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Abstract

Annually different kinds of organic pollutants such as dyes, antibiotics, and phenol groups enter
into the environment from various industries including pharmacies, food industries, and shrimp
farming. These organic pollutants cause serious detrimental effects for humans, animals, and the
whole ecosystem. Photocatalytic degradation of organic pollutants is recognized as a highly
efficient method in the remediation of wastewater from these organic compounds. The energy
source of photocatalysis is solar light which is an abundant, non-toxic, safe, and cheap energy
resource. Among various photocatalysts, graphitic carbon nitride (g-CsN4), a two-dimensional
conjugated polymer, has drawn broad attraction because of its several advantages including low
in cost, metal-free, visible light active, and high stability. However, engineering a highly efficient
g-CsNs is challenging and still in progress. One way to improve the activity of g-C3Nais to control
its morphology, size and hence enhance its active reaction sites. In this study hard-templating
approach was implemented in three different methods. Three different morphologies of graphitic
carbon nitride were successfully synthesized with the aim of enhancing porosity, specific surface
area, optical properties and generally, increasing photoactivity of graphitic carbon nitride as the
photocatalyst. By using silica nanoclusters, mesoporous graphitic carbon nitride was fabricated
which had high capability toward degradation of rhodamine B and tetracycline. By utilizing silica
microspheres, hierarchical inverse opal graphitic carbon nitride was constructed with enhanced
photoactivity in the degradation of rhodamine B and methylene blue. Finally, by combining
supramolecular self-assembly approach and using silica as the hard-template, a novel morphology

of washer-ring-like g-CaN4 was achieved, with high ability in the degradation of bisphenol a.

Keywords: Photocatalysis, graphitic carbon nitride, pollutant degradation
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Chapter 1- Introduction

1.1 Organic Pollutants in Water

Life of plants, animals, human and the whole ecosystem depends on water. Rapid growing of
worldwide population along with industrialization give rise to the increased demand of water
consumption. There is a limitation in the accessible usable water resources, and higher than one-
third of them is being used for industrial, agricultural, and residential utilization [1]. Thus, even
the limited accessible clean water turned to the wastewater, as a result of the existence of various
pollutants and contaminants including persistent organic pollutants, dyes, etc. Therefore, the
availability and accessibility of fresh and high-quality water became a crucial and controversial
problem all around the world, recently [2]. In here, four important pollutants that are very

hazardous for the environment are explained.



Figure 1-1. The environment pollution caused by hazardous wastes [3]
1.1.1 Persistent Organic Pollutant (Tetracycline)

Persistent organic pollutants (POPs) are among toxic organic materials that have distinct physical
and chemical characteristics. When they are released into the environment, they persist to stay
unchanged for a long time and travel long distances over water, before being converted into less
hazardous chemicals [4]. Thus it is highly probable that these materials bio-accumulate in the food
chain and end up in wildlife and animal bodies, resulting in adverse health impacts [5].
Tetracycline derivatives, a recognized class of antibiotics, is a type of POP that have been
considerably utilized in the fabrication of human and veterinary medicine because it has low
fabrication prices and high quality.[4]. Tetracycline is composed of four connected rings with

hydroxyl, methyl, ketone, and dimethylamino functional groups [6] as shown in Figure 1-2.

Figure 1-2. The chemical structure of tetracycline



Although TC possess different advantages for human and animal health, their widespread usage
causes considerable fluctuations in environmental microflora. Metabolization of TC is hard for
human and animal digestion set-up, and when this medicine is used, only small part of it could get
absorbed by human and animal bodies and large amount of these antibiotics can be released into
water streams (ground-water, surface-water, wastewater) as un-metabolized parent chemical.
Besides that, hospitals, pharmaceutical factories, and livestock also play an important role in the

augmentation of TC in the wastewater systems. Figure 1-3 represents the aquatic and terrestrial

pathways of tetracycline in the ecosystem.
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Figure 1-3. Aquatic and terrestrial pathways of tetracycline in the ecosystem [6]

Tetracycline is persistent and difficult to degrade in the environment, thus is detected in wastewater,
surface water, groundwater, sludge, and sediments notably [6]. prolonged hazardous impacts of
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TC would result in ecological imbalance because of low degradation of TC in the current treatment
processes. It is of great importance to consider TCs as an important environmental contamination

as it considerably affects human wellness because of the expansion of bacterial resistance.

1.1.2 Organic Dyes (Rhodamine B, Methylene Blue)

Organic dyes are another type of organic pollutants that are extensively utilized in different
industries such as textiles, papers, leathers, food, and cosmetics industries (Figure 1-4). More than
10000 kinds of dyes are commercially utilized and the annual fabrication is more than 0.7 billion
tons [7]. Discharge of synthetic dyes from washing cycles of industries into natural water bodies
causes serious environmental troubles because they are highly toxic and are accompanied by

production of several potential carcinogens.

Figure 1-4. Various industries that use organic dyes during product fabrication

Rhodamine B (RhB), an organic dye with beautiful red—orange color and low-cost, is commonly
used in textile and food manufacturing. According to a declaration from the European Food Safety
Authority (EFSA), RhB was evaluated as potentially both carcinogenic and genotoxic, and

detrimental for humans, animals, as well as the whole ecosystem [8].



Methylene blue with the chemical formula C16H18N3SCI is green and solid at room temperature
and becomes blue after being dissolved in water. Like RhB, this dye also has enormous industrial
applications. When this chemical is released to the water bodies, it absorbs light because of having
dark blue color, and so block underneath water environment, and so the beneath water never
achieve light. This is detrimental for aquatic life and ecosystem. Furthermore, smelling of MB
might result in breath hazards and direct contact may cause hazardous injuries to human eyes,

burning, nausea, vomiting, hyperhidrosis, and mental disorders [9].

1.1.3 Precursors to fabricate polymer compounds (Bisphenol A)

Bisphenol A (2,2-bis(4-hydroxyphenyl) propane, BPA) is a well-known precursor that is widely
used in the fabrication of polymer compounds, including polycarbonates, epoxy resins, etc. [10].
The widespread use of BPA in plastic products and the inappropriate disposal and waste
management made this chemical ubiquitous in numerous water systems. As a result, BPA is
frequently detected in industrial and municipal wastewater [11]. In addition, BPA has previously
been reported to be a typical endocrine disruptor (EDC). Furthermore, even low levels of exposure
to this chemical are accompanied by adverse health effects on aquatic wildlife and human beings
[12]. Figure 1-5 shows different industries that uses four target pollutants, in their production,

treatment, or meditation processes.
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(Rhodamine B,
Methylene Blue)

Antibiotic
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Figure 1-5. Industries and related organic pollutant wastes

1.2 Different methods for wastewater treatment

Thus all these industries produce wastewater containing mentioned contaminants and release them
to the environment which cause severe health effects for the whole ecosystem. To deal with the
unfortunate water scarcity, treatment and recycling of water streams is of great significance and
the need to develop efficient methods of treating wastewater and removing these hazardous

pollutants is beyond question.

To address this issue, several methods are available. Generally, conventional wastewater treatment
includes a collection of physical, chemical and/or biological procedures to eliminate organic
pollutants from effluents. A multitude of techniques categorized in conventional methods,
established recovery processes and emerging removal methods can be utilized [13] as shown in
Figure 1-6. Each method has its own disadvantages in terms of cost, feasibility, efficiency,
practicability, reliability, environmental impact, operation difficulty, pre-treatment requirements
and the formation of potentially toxic by-products. Many of these methods such as adsorption, ion-
exchange, biomass, filtration have been often suffering from limitations such as low removal
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efficiencies, incomplete degradation to nontoxic substances, and long removal times with the

necessity of post-treatment [14].

Technologies available for pollutant removal
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Figure 1-6 Classification of technologies available for pollutant removal and examples of techniques [13]

In recent years, as an alternative to nondestructive water treatment methods, efficient advanced
oxidation processes (AOPs) were used to remove a wide range of industrial pollutants in agqueous
solutions. AOPs are based on the in-situ production of highly active radical species aimed at
degrading organic compounds [15, 16]. Table 1-1 summarizes the advantages and disadvantages
of the advanced oxidation processes methodologies that are applicable in wastewater treatment

[17]. Among these AOPs, photocatalytic degradation by semiconductor catalysts has been



considered a notable method to deal with hazardous contaminants because it is simple in design,
renewable, low in cost, nontoxic, and environmentally benign treatment technology [18].
Semiconductor photocatalysts contain potential capability in environmental wastewater
remediation and solar energy conversion since the initiative research of Fujishima and Honda who
used TiO. for hydrogen generation by water photoelectrolysis in 1972 [19]. Every year,
approximately an amount of 3%10%* J energy is delivered to the surface of our planet from sun,
which is 4 orders of magnitude higher than the energy requirement of people in every spot of the
universe [20]. Sunlight is ubiquitous, clean, and harmless, thus, efficient harvesting and
transformation of sunlight using photocatalysts could solve too many of challenges we face in
different energy and environmental sectors. In the following section, basic principles of
photocatalysis and mechanism of photocatalytic degradation of organic pollutants is explained.

Table 1-1: Main advantages and disadvantages of various Advanced Oxidation Processes [17].

AOP Advantage(s) Disadvantage(s)

More complex technology and requires high

Powerful oxidation technique oxidizes a large . ;
capital/operational cost.

Ozonation
number of organic and inorganic materials. . . .
g g High electric consumption.
An effective method that typically does not Less effective if the wastewater has high
uv leave any byproducts which are harmful to the amounts of particulates which can absorb UV
environment. light.
An effective technique in the oxidation and Less effective, when the wastewater has high
UV/H,0, mineralization of most organic pollutants. absorbance.
Ease of formation of -OH radicals. High operational cost.
Needs to compete with high turbidity, solid
Most effective process due to the fast
particles, and heavy metal ions in the aqueous
03/UV/H;0; generation of -OH radicals.
stream.
Can treat a wide variety of contaminants.
High operational cost.
Fenton . . . .
. Simple process. Production of sludge iron waste and handling
reaction



Easy availability of chemicals. the waste pose logistical problems.

Reduction of sludge iron waste compared to
Photo-Fenton Needs a controlled pH medium for better
. original Fenton reaction.
reaction performance.

Effective and fast degradation.

Long-term stability at high temperature. Could form byproducts that can be harmful to
Resistance to attrition. the environment.
Photocatalysis
Low-cost and environmentally benign Requires efficient catalysts that can absorb in
treatment technology. the visible region.

1.3 Principles and mechanism of photocatalysis

Figure 1-7 Beautiful Sun

“Here comes the sun, and I say it’s alright” the line from beautiful Beatles’ song.

Our existence as well as having sustainable world, depends on the sun. Until the sun shines in the
sky, there is always hope to heal a universe which is going through more and more pollution (water,

air, and soil), and also higher demands for energy. Every year, approximately an amount of 3x10%*



J energy is delivered to the surface of our planet from sun, which is 4 orders of magnitude higher
than the energy requirement of people in every spot of the universe [20]. In this regard, many
researchers and scientists have always tried to harvest the sun in an efficient way. Among all these
efforts, in 1972, Fujishima and Honda began a journey by publishing a paper in which they used
TiO> for hydrogen generation by water photoelectrolysis [19]. This was a starting point of a long
adventure on semiconductor photocatalysis reactions. From that day forward, many researchers
entered this expedition and invested a huge amount of time, resources, and intellectual exercise to
profoundly explore the process of photocatalyst. Accordingly, the fast-growing number of finding
on photocatalysis comes as no surprise, that are together with an increased number of publications
with an annual exponential growth. (Figure 1-8). In the field of environmental wastewater treatment,
by using sunlight, photocatalysis process can directly decompose many organic pollutants into
small nontoxic molecules, CO2, and H20 and mitigate pollution. Thus, Photocatalysis is a green
and cost-effective method, that completely fulfills the prerequisites of sustainable advancements

for our modern society and profound investigation of its potential application is highly essential.

Number of Publications on Scopus per year
12000 1

m photocatalysis
10000 A m + titania
+ carbon nitride

8000 -
6000 A
4000 A

2000 A

Figure 1-8 Histogram if number of publications on photocatalysis (blue bars) and on photocatalysis with TiO, and
C3N4 (gray and yellow bars) from 2000 to 2019 [21]
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In a semiconductor as photocatalyst, the energy band structure is composed of valence band (VB)
which is full of electrons, and higher energy conduction band (CB) that is free of electrons. The
size of distance among VB and CB is named band gap, which is specific characteristic of every
individual semiconductor. Photocatalysis reaction can be started upon absorption of photons with
energy (E=hv which E in the energy of photon, h is plank constant, and v is the frequency) equal
or higher than the semiconductor band gap. After absorption of photons, the electrons (e°) in the
valence band are promoted to the conduction band and leave a hole (h*) in the VB. The excited
electrons in the CB and the holes in the VB can either recombine, get trapped in surface states, or
react with electron donors or acceptors at or in the immediate vicinity of the semiconductor surface.
This capability to donate and accept electrons, can cause redox reactions at a surface and is the

fundamental principle of heterogeneous photocatalysis [22].

Generally speaking, the photocatalysis process contains seven main steps, that could be essentially

categorized in four major parts:

Part 1: light harvesting and photon absorption (step 1)

Part2: Charge excitation (step 2)

Part 3: photogenerated charge separation and transportation (steps 3, 4, and 5)

Part 4: Redox reactions between photogenerated charges and surface chemical species (steps 6, 7)

These steps are schematically represented in Figure 1-9.
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Figure 1-9 Schematic representation of major steps that photocatalysis reactions involve

The photo-generated holes (h*) are strongly active and has high oxidation power that can oxidize
adsorbed H>O and OH™ on the surface of semiconductor to hydroxyl radicals (¢OH). These
hydroxyl radicals with high oxidation potential will further react with pollutants and oxidize them
into smaller byproducts. Simultaneously, the hole (h*) also can grab the electrons from organic
pollutants adsorbed on the surface of photocatalyst, and decompose them to smaller molecules
[22]. Thus, based on mentioned series of oxidation reactions, the organic pollutant adsorbed on
the surface of photocatalyst would be degraded into small intermediates and finally to water and
carbon dioxide. On the other hand, the electrons in the conduction band have strong reduction
ability and cause some reduction reactions to happen. These electrons can participate in CO;
reduction and reduce them to hydrocarbons, useful chemicals for various industries. COz is a
greenhouse gas, and conversion of this gas to applicable materials is so beneficial for our
environment. Series of redox reactions that happen in the presence of photocatalyst are shown in

the following equations [23]:
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Semiconductor + hv > e + h*
h*+H0 > H"+ «OH

2H" +2e" > H»

O2+e > «0%

«0% +H" > HO,e

2¢0% +H,0 > 02 + HO? + OH
HO% +h* > HO2e

2HOz2¢ - 07 +H202

H20, + e = OH + «OH

H202+ 0% - OH + «OH +0

h*+ e > Heat

Figure 1-10 shows the bandgaps and the VB and CB positions of some oxides, nitrides and
chalcogenides semiconductor photocatalysts, which are appropriate for different applications [24].
Between the various studied photocatalysts, TiO. semiconductor, has been considered numerously
as an outstanding photocatalyst in different applications including degradation of various volatile
organic compounds (VOCs), dyes and water contaminants as well as hydrogen and oxygen
evolution reactions (HER and OER), CO. reduction and conversion to hydrocarbon fuels and some
other energy-related applications [25-27]. Approximately half of the papers connected to
photocatalyst or photocatalysis includes using TiO2 semiconductor. Nevertheless, TiO>
photocatalysts are only active under UV-light, due to having a wide bandgap, which is higher than
3.0 eV. This intrinsic characteristic inhibits its additional pragmatic applications. The reason is

that the UV light only accounts for lower than 5% of the entire solar irradiation, and the
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considerable segment of the solar energy spectrum (54.1%) is in the visible region. At the same
time, other various inorganic metal oxides (including ZnO [26-28], SnO; [29, 30], ZrO- [31, 32],
NiO [33, 34]) also have aforementioned optical absorption limitation. Metal sulfides such as ZnS
is vulnerable to photocathode corrosion, which influences its function and lifetime and is hence
not the excellent photocatalytic semiconductor. Consequently, the construction of an efficient
polymeric semiconductor which is active under visible-light irradiation is of great necessity and
urgency and has stimulated modern scientists for further research [35-37]. Among numerous
reported photocatalysts, graphitic carbon nitride (g-CsNa4), has been considered to be a promising

candidate to fulfill the mentioned prerequisites which will be scrutinized in the next section.
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Figure 1-10 Band gap energies and conduction band (green) and valence band (red) edges positions of different
semiconductors with respect to the vacuum level and NHE. The two dashed lines represents the water redox reaction
potentials [24].
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1.4 Graphitic carbon nitride photocatalys

1.4.1 History of graphitic carbon nitride

At 1830, by pyrolysis of mercury (II) thiocyanate, Jons Jakob Berzelius achieved a polymeric
material and stated it as heptazines. At 1834, Hestus von Liebig called the polymer substance as
‘melon’ [38]. Many years later, at 1922, Edward Curtis Franklin figured out that when melon goes
through calcination, a carbon nitride polymer is achieved, which he named it as (CsNa)x.
Nevertheless, because of the lack of advanced characterization techniques at that time, Edward
just expressed the possible structure of (CaNa)x, without real corroboration and confirmation of
this structure [39]. Later on, at 1937, Linus Pauling by using X-ray spectroscopy confirmed that
Liebig’s melon is a polymeric substance composed of tri-s-triazine backbone bonded with amine
groups [40]. At 1980, Ramachandra S. Hosmane synthesized heptazine CsN7H3 [41]. After a
decade, in 1990, by comparison of the hardness of 3-CaN4 with that of diamond using theoretical
investigation, the studies on CsN4 was resumed. From then on, various allotropes of carbon nitride
including a-CsNa, B-C3sNa, graphitic-CaNa, cubic-C3N4, and pseudo-cubic-CsN4 were discovered
and each of them have different properties. All of them contain covalently bonded carbon and

nitrogen which is a strong bond [42, 43].
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Figure 1-11 Developmental timeline of g-CsN4 photocatalyst

15



Among different allotropes of carbon nitride, graphitic phase (g-CaN4) has the most stable structure
at room temperature. This allotrope was initially used as an effective metal-free catalyst in Friedel-
Crafts reactions to activate benzene by Markus Antoniettie’s group [44]. Three years after this
pioneering research, Dr. Xinchen Wang utilized g-CsN4 as a polymeric photocatalyst in H:
evolution reaction for the first time [45]. This was a milestone in the field of photocatalysis and

played a significant role in the advancement of artificial photosynthesis.

1.4.2 Structure of graphitic carbon nitride
g-CsNs is a conjugated polymer and has graphitic-like layered structure composed of sp?
hybridized bonded carbon and nitrogen. g-C3Njs is constructed from CzNjs rings that are bonded to

each other by nitrogen atoms in two different forms of s-triazine or tri-s-triazine units, as shown

in Figure 1-12.

Figure 1-12 : Schematic illustration of (a) The stacked 2D layered structure of g-CsN;(b) s-triazine ; (b) tri-s-
triazine units of g-CsN4 [46]
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The atoms in the layers are positioned in honeycomb arrangement with strong covalent bonds, and
the force among the two dimensional (2D) layers is the weak van der Waals force [24]. Different
C and N-rich precursors including melamine, cyanamide, dicyandiamide, urea, thioerea, and so on
have been used for the synthesis of g-CsN4 (Figure 1-13 ) [47]. The final optical, electrical and
morphological structure of g-CsNg is greatly influenced by the type of initial precursor, which will
be discussed in detail in future chapters. Figure 1-14 shows the reaction pathway of graphitic

carbon nitride started from cyanamide as the precursor.

Melamine
(C3HsNs) 500-580 °C

C
Cyanamide [ 550 °C
(CHzN,)
Dicyandiamide x ® 550 °C
(CzHaNa) Thermal

Polymerization

i 520-550 °C —
(CH4N:0)
P
Graphitic carbon nitride
. (9-C:Ny)
Thiourea 450-650 °C ——
(CH:N,S)

Figure 1-13 Main routes for the synthesis of g-CsN4 using different precursors [48]
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Figure 1-14, Reaction pathway of graphitic carbon nitride using cyanamide as the precursor [49]

Up to now g-C3N4 has gained extensive attention in many fields like water splitting [50],
photodegradation of environmental organic pollutants [51], organic synthesis [52], and CO>
reduction [53] due to having several advantages. Nevertheless, conventional bulk g-C3N4 has been
usually limited by unfavorable photocatalysis efficiency because of some drawbacks. As depicted
in Figure 1-15, the advantages of g-C3Njs are its strong reduction ability because of the position of
conduction band, having the bandgap of 2.7 eV which make it active under visible light, extreme
stability, non-toxicity, facile fabrication, and low-cost preparation. Nevertheless, conventional
bulk g-CsN4 has been usually limited by unfavorable photocatalysis efficiency because of the high
recombination rate of photoinduced charges, small specific surface area, and insufficient solar light

absorption [46].
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Figure 1-15 The redox potentials of the relevant reactions with respect to the estimated position of the
g-C3N4 band edges at pH 7 [46]

Different modification approaches have been explored to deal with the above deficiencies and
enhance the photocatalytic performance of g-CsNas. A brief explanation of some important

modification strategies is explained in the following section.

1.4.3 Different modification strategies for g-C3N4

For the abovementioned arguments, precise attention must be given to the fabrication of g-CsN4to
attain the optimum and efficient photocatalytic activity. Figure 1-16 summarizes some important
strategies that have been employed by researchers and scientists to enhance the properties of g-

C3Na.

1.4.3.1 Heteroatom doping

Doping atoms into g-C3N4 has been extensively investigated for different applications of pollutant
degradation, Hz evolution, and CO> reduction. Generally speaking, doping can be divided into two
categories of metal doping and non-metal doping. The presence of metal ions in the g-C3Na
structural unit, can serve as an electron sink for photogenerated electron and hole, extending the
recombination time of e and h*, hence enhancing the photocatalytic activity of g-CsNa. As an
example, Tonda et al used ferric chloride as the source of Fe metal, and synthesized Fe-Doped
graphitic carbon nitride (g-CsN4). The Fe dopant presented as being in the +3 oxidation state and

could notably affect the electronic and optical properties of g-C3Na4 [54]. Based on their conclusion,
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2 mol% Fe-doped g-C3Nas represented almost 7 times and 4.5 times higher photoactivity in
comparison with pure g-CsN4. Potassium-doped g-CsNs was synthesized through the thermal
polymerization of dicyandiamide and KI. It was reported that the doped potassium can increase
the photocatalytic activity by lowering the valence band and decreasing the photogenerated charge
recombination [55]. Other metal doping such as Zr-doped and W-doped graphitic carbon nitride

were also prepared to enhance the photocatalytic activity of g-C3Na.

In the case of non-metal doping, different dopant elements such as oxygen, sulfur, phosphorous,
iodine, nitrogen, fluorine, and boron were utilized. As an example, Oxygen-doped g-CaN4 was
fabricated using hydrothermal treatment and hydrogen peroxide as the dopant precursor [56]. XPS
studies showed that oxygen was doped into the lattice and then formed N-C-O, resulting to notable
changes in the physicochemical characteristics. Subsequently, increased photodegradation and

photocatalytic hydrogen evolution were achieved.

Figure 1-16; Various modification strategies for g-CsNs,—based photocatalyst [46]
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1.4.3.2 Heterojunction with other material

After the absorption of light and electron-hole photogeneration, the migration of charge carriers to
the surface and further redox reactions compete with the e/h* recombination in the bulk or surface
of g-CsN4 photocatalyst. To avoid the fast recombination of electron and holes, heterojunction
strategy which is combination of g-CsN4 with other semiconductor materials could be very helpful.
The coupling of g-CsN4 and another semiconductor unit with different bandgap and electronic
properties leads to a new electronic structure after hybridization. In other ways, band bending is
fabricated at the interface of the heterojunction nanocomposites because of the potential alteration
among two sides. This causes a built-in electric field inside a space charge region to particularly

depart and transfer the photogenerated electrons and holes [57].

1.4.3.3 Nanostructure engineering

Normally, in comparison to the bulk counterparts, nano-structured g-CsNas photocatalyst with
manipulated dimensions and configurations could possess many obvious benefits for visible-light
photoreactions. Nanostructured graphitic carbon nitride mostly has higher specific surface area,
shorter photocharge migration length, and tunable electronic structure, compared to the bulk
sample. The design of nanostructures includes the construction of nanosphere [58], nanotubes [59,
60], nanorods [48, 61], nanosheets [62], nanoclusters [8], and porous hierarchical structure [63].
Up to now, templating and template-free approaches were employed to create nanostructure g-

C3Na.

1.4.3.4 Defect engineering
Vacancy engineering as an efficacious way to enhance the photocatalytic activity of

semiconductors without introducing foreign elements. Forming defects into semiconductor is
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usually along with bond breaking and reforming, lattice distortion and electron localization, which
changes the band, electronic structure and material properties of photocatalysts [64]. Vacancies
are common point defects in photocatalytic semiconductors . Photocatalyst with disordered
structure can form vacancy defects. Different researchers used vacancy engineering strategy to
improve the photoactivity of various semiconductors including TiO2 [65], WOs [66], SrTiO3 [67]
and ZnS [68]. Introducing vacancy and defects into the structure of photocatalyst supplies some
essential advantages: (1) vacancies considerably influence the band structure of the photocatalyst.
Overly, with the existence of vacancies, defect induction sites with weaker bonding reduce the
splitting between bonding and antibonding orbitals, thus generate electronic states inside the
bandgap [69]. The electronic states reduce bandgaps or act as midgap states for the photoexcitation
of electrons and therefore broaden the light absorption range; (2) the electron states induced by
defects provide an important way for the energetic relaxation of photogenerated charge carriers
within the energy bandgap, thereby affecting the dynamics of charge carriers. Surface vacancy
defects can be used as electron or hole capture centers, greatly inhibiting electron-hole
recombination and facilitating the migration of photogenerated charges driven by a built-in field
from body to surface [84-88]; (3) the formation of vacancy defects can further reduce the
coordination number of the neighboring atoms, which makes them to be much more reactive sites.
Generally, the existence of vacancy defects could strongly affect the electronic structure of the
catalyst, thereby affecting the activity of the reaction site [89]. As a result, vacancy acts as an
active site, enhancing the adsorption of reactants, facilitate the removal of electrons from the

material to the adsorbent, and even directly participating in specific photocatalytic reactions
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1.5 Hard-template method

Hard templating methods have been widely applied to a range of ‘soft’ and ‘hard’ materials,
including g-C3N4. Hard templating, also known as ‘nanocasting’, involves filling or coating of a
rigid template with a precursor material, treatment of the precursor to form the desired material
and finally removal of the template to create a replica. Templated materials can take a range of
forms including hollow materials from coating a template, or inverse materials from infilling of
voids within a template (Figure 1-17). The essential difference between hard and soft templating
methods is that soft methods rely on the cooperative assembly between the surfactant and inorganic
phase, not replicating a certain surfactant structure. Compared with soft templating methods, the

product of using hard template are relatively easy to control, since templates have fixed structures.

Figure 1-17 A schematic of nanocasting steps including infilling of a hollow (A1) or particulate (B1) template or
coating (C1) of atemplate followed by removal of the template to leave inverse (A2) or hollow (B2, C2) replicas.
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1.6 Research objective and steps
This research aimed at developing a highly efficient graphitic carbon nitride photocatalyst for
photodegradation of aqueous organic pollutants of RhB, MB, BPA, and TC. The framework and

steps that was conducted in this project is represented in Figure 1-18 and explained below.
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Figure 1-18 Framework of this research

The objective: The objective of this research project was to construct a highly efficient g-CsN4

photocatalyst that has the ability to degrade organic pollutants in a short time.
Experimental section: In this section, the synthesis process of the photocatalyst was conducted.

In order to fabricate an efficient g-C3N4 photocatalyst, we conducted hard template method. In this
method, as is presented in the Figure 1-19, the first step is the preparation of the template. The
second step is mixing the template with the precursor, the fourth step is synthesis of the catalyst,

and the final step is removal of the template.

24



o |4 -
{ L7} * | g
( { ==

Figure 1-19 A schematic representation of hard-templating method

Then, prepared organic pollutants in various concentrations to analyze the performance of the

synthesized photocatalysts toward degradation of them.

Characterization and analysis of the results: In this step, we performed various
characterizations to analyze the properties of the synthesized samples. We conducted SEM, TEM,
and BET to analyze the morphology and prousity of the samples. XRD, FTIR, XPS, NMR,
elemental analysis should be used to investigate the crystanility and chemical structure of the
samples. To scrutinize the optical properties, we conducted PL, UV-Vis DRS. And then we will

check the the degradation mechanism using scavenging experiments, EPR and etc.
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Chapter 2- Construction of

mesoporous g-CsN4 nanoclusters

In this section, by using SiO; clusters as a template, mesoporous graphitic carbon nitride nano-
clusters (NC MCN) were fabricated as a high-activity photocatalyst. The confined growth of
carbon nitride in the presence of SiO> clusters introduced extra structural defects to the carbon
nitride framework including nitrogen vacancies and cyano groups, which was confirmed by
employing different characterization analyses. These structural defects created midgap states
below the conduction band, which improved light-harvesting efficiency and suppressed electron-

hole recombination. Thus, NC MCN showed high photocatalytic activity toward degradation of
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both tetracycline and rhodamine B under visible light irradiation. Complete degradation of 15 ml
solution of 15 ppm tetracycline was achieved in 30 min compared to the bulk catalyst (taking more
than 3 h). Furthermore, NC MCN demonstrated high stability after reusing for 8 consecutive
photodegradation cycles. The total organic carbon concentration at different reaction time showed
a rising and falling trend, which illustrate photodegradation process, i.e. adsorption,
photodegradation, and mineralization. By liquid chromatography-mass spectroscopy analysis, the
produced intermediates during the tetracycline degradation were proposed, which showed the
formation of smaller molecules in just 15 min. The toxicity of the intermediates was analyzed
using quantitative structure-activity relationship estimation and the outcomes exhibited that the
toxicity of the solution reduced as the reaction time increased. This comprehensive study from
photodegradation process to mineralization of TC demonstrated NC MCN as a promising

photocatalyst for sustainable treatment of wastewater

2.1 Introduction

One important strategy to boost the visible light photocatalytic effectiveness of g-CsNa is the
introduction of porosity into the structure of the material. Introducing porosity is along with
enlarging the surface area, reachable channels, and active sites leading to enhancing the
photogenerated charge separation, molecular mass transfer, and surface reaction [70]. Therefore,
different researches have focused on synthesizing porous g-CsNa4. Zhang et al. reported an
approach of thermal polymerization by using a supramolecular precursor to achieve 2D porous
structure graphitic carbon nitride with enlarged surface area and improved efficiency toward

hydrogen evolution [71]. Liu et al. synthesized porous nanoplate graphitic carbon nitride in few
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layers, utilizing thermal etching along with gas-driven exfoliation of bulk g-C3N4 which enhanced
the activity of photocatalyst in RhB degradation [72]. Additionally, recent studies proposed that
implanting nitrogen defects into the lattice structure of g-CsNs could remarkably intensify
photocatalytic activity in different applications of bisphenol A degradation [73], hydrogen
evolution [74] as well as CO> reduction [75]. That is mainly because defect sites tend to trap
photogenerated electrons and promote charge carrier separation. Therefore, to prepare N-deficient
g-CaN4 with a higher Hz evolution rate compared to the bulk catalyst, the molten salt post-treatment
method was conducted by Liu et al [76]. Furthermore, Xue et al. prepared a g-C3sN4 with abundant
nitrogen vacancies and cyano groups by alkali-assisted heat treatment of urea which showed

excellent photocatalytic N> fixation activity in comparison to the bulk sample [77].

These studies inspired us to direct our research on fabricating nanostructure porous graphitic
carbon nitride with nitrogen vacancies to simultaneously enhance active sites, light absorption
efficiency, and charge separation capability of the catalyst. For the sake of achieving this objective,
template-based methods are appropriate candidates that allow us to control the structure and
morphology of catalysts. Chen et al. successfully constructed Cyano-rich mesoporous carbon
nitride nanospheres by using mesoporous SiO2 nanospheres as sacrificial templates and cyanamide
as a precursor [73]. Liang et al. synthesized nitrogen defects modified mesoporous g-CsNas by
employing the silica gel template method and mixing with cyanamide [74]. Although these studies
could successfully construct the mesoporous structure by introducing vacancies, the main
drawback associated with their synthesis lies in the fact that the cyanamide precursor is highly
toxic, flammable, and expensive, thus limiting its usage in large-scale manufacturing [78]. On
contrary, melamine that has been exploited as a nitrogen-rich precursor to synthesize g-CsNs in

recent years is non-toxic, stable, and readily available at low cost [79]. Moreover, to the best of
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our knowledge, comprehensive investigation of mesoporous g-CsNs with vacancies in the
application of organic pollutants degradation especially tetracycline is rarely conducted, despite
its high necessity. So, more research in this field is crucial to further promote the photocatalytic

activity of mesoporous g-C3N4 and investigate the possible applications of this promising catalyst.

Inspired by the above-mentioned considerations, in this study we used a new method to construct
mesoporous graphitic carbon nitride nanoclusters with nitrogen vacancies and bonded with cyano
groups by using silica nanoclusters as the sacrificial template and melamine as the precursor. By
adopting the silica nanoclusters template, the growth of g-CsN4 planes was confined during
thermal polymerization and favorable defects were introduced into the structure. The existence of
structural defects and their role in enhanced photocatalytic activity were confirmed by different
characterization analyses. Various experimental characterizations were implemented to precisely
analyze morphological, structural, and optical characteristics of synthesized catalysts. The
photoactivity of as-prepared photocatalysts was evaluated for tetracycline (TC) and rhodamine B
(RhB) degradation under visible light irradiation. The mesoporous g-CsNs nanoclusters showed
superior activity toward degradation of both pollutants in comparison to Bulk g-CsN4 because of
having a porous structure, higher surface area which provided more active sites, and the existence
of defects that highly suppressed the recombination of photogenerated charge carriers.
Furthermore, as complete mineralization of organic pollutants during the photocatalytic reaction
is difficult, as a result of partial oxidization, some intermediates will be produced. In some cases,
the produced intermediates possess higher toxicity and risk to the human and environment. Thus,
investigating the total organic carbon (TOC) and identifying produced intermediates and the
toxicity associated with them is of great importance. Herein, the TOC concentration and

mineralization capability of as-prepared catalysts were investigated, and possible intermediates of
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TC that were produced in different photocatalytic reaction times were predicted using LC-MS
analysis. Moreover, the toxicity of these produced intermediates was investigated by quantitative

structure-activity relationship (QSAR) prediction.

2.2 Experimental section

2.2.1 Chemicals

Melamine, rhodamine B, triethanolamine, silver nitrate, isopropyl alcohol, 5,5-dimethyl-1-
pyrroline N-oxide, were obtained from Chemicals & Metals Company of Daejung, Ltd.
(Gyeonggi-Do, Korea). Colloidal silica dispersions (12 nm, Ludox HS-40, 40% wt.% suspension
in water), tetracycline, p-Benzo-quinone were purchased from Sigma-Aldrich. All used chemicals
and reagents were of analytical grade and utilized as delivered without any more purification. In

all experiments, distilled water was used.

2.2.2 Preparation of g-C3N4 samples

To prepare mesoporous g-CzNs, colloidal silica dispersion (12 nm, Ludox HS-40, 40% wt.%
suspension in water) was dried in an oven at 100 °C for 12 h and then grounded in mortar. The
obtained SiO> cluster template (1.5 g) was mixed with melamine (1.5 g) thoroughly and transferred
to a crucible. After that, the mixture was heated in the air from room temperature to 550 °C in 4 h
and kept at this temperature for 3 h. The resultant yellow g-C3N4/SiO2 hybrids were added to 40
mL of 10% HF solution for 24 h to remove the silica template. The suspension then went through

centrifugation, washed with distilled water several times until the pH reached 7, and then finally
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dried at 70 °C in the oven. The resulting catalyst was denoted as NC MCN. As a reference sample,
bulk g-C3N4 was synthesized by calcination of 1.5 g melamine with the same heat treatment as the

previous one (Bulk CN). A schematic representation of synthesis process is shown in Figure 2-1.
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Figure 2-1 Synthesis procedure of NC MCN

2.2.3 Characterization

The verification of the morphology of the samples was conducted using field emission scanning
electron microscopy (FE-SEM) and transmission electron microscopy (TEM). The powder X-ray
diffraction (XRD) patterns of the as-prepared samples were obtained with a Bruker/D8 (Advance
model) diffractometer in the 20 range of 10.0 to 80° using steps of 0.1-degree operating with Cu
Ka radiation as the X-ray source. Fourier transform infrared (FTIR) spectra were obtained utilizing
Varian 670/620 spectrometer to investigate structural characterization. Solid-state 3C magic angle

spinning (MAS) nuclear magnetic resonance (NMR) spectra of catalysts were recorded on a
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Bruker NVMRS 600 MHz solid-state NMR spectrometer at room temperature. The surface
chemical compositions were determined with X-ray photoelectron spectroscopy (XPS) utilizing a
Thermo Fisher Scientific spectrometer equipped with a monochromated Al-Ka X-ray source. UV-
vis diffuse reflection spectroscopy (UV-vis DRS) was performed using a Carry 5000 UV-vis DRS-
Agilent-Model spectrophotometer in a spectral range of 200-800 nm. The photoluminescence (PL)
spectra were recorded using Cary Eclipse (Model NF900 (FLS920)) photoluminescence detector
with a 340 nm excitation wavelength. The Brunauer-Emmett-Teller (BET) surface areas and the
distribution of pores of the samples were analyzed by N2 porosimetry using Micromeritics
Instruments (Model ASAP2020 Analysis). The electrochemical impedance spectroscopy (EIS)
was investigated in the frequency range of 0.05 Hz to 100 kHz at 0.6 V (vs. Ag/AgCI) in Na2SO4
solution under light illumination. To obtain the concentration of the organic pollutants at different
time intervals, UV-vis spectroscopy equipment (Thermo Fisher Scientific, model: G10S UV-Vis)
was employed. Electron paramagnetic resonance (EPR) was conducted using a Bruker model
EMX-12 spectrometer with f=9.64 GHz. To estimate the intermediates and the probable transform

pathways of TC degradation, liquid chromatography-mass spectroscopy (LC-MS) was used.

2.2.4 Evaluation of the photocatalytic performance

To obtain the photocatalytic performance of the as-synthesized g-C3N4 samples for degradation of
TC and RhB, the experiments were conducted under visible light irradiation, and for the light
source, a 300 W xenon lamp (with installed UV cut-off filter and an IR water filter (400 <A < 800
nm)) was used. Typically, before the photocatalytic test, 15 mg of the catalyst was mixed with 15
mL aqueous solution of the organic pollutant (TC or RhB) with a concentration of 15 mgL™.

Before irradiation, the mixture was stirred for 15 min in the dark situation to allow the solution
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and the catalyst to attain adsorption-desorption equilibrium. Afterward, the light turned on and the
mixture was irradiated while stirring. During the photocatalytic reaction, the solution was
withdrawn every 15 min and centrifuged at the speed of 4000 rpm for 10 min, and the remaining
concentration of the pollutant was measured and determined using a UV-Vis spectrometer. The

following equation shows the photocatalytic degradation efficiency (PDE) of TC and RhB.
PDE= (Co-Ci)/Co x 100% (1)

Where Co (mgL™?) is the starting concentration of RhB and TC, and Ci is the concentration of

pollutant after the irradiation time of t.

2.3 Results and discussion

2.3.1 Synthesis mechanism

Ludox colloidal silica suspensions contain nano-size (around 12 nm), discrete, spherical silica
particles dispersed in water. While dispersing, the particles are electrostatically stabilized and there
is no reaction with each other without any producing agglomeration [80, 81]. When this suspension
is dewatered without stirring, the nano-sized silica particles become unstable and connect until
making bigger clusters with randomized shapes [82]. The surface of these clusters is non-flat
composed of small (12 nm) SiO. nanoparticles. By mixing melamine with SiO: clusters followed
by calcination, polymerization occurs in the narrow spaces between silica clusters. In also,
confining and limiting the growth of g-CsNa planes result in incomplete polymerization and

construction of defects in the structure of the sample.
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2.3.2 Morphologies and porous structure

2.3.2.1 Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM)

characterizations

To explore the morphology and microscopic structure of silica clusters and synthesized materials,
SEM and TEM were implemented. The SEM image of SiO> clusters after drying is displayed in
Figure 2-2a which illustrates the formation of silica clusters (through sticking and aggregation of
small silica nanoparticles). After mixing the SiO- clusters with melamine, during the calcination
process, the growth of g-CsN4 planes was confined and controlled based on the shape of silica
clusters. Figure 2-2b represents the obtained morphology of the NC MCN. On the contrary, it
could be seen from Fig. 2-2c that the g-C3sN4 synthesized without using silica clusters, displays
very stacked-layered morphology. By using TEM images, the internal structure and morphology
of the NC MCN could be furthermore investigated, which confirms the construction of small
clusters and mesoporous architecture (Figures 2-2 d, e, and f). Figure 2-2 g and h show the HRTEM

fringes of NC MCN with 0.33 nm inter-planer spacing [83].

34



Figure 2-2. SEM images of (a) SiO2 clusters, (b) NC MCN, (c) Bulk CN; TEM images of (d, e, f, g, h) NC MCN

2.3.2.2 Brunauer-Emmett-Teller (BET) analysis

To further investigate the surface properties and porosity of the catalysts, the nitrogen adsorption-
desorption measurements were conducted (Figure 2-3). The obtained plot of both catalysts
revealed a typical 1V-type isotherm with an H3 hysteresis loop in the range of 0.4-0.95 P/Pg based
on the International Union of Pure and Applied Chemistry (IUPAC) classification [84], confirming

the presence of mesoporous structure. The BJH pore size distribution also clearly exhibits that NC
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MCN possesses very abundant mesopores in the range from 2 to 20 nm compared with the Bulk

CN. Besides, the pores larger than 20 nm until 80 nm exist in the sample, which is due to the

reverse replica of silica clusters with various sizes. The BET specific surface area, pore diameter,

and pore volume of the samples are summarized in Table 2-1. Consistently, NC MCN exhibited a

specific surface area of 51.34 m? g and pore volume of 0.226 cm?® g%, which are much higher

than those of Bulk CN (21.49 m? g%, 0.126 cm® g%). These data illustrate that using clusters of

silica as hard templates could significantly produce a mesoporous structure with enhanced surface

area and enlarged pore volume.
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Table 2-1. BET surface area, average BJH pore size, and pore volume of NC MCN and Bulk CN

Sample Pore volume (cm®g?)  Pore diameter (nm)  BET surface area (m?g?)
NC MCN 0.226 17.66 51.34
Bulk CN 0.126 23.63 21.49
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2.3.3 Crystal structure and chemical composition

2.3.3.1 X-ray Diffraction (XRD) spectroscopy

The chemical composition and crystal structure of the synthesized catalysts were studied by
employing X-ray diffraction (XRD) analysis. As exhibited in Figure 2-4, the representative XRD
pattern of the bulk CN shows two diffraction peaks located at around 27.4° and 13.1°, which can
be indexed as the (002) and (100) reflections. These peaks can be ascribed to the interplanar
stacking of carbon nitride layers and in-plane structural packing motifs, respectively [85, 86].
Also, the XRD pattern of the NC MCN has depicted the almost same diffraction patterns as those
of the bulk sample, confirming that the typical crystal structure of g-C3Na4 is well preserved.
Meanwhile, the peak intensity of both (002) and (100) planes in the NC MCN XRD pattern
demonstrate an obvious reduction, indicating that the growth of basic layers of g-CsNs was
confined because of using silica clusters as hard template [87]. Also, this peak has shifted to a
larger angle, slightly from 27.4° to 27.6°, indicating a smaller stacking distance between layers

due to the favorable defects [88, 89].
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Figure 0-4. X-ray diffraction (XRD) patterns
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2.3.3.2 Fourier Transform Infrared (FTIR) spectroscopy

Figure 2-5 represents the FT-IR spectra of the as-obtained g-CsN4 samples which further confirm
the construction of g-CsNa after removing the template. The peak located at 809 cm™ is attributed
to the s-triazine ring [90]. The group peaks in the region of 1000-1700 cm™ correspond to the
stretching vibration modes of C-N heterocycles [91]. The presence of these peaks suggests the
well-retention of the g-CsN4 backbone in both samples. The broad peaks around 3000-3500 cm*
are ascribed to terminal amino groups and surface adsorbed water molecules [92]. The more
pronounced peaks in this area may be related to the presence of more -NH, groups and H>O
molecules that both of them show the higher active surface sites for the NC MCN sample compared
to the bulk CN. Interestingly, the FT-IR spectra of NC MCN show a clear peak at around 2177

cm*, which can be due to the asymmetric stretching vibration of terminal cyano groups (C=N) [73,

89].
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Figure 0-5. FTIR spectra of prepared catlysts
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2.3.3.3 Solid-state 13C Magic Angle Spinning (MAS) NMR measurements

Solid-state *C magic angle spinning (MAS) NMR measurements were carried out to attain more
deep insight into newly formed (C=N) groups. As shown in the Figure 2-6, the NMR spectra of
both NC MCN and Bulk CN demonstrate distinct peaks at 156.5 ppm and 164.7 ppm attributed
to carbon atoms of Can (C3) and Caon-nkix (C2) in the heptazine units, respectively[93]. As for NC
MCN, two clear peaks at 128.8 and 170.8 ppm were detected, which are corresponded to C=N
groups (C4) and the neighbor carbon atoms close to cyano groups (C1)[94, 95]. Consistent with
FT-IR results, NMR analysis further confirms the formation of cyano groups in the NC MCN,

while preserving the primary tri-s-triazine-based graphitic carbon nitride frameworks.
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Figure 0-6. NMR spectra of as-obtained catalysts
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2.3.3.4 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was employed to gain more insights into the binding state
and surface chemical compositions of the catalysts. As shown in Figure 2-7 a, the survey spectra
of both NC MCN and Bulk CN show three peaks corresponding to C1s, N1s, and O1s signals
which confirm the existence of C, N, and O in the structure, respectively. Figure 2-7 b shows the
high-resolution C1s. The XPS data of both samples could be fitted to three peaks, however, their
specific peak position and intensity were different. The C—C peak is assigned to the adventitious
carbon (the graphitic form carbon C-C/C=C), the N=C—N peak corresponded to the sp? hybridized
carbon in the triazine ring, and N—C—NHz is related to the edges of tri-s-triazine [96]. As depicted
in Figure 2-7 c, the N1s core electron spectrum is deconvoluted into three peaks located at 397.8,
398.5, 400.2, which are associated with nitrogen species of sp2 carbon in triazine units (—C=N-—,
N2c), tertiary amine groups (—N—(C)s, Nac), and terminal amino groups (C—NH32), respectively

[97].

Based on the deconvolution results of N1s, the peak area of different N species was calculated
and showed in Table 2-2. It can be observed that the peak area ratio N2c to N3¢ has decreased from
0.99 in Bulk CN to 0.45 in NC MCN. The reduction of N2c/N3c demonstrates the loss of N atoms

in the triazine unit structure that can be a sign of nitrogen vacancies in the as-prepared NC MCN.
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Figure 2-7 XPS spectra of Bulk CN and NC MCN samples, (a) survey; (b) Cls; (c) N1s. (d) EPR spectra of NC
MCN and Bulk CN

Table 2-2. XPS N1s deconvolution result of Bulk CN and NC MCN

Bulk CN NC MCN

Nac Nsc NcH Nac Nsc NcH

C—N=C N—(O)s C-NH, C—N=C N—(C) C-NH,
Peak/eV 39779 398.7 400.3 397.8 398.5 400.2
FWHM 1.05 1.47 0.87 1.02 1.55 1.69
Area 4423.37 4441 705.53 2520 5578 2143
Peak area
ratio (Nzc/
Nac) 0.99 0.45
Peak area
ratio (NCH/ 015 038
Nsc) ' '
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2.3.3.5 Elemental Analysis (EA)

To further verify the presence of nitrogen-vacancy in the triazine unit structure of NC MCN,
elemental analysis (EA) was employed. As shown in Table 2-3, the Niotal/Ctotal atomic ratios show

the nitrogen deficiency of NC MCN in comparison to the Bulk CN.

Table 2-3. Elemental analysis for Bulk CN and NC MCN

Sample C (wt.%0) N (wt.%0) Niotal/Crotal (Wt.%0)
Bulk CN 34.70 60.06 1.73
NC MCN 31.50 54.36 1.72

2.3.3.6 Electron Paramagnetic Resonance (EPR)

Additional evaluation of the presence of surface vacancies in the NC MCN was conducted using
EPR measurements (Figure 2-8). Both the NC MCN and Bulk CN show an EPR signal with a
computed g value of 2.003, which is derived from unpaired electrons on the sp?-carbon atoms of
aromatic rings [98]. Noticeably, enhanced EPR signal intensities of NC MCN compared to Bulk
CN were observed which could be attributed to the existence of nitrogen vacancies in the structure
of NC MCN [99]. The introduction of nitrogen vacancies could provide extra unpaired electrons
for neighboring sp?-carbon atoms in the m-conjugated triazine rings of NC MCN [96]. Therefore,
all experimental results of XPS, elemental analysis, and EPR confirm the generation of nitrogen
vacancies in the NC MCN. For more clarification, the schematic atomic model of Bulk CN and
NC MCN is presented in Fig 2-9 which shows the position of different nitrogen species, nitrogen-

vacancy, and cyano groups.

42



— NC MCN
— Bulk CN

EPR Intensity (a.u.)

338 340 342 344 346 348
Magnetic Field (mT)

Figure 2-8 EPR spectra of NC MCN and Bulk CN
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Figure 2-9 Schematic atomic model of Bulk CN and NC MCN
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2.3.4 Optical properties and electronic band structure

2.3.4.1 UV-vis diffuse reflectance spectroscopy (DRS)

To gain more insights into the changes in the light-harvesting capacity and bandgap energy of the
catalysts obtained after the introduction of nitrogen vacancies, UV-Vis DRS and XPS valence band
determination were conducted. As shown in Figure 2-10, the absorption edge for Bulk CN and NC
MCN are located at 500 and 480 nm, respectively, indicating they are visible light-responsive. The
higher absorption intensity of NC MCN in the visible light region can be ascribed to the generation
of mid-gap states because of the presence of nitrogen vacancies. Also, it can be due to the multiple
scattering effects in the porous structure of the catalyst [77]. As compared to the Bulk CN, an
obvious tail (Urbach tail) was observed in the visible light region of NC MCN, which is correlated
to the electronic states within the bandgap, known as midgap states, due to the imperfection of the
structure. These midgap states result in the construction of sub-bandgaps lower than the main
bandgap. Furthermore, the obvious blue shift in the absorption edge of NC MCN compared with
the Bulk CN shows the enlargement of bandgap due to the quantum confinement effect as a result

of the nanostructure formation [96].
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Figure 2-10 UV-Vis diffuse reflectance spectra of synthesized samples
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2.3.4.2 XPS valence band and bandgap structure

To calculate the bandgap energies (Eg) and transition energy (from valence band (VB) position to
the midgap states, the Kubelka-Munk function was used. As shown in Figure 2-11, compared to
the Bulk CN with the bandgap of 2.72 eV, the bandgap of NC MCN was enlarged to 2.8 eV.
Furthermore, based on the Kubelka-Munk method, the mid-gap state energy (Em) was estimated
to be 2.63 eV. This is in agreement with previous works which mentioned that the midgap states
at 0.5-1.0 eV beneath the conduction band minimum are presented in the structure of g-C3Ns when

there are cyano groups and nitrogen vacancies in the structure [100].

The XPS valence band spectra of as-prepared samples are shown in Figure 2-12 a and b. Based on
the spectra, the VB position of catalysts is obtained approximately which is 1.5 eV for Bulk CN
and 1.8 eV for NC MCN. According to the obtained data from Figure 2-12 b and combined with
the VB position calculated from XPS valence band spectra, CB positions, and the band edge of
midgap states could be approximately identified. A schematic illustration describing the electronic
band configuration of Bulk CN and NC MCN is displayed in Figure 2-12 c. Two main aspects of
NC MCN catalyst which directly contribute to its enhanced performance of photodegradation can
be observed from this figure. The first one is the more positive value of VB (1.8eV) for NC MCN
compared with Bulk CN (1.5eV), which results in the higher oxidation capacity of the produced
holes. Secondly, because of the existence of midgap states under the CB of NC MCN, the catalyst
can utilize visible light with a longer wavelength to stimulate electrons to the midgap states.
Meanwhile, the midgap states can reduce the charge recombination probability at the ground state

by temporarily trapping the excited electrons[77].
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2.3.4.3 photoluminescence spectroscopy (PL)

Steady-state photoluminescence spectroscopy (PL) is a mighty technique to reveal the charge
separation efficiency of the catalyst. As presented in Figure 2-13, the PL spectrum of NC MCN
displays much lower intensity compared to Bulk CN, indicating that the reactive recombination of
photogenerated electron-hole pairs can be substantially precluded after introducing nitrogen
defects. This might happen as the defects introduce midgap states into the structure of NC MCN,
which play the role of trapping sites for photogenerated electrons, hence enhancing charge

separation.

— NC MCN
— Bulk CN

PL Intensity

400 450 500 550 600
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Figure 2-13. PL spectra of Bulk CN and NC MCN

2.3.5 Photoelectrochemical properties

Photo-excited charge separation is a crucial factor in the photocatalytic process. To further assess
the impact of structural defects on the separation of electron-hole pairs and their transition
efficiency, transient photocurrent response of NC MCN and Bulk CN deposited on fluoride-tin
oxide (FTO) electrodes were conducted. As demonstrated in Fig. 8a, under repeated on and off
cycles of irradiation, NC MCN exhibits higher photocurrent density compared to Bulk CN,

demonstrating that nitrogen vacancies enhanced the separation and transfer efficiency of
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photogenerated charge carriers[96]. The EIS measurements also reveal similar results. As shown
in Fig. 8b, the arc diameter of the Nyquist plot for NC MCN is much smaller than Bulk CN,
indicating that NC MCN had much smaller interfacial resistance in charge transfer which favors
higher separation and transfer of charge carriers [101]. These results along with PL plots confirm
that the existence of defects in the structure of NC MCN decreased recombination of photoinduced

charge carriers by introducing midgap states that could be trapping sites for photogenerated

electrons.
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Figure 2-14. (a) photocurrent response; (b) EIS Nyquist plots of as-prepared samples

2.3.6 Photocatalytic activity for degradation of RhB and TC:
To evaluate the photocatalytic performance of the as-prepared g-CsN4 samples, RhB and TC were
selected as the target pollutants. The photocatalytic degradation of the pollutants was conducted

under visible light irradiation.
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As shown in Figure 2-15, the blank experiments (photolysis) that were induced by visible light
turned out negligible degradation of the pollutants as their concentration remained unchanged,
confirming that the TC and RhB removal in the presence of the tested catalysts was mainly
attributed to the photocatalytic degradation. The function of adsorption and photocatalysis reaction
was analyzed individually. In the term of adsorption capacity, after 30 min reaction in the dark
condition, NC MCN showed significant enhancement of adsorption in compared to Bulk CN under
the same condition, and then adsorption-desorption equilibrium of suspension was acquired
completely. It can be observed that the degradation efficiency of Bulk CN for RhB is very low and
it takes too much time to completely remove RhB from the solution (Figure 2-15 a). Meanwhile,
NC MCN reduced this time significantly, and complete degradation of RhB was achieved within
30 min under visible light irradiation. TC degradation was also studied in the ensuing
investigations as shown in Figure 2-15 b. The TC degradation capability of Bulk CN was very
poor, with only a small amount of adsorption and a slow elimination rate. However surprisingly,
NC MCN showed a very high photocatalytic activity with a degradation rate of more than 70%
within 15 min and complete degradation within 30 min, which was proved using LC-MS analysis
(section 3.10). Additionally, the photocatalytic degradation data of both pollutants obtained within

25 min was fit to pseudo-first-order kinetic reaction and is computed by Eq. (2)[101].
In(Co/Cn) = kt (2)

Where K is the first-order kinetic rate constant (min™), Co and C, are the concentration of pollutants
at reaction time 0 min and n min, respectively [101]. In the kinetic plot of RhB degradation
represented in Figure 2-15 c, it is obvious that the reaction rate constant of NC MCN (0.099 min
1y is about 3.9 times higher than that of Bulk CN (0.025 min). The same results were obtained for

TC degradation where the reaction rate constant of NC MCN increased about 3.4 times in
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comparison to Bulk CN, as shown in Figure 2-15 d. Consequently, NC MCN showed much higher
efficiency and capability in the removal of RhB and TC from the solution. The considerably
improved photocatalytic performance of NC MCN can be attributed to its larger specific surface

area, porous structure, and introduction of nitrogen defects into its structure.
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Figure 2-15. Photocatalytic degradation curves of (a) Rhodamine B degradation, (b) Tetracycline degradation;
pseudo-first-order kinetics curves of photocatalytic degradation for (c) Rhodamine B, (d) Tetracycline

2.3.7 Stability and reusability of catalysts
In the process of analyzing the capability of the catalyst for practical applications, its stability and

reusability are of considerable importance. Therefore, to investigate the reusability of NC MCN
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under visible light irradiation, eight consecutive recycling experiments were performed in the same
situation. As demonstrated in Figure 2-16, no apparent deactivation of the NC MCN detected and
the TC removal rate did not change noticeably even after eight cycle degradation. Furthermore, as
a comparison, the SEM image of the used catalyst was taken and shown in Figure 2-17. It is
obvious that the morphology of the NC MCN did not change after its usage. The XRD spectra of
the recycled sample are also depicted in Figure 2-18, demonstrating the retained structure of NC
MCN after several times utilization. The above result successfully represents that NC MCN has
high reusability and stability, and can be used as a stable and efficient photocatalyst for practical

application of pollutants photodegradation under visible light irradiation.
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Figure 2-16. Photocatalytic stability of NC MCN in the degradation of TC within eight cycles
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Figure 2-18. XRD patterns of fresh NC MCN and used NCMCN

2.3.8 Determination of the main reactive species involved in the photocatalytic degradation
Generally speaking, a sequence of reactive species including holes (h*), electrons (e7), superoxide
radicals ("O2), and hydroxyl radicals ("OH) could participate in the process of photocatalytic
pollutant degradation. To elucidate the predominant photogenerated reactive species that

participated in the degradation of TC over the NC MCN catalyst, a set of comparative experiments
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was conducted by selectively adding several scavengers during the photodegradation experiment.
Triethanolamine (TEA), isopropyl alcohol (IPA), benzoquinone (BQ), and AgNO3z were used as
the scavengers for (h*), (OH), ('O2), and (¢7), respectively. As shown in Fig. 10a, compared to
the performance of the catalyst without using scavengers, the degradation of TC was only weakly
inhibited after adding AgNO3, suggesting that electrons (¢7) are not the main active species in the
photocatalytic process. Also after adding IPA, around 10% reduction in the activity of NC MCN
was observed, which shows the minor role of hydroxyl radicals ("OH) in the photodegradation
process. However, the photodegradation activity decreased in the presence of TEA and BQ,
indicating the leading roles of photogenerated holes (h*) and superoxide radicals ("Oz) in the
photocatalytic degradation of the TC. Further investigation of the main reactive species was
conducted using EPR spin-trap technology. EPR spectra were recorded under the condition of dark
and 10 min visible light irradiation using 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as the radical
trapping agent. As depicted in Fig. 10b and c, no specific spectrum was observed under dark
conditions. However, the apparent signals of the adduct DMPO-'O; and DMPO-"OH were
detected after 10 min visible light irradiation. These results confirm the presence of "OH and "O2
during the photocatalytic process [102]. Meanwhile, compared to the "OH, a higher intensity of
02 was achieved, which demonstrates the dominating role of superoxide radicals. This is
consistent with active species trapping experimental results. Based on the above information, the

possible photocatalytic equations can be presented in Eq (3) to (8).

NC MCN +hv — ¢ +h" 3)

e +02— 02 4)

53



‘02 + 2H,0— 2°0OH + 20H

‘0O, + TC — intermediates

h* + TC — intermediates

‘OH + TC — intermediates

Intensity (a.u.)

338

70
(a)
60 - -
X 50
g
= 40 -
=
= 30 4
g
= 20 -
S
R
=10 |
=¥
0 -
No TEA IPA BQ AGNO3
scavaenger
Superoxide radical Hydroxyl radical
* % * Under 10 min Under 10 min
o tm— M"”\J\W{J\W
)
L
£
In dark Z In dark
@
WWWWWM E MWMMWM\JWVW
(b) (c)
340 342 344 346 348 338 340 342 344 346 348
Magnetic field (mT) Magnetic field (mT)

(5)

(6)

()

(8)

Figure 2-19. (a) TC photodegradation percent using NC MCN in the presence of different scavengers; EPR spectra
recorded with NC MCN under dark and visible light illumination depicting (b) DMPO *O, adductsin methanol
solution, (c) DMPO *OH adducts in aqueous solution
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2.3.9 Mechanism of enhanced photocatalysis by NC MCN

Based on the above outcomes, a mechanism is suggested for the enhanced photocatalytic activity
of NC MCN toward the degradation of TC and RhB (Figure 2-20). The process of photocatalytic
reactions involves four sequential steps including (i) light-harvesting; (ii) charge excitation and
electron-hole pairs generation; (iii) the separation and surface transfer of electron-hole pairs; (iv)
surface adsorption and oxidation-reduction reactions. Therefore, in designing NC MCN with
excellent photocatalytic ability, integrated engineering has been performed to optimize all these

four stages.

Firstly, the higher specific surface area along with the porous structure of NC MCN provides
abundant exposed active sites for the surface reactions as well as enhanced mass transfer process,
which results in efficient photodegradation of RhB and TC [73]. Furthermore, the mesoporous
structure of NC MCN results in more efficient light-harvesting and utilization through the higher

accessible surface area compared to the bulk sample [74].

Secondly, the existence of abundant cyano groups and nitrogen vacancies in the structure of NC
MCN substantially boost the light-harvesting and charge separation [74, 76, 77]: 1) These
structural defects introduced midgap states within the bandgap, below the conduction band. In the
presence of midgap states, besides excitation to the conduction band, electrons can also be excited
to the midgap states by absorption of photons with longer wavelengths. Thus, the resulting visible
light-harvesting ability has been improved significantly. 2) The mid-gap energy states under the
conduction band of NC MCN can trap the electrons excited to the conduction band and also
prevents their recombination with holes in the valence bands, consequently decreasing the

recombination rate of photogenerated charges. The trapped electrons then will react with dissolved
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oxygen in the water to fabricate superoxide radicals, which played a leading role in RhB and TC

degradation.

Finally, the VB edge potential of NC MCN is more positive compared to the bulk one, implying
that this catalyst has a much better oxidation ability, thus leading to higher photodegradation

capability.

Therefore, it could be confirmed that the as-synthesized NC MCN in this study, exhibited
distinguished activity in all four steps, which resulted in the remarkable photocatalytic activity in

the degradation of TC and RhB.

v H N /Ik
TC or RhB N

Degradation NH,

products Degradation products

Figure 2-20. Schematic illustration of TC and RhB photocatalytic degradation over the NC MCN

2.3.10 Possible mechanism of photocatalytic degradation
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To identify the plausible degradation pathway and produced intermediates during the
photocatalysis process at different irradiation times, LC-MS techniques were employed. Figure 2-
21 1, b, and ¢ show the LC-MS spectra of the parent TC and photocatalytic degradation products
after 15 min and 30 min irradiation (A>400 nm). From the spectra, it can be observed in Figure 2-
21 d that the intensity of the TC signal (with m/z=445) at an elution time of 2.8 min, decreased
enormously after 15 min illumination and almost disappeared after 30 min, indicating the
decomposition of TC structure. The plausible TC photodegradation pathways are proposed and
demonstrated in Figure 2-22. The product TC with m/z 445 corresponded to the molecular weight

of tetracycline which can be possibly degraded from three main pathways.

Pathway I: Due to the low energy of the N-C bond, P1 (m/z=433) was derived from TC
fragmentation via loss of one N-methyl group from dimethylamino [103]. Then oxidation of P1
results in the formation of P2 (m/z=431). Further degradation led to the loss of another methyl
group and the generation of the intermediate P3 (m/z=417) [104]. Moreover, dehydration of C6
and replacement of the acylamino by the carbinol group at C» the intermediate of P4 (m/z=392)
has appeared. The photodegradation via pathway I can be simply summarized in the terms of

molecular weight as follow: 445—433—431—-417—392.

Pathway II: This pathway was initiated with ammonia loss from the TC backbone leading to the
production of P5 (m/z=446) [105] following by dehydration and production of P6 (m/z=410). Next,
it can be confirmed that the intermediate P7 (m/z=362) was derived due to the destruction of methyl
groups. Using molecular weight, the photodegradation pathway II could be expressed as follow:

445—446—410—362.

Pathway III: This pathway is induced by preferential reaction of C11a-C12 double bond with

active radicals and a rearrangement with the hydroxyl at the position of Ci2, giving birth to P8
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(m/z=461)[106]. Then further oxidation of double bond C>-Cz of P8 structure resulted in the
production of P9 (m/z=477) [107]. Subsequently, P10 (m/z=449) was generated by losing methyl
groups from P9. Next, the ring of P10 was opened due to the breaking of N-CHs and C-NH> as the
C-N bond has a relatively high electron concentration (corresponding low bond energy) and the
peak of small molecule P11 (m/z=309) raised [108]. The possible degradation pathway III can be
briefly showed utilizing molecular weight as follows: 445—461—477—449—309. Further
proceeding of reactions for all three pathways resulted in the formation of small organic molecules
such as products with m/z=279, 249, 232, 195, 168, 150, 118, through a series of open-ring
reactions and the loss of functional groups. Eventually, these small molecules were oxidized and

decomposed into H2O and COx.
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Figure 2-21. LC-MS chromatograms of (a) TC; and produced intermediates at (b) photodegradation reaction time
15 min;(c) photodegradation reaction time 30 min;(d) comparison of TCintensity without reaction and after 15 min
reaction time
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2.3.11 Mineralization analysis

To investigate the mineralization ability of catalysts, the reduction of TOC during the TC
photodegradation process over NC MCN and Bulk CN was recorded. As is shown in Figure 2-23,
for Bulk CN, the TOC removal rate was so slow in which after 90 min irradiation, TOC
concentration was decreased by 20%. For NC MCN however, more than 70% of TOC removed
after 90 min irradiation with an increasing and then decreasing trend. It should be noted that the
TOC removal from the solution only happens when TC is physically eliminated from the solution,
either by adsorption, or complete mineralization to carbon dioxide or water [109]. For more
clarification, the spectra of TC photodegradation in different reaction time were analyzed. After a
60 min-reaction in the dark, the TC concentration was decreased and similarly, TOC of the solution
was reduced by 20% which is due to the adsorption of TC on the NC MCN (Figure 2-23 b). Then
after 30 min irradiation, the TOC increased by about 16%. As shown in the spectra of TC after 30
min irradiation in Figure 2-23 ¢, the absorption peak at the wavelength 300-400 nm was completely
disappeared, while the absorbance of the solution at the wavelength 200-275 increased[110]. There
are four connected rings in the TC structure (Figure 2-24), in which ring A represents absorption
band at 250-300 nm, and rings BCD contribute to absorption bands of 250-300 nm and 340-380
nm [111]. Accordingly, the destruction of the BCD rings resulted in the 300-400 nm peak
disappearance, and the intermediate products caused the enhancement in the absorption bands at
200-275 nm. Thus, although after the 30 min irradiation the TC structure completely degraded,
small molecules were produced and entered into the solution, which caused the enhancement of
TOC[110]. By prolonging the reaction time, the absorbance of the solution reduced (Figure 2-23
¢) and TOC decreased very much (Figure 2-23 a), which showed high mineralization capability of

NC MCN in comparison to the Bulk CN.
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Figure 2-24. Molecular structures of the tetracycline
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2.3.12 Toxicity evaluation

It could be observed that different intermediates were produced as the TC was degraded and each
of them with its specific properties could influence the water body differently. As a result, in the
process of water purification, exploring the toxicity of produced intermediates is of great
importance. So to analyze the toxicity of TC and its produced photodegradation intermediates, the
acute toxicity, bioaccumulation factors, developmental toxicity, and mutagenicity of these organic
materials were estimated. This estimation was conducted based on the quantitative structure-
activity relationship (QSAR) method by using the Toxicity Estimation Software Tool (T.E.S.T.)
[112, 113]. As exhibited in Figure 2-25 a, The LDso value of TC for rats is 806.96 mg.kg, which
is evaluated as “very toxic”. Besides P12 and P13, all other intermediates showed a higher value
of LDso compared to TC, confirming that the acute toxicity of the intermediates was decreased.
Even though P12 and P13 are highly toxic, the main ultimate intermediates of TC are P16, P17,
and P18 which have a higher value of LDso and lower toxicity than TC. Moreover, although the
bioaccumulation factor of most intermediates is higher than TC, the final product of P18 has a
lower bioaccumulation factor which is favorable (Figure 2-25 b). It can be observed from Figure
2-25 c that the developmental toxicity of produced all intermediates are lower than TC except for
P3. Interestingly, the developmental toxicity of P4, P9, P10, P14, and P16 are so close to the
developmental non-toxic region. Furthermore, TC is “mutagenic positive” and some intermediates
have a higher value of mutagenicity, but the final intermediates from P11 to P18 must be in the
range of negative mutagenicity and much lower than TC (Figure 2-25 d). Based on the above
discussion, the toxicity of most of the produced intermediates decreased during irradiation of
visible light. However, as it is necessary to obtain a complete non-toxic solution, prolonging the

photocatalytic reaction time is desired to purify contaminated water.
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Figure 2-25. Toxicity assessment results of TC intermediates produced under photocatalytic degradation using NC
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2.4 Conclusion

In facing the world-wide challenge of wastewater treatment, photocatalytic degradation of organic
pollutants under visible light is considered a great opportunity. In this study, a mesoporous
graphitic carbon nitride with significant visible light activity was synthesized using melamine
precursor and silica clusters as the sacrificial hard template. The confined growth of g-CaN4 planes
in the presence of silica templates resulted in higher surface area and mesoporous structure and
consequently more active sites and enhanced light-harvesting capability of NC MCN. Structural
defects (N vacancy and cyano groups) were introduced into the structure of NC MCN which
produced midgap states into the electronic structure of the catalyst. The midgap states caused more
efficient light-harvesting with higher wavelengths and prohibited recombination of photo-excited
charge carriers by acting as trapping sites for electrons. In summary, enhancing light-harvesting,
increasing active sites, and reducing photogenerated electron-hole recombination were the main
factors that boosted the photocatalytic activity of the NC MCN. Consequently, with these superior
characteristics, NC MCN could degrade TC and RhB in a very short time. The stability and
reusability of the catalyst were also tested within eight cycles of photodegradation experiments.
No significant reduction in the activity of the catalyst was observed, and its structure and
morphology were also retained. The main reactive species involved in the photocatalytic reaction
were determined using active species trapping experiments and EPR spectra, which showed the
leading role of photogenerated holes (h*) and superoxide radicals ("O2) in the photocatalytic
degradation process. The TOC of solution at different reaction times were consistent with the three

main steps of the photodegradation process, i.e. adsorption, photodegradation, and mineralization.

Moreover, using LC-MS analysis, the produced intermediates of TC during photocatalytic

degradation were proposed in detail through three different pathways. Then using QSAR
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prediction, the toxicity of all intermediates was estimated and presented. TC is mutagenicity
positive, but the final obtained products were mutagenicity negative. Finally, the results of the
bioaccumulation factor, acute toxicity, and developmental toxicity presented that the toxicity of

TC intermediates was reduced after visible light photodegradation.

Based on the current findings, this comprehensive study in the construction of mesoporous g-CaN4
with defects and its capability in the degradation, mineralization, and toxicity reduction of TC is
expected to facilitate the way of producing highly efficient photocatalyst in the application of

wastewater and environmental pollution remediation.
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Chapter 3- Construction of

Hierarchical Inverse Opal g-C3N4

3.1 Introduction

One way to improve the activity of g-CsNa is to control its morphology, size and hence enhance
its active reaction sites. In this study, by using SiO> nanoparticles as the sacrificial template (with
an average size of 300 nm) which was synthesized using the stober method, we successfully
fabricated a hierarchical inverse opal structure for g-CsNs. The inverse opal g-CsN4 showed
superior activity toward the degradation of different kinds of organic pollutants, such as bisphenol
a, tetracycline, methylene blue, and rhodamine B. However, the degradation time and efficiency

for these four pollutants were different which is discussed in detail in this study
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3.2 Experimental section

3.2.1 Synthesis of materials

3.2.1.1 Preparation of SiO, microspheres

Uniformly dispersed silica microspheres with a diameter of around 320 nm were synthesized based
on the well-known StOber method. In detail, solution A contained 154 ml aqueous ammonia, 304
ml ethanol, and 370 ml deionized water mixed together in a stirrer for 10 min. Solution B,
containing 683 ml ethanol and 67 ml tetraethoxysilane (TEOS) was added to solution A in about
1 min, while the solution was in intensive stirring (800 r/min). After that, the solution was kept
under magnetic stirring (400 r/min) for 16 h to allow growth of silica particles. The white
precipitate was then collected by centrifugation (11000 rpm), washed with water and ethanol 3
times, mixed with 100 ml ethanol and sonicated for 15 min, then dried in oven at 100 'C. Eventually,
the as-prepared white solid was ground in a mortar and was heated in the air from room
temperature to 550 C in 4 h and kept at this temperature for 6 h to achieve monodispersed silica

microspheres. A schematic illustration of SiO2 synthesis process is shown in Figure 3-1.

Figure 3-1. Schematic illustration of SiO2 microsphere synthesis
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3.2.1.2 Synthesis of inverse opal g-CsN4

Cyanamide was used as the precursor to synthesize inverse opal structure of g-CsN4. At first, 1.5
g cyanamide was put in a ceramic plate and was stirred at the temperature of 80 C until melted it
was melted. Then, specific amount of SiO> microspheres were added gradually to the melted
cyanamide while mixing. This solution was then kept mixing for about 30 min in the same
temperature (80 C). After that, the mixture was cooled, grounded and transferred to a crucible for
calcination. The crucible was heated in a muffle furnace in air at 550 C for 2 h with a ramping rate
of 2.2°'C/min. The resultant yellow sample of g-C3N4/SiO2 hybrids were mixed with 40 ml of 4 M
ammonium hydrogen difluoride for 48 h to completely remove the SiO, hard template. The
suspension then washed with distilled water several times to the point that the PH reached 7, and
then dried in oven at 80 C for 24 h. The obtained catalysts were denoted as 10 CN-x, where x act
as the mass ratio of silica template-to-cyanamide, which were 10 CN-0.5, IO CN-1, 10 CN-2. As
a control catalyst for this research, Bulk g-CsNs was synthesized by calcining cyanamide without
silica particles in the same heat treatment approach, which was represented by Bulk CN. A

schematic illustration of 10 CN synthesis is shown in Figure 3-2.
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Figure 3-2. Schematic illustration of inverse opal g-CsN4 synthesis
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3.2.2 Characterization

The verification of the morphology of the samples was conducted using field emission scanning
electron microscopy (FE-SEM) and transmission electron microscopy (TEM). The powder X-ray
diffraction (XRD) patterns of the as-prepared samples were obtained with a Bruker/D8 (Advance
model) diffractometer in the 20 range of 10.0 to 80° using steps of 0.1-degree operating with Cu
Ka radiation as the X-ray source. Fourier transform infrared (FTIR) spectra were obtained utilizing
Varian 670/620 spectrometer to investigate structural characterization. Solid-state 3C magic angle
spinning (MAS) nuclear magnetic resonance (NMR) spectra of catalysts were recorded on a
Bruker NVMRS 600 MHz solid-state NMR spectrometer at room temperature. The surface
chemical compositions were determined with X-ray photoelectron spectroscopy (XPS) utilizing a
Thermo Fisher Scientific spectrometer equipped with a monochromated Al-Ka X-ray source. UV-
vis diffuse reflection spectroscopy (UV-vis DRS) was performed using a Carry 5000 UV-vis DRS-
Agilent-Model spectrophotometer in a spectral range of 200-800 nm. The photoluminescence (PL)
spectra were recorded using Cary Eclipse (Model NF900 (FLS920)) photoluminescence detector
with a 340 nm excitation wavelength. The Brunauer-Emmett-Teller (BET) surface areas and the
distribution of pores of the samples were analyzed by N2 porosimetry using Micromeritics
Instruments (Model ASAP2020 Analysis). The electrochemical impedance spectroscopy (EIS)
was investigated in the frequency range of 0.05 Hz to 100 kHz at 0.6 V (vs. Ag/AgCI) in Na2SO4
solution under light illumination. To obtain the concentration of the organic pollutants at different
time intervals, UV-vis spectroscopy equipment (Thermo Fisher Scientific, model: G10S UV-Vis)
was employed. Electron paramagnetic resonance (EPR) was conducted using a Bruker model
EMX-12 spectrometer with f=9.64 GHz. To estimate the intermediates and the probable transform

pathways of TC degradation, liquid chromatography-mass spectroscopy (LC-MS) was used.
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2.2.3 Evaluation of the photocatalytic performance

To obtain the photocatalytic performance of the as-synthesized g-C3N4 samples for degradation of
four different organic pollutants of TC, RhB, MB, and BPA, the experiments were conducted
under visible light irradiation, and for the light source, a 300 W xenon lamp (with installed UV
cut-off filter and an IR water filter (400 < A < 800 nm)) was used. Typically, before the
photocatalytic test, 15 mg of the catalyst was mixed with 15 mL aqueous solution of the organic
pollutant with a concentration of 15 mgL™*. Before irradiation, the mixture was stirred for 15 min
in the dark situation to allow the solution and the catalyst to attain adsorption-desorption
equilibrium. Afterward, the light turned on and the mixture was irradiated while stirring. During
the photocatalytic reaction, the solution was withdrawn every 15 min and centrifuged at the speed
of 4000 rpm for 10 min, and the remaining concentration of the pollutant was measured and
determined using a UV-Vis spectrometer. The following equation shows the photocatalytic

degradation efficiency (PDE) of various organic pollutants.
PDE= (Co-Cn)/Co x 100% (1)

Where Co (mgL™?) is the starting concentration of RhB, TC, MB, or BPA, and Cj, is the

concentration of pollutant after the irradiation time of t.
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3.3 Results and discussion

3.3.1 SEM and TEM images

To explore the morphology and microscopic structure of silica clusters and synthesized materials,
SEM and TEM were implemented. The SEM image of SiO, microspheres in the average size of
300 nm is shown in the Figure 3-3 a which confirms the construction of uniform spherical shape.
Figure 3-3 b shows the SEM image of inverse opal g-C3Ns4 which was synthesized using the
cyanamide/SiO, mass ratio of 1/0.5. Figure 3-3 c is for cyanamide/SiO, mass ratio of 1/1, and
Figure 3-3 and e are for cyanamide/SiO2 mass ratio of 1/2 which shows much higher uniform
structure. Also Figure 3-3 f shows the TEM image of 10 CN 1:2 which is considered as the best

sample with uniform porosity.

3.3.2 BET analysis

To analyze the surface properties and porosity of the catalysts, the nitrogen adsorption—desorption
measurements were conducted (Figure 3-4). The obtained plot of both catalysts revealed a typical
IV-type isotherm with an H3 hysteresis loop in the range of 0.4-0.95 P/PO based on the
International Union of Pure and Applied Chemistry (IUPAC) classification, confirming the
presence of mesoporous structure. The BJH pore size distribution also clearly exhibits that IO CN
1:2 possesses very abundant mesopores in the range from 2 to 80 nm compared with the other
samples. The BET specific surface area, pore diameter, and pore volume of the samples are
summarized in Table 3-1. Consistently, 10 CN3 exhibited a specific surface area of 66.77 m2 g
and pore volume of 0.25 cm3 g%, which are much higher than other samples. These data illustrate
that using silica microspheres as hard templates could significantly produce a hierarchical
mesoporous structure with enhanced surface area and enlarged pore volume.
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Figure 3-3. SEM and TEM images of synthesized smaples
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Figure 3-4. (a) N2 adsorption/desorption isotherms (b) The corresponding pore size distribution curves Bulk CN.
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Table 3-1 BET results

Sample Pore volume (cm’g™) Pore diameter (nm)  BET surface area(m?®g!)
IO CN3 0.25 15 66.77

I0 CN2 0.12 13.56 37.5

IO CN1 0.12 14.8 33.34

Bulk CN 0.035 21.43 6.5

3.3.3 Crystal structure and chemical composition

The crystalline nature and chemical structure of synthesized catalysts were explored via XRD
measurements as depicted in Fig. 22. The representative XRD spectra of all samples exhibit two
diffraction peaks at 26 values around 27.3° and 13.1°, which could be attributed to the (002) and
(100) reflections. The former peak is corresponded to interlayer stacking of carbon nitride aromatic

system, while the latter could be ascribed to in-plane structural packing motifs, respectively.

FT-IR spectra of as-obtained Bulk CN and 10 CNs shown in Fig. 22b verify that all samples
represent the typical graphitic-like construction of g-CsNa4. The sharp peak at around 809 cm™ is
ascribed to the out-of-plane bending mode of heptazine rings. The group peaks located in the 1000-
1700 cm™ region are attributed to C-N aromatic heterocycles. The broad peaks in the range of 3000

to 3600 cm are associated with stretching vibration of N-H bonds.
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Figure 3-5. (a) X-ray diffraction (XRD) patterns, (b) FTIR spectra

3.3.4 Optical properties

In terms of the exploitation of solar energy, it is of great significance to expand light-absorption
for the photocatalyst, to produce more photoinduced charge carriers for subsequent redox
interactions. Thus, the optical absorption characteristics of photocatalysts were analyzed using
UV-vis DRS spectra as presented in Figure 3-6. The absorption edge of all samples is located at
480 and 500 nm, confirming that all as-prepared g-CsN4 photocatalysts are active in the visible
light region. Compared to other catalysts, IO CN3 exhibited a slight blue shift, indicating the
enlargement of the bandgap due to the quantum confinement effect induced by the creation of
nanoring morphology [114]. On the contrary, IO CN3 showed an increased visible light-harvesting
capability in the entire visible-light spectrum. This is primarily ascribed to the multiple scattering
of the incident light in the pores structure of 10 CN3, as well as the highly available surface area

of this catalyst [59].
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Figure 3-6. (a) UV—Vis diffuse reflectance spectra; (b) the corresponding (ahv)2 vs hv plots of prepared samples

3.4 Photodegradation results

3.4.1 Photocatalytic degradation of MB

The blank experiment (without using the photocatalyst) under visible light irradiation showed
trivial degradation for MB, confirming that pollutant removal from the solution in the presence of
prepared photocatalysts was mainly due to the photocatalytic degradation process. In terms of the
adsorption capacity of the samples during the reaction, 10 CN3 showed higher adsorption of

pollutants compared to other samples.

After an approximately 60 min reaction without irradiation (in the dark condition), the equilibrium
of adsorption-desorption was achieved. Thus, further removal of the MB after the 60 min
adsorption experiment was mainly attributed to photocatalytic degradation. As presented in Figure
3-7 b, the Bulk CN, showed the lowest performance in terms of MB degradation, and only 45% of
the pollutant was removed after 200 min of visible light irradiation. The 10 CN1 and 10 CN2

showed almost the same photodegradation results, and their ability was improved compared to that
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of the Bulk CN. Meanwhile, IO CN3 had the best performance which could completely degrade

MB in a 110-min photocatalytic reaction.
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Figure 3-7. (a) UV-Vis absorbance spectra of MB; (b) Photocatalytic degradation curves of MB

3.4.2 Photocatalytic degradation of RhB

The blank experiment (without using the photocatalyst) under visible light irradiation showed
trivial degradation for RhB, confirming that pollutant removal from the solution in the presence of
prepared photocatalysts was mainly due to the photocatalytic degradation process. In terms of the
adsorption capacity of the samples during the reaction, IO CN3 showed higher adsorption of

pollutants compared to other samples.

After an approximately 60 min reaction without irradiation (in the dark condition), the equilibrium
of adsorption-desorption was achieved. Thus, further removal of the RhB after the 60 min
adsorption experiment was mainly attributed to photocatalytic degradation. As presented in Fig.
25D, the Bulk CN, showed the lowest performance in terms of RhB degradation, and only 40% of
the pollutant was removed after 200 min of visible light irradiation. The IO CN1 and 10 CN2

showed almost the same photodegradation results, and their ability was improved compared to that
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of the Bulk CN. Meanwhile, IO CN3 had the best performance which could completely degrade

MB in a 25-min photocatalytic reaction.
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Figure 3-8. (a) UV-Vis absorbance spectra of RhB; (b) Photocatalytic degradation curves of RhB

3.5 Conclusion

Constructing nanostructure g-CsN4 with well-controlled morphology is accompanied by several
advantages in different environmental applications. However, the precise engineering of this
catalyst is still a great challenge. In this study, using hard-template approach, we could successfully
fabricate hierarchical inverse opal g-CsNa. As a result of polymerization of cyanamide precursor
in the narrow space of SiO2> microspheres with an average size of 300 nm as the sacrificial hard
template, a uniform porous structure was synthesized. The as-obtained 10 CN showed superior
photoactivity toward degradation of both RhB and MY organic dyes as the target pollutant.
Complete degradation of MB was achieved within 110 min, while this time was much more longer
for Bulk CN and other reference photocatalysts (more than 300 min). Different characterizations

provided the details of enhanced photoactivity of 10 CN. Increased surface area, higher porosity,
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and the VB position were attributed to the increased efficiency of 10 CN toward the degradation

of pollutants.

The results of this study is estimated to facilitate the routes of fabricating an efficient g-CsN4

catalyst for wastewater treatment and pollutant degradation.
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Chapter 4- A New Strategy for
Fabrication of Uniform Washer-Ring-

like Graphitic Carbon Nitride

In this chapter, a novel and simple method that utilizes supramolecular self-assembly and hard-
template to precisely engineer and control the final nanostructure and morphology of g-C3Na. The
supramolecular precursor, prepared through a hydrothermal process of melamine in water as a
solvent, was mixed with SiO> microspheres and then after polymerization and template removal,
a novel and highly uniform 3D washer-ring-like g-C3N4 (DW CN) was successfully constructed.
The uniform and well-separated ring nanostructure, highly available surface area, great porosity,
and the introduction of favorable defects into the structure of g-CsNa, led to higher visible-light
absorption and lower photogenerated electron-hole recombination. DW CN showed a much higher
photodegradation efficiency of Bisphenol A (BPA), than reference samples. Therefore, this hybrid
approach of supramolecular self-assembly and hard-temple can be considered as a sustainable way
to design the nanostructure of organic photocatalyst (g-C3N4) to improve the photocatalytic

treatment of recalcitrant organic pollutants such as BPA.
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4.1 Introduction

Bisphenol A (2,2-bis(4-hydroxyphenyl) propane, BPA) is a well-known precursor that is widely
used in the fabrication of polymer compounds, including polycarbonates, epoxy resins, etc. [10].
The widespread use of BPA in plastic products and the inappropriate disposal and waste
management made this chemical ubiquitous in numerous water systems. As a result, BPA is
frequently detected in industrial and municipal wastewater [11]. In addition, BPA has previously
been reported to be a typical endocrine disruptor (EDC). Furthermore, even low levels of exposure
to this chemical are accompanied by adverse health effects on aquatic wildlife and human beings
[12]. Up to now, numerous methods have been applied to remove BPA from contaminated water,
such as membrane filtration, chlorination, biological procedures, adsorption, ion exchange [115,

116].

Among the different strategies, semiconductor photocatalysts have great potential to mitigate the
ongoing universal environmental challenges through efficient solar energy collection and
conversion [117]. Until now, numerous studies have been conducted to design a stable
photocatalyst that is active in visible light and has sufficient capacity for different applications of
organic pollutant photodegradation and energy production [118-121]. Between the different
photocatalysts addressed, graphitic carbon nitride (g-C3N4), a metal-free organic semiconductor
with a layered structure, has drawn tremendous attention from researchers in various applications
such as wastewater treatment, CO> reduction, Hz production, and materials synthesis [122-124].
The g-C3Na photocatalyst benefits from excellent features such as great optical properties,
chemical stability, nontoxicity, low price, easy synthesis, and also being active under visible light
illumination [125]. It is convenient to construct bulk g-CsN4 through thermal polymerization of N-

rich precursors such as melamine and urea. However, pristine g-CsN4 cannot fully meet the
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prerequisites for actual applications due to the short survival life of photoinduced charge carriers,

small specific surface area, and inadequate solar light absorption [126].

Therefore, various strategies were implemented in different studies to modify the morphological,
chemical, electrical, and optical properties of g-CsNa, such as metal and non-metal doping [127,
128], integrating with other semiconductors to fabricate heterojunctions [129], defect engineering
[130, 131], utilizing different synthesis methods such as soft and hard template [123],

supramolecular preorganization [132], molten salt [133], nanostructure design [59, 134].

To this end, nanostructure engineering of g-CsN4 has been confirmed to be a unique approach to
enhancing photocatalytic activity by improving the separation of photoinduced electron-holes and
introducing favorable defects into the heptazine units of this catalyst. The design of nanostructures
includes the construction of nanosphere [58], nanotubes [59, 60], nanorods [48, 61], nanosheets
[62], nanoclusters [8], and porous hierarchical structure [63]. Up to now, templating and template-
free approaches were employed to create nanostructure g-CsN4. Among different methodologies,
the use of supramolecular self-assembly has been regarded as an efficient method to organize the
precursor, and subsequently manipulate the final nanostructure of g-C3Na4. To construct and direct
ordered morphology, the preorganized supramolecular precursor could be obtained through
noncovalent bonding such as hydrogen bonds between the initial building blocks [102, 135].
Morphological manipulation using supramolecular precursors has been performed in various
research and studies to form different shapes such as spheres, rods, tubes, and flowers [136, 137].
For example, Huang et al. utilized melamine as a raw precursor and water as a solvent to synthesize
a supramolecular structure with prismatic morphology through the hydrothermal procedure and,
based on that, fabricated hollow porous prismatic graphitic carbon nitride with superior

photocatalytic activity for H> production and rhodamine B degradation [138]. However, obtaining
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various well-controlled morphologies by simply using supramolecular preorganization depends on
the appropriate selection of the solvent [139], and the formation of hydrogen bonds between the
monomers would be stronger when the solvent is organic rather than polar. For example, organic
solvents such as dimethyl sulfoxide and chloroform could be utilized to dissolve melamine and
cyanuric acid at room temperature and fabricate different morphologies. However, the use of these

solvents is limited due to their toxicity [140].

Recently, it was well investigated that the template-assisted method is another effective way of
forming a g-CsN4 nanostructure because, by controlling the size and shape of the template, the
architecture of the as-prepared g-CsN4 nanostructure is directly plausible. For example, Cui et al.
produced onion-ring-like g-CsN4 using SiO2 microspheres as a sacrificial hard-template which
exhibited much higher photocatalytic efficiency towards hydrogen evolution, than the bulk sample
[78]. In another study, Tian et al. improved the photocatalytic degradation efficiency of the catalyst
by producing hierarchical macro-mesoporous g-C3N4 with an inverse opal structure using an
ordered silica template [141]. Furthermore, in the previous study by our group, the authors
synthesized g-CsN4 nanoclusters using SiO2 nanoclusters as a hard template and achieved a highly
improved photocatalyst for tetracycline degradation [8]. In addition, the use of a hard-template in
the synthesis process of g-CaN4 is accompanied by the introduction of some favorable defects in
heptazine units due to the confined polymerization of the g-C3Na planes in the narrow space

between hard templates, which makes the hard-templating method more efficient [130].

Inspired by the above research, with the aim of precise g-CsN4 shape and size engineering, in this
study, we used a hybrid approach of supramolecular preorganization and hard-templating method.
We used water as the solvent to prepare the supramolecular precursor through a simple, reliable,

and environmentally friendly approach. After mixing the supramolecular precursor with SiO>
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microspheres as a hard-template and then removing the template, we thoroughly investigated the
morphological, optical, and chemical structure of the as-prepared sample (simplified as DW CN).
To analyze the impact of the precursor, we also used melamine and mixed it with SiO;
microspheres with the same proportion and heating approach as DW CN (named as 10 CN).
Interestingly, the results showed that for 10 CN (that melamine was used as the precursor), the
silica particles circumscribe melamine. Then, a hierarchical inverse opal structure was formed after
the template was removed, as reported earlier [141]. However, by employing the supramolecular
precursor, the supramolecular self-assemblies circumscribe SiO2 particles. After template removal,
highly uniform 3D washer-ring-like g-CaN4 was formed, which had enhanced available specific
surface area and porosity, and was decorated with favorable defects in the tri-s-triazine structure.
The results of this research confirm that the behavior of the supramolecular precursor in the
presence of a hard-template is different compared to that of melamine. Thus, it is believed that the
finding of this research could be a starting point for further manipulation of the g-CsNa

nanostructure.

The photoactivity of optimized DW CN and other as-prepared catalysts was assessed toward the
degradation of BPA as the target pollutant, under visible light illumination. DW CN exhibited
much higher BPA photodegradation efficiency compared to 10 CN and other bulk samples,
because of its higher surface area, porosity, highly uniform and well-dispersed morphology, and
the existence of structural defects in the heptazine units. The degradation pathway and
intermediates generated in the BPA photodegradation process were investigated precisely based
on the LC-MS analysis. Another important issue in wastewater treatment, specially the
photodegradation of organic pollutants, is the toxicity of intermediates produced. The complete

degradation of parent pollutants does not testify to the termination of possible biological toxicity
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and associated ecological risks [142]. In this study, the possible biological toxicity of the
byproducts produced in the photodegradation process of BPA was investigated using three open-
source programs based on the quantitative structure-activity relationships (QSAR). Finally, the
mineralization capability of DW CN was evaluated using total organic carbon (TOC)
concentration. The results of this study could provide comprehensive and worthwhile information

on the design of the g-CaN4 nanostructure and its application for effective wastewater remediation.

4.2 Experimental section

4.2.1 Preparation of silica microspheres

Uniformly dispersed silica microspheres with a diameter of around 300 nm were synthesized based
on the well-known StOber method [78]. In detail, solution A contained 154 ml of aqueous
ammonia, 304 ml of ethanol, and 370 ml of deionized water mixed in a stirrer for 10 min. Solution
B, containing 683 ml of ethanol and 67 ml of tetraethoxysilane (TEOS), was added to solution A
in approximately 1 min, while the solution was stirred intensively (800 r/min). After that, the
solution was kept under magnetic stirring (400 r/min) for 16 h to allow the growth of silica particles.
The white precipitate was then collected by centrifugation (11000 rpm), washed with water and
ethanol 3 times, mixed with 100 ml of ethanol, and sonicated for 15 min, then dried in the oven at
100°C. Finally, the white solid prepared was ground in a mortar and heated in the air from room
temperature to 550 C in 4 h and kept at this temperature for 6 h to achieve monodispersed silica

microspheres.

4.2.2 Preparation of inverse opal g-C3Na4
To synthesize the inverse opal g-CsNj4 structure, 3 g of silica microspheres were thoroughly mixed
with 1.5 g of melamine and transferred to the ceramic-covered crucible. The mixture was then

calcined in the air from room temperature to 550 °C for 4 h (with a ramping rate of 2.2 °C.min%).
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The resultant yellow sample of the hybrid g-CsN4/SiO2 was mixed with 40 ml of 4M ammonium
hydrogen difluoride for 48 h to completely remove the hard template of SiO2. The suspension was
then washed with distilled water several times to the point where the PH reached 7 and then dried
in the oven at 80 C for 24 h. The obtained catalysts were denoted as IO CN. As a control catalyst
for this investigation, Bulk g-CsN4 was synthesized by calcining melamine without silica particles

in the same heat treatment approach, which was represented by Bulk CN.

4.2.3 Preparation of supramolecular precursor and 3D washer-ring-like g-C3N4

To prepare a supramolecular precursor, 4 g of melamine was mixed with 80 ml of deionized water
and stirred magnetically while reaching a temperature of 85 °C. The mixture kept stirring at this
temperature until dissolved. The mixture was then transferred to a Teflon-lined autoclave reactor
and underwent hydrothermal treatment at 180 °C for 24 h. When the suspension reached room
temperature, it was washed with ethanol and water several times, and then dried at 60 °C in the
oven. Subsequently, 1.5 g of this supramolecular precursor was mixed with 3 g of SiO», grounded,
and calcined from room temperature to 550 °C for 4 h (with a ramping rate of 2.2 °C.min). The
synthesized sample then went through the same process as the IO CN (removing silica particles
and drying in the oven). Finally, the light yellow sample obtained was labeled DW CN (the reason
for this naming is explained in Section 3.3). Again, as a control photocatalyst, the supramolecular
precursor without the use of SiO> microspheres was calcined in the furnace with a similar heat

treatment, labeled SM CN.

4.2.4 Photocatalytic degradation analysis
Photocatalytic degradation of BPA was performed using different g-CsN4 samples under visible
light irradiation of a 300 W xenon lamp with a 400 nm cutoff filter. For each set of photocatalytic

experiments, 20 mg of each g-C3Na4 photocatalyst was placed in a 50 ml beaker containing 25 ml
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of BPA solution (15 mg.L™), and stirred in the dark for 60 min to achieve adsorption-desorption
equilibrium. Subsequently, the beaker was placed in front of the visible light irradiation while
stirring. For each sample in the photocatalytic process, after a certain photodegradation interval,
the solution was removed and centrifuged to store 1 ml of it to evaluate the photocatalytic
degradation efficiency. The stability assessment was analyzed as follows: after the
photodegradation of BPA, the solution was centrifuged, washed twice, and then collected for the
subsequent photodegradation reaction. The scavenging experiment was conducted to assess the
main reactive species. Four scavengers of AgNOgz, benzoquinone (BQ), isopropyl alcohol (IPA),

and triethanolamine (TEA) were used to determine the active species of (e7), (*O2), (*OH), and (h*).

4.3 Results and discussion

4.3.1 Construction mechanism of the inverse opal g-C3N4

Inverse opal morphology was prepared using melamine as the precursor and SiO2 microspheres
with an average diameter of 300 nm as the sacrificial hard template. Mixing SiO, microspheres
with melamine, followed by calcination and removal of silica particles, resulted in constructing a
uniform hierarchical mesoporous structure. In this procedure, melamine polymerizes in the small
rooms between silica particles. The silica microspheres circumscribe melamine, and then after the
SiO2 microspheres are removed by etching, the periodic structure of the 10 CN is obtained, due to
the reverse replica of the silica microspheres. A schematic illustration of this synthesis process is
shown in Figure 4-1. SEM and TEM were employed to explore the microscopic structure of the
synthesized materials. The SEM image of SiO2 microspheres with an average size of 300 nm is
shown in Figure 4-1 a, confirming the fabrication of highly uniform microspheres of the same size.
Figure 4-1 b and c represent the SEM images of 10 CN, showing the formation of a 3D hierarchical

inverse opal structure with abundant mesoporous. For comparison, the morphology of Bulk CN
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that was synthesized without using silica particles is shown in Figure 4-1 d which shows highly
stacked layers of g-C3Na. The internal structure and morphology of the 10 CN were analyzed using
TEM, which is shown in Figures 4-1 e and f, and reveal the existence of plentiful mesoporous in

the 10 CN with a hierarchical structure.
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Figure 4-1. The SEM images of (a) SiO, microspheres with an average size of 300 nm, (b, ¢) IO CN, (d) Bulk CN;
TEM images of (e, f) IO CN

4.3.2 Construction mechanism of supramolecular precursor

After the dissolution of melamine in water, the mixture was put under hydrothermal reactions and
part of the melamine was hydrolyzed into cyanuric acid at the temperature of 180 °C for 24 h [102].
This reaction goes hand in hand with the release of NHs gases, which could be clearly smelled
after opening the autoclave cover. During this hydrothermal procedure, unhydrolyzed melamine
went through self-assembly reactions with the produced cyanuric acid by making hydrogen
bonding, shaping tubular morphology (the schematic representation is shown in Fig.6). As reported,
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a melamine molecule can make 3 hydrogen bonds with cyanuric acid molecules, and a cyanuric
acid molecule can also generate 3 hydrogen bonds with melamine molecules [59]. As a result of
these series of hydrogen bonding and self-assembly, full formation of the tubular supramolecular
precursor containing many inner uniforms stacking rods was obtained after 24 h hydrothermal
reaction [138]. The NHs gas released during the hydrothermal process played an essential role in
the fabrication of this supramolecular precursor [138]. It can be observed from the SEM images in
Figure 4-2 a that melamine itself does not have any specific morphology; however, when converted
to the supramolecular precursor (SM-24), the specific tubular morphology was created (Figure 4-

2 b andc).

Figure 4-2. SEM images of (a) pure melamine, (b, c) supramolecular precursor after 24 h hydrothermal reaction
time

4.3.3 XRD and FTIR results of supramolecular structure

Further investigation of the formation of tubular supramolecular precursors from hydrogen
bonding between melamine and cyanuric acid was directed using X-ray diffraction (XRD) and
Fourier transform infrared (FTIR) spectroscopies. As presented in Figure 4-3, the XRD and FTIR
patterns of supramolecular precursors differ from the melamine spectra, confirming the formation
of a new molecular arrangement and crystallinity after the hydrothermal reaction. As reported in
several studies, the redshift of the C=0 characteristic peak and the blue shift of the triazine ring

vibration peak indicates the formation of N-H..N and N-H..O, by hydrogen bonds between
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melamine and cyanuric acid [143]. These 2 shifts can be observed from the FTIR spectra shown
in Figure 4-3 a. The peak of triazine ring vibration was shifted from 809 cm™ to 765 cm™, and the
C=0 characteristic peak was shifted from 1648 cm™ to 1660 cm™ [132]. The new peak at around
1718 cm™ has emerged in SM-24 FTIR spectra, which corresponds to the existence of the carbonyl
group caused by hydrolysis of some melamine [138]. Furthermore, the new characteristic peak of
SM-24 located at 1780 cm™* appeared as a result of the interaction between water and self-assembly
supramolecular structure while kept in the hydrothermal process [138]. Moreover, from the XRD
spectra of both samples in Figure 4-3 b, it is obvious that for SM-24, some melamine diffraction
peaks were weakened or disappeared, and other new diffraction peaks were emerged at around
10.9, 11.9, 21.7, 28.1, and 33.4° [138]. All of the outcomes from XRD and FTIR confirm the
creation of a new configuration based on hydrogen bonds and the successful formation of

supramolecular structures.

Supramolecular

*x * * precursor (SM-24)
Supramolecular
precursor (SM-24)

Intensity (a.u.)
Intensity (a.u.)
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{ ‘ Melamme
T T T T T T T
10 50 60 4000 3500 3000 2500 2000 1500 1000
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Figure 4-3. (a) FTIR spectra of pure melamine and the supramolecular precursor; (b) XRD patterns of pure
melamine and supramolecular precursor
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4.3.4 Construction of washer-ring-like g-C3N4

When the supramolecular precursor was subjected to thermal treatment (without using a hard-
template), the tubular structure was preserved in some parts of the sample. However, the tubular
shape became hollow due to polymerization and calcination. Meanwhile, in some parts, the
morphology of small nanotubes was attained (as is presented in Figure 4-4 a and b). However, the
polymerization of the supramolecular structure in the presence of SiO2 microspheres, followed by
the removal of silica particles, resulted in the formation of a novel morphology for g-CsNa4. As a
result of this synthesis process, the supramolecular precursor circumscribed each silica
microsphere individually. After the template was removed, a highly uniform 3D washer-ring-like
morphology was fabricated, and the rings were individually or dually separated from other rings.
This structure was named DW CN, which is the abbreviation for Dad’s washer-like graphitic
carbon nitride. The reason for this name is that, while the first author of this study was working on
this research, her beloved father passed away, and she was grieving for him. Her father, Hamid,
was a plumber, and from her childhood, she always played with the plenty of washers in her
father’s car. So it is believed that the formation of these washer-like structures belongs to her father
because, at first glance that the author saw the SEM images of DW CN, they reminded her father
of her. SEM images of this DW CN are presented in Figure 4-4 c, d, e, and f at different
magnifications that confirm the formation of a highly uniform ring-like nanostructure. Also, in Fig.
S1, the SEM image of DW CN represents the circumscribed rings connected in a half-sphere shape
with a radius of 300 nm (equal to the radius of SiO. microspheres). This verifies that the

supramolecular precursors circumscribed SiO2 microspheres during polymerization.

91



Figure 4-4. The SEM images of (a, b) SM CN; (c, d, e, f) DW CN

The TEM images of DW CN are shown in Figure 4-5, which clearly represent the morphology of
single ring, double, and triple rings. The rings are thick with an outer diameter of approximately
160 nm, and the diameter of the holes is approximately 35 nm. This washer-ring-like structure is

constructed as a collaboration of the supramolecular and hard-template approaches.

Figure 4-5. TEM images of DW CN
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Based on the explanations of Sections 4.3.1 to 3.4, the formation process of the as-prepared inverse
opal structure (10 CN), supramolecular self-assembly (supramolecular precursor), tubular g-C3Na

(SM CN), and 3D ring-like morphology (DW CN) is suggested and presented in Figure 4-6.

Calcination 550°

for4h
NH, e
/L Removing Si0,
)

Microspheres
)\ )\ Mixed with SiO,

M2 Mier ospheres

IO CN

Supramolecular
precursor

Melamine

. °
~ Hydrolysis /l]\

N, . o | %

Mixed with water o enred 800 "‘J\‘/)‘%» 20> o)\m’& g

autoclave Hydrothermal | Melamine Cyanuric acid g

—_— —_— - 2

)\ )\ 85 °C stirring IS E'

N
|
Melamine ny«)\w/)\w,

Melamine

Calcination 550°
for4h

- Removing SiO,
Mlcrospheres ‘ '
Y ’ Mixed with SiOz

Microspheres

Supramolecular
precursor

Calcination 550°
for4h
—_—

Supramolecular
precursor

Figure 4-6. Schematic representation of the synthesis |0 CN, supramolecular precursor, DW CN, and SM
CN

4.3.5 Specific surface area and porous structure

A more detailed exploration of the surface characteristics and porosity of the samples was carried
out using N2 adsorption-desorption analysis. The results are shown in Figure 4-7 a and show that
all 4 catalysts are the typical type of IV curve isotherm with an H3 hysteresis loop at P/Po in the
range of 0.8-1.0, which confirms the formation of mesoporous structure [144], following SEM and
TEM images. From the BJH pore size distribution of all samples presented in Figure 4-7b, it is
clear that DW CN shows abundant pores from 2 to 80 nm compared to other catalysts because of

the construction of a uniform ring structure. The 10 CN also has abundant pores in the 2-80 nm

93



range due to the formation of the hierarchical porous structure, as observed in SEM images. These
data confirm the formation of meso-macroporous in both DW CN and 10 CN, while DW CN

contains much more abundant porosity.

In the photocatalytic activity process, the specific surface area plays a vital role. A higher surface
area results in greater adsorption of pollutants on the surface and more exposed reaction sites for
the catalyst [145]. The Brunauer-Emmett-Teller (BET) specific surface area and the corresponding
pore diameter and volume of the prepared catalysts are recorded and provided in Table 4-1. For
the 4 different catalysts of DW CN, SM CN, IO CN, and Bulk CN, the recorded surface areas are
66.24, 8.7, 50.8, 5.3 m?g* and their corresponding pore volumes are 0.27, 0.04, 0.19, and 0.03
cm?®gL, respectively. Therefore, the formation of washer-like rings increased the surface area of g-
C3Ng4, which is approximately 7.6 times greater than that of SM CN. DW CN also possessed an

enhanced pore volume, resulting in higher photocatalytic activity.

200 0.007
| (a) (b)
e J 0.006
160 1 ﬂ‘ ~DW CN
%140 fw/ 0.005 —I10 CN
E - = -~
& 1o DW CN iz SM CN
E ~—10 CN ) :?!; 0.004 ~—Bulk CN
E 100 4 ~SM CN E sons
i w ~Bulk CN g
.e-;cl 601 Z 0.002 -
S
0.001
20
0 0

0 0.2 0.4 0.6 0.8 1 0 20 40 60 80 100
Relative pressure (P/P0) Pore diameter (nm)

Figure 4-7. (a) N, adsorption-desorption isotherms; (c) The correlated pore size distribution plots of as-prepared
samples
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Table 4-1 BET results

Sample Pore volume (cm®g™) Pore diameter (nm) BET surface area (m?g™)
DW CN 0.27 19.8 66.24
SM CN 0.04 28.1 8.7
I0OCN 0.19 18 50.8
Bulk CN 0.03 40.8 5.3

4.3.6 Crystal structure and composition analysis

The prepared samples’ crystallographic properties and chemical structure were investigated by
XRD and FTIR patterns. As shown in Figure 4-8, all samples represent similar patterns that are
typical of the graphitic carbon nitride structure. This confirms that the basic structure of g-CsNa is
preserved, despite further post-treatment (using supramolecular precursor and a hard-template) .
In the XRD spectra, the peak located at 26=27.3° can be indexed as the (002) diffraction peak,
corresponding to the inter-planer stacking of carbon nitride aromatic system [146]. The (100) plane
centered around 206=13° can be attributed to the in-plane structural ordering of tri-s-triazine units
[147]. Compared to other synthesized catalysts, the intensity of both characteristic peaks of DW
CN decreased significantly and became broader. This indicates that upon the formation of the ring
structure, the crystallization between the basic layers of g-CsNs and the in-plane structural ordering

was reduced.

In the FT-IR spectra of the prepared samples (Figure 4-8b), the peaks at around 808 cm™ represent
the s-triazine ring [148]. Multiple peaks in the region of 1150-1720 cm™ exhibit stretching
vibration modes of N=C—N heterocycles. Broad peaks between 3000-3500 cm™ correspond to N-
H stretching vibrations [102]. In addition to these peaks, a new small peak appeared at 2171 cm

for DW CN, which belongs to the stretching vibration of the terminal cyano groups (C=N) [149].
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It can be speculated that the presence of SiO> as a hard-template and incomplete polymerization
of g-CsN4 in some parts, resulted in the existence of defects and cyano groups [8]. To provide
additional insights on newly produced cyano groups (C=N), solid-state *C NMR analysis was
used. As shown in Figure 4-8c, all samples showed 2 clear peaks at 162 and 169 ppm, which
correspond to C3 (CN3) and C2 (CN2(NH.)) of the heptazine units [150]. Compared to other
catalysts, the intensity of peak No. 3 (CN3) decreased for DW CN. Furthermore, a clear new peak
at 103.4 ppm and a weak peak at 174.5 ppm were detected for the DW CN. The former peak is
attributed to the sp hybridized carbon atom in the C=N groups (C4), and the latter corresponds to
the carbon atom adjacent to the C=N groups, respectively [85, 149, 151]. These data further
confirm that the core structure of g-C3N4 was preserved during the construction of the 3D ring-

like morphology, with a small variation in terminal amine groups upon formation of cyano groups.
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Figure 4-8. (a) XRD diffraction patterns, (b) FTIR spectra, (c) NMR spectra of as-prepared catalysts
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The chemical composition and binding states of the synthesized photocatalysts were examined
using X-ray photoelectron spectroscopy (XPS). Full scan spectra of all samples are shown in
Figure 4-9a that confirm the presence of carbon (C1s), nitrogen (N1s), and oxygen (O1s) in the
structure of all catalysts, respectively [152]. The high-resolution XPS spectrum for N1s could be
deconvoluted to three peaks (Figure 4-9b), in which the -C=N-C peak located at around 397.8
eV is related to the sp?-hybridized nitrogen in triazine heterocycle, the peak named —N—(C)3
corresponds to the tertiary nitrogen bonded with C atoms. The peak of C—NHz is assigned to the
terminal amino functional groups [153]. As exhibited in Fig.9 b, the binding energy of -N—(C)3 in
the N1s XPS spectra decreased from 399.5 for SM CN to 398.2 eV for DW CN, indicating more
electron distributions induced by nitrogen deficiency (the confirmation for the presence of N-
vacancies will be discussed later) [76]. The XPS spectrum for Cls for all 4 samples could be
deconvoluted into 3 separated peaks as depicted in Figure 4-9c and d. The C-C peak corresponds
to the carbon atoms in the graphitic form (C—C / C=C), which are adventitious carbon
contamination, the N=C—N peak is assigned to the sp?-bonded carbon in the graphitic carbon
nitride framework, and the N—C—NH> peak attributed to the sp? hybridized C at the edge of tri-s-
triazine, respectively [154]. Besides, the peak at 285.9 eV attributed to C-NHx bonds can be
detected in C1s XPS spectra of DW CN (Figure 4-9d), which also validates the creation of C=N
groups, because cyano groups possess identical Cl1s binding energies as the C-NHx groups[76,
149]. Consequently, all XPS results resemble the typical heptazine-based structure of g-CzNa;
however, the peaks located 399 and 400.3 in the high-resolution spectrum of N1s are different for
DW CN compared to SM CN, which is attributed to the existence of cyano groups in the structure

[155].
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According to the deconvolution data of N1s, the peak area ratio of the N-c=~x—c to the N-n—c)3

(N2c¢/N3c) reduced significantly from 3.68 for SM CN to 1.69 for DW CN, as shown in Table 4-2.

This decrease in N2c/Nsc indicates the loss of nitrogen atoms in the heptazine structure and denotes

the existence of nitrogen-vacancy in the DW CN. Furthermore, this missing of N atoms occurred

at —C=N-C lattice sites, rather than —N—(C)3, as was reported previously [156].
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Figure 4-9. High resolution XPS spectra of as-prepared catalysts, (a) survey; (b) N1s; (c,d) Cls

Table 4-2 XPS N1s deconvolution result of SM CN and DW CN.

SM CN DW CN
N2c Nazc NcH Nac Nac NcH
C—N=C N—(C)3 C-NH:2 C—N=C N—(O)s3 C-NH:
Peak/eV 397.84 399.5 400.6 397.8 398.9 400.2
FWHM 1.25 1.48 0.89 1.21 2.07 1.16
Area 6196.18 1679.31 199.12 47458 2796.89 374.6
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Peak area

ratio (Nzc/
Nac) 3.68 1.69
Peak area
ratio (Ncn/
Nac) 0.12 0.13
Table 4-3. XPS N1s deconvolution result of Bulk CN and 10 CN.
Bulk CN 10 CN

N2c Nsc NcH Nac Nsc NcH

C—N=C N—(C); C-NH, C—N=C N—(C); C-NH,
Peak/eV 397.79 398.83 400.3 397.7 399.07 400.3
FWHM 1.03 1.58 0.98 1.21 1.53 0.82
Area 4256.69 241269  582.52 4978.18 167455  277.56
Peak area
ratio (Nzc/
Nac) 1.76 2.9
Peak area
ratio (Nex/ 0.24 0.165
Nsc)

Further confirmation of the presence of nitrogen-vacancy in the structure of DW CN was explored
using elemental analysis. As shown in Table 4-4, the N/C atomic ratio of Bulk CN is 1.88, and for
the 10 CN, a slightly lower, 1.87. However, this reduction in the N/C atomic ratio was enhanced
for the DW CN which is 1.83 compared to 1.87 for the SM CN. Several studies have well reported
that the use of the hard-template in the g-CsN4 synthesis process and the limitation of the growth
of heptazine planes introduces some defects and vacancies, especially nitrogen vacancies [8, 130].
These data following the FT-IR, NMR, and XPS results confirm the formation of defects (cyano
groups and nitrogen vacancies) in the structure of DW CN. For more illustration, a schematic

atomic representation of the g-CsNj triazine structure without and with defects is shown in Figure
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4-10, which demonstrates the location of the N vacancy and the cyano groups in the g-C3Na

structure.
Table 4-4 Elemental analysis for Bulk CN, 10 CN, SM CN, and DW CN
Sample C (wt.%) N (wt.%) Niotal/ Crotal (WE.%0)
Bulk CN 34.43 64.95 1.88
10 CN 34.2 64.2 1.87
SM CN 34.2 64.3 1.88
DW CN 33.8 62.12 1.83

- I/U' Cyano group
X i

M N MH,

+— N vacancy

g-C;N, without defects g-C;N, with defects

Figure 4-10. Schematic atomic model of triazine structure of g-CsN4 with and without defects
4.3.7 Optical properties and electronic band structure

In terms of the exploitation of solar energy, it is of great significance to expand light-absorption
for the photocatalyst, to produce more photoinduced charge carriers for subsequent redox
interactions [86]. Thus, the optical absorption characteristics of photocatalysts were analyzed using
UV-vis DRS spectra as presented in Figure 4-11. The absorption edge of all samples is located at
480 and 500 nm, confirming that all as-prepared g-CsN4 photocatalysts are active in the visible

light region. Compared to other catalysts, DW CN exhibited a slight blue shift, indicating the
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enlargement of the bandgap due to the quantum confinement effect induced by the creation of
nanoring morphology [114]. On the contrary, DW CN showed an increased visible light-harvesting
capability in the entire visible-light spectrum. This is primarily ascribed to the multiple scattering
of the incident light in the pores and rings of DW CN, as well as the highly available surface area

of this catalyst [59].
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Figure 4-11. UV-vis diffuse reflectance pattern of prepared photocatalysts

To obtain the bandgap energies (Eg), the plots of (ahv)? vs photon energy (hv) were analyzed, based
on the Kubelka-Munk functions (Figure 4-12) [157]. The band gaps of the Bulk CN, 10 CN, SM
CN, and DW CN are 2.75, 2.79, 2.77, and 2.9 eV, respectively. In comparison to the Bulk CN, 10
CN had an enlarged bandgap. Compared to SM CN, DW CN had a larger bandgap because of the
formation of nanostructures in both 10 CN and DW CN, due to the use of the hard-template in the
synthesis process. From one perspective, DW CN had the largest bandgap, which is advantageous
for photocatalytic degradation, due to the enhanced redox ability of charge carriers [158]. In
another view, the bandgap opening has been well reported to limit the use of visible-light by the

photocatalyst [159]. However, the DRS spectrum of the catalysts (Figure 4-12) shows an obvious
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absorption tail known as the Urbach tail in the visible light range for DW CN, confirming the
existence of some electronic states known as midgap states in the band structure of this catalyst
[160]. These midgap states that were induced within the bandgap due to the introduction of defects
into the DW CN structure can considerably promote the light absorption capability of this
photocatalyst, due to the absorption of photons with smaller energies compared to the bandgap
energy, a phenomenon called increased sub-bandgap absorption [86, 100, 160, 161]. The
transition energy (E:) of the midgap states for the DW CN was predicted to be 2.75 eV, based on
the Kubelka-Munk method. This is consistent with previous studies, which suggest that after

introducing defects into the backbone of g-C3N4, some midgap states will be produced at 0.5-1.0

eV below the conduction band minimum [162].
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Figure 4-12. Optical band gaps of the as-synthesized g-C3N, catalysts achieved by Tauc plots
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Together with the VB position obtained from XPS valence band spectra of catalysts (shown in
Figure 4-13), these results could be utilized to determine CB positions and the band edge of mid-
gap states. A schematic demonstration representing the electronic band formation of 4 samples is
shown in Figure 4-14. It can be observed that the VB position of 10 CN (1.3 eV) is slightly more
positive than Bulk CN (1.1 eV) and increased to 1.6 eV for SM CN. Meanwhile, the VB position
reached its most positive value for DW CN (1.8 eV), which confirms that the combination
approach of supramolecular precursor and hard-template could enhance the oxidation capability
of the photocatalyst. This feature, along with the presence of midgap states under CB of DW CN
plays a considerable role in enhancing the light-harvesting capacity and oxidation capability of
this catalyst. These factors are crucial in the photodegradation of BPA as a target pollutant. (As
will be discussed in Section 3.7). Furthermore, the mid-gap states could act as temporary trapping

sites for photoinduced electrons, thus reducing the possibility of charge recombination [130].
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Figure 4-13. XPS valence band spectra of as-prepared catalysts
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To elucidate the separation and recombination process of photoinduced carriers, steady-state
photoluminescence (PL) spectroscopy was adopted. As depicted in Figure 4-15, Bulk CN showed
the strongest PL intensity, hence quick recombination of photoinduced charge carriers. The 10 CN
also showed moderately lower peak intensity compared to Bulk CN. Among all catalysts, the PL
spectrum of DW CN reduced sharply, indicating that this ring-like g-C3Na4 had very low
recombination of photogenerated electron-hole. This result indicates that the 3D washer-ring-like
nanostructure improved charge separation and transfer because of its high specific surface area,

large pore volume, and mid-gap states in the electronic band structure.
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Figure 4-15. PL spectra of synthesized samples
4.3.8 Photoelectrochemical properties

Additional investigation on electron-hole separation and transition performance of DW CN and
other as-prepared catalysts was conducted by analyzing the photocurrent response of all samples

deposited on fluoride-tin oxide (FTO) electrodes. As shown in Figure 4-16, the DW CN showed a
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notably enhanced photocurrent under frequent on and off series of light irradiation. The increased
photocurrent for DW CN demonstrates that this photocatalyst has enhanced strength in the
separation and transition of photogenerated charge carriers. In addition, EIS characterization was
performed to further analyze the electron transfer capacity of the prepared samples (Figure 4-16b).
It is noted that DW CN showed a much smaller arc diameter in the Nyquist plot, indicating a lower

interfacial resistance in charge transfer and a higher electron conductivity [157].

Photoelectrochemical results agree with PL analysis and confirm that DW CN enhanced the
separation of photogenerated electron holes, which results in higher redox efficiency and

photodegradation capability of the catalyst.

It is worth mentioning that, based on Figure 4-16, both 10 CN and SM CN showed enhanced
efficiency in electron-hole separation and transition compared to the Bulk sample. However, their
optical capability is much lower than that of DW CN, which shows the superiority of the 3D
washer-ring-like photocatalyst that was produced by a joint approach of supramolecular self-

assembly and hard template.
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Figure 4-16. (a) photocurrent response; (b) EIS Nyquist plots of synthesized samples
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4.3.9 Photocatalytic degradation assessment

The photocatalytic performance of synthesized materials was assessed using BPA as the target
pollutant. The degradation process was carried out under visible light irradiation and in the
presence of each photocatalyst separately (Figure 4-17 a). The blank experiment (without using
the photocatalyst) under visible light irradiation showed trivial degradation for the BPA,
confirming that BPA removal from the solution in the presence of prepared photocatalysts was
mainly due to the photocatalytic degradation process. In terms of the adsorption capacity of the
samples during the reaction, DW CN showed higher adsorption of BPA compared to other samples.
After an approximately 45 min reaction without irradiation (in the dark condition), the equilibrium
of adsorption-desorption was achieved. Thus, further removal of the pollutant after the 60 min
adsorption experiment was mainly attributed to photocatalytic degradation. As presented in Figure
4-17 a, the Bulk CN, showed the lowest performance in terms of BPA degradation, and only 18%
of the pollutant was removed after 180 min of visible light irradiation. The SM CN and 10 CN
showed almost the same photodegradation results, and their ability was improved compared to that
of the Bulk CN. Meanwhile, DW CN had the best performance which could completely degrade

BPA in a 75-min photocatalytic reaction.

The pseudo-first-order kinetic model can be used for this photocatalytic degradation reaction, as

presented in Eq. 1 [163].
Ln(Co/Cn) = kt (1)

Where k denotes the first-order reaction rate constant, Co and C, indicate BPA concentration at
reaction times of 0 min and n min, respectively. As shown in Figure 4-17 b, the value of the
photocatalytic reaction rate constant of DW CN (0.044 min™) is approximately 12.5 times higher

than that of SM CN (0.0035 min't) and also much higher than the other 2 samples of 10 CN (0.0031
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min') and Bulk CN (0.0015 min). The results suggested that the photoactivity of DW CN may
be considerably enhanced as a result of its greater efficiency of absorbing visible light, which can
lead to higher production of photoinduced electrons, causing more efficient separation of charge
and thus improved photoactivity. Furthermore, all of the features of DW CN, including a higher
specific surface area, ring morphology, and a more positive position of VB, are attributed to its

enhanced photoactivity.

w

12 : (a) ]-DWCN  K=0.044 " (b)
' {+SMCN  K=0.0035

N
n

1-10CN  K=0.0031

8]

1- Buk CN K=0.0015 - .
~DWCN o]
~SMCN
~IOCN
-=Bulk CN
BPA Blank

In(C,/C)
i

e
in

-60 40 20 0 20 40 60 80 100 120 140 160 180
Time (min) Time (min)

Figure 4-17. (a) Comparison of the photodegradation efficiency of as-prepared photocatalysts toward degradation of
BPA,; (b) pseudo-first-order kinetic plots of BPA photodegradation for all 4 samples

4.3.10 Stability and recycling analysis

To test the reusability of DW CN, 6 cycles of BPA degradation were implemented under identical
conditions. In each cycle, photocatalytic degradation was performed in 60 min under visible light
irradiation. As depicted in Figure 5-18, the photodegradation efficiency did not decrease
considerably during the first 3 cycles. For the remaining cycles, only a slight variation in the
photodegradation capability of DW CN was observed. Furthermore, the SEM image of the used

DW CN (Figure 4-19) confirms that the 3D washer-like ring morphology of this catalyst is well
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preserved after the sample is re-used, which is advantageous for providing a high active surface
area. These results verify that the constructed ring-like DW CN could be utilized as a perfect

reusable photocatalyst for the practical application of BPA photocatalytic degradation.
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Figure 4-18. Photocatalytic stability of DW CN in the degradation of BPA repeated for six cycles

Figure 4-19. SEM image of used DW CN
4.3.11 Detection of the main photogenerated reactive species

As a general rule, 4 reactive species of hydroxyl radicals (-OH), electrons (g°), holes (h*), and
superoxide radicals (-O2) could play essential roles in the photocatalytic degradation of organic

pollutants [164]. To identify the dominant photogenerated reactive species involved in the
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photodegradation of BPA over DW CN, a series of comparative analyzes was carried out with the
specific addition of some scavengers to the beaker containing the catalyst and BPA solution. As
presented in Figure 4-20, it was monitored that the addition of AgNO3z only slightly decreased the
photodegradation efficiency of BPA suggesting that electrons (e”) did not promote the degradation
of BPA. Meanwhile, after the addition of BQ, and IPA, the photodegradation of BPA was
significantly inhibited, indicating that 2 reactive species of hydroxyl radicals (-OH), and
superoxide radicals (-Oz) played crucial roles in the photocatalytic reaction. However, the greatest
quenching impact was detected in the sample constituting TEA, which confirms that holes (h*)
were the dominant reactive species in the photocatalytic degradation of BPA over DW CN. Based
on these results, the contribution of reactive species during BPA photodegradation could be

presented in order as follows: *OH < *O2< h*

Accordingly, plausible photocatalytic reactions can be suggested as presented in Egs. (2) to (7).

DWCN+hv—e +h? (2
e +0,— 0 ©)
‘02 + 2H0 — 2 *OH + 20H" 4)
*O2 + BPA — byproducts (5)
h* + BPA — byproducts (6)
*OH + BPA — byproducts (7)
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Figure 4-20. BPA photodegradation percent utilizing DW CN and in the existence of various scavengers

4.3.12 Unraveling the improved photodegradation of the DW CN photocatalyst

Based on the above experimental results and interpretation, the molecular procedure for enhanced
BPA degradation by DW CN has been suggested. A schematic representation of this is shown in
Figure 4-21. It is well accepted that in any photocatalytic process, 3 consecutive main stages are
involved: 1) light absorption, 2) charge generation and transportation, and 3) surface oxidation-
reduction reactions [165]. The precise engineering of DW CN with its unique microstructure and
electronic properties resulted in the superior performance of this catalyst in each step mentioned,
toward degradation of BPA. Firstly, the uniform, well-separated washer-like rings of DW CN with
highly enhanced porosity had an essential role in the strengthening photodegradation activity of
this catalyst by facilitating the transmission of the reagents throughout active sites. Second, the

high available surface area of DW CN provides extensive exposed active sites for surface reactions.
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In addition, this porous and uniform morphology facilitates light absorption and utilization by

providing a more accessible surface area.

Third, the presence of favorable defects in the heptazine structure of DW CN results in the
generation of some electronic states inside the bandgap, which affects its photocatalytic
performance from 2 aspects. (1) These mid-gap states provide the opportunity for electrons to be
excited by the absorption of photons energies lower than those of the bandgap energy and extend
the light absorption range. (2) These surface vacancy defects could be regarded as electron trap
sites, and significantly prevent electron-hole recombination and promote the movement of
photoinduced charge carriers. This is followed by an enhanced reaction of trapped electrons with

dissolved oxygen and the production of superoxide radicals (*Oz), which was previously shown to

be a strong oxidative agent in the photodegradation process of BPA.

Eventually, the VB position of the DW CN was calculated to be (+1.8 eV), which is much more
positive than other as-prepared samples, indicating that the holes in the DW CN have a stronger
oxidation potential, which facilitates the degradation of the target pollutant [166]. This follows
from quenching experiments that showed that holes played a dominant role in the

photodegradation of BPA.
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Figure 4-21. Schematic representation of BPA photodegradation using 3D ring-like DW CN

4.3.13 Suggested pathway for the transformation of BPA into byproducts

The liquid chromatography-mass (LC-MS) technique was utilized to determine the main
intermediates and possible photodegradation routes of BPA at different reaction times using DW
CN. Figure 4-22 represents the LC-MS spectra of the initial BPA (before the reaction) and the
photodegradation products and intermediates after 15, 30, 45, 60, and 75 min of visible light
irradiation (A > 400nm). The peak for BPA was detected at 12 min retention time, and the peaks
of other major intermediates appeared at retention times of 4.5, 4, 3.3, 3 min. As shown in Figure
4-23, the intensity of BPA (with m/z: 228) decreased rapidly after 15 min and approximately 95%
of BPA degraded after 60 min. Based on these spectra and previous studies, the possible steps and
routes of BPA photodegradation are suggested and shown in Figure 4-24. The main byproduct of
BPA was P1 (m/z: 244) which is produced from the hydroxylation process of BPA molecules,

similar to reported studies [167]. In this process, hydroxyl radicals attack the aromatic ring of BPA
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and transform it into P1. After that, there are two major routes for further degradation of the

byproducts.

Route 1: Further attack of P1 by hydroxyl radicals resulted in the formation of P2 (m/z: 260) [167].
The intermediates P3 (m/z: 175) and P4 (m/z: 118) were possibly formed due to the oxidation of
P2. P5 (m/z: 150) was derived due to the attack of *OH to the electron-rich alkyl carbon of P3
[168]. The subsequent oxidation process gradually converted P5 to P6 [12]. Moreover, an attack

on tertiary hydroxyl resulted in the fabrication of P7 (m/z: 133) from P4 [169].

The photodegradation of BPA with route 1 could possibly be expressed in terms of m/z by 2 sub-

routes 228—244—260—175—150—152— or 228—244—-260—118—133.

Route 2: This pathway began with the transformation of monohydroxylated BPA (P1) into its
quinone derivatives, which is P8 (m/z:242) [169-171]. P8 converted to the di-carbonyl compound

of P9 with m/z value of 217 and this byproduct was further transformed to P19 [10].

Due to the presence of abundant hydroxyl radicals in the structure, Ring rupturing reactions could
occur in P6, P7, and P10 and convert them to nondetectable small byproducts. These small
intermediates were ultimately mineralized into carbon dioxide and water. The complete list of
produced byproducts, their molecular formula, retention time, proposed structure, and references

that were also detected for that specific byproduct are presented in Table 4-5.
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Figure 4-22. LC-MS chromatograms of (a) BPA; (b) after 15 min; (c) after 30 min; (d) after 45 min; € after 60 min;
(d) after 75 min photodegradation reaction time
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Figure 4-23. Comparison of BPA intensity before the reaction and after 15, 30, 45, and 60 min photocatalytic
reaction obtained based on LC-MS chromatograms
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Table 4-5 Products detected by LC-MS

Molecular

Product

m/iz  RT (min) Proposed structure Detected in reference
formula

15
3 2 CH3 8

BPA CisHi0, 228 12 HOOH

5 s 1§3H3 171
CH,
P1 CisHi0s 244 116 He O O or [170, 172, 173]
CH, oH
CH,
P2 CisHiOs 260 12 ”° o [167, 169, 174]
HO o OH
GHs CH,
P3 CoH160 175 3.3 vo—< N l [168]
— CHy CH:
P4 C13H1203 118 3.3 "o ;_: ‘ ( : o [175]
HO
//—\\ /CH2
P7 CoH100 133 2.9 HO 169, 176
oH10 N/ \CH3 [ ]
CH,4
P5 C1oH140 150 3 vo— N ‘ CHs [12, 177]
\—/
CHsy
CH,
P6 CoH1202 152 3 HO \’/_\\, CI:H OH [12]
3




P8 C15H1403 242 4.4 0 ‘ 0 OH [169, 178]

CH,
0
CHy |
P9 CisHuOs 217 44 O [11]
CH, |
0
o]
CHs \
P10 CuH1204 208 2.8 HO OH [142]
CH3O‘

4.3.14 Toxicity evaluation and TOC removal analysis

As explained in the previous section, the photocatalytic degradation of BPA is accompanied by
the production of many intermediates, and the estimation of the toxicity of these degradation
products is of great importance. However, experimental toxicity prediction is highly challenging
because most of the intermediates produced are not available in the laboratory, and the experiments
are also costly and time-consuming. Thus, to assess the possible environmental effect and hazard
designation of BPA and the intermediates produced during photocatalytic degradation using DW
CN, QSAR analysis was implemented, using 3 open-source available software of ECOSAR, TEST,
and ERRBA-IRFMN [142]. QSAR analysis anticipates correlated toxicity data based on the
quantitative correlation between chemical structure and toxicological activity [179]. A schematic
illustration of the acute and chronic toxicities of BPA and intermediates is presented in Figure 4-
25, and the corresponding data are shown in Tables S6 and S7. Similar to earlier research, the
acute toxic range of BPA and degradation products were estimated, i.e., “very toxic” (<0.1 ppm),

“toxic” (0.1-1 ppm), “harmful” (1-10 ppm), and “not harmful” (>10 ppm); and the chronic toxic
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ranges were sorted as, i.e., “very toxic” (<1 ppm), “toxic” (1-10 ppm), “harmful” (10-100 ppm),
and “not harmful” (>100 ppm) [180]. These data are based on EU Directive N0.67/548/EEC, and
Chinese Hazard Chemical Evaluation Guidelines (HJ/T 1954-2004), which described various
toxicity ranges for BPA and produced intermediates [181, 182]. From Figure 4-25, BPA and its
products showed different toxicity levels for 3 organisms of fish, daphnid, and green algae,
obtained from the ECOSAR program. For the 10 identified oxidation products, the acute toxicity
of P3, P5, P7, and P8 was in the levels of “toxic” and “very toxic”, which are higher than the parent
chemical (BPA), demonstrating the production of some byproducts with higher biological toxicity
than BPA. One possible reason for the increased toxicity might be the increase in hydroxyl groups
in benzene rings, resulting in enhanced binding activity and solubility of produced intermediates
and hence their bioavailability [142, 183]. However, the acute toxicity of other intermediates (P1,
P2, P4, P6, P9, P10) is lower than that of BPA, and even some byproducts are at the nonharmful
level, so they are considered as desired byproducts. Chronic toxicity to fish, daphnids, and green

algae are similar to their acute toxicity, as shown in Figure 4-25.

The estimation of developmental toxicity, bioaccumulation factor, and mutagenicity was
conducted using the T.E.S.T program. The estrogenic activity was evaluated using the estrogen
receptor relative binding affinity (ERRBA) model (IRFMN), as shown in Table 4-6 and Figure 4-
26. Generally, BPA and degradation byproducts are toxic to biological development and estrogen
receptor binding active, as previously reported [142]. However, two intermediates of P2 and P7
are in the non-toxic developmental region, and two byproducts of P6 and P9 are inactive to
estrogen receptor binding. Moreover, interestingly, the BPA and all intermediates are at the level
of negative mutagenicity. Additionally, all bioaccumulation factors of the intermediates are
considerably lower than those of the parent compound, BPA, which is highly favorable. Reduced
bioaccumulation factor decreases the probability that the intermediates produced reach their
effective concentrations within living organisms [142]. Consequently, from the point of view of
bioaccumulation, photocatalytic degradation of BPA over DW CN is a practical way to mitigate
the toxic effects of BPA on living organisms. Among all intermediates produced, P3 has shown
the highest toxicity, especially in analyzing acute and chronic toxicity, which is denoted as an
undesired byproduct. On the contrary, P9 and P10 had lower toxicity in most QSAR methods,

which could be considered favorable byproducts of the photocatalytic degradation of BPA.
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Consequently, as stated above, the photodegradation of BPA over DW CN is accompanied by the
production of toxic and non-harmful byproducts similar to previously reported research [142, 181].
However, most of the intermediates had reduced overall toxicity compared to that of BPA itself,
demonstrating the effectiveness of DW CN in mitigating the toxicity of BPA and its possible

environmental impacts.
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Figure 4-25. The predicted toxicity measurements of BPA and its photodegradation intermediates using ECOSAR

Table 4-6 Acute toxicity obtained using ecological structure activity relation- ships (ECOSAR) model

Product Fish 96-h Daphnid 48- | Green
LC50 h LC50 Algae 96-
h EC50
BPA 1.28 5.24 1.33
P1 2.65 13.1 2.07
P2 5.47 32.7 3.21
P3 0.606 0.750 0.058
P4 5.26 32.8 2.90
P5 2.15 1.77 0.2
P6 48.3 16.4 4.17
P7 3.99 2.67 0.364
P8 4.15 3.25 0.384
P9 937.48 803.59 403.02
P10 174 44.9 14.9
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Table 4-7 Chronic toxicity obtained predicted by ecological structure activity relation- ships (ECOSAR) model

Product Fish (ChV) Daphnid Green Algae
(Chv) (Chv)
BPA 0.55 1.77 0.227
P1 1.22 4.57 0.329
P2 2.71 11.7 0.474
P3 0.076 0.123 0.215
P4 2.65 11.9 0.422
P5 0.247 0.249 0.596
P6 4.53 1.64 7.79
P7 0.435 0.345 0.971
P8 0.470 0.447 1.11
P9 396.37 103.35 92
P10 15.3 4.02 23.7

Table 4-8 Summary of toxicity assessment indices produced by quantitative structure-activity relationship (QSAR) models

Product Developmental | Ames Bioaccumulation | Estrogenic
toxicity mutagenicity | factor activity
BPA 0.71 0.09 117.27 Active
P1 0.65 0.07 82.39 Active
P2 0.58 0.1 21.05 Active
P3 0.76 0.05 24.68 Active
P4 0.71 0.25 17.42 Active
P5 0.79 0 42.51 Active
P6 0.74 0.15 7.05 Inactive
P7 0.57 0.37 47.57 Active
P8 0.9 0.46 23.34 Active
P9 0.76 0.21 N/A Inactive
P10 0.8 0.36 1.34 Active

TOC analysis was performed to examine the mineralization capability of the DW CN, as shown
in Figure 4-27. After a reaction of 30 min, the TOC concentration was reduced by 25%, and after
60 min, 40% TOC removal was achieved. BPA was completely removed from the solution after
75 min of reaction, during which the TOC elimination efficiency was approximately 45%.
Therefore, the photocatalytic degradation reaction should be prolonged to completely mineralize

the solution and convert all intermediates to H.O and CO..
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Figure 4-27. Removal of TOC as a function of time for BPA degradation using DW CN
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4.4 Conclusions

The precise engineering of the g-CsN4 catalyst remains a great challenge. In this study, using the
joint approach of supramolecular self-assembly and hard-template, a highly uniform and dispersed
3D ring-like morphology for g-C3Ns was successfully fabricated. The supramolecular
preorganization with a tubular shape was synthesized using water as the solvent and melamine as
the monomer, through a hydrothermal reaction and hydrogen bonding. After mixing with SiO;
microspheres, supramolecular self-assembly circumscribed SiO; particles and novel uniform
dispersed washer-ring-like morphology were obtained, with an average outer diameter of 180 nm,
and the diameter of holes inside the ring was approximately 35 nm.

The as-obtained DW CN with ring-like nanostructure showed superior photoactivity toward
degradation of BPA as the target organic pollutant. Moreover, complete degradation of BPA was
achieved within 75 min, while this time was much longer for IO CN and other reference

photocatalysts (more than 300 min).

The increased surface area, higher porosity, existence of defects, and VB position were attributed
to the increased efficiency of DW CN toward the degradation of BPA by enhancing active sites,
increasing visible-light absorption capability, formation of midgap states, and inhibition of

photogenerated electron-hole recombination.

The recyclability of DW CN was analyzed after the catalyst was used for 6 consecutive BPA
photodegradation reactions. The photoactivity of DW CN did not significantly reduce, and even
the ring-like morphology was preserved after the photodegradation reaction. Furthermore, based
on the results of the risk assessment, some byproducts had much lower toxicity than BPA.

Ultimately, this comprehensive study on the fabrication of 3D ring-shaped g-CzNa using a simple
and joint approach of supramolecular self-assembly and hard-template is expected to be a
promising pathway to manipulate nanostructure and morphology and obtain highly efficient
photocatalyst.
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Chapter 5- Conclusion

In summary, this thesis mainly focused on the synthesis of graphitic carbon nitride photocatalyst
through three separate processes based on hard-template approach. In the first part by using SiO-
clusters as a template, mesoporous graphitic carbon nitride nano-clusters (NC MCN) were
fabricated as a high-activity photocatalyst. The confined growth of carbon nitride in the presence
of SiO: clusters introduced extra structural defects to the carbon nitride framework including
nitrogen vacancies and cyano groups, which was confirmed by employing different
characterization analyses. These structural defects created midgap states below the conduction
band, which improved light-harvesting efficiency and suppressed electron-hole recombination.
Thus, NC MCN showed high photocatalytic activity toward degradation of both tetracycline and
rhodamine B under visible light irradiation. Complete degradation of 15 ml solution of 15 ppm
tetracycline was achieved in 30 min compared to the bulk catalyst (taking more than 3 h).
Furthermore, NC MCN demonstrated high stability after reusing for 8 consecutive
photodegradation cycles. The total organic carbon concentration at different reaction time showed
a rising and falling trend, which illustrate photodegradation process, i.e. adsorption,
photodegradation, and mineralization. By liquid chromatography-mass spectroscopy analysis, the

produced intermediates during the tetracycline degradation were proposed, which showed the
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formation of smaller molecules in just 15 min. The toxicity of the intermediates was analyzed
using quantitative structure-activity relationship estimation and the outcomes exhibited that the
toxicity of the solution reduced as the reaction time increased. This comprehensive study from
photodegradation process to mineralization of TC demonstrated NC MCN as a promising

photocatalyst for sustainable treatment of wastewater.

In the second part of the project, by using silica microspheres as the hard-template we could
successfully fabricate hierarchical inverse opal g-C3sNa. As a result of polymerization of cyanamide
precursor in the narrow space of SiO> microspheres with an average size of 300 nm as the
sacrificial hard template, a uniform porous structure was synthesized. The as-obtained 10 CN
showed superior photoactivity toward degradation of both RhB and MY organic dyes as the target
pollutant. Complete degradation of MB was achieved within 110 min, while this time was much
more longer for Bulk CN and other reference photocatalysts (more than 300 min). Different
characterizations provided the details of enhanced photoactivity of 10 CN. Increased surface area,
higher porosity, and the VB position were attributed to the increased efficiency of 10 CN toward

the degradation of pollutants.

Finally, in the third part of the project, using the joint approach of supramolecular self-assembly
and hard template, we could successfully fabricate highly uniform and dispersed ring-like
morphology for g-C3Na. In detail, the reaction behavior of melamine and supramolecular self-
assembly was thoroughly investigated in the presence and without using SiO2 microspheres. The
supramolecular preorganization with a tubular shape was synthesized using water as the solvent
and melamine as the monomer, through hydrothermal reaction and hydrogen bonding. The
fabrication of supramolecular self-assembly was confirmed using XRD and FTIR analysis. When

the supramolecular precursor went through calcination (without using the hard template), a hollow
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tubular structure was attained, as was reported previously. Our purpose for this study was to
scrutinize the polymerization of supramolecular precursors in the narrow space of SiO:
microspheres with an average size of 300 nm as the sacrificial hard template. It was observed that
when melamine was used, the hard template would circumscribe the melamine particles, and after
calcination and removal of the template, hierarchical inverse opal structure could be achieved,
through the reverse replica of silica particles. On the contrary, when the supramolecular precursor
was utilized and mixed with the SiO, microspheres (with the same synthesis procedure as 10 CN),
the supramolecular precursor would circumscribe SiO2 microspheres, and after removal of the
template, a novel highly uniform and dispersed washer-ring-like morphology was obtained, with
average outer diameter of 180 nm, and the diameter of holes inside the ring was approximately 35
nm. The as-obtained DW CN with ring-like nanostructure showed superior photoactivity toward
degradation of BPA as the target organic pollutant. Complete degradation of BPA was achieved
within 75 min, while this time was much more longer for 10 CN and other reference photocatalysts
(more than 300 min). Different characterizations provided the details of enhanced photoactivity of
DW CN. Increased surface area, higher porosity, the existence of defects, and the VB position
were attributed to the increased efficiency of DW CN toward the degradation of BPA. These
features result in enhanced active sites, visible-light absorption capability, formation of midgap

states, and inhibition of photogenerated electron-hole recombination in DW CN.

The recyclability of DW CN was analyzed after using the catalyst for 6 consecutive BPA
photodegradation reactions. The photoactivity of DW CN did not reduce significantly, and even
the ring-like morphology was preserved after the photodegradation reaction. The produced
byproducts of BPA were estimated based on LC-MS characterization, and photodegradation

pathways were suggested. As the toxicity analysis is of crucial importance in wastewater treatment,
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the risk assessment was performed using three open-source programs based on QSAR models. It
was found that one of the byproducts possessed much lower toxicity compared to the BPA, and
other intermediates. Ultimately, the mineralization capability of DW CN in the BPA
photodegradation was assessed, which showed that by prolonging the experiment, TOC would be

reduced greatly.

Accordingly, this comprehensive study on the fabrication of ring-like g-CsN4 using joint and
simple approach of supramolecular self-assembly and hard template is expected to be promising
pathway of manipulating g-CsN4 nanostructure, providing a new strategy to control the final
morphology. It is believed that by changing the morphology of hard template, further well-
controlled shapes of g-C3N4 could be constructed, which needs more research and study. Moreover,
the detailed investigation on BPA photodegradation, toxicity assessment, and mineralization was
performed. This research is estimated to facilitate the routes of fabricating an efficient g-C3Na

catalyst for wastewater treatment and pollutant degradation.

5.1 Suggestions
» The photoactivity of synthesized catalysts could be tested for different applications such
as H production, CO2 reduction.
» Constructing silica nanoparticles in different shapes could result in the fabrication of new

morphologies with new characteristics, which could be further investigated.
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