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Abstract

Abstract

The photocatalytic oxidation process has been widely adopted for the decomposition
and degradation of organic pollutants, as well as for the generation of hydrogen through
the splitting of water molecules. Due to its environmentally friendly characteristics and
economic advantages, this process is gaining increasing significance in the treatment of
various wastewater types, particularly those originating from the textile, pharmaceutical,
and agricultural industries. However, the practical application effectiveness of semicon-
ductors has been restricted by their inherent limitations, including a wide bandgap, low
light absorption capability, and a high electron-hole recombination rate. These factors
collectively impede their photocatalytic efficiency. Ferroelectric materials, characterized
by a polar unit cell and the ability to display reversible spontaneous polarization upon the
application of an external electric field, have garnered significant attention. On the other
hand, there is a mounting interest in exploring the impact of ferroelectric polarization on
adsorption properties, encompassing both physical adsorption and chemical adsorption.
In this study, our objective is to explore the potential of ferroelectric materials for water

purification through adsorption and photocatalysis.

In this work, bismuth layer-structured ferroelectric Nag sBis sTi4015 (NBiT) has been
chosen as the based material due to its layer structure with strongly anisotropic ferroelec-
tric properties along the c-axis. Also, it is suggested that the reduced the optical band gap
and particle size can be promoted through acceptor doping. Fe** was chosen as the dopant

for replacing Ti*" in the NBiT nanosheets because they have comparable radii. 0, 1, 2 mol
P g y
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of Fe** and 0, 0.5, 1, 2 mol of excess Fe** are doped in NBiT nanosheets to fabricate

Nay sBissFexTis-xO15 + yFe (NBiFeT x-y, x=0,1,2; y=0,0.5,1,2) nanosheets.

To investigate the appropriate mole ratio of the salt mixture and product in molten
salt synthesis technique, NBiFeT 0-0 is synthesized using mole ratios of 1:15:15, 1:45:45,
and 1:60:60. Based on a comprehensive scanning electron microscope (SEM) analysis,
the optimal salt-to-product ratio as 1:60:60. As substantiated by X-ray diffraction (XRD)
patterns, all the NBiFeT nanosheets have the standard crystal structure of Nao sBi4.5T14O1s5.
Furthermore, an expansion of the lattice spacing of NBiFeT nanosheets is resulted after
the Fe (exact) doping, resulting in a shift of the XRD pattern towards lower 260 values.
Moreover, the doping induces a reduction in the particle size. Interestingly, it has been
found that an excessive amount of Fe leads to the creation of BiFeOs; (BFO), which can
improve the adsorption capability. The TEM analysis shows that the exposed plane of the
NBiFeT 0-0 nanosheets is primarily {001} facet. The ferroelectric property has also been
investigated by the dielectric properties and P-E loop measurements, in the form of ce-
ramic disk. As the temperature increases from room temperature to 100°C, observed rem-
nant polarization (P;) increase from 0.3 pC/cm? to 1.39 pC/cm?, while the observed satu-
rated polarization (Ps) from 1.4 uC/cm? to 3.3 nC/cm?. When Fe or an excess amount of

Fe is doped into the NBiFeT 0-0 nanosheets, the band gap decreases significantly.

Undoped and Fe-doped NBiFeT nanosheets have been studied for their photocata-
lytic performances. The results demonstrate a significant degradation rate of 98% for RhB
after 180 minutes of irradiation with NBiFeT 0-0 nanosheets. A hypochromic shift is ob-
served in the absorption maximum of the RhB solution during the photocatalytic degra-

dation process. The de-ethylation mechanism of RhB serves as a reliable indicator for the
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photocatalytic degradation process. Also, the investigation indicates that the inherent
spontaneous polarization within the NBiFeT x-y nanosheets contributes to the enhance-
ment of their photocatalytic performance. Moreover, an investigation into the effective-
ness of Fe-doped NBiFeT 0-0 nanosheets for photocatalytic degradation. The degradation
efficiency of RhB for NBiFeT 1-0 and NBiFeT 2-0 are 92% and 67%, respectively. About
the effect of excessive Fe doping on photocatalytic degradation, the degradation efficien-
cies of RhB are measured as 98%, 96%, and 90% for NBiFeT 0-0, NBiFeT 0-0.5 and
NBiFeT 0-2, respectively. The results highlight a decrease in photocatalytic performance
as the increased level of excess Fe doping. Moreover, the results of trapping experiment
of active species suggested that superoxide radicals (¢O2" ) is the main species in RhB
photocatalytic degradation. Then, the effect of pH values on photocatalytic performance
is examined. The surface activity of NBiFeT 0-0 nanosheets exhibit optimal behavior at
a pH of 7.1. Conversely, under alkaline conditions with a pH of 11, the abundance of

hydroxyl groups (OH") hinders the occurrence of the adsorption effect.

The adsorption capability of Fe-doped NBiFeT 1-0 nanosheets is investigated.
Among all the nanosheets, the NBiFeT 1-1 nanosheets exhibit the highest adsorption ca-
pability, which can adsorb 92% of RhB. The adsorption capability increases after Fe dop-
ing, while the adsorption efficiency of NBiFeT 0-0 is 7% and NBiFeT 1-0 is 67%. On the
other hand, the adsorption capability of NBiFeT 2-0 is measured as 22%. The decrease in
adsorption capability observed in NBiFeT 2-0 nanosheets should be attributed to the re-
tardation caused by dye molecules within the pore channels. To study the effect of excess
Fe doping on adsorption, NBiFeT 1-y (y=0,0.5,1,2) nanosheets have been used. The result

demonstrates that by increasing the level of excess Fe doping, the adsorption capability
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increased. This should be attributed to the high concentration of Fe, which has the poten-

tial to react with Bi during the synthesis process, leading to the formation of BiFeOs. It
has been reported that BiFeOs-coated material can enhance the adsorption capability. Ad-
ditionally, the pH value of the RhB solution also exerts an influence on the adsorption. In
an alkaline system, almost no dark adsorption occurs. Conversely, the adsorption capa-
bility experiences an enhancement in an acidic environment attributed to the attractive
force between nanosheets and RhB dye. Finally, Ni and Eu are doping into the NBiFeT
1-1 nanosheets to enhance their magnetic properties. The M; value increases from the
initial 0.12 emu/g to 1.22 emu/g after the Ni, Eu doping. However, it is important to note
that the adsorption capability of NBiFeT 1-1 decreases from 92% to 81% after the mag-

netism enhancement.
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Chapter 1 Introduction

Environmental pollution poses a significant challenge to modern societies, particu-
larly concerning the treatment of wastewater, as industrial production continues to rise.
In recent years, the improper handling and unauthorized discharge of colored effluents
from industries such as textiles, food processing, papermaking, and related sectors have
exacerbated environmental issues [1]. According to Yao et al., the textile industry around
the world uses up more than 10,000 tonnes of dyes every year, with an estimated 100
tonnes/year being released into water streams [2]. The contamination of groundwater and
surface water by these colored effluents poses a potential threat to drinking water sources.
Due to their affordability and a vast variety of color variations, synthetic dyes, also known
as artificially created dyes, have largely supplanted natural dyes in today's world. The
molecular structure of dyes encompasses highly complex arrangements, often character-
ized by aromatic rings, contributing to their heightened stability and comparatively slower
biodegradability [3]. For certain types of dyes, even at low concentration (1 ppm) in water
bodies, their presence is readily observable. This has an adverse effect on the ecosystem's
aesthetic value as well as its photosynthetic activity. Moreover, specific dyes or their by-
products have been identified as having toxic, mutagenic, and carcinogenic properties [4],
[5]. They can gravely injure people by interfering with their central nervous, brain, repro-
ductive, and renal systems [6]. Therefore, it is essential to develop effective techniques

for removing dye from wastewater.
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While various techniques exist for water purification, such as activated carbon

adsorption [7], chemical oxidation [8], and biological treatments [9], the potential of fer-
roelectric materials in adsorption and photocatalysis for dye removal has gained attention
in recent years [10], [11], [12]. Ferroelectric materials, with their unique polarization
properties, exhibit promising characteristics for interacting with dye molecules through
electrostatic forces. This interaction can enhance the adsorption capability and selectivity
of the materials. Moreover, the integration of ferroelectric materials into photocatalytic
systems can lead to improved charge separation, enhanced light absorption, and pro-
longed charge carrier lifetimes, resulting in more efficient dye degradation. Recent re-
search studies show that substances with spontaneous polarization exhibit increased ef-
fectiveness in photocatalytic reactions [12]. For example, Liu et al. have reported that
when compared to KNbOs3, polarized KNbOs has a photocatalytic efficiency for the deg-
radation of PE and PP that is about 210% and 140% higher [13]. Dunn et al. reported
LiNbOs exhibits ferroelectric properties that enhance the photocatalytic degradation of
RhB [14]. Also, Zhang et al. have studied that the ferroelectric property of LiNbO3 can
enhance the attractive force between the surfaces and the D-cysteine molecules. [15]. The
purpose of this research thesis is to investigate the utilization of ferroelectric materials in

the water purification through adsorption and photocatalysis.

The first part of this chapter will provide a succinct overview of ferroelectric ma-
terials. The functioning mechanisms of adsorption and photocatalysis will next be ex-
plored. The most typical dye in industrial applications will next be discussed. Finally, this

study's objectives and motivations will be laid forth.

]
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1.1. Introduction of ferroelectric material

Ferroelectric materials show reversible spontaneous polarization due to their polar
unit cell when an external electric field is applied [16]. The atomic arrangement of the
ions inside the crystal structure is what causes this switchable spontaneous polarization
to occur [17]. The perovskite group, the bismuth layer-structured group, the tungsten-
bronze group, and the ilmenite compounds group are four separate classifications for fer-
roelectric materials [18], [19], [20]. All of these have been extensively studied for differ-

ent applications, such as computer memory, energy harvesting and transducers.

As illustrated in Figure 1.1, BaTiOs is a typical perovskite oxide within the ABO3
general formula [21]. Each A and B represents a single cation element or a compound
made up of two or more cations. The Pmsm space group, typified by a straightforward
cubic lattice with a basis of five atoms, is the ideal space group to which the high-sym-
metry structure adheres in its ideal state. The Ti ion is located in the center of this lattice,
surrounded by six oxygen atoms. These octahedra are arranged in a simple-cubic network,
where Ba atoms fill the larger holes to establish a coordination of 12 nearest neighbors
for each Ba atom. However, the cubic structure experiences structural frustration due to
the mismatch between the Ti and Ba positions within the holes, resulting in a minor polar
distortion. Each transition in BaTiO3 involves minor atomic displacements that are prin-
cipally controlled by the Ti ion's movement in relation to the oxygen octahedron network

and a macroscopic strain.
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cubic phase Pw tetragonal phase Paown

Paraelectric (> T.~120 °C) Ferroelectric (< T,)

Figure 1.1 The schematic diagram of BaTiO3, which exhibits a tetragonal phase in the

ferroelectric phase and a cubic structure in the paraelectric phase [21].

At lower temperatures, the majority of ferroelectric materials structurally change
from a paraelectric phase to a ferroelectric phase. The Curie temperature (T.) is the name
given to this transitional temperature [22]. The phase transition from the ferroelectric
phase to the paraelectric phase occurs when the material is heated over the Curie temper-
ature [18]. As illustrated in Figure 1.1, when BaTiOs is subjected to temperatures above
120 °C, it exists in a cubic paraelectric phase, where the Ti atom remains at the geometric
center of the structure. Consequently, the crystal structure becomes symmetric, leading

to the loss of net polarization and the ferroelectric properties of BaTiOs.
1.1.1. Bismuth layer-structured ferroelectrics

Bismuth layer-structured ferroelectrics (BLSFs) have garnered significant attention
alongside the ABOs-type perovskite piezoelectric materials [23]. Dating back to 1949,

Aurivillus et al. synthesized a series of mixed bismuth oxides with the formula

(Bi202)*"(An-1BuOsn+1)*, where A represents the A-site cation exhibiting 12-coordinate
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perovskite structure, B denotes the cation with octahedral coordination, and n signifies
the number of octahedral layers. Ordinarily, the pseudo-perovskite layer (An.1BnOsn1)*
with Bi*" at the A-site which interleave with the fluorite layers (Bi»02)*" along the c-axis,
exhibiting strongly anisotropic ferroelectric properties [24]. The BLSFs can be catego-
rized into four main groups: (1) BisTi3012, (2) BisTiNO9 (N = Nb, Ta), (3) MBi4Ti14015
(M = Ca, Sr, Ba, Ko Bios, Nao.sBios), and (4) MBi2N2Og (N = Nb, Ta) [19]. By varying
the value of n (Fig. 1.2), different material systems can be obtained, where larger n values

correspond to lower Curie temperatures and higher piezoelectric constants.

n=1 n=2

CaBi,Nb,0, Bi,TiL,O,,  CaBiTiO,

Figure 1.2 The schematic diagram of bismuth layer-structured ferroelectrics [19].

The bismuth layer-structured ferroelectric materials offer numerous advantages.
Their well-organized layer-structured effectively prolong the lifetimes of photogenerated
carriers and inhibit the recombination of photoinduced carriers [25]. For example, the

oxidation and reduction sites are distinctly segregated and isolated on the surface and
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edges of the unit layer, facilitating the diffusion of photogenerated electrons and holes to

the surface within short distances [26]. Therefore, the holes generated in the layer struc-
tured only need to diffuse a small distance to carry out the oxidation process. This fast
hole-trapping process enables electrons to freely and efficiently. Recent studies have
demonstrated that exposed polarized facets enhance the photocatalytic performance of
bismuth layer-structured ferroelectrics (BLSFs) by inducing internal space modifications.
For instance, BisTi3012 nanosheets with {001} facets exhibit superior efficiency in de-
grading RhB compared to irregular particles [27]. Additionally, the inherent polarization
of Bi2O2(OH)(NOs) nanosheets with active surfaces of {001} makes it easier to separate
and transfer photogenerated carriers, leading to exceptional performance in the degrada-
tion of a variety of industrial pollutants and medicines [28]. In the study, the BLSFs ma-

terials are chosen as adsorbents and photocatalysts.
1.2. Introduction of Photocatalysis

The photocatalytic oxidation process has gained widespread adoption for the decom-
position and degradation of organic pollutants, as well as for the generation of hydrogen
through water molecule splitting [29], [30], [31]. This process utilizes a photocatalyst
capable of harnessing solar energy to start and facilitate specific reduction and oxidation
(redox) reactions without being consumed. Due to its environmentally friendly nature and
economic benefits, this process is becoming increasingly important in the treatment of
wastewaters, particularly those generated by textile, pharmaceutical, and agricultural in-
dustries. It has been effective in degrading highly concentrated toxic pollutants with com-

plex chemical compositions and low biodegradability.

In general, photocatalysts with suitable band gaps can utilize solar energy to generate

electron-hole pairs. When incoming photons collide with a semiconductor's surface and
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have energy equivalent to or more than the semiconductor's bandgap energy, the electrons

are excited from valence band to the conduction band. Therefore, the holes will create in
valence band after this transition. These holes have the capacity to oxidize donor mole-
cules and interact with water molecules to produce hydroxyl radicals, which have a potent
oxidizing effect and are in charge of degrading contaminants. On the other hand, the con-
duction band electrons interact with dissolved oxygen species, leading to the formation
of superoxide ions. These carriers play a crucial role in inducing redox reactions. A sche-
matic representation of the semiconductor photocatalytic mechanism is depicted in Figure

1.3 [32].

'Dz Reductio
“( process
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Figure 1.3 The fundamental working principle of photocatalysis [32].

Titanium dioxide (TiO») is a semiconductor oxide material that has been exten-
sively studied for its potential uses in photocatalytic applications, such as fuel production,

environmental remediation, artificial photosynthesis, and microbial disinfection. This is

]
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largely due to its remarkable stability [33]. However, their effectiveness in practical ap-

plications has been limited by their inherent drawbacks, such as a wide bandgap, low light
absorption capacity, and high electron-hole recombination rate, which hinder their pho-
tocatalytic efficiency. For example, the bandgap of most of the semiconductor oxides are
wide (> 3 eV) that limits their solar energy absorption to less than 8% of the solar spec-
trum. To address these limitations, various strategies, such as doping and heterojunction
formation, have been explored to improve the performance of photocatalysis. Among
these strategies, composite photocatalysts with heterojunction interfaces have garnered
significant attention as they can mitigate the major challenge of high electron-hole re-
combination rates [33], [34]. Heterojunctions are typically formed by combining semi-
conductor photocatalysts with noble metals (e.g., Au/Ti02) and/or other semiconductors
(e.g., Sn02/Ti0Oz). Due to the different Fermi energy levels, an internal electric field is
generated at the junction, resulting in the separation of photo-generated electron-hole
pairs and facilitating their migration towards the surfaces for redox reactions. However,
relying solely on heterojunctions can introduce technical and production challenges re-
lated to stability and compatibility. Therefore, there is a strong need for a single-phase
material with a permanent and controllable internal electric field, which would eliminate
the complications associated with heterojunctions. Such a material would exhibit an in-
herent electric field throughout its structure, not limited to a thin heterojunction layer,
enabling the efficient separation and transfer of photo-generated charges to the surfaces

for redox reactions.

In addition, there is much research on perovskite ferroelectric materials in photo-
catalysis. For instance, Zhang et al. have studied the photocatalytic activity of Gd-doped
BiFeOs (BFO) nanoparticles [35]. Figure 1.4 shows the photocatalytic degradation of
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Rhodamine B (RhB) as a function of the irradiation time under visible light for the as-
prepared pure BiFeO; and Gd-doped BiFeOs samples. The result shows that only 22% of
RhB can be degraded by pure BiFeOs. It is due to the high recombination rate of the
photogenerated electrons and holes in BFO [36]. Therefore, there are some methods to
enhance the photocatalytic performance including doped materials and formation of het-
erojunctions [37], [38]. However, these methods may also produce the challenges related

to stability and compatibility mentioned above.
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Figure 1.4 The photocatalytic degradation of Rhodamine B (RhB) as a function of the
irradiation time under visible light for the as-prepared pure BiFeO3 and Gd-doped

BiFeO3 samples [35].

As mentioned, bismuth layer-structured ferroelectrics with spontaneous polariza-
tion have the ability to enhance the lifetime of photo-carriers, which is beneficial for ad-
dressing the aforementioned issues. Figure 1.5 presents schematic diagrams illustrating
the possible photocatalytic mechanism for StBi»Ta,O9 (SBTO) with a ferroelectric polar-
ization field [39]. The layered structure of SBTO facilitates the transfer and separation of

photoinduced charges. Under light irradiation, photoinduced electrons mainly transport
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through (Am-1BmOs3m+1)*", while holes mainly transport through (Bi»02)*", and thus facil-
itating the reactions of the photoinduced charge carriers with absorbed antibiotics. Fur-
thermore, a significant polar reaction is induced by SBTO’s extremely anisotropic crystal
structure. There is a significant spontaneous polarization along the c-axis as a result of
the Ta-O octahedron's deformation and the perovskite B site's displacement. The photo-
induced electrons and holes can build up on opposing sides of the SBTO nanocube be-
cause of the internal electric field. Consequently, a greater number of photo-induced

charges can participate in the degradation process, thereby enhancing the efficiency of

photocatalysis.
o
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Figure 1.5 Schematic diagrams of SrBi2Ta>O9 (SBTO) under visible light irradiation [39].
1.3. Introduction of Adsorption

The process of atoms, ions, or molecules from a gas, liquid, or dissolved solid adher-
ing to the surface of another substance is referred to as adsorption. The material on which
adsorption takes place is known as the adsorbent, and the substance that collects at the
contact is known as the adsorbate [40]. Chemical adsorption and physical adsorption are
the two basic types of adsorptions. Chemical adsorption includes the creation of strong

chemical bonds, often by electron exchange, between the adsorbate and the adsorbent

CAI Haozhao 10



Q The Hong Kong Polytechnic University

Q& Chapter 1. Introduction

[41]. This kind of adsorption cannot be reversed. However, physical adsorption is reversi-

ble because of the weak van der Waals force between the adsorbent and adsorbate [41].
In most cases, adsorption on various adsorbents is primarily governed by physical forces.
The primary physical factors that govern adsorption include van der Waals forces, hydro-
gen bonds, polarity and dipole-dipole interaction [42]. Adsorption is widely recognized
as a preferred technique for wastewater treatment, particularly for dye removal, compared
to other conventional methods. This is mainly due to its advantages, such as low costs,
simplicity and the ability to remove most types of dye [43]. Researchers have proposed a
wide range of unconventional and affordable adsorbents, including natural materials, bi-
osorbents, and waste products from different sectors and agriculture. Some examples of
these reported adsorbents include clay materials, siliceous materials, agricultural waste
materials, and biosorbents [44]. However, the regeneration and disposal of the adsorbent
pose challenges. An ideal adsorbent should possess properties such as larger surface area

for higher adsorption capability, suitable pore size, and cost-effectiveness [45].

A increasing body of research is being done to determine how ferroelectric polariza-
tion affects the characteristics of both chemical and physical adsorption [46], [47], [48].
It is generally known that the domain orientation (¢'/c) is specific to electron-exchange
reactions at liquid-solid interfaces and that the orientation of dipoles can affect adsorption
and reaction processes on ferroelectric surfaces [12]. Recent studies have provided com-
pelling evidence for the enhanced adsorption capacity demonstrated by ferroelectric ma-
terials. Lin et al. conducted a study on BiFeOs/a-Fe>O3 core/shell composite and reported
a remarkable adsorption affinity towards MO molecules [49]. In this study, we anticipate
that the small particle size and layered structure of bismuth layer-structured ferroelectrics

(BLSFs) will enhance adsorption during the experimental process.
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1.3.1. Effect of solution pH

The pH value of a solution, or solution pH, is recognized as one of the key factors
influencing the adsorption capacity of adsorbents. The degree of adsorption efficiency
relies heavily on the pH value of the solution. Any changes in the pH value can lead to
changes in the ionization level of the adsorptive molecule and the surface properties of
the adsorbent [50]. Chowdhury et al. investigated the effect of pH value on the adsorption
capability Ananas comosus leaf powder [S1]. They observed that the maximum dye re-
moval ratio occurred at a solution pH of 10. The point of zero charge (pHp.c) is a crucial
metric that identifies the kind of surface active centers and their capacity for adsorption
[52]. It describes the pH value at which a material's surface charge is zero and is fre-

quently used to describe a surface's electrokinetic characteristics [52].
1.4. Introduction of Rhodamine B

Rhodamine B (RhB), classified as a xanthene dye, belongs to the category of cationic
dyes [53]. It has gained wide utilization in various industries due to its remarkable water
solubility, exceptional brightness, and good stability [54]. Additionally, RhB has been
found suitable for numerous biological applications [55]. The molecular structure of RhB
is depicted in Figure 1.6 [53]. RhB exists as a reddish-violet colored powder and pos-
sesses a molecular formula of CosH31N203Cl, with a molecular weight of 479 g/mol [56].
Among the xanthene dyes, it is recognized as the most toxic [57]. RhB demonstrates high
solubility in water and is commonly employed as a synthetic dye with a long history of
use [58]. RhB dyes offer certain advantageous qualities, but they also pose several envi-
ronmental and health risks. They are often harmful to the environment, neurotoxic, and

cancer-causing [56]. Moreover, RhB has the potential to irritate the respiratory tract, eyes,

|
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and human skin. RhB cannot be degraded in the absence of light due to its persistence.
Similarly, RhB cannot undergo degradation in the presence of light without the addition

of a photocatalyst [59].

Rhodamine B (RhB)

Figure 1.6 The structure of Rhodamine B [53].

Due to the detrimental health and environmental effects caused by RhB dyes, various
techniques have been employed to remove them from wastewater; however, these meth-
ods are not without limitations. As a result, alternative approaches are being investigated
for their efficient removal. Among these methods, photocatalysis and adsorption have
been extensively explored. Although these techniques have demonstrated effectiveness,
their implementation requires materials that can serve as both photocatalysts and adsor-
bents. Unfortunately, many of the currently available adsorbents and photocatalysts pos-
sess undesirable properties. Therefore, in this study, the utilization of ferroelectric mate-

rials as photocatalysts and adsorbents is being investigated.

1.5. Motivation of Research

Despite the potential of ferroelectric materials in dye removal, further research is
needed to explore their applications in adsorption and photocatalysis. Specifically, the
synthesis and characterization of ferroelectric-based adsorbents and photocatalysts, as

|
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well as their performance in removing RhB dyes, need to be investigated. Additionally,
the process optimization parameters, such as pH value and surface area, must be explored

to maximize the efficiency of dye removal using ferroelectric materials.

In this study, we will develop nanosheets based on bismuth layer-structured ferroe-
lectric Nao.sBi45T14015 (referred to as NBiT) for photocatalytic and adsorption applica-
tions. The crystal structure of NBiT consists of alternating layers of pseudo-perovskite
(Nag sBi25Tis013)* and bismuth oxide (Bi202)*" along the c-axis [19]. The spontaneous
polarization of NBiT arises from the simultaneous rotation of TiOe octahedra in different
modes. The displacements of the Ti ions contribute significantly to the polarization within
the pseudo-perovskite layers in the a-b plane. The insulating paraelectric layers composed
of (Bi202)*" contribute to the electronic response, such as electrical conductivity. We an-
ticipate that the internal electric field generated by the spontaneous polarization can be
efficiently separated photo-induced electron-hole pairs. Specifically, electrons can be
transferred to the pseudo-perovskite (Nag sBi2sTisO13)* layers, while holes can migrate
to the (Bi202)*" layers. This characteristic is highly advantageous for reducing the rate of
electron-hole recombination and ultimately enhancing the efficiency of photocatalysis.
Additionally, NBiT exhibits a high Curie temperature, around 668°C, above which the
spontaneous polarization diminishes, making it suitable for applications under harsh con-

ditions.

Based on the conduction and valence band structures, as well as the crystal structure,
the excitation across the bandgap in the NBiT involves a charge transfer process from
oxygen ions to Tiions in the TiOg octahedra. The efficiency of this charge transfer process
is influenced by the difference in electronegativities between these ions [60]. Due to the

low electronegativity of Ti compared to O (1.54 vs 3.44 on the Pauling scale), the bandgap
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of NBiT is wide (> 3 eV). In contrast, BiFeO3, which is extensively studied for photo-
voltaic and photocatalytic applications, exhibits a relatively narrow bandgap of approxi-
mately 2.7 eV, mainly attributed to the high electronegativity of Fe (1.83) [61]. Further-
more, by doping Fe into LaNiOs, the surface area can be increased, facilitating the for-
mation of a porous structure [62]. Consequently, the adsorption capability will be en-
hanced. Therefore, our intention is to modify the structure of NBiT by introducing a cer-
tain amount of Fe doping at the B-site. It is anticipated that even with a high doping level,
the Fe-doped NBIiT oxides will retain their ferroelectric characteristics at room tempera-

ture due to their high Curie temperature of 668°C.

1.6. Scope of work

The purpose of this research thesis is to investigate the utilization of ferroelectric
materials in water purification through adsorption and photocatalysis. The primary objec-

tives include:

(1) Developing the bismuth layer-structured ferroelectrics Nao.sBissFexTis..O15 + yFe

(NBiFeT x-y, x=0,1,2; y=0,0.5,1,2) nanosheets for dye removal, where x is the
amount of Fe doped, y is the excess amount of Fe doped.

(2) Assessing the photocatalytic efficiency of NBiFeT x-y nanosheets.

(3) Evaluating the adsorption capability and selectivity of NBiFeT x-y nanosheets.

(4) Optimizing the process parameters to enhance the performance of NBiFeT x-y
nanosheets in water purification.

The thesis consists of six chapters:
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Chapter 1 provides the background of dye pollution and the ferroelectric materials.

This chapter encompasses a comprehensive review of photocatalysis mechanisms in sem-
iconductor materials as well as bismuth layer-structured ferroelectric materials. Further-
more, the background of adsorption and Rhodamine B are thoroughly discussed. The po-
tential applications of bismuth layer-structured materials as both adsorbents and photo-

catalysts are explored. Lastly, the motivation and objectives of this study are given.

Chapter 2 introduces the synthesis process of the NBiFeT x-y nanosheets. Addi-tion-
ally, it offers the methods for characterizing the NBiFeT x-y nanosheets’ crystal structure,
grain size, optical properties, and surface area. The equipment setup for the measurements
of the dielectric, ferroelectric property, adsorption, and photocatalytic performance is also

provided in this chapter.

Chapter 3 gives the results of crystalline structure, particle size, dielectric, ferroelec-
tric properties of the NBiFeT x-y nanosheets. The studies of the relationship between the

ratio of salt mixture, grain size and surface area are also presented in this chapter.

Chapter 4 discusses the photocatalytic performance of the NBiFeT x-y nanosheets.
Different pH values of the dye solution are used for studying the relation of solution pH

and the photocatalytic performance of the NBiFeT x-y nanosheets.

Chapter 5 demonstrates the adsorption capability of the NBiFeT x-y nanosheets. The
adsorption capacities of the NBiFeT x-y nanosheets synthesized under different condi-
tions are compared. In addition, different pH values of the dye solution are used for stud-

ying the relation of pH values and the adsorption.

Chapter 6 provides the work's conclusion.
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Chapter 2 Methodology

2.1. Sample preparation

Nao.sBi4sFexTis-xO15+ yFe (NBiFeT x-y, x=0,1,2; y=0,0.5,1,2) nanosheets were syn-
thesized through molten salt synthesis (MSS). This approach allows for precise control
of the particle size of the sample while reducing the reaction temperature and time,
thereby conserving energy [63]. The choice of a smaller particle size for our samples is
crucial, as it results in a larger surface area, which can significantly enhance the photoca-
talysis performance and adsorption capability. A thorough mixture of the precursor pow-
ders including Bi203 (99.9%), TiO2 (99.9%), NaxCO3 (99%) and Fe203 (99.5%) in the
stoichiometric ratios was first prepared. The powder mixture will then be well mixed with
a salt mixture of NaCl and KCI. The mole ratio of nominal NBiFeT x-y nanosheets to the
salt mixture varies from 15 to 60 (1:M: M M=15,45,60.). The salt mixture will be com-
pletely molten at 800°C according to the eutectic point for facilitating the dissolution,
diffusion, and precipitation of the reactants to form the NBiFeT x-y nanosheets. Different
molar ratios were used to optimize the morphology and size of the nanosheets [27]. The
overall mixture was heated at different high temperatures (> 800°C) and durations (> 2 h)
in air for obtaining the nanosheets with optimum morphology and size. The mixture will
then be washed thoroughly with hot de-ionized water to remove the remaining salts. Fig-

ure 6 shows the process of the molten salt synthesis.

Additionally, a conventional solid-state reaction method was employed to fabri-
cate the NBiFeT x-y nanosheets into bulk ceramics for the characterization of dielectric

and ferroelectric properties.
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Figure 2.1 Flowchart of the critical steps of molten salt synthesis [63].
2.2. Characterization

2.2.1. Scanning electron microscope (SEM)

Analyzing specimen surfaces is the best choice with a scanning electron microscope
(SEM). To generate an image, it needs to project and scan a concentrated stream of elec-
trons across a surface. The standard configuration of a SEM is shown in Figure 2.2, which
also comprises the electron gun (electron source and accelerating anode), electromagnetic
lenses to concentrate the electrons, a vacuum chamber containing the specimen stage, and
a variety of detectors to gather signals emitted by the specimen [64]. Under the operation

mode, the SEM generates a highly focused beam of electrons that impacts the specimen
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inside a vacuum chamber. The sample is hit by this electron beam, which scatters primary
electrons, secondary electrons, backscattered electrons, and X-rays as well as other im-
portant signals. The majority of microstructural characterization investigations are based
on these signals since they are simple to gather, and plentiful. In this study, the morphol-

ogies and sizes of the samples were studied by SEM using a Tescan VEGA3 microscope.
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Figure 2.2 The standard configuration of a SEM microscope [64].
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2.2.2. Transmission electron microscope (TEM)

The ideal method for analyzing specimens' interior microstructures and assessing
nanostructures including particles, fibers, and thin coatings is transmission electron mi-
croscopy (TEM). The electron cannon, electrostatic lenses for focussing electrons before
and after the specimen, and a transmitted electron detection system are the main elements

of a TEM microscope [64]. Figure 2.3 presents a schematic illustration of TEM.

TEM images display variations in contrast based on the way electrons are illuminated,
scattered within the specimen, and transmitted through the post-specimen lenses, aper-
tures, and detection system. There have been several different modes developed to
achieve maximum benefit from transmission electron microscopy (TEM), including
bright-field imaging, high-resolution TEM, scanning TEM, and high-angle annular dark
field (HAADF) imaging. These modes make it possible to observe crystal structure, dis-

locations, and grain boundaries.

In this study, the morphologies and lattice constants of the samples were studied by

TEM using a JEOL-2100F electron microscope.
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Figure 2.3 The standard configuration of a TEM microscope [64].
2.2.3. X-ray diffraction (XRD)

One technique used to analyze the properties of various types of samples is X-ray
diffraction (XRD). This non-destructive method can be applied to powder, solid, and liq-

uid samples. XRD offers crucial insights into the phase composition, crystal structure,

|
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and orientation of materials [65]. Numerous substances are made up of microscopic crys-

tallites, and the chemical makeup and crystallographic structure of these crystals are re-
ferred to as the material's "phase". These materials can be composed of either one phase
or multiple phases, and may contain both crystalline and non-crystalline elements. X-ray
diffractometers can differentiate between various crystalline phases by their unique dif-

fraction patterns.

Incident beam Reflected beam

Figure 2.4 The working principle of X-ray diffraction [65].

Figure 2.4 illustrates the working principle of X-ray diffraction [65]. In X-ray gener-
ation, a high voltage is applied between the electrodes, causing electrons to be attracted
towards a metal target. Upon impacting with the target, X-rays are emitted in all directions.
These X-rays are then collimated and directed towards a finely ground powder sample.
When X-rays interact with a crystal lattice, scattering occurs. Each crystalline material
possesses a distinctive atomic structure, and therefore, it diffracts X-rays in a unique pat-

tern. Bragg's equation is employed to measure the angle of diffraction, which is given by

2dsin@ = nAi

where d represents the spacing between the planes, 0 is the incidence angle, n is the

order of diffraction, and A denotes the beam wavelength [66].
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In this study, X-ray diffraction patterns of the samples were collected by a Rigaku

SmartLab 9kW - Advance diffractometer over scattering angles from 20° to 80° using Cu

Ko radiation.

2.2.4. Piezoresponse force microscopy (PFM)

A potent method for describing the electromechanical coupling in piezo- and ferroe-
lectric materials is piezoresponse force microscopy (PFM). Electromechanical coupling
is an intrinsic property that plays a vital role in the functionalities of various material
systems [67]. For instance, piezoelectricity is a phenomenon where electric charges ac-
cumulate in a material when subjected to pressure or mechanical stress. This effect arises
due to the linear interaction between electrical and mechanical states in piezoelectric ma-
terials. Additionally, piezoelectricity can exhibit the converse effect, where motion is
generated in response to an applied electrical field. The presence of ferroelectricity can

be indicated by the PFM images and the PFM hysteresis loops [68].

PFM is based on the principles of atomic force microscopy (AFM). In this technique,
a conductive AFM tip applies a local voltage to the surface of the sample for inducing
deformation. This localized expansion or contraction causes deflection of the cantilever,
and the mechanical response is measured to determine the sample's piezoelectric proper-
ties, typically in the order of approximately 1-100 pm/V [67]. The measurement is per-
formed at a high frequency, where the voltage is applied as an AC voltage, and the de-
flection is measured using a lock-in amplifier at the same frequency. This can improve
the signal-to-noise ratio of the measurement, making the results more accurate and relia-

ble. Figure 2.5 shows the experimental setup of PFM.
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In this study, the ferroelectricity of the samples was evaluated through the PFM meas-

urement with Asylum MFP-3D Infinity.
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Figure 2.5 The schematic diagram of piezoresponse force microscopy [67].

2.2.5. Brunauer—-Emmett—Teller (BET)

A key method used to calculate the surface area of solid or porous materials is the
Brunauer-Emmett-Teller (BET) theory. This theory provides crucial insights into the
physical structure of materials, as the surface area plays a significant role in determining
how a solid interacts with its surrounding environment [69]. Many characteristics of a
material, including dissolving rates, catalytic activity, moisture retention, and shelf life,
are strongly correlated with its surface area. As a result, surface area analysis holds im-
mense importance in the design and manufacturing of solids, making it one of the most

widely utilized methods in material characterization.

The solid sample is first subjected to a vacuum during the surface area measurement.
Then, the liquid nitrogen is used to low down the experiment temperature. The solid sam-
ple acts as an adsorbent and is exposed to nitrogen gas in controlled increments. After
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each dose of nitrogen gas, the system is allowed to reach equilibrium and the weight of

the adsorbed nitrogen is measured. The relative pressure (P/Po) is monitored during the
process. This stepwise process allows the calculation of the surface area of the solid ma-
terial based on the amount of nitrogen adsorbed at different pressures. The BET equation
was depicted by:

X _ 1 X*(CBET—l)
V(1-x)  Vmm*CBET Vin*CBET

where V represents the volume of adsorbed molecules, Vi denotes the monolayer
volume, cpgpr represents the BET constant, and x represents the relative pressure

(P/Po)[70].

In this study, specific surface areas of the samples were measured by the BET method
using ASAP 2020 Automatic Micropore Chemisorption Physisorption Analyzer, equip-

ping with N> gas cylinder.
2.3. Optical band gap estimation

To determine the band gap of the samples, a UV-vis spectrophotometer (UV-2550,
Shimadzu Co.) was used. The samples were analyzed for diffuse reflectance across a
wavelength range of 300 nm to 800 nm. BaSO4 powder was utilized as a reference mate-
rial during the measurements. Figure 2.6 illustrates the setup of the diffuse reflectance
measurement. Subsequently, the band gap of the samples was estimated through the ap-

plication of the Kubelka-Munk (K-M) function and Tauc plot method.

|
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Reference Beam
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T white board

Sample Beam

Figure 2.6 The schematic diagram of diffuse reflectance measurement.

The Kubelka-Munk function below can be used to translate the observed reflec-

tance spectra into the matching absorption spectra [71]:

(1-R)? K
oUd= —- =

2R S
where K and S stand for the absorption and scattering coefficients, respectively, and
R is the observed reflectance. The optical bandgap was estimated using the Tauc's plot
after the absorption coefficient o was determined. The Tauc equation is expressed as fol-

lows:
(ahv)" = A(hv — E,)

where h is Planck’s constant, v is the frequency of the incident photons, A is the slope
of the Tauc's plot in the linear region and E; is the band gap energy. The types of electron

transition affects the n factor, where n=2 for the direct permitted transition and n=0.5 for
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the permitted indirect transition [71]. For example, Figure 2.7 illustrates the band gap of

TiO: [71].
0.4 -
—TiO,
------- fitted line
& 03-
3
=
D, 024
E
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e
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hv (eV)
Figure 2.7 The band gap of TiO2 (3.22 eV) which estimating by Tauc's plot.

2.4. Temperature dependence of dielectric properties

In order to explore the ferroelectric characteristics of the samples in the form of
ceramic disk, the temperature-dependent dielectric properties of the samples were deter-
mined. The sandpaper was used to smooth out the surfaces of the ceramics, then the silver
electrodes were coated on both even and polished surfaces and heated at a temperature of
750°C for 30 minutes. The ceramic samples were then placed on a temperature-controlled
probe stage (Linkam HFS600E-PB4) which connected to an impedance analyzer (Hewlett
Packard 4194A) for measuring the temperature-dependent dielectric properties. A Lab-
VIEW program was developed to regulate the stage's temperature and collect data from
the impedance analyzer. Figure 2.8 shows the setup of the temperature-dependent dielec-

tric measurement.

|
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Figure 2.8 The setup for temperature-dependent dielectric measurement.

2.5. Ferroelectric Hysteresis Measurement (P-E loop)

Apart from the temperature-dependent dielectric properties measurements, the
ferroelectric hysteresis measurement (P-E loop) can also be used to evaluate the ferroe-
lectric property. The remnant polarization (P;) and saturation polarization (Ps) of the ma-
terial can all be determined from the measured P-E loops. The modified Sawyer-Tower
circuit was utilized to obtain the P-E loops of ceramic samples at a frequency of 100 Hz.
The setup for the P-E loop measurement is shown in Figure 2.9. The ceramic sample was
submerged in silicon oil during the experiment to prevent electrical failure. Also, the ex-
periment was conducted at 100 °C for facilitating the switching the spontaneous polari-

zation or to “open’’ the P-E loop.
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Figure 2.9 The setup for the P-E loop measurement.

A function generator (HP 91164A) produced an AC voltage signal with a sinus-
oidal waveform, which was then amplified 2000 times using a high-voltage amplifier
(Trek 609D-R 20/20A). The charges produced by the sample were collected using a ref-
erence capacitor whose capacitance was 1000 times greater than that of the ceramic sam-
ple. Then, a digital oscilloscope was used to detect the voltages across the sample and the
reference capacitor. A LabVIEW programme was used to record the results. The polari-

zation (P) of the samples was calculated using the following equation:

where A is the silver electrode's area, C; is the reference capacitor's capacitance and

V) is the voltage applied across the capacitor.
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2.6. Photocatalytic measurements

The photocatalytic performance of the nanosheets were evaluated based on their ca-
pability to degrade organic dyes, such as rhodamine B (RhB). A predetermined amount
of NBiFeT x-y nanosheets (e.g., 0.4 g) was dispersed in a solution containing the dye
(e.g., 10 ppm, 100 mL). Before conducting the photo-degradation measurement, the so-
lution will be continuously stirred in the dark for 30 minutes to achieve an adsorption-
desorption equilibrium. During the measurement, the stirred suspension was irradiated at
a constant light intensity (e.g., 300mW/cm?) using a solar simulator with AM1.5 standard
spectrum (Newport 91160). At regular intervals (e.g., 40 minutes), a portion of the sus-
pension (5 mL) will be extracted. The nanosheets were be removed from this portion
through centrifugation, and the RhB concentration of the remaining solution was analyzed
using a UV-vis spectrometer (UV-2550, Shimadzu Co.). The degradation kinetics and
photocatalytic performance of the nanosheets were evaluated based on the changes in the

RhB concentration.

In this study, the intensity of the light transmitted through the solution was measured
and the absorbance at a wavelength of 554 nm was focused used to calculate the RhB
Concentration since the absorption band of RhB is 554nm [72]. For calibration purposes,
solutions with various RhB concentrations were prepared and the relationship between
the measured absorbance and the RhB concentration was determined and shown in Figure
2.10. The slop refers to the specific absorption coefficient and was used to calculate the

RhB concentration of the solution collected during the measurement as follows:

Absorbance(a. u.)

RhB trati L) =
concentration (mg/L) Spespecific Absorption Coefficient (Lmg=1 cm~1)

CAI Haozhao 30



Q The Hong Kong Polytechnic University
Q& Chapter 2. Methodology

Absorbance(a.u.)
= = N N o w
(e} ol (e) ol S (]
1 1 1 1 1 N 1
]

<
o
1

e
o
1

0 2 4 6 8 10 12 14 16 18
Concentration (mg/L)

Figure 2.10 Absorbance (peak at 554nm) against concentration.
2.6.1. Active species trapping experiments

To investigate the photocatalytic mechanism, main reactive species (radicals and
holes) were detected through radical scavenging experiments during the photocatalytic
process. EDTA (h" scavenger), benzoquinone ( *OH scavenger) and isopropyl alcohol
( *O2 " scavenger) were added into the photocatalytic degradation system for trapping the
holes (h"), hydroxyl radical ( *OH), and superoxide radical ( *O,"), respectively. In this
study, 1 mmol L™ of EDTA, benzoquinone and isopropyl alcohol were added into 100
mL RhB solution with 0.4g NBiFeT x-y nanosheets. The suspension was then irradiated
with a solar simulator for the same duration. Finally, the removal rate of the dye was

calculated to determine the main role of active species.
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2.7. Adsorption measurement

The dye-adsorption capability of the NBiFeT x-y nanosheets was evaluated based on
the amount of adsorbed RhB. A specific quantity of nanosheets (e.g., 0.4 g) was dispersed
in a dye solution (e.g., 10 ppm, 100 mL). Subsequently, the solution was continuously
stirred in the dark for 80 minutes, and at regular intervals, samples of the solution was
taken out. The dye concentration in the solution was analyzed using a UV-visible spec-

trometer.

2.7.1. Magnetic modification experiment

To enhance the magnetic recyclability of the nanosheets, Ni and Eu were added
to the NBiFeT x-y system for improving the magnetism. In this study, 0.1 mol Ni was
doped to replace Fe and 0.1 mol Eu was chosen to substitute for Bi. The magnetic prop-
erties of the nanosheets were evaluated based on the magnetic hysteresis loops determined

using a Quantum Design Physical Property Measurement System (PPMS).
2.8. Effect of pH value

The pH value of the dye solution was adjusted using different amounts of NaOH
solution in order to investigate the effect of the pH value on the photocatalytic and ad-
sorption reactions. Prior to adding the adsorbent and photocatalyst, the pH value of the
solution was varied within the range of 7 to 11 using NaOH solutions. Subsequently, 0.4
g of NBiFeT x-y nanosheets were introduced into a 10 ppm (100 ml) RhB solution for
evaluating the photocatalytic and adsorption performances and then the effect of the pH

value.
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Chapter 3 Characterization of NBiFeT x-y nanosheets

3.1. Introduction

In this chapter, the characterization results of the NBiFeT x-y nanosheets are dis-
cussed. As mentioned in Chapter 1, the surface area plays a crucial role in determining
the photocatalytic performance and adsorption capability. A smaller particle size led to a
larger surface area, which in turn enhances these properties. Hence, controlling the parti-
cle size during the synthesis process becomes essential. Previous research studies have
demonstrated that the particle size can be easily regulated by adjusting the amounts of
salt mixture in the molten salt synthesis [27]. In this chapter, the particle size analysis of
the NBiFeT 0-0 nanosheets synthesized with different M value are presented. The results
reveal a significant influence of the amounts of added salt mixture on the particle size,
which may subsequently affect the photocatalytic performance and adsorption capability
of the samples. Scanning Electron Microscopy (SEM) images show that the NBiFeT 0-0
nanosheets synthesized from a higher amount of added salt mixture exhibits a smaller

grain size, which is consistent with the findings of the previous research works.

Furthermore, the ferroelectric properties of the NBiFeT 0-0 nanosheets have been
explored through the P-E loop, Piezoresponse Force Microscopy (PFM), and dielectric

property analyses.

Additionally, this chapter also presents the material characterizations of the NBiFeT
x-y nanosheets doped with exact and excess amount of Fe. The results shed light on the
effects of Fe doping, in particular the excess doping of Fe, on the properties of the NBiFeT
x-y nanosheets. These results should provide valuable insights into the structural and
functional modifications induced by the doping process.

|
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3.2. Characterization of NBiFeT 0-0 nanosheets

3.2.1. Crystalline structure

The crystalline structure of the NBiFeT 0-0 nanosheets prepared by the solid state
reaction (SSR) method and prepared by molten salt synthesis (MSS) technique were sub-
jected to examination through X-ray diffraction (XRD) analysis. As illustrated in Figure
3.1, the XRD pattern of the NBiFeT 0-0 nanosheets synthesized by the solid state reaction
method is denoted as NBiFeT 0-0 (SSR) while those synthesized by the molten salt
method with different M values are denoted as NBiFeT 0-0 (M= 15, 45, or 60). The XRD
peaks observed in the range of 20°-80° for all the samples can be well matched with the
standard pattern of Nao.sBi45T14O015 (JSPDS NO. 74-1318), suggesting that the NBiFeT
0-0 nanosheets with well crystalline structures and phases have been successfully pre-
pared. More specifically, the major diffraction peaks observed for all the samples at 20
angles of 21.8°, 23.4°, 30.5°, 32.9°, 39.9°, 47.3°, and 48.6°, respectively. These XRD
peaks serve as a distinctive fingerprint of the crystalline structure of Nag sBis5T14O1s,
thereby confirming the successful fabrication of NBiFeT 0-0 nanosheets with different
amounts of added salt mixture. The XRD results then provide substantial evidence for the
desired crystalline structure and phase formation in the NBiFeT 0-0 nanosheets. For
NBiFeT (SSR), the additional diffraction peaks at 35.1° and 44.6° should be attributed to

the impurity Bi2Os.
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Figure 3.1 The XRD patterns of the NBiFeT 0-0 prepared by SSR and prepared by MMS

in difference M values (M=15,45,60) in the range of 20° - 80°.

._______________________________________________________________________________________________________________________|]
35

CAI Haozhao



qu The Hong Kong Polytechnic University

v Chapter 3. Characterization of NBiFeT x-y nanosheets

3.2.2. SEM image of the NBiFeT 0-0 nanosheets
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Figure 3.2 SEM micrograph of NBiFeT 0-0 nanosheets prepared by (a) SSR method and
MSS in different molar ratio of the NBiFeT nanosheets to salt mixture (b) 1:15:15 (¢)

1:45:45 (d) 1:60:60.

The SEM images provided in Figure 3.2 depict the diverse morphological character-
istics of the NBiFeT 0-0 nanosheets when synthesized with different amounts of salts
mixture. As demonstrated in Figure 3.2a, NBiFeT 0-0 (SSR), i.e., the sample prepared by
the SSR method, exhibits irregular particle shapes with a large dimension of 8-10 um. In

contrast, as shown isn Figure 3.2b-d, the nanosheets prepared by the MSS method, i.e.,

|
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NBiFeT 0-0 (M=15, 45, 60) exhibit notably uniform plate-like nanostructures. It is evi-
dent that the change in the amount of the added salt mixture can modulate the particle
size of the NBiFeT 0-0 nanosheets. As the added salt mixture M increases from 15 to 45
to 60, the average particle size decreases from 2.2 to 1.9 to 1.49 um. The reduction in the
particle size should be attributed to the increase in the mass transport distance between
the Nao.sBis.sT14015 nanosheets resulted from the higher content of the molten salts (larger

M values ), which could impede the growth rate of Nag sBis sTi4O15 [73].

Based on the SEM results and the synthesis process, a plausible explanation can be
put forth to elucidate the evolution of morphology in the synthesized materials under the
influence of different molten salts. In the absence of the molten salts, the NBiFeT 0-0
nanosheets may tend to aggregate through inter-plane connections in order to reduce sur-
face energy. This clustering tendency results in the formation of irregular nanosheets [74].
Conversely, the addition of the molten salts significantly curbs the formation of these

nanosheet clusters, then impede the growth of NBiFeT 0-0 nanosheets [75].

The findings show that by adjusting the amount of the binary molten salts (NaCl and
KCl) used, it is simple to vary the particle sizes of the NBiFeT 0-0 nanosheets by MSS
method. In line with theory, the reduction in the particle size is expected to lead to an
enhancement in the performance of photocatalytic degradation and adsorption. Conse-
quently, it is reasonable to anticipate that NBiFeT 0-0 (M=60) will engender higher effi-
ciency in adsorption and photocatalytic oxidative degradation of RhB. As a result,
NBiFeT 0-0 (M=60) will be used as the main material for the subsequent investigation of

the effects of Fe doping.
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3.2.3. TEM image of the NBiFeT 0-0 nanosheets

Transmission electron microscopy (TEM) and high-resolution transmission electron
microscopy (HRTEM) were employed to provide deeper insights into the microstructure
of the synthesized products. The TEM images of the NBiFeT 0-0 (M=60) nanosheet is
presented in Figure 3.3a. Clearly, the nanosheet is characterized by a rectangular mor-
phology and a particle size of 1.64 um, which is in good agreement with the SEM findings
as depicted in Figure 3.2d. Figure 3.3b shows the HRTEM images of the NBiFeT 0-0
(M=60) nanosheet. The lattice spacings, as discerned and marked, are measured as 0.272
nm, corresponding to the (1 1 0) atomic planes of Nag sBissTi4O15. The corresponding
selected area electron diffraction (SAED) pattern is shown in Figure 3.3c, illustrating that
nanosheet belong sto single crystals. Based on the results described above, the in-plane

surfaces of the nanosheet lie on (0 0 1) facets as shown in Figure 3.3d.

(a)

d(110)=0. 272 nm
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[001]

(d)

Figure 3.3 (a) TEM, (b) HRTEM and (¢) SAED images of NBiFeT 0-0 (M=60) nanosheet
prepared by MSS method at 800 °C calcined for 2 h (d) schematic illustration of the crys-

tal orientation of the NBiFeT 0-0 (M=60) nanosheet.
3.2.4. Temperature dependence of dielectric property

The temperature-dependent dielectric properties of the NBiFeT 0-0 (SSR) ceramic
sample were measured for investigating the ferroelectric characteristics. The dielectric
constant (&) of the sample was measured at a frequency of 1 kHz in a temperature range
ot 30°C to 400°C, giving the results shown in Figure 3.4. Notably, the observed &: exhibits
an incremental trend without exhibiting a discernible peak up to 400°C. As discussed in
Chapter 1, ferroelectric materials are typically associated with a transition from a ferroe-
lectric tetragonal phase (at low temperature) to a paraelectric cubic phase (at high tem-
perature). This phase transition is characterized by the Curie temperature (T¢). Below Tc,
er generally increases with rising temperature, reaching a maximum at the T. [76], [77],
[78]. Also, the Tc of Nao.sBi4.5Ti14015 is 668°C. Therefore, the lack of an observable phase
transition at temperatures below 400°C for the sample implies the presence of ferroelec-

tric property, including spontaneous polarization, at room temperature.

|
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Figure 3.4 Temperature dependence of dielectric constant of NBiFeT 0-0 ceramic at 1

kHz.
3.2.5. Ferroelectric Hysteresis Measurement (P-E loop)

The ferroelectric properties of the NBiFeT 0-0 (SSR) ceramic sample are demon-
strated through the P-E loop measurements. The P-E loops were obtained by subjecting
the NBiFeT 0-0 (SSR) ceramic to electric fields of 6 kV/mm and 8 kV/mm at a frequency
of 100 Hz under both room temperature and 100°C conditions. As depicted in Figure 3.5,
the P-E loops confirm the ferroelectric nature of the sample at room temperature. Notably,
when the P-E loop measurements were conducted at 100°C, a substantial widening of the
P-E loop was observed. Furthermore, increases in the observed saturated polarization (Ps)
and remnant polarization (P;) were noted when comparing the results obtained at room
temperature to those at 100°C. Specifically, the observed Ps for the sample increased from
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1.4 nC/cm? to 3.3 uC/cm?, while the observed P; increased from 0.3 pC/cm? to 1.39
nC/cm? when the temperature was raised to 100°C. Also, it is difficult to obtain the satu-
rated typical P-E loop since the coercive electric field of the sample is high, which means
it needs a higher electric field to switch the ferroelectric domains [79]. The coercive field
decreases with increasing temperature, so a substantial widening of the P-E loop was ob-
served at 100°C. This observation validates the consistency between the ferroelectric
characterization and the temperature-dependent dielectric property measurements, that

the sample exhibits the ferroelectric property at low temperature.

— NBiFeT 0-0 (100°C)
— NBiFeT 0-0 (room temperature)

Polarization(nC/cm?)
(]
|

Electric field(kV/mm)

Figure 3.5 The P-E Loops of NBiFeT 0-0 (SSR) ceramic at room temperature and 100°C.

]
CAI Haozhao 41



qu The Hong Kong Polytechnic University

v Chapter 3. Characterization of NBiFeT x-y nanosheets

3.2.6. PFM measurement

Figure 3.6 illustrates the topography and phase images of the polished NBiFeT 0-0
nanosheets, as captured through the PFM measurements. The topography of the NBiFeT
0-0 (M=60) nanosheets is depicted in Figure 3.6a, which is in agreement with the obser-
vations from TEM and SEM analyses. Additionally, the phase image presented in Figure
3.6b reveals distinct domains exhibiting different phase angles. Notably, the presence of
different polarization directions within a single sample is discernible from these images.
This observation substantiates the assertion that the NBiFeT 0-0 nanosheets indeed pos-

sess inherent ferroelectric properties.

Figure 3.6 (a)The topography and (b) phase images of NBiFeT 0-0 (M=60) nanosheets.

The image size is 1.63 x 1.63 pm?.
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3.3. Characterization of Fe-doped NBiFeT nanosheets

3.3.1. Crystalline structure

The XRD patterns of the NBiFeT x-0 (x=0,1,2) nanosheets are presented in Figure
3.7. The patterns show that the most intense peaks appeared of at 20 angles 21.8°, 23.4°,
30.5°,32.9°,39.9°, 47.3°, and 48.6°. These peaks align well with the standard reference
Nao.sBi4.5Ti4015 (JSPDS NO. 74-1318), confirming the well crystalline structures and
phases of the nanosheets. In comparing the XRD patterns of the doped (x=1 and 2) and
undoped (x=0) nanosheets, it can be seen that the diffraction peaks of the doped
nanosheets shift towards the lower 20 values. The shift, which increases with the dopant
content, should be attributed to the difference in ionic radius and valence between the
host ion Ti*" and the dopant Fe** [80]. The introduction of a new ion with distinct size
and valence induces notable lattice distortions. Moreover, the substitution of smaller ionic
radius Ti*" with larger Fe** leads to an expanded interplanar (d) distance in the doped
material [62]. These outcomes collectively affirm the successful incorporation of Fe*" in

the NBiFeT 0-0 nanosheets.

Furthermore, the XRD pattern of the NBiFeT 2-0 nanosheets contain an additional
peak at 20 of 22.4°, and 32°, which should be attributed to the existence of BiFeOs3 (BFO).
The increased proportion of Fe;O3; during synthesis likely enhances the likelihood of re-

action with Bi, resulting in the formation of BFO.
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Figure 3.7 The XRD patterns of the NBiFeT x-0 (x=0,1,2) prepared by MMS in the range

of 20° - 80°.
3.3.2. Surface morphology

The surface morphology of the NBiFeT x-0 (x=0,1,2) nanosheets has been investi-
gated using SEM, giving the result presented in Figure 3.8. All samples exhibit the char-
acteristic flat-plate structure typical of bismuth layered compounds. As depicted in Figure
3.8, the average particle size of the NBiFeT x-0 nanosheets varies from 1.49 um for x=0
to 3.82 um and 2.13 um for x=1 and 2, respectively. Notably, the average particle size of
the nanosheets displays a considerable change as the Fe doping content increases from 0
to 1. This phenomenon could be attributed to the expansion of the interplanar (d) distance
in the doped nanosheets [62]. Conversely, the average particle size of the nanosheets de-
creases as x increase from 1 to 2, implying that the added Fe*" restrains the growth rate
of the a-b plane perpendicular to the c-axis, thus impeding particle growth [80].

]
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Figure 3.8 SEM of NBiFeT x-y nanosheets (a) NBiFeT 0-0 (b) NBiFeT 1-0, (c) NBiFeT

2-0 nanosheets.

The particle size, shape, and lattice parameters were further evaluated through
TEM analysis. Figure 3.9 presents the TEM and HRTEM images of the NBiFeT 1-0
nanosheets. In Figure 3.9a, well-defined nanosheets exhibit a plate- like morphology,
with a particle size of 3.82 um. This observation corroborates the SEM findings as shown
in Figure 3.8b. Additionally, Figure 3.3b displays the HRTEM images of the NBiFeT 0-
0 nanosheet. The lattice spacing is measured as 0.392 nm, which is higher than that of the
undoped nanosheet. This outcome is consistent with the XRD analysis, the Fe-doping
increases the lattice parameter.

|
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(a)

d(110)=0. 392 nm

Figure 3.9 (a) TEM (b) HRTEM of NBiFeT 1-0 nanosheets.

3.3.3. PFM measurement

To assess the ferroelectric properties of the Fe-doped NBiFeT nanosheets, PFM
measurements were conducted. Figure 3.10 shows the topography and phase images of
the NBiFeT 1-0 nanosheet. As shown in Figure 3.10a, several nanosheets are stacked
together, displaying varying heights. Furthermore, the phase image presented in Figure
3.10b highlights distinct domains characterized by different phase angles. Notably, these
domains exhibit diverse polarization directions even at the same height level. This obser-
vation underscores that the ferroelectricity remains preserved in the nanosheets after the

Fe-doping.
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Figure 3.10 (a)The topography and (b) phase images of NBiFeT 1-0 nanosheets. The

image size is 1.5 x 1.5 um?.

3.4. Characterization of excess Fe-doped NBiFeT nanosheets

3.4.1. Crystalline structure

The XRD patterns of the NBiFeT x-y (x=0,1, y=0, 0.5, 1, 2) nanosheets are presented
in Figures 3.11 and 3.12. For all the patterns, the most intense peaks are observed at 20
of 21.8°, 23.4°, 30.5°, 32.9°, 39.9°, 47.3°, and 48.6°, which closely match the standard
reference Nao.sBissTi4O15 (JSPDS NO. 74-1318). Additionally, Figure 3.12 exhibits re-
sults similar to those of the NBiFeT 2-0 nanosheets (Figure 3.7). As the amount of excess
Fe doping (i.e., y) increases to 2, distinct peaks appear at 22.4° and 32°, suggesting that
the likelihood of BiFeOj3 generation increases with increasing the Fe content. The higher

Fe content, the more opportunities for reaction with Bi2O3 and the formation of BFO.
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Figure 3.11 The XRD patterns of the NBiFeT 0-y (y=0,0.5,1,2) in the range of 20° - 80°.
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Figure 3.12 The XRD patterns of the NBiFeT 1-y (y=0,0.5,1,2) in the range of 20° - 80°.
3.4.2. Surface Morphology of excess Fe-doped NBiFeT nanosheets

The microstructure of the excess Fe-doped NBiFeT nanosheets has been analyzed,
giving the results shown in Figures 3.13 a-d. A comparative assessment of the SEM sur-
face images of samples with different doping contents enables the observation of the im-
pact of excess Fe doping on the microstructure. Two notable effects are observed for the
excess doping process: reduction in particle size and emergence of BiFeOs (as previously
affirmed by XRD measurements). As shown in Figure 3.13a, the NBiFeT 1-0 (without
excess Fe doping) nanosheets exhibit an average particle size of 3.82 um. Subsequently,
the gradual inclusion of excess Fe induces a substantial reduction in particle size, as evi-

dent in Figures 3.13 b-d. As the excess Fe content increase to 0.5 to 1 to 2, the average
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particle size decreases successively to 0.58 pm to 0.35 um to 0.32 um. The size reduction
should be attributed to the accumulation of excess dopants at grain boundaries, impeding
the particle growth [81]. Furthermore, BFO begins to form on the surfaces of the NBiFeT
1-0.5, NBiFeT 1-1 and NBiFeT 1-2 nanosheets. This phenomenon agrees with the out-
comes of Tseng et al.'s research [49]. Tseng et al. have reported that Fe>O3 nanoparticles
selectively adsorb onto the surface of BiFeOs particles, creating raspberry-like core/shell
structures. Also, Shuang et al. reported that the BiFeOs coated on carbon fibers shows
smaller BFO particle size, leading to larger surface area [82]. These support the existence
of BFO as indicated in the preceding XRD pattern. Consequently, higher levels of excess
Fe doping promote an increased likelihood of BFO formation and adsorption onto the

NBiFeT x-y nanosheets during the synthesis process.
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Figure 3.13 SEM of (a) NBiFeT 1-0 (b) NBiFeT 1-0.5 (c) NBiFeT 1-1 (d) NBiFeT 1-2

nanosheets.

3.4.3. PFM measurement

PFM measurements on the NBiFeT 1-2 nanosheets, as examples, have been con-
ducted evaluating the effect of excess Fe doping on the ferroelectric properties of the
NBiFeT nanosheets, giving the results shown in Figure 3.14. The topographical features
of the NBiFeT 1-2 nanosheets are outlined in Figure 3.14a, with clear annotations indi-
cating the distinctive shapes of these nanosheets. Moreover, the phase image presented in
Figure 3.14b also provides evidence of varying polarization directions across the same
nanosheet. This significant observation underscores the preservation of ferroelectric prop-

erties even after the incorporation of excess Fe into the NBiFeT x-y nanosheets.
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Figure 3.14 (a)The topography and (b) phase images of NBiFeT 1-2 nanosheets. The im-

age size is 0.5 x 0.5 pm?.

3.5. Optical bandgap estimation

The Tauc’s plots of the NBiFeT x-y nanosheets (x=0,1,2 y=0, 0.5,1,2) are shown in
Figure 3.15. The band gap of the NBiFeT 0-0 (undoped) nanosheet is 3.28 eV. After the
doping Fe or excess Fe, the band gap decreases significantly. This is in agreement with
previous research works, in which the decrease in the band gap has been suggested to be
arisen from intervalence transitions between two species of Fe*" and Ti*" [83]. The

bandgaps of the NBiFeT x-y nanosheets are summarized in Table 3.1.

|
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Figure 3.15 Tauc’s Plot of (a)NBiFeT 0-0, (b)NBiFeT 0-1, (¢)NBiFeT 1-0, (d)NBiFeT

1-0.5, (e)NBiFeT 1-1, (H)NBiFeT 1-2, (g)NBiFeT 2-0 nanosheets.

Table 3.1 Estimated optical band gap of NBiFeT x-y (x=0,1,2 y=0,0.5,1,2) nanosheets.

Sample Eg (eV)
NBiFeT 0-0 3.28
NBiFeT 0-1 291
NBiFeT 1-0 2.73

NBiFeT 1-0.5 2.73
NBiFeT 1-1 2.58
NBiFeT 1-2 2.71
NBiFeT 2-0 2.73
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3.6. BET analysis

Table 3.2 presents the surface areas the NBiFeT x-y nanosheets determined by the

BET analysis. A notable trend is observed: an increase in the amount of Fe doping leads

to a larger surface area obtained. As shown in Table 3.2, the surface area of NBiFeT 0-0

is measured as 1.09 m?/g. After the Fe doping content (i.e., X) increases to 1 and 2, the

surface areas increase to 2.41 m?/g and 12.27 m?/g, respectively. However, such an in-

creasing trend has not been observed for the nanosheets doped with excess Fe (i.e., y >

0). As discussed in the SEM analysis, the nanosheets doped with excess Fe exhibit a

smaller particle size. For example, the particle size of NBiFeT 1-1 is 0.35 um, where that

of NBiFeT 1-0 is 3.82 um. This phenomenon may stem from the diminished affinity of

nitrogen towards NBiFeT nanosheets after the addition of excess Fe [84], [85].

Table 3.2 BET data of NBiFeT x-y (x=0,1,2 y=0,0.5,1,2) nanosheets.

Sample BET surface area (m?/g)
NBiFeT 0-0 1.09
NBiFeT 0-1 20.46
NBiFeT 1-0 2.41
NBiFeT 1-0.5 7.40
NBiFeT 1-1 4.03
NBiFeT 1-2 21.18
NBiFeT 2-0 12.27
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3.7. Conclusion

The NBiFeT x-y nanosheets have been successfully fabricated by the molten salt
synthesis technique using different amount of salt mixture. As indicated by the SEM anal-
ysis, the optimal content of added salt mixture for of the NBiFeT 0-0 nanosheets is
1:60:60. In comparing with the standard Nao sBi4.5T14015 crystal structure, the crystalline
structure of all the nanosheets has been confirmed by the XRD analysis. The investiga-
tions also reveal the ferroelectric nature of the NBiFeT 0-0 (as an example) at room tem-
perature. As evidenced by the TEM analysis, the exposed plane of the NBiFeT 0-0
nanosheets is primarily {001} facet. The ferroelectric nature has also been corroborated

by the slightly open P-E loop measured at 100°C.

After the doping of Fe (exact), the lattice spacings of the NBiFeT nanosheets increase,
making the XRD pattern shifted towards the lower 20 values. The particle size of the

nanosheets also decrease with increasing the Fe doping.

Furthermore, the doping with excess Fe also leads to a decrease in the particle size
of the NBiFeT nanosheets. This should be attributed to the accumulation of dopants at
grain boundaries, hindering particle growth. Additionally, a higher Fe content provides
more opportunities for the reactions with Bi2O3, ultimately leading to the formation of

BiFeO; (BFO).

The optical band gaps of the NBiFeT x-y nanosheets are estimated through diffuse
reflectance spectroscopy. After the doping of Fe or excess Fe, the band gap of the NBiFeT
0-0 nanosheets decreases significantly. The ferroelectric properties of the Fe-doped
nanosheets have confirmed by the PFM, P-E loop and temperature-dependent dielectric

properties measurements.
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Chapter 4 Photocatalytic performance of NBiFeT x-y

nanosheets

4.1. Introduction

As discussed in Chapter 3, both the undoped and Fe-doped NBiFeT x-y nanosheets
exhibit ferroelectric properties characterized by a spontaneous polarization. It has been
elucidated that the inherent electric field resulting from the spontaneous polarization can
effectively steer photogenerated electrons and holes to opposite sides, thereby facilitating

high-efficiency charge separation [16].

This chapter delves into the photocatalytic performances of the NBiFeT 0-0
nanosheets. The nanosheets synthesized using the molten salt synthesis technique with a
mole ratio of 1:60:60 (nominal NBiFeT x-y nanosheets to salt mixture) exhibited a reduc-
tion in the particle size, which suggests a potentially enhanced photocatalytic degradation
capability for the NBiFeT 0-0 nanosheets. The plausible photocatalytic mechanism of the
NBiFeT nanosheets explored based on the correlation of the photocatalytic degradation
performances with the crystal structure and morphology is demonstrated. Additionally,
the photocatalytic performance of the Fe-doped and excess Fe-doped NBiFeT x-y
nanosheets are also presented, with the aim of elucidating the effect of the Fe doping on

the photocatalytic degradation.

Also, the investigation of the predominant active species involved in the photocata-

lytic RhB removal process based on the active species trapping experiments is presented.
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It is suggested anticipated that O, ~ radicals constitute the primary active species re-
sponsible for the photocatalytic degradation process. Lastly, the influence of pH values

on the degradation process is discussed.
4.2. Photocatalytic performance of NBiFeT 0-0 nanosheets

The photocatalytic performance of NBiFeT 0-0 nanosheets in degrading RhB in
aqueous solution under simulated sunlight irradiation (with a light intensity of 300
mW/cm?) using solar simulator. Figure 4.1a depicts the degradation curves of RhB (C/Cy)
for the NBiFeT 0-0 photocatalysts as a function of experimental time. In this context, Co
denotes the initial concentration of RhB (i.e., experimental time = 0), and C represents
the corresponding concentration after a specific reaction duration. As discussed in Chap-
ter 2, the suspension comprising the pollutant RhB solution and photocatalysts will be
continuously stirred in the dark for 30 minutes to achieve an adsorption-desorption equi-
librium before the photo-degradation evaluation. In this study, this 30-minute stirring pe-
riod is included in the experimental time, 1.e., the first 30 minutes in Figure 4.1a (and the
other degradation curves) refers to this 30-minute stirring period. It should be noted that
the suspension will be continuously stirred during the whole experimental process. For
comparison purposes, the degradation curve for the suspension without the NBiFeT 0-0
photocatalysts has also been determined, giving the results shown in Figure 4.1a. It can
be seen that the observed C/Co remains unchanged throughout the whole process, i.e., 30-
minute stirring in the dark and 180-minute stirring under simulated sunlight irradiation.
This highlights the stability of RhB as well as the limited effect of simulated sunlight
irradiation on RhB degradation. On the other hand, in a high photocatalytic efficiency is

obtained after introduction of the NBiFeT 0-0 photocatalysts. As depicted in Figure 4.1a,
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a remarkable 98% degradation of RhB is achieved after 180 minutes of irradiation, un-
derscoring the prevailing role of photocatalytic degradation. It is interesting to note that
the observed C/Cy starts to decrease before the irradiation, i.e., within the first 30-minute
stirring in the dark, and the decrease becomes saturated at 7% under the irradiation. This
phenomenon will be discussed further in the following section. The rates of RhB photo-
degradation for the photocatalysts can be determined using the kinetics equation In(Co/C)
= kt [86], where t denotes the time of light irradiation and k represents the rate constant.
As shown in Figure4.1b, the observed Co/C during the irradiation period, i.e., after 30
minutes, are used to determine the rate constant k value for the NBiFeT 0-0 nanosheets,

giving an average value of 0.0192 min™.
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Figure 4.1 (a) C/Cy curve and (b) rate constant of the RhB degradation with NBiFeT 0-0
nanosheet. (¢) UV—vis absorption spectra of RhB. (d) colour observed from 0 to 80

minutes and (e) 120 to 180 minutes.

Figure 4.1c depicts the UV—vis absorption spectra of the RhB solutions after different
irradiation durations and removal of the NBiFeT 0-0 photocatalysts. As previously men-

tioned, the maximum absorption peak of RhB occurs at 554 nm. The gradual reduction in
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absorbance with increasing irradiation time indicates the progressive decrease in RhB
concentration of the aqueous solution. Ultimately, a remarkable 98% degradation of RhB
is achieved after 180 minutes of irradiation. It is noteworthy that the maximum absorption
peak of the degraded solution experiences a hypsochromic shift over the course of irradi-
ation. This shift should be attributed to the de-ethylation of fully N,N,NO,NO-tetracthyl-
ated rhodamine (i.e., RhB) into de-ethylated intermediates [72], and serves as an indicator
of photocatalytic degradation. It has been reported that the maximum absorption peak
locates at 554 nm for RhB, and shifts to 539 nm for N,N,NO-triethylated rhodamine, 522
nm for N,NO-diethylated rhodamine, 510 nm for N-ethylated rhodamine, and 498 nm for
Rhodamine [72]. The visual representation of the color change in the RhB solution is

presented in Figures 4.1d-e.
4.2.1 Photocatalytic mechanism

Drawing upon the degradation efficiency, morphology, and crystal structure of the
NBiFeT 0-0 nanosheets, we can delineate the factors underlying the augmented photo-
catalytic performance and subsequently propose a mechanism for the photocatalysis of
NBiFeT 0-0 nanosheets. The high photocatalytic efficiency is primarily interconnected
with factors such as light absorption efficiency (nabs), efficiency in charge excitation and
separation (nes), charge migration and transfer efficiency (memt), and the efficiency of
charge utilization in photocatalytic reactions (ncu) [87]. The ferroelectric properties of
single-crystal Nag sBis5Ti4015 are markedly anisotropic, stemming from its layered per-
ovskite configuration. This configuration comprises interleaved fluorite-like (Bi202)*"
layers and TiOs octahedra (perovskite slab) oriented along the c-axis, as depicted in Fig-

ure 4.2a [88]. The NBiFeT 0-0 nanosheets manifest a saturated polarization (Ps) of 1.4

uC/cm? along the c-axis (Fig. 3.5), as previously tested. It has been established that the
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polarization of ferroelectric materials can enhance photocatalytic activities [89]. The in-
herent orientation of the internal polarization electric field is perpendicular to the surface
of the nanosheets, thereby facilitating the accumulation of negative and positive charges
in opposite directions. Upon sunlight exposure, the NBiFeT 0-0 nanosheet, featuring {001}
facet, generates photoinduced electron—hole pairs. These electron—hole pairs are subse-
quently driven apart toward different directions by the internal electric field, thereby
achieving effective spatial separation of the photoinduced carriers (Fig. 4.2b) [90]. Con-
sequently, the efficiency of segregating photoinduced charge pairs along the [001] direc-
tion of NBiFeT 0-0 nanosheets is enhanced (Figure 4.2¢). In addition, a screening effect
prompts the emergence of a depolarization field within the bulk crystals, which further

mitigates the recombination of charge carriers [27], [39].
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Figure 4.2 (a) The crystal structure of Na0.5Bi4.5Ti4015 viewed along c-axis. [88]. (b)
Suggested the mechanism of the photogenerated carriers which separated by Ps. (c) Sche-

matic diagram of NBiFeT 0-0 nanosheets with the internal electric field.

4.3. Photocatalytic performance of Fe-doped NBiFeT

nanosheets

The photocatalytic efficiencies of the Fe-doped NBiFeT nanosheets, i.e., NBiFeT 1-
0 and NBiFeT 2-0, in degrading Rhodamine B (RhB) have been evaluated. Figure 4.3a
depicts the degradation curves of RhB (C/Cp) for NBiFeT 0-0, NBiFeT 1-0, and NBiFeT
2-0. Similar to NBiFeT 0-0 mentioned before, the observed C/Cy for NBiFeT 1-0 and
NBiFeT 2-0 starts to decrease in the absence of light and reaches a decrease of 40% and
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18%, respectively, after the 30-minute stirring in the dark. For NBiFeT 1-0, the degrada-
tion of RhB reach about 92%, which is slightly lower than that for NBiFeT 0-0 (98%).
Among the three samples, NBiFeT 2-0 exhibits a minimum degradation of ~67%. Figure
4.3b compare the rate constant (k) of NBiFeT 0-0, NBiFeT 1-0, and NBiFeT 2-0. The
calculated k values for NBiFeT 0-0, NBiFeT 1-0 and NBiFeT 2-0 are 0.0192, 0.0110 and
0.0052 min’!, respectively, underscoring that the photocatalytic activity of NBiFeT 0-0 is
the highest, being 1.75 and 3.66 times greater than that of NBiFeT 1-0 and NBiFeT 2-0,
respectively. Furthermore, Figures 4.3c-d illustrate the UV-vis absorption spectra of the
RhB solutions after the degradation with NBiFeT 1-0 and NBiFeT 2-0 nanosheets for
different irradiation durations. Both the spectra exhibit a hypsochromic shift of the ab-
sorption peak towards lower wavelengths, attributed to the de-ethylation of RhB, which

serves as an indicator of photocatalytic degradation.

As elucidated in Chapter 3, the BET analysis results (refer to Table 3.2) revealed an
increase in surface area of the NBiFeT nanosheets after the Fe doping. The surface areas
for NBiFeT 0-0, NBiFeT 1-0, and NBiFeT 2-0 are measured as 1.09, 2.41, and 12.27
m?/g, respectively. As also revealed by the SEM images (Fig. 3.8), the average particle
sizes are determined as 1.49 pm for NBiFeT 0-0, 3.82 um for NBiFeT 1-0, and 2.13 pm
for NBiFeT 2-0. It is evident that NBiFeT 2-0 possesses the largest surface area and the
smallest particle size, yet exhibits the lowest photocatalytic degradation efficiency. This
observation suggests that enhanced surface area cannot improve photocatalytic perfor-
mance in this study. Furthermore, Zhu et al. have reported a decrease in photocatalytic
activity with an increase in Fe doping under similar experimental conditions. [91]. This

phenomenon has been attributed to the higher concentration of Fe** ions replacing Ti*" in
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the lattice, which serves as recombination sites for photogenerated charge carriers. Con-
sequently, the higher Fe concentration can impede the photocatalytic efficiency of the

nanosheets. Hence, it is deduced that the lower degradation efficiency of NBiFeT 2-0 as

compared to NBiFeT 0-0 and NBiFeT 1-0 should be due to this effect.
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Figure 4.3 (a) C/Co curve of RhB degradation with NBiFeT 0-0, 1-0 and 2-0 nanosheets.

(b) Comparison of the rate constant for photodegradation of RhB using NBiFeT 0-0, 1-0,
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and 2-0 nanosheets under solar irradiation. The UV—vis absorption spectra of RhB with

nanosheets (c) NBiFeT 1-0 and (d)NBiFeT 2-0.

4.4. Photocatalytic performance of excess Fe-doped NBiFeT

nanosheets

According to the results discussed before, the NBiFeT 0-0 nanosheets show the best
performance in photocatalytic degradation. Therefore, they are selected as the base mate-
rial for studying the effect of excess Fe doping on the photocatalytic degradation. In this
study, the NBiFeT 0-0, NBiFeT 0-0.5 and NBiFeT 0-2 nanosheets have been used as the
photocatalysts to degrade RhB, giving the results shown in Figure 4.5a. It can be seen
that the observed C/Cy for all the nanosheets starts to decrease during the first 30-minute
stirring in the dark. More importantly, the dark adsorption i.e., the decrease of C/Co in the
dark, enhances significantly from 7% to 71% and 72% respectively, after the excess Fe
doping. As also shown in Figure 4.5a, the degradation of RhB continues and reaches 98%,
96% and 90% for NBiFeT 0-0, NBiFeT 0-0.5 and NBiFeT 0-2, respectively, after an
irradiation of 180 minutes. The rate constants (k) of the nanosheets are compared in Fig-
ure 4.5b. The calculated k values, based on the observed C/Cy during the 180 minutes
irradiation, for NBiFeT 0-0, NBiFeT 0-0.5, and NBiFeT 0-2 are 0.0192, 0.0106 and
0.0056 respectively. It is clear that the photocatalytic performance was worsen after the

excess Fe doping. Although 96% and 90% of RhB have been “degraded” by NBiFeT 0-
0.5 and NBiFeT 0-2, the most of them were adsorbed by adsorption, not photocatalysis.
A similar tendency in photocatalytic degradation has been observed for the nanosheets
doped with (exact) Fe (Fig. 4.3a). Therefore, it is confirmed that a high concentration of
Fe could provide more recombination sites of the photogenerated charge carries that result
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in restricting the photocatalytic activity of materials [91]. Figures 4.5 c-d show the UV—

vis absorption spectra of the RhB solutions after the degradation with NBiFeT 0-0.5 and

NBiFeT 0-2, respectively, for different irradiation durations. A hypsochromic shift of the

absorption peak towards lower wavelengths attributed to the de-ethylation of RhB is ob-

served for both the nanosheets during the 180-minute irradiation process. It can also be

seen that, for both the nanosheets, the maximum absorption peak remains at 554 nm,

suggesting that adsorption rather than degradation of RhB takes place during the stirring

in the dark.
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Figure 4.4 (a) C/Co curve of RhB degradation with NBiFeT 0-0, NBiFeT 0-0.5 and
NBiFeT 0-2 nanosheets. (b) Comparison of the rate constant for photodegradation of RhB
using NBiFeT 0-0, NBiFeT 0-0.5, and NBiFeT 0-2 nanosheets under irradiation. The
UV-vis absorption spectra of RhB with nanosheets (c¢) NBiFeT 0-0.5 and (d)NBiFeT 0-

2.
4.5. Active species trapping experiments

In order to elucidate the primary active specie involved in the photocatalytic pro-
cesses governing the removal of RhB, trapping experiments have been conducted.
NBiFeT 0-0 is selected for this study because of its highest photocatalytic performance.
Ethylenediaminetetraacetic acid (EDTA), p-benzoquinone (BQ), and isopropyl alcohol
(IPA) are selected as scavengers for capturing photogenerated holes (h"), superoxide rad-
icals (*Oy"), and hydroxyl radicals (*OH) species [92],[93], respectively. The efficiency
of RhB degradation has been scrutinized within the reaction system for the NBiFeT 0-0
photocatalyst, both in the presence and absence of these scavengers, giving the results
depicted in Figure 4.5. In the presence of BQ, the RhB degradation efficiency is remark-
ably reduced, leaving about 67% of RhB after light irradiation for 180 minutes. The pho-
todegradation of the RhB is obviously inhibited, when compared to high degradation of
RhB (98%) in the absence of scavengers. On the other hand, almost no effects on the
photocatalytic activity are observed for the usage of IPA and EDTA. This indicates
that *OH and h" are not the main active species in the photocatalytic process. This obser-
vation signifies the predominant involvement of superoxide radicals in the photocatalytic

degradation of RhB dye.

|
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Figure 4.5 RhB removal efficiency of NBiFeT 0-0 nanosheets obtained from trapping

experiments with different scavengers.
4.6. The effect of pH value in photocatalytic performance

It has been shown that the pH value of the solution exerts a substantial influence on
the degradation efficiency of the photocatalytic reaction [94]. When the pH value of the
solution approaches the catalyst’s isoelectric point, the catalyst particles are prone to ag-
glomeration, driven by van der Waals forces [95]. This aggregation results in the for-
mation of larger particles, subsequently leading to reductions in specific surface area and
photochemical activity. Conversely, when the pH value of the solution significantly de-
viates from the isoelectric point, the repulsive forces between particles facilitate better
dispersion of the catalyst in the solution, thereby enhancing the removal rate. Furthermore,

the pH value of the solution is instrumental in determining the nature and quantity of

|
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charges present on the catalyst’s surface, which in turn influences the adsorption behav-
iour of organic pollutants. Therefore, an exploration into the effect of pH value on the

degradation of RhB using the NBiFeT nanosheets has been undertaken in this study.

In general, the pH value of RhB solution is 4.7. In this study, it has been adjusted by
using different amounts of NaOH solution to 7.2 and 11. As shown in Figure 4.6, although
the NBiFeT 0-0 nanosheets can almost completely degrade the RhB after 3 hours of irra-
diation at the three pH values, the degradation rate is different in the first 2 hours. For the
normal case (pH = 4.7), the degradation of RhB reaches 80% after 2 hours of light irradi-
ation. As the pH value increases to 7.2, the degradation is almost complete (99%) in the
first 2 hours of irradiation. Nonetheless, it is noteworthy that the degradation efficiency
experiences a notable decline in alkaline conditions. At pH =11, the degradation of RhB
only reaches 66% after 2 hours of light irradiation. Interestingly, almost no dark adsorp-
tion (the decrease of C/Cy during the first 30-minute stirring in the dark) is observed in
the alkaline environment. This phenomenon should be attributed to a large number of
hydroxyl groups (OH") in alkaline environment, which makes the adsorption difficult to
occur. The surfaces of nanosheets are covered with a high concentration of OH", which
results in a negatively charged surface. In an alkaline environment, the RhB dye becomes
deprotonated, causing the repulsion to nanosheets with the negatively charged surface

[96].
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Figure 4.6 RhB removal efficiency of NBiFeT 0-0 nanosheets obtained under different

pH value.
4.7. Conclusion

The photocatalytic performances of undoped and Fe-doped NBiFeT nanosheets have

been investigated.

For the undoped nanosheets, i.e., NBiFeT 0-0, the degradation of RhB reaches 98%
after 180 minutes of irradiation. The maximum absorption peak of the RhB solution ex-
periences a hypsochromic shift towards lower wavelengths. It is due to the de-ethylation
process of RhB which can be considered as the indicator of the photocatalytic degradation
process. Base on the results of crystal structure, morphology and degradation efficiency,
the photocatalytic mechanism of the NBiFeT 0-0 nanosheets has been suggested. The

|
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good photocatalytic performance is attributed to the internal polarization electric field of
the NBiFeT 0-0 nanosheets feature with {001} facets. Under sunlight irradiation, the
nanosheet initiates the generation of photoinduced electron—hole pairs. Subsequently,
these electron—hole pairs undergo separation with the aid of the internal electric field,

leading to efficient spatial segregation of the photoinduced carriers.

The photocatalytic performances of nanosheets doped with (exact) Fe, i.e., NBiFeT
x-0, have been investigated and compared with that of undoped nanosheets. In general,
the photocatalytic performance becomes worse after the doping of Fe. The degradation
of RhB decreases from 98% to 92% and 67%, respectively, for NBiFeT 1-0 and NBiFeT
2-0, while the calculated rate constant (k) decreases from 0.019 to 0.0110, and 0.0052
min’!, respectively. The decrease should be attributed to the more recombination sites for

photogenerated charge carriers generated by the high Fe content.

The photocatalytic performances of nanosheets doped with Fe, i.e., NBiFeT 0-y, have
also been investigated. The degradation of RhB reaches 96%, and 90% for NBiFeT 0-0.5
and NBiFeT 0-2, respectively, while the calculated rate constants are 0.0106 and 0.0056,
respectively. Although the excess Fe doping does not affect photocatalytic performance
too much, it enhances significantly the absorption of RhB during the first 30 minutes of
stirring in the dark. Most of the RhB have become adsorbed by adsorption, not photoca-
talysis. In general, the excess Fe doping exhibits similar effects on the photocatalytic per-

formances to the exact doping.

The primary active specie involved in the photocatalytic degradation has been inves-
tigated by the trapping experiments. In the presence of BQ, the RhB degradation effi-

ciency is remarkably reduced, leaving about 67% of RhB after 180 minutes of light irra-
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diation. Meanwhile, the uses of IPA and EDTA have almost no effect on the photocata-
lytic activity. The result indicates that «O2" is the main active species for RhB photocata-

lytic degradation.

Finally, the effect of pH value in photocatalytic performance has been investigated.
The pH value of the RhB solution has been adjusted from 4.7 to 7.2 and 11 by using
different amounts of NaOH solution. Although the NBiFeT 0-0 nanosheets can almost
completely degrade the RhB after 3 hours light irradiation at the three pH values, their
degradation rates in the first 2 hours are different. As the pH value increases from 4.7 to
7.2, the degradation of RhB reaches 80% in the first 2 hours of irradiation. Nonetheless,
it is noteworthy that the degradation efficiency experiences a notable decline in alkaline
conditions. At pH =11, the degradation of RhB only reaches 66% after 2 hours of light
irradiation. Almost no adsorption is observed in the alkaline environment during the first
30-minute stirring in the dark. This should be attributed to the repulsion force between

the negatively charged surfaces of nanosheets and the deprotonated RhB dye.
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Chapter 5 Adsorption capability of NBiFeT x-y nanosheets

5.1. Introduction

As discussed in Chapter 4, the Fe-doped NBiFeT nanosheets show excellent capabil-

ity of RhB adsorption in the dark, without sunlight irradiation.

In this chapter, the adsorption capability of Fe-doped and excess Fe-doped NBiFeT
x-y nanosheets are presented, with the aim of studying the effects of the Fe doping on the
adsorption. The mechanism of the adsorption capability enhanced after Fe doping is sug-
gested based on the experiment results. The influence of the pH values on adsorption is
also discussed. Finally, modification of magnetic properties of the nanosheets has been

explored for facilitating the separation and recovery of the adsorbent from solution.
5.2. Adsorption capability of Fe-doped NBiFeT nanosheets

The adsorption capability of the Fe-doped NBiFeT nanosheets, i.e., NBiFeT 0-0,
NBiFeT 1-0 and NBiFeT 2-0, in adsorption of RhB have been evaluated. Figure 5.1 pre-
sents the adsorption curves of RhB (AC/Cy) for NBiFeT 0-0, NBiFeT 1-0, and NBiFeT
2-0. The adsorption capability of NBiFeT 0-0 is the weakest, engendering the smallest
observed AC/Cy value of 7% after 80 minutes of stirring in the absence of light. However,
the nanosheets demonstrate a pronounced affinity for adsorbing RhB dyes in the absence
of light after Fe doping, i.e., NBiFeT x-0 (x=1,2). It is evident that the Fe doping plays
an important role in the adsorption capability. As shown in Figure 5.1, NBiFeT 1-0 ad-
sorbs 67% of RhB within the initial 30 seconds of stirring and the adsorption becomes
saturated after 5 minutes of stirring. Nonetheless, as the Fe doping increases, i.e., for

NBiFeT 2-0, the adsorption decreases, giving a lower observed AC/Co value of 18%, after
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80 minutes of stirring in the dark. As discussed in Chapter 3, the surface area increases
with increasing the Fe doping level. Notably, the NBiFeT 2-0 nanosheet shows a larger
surface area coupled with a smaller particle size. The adsorption reduction observed in
NBiFeT 2-0 as compared with NBiFeT 1-0 should not be resulted from the difference in
specific surface areas of the nanosheets. As shown in Chapter 3, the main diffraction
peaks of NBiFeT 2-0 shift towards the lower 20 values (Fig. 3.7). The shift should be
attributed to the differences in ionic radius and valence between the host ion Ti*" and the
dopant Fe**. The introduction of dopants leads to an expansion of the interplanar (d) dis-
tance within the doped material. Therefore, it is suggest that the reduced adsorption capa-
bility of NBiFeT 2-0, should be resulted from the retardation of dye molecules in pore
channels that physically prevent RhB molecules from diffusing into the liquid to enter

into the assembly of particles [49].
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Figure 5.1 (AC/Cy) plots for adsorption process of NBiFeT x-0 (x=0,1,2) nanosheets.

5.3. Adsorption capability of excess Fe-doped NBiFeT

nanosheets

As discussed above, the NBiFeT 1-0 nanosheets show the best capability in ad-
sorption of RhB. Therefore, they are selected as the base material for studying the effect
of excess Fe doping on the adsorption capability. In this study, the NBiFeT 1-y
(y=0,0.5,1,2) nanosheets have been used as the adsorbent to adsorb RhB, giving the re-
sults shown in Figure 5.2. It can be seen the observed AC/Cy for all the adsorbents be-
comes saturated after 20 minutes of stirring in the absence of light. The maximum dark
adsorption of NBiFeT 1-0, NBiFeT 1-0.5, NBiFeT 1-1 and NBiFeT 1-2 are 70%, 88%,
92% and 92%, respectively. These results show that the adsorption capability is enhanced
significantly after the excess Fe doping. This may be due to the average particles size and
the BFO produced. As discussed before, the excess Fe doping will decrease the particle
size that may increase the adsorption capability. The average particle size of NBiFeT 1-0
(3.82um) decreases successively to 0.58 um, 0.35 um, and 0.32 um, respectively, as the
excess Fe doping increase from 0 to 2, i.e., NBiFeT 1-0.5, NBiFeT 1-1 and NBiFeT 1-2.
A recent research work has reported that carbon fibers coated with BiFeOs particles can
enhance its adsorption capability [82]. For the excess Fe-doped NBiFeT nanosheets, dis-
tinct diffraction peaks corresponding to the BiFeOs; phase have been observed at 22.4°
and 32°, respectively, (Fig. 3.12). To conclude, as excess Fe doping increases, the particle
size of the NBiFeT 1-0 nanosheets decreases because of the accumulation of dopants,

which can impede the particle growth. Furthermore, a higher level of Fe doping provides
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more chances for Fe to react with Bi to form BFO at the surfaces of the nanosheets. The

BFO particles can enhance the adsorption capability.
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Figure 5.2 A(C/CO0) plots for adsorption process of NBiFeT 1-y (y=0, 0.5, 1, 2).
5.4. The effect of pH value in adsorption capability

During the adsorption process, the pH value of the solution exerts a significant influ-
ence due to its impact on the characteristics of the adsorbent surface. Because of the en-
hanced adsorption capability, the NBiFeT 1-1 nanosheets are employed as the adsorbent
for investigating the influence of the solution pH value. The results of the adsorption
experiments, involving variations in pH values ranging from 4.7 to 11, are shown in Fig-
ure 5.3. The figure reveals that the pH value of the RhB solution significantly impacts the
adsorption capability of the NBiFeT 1-1 nanosheets. At a pH value of 11, no discernible
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adsorption is observed. This should be attributed to the substantial presence of hydroxyl
groups in the alkaline environment, which hinders the occurrence of adsorption processes.
This result is the same as that of photocatalytic performance in an alkaline environment.
Furthermore, it is noteworthy that the adsorption capability of NBiFeT 1-1 exhibits a mi-
nor increment at pH 4.7 in comparison to that at pH 7.1. This should be attributed to the
protonation of the nanosheets’ surfaces, resulting in positively charged surfaces. At a pH
value of 4.7, an attractive interaction occurs between the deprotonated carboxyl group

and the slightly protonated surfaces of the nanosheets [97] .
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Figure 5.3 A(C/CO0) plots for adsorption process of NBiFeT 1-1 nanosheets under

different pH value.
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5.5. Magnetic modification experiment

The NBiFeT x-y nanosheets exhibit paramagnetic behavior at room temperature,
which is not conducive to magnetic recyclability. As mentioned, an efficient adsorbent
should exhibit characteristics that allow for easy separation and recovery. Consequently,
Ni and Eu are added as substitutes for Fe in the NBiFeT 1-1 nanosheets to enhance their
magnetic properties. Figure 5.4a shows the magnetic hysteresis (M-H) loop of the
NBiFeT 1-1 nanosheets doped with 0.1 mol of Ni and 0.1 mol of Eu. It is evident that
there is a substantial enhancement in the saturation magnetization, Ms, after the addition
of Ni and Eu. The observed M; reaches 1.22 emu/g about 9 times higher than that of the
undoped NBiFeT 1-1 nanosheets (0.12 emu/g). Figure 5.4b shows the photograph of the
solution containing the Ni,Eu-doped nanosheets placed nearby a magnet several minutes
later. This photo illustrates the straightforward recovery of the NBiFeT 1-1 nanosheets
through magnetic means. However, Figure 5.4c shows the comparison of the adsorption
capability of the Ni,Eu-doped NBiFeT 1-1 nanosheets and undoped nanosheets. It shows

that the adsorption capability decreases from 92% to 81% after enhancing the magnetism.
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Figure 5.4 (a) M-H hysteresis loops of NBiFeT 1-1 nanosheets. (b) photograph capturing
the solution placed in close proximity to a magnet for several minutes.(c) adsorption ca-

pability between Ni, Eu-doped NBiFeT 1-1 and the undoped sample.
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5.6. Conclusion

The adsorption capability of Fe doped and excess Fe doped NBiFeT nanosheets are
investigated. Among all the nanosheets, NBiFeT 1-1 shows the strongest adsorption ca-
pability, engendering a maximum RhB adsorption 92% after 80 minutes of stirring in the

dark.

The Fe doping plays an important role in adsorption capability. After Fe doping
with 1 mol of Fe, the adsorption capability increases from 7% (NBiFeT 0-0) to 67%
(NBiFeT 1-0). This should be due to the increase in surface area after Fe doping. However,
despite the larger surface area of the nanosheets doped with 2 mol of Fe (NBiFeT 2-0),
the adsorption capability becomes weaker. The diminished adsorption capability ob-
served in NBiFeT 2-0 nanosheets should be attributed to the retardation caused by the
RhB molecules within the pore channels. This hindrance physically obstructs the diffu-
sion of RhB molecules in the solution, impeding their entry into the nanosheets from the

surfaces.

The effect of excess Fe doping on adsorption has also been investigated. The re-
sults show that the adsorption capability increases with increasing the level of excess Fe
doping. This should be contributed to the high concentration of Fe which reacts with Bi
to form BiFeOs in the synthesis process. The BFO growths on the surfaces of the NBiFeT
nanosheets and enhances the adsorption capability. Moreover, the decrease in particles

size arisen from the after excess Fe doping also enhances the adsorption capability.

In addition, the pH value of the RhB solution also affect the adsorption capability.
In an alkaline system, the adsorption reaction is harder to occur since the presence of a

large amount of hydroxyl group. On the other hand, the adsorption capability increased
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in an acidic system. The surface of the nanosheet is protonated in an acidic system that

attracting the deprotonated carboxyl groups.

Finally, Ni and Eu are doped as substitutes for Fe in the NBiFeT 1-1 nanosheets
to enhance their magnetic properties. This augmentation yields a pronounced increase in
the saturation magnetization. Specifically, the Ms value increases from 0.12 emu/g to 1.22
emu/g after doping with 0.1 mol of Ni and 01 mol of Eu. However, the adsorption capa-

bility of NBiFeT 1-1 decreases from 92% to 81% after enhancing the magnetism.
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Chapter 6 Conclusion

This study demonstrates the excellent performances of Fe-doped NBiFeT
nanosheets in photocatalytic degradation and adsorption capability. It shows that the
photocatalytic performance and adsorption capability of the NBiFeT nanosheets can be
improved by the Fe doping. Fe doping plays an important role in adsorption. Among
the samples, the NBiFeT 0-0 (undoped with Fe) nanosheets exhibits an excellent per-
formance in the photocatalytic degradation while the NBiFeT 1-1 (doped with 1 mol of
Fe and 1 mol of excess Fe) nanosheets exhibits an excellent performance in adsorption.
The NBiFeT x-y nanosheets has been effectively synthesized using different salt-to-
product ratios by the molten salt synthesis technique. The optimal salt-to-product ratio
has been identified, based on a comprehensive scanning electron microscope (SEM)
analysis, as 1:60:60. As substantiated by X-ray diffraction (XRD) patterns, all the
NBiFeT nanosheets have the standard crystal structure of Nao.sBis sTi4O15. Furthermore,
after the doping of Fe (exact), an expansion of the lattice spacing of NBiFeT nanosheets
is resulted, leading to a noticeable shift of the XRD pattern towards lower 20 values.
Additionally, the doping induces a reduction in the particle size. Remarkably, a pivotal
discovery is that the excessive incorporation of Fe prompts the formation of BiFeO3
(BFO), consequently augmenting the adsorption performance. The TEM analysis
shows that the exposed plane of the NBiFeT 0-0 nanosheets is primarily {001} facet.

The investigations also reveal the ferroelectric nature of NBiFeT 0-0, in the form of
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ceramic disk for the ease of dielectric properties and P-E loop measurements. As the
temperature increases from room temperature to 100°C, observed remnant polarization
(Py) increase from 0.3 pC/cm? to 1.39 pC/cm?, while the observed saturated polarization
(Ps) from 1.4 pC/cm? to 3.3 pC/cm?. When Fe or an excess amount of Fe is doped into

the NBiFeT 0-0 nanosheets, the band gap decreases significantly.

The photocatalytic performances of undoped and Fe-doped NBiFeT nanosheets
have been investigated. The findings demonstrate a substantial degradation rate of 98%
for RhB after 180 minutes of irradiation, utilizing NBiFeT 0-0 nanosheets as the pho-
tocatalyst. Throughout the course of the photocatalytic degradation process, a noticea-
ble hypochromic shift is observed in the absorption maximum of the RhB solution. It
is due to the de-ethylation process of RhB which can be considered as the indicator of
the photocatalytic degradation process. Subsequently, based on the results of crystal
structure, morphology and degradation efficiency, the photocatalytic mechanism of the
NBiFeT 0-0 nanosheets has been suggested. The investigation indicates that the inher-
ent spontaneous polarization within the NBiFeT x-y nanosheets contributes to the en-
hancement of their photocatalytic performance. Furthermore, an exploration into the
photocatalytic performance of Fe-doped NBiFeT 0-0 nanosheets is conducted. The deg-
radation efficiency of RhB for NBiFeT 1-0 and NBiFeT 2-0 are 92% and 67%, respec-
tively. The degradation of RhB decreases with increasing the Fe doping. This should

be attributed to the high concentration of Fe** ions, which function as recombination
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centers for photogenerated charge carriers, consequently hampering the overall photo-
catalytic activity. The effect of excessive Fe doping on photocatalytic degradation has
also been investigated. The degradation efficiency of RhB is measured as 98%, 96%
and 90% for NBiFeT 0-0, NBiFeT 0-0.5 and NBiFeT 0-2, respectively. The results
highlight a decrease in photocatalytic performance as the level of excess Fe doping
increases. This trend should be attributed to the elevated concentration of Fe*" ions,
which is consistent with the effect observed in the case of Fe doping on photocatalytic
performance. After that, trapping experiments have been carried out to identify the pri-
mary active specie involved in the photocatalytic processes. The results strongly sug-
gest that superoxide radicals (*O2") primarily contribute to the RhB photocatalytic deg-
radation. Then, the influence of solution pH on photocatalytic performance is thor-
oughly examined. Specifically, at a pH of 7.1, the surface activity of the NBiFeT 0-0
nanosheets exhibit optimal behavior. Conversely, under an alkaline environment, the

abundance of hydroxyl groups (OH") hinders the occurrence of the adsorption.

The adsorption capability of Fe-doped NBiFeT 1-0 nanosheets have been investi-
gated. Among all the nanosheets, NBiFeT 1-1 nanosheets exhibit the excellent adsorp-
tion capability. The maximum adsorption of RhB reaches 92% within 80 minutes of
dark adsorption. The adsorption capability increases after Fe doping; the adsorption
efficiency of NBiFeT 0-0 is 7%, while that of NBiFeT 1-0 is 67%. However, the max-
imum adsorption of NBiFeT 2-0 is measured at 22%. The decrease in adsorption ob-

serve in NBiFeT 2-0 nanosheets should be attributed to the retardation caused by RhB
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molecules within the pore channels. This hindrance physically obstructs the diffusion
of RhB molecules in the solution, thereby impeding their ingress into the nanosheets
from the surface. Furthermore, the effect of excess Fe doping on the adsorption is ex-
amined utilizing NBiFeT 1-0 nanosheets. The results demonstrate an augmentation in
adsorption capability with the escalation of excess Fe doping. This phenomenon should
be attributed to the higher concentration of Fe, which has the potential to react with Bi
during the synthesis process, leading to the formation of BiFeOs. The growths of
BiFeOs on the surface of NBiFeT nanosheets subsequently enhance the adsorption ca-
pability. Additionally, the pH values of the RhB solution also exert an effect on adsorp-
tion. In an alkaline system, the occurrence of the adsorption reaction becomes more
challenging due to the prevalence of a substantial amount of hydroxyl groups. This
should be attributed the repulsion of the nanosheets and deprotonated RhB dye. Con-
versely, the adsorption capability experiences an increment in an acidic environment.
This should be attributed to the protonation of the adsorbent's surface in an acidic en-
vironment, resulting in the development of a positive charge on the surface. Lastly, the
0.1 mol of Ni and 0.1 mol of Eu are doped into the NBiFeT 1-1 nanosheets to enhance
their magnetic properties. The M; value exhibits a notable rise, transitioning from 0.12
emu/g to 1.22 emu/g subsequent after Ni, Eu doping. However, it is noteworthy that the
maximum adsorption of NBiFeT 1-1 experiences a reduction from 92% to 81% follow-

ing the enhancement of the magnetism.
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To conclude, our result shows that Fe doping plays an important role in the perfor-
mance of photocatalytic and adsorption. The NBiFeT 0-0 nanosheets have the well per-
formance in photocatalytic degradation process and NBiFeT 1-1 nanosheets have a
good performance in adsorption. Also, it shows a new path to enhance the adsorption
capability by the weak adsorption material by controlling the content of excessive do-

pant.
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