of g-C3N4 (Mao, 2019).
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Figure 17. (a) XRD and (b) FT-IR spectra of ternary ZnO/Fe>03/g-C3N4 and constituent samples
(Mao, 2019).

2.9 DFT methods

Many researchers have worked hard to find accurate and detailed information about the structure,
formation energy, charge density, band structure, the density of states, etc. of g-C3N4 and S-doped
g-C3N4. Most of the research groups suggested using the density functional theory (DFT) to
examine the structure and electronic structure of the g-C3N4 and S-doped g-Cs3Ns. The weak
interaction between the g-C3;Ng4 layers is also taken into account in estimating the equilibrium
structure and the formation energy of S dopant in various non-equivalent locations using a semi-
empirical correction to the exchange-correlation functional. The difference in electronic structure
between undoped and doped g-C3N4 is closely examined, and the connection between the
electronic structure variation and the photocatalytic property is emphasized. They concluded that
an S atom substitutes the N atom bonded only with the two nearest C atoms in g- C3N4 (G. Chen
& Gao, 2012) (Figure 18).
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Table 4. Summary of g-C3Ns-based metal oxide ternary NCs and applications

Nanocomposite Precursor Synthesis °C:h Size  Pollutant Application Ref.
ZnO/CuO/g-C3Ns  C3HeNg, ZrOClL.8H20, Crystallization 530:4 MB, CR Photocatalytic ~ (Hanif et al,
CsHeNe, 2022)
CuO/g-C3N4/Bi203  Bi (NO3)3.5H>O Precipitation ~ 450:2 Snm 2,4- DCP) Photocatalytic  (Sudrajat &

Hartuti, 2018)
g- ZnCl2, CdClx-H20) Precipitation ~ 550:3 N/A MR Sensor (Berhanu et al.,
C3N4@CdO/ZnO C12H2804, Urea 2022)
Zn0O/Fe203/g-C3Ns  CsHsNe,Zn(NO3)2:6H20,  Impregnation  550:4 0.247 Water Photocatalytic ~ (Mao, 2019)
Fe(NO3)2-9H20 & splitting
hydrothermal
Fe>03/EuVO4/g- CsHeNe, Eu(NO3)3-:6H>O, Sonochemical. 550:5 N/A  RhB Photocatalytic, (Monsef et al.,
C3Ny Fe(NO3)3-9H0, and 2021)
FeSO4-7H>O electrocatalytic
g-C3N4/ZnO/AgCl  CeéHsO7 Urea Hydrothermal 520 N/A RhB Photocatalytic =~ (Akhundi &
Habibi-Yangjeh,
2015)
Fe304/ g- CsHeNs, FeCls, FeCly Doping N/A N/A  Tetracycli Photocatalytic  (He et al., 2020)
C3N4+/MoO3 ne
GCE/rGO Graphite Hummers 4-NP Sensor (Wiench et al.,
2017)
g- CsHeNe, FeCl3.6H20, Magnetically N/A N/A MB, MO, Sensor (Mousavi &
C3N4/Fe304/BiOl  FeCl2.4H20, Bi(NO3)3- RhB Habibi-Yangjeh,
4H,0 2016)
GO/g-C3N4 Fe304  Urea, FeClo, Hydrothermal N/A N/A TC, Adsorption (Sahoo et al.,
FeCls Antibiotic 2020)
and MB

°C: h Calcination temperature per hr. N/A; not available
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(b)

(c)

Figure 18.The schematic view of different doping sites of S in the S-doped g-C3N4

Similar research indicates that the position of S when doped on g-C3Njy affects the catalytic, optical,
and electrical performance in the CO> reduction reaction. Moreover, the adsorption spectra of S-
doped g-C3N4 was predicted to redshift in comparison to g-C3Ns due to the narrower band gap of
S-doped g-C3N4 than that of g-C3N4. In S-doped g-C3N4, the LUMO is primarily located on the S
atom while the HOMO is mainly located on N atoms, that are far from the S atom (Y. Wang, Tian,
et al., 2018). On the other hand, the unit cells of g-C3N4 and S-doped g-C3N4 were utilized in the
first-principles calculations. A study shows that a single S atom was added by swapping out one
bidentate N atom in the supercell to simulate S-doped g-C3N4 (Jiang et al., 2017). Generally, the
electronic structure of g-C3N4 can be modified by doping nonmetal elements to replace the lattice
nitrogen, according to both theoretical and experimental research. This results from a narrowed
band gap with the tuned CB and VB levels alone, as well as efficient electron-hole separation and

carrier mobility (Chu et al., 2020).

2.10 Charge-carrier separation mechanisms of graphitic carbon nitride-based catalysts

Numerous studies have confirmed the hybrid g-C3Ns-based NCs' charge-carrier separation
mechanism. For instance, according to the recent literature, there are five different ways for g-
CsNy incorporated metal oxide photocatalysts to separate charge carriers (Alaghmandfard &
Ghandi, 2022; L. Bai et al., 2022).

(1) Type I heterojunction, (2) Type II heterojunction, (3) Z-scheme heterojunction, (4) p-n

heterojunction, (5) Schottky junction.
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The primary heterojunctions of MO/g-C3Ns-based NCs exhibit type Il and Z-scheme processes for
charge carrier separation. In type II heterojunctions, two semiconductors are bound to form a stable
heterojunction, and the position of the VB of semiconductor A is higher than that of semiconductor
B. In this case, because of the difference in voltages, the photoinduced hole migrated from the VB
of semiconductor B to that of semiconductor A (Figure 19). On the other side, electrons are
transferred from the CB of semiconductor A to that of semiconductor B. The improved hole and
electron separation will lengthen the lifespan of the electrons and slow down recombination. It is
highly desirable to build type II systems for photocatalysis in a variety of applications. It is
important to understand the fundamental principles underlying the three different forms of
heterojunctions before introducing the g-Cs;Ns-based heterojunction photocatalysts. The smaller
band gap semiconductor (semiconductor 2)'s VB and CB potentials are constrained within the
larger band gap semiconductor (semiconductor 1), resulting in a straddling band alignment for the
Type I band alignment. It transfers and accumulates all charge carriers into a single component
within a hybrid structure as a result of the band edge positions occurring upon light irradiation
with sufficient energy equivalent to or greater than the band gap of the semiconductors

(Alaghmandfard & Ghandi, 2022).

(a) (b)

A Semiconductor A A Semiconductor A

Semiconductor B Semiconductor B

E vs. NHE (eV)
E vs. NHE (eV)

| oo

VB

IOxidationl

Figure 19.The two most common heterojunction types in g-C3N4 —metal oxide photocatalysts: (a)
type II heterojunction, (b) Z-scheme heterojunction (white and dark balls are holes and electrons,

respectively) (Alaghmandfard & Ghandi, 2022).
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Since the charge carriers are accumulated in a semiconductor, there is no evident overall
enhancement of charge separation thus commonly impairing the photo-redox efficiency. On the
other hand, for the Type II heterojunction, the band edge potentials are staggered between
semiconductor 1 and semiconductor 2. As a result of the chemical potential between both
semiconductors, upward or downward band bending was formed, leading to the migration of
charge carriers in the opposite direction. This significantly enhances the electron—hole spatial
separation on various parts of heterojunction to retard the charge recombination to prolong the
lifetime of free electrons and holes. The Type II alignment is where the majority of the NC
heterojunctions are mentioned as shown in Figure 20. As a result, the oxidation and reduction
processes employ two different semiconductors. While this is going on, in a Type III
heterojunction, a semiconductor's VB and CB edges (semiconductor 2) are both above the CB
potential of semiconductor 1 without crossing. For the three types of heterojunctions, selecting an
appropriate semiconductor to couple with g-C3Ny in a heterostructured NC is of utmost importance
not only to expand the optical light absorption range but also to ameliorate the charge migration
and separation via a coherent and distinguished interface for the advancement of photochemistry
reactions (Fu et al., 2018).

(a)

Semiconductor

Semiconductor

Figure 20.Charge transfer in the conventional type II g-C3N4 -based heterojunction systems
constructed by coupling g-C3N4 to a second semiconductor a) with more negative CB and b) with

more positive VB.
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2.11 Pollutant dyes
2.11.1 4-Nitrophenol

4-Nitrophenol, (also called p-nitrophenol or 4-hydroxy nitro-benzene) is a phenolic compound that
has a nitro group at the opposite position of the hydroxyl group on the benzene ring. The chemical
profile of 4-NP shows Chemical Abstracts Service Registry Number: 100-02-7 | with synonyms:
4-Hydroxynitrobenzene, p-hydroxynitrobenzene, NCI-C55992, Niphen, 4-nitrofenol (Dutch), p-
nitrofenol, paranitrofenol (Dutch), and paranitrofenolo (Italian). 4-nitrophenol shows two
polymorphs in the crystalline state. The alpha form is colorless pillars, unstable at room
temperature, and stable toward sunlight. The beta form is yellow pillars, stable at room
temperature, and gradually turns red upon irradiation of sunlight. Usually, 4-nitrophenol exists as
a mixture of these two forms. 4-nitrophenol is used in the manufacturing of drugs (e.g.,
acetaminophen), fungicides, methyl and ethyl parathion insecticides, dyes, and to darken leather.
However, exposure to the 4-NP substance can be absorbed into the body by inhalation, through the
skin, and by ingestion (Abdollahi & Mohammadirad, 2014).

The catalytic reduction of 4-NP to 4-AP was widely applied as an industrial chemical and
metabolite of common household analgesics such as paracetamol (Cekic et al., 2005), which was
for the first time applied to test the catalytic activity of free and immobilized NPs. Recently, this
system has been established as a model reaction to evaluate the catalytic performance of different

mono and binary NCs (Esumi et al., 2004; Pradhan et al., 2002).

By carrying out the catalytic reduction of 4-NP, several researchers have already investigated their
synthetically produced effective catalytic nanostructured materials presence of reducing agents.
Due to the simplicity with which kinetic parameters can be measured by observing the reaction
using UV-Visible spectroscopic methods, reductions of 4-NP have come to be regarded as the most
widely used model catalytic reaction (Kanti et al., 2022). The common electron transfer
mechanism which involves the irreversible catalytic reduction of 4-NP tends to lose four electrons
and four protons (4H", 4¢") at first to form 4-hydroxylaminophenol followed by the reversible two
electrons and two protons (2H", 2e-) oxidation-reduction reaction to form 4-nitrosophenol as

presented in Figure 21 (Rajkumar et al., 2018).
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Figure 21. (a)The possible electrooxidation mechanism of 4-NP in the presence of the catalyst and

(b) representative time-dependent UV—visible spectra of catalytic reduction of 4-NP.
2.11.2 Bisphenol A

Bisphenol A, BPA (2,2-bis (4-hydroxyphenyl) propane), is a primary ingredient widely employed
for the commercial production of macromolecular products viz polycarbonate polymers and epoxy
resins Figure 22b. BPA is a monomeric compound used for producing plastics and resins but also
has an important environmental disadvantage due to its strong interference with normal working
hormones and metabolisms (Shi et al., 2017). BPA which has low vapor pressure, low volatility,
and moderate water solubility inevitably drifts into food items and drinking water from packaging
material, and subsequently, children, women, men, and even animals regularly ingest this

chemical.

However, the presence of BPA in different media including water sources has been substantiated
while it is partially treated in the water treatment terrain. Human exposure to BPA that leaches
from packaging or storage containers into foods and beverages is a great public health concern,
due to the endocrine-disrupting potentials of this compound which imitates the natural estrogens’
hormonal system. Concurrently, the toxic chemical further severely impairs the human nervous
function, reproductive system, and cardiovascular role apart from being potentially a carcinogen

(Kumunda et al., 2021).

Due to its widespread human exposure and toxicity, BPA has drawn considerable attention from
monitoring organizations and the general public in recent years. Because of the health problems,
in many developed countries restrictions on the use of BPA in certain consumer products have

been suggested. For example, the U.S. Food and Drug Administration (FDA) banned the use of
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BPA in baby bottles and children’s drinking cups in July 2012. BPA also has been prohibited from
the manufacture, sale, or distribution of some consumer products, such as reusable food or
beverage containers, infant formula containers, and thermal receipt paper, by several states in the
United States since 2009. Similarly, the European Commission restricted the use of BPA in plastic
infant feeding bottles in January 2011 and also established a migration limit of 600 pg/kg for BPA
in food or food simulators from plastic materials and articles intended to come in contact with

foodstuffs (Maragou et al., 2008).
2.11.3 Methylene blue dye

Methylene Blue (MB) is a heterocyclic aromatic compound. Methylene blue (CisH1sCIN3S) is a
cationic dye that is a commonly used substance for dying garments such as cotton, wool, and silk
Figure 22c. The IUPAC name of MB is [7-(dimethylamino) phenothiazine-3-43 ylidene]-
dimethylammonium; chloride. MB could be dangerous if inhaled or come in contact with skin. It
can cause eye burns which may be responsible for permanent injury to the eyes of humans and
animals. Inhalation of MB dye can give rise to short periods of rapid or difficult breathing while
ingestion through the mouth produces a burning sensation and may cause nausea, vomiting,
profuse sweating, mental confusion, and methemoglobinemia. Due to its known strong adsorption
onto solids, MB often serves as a model compound for removing dyes and organic contaminants

from aqueous solution (Hameed et al., 2007).
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Figure 22.Chemical structures of organic phenolic pollutants found in water and wastewater.
2.12 Operating variables

It is important both from a mechanistic and an application point of view to study the dependence
of substrate concentration on the electrochemical, electrocatalytic, and photocatalytic reaction rate.
Catalyst amount and concentration of pollutant optimization have similar plot flow properties. As

the initial concentration of the analyte increases, the efficacy of analyte adsorption decreases
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according to the saturation of adsorption sites on the surface of the adsorbent. At a low
concentration of analyte, there will be unoccupied binding sites on the surface of the catalyst and
when the initial concentration of analyte increases, there will be insufficient sites for the analyte
molecules to adsorb, so decreases the removal efficiency(Hameed et al., 2007; Sharma et al.,
2020). Additionally, a rise in substrate concentration may result in the production of intermediates,
which may then adsorb on the catalyst's surface. The catalyst's active sites may become inactive
by slow diffusion of the produced intermediates from the catalyst surface, which would lower the
rate of reduction. According to apparent first-order kinetics, at low concentrations, the number of
catalytic sites will not be the limiting factor and the rate of reduction will be proportionate to the

substrate concentration (Hanafi & Sapawe, 2020).

The common catalytic reduction of 4-NP in the presence of various reducing agents, such as
NaBH4, hydrazine (N2Ha), etc. is a widely used reaction to study the activity of catalysts in an
aqueous environment. However, as shown in (Figure 23), the catalytic reduction of the 4-NP
reaction has been affected by various parameters (Kanti et al., 2022). Various studies revealed that
with increasing concentration of 4-NP, for instance, the rate constant of the reduction reaction
decreases as well as time to complete the reduction process increases. The reaction in the presence
of Au NPs with various amounts of 4-NP and they explored that reaction time as well as TOF value

was increasing with an increment of 4-NP concentration in the reaction medium (J. L1 et al., 2012).
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Figure 23. A schematic representation of the effect of parameters on the catalytic reduction of 4-

NP
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Cyclic voltammetry (CV), which is also used to determine the active surface area of electrodes
modified with NC materials, can be utilized to study the kinetics of the analytes' electrocatalytic
processes on modified electrodes. The modified electrodes are frequently subjected to CV

134 at various scan rates. The scan rate or the

measurements with redox probes like [Fe (CN)s
square root of the scan rate can be used to plot the anodic and cathodic peak currents. However,
when the peak currents on the plot exhibit a linear relationship with the square root of the scan
rate, a diffusion-controlled mechanism is typically present. When the plot shows a linear
relationship between the peak currents and scan rate, a surface-controlled mechanism is usually
present. The following Randles-Sevcik equation can be used to determine the active surface area

of the electrode for an electrochemically reversible electron transfer process that exhibits typical

diffusion-controlled electrochemical behavior (Paixao, 2020).
Ipa = (2.69 X 105)n3/2D1/2(;‘Av1/2 )

where I, refers to the anodic peak current, n is the electron transfer number, A is the surface area
of the electrode, D is the diffusion coefficient of the redox species such as [Fe (CN)s]>7*", C is the
concentration of freely diffusing redox species and v is the scan rate. Usually for 5 mM [Fe
(CN)6]* ™, it is assumed that n = 1 and D = 7.6 x 10°® cm s°!; the active surface areas of the

nanocomposite-modified electrodes are obtained from the slope of the Ip.— v!”* relation.
2.13 Electrochemical activity of graphitic carbon nitride-based NCs

Several articles explained that g-CsNs-based materials can be used to detect organic pollutants.
For example, barium stannate was blended using g-C3N4 by ultrasonic-assisted synthesis to form
barium stannate—graphitic carbon nitride NC (BSO—g-C3N4), and the resulting NC was utilized for
the electrochemical detection of 4-NP via electro-oxidation. To test 4-NP electrochemically using
the linear sweep voltammetry (LSV) method, the synthesized BSO- g-C3N4 was drop-cast on a
pre-treated glassy carbon electrode (Idris et al., 2020). It is critical to stress that the discrepancy in
detection limits reported by researchers can be attributed to the following factors: (1) analyte
detection methods (2) utilizing nanomaterials to change the conducting substrate (3) conductivity

of the g-C3N4 matrix’s incorporated nanomaterials and (4) substrate conducting.

The oxidation of the g-C3N4 helps to attract the analyte on the conducting substrate. The oxidized

graphitic carbon nitride (Ox—g-C3N4) was reported to possess excellent electrocatalytic activities
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towards 4-NP. The sensor was fabricated by drop-casting Ox—g-C3N4 on a screen-printed electrode
(SPE). The DPV response of the fabricated sensor showed a good linear range from 0.0033 to
0.313 uM, with a detection limit value of 0.075 puM. The g-C3N4 was oxidized to incorporate some
exciting functional groups, including carboxyl, hydroxyl, and ketone, which helped attract the

analyte on the electrode surface. This helps to have a lower detection limit (Idris et al., 2020).

In the application of ternary MO/ g-C3N4 NCs-based electrochemical BPA sensors, little is known
about the detection of BPA by scholars. However, earlier research suggests the process of
electrochemical oxidation of BPA on modified electrochemical sensors as shown in Figure 24

(Kunene et al., 2020; Yan et al., 2015).
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Figure 24.The possible electrooxidation mechanism of BPA at Lac/Ag-ZnO NPs/ MWCNTs/C-
SPE (Kunene et al., 2020).
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CHAPTER 3. MATERIALS AND METHODS
3.1 Study area

Synthesizing of NCs was done at Wolkite University. The sensor and catalytic reduction
experiments were conducted at the Department of Applied Chemistry, the photocatalytic study,
TGA/DTA and XRD experiments were conducted at the Department of Material Science, the PL
study was done at the Department of Applied Physics, Adama Science and Technology University.
The FT-IR study was done at the Department of Chemistry, Addis Ababa University. UV-Vis/DRS,
BET, HRSEM/SED/EDS, and XPS studies were conducted at Free State University, South Africa.

Characterization of synthesized samples by TEM was done in India.
3.2 Chemicals and reagents

The chemicals and reagents used are urea (CO(NH2)2), ammonium sulphate ((NH4)2SO4), absolute
ethanol (CH3CH20OH) 97%, sulfuric acid (H2SO4), sodium hydroxide (NaOH), ammonia water
(NH3(OH) zirconia oxychloride hydrated (ZrOCL.8H20), copper nitrate hydrated Cu
(NO3)2:3H20 and hydrochloric (98%) HCI. 4-nitrophenol (CsHsNO3), BPA (Ci5H1602), NaxSO4
NaBH., Fe (CN)s*”*, KCl, and MB obtained from Sigma Aldrich (99.9%). All the reagents and
chemicals were of analytical-grade purity and used without further purification 4-NP was selected
as the target contaminant and used without purification. Double distilled water was used for all

solutions.
3.3 Preparation of sulfur-doped graphitic carbon nitride (S-doped g-C3N4) nanocomposite

The S-doped g-C3N4 NC was prepared by modifying an upgraded gas templating method (H. Guo
et al., 2020). Briefly, measured amounts of ammonium sulphate ((NH3)2SO4, 2 g) and urea
(NH3)2CO, 8 g) were used via the following process. First, (NH3)2SO4 was placed at the bottom of
a crucible and distributed uniformly (to be used as a bed), and then urea was laid over ammonium
sulphate uniformly distributed on the upper surface. The crucible was then covered with aluminum
foil and placed in a muffle furnace at 550 °C with a heating rate of 15 °C/min for 4 hrs. in an
atmospheric environment. After cooling the furnace, the prepared bulk material was dissolved in
100 mL C>HsOH and sonicated (model; Bandelin electronic Heinrichstrabe 2.4, 12207 Berlin,
Germany) for 2 hrs. To remove the unexfoliated impurities the obtained sulfur-doped graphitic

carbon nitride was centrifuged at 4000 rpm. After filtering, the sample was dried at room
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temperature and collected. The exfoliated sample was abbreviated as S-doped g-C3N4 sheets. For
comparison, g-C3N4 was prepared using pyrolysis of urea at the same heating temperature and time

except the absence of sulfur.

3.3.1 Synthesis of CuO@ S-doped g-C3N4 NCs

The binary CuO@S-doped g-C3N4 NCs were prepared by employing a simple chemical
precipitation method (Sudrajat & Hartuti, 2018). First, the CuO NPs were synthesized from solid
Cu (NO3)2'3H>0 using the chemical precipitation method. In a typical synthesis, first a mixture
of C2HsOH and S-doped g-C3N4 that was already synthesized in the previous step was sonicated
for 2 hrs. and labelled as solution “A”. In the meantime, the desired amount of solid Cu
(NO3)2:3H20 (7.54 g) was stirred by dropwise addition of 0.1 M of NaOH while heating at 70 °C
(using a hot plate) until a black precipitate formed, this was labeled as solution “B”. Then, solution
“B” was added to solution “A” and stirred for an extra 4 hrs. with the addition of deionized water
until the pH=10. After filtering and washing with distilled water and ethanol repeatedly, the
mixture solution was transferred to an oven to dry at 60 °C overnight. After grinding, the sample
was transferred into a muffle furnace at 500 °C, heating at a rate of 5 °C/min for 3 hrs. Finally,
after allowing the furnace to cool CuO@S-doped g-C3N4 (CuO=5%) powder was obtained.
Applying similar experimental procedures, different amount of CuO sample was prepared to get
CuO@S-doped g-C3N4 (10%), CuO@S-doped g-C3N4 (20%), and CuO@S-doped g-C3N4 (30%)

powder samples.
3.3.2 Synthesis of ZrO:2 @ S-doped g-C3N4 NCs

Applying a similar method used in section 3.3.1, ZrO>@S-doped g-C3N4 NCs were prepared from
ZrO; powder and the S-doped g-C3N4 NCs following a previously reported method. To synthesis
binary NC, first ZrO; was synthesized from the precursor ZrOCl>.8H>O by chemical precipitation
method. Briefly, approximately 6.5 g ZrOCl2.8H>O was added to 100 mL deionized water to
prepare 0.2 molL! ZrOCl, aqueous solution. Slowly ammonia water was added to adjust pH to
10-11 and stirred till a white precipitate was formed. On the other hand, measured S-doped g-
C3Ny4 was stirred for 2 hrs. Then, to this, the homogenous white colour solution of zirconia was
added. The mixture was stirred for an additional 2 hrs. to make the mixture uniform. After filtering
and washing with distilled water and ethanol repeatedly, the sample was transferred to an oven at

60° C overnight. Finally, the dried sample was transferred to a muftle furnace at 500 ° C for 3 hrs.
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with a heating rate of 15 °C min™'. After cooling down at room temperature, a ZrO>@ S-doped g-
C3N4 (ZrO2=5%) powder sample was prepared. Following a similar procedure, different amounts

of ZrO; were prepared to have ZrO>@S-dopedg-C3N4 (10,20, and 30%) powder samples.
3.3.3 Synthesis of CuO/ZrO2@ S-doped g-C3N4 NCs

The ternary CuO/ZrO@S-doped g-C3N4 NCs were prepared by employing a simple chemical
precipitation method. In a typical synthesis, a mixture of CoHsOH and S-doped g-C3Ns was
sonicated for 2 hrs., labelled as solution “A”. Applying the same procedure, CuO solution was
prepared from the desired amount of Cu (NO3)2'3H>0 (3.77 g), labelled as solution “B”. In the
other experiment, the measured amount of ZrOCl.8(H20).3H,0 (3.25 g) was prepared as
described above and labelled solution “C” " Then to prepare ternary powder sample, both solutions
“A” and “B” were added to solution “C” and the mixture was stirred further for 4 hrs. by dropping
of deionized water until the pH reached approximately 10. After filtering and washing with
deionized water and ethanol (98%) repeatedly, the mixture was transferred to an oven to dry at 180
°C overnight. After grinding, the sample was placed into a muffle furnace at 500 °C, heating at a
rate of 5 °C/min for 3 hrs. After allowing the furnace to cool, the resulting sample was named as
ternary CuO/ZrOx@S-doped g-C3N4 powder sample, Following the same experimental conditions,
the remaining ternary CuO/ZrO>@S-doped g-C3N4(5%), CuO/ZrO@S-doped g-C3N4 (10%) and
CuO/ZrOx@S-doped g-C3N4 (20%) NCs and CuO/ZrO@S-doped g-C3N4(30%) powder samples

were prepared.
3.4 Characterization of synthesized nanocomposites

To observe the effects of combining S, CuO and ZrO2 NPs in the preparation of binary and ternary
NCs, either being supported or as support itself. The synthesized samples were characterized
through advanced instrument techniques. The following sections describe the characterization

methods used in this study.
3.4.1 Thermal stability

Thermal stability properties of the S-doped g-C3;Ns, CuO@S-doped g-C3Na, ZrO@S-doped g-
C3N4,and CuO/ZrO@S-doped g-C3N4 samples were measured using capillary tubes with a digital
melting point apparatus. TGA and DTA were performed under an N> atmosphere (20 mL/min)
using a DTG-60H Shimadzu thermal analyzer. The rate of heating of the sample was set at 15
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°C/min; TGA/DTA techniques were performed with a NETZSCH STA 409 PC/ PG, in which a
heating rate of 15 °C/min was applied between room temperature and 1000 °C. The weight loss

was recorded between 25 — 1000 °C with a heating rate of 15 °C/min.
3.4.2 Crystal structure, phase, and purity

Since many substances have known crystal structures, powder X-ray diffraction (XRD) can be
used as a fingerprint technique. This technique uses powder or polycrystalline materials to create
patterns arising from all possible crystalline orientations for each material. A powder
diffractometer essentially consists of an X-ray source, a sample holder, a detector, and a data
storage device. The phase structure of the synthesized samples was studied by powder XRD with
X-ray tube Cu Ka radiation target Cu, a voltage of 40.0 kV, and a current of 30.0 mA at a scanning
rate of 3.0 deg/min (Shimadzu Corporation, Japan, Model XRD-7000X-RAY diffractometer).
Similarly, the chemical bonding behaviors of the samples were evaluated using Fourier transform
infrared (FTIR, Frontier) measured on Spectrum 65 FT-IR (PerkinElmer) in the range 4000-400

cm™.

3.4.3 Optical properties

UV-visible spectroscopy is a robust characterization technique that can be used for the structure

elucidation of organic molecules and also for both qualitative and quantitative analyses.

Optical properties of pristine g-C3Ny4, CuO, ZrO;, and S-doped g-C3N4 based binary and ternary
samples were investigated by Ultraviolet—Visible (UV—Vis) diffused reflectance spectra (DRS)
using a scanning-type UV—Vis spectrometer (Perkin Elmer, Lambda 950) with a BaSOs-based
integrating sphere in the wavelength range of 200 to 800 nm.

Moreover, the effect of CuO and ZrO; NPs on S-doped g-CsN4 based binary and ternary samples
on the separation efficiency of electron-hole pairs was investigated by steady photoluminescence
(PL) spectra carried out on a Cary Eclipse Fluorescence Spectrophotometer (Agilent, Malaysia)

with excitation wavelength at 324 nm using xenon (Xe) flash lamp as excitation source.
3.4.4 Surface area

The determination and control of the surface areas and porosities of materials are very important
in heterogeneous catalysis since they have a strong influence on catalytic activity. The most widely

technique for surface area measurement is the Brunauer—Emmett-Teller (BET). Nitrogen
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adsorption—desorption isotherms and BET was applied for surface area and porosity measurements
(isotherms) of g-C3N4, S-doped g-C3N4, CuO, ZrO», and S-doped g-C3N4 based binary and ternary
samples were obtained with a Micrometrics ASAP 2020 surface area and porosity analyzer and
ASAP 2020 v2.0 software. Data refinement was done with Microactive v1.01 software.
Approximately 30 mg of samples were activated under vacuum at 150 °C for 16 hrs. Samples were

cooled to room temperature and N> adsorption-desorption measurements were done at 77 K.
3.4.5 Morphology study

The morphologies of the prepared samples were visually characterized using high-resolution
scanning electron microscopy/Energy-dispersive X-ray spectroscopy/Secondary electrons
diffraction (HR-SEM/EDS/SED) HR-SEM: JEOL 7800F Field Emission SEM, with an Oxford
EDS, EM: Jeol IT200 SEM, with a Jeol EDS.

In addition to the type of morphology, the formation of CuO and ZrO; NPs in the S-doped g-C3Ny-
based binary and ternary samples were further characterized by high-resolution transmission

electron microscopy (Jeol TEM 2100 HRTEM).
3.4.6 Chemical composition

The chemical or elemental composition determines the purity and performance of the composite.

X-ray photoelectron spectroscopic (XPS) analysis (model PHI 5000 Versaprobe) was conducted
to study the chemical compositions of the prepared samples. A low-energy Ar” ion gun and low-
energy neutralizer electron gun were used to minimize charging on the surface. A 100 pm diameter
monochromatic Al Ka X-ray beam (hv = 1486.6 eV) generated by a 25 W; 15 kV electron beam
was used to analyze the different binding energy peaks. Multipack version 9.8 software was
utilized to analyze the spectra to identify the chemical compounds and their electronic states using

Gaussian—Lorentz fits.
3.4.7 Electrochemical characterization

To investigate the electrochemical behaviors of g-C3Na4, S-doped g-C3Ny4, CuO, ZrO», and S-doped
g-C3Ny based binary and ternary samples, cyclic voltammetric studies were conducted using a 0.1
M KC1 5 mM Fe(CN)s*"* redox probe electrolyte solution at a scan rate of 50 mV-! using a
conventional three electrodes electrochemical cell with Ag/AgCl (3.0 M KCl aqua electrolyte) as

reference electrode, platinum wire as counter electrode and fluorine tin-oxide electrode (FTO)
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(area = 1x1 cm?) coated with the prepared samples as working electrodes, connected to a
potentiostat (Auto lab Ivium Technologies B V De Zaale 11 5612 AJ Eindhoven, Netherlands)

coupled with a personal computer.

Electrochemical impedance spectroscopy (EIS) measurements were performed by using 5 mM Fe
(CN)*/Fe (CN)*, applying an AC potential with an amplitude of 5 mV in the frequency range from
0.1 Hz to 1x10”° Hz and applied potential of 0.22 V. A To evaluate the electrochemical performance
of the modified electrodes, the Mott-Schottky curve study was conducted by using a two-electrode

configuration test in 0.5 M Na>SOj4 solution.
3.4.8 Computational studies

In this study, s-triazine rings from heptazine units (CsN7) were constructed, it consists of three
fused s-triazine rings joined by nitrogen atoms. To mimic the doping of g-CsN4 with sulfur,
substitutions of N1, N2, and N3 with S, respectively, for the three different sites were investigated.
The findings of geometric optimizations of g-C3N4 and S-doped g-CsN4, models were used as
input. The results were visualized using Chemcraft 1.8 software. The ABAB-stacking order of s-
triazine rings from heptazine units (CsN7) was assumed to ease DFT computations. The DFT
method has been used to investigate electrostatic potential (ESP) analyses, such as electronic
delocalization between donor and acceptor bonds. DFT simulations employing the Becke 3—Lee—
Yang—Parr (B3LYP) hybrid function were used to estimate the electronic characteristics of the
optimized geometries, wavefunctions, and energies of all structures(Stephens & Devlin, 1995).
For all of the atoms, the B3LYP/6-31+G (d, p) method was employed in Gaussian 09. The
structural stability of the models was calculated using the energies of the lowest unoccupied

molecular orbital (LUMO) and highest occupied molecular orbital (HOMO).
3.5. Catalytic reduction studies
3.5.1 Preparation of 4-nitrophenol solution

To evaluate the catalytic performance of g-C3N4, CuO, ZrOz and S-doped g-C3N4 based binary and
ternary NCs in the reduction study of 4-NP into 4-AP, first 0.012M of 4-NP stock solution was
prepared using double distilled water. Briefly, about 0.3783 g NaBH4 was dissolved in 100 mL
double distilled water in a 250 mL beaker; then 1 mL 4-NP (0.012 M) solution was added, to this
solution measured amount of catalyst (g-C3N4, S-doped g-C3Na, S-doped g-C3N4 based binary and
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ternary NCs) was added, in the meantime the solution mixture change in colour was observed. The
catalytic reduction reactions of 4-NP were performed in a standard 3 mL quartz cuvette with a 1
cm path length. The absorbance of the reaction progresses the mixture of NaBH4 and 4-NP was
monitored using UV-Vis spectroscopy in the wavelength range of 250—500 nm after a constant min

time interval.
3.6 Preparation of MB for photocatalysis study

Photocatalytic activity of the prepared ternary CuO/ZrO»>@ S-doped g-C3N4 (5,10,20 and 30 %)
NCs was investigated by degradation of MB under visible-light irradiation at room temperature.
In this study, CuO/ZrO@ S-doped g-C3N4 (5,10,20 and 30 %) photocatalyst (10 mg) was
dispersed in 100 mL(10ppm) MB solution with an initial concentration of 10 mg L™! by sonication
for 10 min. Then it was kept in the dark for 30 min under stirring to reach saturation adsorption.
After that, the photocatalytic decomposition of MB started under visible light irradiation. The
experiment was conducted in a 176.6 cm? circular glass reactor under 125 W mercury vapour lamp
irradiation from the top. In every 5 minutes, 5 mL of the dye solution was taken, and the
concentrations at time t were measured by UV-vis spectrophotometer. The photocatalytic
degradation efficiency of the ternary samples was computed as a percentage. The pseudo-first-
order and second-order kinetic equation (equation 3 and 4) was used to study reaction dynamics

(Guan et al., 2021).

In(4/a0) = —kt ®)

S 4kt (4)
A A

Where Ao and A are the initial and the final concentration of MB at time t (min) respectively and
k is the observed rate constant in min™!

3.7 Electrochemical sensor studies

3.7.1 Preparation of binder-free modified sensors for 4-nitrophenol

Before modification, the bare FTOE was polished using 0.05 mm ALOs polishing powder,
followed by thorough washing with ultrapure water and successive ultra-sonication with acetone,
absolute ethanol and deionized water, respectively, for 15 min each time. This procedure was done

repeatedly for the entire study to ensure that there was no contamination. After drying, the
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electrode was sealed with Scotch tape with an exposed geometric area of 1x1 cm?. To disperse the
synthesized samples (g-C3N4, S-doped g-C3N4, CuO, ZrO»>, S-doped g-C3N4 based binary and
ternary NCs), 0.5%wt. solution of samples was prepared in DMF solvent by sonicating vigorously
for 2 hrs. at room temperature. For deposition, the resulting suspension (25 pL,) with a measured
mass loading of modified active electrode was used by drop cast method on FTO (1x1 ¢cm?) and
dried naturally to get g-C3N4/FTO, S-doped g-C3N4/FTO, CuO/FTO, ZrOo/FTO, S-doped g-C3N4
based binary and ternary (CuO@S-doped g-C3N4/FTO, ZrO@S-doped g-C3N4/FTO, and
CuO/ZrOx@S-doped g-C3N4/FTO) modified electrodes. Afterwards, the dried modified electrodes
were gently washed with deionized water to remove loosely attached samples on the modified
electrodes' surface. Finally, the modified binder-free electrodes were used for the electrochemical
measurements. For the detection of 4-NP, the modified binder-free electrodes, the Ag/AgCl
saturated KCI electrode, and a platinum wire were used as a working, reference, and counter
electrode, respectively. The sensing capability of the modified FTOEs was evaluated using 4-NP
as reported by similar studies (Faisal et al., 2022; Khan et al., 2014).

3.7.2 Preparation of 4-NP solution for binder-free sensors

0.5 mM stock solution of 4-NP was prepared by dissolving 70 mg 4-NP in 100 mL distilled water
and then filled to 1000 mL in a volumetric flask. A series of 4-NP solutions were freshly prepared
from the stock solution by appropriate dilution of the stock solution with 10 mL phosphate buffer
solution (PBS, pH = 7.0). All the solutions were prepared with doubly distilled water and all the

measurements were carried out at room temperature (25 + 5 °C).
3.7.3 Preparation of carbon paste-modified sensors for BPA

To evaluate the synthesized semiconductors’ performance of the g-C3Na4, S-doped g-C3Na, binary
CuO@S-doped g-C3N4, ZrO>@S-doped g-C3N4 and ternary CuO/ZrO2@S-doped g-C3N4 NCs, in
another type of electrode modification system, carbon pates modified by the prepared samples
were fabricated to detect BPA in aqueous solution. Briefly, to prepare g-C3N4/CPE, S-doped g-
C3N4/CPE, CuO@S-doped g-C3N4/CPE, ZrO@S-doped g-C3N4/CPE and, CuO/ZrO>@S-doped
g-C3N4 /CPE sensors, a mixture of 0.455 g of graphite powder 0.025 g of synthesized NCs, and
0.4 mL of paraftin oil was blended by hand, mixed in a mortar and pestle and then inserted in the
bottom of a plastic tube syringe (internal radius: 2 mm and 10 cm long). Electrical contact was

performed by pushing a conductive copper wire into the end of the glass tube to stick to the carbon
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paste. When it is necessary to have a fresh electrode surface, the new surface is generated by
extruding a small plug of the carbon paste with a stainless-steel rod rapidly and smoothing the

resulting surface on the white paper.
3.7.4 Preparation of BPA solution

0.5 mM stock solution of BPA was prepared by dissolving 70 mg BPA in 100 mL distilled water
and then filled to 1000 mL in a volumetric flask. A series of BPA working solutions were freshly
prepared from the stock solution by appropriate dilution of the stock solution with 10 mL
phosphate buffer solution (PBS, pH = 7.0). All the solutions were prepared with doubly distilled
water and all the measurements were carried out at room temperature (25 £ 5 °C) (T. Yang et al.,

2015).
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CHAPTER 4. RESULTS AND DISCUSSIONS

To observe the main reaction parameters during the conversion of ammonium sulphate and urea
to S-doped g-C3Ns NCs, we examined the retainability behind the releasing impacts of the self-
supporting environment formed by pyrolysis and the reaction temperature. It was noticed that a
solid with a pale-yellow type was produced on the surface of a closed crucible when a specific
quantity of ammonium sulphate and urea was mixed. However, in an open crucible, all of the
components were thermally destroyed and no solid precipitate was observed on the surface.
According to the literature, on the thermal decomposition of urea, when the gas sources, in this
case, ammonium sulphate, are placed on the bottom urea, gases transfer from the bottom to the top
of the crucible, resulting in better utilization of decomposed gases and disruption of g-C3N4
growth. This method uses the bottom-placed (NH4)>SO4 as a bi-functional gas template source and
doping agent to transform the up-placed urea into S-doped g-C3Ns. As a result of the high-
temperature self-polymerization of sulfur and graphitic carbon nitride, the yellow-coloured solid

phase formed inside the crucible in a one-step (H. Guo et al., 2020).
4.1. Characterization results analysis
4.1.1. Thermal stability studies

It was used to investigate the thermal stability property of the precursors to synthesize the pristine,
binary and ternary samples. The thermal stabilities of the g-C3N4, S-doped g-C3N4, CuO@S-doped
g-C3Ny, ZrO2@S-doped g-C3N4 and CuO/ZrO2@S-doped g-C3N4 samples was investigated from
the precursors CO(NH2)2, ((NH4)2SO4, Cu (NO3)2-3H20 and ZrOCl,.8H>0 before calcination by
TGA/DTA technique under an N> atmosphere.

The TGA curve for CO(NHz)2 and (NH4)2SO4, (Figure 25a, blue line) demonstrates a progressive
four weight loss steps that include the evaporation of adsorbed water molecules, the breakdown of
NO; from ammonium sulphate and/or the breakdown of amorphous parts of urea, and finally the
decomposition of the crystalline part to produce carbon, nitrogen, sulphur, hydrogen, and ash
above 400 °C. Afterwards, the remaining portion of urea and ammonium sulphate is decomposed
very slowly up to higher temperatures. The DTA curve of (Figure 25b black line) reveals an
endothermic transformation at 132.19, 237.51 and 380.91°C in the formation of S-doped g-C3Na.
When the weight loss rate reaches its maximum, the breakdown reaction of urea and ammonium

sulfate produces gases that could overflow and absorb heat from the system, replacing the
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isomerization process. Thus, considering the TG/DTA property of this information, the
temperature, 550 °C was carefully chosen for synthesizing S-doped g-C3N4 (H. Guo et al., 2020;
K. Lietal, 2023; J. Zou et al., 2019).

Similarly, as seen in the Figure 25b of DTA curve, endothermic transformations were observed at
101.8,240.71 and 747.03 °C. The decomposition reaction of the precursors, CO(NH2)2, (NH4)2SO4
and Cu (NO3)2'3H20 produces gas that exits and removes heat from the system causing the
increase of the weight loss rate during isomerization (J. Zou et al., 2019). In the range of 400-615
°C, the TGA (blue line) plots exhibited behavior that is comparable to that of Figure 25a, with
large ongoing weight losses. This demonstrates a new feature of CO(NH2)2, (NH4)2S0O4, and Cu
(NO3)2 .3H2QO's thermal stability till 747 °C. But, as mentioned in the literature section, urea is
calcined at a temperature between 520 and 550 °C while g-C3N4 is being made. To preserve the
fundamental structure of the S-doped g-C3Ns during the synthesis of binary CuO@S-doped g-
C3Ny, a calcination temperature of 500 °C was chosen (Berhanu et al., 2022; Jones & Rollinson,

2013; Kumari et al., 2008).

Figure 25 c displays the ZrO;@S-doped g-C3N4 sample's thermal stability property. The TGA
(blue line) displays the thermal stability of the precursors'’ CO(NHz)2, (NH4)2SOs4 and
ZrOCl2.8H20) throughout a variety of temperatures. Stabilization took place in three steps,
beginning at 520 °C. Very little weight loss was seen at temperatures over 520 °C, indicating
improved thermal stability (blue line). Additionally, the DTA results show that the precursors
thermally decomposed at 126.94 and 217.26 °C as a result of water molecule breakdown, carbon
dioxide evaporation, and amino group (NH3) volatilization. The last stage suggested that a
consistent weight loss curve was seen at higher temperatures as a result of the phase shift from the
ammonium sulphate/urea to the S-doped g-C3Ny structure. Therefore, taking into account this
finding and literature references, 500 °C was chosen for the calcination of binary ZrO»@S-doped

g-C3N4 composite (J. Zou et al., 2018).

For the preparation of ternary CuO/ZrO@S-doped g-Cs3Ny4, the thermal properties of Cu
(NO3)2.3H20 and ZrOCl>.8H>0).3H>0 described above were considered. As shown in Figure 25d,
the TGA curve begins to stabilize around 400.62 °C, which is caused by the mixing up of the
precursors Cu (NO3)2.3H>0 and ZrOCL.8H20O. From the above TGA/DTA results, it can be

observed that the total decomposition temperature of the mixture of the precursors((NH4)2SOs,
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CO(NH2)2, Cu (NO3)2.3H20 and ZrOCl,.8H>0).3H2O ends around at >520 °C. In order to
synthesize ternary samples, the temperature of 500 °C was selected by considering the thermal
stability of the precursors and the preservation of Cu (II), which keeps it from converting into Cu

(I) at higher temperatures (J. Liu et al., 2011).
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Figure 25.TGA (blue)/DTA (black) thermogram for mixture of precursors (a) CO(NHz)2, and
(NH4)2SO4:(b) CO(NH2)2, (NH4)2SO4 and Cu (NO3)2.3H20:(c) CO(NHz)2, (NH4)>SOs4 and
ZrOCLh.8H>0: and (d) CO(NH2)2, (NH4)2SO4, Cu (NO3)2.3H20 and ZrOCL.8H,O before

calcination.
4.1.2 Crystal structure, phase and purity analysis
XRD analysis

To verify the phase, crystallinity and structural changes occurred during the integration of S, CuO

and ZrO; into g-C3N4, the XRD study for intrinsic CuO, ZrO2, g-C3N4, S-doped g-C3N4, binary
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CuO@S-doped g-C3Ns4 (5, 10, 20, and 30%), and ZrO; @S-doped g-C3N4 (5, 10, 20, and 30%)
and ternary CuO/ZrO@S-doped g-C3N4 (5, 10, 20, and 30%) NCs were recorded, as shown in
Figure 26-28.

Figure 26 shows the two significant peaks for g-C3N4 and S-doped g-C3N4. The low-intensity peak
at 20 = 13.4° and strong peak at 26.99° are attributed to (100) and (002) diffraction planes
respectively indicating the unique graphitic structure of g-C3N4 (K. Wang et al., 2015; D. Zhu &
Zhou, 2021). In comparison to g-C3Ny, the strong peak due to S-doped g-C3Nj4 is sharper and more
intense, which indicates its more crystallite nature. Moreover, the value of 26 and major peak for
S-doped g-C3Ns was found to have shifted negatively to 20 = 23.98 © (Table 5) indicating the
presence of impurities, in this case, S. This reveal that there is no obvious change in the basic
structure of g-C3N4 and S-doped g-C3N4 showing S-doped C3Nj still retain the molecular structure
of g-C3N4 which complies with the reported literature (Al-saadi & Hameed, 2015).

The presence of Tenorite phase of monoclinic crystal CuO in the CuO@S-doped g-CsN4 NC is
CuO (JCPDS card Ne. (05-0661)) which was assigned to the typical strong peaks at 20 = 35.728°,
38.940°,49.031° in the synthesized and standard XRD pattern shown in Figure 26 (Huang et al.,
2019; D. Liu et al., 2018). Due to the higher amount of CuO (CuO=30%), the diffraction peak of
CuO@S-doped g-C3Ng4 at 20 =23.98 ° is low (Figure 26 Inset), probably because of the low content
of S-doped g-C3N4 in CuO@S-doped g-C3N4. Thus, the signals were found to rise as the amount
of CuO in the NCs increased, indicating the possibility of generating a metal-organic hybrid
material or a coordination compound dominated by CuO NPs (Ahilandeswari, 2022; Tahir et al.,
2007). The average crystallite size of each catalyst was calculated using Scherrer’s formula as

given in equation 5.

0.91

b= Bcosb ®)

where 0 is the angle between the incident and diffracted beams (degree), § is the full line width at
half maximum height (rad.) D is the average particle size of the sample (nm) and A is the

wavelength of the X-ray.
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Figure 26.XRD pattern of g-C3N4, S doped g-C3N4, CuO@S-doped g-C3N4 (5,10,20 and 30%)
NCs and CuO.

The average grain size of prepared g-C3Na, S-doped g-C3Na, CuO@S-doped g-C3Na (5, 10, 20 and
30%) NCs and intrinsic CuO NPs were found to be 5.52, 13.23, 9.28, 6.80, 9.32, 6.50 and 30.09
nm respectively, as presented in Table 5. Generally, due to kinetics during processing, particles of
CuO@S-doped g-C3N4NCs evolved from agglomeration of small grains than particles of CuO@S-
doped g-C3N4 (10 and 20%) NC.

The crystal structures of binary ZrO>@S-doped g-C3N4 (5,10, 20, and 30%) NCs and intrinsic ZrO»
NPs were recorded using XRD. As seen in Figure 27, for comparison, intrinsic g-C3Na4, S-doped g-
C3Ny4, and ZrO; was presented. The result shows the presence of a cubic phase ZrO, with
corresponding characteristic peaks at 20 = 30.22°,35.27°,50.73° and 60.20° with fundamental
plane orientations at (111), (200), (220), and (331) (Bi et al., 2020) of (JCPDS card Ne
(00.049.1642). The binary ZrO>@S-doped g-C3N4 NCs has three major peaks encompassing ZrO»
NPs and S-doped g-C3N4 NCs, no other phases were found. The peak intensity of ZrO grows with
increasing ZrO> amount while the peak intensity of S-doped g-C3N4 drops. This demonstrates the
effective integration of S-doped g-C3N4 with ZrO,. The average crystallite size (D) of each sample
was calculated using Equation 5. As shown in Table 5, ZrO,@S-doped g-C3Ns NCs particles
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developed from the agglomeration of tiny grains, obtaining different crystal sizes as a result of the

processing kinetics (Krishna & Philip, 2022).
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Figure 27. XRD patterns of g-C3N4, S doped g-C3N4, ZrO@S-doped g-C3N4 (5,10,20 and

30%,) NCs and ZrO>

Figure 28 shows the XRD patterns of the intrinsic g-C3N4, S-doped g-C3N4, NPs and ternary
CuO/ZrOx@S-oped g-C3Ns (5,10,20 and 30%) NCs. As shown in Figure 28, no significant
diffraction peaks of CuO and ZrO; can be perceived in the ternary CuO/ZrO>@S-doped g-C3N4
(5,10,20 and 30%) samples through XRD examination. This may be due to the sample depth for
XRD being in micron sizes, hence the CuO and ZrO» species may be related to the size of
synthesized materials, which is the only plausible explanation for the absence of peaks for CuO

and ZrO> in the XRD investigation of ternary NCs (L. Bai et al., 2022).

The average crystal size of the prepared CuO/ZrO>@S-doped g-C3N4 (5, 10, 20 and 30%) NCs
intrinsic CuO and ZrO> NPs were found to be 5.52, 13.23, 13.23, 17.53, 5.80, 3.36, 30.09 and
13.10 nm respectively as presented in Table 5. By considering the presence of the skeleton structure
of the ternary NCs, the CuO and ZrO> NPs amount optimization was conducted by increasing the

total amounts of the two metal oxides (5-30%).
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Figure 28.. XRD pattern of (a) g-C3N4, S-doped g-C3N4, CuO and ZrO2 NPs CuO/ZrO2@S-
doped g-C3N4(5,10,20 and 30%) NCs (b) CuO/ZrO>@S-oped g-C3N4, CuO and ZrO>

As depicted in Table 5 the crystal size of CuO/ZrO>@S-doped g-C3Ns NCs is smaller (3.36 nm)
than the g-C3N4 (5.52 nm), S-doped g-C3N4 (13.23 nm), CuO (30.09 nm) and ZrO> (13.10 nm).
Clearly, this shows that by increasing the amounts of CuO and ZrO; NPs, the approximate
crystalline size of the ternary NCs decreased from 13.23 nm to 3.36 nm. This shows the synergetic
effect of the metallic NPs with the host S-doped g-C3N4 which is consistence with similar studies
reported earlier (Hanif et al., 2022). When compared with the binary CuO@S-doped g-C3N4 and
ZrO>@S-doped g-C3N4 NCs, the ternary NCs CuO/ZrO»@S-doped g-C3N4 NCs showed smaller
approximate average crystalline size. In addition to this, the full width at half maximum (FWHM)
of the ternary NC shows a broader FWHM than the binary NCs which is consistence with the
smaller the approximate size of crystalline the broader the FWHM.

FT-IR analysis

The chemical structure of g-C3N4, S-doped g-C3N4, CuO@S-doped g-C3Ng4 (5, 10, 20 and 30%)
NCs and pure CuO NPs catalysts were investigated by FT-IR technique (Figure 29). The intense
band observed at 811 cm™ represents a typical bending vibration mode of the s-triazine ring (the
out-of-plane bending vibration characteristic of heptazine rings). The fingerprint region of 1200—

1700 cm™! is dominated by the C-N and C=N stretching vibrations of tri-s-triazine rings. The
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prominent bands in the region of the wide absorption at band 3000-3500 cm ™! are attributed to the
stretching modes of the terminal -NH groups and C-N of the terminal amino groups by incomplete
condensation in g-C3Ns. The FT-IR curve of CuO-NPs and the most significant peaks are found at
585 and 531 cm ™!, corresponding to the stretching vibrational mode of Cu—O bond (Ke et al.,
2014).
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Figure 29.FTIR spectra of g-C3N4, S-doped g-C3Ns, CuO@S-doped g-C3N4 NCs. and CuO NPs

The FT-IR spectrum of bulk g-C3N4, S-doped g-C3N4, ZrO>@S-doped g-C3Na (5, 10, 20 and 30%)
NCs and ZrO> NPs is shown in Figure 30. As discussed in Figure 29, the chemical structure of g-
C3N4 and S-doped g-C3Ns display a sharp absorption peak at 808 cm’!, associated with s-triazine
ring modes, and a strong absorption peak in the range of 1200-1700 cm™'. The spectrum peak at
1645 cm! is attributable to C = N stretching vibration modes. Similarly, the peaks at 1241, 1319,
and 1404 cm™ are due to aromatic C—N stretching. This is due to the bending vibration of the #ri-
s-triazine C—N bond. The broad peak at 3040 to 3302 cm™! matches a broad absorption caused by
an aromatic ring defect (H. Guo et al., 2020; Mohammad, Khan, et al., 2020). The hydroxyl groups
on the surface of hydrated oxide together with adsorbed water generate the broad absorption peak
at 3373 cm’!. The weak peak around 710 cm™ appeared in the FT-IR spectrum of S-doped g-C3N4,
demonstrating a successful integration of sulfur into the g-C3Nj4 structure by substituting N with S
atoms forming C-S chemical bonds in the structure of g-C3Ns. These features demonstrate the

structural similarities of g-C3N4 and S-doped g-C3Na, although sulfur doping resulted in a small
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change in the band position for the #7i-substituted tri-s-triazine ring. This shows that S-doping does
not change the skeleton structure of g-C3N4 (Bi et al., 2020).

The stretching vibration of Zr—O causes ZrO; to have absorption peaks at approximately 509 cm”

! mainly attributed to Zr-O

'and 750 cm!, as Figure 30 illustrates. The peak centered at 478 cm™
vibrations (Kavil et al., 2019; S. Zhang et al., 2019). It can be seen that the FT-IR spectrum is

consistent with the XRD results, indicating the formation of ZrO@S-doped g-C3N4

heterostructures.
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Figure 30.FTIR spectra of g-C3N4, S-doped g-C3N4, ZrO> @S-doped g-C3N4 NCs and ZrO> NPs

The FT-IR spectra of S-doped g-C3N4, CuO, ZrO2, and CuO/ZrO@ S-doped g-C3N4 (5,10, 20 and
30 %) NCs are shown in Figure 31. The C=N stretching vibration modes are attributed for the
absorption bands at 1572 and 1645 cm! in the spectra of S-doped g-C3Na, whereas the aromatic
C-N stretching N stretching frequency of heptazine derivatives is belongs to some peaks at 1241,
1319, and 1404 cm™ and 1649. Similar to the above results, the peak at 805 cm! is related to the
s-triazine ring modes which was associated with the condensed CN heterocycles. The sulfur doping
was revealed by the peak at 705 cm™!, which was attributed to the C—S stretching vibration (S. Cao
etal., 2015; J. Zhu et al., 2014). The peak at 537 cm™' is the stretching vibrational band of the Cu—
O bond in monoclinic CuO crystal (Lopez & Gomez, 2012). For the pure ZrO,, the absorption
peaks at 509 cm™ and 745 cm™! are attributed to the stretching vibrations of Zr—O (Kavil et al.,
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2019). It is important to notice that the FT-IR spectra of the pristine g-C3N4, S-doped g-C3N4 and
CuO/ZrO2@S-doped g-C3N4 (5,10,20 and 30%) NCs show a notable degree of similarity however,
the shifting of the major peak in S-doped g-C3N4 in CuO/ZrO@S-doped g-C3N4 NCs positively
indicating the incorporation of impurities which is in this case the CuO and ZrO,. Generally, the
hybrid structure and behavior in CuO/ZrO>@S-doped g-C3Ns NCs validated by the FT-IR result
also showed an agreement with the XRD results (Zarei, 2020a).
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Figure 31.FT-IR spectra of g-C3Na, S-doped g-C3N4, CuO/ZrO@S-doped g-C3N4 NCs, CuO and
ZrO2 NPs.

4.1.3 Optical property analysis
UV -Vis/DRS analysis

UV—Visible/DRS spectral studies of the pristine g-C3Nas, S-doped g-C3N4, binary CuO@S-doped
g-C3Ny and ZrO@S-dopedg-C3N4 and ternary CuO/ZrO>@S-dopedg-C3N4 NCs, CuO and ZrO»
NPs were conducted at room temperature within the wavelength range 200-800 nm. Using the
band-gap energy relationship (Eg =1240/A¢) (Lépez & Goémez, 2012) and Kubelka—Munk function
(Bi et al., 2020; Ke et al., 2014) , the variations of all band gaps are displayed in Figures 32-34.
The tangent and horizontal lines parallel to the abscissa are provided by the cut line method to

determine the absorption wavelength threshold. The Kubelka-Munk equation was used to calculate
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optical band gap energies (£¢) for the prepared samples. This equation (Equation 6) was used to

determine diffused reflectance (R) (Mitra et al., 2016; Vu et al., 2018).

(1-R)?
F(R) = =2 (6)

To determine Eg, the Kubelka-Munk function was used as represented by equation 1.

where A is the wavelength of the light source, 4 is a constant that depends on the transition
probability related to effective masses associated with the valence band and conduction bands,
while » is the power index related to the optical absorption process, depending on transition
characteristics in the semiconductor. The n value was chosen to be 2 for directly allowed

transitions, / is Planck's constant, v is the frequency of light, E; stands for the energy gap between

the bottom of the conduction band (Cg) and the top of the valence band (V).

As shown in Figure 32a, all the synthesized materials exhibited a broad absorption band near 700
nm, showing an obvious red shift from 450 to 700 nm with the addition of S and CuO, as compared
to g-C3Ns. Weak absorption tails were observed due to structural defects in the heterostructured
samples, which may improve the visible absorption of materials. This is probably attributed to
structural defects formed in the samples treated at a given temperature showing the doping of

impurities in g-C3Ny.

As depicted in Figure 32(b-h), the direct band gap (Eg) values of the samples are between 2.66 eV
for the g-C3N4 and 1.76 eV for CuO, while the band gap of the binary NCs was found to decrease
as the amount of CuO increased (Table 5). This could be attributed to shifting to the visible range
by doping-induced modification in the lattices and structure of the S-doped g-C3Nj4 layers shift that
are observed for CuO@S-doped g-C3N4 (5,10,20 and 30%) NCs.
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Figure 32 Diffuse reflectance absorption spectra (a) and optical band gap plot transformed by
Kubelka—Munk function (b - h) of pristine g-C3N4, S-doped g-C3N4, CuO@S-doped g-C3N4 NCs

and CuO.
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The values were closer to the known values reported in the literature (Mitra et al., 2016; Vu et al.,
2018). It was noticed that ZrO>@S-doped g-C3Ns NC has better light absorption properties than
pristine g-C3N4, S-doped g-C3N4 and ZrO». It is due to the synergistic effect between the
interactions of ZrO> with S-doped g-C3N4. Due to the formation of chemical bonds between the S-
doped g-C3N4 and ZrO, the E, value was dramatically reduced., as depicted in Table 5. This
provides more evidence that the ZrO> NPs improve the optical characteristics of S-doped g-C3N4

NC over a wider range of wavelengths.

For the ternary NCs, it was observed that with the loading of S, CuO and ZrO», as compared to
bulk g-C3Njy there is an obviously a broad absorption band with a red shift in the hybrid NCs from
450 nm to near 700 nm (Figure 34). The photo-absorption edge of CuO/ZrO@S-doped g-C3N4
(5,10,20 and 30%) NCs shows a slight red-shift from ~450 nm a higher wavelength to ~700 nm.
This is likely due to structural defects formed in the NCs treated at a given temperature which

demonstrate how easily S, CuO, and ZrO; were incorporated into the g-C3Na.

From the UV-visible/DRS spectra of the NCs, the corresponding band gap energy (Eg) was
determined using the Kubelka—Munk (K-M) equation 1, n = '%) value. From the corresponding K—
M plots (Figure 34), the obvious change in Eg was observed with an increasing percentage of CuO
and ZrO; NPs, resulting in further narrowing of the band gap from 2.66 eV of g-C3N4 to 1.85 eV
of CuO/ZrO>@S-doped g-C3N4 NCs (30%). This could be attributed to the shifting to the visible
range by the doping-induced modification in the lattices and structure of the S-doped g-C3N4 layers
shift that can be observed for Cu/ZrO>@S doped g-CsN4 NCs (Mohammad, Ehtisham, et al.,
2020). This shows that it is possible to suitably tune the band gap with the incorporation of CuO
and ZrO; NPs in the S-doped g-C3N4 host. Compared to the pristine and binary NCs, the ternary
NCs showed a slight bandgap tuning (redshift/to the higher wavelength) for the CuO/ZrO>@S-
doped g-C3N4 NCs.
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As shown in Table 5, the calculated E; values of the pristine g-C3Ns, S-doped g-C3Ns, CuO, ZrO»
NPs, and ternary CuO/ZrO»@ S-doped g-C3Na (30%) were 2.66, 2.61, 1.76, 3.67 and 1.85¢V,
respectively. Interestingly, except for CuO NPs, after the construction of the NC, the E; value was
noticeably lower than that of the constituents of binary and ternary NCs. This could be due to
several reasons one is the CuO/ZrO>@ S-doped g-C3Ns heterojunctions can be ascribed to the
“shading effect” since S-doped g-C3Ns were wrapped by both CuO and ZrO> NPs as can be seen
from HR-SEM and TEM images (Alaghmandfard & Ghandi, 2022; Zarei, 2020a).

In general, compared to the binary, CuO@S-doped g-C3N4 NCs (30%) with a band gap, of 1.75
eV and ZrO@S-doped g-C3N4 (30%), with a band gap of 2.35 eV, the ternary CuO/ZrO>@S-
doped g-C3Ns (30%) NC show remarkable band gap change with band gap value of 1.85 eV.
Clearly, this shows the synergistic effects of CuO and ZrO> with the host S-doped g-C3N4 (Eg=2.61
eV) attributed to the quantum confinement effects. CuO and ZrO; integration on S-doped g-C3N4
results in the absorption edge of the ternary NC CuO/ZrO2@S-doped g-C3N4 redshift, showing the
higher visible light harvesting contribution (Alebachew et al., 2022; M. Li et al., 2016). This shows
that it is possible to suitably tune the band gap with the incorporation of ex-situ generated CuO
and ZrOz NPs in the S-doped g-C3Nj host.
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PL analysis

By observing the buildup of electrons on the conduction band, PL is an effective technique for
figuring out the rate at which photogenerated electrons and holes recombine in catalysts. As a
response to light, it can produce fluorescence by combining photogenerated electrons with holes.
It is generally accepted that the photogenerated carriers separate more quickly the lower the

fluorescence intensity.

To investigate the separation and recombination rate of photogenerated charge carriers, PL spectra
of pristine g-C3Na4, S-doped g-C3N4, CuO@ S-doped g-C3N4 (5,10,20,30%) NCs and CuO NPs at
380 nm excitation were examined. As depicted in Figure 35, the PL spectrum of the pristine g-
CsN4 shows a major characteristic peak at 423.67 nm. On the other hand, in the S-doped g-C3N4
higher intensity was observed at406.13. This indicated that it is easy to generate the recombination
of electrons/hole pairs over S-doped g-C3N4 semiconductor. However, in the binary CuO@S-
doped g-C3N4 NCs, the PL intensity was decreased. This suggests that CuO inhibits the catalysts’
photogenerated carrier recombination rate, which helps to improve the catalysts’ optical
characteristics. It is noteworthy to note that the binary CuO@S-doped g-C3Ns (5%) exhibits a
greater PL intensity at 420 nm compared to CuO@S-doped g-C3N4 (10.20 and 30%), suggesting
that the charge carriers have a short lifespan due to the fast electron/hole recombination rate. The
intermediate intensity peak was observed for CuO@S-doped g-C3Ns (10, 20 and 30 %) NCs
between S-doped g-C3N4 and g-C3N4 sheets suggesting intermediate electron/hole recombination
due to surface modification. This dramatic change in PL intensity magnifies the synergistic effect
among g-C3N4, S-doped g-C3N4 and CuO which results in the influence of the CuO@S-doped g-
CsNs hetero-junction on separation efficiency of electron—hole pairs charge transfer at the
interfaces of S-doped g-C3N4 and CuO. The lower recombination rate of photogenerated electron

and hole pairs of CuO@S-doped g-C3N4 (10%) which could be caused by structural defects

resulted in fluorescence quenching (Zarei, 2020a).
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Figure 35.PL of pristine g-C3Na4, S-doped g-C3N4, CuO@S-doped g-C3N4 NCs and CuO NPs.

The photoluminescence spectra of pristine g-C3N4, S-doped g-C3N4, ZrO@S-doped g-C3Ng (5,
10, 20 and 30%) NCs and ZrO> NP is shown in Figure 36. The effect of g-CsN4, S-doped g-C3N4
and ZrOz on ZrO>@S-doped g-C3N4 NCs on the separation efficiency of electron-hole pairs was
investigated. As the energy of the light released is roughly equal to the band gap energy, at
approximately 405 nm, ZrO> exhibits significant emission associated with its band gap transition.
When compared to the ZrO> NPs, the intensity of fluorescence emission from ZrO»@S-doped g-
C3N4 NCs was observed to be dramatically reduced. Thus, when ZrO> NPs were added to S-doped
g-C3Ny, the degree of fluorescence quenching showed a significant enhancement. As a result, it
was shown that the electron-hole recombination rate increases initially, then declines among the
ZrOx@S-doped g-C3Ns (5, 10, 20, 30%) NCs, while the ZrO>@S-doped g-C3N4 (5%) NC
recombination rate being the lowest and the ZrO>@S-doped g-C3N4 (30%) NC being the largest.
On the other hand, ZrO>@S-doped g-C3N4 (10 and 20%) NCs have a band similar to the quenched
PL emission peak at approximately 486 nm. In contrast to g-C3N4 and ZrO, this reveals a
suppressed recombination of the photogenerated charge carriers produced by the doping with S.
This implies that the synergistic effect between S-doped g-C3N4 and ZrO» plays a big role in the
optimum electron-hole recombination rate of the binary ZrO»@S doped g-C3N4 NCs. The optimum
intensity of ZrO>@S-doped g-C3N4 NCs suggests a successful introduction of an impurity phase
(S and ZrO2) in ZrO@S-doped g-C3N4 compared to the lower g-C3Ns and higher ZrO»
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recombination rate of the photogenerated electrons and hole pairs, respectively(Ke et al., 2014; Y.

Lietal., 2018; Zarei, 2020a).
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Figure 36..PL of pristine g-C3N4, S-doped g-C3N4, ZrO@S-doped g-C3N4 NCs and ZrO> NPs

The PL properties of pristine g-C3N4, S-doped g-C3N4, CuO, and ZrO> are displayed in Figure 37
a, whereas the PL properties of CuO/ZrO>@S-doped g-C3N4 (10, 20 and 30%) NCs are displayed
in Figure 37 b. It is clearly shown that the PL intensity of the samples in Figure 37 a is higher than
the ternary NCs in Figure 37 b. This shows that there is an optimization of the electron/hole
recombination rate for ternary NCs. It is worth to be observed that CuO/ZrO»@S-doped g-C3N4
(5%) shows a higher PL intensity than CuO/ZrO>@S-doped g-C3N4 (10,20and 30%) indicating the
short-lived fate of charge carriers owning to the rapid recombination. On the other hand, the PL
intensity slows down for CuO/ZrO>@S-doped g-CsN4 (20%) NC, which may be attributed to
surface defects and fluorescence quenching (Zarei, 2020a). On the other hand, the enhanced
recombination center should be responsible for the intense PL intensity observed in CuO/ZrO>@SS-
doped g-C3N4 (30% and 20%) NCs when ZrO> and CuO percentage increase. Based on the above
analysis, it can be concluded that as-synthesized ternary CuO/ZrO»@S-doped g-C3N4 NCs possess
both shifting to the higher wavelength and better ability to separate photo-generated carriers than
binary CuO@S-doped g-C3N4 and ZrO>@S-doped g-C3Ns4 NCs which is beneficial for the
electrolytic and photocatalytic activities. It is commonly understood that the lower the fluorescence

intensity, the better the photogenerated carriers' separation (Ke et al., 2014; Y. Li et al., 2018).
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Figure 37. PL of (a) pristine g-C3N4, S-doped g-C3N4, CuO and ZrO>, NCs and (b) CuO/ZrO>@S-
doped g-C3N4 NCs

4.1.4 Surface area analysis

The surface features of the synthesized samples were evaluated by the BET and Barrett—Joyner—
Halenda (BJH) methods, as presented in Figures 38-40 and Table 5. Nitrogen adsorption isotherms
of pristine g-C3N4, S-doped g-C3Na, CuO@S-doped g-C3N4, ZrO2@S-doped g-C3N4 and ternary
CuO@ZrO>@S-doped g-C3N4, CuO and ZrO> samples were measured to gain information about

the specific surface area.

The specific surface area and pore features of pristine g-C3N4 S-doped g-C3N4, binary CuO@S-
doped g-C3Nj4 for (5, 10,20, and 30% of CuO) NCs and CuO NPs is presented in Figure 38. The
isotherms are typical of Type IV behavior indicating the presence of the mesoporous and some
macroporous structures formed by the aggregation of the constituents in the samples. As shown in
the Figure 38 a, greater adsorption capacity was obtained in the high-pressure range (P/P° > 0.2)
for the pristine g-C3N4 (P/P° > 0.2). This suggests that the isotherms are typical of Type IV formed
by the aggregation of constituents in the samples, which consists of some macroporous and
mesopores structures. Except for pristine g-C3N4, the surface-specific area of the binary NCs was
found to be lower than 81.6 m?g™! but higher than that of the S-doped g-C3N4 (24.4 m?g™"). The
enhanced surface area for S-doped g-C3Ns4 is attributed to its special morphology and the
disappearance of the small pores in g-C3N4 after doping by S. But was gradually boosted by the
appearance of additional small pores when CuO was confined within the S-doped g-C3N4 (Duan,

2018). This is confirmed by the pore size distribution and textural properties as shown in Table 5
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and Figure 38b. Similarly, the BJH pore size and volume of CuO@S-doped g-C3N4 NCs were also
increased, implying cavities or tunnels developing in CuO@S-doped g-C3Ns NCs due to
aggregation of CuO NPs (Y. Wang, Zhang, et al., 2018).
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Figure 38. (a) N2 adsorption-desorption BET isotherms and (b) pore size distribution curves of
pristine g-C3N4, S-doped g-C3Ns, CuO@S-doped g-C3N4 NCs, and CuO NPs, measured at 77 K.

Figure 39a shows the nitrogen adsorption-desorption isotherm of binary ZrO»@S-doped g-C3N4
(5,10,20 and 30%) and ZrO, samples. For comparison, the BET isotherms of g-C3Na, and S-doped
g-C3N4 were presented. In this study, in addition to a typical type IV curve most of the N>
adsorption was found between 0.5 and 0.9, indicating the presence of the mesoporous and macro
porous structures formed by the aggregation of the constituents in the ZrO@S-doped g-C3N4
samples (Kavil et al., 2019). Thus, the Sger of g-C3N4 increases from 24.4 to 27 m? g! as the
amount of ZrO; increases, arising from the high crystallinity of monoclinic ZrO> NPs. This is
confirmed by the pore size distribution, as shown in Table 5 and Figure 39b. In a similar manner,
ZrOx@S-doped g-C3Ns NCs showed increased BJH pore size and volume, suggesting the
development of cavities or tunnels inside the material. While the significantly lower pore size of
ZrOr,@S-doped g-C3Ns4 (5, 10 and 30%) results from carcass construction, the higher pore size of

ZrOx@S-doped g-C3N4(20%) NC arises from intra-crystalline pores and aggregation of ZrO; NPs
(Hanif et al., 2022).
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Figure 39. (a) N> adsorption-desorption isotherms and (b) pore size distributions of g-C3Ny, S-
doped g-C3N4, ZrOx@S-doped g-C3N4 NCs and ZrO NPs.

For ternary NCs, the specific surface area increases when the amount of CuO and ZrO; increases
(Figure 40 a and b). Ternary samples' sorption isotherms show type IV isotherms with hysteresis
loops, which often correlate to the materials' mesoporous and macroporous characteristics. The
use of S, CuO and ZrO; NPs has resulted increase in the surface area and pore volume with a
profound decrease in pore diameter as compared to g-C3N4. Thus, when the amount of CuO and
ZrOs is 30%, the surface area increases to 46.5 m?g! as compared to 28.2 m? g”! in CuO/ZrO>@S-
doped g-C3N4 (5%). As shown in Table 5, the CuO/ZrO@S-doped g-C3N4 NCs’ surface area
showed an increase in specific surface area with a decrease in crystallite size and profound change

in pore volume (Duan, 2018; Zarei, 2020a).

Generally, the pore size distribution of the binary CuO@S-doped g-C3N4 (30%), ZrO>@S-doped
g-C3N4 (20%) and ternary CuO/ZrO2@S-doped g-C3N4 (30%) NCs samples shows that most of
the pores fall into a size range of 2 to 50 nm with adsorption isotherms of type IV and type H3
hysteresis loops. The increase in surface area facilitates surface adsorption and creates a greater

number of active sites.
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Figure 40.(a)N2 adsorption-desorption isotherms and (b) pore size distributions of pristine g-
C3N4, S-doped g-C3N4, CuO/ZrO>@S-doped g-C3N4 NCs and CuO and ZrO> NPs.

4.1.5 Morphology analysis
HR-SEM/EDS analysis

This method involved employing the HR-SEM/EDS methodology of the magnified images to
investigate several physical and chemical properties such as size, shape, elemental composition,
and crystallography. As shown in Figure 41-45, the HR-SEM/EDS images of pristine g-C3Na, S-
doped g-C3N4, and CuO@S-doped g-C3N4 ZrO>@S-doped g-C3N4 and CuO /ZrO@S-doped g-
CsN4 revealed aggregated particles with irregular shapes and varying packing densities. The HR-
SEM picture of the pristine g-C3N4 at various magnifications displays the highest porosity with a
specified surface area value (Table 5), an amorphous form, and desultorily assembled particles,
which is consistent with findings in other studies (Miller et al., 2017). The CuO@S-doped g-C3N4
NCs exhibits unique features of morphological microspheres (Figure 41), a thin straight bar, i.e.
rode-shaped S, flower-shaped microsphere S-doped g-C3N4 (Figure 41 ¢ and d), sphere and cubic-
shaped CuO NPs. This type of hybrid heterostructured composite will increase the accumulation
of electrons on the conduction band to maintain electron flow and lower the rate of electron-hole
recombination, which will increase the material's photocatalytic efficiency. These findings support

the fact that CuO@S-doped g-C3N4 NCs were successfully formed (Tan et al., 2015).
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Table 5. Crystallinity, optical and Sget properties of synthesized intrinsic, binary and ternary NCs

E, Pore Volume (cm® g!) Pore Size (nm)

Samples 20 FWHM D  (eV)  Seer BJH BJH BJH BJH
(radians) (nm) (m’g") Adsorption Desorption Adsorption Desorption

Pristine g-C3Ns 27.25 1.55 552 266 81.6 0.33 0.75 12.7 35.9
S-doped g-C3N4 2398  0.64 13.23 2.61 244 0.13 0.24 15.1 23.5
CuO@S-doped g-C3N4 (5%) 3386 094 928 2.11 30.7 0.19 0.23 15.9 21.2
CuO@S-doped g-C3N4 (10%) 31.91 1.27  6.80 1.94 28.6 0.16 0.22 14.4 27.0
CuO@S-doped g-C3N4 (20%) 3385 093 932 1.75 26.6 0.16 0.26 16.6 45.5
CuO@S-doped g-C3N4 (30%) 26.51 1.55 650 1.75 229 0.14 0.26 15.9 41.6
ZrOx@S-doped g-C3N4 (5%) 26.53 1.55 550 233 213 0.12 12.8 22.3 22.3
ZrOx@S-doped g-C3N4 (10%) 27.26 1.29  6.59 234 28.7 0.13 12.4 17.2 17.2
ZrOx@S-doped g-C3N4 (20%) 35.97 1.25 699 235 356 0.07 5.4 9.0 9.0
ZrOx@S-doped g-C3N4 (30%) 35.75 1.28  6.83 238 27.7 0.14 12.5 19.1 19.1
CuO/ZrOx@S-doped g-C3N4 (5%)  27.55 1.23 13.23 1.94 282 0.16 0.19 15.0 21.1
CuO/ZrO@S-doped g-C3N4 (10%) 27.64  0.89 17.53 1.93 26.8 0.16 0.19 15.6 224
CuO/ZrOx@S-doped g-C3N4 (20%) 28.00  0.85 5.80 1.90 30.2 0.17 0.25 14.9 27.6
CuO/ZrOx@S-doped g-C3N4 (30%) 27.91 1.34 336 1.85 46.5 0.24 0.29 14.8 19.8
Pure CuO 4098 029  30.09 1.76 28.2 0.04 0.06 4.1 10.0
Pure ZrO» 46.94  0.69 13.10 3.67 56.3 0.19 0.13 10.0 7.4

D(nm)=average crystallite size
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The distribution of the elements in the CuO@S-doped g-CsN NC was further inspected using
elemental mapping images of CuO@S-doped g-C3Ns4 from HR-SEM/EDS (Figure 42). The
outcome confirmed a considerable amount of C, N, S, Cu and O elements homogeneously
distributed in the CuO@S-doped g-C3Ns NC and only a very small amount of impurity on the
upper surface of the CuO@S-doped g-C3N4 NC. In CuO@S-doped g-C3N4 NCs, cubic CuO NPs
aggregation on the surface of S-doped g-CsNjy is visible. On the surface of the g-C3Ny, on the other

hand, S was sparsely scattered.
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Figure 41. HR-SEM image of (a, b) pristine g-C3Na, (c, d), S-doped g-CsN4, (e, f), and (d, f)
CuO@S-doped g-C3N4 NCs (g, h) CuO NPs with different magnifications.

From the HR-SEM/EDS analyses (Figure 42), it was observed that the C/N ratio varies from 0.75
to 0.83 in g-C3N4 and S-doped g-C3Na, giving average molecular formulas, C35 N4 and C37N33s,
respectively. The C/N ratio in the CuO@S-doped g-C3N4 NCs is 0.82, which is higher than the
theoretical values of 0.75 and reported C/N = 0.67, corresponding to the composition of melon
annealing at 600 °C (Mohammad, Khan, et al., 2020). From the HR-SEM images, quantitative
analysis of the CuO@S-doped g-C3N4 NCs (CuO = 29%) reveals the atomic weight percentages
of N, C, S, Cu and O elements as 35.7, 29.3, 0.1, 17.6 and 11.4 wt.%, respectively. From the HR-
SEM images, quantitative analysis of the CuO@S-doped g-C3N4 NCs (CuO = 29%) reveals the
atomic weight percentages of N, C, S, Cu and O elements as 35.7, 29.3, 0.1, 17.6 and 11.4 wt.%,
respectively. These values are close to the theoretical percentage of CuO (30%). This indicated

that Cu and O elements were distributed in the entire host of the S-doped g-C3N4 NC. Where Cu
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and O were present in the form of CuO, these analyses revealed CuO to be integrated firmly with

S-doped g-C3N4 NCs, creating hybrid structures.

100 pm

Figure 42 HRSEM/EDS mapping for different elements and in the CuO@S-doped g-C3N4 NCs

Similar to CuO@S-doped g-C3Ns NCs, the magnified images of the size, shape, elemental
composition, crystallography, and other physical and chemical features of ZrO,@S-doped g-C3N4
NCs were examined through HR-SEM. As shown in Figures 43 e and f, the HR-SEM studies of
ZrOr,@S-doped g-C3N4 NCs are agglomerated with irregular shapes and varied packing densities.
The surface morphology of monoclinic-shaped ZrO> NPs comprises numerous non-uniform NPs
with many pores and voids (Figure 43 g and h). The S-doped g-C3N4 and ZrO; are very different
from one another in terms of their morphology, ensuring ease of detection by scanning electron
microscopy. The white irregular mass seen in Figures 43 e and f contains ZrO; and is coated with

flaky S-doped g-CsN4, demonstrating a better integration.

The HR-SEM/EDS mappings (Figure 44(a-f)) revealed additional evidence for the presence of N,
C, S, Zr and O elements in the ZrO@S-doped g-C3N4 NC. The composite containing ZrO>@S-
doped g-CsN4 displays an agglomerated structure with irregularities and small particles on the
surface, which are attributed to the oxide phases generated by the calcination of ZrOCl,.8H>O.
However, from the HR-SEM/SED image (Figure 44), quantitative analysis of the ZrO>@S-doped
g-C3Ny (ZrO; = 4%) reveals the atomic weight percentages of N, C, S, Zr and O elements as 59.4

36.6, 0.1 1.3 and 3.3, wt.%, respectively. These values are less than the theoretical percentage of
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Z1O2 (20%). This indicated that small amounts of Zr and O elements were distributed in the entire
host of the S-doped g-C3N4 NC. This can be the result of some ZrO2 NPs being lost during the
synthesis process. Hence, some atoms of Zr and O were present in the form of ZrO;, these analyses
revealed ZrO; to be integrated firmly with S-doped g-C3Ns4 NCs, creating hybrid structures.
Combined with XRD and FT-IR analysis, these findings demonstrate the successful incorporation

of ZrO» into the S-doped g-C3N4 host lattice.
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Figure 43. HR-SEM images of (a, b) pristine g-C3Ny, (c, d) S-doped g-C3Ns (e, 1), ZrO>@S-doped
2-C3N4 NCs, and (g, h) ZrO, NPs with different magnifications.
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The surface morphology of the pristine g-C3Na4, S-doped g-C3N4, CuO/ZrO>@ S-doped g-C3N4
NCs, CuO and ZrO; NPs is depicted in Figure 45(a-¢). The HR-SEM study confirms the presence
of pores and nanosheets in g-C3N4, S-doped g-C3Ns and CuO/ZrO>@ S-doped g-C3N4 NCs.
Surprisingly, the HR-SEM/SED study (Figure 46 a-g) further confirmed the presence of N, C, S,
O, Cu and Zr elements in the CuO/ZrO>@ S-doped g-C3N4 NCs proving the probable existence of
CuO and ZrO; of NPs which were difficult to discriminate in the XRD study.

b

ZrO,@S-doped g-C;N,

100 pm 100 pm 100 pm

Figure 44 HR-SEM/EDS mapping (a) for ZrO@S-doped g-C3N4 NC and (b-f) the constituent
elements of the NC.
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Figure 45.HRSEM images of (a) pristine g-C3Ny; (b) S-doped g-C3Na;(c) Cubical shaped CuO
NPs; (d) Monoclinic shaped ZrO> NPs; (e) and (f) SED image CuO/ZrO>@S-doped g-C3Ns NCs
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Figure 46.HR-SEM/EDS mapping for (a) CuO/ZrO>@S-doped g-C3N4 and (b-g) the constituent

elements.
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TEM analysis

To ascertain the existence of CuO and ZrO, NPs in the S-doped g-C3N4 substrate, TEM images
were provided for binary CuO@ S-doped g-C3N4 (30%) and ZrO>@S-doped g-C3N4 (20%) NCs
and ternary NCs CuO/ZrO>@S-doped g-C3N4 (30%) respectively as shown in Figure 47a, b and
c. The ultrathin nanosheet structure of the CuO@ S-doped g-C3N4 (30%) sample is demonstrated
by Figure 47 a. In addition to materials that resemble nanosheets, other fragments that are thought
to be small polymerized layers where the blowing gas has blocked further polymerization are also
detected. It is also evident from the high-resolution TEM picture (Figure 47 d) that the copper
species are evenly distributed across the -doped g-C3Ns. Furthermore, the lattice spacing of d=
0.23 nm can be attributed to the (111) plane of monoclinic CuO, and the CuO unique lattice spacing
is plainly visible (Duan, 2018). As Figure 47 b illustrates ZrO; NPs are spherical particles with an
average lattice spacing of ZrO@S-doped g-C3N4(20%) d= 0.33 nm (Zarei, 2020a). Furthermore,
the S-doped g-C3N4 exhibits a planar, sheet-like structure. The morphology of ternary HRTEM
images of NCs differs from that of binary NCs but, the TEM image makes it simple to distinguish
between the presence of CuO and Zr NPs in CuO/ZrO>@S-doped g-C3N4 (30%) sample (Figure
47 ¢). The ZrO; NPs are covered by S-doped g-C3Na, they can see black colour (Figure 47 b and
c¢) and the small CuO NPs are seen as white. Even though it is difficult to determine the spotty
diffraction rings of the SAED pattern for CuO and ZrO2 NPs it is possible to differentiate the NPs
constructing the composite on the TEM image (Figure 47c). With this regard, the particle size
distribution analysis shows the sizes of the synthesized NCs found to be in the nanometer range
(~4 — 30 nm); which complies with the XRD analysis. In conclusion, the development of ternary
NCs, which was challenging to see in the XRD investigation, is visible in the TEM pictures and is

consistent with the findings of HRSEM and XPS.
4.1.6 Chemical compositional analysis
XPS analysis

As shown in Figure 48a, the total XPS survey spectra of g-C3N4 and S-doped g-C3N4 NCs indicate
the presence of only C and N in g-C3N4. The C Is and N /s peaks at 288.1 eV and 398.7 eV
coincide well with the reported values indicate that the g-Cs3N4 bond is composed of only C and
N (K. Li et al., 2023). The S-doped g-CsN4 (Figure 48b) also reveals prominent peaks for C Is

and N /s at similar binding energy positions as in Figure 48a.
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Figure 47. (a) TEM and (d)HRTEM image for CuO@ S-doped g-C3N4 (30%) (b) TEM and (e)
HRTEM for ZrO>@S-doped g-C3N4 (20%) and (c) and (f) TEM Particle size distribution of
CuO/ZrOx@ S-doped g-C3N4 (30%).

The N /s spectrum attributed to the N characteristics of C=N—-C around 397.2 eV, whereas N=C-
C was revealed at around 398 eV. The introduction of S as the dopant caused a marginal shift in
the binding energies (Appendix 1). High-resolution XPS for C /s, N Is, and S 2p for S-doped g-
C3Nj4 are presented in Appendix 2. The N /s spectrum is attributed to the N characteristics of C=N—
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C around 397.2 eV, whereas N=C-C was noticed around 398 eV (Mohammad, Khan, et al., 2020).
In the high resolution XPS spectra of S-doped g-C3Ns4 for S 2p, a peak located around 164.2 eV
was assigned to C—S. The C Is spectrum shown in Appendix | confirms the existence of the bond
between C—S—C with peaks around 285.5-287.5 eV. The peak at 284.8 eV belongs to C—C
coordination, the peak centered at 288.3 eV corresponds to the C—N coordination of S-g-C3N4 and
the C—S—C peak appears at around 284.0 eV (Huang et al., 2019). High-resolution XPS for C Is,
N Is, and S 2p for S-doped g-C3N4 are presented in Appendix 2. The N /s spectrum is attributed
to the N characteristics of C=N-C around 397.2 eV, whereas N=C-C was noticed around 398 eV
(J. Yuan et al., 2018).

The surface chemical compositions of the CuO@S-doped g-C3sN4 NC were also investigated by
using XPS spectroscopy (Figure 48c). The results reveal that Cu 2p, 3p and O Is peaks were
detected for the presence of CuO in the CuO@S-doped g-C3N4 NC. Moreover, it was believed that
the presence of O /s in the CuO sample (Figure 48d) correlated favorably with the production of
pure CuO NPs. Similarly, the high-resolution peaks (Figure 49a and b) for Cu 2p were recorded to
investigate the bonding environment in the CuO@S-doped g-C3N4 NC and pure CuO matrix
respectively. In CuO@S-g-C3Ns4 NC (Figure 49a) the two peaks at 932.7 and 952.3 eV were
assigned to the Cu 2ps2 and Cu 2p;. spin-orbit splitting peaks of Cu. Whereas Figure 49b shows
the Cu 2p peak for pure CuO NPs. The Cu 2ps/2 peak is seen at 933.7 eV and this together with the
peak shape indicates the Cu-O bond (C. Xu et al., 2015). The binding energies of the two peaks
Cu 2p in CuO@S-doped g-C3N4 (Figure 49a) and in CuO (Figure 49b) are separated by 20.0 eV,
revealing that Cu is in the 2" oxidation state which is consistent with the findings of the prior
investigation concerning the CuO spectrum.. Besides this, the presence of satellite peaks on the
higher binding energy around 942.5 eV confirms the existence of CuO (Lackner et al., 2019). The
O Is peak in the CuO sample (Figure 49c¢) is situated at 529.6 eV, which associates well with O /s
in CuO. Figure 49d shows the high-resolution S 2p spectrum with two peaks at 163.8 and 165.0
eV belonging to the C—S—C structure. This analysis is in line with previous reports (Mohammad,
Ehtisham, et al., 2020; P. P. Singh & Srivastava, 2022). Based on, XRD, FTIR, HRSEM, TEM and
XPS results, it is concluded that the CuO @S-doped g-C3N4 NCs had been successfully prepared.

As shown in Figure 50, the total XPS survey spectra of pristine g-C3N4, S-doped g-C3N4 NCs, pure
7107 and ZrO@S-doped g-CsNy indicate the presence of the expected elements in each sample.
The section above discusses the XPS results for g-C3N4 and S-doped g-C3Na. In this section, Figure
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51a's XPS survey spectrum of ZrO> NPs demonstrates the presence of the bond between Zr and O

elements in the ZrO,@S-doped g-C3N4 NCs.
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Figure 48.XPS survey spectra for (a) pristine g-C3Na, (b) S-doped g-C3N4 (¢) CuO@S-doped-g-
C3N4 NCs and (d) CuO NPs.

In the high-resolution XPS spectrum (Figure 51b), the presence of two peaks centered at 181.7 eV
and 184.1 eV can be attributed to Zr 3ds» and Zr 3ds., respectively, for ZrO>@S-doped g-C3N4
NCs. In addition, the Zr 3d and O Is peak around 529.9 eV, as shown in Figures S1c and 52a and
b, was assigned to the Zr—O bonds related to the O™ ions in monoclinic ZrO; (Alebachew et al.,
2022; Ke et al., 2014; Mohammad, Khan, et al., 2020). In the XPS spectra of ZrO>@S-doped g-
C3Ny4 for S 2p, the peak around 164.2 eV was assigned to C—S (Figure 51d). The C Is spectrum
confirms the existence of the bond between C—S—C with peaks around 285.5 —287.5 eV Appendix
3. This analysis is in agreement with previous reports (Ke et al., 2014; Vijayakumar et al., 2022).
Based on, XRD, FTIR, HRSEM, TEM and XPS results, it is concluded that the ZrO>@S-doped g-
C3N4 NCs had been successfully prepared.
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Figure 49.XPS high resolution spectra of (a) Cu 2p peaks for CuO@S-doped g-C3N4, (b) Cu 2p
peaks for CuO NP(c) O Is (d) S 2p for CuO@S-doped g-C3N4

To investigate the chemical states of CuO and ZrO; in the ternary NC, XPS was utilized to verify
the presence of the oxidation states of Cu and Zr since we were unable to validate the XRD results.
The XPS survey spectrum of pristine g-C3N4 (Figure 53) displayed that g-C3Ny is consisted of only
Cand N. The C /s and N Is peaks situated at 288.1 eV and 398.7 eV correlate well with reported
values in the g-C3N4 bond. The C Is region of the pristine g-C3Ns, S-doped g-C3N4 and CuO/
ZrOx@S-doped g-CsN4 in Figure 53a showed peaks at 284.6, 287.6, and 293.3 eV, which have
previously been assigned to the S-doped g-C3N4, sp? bonded carbon (N=C=N), and n-excitation,
respectively. The S-doped g-C3N4 sample also reveals prominent peaks for C /s and N /s at similar

binding energy positions as in g-C3Na.
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Figure 50.XPS survey spectra for pristine g-C3N4, S-doped g-C3Na, ZrO», and ZrO»@ S-doped g-
C3Na.

The survey spectra of CuO/ZrO@S-doped g-C3N4 NCs identify the presence of only core
elements such as C Is, N Is, S 2p, Cu 2p, O 2s, and Zr 3d, demonstrating the substantial interaction
between CuO, ZrO, and S-doped g-C3N4 (Alebachew et al., 2022; Sudrajat & Hartuti, 2018).

High-resolution XPS for O /s, Zr 3d, and Cu 2p for CuO/ZrO>@S-g-C3N4 NCs, Cu 2p for CuO
and Zr 3d for ZrO» are presented in the Figure 54 b-f. Similarly, the peaks at 183.2 and 181.5 eV
are attributed to Zr 3ds,» and Zr 3ds/2, respectively for pure ZrO2 NPs. In addition, the O /s peak
around 529.2 eV, as shown in Figure 53b, was assigned to the Zr—O bonds related to the O  ions
in monoclinic ZrO» (S. Cao et al., 2018). Similarly, in the ternary NC, the incorporation of CuO is
also confirmed by the presence of a typical high intense peak at 931.6 eV and low intense peak
centered at 951.6 eV for Cu 2p32 and Cu 2p,2 spin-orbit splitting peaks of Cu Cu ** (Figure 54c).
The presence of two peaks centered at 183.2 eV and 181 eV are attributed to Zr 3ds2 and Zr 3ds.
spin-orbit splitting peaks respectively in the CuO/ZrO2@S-doped g-C3N4 NCs. Similarly, the O Is
peak around 529.9 eV was assigned to the Zr—O bonds related to the O>~ ions in monoclinic ZrO,

in CuO/ZrO2@S-doped g-C3Ng NC(G et al., 2021).
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Figure 51. XPS survey(a) and high-resolution spectra of (b-f) C /s, N Is, Z 3d, O Is and S Is

ZrOr@S-doped g-C3Ns NC respectively.
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Figure 52.XPS high-resolution spectra of (a) Zr 3d and (b) O Is peaks for ZrO, NPs.

Here in the ternary NCs, when both CuO and ZrO; NPs are incorporated in S-doped g-C3N4 NCs,
we have investigated the shifting of Zr 3d to 181 eV and 183.2 eV values (Figure 54c) and Cu 2p
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to 931.5 eV (Figure 54d). In the high-resolution XPS spectra of CuO/ZrO>@S-doped g-C3N4 for
S 2p, a peak located at 164.2 eV was assigned to C—S (Verma et al., 2020).
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Figure 53. XPS survey spectra for g-C3N4, S-doped g-CsN4, CuO, ZrO2 and CuO/ZrO>@S-doped

g-C3Ny

It was observed that the peak at 167.6 eV was attributed to sulfur oxide species generated during
the calcination at 550 °C. A new peak at 163.4 eV appeared in S-doped g-C3N4 corresponding to
C-S bonds, which were formed by the substitution of sulfur with lattice nitrogen atoms (Figure

54g) (Krishna & Philip, 2022).

The high-resolution S 2p spectrum shows the presence of S in the ternary NCs. two peaks at 163.8
and 165.0 eV belonging to the C—S—C structure. Thus, the shifting in XPS peaks revealed the
presence of N, C, S, Cu, O, and Zr elements in CuO/ZrO>@S-doped g-C3N4 NC (Q. Guo et al.,
2016; Stolbov & Zuluaga, 2013b).
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Figure 54.(a) X-ray photoelectron survey spectra of CuO/ZrO@S-doped g-C3Ns NC, high

resolution spectra for (b) O Is,(c) Zr 3d, (d) Cu 2p for CuO/ZrO@S-doped g-C3N4 NC, (e) Cu 2p
for CuO, (f) Zr 3d for ZrOz.and (g) for S 2p
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Generally, Results from HRSEM/EDS, TEM and XPS revealed that the synthesized
CuO/ZrO@S-doped g-C3N4 NC contained S-g-C3N4, cubical-shaped CuO and monoclinic-shaped
Z10;. Since the sample depth for XPS is 10 nm and for XRD is in micron sizes, the CuO and ZrO-
species may be related to the size of synthesized materials, which is the only plausible explanation

for the absence of peaks for CuO and ZrO; in XRD investigation (Nithya & Ayyappan, 2020).
4.2 Computational studies

Since the exact position for substitution S cannot be identified experimentally, we did DFT
calculations to elucidate the electronic structure of S-doped g-C3;N4. Geometric optimizations of
g-C3Ny, S-doped g-C3Ny4, CuO and ZrO; models were performed with the DFT/B3LYP/6-31+G
(d, p) method. An atomic structure model of g-C3N4 composed of melon units (S-triazine) was
constructed as shown in Figure 55. In this model, three types of periodic N atoms exist in the melon
system, indicated as N1, N>, and N3 numbered based on their positions for S substitution. The DFT-
calculated band gap of S-doped g-C3Ny is slightly underestimated. Among the different positions
of N for the S-doped g-CsN4 models, the band gap for substituted melon systems was found to be
1.70 eV, 1.68 eV and 1.16 eV for N1, N2 and N3 substituted melon systems, respectively. Although
E, results depend on the doping condition and type of basis set, the overall DFT result is that all
considered doping scenarios are unfavorable; hence all the calculated Eg values are lower than the

corresponding experimental values presented in Table 5.

It is nevertheless seen that the gap narrows down to ~1.7 eV upon doping compared to the
experimental value. It is worth mentioning that the DFT calculations show a narrowing of the band
gap upon doping. Since S is a much larger atom than N and C, it was found that for the optimized
geometries, the substitution of N with S caused a significant lattice distortion, which in turn
changed the E; values, while in all the other cases of substitution of N with S, the structure kept a

planar geometry, in agreement with previous studies (Kamal et al., 2021).
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Figure 55. Molecular orbital energies (a, b, ¢, d) and structures of (a) g-C3N4, (b, ¢, and d) S-doped
g-C3N4 when N substituted by S at Ny, N2, and N3 respectively (e) cubic CuO (f) monoclinic ZrO,.
Colour coding: grey C, blue N, yellow S, red oxygen, and white hydrogen.

Justification; after investigation of the above-discussed characterization results such as average
crystal size, PL, UV-Vis/ DRS and specific surface area, electrochemical characterization (CV, M-
S, and EIS), among the binary NCs; CuO@ S-doped g-CsN4 (30%) and ZrO>@ S-doped g-C3N4
(20%), and among ternary NCs, CuO/ZrO>@ S-doped g-C3Ns (30%) were selected as better

materials to be used for further application tests.
4. 3 Catalytic reduction of 4-NP with synthesized catalysts

In order to evaluate the catalytic reduction efficiency of 4-NP into 4-Aminophenole (4-AP) by the
synthesized samples, the results of characterization techniques were taken to select the best
catalyst. With this regard, among various ratios of binary and ternary NCs, binary CuO@ S-doped
g-C3N4 (30%), and ZrO»>@ S-doped g-C3N4 (20%), and CuO/ZrO>@ S-doped g-C3N4 (30%) NCs

were chosen for catalytic reduction studies.

As depicted in Figure 56a, before catalytic reduction studies, the UV—Visible absorbance of pure
4-NP was measured at Amax =317 nm. It is obvious that aqueous solution of pure 4-NP gives a
transparent yellow appearance to the naked eye and, a broad peak in a UV—Visible spectrum
located at 317 nm. However, in the presence of excess NaBHy, the broad peak becomes slightly

narrow and shifts to a new location of 400 nm (Figure 56a). The shifting of the peak to 400 nm
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indicates the formation of an intermediate 4-nitrophenolate anions in an alkaline medium caused
by NaBH4 (Kanti et al., 2022). In the presence of excess NaBH4 and the prepared catalyst, the
intensity of the 4-nitrophenolate ion absorption peak (Amax= 400 nm) decreased and the
simultaneous appearance of a new peak of 4-nitrirophenolate (4-AP) at Amax =300 nm has occurred
(Figure 56 b and c). This indicated that the reduction reaction had proceeded to be examined for
the liquid phase reduction of 4- NP to 4-AP as a model reaction (Nithya & Ayyappan, 2020). To
determine the best catalyst (from selected binary and ternary NCs), a similar experiment was run
by mixing the 4-NP and NaBHj4 solution with the addition of g-C3N4, S-doped g-C3N4 and CuO@
S-doped g-C3N4 (30%), ZrO2@ S-doped g-C3Na4 (20%), and CuO/ZrO2@ S-doped g-C3N4 (30%)
NCs. In the reaction process, the catalytic conversion efficiency of 4-NP to 4-AP could be
calculated using the equation (7).

Ao — A¢

Conversion ef ficiency of 4 — NP (%) = 1
0

X100  (7)

where A, is the 4-nitrophenolate anions' initial absorbance at Amax = 400 nm, while A; is the

absorbance at a different time (t) intervals (Alegria et al., 1959; Kamali et al., 2019).

Figures 56b and c display the UV—Vis result of mixing of the 4-NP, NaBH4 and catalysts g-C3N4
and S-doped g-C3N4 merely showing a small change in the intensity at 400 nm peak without
significant colour change. The percent reduction efficiency of g-C3N4 and S-doped g-C3N4 was
11.8% and 24.99% respectively. This demonstrates that even after 15 minutes, the catalytic

reduction performance of both NCs (g-CsN4 and S-doped g-C3N4) was quite poor.

102



w
(=)

(a) Without catalyst
4-NP+NaBHg4

2.5
3 —— 4-NP
82.0- —— 4-NP ion
(]
e
©1.5 1
= .
8 Without NaBH,4
21.04
<

e
(3,
5

0-0 L] L] T T
250 300 350 400 450 500
Wavelength (nm)

g
o

3.0
(b) g-C3Ny4 (c) S-doped g-C3Nyg
~2.51 /\ 2.5
:! —0m 3
320 b \ 1m 320
Q —3m Py
g —in | g
- —_— i
g 1 5 _ 10mm g 15
8 —15m o
1.0 1 £1.0-
e} .
< <
0.5 0.5
0.0 T T T T 0.0 T T T T
250 300 350 400 450 500 250 300 350 400 450 500

Wavelength (nm) Wavelength (nm)

Figure 56. UV—Vis spectra of 4-NP (a) with and without NaBH4 and catalyst (b) g-C3N4+ NaBHa,
(c) S-doped g-C3N4 + NaBHj4 respectively. Experimental conditions, 0.005M 4-NP solution, 0.1
M NaBH4 aqueous solution and 0.01g catalyst, volume of solution 100 mL, pH=10.

4.3.1 Optimization of catalytic reduction of 4-NP

For further examination of the reduction process, the binary (CuO@ S-doped g-C3;N4 (30%),
ZrOr@ S-doped g-C3N4 (20%)) and ternary CuO/ZrO>@ S-doped g-C3N4 (30%) NCs were tested
as a catalyst in a famous 4-NP reduction reaction. The entire conversion of the 4-NP ion to the 4-
AP ion is shown by the creation of a colorless solution. To determine the best experimental
conditions for the reduction process, optimization of the amount of catalyst and the effect of
concentration of the analyte (4-NP) studies were conducted at the same pH and concentration of
NaBH4. Studies show that NaBH4 aqueous solution is stable under alkaline conditions and the rate

of deprotonating of (OH") is much reduced at higher pH conditions (Kong et al., 2017; Verma et
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al., 2020).Therefore, in this study, the alkaline solution (pH=10) was chosen without further
optimization. Since the concentration of NaBH4 in the reaction was quite high and could be
regarded as a constant throughout the reaction period, the rate constant for the reduction of 4-NP

was calculated using pseudo-first-order kinetics by equation (3).

The optimization reaction was mainly carried out under the following cases
I.  Constant concentration of NaBH4 (0.1 M) was used for the reduction of 4-NP studies.
II.  Effect of catalyst doses
III.  Effect of 4-NP concentration, using the optimized catalyst doses and constant

concentration of NaBHg.
Effect of catalyst dose

To identify the ideal amount of CuO@S-doped g-C3N4 (30%), ZrO>@S-deopd g-C3N4 (20%) and
CuO/ZrOx@S-deopd g-C3N4(30%) NCs as a 4-NP reducing catalyst, various doses (0.01g, 0.05g,
and 0.1g) of NCs were administered under identical experimental settings. Figure 57 displays the
per cent reduction and the reaction rate constant of 4-NP for the 0.01g, 0.05g, and 0.1g doses of
CuO@S-doped g-C3N4 (30%) NC reactions. From the reduction percentage analysis, the reduction
of 4-NP surged well above 96.63% for 0.05g CuO@S-doped g-C3N4 (30%) and 95.46% for 0.1g
CuO@S-doped g-C3N4 (30%) as a catalyst respectively. The lower (95.37%) efficiency was
observed where 0.01g CuO@S-doped g-C3N4 (30%) was used. Moreover, as shown in Figure 57

(b, d and e,) a plot of In (A/ Ao) vs. reduction time for the corresponding reactions experimental

data were fitted to the pseudo-first-order kinetic equation as represented by a dot solid line. The

rate constant values were determined from the slopes of the lines drawn over the experimental
In (A / Ao) vs. values against time. Therefore, the highest reduction percentage observed by 0.05g
of CuO@S-doped g-C3N4 (30%) was selected for the remaining reduction experiments.

Similarly, applying same experimental conditions for ZrO>@S-doped g-CsN4 (20%) NCs, the
reduction efficiency and the rate constant values of ZrO>@S-doped g-C3N4 (20%) for the 0.01g,
0.05g, and 0.1g were recorded as 95.37% (k= 0.009 s™!), 97.79 % (k=0.0141 s!), and 91.09 % (k=
0.009 s™') in 300 s respectively (Figure 58 a-f).

In addition, the rate constant and percentage of reduction efficiency for 0.01g, 0.05¢g, and 0.1g of
CuO/ZrO@S-doped g-C3N4 (30%) result demonstrate that applying 0.01g of CuO/ZrO@S-
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doped g-C3N4 (30%) NCs yields the highest reduction efficiency (98.19%) in contrast to 0.05g
(97.22%) and 0.1g (97.17%) as indicated in Figure 59(a-f). It can be noticed that the ternary NC
degrades 4-NP more efficiently than the binary NCs, CuO@S-doped g-C3N4 (30%), ZrO>@S-
doped g-C3N4 (20%). An excellent reduction efficiency for 0.01g of CuO/ZrO>@S-doped g-C3N4
(30%) NC has resulted from the effective diffusion of both 4-NP and BH4™ (an electron acceptor
and donor, respectively) to the optimum active surface areas of the CuO/ZrO>@S-doped g-C3N4
(30%) NCs (46.5 m*g™!) which plays the role of as electron storage during the electron transfer
process. This can be attributed to the synergistic effect that exists within CuO and ZrO: in the S-
doped g-C3Nas. According to literature, after adding CuO/ZrO2@S-doped g-C3N4 (30%) NC, the
catalytic reduction is ongoing by spread of electrons from the donor BH4 ™ to the acceptors 4-NP
and 4-NA to the CuO/ZrO>@S-doped g-C3N4 (30%) NC accept electrons from BH4™ ions and
transport them to 4-NP and 4-NA. Besides, the BH4 ions can hand over surface-hydrogen species

to the CuO/ZrO>@S-doped g-C3N4 (30%) %) NC.

On adsorption of 4-NP and 4-NA by the surface of the CuO/ZrO@S-doped g-C3N4 (30%) NC,
hydrogen transfer to 4-NP and 4-NA occurs rapidly and, lastly, diffusion pointers to the separation
of the product from the catalyst surface. It is important to remark that when CuO/ZrO>@S-doped
g-C3N4 (30%) NC catalyst and NaBH4 were present, the intensity of 4-NP was lowered, and after
about 300 s, the intensity of the absorption peak at 400 nm completely vanished (Figure 59a, ¢ and
e). While this was going on, a fresh absorption peak at 300 nm developed and gradually got
stronger. The normal absorption of 4-AP is said to be responsible for this new peak. According to
the previous studies and this finding, 4-NP was reduced catalytically to 4-AP exclusively, with no

other side products being produced (Ayodhya & Veerabhadram, 2019).

Thus, the effect of the concentration of 4-NP studies was done using the optimized amount of the

synthesized NCs.
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Figure 57.UV-Vis absorption spectra of the reduction of 4-NP for the effect of the amount of
CuO@S-doped g-C3N4 (30%) NCs (a) 0.01g, (c) 0.05g and (e) 0.1g and (b, d and f) plot of

In (A/ Ao) at 400 nm vs. reduction time for the corresponding amount of catalyst respectively.

Experimental conditions, 0.005M 4-NP, 0.1 M NaBHa4, the volume of solution 100 mL, and pH=10.
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Figure 58.UV-Vis absorption spectra for the reduction of 4-NP for the effect of the amount of
Z0x@S-doped g-C3Ns (20%) NCs (a) 0.01g, (c) 0.05 g and (e) 0.1g and (b, d and f) plot of
In (A/ Ao) at 400 nm vs. reduction time for the corresponding amount of catalyst respectively.

Experimental conditions; 0.005M 4-NP, 0.1M NaBH4, volume of solution 100 mL and pH=10.
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Effect of concentration of 4-NP on catalytic activity

To determine the effect of 4-NP concentration, a series of kinetics experiments were conducted in
a way that the amounts of BH4 and the optimized amount of 0.05 g, CuO@S-doped g-C3N4 (30%)
0.05 g, ZrO>@S-doped g-C3N4 (20%) and 0.01g of CuO/ZrO@S-doped g-C3N4 (30%) NCs.
Whereas the 4-NP concentration was varied from 0.001M,0.005M and 0.01M following the same

experimental procedure.

As can be seen in Figures 60 a, ¢ and e, when 0.05 g of CuO@S-doped g-C3N4 (30%) is
applied,0.005M aqueous solution of 4-NP vanished rapidly and the reaction completed within 300
s with the highest reduction efficiency of 98.15% than the 0.001M and 0.01M of 4-NP with
reduction efficiency of 95.36% and 95.56% respectively. The calculated kinetic constant k was
0.013 s, 0.0128 s!' and 0.0101 s!' for 0.001M, 0.005M and 0.01M concentration of 4-NP
respectively. Surprisingly, the results in both the effect of dose and concentration of analyte
demonstrated that the reaction was very fast with outstanding efficiency. The availability of
adequate pore surface areas for the adsorption of sufficient 4-NP molecules on the surface of
CuO@S-doped g-C3N4 (30%) NCs is responsible for the maximum efficiency for reduction of
0.005M of 4-NP.

It was observed that, the reduction rate (k) increased with an increase of 4-NP concentration to
0.01M, but further increase in 4-NP did not result in more reduction. The increase of 4-NP
reduction could be due to the increased availability of 4-NP that served as a reductant upon binding
to the catalyst. Above 0.005 M, it appears that the catalytic surface became fully saturated and no
further enhancement of 4-NP was observed. Therefore, the 0.005 M 4-NP could be considered as

an optimal concentration.

Similarly, for the binary ZrO,@S-doped g-C3N4 (20%) NCs, the effect of concentration of 4-NP
was conducted as shown in Figures 61(a-f). The reduction efficiency for different concentrations
of 4-NP shows that, using the optimum dose (0.05g) of ZrO>@S-doped g-C3N4 (20%), the highest
reduction of 4-NP (98.65%) with rate constant of 0.0131 s™! was recorded on using 0.005M of the
4-NP. Whereas, for the 0.001M and 0.01M 4-NP, reduction efficiency and rate constant was 97.26
%, k=0.0112 s' and 95.43 %, k=0.0112 s™! respectively.

Taking the optimized amount of ternary CuO/ZrO>@S-doped g-C3N4 (30%) NC, 0.01g, a similar

study was conducted under similar experimental environments (Figure 62). As shown in Figure
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62e the highest reduction performance was observed when 0.01M of 4-NP was used with an
efficiency of 99.56% while 96.41% and 99.54% were recorded for 0.00IM and 0.005M
concentrations of 4-NP respectively. It is found that the required time for the reduction reaction is
increased by increasing the initial concentration of 4-NP, however, in this study by recording the
reduction reaction in constant time intervals (30 s) in a fixed time duration (300 s), the reduction
performance of the ternary NCs shows increasing with increasing concentration of 4-NP. Hence,
the optimum concentration for reduction of 4-NP is 0.01M. The rate constant for the three reactions
was 0.0085 s7,0.0084 ! and 0.0122 s™! respectively. This shows that the rate of reduction is almost

similar except for the performance.

When the CuO/ZrO@S-doped g-C3N4 NCs are added, it is observed that the electron donor or
hydrogen supplier (BH4) and electron acceptor (4-nitrophenolate) are both adsorbed on the
CuO/ZrO>@S-doped g-C3N4 NCs’ surface and the catalytic reduction of nitrophenolate by BH4~
begins. The catalytic parameters for the 4-NP reduction with different concentrations of 4-NP
compared with CuO@S-doped g-C3N4 (30%) ZrO2@S-doped g-C3N4 (20%) and CuO/ZrO2@S-
doped g-C3N4 (30%) were summarized in Table 6.

Thus, high catalytic performance for the ternary CuO/ZrO»@ S-doped g-C3N4 (30%) NC is due to
its high specific surface area, small particle size (3.36 nm), suitable morphology and excellent
dispersion of CuO and ZrO> NPs on the S-doped-C3N4 surface, which provide more active sites
for the reduction reaction process than binary NCs. In this respect, the factors indispensable for
elucidating the efficiency of a catalyst are the morphology, the active surface area for NC, the and
facets involved. Based on the XRD and BET analyses, it is evident that the NCs' surface areas
differ from one another. This is because a particles’ surface area and particles’ size determine the

efficiency of the prepared NCs.

With this regard, when comparing the binary NCs (CuO@S-doped g-C3Ns (30%) and ZrO>@S-
doped g-C3N4 (20%)) with the ternary NCs, CuO/ZrO>@S-doped g-C3N4 (30%) have suitable
specific surface area and smaller-size (CuO/ZrO>@S-doped g-C3Ns). These properties provide
very good catalytic reaction environment. Hence, it is noteworthy that a low-cost catalyst with a

highly active facet is most complimentary in bringing about the facile reduction of nitrophenol.
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Figure 60.UV-Vis absorption reduction spectra of 4-NP and its concentrations effect 0.001 M b)
0.005M and ¢) 0.01 M 4-NP, and (b, ¢ and e) Plot of In (A/ Ao) at 400 nm vs reduction time with

the corresponding concentrations of 4-NP. Experimental conditions; 0.05g CuO@S-doped g-C3N4
(30%),0.1 M NaBH4, volume of solution 100 mL and pH=10.
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Figure 61.UV-Vis absorption spectra of the reduction of the effect of concentrations of 4-NP

2) 0.001 M b) 0.005 M and c) 0.01 M 4-NP and (b, c and €) Plot of In (4/ Ao) at 400 nm vs.

reduction time with the corresponding concentrations of 4-NP. Experimental conditions; 0.05g

ZrOx@S-doped g-C3N4 (20%),0.1 M NaBHa, volume of solution 100 mL and pH=10.
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Figure 62.UV-Vis absorption spectra of the reduction of the effect of concentrations of 4-NP

a) 0.01 M b) 0.005 M and ¢) 0.01 M 4-NP and (b, ¢ and ¢) Plot of In (A/Ao) at 400 nm vs. reduction

time with the corresponding concentrations of 4-NP. Experimental conditions;

0.01g

CuO/ZrOx@S-doped g-C3N4 (30%),0.1 M NaBH4, volume of solution 100 mL and pH=10.



In conclusion, from the above discussions, it was observed that all the binary and ternary NCs can
catalyze and complete the reduction reaction within 300 s, and the aqueous solution of 4-NP
vanished rapidly. However, for g-C3N4 and S-doped g-C3Ns samples, the time to complete the
reaction was higher than the CuO@S-doped g-C3N4 (30%), ZrO@S-doped g-C3N4 (20%) and
CuO/ZrOx@S-doped g-C3N4 (30%) NCs. Even after the addition of S in the pristine g-C3Ng, the
reduction ability was not improved. Enhancement occurred when CuO and ZrO» NPs are
incorporated only on S-doped g-CsN4. The synergistic effect between the monoclinic crystal of
CuO, the cubic phase ZrO; and the flower-shaped S-doped g-C3Njy facilitates the adsorption of 4-
NP species and also draws them towards the active sites where the CuO and ZrO, NPs are anchored
to the S-doped g-CsNy surface, providing an intimate interaction between the reactant and the
catalysts. The outstanding catalytic activity of the ternary CuO/ZrO>@S-doped g-C3N4 (30%) NC
under the optimized parameters (0.01g and 0.01M) could be also several reasons. For one reason,
this could be due to the size of the ternary (3.36 nm) CuO/ZrO>@S-doped g-C3N4 NCs which
influences the facility with which the substrate (4-NP) and the reducing agent (BH4 7) are adsorbed
on the NC surface. Hence, high concentrations of 4-NP (0.01M) give rise to a situation where there
are high 4-NP species for a fixed amount of catalyst (0.01g), which leads to rapid and efficient
electron transfer on the surface of the CuO/ZrO>@S-doped g-C3N4 (30%). For the other reason,
the binary NCs (CuO@S-doped g-C3N4 and ZrO>@S-doped g-C3N4) have low specific surface
area,22.9 and 35.6 m?g’! respectively which may conceal the approach and adsorption of the
reactants and reduce their catalytic activity. It is important to note that, despite the fact that the
bandgap of some synthesized samples is smaller than that of binary and ternary NCs, a number of
parameters, including crystalline size, heterojunction formation, and charge recombination effect,
can affect a catalyst's electrocatalytic performance. Thus, the binary CuO@S-doped g-C3N4 NC
(30%) shows lower reduction activity than the ZrO>@S-doped g-C3N4(20%) and CuO/ZrO>@S-
doped g-C3N4(30%) this could be due to the availability of a small number of active sites on the

surface of the nanocomposite.
4.3.2 Mechanism of 4-NP catalytic reduction

The mechanisms proposed in previous report (Nithya & Ayyappan, 2020) clarify that the catalysis
of 4-NP occurs in two or three steps, first, adsorption of the substrate and second, desorption of
the product, involving the catalyst. The probable mechanism for the 4-NP catalytic reduction

process to 4-aminophenol suggested that: first, a small number of bubbles appear when NaBHj4 is
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added to water as a result of hydrogen production; this is a reduction reaction between water and
NaBHa. This will form an intermediate reaction on the surface of the CuO/ZO>@S-doped g-C3N4
catalyst. During this catalyst addition step, more bubbles form, most likely as a result of enhanced
hydrogen production. At the same time, 4-NP adsorbed on the catalyst surface, and hydrogen
transferred from the catalytic hydride complex to 4-NP. The 4-nitrophenolate ion peak at 400 nm
then gradually diminished, and the 4-AP peak at 300 nm progressively emerged. The 4-hydroxyl
aminophenol transition state occurred during the 4-nitrophenolate ion-to-4-AP reduction process.
Based on the above discussion, generally, the process of conversion of 4-NP to 4-AP takes place
in 3 major steps (Figure 63): (i) adsorption of the 4-NP and BH4 ™ molecules to the active site of
the catalyst, (ii) transfer of electrons from BH4™ to 4-NP and (iii) desorption of the products, namely
4-AP. Generally, in this study, the adsorption process and transfer of charged species are facilitated
by the built-in electric field of the p—n heterojunction of binary and ternary NCs.
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Figure 63. Proposed mechanism of 4-NP catalytic reduction by the synthesized catalysts.

Table 7 shows the comparison of the catalytic activities of the CuO@S-doped g-C3N4 (30%),
ZrOr,@S-doped g-C3N4 (20%) and CuO/ZrO>@S-doped g-C3N4 (30%) with the previous studies
conducted in this decade. The result shows that the NCs used in this work exhibit an excellent

reduction of 4-NP performance at the optimized experimental conditions.

It 1s critical to investigate the relationship between substrate concentration and the rate of the
catalytic reduction process from a mechanistic and application perspective. Plots of characteristics
of catalyst dose and pollutant concentration optimization are similar. Hence, catalyst dosage and

concentration of pollutant,4-NP optimization have similar plot flow properties
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Table 6.The catalytic parameters for the reduction of 4-NP using the prepared NCs (volume of solution 10 mL, 0.1 M NaBH4, pH=10)

Effect of catalyst dose Effect of 4-NP concentration
efficiency  k, (s™) R? k, (s R?
Catalyst % efficiency %
CuO@S-doped g-C3N4 (30%) 96.63 0.01028  0.993 98.15 0.0125 0.998
ZrO>@S-doped g-C3N4(20%) 97.79 0.0141 0.987 98.65 0.0135 0.995
CuO/ZrOx@S-doped g-C3N4(30%) 99.19 0.0125 0.997 99.56 0.0122 0.915

Table 7. Comparison of 4-NP reduction with g-C3Ny-based catalysts reported in the literature with the catalyst in this work

Catalyst Mass of 4-NP Reduction k, Conversion Ref.
Catalyst (g) conc.(M)  time (s) (s (%)

g-C3N4/AgS 0.001 0.0025 2,520 0.0239 86.54 (Verma et al., 2020)
2-C3N4/ZnBi204 N/A N/A 3600 N/A 79 (Sadiq et al., 2018)
Ag-CuxO/g-C3Ny4 0.05 0.0072 240 0.0055 97.8 (Robati et al., 2016)
BaWO4/NRGO—g-C3Ny 0.005 0.0001 60 0.1883 N/A (Bian et al., 2011)
CuO@S-doped g-C3N4 (30%) 0.05 0.005 300 0.0125 98.15 This work
ZrOx@S-doped g-C3N4 (20%) 0.05 0.005 300 0.0135 98.65 This work
CuO/ZrOx@S-doped g-C3N4 (30%) 0.01 0.01 300 0.0122 99.56 This work
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The effectiveness of dye adsorption declines as the initial 4-NP concentration rises following the
saturation of adsorption sites on the surface of the adsorbent. When the initial 4-NP concentration
of dye grows, there won't be enough sites for the dye molecules to adsorb, which lowers the
removal efficiency because there won't be any unoccupied binding sites on the surface of the
adsorbent (F. Chang et al., 2014). Moreover, a rise in substrate concentration may result in the
production of intermediates, which may then adsorb on the catalyst's surface. The catalyst's active
sites may become inactive by slow diffusion of the produced intermediates from the catalyst
surface, which will slow the pace of deterioration. According to apparent first-order kinetics, the
rate of degradation will be proportional to the substrate concentration at low concentrations and

the number of catalytic sites won't be the limiting factor (Sadiq et al., 2018).
4.4 Photocatalytic activity of ternary nanocomposites

Based on the outstanding performance of ternary NCs in the catalytic and electrochemical sensing
of 4-NP, another type of dye (MB) was chosen as the target pollutant to further evaluate the
photocatalytic activity of the CuO/ZrO@ S-doped g-C3N4 NCs. For comparison, the
photocatalytic activity of the prepared CuO/ZrO>@ S-doped g-C3N4 (5,10, 20 and 30%) NCs was
investigated by degradation of MB under visible-light irradiation as depicted in Figure 65. Figure
64 clearly shows the UV-Vis absorption spectra of MB with different concentrations (0.1, 5,10 and
20 ppm) without the addition of a catalyst. The UV-Vis absorption spectra between the
concentration of MB and the absorbance reveal linearity with a linear coefficient value of R?
=0.993.
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Figure 64.The UV-Vis absorbance of different concentrations of MB; volume of solution 100 mL:

pH=10
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As shown in Figure 65(a-g), before irradiation of UV-Vis light, by adding the fixed amount of
catalyst, the reaction was exposed in the dark for 30 min to examine whether the MB was degraded
or not. However, till 30 min there was no change in the colour of MB which shows the reaction
couldn’t be started without irradiation of light. Hence, in the absence of the light, the degradation
of MB was negligible. After 30 min of dark mood environment, the irradiation of visible light was
on, and within a 5 m time interval, the sample of the reaction was taken to measure the absorbance
at 664 nm. After 30 min, the color of MB was degraded and as shown in Figure 65g, more than
99% of the MB is degraded in the presence of the CuO/ZrO»@ S-doped g-C3N4 (30%) and UV-
Visible light. The efficiency of photocatalysis degradation of the catalysis was CuO/ZrO>@ S-
doped g-C3N4(5%), CuO/ZrO2@S-doped g-C3N4(10%), CuO/ZrO@S-doped g-C3N4(20%), and
CuO/ZrOx@ S-doped g-C3N4 (30%) NCs 92.30%, 93.30%,96.70% and 99.454% for 30 min
visible-light irradiation respectively. The photocatalytic degradation efficiency of these samples
increases in the following order CuO/ZrO>@ S-doped g-C3Na(5%) < CuO/ZrO2@ S-doped g-
C3N4(10%)<CuO/ZrOz@ S-doped g-C3N4(20%) <CuO/ZrO@S-doped g-C3N4(30). Additionally,
a blue shift of the primary MB adsorption at 664 nm to around 602 nm was noticed together with
the extension of the irradiation period, in comparison to the absorbance of MB. This blue shift

might be attributed to a gradual demethylation of MB (Hanif et al., 2022).

A previous study shows that the bulk g-C3N4 degrades MB only 46.99% for 120 min under visible-
light irradiation (Sadiq et al., 2018; S. Zhang et al., 2019). To explore the reaction kinetics for the
MB photocatalytic degradation using the prepared photocatalyst materials, the experimental data
were well fitted to first-order kinetics and second-order kinetics. The correlation coefficient (R?)
for first-order kinetics CuO/ZrOz@ S-doped g-C3N4(5,10,20 and 30%) was 0.9805,9978,9954 and
9934 whereas the correlations coefficient for second order was 0.9509, 0.958, 0.9848 and 0.9741
respectively. As a result, first-order kinetics was taken into account, and Figure 65b, d, f, and h

show the corresponding diagrams.
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Figure 65. The photo-degradation of MB in solution for CuO/ZrO>@ S-doped g-C3N4 (5,10, 20
and 30%) NCs (a, c, e g) and with the corresponding rate constant. (b, d, f, h); volume of solution
100 mL, pH=10.
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The rate constant of CuO/ZrO>@ S-doped g-C3N4 (30%) (0.154 min™') is about 1.02, 1.29, and
1.23 times greater than those of CuO/ZrO,@ S-doped g-C3N4 (5%) (0.152 min '), CuO/ZrO>@ S-
doped g-C3Ns (10%) (0.119 min™!), and CuO/ZrO,@ S-doped g-C3N4 (20%) (0.122 min™"),
respectively. The enhanced performance of the CuO/ZrO>@ S-doped g-C3N4 (30%) NC may be
attributed to factors such as narrow band gap, modified BET surface area, the higher extent of
energy absorption in the visible-light region and efficient electron-hole recombination rate,

contributing significantly towards improved photodegradation of MB.
4.4.1 Photocatalytic mechanism

Based on the above results, a possible photocatalytic mechanism for the separation and migration
of photogenerated carriers is proposed (Figure 66). The enhanced performance gives credit to the
good light absorption by DRS testing the larger specific surface area, lower crystal size and the
agglomeration of the NCs. There is an equal relationship between the Fermi level and flat band
potential (V) by the intercept on the X-axis of the M-S plot, so the varieties of the electronic
states can be discussed. In addition, the flat-band potential varies from -0.42, 0.58, 1.92, -1.17 to -
1.02 where shifts from g-C3N4 S-doped g-C3N4, CuO, ZrO> and CuO/ZrO>@ S-doped g-C3N4
samples, respectively. In this case, the formation of the electric field over the heterojunctions
presents in the interface between g-C3Na, S-doped g-C3Ny, CuO, and ZrO; semiconductors due to
the difference in the Vi, or the shift of the Fermi level. Meanwhile, the balance of the new Fermi
level between g-C3Na4, S-doped g-C3N4, CuO, and ZrO can be formed because of the movement
of electrons and holes. Accordingly, the built-in electric field of heterojunctions facilitates
efficiently the separation of photogenerated electrons and holes and ultimately enhances the
photocatalytic performance of CuO/ZrO>@S-doped g-C3N4 heterojunctions. In addition to the
lower the E; value, the higher the photocatalytic activity of the CuO/ZrO»@ S-doped g-C3N4
(30%) NC could be due to the modification of surface morphology such as heterojunction
development, and the small crystallite size of the NCs (Chegeni et al., 2019). This would result in
an increment of a greater number of active sites on the outer surface of CuO/ZrO>@S-doped g-
C3N4 NC favorable for the adsorption of reactants and diffusion of reaction products being
activated by photons and catalytically active during MB photodegradation. This would have
resulted from its heterojunction structure leading to low recombination of charge barriers, band

gap energy and sufficient active sites (Lui et al., 2013).
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Keeping in mind the aforementioned results and to comprehend the photocatalysis mechanism,
three pathways for the CuO/ZrO>@ S-doped g-C3N4 NCs photocatalytic reactions are proposed:
(1) absorption of photons by the photocatalyst, (2) transfer the photogenerated electrons to the
surface of photocatalysts, and (3) participation of the photogenerated electrons and holes in the

reaction process with organic pollutant, MB (Chegeni et al., 2019b).
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Figure 66.Mechanism for the photocatalytic degradation of MB dye under UV-Visible

illumination.
4. 5 Electrochemical studies of various modified sensors
4.5.1 Electrochemical characterizations of modified electrodes

The electrochemical behavior of g-CsN4/FTOE, S-doped g-CsN4/FTOE, CuO@S-doped g-C3N4
/FTOE, ZrO>@S-doped g-C3Ns /FTOE, ZrO»/FTOE, CuO/FTOE and CuO/ZrO»@S-doped g-
C3Ns /FTOE was investigated using a 0.1 M KCI, 5 mM, Fe (CN)s*>"* redox probe electrolyte
solution at a scan rate of 50 mV!. Figure 67a shows the modified CuO@S-doped g-
C3N4(30%)/FTOE exhibiting a well-defined redox peak with a high electron transfer capability
compared to g-C3Ny, S-doped g-C3N4, CuO@S-doped g-C3N4 (5,10, and 20%) and CuO NPs.
Similarly, ZrO>@S-doped g-C3N4(20%)/FTOE show enhanced redox peak behavior than g-C3Na,
S-doped g-C3N4, ZrO>@S-doped g-C3N4 (5,10, and 30%) and ZrO> NPs (Figure 67b). Moreover,
the CuO/ZrO@S-doped g-C3N4(30%)/FTOE (Figure 67¢) exhibited a well-defined redox peak
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with a high electron transfer capability compared to pristine g-C3N4/FTOE, S-doped g-C3N4
/FTOE, CuO/ZrO@S-doped g-C3N4 (5, 10, and 20%)/FTOE and bare FTOE. The low electron
transfer record by g-C3N4/FTOE, S-doped g-C3N4/FTOE, CuO@S-doped g-C3N4
(5,10,20%)/FTOE ,ZrO>@S-doped g-C3N4/FTOE(5,10,and30%),ZrO>/FTOE, CuO/FTOE, and
CuO/ZrOx@S-doped g-C3N4(5,10,20%)/FTOE relative to CuO@S-doped g-C3N4(30%)/FTOE,
ZrOx@S-doped g-C3N4(20%)/FTOE and CuO/ZrO@S-doped g-C3N4(30%)/FTOE is due to the

34 on the surface

poor electrical conductivity, which limits the electron transfer probe of Fe (CN)g
of the bare FTOE. Hence, the pristine g-C3N4 and S-doped g-C3N4 might have blocked diffusion
of the redox probe and increased internal resistance at the electrode interfaces. Nevertheless, the
CuO@S-doped g-C3N4(30%)/FTOE, ZrO@S-dopedg-C3N4(20%)/FTOE, and CuO.ZrO@S-
doped g-C3N4(30%)/FTOE showed an efficient electron transfer capability and enhanced electrical

conductivity.

Figure 68 presents the EIS plots of the pristine g-C3sN4/FTOE, S-doped g-C3N4 /FTOE, CuO@S-
doped g-C3N4/FTOE, ZrO>@S-doped g-C3N4 /FTOE and CuO/ZrO>@S-doped g-C3N4/FTOE, and
bare (FTO) electrode, which were recorded to determine the conductivity under similar
experimental condition. The complete Nyquist plot, as depicted in the Figure 68 a-c, can be split
into two parts: the straight line in the low-frequency zone and a semicircular arc in the high-
frequency region. The intercept of the Nyquist plot in the real part (Z’) represents the internal
resistance (Rs) of the material, including the ionic resistance of the electrolyte, the electronic
resistance of the modified electrode, and the contact resistance at each phase interface. In the
middle-frequency region, the semicircle is correlated with interfacial charge transfer resistance
(Ret). The smallest semicircle indicates the fastest interfacial electron transfer and efficient
separation electron—hole pairs, which was often related to intraparticle and interparticle resistance
(Faisal et al., 2022). The CuO@S-doped g-C3N4(30%), ZrO@S-doped g-C3N4 (20%) NC and
CuO/ZrOx@S-doped g-C3N4(30%)/FTO presented the smallest semicircle, implying faster
interfacial electron transfer than that of ZrO,, g-C3N4, S-doped g-C3N4, CuO/ZrO>@S-doped g-
C3N4 (5,10, and 15%)/FTO, ZrO>@S-doped g-C3N4 (5, 10 and 30%), CuO/ZrO>@S-doped g-C3N4
(5,10 and 20%%)/FTO and bare FTOE.
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Figure 67.The electrochemical characterization for (a) g-C3N4, S-doped g-C3N4 NCs and
CuO@S-doped g-C3N4 (5,10, 20 and 30 %), CuO, (b) ZrO>@S-doped g-C3Na, (5,10, 20 and 30%),
7102, and (c) CuO/ZrOx@S-doped g-C3N4 (5,10,20 and 30%) and bare electrode using CV
measurements, (0.1 M KCI; 5 mM Fe (CN)¢*"* scan rate = 50 mV s™).

It is important to note that the ZrO>@S-doped g-C3N4 (20%)/FTOE exhibited higher redox current
than the ZrO,@S-doped g-C3N4 (5,10, and 30%)/FTOEs. The rationale is that by adding more
Z1rO7 NPs, the heterojunction between the counterparts may be destroyed by particle aggregation,

which would reduce the electrocatalytic activity.

Generally, the inset in Figure 68 is the fastest interfacial electron transfer for CuO@S-doped g-
C3N4(30%)/FTO, ZrO,@S-doped g-C3N4(20%)/FTO and CuO/ZrO>@S-doped g-C3N4
(30%)/FTO modified electrodes mainly due to the optimal electron-hole recombination rate,
outstanding electrical conductivity property, moderate ban gap energy, modified surface area, and

average crystal size than that of the remaining modified electrodes. Overall, the results showed the
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incorporation of S, CuO and ZrO; into the lattice of the g-C3Ny is believed to have played a vital
role in the electrochemical applications. Thus, considering the experimental characterization and
the electrochemical characterization results (CV and the EIS) as the primary selective technique
for the electrochemical studies, the binary NCs CuO@S-doped g-C3N4/FTO (30%), ZrO>@S-
doped g-C3N4 (20%) NC and the ternary CuO/ZrO2@S-doped g-C3N4 (30%)/FTO were selected
for further electrochemical sensor studies of 4-NP and BPA.
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Figure 68.EIS Nyquist plots for g-C3N4/FTO, S-doped g-C3N4 /FTO, CuO@S-doped g-C3N4 /FTO
(a), ZrO@S-doped g-C3N4 /FTO (b) and CuO/ZrO>@S-doped g-C3N4 /FTO(¢):0.1 M KCl, 5 mM
Fe (CN)s>"* and scan rate = 50 mV s°!
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The electrode active surface (EAS) of CuO@S-doped g-C3N4 (30%), ZrO>@S-doped g-C3N4
(20%) and CuO/ZrO@S-doped g-C3Ns (30%) was determined by using the Randles-Sevcik
equation (Equation 2). The cyclic voltammograms were recorded at various scan rates at all tested
electrodes (Figure 69 a, c and e). The results show that the dependences of peak currents on the
square root of the scan rate are linear indicating the electrochemical reaction occurring at the
electrodes is a diffusion-controlled process in the scan rate from 0.1 to 200 mV s™! for the anodic
and cathodic peaks (Figure 70 b, d and f) (R. Wang et al., 2021). These results showed that the
electrocatalytic activity was successfully improved at the surface of the modified electrode (X.

Yang et al., 2016).

EAS area of the modified electrodes was calculated from the slope of the anodic peak current (Ipa)
vs. the square root of the scan rate (V') plot and for comparison from the slope of cathodic peak
current (Ipc) vs. VY2 (Table 8). The values of diffusion coefficient Dox and Dreq were taken at
7.63 X 10~%and 6.50 X 107® cm? s !, respectively. The result shows that the values of EAS for
ternary CuO/ZrO>@S-doped g-C3Ns (30%) calculated from Ip. and Iy are slightly higher than
those of the binary-modified electrodes. As presented in Table 8, incorporation of CuO and ZrO»
in the S-doped g-C3N4 and introduction to the FTOE layer surface results in an increase in the
electroactive surface area.

Table 8. EAS of the modified electrodes calculated from the dependence of Ipa and Ipe vs. v

determined in 5 mM Fe (CN)s>”* in 0.1M KCI.

Electrode Anodic peak Cathodic peak

Ipavs.v”slope  EAS,cm?  Ipevs.v'?slope EAS, cm?
CuO@S-doped g-C3N4 (30%) 0.039 0.069 0.005 0.214
ZrOx@S-doped g-C3N4 (20%) 0.017 0.234 -0.013 0.275
CuO/ZrOx@S-doped g-C3N4 (30%)  0.075 1.039 -0.040 0.545
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Mott-Schottky (M-S) measurements were conducted to determine flat band potential values and
electronic band structure shifts in 0.5 M Na;SO4 in the absence of light (Figure 70a—g). The
positive slope of the tangent lines in Figures 70a, b, d and indicate that pristine g-C3N4, S-doped
g-C3N4 and ZrO> NP and CuO@S-doped g-C3N4 (30%) NCs are n-type semiconductors for which
the conduction band (CB) potential can be estimated from its flat band. For ZrO>@S-doped g-
C3N4(20%) NC, CuO NPs and CuO/ZrO2@S-doped g-C3N4(30%) a typical p-type semiconductor
with negative slope was observed (Figure 70 c, e). Its highest valence band (VB) potential could
be estimated from its flat-band potential (R. Wang et al., 2021).

To propose and compare the band structures of the binary CuO@S-doped g-C3N4 (30%), ZrO2@S-
doped g-C3N4 (30%), and ternary CuO/ZrO@S-doped g-C3Ns (30%) NCs and investigate the
contribution of CuO and ZrO> NPs on the charge transfer the measured EIS potentials were
analyzed by Nernst equation (Equation 8). By using the Nernst equation, the measured potentials

can be converted to the reversible hydrogen electrode (RHE) scale.
ERHE=EAg/Agc1 +0.05916 pH+EOAg/AgCl (8)

where Epygis the converted potential vs RHE, Eag/agci is the experimental potential measured
against the Ag/AgCl reference electrode, and E° Ag/agcl refers to the standard potential of Ag/AgCl
at 298 K (0.1976 V). The calculated CB of g-C3N4, S-doped g-C3Na, ZrO>, and CuO@S-doped g-
C3N4 (30%)/FTOE were found to be 0.20. eV 0.04, -0.56, and 0.07 eV respectively, while the VB
for ZrOx@S-doped g-C3N4, CuO and CuO/ZrO>@S-doped g-C3N4 (30%) was -0.45, 2.54 and -
0.39 eV respectively. From the calculated VB and CB energies for CuO@S-doped g-CsN4
(30%)/FTQOE, it can be concluded that the proposed n-type semiconductor exhibits optimum band
gap energy. This is due to the synergistic effects among g-CsNy, S-doped g-C3N4 and CuO. Shifting
of VB and CB has been observed to form CuO@S-doped g-C3N4 which in turn creates improved,

a new electronic bad structure, and optical property.

With a similar notion, in the ZrO>@S-doped g-CsN4 NC, the difference in the Vi, (the shift of the
Fermi level) causes the electric field to form over the heterojunctions at the interface between g-

C3Ny, S-doped g-C3N4, and ZrO, semiconductors.
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In the meantime, the balance of the Fermi level between the pristine g-C3Na4, S-doped g-C3N4 and
ZrO> can be formed due to the movement of electrons and holes. The electron shift from Vg to Cp
will modify both the energy and the momentum, which is a characteristic of an indirect band
heterojunction semiconductor. This assumption was made based on Figure 71 b's explanation that
S and ZrO» doping had a major impact on the Cg and Vg edge. A similar reason works for ternary
CuO/ZrO@S-doped g-C3N4. Consequently, the built-in electric field of heterojunctions efficiently
simplifies the separation of electrons and holes and ultimately enhances the electrocatalytic
performance of CuO@S-doped g-C3Na4, ZrO>@S-doped g-C3N4 and CuO/ZrO>@S-doped g-C3Na
NC heterojunctions. Since Vg and Cg have changed, the overall optical gap energy for CuO@S-
doped g-C3N4(30%), ZrO2@S-doped g-C3N4(20%) and CuO/ZrO>@S-doped g- C3N4, (30%) have

decreased as a result (Dhanasekaran et al., 2019).
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4.5.2 Electrochemical behaviors of 4-NP at the FTO-modified electrodes

Typically, experimental parameters significantly influence electrochemical redox reactions. To
increase the sensitivity of the modified electrochemical sensors, some experimental parameters
such as pH and 4-NP concentration were optimized using 0.01g of CuO@S-doped g-C3N4
(30%)/FTOE, ZrO, S-doped g-C3N4(20%)/FTOE and CuO/ZrO>@ S-doped g-C3N4(30%)/FTOE.
For the detection of 4-NP, the fabricated electrodes were used in an aqueous media system at room

temperature conditions.

Regarding the effect of pH, there are controversies among researchers concerning the effect of
acidic and alkaline environments on redox processes. A few authors concluded that the acidic pH
is favorable for the redox reactions of phenolic and nitro compounds, whereas some researchers
reported alkaline pH is favorable for the redox reactions. Consequently, the electrochemical
behavior of CuO@S-doped g-C3Ns (30%)/FTOE, ZrO@S-doped g-C3N4(20%)/FTOE and
CuO/ZrOx@S-doped g-C3N4 (30%)/FTOE was studied by using cyclic voltammetry in 0.1 M PBS,
0.5 mM 4-NP, 0.01g NCs, and various pH of 3, 5, 7, 9 and 11 (inset 9 and 11) at 50 mV s! scan

rate was studied (Figure 72a-c).

The strong pH-dependent property of modified electrodes reveals the involvement of proton-
accessible species. This study showed that the stability of the designed sensor was pH dependent,
with the highest peak current and stability at pH = 5.0 for CuO@S-doped g-C3N4 (30%)/FTOE, at
pH=3 for both ZrO,@S-doped g-C3:Ns (20%)/FTOE and CuO/ZrO@S-doped g-C3N4
(30%)/FTOE. At alkaline pH, the OH group concentration in the electrolyte solution increases.
Since 4-NP also contains a hydroxyl group, intermediate polymer products may form by reaction
with OH groups in the 4-NP and the surrounding environment. The formation of these polymeric
intermediates will create a barrier for the flow of electrons during the electrochemical reaction of
4-NP at alkaline media. Hence, an acidic environment is more favorable for the redox reactions of
4-NP than alkaline pH, in agreement with previous reports (G et al., 2021). The higher reduction
peak current may be due to the electrostatic attraction between 4-NP and the modified electrodes
(CuO@S-doped g-C3N4 (30%)/FTOE, ZrOx@ S-doped g-C3N4(20%) FTOE, and CuO/ZrO>@S-
doped g-C3N4 (30%)/FTOE). Thus, pH 3 was chosen for ZrO@S-doped g-C3N4 (20%)/FTOE
while pH=5 for CuO@S-doped g-CsN4 (30%)/FTOE and CuO/ZrO>@S-doped g-C3N4
(30%)/FTOE for the further 4-NP detection studies.
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Figure 72.CV for (a) CuO@S-doped g-C3Ns (30%)/FTOE b)

using 0.1 M PBS, 0.5 mM 4-NP, 0.01g NCs and scan rate of 50 mV s!

The response of CuO@S-doped g-C3N4 (30%)/FTOE, ZrO>@S-doped g-C3N4 (20%)/FTOE and
CuO/ZrOx@S-doped g-C3N4(30%)/FTOE towards detecting 4-NP at different concentrations was

recorded and the results are presented in Figure 73a-c. The CVs were recorded at different

concentrations (0.1 uM to 200 uM) of 4-NP in 0.1 M PBS and a scan

change was monitored as a function of 4-NP concentration using CuO@S-doped g-C3N4
(30%)/FTOE, ZrO>@S-doped g-C3N4(20%)/FTOE and CuO/ZrO»@S-doped g-C3N4(30%)/FTOE
as sensor. The results revealed that the current response increases with increasing concentration of

4-NP. By taking the current at a higher point for CuO@S-doped g-C3N4 (30%)/FTOE (0.65unA),
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ZrOx@S-doped g-C3N4 (20%)/FTOE (0.673 pA) and CuO/ZrO@S-doped g-C3N4 (30%)/FTOE
(0.1115 pA), a calibration curve of the peak current against 4-NP concentration was plotted which
indicates dependence of peak current on 4-NP concentration about CuO@S-doped g-C3N4
(30%)/FTOE, ZrO>@S-doped g-C3N4(20%)/FTOE and CuO/ZrO,@S-doped g-C3N4
(30%)/FTOE. The linear regression equation for CuO@S-doped g-C3N4 (30%)/FTOE is Ipa (LA)=
0.0067*C (uM), with a correlation coefficient of 0.982, for ZrO>@S-doped g-C3N4(20%)/FTOE
is Ipa (LA) =-0.00137*C (uM), with a correlation coefticient of 0.969 and for CuO/ZrO>@S-doped
g2-C3N4 (30%)/FTOE is Ipa (WA) = 0.00467*C (uM), with a correlation coefficient of 0.867, The
results suggest that the fabricated sensors are very promising candidates as a sensor for detection

of 4-NP under optimized experimental conditions at lower concentration of the pollutant.

The electrochemical performance of the modified CuO@S-doped g-C3N4 (30%)/FTOE, ZrO>@S-
doped g-C3N4 (20%)/FTOE and CuO/ZrO>@S-doped g-C3N4 (30%)/FTOE for the estimation of
4-NP in 0.1 M of PBS was evaluated by DPV as the very sensitive and selective method. Figure
73(a, ¢ and e) shows the representative DPV responses corresponding to the redox of various
concentrations of 4-NP. The result indicates that the peak current gradually increases upon
successive 4-NP additions. The linear calibration plot of the reduction peak current vs.
concentration of 4-NP indicates the dependence of peak current on 4-NP concentration as shown
in Figure 73 b, d and f. This shows the sensitivity of DPV of 4-NP with various concentrations.
Towards detection of 4-NP, DPV data were further analyzed for further parameters such as LOD,
sensitivity, and LOQ. The LOD of the binary and ternary modified electrodes was calculated using
the equation reported elsewhere. The LOD of 4-NP was calculated from the slope of the calibration
plot according to Equation 9.
LOD =33 x0/S 9)

where o is the standard deviation, and S is the slope of the calibration curve.

As aresult, the newly developed electrodes; CuO@S-doped g-C3Na4 (30%)/FTOE, ZrO>@S-doped
g-C3N4 (20%)/FTOE and CuO/ZrO>@S-doped g-C3N4 (30%)/FTOE exhibited a low detection
limit and excellent sensitivity of 4-NP Table 9.
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Thus, the DPV technique offered satisfactory analytical electroactive catalytic performance for
detecting 4-NP. The analytical performance of the CuO@S-doped g-C3N4 (30%)/FTOE, ZrO>@S-
doped g-C3N4(20%)/FTOE and CuO/ZrO2@S-doped g-C3N4(30%)/FTOE was compared with that

of different modified electrodes reported in recent decades as summarized in Table 9.

On the other hand, the sensitivity of the modified electrodes was calculated from the slope of the
calibration plot (Figure 74) and the EAS of the electrode. The modified electrode sensing ability
was compared to the previous reports for 4-NP detection which are mentioned in Table 9.
Generally, the result indicates that the modified electrodes are comparable with the previous works.
Although the modified electrodes described in the table are not constructed from FTO, the
manufactured sensors used in this study showed high 4-NP detection limits and good sensitivity
with satisfactory linear range and high correlation coefficient. It is clearly due to CuO, ZrO; and
S-doped g-C3Ns that produces a synergistic effect. The synergistic effect of cations Cu (II) and
ZrO;+4 is contributed to in terms of better sensitivity. However, the high LOD could be due to the
saturation of the kinetic behavior of the electrode processes during the reaction process. Although
some other materials achieve the same or even better detection performance, these materials listed
in the table require complicated synthesis processes, utilize poisonous chemicals, and demand
expensive instruments, however, the S-doped g-C3Nj4 a single-step approach merged with CuO and
ZrO7 with no toxicity and simple preparation procedure and low cost. The LOQ was calculated

using the Equation 10.
LOQ =10( /) (10)

Based on the above equation, the calculated value of LOQ was 37.9 uM,41.2 uM and 45.3 uM for
CuO@S-doped g-C3N4(30%)/FTOE, ZrO>@S-doped g-C3N4(20%)/FTOE and CuO/ZrO>@S-
doped g-C3Ni4(30%)/FTOE respectively. Even though the electrodes listed in Table 9 are
chemically modified glassy carbon electrodes and have lower detection limits than what is reported
here, most of them have a smaller linear range than that of the present work indicating that the
fabricated sensors have a wider application range. In addition, even though Ag@Co-
Al/PoPD/GCE exhibited outstanding performance with a wider linear range and lower detection
limit, the hydrothermal synthesis method is more complicated with multiple and longer time steps
than the simple chemical precipitation method applied in the preparation of CuO@S-doped g-
C3N4/FTO (30%), ZrO@S-doped g-C3N4 (20%)/FTOE, and CuO/ZrO>@S-dopedg-C3Na(30%)
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(Rajkumar et al., 2018). In conclusion, the comparison shows the ternary NCs to provide the best

platform for the 4-NP examination reported to date.
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Figure 74. DPV at different concentrations of 4-NP at the (a) CuO@S-doped g-C3N4 (30%)/
FTOE (b) ZrO@S-doped g-C3N4 (20%)/FTOE, and (¢) CuO/ZrO>@S-doped g-C3N4(30%) and
(b, d and f) the corresponding linear fit. Experimental conditions 0.1 M PBS, scan rate 50 mV s™'.
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Table 9. Comparison of previously reported results for determination of 4-NP with the current

work

ydified electrode

0/ZrO,@GCE
GCN/SPCE?
50/Fe;0sNPs/GCENP®
0-synthesized CuO NPs

ISS/GCE*
@Co-Al/PoPD/GCE!

O@S-doped g-C3N4/FTO (30%)
O2@S-doped g-C3N4/FTO (20%)
0/ZrO2@S-dopedg-C3N4(30%)

a Sulphur-doped graphitic carbon nitride/screen-printed carbon electrode

Detection
method

Amperometry
DPV
DPV
SWV

DPV
DPV

DPV
DPV
DPV

Linear range
(LM/nM)

50-800 pM
0.05-90 uM
02-10
10 nM — 10
mM
1.43 -55.93
0.82x107% —
1.74x 10 M
0.1-200 uM
0.1-200 pM
0.1-200 pM

RZ

0.998
0.994
0.998
0.992

0.999

0.985

0.994
0.995

®Reduced graphene oxide/Fe;04 nanoparticle glassy carbon electrode,
¢ Tremella-like indium silver sulfide glassy carbon electrode,
4 Ag nanoparticles decorated Co-Al LDHs Co-Al layered double hydroxides (LDHs), Co-Al LDHs/poly(o-
phenylenediamine) (PoPD)
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detection

limit

(UM/nM)
14.5 uM

0.0016 uM
0.26 uM
0.1 nM

1.09 uM
63.7 nM

12.5 yM
13.6 uM
14.9 uM

Sensitivity Ref.

(LAPM™!
cm2)
0.28
12.655
N/A

N/A

N/A
N/A

0.017
0.007
0.004

(Cheng, 2017)

(S. Singh et al., 2017

(P. Chen, 2018)
(Dhanasekaran et ¢
2019)

(Bhujel et al., 2019)

(Mohammad, Khan, ¢

al., 2020)

This work

This work

This work



4.5.3 Mechanism of 4-NP reduction at the modified FTO electrodes

The proposed detection mechanism of 4-NP as shown in Scheme 1, indicates the process that takes
place on the surface of the modified electrodes. The first step (broad peak of DPV on Figure 74)
is the result of a four-electron reduction of 4-NP to p-hydroxylaminophenol. The p-hydroxyl
aminophenol then simply undertakes a two-electron oxidation process to give the p-nitrophenol.
On the second narrow peak, the p-nitrophenol is then reduced through a reversible two-electron
process back to the p-hydroxylaminophenol producing the redox couple. This is in line with the
previously reported mechanism for the reduction of 4-NP using silver-decorated glassy carbon

electrodes (Apetrei et al., 2011).

OH
OH H,0

N
F N HO H

4-nitrophenol
OH

N
Ho”” u
4-hydroxyaminophenol 4-nitrosophenol

Scheme 1. Proposed mechanism for a 4-NP reduction on modified electrodes
4.6 Electrochemical behaviors of BPA at the carbon paste-modified electrodes

In this work, BPA was used as a pollutant chemical to further test the synthesized NCs' detecting
capabilities. CPE was used to test the sensing performance of the binary and ternary NCs for BPA.

The electrochemical behavior of g-CsN4/CPE, S-doped g-C3N4/CPE, CuO@S-doped g-C3N4
(30%)/CPE, ZrO»@S-doped g-C3N4(20%)/CPE, CuO/ZrO>@S-doped g-C3N4(30%)/CPE and the
bare CPE was investigated using a 0.1nM BPA, scan rate 50mv/s and pH=5. The results are
presented in Figure 75(a-f). It can be observed easily that except the bare CPE, the remaining
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modified CPE electrodes exhibited a well-defined CV peak with various electron transfer
capabilities. The bare CPE shows low electron transfer in comparison with other electrodes. This
is due to its poor electrical conductivity, which limits the electron transfer probe of BPA on the
surface of the CPE. The CV behavior of modified electrodes might have different shapes of redox
probes at the electrode interfaces. Nevertheless, the binary CuO@S-doped g-C3N4(30%)/CPE,
ZrOx@S-doped g-C3N4(20%)/CPE and ternary CuO/ZrO>@S-doped g-C3N4(30%)/CPEs showed
a well-defined peak current, which gave an efficient electron transfer capability, enhanced
electrical conductivity and large surface area of the NCs. Through scan rate and the impact of BPA
concentration in identical experimental trends, the electrochemical responses of modified

electrodes made of binary and ternary NCs/CPE materials to BPA were ascertained.
4.6.1. Effect of scan rate

To establish whether the mechanism of the electrochemical responses was diffusion-controlled or
not, experiments were carried out at different scan rates. This can be understood by analyzing scan
rate (v) dependent oxidation peak currents and peak potentials for the modified pristine g-C3N4
/CPE, S-doped g-C3N4 /CPE, binary CuO@ S-doped g-C3N4 (30%)/CPE, ZrO>@S-doped g-C3N4
(20%)/ CPE and ternary CuO/ZrO»@ S-doped g-C3N4 (30%)/CPE sensors in the presence of BPA
(10, 20, 30, 40, 50 mVs!). Consequently, the maximum peak current intensity of the analyte (PBA)
was observed in the condition (BPA=0.1nM and pH=5). Figures 76 and 77 show the relation
between peak current and scan rate for CP modified electrodes. Furthermore, to evaluate the
molecular diffusion on the surface of the modified electrode, a calibration curve was plotted
between peak current and square root of scan rate within a range of 10 — 50 mVs™! using 0.1 nM
(Figure 76 b, and d) and Figure 77 (f, h, and j). An increase in peak current with scan rate showed
that the electrocatalytic activity was successfully improved at the surface of the modified electrode.
With this regard, the peak current has grown linearly with the square root of the potential scan rate,
therefore, the oxidation of BPA at modified electrodes CPE is the diffusion-controlled process

(Kunene et al., 2020).

138



(a) —g-C;N,

0.00008 1
£0-00004
=
t ]
§ 000000
=1
o

-0.00004-

-0.00008 -

04 -0 ' ' 4 06

02 00 02 04
Potential (V) vs. Ag/AgClI

0.000012{(¢)
0.000006 -
0.000000 -

-0.000006 -

Current (uA)

-0.000012 -

-0.000018 -

—— CuO@S-dope g-C;N,(30%)

-0.4

02 00 02 04
Potential (V) vs. Ag/AgClI

0.6

0.000044(€)

0.00002

Current (uA)

0.00000

-0.00002 -

——Cu0/ZrO,@S-doped g-C;N,(30%)

-0.4

02 00 02 04
Potential (V) vs. Ag/AgCI

0.6

0.00003

0.00002

0.00001

0.00000

Current (pA)

-0.00001 1

-0.00002

(b)

—— S-dope g-C;N,

0.0004

-0.4

02 00 02 04 06

Potential (V) vs. Ag/AgCI

Current (uA)

0.0000 -

-0.0002 -

o

o

(=]

o

N
1

(d)

——Z2r0,@S-doped g-C,N,(30%)

02 00 02 04 06

Potential (V) vs. Ag/AgCI

0.0036
0.0030
0.0024
0.0018

0.0012

Current (pA)

0.0006

0.0000 -

—— Bare CPE

42 1.0 08 -06 -04 02 0.0

Potential (V) vs. Ag/AgCI

Figure 75.CV plots of (a) g-C3sN4/CPE:(b) S-doped g-C3N4/CPE:(c) CuO@S-doped g-C3N4
(30%)/CPE: (d) ZrO>@S-doped g-C3N4(20%)/CPE: (e) CuO/ZrO@S-doped g- C3N4(30%)/CPE:
and (f) bare CPE. Experimental conditions: pH=5, BPA=0.1nM, and scan rate 50mv/s.

When comparing intensity of peak current among the modified electrodes, the binary CuO@S-

doped g-C3N4 (30%)/CPE shows maximum peak current with -1.219e-5 A at potential value of



0.156V, ZrO>@S-doped g-C3N4(20%)/CPE, -7.939¢-5 A at potential value of 0.230 V and ternary
CuO/ZrO2@S-doped g-C3N4(30%)/CPE -1.152e-5 A at a potential value of 0.166 V. The slopes of
the curves follow the trend ZrO>@ S-doped g-C3Na (20%)/CPE > CuO/ZrO>@ S-doped g-C3N4
(30%)/CPE > CuO@S-doped g-C3N4 (30%)/CPE, indicating that the electron transfer is faster at
the ZrOx@ S-doped g-C3N4 (20%)/CPE than in CuO/ZrO2@ S-doped g-C3N4 (30%)/CPE and
CuO@ S-doped g-C3N4 (30%)/CPE (Zheng & Andou, 2022).
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Figure 76.CV of BPA curves of (a) g-C3N4 (c) S-doped g-C3Njy at different scan rates: (b and d)

relationship between peak current vs. square root of scan rate derived from the CV curves of Figure

(a and c) respectively). BPA=0.1nM and pH=5.
4.6.2 Effect of concentration of Bisphenol A

To check the quantitative chemical analysis of the modified electrodes, the relationship between
the anodic current and concentration of BPA was studied using the CV technique. The

electrochemical responses obtained using the modified CPEs for different concentrations of BPA
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solutions with a scan rate of 50 mv/s and the potential ranged between —0.5 V and 0.9 V are
illustrated in Figure 78 (a. b and c¢). The three modified CPEs used in this work produced a similar
response towards BPA. The CV cycles were different from the subsequent ones and consisted of
one anodic broad peak at CuO@S-doped g-C3N4 (30%)/CPE slightly sharp anodic peak at ZrO»@S-
doped g-C3N4(20%)/CPE and some small anodic peaks at CuO/ZrO>@S-doped g-C3N4(30%)/CPE
was observed. In subsequent scans of concentrations from 1 to 6 nM BPA, two small anodic peaks
were observed at ZrO»@S-doped g-C3N4(20%)/CPE. This is because, in the electrooxidation of
BPA, the two hydroxyl groups are converted to carbonyl groups by the loss of two electrons and

protons.

According to the literature, two electrons and two protons (n) are involved in the electrooxidation
of BPA (Kunene et al., 2020). Appendix 4 illustrates potential reaction pathways for BPA
oxidation on the electrode surface of CuO@S-doped g-C3N4 (30%)/CPE, ZrO>@S-doped g-
C3N4(20%) and CuO/ZrO2@S-doped g-C3N4(30%). The value of AE = 0.059V accomplished the
reversibility criteria for CuO/ZrO>@S-doped g-C3N4(30%)/CPE, whereas the CuO@S-doped g-
C3N4(30%)/CPE and ZrO>@S-doped g-C3N4(20%)/CPEs showed an important degree of quasi

reversible indicated by the higher separation between the anodic and the cathodic wave.

The difference in intensity between the anodic and the cathodic wave is more marked in ZrO>@S-
doped g-C3N4(20%)/CPE, confirming the irreversibility at the surface of the modified CPE
electrode. A calibration curve plotted for the peak current against BPA concentrations indicates the
linearity of peak current on BPA concentration about CuO@S-doped g-CsNs (30%)/ CPE,
ZrOx@S-doped g-C3N4(20%)/CPE and CuO/ZrO@S-doped g-C3N4 (30%)/CPE. The linear
regression equations are as follows: for CuO@S-doped g-C3N4 (30%)/ CPE is Ipa (WA)=4E-07*C
(nM) - 1E-05 (R*=0.972) and for ZrO>@S-doped g-C3N4 (20%)/CPE is Iy (uA) = 0-5E-07*C
(nM) - 1E-05, (R* = 0.964) and for CuO/ZrO>@S-doped g-C3N4 (30%)/ CPE is Ipa (LA) = -8E-
070*C (nM) - 1E-05 (R? = 0.9805), The results suggest that the fabricated sensors are a very

promising candidates as a sensor for detection of BPA at lower concentration.
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Figure 77.CV of (a) CuO@S-doped g-C3Ns (30%), (g) ZrO>@S-doped g- C3N4(20%) and (h)
CuO/ZrOx@S-doped g-C3Ns (30%) at different scan rate. (f, h and j) the linear relationship
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1) respectively). BPA=0.1nM and pH=5.

The CV peak current for binary CuO@S-doped g-C3N4 (30%)/CPE was recorded at E,= 0.122 v
with Ips = -1.098e-5A, for ZrO>@S-doped g-C3N4 (20%)/CPE at E,=0.216 v with Ip,.= -4.436e-
5A and ternary for CuO/ZrO@S-doped g-C3N4 (20%) at Ep= 0.151v with I pa =-9.803e-6A
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respectively, hence there is close sensitivity for BPA among the modified electrodes but the binary
ZrOx@S-doped g-C3N4 (20%)/CPE show maximum peak current than the rest. This is due to the
synergy between the sensing activities of ZrO> NPs and S-doped g-C3N4 NC, the proposed BPA
detection based on ZrO»/g-C3N4 NCs can be utilized as an efficient platform for selective detection

of BPA (Zheng & Andou, 2022).

The LOD of BPA was calculated from the slope value of the calibration plot according to equation
(10). As a result, the newly developed binary and ternary modified CPEs exhibited a low detection
limit with the values of 2.9 nM, 3.21nM and 2.03 nM for CuO@S-doped g-C3N4 (30%)/CPE,
ZrO>@S-doped g-C3N4 (20%)/CPE and CuO/ZrO@S-doped g-C3N4 (20%)/CPE respectively.
The highest LOD for ZrO>@S-doped g-C3Ns (20%)/CPE could be related to the interaction
between the BPA and electrodes and the background current. For this reason, the conductivity of
the ZrO>@S-doped g-C3N4 (20%)/CPE makes difficult the detection of BPA at low concentration
levels. As a result, the ternary CuO/ZrO>@S-doped g-C3Ns (30%)/CPE exhibited a better
detection limit. Similarly, the calculated LOQ values were 9.73, 8.79, and 6.16 nM respectively
for binary CuO@S-doped g-C3N4(30%)/CPE, ZrO@S-doped g-C3N4(20%)/CPE and
CuO/ZrO2@S-doped g-C3N4 (30%)/CPE. A good LOD and LOQ value for ternary CuO/ZrO>@S-
doped g-C3N4 (30%)/CPE is attributed to the better synergistic effect between CuO, ZrO; and S-
doped g-C3N4 and moderate specific surface area than CuO@S-doped g-C3N4 (30%) and ZrO»@S-
doped g-C3N4 (20%) NCs.
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Figure 78.CV of CuO@S-doped g-C3N4 (30%)/CPE (b) ZrO>@S-doped g-C3N4(20%) and
CuO/ZrOx@S-doped g-C3N4 (30%) at different concentrations of BPA (1nM-6nM), pH= 5, scan

rate 30mv/s and (b, e, f) their linear curve of peak current vs. concentration of BPA.
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5. CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

In this study, the gas-templating method was developed to realize the synchronous nano structuring
S-doped g-C3N4 in one step. It uses the bottom-placed (NH4)2SO4 as a bi-functional gas template
source and doping agent to transform the up-placed urea into S-doped g-C3N4 at 550 °C. Due to its
benefits over alternative synthetic methods, the bottom-up simple chemical precipitation
procedure was chosen in this study. The crystallite size of the generated NCs was confirmed to be
in the nanometer range using the XRD pattern and TEM investigations. The findings through UV-
Vis/DRS and PL indicate that, compared to binary NCs, ternary NCs display the best electron—
hole recombination rate and E,. The BET analysis of the samples' pore size distribution reveals
that the majority of the pores have adsorption isotherms of type IV and type H3 hysteresis loops
and fall within the size range of 2 to 50 nm. The HR/SEM/EDS technique was used for a better
understanding of the morphological and elemental composition in the inner and outer surface
features of the prepared NCs. Thus, the formation of flower-shaped S-doped-g-C3Na, cubical
structure of CuO and monoclinic structure of ZrO2 NPs presence in the binary and ternary NCs
was investigated by HRSEM/EDS study. Furthermore, an XPS analysis of the chemical
composition of the binary and ternary NCs verified the occurrence and synthesis of N, C, S, CuO,

and ZrO».

In the electro reduction of 4-NP, for the binary CuO@ S-doped g-C3N4(30%), ZrO>@ S-doped g-
C3Ns (20%), and ternary CuO/ZrO>@ S-doped g-C3N4 (30%) catalysts, the optimal loading
amounts were found to be 0.05g, 0.05g, and 0.01g, respectively, and were fitted to the pseudo-

first-order kinetics. An excellent reduction efficiency of 4-NP was achieved by the ternary

Cu0/ZrO,@S-doped g-C3Ny (30%) (99.56%) NC within 300s.

The photocatalytic degradation efficiency of MB by ternary NCs increases in the sequence of
CuO/ZrO@ S-doped g-C3Na(5%) < CuO/ZrO@ S-doped g-C3N4(10%) < CuO/ZrO@ S-doped
g-C3N4(20%) < CuO/ZrOzx@ S-doped g-C3Na(30%). Overall, this study supports the notion that
the synthesized binary and ternary NCs are good candidates for multifunctional uses as catalysts,

sensors, and photocatalysts.

145



The electrochemical behaviour of the CuO@S-doped g-C3N4 (5,10,20,30%), ZrO2@S-doped g-
C3N4(5,10,20,30%), and CuO/ZrO@S-doped g-C3N4(5,10,20,30%), NCs was evaluated by CV,
EIS and M-S techniques. The result obtained through CV and EIS methods exhibited a well-
defined redox peak with a high electron transfer capability of the modified CuO@S-doped g-
C3N4(30%), ZrO@S-doped g-C3N4(20%) and CuO/ZrO@S-doped g-C3Ni(30%) electrodes
compared to the pristine g-C3Na4, S-doped g-C3N4 NCs, and CuO and ZrO, NPs. According to the
M-S investigation, the binary CuO@ S-doped g-C3N4 (30%)/FTOE was an n-type semiconductor,
while the ZrO>@ S-doped g-C3N4 (20%)/FTOE and CuO/ZrO>@ S-doped g-C3N4 (30%)/FTOE

were p-type semiconductors.

Binder-free CuO@S-doped g-C3Na (30%), ZrO>@S-doped g-C3Ns (20%), and CuO/ZrO>@S-
doped g-C3N4 (30%) electrodes were modified using a drop-cast method. The results of 4-NP
sensing indicate that binary and ternary NCs were suitable for electrochemical sensing
applications. The scan rate analysis of the electrochemical behaviour studies supported the linear
dependence of peak currents on the square root of the scan rate, indicating that the electrochemical
reaction taking place at the electrodes was a diffusion-controlled process in the scan rate range of
0.1 to 200 mV s’ The slope of the anodic peak current (Ipa) vs. the square root of the scan rate
(V'?) plot was used to compute the EAS area of the modified electrodes. The results demonstrate
that the ternary CuO/ZrO2@ S-doped g-C3N4 EAS values calculated from I, are marginally greater

than those obtained from Ipc.

The modified electrodes' strong pH dependence suggests that the stability of the developed sensors
was also pH-dependent, with pH = 3.0 having the highest peak current and stability. The sensitivity
of the modified electrodes for the binary and ternary CuO@S-doped g-C3N4(30%)/FTOE,
ZrOx@S-doped g-C3N4(20%)/FTOE, and CuO/ZrO>@S-doped g-C3N4(30%)/FTOE, respectively,
was determined to be 0.017, 0.007 and 0.004 pAuM ~'cm™. The synergistic effect of the cations
Cu (II) and ZrO, +4 with S-doped g-CsNs was characterized as contributing to the higher
sensitivity for ternary NC. In the study of BPA sensing activities of modified CPEs, surprisingly
the binary ZrO>@S-doped g-C3N4 (20%)/CPE presents the highest LOD (3.21nM) than the binary
CuO@S-doped g-C3N4 (30%)/CPE and ternary CuO/ZrO>@S-doped g-C3N4 (30%)/CPE. The
newly created ternary CuO/ZrO>@S-doped g-C3N4 (30%)/ CPE showed improved LOD, LOQ and

sensitivity as a result.
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5.2. Recommendations

The following future study areas are recommended based on the findings of the present study:

Optimisation of synthesis-related parameters, including, solution pH, thermal properties at
various calcination temperatures, time and amount of S.

Comparing ternary CuO/ZrO>@S-doped g-C3N4 NCs with further photocatalytic research
utilizing binary CuO@S-doped g-C3N4 and ZrO>@S-doped g-C3N4 NCs.

Recyclability of the ternary and binary NCs prepared for tested applications.

Catalytic sensor and photocatalysis application mechanisms identification by DFT
Assessing the antibacterial activity of the synthesized binary and ternary NCs.

Improving M-S conditions to allow the binary and ternary NCs to use their synergistic light
response.

Incorporating other kinds of metal oxides and creating S-doped g-C3N4 quaternary NCs,

comparing and assessing them for multi-applications.
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7. APPENDICES

Appendix 1. High-resolution spectra of the constituent elements S 2p, C Is, N Is, O Is, and Cu
2p of CuO@S-doped g-C3N4 nanocomposites
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Appendix 3. High-resolution spectra of the constituent elements C /s, and N /s, of ZrO>@S-doped

g-C3N4 nanocomposites
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Appendix 4. M-S curves for CuO@S-doped g-C3N4, CuO/ZrO2@S-doped g-C3N4 and CuO@S-

doped g-C3N4 NCs.
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Appendix 5. Electrochemical oxidation reaction mechanism of BPA at CuO@S-doped g-C3N4
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