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One-step synthesis of g-C3N4 nanosheets with improved
photocatalytic performance for organic dye degradation under
visible light irradiation

Hoang Thi Lan Anh

Department of Environmental Engineering
The Graduate School

Pukyong Nation University

ABSTRACT

Graphitic carbon nitrides (g-C3Ng) have received much attention as a visible-light respond
photocatalyst due to a wide range of possible application. However, its activity could not meet
expectations due to the fast of recombination of photogenerated electron-hole pairs and low
specific surface area. Many studies have developed to solve these issues, such as doping with
a noble metal, constructing nanocomposites with heterostructures based on g-C3N4, and
controlling its morphologies. In these methods, morphology control has been considered a
valuable approach for enhancing the efficiency of g-CsN4 photocatalyst because its specific
surface area can be increased. For example, researchers used g-C3N4 bulk to prepare g-C3Ny
nanosheets using several methods, such as thermal etching and ultrasonic-assisted, using hard
or soft templates or chemical etching. Compared to bulk g-C3Ns, g -C3N4 nanosheets have
more incredible photocatalytic performance. In our study, g-CsN; nanosheets were
synthesized by a one-step thermal treatment of melamine in the presence of ammonium salts
such as NH4Cl, (NH4)2SO4, CH3;COONHs. The characterizations about surface morphology
and optical properties of all g-CsN4 samples were investigated by X-ray diffraction (XRD),

Fourier transform infrared spectroscopy (FTIR), transmission electron microscopy (TEM),

viii



UV-visible diffuse reflectance spectroscopy. The as-synthesized g-C3;N4 nanosheets exhibited
excellent photocatalytic performance under visible light irradiation with about 98% RhB
removal after 210 min compared to bulk g-C3Ns. The effect of catalyst dosage, pH,
concentration of RhB on the degradation efficiency using g-C3;Ns4 nanosheets was also
investigated. According to the scavenging experiment, h* and "0, species were demonstrated
as the critical reactive species for the RhB. Therefore, our investigation may provide a facile
and efficient way to synthesize the g-C3N4 nanosheets with a high specific surface area for

environmental decontamination.
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CHAPTER 1: INTRODUCTION

1.1 Introduction of photocatalyst

With the rapid growth of urbanization and industrialization, people’s demand on
resources has increased. This development leads to a slew of energy shortages and
environmental issues. Semiconductor photocatalytic technology has received much
interest because it can be use solar energy to generate hydrogen and degrade organic
pollutants into CO and H,O [1]. Since the generation of hydrogen via water splitting
using TiO, was applied by the report of Fujishima and Honda in 1972[2], many works
were conducted to use TiO» as a photocatalyst. These efforts extended the application
of photocatalyst and drew significant research attention [3]. The direct of research
about photocatalyst can be divided into four main directions: photocatalytic hydrogen
generation, photocatalytic reduction of CO,, photocatalyst wastewater treatment [4].
Photocatalyst can be used to treat contaminants in both water and air and its properties
are stable during the reaction time. Moreover, the photocatalyst can also perform in

room temperature and use solar or artificial light.

Nowadays, heterogeneous photocatalysis with semiconductors plays a vital role in
facing new global environment and energy-related issues [5]. A photocatalytic
reaction of semiconductors is described as a chemical reaction that occurs in the
presence of light and a photocatalyst substance [4]. This reaction owned many
advantages, such as producing hydrogen, degradation of organic pollutants and no
creating secondary pollution. The basic principle of a photocatalytic reaction was

shown in

In photocatalytic reaction, semiconductor materials were irradiation under light. A
semiconductor structure consists of a low-energy valence band (VB), a high-energy
conduction band (CB), and the band gap which is between a conduction band and
valence band. When the energy of incoming light has higher than the energy band
gap of semiconductors, the electrons on the valance band are excited and jump to a

conductor band and the hole are generated in the valance band [6]. The electrons on

1



the conduction band will move to the surface of the photocatalyst, after that they take
part in a reduction reaction while the hole on the valance band participate in an
oxidation reaction. The detailed of photocatalytic mechanism is divided into many
stages. Under a certain energy of light, the electrons (¢7) are moved to conduction
band and the holes (h") stay in the valance band. The hole (h") in valance band will
react with organic compound and produce CO; and H»O as end products. Another
way, the hole can also participate in oxidation reaction with organic compounds by
reacting with water to generate that hydroxyl radical COH). After, ‘OH can convert
organic compound to CO and water. The electrons (¢7) in the conduction band can
react with oxygen and form a radical superoxide (O*~ *). The mechanism of

semiconductor photocatalyst can be summarized by the following equations:

Photocatalyst + hv — h" + ¢~ (1)
Oy+e¢ — 0" ()
O, ™ + Pollutant — H>O + CO; 3)
H,0 +h" — HO" + H' 4)
HO" + Pollutant —-H»0 + CO» ©))

A critical key to improving photocatalytic activity is the reduce of the rate
recombination of electron and hole. In other words, it is critical for successful
photocatalytic degradation organic compound that the reduction reaction and
oxidation reduction must be occurred simultaneously and the rate of recombination

of election-hole pair is limited.
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Figure 1.1 The basic principle of a photocatalytic reaction.

The photocatalytic process is extremely complicated and consists of many stages so
there are many factors can affect this reaction. The key factors that influence the
photocatalytic process are the catalyst dosage, medium condition (pH), the type and
concentration of target pollutants, light source, and temperature [7] . Normally, the
photocatalytic activity increase with higher catalyst dosage. This can be observed that
increasing the amount of catalyst provides a greater number of active sites on the
catalyst's surface, resulting in a higher number of OH" radicals participating in organic
molecule degradation. However, once the catalyst concentration reaches a particular
level, the reaction rate slows down as the catalyst concentration rises [8]. The
photocatalytic degradation rate also depends on target pollutants concentration. When
the concentration of pollutants changes, the results of degradation rate are different
[9]. These findings could be explained by a lack of catalyst surface for the generation
of hydroxyl radicals. The high concentration of pollutants caused the decrease in the
light penetration [10]. Thus, the time for degradation of pollutant would be longer

compared to lower concentration of pollutants. Many researchers also studied about
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the influence of pH on the photocatalytic reaction. pH is one of the most important
parameters influencing photocatalytic water systems since it defines organic
compound chemistry such as charge, acidity-pKa, and partitioning coefficient and
influences the charge on the catalyst. The point of zero charge (PZC) was used in
some reports to investigate the impact of pH on the photocatalytic oxidation
performance [11]. The PZC is the pH of a suspension when the net charge on the
surface of an insoluble oxide or hydroxide is zero [12]. Each light sources provide
different of light wavelength and light intensity. Light is also a crucial factor in the
photocatalytic reaction. When the light intensity increased, the degradation rate of
pollutant will be greater. However, increasing the light intensity leads in a significant
increase in cost, therefore its practical application may be limited. In some cases, the
high light intensity led to waste of energy rather than more degradation of pollutant,
so the suitable light intensity is a critical point to save energy and ensure comparable
results in all measurements [13]. Much research was studied about the effect of
temperature on photocatalytic process. Gaya et al found that the photocatalytic
reaction temperature can change the recombination of electron hole charges [14].
Herrmann et al. showed that pollutants can be efficiently adsorbed on the TiO; surface

at temperatures below 80°C [15].

Among semiconductors materials, titanium dioxide (Ti0O;) is the most extensively
used photocatalyst material because of its semiconductor properties, which make it
an excellent choice for photocatalysis applications utilizing solar or other sources of
irradiation. [16]. TiO; has several advantages such as nontoxic, water insolubility,
hydrophilic, cheap, and stable. Moreover, it can also be sustained on a variety of
substrates, including: fibers, stainless steel, glass, and inorganic materials [17] . This
property can allow it to be reuse and apply in practical. In nature, TiO: consists of
three phases such as rutile, anatase and brookite [18]. In these phases, anatase phase
have gotten much interest because of its properties such as high photoactivity, low-
cost, stability, and negative conduction band potential [ 19]. Although, TiO has many
advantages compared to other semiconductor photocatalysts, it has a high energy

band gap (anatase phase and brookite phase: 3.2 eV and rutile phase: 3.0 eV) which
4



can only absorb light in the UV region. In general, solar light constants of 5%
ultraviolet (UV), 43% visible light and 52% harvesting infrared so TiO», which
restricts TiO; actual environmental application under visible or solar light irradiation
[20]. Further, the fast recombination of electron-hole pairs and the phase transform
from anatase phase to rutile phase in high temperature can reduce the photocatalytic
activity [21]. To solve these problems, researcher have developed several methods to
modify TiO» for enhancing its activity under visible light irradiation such as doping
metal and nonmetal ion [22], coupling with other semiconductors materials [23] and
surface modification with inorganic substances [24]. By substituting oxygen atoms
from TiOx's lattice and decreasing its band gap, doping metal/nonmetal ions could
increase the absorption light range of TiO, from UV to visible [25]. This change
results in the enhanced photocatalytic activity of TiO,. Similarly, coupling with other
semiconductor and modifications surface of TiO, also play a critical role to improve
the activity of TiO,. These different methods have also gotten promising results,
however, the development of an alternative photocatalyst which can respond in
visible light region are the trend for today’ photocatalysts field. Graphitic carbon
nitride (g-Cs3Ni), a suitable alternative, has emerged as the next generation
photocatalyst in the field of energy conversion and global pollution. The details of g-

C3N4 were discussed in section 1.2

1.2 Introduction of graphitic g-CsNy

An effective photocatalysts should have an appropriate energy band structure to
enable to absorb light and efficient charge transfer. In comparison with others
photocatalysts, g-C3N4 have received much attention as a non-metal semiconductor
due to its properties such as suitable band gap energy, facile synthesis, and high
stability [26]. g-C3N4 is not a new photocatalyst material, in fact, it was first used for
H, evolution by Wang et al [27]. The C3N4 have seven different phases: a-C3Na, B-
CsN4, cubic CsNg, pseudo cubic CsNg4, g-h-triazine, g-o- triazine and g-h-heptazine
with different band gap energy: 5.49, 4.85, 4.30, 4.13,2.97, and 2.88 eV, respectively

[28]. Triazine (C3N3) and tri-s-triazine/heptazine (C¢N7) rings were discovered to be

5



the fundamental tectonic units for constructing allotropes of g-C3Na. ( ).
When comparing with TiO,, g-C3N4 have a suitable band gap energy 2.7-2.8 eV
which make it have visible-light absorption ability. Moreover, the g-C3N4 also have
a stable chemical structure and is not dissolved by acid, alkaline, or organic solvents
under ambient conditions. g-CsN4 is thermally stable up to 600°C in air and
decomposed to C and N upon heating above 600 to 900°C [29]. With all its properties,
g-C3N4 become a promising photocatalyst which can use for water splitting and

decomposition pollutants under visible light irradiation.

z
Z

T L ' fo jol
A SRR

N\

Figure 1.2 (A) Triazine and (B) tri-s-triazine (heptazine) structures of g-C3Nj.

Because g-C3N4 was demonstrated as a promising photocatalyst, many efforts were
carried out to synthesis g-CsN4. In general, g-C;N4 was often synthesized using
nitrogen-rich precursors such as melamine [30] , urea [31], thiourea [32], cyanamide
[33], and dicyandiamide [34] ( ). The g-CsN4 obtained from different
precursors show contradictory photocatalytic performance and the correlation
between morphology, surface area, and photoelectrochemical characteristics of g-
CsNy is frequently incomplete. However, the obtained g-CsNjy is the bulk materials

with several drawbacks such as small surface area, high electron and hole pairs



recombination rate, and low electrical conductivity. To overcome these drawbacks,
several strategies have been used to enhance the photocatalytic efficiency of g-C3Ny
such as doping noble metal [35], metal [36], nonmetals [37] or coupling with other
semiconductors [38], and controlling morphologies. Among them, controlling the
morphology of g-CsN4 photocatalysts is a potential method since it can expand the

material's specific surface area [39].

Melamine 550°-580°C
(C5HgNsg)
Cyanamide M‘ﬁ 550°
(CH,N,)
Dicyandiamide 550° Thermal
(C,H,4N,) Polymerization
Graphitic carbon nitride
(g-CsNy)
Urea u o
o “'Yixﬁ 520°-550°C
Thiourea
(CH,4N,S) 450°650C

Figure 1.3 Summarize the synthesis process of g-C3N4 by thermal polymerization
of different percussors.

From previous reports, bulk g-CsN4 has poor photocatalytic efficiency because of its
small surface area and fast electron and hole pairs recombination rate. g-C3;N4
nanosheets obtained from delamination of layered compounds have becoming widely
attractive. In g-C;N4 photocatalysts, nano structural engineering was widely used to
adjust the morphology, porosity, structure, surface area, and size of photocatalyst.
[40]. Much research about g-C3N4 nanosheets were carried out to find out an effective
synthesis method. Exfoliation technology was developed as a popular method. Zhang

et al successful synthesized g-C3N4 nanosheets from g-C3N4 bulk by water exfoliation



[41]. Lin et al produced g-CsNs nanosheets by mixed solvent exfoliation and
ultrasonic dispersion for 10 hours [42]. Moreover, the g-C3N4 nanosheets could be
prepared by thermal exfoliation method from g-C3;N4 bulk. Dong et al prepared CN-
nanosheets by directly thermal exfoliation of urea [43] . Niu et al applied thermal
oxidation etching of bulk g-Cs;Ny in air to generate g-C3Nsnanosheet [44] . In general,
synthesis of g-C3;N4 nanosheets consisted of two steps. Firstly, g-C3N4 bulk would be
synthesized from nitrogen-rich percussors. After that, liquid exfoliating, ultrasonic
dispersion, or thermal exfoliation in a certain environment, are used to make ultrathin

nanosheets.

Many researchers have been focusing on developing a one pot synthesis technique
that uses a self-supporting or additive environment as a bubble template to reduce the
number of experimental steps and enable large-scale manufacture of g-C3Ny
nanosheets. Dong et al prepared g-C3N4 nanosheets by directly thermal treatment of
urea through prolonging retention time [45] . Urea is a low-cost and active precursor
for synthesis g-C3;N4 nanosheets, but this approach has the drawback of a poor yield,
which would prevent its application in large scale. For example, Liu et al. were carried
out the simple thermal treatment method of urea to synthesis g-CsNy, but the yield of
this experiment was only 4% [46]. Zhang et al synthesized porous g-CsN4 by thermal
treatment of dicyandiamide precursor using urea as bubble template [47]. Some
research used melamine as precursor, but the yield was not mentioned. Using
sublimed sulfur as a soft-template agent, He et al created porous g-C3N4 by heating
condensation of melamine [48]. Sun et al synthesized mesoporous g-C3;N4 nanosheets

from carbonated beverage-reformed commercial melamine [49].

Although, numerous efforts have been employed to produce g-C;N4 nanosheets,
almost of the current methods are often low-yield and time-consuming. A new
alternative way to obtain g-C3N4 nanosheet with high yield and high photocatalytic
efficiency is still very much necessary. In this study, we developed a simple one step
method for synthesis g-C3N4 which achieve of high quality and high activity. The raw

material used in our study were melamine and different ammonium salts. In



polymerization of melamine at high temperature, ammonium salts released chemical
gases which blew polymers into numerous large bubbles and obtained g-C3;N4
nanosheets. This method brings several advantages such as economic, scalable
production and high activity. The obtained g-CsN4 nanosheets enhanced specific
surface area and achieve improved electron transport ability and its characteristics

will be investigated in detailed.

1.3 Scope of the research

This objective of this study is to find out a one-step method of synthesis g-C3;Ny4
through thermal polycondensation of melamine with high-yield and high
photocatalytic activity. To achieve this objective, the following approaches had been

carried out:

(1) Synthesis g-CsN4 nanosheets by using melamine and ammonium
chloride through one-pot synthesis with increased photocatalytic
efficiency under visible light.

(2) Using different ammonium salts in synthesis process of g-CsNj to
study the effect of different ammonium salts to this process.

(3) Investigating the photocatalytic efficiency of the as-synthesized
catalysts through the photodegradation of rhodamine B under visible
light.

1.4 Organization of the Thesis

This thesis is divided into four chapters. Chapter 1 is a brief introduction as
presented above. In chapter 2, the materials and method for synthesis of catalyst is
described. Chapter 3 presents the results of photocatalytic activity test and
characterization of as-prepared samples. Chapter 4 summarizes the key findings of

this research.



CHAPTER 2: MATERIALS AND EXPERIMENTS

2.1 Materials

The chemicals which were used in this study included in following table:

Table 1 List of chemicals

No | Name of chemical Chemical formula Purity | Company

1 Melamine CsHgNg 99.5% | Junsei

2 Ammonium chloride | NH4Cl 99.5% | Junsei

3 Ammonium sulfate (NH4)2S04 99% Kanto

4 Ammonium acetate CH;COONH4 97% Junsei

5 Rhodamine B C2sH31 CIN:O3 95% Sigma-Aldrich
6 Triethanolamine CsH15NO3 98% Sigma-Aldrich
7 p-Benzoquinone CsH40; 98% Sigma-Aldrich
8 Isopropyl alcohol (CH3),CHOH 99.5% | Samchun

9 Ethanol C,HsOH 99.9% | Duksan

10 | Distilled water H>O

2.2 Synthesis of catalysts

2.2.1 Synthesis of bulk g-C3N4

Bulk g-CsN4 powder was produced like a previous study with minor modifications
[50]. In detailed, the bulk g-C3;N4 was synthesized following the typical procedure:
melamine was placed in a semi-closed alumina crucible with a lid and heated to

550°C with heating rate 10°C min ~' for 3 h. After cooling to room temperature, the
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obtained product was thoroughly washed several time with distilled water and dried

at 80°C for 12 h. This obtained sample was donated by CN-bulk.

4 550C for 3h

Melamine = | CN-bul H
,--'"_'JJ

—_—

Figure 2.1 Scheme of synthesis CN-bulk

2.2.2 Synthesis of CN-nanosheets using melamine and ammonium
chloride

The g-C3;N4 nanosheets was synthesized following same condition of the bulk by
using melamine and ammonia chloride. Firstly, equal amounts of melamine and
ammonium chloride were mixed in an agate mortar. The key to success for this
method is fully mixed. Next, the mixture was placed into a crucible with a lid and
calcined in a furnace at 550°C for 3 h with a heating rate of 10°C min~". After cooling
the obtain product to room temperature, it was crushed into powder. Lastly, the
powder was washed many times using distilled water and dried by vacuum drier at

80°C for 12 h. The g-C3N4 nanosheets was donated by CN-nanosheets.
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Figure 2.2 Scheme of synthesis CN- nanosheets.

2.2. 3 Synthesis of g-C3N4 modified with different ammonium salts.

The g-C3Nsmodified with different ammonium salts were carried out under the same
condition with CN-nanosheets from melamine and ammonium chloride by using
ammonium sulfate and ammonium acetate substitute ammonium chloride. The
obtained products from ammonium sulfate and ammonium acetate were donated as

CN-(NH4)2S0O4 and CN-CH3COONHa4, respectively.

2.3 Characterization

The crystalline structure of the obtained g-CsN4 samples were analyzed using X-ray
diffractometer (XRD) (Rigaku (Ultima 1V)). The morphology was measured by a
transmission electron microscope (TEM, JEOL(JEM-F200)). Fourier transform
infrared spectroscopy (Bruker (CARY 600)) was used for investigating the chemical
bonding status. UV-visible spectrometer (JASCO (V-670)) were used to measure
ultraviolet-visible (UV-vis) absorption spectra of the sample. Photoluminescence

spectra (PL) were measured using a fluorescence spectrometer (Horiba (Fluorolog-

QM)).

12



2.4 Photocatalytic activity test for rhodamine B

To investigate photocatalytic efficiency of all the samples, the photocatalytic
decomposition of rhodamine B (RhB, 20 mg L™") under visible light were measured
using a 300W Xe-arc lamp and 400 nm UV cut-off filter. Before the light was turned
on, 12.5 mg catalyst was dispersed with 25 ml RhB solution (20 mg L™") and magnetic
stirred. During photocatalytic process, Iml of solution was taken at time interval of
(0, 15, 30, 60, 90 ,150 and 210) min. The suspension was filtered using 0.22 mm
PTPE filter to eliminate solid particles. The decrease in the concentration of RhB
solution at time t is measured using UV-vis spectrophotometer at maximum
wavelength 554 nm. The efficiency (H) of organic dye was calculated by the

following equation:

H(%) = (1- £)x 100 (6)

Co
where, Cyis the initial concentration of RhB, and C;is the concentration of RhB at

time t (min).

2.5 Active species trapping experiments

The degradation of Rhodamine B is caused by active species generated during the
photocatalytic process, such as h+, O,"~, and OH’, which can be detected using an
indirect chemical probe method. Isopropyl alcohol (IPA), triethanolamine (TEA) and
benzoquinone (BQ were used as OH", h", and O, ~ scavenger [51]. The experiment
was carried out with the same procedure to the above photocatalytic experiments in
the presence of chemical agents. The chemical agents were added before the
beginning of the photocatalytic experiment. The concentration of IPA and TEA were
0.1 M while the concentration of BQ was 10~ M because the concentration of RhB

maybe difficult to determine by UV-vis spectra with higher concentration of BQ [52].

13



CHAPTER 3: RESULTS AND DICUSSION

3.1 Characterization

3.1.1 CN-Nanosheets

The morphology of CN-bulk and CN-nanosheets samples were studied by TEM and
shown in figure 3.1. The CN-nanosheets are transparent to electron beams due to their
thinner layer than CN-bulk [53]. Furthermore, the basic sheet edges roll up to
minimize the surface-energy of the sheet which trends similarly to previous study of

Niu et al [54].

Figure 3.1 TEM images of (a) CN-Bulk and (b) CN-nanosheets

14



The XRD patterns are shown in the figure 3.2. The XRD pattern of CN-nanosheets
revealed two distinct diffraction peaks which are at around 13° and 27.4°. These two
peaks are compatible with the graphite-like hexagonal phase of g-C3;N4 previously
study. [55]. These peaks indicated the as —prepared samples have the same crystal
structure of g-C3N4. The low peak corresponds the (100) plane at about 13.0°
corresponds to the structural stacking of tri-s-triazine units in the plane [56]. The
inter-layer stacking of conjugated aromatic systems is responsible for the typically
dominant peak approximately 27.4° ascribed to the (002) plane [57]. The (002) crystal
plane corresponds to a sharp diffraction peak in the CN-bulk at 27.45° while for CN-
nanosheets, the peak moved to 27.49°. That means that a shortened gallery distance
between the basic layer unit and could demonstrate that CN-nanosheets were formed
during the heat treatment of melamine and NH4Cl [58]. The peak's intensity rapidly
decreases, indicating that the crystallinity of CN-nanosheets is lower than that of CN-
bulk [59]. Besides that, the peak (100) down-shifts from 12.9° to 12.7°, corresponding
to an increase of the in-planar hole to hole distance, which ascribed to the promoted

planarization of g-C3Ny layers [33].

3e2) 12.7

12.9

(100)

CN-nanosheets

10 11 12 13 14 15

Intensity (a.u)

CN-bulk

10 20 30 40 50 GIO 7I0 80 25 26 27 28 29 30
2 Theta ( Degree )

Figure 3.2 XRD patterns of as-prepared samples.
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To investigate the surface functional group of the as-prepared CN-bulk and CN-
nanosheets, FT-IR spectroscopy were studied in the range 700—4000 cm™ (Figure
3.3). In general, there is no great difference between CN-bulk and CN-nanosheets in
the characteristic FT-IR spectra. These spectra confirmed that the CN-nanosheets still
maintained the same chemical structure as the bulk g-C3;N4[60]. In detail, the broad
peaks between 3000 cm™' and 3500 cm™' represents N—H stretching[61]. The set of
peaks between 1200 cm™' and 1600 cm™ are the vibrational absorption of aromatic
C—N heterocyclic units [62]. The sharp peak at round 800 cm™" is the characteristic
peak of the tri-s-triazine units which also confirmed in XRD spectrum [63].
According to the above observations, the crystal structure and chemical composition

of the CN-nanosheets as synthesized are largely like those of bulk g-C3Na.

ICN-nanosheets

c 'N Triazine

units

CN-bulk

%Transmittance

N-H

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 3.3 FTIR spectra of CN-bulk and CN-nanosheets.

To study the optical performance of CN-bulk and CN-nanosheets, UV-vis DRS was
used. The UV-Vis DRS spectrum of the as-prepared was shown in figure 3.4. The
absorption thresholds of the as-prepares samples (CN-bulk and CN-nanosheets)

16



occurs at 471 and 462 nm. This suggests that both CN-bulk and CN-nanosheets have
ability to efficiently utilize under visible light [64]. The optical absorption
performance of the as synthesized photocatalyst can be evaluated using the band gap
energy (E,). The Tauc equation can be used to compute E, of photocatalysts based on

their absorption spectra.[65].
ohv = A (hv—E,)"? (7)

where A o, hv and E, are a proportionality constant, the optical absorption coefficient,
a photo energy, and the band gap energy, respectively. The value of n is determined
by the type of optical transition that occurs in semiconductors: for direct transitions,
the number is 1, whereas for indirect transitions, the value is 4.[66]. Because g-C3;N4
is indirect semiconductor, the value of n is 4 and the derived bandgaps from the
(Ahv)*versus photon-energy plots, as shown in the figure (Figure 3.5) [67]. The band
gap energy of CN-bulk and CN-nanosheets were estimated as 2.68 eV and 2.78 eV,
respectively. Different band gaps can lead to different band gap levels, which can
have a significant impact on the photooxidation and reduction capabilities of g-C3Na.
Although the CN-nanosheets have larger band gap than CN-bulk, it means that CN-
nanosheets has the stronger redox capability than CN-bulk [39].
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Figure 3.5 Estimated band gaps of CN-bulk and CN-nanosheets.



The rate of photogenerated electrons and holes recombination in as-prepared
materials was investigated using PL analysis [68]. The recombination of electron hole
pairs can be radiative or non-radiative, and these processes can take diverse paths
with or without photon emissions [67]. Charge trapping at defect states within the
bandgap is common in nonradiative decays, whereas electron hole recombination
only contributes to PL band edge emission when photons are produced with energy
near the semiconductor bandgap [68]. The intensity of released photons is determined
by the type/structure of the materials and the rate of e/h” recombination, with a lower
PL emission intensity (at a fixed wavelength near the absorption wavelength)
indicating a lesser rate of e/h” recombination [69]. The PL spectra of the CN-bulk and
CN-nanosheets were excited at 360 nm and presented in the Fig . The emission
peaks of CN-bulk and CN-nanosheets located at around 455 nm and 460 nm which
are suitable with the results of DRS measurement. As shown in the figure, the PL
emission of CN-bulk is strong in the 450—460 nm region, whereas the emission
intensity of CN-nanosheets is much lower than CN-bulk. This change demonstrated
that the presence of NH4Cl has reduced the electron-hole pair’s recombination in the

sample.
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Figure 3.6 Figure 3.6 PL emission spectra under excitation at 360 nm.

All the samples have a broad PL emission that can be divided into three primary
Gaussian peaks (Figure 3.7). Three emission peaks at P; 440 nm, P,461 nm, and P;
499 nm for CN-nanosheets and at P, 440 nm, P, 464 nm, and P3494 nm for CN-bulk
which comes from the recombination of e /4" from distinct pathways in g-C3Na.
These recombination paths come from the sp> C-N 7 band, sp® C-N ¢ band, and the
lone pair state of the bridge N atom transitions [70]. The P3 peak position remains
approximately 467 nm, owing to the presence of NH» on the edge and a defect of C
==N [71]. It was demonstrated further in the above FTIR spectroscopy.
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Figure 3.7 Gaussian peak fitting of two samples PL emissions spectrums.

The proposed formation process of g-C3N4 nanosheets is shown in

. In the polymerization of melamine with the increase of temperature,
NH4Cl can released into the gases NH3; and HCL. These gases can blow
melamine polymers into many large bubbles and results in crinkly g-C3Ny

nanosheets
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Figure 3.8 The proposed formation process of g-C3N4 nanosheets.

3.1.2 g-C3N4 modified using different ammonium salts

To investigate effect of ammonium salts on synthesis process of the as-prepared
samples, they are characterized by TEM and shown in figure 3.9. In compared to CN-
bulk, all three samples g-C3N4 synthesized in the presence of ammonium salts have a
significantly thinner structure, as can be observed in TEM images. When the
composite precursors of melamine and ammonium salts were put to the furnace under
high temperature, ammonium salts start to decompose and generate gas bubbles such
as NHs, SO,, SO;, H>0O, and HCI, which can be role as dynamic gas template [72].
The nanosheet structure would be formed through the diffusion and explosion of gas
bubbles. This structure is expected to provide more active sites, which benefits

photocatalytic efficiency [73].
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Figure 3.9 TEM images of four samples using different ammonium salts.

XRD pattern was studied to explore the crystalline structure of four as-prepared
samples. From the figure 3.10, all samples have two distinct diffraction peaks of g-
C3Ny4 which are around at location 13° and 27.6° which are referred to the g-CsNy
diffraction peaks (JCPDS 87-1526) [74]. The plane structural packing pattern and
crystal planes of g-C3;Ny4 correspond to these peaks. It can be obviously seen that the
(002) peak of g-CsN4 modified with ammonium salts have trend to become weaker
and quite slightly towards high diffraction angle. The weaker of peak means that the
crystallinity of g-C;N4 decreased than CN-bulk. This change implied to porous

nanosheets structure.
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Figure 3.10 XRD pattern of four obtained samples.

The functional group of g-CsNs modified with different ammonium salts were
detected by FT-IR spectroscopy (Figure 3.11). In the FT-IR spectra, the typical peaks
are clear in all four samples. The spectra of all samples were considered in the range
700-4000 cm™. The broad peak between 3000 to 3500 cm™ is the stretching vibration
of N-H and -OH[61]. The strong peaks at 1200-1600 cm™' are attributed to the typical
tensile vibration mode of C-N heterocycles [62] . The sharp peak at 800 cm
represents the vibrational absorption of triazine unit [63]. From above results, the

existed functional groups of four as-prepared were confirmed as the g-CsNa.
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Figure 3.11 FTIR spectra of four samples.

To investigate the optical properties of four samples, UV-vis DRS spectra was
measured. The UV-Vis DRS of all samples is shown in figure 3.12. The absorption
thresholds of CN-bulk, CN-NH4Cl, CN-(NH4)>SO4, and CN-CH3COONH, were
estimated as 472 nm, 463 nm, 456 nm, and 477 nm. This implied that all four samples
can absorb visible light. The band-gap transition is responsible for range of absorption
light, according to the UV-Vis DRS absorption edges [63]. The optical properties of
the photocatalyst can be evaluated using the band gap energy (Eg). The Tauc equation

can be used to compute E, of photocatalysts based on their absorption spectra[65].
ohv = A (hv—E,)"? (7)

where a, A, hv and E, are the optical absorption coefficient, a proportionality constant,
a photo energy, and the band gap energy respectively. The value of n is determined
by the type of optical transition that occurs in semiconductors: direct optical
transitions have a value of 1, whereas indirect optical transitions have a value of 4
[66]. Because g-C3Ny is indirect semiconductor, the value of n is 4 [67]. The band

gaps energy of four as-prepared samples was estimated based on the UV-vis DRS
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data. The derived bandgaps from the (Ahv)? versus photon-energy plots was shown in
the figure. The band gap energy of CN-bulk, CN-NH4Cl, CN-(NH4)>SO4 and CN-
CH;COONH;4 were estimated as 2.63, 2.72, 2.76 and 2.62 eV (Figure 3.13). Varying
band gaps can lead to different band gap levels, which can have a big impact on g-
C3N4 samples 's photooxidation and reduction capacities. Even though CN-
(NH4)2S04 as a biggest band gap, CN- CN-(NH4),SO4 has a higher redox capability
than other samples [39].
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Figure 3.12 UV-visible DRS spectra.
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Figure 3.13 Estimated band gap of four as-prepared samples.

PL spectra are used to study the separation and recombination of photogenerated
charge carriers. The PL spectra of four samples were excited at wavelength of 360
nm. All the samples have clear PL emission peaks located around 440nm to 460nm
(Figure 3.14). Three g-C3N4 samples which modified using ammonium salts have a
weaker peak in PL spectra than CN-bulk. This decline of intensity could indicate that
charge carrier recombination has been effectively prevented. The reduction in PL
intensity can also be attributed to the sample's increased structural flaws and lower

crystallinity.
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Figure 3.14 PL spectra of four as-prepared samples.

All the samples have a broad PL emission that can be divided into 3 primary Gaussian
peaks (Figure 3.15). Three emission peaks at P; 440 nm, P, 461 nm, and P3 499 nm
for CN-nanosheets; at P; 440 nm, P, 464 nm, and P; 494 nm for CN-bulk; at P, 438
nm, P»461 nm, and P3 496 nm for CN-(NH4),SO4; at P; 442 nm, P»465 nm, and P;
500 nm for CN which results from the recombination of e /2" from different
pathways in g-C3N4. The sp> C-N 7 band, sp® C-N o band, and the lone pair state of
the bridge N atom transitions contributed these recombination paths come [70]. P3's
peak position remains approximately 467 nm, owing to the presence of NH» on the

edge and a defect in C==N [71]. FTIR spectroscopy can be used to further confirm it.
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Figure 3.15 Gaussian peak fitting of four samples.

3.2 Photocatalytic activity test

3.2.1 CN-nanosheets for photodegradation of Rhodamine B under
visible light

The photocatalytic efficiency of the CN-nanosheets which was synthesized with
ammonium chloride was tested using the experiment of RhB degradation under
visible light irradiations. The photocatalytic performance of all samples was shown
in the . It can see that CN-nanosheets which was made from melamine and
ammonium chloride has higher than photocatalytic performance of bulk g-C;N4. RhB
self-degradation without photocatalyst is almost negligible. After irradiation of 210
min, the degradation efficiency percentage of RhB is approximately 63% and 98%
for bulk g-CsN4 and CN-nanosheets. The results implied that CN-nanosheets has

greater photocatalytic efficency than bulk g-C3Na.
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Figure 3.16 Photodegradation rate of RhB under visible light. Condition
experimental: [Catalyst] = 0.5 gL ™', [RhB] = 20 mgL™", V=25 mL, Light
wavelength > 400 nm.

To investigate the absorption of the dye on the catalyst surface, the experiment was
carried out with the same process with photocatalytic activity test without the light
irradiation. Firstly, catalysts were dispersed on the RhB solution (20 mgL™") with
catalyst dosage 0.5 gL™". The solution was stirring under dark using magnetic stirring
and 1 ml samples was taken at interval time (0, 15, 30, 60, 90, 150, and 210 min).
From the figure 3.17, the absorption of Rhodamine B on the catalyst surface are
negligible and the absorption-desorption equilibrium can be reached after lhour-

stirring.
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Figure 3.17 The absorption of RhB on the catalyst surface. Condition experimental:
[Catalyst] = 0.5 gL', [RhB] = 20 mgL™", V=25 mL, In dark.

The UV-vis absorbance spectra also were studied to explore the degree of
mineralization of RhB during the photodegradation reaction. It can be found that the
absorption peak of RhB changed from 554nm to a shorter wavelength and the strength
dropped in CN-nanosheets under visible light (Figure ). With CN-nanosheets, the

change is much stronger than CN-bulk, this demonstrated the higher activity of g-

C3N4 nanosheet.
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Figure 3.18 The UV-vis spectrum of RhB solution at interval time. Condition
experimental: [Catalyst] = 0.5 gL ™', [RhB] = 20 mgL™", V=25 mL, Light
wavelength > 400 nm.

The photocatalytic degradation kinetic also was studied using first-order reaction.
The rate of change of concentration in a first-order kinetic model is supposed to be

proportional to the concentration at a given instant. As a result, for a first-order
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photocatalytic degradation with concentration Ct at time t, the difference equation is

given as
dac,

Where kis called rate constant with the dimension of inverse of time, normally as s

[75]. With initial condition Cy at t = 0, the solution of differential equation (8) can be

written as
C, = Cy.e7 ¢ )

To fit first-order kinetic models to experiment data, the least-squares approach is used.
When the variables are redefined, linear regression can be simply used to first-order
kinetic models. For the kinetic model of first order:

—Ingt=k.t (10)

0

When the logarithmic term is utilized as the fitting function, the above equation can
be used to fit direct linear regression. The coefficient of determination is a number
that indicates how well the regression line approximates the real data points [76]. The
R? coefficient of determination is defined as

SSres
RZ = 1 _Ftot (11)

Where SS;,; is the total sum of squares and SS,., is the sum of squares of residuals:

SStot = Z?:l(}’i - y)z ’ SSres = Z?:l(}’i - fl)z (12)

Here, n is the number of experiments data, y; is ith experimental values, y is the mean
experimental values and f; stands for ith modeled value. The value of R» is usually
between 0 and 1. A high coefficient value indicates that the observations are better
suited. The first-order kinetic of two samples for photodecomposition of RhB was
shown in the . The degradation rate constant of CN-nanosheets under

1

visible light irradiation was 0.0211 min™, which is approximately 4.7 times that of
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CN-bulk. The photocatalytic oxidation ability of CN-nanosheets is significantly
greater than that of CN-bulk, according to the RhB photodegradation experiment.
This result is because the CN-nanosheets has greater specific surface area and a

longer visible light absorption range compared to CN-bulk.
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Figure 3.19 First-order kinetic for photodegradation of RhB under visible light.
Condition experimental: [Catalyst] = 0.5 gL', [RhB] = 20 mgL™"', V=25 mL, Light
wavelength > 400 nm.

From all above experiments, some parameters of two sample CN-bulk and CN-
nanosheets were listed in the table 2. Under visible light, it is obvious that CN-
nanosheets produced in the presence of NH4Cl have remarkable photocatalytic
activity. The significant improvement in photocatalytic oxidation and reduction
capacity is explained by the higher separation and transfer efficiency of carrier by
CN-nanosheets, as well as the more reactive sites from its structure. CN-nanosheets
efficiently eliminated the limits of the g-C3N4's recombination rate of photogenerated
electrons and hole pair, low specific area, and provides new ways to improve

applications.
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Table 2: Comparison CN-bulk and CN-nanosheets

Samples NH4CI E, (eV) H (%) k (min™")
CN-bulk No 2.68 63% 0.0045
CN-nanosheets Yes 2.78 98% 0.0211

Condition experimental: [Catalyst] = 0.5 gL ™', [RhB] = 20 mgL~"', V=25 mL, Light
wavelength > 400 nm; Eg: bandgap energy of catalyst, H: degradation efficiency,
and k: degradation rate constant.

The influence of CN-nanosheets dosage on Rhodamine B decomposition was
investigated by adjusting the dosage of CN-nanosheets in the photocatalytic reaction
from 0.1 to 0.9 g L™ in the photocatalytic reaction for 210 min (Figure 3.20). The
results show that as the amount of catalyst increase up to 0.9 g L™, the degradation
efficiency of Rhodamine B nearly increased up 99%. The number of photon
absorption sites increased as the amount of catalyst increased. This led to increase the

photodegradation rate of Rhodamine B.
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Figure 3.20 Effect of catalyst dosage on photodegradation of Rhodamine B.
Condition experimental: [Catalyst] = 0.1 — 0.9 gL ™', [RhB] = 20 mgL™", V=25 mL,
Light wavelength > 400 nm.
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To find the optimal concentration for CN-nanosheets (using 0.5 g L™"), the effect of
initial concentration was evaluated at four different concentrations: 10, 20, 30, and
40 mg L. The results demonstrate that the percentage of photocatalytic degradation
is strongly reliant on the starting concentration of Rhodamine B (Figure 3.21). The
percentage of the removal Rhodamine B after 210 min under visible light irradiation
were 99.5%, 98.4%, 90.5% and 78.1% for an initial concentration of 10, 20, 30, and
40 mg L™' of Rhodamine B, respectively. On the one hand, at lower concentration
(10 mg L™"), the surface catalyst would absorb Rhodamine B molecules and after that,
the superoxide radicals (O’ ™) which were formed on the surface catalyst reacted with
Rhodamine B molecules. The concentration of Rhodamine B is low thus the number
of O, generated is enough to effectively degrade dye molecules. On the other hand,
the high Rhodamine B concentration could lead to shield of light and finally result in
limited production of electron-hole pairs and the number of superoxide radicals.
Moreover, at higher concentration, the dye molecules might block the across the

catalyst surface, resulting in a decrease in photocatalytic degradation percentage.
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Figure 3.21 Effect of initial concentration of RhB on the photodegradation rate.
Condition experimental: [Catalyst] = 0.5 gL ™', [RhB] = 10 —40 mg L™, V=25 mL,
Light wavelength > 400 nm.
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The experiment was carried out by adjusting the pH of the dye solution to investigate
how it affected the degradation of Rhodamine B. The concentration of Rhodamine B
was kept at 20 mg L™" and the mass of catalyst is 0.5g L™". pH was changed with
different value: 3, 5, 7, 9 and unadjusted. The figure 3.22 shows the results of
degradation percentage for every pH condition. The order of the removal efficiency

followingpH 3 >pH 5>pH 7 >pH 9.
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Figure 3.22 Effect of pH on the photodegradation rate of RhB under visible light.
Condition experimental: [Catalyst] = 0.5 gL', [RhB] = 20 mgL™!, V=25
mL, Light wavelength > 400 nm.

The reusability of a catalyst is a significant aspect in its effectiveness in practical
applications. In here, the reusability of CN-nanosheets was tested for 4 cycles. After
finishing each experiment, the catalyst was centrifuged using high-speed refrigerated
centrifuge machine and washed with ethanol and distilled water several times for next
experiment. The results are shown in the figure 3.23. The photocatalytic efficiency of
the photocatalyst decreased as the cycle was repeated. The removal percentage of
Rhodamine B at each cycle were 98%, 95%. 88% and 84%. These results are due to

the reduction of the catalyst in the centrifuging and washing process and the
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absorption of dye on the catalytic surface. Compared with the first cycle, the removal

percentage of Rhodamine B at the second cycle decreased moderately and

significantly at the third and fourth cycle.
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Figure 3.23 Photodegradation rate of CN-nanosheets over 4 cycles. Condition
experimental: [Catalyst] = 0.5 gL™!, [RhB] = 20 mg L™, V=25 mL, Light
wavelength > 400 nm.

In addition, the crystalline structure of the CN-nanosheets was also tested by XRD.

The crystalline structure before and after the reaction of materials is shown in the

. The results of the above analysis show that the crystal structure does not

change after the photocatalytic reaction.
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Figure 3.24 The XRD pattern of CN-nanosheets before and after over 4 cycles.

To better understand the mechanism, scavenging experiments were utilized to
discover the reactive species in the photocatalytic process. For each scavenger as as
h*, 0, 7, and OH’, triethanolamine (TEA), benzoquinone (BQ) and isopropyl alcohol
(IPA) were used. When TEA as h" scavengers was added to the mixture, the
degradation efficiency of the photocatalyst decreased significantly, as shown in figure
3.25; this change indicated the photogenerated holes have a crucial role in the RhB
degradation process. Furthermore, adding BQ to the mixture resulted in a significant
decrease in degradation efficiency, demonstrating that the presence of O," ™ reactive
species is critical for the improvement of photocatalytic activity for RhB degradation.
Surprisingly, the inclusion of IPA as a scavenger had only a little effect on the
degrading efficiency of CN-nanosheets. This result deduced that OH™ was the least
active species throughout the photoreaction. To make sure a highly effective for the
removal of organic contaminants in wastewater using photocatalytic system, the

concentration of scavenging chemicals such as TEA (amine-based) and IPA
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(hydroxyl-based) should be significantly reduced through physical or

biological pretreatment.
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Figure 3.25 Active species trapping experiments of CN-nanosheets in
degradation. RhB. Condition experimental: [Catalyst] = 0.5 gL™!, [RhB] =
20 mgL™', V=25 mL, Light wavelength > 400 nm.

The following is a detailed discussion of the likely predicted mechanism for improved
RhB degradation utilizing CN-nanosheets catalyst under visible light exposure. The
self-photo dye sensitization process is Pathway 1. In this process, the RhB molecules
absorb visible light and undergo their own oxidative transformation, resulting in the
direct creation of oxidizing OH radicals. RhB releases an electron from its valence
band to the conduction band under light irradiation, leaving RhB in an excited state
(RhB*) that can be singlet or triplet. This causes the photoinduced electron to be
injected into the CN-nanosheets' conduction band, where RhB* is transformed to the
radical cation RhB*+. As a result, RhB acts as a photosensitizer. The RhB"" radical
was degraded itself or by the formed reactive oxygen species. The conduction band

of CN-nanosheets is only used as an electron acceptor level in this process, while the
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valence band is left unused. The reaction pathways' mechanism is depicted in

the below equations:

RhB + hv — RhB" (13)
RhB* + g-C3Nys — RhB™+ g-C3N; (¢7) (14)
Or+e — 05~ (15)
RhB™ + O,"~ — Degradation products (16)

Pathway 2 of the degradation RhB is semiconductor mediated photodegradation
process. A photocatalysis mechanism is proposed and shown in the . To
begin, visible light is used to excite electrons from the VB to the CB of g-CsNa,
leaving holes on the VB. The electron-hole pairs are then generated and used in the
oxidation and reduction processes. The superoxide radical O," ~ and h" produced
during the reduction process interact with the organic pollutant Rhodamine B to

convert it to the non-toxic compound’s H>O and CO,.

g-CsNy+hv > h'+ e~ (17)
O+e -0 (18)
RhB + (0,7, h") — degradation products (19)
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Figure 3.26 The proposed mechanism for degradation of RhB using g-
CsN4 nanosheets when exposed under visible light exposure.

3.2.2 g-C3N4 modified using different ammonium salts

The photocatalytic efficiency of four samples was studied by the photodecomposition
RhB test. Figure 3.27 shows the photocatalytic performance of four different as-
prepared samples under visible light (> 400 nm). CN-(NH4):SO4 which was
synthesized from melamine and ammonium sulfate has highest activity with the
removal percentage 99% after 210 min. The g-CsN4 synthesized from melamine and
ammonium chloride also shown excellent performance with 98% of Rhodamine B
removal while the removal percentage are only 67% and 63% with g-CsN4 from
melamine and ammonium acetate and CN-bulk. This implied that synthesizing g-

C3N4 with ammonium salts can increase its photocatalytic activity.
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Figure 3.27 Photodegradation rate of Rhodamine B using four as-prepared samples
under visible light. Condition experimental: [Catalyst] = 0.5 gL™', [RhB] = 20 mg
L', V=25 mL, Light wavelength > 400 nm.

To investigate the absorption of the dye on the catalyst surface, the experiment was
carried out with the same process with photocatalytic activity test without the light
irradiation. Firstly, catalysts were dispersed on the Rhodamine B solution (20 mg L™")
with catalyst dosage 0.5 g L™'. The solution was stirring under dark using magnetic
stirring and 1 ml samples was taken at interval time (0, 15, 30, 60, 90, 150, and 210
min). From the figure 3.28, the absorption of Rhodamine B on the catalyst surface
are negligible and the absorption-desorption equilibrium can be reached after stirring

lhour.
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Figure 2 Absorption of Rhodamine B on the catalyst surface Condition
experimental: [Catalyst] = 0.5 gL ™', [RhB] =20 mg L', V=25 mL, In Dark.

The UV-vis absorbance spectra of four samples were also presented to illustrate the
rate of degradation of Rhodamine B (figure 3.29). The absorption peak of Rhodamine
B moved from 554 nm to a shorter wavelength under visible light irradiation, and the
intensity decreased. These changes imply that the ethyl group in RhB has been
eliminated. Finally, the absorption peak dropped, suggesting the destruction of RhB's
benzene ring [77] . As the results of the removal percentage, the change in CN-

(NH4)2SO4 has greatest, following CN-NH4Cl, CN-CH3COONH4 and CN-bulk.
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Figure 3.29 The UV-vis spectrum of Rhodamine B solution at interval time. Condition
experimental: [Catalyst] = 0.5 gL', [RhB] = 20 mgL ™', V=25 mL, Light wavelength >
400 nm.

The photocatalytic degradation kinetic also was studied. The rate of change of
concentration in a first-order kinetic model is supposed to be proportional to the

concentration at a given instant. For the first-order kinetic model, the decay of RhB

can be written as

—Ingt=k.t (20)

0

Where k is rate constant with the dimension of inverse of time (s™'), Co: initial

concentration of RhB, and C: concentration of RhB at time t. Under visible light
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irradiation, the degradation rate constant of CN-(NH4)>SOj is highest with 0.0197
min~', which is approximately 1.3 times that of CN-(NH4Cl), 3.71 times that of CN-
CH;COONH4 and 4.3 times that of CN-bulk ( ). The photocatalytic
degradation RhB confirms that the photocatalytic oxidation ability of CN-(NH4)2SO4
is highest. All g-C3N4 samples synthesized in the presence of ammonium salts

exhibited a higher degradation rate of RhB than g-C3N4 bulk.

= CN-Bulk )
4] ¢ CN-NH,CI L
4 CN-(NH,),SO, y=0.0197x% 0.105f
2
v CN-CH,COONH, R ;}2-95506
3 = ’,’ "a’
. 7" y=,0.0159x - 0.0616
-In(C/C,) W 7
o o7 y=0.0053x + 0.001
4 .’ 2_
14 R’= 09976 __.-3
o0 B - =0 - -~
P i e
N oeTT Y= 0.0046x - 0.009
A el R= 0.9943
oy T N T T T T T
0 50 100 150 200

Time (min)

Figure 3.30 First-order kinetic curves for photodegradation of Rhodamine B under
visible light. Condition experimental: [Catalyst] = 0.5 gL™, [RhB] = 20 mgL~', V=
25 mL, Light wavelength > 400 nm.

From all above experiments, some parameters of four sample CN-bulk, CN-NH4Cl,
CN-(NH4)2S0s4, and CN-CH3COONH,4 were listed in the table 3. It can be clearly
observed that all g-CsNs4 samples which was synthesized in the presence of
ammonium salts (NH4Cl, (NH4),SO4, and NH4CH3COO) have exhibited more
excellent photocatalytic efficiency than g-CsNs bulk under visible light. The
increased separation and transfer efficiency of carrier and the more reactive site from
its structure results to the significant improvement of photocatalytic oxidation and
reduction ability. In the synthesis process, ammonium salts in high temperature

generated some dynamic gases such NH3, HCI, SO4, H O which destroyed g-C3;Ny4

46



bulk into small molecules. This change effectively solved the limitations of CN-bulk
as the high recombination rate of photogenerated electrons a hole pair and low

specific area.

Table 3 Comparison of four as-prepared samples

Sample Ammonium salts | E; (eV) | H (%) k (min™")
CN-bulk No 2.63 63 % 0.0046
CN-NH4C1 NH4CI 2.72 98 % 0.0159
CN-(NH4)2S04 (NH4)2SO4 2.76 99 % 0.0197
CN-CH;COONH4 | CH;COONH4 2.62 67 % 0.0053

Condition experimental: [Catalyst] = 0.5 gL™, [RhB] = 20 mgL~', V=25 mL, Light
wavelength > 400 nm; E¢: bandgap energy of catalyst, H: degradation efficiency,
and k: degradation rate constant.

The influence of pH, catalyst dosage, and dye initial concentration in the
photocatalytic reaction was investigated using CN-(NH4).SO4 as objective. The
impact of catalyst dosage on the degradation of RhB (20 mg L™") was checked by
varying the concentration of CN-(NH4),SOs; from 0.1 to 0.9 g L' in the
photocatalytic reaction for 210 min ( 3.31). With the amount of catalyst increase
up to 0.9 g L', it takes only about 60 min to removal more than 90% of Rhodamine
B. While the removal efficiency was about 50% after 210 min with 0.1 g L™" of
catalyst. When the amount of catalyst increased, the number of photon absorption

sites also grew up. This made the photodegradation of Rhodamine B took place faster.
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Figure 3.31 Effect of CN-(NH4).SO;4 dosage on the photodegradation rate of RhB.
Condition experimental: [Catalyst] = 0.1 —0.9 g L', [RhB] =20 mg L™', V=25
mL, Light wavelength > 400 nm.

To explore the influence of initial concentration of dye, the photodegradation of RhB
using CN-(NH4)2SOs (dosage: 0.5 g L™") was carried out at four different initial dye
concentrations: 10, 20, 30, 40 mg L™" (figure 3.32). The figure shows that the initial
concentration of dye has significant impact to the removal percentage of Rhodamine
B. The removal percentage after 210 min under visible irradiations were 99.5%, 99%,
95.5%, and 89.9% for initial concentration of 10, 20, 30, and 40 mg L™ of Rhodamine
B. On the one hand, at lower concentrations (10 mg L™"), the surface catalyst would
absorb Rhodamine B molecules and then react with Rhodamine B molecules via the
superoxide radical (O, ™) generated on the surface catalyst. Because the concentration
of Rhodamine B is low, the amount of superoxide radical produced is sufficient to
destroy dye molecules effectively. On the other hand, a high Rhodamine B
concentration could cause a light shield, limiting electron-hole pair generation and

the quantity of hydroxyl radicals produced. Furthermore, at larger concentrations, the
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dye molecules might block the across the catalyst surface, resulting in a decrease in

photocatalytic degradation percentage.
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Figure 3.32 Effect of initial concentration Rhodamine B for photodegradation rate
under visible light. Condition experimental: [Catalyst] = 0.5 gL™', [RhB] = 20
mgL™', V=25 mL, Light wavelength > 400 nm.

The experiment was carried out by adjusting the pH of the dye solution to evaluate
the influence of starting pH on Rhodamine B degradation. The Rhodamine B
concentration was fixed at 20 mg L™, and the catalyst mass was 0.5g L™ Different pH
values were used in the experiments as 3, 5, 7, 9, and unadjusted. The figure 3.33
show the percentage of degradation for each pH condition. Following pH 3 >pH 5 >
pH 7 > pH 9, the order of removal efficiency is pH 3 >pH 5 >pH 7> pH 9.
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Figure 3.33 Effect of pH on photodegradation of Rhodamine B. Condition
experimental: [Catalyst] = 0.5 gL', [RhB] = 20 mgL™", V=25 mL, Light
wavelength > 400 nm.

The reusability of a catalyst is a crucial factor in its applicability in application areas.
The reusability of CN-(INH4)>SO4 was investigated for four cycles in this study (figure
3.34). After each experiment, the catalyst was centrifuged using high-speed
refrigerated centrifuge machine and washed many times with ethanol and distilled
water before moving on to the next cycle. The results are depicted in the figure. The
photocatalytic activity of the material declined as the cycle was repeated, as can be
shown. Each cycle had a removal percentage of Rhodamine B of 99.5%, 96.5%, 89.2%
and 86.4%. This is due to the catalyst being reduced during the centrifuging and

washing processes, as well as dye absorption on the catalytic surface.
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Figure 3 Photodegradation rate of Rhodamine B over 4 cycles using CN-
(NH4)>SO4. Condition experimental: [Catalyst] = 0.5 gL', [RhB] = 20 mgL™"', V=
25 mL, Light wavelength > 400 nm.

XRD was also used to evaluate the crystalline structure of the CN-(NH4)2SO4. The
exhibits the crystalline structure before and after the reaction of materials.

The results of the following analysis show that after the photocatalytic reaction, the

crystal structure does not change.
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Figure 3.35 XRD pattern of CN-(NH4),SO4 before and after over 4 cycles

To further understand the mechanism of photocatalysis, scavenging experiments
were utilized to identify reactive species in the process. As h', O,'~, and OH’
scavengers, triethanolamine (TEA), benzoquinone (BQ), and isopropyl alcohol
(IPA) were used. When TEA as h' scavengers and BQ as O, ~ were added to the
mixture, the degrading efficiency of the photocatalyst decreased significantly, as
shown in figure 3.36. This meant that the reactive species h” and O, played a key
role in increasing photocatalytic activity for Rhodamine B degradation. When IPA
was introduced as a scavenger, however, there was only a little influence on the
degrading efficiency of CN-nanosheets. The results showed that during the
photoreaction, OH" was the lowest active species. To make sure a highly effective
photocatalytic system in the removal of surface organic contaminants, the presence
of scavenging chemicals such as TEA (amine-based) and IPA (hydroxyl-based) in
wastewater treatment systems should be minimized through physical or biological

purification processes.
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Figure 3.36 Active species trapping experiments of CN-(NH4)>SOy4 in degradation
Rhodamine B. Condition experimental: [Catalyst] = 0.5 gL ™', [RhB] = 20 mgL ™",
V=25 mL, Light wavelength > 400 nm.

On the basic, the possible expected pathway to photodegradation of RhB using CN-
(NH4)2SO4 catalyst are the same with the mechanism of degradation of RhB using
CN-nanosheets under visible light which were discussed in detail above. Pathway 1
is the process of self-photo dye sensitization. The RhB molecules absorb visible light
and undergo their own oxidative transformation, resulting in the direct generation of
oxidizing radicals in this photosensitization process. RhB releases an electron from
its valence band to the conduction band under light irradiation, leaving RhB in an
excited state (RhB*) that can be singlet or triplet. This causes the photoinduced
electron to be injected into the CN-(NH4),SO4' conduction band, where RhB* is now
transformed to the radical cation RhB*". As a result, RhB acts as a photosensitizer.
The RhB*" radical was degraded either by itself or by the reactive oxygen species
that generated. The conduction band of CN-(NH4)>SOs is reduced to an electron
acceptor level in this method, while the valence band is neglected. The reaction

pathways' mechanism is depicted in the diagram below.
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RhB + hv — RhB" 1)

RhB" + g-C3sN; — RhB™ + g-CsN; (¢7) 22)
O+e -0 (23)
RhB*" + 0,"~ — Degradation products (24)

Pathway 2 of the degradation RhB is semiconductor mediated photodegradation
process. A photocatalysis mechanism is proposed and shown in the . To
begin, visible light is used to excite electrons from the VB to the CB of g-CsNa,
leaving holes on the VB. The electron-hole pairs are then generated and used in the
oxidation and reduction processes. The superoxide radical O," ~ and h" produced
during the reduction process interact with the organic pollutant Rhodamine B to

convert it to the non-toxic compound’s H>,O and CO,.

-CsN4 (NH4)2804) + hv — h' + & 4)
O,+e -0 (25)
RhB + (0,7, h") — degradation products (26)
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Figure 3.37 The proposed mechanism for degradation of RhB using CN-
(NH4)2SO4 when exposed under visible light exposure

55



CHAPTER 4: CONCLUSION

In this thesis, we synthesized g-C3N4 using melamine and different ammonium salts

to degrade organic dye under visible light. Some conclusions can be summarized as

following;:

(1) Successfully prepared g-C;N4 nanosheets by one-step pyrolysis process of
melamine and ammonium chloride.

(2) NH4Cl was used as a dynamic gas template in solid-state processes which
help to form nanosheets structure of g-C3Na.

(3) The degradation efficiency of g-C3N4 nanosheets is approximately 98%
after 210 min which significantly increased to compare to 63% of g-C3N4
bulk.

(4) Ammonium salts-assisted polycondensation for g-C3N4 have been
developed. In polymerization process, NH4Cl, (NH4),SO4, CH;COONHj4 as
a dynamic gas template to support the creation of a thin and porous g-C3Na,

(5) The order of the degradation efficiency is following CN-(NH4)>SO4> CN-
NH4C1 > CN-NH4CH3COO > CN-bulk (99%, 98%, 67%, 63%).

(6) The effect of catalyst dosage, pH, concentration of RhB on the degradation
efficiency using g-C3N4 nanosheets was also investigated.

(7) h" and "0 species were demonstrated as the critical reactive species for the

RhB.
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