Engineered Design of Efficient Nanostructured
Photocatalysts for Energy Storage and Conversion
Applications

(T /S Z AT L E SOl T 7rRk G
T AT — TR - B~ DI )

July, 2023

Doctor of Philosophy (Engineering)

MOHAMED HAMADA MOHAMED ABDELKODOUS
EFENAR NANTHT EANAR TT Rojba RX

Toyohashi University of Technology (TUT)



AL 4 — 1 GREE L (5830 )

Date of Submission (month, day, year) :July 7%, 2023

Department of Electrical

and Electronic Information Student ID Number D209203 .
Engineering Atsunori Matsuda

Go Kawamura

Supervisors

MOHAMED HAMADA MOHAMED
ABDELKODOUS

A pplicant’s name

Abstract (Doctor)

Engineered Design of Efficient Nanostructured Photocatalysts for Energy Storage

Title of Thesis and Conversion Applications.

Approx. 800 words

The need for sustainable energy conversion and storage technologies has become increasingly vital
in addressing the global energy crisis and environmental challenges. In this context, the
development of efficient and versatile photocatalysts holds great promise. This doctoral thesis
focuses on the design, synthesis, and characterization of novel nanostructured photocatalysts for
energy storage and conversion applications, specifically water treatment (dye degradation -
microbial disinfection) , photocatalytic water splitting and hydrogen (H,) production and energy
storage applications such as supercapacitors.

The first part of the research investigates the application of nanostructured photocatalysts in water
treatment processes, with a particular emphasis on dye degradation and inactivation of waterborne
pathogens. Traditional water treatment methods often fall short in eliminating organic, inorganic
dyes and heavy metals, which pose a significant threat to water resources. Through the utilization
of nanostructured photocatalysts, enhanced photocatalytic degradation of dyes can be achieved. In
addition, microbial elimination of the pathogenic microorganisms causing serious health issues to
humans and the aquatic environment can become accessible. This study explores the optimization
of catalyst composition, morphology, and surface properties to enhance dye degradation efficiency,
thereby providing a viable solution for water purification.

The second part of the research focuses on the utilization of nanostructured photocatalysts for
photocatalytic water splitting and (H,) production. The photocatalytic conversion of water into
hydrogen fuel offers a promising route for clean and sustainable energy production. The thesis
investigates the synthesis and characterization of novel nanostructured materials with enhanced
light absorption properties, efficient charge separation, and improved catalytic activity for water
splitting. The aim is to develop highly efficient and stable photocatalysts capable of harnessing
solar energy to generate hydrogen as a clean energy source.




Lastly, this thesis explores the application of nanostructured photocatalysts in energy storage
devices, particularly supercapacitors. Supercapacitors have garnered considerable attention as
energy storage systems due to their high-power density, rapid charge-discharge rates, and long
cycle life. The research investigates the design and fabrication of nanostructured electrode
materials with enhanced surface area and electrical conductivity, aiming to improve the energy
storage capacity and cycling stability of supercapacitors. The incorporation of nanostructured
photocatalysts into supercapacitors offers the possibility of simultaneously harvesting solar energy
and storing it as electrical energy.

Overall, this doctoral thesis contributes to the field of energy conversion and storage by presenting
the development of novel nanostructured photocatalysts for addressing global environmental and
energy challenges. The research findings provide insights into the design principles of efficient and
stable photocatalysts, leading to the advancement of sustainable energy technologies. The
outcomes of this study hold the potential to revolutionize the fields of water treatment,
photocatalysis, and supercapacitors, ultimately contributing to the realization of a cleaner and more
sustainable future.
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Chapter 1: General Introduction

Energy storage and conversion applications play a critical role in addressing the growing
challenges of energy demand, sustainability, and grid stability. As the world transitions towards
cleaner and more renewable energy sources, the efficient storage and conversion of energy
become paramount for enabling a sustainable and reliable energy future. By storing excess
energy during periods of low demand or high generation, and releasing it during peak demand or
low generation, energy storage systems contribute to a stable and reliable power supply. In the
face of increasing energy demands and the urgent need for sustainable solutions, energy storage
has emerged as a crucial component of the modern energy landscape. The ability to store energy
efficiently, reliably, and on a large scale is paramount for the integration of renewable energy
sources, grid stability, and the advancement of electric transportation. Among the various energy
storage technologies, supercapacitors have gained significant attention due to their unique
characteristics and potential to revolutionize energy storage systems. Supercapacitors, also
known as electrochemical capacitors or ultracapacitors, are energy storage devices that bridge the
gap between conventional capacitors and batteries. Unlike traditional capacitors, which store
energy through static charge separation, and batteries, which rely on chemical reactions,
supercapacitors store energy electrostatically and electrochemically. This unique mechanism
allows them to combine the advantages of capacitors, such as high power density and rapid
charge/discharge rates, with the energy storage capacity of batteries.The importance of
supercapacitors in the realm of energy storage stems from several key factors. Firstly, their high
power density enables rapid energy delivery, making them ideal for applications that require
bursts of power, such as regenerative braking in electric vehicles or smoothing out power
fluctuations in renewable energy systems. Secondly, their long cycle life and excellent durability
make them suitable for applications where frequent charge/discharge cycles are required without
significant degradation.Furthermore, supercapacitors offer a sustainable alternative to traditional
energy storage technologies. They can be charged and discharged thousands of times, reducing
the need for frequent replacements and resulting in lower environmental impact. Additionally,
supercapacitors operate efficiently over a wide temperature range and exhibit excellent
performance even in harsh environmental conditions, making them reliable and versatile energy

storage solutions. Supercapacitors also play a crucial role in improving the overall efficiency of



energy systems. By acting as intermediate storage devices, they can buffer intermittent energy

sources, such as solar and wind, and provide a stable



supply of energy when needed. This not only enhances the reliability and stability of power grids
but also contributes to the effective integration of renewable energy sources, reducing reliance on
fossil fuels and mitigating the impact of climate change. Moreover, supercapacitors have the
potential to revolutionize the transportation sector. Their high power density and rapid charging
capabilities make them ideal for electric vehicles, enabling shorter charging times and longer
driving ranges. By utilizing supercapacitors in conjunction with batteries, hybrid energy storage
systems can be created, offering the advantages of both technologies and addressing the

limitations of pure battery systems.



While energy conversion is a crucial process that allows us to harness, transform, and utilize
energy in various forms. The field of photocatalysis has emerged as a significant branch of
research within the realm of chemistry and materials science, offering promising solutions for
various environmental and energy challenges. In recent years, the application of photocatalysis
has garnered increasing attention, particularly in the domain of heterogeneous photocatalysis,
due to its potential to harness solar energy for diverse applications. Photocatalysis, in its simplest
definition, refers to a process in which light energy initiates a chemical reaction by activating a
semiconductor material known as a photocatalyst. This activation process generates
electron-hole pairs, which subsequently participate in various redox reactions on the surface of
the photocatalyst. Heterogeneous photocatalysis specifically involves the use of solid
photocatalysts, typically metal oxides, which exhibit excellent photochemical properties. The
principle of operation lies in the ability of these photocatalysts to absorb light within a specific
wavelength range and subsequently utilize this energy to drive chemical reactions, including
pollutant degradation and energy conversion. The applications of heterogeneous photocatalysis
are diverse and encompass a wide range of fields. Environmental remediation, for instance,
represents a prominent application area, where photocatalysis has demonstrated its potential for
pollutant degradation, including the decomposition of organic compounds, elimination of
hazardous substances, and disinfection of water and air. Moreover, the field of energy conversion
has witnessed significant advancements due to the utilization of photocatalysis. The production
of hydrogen as a clean and sustainable energy source, carbon dioxide reduction, and the
generation of solar fuels have all been explored using heterogeneous photocatalytic systems.
Understanding the history and evolution of photocatalysis provides crucial insights into the
development of this field. From the pioneering work of Fujishima and Honda in the 1970s, who
discovered the photoelectrochemical properties of titanium dioxide, to the continuous
advancements in materials synthesis, characterization techniques, and reactor design,
photocatalysis has evolved into a multidisciplinary field of research. The significance of this
research lies in its potential to address some of the most pressing environmental and energy
challenges of our time. By harnessing the power of sunlight and utilizing photocatalysts, it is
possible to develop sustainable and cost-effective solutions for clean energy production and

environmental remediation.



In this work, functional, recyclable, and efficient nanocomposite matrix (Co,Ni, Fe,O4; x=0.9 /
Si0, / TiO,) was prepared by a layer-by-layer method. The nanocomposite was built from the
interior core layer (magnetic layer) to the exterior shell layers (photoactive layers). The
photoactive layer employed Titanium oxide (TiO,) nanoparticles (NPs), due to its plenitude,
nontoxicity, oxidizing properties and long stability. TiO, NPs can efficiently play a key role in
many fundamental applications related to solar energy and environment such as solar water
splitting and wastewater purification. However, TiO, NPs suffer from rapid electron-hole pair
recombination and large bandgap (3.2 eV) inhibiting their technological applications. Many
techniques have been reported to tailor the drawbacks of TiO, nanomaterials including the
incorporation with non-metal ions like sulfur and chlorine or the doping with noble metals such
as Ag, Au and Pt. Collection and recycling of the composite after treatment is a critical
challenge, to build a recyclable nanostructure, magnetic nanomaterials give a helpful way to
reuse nanocomposites when employed in their cores by magnetic separation. Thus, the
photocatalytic reaction may happen for many times by collecting TiO, nanocomposites from the
wastewater being treated for subsequent reuse. Super paramagnetic nanoparticles are one of the
most favored materials, especially Fe;O4 and ferrite nanoparticles, to develop recyclable
photocatalysts due to their high polarization and steadiness. Thus, the photocatalyst can be
gathered by magnets after effective treatment. However, coating TiO, with iron oxide
nanoparticles initiates ineffectual and unstable photocatalyst due to photo-dissolution. For
example, direct electronic collaborations occur between the photoactive TiO, and iron oxide
nanoparticles prompting their oxidation and the development of pseudobrookite (Fe,TiOs) as an
unstable stage affecting the overall quantum efficiency. Thus, separation of the photoactive layer
and the magnetic core with a thin silica layer is a must to persist the photocatalytic abilities. To
further improve the quantum efficiency, the prepared composite matrix was loaded with different
carbon materials with various dimensionalities including (0D C-dots, 1D Single-walled carbon
nanotubes (SWCNTs), and 2D reduced graphene oxide (rGO) to form carbon semiconductor
heterojunctions (chapters 2-3). Carbon nanomaterials are extensively used in doping the
photocatalyst surface due to their phenomenal properties such as charge exchange and
outstanding optical properties which opened the best approach to be connected in photocatalysis

applications. Similarly, the previously mentioned matrix was loaded with copper (Cu) NPs to



form metal-semiconductor heterojunction (chapter 4). Cu NPs which as cost-effective, can

affectively absorb visible light, and improve



charge separation. After that, the photocatalytic performance of the prepared nanocomposites
was tested against many organic, inorganic, and heavy metals under both UV and visible light
via adsorption, photolysis, and photocatalysis assays. Kinetics of reactions and many parameters
affecting the overall performance (ex: photocatalysts dose, dye concentration, pH, and
scavengers) were also investigated. In addition, the antimicrobial potential of the prepared
materials was evaluated against multi-drug resistant bacteria and pathogenic fungi through
different assays including minimum inhibitory concentration (MIC), zone of inhibition (ZOI),
antibiofilm formation, cell content leakage, and the effect of gamma and UV rays’ activation was
also investigated. While Chapters (5-6) are presenting overall water splitting and H, evolution
under wide ranges of light through cocatalyst loaded AI-SrTiO; photocatalyst and
Al-SrTiOs/Au/CdS Z-Scheme samples, respectively. Since 1980, SrTiO; photocatalyst is
attracting the interest of many researchers worldwide as a promising material for overall water
splitting. SrTiO; can promote overall water spitting into H, and O, in a 2:1 stoichiometric ratio.
In addition, it possesses a proper band structure with respect to water oxidation and reduction
potentials. However, the quantum yield of pristine SrTiO; is low, due to its wide bandgap energy
(3.2 V), inefficient light absorption, the rapid recombination of photoexcited charge carriers,
and the undesired backward reactions. Many efforts have been dedicated to tailor the current
limitations of pristine SrTiO;. On the one hand, doping SrTiO; with lower valence cations such
as Al ijons increased its light absorption and minimized the defects (Ti”) acting as
recombination centers for photogenerated electrons and holes. On the other hand, H, and O, can
be evolved from the surface of SrTiO; by employing different variety of cocatalysts, improving
the migration and separation of charge carriers, and decreasing the activation energy. In addition,
to promote the photocatalytic activity under visible light, decorating the main semiconductor
photocatalyst with plasmonic nanoparticles such as Au NPs is a very promising technique
through plasmonic energy transfer from plasmonic metals to the semiconductor photocatalyst.
Plasmonic energy through hot-electron transfer, resonant energy transfer, and light scattering
through the localized surface plasmon resonance (LSPR) can foster water splitting performance
by visible light active materials. In (Chapter 5), we combined the synergetic impact of visible
light-absorbing plasmonic NPs such as (Pt, Au, and Cu) with the efficient cocatalysts for
hydrogen evolution (RhCr,0;) and oxygen evolution (CoOOH) reactions. While in (Chapter 6),



we combined a visible-light absorbing semiconductor material (CdS) to from efficient Z-Scheme

systems for H, evolution under visible light. Combining CdS is



a promising approach to improve the performance of SrTiO; as it has a narrow bandgap (2.4 eV).
In addition, CdS possesses a more negative conduction band edge with respect to H" to H?
reduction potential, high flat-band potential, and improved electrochemical performance, making
it a very suitable electron donor material. Finally, chapter (7), is evaluating the potential of our
previously mentioned carbon-semiconductor heterojunction-based nanocomposite (C-dots /
Co,Ni, Fe,04; x=0.9 / Si0, / TiO,) as an electrode material for supercapacitor applications. The
prepared nanocomposite possesses not only a good surface area but also carbon and metal oxide

layers which are suitable for supercapacitance applications.



Chapter 2: Carbon-semiconductor heterojunction based on Co,Ni, Fe,0g;
x=0.9 / SiO, / TiO, nanocomposite for the efficient wastewater treatment

(chloramine-T dye degradation and microbial pathogens’ disinfection)
2.1 Overview

Water scarcity is now a serious global issue resulting from population growth, water decrease, and
pollution. Traditional wastewater treatment plants are insufficient and cannot meet the basic
standards of water quality at reasonable cost or processing time. In this paper we report the
preparation, characterization and multiple applications of an efficient photocatalytic nanocomposite
(Co,Ni,Fe,04 x=0.9 / SiO, / TiO, / C-dots) synthesized by a layer-by-layer method. Then, the
photocatalytic capabilities of the synthesized nanocomposite were extensively-studied against
aqueous solutions of chloramine-T trihydrate. In addition, reaction kinetics, degradation mechanism
and various parameters affecting the photocatalytic efficiency (nanocomposite dose — chloramine-T
initial concentration — reaction pH) were analyzed in detail. Further, the antimicrobial activities of
the prepared nanocomposite were tested and the effect of UV-activation on the antimicrobial
abilities of the prepared nanocomposite was analyzed. Finally, a comparison between the
antimicrobial abilities of the current nanocomposite and our previously-reported nanocomposite
(Co,Ni,_Fe,04 x=0.9 / SiO, / TiO,) was been carried out. Our results revealed that the prepared
nanocomposite possessed a high degree of crystallinity, confirmed by XRD, while UV-Vis.
recorded an absorption peak at 299 nm. In addition, the prepared nanocomposite possessed
BET-surface area of (28.29 + 0.19 m*/g) with narrow pore size distribution. Moreover, it had
semi-spherical morphology, high-purity and an average particle size of (19.0 nm). The
photocatalytic degradation efficiency was inversely proportional to chloramine-T initial
concentration and directly proportional to the photocatalyst dose. In addition, basic medium (pH =
9) was the best suited for chloramine-T degradation. Moreover, UV-irradiation improved the
antimicrobial abilities of the prepared nanocomposite against E. coli, B. cereus, and C. tropicalis
after 60 min. The observed antimicrobial abilities (high ZOI, low MIC and more efficient
antibiofilm capabilities) were unique compared to our previously-reported nanocomposite. Our
work offers significant insights into more efficient water treatment and fosters the ongoing efforts
looking at how pollutants degrade the water supply and the disinfection of water-borne pathogenic

microorganisms.



2.2 Introduction

Population growth, the continued demand of water and water shortages from one year to another are
pushing the world towards a water shortage problem[1-3]. In addition, most of the available potable
water on earth is contaminated with many kinds of pollutants such as organic, inorganic materials,
heavy metals and pathogenic microorganisms, causing serious diseases[4-7]. Among these
pollutants, chloramine-T is gaining a lot of attention due to its adverse effects on public health, and
is seriously threatening the aquatic environment [8, 9]. Chloramine-T is an organic compound with
a chloro-substituent in the place of an amino hydrogen [10]. It is currently-used in many
applications such as antifouling biocides, disinfectant, various food products, and different
cosmetics[11-13]. However, several toxicological experiments have shown that chloramine-T is
harmful to the skin and eyes of humans [14]. In addition, it causes irritation of the upper respiratory
tract [15] and in severe cases nausea, vomiting and diarrhea [16]. Thus, reduction and degradation
of chloramine-T into relatively-safe intermediates is important for our environment. Currently, there
are many water treatment and purification methods[17-19]. However, these traditional methods are
not effective in terms of water quality, time of processing and overall cost of operation.
Nanotechnology, through nanomaterials, offers not only more-effective ways of water purification,
but also cost-effective and easily-manipulated techniques. Nanomaterials possess outstanding
chemical, physical and biological properties compared to their bulk materials, due to the large
number of surface atoms compared to the inner mass [20-23]. Recently, there are many reports
highlighting various promising nano materials and composites for heavy metal adsorption and dye
removal applications [24-28]. With respect to them, titanium dioxide nanoparticles (TiO, NPs) have
been extensively studied over the past decades (since water splitting by Fujishima and Honda in
1972) due to their cost-effectiveness, high degree of thermal and chemical stabilities,
high-oxidizing ability, and their good electronic and optical characteristics [29]. TiO, NPs are very
promising in many environmental applications like water treatment. However, the technological
application of TiO, NPs is limited by two main drawbacks [30]. Firstly, they possess a wide energy
bandgap (2.96, 3.02 and 3.2 eV) for the brookite, rutile and anatase phases respectively[31]. Thus,
TiO, NPs are activated only by ultraviolet (UV) light, representing a tiny portion of the total solar
spectrum (about 3 %) [32]. Secondly, TiO, NPs have short electron-hole recombination time (about

10° sec), while photocatalytic reactions need times at the order of (107 sec), that further



deteriorates the photocatalytic efficiency of TiO, NPs [33, 34]. Various tailoring methods have been
reported for increasing the quantum efficiency of TiO, NPs such as the formation of mixed TiO,
phases which reduces the band gap energy [35], doping with ions of non-metals like carbon [36]
and sulfur [37] and loading with noble metals like silver (Ag) [38], platinum (Pt) and gold (Au) [39]
which elongate electron-hole recombination time. Currently, loading TiO, NPs with cheap carbon
nanoparticles is gaining significant considerations, such as conjugation with activated carbon which
improved the adsorption potential of TiO, NPs [40]. Additionally, loading with graphene and
carbon nanotubes has shown to provide good electron mobility and reduced the recombination time
of the photo-generated charge carriers [41, 42]. Recently, carbon dots (C-dots) have received much
interest due to their strong photoluminescence, abundance, cost-effectiveness, ease of manipulation,
and chemical inertness, and their role as electron reservoirs which elongates the electron-hole
recombination time during photocatalytic degradation [43-46]. In this chapter, single nanoparticles
were incorporated into one nanocomposite to gain more benefits. A recyclable TiO,-based and
C-dots-loaded nanocomposite (Co,Ni, Fe,O,; x=0.9 / SiO, / TiO, / C-dots) was prepared by a
layer-by-layer method. A magnetic core (Co,Ni, Fe,O,; x=0.9) was formed to make the
nanocomposite recyclable by magnetic separation, SiO, layer was used as a protective shell for the
TiO, NPs (to protect the TiO, NPs from the formation of pseudo-brookite due to magnetic core
contact), anatase TiO, shell was prepared as an efficient photocatalyst with good photocatalytic
abilities, and C-dots were loaded onto the TiO, surface to act as an electron reservoir to increase
TiO, quantum efficiency. The photocatalytic abilities of the prepared nanocomposite were tested
against chloramine-T degradation (an organic compound). In addition, reaction kinetics,
photocatalytic mechanism and different parameters affecting the efficiency of photodegradation
(nanocomposite dose, chloramine-T initial concentration and reaction pH) had been analyzed.
Moreover, the antimicrobial abilities of the synthesized nanocomposite had been tested against
multi-drug- resistant bacteria and pathogenic fungi. Finally, the effect of UV-activation on the
antimicrobial abilities of the prepared nanocomposite had been studied.

2.3 Materials & Methods

2.3.1 Materials

Copper acetate monohydrate (C,HzCuOs), ascorbic acid (C¢HgOy), titanium (IV) isopropoxide 97%
(C,H»0,4Ti), ammonium hydroxide 28% (NH,OH), tetraethyl orthosilicate (TEOS) 98% [Si



(OC,Hs)4], absolute ethanol 99.9 % (C,H;OH), hydroxypropyl cellulose (M.W. = 80,000), nickel
chloride (NiCl,), cobalt chloride (CoCl,), sodium hydroxide pellets (NaOH), Ferric chloride (FeCls.
6H,0), and chloramine-T trihydrate C;H,CINNaO,S. 3H,0 were purchased from Sigma Aldrich
(Germany). All reagents were of extra-pure grade and were used as received without further
purification.

2.3.2 Method

2.3.2.1 Preparation of the sandwich structure: (Co.Ni, . Fe,0, x=0.9/5i0yTiO,) nanocomposite
The detailed preparation steps are reported in our previously-published papers [47, 48].

2.3.2.2 Preparation of carbon nanoparticles (C-dots)

C-dots were prepared according to the method reported by Xiaofang Jia et. al, [49]. Briefly, (6.8 g)
of ascorbic acid were dissolved in (400 ml) deionized water (D.I.W.). (0.8 g) of copper acetate
monohydrate was then added into the above solution, and the solution stirred at room temperature
for 10 min. The temperature was then raised to 90°C and kept for 5 hrs and the remaining solution
centrifuged at 9000 rpm for 20 min to remove large particles. Finally, the supernatant containing the
C-dotswas dried at 60°C for 8 hrs.

2.3.2.3 Preparation of (Co.Ni,  Fe,0, x=0.9 /Si0,/ Ti0,/ C-dots) nanocomposite

The C-dots-loaded nanocomposite was prepared according to the method reported in our
previously-published paper [29]. Briefly, 0.8 g of the nanocomposite from part 2.2.1 was mixed
with 0.1 g of C-dots from part 2.2.2. Then, 50 ml D.I.W was added, and the mixture dispersed using
water-bath sonication for 45 min. The hybrid composite was then centrifuged at 8000 rpm for 15
min. Finally, the collected composite was washed with D.I.W. and dried at 85°C for 2 hrs. The

preparation steps are schematically-represented in Fig. 2.1.
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Fig. 2.1: Schematic representation of the mechanism of Co,Ni,_Fe,0,; x=0.9 / SiO, / TiO, /
C-dots nanocomposite formation.

2.3.3 Characterization of the prepared nanocomposite

Crystallinity and phase were studied using x-ray diffraction (XRD) analysis on an Ultima [VX-ray
diffractometer, Rigaku, Japan, applying a voltage of 40 KV, a current of 30 mA and Cu K,, radiation
(L = 1.540598 A). UV-Vis. absorption was calculated via a V-670 spectrophotometer, JASCO,
Japan. BET and BJH analyses were used to determine surface area and pore size distribution via
Tristar II Micromeritics, Japan. The average particle size was determined by a high-resolution
transmission electron microscope (HR-TEM), JEM-2100 F, JEOL Ltd., Japan. The morphology,
elemental composition and purity of the particles were analyzed by scanning electron microscope
(SEM) supported with an energy-dispersive X-ray (EDX) unit, SU88000 Type II, HITACHI high
technologies, Japan. FTIR analysis was carried out by an FT-IR 3600, JASCO Infra-Red
spectrometer via the KBr pellet method. It was recorded through a wave-number scale from 4000 to

400 cm™.

2.3.4 Photocatalytic activity of (Co.Ni,.Fe,0, x=0.9 / SiO, / TiO, / C-dots) nanocomposite
against chloramine-T trihydrate

Photocatalytic experiments were carried out at an ambient temperature of 24 + 2°C. A fixed amount
of 10 mg of the synthesized nanocomposite was added to a 50 mL aqueous solution of
chloramine-T C, =10 mgL" and stirred for 2 hrs. in the dark. After reaching adsorption-desorption
equilibrium, the suspension was illuminated by a low-pressure, 10 W mercury lamp with 90%
emittance at 254 nm. The lamp was axially-located and held in a quartz immersion tube. At given
irradiation time intervals, 1 ml of the suspension was taken out by a syringe equipped with 2.5 um
pore size filter. The filtered supernatant was centrifuged at (5000 rpm) for (10 min), to remove
particles of the employed photocatalyst. The changes in chloramine-T concentration during
photo-decomposition were determined by measuring the absorbance at A,,,,= 225 nm as a function
of irradiation time in the liquid cuvette configuration. D.I.LW. was used as the reference on a
UV-Vis. Spectrophotometer (Agilent Technologies Cary60 UV-Vis). The concentration of
chloramine-T prior to UV-irradiation was used as the initial value for the measurement of

chloramine-T degradation.
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2.3.5 Antimicrobial activity of C-dots and Co.Ni,.Fe,0, x=0.9 / SiO, / TiO, / C-dots
nanocomposite

Both C-dots and Co,Ni, Fe,0,; x=0.9 / SiO, / TiO, / C-dots nanocomposite were dispersed in
DMSO to form two tested concentrations for each sample (10 and 15 pg/ml). Next, their
antimicrobial activities were individually-tested using the agar well diffusion method [50], against
different isolates of infection-causing bacteria such as Staphylococcus aureus (MRSA), Escherichia
coli, Bacillus cereus, Pseudomonas aeruginosa, and Klebsiella pneumoniae. Furthermore, the
antifungal potentials of both samples were checked against unicellular pathogenic fungi (Candida
tropicalis and Candida albicans). The tested microorganisms were kindly-gifted from the culture
collection of Drug Microbiology Lab., Drug Radiation Research Dep., NCRRT, Cairo, Egypt. It is
worth stating that 0.5 McFarland standard of all tested bacterial inoculums was fixed at 3-4 x10*
CFU/ml and 2-5 x10® CFU/ml for pathogenic yeast. Growth restraint of the examined pathogenic
bacteria and yeast was defined by measuring the zone of inhibition (ZOI) after 24 hrs. of incubation
[51]. In addition, conventional antibiotic discs such as nystatin (NS), with 6 mm-diameter, and a
ready-to-use solution of Amoxicillin/Clavulanic acid (AMC, 100 pg/ml) were utilized as references
to compare the abilities of the developed nanocomposite [52]. A minimum inhibitory concentration
(MIC) was defined using Luria—Bertani (LB) broth with suitable serial dilution [53, 54]. A test tube
containing the selected microorganism and the nutrient was employed as a positive control, and
another tube with just the nutrient was used as a negative control. C-dots and the prepared C-dots
loaded-nanocomposite (beginning with a concentration of 50 mg/ml) were examined to determine
their MIC values. MIC values were measured after 24 hrs. of incubation at 37°C [55, 56]. The
examined bacterial inoculums were fixed at 3-5x10° CFU/ml, while Candida species were fixed at
2-5x107 CFU/ml. MIC values were determined by ELISA plate reader at absorption wavelength of
600 nm [56, 57].

2.3.6 Antibiofilm activity of Co.Ni, .Fe,0, x=0.9/Si0,/ TiO,/ C-dots nanocomposite

A semi-quantitative investigation of biofilm growth by pathogenic bacteria and yeast and its
inhibition by the prepared C-dots loaded nanocomposite were evaluated according to the process
described by Christensen et al., [58]. The apparent detection of biofilms created by pathogenic
bacteria and yeast throughout the inner walls of test tubes having the tested nanocomposite with a
concentration of (15 pg/ml) and tubes without the nanocomposite (control) was carried out.

Additionally, nutrient broth (5 ml) was added to all test tubes after setting 0.5 McFarland standards
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at 2-3 x107 CFU/ml (for the tested bacteria). The tubes were then incubated for 24 hrs. at 37°C. The
content of the control tubes and nanocomposite-included tubes was discarded and tubes were
washed and cleaned with phosphate buffer saline (PBS, pH = 7.4). After that, tubes were dried[48,
59]. The developed yeast and bacterial biofilms were fixed by 5 ml sodium acetate (3 %) for 15
min, and then all tubes were washed with D.I.W. Bacterial and yeast biofilms were dyed with 0.1%
crystal violet (CV) for 10 min, then D.I.LW. used to eliminate the excess quantity of CV [60].
Additionally, 4 ml of absolute ethanol was employed to dissolve CV. The formed biofilms were
identified by the characteristic stained rings around the walls of test tubes [61]. The bacterial and
yeast biofilms were investigated using a UV-Vis. spectrophotometer at 570 nm, and the biofilm

suppression percentage (%) was determined by utilizing equation 2.1 [48, 62].

0.D. of the control sample—0.D. of the treated sample

Percentage of bacterial and yeast biofilm inhibition (%) = 0.D. of the control sample

2.3.7. Effect of UV-irradiation on the antimicrobial abilities of the prepared nanocomposite

To distinguish the influence of UV-irradiation on the antimicrobial potential of the
synthesized Co,Ni,Fe,O4; x=0.9 / SiO, / TiO, / C-dots nanocomposite against microbes, the
restraint percentage was defined by measuring the optical density of the viable and dead microbial
cells [63]. Three susceptible microbes were selected, including E. coli (Gram-negative bacteria), B.
cereus (Gram-positive bacteria) and C. tropicalis (unicellular fungi). For each microorganism, four
test tubes were prepared. The first tube was a control, which contained tested microbes and was not
UV-irradiated; the second had both tested microbes and the prepared nanocomposite and was not
UV-irradiated; the third contained the tested microbes and was UV-irradiated; and the fourth
included both tested microbes and the synthesized nanocomposite, and was UV-irradiated. All four
tubes had nutrient broth and a fixed number of microorganisms (0.5 McFarland, CFU/ml). A
low-pressure mercury lamp emitting UV (10W, 90% emittance at 254 nm) was
horizontally-positioned and settled on the laminar flow. Examined tubes were subjected to
UV-irradiation for 1 hour at a distance of about 60.96 cm. It is worth to mention that the number of
bacteria and yeast was determined every 10 min through a UV-Vis. Spectrophotometer, at a

wavelength of 600 nm for bacteria and 630 nm for Candida species, for 1 hour and the repression
percentage % was estimated by equation 2.1.

2.3.8 Reaction mechanism using SEM/EDX analysis of nanocomposite-treated bacterial cells
Obtained bacterial cells from the biofilm-forming test were washed with PBS and fixed with 3 %

glutaraldehyde solution. The preserved bacterial specimens were regularly-washed with PBS and
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evenly-dehydrated with various concentrations of ethanol (30 %, 50 %, 70 %, 80 %, 95 %, and 100
%) for about 20 minutes at 28+2°C [59]. Next, bacterial cells were placed on an aluminum scrap for
SEM/EDX analysis [59]. The morphological characteristics of the control (non-treated pathogenic
bacteria and yeast) and nanocomposite-treated bacterial and yeast cells were observed using
SEM/EDX analysis.

2.3.9 Statistical analysis

Statistical interpretation of our results was performed through the ONE-WAY ANOVA analysis (at
P < 0.05), using Duncan's multiple series studies, and the least significant difference (LSD) record
[64]. The obtained results were also analyzed by SPSS software (version 15).

2.4 Results & discussion

2.4.1 Characterization of the prepared Co.Ni, Fe,0, x=0.9 / Si0,/ TiO, / C-dots nanocomposite
2.4.1.1 XRD analysis

Crystallinity and phase of the prepared C-dots and the whole nanocomposite were studied using
XRD, as depicted in Fig. 2.2 Several diffraction peaks were recorded, such as the peak at 20 =
22.9°, plane (002), which corresponds to the C-dots shown in Fig. 2 [65], while peaks recorded at
20 = 25.5° plane (101), 38.1°, plane (004), 48.4°, plane (200), 53.6°, plane (105), 55.4°, plane (211),
63.1°, plane (213), and 75.6° plane(215) correspond to anatase TiO, NPs (JCPDS 21-1272). In
addition, peaks observed at 26 = 37.2°, plane (311), 54.3°, plane (422), and 62.3°, plane (440) were
due to the cobalt and nickel ferrite of CoNi, Fe,O,; x=0.9 NPs (JCPDS 10-325 and JCPDS
1-1121). It is worth mentioning that an SiO, amorphous halo was suppressed due to the high
intensity of C-dots and TiO, peaks, as previously-reported in our paper [48].

400 F C:Carbondots A: Anatase TiO, F:Co,q4Nij,Fe,0,

o C A F
350 | (002)\ ‘| /(101) 5 (422) -
300 (200) (440) &
A
250 F Al A A (215)
200 (311)\(704) (10<) ?1) ;13)

150 -

(101) \Coo.sNio.1FezO4/5i02/ TiO, / C-dots
Y . _

Intensity / counts

100




Fig. 2.2: XRD patterns of the prepared C-dots NPs and Co,Ni,Fe,O,; x=0.9 / Si0, / TiO, / C-dots

nanocomposite.
2.4.1.2 UV-Vis. spectroscopic analysis and bandgap calculation
To reveal the optical characteristics of the synthesized nanocomposite and bare C-dots, UV-Vis.
analysis was carried out, as shown in Fig. 2.3. A strong absorption peak at (299 nm) was recorded
for the prepared Co,Ni, Fe,O,; x=0.9 / SiO, / TiO, / C-dots nanocomposite. While a C-dots
absorption peak was recorded at (256 nm), this could be attributed to m1 — © * transitions of carbon
[66]. It is worth mentioning that the loading of C-dots resulted in a change of the nanocomposite
absorption from (365 nm) for the previously-prepared Co,Ni, Fe,O,; x=0.9 / SiO, / TiO,
nanocomposite to (299 nm) for the newly-prepared C-dots-loaded Co,Ni, Fe,O4; x=0.9 / SiO, /
TiO, nanocomposite [48]. This shift could be attributed to the existence of the new transition
electronic bands due to loading with carbon [67, 68]. While, band gap energy of the prepared
nanocomposite was determined using Tauc’s equation (2.2) as follows:

ahv = A(hv — Eg)" (2.2)

where (o) denotes the absorption coefficient, (hv) represents photon energy, (A and h) are constants,
(Eg) 1s the band gap energy and (n) is a constant depends on the type of electronic transition and
n=1/2, in case of indirect band gap semiconductors. By plotting a graph of (ahv) 1/2 versus hv,
linear region’s extrapolation gives the value of band gap energy (Eg) as shown in supplementary
Fig.2.2. The calculated band gap energy of the synthesized nanocomposite has been found to be
(3.35eV).
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Fig. 2.3: UV-Vis. absorption spectra of the prepared Co,Ni, Fe,0,; x=0.9 / SiO, / TiO, / C-dots
nanocomposite, bare C-dots and Co,Ni,_Fe,0,; x=0.9 / SiO, / TiO, nanocomposite.

2.4.1.3 Surface area and pore size distribution analysis

N, adsorption-desorption isotherm and pore size distribution of the prepared nanocomposite are
shown in Fig. 2.4 (a-b). According to the IUPAC classification, the obtained isotherm was of type
(IV), indicating the presence of mesopores. The uptake of adsorbate was increased when pores
became filled, and an inflection point occurred near the completion of the first monolayer [69-71].
In addition, sharp capillary condensation was recorded at higher pressures (0.95-1), which
indicated the presence of macropores [48, 72]. The calculated surface area of the prepared
nanocomposite was 28.29+0.19 m?*/g and pore volume was 0.001253 c¢cm?/g. Finally, Fig. 2.4 (b)
shows the pore size distribution of the prepared nanocomposite. The prepared nanocomposite
possessed unimodal and narrow pore size distribution, with an intense peak at (pore diameter = 13.3

nm), confirming the presence of mesopores.
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Fig. 2.4: (a) N, Adsorption-desorption isotherm of the prepared Co,Ni, Fe,O,; x=0.9 / Si0, / TiO, /
C-dots nanocomposite; (b) Pore size distribution.

2.4.1.4 TEM, HR-TEM analysis and average particle size calculation
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A TEM image of the prepared nanocomposite is shown in Fig. 2.5 (a). The primary particles were
agglomerated with high interparticle void content. This structure was in good agreement with the
N,-gas adsorption-desorption isotherm shown in Fig. 2.4 (a), where condensation in interparticle
voids clearly-appeared at the high relative pressure region of 0.95—1. In addition, the agglomeration
mainly occurred during TEM sample preparation, since the nanocomposite was well-dispersed in
water solvent and no precipitation was observed for several hrs. The HR-TEM image in Fig.2.5 (b)
shows that the average crystallite size was 19 nm. Almost all fringes observed were attributed to
anatase TiO, NPs, which can be attributed to the high content and crystallinity of TiO, as shown in
Fig. 2.6 (¢). The selected area electron diffraction pattern in Fig. 5 (c¢) also showed only the
characteristic rings of anatase TiO,. This result was a good match to the recorded XRD pattern in

Fig. 2.2, where anatase TiO, was the predominant crystal phase of the prepared nanocomposite.

Fig. 2.5: (a) TEM image of the prepared Co,Ni,_Fe, O, x=0.9 / SiO, / TiO, / C-dots
nanocomposite; (b) HR-TEM image; (c) SAED pattern.

2.4.1.5 SEM and EDX analysis

The external morphology, purity, and the elemental composition of the prepared nanocomposite

were studied, as shown in Fig.2.6 ( a-¢). SEM analysis showed that the prepared nanocomposite

had a semi-spherical structure, with a uniform distribution of each layer. EDX analysis revealed the

high purity of the prepared nanocomposite, as indicated by the presence of atoms characteristic to

each component of it and the absence of foreign atoms that may appear as impurity.
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Fig. 2.6: (a) SEM image of the prepared Co.Ni, Fe,O,; x=0.9 / SiO, / TiO, / C-dots

nanocomposite; (b) Magnified SEM image; (c) EDX pattern with elemental composition.

2.4.1.6 Surface bonding and functional groups analysis; FTIR analysis of the prepared
nanocomposite
Inducing chemical compounds via IR wave’s causes either stretching or bending of these bonds and

FT-IR was used to identify the functional groups and define the molecular structure of the studied
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composite. The FT-IR investigation was directed to determine the interaction between
Co,Ni, Fe,O,; x=0.9 / SiO, / TiO, / nanocomposite and the synthesized C-dots (Fig. 2.7). The
observed bands around 455.7 cm™ (in both Co,Ni, Fe,O,; x=0.9 / SiO, / TiO, / nanocomposite and
Co.Ni,Fe,O,; x=0.9 / Si0, / TiO, / C-dots nanocomposite) were assigned to Ti—O stretching
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vibration [73]. The presence of free silanol (Si-OH) groups on surface was detected at 920.25 cm’™
[74, 75]. In addition, the symmetrical tension of O-Si-O appeared at 789.21 cm™ while the bending
of Si-O could be seen at 455.7 cm™ [76]. It is generally known that the spinel ferrites exhibit two
FTIR active bands, designated as v, and v,. The ‘v,” was observed at the range (550-600 cm™) and
‘v,” was recorded at the range (350-450 cm™). These two bands refer to the stretching of metal ions
and oxygen bonds in the tetrahedral and octahedral sites respectively [77]. Further, the cubic spinal
phase of the present samples was successfully-formed [78-81], as shown in Fig. 2.7. The peaks at
wave number 1155 cm™ were attributed to a bond formation during the synthesis of cobalt nickel
ferrite. The stretching of O—H bands can be seen around 1561 c¢cm™. It is clear that the structure
remained in the cubic spinel phase even after the substitution of metals on ferrite nanostructures. It
should be noted that, in the FTIR spectrum of the synthesized C-dots, the stretching vibration band
of C=0 was observed at 1633.3 cm™ (C-dots) and at 1675.0 cm™ (Co,Ni, Fe,O,; x=0.9 / SiO, /
TiO, / C-dots nanocomposite), and the stretching vibration bands of C—O was detected at 1099 cm’!
(C-dots) and at 1089.2 ¢cm™ (Co.Ni,,Fe,0,; x=0.9 / SiO, / TiO, / C-dots nanocomposite) [82].
Moreover, the obvious two sharp peaks, at 1359 cm™ (C-dots), 1362 cm™ (Co,Ni, Fe,0,; x=0.9 /
SiO, / TiO, / C-dots nanocomposite) and 818.2 cm™ (C-dots), 824.12 cm™ (Co,Ni, Fe,0O,; x=0.9 /
Si0, / TiO, / C-dots nanocomposite),were associated with the stretching and bending vibrations of
C=C, and =C-H respectively, suggesting the presence of alkyl groups [83]. Finally, one distinct
peak, located at 1319.7 cm™ in Co,Ni,Fe,0,; x=0.9 / SiO, / TiO, / C-dots nanocomposite, was not
detected in C-dots spectrum. It may have corresponded to the C-O functional group, which
suggested the conjugation of C atom with O atoms (from SiO, and/or TiO,; inner and outer
nanocomposite layers) by a covalent bond. This C-O stretching vibration represented the
conjugation of C-dots on the surface of the synthesized Co,Ni, Fe,O, x=0.9 / SiO, / TiO,
nanocomposite [84, 85]. Our FTIR results were similar to some recently-published research studies
[86-89].
Fig. 2.7: FTIR analysis of the Co,Ni,_Fe,04; x=0.9 / Si0O, / TiO, / C-dots nanocomposite, bare
C-dots and Co,Ni,Fe,0,; x=0.9 / SiO, / TiO, nanocomposite.
2.4.2 Photocatalytic Activity of CoNi,  Fe,0, x=0.9 /Si0,/ TiO, / C-dots nanocomposite
The photocatalytic activity of the synthesized C-dots-loaded nanocomposite was evaluated via the
photocatalytic degradation of an aqueous solution of chloramine-T trihydrate under UV-light

irradiation. Upon increasing the UV-irradiation period, the strong absorption bands of chloramine-T
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recorded at 225 nm (the maximum absorbance wavelength (A,,,) for the chloramine-T), reduced
continuously, and the removal of chloramine-T solution reached about 80 % after 90 min of UV-

light irradiation, as shown in Fig. 2.8.
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Fig. 2.8: UV-Vis. spectra of chloramine-T solution after photodegradationtest for 0-40 min (10
mg of nanocomposite, 50 ml chloramine-T solution, Temp. =25 °C and pH = 7).

2.4.2.1 Effect of chloramine-T initial concentration on the degradation efficiency

Degradation efficiency with an irradiation time of chloramine-T via 10 mg of the prepared
nanocomposite in (50 ml) chloramine-T solution of initial concentrations (10, 20 and 30 mg/L) is
illustrated in Fig. 2.9. The color of the solution turned from a turbid white to nearly transparent at
the end of the decomposition experiment, with approximately 80 % removal after 90 min. Our
results showed that the degradation efficiency of chloramine-T is inversely-proportional to its initial
concentration. The decomposed percentage of chloramine-T was measured by using C/C, x 100,

where C, and C, are the remaining and initial concentrations of chloramine-T, respectively.
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Fig. 2.9: Effect of initial concentration of chloramine-T on the degradation efficiency (10 mg of
nanocomposite, 50 ml chloramine-T solution, Temp. =25 °C and pH = 7).

2.4.2.2 Effect of the nanocompositedose on degradation efficiency

The influence of a nanocomposite dose on the photodegradation of chloramine-T under UV-light
was studied by varying the amount of the prepared photocatalyst between 5 mg and 20 mg against a
fixed concentration of chloramine-T (20 mg/L), as shown in Fig. 2.10. The results showed that by
increasing the amount of the employed photocatalyst from (5 to 20 mg), a decrease in the value of
C/C, x 100 was observed from 40 to 20, respectively. The results also indicated an increase in the
degradation efficiency upon increasing the photocatalyst dose from (5 to 20 mg). The observed
increase in degradation efficiency with increasing the amount of the photocatalyst in the reaction
could be attributed to the increase in the available active area or active sites of the photocatalyst to

volume ratio of chloramine-T solution [90, 91].
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Fig. 2.10: Effect of the photocatalyst dose on the degreadation efficency of chloramine-T (50 ml
chloramine-T solution (20 mgL™), Temp. = 25 °C and pH = 7).

While Fig. 2.11 shows a plot of 1/[C], against time, which gives a straight-line with intercept equal

to 1/[C], and slope k. According to the values of R’> 99.5, the reactions of chloramine-T

degradation with the prepared nanocomposite followed pseudo second-order reaction kinetics.

Moreover, as indicated in Fig. 2.12, there is a clear inverse dependenceof the apparent pseudo

second-order rate constant on the initial concentration of chloramine-T.
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Fig. 2.11: Pseudo second order kinetics of chloramine-T degradation (10 mg of nanocomposite, 50

ml chloramine-T solution, Temp = 25 °C and pH = 7).
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Fig. 2.12: Apparent pseudo second order rate constant vs initial concentration of chloramine-T.
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2.4.2.3 Effect of pH value on the photodegradation of chloramine-T

In this part, the role of reaction pH on the photocatalytic degradation of chloramine-T was studied
in the pH range from (5 to 9) at room temperature (25°C £ 2°C). The initial pH of the chloramine-T
solution was set before UV-irradiation and it was not changed during the experiments. The
influence of the initial pH on the photodegradation of chloramine-T under UV-irradiation was

investigated, and the results are shown in Fig. 2.13.

100 k&

80 \<
_

c Ees
S 60F \ T—
x )
oo \&
= 40f Mo
= N pH=7
U \‘ﬁ'\‘.ﬁr - "
20 F |
0 M [ ] " [l o [ o 1
0 20 40 60 80
Time / min

Fig. 2.13: Effect of pH on the degradation of chloramine-T (10 mg nanocomposite, 50 ml
chloramine-T (20 mgL™") and 100 min UV-irradiation).

The photodegradation of chloramine-T was enhanced by increasing the pH. It is well known that,
the photocatalytic degradation of chloramine-T is a complicated process, which started with the
adsorption on the nanocomposite surface [92]. The photocatalytic performance of the prepared
nanocomposite could be attributed to the surface electrical properties, due to the different interlayer
anions. The superior surface potential of the nanocomposite facilitated chloramine-T adsorption,
which is helpful in promoting the transfer of light-generated charge carriers to the photocatalyst

surface [93].
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The initial pH of the solution is one of the most remarkable parameters controlling the
photocatalytic process and can affect the surface charge nature of the photocatalyst and the extent of
agglomeration and its stability [47, 93, 94]. Moreover, pH manipulates a significant role in the
reaction mechanisms that can lead to chloramine-T degradation. The photodegradation mechanisms
affected by varying the pH values include hydroxyl radical attack, explicit oxidation by the positive
holes in the valence band, and explicit reduction by the electrons in the conduction band. In the
presence of a photocatalyst, it is assumed that photocatalytic degradation is likely to happen due to
the formation of electron-hole pairs on the exterior of the employed photocatalyst, due to
UV-irradiation. Oxidative potential of holes either reacts with the—OH groups to form hydroxyl
radicals or oxidizes the reactive chloramine-T to form a degradation product [95]. The reactions of

chloramine-T and the employed photocatalyst can be summarized as follows (equations, 2.3- 2.6).

C — dots loaded composite + hv — nanocomposite (egB + h;B) (2.3)

h;B + Chloramine — T — Chloramine — T"" (Oxidation of the compound) (2.4)

Or
+ —_— L]
hVB + OH - OH (2.5)

OH" + chloramine — T —» (Degredation product) (2.6)
Interestingly, the concentration of OH" radicals is relatively-higher at higher pH values (alkaline

medium), and this may also be another reason for the increase in photodegradation of strong

alkaline media. In addition, the high pH value (in alkaline media) is beneficial to the formation of
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OH’ radicals during the reaction between dissolved oxygen and excited state electrons, which
makes the degradation of chloramine-T noteworthy [96], while, at low pH values, a decrease in
photodegradation efficiency is noticed that may be attributed to the instability of the prepared
nanocomposite through a cathodic dislocation of the valence band position, which gives rise to a
weakening of the oxidation capability of the holes. In conclusion, the initial reaction pH has an
influence on the surface charge of the catalyst and the adsorption characteristics of ions [47, 95].

The proposed mechanism of interaction between the prepared nanocomposite and chloramine-T is
shown in Fig. 2.14. Upon UV-light excitation of TiO, layer, charge carriers will be photogenerated
and redox reactions will be initiated. Then, the generated free radicals (such as OH: And 02%) will
degrade chloramine-T into two potential products, p-touluene sulfonamide and hypochlorites that
can be easily dissociated into O, and CI ions. Since, there are no published reports about the
degradation of chloramine-T till the moment, more investigations via high-performance liquid
chromatography (HPLC) and gas chromatography-mass spectrometry (GC-MS) are required to

analyze with more details the degradation products of chloramine-T.

Fig. 2.14: Proposed mechanism of photocatalytic degradation of chloramine-T with the prepared
nanocomposite.

2.4.3 In vitro antimicrobial activity of the synthesized Co,Ni, Fe, 04 x=0.9 / SiO, / TiO, /
C-dots nanocomposite

Agar diffusion technique was used to test the antimicrobial potential of the prepared nanocomposite
(screening procedure). C-dots loaded nanocomposite (15 pg/ml) showed comparatively-higher
antimicrobial potential against all examined bacteria and Candida species compared with C-dots.
Screening data verified that the fabricated nanocomposite possessed predominant antibacterial
efficacy against E. coli (36 mm ZOI, Fig. 2.15 (a), P. aeruginosa (33 mm ZOI) and B. cereus (24
mm ZOI, Fig. 2. 15 (b) as seen in Table 2.1. Interestingly, the synthesized C-dots loaded
nanocomposite exhibited more effective antimicrobial capacities than bare C-dots and other
conventional antimicrobial agents (AMC). Our previously-prepared Co,Ni, Fe,0, x=0.9
/S10,/Ti0O,; nanocomposite [47] exhibited antibacterial action of (16 mm, ZOI) against E. coli and
an antifungal potential against C. albicans of (10 mm, ZOI). Interestingly, by making a comparison,
we observed an enhanced antibacterial activity of C-dots loaded nanocomposite (Fig. 2.15 — Table

2.1) suggesting the possibilityof synergistic potential between Co,Ni, Fe,0,/Si0,/TiO,; x=0.9
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nanocomposite and C-dots. It was also noted that the prepared nanocomposites were more effective
against Gram-negative than Gram-positive bacteria. One possible cause is in how the bacterial cell
walls are constructed, as cell walls of Gram-negative species consist primarily of films (thin layers)
of peptidoglycans, lipopolysaccharides, and lipids, while, cell walls of Gram-positive species have
thick arrangements of peptidoglycans [97]. The prepared C-dots loaded nanocomposite can be used
as a powerful antifungal agent, as it possesses an extraordinary antifungal potency against C.
tropicalis (35 mm ZOI, Fig. 15 ¢) and C. albicans (28 mm ZOI) as presented in Table 2.1. The
MIC values of bare C-dots and C-dots loaded nanocomposite against all tested pathogenic bacteria
and Candida sp. were in the range of 6.25 to 0.024pug/ml, as shown in Table 1. The synthesized
nanocomposite possessed MIC values of about 0.024pug/ml against E. coli, 0.097ug/ml against C.
tropicalis, and 0.390ug/ml against B. cereus. Surprisingly, by comparing these results with those in
our previously-published paper [47], the synthesized Co,Ni,, Fe,0,; x=0.9 /SiO,/TiO,
nanocomposite possessed MIC values of (3.12pg/ml) against E. coli and (12.5 pg/ml) against C.
albicans. However, the newly-prepared C-dots loaded nanocomposite showed more promising MIC
results, of about (0.024 pg/ml against E. coli) and (0.781 pg/ml ZOI against C. albicans),

suggesting it had good antimicrobial abilities at very low concentrations.

Candida tropicalis|
Standard antify ungal agent
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Fig. 2.15: Antibacterial and antifungal activities of bare C-dots and Co,Ni, Fe,0O,; x=0.9 / Si0, / TiO, /
C-dots nanocomposite on: (a) Escherichia coli, (b) Bacillus cereus and (¢) Candida tropicalis
measured as ZOI (mm). 1= CoNi, Fe,0,; x=0.9 / SiO, / TiO, / C-dots nanocomposite (15
ug/ml), 2= Co,Ni,Fe,O,; x=0.9 / SiO, / TiO, / C-dots nanocomposite (10 pg/ml), 3= bare

Pathogenic | ZOI of bare | ZOI of bare | MIC of 70l of Z0I of MIC of . A
microbes c-dots (10 c-dots (15 bare CoxNi, Fe,0, | CoxNi, Fe, O, | CoxNi, Fe,
pg/ml) pg/ml) c-dots 5 x=0.9/8Si0,/ | ; x=0.9/Si0,/ | O, x=0.9/ MC or
(mm) (mm) (ng/ml) | TiO,/C-dots | TiO,/ C-dots | SiO,/ TiO,/ NS
(10png/ml) (15 pg/ml) C-dots
(mm) (mm) (ng/ml)

Escherichia 149+£0.2516 189+0.2516 1.562 30°+0.1000 36%+£0.2516 0.024 19°+0.25
coli 16
Pseudomonas | 13°£0.2081 14°+0.1154 1.562 21+0.3000 33°+0.4725 0.195 10°+0.15
aeruginosa 27
Staphylococcu 97+0.4041 10°+0.5291 12.5 11%+0.2309 12°+0.4725 6.25 Nil
s aureus;
MRSA
Bacillus 13°£0.4509 16°+0.1000 0.751 16°+0.4506 24°+0.1154 0.390 15°+0.3
cereus 214
Klebsiella 97+0.4509 10°+£0.2516 6.25 16°+0.4041 18°+0.1154 3.125 Nil
pneumoniae
Candida 12°+0.4041 16°+0.2516 3.125 16°+0.1732 259+0.2000 0.781 Nil
albicans
Candida 16°+0.3214 18°+0.2516 0.781 20°+0.3000 35+0.3055 0.097 Nil
tropicalis
LSD 0.76667 1.50000 | ------—- 4.03333 0.96667 | --—-— [ ----

C-dots (15 pg/ml), 4= bare C-dots (10 pg/ml) and 5= Amoxicillin/Clavulanic Acid (100
ng/ml, standard antibacterial agent).

Table 2.1: Antibacterial and antifungal activities of bare C-dots and Co,Ni, Fe,O,; x=0.9/
Si0,/Ti0,/C-dots nanocomposite, against multi-drug resistant (MDR) bacteria and pathogenic
Candida species, measured as ZOI (mm) and MIC (pg/ml).

Values are presented as means + SD (n = 3). Data within the groups were analyzed using
one-way analysis of variance(ANOVA) followed by “ * ¢ ¢/ ¢ Duncan’s multiple range test
(DMRT), LSD= Least Significant Difference.

° Nil means that no ZOI was measured.

AMC = Amoxicillin/Clavulanic Acid (standardantibacterial agent).

NS = Nystatin (standardantifungal agent).

Interestingly, there is a correlation between the physical characteristics (surface area) of the

prepared nanocomposite and its recorded antimicrobial capabilities. The measured surface area of

28




the C-dots loaded nanocomposite was (28.29 + 0.19 m*/g) with a unimodal and narrow pore size
distribution, with an average pore diameter of (13.3 nm) and an average pore volume of (0.001253
cm’/g). The prepared nanocomposite possessed two classes of pores in its outer shell (TiO, NPs),
mesoporous and macropores [98]. This surface area and pore size distribution expanded its
connection areas (active sites) to absorb more microbial cells (diameter of E. coli is 0.25um). These
physical features were significant in enhancing its antimicrobial potency at a low concentration
(0.024pg/ml) against all tested pathogenic bacteria and Candida species.

2.4.4 Effect of UV-irradiation on the antimicrobial potential of Co,Ni, Fe,04 x=0.9/Si0,/TiO,
/C-dots nanocomposite in liquid media

Comparative study of the repression percentage of E. coli, B. cereus, and C. tropicalis by
non-irradiated and UV-irradiated nanocomposite was conducted and is shown in Fig. 2.16. The
restraint percentage of the examined pathogens due to nanocomposite treatment decreased as a
function of time, suggesting that it maintained effective antimicrobial capabilities against the
colonies of E. coli, B. cereus, and C. tropicalis. as shown in Fig. 2. 16 (a-c), Interestingly, the
UV-irradiated nanocomposite showed higher antimicrobial potential compared with the
non-irradiated, as shown in Fig. 2.16. The highest recorded hindrance percentages of non-irradiated
and UV-irradiated nanocomposites against E. coli were 34.12 % and 80.47 %, respectively.
Inhibition percentages were 22.56 % and 49.54 % for B. cereus and 50.45 % and 78.54 % for C.
tropicalis after 60 min of UV-irradiation (practice time) as shown by non-irradiated and
UV-irradiated nanocomposites, respectively. The effect of UV-irradiation on the nanocomposite can
be explained by the photo-created reactive oxygen species (ROS), which can disintegrate bacterial
cells. The observed antimicrobial capabilities were also due to the effective UV-absorption by the
synthesized nanocomposite. OH radicals can be also produced by irradiating the nanocomposite
with UV. Due to the electron shift within the microbial cells and the nanocomposite, OH radicals
can damage bacterial cells by reducing co-enzyme contents [99]. In addition, metal oxides (MOs),
like TiO, (the composite’s external layer), possess positive charges in slightly-acidic media, while
microbes have negative charges. This creates an electromagnetic attraction between microbes and
MOs, resulting in microbial cell oxidization and consequent damage [100]. Moreover,
nanomaterials can damage cellular proteins and DNA by binding with electron-donating
constructions such as thiols, carbohydrates, indoles, hydroxyls, and amides. Additionally, they can

induce cracks in the cell walls of bacteria, causing extensive permeability and cell death [101]. We

29



Inhibition / %

100

80

60

40 F

20

previously-reported that our Co,Ni, Fe,O,; x=0.9 /Si0,/Ti0, nanocomposite had a negative charge
in neutral media, but tested microbes media is slightly-acidic (pH = 6), which can change the
outside charge of the nanocomposite to positive, which is in a good agreement with our recorded
results.

Further, our previous Co,Ni, Fe,04; x=0.9/ Si0,/ TiO, nanocomposite [47] displayed an inhibition
% against E. coli of about 70.45 % after UV-activation, while the newly-synthesized Co,Ni,_ Fe,O,;
x=0.9/S10,/Ti0,/ C-dots nanocomposite showed an inhibition % of 80.47% (Fig. 2.16 (a). In
addition, its repression to Candida species reached (78.54%; Fig. 2.16 (¢) compared with only

50.85 % for the previous Co,Ni, Fe,0,; x=0.9/S10,/TiO, nanocomposite [47].
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Fig. 2.16: Antimicrobial

abilities of UV-irradiated Co,Ni,Fe,0,; x=0.9/Si0,/Ti0,/C-dots nanocomposite against
different pathogenic microbes: (a) Escherichia coli, (b) Bacillus cereus and (¢) Candida
tropicalis.
2.4.5 Antibiofilm potential of Co.Ni, . Fe,0, x=0.9/5i0yTiO,/C-dots nanocomposite
Biofilm formation is popular in various exopolysaccharide-producing pathogenic microorganisms
[59, 102]. Biofilms are formed by the tested pathogenic bacteria and yeast with and without
nanocomposite treatment was evaluated by using test tubes process [103]. Fig. 2. 17 (a) displays the
antibiofilm ability of the prepared nanocomposite against E. coli. E. coli grew without our
nanocomposite and shows a clear whitish-yellow matt in the air-liquid interface of the tubes. This
matt was completely-connected to the inner wall of the tubes and resembled ablue circle after CV
staining. A blue solution was also formed after dissolving the CV-stained circle by absolute ethanol,

as shown in Fig. 2.17 (a).
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On the other hand, the restriction of bacterial rings growth was observed in E. coli inoculated with
tested nanocomposite (15 pg/ml), and the blue color corresponding to CV-stained bacterial cells

was faint, as shownin Fig. 2.16 (a). Similar results were observed for B. cereus and C. trobicalis

biofilm suppression (pathogenic yeast), as shown in Figs. 2.17 (b) - 2.17 (c¢) respectively.

ntrol B Test

Control’  Test

Control Test

Fig. 2.17: Antibiofilm activity of Co,Ni, Fe,0,; x=0.9/Si0,/TiO,/ C-dots nanocomposite
(15 pg/ml) using tube method against (a) Escherichia coli, (b) B. cereus and (c) C. tropicalis,
showing (1) Growth of the bacterial and yeast cells and biofilm formation (rings) without
nanocomposite treatment and the inhibition of bacterial and yeast growth after treatment, (2)
Staining of the adherent bacterial and yeast cells with crystal violet and (3) Removal and
dissolution of the adherent bacterial and yeast cells inethanol for semi-quantitative biofilm
inhibition determination (as shown in table 2).
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Bacterial and yeast 0O.D. of crystal 0O.D. of crystal violet stain at 570 nm Inhibition %
strains violet stain at (Treated with Co,Ni, Fe,04; x=0.9 /
570nm (Control) SiO, / TiO, / C-dots nanocomposite)

Escherichia coli 3.9815+£0.0206 0.242°+0.0216 93.92%
Pseudomonas aeruginosa 1.254°+0.0096 0.615°+0.0035 50.35%
Staphylococcus aureus; 1.060°+0.0055 0.564+0.0020 48.49%
MRSA
Bacillus cereus 1.735°40.0291 0.606°+0.0025 65.07%
Klebsiella pneumoniae 2.170%+0.0026 1.025°+0.0020 52.76%
Candida albicans 2.225°+0.0343 0.750°+0.0049 66.29%
Candida tropicalis 2.904+0.0475 0.222%+0.0049 92.35%
LSD 0.07633 0.04300 | emmmmmmmeee-

Table 2.2: Semi-quantitative inhibition of the biofilm formation by non-treated and
nanocomposite-treated bacterial and yeast pathogens.

Values are presented as means = SD (n = 3). Data within the groups were analyzed using
one-way analysis of variance (ANOVA) followed by “ "< ® /¢ Duncan's multiple range test
(DMRT), LSD= Least Significant Difference.

To determine the restraint percentage of bacterial and yeast biofilm, a UV-Vis. spectrophotometer
was used (at 570 nm). The optical density (O.D.) was measured after separating the CV-stained
bacterial and yeast biofilms through ethanol. Table 2.2 presents the reduction percentage of the
biofilms created by the examined bacteria and yeast strains. The highest suppression percentage
was recorded against E. coli (93.92%, Fig. 2. 17 (a), followed by C. trobicalis (92.35%, Fig. 2.17
(¢) and C. albicans (66.29%, Table 2.2) after inoculation with (10 pg/ml) of the prepared

nanocomposite.
In addition, the newly-synthesized Co,Ni,Fe,0,; x=0.9/S10,/Ti0O,/C-dots nanocomposite was more

active against biofilm creation than the previously-synthesized Co,Ni, Fe,O,; x=0.9 /Si0,/TiO,

" Prg i i
- i ~ X 25 2 b
) Nanocomposite-treate Escherichia coli

Intensity / counts

Energy [ KeV

25 7 =
I? Nanocomposite-treated C. tropicalis



nanocomposite [47]. It exhibited an inhibition against biofilm-producing E. coli of (93.92%, Table
2.2), compared with (92.82 %) for the Co,Ni, Fe,0,; x=0.9/Si0,/TiO, nanocomposite. Moreover, it
inhibited biofilm production by C. trobicalis (92.35 %, Table 2.2) compared with only (77.84 %)
by the Co,Ni,Fe,04 x=0.9/ Si0, / TiO, nanocomposite. The prepared nanocomposite was used to
control the biofilm growth at its adhesion level (known as the initial level) [104]. The change in the
inhibitory percentage can be assigned to different factors such as antimicrobial potential,
biosorption (due to the large exterior surface area of the nanocomposite), physical properties (size
of particles and porosity), attack abilities, and many chemical characteristics managing the
interaction of the synthesized nanocomposite and biofilms [103, 105]. It was also observed that the
prepared nanocomposite significantly-repressed E. coli by more than 98 % with 0.024 pg/ml (MIC,
Table 2.1). When the exopolysaccharide construction is inhibited (the essential fragments for
biofilm expansion), £ .coli cannot create its biofilm [59, 103]. To clarify the antibiofilm capabilities
of the nanocomposite, we attempted an activity mechanism against E. coli and C. tropicalis
biofilms using SEM/EDX analysis [48, 106]. SEM images revealed the shape of bacterial and yeast
cells before and after nanocomposite treatment. In the control sample (non-treated bacterial and
yeast cells), bacterial and yeast colonies were regularly-grown and exhibited normal cellular shapes
with healthy cell surface and concentrated biofilm, as shown in Figs. 2.18 (a, b). After
nanocomposite treatment, observable morphological changes were recognized in E. coli and C.
tropicalis cells (Figs. 2.18 (¢, d). In addition, an observable lysis of external surface was
accompanied by deformations and reductions in the viable number of E. coli and C. tropicalis cells.
Furthermore, biofilm development was inhibited. EDX elemental analysis revealed the presence of
Ti and Si atoms (atoms of nanocomposite’s outer shells) and C atoms for C-dots at deformation
areas and at the outer surface of the treated E. coli and C. tropicalis cells, confirming the action of
the tested nanocomposite, as shown in Figs. 2.18 (e, f). One possible reason for the powerful
activity against the cells of E. coli and C. tropicalis could be the large surface area (28.29 m?/g),
which allows for a conventional immobile connection between the negatively-charged bacterial cell
walls and the nanocomposite, as shown in Fig. 2.18 (c-d) [107, 108]. This result is in a good
agreement with various published reports on the interaction between MO NPs and pathogenic
microorganisms by electrostatic potential, resulting in bacterial membrane detachment [107, 109,
110]. A recent study reported that MO NPs could induce oxidative stress in pathogenic microbes

[111], and quickly damage their cell membranes upon exposure to increased cellular ROS levels. In
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this study, the prepared nanocomposite was externally-linked to E. coli and C. tropicalis cells
through electrostatic attraction and reduced bacteria cell numbers via membrane leakages [109].
Our suggested action mechanism started with the adhesion of the nanocomposite to the exterior
surface of E. coli and C. tropicalis. Then, Ti*", Si** ions (from the external shell) and Fe (from the
core) penetrated the tested bacterial and yeast cells and destroyed their biological molecules, such
as bacterial mitochondria and DNA. After that, cellular toxicity due to oxidative tension and the
generated ROS increased.

Fig. 2.18: SEM and corresponding EDX elemental analysis of E. coli and C. trobicalis: (a) Normal
bacterial cells (E£. coli) without nanocomposite treatment, (b) Normal yeast cells (C. tropicalis) without
nanocomposite treatment, (c) Depressed and deformed bacterial cell after nanocomposite treatment, (d)
Depressed and deformed Candida cell by nanocomposite treatment showing the complete lysis of
Candida cell and loss of budding formation, (¢) Corresponding EDX elemental analysis of the treated
E. coli cell confirming the cellular internalization of the prepared nanocomposite in E. coli cells, and
(f) Corresponding EDX elemental analysis of the treated C. tropicalis cell confirming the cellular
internalization of the synthesized nanocomposite in C. tropicalis cells.

2.5 Conclusion

Co,Ni,Fe,O4; x=0.9 / Si0, / TiO, nanocomposite was prepared using a layer-by-layer approach. It
was then decorated with C-dots synthesized using a one-pot hydrothermal method. The prepared
nanocomposite was examined using several instruments to understand its phase, crystallinity,
UV-absorption, band gap energy, surface area, pore size distribution, average size of particle,
morphology and purity. The prepared nanocomposite was designed for wastewater treatment. Thus,
two different applications were carried out: photocatalytic degradation of water pollutants, and
disinfection of water-borne pathogens. Chloramine-T trihydrate was used as an example of organic
pollutants in water, and many multi-drug-resistant bacteria and pathogenic fungi were employed as
common water-borne microorganisms. Following this, the photocatalytic abilities of the prepared
nanocomposite and the different factors (nanocomposite dose — chloramine-T initial concentration —
reaction pH) affecting their efficacy were studied. Our results showed that the photodegradation of
chloramine-T followed second order kinetics. In addition, degradation mechanism suggested that
holes had a significant role in the photodegradation via chloramine-T oxidation or forming free
radicals. Moreover, the prepared nanocomposite showed more promising antimicrobial potential
(high ZOI, low MIC) than bare C-dots, and our previously-reported nanocomposite (Co,Ni,_ Fe,Oy;
x=0.9 / Si0, / Ti0O,), suggesting a synergistic effect of C-dots with the nanocomposite. Notably, the

antimicrobial ability of the prepared nanocomposite was significantly-increased after

34



UV-irradiation. Above all, the synthesized nanocomposite showed a high ability for pathogenic-cell
destruction as revealed by its good antibiofilm capabilities, suggesting a use for our nanocomposite
in fighting multi-drug-resistant bacteria and fungi. Our work provides a revolutionary,
nanomaterial-based and cost-effective solution for wastewater treatment to assist in solving global

water shortage issues.

Chapter 3: UV-assisted chloramine-T degradation by multiple nanocomposites

of carbon-semiconductor-based heterojunction

3.1 overview

The problem of hazardous wastewater remediation is a complicated issue and a global challenge.
Herein, a layered Co,s Ni,s Fe,O, /SiO, /TiO, composite matrix was prepared and incorporated

with three carbon nanomaterials having different dimensionalities, carbon dots (C-dots, 0D),
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single-walled carbon nanotubes (1D), and reduced graphene oxide (2D), in an effort to create
effective photocatalytic nanocomposites for chloramine-T removal from water. Microstructural
analyses confirmed the formation of nanocomposites and revealed their chemistry and structure.
Elemental mapping revealed a uniform distribution of elements throughout the nanocomposite
matrix that was free of impurities. The spherical shape of the matrix particles (average diameter ~90
nm) and their conjugation with the carbon nanomaterials were confirmed. Nitrogen
adsorption—desorption isotherms revealed that the nanocomposites were mesoporous but also
contained macropores. The surface chemical compositions of the nanocomposites were investigated
and showed a range of available binding energies. The kinetics of photocatalysis by the system
were studied, and the effects of different parameters (such as photocatalyst dose and charge-carrier
scavengers) on the efficiency of chloramine-T degradation were also investigated. The
nanocomposite loaded with 10% C-dots exhibited high UV-assisted photocatalytic activity for
chloramine-T degradation (65% removal efficiency).

3.2 Introduction

Hazardous materials polluting water currently present a significant threat to public health by
pushing the world toward a global water shortage and increase the number of deaths every year due
to water-borne pathogens. Chloramine-T is one of the most serious materials polluting water and
can cause several health problems, such as vomiting, diarrhea, nausea, and irritation of the upper
respiratory tract [112]. Advances in nanotechnology through the use of nanocomposites, which
combine the advantages of several materials, are receiving considerable attention as potential
materials that can be employed to face global challenges in water purification. Among
nanocomposites, recyclable and TiO,-based nanocomposites are of great importance due to their
cost-effectiveness, relatively high photocatalytic capabilities, chemical and thermal stabilities,
versatility in application, and ease of preparation. Recently, Marsooli et al. reported the preparation
of an Fe;0,/Si0,/Ti0,/CeVO, nanocomposite by an ultrasonic-assisted precipitation approach for
methylene blue (MB) degradation under visible light [113]. The nanocomposite had an average
particle diameter of about 80—100 nm and high purity, as revealed by scanning electron microscope
(SEM) and energy dispersive X-ray spectroscopy (EDX) analyses, respectively. However, due to
the nanocomposite's core—multi-shell microstructure, it possessed a weak saturation magnetization
(M,) of about 9.2 emug'. In addition, due to the relatively large band gap of both the TiO, and

CeVO, nanoparticles (NPs), quantum inefficiency due to the inefficient utilization of visible light

36



could reduce the overall degradation efficiency. Tajareh et al. used multiwalled carbon nanotubes
(MWCNTs) to fabricate a TiO,/Fe;O,/MWCNT nanocomposite by a sonochemical method. This
nanocomposite was designed for the removal of various organic dyes from water, such as methyl
orange, reactive red 77, acid red 14, and acid blue 19 [114]. As an example of their results, the
removal efficiency of acid red 14 by the nanocomposite, irradiated by direct sunlight, was 86.27%
after 8 h. This nanocomposite employed photoactive TiO, NPs in direct contact with the magnetic
Fe;O, NPs, which is known to lead to the formation of pseudo-brookite, which can deteriorate its
photocatalytic efficiency [47, 112, 115]. Another nanocomposite, Fe;0,/Si0,/TiO,—Co/rGO was
synthesized by Fu et al. via sol-gel and hydrothermal methods for water-treatment applications
[116]. The nanocomposite exhibited a degradation efficiency of 98.87% against MB under visible
light irradiation for 160 min, and indications of long-term stability with an efficiency of about
93.88% after five consecutive uses under identical conditions. Particles of the nanocomposite were
relatively large at 500 nm, which implies a low surface area and thus reduced photocatalytic
abilities [117]. Previously, we reported the preparation and characterization of a
Co,Ni, ;Fe,0,/S10,/TiO, nanocomposite by a simple layer-by-layer approach. The nanocomposite
exhibited good crystallinity, high purity, a high surface area, and colloidal stability [115]. The result
encouraged us to investigate its photocatalytic and antimicrobial behaviors against pyridine and
pathogenic microorganisms, which were enhanced by UV and gamma irradiation [47]. The
quantum efficacy of the material was further enhanced by loading it with carbon dots which acted
as electron reservoirs and photons upconverters [112]. Over the past two years, several experiments
have been carried out to optimize surface area, particle size, magnetic properties, TiO, percentage,
and the core—multi-shell microstructure. In this chapter, the optimized nanocomposite matrix of
Co,sNi, sFe,0,/S10,/TiO, (CNFST) was first prepared by a layer-by-layer method. Subsequently,
the nanocomposite matrix was loaded by three carbon nanomaterials as follows: 0D carbon dots
(C-dots), 1D single-walled carbon nanotubes (SWCNTs), and 2D reduced graphene oxide (rGO).
These synthesized nanocomposite materials were characterized by several techniques in terms of
their structural and morphological features. Finally, photocatalytic properties of these
nanocomposites were investigated and compared with P25 (a standard photocatalyst) against
chloramine-T trihydrate. The photocatalytic ability of CNFST/C-dots 10% nanocomposite was
studied in detail. A kinetics study was carried out and the effects of different parameters (such as

photocatalyst dose, pH, chloramine-T initial concentration, and charge carrier scavengers) on the
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efficiency of degradation were also investigated. Our results showed promising photocatalytic
performance of these carbon-loaded nanocomposites which can be employed for effective
wastewater treatment.

3.3 Materials & methods

3.3.1 Materials

The starting reagents of cobalt chloride (CoCl,), nickel chloride (NiCl,), ferric chloride
(FeCl;*6H,0), tetraethyl orthosilicate 98% (TEOS) (Sie(OC,Hs),), absolute ethanol 99.9%
(C,HsOH), titanium (IV) isopropoxide 97% (C,,H,30,Ti), ammonium hydroxide 28% and 25%
(NH,OH), hydroxypropyl cellulose (M.W. = 80,000), hydrochloric acid (HCI), sodium hydroxide
(NaOH), ascorbic acid (C4HzOg), copper acetate monohydrate ((C,HsCuOs)*H,0), sulfuric acid
(H,S0,), nitric acid (HNO;), potassium chlorate (KCIO;), P25 (standard TiO, photocatalyst), and
chloramine-T trihydrate (C,H;CINNaO,S*3H,0) were purchased from Sigma Aldrich and from
Wako, Japan. In addition, SWCNTs were obtained from OCSiAl, Japan. All reagents were used
as-received without further purification (extra-pure grade).

3.3.2 Method

3.3.2.1 Preparation of composite matrix (Co, ;Ni, sFe,0/Si0,/Ti0,)

The complete set of preparation steps for the composite matrix used in this study is reported in our
previously-published reports [47, 48, 112].

3.3.2.2 Preparation of C-dots

C-dots were synthesized using a hydrothermal method as reported by Jia et. al [49]. In brief, 6.8 g
of ascorbic acid was first dissolved in 400 mL deionized water (DIW) and stirred for 10 min. Next,
0.8 g copper acetate monohydrate was added while maintaining the solution at room temperature
under constant stirring for 10 min. The container was kept in a water bath and its temperature was
gradually increased to 90°C and held for 5 h. The remaining solution was then centrifuged at 9000
rpm for 30 min to remove large particles. The supernatant was further purified by pouring through
Millipore filter paper (pore diameter ~0.22 pm) to remove small particles. Finally, purified
supernatant containing C-dots was dried in a N,-supplemented oven at 70°C for 12 h.

3.3.2.3 Preparation of rGO

3.3.2.3.1 Preparation of graphite oxide

Graphite oxide was obtained through a modified Staudenmaier’s method [118-120]. Briefly, 5 g

of graphite powder was chemically oxidized by an acidic solution containing 90 mL of H,SO,
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and 45 mL of HNO;. The solution was constantly stirred at room temperature for 30 min, then
was cooled in an ice bath. To reduce the risk of explosion from the exothermic reaction, 55 g of
KCIO; was gradually added to solution. To ensure complete oxidation of the graphite powder,
the mixture was magnetically stirred for 5 days at room temperature. The resultant graphite
powder was then washed with DIW and a 10% HCI solution to remove any sulfate residuals or
other ionic impurities. Finally, the processed graphite oxide powder was dried at 70°C in a
vacuum oven for 5 h.

3.3.2.3.2 Preparation of microwave assisted rGO

Graphite oxide powder from the previous step was treated by microwave irradiation (IRIS
OHYAMA, Japan) at a constant irradiation power of 900 W for 30 s to achieve highly exfoliated
rGO [121, 122].

3.3.2.4 Preparation of carbon-loaded nanocomposites

Three nanocomposite samples were prepared by loading the three different carbon nanomaterials
into the composite matrix described in Sec. 2.2.1. The three nanocomposite samples were
composites loaded at 10% with C-dots, SWCNTs, and rGO. Samples were denoted (CNFST/C-dots
10%), (CNFST/SWCNTs 10%), and (CNFST/rGO 10%), respectively. Briefly, CNFST and each
type of carbon nanomaterial was separately dispersed in 50 mL of super dehydrated C,H;OH using
water bath sonication for 45 min. Next, 1 mL of a NH,OH 25% solution was incorporated into the
mixtures which were left to vigorously stir overnight. The resultant powders were washed several
times using DIW and were dried at 80°C for 6 hrs. The preparation steps are shown schematically

in Fig. 3.1
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Fig. 3.1: Step-by-step schematic of the nanocomposite synthesis processes.

3.3.2.5 Characterization of the nanocomposites

Phase and crystallinity were investigated by X-ray diffraction (XRD) analysis using an Ultima IV
X-ray diffractometer (Rigaku, Japan) employing Cu-Ka radiation (A = 1.54 A) operated at 30 mA
and 40 kV. X-ray photoelectron spectroscopy (XPS) was conducted using a PHI Quantera SXM
Scanning X-ray Microprobe (ULVAC-Phi, Inc., Japan) to analyze the elemental composition and
chemical states of the species present. The morphology, purity, and elemental composition of the
samples were characterized using a scanning electron microscope (SEM) supported with an

SU8000 Type II energy-dispersive X-ray spectroscopy (EDX) unit (HITACHI high technologies,
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Japan). Images of the average particle diameters and electron diffraction patterns were collected
using a JEM-2100F (JEOL Ltd., Japan) transmission electron microscope (TEM). Surface area and
pore-size distribution analyses were measured by Brunauer—-Emmett—Teller (BET) analysis and the
Barrett—Joyner—Halenda (BJH) method using a Tristar I (Micromeritics, Japan). Fourier transform
infrared (FTIR) analysis via the KBr pellet method was used to identify chemical bonding in the
samples using an FTIR 3600 (JASCO Infrared spectrometer, Japan). The FTIR pattern was
recorded over the 4000 cm™ to 400 cm™' wave-number range. Raman analysis was conducted to
reveal molecular interactions, polymorphism, and chemical structure in the samples using an
NRS-3100 (JASCO, Japan). Finally, Ultraviolet—Visible light (UV—Vis.) spectroscopy was used to
calculate the concentration of chloramine-T during photodegradation using a V-670
spectrophotometer (JASCO, Japan).

3.3.2.6 Photocatalytic degradation of chloramine-T trihydrate

Photocatalytic degradation studies were conducted at room temperature (24°C + 2°C). As a
screening step, a fixed quantity of each nanocomposite (10 mg) was added to a 50 mL aqueous
solution of chloramine-T with an initial concentration (C,) of 10 ppm. Mixtures were stirred for 2 h
in darkness to reach an adsorption—desorption steady state. Subsequently, suspensions were
irradiated by an axially-located Hg—Xe arc lamp (spot-lure SP-7, Ushio, Japan) with an emittance at
250 nm. At defined intervals of time, 2 mL of each suspension was sampled using a syringe
supported by a filter (2.5 um pore size). The concentration of chloramine-T in these supernatant
samples during photo-decomposition was determined using UV-Vis. spectroscopic analysis by
measuring the absorbance at A, = 222 nm (absorption peak of chloramine-T) in the liquid cuvette
configuration. DIW was used as a reference for UV—Vis. measurements.

3.4 Results & discussion

3.4.1 Characterization of nanocomposites

3.4.1.1 XRD analysis

XRD analysis was carried out to investigate the phase assemblage and crystallinity of the
composites [123]. As shown in Fig. 3.2, the XRD pattern of the unloaded composite matrix
exhibited several peaks, at 20 = 25.3°, corresponding to the (101) set of planes; at 37.2°,(004),
47.5°, (200); 52.6°, (105); 54.4°, (211); 63.8°, (204); 69.8°, (116); 71.58°, (220); and 75.6°,
(215). The diffraction peaks and corresponding crystallographic planes correspond mainly to the
anatase phase of TiO, (JCPDS 21-1272) [124, 125], the predominant material of the composite
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matrix. It is worth noting that the SiO, amorphous halo that frequently appears at 20 =21.9 © was
not present. Similarly, CoNiFe,O, peaks were obscured by the adjacent high-intensity peaks of
the TiO,. The same results were reported in our previous reports, along with an indication of
composite formation [47, 48, 112]. Similar peaks were detected in the P25 sample. Some
additional peaks corresponding to the rutile phase of TiO, were observed at 206 = 27.5°, (110);
36.2°, (101); 41.5°, (111); and 56.1°, (220), which were found to be in good agreement with the
JCPDS card number (21-1276) [126-128]. In the case of the CNFST/C-dots 10% sample, the
same peaks of anatase TiO, appeared, while the main broad peak of the C-dots (20 = 21.80°)
were not observed, likely due to their low intensity. For the CNFST/tGO 10% sample, a
diffraction peak at 20 = 26.25°, (002) was clearly observable, corresponding to rGO sheets [129].
Finally, for the CNFST/SWCNTs 10% sample, similar peaks from the TiO, were present.
However, the sharp peak of TiO, at 26 = 25.3°, (101) was slightly shifted and broadened, which
could be the result of overlap between the main TiO, peak and the weaker peak of SWCNTs at
20 =26.3°, (002). In addition to the above results,

Fig. S.3.1 shows XRD patterns of separate samples of the carbon materials (C-dots, rGO, and
SWCNTs) used to decorate the nanocomposite matrix. For the C-dots sample, a single broad
peak located at 20 = 21.80° was detected corresponding to the (002) crystallographic plane,
which is typical for amorphous carbon [130]. The XRD pattern of the synthesized rGO sample
exhibited two diffraction peaks located at 20 =26.25° and 42.95°, which correspond to the (002)
and (102) planes, respectively [131]. Finally, several diffraction peaks were recorded in the XRD
pattern of SWCNTs at 20 = 22.81°, 44.24°, and 45.10°, which correspond to the planes (002),
(100), and (101), respectively [132]. The absence of other peaks in the XRD patterns (Fig. S.3.1)
confirmed the purity of the synthesized samples, which is a favorable result related to the
fabrication and grafting processes expected to result in high performance in the assigned

applications.
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Fig. 3.2: XRD 6-26 patterns of the nanocomposites.

3.4.1.2 SEM, elemental mapping, and EDX analysis

SEM, EDX analysis, and elemental mapping were conducted to gain a complete perspective
regarding the surface morphology, purity, and grain sizes of the nanocomposites [133]. Fig. 3.3
shows the surface morphology, elemental mapping, and elemental analysis of the CNFST/C-dots
10% nanocomposite. It can be seen that the C-dots are distributed over the upper surface of the
CNFST, as shown in Fig. 3.3 (a). While Fig. 3.3 (b—h) confirmed the presence of all elements
constituting the composite, such as C, Ti, Si, O, Fe, Ni, and Co, and that they were
uniformly-distributed throughout the composite matrix without any foreign elements, indicating
the high purity of the prepared samples. Ti was the dominating element with the highest ratio, as
revealed by the EDX analysis in Fig. 3.3 (i). However, Fe, Ni, and Co atoms localized to the core
and exhibited relatively-lower ratios. Similarly, Fig. 3.4 presents SEM analysis, EDX elemental
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mapping, and EDX spectra of the synthesized CNFST/rGO 10% nanocomposite. The typical
cracks and fissures of rGO materials were clearly detected, as shown in Fig. 3.4 (a). In addition,
the CNFST matrix is uniformly distributed with the large surface area of rGO. This revealed the

presence of all of the elements involved—C, Ti, Si, O, Fe, Ni, and Co—shaping its structure, as

shown in Fig. 3.4 (b-h). Interestingly, the color density (intensity) of shell-layers’ forming
—— (b) T C (0 i

>

(a) [

. Element | Atomic %

Ti c 7.68

Ti 46.35

= Si 2.56

3 o 35.51

£ Fe 0.06

2 Ni 0.09

§ 5 Co 0.10

€ Pt 6.18

= Pd 1.46

Pt
...........
0 1 2 3 4 5 6 7 8 9 10 11 12

Energy / keV

elements such as C, Ti and Si is more dense than the core-forming elements such as Co, Ni, and
Fe. In addition, the samples' purity is here confirmed by the lack of other detectable elements in
the EDX analysis, as shown in Fig. 3.4 (i). Unlike the CNFST/C-dots 10% composite, C content
in the CNFST/rGO 10% composite is nearly two times greater, which is attributable to a better
loading efficiency due to the higher surface area of rGO compared with C-dots. Fig. 3.5 shows
the surface morphology, elemental mapping, and EDX analysis of the CNFST/SWCNTs 10%
nanocomposite. The SWCNTs appear as sheet-like soots which are black colored rubbery soots.
SWCNTs are uniformly crosslinked with the CNFST matrix as shown in Fig. 3.5 (a), while
elemental mapping shows all elements comprising the composite, including C, Ti, Si, O, Fe, Ni,
and Co, as presented in Fig. 3.5 (b-h). The EDX spectrum shows small ratios of Na and Al,

Fig. 3.3: (a) SEM image of the CNFST/C-dots 10% nanocomposite, (b—h) EDX elemental mapping
and (i) EDX spectrum.
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which arise from the commercial SWCNTs. In addition, the C ratio is relatively higher than all of
the other prepared composites, which may be the result of strong crosslinking of CNFST matrix
with SWCNTs as shown in Fig. 3.5 (i). Additionally, SEM images of the carbon nanomaterials

showing the typical features of each sample are shown in Fig.S.3.2.

Element | Atomic %
C 15.56
Ti 44.05
= si 2.36
: o 31.39
; Fe 0.01
-‘5 Ni 0.09
£ Co 0.01
= Pt 5.25
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Pt
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Energy / keV

Fig. 3.4: (a) SEM image of the CNFST/rGO 10% nanocomposite, (b-h) EDX elemental mapping
and (1) EDX spectrum.

45



Element | Atomic %
C 27.64
- Ti 41.96
Si 1.82
Sto 0 2244
s |C Fe 0.09
2 Ni 0.07
% i Co 0.01
E Si Pt 4.86
Al Pd i Pd 1.11
Pt
p Naji\ RdJ|) Pt
0 1 2 3 4 5 6 7 8 9 10 11 12
Energy / keV

Fig. 3.5: (a) SEM image of the CNFST/SWCNTs 10% nanocomposite, (b—h) EDX elemental
mapping and (1) EDX spectrum.

3.4.1.3 TEM, high-resolution TEM, and electron diffraction pattern analyses

TEM analysis was performed to measure the average diameter of the composite matrix, to
identify the d-spacings of lattice planes, and to confirm the phase by analysis of the
crystallographic plane reflections present in selected-area electron diffraction (SAED) patterns.
Figs. 3.6 (a, d, and g) are TEM micrographs of the CNFST/C-dots 10%, CNFST/rGO 10%, and
CNFST/SWCNTs 10% nanocomposites, respectively. The matrix particles are spherical in shape,

with an average diameter of 90 = 14 nm, as shown in Fig. S.3.3. Slight agglomeration occurred,
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mainly during sample preparation. The interparticle void content percentage matches the result
of the BET analysis (below). The N, adsorption—desorption isotherm is presented in Fig. 3.7 (a),
which shows that at the high relative pressure region of 0.87 to 1, condensation clearly occurred
in the interparticle voids. The composite matrix is uniformly conjugated with carbon
components. For example,

Fig. 3. 6 (g) shows a bundle of SWCNTg conjugated with the composite matrix. Lattice fringes
in high-resolution TEM (HRTEM) images are primarily attributed to the anatase form of TiO,, in
agreement with the interpretation of the XRD data of Fig. 3.2, which showed predominantly
anatase. Interpretation of the HRTEM images confirmed the presence of carbon by analysis of
the shape and characteristic crystallographic (002) planes of a spacing of 0.47 nm, as shown in
Figs. 3.6 (b, e, and h). Analysis of the SAED patterns, Figs. 3.6 (¢, f, and i), similarly confirmed
the presence of carbon nanoparticles within the nanocomposite matrix, especially for rGO and

SWCNTs.

Fig. 3.6: TEM image, HRTEM image and SAED pattern of (a—c) the CNFST/C-dots 10%
nanocomposite, (d—f) the CNFST/rGO 10% nanocomposite and (g—i) the CNFST/SWCNTs 10%

nanocomposite.

3.4.1.4 BET surface area and BJH pore size analyses

The BET measurement's N, adsorption—desorption isotherms and the BJH pore-size distribution
of the nanocomposites, along with P25, are shown in Figs. 3.7 (a, b). In addition, isotherms of
separate matrix and carbon powders are shown in Fig. S.3.4. Considering the ITUPAC
classification scheme, all samples show type (III) isotherms corresponding to weak
adsorbate-adsorbent interactions (N, gas and the prepared sample particles), as shown in Fig. 3.7
(a). Adsorption occurred when the N, interaction with an adsorbed layer was greater than its
interaction with sample's surface. The sharp capillary condensation observed at relatively higher
relative pressures, from 0.87 to 1, indicates the presence of macropores [134]. The calculated
values of surface area, pore volume, and pore area of the prepared nanocomposites, along with

P25 and the separate carbon nanomaterials, are listed in Table 3.1.
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Table 3.1: Calculated surface areas, pore volumes, and pore areas of the prepared materials and

their nanocomposites.

BET Surface Pore Pore
No
Sample area volume area
(m*>g™) (em*g™)  (m*g™)
1 CNFST 3.28+0.16 0.001 3.52
Compared 2 GO 78.33 +3.8 0086  167.19 the
3 SWCNTSs 63’1‘;593; 0.194 38691  synthesized
4 C-dots 4194253 <0001  <0.001
5 P25 4848+0.12  0.002 5.46
6  CNEST/C-dots 500020  0.004 7.76
10%
CNFST / 1GO
7 0o 5.05+0.21 0.002 4.61
8 CNFST / 2837115 0018 3539

SWCNTs 10%

nanocomposites, the P25 sample has the greatest surface area (48.48 + 0.12 m?sg™"), which can be
attributed to the relatively smaller particle size of only 21 nm (as indicated from TEM analysis by

the supplier). The decreased surface area of the prepared nanocomposites is the result of increasing
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Quantity Ads. / Des. / cm3g- (STP)

the size of the particles. The average diameter of particles in the nanocomposites’ matrices is
approximately 90 nm, as confirmed by the TEM analysis shown in Figs. 3.6 (a, d, and g). Upon
grafting of the composite matrix with the SWCNTs, the overall surface area of the resulting
nanocomposite increased significantly due to the relatively high surface area of SWCNTs. On the
other hand, upon loading C-dots and rGO into the composite matrix, their overall surface area was
not greatly increased, a condition which can be the result of poor loading efficiency or the
occurrence of agglomeration. Fig. 3.7 (b) shows the pore size distribution of the prepared
nanocomposites. All samples possess a multimodal and broad pore-size distribution, reflecting the
presence of two types of pores—mesopores with pore diameters of 2—-50 nm and macropores with

pore diameters greater than 50 nm.
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Fig. 3.7: (a) N,-adsorption—desorption isotherms of the prepared composites with respect to P25
and (b) the BJH pore size distribution.

3.4.1.5 FTIR Surface bonding and analysis of functional groups

Results of the FTIR analysis, shown in Fig. 3.8, reveal surface-bonding and functional groups of
the prepared CNFST/C-dots 10% nanocomposite, CNFST matrix, and C-dots samples (as a
representative sample). The band at approximately 3425 cm™' in all FTIR spectra is attributed to
O-H stretching due to water molecules adsorbed onto the surface of the synthesized materials
[135]. The strong peaks observed in all samples, at 2480 cm™', are attributed to CO, from the
surrounding environment [136]. The main peak detected at 1650 cm™ in the C-dots sample, and

at 1666 cm™' for the CNFST/C-dots 10% sample correspond to the stretching vibration bands of
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C=0. This band was not detected in CNFST matrix, which might confirm the binding of the
C-dots with the CNFST matrix via this bond [137, 138]. The peak observed at 1190 cm™ in the
CNFST/C-dots 10 % and at 1178 cm™ in the CNFST composite matrix correspond to Si-O-Si
bonding [139-141]. Generally, spinel ferrites exhibit two identical FTIR bands, characterized as
v, and v,, where “v,” appears in the range from 500 to 600 cm™' and “v,” appears in the range
from 300 to 450 cm™' [142, 143]. These two bands are related to the stretching of oxygen bonds
and to metal ions in the octahedral and tetrahedral sites, respectively [78-81], confirming the
cubic spinel phase in both the CNFST/C-dots 10 % and the CNFST composite matrix. In
addition, the peaks observed in the range from 460 to 560 cm™' are attributable to Ti-O-Ti
bonding, which is a characteristic of metal oxides [144]. Finally, the appearance of free silanol
groups (Si—OH, located in the inner regions of the composite) are indicated by the bands detected
at 980.25 cm ™' and 981.84 cm™' for the CNFST/C-dots 10 % and for the CNFST matrix,
respectively [74, 75]. Our results are in good agreement with similar recently-reported research

articles [86-89, 115, 137, 145].
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Fig. 3.8: FTIR spectra of the CNFST matrix, the C-dots, and the CNFST/C-dots 10%
nanocomposite.

3.4.1.6 XPS analysis
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XPS analysis was performed to determine the elemental composition and chemical states of the
synthesized nanocomposites, particularly the main constituents of C and Ti, and also from
different locations of the samples. Figs. 3.9 (a—f) show the detailed, deconvoluted XPS spectra
that reveal the binding energy related to the C 1ls and Ti 2p elements of the prepared
nanocomposites.

Figs. 3.9 (a-b) correspond to the CNFST/C-dots 10% nanocomposite, (c—d) to the CNFST/rGO
10% nanocomposite, and (e—f) to the CNFST/SWCNTs 10% nanocomposite. Depending upon
the C bonding configuration, the C ls energies were found to vary from the binding energy of
283.5 eV to 285.3 eV. The deconvoluted Cls core-level XPS spectra in Fig. 3.9 (a, ¢, and e)
exhibit peaks of different C species, such as sp>~C and sp’~C, with peaks at ~284.5 eV and
~285.2 eV, respectively [146]. The peak at 283.5 eV corresponds to a material containing both C
and Si, but the peak at 284.5 eV can be assigned to either C—C bonds or C—-Si—O bonds
[147-149]. The XPS measurements revealed the different binding energies for C available for the
binding in materials with a CNFST matrix. The deconvoluted Ti 2p core-level XPS spectra in
Figs. 3.9 (b, d, and f) are the Ti 2p,,, and Ti 2p;, peaks at binding energies of ~464.1 eV and
~458.2 eV, respectively, which confirms the presence of the Ti*" state in the TiO, [150, 151]. The
XPS analysis revealed that each carbon-loaded CNFST nanocomposite exhibited slight changes
in their binding for C and Ti.
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Fig. 3.9: XPS spectra showing the binding energy of C and Ti for (a—b) CNFST/C-dots 10%
nanocomposite, (c—d) CNFST/rGO 10% nanocomposite, and (e—f) CNFST/SWCNTs 10%
nanocomposite.

3.4.1.7 Raman analysis of polymorphism, structure, and molecular interactions

Raman analysis was carried out to analyze the chemical structure, polymorphism, and molecular
interactions, and also to seek to confirm the conjugation of the CNFST matrix with the carbon
nanomaterials during the formation of the samples and of P25. The results are shown in Figs. 3.10
(a—f). Anatase TiO, is the dominant phase present in the particles of the core-shell CNFST matrix.
As a result, four Raman-active bands corresponding to anatase TiO, are present at 236.8, 293.3,
515.9, and 638.4 cm™', corresponding to E,, By, Ay, and E,, modes, respectively. Upon loading
C-dots into the composite matrix to form the CNFST/C-dots 10% nanocomposite, two other
carbon-characteristic peaks appeared at approximately 1379.1 and 1589.7 cm™" and are attributed to
the D and G bands, respectively, as shown in Figs. 3.10 (a=b). The D band corresponds to sp*
defect sites due to vacancies and grain boundaries [152, 153]. The G band represents scattering of
E,, phonons of sp* C atoms [154]. As predicted, similar peaks are present for the CNFST/rGO 10%
and CNFST/SWCNTs 10% nanocomposites, with a slight peak shift and a slight change in the
value of (Ip/I;) because of the reduction of sp® into sp?, and also to the reduction in the sp* domain
size of C atoms upon their interaction with the CNFST matrix, as shown in Figs. 3.10 (¢, d, and e)
[155, 156]. It is important to note that the radial breathing mode is observed at 185 cm™ in the
CNFST/SWCNTs 10% nanocomposite, indicating the conjugation with SWCNTs; it can also be
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used to estimate SWCNTs’ diameter [157]. Finally, P25, which contains both polymorphs of

anatase and also rutile, exhibits recorded peaks in good agreement with the literature [158, 159].
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Fig. 3.10: Raman spectra of (a) CNFST and the CNFST/C-dots 10% nanocomposite, (b) C-dots, (c)
CNFST and the CNFST/rGO 10% nanocomposite, (d) rGO, CNFST, SWCNTs, and the
CNFST/SWCNTs 10% nanocomposite, and (f) P25.
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3.4.2 Photocatalytic degradation of chloramine-T

We conducted a comparative study of CNFST/C-dots
CNFST/SWCNTs 10% nanocomposites, as applicable as photocatalysts for the decomposition of
chloramine-T dye. Additionally, a pure P25 sample was used as a reference photocatalyst for
comparison [160, 161]. As shown in Figs. 3.11 (a—d), the distinctive absorption band of
chloramine-T (about 222 nm) declined continuously with continuing irradiation by UV-light.

Furthermore, the distinctive absorption band of chloramine-T in the presence of the prepared

10%,

nanocomposites shifted with the irradiation time [162].
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Fig. 3.11: UV—Vis. absorption spectra of the aqueous solutions of chloramine-T over (a) P25, (b)
CNFST/C-dots 10%, (c) CNFST/rfGO 10%, and (d) CNFST/SWCNTs 10% nanocomposites
under UV irradiation.

Fig. 3.12 shows the reduction in chloramine-T dye concentration with time of UV irradiation in
the presence of the photocatalysts examined. After 40 min of UV light irradiation, the
CNFST/C-dots 10%, CNFST/rGO 10%, and CNFST/SWCNTs 10% nanocomposites degraded
by approximately 28%, 32.7%, and 41.6%, respectively, of the initial concentration of the
chloramine-T. The value for P25 was about 75%. This greater removal ability is attributed to the
relatively-higher content of TiO, NPs, relatively smaller size of the NPs, and the greater surface
area with respect to the prepared nanocomposites, as determined by EDX, TEM, and BET
examination, respectively [163, 164]. In addition, as the contact time approached 90 min, the
three prepared nanocomposites exhibited nearly identical ratios of chloramine-T degradation
under identical conditions [165]. The CNFST/SWCNTs 10% nanocomposite, however, shows
the greatest potential for photodegradation of chloramine-T with respect to the other prepared
nanocomposites. This result is attributed to the relatively higher surface area of SWCNTSs versus
C-dots or rGO, and versus the nanocomposite employing SWCNTs, as revealed by the BET
results shown in

Table 3.1 [166, 167]. In addition, the C ratio in the CNFST/SWCNTs 10% nanocomposite is
higher than the ratio in the other two nanocomposites; carbon is essential for acting as an
electron reservoir and thus the lifetime of the photogenerated charge carriers can be prolonged,
which leads to higher photocatalytic efficiency [167, 168]. Moreover, electron mobility was
likely enhanced by the large electrically conducting surface of the SWCNTs [167]. The

degradation rate-constants of
chloramine-T Material App?;;rrlrtl_rleftrii??)stant degradation by
the tested P25 1822 x 10 samples are
listed in Table ' 3.2,
CNFST/C-dots 10% 0.164 x 1072
Table 3.2: Apparent
rate-constant CNFST /GO 10% 0.172 x 107 values of
chloramine-T CNFST /SWCNTs 10% 0.184 x 1073 degradation by
P25 and the prepared
nanocomposites.
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Fig. 3.12: Comparison of photocatalytic degradation of chloramine-T (conc. = 100 ppm,pH=7, T
= 25°C, 10 mg of photocatalyst used) by P25 and the prepared nanocomposites.

Due to their ease of preparation and cost-effectiveness, the CNFST/C-dots 10% nanocomposite

was selected as the model for the remaining experiments investigating chloramine-T degradation.
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In addition, a procedure for describing the sorption kinetics was carried out, where the outcomes
of tests of the linearized integration of the pseudo-first and pseudo-second order models were

compared [169, 170].

9\ _
In in (1 — q—e) =— k1t’ 3.1

S S
=Tt ()

2%

Where q, is the average current concentration, q_ is the equilibrium current concentration in the

sorbent, and £ is the rate constant. If the experimental behaviors observed match with Eq. (1)
(i.e., a greater correlation coefficient), we can expect that the degradation process is occurring
via the diffusion mechanism. If they match with Eq. (2), then we can expect that the degradation
process is facilitated by adsorbate-adsorbate interactions [169]. Herein, the kinetics plots for
chloramine-T degradation under UV light using the prepared nanocomposites fit well with the
pseudo-second-order model, indicating an inclination toward chemisorption as shown in Fig.
3.13 [96]. In addition, the relationship between the apparent rate constant and the concentration

of chloramine-T is shown in Fig. 3.14.
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Fig. 3.13: Pseudo-second-order kinetics of the removal of chloramine-T solution (conc. = 50
ppm, pH = 7, nanocomposite dose = 10 mg, and 7=25°C).
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Fig. 3.14: Relationship between the apparent pseudo-second-order rate constant and the initial
concentration of chloramine-T.

3.4.2.1 Influence of various parameters on the chloramine-T degradation efficiency
3.4.2.1.1 Effect of photocatalyst dosage of the CNFST/C-dots 10% nanocomposite

The influence of photocatalyst dosage on the efficiency of degradation of chloramine-T was
examined by varying the dose of the CNFST/C-dots 10% photocatalyst from 5 to 15 mg in the
presence of 50 mL of chloramine-T solution with an initial concentration of 100 ppm. Fig. 3.15
shows that the photodegradation rate was enhanced by increasing the photocatalyst dosage,
which confirms that the nature of this heterogeneous photocatalysis and can be ascribed to the

increment of potential active sites and to the ease of free radical generation [165].
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Fig. 3.15: Photocatalyst dose influence on the photodegradation of chloramine-T (conc. = 50
ppm., 7=25°C, and pH = 7).

3.4.2.1.2 Effect of initial chloramine-T concentration

Photocatalytic degradation of chloramine-T with different initial concentrations (50, 75, and 100
ppm) of the CNFST/C-dots 10% nanocomposite is illustrated in Fig. 3.16. It can be deduced that
the degradation efficiency is enhanced by reducing the initial concentration of chloramine-T. In
the case of 50 mg/L of chloramine-T, the removal efficiency was 70% after 70 min. However, the
removal efficiency of chloramine-T with initial concentrations of 75 and 100 mg/L was lesser, at
65% and 45%, respectively, after the same time of exposure [171]. This behavior could be
illustrated as a result of the insufficiency of active radical sources, and the constant amount of
active photocatalyst sites could not eliminate the higher concentration of chloramine-T as
effectively. The rate of photodegradation is reduced by increasing the initial concentration of

chloramine-T. These results are compatible with other reports [165, 171-173].

100

0 10 20 30 40 50 60 70

Time / min

Fig. 3.16: Influence of the initial chloramine-T concentration on the photodegradation efficiency
(photocatalyst dose = 10 mg, pH =7, and 7= 25°C).

3.4.2.1.3 Effect of pH
Solution pH was found to be a prominent parameter for determining the rate of chloramine-T

photodegradation in the presence of the CNFST/C-dots 10% nanocomposite. This is understood

59
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to be because free radicals are generated due to the interfacial interactions between organic dyes
and the surfaces of the photocatalysts employed, which is dependent upon the pH of the medium
[174, 175]. The pH is a complex parameter since it is associated with the state of the
photocatalyst surface, which affects the adsorption of chloramine-T on the CNFST/C-dots 10%
nanocomposite. The effect of pH value on the photoreaction was investigated over
CNFST/C-dots 10% nanocomposite and the results are represented in Fig. 3.17 (a). In the
alkaline solution (pH 10), degradation of 35% of chloramine-T within 70 min occurred.
Whereas, chloramine-T degradation reached 58 % in the neutral solution (pH 7) after the same
time. In the acidic solution (pH 3), chloramine-T concentration decreased by 65 % of its original
concentration [171]. So, the activity of the CNFST/C-dots 10% nanocomposite was superior in
the acidic solution and weak in the alkaline solution. As mentioned above, an acidic solution
made the reaction surface of the photocatalyst to acquire opposite charge (positive charge) which

is beneficial for chloramine-T adsorption on the CNFST/C-dots 10% nanocomposite [171, 176].
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Fig. 3.17: (a) Effect of pH on the photocatalytic

degradation of chloramine-T (conc. = 50 ppm, dose = 10 mg, and 7 = 25°C) and (b) point of zero

charge.

Surface charge plays a significant role in facilitating the interaction between adsorbent and
adsorbate [177]. Toward verifying this point, zeta potential measurements were conducted versus

pH, and the results are shown in Fig. 3.17 (b). The point of zero charge (pHp,c) was identified in
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order to demonstrate the relationship between the pH and photodegradation efficiency. pHp,c was
calculated for different pH values from 3 to 12. In strongly acidic media (pH = 3), the composite
exhibited a positive charge of approximately +15 mV; this decreased slightly at pH = 5.
However, in neutral media (pH = 7), the CNFST/C-dots 10% nanocomposite exhibited a
negative charge of —20 mV, while in alkaline media (pH = 9), the nanocomposite also exhibited a
negative charge, in this case —35 mV. At pH = 12, the nanocomposite exhibited a negative charge
of approximately —40 mV. pHp,c was determined to be at a pH of 5.8. The variation in zeta
potential and surface charge can be understood based on pH. During the dispersion of the
CNFST/C-dots 10% nanocomposite in water, the surface displayed an anionic nature and an
increment in surface area that would lead to more coverage of OH™ groups from the water. This
behavior induces the production of rare H" ions in solution and therefore decreases the pH. The
zeta potential would be negative if pHgimn > pHpze and vice versa. As a consequence,
chloramine-T can be efficiently attracted to the positively-charged surface of the CNFST/C-dots
10% photocatalyst by electrostatic attraction forces, and thereby photodegradation activity can be
improved [178, 179].

3.4.2.1.4 Effect of scavengers on chloramine-T degradation

Reactive oxygen species (ROS) generation occurs by trapping photogenerated electrons or holes
via various species, mainly dissolved oxygen, hydroxyl ions, and water molecules existing in the
solution. The most significant ROS species are hydroxyl (‘OH), superoxide (‘O,"), and singlet
oxygen ('0,). Various additives act as scavengers for one or more ROS species and for
photogenerated charge carriers [180, 181]. The influence of various scavengers on the
photocatalytic degradation process was investigated to evaluate the most active species.
Isopropanol, methyl viologen, and benzoquinone were used to trap OH, e and O,, respectively
[180]. Fig. 3.18 shows the efficiency of photodegradation of chloramine-T for an irradiation time
of 70 min in the absence and presence of scavengers present in concentrations of 5 ppm. The
efficiency decreased from 47% to approximately 43%, 41%, and 40% in the presence of methyl
viologen, benzoquinone, and isopropanol, respectively. Isopropanol and benzoquinone were the
most influential scavengers. The photodegradation of chloramine-T by the CNFST/C-dot 10%
was reduced (40%) upon adding isopropanol, revealing that the OH' radical was the principal
species responsible for chloramine-T degradation. Also, the degradation rate was reduced upon

adding benzoquinone to 41%, demonstrating that the O, radical contributed significantly to
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chloramine-T degradation [182]. Finally, the proposed reaction mechanism of chloramine-T

degradation by the nanocomposites is shown in Fig. S.3.5. In addition, the resulted products as a

result of photodegradation of chloramine-T were discussed in detail in our recently-published

manuscript [112]. To better understand the photocatalytic ability of the prepared nanocomposite,

a comparison of values between it and those from recently reported articles is listed in Table 3.3.

Where we mentioned closely-related, TiO,-based nanocomposites

commonly-used dyes such as Rhodamine B and Methyl orange.

against the most

Table 3.3: Photocatalytic activity of TiO,-based nanocomposites for the decolorization of different

dyes in aqueous solutions.

Name of catalyst

MnCo—Ferrite/TiO,
Ni—Cu—Zn ferrite/SiO,/TiO,/Ag
Ti0O, nanotube/rGO
ZnO-graphene-TiO2
NiFe,04/S10,/N-TiO,

TiO,~ZrTi0O4-Si0,
CNFST/C-dots 10%

Pollutant

Methyl orange (MO)
Methylene blue (MB)
Rhodamine B
Rhodamine B
Methyl orange (MO)

Rhodamine B

Chloramine-T

Decolorization (%)

73
83.9
78.5

92

90

95
65

Ref.

[183]
[184]
[185]
[186]
[187]

[188]

Current work

48

46

44

42

Removal / %

40

38




Fig. 3.18: Effect of different scavengers on photocatalytic degradation of chloramine-T (scavengers

conc. = 5 ppm, chloramine-T conc. = 50 ppm, photocatalyst dose = 10 mg, pH = 7, and T'= 25°C).

3.5 Conclusion

In this paper we described a composite matrix (Co, sNi,sFe,0,/Si0,/Ti0O,) that was prepared using a
layer-by-layer method. The matrix was then loaded by three carbon nanomaterials. The synthesized
nanocomposites were fully characterized to determine their: phase, crystallinity, morphology,
elemental distribution, purity, average particle diameter, surface area, pore size distribution,
effective functional groups, chemical bonding, and chemical structure. Photocatalytic degradation
of organic, water-polluting chloramine-T trihydrate catalyzed by the nanocomposites was
investigated and compared with P25, which exhibited a relatively higher photocatalytic efficiency
due to its larger surface area and pure TiO, content. Additionally, kinetics studies and the effects of
various parameters (photocatalyst dose, pH, chloramine-T initial concentration, and charge carrier
scavenger species) were also evaluated. XRD patterns of the nanocomposites showed the phase and
good crystallinity of the prepared nanocomposites. SEM analysis revealed that the CNFST matrix
was uniformly distributed over the large surface area of the rGO and SWCNTs. However, C-dots
were uniformly-loaded over the relatively greater surface of the CNFST matrix. EDX spectra
confirmed the purity of the prepared nanocomposites. The TEM characterization revealed that the
composite matrix comprised spherical grains with an average diameter of ~90 nm. Interestingly, the
composite matrix was exceptionally conjugated with bundles of carbon nanotubes. Considering
IUPAC classification, all samples showed a type (III) isotherm corresponding to weak
adsorbate-adsorbent interactions. All samples had multimodal and broad pore-size distributions,
reflecting the presence of two types of pores, mesopores and macropores. The FTIR spectra
exhibited numerous peaks, among them one at 1650 cm™' in the C-dots sample, and one at 1666
cm in the CNFST/C-dots 10% sample, corresponding to the stretching vibration bands of C=0.
This band was not detected in the CNFST matrix, which might be reflective of the type of bonding
between the C-dots and the CNFST matrix, a covalent bond (C=0). Regarding the
photodegradation of chloramine-T, its distinctive absorption bands (around 222 nm) decreased
continuously with increasing UV irradiation time, and its distinctive absorption bands in the
presence of the nanocomposites exhibited a significant blue shift. After 40 min of UV irradiation,

the CNFST/C-dots 10%, CNFST/rGO 10%, and CNFST/SWCNTs 10% nanocomposites had
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degraded about 28%, 32.7% and 41.6%, respectively, of the initial concentration of chloramine-T.
Kinetics plots for chloramine-T degradation under UV irradiation in the presence of the
nanocomposites fit well to the pseudo-second-order model, indicating a tendency toward
chemisorption. By analyzing the degradation efficiency, the photodegradation rate was found to be
enhanced by increasing the photocatalyst dosage, which is attributable to the increment of potential
active sites and the ease of free-radical generation. When 50 mg/L of chloramine-T was used as an
initial concentration, the removal efficiency was 70% by the CNFST/C-dots 10% after 70 min.
Removal efficiency for 75 and 100 mg-L™' concentrations was 65% and 45%, respectively, under
the same conditions. Additionally, the degradation efficiency decreased from 65% to 35% as the
solution pH rose from 3 to 10. Under acidic conditions, degradation of chloramine-T was faster
than that under neutral or alkali conditions, an effect attributed to the electrostatic interaction that
occurred between the negatively-charged chloramine-T and the positively-charged CNFST/C-dots
10%, which led to an increment in the activated sites. Finally, chloramine-T photodegradation
efficiency decreased from 47% to about 43%, 41%, and 40% in the presence of methyl viologen,
benzoquinone, and isopropanol, respectively. This result confirmed that the OH' radical was the
principal species responsible for chloramine-T degradation. Our work informs the formulation of

new nanocomposites for effective water treatment.
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Chapter 4: Multifunctional metal-semiconductor-based heterojunction for
superior light-assisted degradation of different dyes and microorganisms’

deactivation: Theoretical and experimental study

4.1 overview

Due to modern industrialization and population growth, access to clean water has become a
global challenge. In this study, a metal-semiconductor heterojunction was constructed between
Cu NPs and Co,sNi, sFe,0,/S10,/TiO, composite matrix for the photodegradation of potassium
permanganate, hexavalent chromium Cr(VI) and p-nitroaniline (pNA) under UV light. In
addition, the electronic and adsorption properties after Cu loading were evaluated using density
functional theory (DFT) calculations. Moreover, the antimicrobial properties of the prepared
samples toward pathogenic bacteria and unicellular fungi were investigated. Photocatalytic
measurements show the outstanding efficiency of the Cu-loaded nanocomposite, compared to
that of bare Cu NPs and composite matrix. Degradation efficiencies of 44% after 80 min, 100 %
after 60 min, and 71% after 90 were obtained against potassium permanganate, Cr(VI), and pNA,
respectively. Similarly, the antimicrobial evaluation showed high ZOI, lower MIC, higher protein
leakage amount, and cell lysis of nearly all microbes treated with Cu-loaded nanocomposite.

4.2 Introduction

In pursuit of a modern industrial revolution, pharmaceuticals, agricultural waste, and hazardous

chemical compounds are produced. To deal with these environmental pollutants, waste disposal and

management have become significant global challenges [189] . Some of the hazardous compounds

that contaminate water, soil, and the environment are highly toxic and have the potential to cause

serious health problems, pollutants such as potassium permanganate, chromium ions, and

4-nitroaniline or p-nitroaniline (pNA). Potassium permanganate is an inorganic dye that is used in

many applications, including water treatment [190]. However, its existence in potable water may

cause many chronic health problems, such as liver damage and skin irritation [191]. Chromium,

which exists in water either in trivalent or hexavalent oxidation states, the hexavalent state has

raised concerns due to its high toxicity [192]. Moreover, nitroaromatic compounds, such as pNA,
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are major water-soluble noxious pollutants that have been classified as priority contaminants by the
U.S. Environmental Protection Agency [193]. In addition to this, millions of people die every year
from diseases caused by waterborne pathogens (bacteria and fungi), including diarrhea, typhoid
fever, and hepatitis A [47]. Recently, these microorganisms have begun to show resistance toward
all currently known antibiotics, which poses a real danger to humans and marine life [194]. The
aforementioned pollutants are detected in wastewater and are detrimental to aquatic organisms and
may lead to long-term pollution of the environment. Therefore, eliminating these compounds from
industrial wastewater is of particular importance. Many wastewater purification techniques are
available, such as coagulation, flocculation, adsorption, ultra-filtration, oxidation, and membrane
methods [195]. However, these techniques have many limitations as a result of their high cost,
complexity, and time-consuming processes. Consequently, particulate photocatalysis has received
much attention due to its outstanding photocatalytic characteristics, which include the direct
conversion of light energy into chemical energy via a series of redox reactions that occur on the
surface of a material known as a photocatalyst. Heterogeneous photocatalysis using
semiconductor-based nanocomposites is important because it combines the effects of different
nanoparticles. Titania (TiO,)-based nanocomposites exhibit desirable advantages, such as
cost-effectiveness, extraordinary efficiency, unique stability, and excellent reproducibility. The
photocatalytic properties of TiO,-based photocatalysts have been assessed in the degradation of
many organic compounds, with the majority of them displaying superior photocatalytic
performance toward several pollutants under different conditions [196]. However, TiO,-based
photocatalysts demonstrate remarkable photocatalytic activity only under UV light due to their wide
bandgap energy (3.2 eV for anatase TiO,) [197]. In addition, the rapid recombination process of
electron—hole pairs on the surface of TiO,-based photocatalysts is another serious limitation that
hinders their vast applications in water remediation. Thus, to enhance the performance of
TiO,-based photocatalysts, many tailoring methods have been carried out. Among them, the
construction of a metal-semiconductor heterojunction is a promising route due to the efficient
charge separation and increase in the redox reaction time [198]. The decoration of TiO,
photocatalysts with carbon nanomaterials or noble metal particles, such as gold (Au), silver (Ag),
and platinum (Pt), has been reported to enhance their photocatalytic performance [199]. Some of
these noble metals (Au—Ag) also act as co-catalysts to improve the absorption of photocatalysts in

the visible light range [200]. However, the utilization of such metals is limited due to their
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extraordinary cost, toxicity, and low natural abundance. In the same context, copper (Cu) is more
abundant, cost effective, eco-friendly, and exhibits photocatalytic properties, and can be employed
as a co-catalyst to prevent rapid electron—hole recombination [201]. To further increase the
efficiency of TiO, NPs, the utilization of a S10, matrix to enhance the absorption capability of TiO,
and to provide a framework for the dispersion of TiO, particles has been studied. Excellent
adsorption capability has been shown to improve the photoactivity of a TiO,/Si0, system [202]. At
the same time, the uniform distribution of TiO, NPs onto a SiO, matrix has been shown to lead to
an enhancement in the composite specific surface area [203, 204], as well as the increased thermal
stability of TiO, NPs. In heterogeneous photocatalysis, it is difficult to separate the employed
photocatalyst from wastewater streams. Consequently, more interest has been directed toward the
utility of nanocomposites with magnetic cores for water treatment applications, as these can be
readily removed from water using a magnet [117]. Among these magnetic materials, spinel
nickel—cobalt ferrite (NiCoFe,0,) has been extensively used in diverse applications, such as gas
sensing, water desalination, energy storage, radar, and stealth applications [205], due to its excellent
chemical and thermal stabilities, as well as its superparamagnetism [206]. Besides this, it exhibits
excellent permeability, significant saturation magnetization, and soft coercivity. These properties
are essential for exploring its feasibility in several possible industrial and environmental
applications [207]. Herein, the optimized preparation of a recyclable, magnetic
Co,sNi, sFe,0,/S10,/TiO, (CNFST) nanocomposite matrix via a layer-by-layer method is reported.
Cu NPs were loaded onto the external surface of the prepared matrix (TiO, layer) to construct a
metal-semiconductor heterojunction of the Co,sNi,sFe,0,/SiO,/TiO,/Cu 10% (CNFST/Cu 10%)
enhanced photocatalyst. The photocatalytic properties of the prepared photocatalyst were examined
in the photodegradation of aqueous solutions containing three different types of pollutants
(potassium permanganate (an inorganic dye), hexavalent chromium (a heavy metal), and
p-nitroaniline (pNA, an organic dye)) under UV-light radiation. In addition, the electronic and
adsorption properties of the photocatalyst were analyzed via density functional theory (DFT)
analysis. Finally, the antimicrobial activities of the prepared photocatalyst were evaluated against
many multi-drug-resistant bacteria and pathogenic fungi and the results compared with those of
standard antibacterial and antifungal agents.

4.3 Materials and methods

4.3.1 Materials
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The starting reagents copper acetate monohydrate ((C,HzCuOs)*H,0), ascorbic acid (C¢HzOy),
hydroxypropyl cellulose (molecular weight = 80,000), ammonium hydroxide 28% (NH,OH),
sodium hydroxide (NaOH), cobalt chloride (CoCl,), titanium(IV) isopropoxide 97% (Ti(OC;H,),),
nickel chloride (NiCl,), hydrochloric acid (HCI), ferric chloride (FeCl;*6H,0), absolute ethanol
99.9% (C,Hs;OH), tetraethyl orthosilicate 98% (TEOS) (Si¢(OC,Hs),), ethylenediaminetetraacetic
acid (C,(H;(N,Og, EDTA), sulfuric acid (H,SO,), potassium permanganate (KMnQO,), potassium
dichromate (K,Cr,0;), and pNA (C¢H¢N,O,) were purchased from Sigma Aldrich-Germany,
Wako-Japan and Merck-USA. Chemicals were of extra pure grade and used as received.

4.3.2 Methods

4.3.2.1 Preparation of the composite matrix (Co,sNi;sFe,0,/Si0,/TiO,), Cu NPs and
Cu-loaded nanocomposite (Co,sNi,sFe,0,/Si0,/TiO,/Cu)

Detailed preparation steps of the composite matrix (CNFST), Cu NPs, and CNFST/Cu
nanocomposite are presented in supplementary materials and are shown in F. S. 4(1-3).

4.3.2.2 Characterization of the prepared samples

The crystallinity and formed phases of the photocatalyst samples were analyzed by X-ray
diffractometry (XRD) using an Ultima IV X-ray diffractometer (Rigaku, Japan) operated at 40 kV
and 30 mA using CuK, radiation (A = 1.54 A). The atomic composition and chemical states were
investigated using X-ray photoelectron spectroscopy (XPS) on a PHI Quantera SXM scanning
X-ray microprobe (ULVAC-Phi, Inc., Japan). In addition, the external morphologies, purities, and
mass compositions of the prepared samples were evaluated via scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy (EDX) (SU8000 Type II - HITACHI high
technologies, Japan). Transmission electron microscopy (TEM) (JEM-2100F (JEOL Ltd., Japan)
was used to determine the average particle size and crystallographic planes calculations, while
scanning tunneling electron microscopy (STEM) analysis was carried out to reveal the distribution
of Cu on the composite matrix. A Tristar I (Micromeritics, Japan) instrument was used to estimate
the surface areas and porosities of the photocatalyst samples, facilitated by
Brunauer—-Emmett—Teller (BET) and Barrett—Joyner—Halenda (BJH) analyses. Fourier-transform
infrared (FTIR) analysis using the potassium bromide (KBr) method was conducted to reveal the
type of chemical bonding using an FTIR 3600 Jasco infrared spectrometer (Japan). Raman
spectroscopy (NRS-3100, Jasco, Japan) was performed to investigate the chemical structures,

molecular interactions, and polymorphism of the photocatalyst samples. The stability of the
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prepared samples was analyzed by carrying out zeta potential calculations using an ELS-ZINT
instrument (Photal Otsuka Electronics, Japan). Finally, diffuse-reflectance analysis and calculations
using the Kubelka—Munk equation were employed to determine the absorption and bandgap energy
using a V-670 spectrophotometer (Jasco, Japan).

4.3.2.3 Photocatalytic degradation and antimicrobial activity evaluation

Detailed experimental steps for the evaluation of both Photocatalytic and antimicrobial performance
of the prepared samples are shown in supplementary materials.

4.4 Results and discussion

4.4.1 Characterization of the prepared samples

XRD analysis of the prepared samples shows strong and intense peaks, indicating their
crystallinity as shown in Fig. S. 4.4. For Cu NPs, several diffraction peaks were recorded at 20 =
44.3°, 50.4°, and 74.3°, which correspond to the (111), (200), and (220) lattice planes, and are a
good match to the standard peaks of Cu (JCPDS no. 71-4610) [208]. In addition, this recorded
pattern confirms the formation of a face-centered cubic (FCC) crystal structure, which is in good
agreement with the selected area electron diffraction (SAED) analysis Fig. 4.1(c). While, the
diffraction peaks of bare composite matrix (CNFST) were recorded at 26 = 25.3°, 36.1°, 37.4°,
38.5°, 48.5°, 54.6°, 55.4°, 64.8°, 69.8°, 71.58°, and 75.6°, which correspond to the (101), (103),
(004), (112), (200), (105), (211), (204), (116), (220), and (215) crystallographic planes,
respectively. The recorded diffraction peaks and their corresponding planes can be mainly

attributed to anatase TiO, (JCPDS 21-1272) [124, 125], the principal external layer of the
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composite matrix. This conclusion was confirmed from the mass percentage analysis of the EDX
Fig. S. 4.5(b-d) and atomic percentage analysis using XPS (Fig. 4.3). A combination of peaks of
the bare composite matrix and Cu NPs can be observed in the pattern of the Cu-loaded composite
(CNFST/Cu), indicating their conjugation, as supported by the SEM observation Fig. S. 4.5(c),
STEM mapping Fig. S. 4.5(f), and TEM analysis Fig. 4.1 (g). It is worth mentioning that a small
amount of the loaded Cu NPs over the CNFST surface was oxidized into Cu,O (JCPDS No.
05-0667) [209], which is indicated by two small peaks at 36.8° (111) and 42.3° (200) in the XRD
pattern. Finally, the calculated crystal sizes from Scherrer equation were 38.29, 16.04, and 22.78
nm for the Cu NPs, CNFST, and CNFST/Cu samples, respectively. (Fig. S. 4.5) shows
SEM-observed surface morphology and EDX mass percentages of the bare CNFST and
CNFST/Cu nanocomposite. It is obvious that bare CNFST composite matrix exhibits
homogeneous spherical-shaped structures as presented in

Fig. S 4.5(a). While its EDX analysis confirms that Ti has the highet mass ratio, followed by O
forming the external TiO, layer of CNFST nanocomposite. In addition, SEM observations reveal
that Cu NPs are uniformly distributed as clusters on the external layer of the CNFST matrix as
shown in Fig. S. 5(c). These results are in a good agreement with STEM mapping shown

in Fig. S. 4.5(f). While, Fig. 4.1(a, d, and g) show the TEM analysis of the prepared Cu NPs,
bare CNFST matrix, and CNFST/Cu 10% nanocomposite, respectively. The Cu NPs and matrix
particles are almost spherical in shape, with average diameters of around 9 and 70 nm,
respectively. The CNFST/Cu nanocomposite exhibits almost the same average diameter as that
of bare CNFST sample. The high-resolution TEM (HR-TEM) images confirm the conjugation of
Cu NPs with TiO, layer as shown in Fig. 4.1(h), because of the presence of characteristic
crystallographic planes of both Cu and TiO, that have d-spacings of 0.17 nm (200) and 0.20 nm
(111) for Cu NPs, and 0.238 nm (004) and 0.233 nm (112) for the TiO, NPs. It is worth
mentioned that the observed lattice fringes shown in Fig. 4.1 (e) and (h) can be ascribed to the
anatase TiO,, confirming that TiO, is the main layer of the composite matrix, and matching both
XRD and EDX results. Finally, analysis of SAED patterns confirms the formation of Cu NPs
with a FCC crystal structure as shown in Fig. 4.1(c), the dominance of anatase TiO, in the
nanocomposite matrix, as shown in Fig. 4.1(f), and the conjugation of the Cu NPs with TiO, to

form the CNFST/Cu nanocomposite, as shown in Fig. 4.1(i).
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Fig. 4.1: TEM analyses, HR-TEM observations, and SAED patterns of the (a—c) Cu NPs, (d-f)
CNFST matrix, and (g—1) CNFST/Cu 10% nanocomposite.

N, adsorption—desorption isotherms and BJH pore size distribution analysis are shown in Fig. S.4.6.
According to the IUPAC classification, the bare CNFST matrix exhibits a type III adsorption
isotherm, indicating the weak interactions between the adsorbate and adsorbent (N, gas and
CNFST), as shown in Fig. S. 4.6(a). However, upon loading Cu NPs over the CNFST matrix, the
adsorption type changes from type III to V, which pointing out to the formation of mesopores (2-50
nm). In addition, the resultant nanocomposite shows an improved surface area, as shown in Table
4.1.

Table 4.1: Calculated BET surface areas, pore areas, and pore volumes of the prepared samples.

No Sample BET Surface area Pore volume Pore area
. P (m*/g) (cm*/g) (m?/g)
1 CNEFST 4.78 +£0.05 0.0008 1.63
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2 | CNFST/Cu 10 % 11.34 +0.08 0.0007 1.54

While, Fig. S. 4.6(b-c) shows the BJH pore size distributions of the samples. The prepared
samples exhibit both multimodal and wide porosity distribution. On the one hand, bare CNFST
matrix showed 2 weak peaks in the mesoporous region (2-50 nm) and large increasing portion in
the macroporous region (> 50 nm). On the other hand, CNFST/Cu nanocomposite possessed
larger ratio of mesopores and less decreasing volume of macropores. As a result of the formation
of more mesopores after Cu loading, the observed surface area was improved. Table 4.2 shows
the zeta potential values, net charge, and corresponding stability of the prepared samples. it can
be seen that Cu NPs exhibit net positive charge and high tendency to be agglomerated in aqueous
solutions, while the negatively-charged CNFST matrix shows moderate stability that can be
attributed to its higher zeta potential value [210]. Finally, CNFST/Cu nanocomposite exhibited a
net positive charge, and its zeta potential and stability index was found to be in the middle

between both samples [194].

Table 4.2: Zeta potentials and the corresponding colloidal stability of the prepared samples.

No. Sample Zeta potential (mV) Stability
1 Cu +4.22 Strong agglomeration
2 CNFST - 38.62 Moderate stability
3 CNFST /Cu 10 % +22.08 Incipient instability

Chemical bonding and functional groups of the prepared samples were revealed by FTIR spectra,

shown in Fig. S. 4.7. The absence of Cu—O stretching vibrations suggests that, the volume

72



fraction of Cu oxide is very small, and Cu NPs were loaded onto the TiO, surface via weak
electrostatic van der Waals forces. While, XPS analysis was carried out to investigate the
chemical states and to estimate the atomic ratios of the main elements constituting CNFST/Cu
nanocomposite, as shown in Fig. 4.2(a—d). Fig. 4.2(a) shows the survey XPS spectrum of the
nanocomposite, from which multiple peaks corresponding to all constituting elements were
recorded. Fig. 4.2(b—d) show the deconvoluted peaks of the main elements, Cu, Ti, and O. For
Cu 2p three peaks were detected, one at 951.6 eV and two peaks at 932.3 and 933.9 eV, which
are characteristic of metallic copper Cu(o) or Cu(I) and Cu(Il), respectively [211]. This confirms
the presence of oxidized Cu on the surface of the nanocomposite, matching XRD analysis. For Ti
2p, two peaks at binding energies of 464.5 and 458.2 eV can be observed that confirm that the
Ti*" state is dominant in the TiO, layer [151]. Finally, O Is is represented by two peaks, one at
531.3 eV, which is due to the presence of hydroxyl groups on the surface of the composite or
adsorbed water molecules, and the second at 529.6 eV corresponding to metal oxides of Ti and
Cu. In addition, the observed shoulder (> 531.3 eV) toward higher binding energies corresponds
to a large number of oxygen vacancies that are present on the surface of the material, which is
favorable for increased photocatalytic efficiency due to them acting as electron reservoirs [212,

213].
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Fig. 4.2: XPS a) survey analysis and atomic ratios and b) deconvoluted Cu 2p, ¢) Ti 2p, and d) O 1s

Spectra.

Finally, diffuse-reflectance spectra were recorded, and bandgap energy values were calculated using
the Kubelka—Munk equation as shown in Fig. 4.3. Both nanocomposites exhibit absorption in the
UV region at around 350 nm Fig. 4.3 (a), while bandgap calculations show that, upon Cu loading
the bandgap energy slightly increased from 3.1 to 3.15 eV, as presented in Fig. 4.3(b). This result
may be attributed to the fact that Cu NPs absorb visible light, and that the absorption wavelength

range overlaps with that of TiO,, affecting the extrapolation used to calculate the bandgap energy

value.
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Fig. 4.3: a) Diffuse-reflectance spectra of the CNFST and CNFST/Cu 10% nanocomposites and b)

bandgap energy calculations acquired using the Kubelka—Munk equation.

4.4.2 Photocatalytic activity of the prepared samples

4.4.2.1 Potassium permanganate degradation (inorganic dye)

Fig. 4.4(a—c) shows a comparison of the photocatalytic degradation of potassium permanganate
inorganic dye by the prepared samples along with dye photolysis and dye removal due to
adsorption in the dark. From the graph, it can be clearly observed that in the absence of the
prepared samples the employed UV light degrades only around 11% of the dye after 4 h, as

shown
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in Fig. 4.4(a), while adsorption in the dark leads to almost 17% removal of the dye at the same
time, as shown in Fig. 4.4(b). However, photocatalytic removal by the prepared samples is more
efficient, as shown in Fig. 4.4(c). The prepared CNFST/Cu sample shows the highest dye
removal efficiency, with around 44% dye removal after only 80 min. This improved

photocatalytic activity can be ascribed to the synergistic effect between the Cu NPs and the
prepared CNFST nanocomposite.
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Fig. 4.4: Potassium permanganate degradation by a) photolysis (no photocatalysts), b) adsorption
in dark (no light), and c) photocatalytic degradation by the prepared samples under UV

irradiation.

4.4.2.2 Chromium(VI) reduction

The photocatalytic reduction of chromium ions by the prepared samples was investigated at
different pH values in the range of 2—-5 using 1 mM of EDTA as a hole scavenger, with the results
shown in Fig. 4.5(a=b). Similarly, the CNFST/Cu sample exhibits much more enhanced Cr(VI)
reduction efficiency compared to the bare CNFST nanocomposite and the Cu NPs. Fig. 4.5(a)
reveals that almost 57% of Cr(VI) ions were reduced to Cr(lll) ions after 120 min at pH 5
compared to only 19% and 25% by the Cu and bare CNFST nanocomposite, respectively, while at
pH 2, the CNFST/Cu sample exhibits superior Cr(VI) reduction ability, with almost 100% of Cr(VI)

being reduced after 60 min, as revealed in Fig. 4.5(b).
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Fig. 4.5: Cr(VI) reduction evaluation a) 10 mg of photocatalyst, 20 ppm of a Cr(VI) solution at pH
5 and 1 mM of EDTA, and b) 20 ppm of a Cr(VI) solution at pH 2 and 1 mM EDTA.
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4.4.2.3 pNA degradation (organic dye)

It can be clearly observed from Fig. 4.6(a) that the degradation of pNA due to photolysis after 4
h was only 9%, while the removal due to adsorption in the dark was around 18% after the same
amount of time, as shown in Fig. 4.6(b). While, Fig. 4.6(c) shows the progressive decline in the
absorption peaks (at A, = 380 and 230 nm) due to photodegradation by the CNFST/Cu
photocatalyst under UV irradiation [162]. Fig. 4.6(d) shows that CNFST/Cu photocatalyst
possesses the highest photocatalytic activity (65% removal) toward pNA compared to bare Cu
dots (22% removal) and the bare CNFST nanocomposite (26% removal), after 90 min under UV
irradiation. This improved photocatalytic efficiency can be attributed to the effect of the
constructed metal-semiconductor heterojunction of the nanocomposite, which facilitates
charge separation and the absorption of incident light. In addition, it features a relatively higher
surface area (11.34 m?%*/g) and a network of mesopores that facilitate the photocatalytic

reaction, as confirmed from the BET surface area and porosity analyses.
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Fig. 4.6: Removal of pNA by a) photolysis, b) adsorption, ¢) absorbance reduction with time due
to the CNFST/Cu nanocomposite, and d) a comparison of the photocatalytic degradation of the

prepared samples.

4.4.2.3.1 Effect of the photocatalyst dose and initial pNA concentration

The effects of photocatalyst dose and initial pNA concentration on the photocatalytic
performance were analyzed, as shown in Fig. S. 4.8(a—b). Upon increasing the photocatalyst
dose from 5 to 20 mg in an aqueous solution of pNA, the percentage of pNA removal increases
from 43% to 95% after 90 min of irradiation under UV light as shown in Fig. S. 4.8(a). As the
amount of the CNFST/Cu photocatalyst increases, there is an increase in the number of active
sites available for pNA removal. In other words, by increasing the number of active sites on the
surface of the employed photocatalyst, the number of absorbed photons increases, thus leading to
more redox reactions and enhanced efficiency. Consequently, more charge carriers and more free
radicals are likely to be generated. Secondly, it was observed that, as the initial concentration of
pNA increases from 5 to 15 ppm, the percentage removal of pNA decreases from 84% to 46.67%
as shown

in Fig. S. 4.8(b). The increase in the concentration of pNA leads to the formation of aggregates
on the surface of the photocatalyst. Consequently, a few photons can reach and stimulate redox
reactions over the surface of the photocatalyst, thus leading to a reduction in the degradation
efficiency [214]. In addition, after a specific time the vacant sites of the CNFST/Cu photocatalyst
become saturated with the adsorbed pNA molecules. Moreover, repulsive forces occur between
pNA and the CNFST/Cu photocatalyst, which lead to the negligible degradation of pNA. This
implies that after equilibrium case is reached, further irradiation does not lead to more
degradation [215, 216].

4.4.2.3.2 Reaction kinetics and apparent rate constant

The reaction kinetics of the degradation of pNA under UV light using the prepared CNFST/Cu
photocatalyst are a good fit to a pseudo first-order model, as shown in the results presented

in Fig. S. 4.9(a). In addition, it can be observed that the value of the reaction rate constant, &,
decreases in line with an increase in the initial concentration of pNA, as shown in Fig. S. 4.9(b),
which is in a good agreement with the degradation performance results. As the concentration of
pNA increases, fewer H,O molecules are adsorbed onto the surface of the CNFST/Cu
photocatalyst and the number of created hydroxyl radicals is reduced [217].
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4.4.2.3.3 Effect of initial pH and the point of zero charge (PZC)

The impact that solution pH has on the elimination rate of pNA in the presence of the CNFST/Cu
photocatalyst is shown in Fig. S. 4.10(a). In acidic solution (pH 5), pNA concentration is
reduced by 18% compared to its original concentration after 90 min under UV light, while the
degradation of pNA reaches around 66% in neutral solution (pH 7). However, after the same
contact time, around 71% of pNA is degraded in alkaline solution (pH 9). This result can be
ascribed to the electrostatic interactions that occur between pNA molecules and CNFST/Cu
photocatalyst in alkaline medium, which lead to an enhancement in the number of redox
reactions that take place [171]. The pH of the PZC was recorded at pH 7.5 as shown in Fig. S.
4.10(b), which implies that the surface charge of the CNFST/Cu composite is positive in the
acidic medium, whereas, it possesses negative charge in the alkaline media. Furthermore, at
neutral pH, surface charge is zero and the electrostatic forces that occur between the CNFST/Cu
composite surface and pNA molecules can be disregarded [218]. The proposed photocatalytic
reaction mechanism of the prepared CNFST/Cu photocatalyst is shown in Fig. S. 4.11.

4.4.3 Molecular modeling

To explain the interaction between the modified TiO, (external layer) and the tested pNA, DFT
calculations were employed to determine the electronic and adsorption properties of TiO, before
and after its modification using the Cu NPs [219].

4.4.3.1 Computational model and structure

DFT calculations were performed using the Gaussian 16 software at the M062X/6-31(d,p) level
of theory [220]. To account for the possibility of the occurrence of van der Waals interactions
between the adsorbent (TiO,) and the adsorbate (pNA), Grimme’s dispersion correction (gd3)
was added to the M062X functional. As shown in Fig. S. 4.12(a), the TiO, layer is represented
by a finite nanoflake. Thus, to study the effect that adding Cu NPs and Cu oxides has on the
adsorption properties of the nanoflake, Cu, CuO, and Cu,O were attached, as shown in Fig. S.
4.12(b—d). These constructed structures were then allowed to interact with pNA initially placed
at 3.5 A above them, as shown in Fig. S. 4.12(g). It can be observed from Fig. S. 4.12(f-h) that
the addition of Cu and Cu oxides improves the adsorption of pNA (with respect to the
unmodified TiO,

in Fig. S. 4.12(e)), because of the formation of several chemical bonds between the O and C

atoms of pNA and the Cu atoms of the chemically-modified TiO, nanoflake. To confirm these
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findings, the adsorption energy (£,) was calculated before and after the addition of Cu and its
oxides, as summarized in Table 4.3, where E, was calculated using the formula: E,= (E,q+ Ena
— E)/n, where E,4 is the ground state energy of the adsorbent (TiO,, TiO,—CuO, etc.), E x4 is the
ground state energy of pNA, E, is the ground state energy of the product after adsorption, and # is
the total number of atoms. From the values of E, shown in Table 4.3, the attachment of Cu
oxides increased the adsorption energy by double the original value before the attachment, from
~ 0.05 eV for TiO,/pNA to 0.1 eV for TiO,— CuO/pNA or TiO,—CuO—Cu,O/pNA. It is worth
mentioning that the increase in the adsorption energy in the case of the TiO,—CuO—Cu/pNA
structure is unique, which can be ascribed to the closeness of the Cu atoms in this system,

leading to strong interactions occurring between them, as presented in Fig. S. 4.12(g).

Table 4.3: Calculated HOMO/LUMO energy gaps (E,) and adsorption energies (£,) of the

selected structures.

Structure Ey(eV) E, (eV)
TiO, 3.73 --
pNA 6.78 --
TiO,-CuO 3.93 -
TiO,-CuO-Cu 3.27 --
Ti0,-CuO-Cu,O 3.08 --
TiO,/pNA 3.12 0.0496
Ti0,-CuO/pNA 3.68 0.0961
Ti0,-CuO-Cu,0/pNA 2.76 0.1070
Ti0,-CuO-Cu/pNA 3.19 0.0798

4.4.3.2 Electronic density of states
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The electronic density of states of Cu-modified TiO, before and after the adsorption of pNA is
shown in Fig. 4.7. In this representation, the molecular orbitals are represented by Gaussian
functions with a broadening of a = 0.032 eV. The highest occupied molecular orbital (HOMO)
distributions are also presented to show the effect that chemical modification and the adsorption
of pNA have on this electronic orbital. The energy gap of TiO,, as shown in Table 4.3 and

Fig 4.7(a), is 3.73 eV which is slightly higher than the experimental value of 3.1 eV. This
increase in the energy gap is the result of a quantum size effect, where the smaller the TiO,
nanoflake, the higher the energy gap. Attaching one CuO molecule to the structure increased the
energy gap to 3.93 eV, with this increases expected to be due to the passivation of the interactive
electrons of the Ti atoms at the edge. This effect seen in Fig. 4.7(c) results from a decrease in the
intensity of the distribution cubes on the Ti atoms around the CuO. However, further addition of

Cu atoms or Cu,O molecules decreases the energy gaps to 3.27 and 3.08 eV, respectively.
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Fig. 4.7: Electronic density of states and the corresponding HOMO of the studied TiO,-

—

structures before and after adsorption of pNA. The blue and red peaks in the DOS spectra
represent spin up and spin down molecular orbitals, respectively. Dark red and blue cubes in the
HOMO distribution represent the positive and negative signs of the molecular orbital wave

function.

Increasing the number of attached Cu and Cu oxides increases the interactions between them and
TiO,, leading to the creation of low-energy electronic states within the energy gap, and thus

reducing it [221, 222]. For example, the HOMO of TiO,—~CuO—CuO, is almost located around
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the attached CuO. In other words, it originates from the weaker bonds between CuO and TiO..
Therefore, Cu and Cu oxides can be used to enhance the photocatalytic properties of TiO, by
decreasing its energy gap toward the visible light region. The energy gap further decreases after
the adsorption of pNA due to the same reason, where the highest decreases to 2.76 eV for
TiO,—CuO—CuO,/pNA corresponds to the highest interaction and thus the highest absorption.
Fig. 4.7 shows the HOMO distributions before and after the adsorption of pNA, which provides
additional confirmation for the improved adsorption capability of the system upon the addition of
Cu and Cu oxides. In the first case, as shown in Fig. 4.7(d), the HOMO is distributed only on the
TiO,, which implies moderate physical adsorption, while in the other cases, the HOMO is
distributed on both the TiO, and pNA due to the formation of chemical bonds between TiO, and
pNA.

4.4.3.3 Molecular electrostatic potential (MESP)

Fig. S. 4.13. shows MESP contour maps, which indicate the computation of the surrounding
charges, nucleus, and electron concentration at a particular position, using the colors red, orange,
yellow, green, and blue, where red represents the lowest MESP level and blue represents the
highest MESP level. The red color indicates positions with the highest electrostatic repulsion and
more reactivity, whereas the blue color show positions with the lowest electrostatic repulsion.
For the pNA and TiO, model, the red color is localized around the oxygen atoms of NO, and
around the oxygen atoms of the TiO, corners. When pNA and TiO, interact, the color distribution
of TiO, varies, resulting in the red color spreading around the TiO, oxygen atoms, reflecting the
increase in the TiO, reactivity. Furthermore, in the case of TiO,/CuO, the presence of CuO
increases the reactivity of TiO,, resulting in the red color being concentrated around the TiO,
structure. The interaction of Cu with TiO,—CuO leads to a significant change in the color
distribution of TiO,—CuO, with an increase in the red color around the oxygen atoms of TiO,
reflecting the increase in reactivity. Meanwhile, in the case of TiO,—~CuO—CuQO,, the oxygen
atoms of TiO, as well as those of CuO are red in color, meaning that it is more active. The color
distribution of the TiO,~CuO—-Cu/pNA structure indicates an increase in reactivity around the
TiO,, as observed in the expansion of the red color around it. Finally, in terms of the interactions
of pNA with TiO,—CuO and TiO,—CuO—CuO,, the red color density increases across the surface
of the structure, indicating that the presence of pNA enhances the reactivity of the structure.

4.4.4 Antimicrobial activity of the synthesized nanocomposites
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4.4.4.1 Well diffusion methods

As presented in Fig. 4.8 and Table 4.4, both nanocomposites hinder the microbial growth of the
tested pathogenic bacteria and unicellular fungi. However, upon the loading of Cu NPs into the
nanocomposite, the antimicrobial activity was improved. The prepared CNFST/Cu sample shows
significant growth inhibition against all tested microbes (except for P. vulgaris) with respect to
the positive control (amoxicillin and nystatin) and bare CNFST nanocomposite. It is worth
mentioning that the highest antimicrobial activity of the prepared CNFST/Cu sample was
recorded against the bacterial strain S. aureus, which led to a ZOI of around 35.6 £ 0.58 mm

compared to only 20.5 £ 0.76 mm for bare CNFST sample and around 14.5 + 0.53 mm for the
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S.aureus  P. aeruginosa E. coli K. pneumoniae  Proteus S. typhi P. mirabilis C. albicans C.tropicalis
vulgaris

Microbial pathogens

positive control.

Figure 4.8: ZOI antimicrobial testing of the prepared nanocomposites against different

pathogenic bacteria and unicellular fungi.

The MIC results (Table 4) show the promising application of the prepared nanocomposites as
antimicrobial agents. The lowest recorded MIC concentration exhibited by the bare CNFST
nanocomposite and the positive control is 0.48 pg/mL against E. coli. While, CNFST/Cu
nanocomposite showed MIC concentration of around 0.03 pg/mL against S. aureus. In addition,
it possessed dual functionality, acting as bacteriostatic at low concentrations, and as bactericidal
at high concentrations. This enhanced activity can be attributed to the synergistic effect of the Cu

NPs and the prepared CNFST nanocomposite.
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CNFST/Cu CNFST Amoxicillin/Nystatin
Test organism
701 MIC 701 MIC 701 MIC
(mm) pg/ml (mm) pg/ml (mm) pg/ml
Staphylococcus a b .
arels 35.6+0.58 0.03 20.5+0.76 731 14.0+0.46 250
Pseudomonas ¢ d d
aeruginosa 20.9£1.53 731 14.2+0.58 625 12.0+1.00 250
. : be a a
Escherl'chza 29.8+0.76 0.12 25.0+£0.53 0.48 18.9+0.50 0.48
coli
Klebsiella b o ¢
pneumoniae 8.2+0.50 250 7.5+0.87 250 6.2+1.00 500
g d b
Proteu; 18.2+1.15 3195 10.0+0.69 3195 18.0+0.68 3105
vulgaris
e f d
Salmon?lla 15.3+0.64 125 9.0+0.58 125 12.3+0.61 250
typhi
ef e c
P'rote?ts‘ 22.7+0.52 73] 11.9+0.72 3195 11.6+£0.66 62.5
mirabilis
. de c d
Can.dlda 22.9+0.58 0.48 16.5+£0.50 731 12.0+0.70 250
albicans
. e d d
Can.dzdc.l 18.1+£0.66 1.95 12.9+0.68 3195 12.7+0.52 250
tropicalis

Table 4.4: Antimicrobial ZOI and MIC values of the prepared nanocomposites against different

bacteria and Candida strains.
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ZOI: zone of inhibition, MIC: minimum inhibition concentration. Values are means + SD
(n = 3). Data within the groups were analyzed using one-way analysis of variance (ANOVA)
followed by “" <%/ &" Dyncan’s multiple range test (DMRT).

4.4.4.2 Growth curve assay

The repression impact of the prepared nanocomposites on S. aureus is presented in Fig. 4.9(a).
the extension rate of S. aureus in the untreated control group is fast, with the most potent optical
density (at A = 600 nm) (ODg) value of around 2.78 nm. By contrast, the ODy, values of the
nanocomposites are lower, showing a repression impact. This performance of both
nanocomposites can be attributed to two main factors. Firstly, the presence of Co— Ni ferrite NPs,
which exhibit good antibacterial potential against different bacterial strains (S. aureus, P.
aeruginosa, and E. coli) and unicellular fungi [143]. Secondly, the positively-charged liberated
metal ions (Co*",Cu*’, Fe*", Ni**, Si*", and Ti*") from the prepared nanocomposite facilitate the
electrostatic interactions with the negatively-charged membrane of S. aureus [223]. The
generated ROS on the surface of the prepared samples results in protein oxidation, DNA injury,
and lipid peroxidation, which destroy bacterial cells [224]. CNFST/Cu sample shows the best
performance due to the presence of Cu NPs exhibiting unique antibacterial activity, as described
in previous studies [225, 226]. It is worth mentioning that the higher hypersensitivity of the
Gram-positive bacteria toward the nanocomposites may be explained as a consequence of their
less turgid cell membrane [227].

4.4.4.3 Effect of UV activation: disinfectant potential of the prepared samples

The effect of UV activation of the prepared samples on S. aureus is shown in Fig. 4.9(b). With
respect to the untreated control group, the growth of S. aureus is significantly reduced after the
treatment of both nanocomposites, with the CNFST/Cu sample showing excellent disinfectant

potential upon UV exposure. In water and air, and upon photon absorption, active hydroxyl
(OH) and ROS (0,7, and H,0,) species are generated in the presence of O, and H,O [228]. The

ROS produced, particularly H,O,, can penetrate cell membranes and produce active oxidative
hydroxyls via a reaction within the bacterial cells that ultimately leads to bacterial disinfection
[229, 230].

4.4.4.4 Determination of protein leakage from bacterial cell membranes
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The amount of protein leakage in the suspension of the treated S. aureus cells by the prepared
samples was calculated using the Bradford method [231]. From Fig. 4.9(¢c), it can be observed
that the quantity of cellular protein leakage from S. aureus is proportional to the concentrations
of the employed nanocomposites. Protein leakage of 205.95 and 219.58 pg/mL was detected
after treatment with 1 mg/ml of CNFST and CNFST/Cu nanocomposites, respectively,

confirming the strong antibacterial characteristics of the synthesized nanocomposites, and
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indicating the creation of holes in the cell membrane of S. aureus that led to the leakage of
protein from the S. aureus cytoplasm. Related studies [232] describe comparable outcomes with
ferrites, which revealed concentration-dependent destabilization in the cell membrane of
bacterial cells and the leakage of their intracellular substance into the extracellular form
(bacterial cell suspension). It can thus be assumed that the disruption of membrane permeability

is a vital process in the repression of bacterial mass.
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Fig. 4.9: a) The effect of the prepared nanocomposites on the growth curve of S. aureus, b) UV
activation effect of the prepared nanocomposites against S. aureus, and ¢) Impact of the prepared

nanocomposites on the protein leakage from S. aureus cell membranes.

4.4.4.5 Reaction mechanism estimation by SEM analysis

SEM analysis was carried out to determine the possible antimicrobial mechanism against S.
aureus, with the results presented in Fig. 4.10. SEM analysis of the control (untreated) bacterial
cells shows prolonged shaped cells with regular surfaces, as displayed in Fig. 4.10(a). However,
after treatment with the CNFST nanocomposite, unusual morphological irregularities of the S.
aureus cells were identified, including semi-lysis of their outer surfaces and some deformations,
as can be observed in Fig. 4.10(b). Upon treatment with the CNFST/Cu nanocomposite,
complete lysis of the bacterial cells (cell malformation) was achieved, decreasing the total viable

number, as shown in Fig. 4.10(c), creating holes on the surface of the bacterial cells, as can be

observed in Fig. 4.10(d), which is in good agreement with the membrane leakage assay.




Fig. 4.10: Estimation of the reaction mechanism from SEM analysis, a) control untreated S.
aureus cells, b) cells treated with the CNFST nanocomposite, c) cells treated with the CNFST/Cu
nanocomposite, and d) magnified bacterial cell treated with the CNFST/Cu nanocomposite,
confirming the creation of holes on the surface of treated S. aureus bacterial cells.

The possible antimicrobial mechanism is presented in Fig. S. 4.14. There are many possible
factors that contribute toward this mechanism, such as ROS (superoxide anions, O,") [233], the
liberated ions from the metal and metal oxides inside the pathogenic microbes, and the alkaline
conditions. In addition, ferrites and Cu NPs exhibit good antimicrobial properties, meaning that
these materials can alter the microbial morphology, diminish the microbial membrane
permeability, and generate oxidative stress due to H,O, production [233, 234].

The CNFST/Cu nanocomposite initiates its activity by adhesion at the exterior surface of the
microbial cells, leading to membrane damage, the formation of pits, and the switching off of the
ion transport activity [235]. Then, the liberated metal ions destroy all intracellular
macromolecules, such as DNA, plasmids, and essential bacterial organs. In addition, cellular
toxicity takes place because of the oxidative pressure facilitated by the production of ROS.
Finally, in acidic medium, cellular toxicity and genotoxicity occur due to the actions of the core
ferrite and the surface Cu NPs [235].

4.5 Conclusion

An  optimized layer-by-layer approach was used to prepare a Cu-loaded
CoysNi, sFe,0,/S10,/TiO, nanocomposite, for the photodegradation of three types of pollutants
under UV light. DFT analysis was carried out to investigate the adsorption and electronic
properties of the prepared CNFST/Cu sample. Moreover, the antimicrobial performance against
many pathogens was studied using various assays, such as well diffusion, UV-light activation
assessment, and protein leakage. The results in this study show that FCC Cu NPs are formed and
uniformly distributed on the surface of the prepared nanocomposite matrix as, revealed from
XRD, SEM, and STEM mapping results. Upon Cu loading, the crystalline size, diameter of the
particles, and the bandgap of the CNFST matrix slightly increase. However, the BET surface
area is largely improved due to more mesopores being formed with respect to macropores, as
shown in the BJH pore size distribution curves. The FTIR analysis shows no Cu—O stretching,
suggesting that the Cu NPs loading occurs via van der Waals forces. The prepared

nanocomposite exhibits strong absorption in the UV region at around 350 nm. Finally, XPS
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analysis shows the atomic ratios of the main elements that constitute the composite and confirms
the existence of oxygen vacancies over the Cu-loaded composite. The photocatalytic properties
of the prepared nanocomposite were tested and compared with those of bare Cu and CNFST
samples, with the prepared Cu-loaded nanocomposite showing outstanding photocatalytic
properties toward all tested pollutants. This efficiency can be attributed to the improved surface
area, porosity, and the constructed heterojunction separating photogenerated charge carriers and
elongating the reaction time. In addition, the effect of the pH on the photocatalytic properties of
the prepared nanocomposite varied from one type of pollutant to another. Similarly, Cu-loaded
nanocomposite shows significant antimicrobial properties toward almost all pathogenic
microbes. This performance can be ascribed to the synergetic effect between the composite

matrix and the loaded Cu NPs.
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Chapter 5: Overall water splitting over metallic nanoparticles loaded on
Al-SrTiO; perovskite semiconductor photocatalyst supported with RhCr,0;
and CoOOH cocatalysts under wide ranges of light

5.1 overview

Developing new renewable, carbon-neutral fuels to diminish the amount of released CO, in the
atmosphere and to solve global challenges such as global warming and climate change is
significant. Among them, hydrogen (H,) is attracting much attention due to its high energy
density, ease of transportation, and multiple means of production. To meet the global demand of
H, photocatalytic water splitting is one of the most promising methods for large scale
production.

Herein, Al-doped SrTiO; photocatalyst (Al-SrTiO;) was prepared by a molten flux method.
Then, plasmonic metal nanoparticles (Au, Cu, Pt), and cocatalysts Rh/Cr,O; and CoOOH were
selectively deposited onto the reductive and oxidative active sites of Al-SrTiO; using multi-step
photodeposition-impregnation methods for water splitting and H, production under UV-rays,
UV-Vis. light, and visible light (4 > 400 nm). Our results showed that, compared with Pt and Cu
loaded AI-SrTiO; photocatalyst supported with Rh/Cr,0O; and CoOOH cocatalysts, Au-loaded
samples showed the highest H, production efficiency under both UV (920 umol/h - EQE =41 %
at 365 nm) and UV-Vis (100.5 pumol/h) rays. In addition, the amount of evolved H, decreased by
increasing the weight ratio of Au nanoparticles (NPs) due to the overlap between Au NPs and
Rh/Cr,05 cocatalyst. Although Au 0.3 wt.%-loaded sample showed high activity under both UV
and UV-Vis. rays, it exhibited almost no efficiency under visible light because of the large
bandgap of Al-SrTiO; (3.1 eV) and the poor absorption in the visible region. visible light
absorption was then enhanced by increasing the loaded amount of Au NPs and by separating Au
NPs and Rh/Cr,0; cocatalyst responsible for H, evolution by combining both photodeposition
and impregnation methods. Under visible light, Rh/Cr,0O;-loaded Al-SrTiO; with 4 wt. % Au NPs
showed the highest H, evolution efficiency (41 pmol/3h). This was attributed to the efficient hot
electron transfer from Au NPs to Al-SrTiO; then to RhCr,O;, resulting in charge separation

needed for efficient H, generation.
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5.2 Introduction

Photocatalytic overall water splitting is a promising process for the scalable production of
sustainable hydrogen [236, 237]. However, it is an uphill reaction (+237 kJ mol™ Gibbs energy)
that requires a continued series of an efficient transfer of the photogenerated charge carriers to
the reaction sites before their recombination, and without backward reactions. In addition, the
injection of two-electrons and four-holes for the hydrogen and oxygen evolution reactions (HER
- OER) is needed, respectively [238]. In order to design an efficient photocatalyst for overall
water splitting, many requirements should be considered including the control of charge
migration and separation which is significantly affected by photocatalyst’s particle size,
crystallinity, and doping [239]. Since 1980, SrTiO; photocatalyst is attracting the interest of many
researchers worldwide as a promising material for overall water splitting [240]. SrTiO; can
promote overall water spitting into H, and O, in a 2:1 stoichiometric ratio. In addition, it
possesses a proper band structure with respect to water oxidation and reduction potentials [241].
However, the quantum yield of pristine SrTiO; is low, due to its wide bandgap energy (3.2 eV),
inefficient light absorption, the rapid recombination of photoexcited charge carriers, and the
undesired backward reactions [242]. Many efforts have been dedicated to tailor the current
limitations of pristine SrTiO;. On the one hand, doping SrTiO; with lower valence cations such as
Al ions increased its light absorption and minimized the defects (Ti") acting as recombination
centers for photogenerated electrons and holes [243]. On the other hand, H, and O, can be
evolved from the surface of SrTiO; by employing different variety of cocatalysts, improving the
migration and separation of charge carriers, and decreasing the activation energy [244]. Liu et
al., used modified flux treatment and photooxidation methods for the preparation of
SrTiO5(Al)/CoO, loaded with Ni single atoms confined in N-doped graphene as a HE cocatalyst
[245]. The prepared photocatalyst exhibited 498 umol ¢! h™' HE and 230 umol ¢! h™! OE rates
due to Ti—O—C bonds which improved charge separation and transfer. While, Zong et al., loaded
1 % CoP as HE cocatalyst to replace noble metals on the surface of Al-doped SrTiO; by a
photodeposition-phosphorization route [246]. The prepared photocatalyst exhibited 2106 and
1002 pmol h™'g™! production rates for H, and O,, respectively. In addition, by photodepositing
Cr,0, to inhibit the undesired backward reactions, the prepared photocatalyst showed an
apparent quantum efficiency of about 7.1% at 350 = 10 nm. While Takata et al., used a 3-step
photodeposition method to load RhCr,0; and CoOOH cocatalysts for the promotion of H, and
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0,, respectively over Al-doped SrTiO; prepared by a molten flux method [247]. Their designed
material possessed an external quantum efficiency (EQE) of (96% at 360 nm). However, EQE
measured at 380 nm was only 33.6%. Developing an effective photocatalyst capable of
harvesting wide ranges of the solar spectrum (UV and visible regions) is still a challenge. To
promote the photocatalytic activity under visible light, decorating the main semiconductor
photocatalyst with plasmonic nanoparticles is a very promising technique through plasmonic
energy transfer from plasmonic metals to the semiconductor photocatalyst [248, 249]. Plasmonic
energy through hot-electron transfer, resonant energy transfer, and light scattering through the
localized surface plasmon resonance (LSPR) can foster water splitting performance by visible
light active materials. In addition, inhibiting the recombination of electron-hole pairs using
sacrificial agents such as methanol, ethanol, lactic acid, and triethanolamine (TEOA) as hole
scavengers and silver nitrate AgNO; as electron scavengers is a promising technique [250, 251].
In this chapter, we combined the synergetic impact of visible light-absorbing plasmonic NPs with
the efficient cocatalysts for HER and OER. First, a flux-mediated method was used to prepare
Al-doped SrTiO; photocatalysts. Then, multi-step photodeposition method was adapted to load
three types of metal nanoparticles (Au, Cu, and Pt) (HE), along with RhCr,0O; (HE), and CoOOH
(OE) cocatalysts. After that, overall water splitting performance was evaluated under UV and
UV-vis rays. In addition, we designed a new system capable of harvesting wide regions of the
solar spectrum for the efficient hydrogen production under visible light without any sacrificial
agents, by combining photodeposition and impregnation methods, to control the location of
cocatalysts over the active sites of the main photocatalyst and inhibit their overlap.

5.3 Materials and methods

5.3.1 Materials

SrTiOs, SrCl,, Al,Os, RhCl;-3H,0, K,CrO,4, Co(NO;),-6H,0, HAuCl,.3H,0, H,PtCl,, and CuCl,
were purchased from Sigma Aldrich, Germany. All chemicals were of extra pure grade and were
used as received.

5.3.2 Methods

5.3.2.1 Preparation of Al-doped SrTiO; photocalysts

Al-SrTiO; photocatalysts were prepared by a molten flux method as reported by Goto et al.
[242]. SrTiO;, SrCl,, and Al,O; with a molar ratio of (1:10:0.02) were grinded in an agate mortar.

Then mixed powder was transferred into an alumina crucible. The alumina crucible was placed
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in a muffle furnace and heated at 1150°C for 10 h in air. After cooling down to room temperature
naturally, the formed powder was collected from the crucible by ultrasonication for 30 min. After
that, collected powder was washed 6 times by distilled water (D.W.) to remove excessive SrCl,.

Finally, remaining powder was dried at 60°C in air overnight.

5.3.2.2 Photodeposition of cocatalysts and metal NPs

Typically, RhCr,0; (Rh = 0.1 wt.% & Cr = 0.05 wt.%) and CoOOH (Co = 0.05 wt.%) cocatalysts
along with three metal NPs (Au, Cu, and Pt) with various wt.%, were selectively loaded onto
Al-SrTiO; microparticles by a UV-assisted photodeposition method as reported by Takata et al.
[247]. In this process, firstly, (100 mg) of Al-SrTiO; powder was dispersed in (220 mL) D.W.
using ultrasonication for 30 min inside the cell used for water splitting evaluation. Secondly, (50
uL) freshly prepared RhCl;-3H,0 aqueous solution (2 mg/mL) was added to the Al-SrTiO,
dispersion and the mixture was UV-irradiated by a HgXe lamp (275 W, SP-11, USHIO, Japan)
for 10 min. Thirdly, (25 pL) K,CrO, aqueous solution (2 mg/mL) was added to the mixture and
UV-irradiated for another 5 min. Fourthly, (25 pL) Co(NO;), 6H,0 aqueous solution (2 mg/mL)
was further UV-irradiated for 5 min. Finally, calculated volumes of (2 mg/mL) HAuCl,.3H,0,
H,PtClg, and CuCl, aqueous solutions were added to the above mixture and UV-irradiated for 15
min for each. Water splitting evaluation experiments were carried out directly after cocatalysts
and matal NPs loading.

5.3.2.3 Loading Au NPs by Impregnation method

Au NPs were randomly deposited onto Al-SrTiO; photocatalyst by impregnation method as
reported by Chen et al. [252]. In brief, Al-SrTiO;particles were dispersed in a minimum amount
of D.W. containing calculated amounts of HAuCl,.3H,0 aqueous solution. Then, the mixture
was placed on a hot plate until water evaporation (slowly). Finally, the dried particles were
calcined at 350 °C for 1 h in air.

5.3.2.4 Characterization of the prepared samples

Crystallinity and phase were investigated by X-ray diffraction (XRD) analysis via X-ray
diffractometer, Ultima IV (Rigaku, Japan) applying Cu-Ka radiation (L= 1.54 A), operating at
40kV and 30 mA. While morphology of samples was analyzed by scanning transmission
electron microscopy (STEM) by JEM-2100F (JEOL Ltd., Japan), supported with an
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energy-dispersive X-ray spectroscopy (EDS) unit, JED-2300T. Diffuse-reflectance and bandgap
calculations were recorded using a V-670 spectrophotometer (JASCO, Japan).

5.3.2.5 Online water splitting and H, production evaluation

The photocatalytic water splitting and H, production reactions were carried out in a reaction cell
possessing quartz-window connected with a gas circulation system (Makuhari Rikagaku Garasu
Seisakujo, Japan). The light sources used for UV, UV-Vis, and visible light irradiations were
HgXe lamp (275 W, SP-11, USHIO, Japan), Xenon lamp (HAL-320, 350-1100 nm, ASAHI
SPECTRA, Japan), and HAL-320 Xenon lamp supported with (400 nm UV cut filter),
respectively. Before photocatalytic evaluation, 100 mg photocatalyst was dispersed in (220 mL)
D.I.W by ultrasonication for 30 min. Then, metallic NPs and/or cocatalysts were loaded using
photoadaptation method. To remove the dissolved air from the final suspension, it was
vacuumized. At regular time intervals, the evolved gases were detected using an online gas
chromatography (GC) system, GC-8A (Shimadzu, Japan), employing Argon gas as a carrier and
supported with a thermal conductivity detector (TCD). External quantum efficiency (EQE)
calculations were performed under UV light using (365 nm UV bandpass filter) using the
following equations (5.1 - 5.2).

EQE 0 = Number of reacted electrons x 100 (5_1)

Number of incident photons

2 x Number of evolved H2 molecules
0/ — -
EQE 70 Number of incident photons x 100 (5 2)

5.4 Results and discussion

5.4.1 Photocatalytic water splitting evaluation under UV rays

5.4.1.1 Effect of changing the photodeposition order of cocatalysts and metal NPs

The effect of changing the photodeposition order of cocatalysts and metal NPs on the H,
production efficiency under UV irradiation is shown in Fig. 5.1. As presented, changing the
order of deposition resulted in a variety of performances. Comparing the types of metal NPs, Au
NPs loaded samples showed the highest H, production ability after 15 min-UV irradiation. It is
worth mentioning that changing the photodeposition order of Cu NPs loaded samples
significantly affected the H, production efficiency which could be due to the lower chemical

stability of Cu NPs with respect to the highly stable Au and Pt NPs.
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5.4.1.2 Effect of changing the deposited amount of Au NPs on the photocatalytic H,

As the highest H, production efficiency was exhibited by Au NPs loaded samples, the

concentration effect of Au NPs of the sample with the optimized photodeposition order, was

investigated as presented in Fig. 5.2. It is clear that, by increasing the deposited amount of Au

NPs from 0 to 3 wt. %, the evolved H, amount under UV rays declined.
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Fig. 5.2: Effect of changing the deposited amount of Au NPs on the H, production efficiency
under UV rays after 15 min. Rh = 0.1 wt. %, Cr = 0.05 wt. %, Co = 0.05 wt. %.

This result can be ascribed to the possible overlap between Au NPs and RhCr,O; cocatalyst
responsible for H, evolution. With the photodeposition process, both Au NPs and RhCr,0;
cocatalyst are deposited onto the same (100) SrTiO; facets, which are active sites for reductive
photodeposition [247]. Therefore, the highly efficient H, evolution by RhCr,0; cocatalyst is
hindered by the overlapped Au NPs. This explanation was confirmed via STEM-EDX mapping
as exhibited in Fig. 5.3 (b). It is clear that RhCr,0; cocatalyst and Au NPs were observed at the

same positions. Increasing Au amount resulted in further deterioration of H, evolution rate.

Fig. 5.3: a) STEM image of Al-SrTiO; (150 nm) loaded with RhCr,0;, CoOOH cocatalysts, and
Au NPs and b) the corresponding EDX mapping image showing the overlap between RhCr,0;
and Au NPs on the Al-SrTiO; (100) facets.

5.4.1.3 Effect of UV irradiation time on the overall water splitting under UV rays
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After optimizing the type of metal NPs, photodeposition order, and the concentration of the
metal NPs, the effect of UV irradiation time on the overall water splitting efficiency was studied
as shown in Fig. 5.4. By increasing the UV irradiation time, the amount of evolved gases
increases accordingly. It is worth to mention that, after 45 min, the amount of O, gas exceeded

the lower limit of detection, and a stoichiometric ratio of (1:2) with respect to H, was confirmed.
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Fig. 5.4: Overall water splitting under UV rays by Al-StTiO; loaded with RhCr,O; (Rh = 0.1 wt.
% - Cr = 0.05 wt. %), CoOOH (Co = 0.05 wt. %.) cocatalysts and Au NPs (Au = 0.3 wt.%).
5.4.1.4 H, production stability under UV rays: Cycle test

The effect of increasing the cycle number on the H, production rate by the optimized sample was
analyzed and presented in Fig. 5.5. It is obvious that, by increasing the number of H, production
cycles up to 15, the photocatalytic H, production rate gradually decreases until 51% of the initial
rate. This might be attributed to the peeling of cocatalysts and Au NPs off the surface of the main
photocatalyst during the washing process between cycles, in addition to the deactivation of the

sample during water splitting reaction.
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Fig. 5.5: Effect of increasing the cycle number on H, production efficiency by Al-SrTiO; loaded
with RhCr,0; (Rh = 0.1 wt. % - Cr = 0.05 wt. %), CoOOH (Co = 0.05 wt. %.) cocatalysts and Au
P. NPs (Au= 0.3 wt.%).

5.4.2 Photocatalytic hydrogen production under UV-Vis. light

Before evaluating the H, production efficiency under UV-Vis. light, the concentration of Au NPs
was optimized as shown in Fig. 5.6 (a). It can be found out that, by increasing the concentration
of Au NPs, the quantum efficiency and H, production rate declined, which is the same tendency
as the data obtained under UV rays. While, the H, evolution rate by the optimized sample (0.3
wt% Au) with time is shown in Fig. 5.6 (b). It is clear that, by increasing the irradiation time,
the amount of produced H, increases linearly, where the amounts of generated H, gas after 15

and 30 min irradiation were less than the lower limit of detection.
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Fig. 5.6: a) Effect of deposited amount of Au NPs on the H, production evolution under UV-Vis.
rays after 60 min. Rh = 0.1 wt. %, Cr = 0.05 wt. %, Co = 0.05 wt. % and b) Evolved H, over
time with Au NPs of 0.3 wt.%.
5.4.3 Photocatalytic hydrogen production evaluation under visible light
To obtain satisfactory H, production efficiency under visible light, the overlapping of RhCr,O;
and Au NPs must be suppressed. Consequently, the plasmonic Au NPs and HE RhCr,0O; were
loaded with impregnation and photodeposition methods, respectively. Thus, Au NPs were
deposited on AI-SrTiO; surface randomly, while RhCr,0; were deposited selectively on the
reductive sites. Fig. 5.7 shows H, production efficiency under visible light of samples loaded
with different concentrations of Au NPs. As presented, Al-SrTiO; loaded with RhCr,O; (Rh = 0.1
wt. % - Cr = 0.05 wt. %) and 4 wt.% Au NPs showed the highest potential due to the efficient
light absorption. This result is in a good agreement with previously-reported results, where
Au-TiO, system was investigated in detail [253].
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Fig. 5.7: Effect of deposited amount of Au NPs (loaded by impregnation method) on the evolved
H, formed after 3 h under visible light by Al-SrTiO; loaded with RhCr,0;(Rh = 0.1 wt. % - Cr =
0.05 wt. %) (loaded by photodeposition method).

5.4.4 Reaction mechanism
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The mechanism of H, and O, evolution by the Al-SrTiO; loaded with RhCr,0;,CoOOH, and Au
NPs is divided into two parts as shown in Fig. 5.8. First, under UV rays, the incident light has
higher energy than the bandgap of SrTiO; (3.1 eV). Thus, photogenerated charge carriers
(electrons and holes) are formed in Al-SrTiO;. Holes are then oxidize water into
positively-charged protons and negatively-charged oxygen anions. Then, the formed electrons
migrate to the reaction sites, where RhCr,O; reduces protons and promotes the evolution of H,
(through Rh) and inhibits the backward reactions (through Cr,O; shell). While, oxygen anions are
oxidized into O, by CoOOH. Similarly, Au NPs promotes the reduction of protons into H.,.
Second, under visible light, photons are mainly absorbed by Au NPs resulting in the generation
of plasmonic hot-electron transfer to AI-SrTiO; and then to RhCr,O; which promotes H,
evolution, Therefore, higher amounts of H, can be generated under visible light through the
hot-electron transfer and photocatalytic enhancement by the near field excitation [254].
However, the generated holes possess lower oxidative potential which is not sufficient for
oxidizing water to generate oxygen anions for O, evolution. That’s the reason why no O, was

generated under visible light.
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Fig. 5.8: Proposed reaction mechanism of water splitting and H, production by the prepared
cocatalysts and Au NPs-loaded Al-SrTiO; under different light sources.

5.4.5 Characterization of the optimized sample under visible light irradiation

5.4.5.1 XRD analysis

Phase and crystallinity of the prepared samples were analyzed using XRD analysis as shown in
Fig. 5.9. Many Bragg peaks were recorded at 20 = 22.7°, 32.5°, 40.2°, 46.6.5°, 53.3°, 58.6°,
68.2°, 73.7°, and 78.6° from all samples, which correspond to the (100), (110), (111), (200),
(210), (211), (220), (300), and (310) crystallographic planes of perovskite SrTiO; (JCPDS No.
73-0661) [255]. Neither doped Al™ ions nor loaded cocatalysts (RhCr,O; / 1 wt.% Au NPs),
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could change the crystal structure of the main photocatalyst SrTiO; due to their relatively lower
ratio and high dispersion [250]. However, upon increasing the deposited ratio of Au NPs (from 4
wt.% to 10 wt.%) small new peaks at 20 =38.1°, 44.3°, and 64.5° were recorded which are
attributed to (111), (200), and (220) planes of face-centered cubic Au (JCPDS No. 04-0784)
[256].
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Fig. 5.9: XRD patterns of pristine Al-SrTiO; and Al-SrTiO; photocatalyst loaded with RhCr,0;
cocatalyst (Rh = 0.1 wt.% - Cr = 0.05 wt.%) and different weight ratios of Au NPs.

5.4.5.2 STEM-EDX analysis

To analyze the morphology and dispersion states of RhCr,O; cocatalyst and Au NPs on
Al-SrTiO;, STEM-EDX analysis was carried out as shown in Fig. 5.10 (a-c). It is clear that, the
Al-SrTiO; maintained cubic morphology distinguishing perovskite materials even after Au and
RhCr,0; deposition. With respect to Fig. 5.10 (a-b) which shows homogeneous distribution of
cocatalysts, Fig. 5.10(c) revealed that 10 wt.% Au deposition resulted in an agglomeration and a
formation of large Au particles (up to 200 nm), which generally do not exhibit efficient LSPR.
On the other hand, Fig. 5.10 (d) shows the EDX mapping of Al-SrTiO;loaded with RhCr,O; and
4 wt.% Au NPs. Compared with Fig. 5.3, Au NPs and RhCr,0; cocatalyst were separately
deposited [257]. This is because Au NPs were deposited by the impregnation method, which
results in a random deposition onto Al-SrTiO;, while RhCr,O; cocatalyst was site-selectively

deposited by the photodeposition method onto (100) facet of Al-SrTiO; particles.
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Fig. 5.10: a) STEM image of Al-SrTiO; photocatalyst loaded with RhCr,0O; cocatalyst and Au
NPs with different ratios a) 1 wt.%, b) 4 wt.%, c¢) 10 wt.% (overlapped with an Au EDX
mapping (red color), and d) the corresponding EDX mapping image of sample deposited with
(Au =4 wt.%).

By preventing the overlap between the two cocatalysts responsible for H, evolution, enhanced
photocatalytic performance is expected.

5.4.5.3 UV-Vis. diffuse reflectance and bandgap calculations

UV-Vis. diffuse reflectance spectra and the calculated bandgap of the prepared samples are
presented in Fig. 5.11. Al-SrTiO; loaded with RhCr,0; without any Au NPs, showed a strong
absorption in the UV range and faint absorption in the visible range. In addition, its calculated
bandgap energy was 3.1 eV that’s why it exhibited high performance under UV-rays and no
activity under visible light. On the other hand, by increasing the deposited ratio of Au NPs,
Al-SrTiO; exhibited obvious absorption increase in the visible region. The visible light
absorption observed at around 550 nm is well matched with localized surface plasmon resonance
wavelength of Au NPs [258]. The strongest visible light absorption was observed in the sample
loaded with 4 wt.% Au NPs which showed the best H, production efficiency under visible light.
In addition, it possessed the lowest apparent bandgap energy of about 2.8 eV as shown in Fig.

5.11 (b).
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Fig. 5.11: a) UV-Vis. diffuse reflectance spectra of pristine Al-SrTiO; and Al-SrTiO; loaded with
RhCr,0; (Rh = 0.1 wt. % - Cr = 0.05 wt. %), and Au NPs with different wt.%, b) the

corresponding Tauc plot of KM formula for the calculation of bandgap energies.

5.5 Conclusion

Molten flux method was used for the preparation of highly crystalline Al-doped SrTiO,
photocatalyst with an average particle size of 150 nm. The prepared particles were highly
crystalline and possessed cubic morphology of the perovskite materials. The most outstanding
overall water splitting performance was exhibited under UV-rays due to the large bandgap of
Al-SrTiO; particles (3.1 eV). In addition, our results showed that, by changing the
photodeposition order of the cocatalysts and metal NPs, the photocatalytic H, production
efficiencies changed. Moreover, loaded samples with Au NPs exhibited the highest
photocatalytic water splitting performance compared with Cu and Pt loaded samples under UV
and UV-Vis. light, which could be ascribed to their higher chemical stability, efficient light
absorption, and good charge separation. Also, Au NPs concentration is significant due to the
possible agglomeration and overlap with RhCr,O; cocatalyst responsible for efficient HE. Finally,
developed Al-SrTiO; loaded with RhCr,0O; (Rh = 0.1 wt%, Cr = 0.05 wt%) and Au NPs (4 wt.%)
showed the highest H, evolution under visible light. This was attributed to the efficient hot
electron transfer from Au NPs to Al-SrTiO; photocatalyst then to RhCr,Os.
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Chapter 6: Designed Al-SrTiO;/Au/CdS Z-Schemes for efficient H, evolution

under visible light

6.1 Overview

Development of sustainable solar fuels to meet the continued increase in the energy need worldwide
is of particular importance. In addition, reducing carbon emissions could be the last hope to solve
global challenges such as global warming and climate change. For this endeavor, different
Al-SrTiO;/Au/CdS Z-Scheme samples were developed by changing the weight percentage (wt. %)
of gold nanoparticles (Au NPs) and the wt. % ratio of Al-SrTiO; to CdS NPs using post annealing
of mixed powders method. The prepared samples were characterized using several physicochemical
techniques to reveal their properties, then their photocatalytic H, evolution performance was
evaluated under visible light using photodeposited RhCr,0O; as H, evolution cocatalyst. Our results
showed that, Al-SrTiO; particles possessed high crystallinity and cubic perovskite phase, Au NPs
exhibited face-centered cubic (FCC) structure, and CdS NPs had cubic Zinc Blende phase as
confirmed by XRD analysis. Our UV-Vis. diffuse reflectance analysis revealed that all prepared
Z-scheme samples obtained a strong absorption in both UV and visible regions. SEM analysis
confirmed the cubic morphology of the perovskite AI-SrTiO; particles which were randomly
deposited by Au NPs of relatively smaller size. While CdS NPs showed semi-spherical shape and
were conjugated with Al-SrTiO; directly to form the proposed Z-Schemes as proposed by our
STEM mapping analysis. The highest amount of H, (656.7 u mole) was evolved by AI-SrTiO;/ 4
wt.% Au / CdS (1:1) Z-scheme sample after 3 h of visible light irradiation. This sample had 4 wt. %
of Au NPs and equimolar ratio of Al-SrTiO; and CdS NPs. This relatively higher activity might be
because of the efficient light absorption, prolonged lifetime of the photogenerated charge carriers
and improved charge separation as revealed by the PL analysis. Our study can promote the ongoing

efforts toward more carbon neutral societies.

107



6.2 Introduction

Every year, the global demand of energy is increasing due to the expansion in technological
applications and continued increase in population. In addition, the sooner depletion of fossil fuels
and the raised issues of global warming and climate change are driving the world toward carbon
neutrality. The photocatalytic water splitting for the production of solar fuels such as hydrogen (H,)
is currently a promising approach to mitigate issues related to energy and the environment [259].
However, the current light harvesting ability and quantum yield efficiency are still low especially
under visible light and cannot meet the technological applications [260]. Although many efforts
have been devoted, there are still many challenges for the photocatalytic water splitting and H,
production such as light absorption, redox ability of photogenerated charge carriers, and charge
separation [261]. To design an efficient photocatalyst for photocatalytic water splitting, deep
understanding of the entire process is required. Water splitting begins with the absorption of water
molecules on the surface of the employed photocatalyst, in other words the adsorption capability of
the developed photocatalyst is essential, and thus the large specific surface area is more favorable
[262, 263]. Additionally, the energy bandgap of the photocatalyst must be less than the photon
energy of the incident light for the generation of electron-hole pairs [264]. Furthermore, reducing
the recombination rate and promoting mobility of the photogenerated electron-hole pairs is
significant for their migration to the photocatalyst surface where redox reaction occurs [265].
Consequently, crystallinity of the photocatalyst, size, doping, and phase are crucial [239].
Moreover, after water oxidation by holes into oxygen (O,) and reduction of protons by electrons
into H,, inhibition of any possible backward reactions is necessary to increase the quantum
efficiency. Therefore, using proper cocatalyst to reduce the activation energy, promoting the
formation of products, and enabling charge separation should be considered [266]. Finally, product
diffusion/desorption from the surface of the photocatalyst after redox rection [267, 268]. Perovskite
n-type strontium titanate (SrTiO;) semiconductor is one of the most widely used photocatalysts for
water splitting because of its promising photocatalytic properties, low-cost, structural flexibility,
and stability [269-271]. However, its solar energy conversion efficacy under visible light is very
low because of its wide band gap (3.1 eV). One approach to tailor the drawbacks of SrTiO;, is
through doping with metal ions such as Aluminum (Al"). According to ionic radii, Al shall
replace Ti" acting as recombination centers for the photogenerated charge carriers, thus enhancing

the overall efficiency by increasing the lifetime of the redox species [243]. Similarly, Chen et al.
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prepared Cr / Ta co-doped SrTiO; photocatalyst by polymerizable complex (PC) method for the
photocatalytic water splitting under visible light [272]. Their UV-Vis. diffuse-reflectance analysis
revealed that, absorption edge of SrTiO; sample was extended towards the visible light region after
Cr / Ta co-doping at the wavelength of 540 nm. The improved photocatalytic performance was
mainly due to the formation of new impurity states within the forbidden gap of SrTiO; through Cr
3d and O 2p orbits, thus electrons with lower energy can be excited. Another approach to improve
the performance of SrTiO; is through combining a narrow band-gap semiconductor such as
cadmium sulfide (CdS) [273]. In addition to its narrow band gap (2.4 eV), CdS possesses a more
negative conduction band edge with respect to H" to H, reduction potential, high flat-band potential
and improved electrochemical performance, making it a very suitable electron donor material [274].
Pan et al. studied the effect of introducing oxygen vacancies (O,) through Ti" ion doping and the
synergetic effect after conjugating CdS NPs on the Hydrogen evolution (HE) performance of CdS /
Ti**-SrTiO; nanospheres [275]. Their study found that pure SrTiO; nanospheres have low intrinsic
photocatalytic HE performance of approximately 60.35 pmol/g-h. However, when Ti’**/O, was
introduced, the Ti**-SrTiO; nanospheres demonstrated an increase in performance to around 83.31
umol/g-h. While after conjugating CdS NPs, the HE performance further improved to
approximately 660.66 umol/g-h, or about 10 times more. Additionally, noble metal deposition
between the two semiconductor materials, to construct a ternary composite, might enhance its
photocatalytic efficiency because of the improved mobility and separation of the photogenerated
charge carriers. In addition, noble metal nanoparticles such as gold (Au) exhibit surface plasmon
resonance (SPR) originating from electrons collective oscillation which could further enhance the
efficiency of the composite via hot electron transfer. Chang et al. reported unique ternary
composites based on three dimensionally ordered macroporous (3DOM) SrTiO; / Au / CdS for H,
production under visible light (A > 420 nm) [276]. The constructed systems achieved remarkable
performance with an apparent quantum efficiency of about (42.2% at 420 nm) due to the synergistic
effect of improved carrier separation, slow photon effect, and Au SPR effect. Recently, Z-scheme
and ternary systems are receiving considerable interest due to possessing wide range of light
absorption and strong redox capability of electron-hole pairs compared to traditional
heterojunctions (type I and type II) [277]. In the present chapter, highly crystalline Al-doped SrTiO;
particles were prepared by a molten flux method. Then impregnation method was adopted for the

deposition of plasmonic Au NPs onto AIl-SrTiO;. After that, CdS NPs were combined with
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Au-loaded AI-SrTiO; to construct Z-Scheme samples using post annealing of mixed powder
method. The physicochemical properties of the prepared samples were studied in detail using
several techniques including XRD, UV-Vis., PL, Raman, XPS, SEM, TEM, HR-TEM, and STEM
mapping analyses. Finally, the photocatalytic water splitting / H, production performance was

evaluated under visible light.

6.3 Materials and methods

6.3.1 Materials

Cd(NO;),.4H,0, Na,S.9H,0, HAuCl,.3H,0, SrTiO;, Al,O;, SrCl,, RhCl;-3H,0, and K,CrO,
were obtained from Sigma Aldrich, Japan. Received chemicals were of extra pure grade and
were used without any further purification.

6.3.2 Methods

6.3.2.1 Preparation of Al-doped SrTiO; photocatalyst

Molten flux method was used for the preparation of Al-SrTiO; particles as reported previously
[278]. Firstly, pristine SrTiO; Al,Os, and the flux agent SrCl,, with a molar ratio of (1: 0.02: 10)
were grinded in an agate mortar then placed in a pure alumina crucible. Secondly, the mixed
powders were heated at 1150°C in air for 10 h using a muftle furnace. Thirdly, ultrasonication
was used to dissociate the formed powder from the walls of the crucible after cooling down to
room temperature naturally. Fourthly, via distilled water (D.W.), collected powder was washed
many times to eliminate any residual SrCl,. Finally, washed powder was dried overnight at 60°C
in air.

6.3.2.2 Loading of Au NPs on the prepared Al-SrTiO;

Al-SrTiO; sample (obtained from the previous step) was loaded with Au NPs using the
impregnation method reported by Chen et al., [252]. Firstly, dried Al-SrTiO; particles were
dispersed in a small volume of D.W. (4 mL) using ultrasonication for 10 min. Then, calculated
volumes of HAuCl,.3H,0 aqueous solution was added to the dispersion to deposit Au NPs with
I wt. %, 2 wt.%, 3 wt.%, 4 wt.%, and 5 wt.% (with respect to Al-SrTiO;). After water
evaporation on a hot plate (at 80°C), dried powder was calcined at 350 °C for 1 h in air.

6.3.2.3 Preparation of CdS NPs
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CdS NPs were prepared using a co-precipitation method as previously reported [279]. In brief,

(1 m mole) of Cd(NO;),.4H,0 and (1 m mole) of Na,S.9H,0 aqueous solutions were prepared
separately in (30 mL) D.W. Then, Na,S.9H,0 aqueous solution was slowly added to
Cd(NOs),.4H,0 solution drop-by-drop under constant stirring at room temperature. After that,
the orange mixture was left under continued stirring for 1h. Then, the formed precipitate was
collected using centrifugation and washed many times using D.W. and ethanol. Finally, collected

powder was dried at 60°C in air for 12h.

6.3.2.4 Preparation of Al-SrTiO;/ Au / CdS Z-Scheme

Al-SrTiO; / Au / CdS Z-Scheme samples were prepared by a modified post annealing of mixed
powders technique reported by Wang et al., [280]. Firstly, fixed amounts of Au-loaded AI-SrTiO;
and CdS NPs were mixed in a ceramic crucible. Finally, mixed powders were annealed at 300°C
for 30 min in air. Different samples were prepared by changing the wt.% of Au-loaded Al-SrTiO,
with respect to CdS NPs (1:1), (1:2), (1:3), (1:4), (2:1), (3:1), and (5:1).

6.3.2.5 Characterization of the prepared samples

Crystallinity and the formed phase were investigated by X-ray diffraction (XRD) analysis
performed on Ultima IV X-ray diffractometer (Rigaku, Japan), operating at 40 kV - 30 mA and
using Cu-Ka radiation (A= 1.54 A). While morphology of samples, mean diameter, conjugation
of Z-Scheme elements, and possible alignments were analyzed via scanning transmission
electron microscopy (STEM) on JEM-2100F (JEOL Ltd., Japan), supported with (JED-2300T)
energy-dispersive X-ray (EDX) spectroscopy unit. In addition, to reveal the optical properties of
samples, diffuse-reflectance and bandgap calculations were conducted via V-670
spectrophotometer (JASCO, Japan). Moreover, charge recombination affinity was investigated
through recording PL spectra on a laser spectroscopy unit (KIMMON KOHA, Japan) with 325
nm excitation wavelength. While elemental structure and valence states were analyzed via X-ray
photoelectron spectroscopy (XPS) analysis using (ULVAC-Phi, QuanteraSXM, Al Ka, Japan).
Finally, chemical composition of samples was studied by Raman analysis carried out by JASCO,
NRS-4500 laser Raman spectrometer.

6.3.2.6 Photocatalytic H, evaluation
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(100) mg of each sample was dispersed in (220 mL) D.W. containing a mixture of (0.1 M)
Na,S.9H,0 and (0.1 M) Na,SO; as sacrificial agents, using ultrasonication for 30 min. Then,
RhCr,0; as hydrogen evolution (HE) cocatalyst (Rh = 0.1 wt.% - Cr = 0.05 wt.%) was loaded
using photodeposition method as previously described in our article [278]. After that, the
photocatalytic cell (containing sample, sacrificial agents, and HE cocatalyst) was evacuated to
remove any dissolved gases using a gas circulation system (Makuhari Rikagaku Garasu
Seisakujo, Japan). Then, the photocatalytic cell was irradiated by (HAL-320, 350-1100 nm)
Xenon lamp, ASAHI SPECTRA, Japan), supported with UV cut filter (4 > 400 nm). Finally,
evolved gases were evaluated via an online-connected gas chromatography (GC) system, GC-8A
(Shimadzu, Japan) supported with a thermal conductivity detector (TCD), and employing Argon
(Ar) as a carrier gas.

6.4 Results and discussion

6.4.1 Photocatalytic H, evolution under visible light

The photocatalytic H, evolution performance of the prepared Z-Scheme samples with different
wt. % of Au NPs and fixed ratios of Al-SrTiO; and CdS NPs (1:1), is shown in Fig. 6.1. It is
clearly observed that, sample loaded with 4 wt. % Au NPs exhibit the highest efficiency (656.7

pu mole) after 3 h of visible light irradiation followed by the sample loaded with 1 wt. % of Au
NPs. In addition, increasing the wt. % of Au NPs significantly (up to 5 wt. %), resulted in a
considerable reduction of H, evolution efficiency (144 p mole after the same time of light
irradiation). This observation could be due to the possible agglomeration and / or interference
between Au NPs and RhCr,0O; cocatalyst responsible for H, evolution as previously explained

and confirmed in our published article [278].
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Fig. 6.1: Evolved H, under visible light (4 > 400 nm) by AI-SrTiOs/Z Au/CdS (1:z:1) using 0.1
M Na,S. 9H,0 — 0.1 M Na,SO; as sacrificial agents and RhCr,0; (0.1 wt. % - 0.05 wt. %) as HE
cocatalyst.

While the effect of changing the wt.% of Al-SrTiO; to CdS NPs (while fixing the wt. % of Au
NPs to the best value - 4 wt.%) on the evolved H, is presented in Fig. 6.2. Clearly observed that,
sample having the wt. % of AI-SrTiO; to CdS NPs = (1:1) is superior compared to other prepared
Z-Scheme samples due to the balance between number of electrons produced at one side and the

number of electrons utilized on the other side as previously reported [281].
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Fig. 6.2: Evolved H, under visible light (A > 400 nm) by x AI-SrTiO;/4 wt. % Au/ y CdS (x:y)
using 0.1 M Na,S. 9H,0 — 0.1 M Na,SO; as sacrificial agents and RhCr,0; (0.1 wt. % - 0.05 wt.
%) as HE cocatalyst.

The possible reaction mechanisms of H, evolution by the prepared Z-Scheme samples are shown
in Fig. 6.3 (a-b). Upon light excitation, photogenerated charge carriers (electrons and holes) are
generated from CdS having proper bandgap energy (2.17 eV) smaller than the energy of the
incident light, holes oxidize water into protons and oxygen anions and some of them are
consumed by the sacrificial agents (Na,S.9H,0 and Na,SO;) to promote their separation. Then
electrons from both the conduction band (CB) of CdS (having more reductive potential than the

CB of Al-SrTiO;) and hot electrons / plasmons transfer to the CB of Al-SrTiO; (with relatively
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Fig. 6.3: Possible reaction mechanisms of H, evolution under visible light by the prepared
Z-Scheme samples.
6.4.2 UV-Vis. diffuse reflectance analysis

Fig. 6.4 shows the UV-Vis. diffuse reflectance analysis of the prepared Z-Scheme samples with
different wt. % of Au NPs. For all samples, a strong absorption in the UV region (nearly at 350
nm) is exhibited, due to the presence of Al-SrTiO;. While the absorption in the visible light
region (475-500 nm) is due to the presence of CdS and Au NPs [282, 283]. It is worth to mention
that, by changing the wt. % of Au NPs from 1 to 5, the absorption in the visible light region was
changed where the sample loaded with 2 wt. % Au NPs, possesses the best absorption.
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Fig. 6.4: UV-Vis. Diffuse Reflectance of the prepared Z-scheme samples (AI-SrTiO;/ z wt. %
Au/CdS (1:1).

6.4.3 Photoluminescence (PL) analysis: estimation of charge carrier lifetime

To get insights on the lifetime of the photogenerated charge carriers playing a significant role in
the photocatalytic H, evolution, PL analysis of the prepared Z-Scheme samples was carried out
and the result is depicted in Fig. 6.5. In PL analysis, high intensity means fast recombination rate
of electron-hole pairs causing a deterioration of the photocatalytic abilities. It is clearly-observed
that, the fastest recombination rate of charge carriers is shown by Al-SrTiO;/ 2 wt.% Au / CdS
(1:1) Z-Scheme sample having the highest PL intensity. While, Al-SrTiOs/ 4 wt.% Au / CdS
(1:1) Z-Scheme sample exhibits more prolonged lifetime of electron-hole pairs indicated by the
considerable decrease in PL intensity, which is a remark of superior photocatalytic performance.
This result might be attributed to the synergetic effect of Al ion doping which replaced Ti*
known as a recombination center for charge carriers [243] or the optimized ratio of Au NPs,
which adjusted the Fermi energy levels [284] and / or the dominance of oxygen vacancies on the

surface which acted to electron reservoirs and thus led to an improved charge separation [285].
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Fig. 6.5: PL analysis of the prepared Z-scheme samples (Al-StTiO;/ z wt. % Au/ CdS (1:1).

6.4.4 XRD (crystallinity and phase) analysis

XRD analysis was carried out to reveal the crystallinity and phase of the prepared samples [194]
as shown in Fig. 6.6. For Al-SrTiO; sample, many bragg peaks are detected at 26 = 22.7° (100),
32.5° (110), 40.2° (111), 46.6.5° (200), 53.3° (210), 58.6° (211), 68.2° (220), 73.7° (300), and
78.6° (310). The recorded peaks and their corresponding crystallographic planes are in a good
agreement with those reported for the cubic perovskite phase of SrTiO; (JCPDS No. 73-0661)
[255]. 1t is worth mentioned that, doping with Al*® ions, could not affect the crystal composition
of SrTiO;, which can be ascribed to their high dispersion and / or lower ratio [250]. For
Au-loaded AI-SrTiO; sample, same peaks of Al-SrTiO; were detected along with the
characteristic peaks of the face-centered cubic Au, appeared at 260 = 38.1° (111), 44.3° (200), and
64.5° (220) (JCPDS No. 04-0784) [256]. In addition, due to the preparation method using high
temperature, all Al-SrTiO; based samples have high crystallinity as indicted by their intense and
sharp peaks. Moreover, their crystallite size is relatively small as shown by the narrow width of
their peaks. While for bare CdS sample, three peaks at 20 = 27.2° (111), 44.1° (220), and 52.7°
(311) are observed indicating the formation of Cubic Zinc Blende CdS (JCPDS No. 10-0454)
[286]. Finally, for the prepared Z-Scheme sample, characteristic peaks indicating the presence

and conjugation of all constituting elements (Al-SrTiO;, Au NPs, and CdS) are detected.
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Fig. 6.6: XRD analysis of the prepared Al-SrTiO;/ 4 wt. % Au/ CdS (1:1) Z-Scheme sample.

6.4.5 Raman (chemical composition) analysis

Raman analysis was performed to investigate the chemical structure of the prepared Al-SrTiO,/

4 wt.% Au / CdS (1:1) sample, as presented in Fig. 6.7. For Al-SrTiO;, Several peaks are
recorded at 190 cm™, 250 - 348 cm”, 539 ¢cm, and 621 - 718 cm™ corresponding to TO2
(O-Sr-0), TO3 (O-Sr-0O), TO4 (O-Sr-0), and LO (Ti-O-Ti), respectively [287]. While for CdS,
two characteristic peaks are observed at 301 cm™ and 620 cm™ indicating the fundamental optical

phonon mode (1LO) and the first over tone mode (2LO) of CdS, respectively [288].

110

Intensity (a.u.)

300 600 900 1200 1500 1800
Raman shift / cm™?

Fig. 6.7: Raman analysis of the prepared Al-SrTiO;/ 4 wt. % Au/ CdS (1:1) Z-Scheme sample.
6.4.6 XPS (valence states and elemental structure) analysis

To analyze the elemental structure and valence states of the prepared Al-SrTiO;/

4 wt.% Au/ CdS (1:1) Z-Scheme sample, XPS analysis was conducted as presented in Fig. 6.8
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along with their atomic ratios. While the deconvoluted peaks of the substantial elements (Sr, Ti,
O, Au, Cd, and S) are presented in Fig. 6.8 (b-g). For Sr 3d, two main peaks at (133.3 eV and
134.2 €V) are observed conforming with (3d 5, and 3d ;,), and confirming the presence of Sr™
state [289]. While for Ti 2p, the two characteristic peaks detected at (457.6 eV and 463.3 eV)
pointing to (2p 5, and 2p ,,), prove the dominance of Ti** state [151]. This finding affirms the
replacement of Ti"® by Al” ions due to the doping process. Ti™ state is more desirable for an
enhanced photocatalytic ability. For Ols, two peaks are detected, characteristic peak of oxygen
in metal oxides at (529.5 eV) and another peak at (531.4 eV) showing the presence of hydroxyl
groups or adsorbed water molecules. While, at higher binding energies, a flat shoulder is detected
assuring the presence of oxygen vacancies at the surface which well-matched with PL results
(Fig. 6.5) and showing the high potential of the prepared sample for more enhanced
photocatalytic performance [212]. For Au, two peaks can be observed at 83.6 eV (4f ,,) of the
metallic Au and 87.4 eV (4f 5,) of Au (I) oxidation state which is unstable state and tend to
donate electrons to form more stable compounds [290]. For Cd 3d, two peaks at 405.3 eV and
411.8 eV are detected, which corresponding to (3d 5, and 3d ;,,) and indicating the presence of
Cd*™ state. While for S 2p, recorded peaks at 161.8 €V (2p 3,) and 162.7 €V (2p ,5) pointing to
the S state in sulfides [283].

(b) , Sr3d (c) Ti2p (d) & 0 1s
g ¥ o
:ﬁ ! ‘% [ 7B
3d 542 .':l! A 3d 32 > ; % f‘% § & 1s
1% 7 V PN
tazdevy 3 1342 e = Par g K | PEE ] Y sae
[ = o = o Y
{ © 457.6ev § X = oy Y
T— T —
= 3 295 =z A
o i ,«A‘ 435ev | @ A :
= % =
@ 1 S E
£ ; LWV \
o e Drabagf D et A ] - T Lany L
132 135 138 141 144 450 453 456 459 482 465 488 525 528 531 534 537 540

129

Binding energy [ eV

Binding energy [ eV

Binding enargy / eV




Fig. 6.8: XPS analysis of the prepared Al-SrTiO;/ 4 wt. % Au/ CdS (1:1) Z-Scheme sample, a)
survey analysis, b-g, deconvoluted peaks of Sr, Ti, O, Au Cd, and S.

6.4.7 SEM (morphology) analysis

There is a tight relation between the performance of photocatalysts and their morphology
according to several recent studies, that’s the reason why SEM analysis was conducted to
analyze the morphology of the prepared Al-SrTiO;/ 4 wt.% Au / CdS (1:1) Z-Scheme sample as
presented in Fig. 6.9. Al-SrTiO; possesses cubic morphology characteristic to the perovskite
materials as found by XRD analysis (Fig. 6.6). While, semi-spherical and relatively smaller Au
NPs are randomly deposited onto the surface of Al-SrTiO; because of the impregnation method
used during preparation. Similarly, CdS NPs shown in the vicinity of Al-SrTiO; exhibit

semi-spherical shape.

Al-SrTiOg

Fig. 6.9: SEM analysis of the prepared Al-SrTiO;/ 4 wt. % Au/ CdS (1:1) Z-Scheme sample.

6.4.8 TEM and STEM mapping analyses
Mean diameter, conjugation, phase, and suggested alignments of the prepared Al-SrTiO;/ 4 wt.%
Au / CdS (1:1) Z-Scheme sample were investigated using TEM, HR-TEM, SAED, and STEM
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mapping analyses as shown in Fig. 6.10 (a-m). The mean diameter of Al-SrTiO; particles were
found to be 150 nm Fig. 6.10 (a). While HR-TEM analysis in Fig. 6.10 (b) and SAED analysis

in Fig. 6.10 (c¢), confirm the conjugation of the constituting elements to form the Z-Scheme
indicated by the presence of their crystallographic planes and confirm the formed phase of
elements which is in a good agreement with the result obtained by XRD analysis (Fig. 6.6).
While STEM mapping Fig 6.10 (d-i) reveals the purity and elemental uniform distribution.
Furthermore, STEM mapping overlap Fig. 6.10 (j-k) was conducted to reveal the possible
alignments

Fig. 6.10 (I-m) of the Z-Scheme sample.
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Fig. 6.10: a) TEM analysis, b) HR-TEM analysis, c) SAED pattern, d-I, STEM mapping, j-k,
STEM overlap analysis, and 1-m) possible alignments of the prepared Al-SrTiO;/ 4 wt. % Au /
CdS (1:1) Z-Scheme sample.

6.5 Conclusion

In the present study, many Z-Scheme samples were prepared by a modified method known as

post annealing of mixed powders, where Al-SrTiO; was combined with CdS and Au NPs for the
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photocatalytic H, evolution under visible light (A > 400 nm). The phase, purity, and crystallinity
of the prepared samples were confirmed along with the efficient conjugation of the constituting
elements to build the proposed structure. While, Our H, evolution results confirmed that
changing either the wt. % of Au NPs, or the wt. % ratio of Al-SrTiO; to CdS, possesses a
significant effect on the H, evolution efficiency. The best sample was found to be Al-SrTiOs/

4 wt.% Au / CdS (1:1) which gave the maximum amount of evolved H, 656.7

pn mole) after 3 h of visible light irradiation. This relatively higher activity is ascribed to an
efficient light absorption, prolonged lifetime of the photogenerated charge carriers, and charge
separation. Our study opens the way toward carbon neutrality and the efficient production of

sustainable solar fuels.

Chapter 7: carbon loaded nanocomposite as an efficient electrode material for

supercapacitor applications
7.1 Overview
Naturally, a combination of metal oxides and carbon materials enhances the electrochemical

performance of supercapacitor (SC) electrodes. We report on two different materials with highly
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conductive carbon dots (CDs) and Co,sNi,sFe,0,/Si0,/TiO, nanocomposite with a high power
density, a high specific surface area, and a nanoporous structure to improve power and energy
density in energy storage devices. A simple and low-cost process for synthesizing the hybrid SC
electrode material Co,sNi, sFe,0,/Si0,/TiO,/CDs, known as CDs-nanocomposite, was performed
via a layer-by-layer method; then, the CDs-nanocomposite was loaded on nickel foam substrate
for SC electrochemical measurements. A comparative study of the surface and morphology of
CDs, CoysNi,sFe,0,/Si0,/TiO, nanocomposite and CDs-nanocomposite was carried out using
X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron
microscopy (TEM), energy-dispersive X-ray spectroscopy (EDX), BET surface area, and Raman
spectroscopy. The synthesized CDs-nanocomposite electrode material displayed enhanced
electrochemical performance, having a high specific capacitance of 913.7 F/g at a scan rate of 5
mV/s and capacitance retention of 72.2%, as well as remarkable long-life cyclic stability over
3000 cycles in the three-electrode setup and 1 M KOH electrolyte. It also demonstrated a
superior energy density of 130.7 Wh/kg. The improved electrochemical behavior of the
CDs-nanocomposite for SC electrodes, together with its fast and simple synthesis method,
provides a suitable point of reference. Other kinds of metal oxide nanocomposites can be
synthesized for use in energy storage devices.

7.2 Introduction
Over the last century, the energy used by humans has come primarily from fossil fuels.

Conventional fossil fuel resources continue to be consumed at an alarming rate to meet soaring
energy demands. Global climate change caused by the excessive burning of fossil fuels has
worsened and become an urgent problem [291-293]. Consequently, researchers seek new forms
of renewable energy to reduce carbon dioxide emissions and enable the transition to clean and
eco-friendly energy sources [294, 295]. Such technologies also help to control and reduce the
cost of electricity, improve the consistency and flexibility of electrical systems, replace aging
power infrastructure, and provide consistent power to remote areas [296]. However, renewable
energy sources are prone to fluctuations. Therefore, energy storage systems will be required to
buffer these fluctuations to ensure a stable energy supply [297-300]. Supercapacitors (SCs),
unlike batteries or fuel cells, are the key to efficient electrochemical energy storage as they
demonstrate high power density, a fast charge—discharge rate, a long life cycle, and a simple

operational mechanism [301, 302]. These properties come from two common mechanisms: the
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electric double-layer capacitance (EDLC) and the pseudocapacitance (PC). In EDLC, the
capacitance comes from the high charge accumulation rate at the electrolyte—electrode interface.
Therefore, a large surface area and porous structure are required in this case. In contrast, the PC
mechanism employs a fast oxidation—reduction reaction [303-305]. Activated carbon-based
materials, such as carbon nanotube (CNT), carbon dots (CDs), and graphene, are commonly used
in the construction of EDLC electrodes due to their high porosity, low cost, chemical and
physical stability, and ease of production from renewable sources [306-308]. However, the
specific capacitance of activated carbon electrodes is still lower than that of many other
materials, such as conductive polymers and inorganic oxides, which are generally used in PC
electrodes [309]. Therefore, the electrical performance of carbon-based SCs must improve before
they are useful for practical applications. This can be accomplished by incorporating
pseudocapacitive properties and combining carbon-based materials with materials that have a
large surface area and appropriate pore size, such as metal oxides, metal hydroxides, and
polymers, or with materials containing oxygen or nitrogen functional groups. Such energy
storage systems are known as hybrid SCs [310, 311]. Titanium dioxide (TiO,) is widely used as a
photocatalyst and semiconductor in dye-sensitized solar cells. However, researchers recently
turned their attention to using TiO, as an electroactive material for SCs. TiO, possesses
semiconducting properties, low-cost production, high stability, and is environmentally friendly.
However, TiO, has some drawbacks, such as slow ion diffusion and low electrical conductivity,
which worsen its performance. Its low specific capacitance range of 90-120 pF/cm? is much
lower than those of other transition metal oxides (e.g. Co(OH),, Co;0,, NiOH,, spinel cobaltites
etc.) [312-317]. TiO, performance must improve to enable the production of low-cost, practical
TiO,-based SCs. This can be achieved by combining TiO, with a range of carbon-based materials
or conjugated polymers to form composites with mutual EDLC and PC properties, enhancing the
SC electrode materials [318]. TiO,-based CDs demonstrate excellent suitability for
supercapacitor applications due to their nanometer size, unique electronic and surface
functionalities, large surface area, simple synthesis, low environmental risk, and high
charge—discharge rate [319, 320]. The hybridization of carbon allotropes with metal oxides will
improve the hybrid system's conductivity and structural stability. TiO,- based CDs has excellent
electron mobility, conductivity, high transmittance, Young's modulus, and large SSA. As a result,

it has been used in energy storage applications as an additive with TiO, electrodes [321-323]. In
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this chapter, TiO,-based CDs nanocomposite (Co,Ni, Fe,0,;, x = 0.5/S810,/TiO,/CDs), termed
CDs-nanocomposite, is synthesized via a layer-by-layer method. Loading CDs-nanocomposite
electrode materials on nickel foam (NF) substrate improves supercapacitive performance. The
experimental results display superior specific capacitance magnitudes of 913.7 F/g at a scan rate
of 5 mV/s and capacitance retention of 72.2%. In addition, the results demonstrate a higher
energy density of 130.7 Wh/kg and exceptional long-life cyclic stability over 3000 cycles.
CDs-nanocomposite electrode materials also demonstrate significant values of power and energy
density. Consequently, this makes CDs-nanocomposite on NF a promising candidate for use as a
hybrid supercapacitor electrode material.
7.3 Materials and methods
7.3.1 Materials

Ascorbic acid (C¢HgOg), titanium (IV) isopropoxide (97%, C,,H,30,Ti), copper acetate
monohydrate (C4HgCuOs), tetraethyl orthosilicate (TEOS, 98%, Si(OC,Hs),), ammonium
hydroxide (28%, NH,OH), hydroxypropyl cellulose (MW = 80,000), absolute ethanol (99.9%,
C,Hs0OH), cobalt chloride (CoCl,), nickel chloride (NiCl,), sodium hydroxide pellets (NaOH),
and ferric chloride hexahydrate (FeCl;-6H,0), were purchased from Sigma Aldrich (Germany).
All reagents were of extra-pure grade and were used as received from the supplier without
further purification.
7.3.2 Methods
7.3.2.1 Preparation of the composite matrix

Co,sNi, sFe,0,/Si10,/TiO, nanocomposite matrix was prepared using a layer-by-layer method.
Co,Ni,_Fe,O,; x = 0.5 core was firstly-prepared using a coprecipitation route. Cobalt chloride
(12.5 mg), Ferric chloride 45% (0.05 ml), and Nickel chloride (12.5 mg) were mixed with
deionized water (D.I.W.) (50 ml) at 80 °C. Then, pH was adjusted to 8 using few drops of NaOH
aqueous solution (2 M) leading to the precipitation of ferrite black particles. Then, formed
particles were washed using D.I.LW and dried at 70 °C for 3 hrs. Finally, dried particles were
calcined for 4 hrs. at 300 °C. Secondly, core-shell structure (Ferrite/Si0,) was prepared. Ferrite
powder (180 mg) (obtained in the previous step) was dispersed in (64 ml) D.I.W. via water-bath
sonication for 45 min. Then, absolute ethanol (320 ml) and ammonia solutions (25%) (8 ml)
were added directly into the dispersion at room temperature. After mixing, TEOS (3.2 ml) was

added dropwise to the mixture, which was left under stirring for 16 hrs. The precipitate was
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collected by centrifugation and was washed with D.I.W. and ethanol. Finally, the precipitate was
dried at 50 °C in air. To load TiO, layer onto the formed core-shell structure, (obtained powder
from the previous step) was dispersed in a mixture of absolute ethanol (100 ml), hydroxypropyl
cellulose (0.2 g), and (0.48 ml) D.I.W. via sonication for 30 min. Then, dissolved titanium(IV)
isopropoxide (4 ml) in absolute ethanol (18 ml) was dipped directly into the mixture under
vigorous stirring at 85°C. The reaction was left under reflux conditions for 100 min. The
obtained powder was collected and washed with ethanol, then it was re-dispersed in D.I.W. (20
ml) to partially etch the silica layer to form a hollow structure. The dispersion was mixed with
(3.5 ml) NaOH solution (2 M) under fixed stirring for 1 h. The powder was then collected,
washed several times with D.I.LW. and dried for 4 hrs. at 90 °C. Finally, dried powder was
calcined for 4 hrs. at 550 °C.

7.3.2.2 Preparation of CDs

CDs were prepared using a hydrothermal method. In brief, ascorbic acid (6.8 g) was dissolved in
(400 ml) D.I.LW. Then, copper acetate monohydrate (0.8 g) was added to the formed solution at
room temperature under fixed stirring for 10 min. Reaction temperature was then increased
gradually to 90 °C and the mixture was left for 5 hrs. The formed supernatant was purified
through Millipore filter paper (0.22 um). Finally, supernatant containing CDs was freeze-dried
for 12 h.

7.3.2.3 Preparation of CDs-nanocomposite

Prepared CDs and composite matrix (1:10 wt./wt.) were dispersed in super dehydrated ethanol
solution (50 ml) using water bath sonication for 30 min. Next, (1 ml) of NH,;OH 25% solution
was added into the mixture which was kept at vigorous stirring overnight. Finally, collected
powder was washed many times using D.I.W. and dried for 6 hrs. at 80 °C.

7.3.2.4 Loading of CDs-nanocomposite electrode materials on NF substrate for hybrid
supercapacitor application

Initially, 1 mg of CDs-nanocomposite powder was dispersed in a solution of 1 ml isopropanol, 1
ml deionized water, and 50 pl Nafion (0.5 wt%) and sonicated for 30 min until homogeneous.
Then, using a micropipette, 0.5 mg of this solution was loaded on a clean NF substrate of a
defined area of 1.5 X 1.5 cm®. Finally, the NF loaded with CDs-nanocomposite was heated in an

oven at 60°C for 2 h or until completely dry. The CDs-nanocomposite on NF electrode was then
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ready to be used for electrochemical measurements as shown in the schematic diagram in Fig.

7.1.
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Fig. 7.1: Schematic diagram for the detailed steps of loading CDs-nanocomposite on nickel foam
(NF) substrate and preparing it for electrochemical measurements.

7.3.2.5 Characterization of the prepared samples

X-ray diffraction (XRD) patterns were recorded using a Rigaku Ultima IV X-ray diffractometer
(Japan) with Cu Ka radiation (A = 1.5418A°) operating at 40 kV and 60 mA. While, SEM
analysis was performed via SEM (Hitachi SU 8000 Type II) connected with energy-dispersive
X-ray spectroscopy (EDX). In addition, BET surface area and BJH pore size distribution
analyses were conducted by a Tristar II analyzer (Micromeritics, Japan). In addition, TEM
analysis was carried out via JEM-2100F (JEOL, Japan). Moreover, Raman analysis was
performed on a JASCO NRS-3100 micro-spectrometer with excitation radiation.

7.3.2.6 Electrochemical analysis

The electrochemical performance of the electrode materials was tested in a three-electrode
configuration system using a Solartron SI 1286 electrochemical workstation with 1 M KOH as

an electrolyte.
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7.4 Results and discussion
7.4.1 Characterizations

7.4.1.1 XRD analysis

The formed phase and crystallinity of the synthesized samples were investigated by XRD
analysis as shown in Fig 7.2. The XRD pattern of the bare composite matrix displayed many
diffraction peaks, such as peaks at 20 =25.6° (101), at 26 = 37.4° (004), at 206 = 48.2° (200), at
20=53.6° (105), at 20 = 55.4° (211), at 20 = 62.8° (204), at 26 = 68.8° (116), at 20 = 71.4° (220),
and at 20 = 75.4° (215). The observed Bragg peaks and their corresponding crystallographic
planes were in good accordance with the anatase TiO, phase (JCPDS 21-1272). Therefore, the
TiO, layer is the dominating material in the composite matrix. It is worth noting that the
amorphous halo of the SiO, material, usually detected at 20 =21.5°, was suppressed due to the
sharp peaks of the crystalline TiO, layer. Similarly, the corresponding peaks of the
Co,sNi, sFe,O, material disappeared, which may be attributable to its relatively small ratio and
its presence in the internal core of the composite matrix. Similar findings were obtained and
reported in our previous studies [47, 112, 115, 324]. For the CDs-amorphous sample, a single
characteristic broad peak was recorded at nearly 26 =21.80° (002), indicating the formation of
amorphous carbon material [325]. For the CDs-nanocomposite, same peaks of bare

nanocomposite were recorded, because the single broad peak of CDs was suppressed due to its

amorphous (002) nature.
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Fig. 7.2: XRD analysis of CDs, nanocomposite, and CDs-nanocomposite.
7.4.1.2 SEM, EDX analysis, and elemental mapping techniques

SEM, EDX analysis, and elemental mapping were performed to analyze the surface morphology,
atomic composition, purity, and homogenous distribution of the elements forming the
nanocomposite, as shown in Fig. 7.3. Analysis of the external morphology of the prepared
sample confirmed the homogenous distribution of CDs over the surface of the composite matrix,
as exhibited in Fig. 7.3 (a). Elemental mapping techniques showed all the elements (C, Ti, Si, O,
Fe, Ni, and Co) forming the nanocomposite in a homogenous distribution, as illustrated in Fig.
S.7.1. Finally, EDX analysis confirmed the purity of the prepared nanocomposite by revealing a
lack of foreign elements. In addition, the atomic analysis revealed that Ti and O (forming the
TiO, layer) possessed the highest atomic ratios, and the internal Co, Ni, and Fe elements
(forming Co,sNi,sFe,0,) possessed the lowest atomic ratios, as presented in Fig. 7.3 (b). This

result is in good agreement with our XRD analysis.
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Fig. 7.3: (a) SEM analysis of CDs-nanocomposite and (b) EDX atomic analysis.

7.4.1.3 BET surface area and BJH pore size distribution analysis

The BET surface area and BJH pore size distribution of the synthesized samples were
investigated as shown in Fig. 7.4 (a) and (b). According to the IUPAC classification, all samples
possessed type (III) adsorption isotherms, which indicate weak interactions between the
adsorbate and the prepared adsorbent, as exhibited in Fig. 7.4 (a). In this case, adsorption
occurred when the N, interaction with an adsorbed layer was greater than its interaction with the

surface of the synthesized samples. At higher relative pressures (0.87-1), sharp capillary
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condensation occurred, corresponding to the formation of macropores. The BET surface area,
pore volume, and pore area values are summarized in Table 7.1. Upon CDs loading onto the
composite matrix, the BET surface area declined which can be the result of increasing the
particle size of the new CDs-nanocomposite. While Fig. 7.4 (b) illustrates the BJH pore size
distribution. All samples exhibited a broad, multimodal pore size distribution, confirming the
existence of two types of pores: mesopores (2—50 nm) and macropores (>50 nm).
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Fig. 7.4: (a) BET surface area analysis of CDs, nanocomposite, and CDs-nanocomposite, and (b)
BJH pore size distribution analysis.

Table 7.1: BET surface area, pore volume, and pore area of CDs, nanocomposite, and
CDs-nanocomposite.

No Sample BET Surface area Pore volume P(()Ir;?r)e a
| P (m/g) (cm?/g) ¢
1 CDs 42425 <0.001 <0.001
2 nanocomposite 33+0.2 0.001 3.5
3 CDs-nanocomposite 1.2+0.2 0.004 7.8

7.4.1.4 TEM, HR-TEM, and selected area electron diffraction (SAED) analysis

TEM, HR-TEM, and SAED analyses were performed to calculate the average diameter of the
prepared composite matrix, the d-spacings of the lattice planes, and to confirm the formed phase
and crystallinity of the synthesized samples, as shown in Fig. 7.5 (a—c). Figure 7.5 (a) displays a
TEM micrograph of the CDs-nanocomposite where CDs are distributed uniformly over the

external surface of the composite matrix. This is similar to the observation made using SEM.




Before CD loading, the average diameter of the matrix was approximately 90 = 11 nm, and it
possessed a spherical shape. After CD loading, the diameter increased. At higher relative
pressures, condensation took place in the interparticle voids, which is consistent with the BET
results

in Fig. 7.4 (a).Fig. 7.5 (b) reveals the lattice fringes in HR-TEM images, which confirms the
conjugation between the predominant anatase TiO, nanoparticles of the matrix and the loaded
CDs, characterized by the d-spacing of (002) planes at 0.47 nm. The SAED pattern in Fig. 7.5 (c)

shows only the fringes of anatase TiO, and is consistent with the XRD analysis in Fig. 7.2.

Fig. 7.5: (a) TEM analysis of CDs-nanocomposite, (b) HR-TEM analysis, and (¢c) SAED pattern.

7.4.1.5 Raman analysis

The chemical structure and molecular interactions of the nanocomposite and CDs-nanocomposite
were analyzed via Raman analysis. Fig. 7.6 shows the results. As anatase TiO, is the main
component of the nanocomposite, three Raman-active bands linked to anatase TiO, are detected
at 293.4, 515.7, and 638.6 cm™' corresponding to By, Ay, and E,, modes, respectively. Upon
loading CDs into the composite matrix, the characteristic D and G bands attributed to carbon
materials appeared at approximately 1379.6 and 1589.3cm™', respectively. The D band
represents sp® defect sites due to grain boundaries and vacancies, while the G band corresponds

to the scattering of E,, phonons from sp® C atoms. The I/I; value was approximately 0.8666.

By,

A .
r/\ |13/\ CDs-nanocomposite
A inN/i—~ — N o

E.,
|

1tensity (a.u.)



Fig. 7.6: Raman spectra of the nanocomposite and CDs-nanocomposite.

7.4.2 Electrochemical measurements
Fig. 7.7 (a) shows a comparison between the CV curves of the CDs, nanocomposite, and

CDs-nanocomposite at a scan rate of 50 mV/s within a potential window of 0-0.75 V. It is
accepted that the area of the CV curve is directly proportional to the specific capacitance value.
Fig. 7.7 (a) shows the area and current of the CV curve of the CDs-nanocomposite are much
greater than that of the CDs and nanocomposite CV curves, which emphasizes the enhanced
specific capacitance of the CDs-nanocomposite. Moreover, the CDs curve displays a rectangular
shape that reflects EDLC behavior. The shape of the CDs-nanocomposite curve illustrates two
redox peaks due to Faradaic processes as shown in the following equation (7-1) [326], which
confirms the presence of the composite and its PC mechanisms [327, 328].
TiOM o Tio, + M +e  (7-1)

Where M" indicates the protons and alkali metal cations (Na*, Li’, and K") in the electrolyte.

Fig. 7.7 (b) further demonstrates the properties of the electrode material, illustrating the CV
curves of the CDs-nanocomposite tested at different scan rates ranging from 5 to 80 mV/s. All
the curves possess two redox peaks. As the scan rate increases, the oxidation peak of the
CDs-nanocomposite shifts to a higher potential, and the reduction peak shifts to a lower
potential. This can be ascribed to the relatively slow kinetics of the electrochemical reactions at
higher scan rates and suggests that the electron transfer process is quasi-reversible or reversible

[329, 330]. In addition, as the scan rate increases, the height of the redox peak also increases,
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and, consequently, the area of the CV curve increases, indicating good electron conduction [331].
There is no substantial change in the shape of the curves even at the highest scan rate (80 mV/s),
which suggests that the CDs-nanocomposite has fast charge transfer properties [332]. Fig. 7.7 (c)
shows the specific capacitance of the CDs-nanocomposite at different scan rates. These values
were calculated using

equation (7-2) [333]:

[Idv
C ey (7-2)

where I is the current, v is the potential, dv is the potential window, v is the scan rate, and m is
the mass of the electroactive materials on the electrode. The specific capacitance values were
found to be 913.7, 851.3, 831.1, 811.0, 793.7, 782.2, and 755 F/g at scan rates 5, 10, 15, 30, 40,
50, and 80 mV/s, respectively. The curves at different current densities ranging from 10 to 30
A/g were compared, as illustrated in Fig. 7.7 (d), by controlling the measured currents of the

CDs-nanocomposite according to the mass of active substance coated on the NF substrate. These

values were calculated using equation (7-3) [334]:

C = I XAt (7_3)

s m X AV

where C; is the specific capacity, m is the mass of active substance coated on the substrate, I is
the discharge current, and At is the discharge time [335]. The specific capacitance values of the
CDs-nanocomposite were found to be 837, 741.8, 710.7, 654.2, 594.3, 561.5, 515, 483.2, and
462.6 F/g at current densities 10, 12, 14, 16, 18, 20, 24, 28, and 30 A/g, respectively.
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Fig. 7.7: The electrochemical performance of CDs-nanocomposite on NF electrode material (a)
Comparison of the CV curve of CDs, nanocomposite (inset), and CDs-nanocomposite at a scan
rate of 50 mV/s (b) CV curves of CDs-nanocomposite at various scan rates (c) specific
capacitance of CDs-nanocomposite at various scan rates and (d) galvanostatic charge—discharge
curves of CDs-nanocomposite at various current densities.

The cycling stability of the electrode material was analyzed using the CV technique continuously
for 3000 cycles at a constant scan rate of 80 mV/s within a potential window of 0-0.75 V to
evaluate the electrochemical behavior of the CDs-nanocomposite further. The results presented
in Fig. 7.8 (a) show that the CDs-nanocomposite electrode material delivers 72.2% capacitance
after 3000 cycles, signifying its remarkable long-life cyclic stability. More helpful technique to
understand the electrochemical performance and the energy storage mechanism for
CDs-nanocomposite as hybrid SCs is electrochemical impedance spectroscopy (EIS) technique.
EIS is a very significant technique to analyze the electrochemical behavior occurring at different

frequencies in SCs. The EIS provides a total overview of all the frequency behavior of a system
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and gives information about the capacitive behavior, the resistance, and the diffusion-limited
processes. EIS techniques make it easy to differentiate between EDLC and Faradaic reaction
capacitance in redox-active materials since these two processes occur at different frequencies.
The ideal Nyquist plot produced by EIS consists of a semicircle at high frequency, a tilted linear
variation of the impedance in the middle frequency range, and a vertical tail at low frequency
[336, 337]. Fig. 7.8 (b) shows the Nyquist plots for the CDs, nanocomposite, and
CDs-nanocomposite obtained in the frequency range of 1.0 to 200 kHz with an ac voltage
amplitude of 10 mV. Semicircles are as the charge transfer resistance (Rct) is the charge transfer
resistance at the electrode—electrolyte interface, and R; is the solution resistance, calculated from
the semicircle’s intercept with the x-axis [338, 339]. It can be noticed that, R, of
CDs-nanocomposite gives intermediate value of 1.5 Q compared to nanocomposite and CDs.
This value of R indicates the difference in conductivity of the electrode materials, the lower R
value of CDs-nanocomposite shows the higher conductivity due to a good contact between
composite with highly conductive CDs and also short electron path-length as the presence of
CDs helps the electrons to migrate to the surface of the electrode active materials which is
favorable to redox reactions [329]. The very small semicircle that appears in the region of high
frequency has very low diameter, showing low R, (0.4 Q). The line with a sharp slope at low
frequency is specific for the electrode capacity, that looks vertically in ideal capacitors [340]. As
shown in Fig. 7.8 (b), the linear part of the CDs-nanocomposite curve looks more vertical, with a
smaller practical impedance value, and its shape looks closer to the ideal form. Therefore, it can
be noted that the modification of the nanocomposite with CDs enhances the electrochemical
performance of hybrid SCs.Fig. 7.8 (¢) shows the Ragone plot (power density vs. energy density)
of the CDs-nanocomposite. The values of energy density and power density were calculated
from equations (7-3, 7-4) [341, 342]:

cavy’

E=—

(7-3)
p=-= (7-4)

where E (Wh/ kg) is energy density of the supercapacitor, C (F/ g) is the total specific
capacitance, P (kW/ kg) is power density, and t is the discharge time (h). Table 7.2 details the
energy density and specific capacitance of the TiO,—carbon-based material synthesized in this

work compared with those synthesized in other studies.
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Fig. 7.8: (a) Long-life cyclic stability (over 3000 cycles) of CDs-nanocomposite at a scan rate of
80 mV/s in IM KOH electrolyte (inset is the CV curve for the initial and final few cycles of
CDs-nanocomposite), (b) Nyquist plot of nanocomposite, CDs-nanocomposite and CDs on NF
(inset fig. is the high frequency region of CDs-nanocomposite at the top, and EIS equivalent
circuit at the bottom) and (c) Ragone plots of the CDs-nanocomposite.
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Table 7.2: Comparison of the electrochemical performance (specific capacitance and energy

density) of TiO,—carbon-based materials synthesized by different methods for SC application.

Electrode material Method Electrolyte Specific Power Energy Ref.
capacitance density density
TiO,-CNT film Electrochemical PVA-H,SO, 345.7 F/g at 9.4 82.5 Wh [343]
deposition 1 Alg kW/kg /kg
CNT/TiNiW Dr. Blade PVA/H;PO, 549.1 F /g at - 336.7  [344]
technique 1 Alg Wh /kg
Co;0,/TiO,/Activate Simple solgel 6M KOH 946 F/g at 5 - - [345]
d carbon on NF mV/s
SWCNTs /TiO, Hydrothermal PVA/H,SO, 144F/gatl 62.5W/ 20 [346]
Alg kg Wh/kg
CDs/TiO, Chemical 2M KOH 2,200 mF/ 635 51.3 [312]
reduction & cm’ at 5 uW/cm?>  uWh/cm?
pyrolysis mV/s
CDs/PPy/TiO, Anodization 0.15M 482 F/gat 150 W/ 42.5Wh [347]
nanotube arrays pyrrole 0.5A/g kg /kg
monomer &
0.1 M
(LiCl10,)
CDs-nanocomposite  layer-by-layer IM KOH 913.7F/gat 20 kW/ 130.7  This
and 5mV/s kg Wh/kg  work
hydrothermal
methods

7.5 Conclusion

TiO,-based nanocomposite (Co,Ni,_,Fe,0,4, x = 0.5/S10,/Ti0,) was synthesized using a simple

layer-by-layer approach. It was then enhanced with CDs synthesized using a one-pot

hydrothermal method, loaded on NF substrate, and investigated as a potential electrode material

for hybrid SCs. The calculated specific capacitance value of the CDs-nanocomposite was 913.7

F/g at a scan rate of 5 mV/s, and it demonstrated good cyclic stability over 3000 cycles with

capacitance retention of 72% and a superior energy density value of 130.7 Wh/kg. In conclusion,

we suggest that the CDs-nanocomposite developed in this study has the potential to enhance the

electrochemical performance of hybrid SCs and that the simple synthesis method can be applied
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to similar TiO, nanocomposites to create favorable electrode materials for advanced energy

storage systems.

Chapter 8: General Conclusion

XRD patterns showed the phase and good crystallinity of the prepared nanocomposites.

SEM analysis revealed that the CNFST matrix was uniformly distributed over the large surface
area of the rGO and SWCNTs. However, C-dots were uniformly-loaded over the relatively
greater surface of the CNFST matrix. EDX spectra confirmed the purity of the prepared
nanocomposites. The TEM characterization revealed that the composite matrix comprised
spherical grains with an average diameter of ~90 nm. Interestingly, the composite matrix was
exceptionally conjugated with bundles of carbon nanotubes. Considering IUPAC classification,
all samples showed a type (III) isotherm corresponding to weak adsorbate-adsorbent interactions.
All samples had multimodal and broad pore-size distributions, reflecting the presence of two
types of pores, mesopores and macropores. The FTIR spectra exhibited numerous peaks, among
them one at 1650 cm™' in the C-dots sample, and one at 1666 cm™' in the CNFST/C-dots 10%
sample, corresponding to the stretching vibration bands of C=0. This band was not detected in
the CNFST matrix, which might be reflective of the type of bonding between the C-dots and the
CNFST matrix, a covalent bond (C=0). Regarding the photodegradation of chloramine-T, its
distinctive absorption bands (around 222 nm) decreased continuously with increasing UV
irradiation time, and its distinctive absorption bands in the presence of the nanocomposites
exhibited a significant blue shift. After 40 min of UV irradiation, the CNFST/C-dots 10%,
CNFST/rGO 10%, and CNFST/SWCNTs 10% nanocomposites had degraded about 28%, 32.7%
and 41.6%, respectively, of the initial concentration of chloramine-T. Kinetics plots for
chloramine-T degradation under UV irradiation in the presence of the nanocomposites fit well to
the pseudo-second-order model, indicating a tendency toward chemisorption. By analyzing the
degradation efficiency, the photodegradation rate was found to be enhanced by increasing the
photocatalyst dosage, which is attributable to the increment of potential active sites and the ease
of free-radical generation. When 50 mg/L of chloramine-T was used as an initial concentration,
the removal efficiency was 70% by the CNFST/C-dots 10% after 70 min. Removal efficiency for
75 and 100 mg-L™"' concentrations was 65% and 45%, respectively, under the same conditions.

Additionally, the degradation efficiency decreased from 65% to 35% as the solution pH rose
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from 3 to 10. Under acidic conditions, degradation of chloramine-T was faster than that under
neutral or alkali conditions, an effect attributed to the electrostatic interaction that occurred
between the negatively-charged chloramine-T and the positively-charged CNFST/C-dots 10%,
which led to an increment in the activated sites. Finally, chloramine-T photodegradation
efficiency decreased from 47% to about 43%, 41%, and 40% in the presence of methyl viologen,
benzoquinone, and isopropanol, respectively. This result confirmed that the OH. radical was the
principal species responsible for chloramine-T degradation. Our work informs the formulation of
new nanocomposites for effective water treatment.

While for the Cu-loaded composites, the photodegradation of three types of pollutants under UV
light was investigated. DFT analysis was carried out to investigate the adsorption and electronic
properties of the prepared CNFST/Cu sample. Moreover, the antimicrobial performance against
many pathogens was studied using various assays, such as well diffusion, UV-light activation
assessment, and protein leakage. The results in this study show that FCC Cu NPs are formed and
uniformly distributed on the surface of the prepared nanocomposite matrix as, revealed from
XRD, SEM, and STEM mapping results. Upon Cu loading, the crystalline size, diameter of the
particles, and the bandgap of the CNFST matrix slightly increase. However, the BET surface
area is largely improved due to more mesopores being formed with respect to macropores, as
shown in the BJH pore size distribution curves. The FTIR analysis shows no Cu-O stretching,
suggesting that the Cu NPs loading occurs via van der Waals forces. The prepared
nanocomposite exhibits strong absorption in the UV region at around 350 nm. Finally, XPS
analysis shows the atomic ratios of the main elements that constitute the composite and confirms
the existence of oxygen vacancies over the Cu-loaded composite. The photocatalytic properties
of the prepared nanocomposite were tested and compared with those of bare Cu and CNFST
samples, with the prepared Cu-loaded nanocomposite showing outstanding photocatalytic
properties toward all tested pollutants. This efficiency can be attributed to the improved surface
area, porosity, and the constructed heterojunction separating photogenerated charge carriers and
elongating the reaction time. In addition, the effect of the pH on the photocatalytic properties of
the prepared nanocomposite varied from one type of pollutant to another. Similarly, Cu-loaded
nanocomposite shows significant antimicrobial properties toward almost all pathogenic
microbes. This performance can be ascribed to the synergetic effect between the composite

matrix and the loaded Cu NPs.
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While for water splitting / H, evolution, molten flux method was used for the preparation of
highly crystalline Al-doped SrTiO; photocatalyst with an average particle size of 150 nm. The
prepared particles were highly crystalline and possessed cubic morphology of the perovskite
materials. The most outstanding overall water splitting performance was exhibited under
UV-rays due to the large bandgap of Al-SrTiO; particles (3.1 eV). In addition, our results showed
that, by changing the photodeposition order of the cocatalysts and metal NPs, the photocatalytic
H, production efficiencies changed. Moreover, loaded samples with Au NPs exhibited the
highest photocatalytic water splitting performance compared with Cu and Pt loaded samples
under UV and UV-Vis. light, which could be ascribed to their higher chemical stability, efficient
light absorption, and good charge separation. Also, Au NPs concentration is significant due to
the possible agglomeration and overlap with RhCr,O; cocatalyst responsible for efficient HE.
Finally, developed Al-SrTiO; loaded with RhCr,0; (Rh = 0.1 wt%, Cr = 0.05 wt%) and Au NPs
(4 wt.%) showed the highest H, evolution under visible light. This was attributed to the efficient
hot electron transfer from Au NPs to Al-SrTiO; photocatalyst then to RhCr,O;. In addition, many
Z-Scheme samples were prepared by a modified method known as post annealing of mixed
powders, where Al-SrTiO; was combined with CdS and Au NPs for the photocatalytic H,
evolution under visible light (A > 400 nm). The phase, purity, and crystallinity of the prepared
samples were confirmed along with the efficient conjugation of the constituting elements to build
the proposed structure. While, Our H, evolution results confirmed that changing either the wt. %
of Au NPs, or the wt. % ratio of AI-SrTiO; to CdS, possesses a significant effect on the H,
evolution efficiency. The best sample was found to be Al-SrTiOs/ 4 wt.% Au / CdS (1:1) which
gave the maximum amount of evolved H, 656.7

pn mole) after 3 h of visible light irradiation. This relatively higher activity is ascribed to an
efficient light absorption, prolonged lifetime of the photogenerated charge carriers, and charge
separation. Our study opens the way toward carbon neutrality and the efficient production of
sustainable solar fuels. Moreover, (CoNi,_Fe,O4 x = 0.5/Si0,/Ti0,) nanocomposite enhanced
with CDs synthesized using a one-pot hydrothermal method, loaded on NF substrate, was
investigated as a potential electrode material for hybrid SCs. The calculated specific capacitance
value of the CDs-nanocomposite was 913.7 F/g at a scan rate of 5 mV/s, and it demonstrated
good cyclic stability over 3000 cycles with capacitance retention of 72% and a superior energy

density value of 130.7 Wh/kg. In conclusion, we suggest that the CDs-nanocomposite developed
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in this study has the potential to enhance the electrochemical performance of hybrid SCs and that
the simple synthesis method can be applied to similar TiO, nanocomposites to create favorable

electrode materials for advanced energy storage systems.

Generally, this PhD thesis has explored the applications of photocatalysis in water treatment,
water splitting, and hydrogen (H,) production, as well as the potential of supercapacitors in
energy storage. The research conducted has shed light on the significant role that these
technologies play in addressing critical challenges related to water scarcity, environmental
pollution, and energy sustainability. In the realm of water treatment, photocatalysis has proven to
be a powerful and promising approach. By utilizing semiconductor-based photocatalysts, such as
metal oxides, organic pollutants and contaminants present in water can be effectively degraded
through the process of photocatalytic oxidation. The research presented in this thesis has
highlighted the key factors influencing the photocatalytic efficiency, such as catalyst synthesis,
optimization of reaction conditions, and the role of co-catalysts. The findings contribute to the
understanding of photocatalytic mechanisms and provide valuable insights for the development
of efficient and scalable water treatment systems. Furthermore, the thesis has explored the
utilization of photocatalysis for water splitting and hydrogen production, which are crucial for
the advancement of sustainable energy systems. By harnessing solar energy, photocatalysts can
drive the splitting of water into hydrogen and oxygen through the process of photocatalytic water
splitting. The research presented has focused on enhancing the efficiency and stability of
photocatalytic systems, investigating novel catalyst materials, and exploring strategies for
improving hydrogen production rates. The findings contribute to the development of clean and
renewable energy technologies, paving the way for a hydrogen-based economy. In addition to
water treatment and hydrogen production, this thesis has also examined the potential of
supercapacitors in energy storage applications. Supercapacitors offer high power density, rapid
charge/discharge rates, and long cycle life, making them well-suited for various energy storage
needs. The research conducted has investigated the design and fabrication of supercapacitor
electrodes, optimization of electrolyte systems, and the exploration of new materials and
architectures. The findings contribute to the advancement of supercapacitor technology,
enhancing their performance and expanding their applications in energy storage systems,

portable electronics, and electric vehicles. Overall, this PhD thesis has provided comprehensive
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insights into the applications of photocatalysis in water treatment and hydrogen production, as
well as the potential of supercapacitors in energy storage. The research conducted contributes to
the knowledge and understanding of these technologies, their underlying principles, and their
practical implementation. The findings presented in this thesis hold great promise for addressing
pressing global challenges related to water scarcity, environmental pollution, and the transition to
sustainable energy systems. By harnessing the power of photocatalysis and supercapacitors, we

can move towards a cleaner, more efficient, and more sustainable future.
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Supplementary materials

Chapter 2:

Fig. S. 2.1: Magnetic separation of a) Co,¢Ni, ;Fe,0,/Si0, core shell structure and b)
Coy9Ni, ;Fe,0,/S10,/TiO, nanocomposite using 550 mT Nd magnet.

| Tauc Plot |
32
30
<
=
3]
% 28
g\.’
=
c
~ 26
Indirect Bandgap
24| Eg=3.35eV
| 1

2.0 25 3.0 3.5 4.0
Energy (eV)

Fig. S. 2.2: Band gap calculation of the prepared nanocomposite using Tauc plot.



Chapter 3:
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Fig. S.3.1: XRD patterns of separate samples of carbon nanomaterials (C-dots, rGO and
SWCNTs).




Fig. S.3.2 SEM images of the employed carbon nanomaterials a) C-dots, b) rGO and C)

SWCNTs.

Fig. S.3.3 Particle size distribution of the prepared composite matrix (CNFST).
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Fig. S.3.4 N, adsorption-desorption isotherms of the prepared nanomaterials a) CNFST matrix,
b) C-dots, ¢) rGO and d) SWCNTs.
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Chapter 3:

1. Preparation of the composite matrix (Co,sNi,sFe,0,/Si0,/TiO,A layer-by-layer method
was used in the preparation of the composite matrix employed in this study, the detailed steps of
which are mentioned in previously published articles [1, 2] and are presented in Fig. S. 4.1,

where the composite matrix is denoted as (CNFST).
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Fig. S. 4.1: Step-by-step preparation steps of CNFST nanocomposite.
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2. Preparation of copper nanoparticles (Cu NPs)

Cu NPs were prepared using a modified hydrothermal method developed by Jia et al. [3] Briefly,
ascorbic acid (6.8 g) was dissolved in deionized (DI) water (400 mL) under magnetic stirring for 10
min. Then, copper acetate monohydrate (0.8 g) was added to the above solution under constant
stirring for a further 10 min at room temperature. After that, the reaction vessel was moved into a
water bath and the temperature was increased to 90°C, after which the reaction was continued for 5
h. After this time, the carbon dot (C-dot)-containing supernatant was discarded, and the formed Cu
precipitate was collected via centrifugation at 7000 rpm for 12 min. After that, the collected

particles were washed several times using DI water. Finally, the washed particles were dried at

80°C for 2 h in air, as shown in Fig. S.4.2.
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Fig. S. 4.2: Step-by-step preparation of Cu NPs.

3. Preparation of the Cu-loaded nanocomposite (Co,sNi, sFe,0,/Si0,/TiO,/Cu)

The Cu NPs obtained from the method described in the previous section were uniformly distributed
over the external surface of the prepared composite matrix (section 2.2.1) using a simple
impregnation method. Firstly, the CNFST composite matrix (250 mg) was dispersed in super
dehydrated ethanol (50 mL) via water bath sonication for 45 min. Next, the prepared Cu NPs (27.77
mg) were added into the dispersion, which was then vigorously stirred overnight. Finally, the
resultant powder was collected via centrifugation, washed many times using DI water, and dried at

60°C for 2 h. Fig. S.4.3 shows a schematic presentation of the preparation steps used to prepare the
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Fig. S. 4.3: Step-by-step preparation steps of CNFST/Cu nanocomposite.

4. Photocatalytic degradation assessment

Photocatalytic removal of aqueous solutions of potassium permanganate and pNA was carried out
at ambient temperature (25°C + 2°C). Initially, a fixed quantity of each sample was mixed with
known volume and fixed initial concentration of dyes at a determined pH value. For Photolysis
evaluation, tested pollutants were irradiated with UV light over time without photocatalysts. While
for removal efficiencies due to adsorption, no UV light was used. Finally, for the photocatalysis
experiments of potassium permanganate and pNA, suspensions were stirred for 2 h in the dark until
adsorption—desorption equilibrium was reached. Then, suspensions were irradiated under a 10 W
high pressure mercury lamp with a mean wavelength of 254 nm. After that, at fixed time intervals
(10 min), the supernatant (2 mL) was sampled using a filter-supported syringe (2.5 um filter pore
size). Then, the filtered supernatant was further purified via centrifugation at 7000 rpm for 12 min
to eliminate any remaining photocatalyst particles. Eventually, the change in the concentration of
the dyes during photodegradation was determined via liquid cuvette configuration spectroscopic
UV-vis analysis from absorbance calculations at A,,, in which DI water was employed as a
reference for the UV—vis calculations. While for the chromium reduction experiments, 100 ppm of
a stock solution of Cr (VI) was prepared by dissolving 0.0283 g of K,Cr,O, in 100 mL DI water.
The samples (0.01 g) were dispersed in a beaker filled with Cr (VI) (20 ppm, 20 mL). The effects of
pH and EDTA were studied using 1 mM of EDTA as a hole scavenger in solution at pH 2 and 5.
The 1 mM of EDTA was prepared by dissolving 0.003 g of EDTA in 100 mL of Cr (IV) solution,
and the pH was adjusted using H,SO,. The prepared samples were continuously stirred in the dark
for 60 min to reach adsorption—desorption equilibrium before UV irradiation. After this, the
samples were then irradiated under a TUV 54-W UVC germicidal light (Philips, illumination at 254
nm) for 2 h. Then, 1.5 mL aliquots of the sample solutions were withdrawn at different time
intervals during the exposure, and the remaining concentration of Cr (VI) in the solutions was
calculated using Eq. S.4 (1) and via UV—vis spectroscopic analysis at a wavelength of 350 nm.

Cr(VI) degradation = C,/ C,---------------—-—- Eq S.4(1)
where C; is the concentration at each time interval and C, is the initial concentration after

adsorption—desorption equilibrium was reached.



5. Antimicrobial activity of the prepared samples

5.1 Well diffusion assay

The pathogenic microbial strains (bacteria and unicellular fungi) were obtained from culture
collection by the Drug Microbiology Lab., NCRRT, Cairo, Egypt. The tested microbes were
Staphylococcus aureus (S. aureus), Escherichia coli (E. coli), Pseudomonas aeruginosa (P.
aeruginosa), Klebsiella pneumoniae (K. pneumoniae), Salmonella typhi (S. typhi), Proteus vulgaris
(P. vulgaris), Proteus mirabilis (P. mirabilis), Candida albicans (C. albicans), and Candida
tropicalis (C. tropicalis). In these experiments, all of the isolated and examined microbial strains
were maintained over nutrient agar slants at 4°C [4]. The well diffusion method was used to assess
the antimicrobial impacts of the prepared nanocomposites according to the zone of inhibition (ZOI)
against the examined bacteria and unicellular fungi, by employing the method reported by
Chavez-Esquivel et al., [5]. Firstly, samples suspended in dimethyl sulfoxide (DMSO, 10 pg/mL)
were prepared. Then, the microbial suspension was fixed and set to a standard 0.5 McFarland’s
concentration equal to 1-2 x 10® CFU/mL. After that, the tested bacteria and unicellular fungi were
inoculated in a nutrient agar medium, and the 6 mm wells on the surface of the nutrient agar plate
were packed with 100 puL of the prepared nanocomposites, in which DMSO was used as a negative
control and amoxicillin (antibacterial standard) and Nystatin (antifungal standard) were used as
positive controls. All tests were conducted in triplicate and the plates were incubated overnight at
37°C. A microbial spot with no growth was defined as a ZOI, measured in mm.

In addition, minimum inhibitory concentration (MIC) values of the samples against the employed
bacterial and yeast strains were also measured using the well diffusion method according to the
procedure reported by Kowalska-Krochmal et al. [6] The overnight incubated cultures were kept at
37°C for 2 h. Following that, the inoculum of the examined bacteria and yeast was set to a
concentration of 0.5 McFarland. Then, a volume of 100 uL of McFarland’s bacterial suspension
was injected into the nutrient agar medium plates. The prepared nanocomposites were serially
diluted two-fold using DMSO to various concentrations (png/mL) and were then separately added to
the 6 mm wells on the surface of the inoculated agar plates, which were then incubated overnight at
37°C. The MIC values were determined as the minimum concentration of the nanocomposites that
hinder the growth of bacteria and yeast after overnight incubation.

5.2 Growth curve assay



The influence that the prepared nanocomposites has on the growth of S. aureus (the most sensitive
microbe) was investigated using the growth curve assay method developed by Huang et al. [7] In
this method, the bacterial suspension was adjusted to 0.5 McFarland (1 x 10* CFU/ml) in 5 mL
nutrient broth tubes. Equal volumes of the nanocomposites were then separately added to each of
the test tubes. The absorbance at 600 nm of the bacterial growth after treatment was evaluated every
2 h up to 24 h. The average of duplicate readings was calculated with respect to time to obtain a
regular growth curve.

5.3 Potential effect of UV activation on the antimicrobial activity of the synthesized
nanocomposites

The antimicrobial potential of the prepared samples in the presence and absence of UV light was
investigated against the tested pathogenic microbes (S. aureus) using optical density design [8].
Bacterial cultures that had been incubated for 2 h were set to a standard 0.5 McFarland (1 x 10®
CFU/ml). 100 pL nanocomposite samples were mixed with the tested microbial tubes. The tubes
were then divided into two groups, tubes with non-UV irradiated nanocomposites and tubes
containing nanocomposites that had been UV irradiated for 15, 30, 45, 60, and 75 min with 6.9 mW
cm 2 intensity light. Then, the turbidity of the samples was measured at 600 nm [9]. The inhibition
percentage (%) of the examined bacterial pathogens was determined using Equ. S.4(2), according

to the method reported by Abd Elkodous et al. [10]

0Dc—-0Dt

o
Inhibition % = 5De

x100 Equ. S.4 (2)

where ODc is the absorbance of a control sample that had not been subjected to any treatment and
ODt is the absorbance of the treated samples.

5.4 Effect of the synthesized nanocomposites on protein leakage from bacterial cell
membranes
Pure bacterial cells (100 pL) that had been cultured for 18 h and set at 0.5 McFarland (1 x 10*
CFU/ml) were injected into nutrient broth (10 mL) containing well-sonicated and dispersed
composite samples of various concentrations (0.125, 0.25, 0.5, and 1 mg/mL). Nanocomposite-free
broth injected with cultured cells was used as a control. All samples were incubated at 37°C for 5 h
before being centrifuged for 15 min at 5500 rpm [11]. For all of the samples, supernatant (100 pL)
combined with Bradford reagent (1 mL) was analyzed. The optical densities of the samples were

measured at 595 nm after 10 min of incubation in the dark [11].
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5.5 Reaction mechanism estimation by SEM analysis of bacterial cells
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Bacterial cells (S. aureus) were rinsed with phosphate buffered saline (PBS) and fixed with

3.5% glutaraldehyde. After that, the fixed cells were washed repeatedly with PBS and rinsed with
ethanol for 20 min at 27°C before being dried. Finally, the S. aureus cells were attached to
aluminum stumps to carry out SEM observations [8]. Morphological and surface characteristics of
the composite-treated and control (untreated) S. aureus cells were analyzed [10, 12].

6. Statistical analysis

Statistical examination of the obtained data was conducted using one-way analysis of variance
(ANOVA) (at P <0.05) with Duncan’s multiple series and least significant difference analyses [13].

In addition, the data were examined using the SPSS software, version 15.
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Fig. S. 4.4: XRD 0-28 patterns of the prepared samples.
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Fig. S. 4.9: a) Pseudo first-order kinetics plots and b) variation of apparent rate constant (k) with

pNA concentration.
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Fig. S. 4.10: a) Effect of pH on the removal percentage of pNA and b) PZC calculation.
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Fig. S. 4.11: Proposed photocatalytic reaction mechanism over the surface of CNFST/Cu
photocatalyst.
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Fig. S. 4.12: (a) The optimized structure of TiO, nanoflake, (b-d) the optimized structure of TiO,
after adding CuO, Cu,0, and Cu. (e-h) adsorption of pNA on the previous structures. (b) and (g)

shows the difference between the Initial structure (init.) and the optimized structutre (opt.).
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Fig. S. 4.13: DFT: M062X/6-31g (d, p) MESP mapping as contour for a) pNA, b)TiO,, c)
TiO,/pNA, d) TiO,-CuO, e) TiO,-CuO-Cu, f) TiO,-CuO-Cu0O,, g) TiO,-CuO/pNA, h)
TiO,-CuO-Cu/pNA, and i) TiO,-CuO-CuO,/pNA.
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Fig. S. 4.14: Schematic representation of the four prominent routes of the antibacterial activity of
CNFST/Cu nanocomposite, 1) nanocomposite adherence to the bacterial cell surface leading to
membrane damage and switching off its transport activity, 2) nanocomposite blocking the ions
transport from and to the bacterial cell, 3) ROS creation leading to bacterial cell wall damage,
and 4) nanocomposite penetrates the bacterial cells and interact with their cellular organelles and
biomolecules, affecting their cellular machinery, and modulating the cellular signaling system
causing cell death. The prepared nanocomposite may serve as a vehicle to effectively-deliver
Ti**, and Si*" ions (from its outer shells) to the bacterial cytoplasm and membrane, where proton

motive force would decrease the pH to be less than 3 facilitating the antimicrobial activity of Cu

NPs and ferrites.
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Chapter 5:

(a) (110) SrTi0;-Al / Rh-Cr-Co (b) (110)  SrTiO,-Al / Rh-Cr-Co-Au
SITiO,-Al
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Fig. S. 5.1: a) XRD pattern of as received SrTiO;, prepared Al-SrTiO;, and prepared Al-SrTiOs
loaded with RhCr,O; (Rh = 0.1 wt. % - Cr = 0.05 wt. %) and CoOOH (Co = 0.05 wt. %.)
cocatalysts and b) Al-SrTiO; loaded with RhCr,O; (Rh = 0.1 wt. % - Cr = 0.05 wt. %), CoOOH
(Co=0.05 wt. %.), and Au NPs (Au= 0.3 wt.%).

Fig. S. 5.2: SEM images of a) RhCr,0; cocatalyst and P. Au NPs loaded Al-SrTiO; microspheres
and b) CoOOH cocatalyst loaded Al-SrTiO; sample.
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Fig. S. 5.3: a) UV-Vis. diffuse reflectance spectrum of Al-SrTiO; loaded with RhCr,O; (Rh = 0.1
wt. % - Cr = 0.05 wt. %), CoOOH (Co = 0.05 wt. %.), and Au NPs (Au = 0.3 wt.%), b) its
calculated bandgap energy, c) diffuse reflectance spectrum of the as received SrTiO; and the
prepared Al-SrTiO; samples, and d) their calculated bandgap energy.
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Fig. S. 5.4: a) Survey analysis showing the atomic % of the main elements, b) deconvoluted Sr

3d, ¢)

Ti 2p, and d) O 1s spectra.

S-21
























