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ABSTRACT 
 
 

This dissertation study reports on the development of a nanomembrane for dam water and 

wastewater treatment. The study highlights the application of nanotechnology in water purification 

by employing an electrospun nanomembrane for water treatment. Polyacrylonitrile (PAN) was 

dissolved in dimethylformamide (DMF) with different weight percentages of 

polyvinylpyrrolidone (PVP), and gentamicin sulfate powder was added to the solution prior to the 

electrospinning process. Gentamicin was added mainly to remove bacteria and some viruses, while 

PVP was added to make the surface of the membrane hydrophilic in order to enhance the filtration 

efficiency. The electrospun nanomembrane is capable of playing a major role in water purification. 

Recently, many problems have emerged as a result of the increase in the consumption of 

fossil fuels (coal, oil, and natural gas) worldwide. These problems have led many researchers to 

focus on alternative sources of energy that are safe, clean, affordable, and environmentally 

friendly. There is a compelling necessity for developing a productive photocatalyst system for 

overall water splitting to produce clean and recyclable hydrogen on a large scale. 

The other aspect of this dissertation is the synthesis of nickel oxide-loaded strontium 

titanate (NiO-STO) on electrospun nanofibers using a single electrospinning technique and a 

coaxial electrospinning technique for efficient overall water splitting. The electrospun NiO-STO 

nanofibers are then annealed at 600oC to transform them into a crystalline form for better 

photocatalyst efficiency. Ultraviolet (UV) spectrophotometry and Fourier transform infrared 

(FTIR) spectroscopy were used to characterize the structural properties of the fibers. Their 

morphology and dimensions were observed by scanning electron microscopy (SEM). The 

structures of the calcined nanofibers were determined by X-ray diffraction (XRD), which clearly 

indicated the formation of NiO and STO and nanofiber structures.  
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CHAPTER 1 
 

INTRODUCTION 
 
 

1. 1 Literature Review 

1.1.1 Water and Human Health 

 Water quality is a major challenge that we are facing in this century. Clean water is 

essential for life on our planet [1]. Water occupies an important position in our health, lifestyle, 

advancement, and economy. Clean water provides a wide range of ecosystem services [1]. The 

services involving water are fundamental to our economy. However, with each passing day, water 

resources are depleting, thus forcing us to address this issue.  Around two-thirds of the body’s cells 

contain water and play an important role in body functions and biochemical reactions. Water acts 

as a carrier of essential nutrients to body cells and transporter of waste out of cells. Water also acts 

as a purifier in our bodies [2]. If sufficient water is not consumed on a daily basis, then the kidneys 

and liver are not flushed out properly, and the colon is incapable of expelling the bowels efficiently, 

thereby retaining unhealthy toxins in the body [2] and causing infections and poisoning [2]. Water 

in the human body transports nutrients and oxygen to cells, maintains body temperature, 

moisturizes the air in lungs, protect organs, and aids in metabolism. In addition to animal and 

human waste and the improper management of chemicals, as the human population increases and 

technology advancement accelerates, the risk of water contamination also increases [2].  

 Many diseases associated with contaminated water are caused by pathogens, such as 

bacteria, viruses, and parasites [2]. Common diseases spread by water include diarrhea, cholera, 

typhoid, paratyphoid, salmonella, giardiasis, and cryptosporidiosis [2]. Generally, pathogens arise 

from animal and human feces and also from an insufficient water supply [2]. Pathogen-associated 

diseases are transformed from person to person, through aerosols, and in food [2]. Disease 
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outbreaks related to drinking water are generally associated with public drinking water. Pathogens 

found in water can cause the following diseases [2]: 

 Waterborne Diseases: Waterborne diseases arise from the contamination of water by 

human and animal excretions infected by pathogens, viruses, or bacteria; examples include 

cholera, typhoid, and cryptosporidiosis. 

 Water-Privation Diseases: Water-privation diseases result from the quality of water and 

are transmitted by the infected person through physical contact. 

 Water-Based Diseases: Water-based diseases result from host organisms living in a water 

ecological environment where parasites spend some part of their life cycle and later pass 

their infected larval to humans. 

 Water-Related Diseases: Water-related diseases result from insects that seek shelter in 

water and in turn cause diseases such as malaria, dengue, and yellow fever. 

 Water-Dispersed Infections: Water-dispersed infections result from pathogens that 

proliferate in freshwater and enter the human body through the respiratory tract. 

 Some common chemicals found in drinking water that can cause toxicity include the 

following [2]: 

 Arsenic: Arsenic is found in lead, copper, and gold ores. Arsenic poisoning due to the 

consumption of underground water is a serious health threat. The environmental health agency has 

outlined the acceptable standard for arsenic in tap water at 10 ppm [2]. Arsenic is classified as a 

category 1 carcinogen. If present in excessive amount in drinking water, it causes liver disease, 

skin lesions, neurological disorders, and vascular disease,  
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 Fluoride: Fluoride is a natural chemical generally found in water and foods [2] and is 

essentially important in bones and tooth growth. However, if present in larger amounts, it causes 

toxicity. Waterborne fluorosis causes morbidity in different parts of the world.  

 Chloride: Chloride is used in water to kill bacteria. However, if it is present in larger 

amounts, it can be toxic and causes cell damage. 

 Iodine: If present in an insufficient amount, iodine causes severe health problems such as 

mental retardation, cretinism, and thyroid gland enlargement. 

 Nitride: It has recently been reported that a gradual decline in the quality of drinking water 

has been due to the increase in nitride concentration, which can cause blood poisoning and 

eventually death. The main source of nitride in water is from nitrogenous fertilizer. 

 In additional to containing heavy materials, surface water, underground water, and 

wastewater also contain some harmful bacteria such as total coliform and E. coli. Figure 1.1 shows 

the relation between total coliform and E. coli. 

 

Figure 1.1. Relation between total coliform and E. coli. 
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The presence of E. coli in water is a strong indication of recent sewage or animal waste 

contamination. Sewage may contain many types of disease-causing organisms. Fecal coliform is 

bacteria associated with human or animal waste. It usually lives in human or animal intestinal 

tracts, and its presence in drinking water is a strong indication of recent sewage or animal waste 

contamination. There are hundreds of strains of the bacterium E. coli. Although most strains are 

harmless and live in the intestines of healthy humans and animals, one strain produces a powerful 

toxin and can cause severe illness. 

1.1.2 Water Treatment and Reuse 

 Water quality is extremely important, and its degradation poses a serious threat to humans. 

An enormous quantity of water is dispelled from industrial and agriculture activities as wastewater. 

Therefore, securing sufficient water resources of high quality for different designated uses is one 

of the biggest challenges for sustaining our society [3]. The economic, social, and environmental 

impact and uncertain prospects of water scarcity are necessitating the development of a new 

method for water resources management. The demand for water is increasing globally due to 

urbanization, industrialization, and the rising standard of living. Therefore, proper water 

management and development resources are required to meet this demand.  

 Understanding wastewater generation is the first step in a wastewater management system 

in order to ensure a proper system for both collection and treatment [4]. Generally, wastewater can 

be classified into three components: black water (water containing feces), yellow water (water 

containing urine), and grey water (water from washing machines, showers, sinks, etc.). These 

water components differ in composition and concentration [4]. Black water contains pathogens 

and pharmaceutical residuals, thereby posing health risks [4]. Yellow water that contains nitrogen 

and phosphorus can be utilized as a fertilizer. Grey water can be purified and used for many 
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purposes such as cleaning and irrigation [4]. Centralized wastewater treatment is characterized by 

the collection of sewage and storm water, and represents the conventional method for water 

treatment in many countries [4]. Centralized wastewater has become unpopular due to the high 

investment in collection systems, soil pollution, and the possible incorporation of toxic material, 

etc. [4]. Recently, increasing attention has been given to the decentralized wastewater system.The 

advantages of decentralization are numerous, such as keeping the solid and liquid phases of 

wastewater near the point of origin in order to minimize wastewater collection efforts and reduce 

costs.  

 The selection of a specific wastewater treatment depends on the nature of the wastewater 

and the discharge requirements. For proper selection of adequate reuse technology, an integrated 

approach is required, where technological, economical, legal, social, environmental, and 

institutional aspects are considered in detail [4]. Wastewater treatment processes are designed to 

acquire the quality of water according to the standards set up by the World Health Organization.  

The various wastewater treatment processes may reduce suspended solids, biodegradable organics, 

pathogenic bacteria, and nutrients.  

 Wastewater from the city is delivered to the treatment center through a large pipe, where it 

is first screened for large objects, such as bottles, plastic bags, diapers, stones, sanitary items, 

cotton buds, and damaged equipment, which are removed. After screening, three levels of 

wastewater treatment are employed: primary, secondary, and tertiary. The primary treatment 

process is designed to remove organic solid matter (human waste), and suspended and floating 

solids from the sewage. This is done using a screening process to trap solid objects, and 

sedimentation using gravity to remove suspended solids. Then the wastewater is transferred into a 

settlement tank in order for the suspended solids to sink to the bottom. The secondary treatment, 
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or biological treatment, removes the dissolved organic matter that remains after the primary 

treatment. The water in this stage is transferred into large rectangular tanks, and air is pumped into 

the water in order for bacteria to break down the tiny bits of sludge that escaped the sludge-

scrapping process. Tertiary treatment is an additional treatment after the secondary treatment for 

removing more than 99% of all impurities from the wastewater. In this stage, water is passed 

through a settlement tank, and more sludge forms at the bottom of the tank due to bacterial action. 

After this stage of treatment, the water is almost entirely free of all detrimental substances and 

undesirable chemicals. 

1.2 Nanotechnology in Water and Wastewater Treatment 

 This section highlights the recent development and application of nanotechnology in water 

treatment. Potable water is a valuable resource on this planet; without it, life would be impossible 

[5]. A crucial issue is the increasing world population and its demand for more clean water 

production [5]. This challenging issue needs new solutions for the production of potable water, 

wastewater treatment, water filtration, and water recycling using new technologies [5]. The 

treatment of wastewater and reuse is not new; its application has developed and advanced 

throughout human history. Reuse of municipal wastewater has been practiced for centuries in 

almost all countries, with the purpose of keeping human waste outside of urban areas. Wastewater 

reuse has a history of applications in human civilization, primarily in agriculture, industries, and 

domestic households. 

 Nanotechnology is concerned with the creation of particles and materials at nanoscale 

dimensions, referred to as nanoparticles and nanomaterial, respectively, which exhibit unusual and 

exotic properties that are not present in traditional bulk materials. Nanotechnology can be 

interpreted as a technology that deals with processes or systems that can provide services and /or 
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goods acquired from matter at the nano level, i.e., one-billionth of a meter [6]. This new technology 

allows for the manipulation of matter at the atomic level with precision, or as K. E. Drexler 

remarked, “Nanotechnology is the proposition of handling the structure of matter at the 

atomic/molecular level. It requires the art to build systems at the molecular level with atomic 

precision thus yielding a diversity of nanomachines [6].” Nanoscience deals with structures and 

materials at or near nanoscale with at least one dimension between 1 and 100 nanometers. These 

structures are known as nanostructures. Nanotechnology is the application of these nanostructures 

into useful nanoscale devices [7]. 

 The classic laws of science are inadequate to deal with nanomaterials. Nanomaterials 

possess a large surface area, a high aspect ratio, and a high surface-to-mass ratio. Their unique 

features can significantly influence the physical, chemical, biological, mechanical, and electrical 

properties [6]. 

 Richard Feynman gave a speech in December 1959 at the California Institute of 

Technology entitled “There’s Plenty of Room at the Bottom,” which raised discussion about 

nanoscience and nanotechnology. He highlighted the importance of controlling and manipulating 

matter on a small scale [8]. However, Norio Taniguchi used the term “nanotechnology” for the 

first time in 1974 [8]. In the 1980s, IBM Zurich scientists invented the tunneling microscope, a 

landmark in nanotechnology development, which allowed scientists and researchers to analyze 

materials at the atomic level [8]. Over the past few years, expenditures on nanotechnology research 

and development have increased drastically. Research in nanotechnology continues to expand 

around the globe, and in the next decade, nanotechnology could have a $1 trillion impact on the 

global economy. Nanotechnology is still in the developing stages. However, today there is 

technology that can arrange matter on the atomic level. Nanotechnology has the potential to change 
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our standard of living. Some applications of nanotechnology are energy storage and production, 

information technology, medical purposes, manufacturing, food and water purification, 

instrumentation, and environmental uses. Several nanotechnology-based products already 

available on the market include electronic components, nanopaints, storage devices, stain-free 

fabrics, and medical components. 

 Surface and underground water treatment is different than wastewater treatment. Figure 

1.2 shows steps in the water treatment processes, including coagulation, sedimentation, filtration, 

and disinfection. Coagulation and flocculation are important processes in drinking water and waste 

water treatment. Alum has been used for centuries as a coagulant for municipal water treatment. 

In the water treatment process, a coagulant agent that causes curdling or thickening is added to 

water to “destabilize” colloidal suspensions. This takes place by giving a positive charge to the 

negatively charged effluents [9], thus resulting in the formation of large particles, which can be 

removed easily. This pretreatment process before filtering drinking water and industrial 

wastewater generally increases the efficiency of the filtration process by decreasing the turbidity 

and color of wastewater [10-13]. Today, nanofiltration (NF) can replace the traditional sand filter 

to enhance water quality.  

 

Figure 1.2. Water treatment process. 
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 Wastewater is generally contaminated by organic pollutants, solid wastes, bacteria and 

microorganisms, industrial effluent, or any other waste that deteriorates its quality [14]. 

Wastewater can be divided into municipal and industrial.  Some factors affect the composition of 

wastewater, such as land use, groundwater level, and the extent of separation between sanitary 

waste and storm water. The quality of water from municipal wastewater is generally better than 

that from industrial wastewater [14]. Typically, the organic composition of wastewater contains 

pollutants such as proteins, carbohydrates, fats and oil, and trace amounts of priority pollutants, 

surfactants, and emerging contaminants. Wastewater also contains colony-forming units of a 

coliform organism, fecal streptococci, protozoan cysts, and virus particles [14]. Treatment of 

municipal wastewater must consider all aspects related to water contamination, ensuring that the 

treated water is free from any compound that could adversely affect human health and the 

environment [14]. Water treatment of wastewater depends on its composition. Figure 1.3 shows 

steps in the wastewater treatment process. 

 

Figure 1.3. Wastewater treatment process. 

 Generally, conventional sewage treatment consists of the following stages [14]: 

 Preliminary treatment to remove inorganic solids having a size range of more than 0.01 

mm. 
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 Primary treatment to remove both organic and inorganic suspended solids having a size 

range between 0.1 mm and 35 microns. 

 Secondary biological treatment to degrade the biodegradable organic matter and nutrients.  

 Tertiary treatment: to remove a portion of the remaining organic and inorganic solid 

microorganisms through filtration. 

 Industrial wastewater is the water produced from industrial activities, such as agriculture, 

the food industry, mining, and steel and iron industries [14]. The composition of wastewater is 

different from industry to industry, and therefore, the treatment is selective to ensure high-quality 

filtered water with cost analysis in the filtration process [14].  The use of nanotechnology has been 

under extensive research to fabricate separation and reactive media for water treatment. Moreover, 

the use of nanoparticles and nanomaterials to bio-remediate and disinfect wastewater has been 

gaining extensive attention recently [14]. For example, metal oxide nanoparticles such as TiO2 are 

considered to be very useful for antimicrobial activity. Nanocatalysts are found to be very helpful 

in reducing oxidized contaminants.  

 Industrial pollutants such as phthalates, alkylphenols, bisphenol-A, and pharmaceuticals 

can be removed from industrial wastewater by nanofiltration [14], which is being incorporated in 

many industrial effluent treatment plants to produce effluent with little concentration of industrial 

pollutants [14]. The use of nanotechnology in water treatment is being actively applied, and many 

advances in nanomaterials research for industrial wastewater treatment, such as NF of biologically 

treated effluents from the pulp and paper industry and degradation of organic dyes using 

manganese-doped zinc oxide nanoparticles have been producing encouraging results. 

Nanotechnology has the capability of contributing to the long-term quality of water, and the 
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availability and viability of water resources through the use of NF can enable higher water reuse, 

recycling, and desalinization.    

 Nanotechnology has been used in the fabrication of nanomembranes for water purification. 

Many studies have reported the use of nanostructured membranes from nanomaterials such as 

carbon nanotubes, nanoparticles, and dendrimers as well as nonreactive membranes from metal 

nanoparticles [14]. Absorption is an effective and cost-effective method to remove water 

contaminants [14]. Efficient absorbents such as activated carbon, clay minerals, and silica, zeolites, 

metal oxide are being used in removing contaminants from water. Nanotechnology is playing a 

vital role in water security, and membrane filtration has played an important role in producing 

high-quality water. In recent years, the development of polymeric and ceramic membrane has 

made a significant impact on the use of a membrane in water filtration [14]. The only problem 

with membrane filtration is fouling; however, some studies have shown the development of a 

membrane surface on a nano and molecular scale in order to address the fouling issue [14]. The 

use of nanomembrane infiltration addresses many issues such as removal of organic and biological 

contaminants. Moreover, nonreactive materials have been used to fabricate membranes in order to 

decompose pollutants such as 4-nitrophenol and bind metal ions in a water solution [14]. A 

polysulfonate ultrafiltration (UF) membrane incorporated with silver nanoparticles has been found 

to be very effective in removing viruses [14]. 

1.3 Electrospun Nanofibers for Water Filtration  

  Electrospun nanoporous membrane is a recent development in the field of filtration.  The 

necessity of making a breakthrough in filtration technology has led to increasing attention on 

nanostructured materials such as electrospun nanofibers for filtering devices as a solution to 

providing water at lower energy cost [15]. As can be seen in Figure 1.4, scientists have figured out 
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a critical relation between turbidity and human diseases. Greater turbidity means more toxic 

particles which in turn increases the risk of human diseases. This study and many others on 

electrospun nanofibers for water filtration have shown a great reduction in turbidity [15-17]. 

 

Figure 1.4. Relation between turbidity and risk of human diseases. 

  In this study, electrospun polyacrylonitrile (PAN) blended with polyvinylpyrrolidone 

(PVP) and incorporated with gentamicin was used for water filtration. PAN, a polymer with 

acrylonitrile as the repeating unit and a main precursor for carbon materials with applications for 

carbonaceous materials, are expanding widely due to the excellent mechanical and thermal 

properties [15]. PAN-based electrospun nanofibers have been used in a wide range of applications, 

such as electrically conductive nanofibers, wound dressing, biocatalysts, and tissue scaffolding 

[15]. Additionally, PAN-based nanofibers have been used in ultrifiltration, nanofiltration, and 

reverse osmosis (RO) membranes due to their excellent chemical resistance, thermal stability, and 

outstanding wettability with water [15]. Electrospinning, a versatile method of fabricating 

nanofiber membranes, relies on electrostatic forces to generate fibers from micro to nanoscale in 

a very short period of time with minimum investment.  Although electrospinning has been known 

since the 1930s, this technique has received great attention recently due to its potential to fabricate 

nanofibers with unique characteristics such as small diameter, high surface-to-volume ratio, and 

high porosity [15]. 
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1.4 Water Splitting and Hydrogen Production  

 Our planet can survive catastrophic climate changes if we adopt policies to reduce energy 

usage. Our current luxurious use of fossil fuels is affecting our planet, as evidenced by global 

warming, energy conflicts among nations, and depletion of the energy reserve, all of which 

threaten world stability. A transformation of the entire global energy system is needed immediately 

[18]. Fossil fuels play a major role in the global energy market. The discovery of fossil fuels has 

spurred a phase of industrial activities, providing a new dimension to the industrial revolution. 

 Fossil fuels are responsible for much of the world’s power supply and energy demand [18]. 

Since 1990, the consumption of fossil fuels has doubled every 20 years, obviously indicating a 

major problem in worldwide energy dependence. Oil is produced by a small number of countries, 

constituting 33% of the world’s primary energy needs, and its price on the global market is subject 

to international relationships [18]. Therefore, the price of oil and petroleum products depends on 

fluctuation relative to political and economic circumstances [18]. Most countries in the developed 

world are now considering investing in renewable energy in order to limit their dependence on 

fossil fuel and reduce the impact of climate change.  Due to depletion of the fossil fuel reserve, 

researchers are considering replacing an oil-based economy to one based on green energy.  The 

combustion of fossil fuels such as gasoline, coal, natural gas, and oil causes pollution, resulting in 

the emission of gases such as carbon monoxide, carbon dioxide, nitrogen, nitrous oxide, sulfur 

dioxide, volatile organic compounds, water vapors, and heavy metals. Additionally, the 

skyrocketing prices of fossil fuel on the international market, a rising standard of living, and energy 

insecurity have caused substantial concerns to the world’s economy. Throughout the twentieth 

century, the world’s population quadrupled, and energy consumption climbed sixteen fold.  
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Therefore, there is an urgent need for renewable energy sources that will not only protect our 

environment but also replace traditional fossil fuels. 

 Fossil fuels have provided significant economic growth since the industrial revolution. The 

depletion of fossil fuels and their environmental effect mandate a new, cleaner technology for 

economic growth. The ever-increasing demand for energy due to industrialization and the rising 

standard of living, especially in western countries, demand alternative energy resources as well as 

an improvement in existing technology. Currently we are consuming more fossil fuels than ever 

before; therefore, greenhouse gas emissions resulting from combustion will continue to increase, 

and the Earth’s average temperature will continue to rise. According to some predictions, the 

Earth’s average temperature could rise between 2°C and 6°C by the end of the twenty-first century. 

However, the influence of global warming is far greater than simply an increase in the temperature 

on the Earth’s surface. Other impacts of global warming include primary and secondary pollutants, 

melting glaciers, coastal erosion, and some infectious diseases. Global warming is usually caused 

by man-made carbon-associated gas emissions, also known as greenhouse gases, which result in 

enormous climate changes. The major source of carbon emissions is from the combustion of fossil 

fuels, such as coal, oil, and gas in power plants, transportation vehicles, industrial facilities, and 

other natural and artificial sources. We need to address this issue by lessening our dependence on 

fossil fuels and at the same time search for alternative energy resources (solar and hydrogen cells) 

that will result in near-zero emissions.   

 Energy harvesting from sunlight presents a reasonable approach towards solving the energy 

crisis with minimal environmental impact [19]. Solar energy is an inexpensive, decentralized, and 

inexhaustible natural resource. The magnitude of available solar power striking the earth’s surface 

is equal to 130 million 500 MW power plants [19]. However, some issues need to be addressed 
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for utilizing solar energy in order to meet rising power demand. First and most importantly, solar 

energy conversion, storage, and distribution should not be harmful to the environment or human 

beings. Second, with solar power, it is necessary to provide a stable, constant energy flux [19]. 

Due to variations in sunlight from country to country and region to region, the efficient harvesting 

of energy from sunlight could be difficult. Despite these issues, the most important challenge is 

whether or not energy harvesting from sunlight is cost effective on the terawatt scale [19, 20]. 

 Hydrogen-based energy is particularly favorable because it is abundant and 

environmentally friendly.  Hydrogen and oxygen used in fuel cells to generate electricity produces 

water as a by-product [21, 22]. Solar energy is converted and stored in a chemical bond, as shown 

in equation (1.1). Hydrogen produced from fossil fuels, as shown in equation (1.2), results in the 

emission of carbon dioxide, and is a process that is ecologically concerning and not 

environmentally friendly. 

 H2O → ½ O2 + H2   ∆G = 237.2 kJ mol-1 (1.1) 

 CH4 + 2H2O → 4H2 + CO2   ∆G = 131 kJ mol-1   (1.2) 

 The ideal technique to produce hydrogen is artificial photosynthesis. Heterogeneous 

photocatalysis for overall water splitting has been examined as a potential method for hydrogen 

production [20]. The decomposition of water into hydrogen and oxygen using catalysts was 

initiated by the work of Fujishima and Honda [23], who demonstrated that overall water splitting 

can be conducted using a photoelectrochemical (PEC) cell consisting of titania as the photoanode 

and platinum as the counter electrode under ultraviolet (UV) irradiation and an external bias.  This 

work stimulated the evaluation of new materials for both anodes and cathodes and integrated a 

configuration that uses photovoltaic cell junctions to enhance the output voltage for a single-band 

or dual-bandgap device [19]. The most important aspect of this work is finding a suitable 
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photocatalyst, with the ultimate goal of designing an efficient photoelectrolysis cell that can 

produce hydrogen without assistance. PEC water splitting requires semiconductor materials that 

can transfer charge rapidly, exhibit long stability, and efficiently harvest a large portion of the solar 

spectrum [19].  Following Fujishima and Honda’s work, a large number of PEC cells were 

developed for efficiently utilizing solar energy. But their development was marred by the fact that 

suitable photoelectrode materials having appropriate bandgaps and stability are relatively difficult 

to find.  However, an integrated multilayer system and a tandem system have been examined by 

many researchers [20]. Overall water splitting for the large-scale production of hydrogen using a 

photocatalyst has been under extensive investigation since 1980.  As far as large-scale hydrogen 

production is concerned, particulate photocatalyst systems are considered to be more beneficial 

than complex multilayer or tandem systems [20]. 

 Researchers have made significant progress in finding an efficient semiconductor 

photocatalyst having high photocatalyst efficiency and being able to operate under visible light. 

The development of multijunction configurations whereby p- and n-type semiconductors have 

different bandgaps has been a dominant approach for designing an efficient photoelectrolysis cell 

[19].  The maximum efficiency obtained during the overall water-splitting process is about 5.9%, 

which is considerably low; for practical applications, the overall efficiency should be around 10% 

[24]. Many researchers have focused their attention on titanium dioxide (TiO2) as the catalyst in 

water splitting, after the preliminary work of Fujishima and Honda. TiO2 is an active photocatalyst 

in near UV light; therefore, considerable attention has been paid to modifying TiO2 nanotubes in 

order to increase their photocatalyst efficiency in the visible light spectrum.  Researchers have 

doped TiO2 with metals such as platinum, iron, palladium, silver, and ruthenium [25-30] and non-

metals such as nitrogen, boron, sulfur, and carbon for higher photocatalyst efficiency [25, 31-34]. 
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TiO2 can be incorporated with semiconductors such as nickel oxide (NiO), zinc oxide (ZnO), 

cadmium sulfide (CdS), strontium titanate (SrTiO3 or STO), iron oxide (Fe2O3), and tin oxide 

(SnO2) to improve the photoresponding range and facilitate charge separation [25]. Recently, p-n 

junction photocatalysts such as NiO/TiO2, NiO/ZnO, and NiO/InVO4 are receiving attention 

because of their high charge separation [25]. Nickel oxide is a p-type semiconductor incorporated 

with many different n-type semiconductors and is used as a cocatalyst because of its high mobility, 

cost effectiveness, and high p-concentration [25].  

 Sunlight is an inexpensive, abundant, non-emitting, non-polluting, and inexhaustible 

renewable source of energy that is available throughout the year in almost all parts of the world 

[35]. The amount of energy from sunlight that strikes the Earth yearly is around ten thousand times 

the total energy consumed on Earth; therefore, the conversion of solar energy into a usable form 

has attracted interest in the last few decades [35]. However, a major disadvantage in using solar 

energy is relative to its intermittent nature, i.e., the amount of sunlight a region receives depends 

upon geographical location, seasons, weather conditions, and time of day.  Hydrogen is an 

efficient, cheap, and environmentally friendly fuel and can be produced by the direct 

decomposition of water without atmospheric emissions, which makes it a promising candidate for 

an alternative fuel for future energy demand [36]. Currently, most hydrogen is produced by the 

process of steam reforming, which uses methane, a fossil fuel [37]. It is perceived that hydrogen 

is a clean fuel, but this perception may not necessarily be true if hydrogen is produced from coal, 

biomass, or natural gas, which consume a considerable amount of energy and produce a significant 

amount of carbon dioxide as a by-product. Therefore, it is important to avoid fossil fuels to produce 

hydrogen. Alternative means of producing hydrogen are hydropower, wind energy, and solar 

energy, of which solar energy is the most promising because region-related limitations are far less 
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rigorous than those of hydropower and wind energy [37]. One problem associated with solar 

energy is that it requires a sizeable area of solar collectors in order to harvest large amounts of 

power. Therefore, the cost of solar energy should be comparable to conventional power sources. 

Fossil fuels account for 70% of current energy consumption; therefore, there is an urgent need to 

convert solar energy to fuel that can be transported and stored easily [38]. 

 Plants are capable of converting and storing solar energy in the form of complex molecules, 

such as carbohydrates, oil and other forms of biomass via photosynthesis [38]. Generating and 

storing solar energy by water splitting has long been considered a very efficient method for 

producing hydrogen. In 1874, Jules Verne made the following comment [38]: “Water will be the 

coal of the future.” However, there is no economical method available to justify this prediction 

since there are problems associated with efficiently handling and storing hydrogen [38]. 

Researchers have been testing a number of different thermochemical cycles that utilize high 

temperature to split water during water splitting via photocatalysis. The cost per watt of solar 

energy has been decreasing considerably, and with current technology, solar cells with 

conventional water electrolysis units can produce electricity at minimum cost. The semiconductor 

needed for converting solar energy into electricity or hydrogen production should have the ability 

to absorb sunlight, separate the photogenerated charge carriers, and efficiently transfer them to an 

electrolyte solution in order to produce hydrogen and oxygen [38]. 

 Semiconductor nanomaterials are being used in several new applications, including 

photocatalyst agents, environmental remediation, electronic devices, and optical devices. During 

the last decade, researchers around the globe have focused their attention on finding photocatalysts 

for this process and have followed trial-and-error methods. They have examined almost all 

semiconductors materials (organic and inorganic) with the aim of finding the best materials with 
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the highest possible photocatalyst efficiency. The properties of semiconductor nanomaterials can 

be tuned very precisely by altering their composition, size, and fabrication techniques. 

 Semiconductor materials have gained great importance in today’s industrial world. 

Semiconductor nanomaterials are between 1 and 100 nm in size and have achieved significance 

due to their unique physical, chemical, and optical properties. They are being used in a wide variety 

of technological applications such as photocatalysis, sensors, memory devices, solar cells, bio-

imaging, and hydrogen production. They display high surface area and reactivity, and their exotic 

properties make them an ideal candidate for improving alternative energy resources, either by 

developing new technology or improving existing technology. Nanomaterials are now being 

considered by the research community as the primary materials for energy conversion and storage.  

The dual challenges of nanomaterials for energy conversion and storage are key aspects to 

economic growth in this century.  Semiconductor materials have an electrical conductivity between 

that of metals and conductors [39, 40], and are now considered the heart of modern electronics 

[39, 41]. Semiconductor nanomaterials have the ability to interact with light; therefore, they have 

gained importance in applications such as photovoltaic devices [39, 42-43].  Yang et al. explained 

bioinspired approaches to improving catalyst performance for water electrolysis, concentrating on 

inorganic nanostructured materials for efficient water splitting [31]. Recently, considerable 

attention has been given to hydrogen as a next-generation energy carrier, and for the past  25 to 30 

years, photocatalyst overall water splitting using solar means has been examined extensively 

worldwide as a potential method for hydrogen production in the near future [20]. 
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1.5 Basis of Water Splitting 

1.5.1 Idea of Photocatalytic Water Splitting 

 As can be seen in Figure 1.5, the idea of water splitting comes from nature. Figure 1.5(a) 

shows the cycle of natural photosynthesis, whereby a green plant leaf produces starch and oxygen 

when chlorophyll absorbs sunlight in the presence of H2O and CO2. Figure 1.5(b) shows the 

opposite of natural photosynthesis, whereby an artificial photocatalyst produces H2O and CO2 in 

the presence of H2O, O2, and some organic compounds.  

 

Figure 1.5. Photosynthesis: (a) natural, and (b) artificial. 

 During water splitting, photon energy is converted into chemical energy, accompanied by 

a large positive change in Gibbs free energy, as shown in Figure 1.5. The water-splitting reaction 

by means of a photocatalyst is similar to photosynthesis that occurs in green plants since this is an 

uphill reaction. Hence, water splitting by means of a photocatalyst can be regarded as an artificial 

photosynthesis, as shown in Figure 1.6. Considering the Gibbs free energy change, photocatalyst 

water splitting can be distinguished from the photocatalyst degradation reaction, since photo-

oxidation of an organic compound using oxygen molecules is generally a downhill reaction. 
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Downhill reactions are referred to as photo-induced reactions, and they have been studied 

extensively using TiO2-nanostructured photocatalysts [22]. 

 

Figure 1.6. Photocatalytic water splitting as artificial photosynthesis. 

1.5.2 Basis of Photocatalytic Reactions 

 Photocatalysis is a chemical reaction caused by photoirradiation in the presence of a 

catalyst, which is also called a photocatalyst [37]. A photocatalyst consists of material that initiates 

a chemical reaction without being consumed or transformed. Photosynthesis in plants is a good 

example of photocatalysis that exists in nature, where chlorophyll serves as the photocatalyst [37]. 

Figure 1.7 shows the basic principle of water splitting using a semiconductor photocatalyst. 

Thermodynamically, water splitting is an uphill reaction with a large positive change in Gibbs free 

energy (238 kJ/mol) [20].  Irradiation energy that is equivalent to or larger than the bandgap of the 

semiconductor photocatalyst is incident on the photocatalyst, where electrons (e-) and holes (h+) 

are generated in the conduction and valence bands [20,37]. The photogenerated electrons and holes 

of the catalysts are able to drive the reduction and oxidization reactions for the water molecules, 

respectively. 
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Figure 1.7. Basic principle of overall water splitting using heterogeneous photocatalyst. 

 As the result of incident light, electrons (e-) are excited into a conduction band, leaving 

holes (h+) in the valence band. These electrons and holes cause a reduction reaction and an 

oxidation reaction, respectively [20, 37].  As shown in equations (1.3) to  (1.5), the decomposition 

of water into hydrogen and oxygen by means of an electrochemical cell is a two-electron stepwise 

process.  

 Oxidation:  H2O + 2h+ → ½ O2 + 2H+ (HER) (1.3) 

 Reduction:  2H+ + 2e- → H2 (ORE) (1.4) 

 Overall reaction:  H2O → ½ O2 + H2     ∆G = + 237.2 kJ/mol (1.5) 

 Photocatalysts having different semiconductive properties can absorb photons as well as 

generate electrons and holes on their surfaces by absorbing sunlight. The structure of the 

photocatalyst remains the same if an equal number of electrons and holes are used in a chemical 

reaction [20]. In order to achieve efficient water splitting, the bottom of the conduction band must 

be located at a higher negative potential than the reduction potential of H+
 to H2 (0 V vs. normal 
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hydrogen electrode [NHE] at pH 0). Similarly, the top of the valence band must be located at a 

higher positive potential than the oxidation potential of H2O to O2 (1.23 V vs. NHE) [37]. The 

minimum photon energy needed to carry out the reaction is a 1.23 electron volt (eV), 

corresponding to a wavelength of ca. 1,000 nm in the infrared region [37]. It is possible to use the 

entire spectrum of visible light; however, there is a barrier in the charge-transfer process known as 

the activation barrier between water molecules and the photocatalyst, thus requiring photon energy 

that is higher than the bandgap of the photocatalyst in order to carry out the overall water-splitting 

reaction [37]. Water formation during the backward reaction must be inhibited, and the 

photocatalyst must be sufficiently stable during the backward reaction. Moreover, many materials 

can be used as a photocatalyst in water splitting because they possess suitable bandgap energy, but 

there are very few that can work as a photocatalyst for overall water splitting due to some factors, 

as discussed below [37].  

 As shown in Figure 1.8, water splitting occurs in three steps: (1) the photocatalyst absorbs 

photon energy from sunlight that is equal or greater than the bandgap energy of the material and 

generates electron-hole pairs in the bulk, (2) the electron-hole pairs migrate to the surface, and (3) 

the absorbed species is subjected to reduction and oxidation by the electron-hole pairs to produce 

hydrogen and oxygen. The first two steps depend on the electronic properties and structure of the 

photocatalyst [37]. Its crystallinity has a positive effect on performance because the number of 

defects, working as recombination centers between photogenerated carriers, decrease with 

crystallinity [37]. In the third step, decomposition reactions of the water molecules take place on 

the surface of the cocatalyst, which is typically a noble metal (e.g., Pt, Rh) or metal oxide (e.g., 

NiO, RuO2), and is loaded onto the photocatalyst surface as a dispersion of nanoparticles in order 

to produce functioning sites and reduce the activation energy for gas evolution [37]. Therefore, it 
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is important to develop bulk and surface properties of these materials in such a way that high 

photocatalyst activity is obtained [37]. 

 

Figure 1.8. Process of overall water splitting using heterogeneous photocatalyst [37]. 

 Generally, photocatalysts split water in two ways: (1) by utilizing photoelectrochemical 

cells, which consist of a photoanode and a metal counter electrode, and (2) by utilizing a 

photocatalytic system. In the first instance, the main component of a PEC cell is the semiconductor, 

which helps in converting the photon energy from sunlight into electron-hole pairs. These electron-

hole pairs are spatially separated from each other due to the electric field inside the semiconductor. 

The photogenerated electrons migrate towards the metal counter-electrode via an external circuit. 

At the metal counter-electrode, the electrons reduce water to form hydrogen gas. The 

photogenerated holes are swept towards the interface of the semiconductor/ electrolyte, where they 

form water in an oxidation process.  In the second instance, the photocatalyst is modified with a 

suitable cocatalyst to provide an active redox site. This system has some disadvantages, which are 

caused by charging as well as oxygen and hydrogen separation. 



25 

Figure 1.9 shows a particulate photocatalyst system for overall water splitting.  As soon as 

the sunlight impinges on the surface of a photocatalyst, an electron is excited in the conduction 

band, thus reducing the water molecules to hydrogen gas. As the electron moves to the conduction 

band, the holes in the valence band move to the active site of the photocatalyst and oxidize the 

water molecules into oxygen gas by means of a cocatalyst. 

 

Figure 1.9.  Schematic of water-splitting reaction using solid photocatalyst: (A) overall system, 
and (B) electron transport [37]. 

 
1.5.3 Chemical Additives for Hydrogen Production Enhancement 

 In order to increase the efficiency of water splitting, electron donors (sacrificial reagents 

or hole scavengers) are added in order to react irreversibly with the holes and enhance the 

separation of electrons/holes, thereby enhancing quantum efficiency [44].  Because electron 

donors are consumed during a photocatalyst reaction, additional electrons are required to sustain 
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the photocatalyst process. Hydrocarbons are used as electrons donors for hydrogen production in 

a photocatalyst reaction since they can be oxidized by valance band holes. Conduction band 

electrons can reduce protons to hydrogen molecules [44]. Ethylenediaminetetraacetic acid 

(EDTA), methanol, ethanol, lactic acid, and formaldehyde have been found to be effective in 

enhancing hydrogen production [44].  Nada et al. [45] determined the effects of different electron 

donors on hydrogen production and found that EDTA gives maximum hydrogen production 

enhancement among methanol, ethanol, and lactic acid in photocatalyst reactions. Additionally, 

the decomposition of these hydrocarbons also contributes to a higher hydrogen production since 

hydrogen is a decomposed product of these hydrocarbons [44]. Li et al. [46] examined increased 

hydrogen production in a single-component system and in a mixed-component system (oxalic acid, 

formaldehyde, and acetic acid) acting as electron donors. Other inorganic ions, such as 

𝑆2−/𝑆𝑂3
2−, 𝐶𝑒4+/𝐶𝑒3+ and 𝐼𝑂3

−/𝐼− have also been used as sacrificial reagents for enhancing 

hydrogen production [27, 44].  Sayama and Arakawa found that the addition of carbonate salts 

could increase hydrogen production [47, 48]. Also, the addition of Na2CO3 has been found to be 

very effective for enhancement of hydrogen and oxygen production using Pt-loaded TiO2 [44, 48]. 

The addition of iodide has been found to be beneficial for hydrogen production [44]. The iodide 

anion (𝐼−) in suspension could be absorbed onto the Pt surface, thereby forming an iodine layer, 

which suppresses the backward reaction of O2 and H2 to form water [44]. However, the addition 

of iodide anion enhances hydrogen production. Moreover, the addition of too much carbonate or 

iodide anion causes the absorption of these species onto the catalyst’s surface, and as a result, light 

harvesting decreases [44, 48]. Nobel metals such as Pt, Cu, Ni, Pd, Au, Rh, and Ag have also been 

reported to be beneficial for TiO2 photocatalysis [44]. 
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1.5.4 Electronic Structure of Semiconductors 
 
 Semiconductors are crystalline solids consisting of three-dimensional arrays of ordered 

atoms. The electronic structure of a material can be given by the combination of the individual 

atoms followed by quantum mechanical properties [39]. Energy levels in atoms are discrete and 

separated and, in crystalline semiconductors, characterized by broadband energy states separated 

by a forbidden energy region (bandgap). At 0oK, the energy band beneath the gap is called the 

valence band and is filled with electrons, while the upper band is called the conduction band and 

is empty [39]. The energy difference between the conduction band and valence band is called the 

bandgap. Semiconductors are materials with a small bandgap, generally 1 eV between a filled 

valence band and an empty conduction band.  Different solids have different band structures.  

Figure 1.10 shows the energy bandgaps of a metal, an insulator, and a semiconductor. The bandgap 

of a material decides whether or not it can work as a photocatalyst [49].  

 

Figure 1.10. Energy bandgaps of metal, insulator, and semiconductor. 

 In order to understand the bandgap in semiconductor materials, it is necessary to 

understand its nature as well as that of the chemical bond present in these materials [49]. Bonding 

takes place as the result of overlapping between atomic orbitals present in the crystal structure.  

This process results in several molecular orbitals that are grouped in the crystal structure [49]. If 
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the valence band is not completed with electrons, then no bandgap exists, and the material is a 

metal. In metals, the conduction and valence band overlap, and therefore, electron transfer is 

relatively easy compared to semiconductors and insulators. If the valence band is completely filled 

with electrons and the bandgap lies between 0 eV and 5 eV, then the material is considered to be 

a semiconductor. However, a material having a bandgap greater than 5 eV is called an insulator. 

By examining the bandgaps of metals, semiconductors, and insulators, it is obvious that for water 

splitting, a semiconductor is required [49]. Insulators and semiconductors do not conduct at 0oK, 

while metals conduct at 0oK. Figure 1.11 shows the electronic band structure of a semiconductor.  

 

Figure 1.11. Bulk semiconductor: (a) electronic band, and (b) excitation on light irradiation [39]. 

 When photons of light having energy greater than the bandgap energy of the semiconductor 

are imposed on a semiconductor, the electrons from the valence band get excited to the conduction 

band, leaving behind positively charged holes (Figure 1.11) [39]. These electrons and holes are 

electrostatically bound to form electron-hole pairs whose binding energy differs depending on the 

semiconductor.  
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1.6 Electrospun Fibers Embedded with Nanoparticles 

 Electrospinning is the versatile and novel process of producing continuous polymer fibers 

with diameters ranging from a few micrometers to a few nanometers. This technique is applicable 

to virtually all naturally occurring polymers and synthetic polymers, polymer alloys, and polymers 

loaded with chromophores, nanoparticles, additives, metals, and ceramics [50,51]. Polymers can 

be modified chemically and tailored with additives such as carbon-black particles, enzymes, 

bacteria, viruses, metallic nanoparticles, and nanostructured semiconductor materials [50].  The 

dispersion of nanoadditives into a polymeric solution during electrospinning is of great importance 

due to the novel properties of nanocomposite fibers and also the continuous increasing demand for 

miniaturization of electronic components, sensors, optical detectors, and devices [52, 53].  

 Electrospun nanofiber membranes are very effective catalysts compared to conventional 

membranes. Nanofiber-based photocatalysts have a higher surface area-to-volume ratio, and their 

porous structures permit higher surface active sites for effective photocatalysis [52].  

Electrospinning is related to the principle of spinning polymeric solutions in a high DC electric 

field. Nearly all synthetic and naturally occurring polymers have been electrospun [51]. In the 

electrospinning process, a high electrostatic field is applied on the surface of a polymeric solution 

held in a capillary tube in order to overcome the surface tension. Once this applied field is high 

enough to surpass the surface tension of the polymeric solution, a tiny charged jet is initiated from 

the capillary tube, travels linearly for some distance, and then experiences bending instability, 

which makes the jet increasingly thinner, to the extent that it reaches nanoscale. Eventually, this 

jet is collected on a screen that is placed some distance from the capillary tube. During the jet’s 

flight from the apex of the capillary tube to the screen, almost all of the solvent evaporates. Figure 

1.12 shows a schematic view of the electrospinning process. 
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Figure 1.12. Schematic view of electrospinning process. 

 Nanostructured semiconductor TiO2 particles exhibit outstanding properties and are used 

in water splitting due to their higher photoactivity.  In water-splitting applications, a higher level 

of performance is important, and semiconductor materials possess suitable bandgap energy, which 

allows efficient absorption of visible light [36], and they are non-toxic and chemically stable [36].  

Following the initial work of Fujishima and Honda, TiO2 was studied extensively for water-

splitting applications due to its excellent photocatalyst activity [36]. Titanium dioxide possesses 

excellent properties such as stability, lower cost, and environmental friendliness, but its wide 

bandgap (3.2 eV) and higher recombination rates of charge carriers impede its performance [36]. 

Many scientists have attempted to overcome these deficiencies, such as Cheng et al. [54], who 

prepared an array of TiO2 nanotubes photoelectrodes and determined the annealing effect on the 

PEC performance. Wolcot et al. [55] examined PEC performance by employing dense and aligned 

TiO2 nanorod photoanodes, Cowan et al. [56] prepared nanostructured photoelectrodes from a 

TiO2 colloid paste containing 15 nm particles in order to improve electron-hole separation. Zhang 

et al. [57] fabricated an array of crystalline TiO2 nanotubes with p-n junction properties through 

potentiostatic anodization with annealing for better PEC performance. 
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 Recently, the electrospinning technique has been employed for fabricating photocatalyst 

fibers or polymer fibers embedded with a photocatalyst for solar-based hydrogen generation. 

Nanofibers have been gaining considerable attention these days due to their unique properties [36]. 

Nanofibers are generally referred to as ultrafine fibers that possess some unique features such as 

nanoscaled dimensions in the cross-sectional area and a macroscopic length on the axis of fibers. 

Nanofibers possess a high surface area and porous structure, which allow much higher sites for 

photoactivity [36]. In the electrospinning process, it is relatively easy to control the morphology, 

length, and diameter of fibers; therefore, some researchers have prepared TiO2 nanofibers for 

water-splitting applications [36]. Indium tin oxide (ITO) has been added to TiO2 in order to 

improve the photocatalyst efficiency. Also, TiO2 nanofibers have been generated via 

electrospinning using polyvinyl acetate (PVAc), dimethylformamide (DMF), acetic acid (96%), 

and titanium (IV) isopropoxide (C12H28O4Ti), and a small amount of ITO has been added in order 

to the improve the water-splitting performance. Because photocatalytic water splitting requires a 

minimum bandgap of 1.23 eV, ITO possesses a large bandgap of 4 eV and is mostly transparent 

in the visible part of the spectrum. Thus, ITO-doped TiO2 nanofiber can be used as a catalyst, 

absorbing light and converting it into solar energy, which is required for water splitting.  

 Photocatalytic water splitting is an extremely promising technique for converting energy 

from sunlight into hydrogen [58]. According to some analyses, heterogeneous photocatalysts 

operating at 10% photocatalyst efficiency can produce hydrogen fuel at a cost of $1.63/Kg 

hydrogen. This is much cheaper than hydrogen produced from PEC cells or from the combination 

of photovoltaic cells [58]. Inorganic nanomaterials are small in size, and therefore, sunlight can 

easily penetrate them, thus becoming dominant photocatalysts in water splitting applications. Saito 

et al. reported that LiNbO3 nanowires can split water after some modifications with RuO2 



32 

cocatalyst particles [59]. Yan et al. [60] studied overall water splitting with RuO2-modified 

Zn2GeO4 nanorods under UV light to excite a large bandgap (> 4.5 eV) of material. Yokoi et al. 

determined that overall water splitting could be possible with NiO-loaded NaTaO3 nanocrystals 

around 40 nm in size; however, deep penetration of UV light was required for catalyst activity 

[61]. These results are promising, but the enhancement in photocatalytic efficiency and an 

extension in the light absorption is required before these systems can be used for hydrogen 

production on a commercial scale. Some researchers have reported a nano-NiO-SrTiO3 (or nano-

NiO-STO) system, i.e., nanoscale titanate photocatalyst for overall water splitting having a 3.2 eV 

bandgap. This system allows better light absorption than germinates, tantalates, and niobates [58]. 

 Many different ternary titanates have been developed for overall water-splitting 

applications under UV light. Shibata et al. [62] caused H2 evolution from photocatalysts of layered 

structures of Na2Ti3O7, K2Ti2O5, and K2Ti4O9 in aqueous methanol solutions using a Pt cocatalyst. 

The quantum yield of K2Ti2O5 materials obtained 10% efficiency. These fibers have a high surface 

area, and their porous structure allows more active sites for catalytic activity. Some researchers 

produced NiO-STO nanocomposite fibers using a coaxial electrospinning technique for higher 

photocatalyst efficiency [63]. Figure 1.13 shows a schematic view of the coaxial electrospinning 

process, as well as the coaxial needle used in the process. 

 Coaxial electrospinning is an extended form of electrospinning that requires a central tube 

nozzle as well as a nozzle on the outside of the central tube nozzle. Two polymeric solutions for 

the core and sheath materials are fed separately into the central tube nozzle from which they are 

ejected simultaneously [63, 64]. A compound droplet emerges from the central nozzle, as shown 

in Figure 1.13. When a high DC voltage field is applied, a compound Taylor cone forms, consisting 

of core material surrounded by sheath material, and the jet experiences the same bending instability 
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or whipping motion as in traditional electrospinning, followed by its evaporation. Finally, the jet 

solidifies and is collected on a collector screen placed at some distance from the capillary tubes in 

the form of fiber mats [63–66]. 

  (a)       (b) 
 

Figure 1.13. Coaxial electrospinning process: (a) coaxial needle, and (b) schematic view. 
 

 For the NiO-STO system, two polymeric solutions are prepared: one for the core and the 

other for the sheath. For the core solution, poly PVAc is dissolved in toluene. Then, nearly 2% 

weight of titanium (IV) isopropoxide and 2% weight of strontium nitrate (Sr(NO3)2) are added 

slowly to the mixture by stirring, and the resultant solution is stirred in a sealed beaker for a period 

of time. For the sheath solution, PVP is dissolved in deionized (DI) water. Then, approximately 

1 weight percent (wt%) of nickel oxide is carefully added, and the final solution is also stirred in 

a sealed beaker for 30 min. The two polymeric solutions are then poured into two different syringes 

for coaxial electrospinning.  These fibers are calcinated at an elevated temperature in order to 

enhance their crystallinity and photocatalytic activity. In the NiO-STO system, two catalysts—

NiO and STO—are employed.  Nickel oxide is a p-type semiconductor having a bandgap Egb = 

3.85 eV, while strontium titanate has a bandgap of Egb = 3.25 eV. The bandgap of the NiO-STO 
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system should be between 3.85 and 3.25 eV. In some literature reviews, the bandgap of NiO-STO 

system in fibrous form is 3.65 eV, while in solid form it is 3.2 eV.  

 Overall, the world community is looking for alternative solutions to the energy crisis due 

to the skyrocketing prices of oil on the international market, conflicts among nations, economy, 

and limitation of the earth’s reserve of fossil fuels. Interest in developing a hydrogen-based 

economy around the world in order to counter the unprecedented reliance on an oil-based economy 

is recently on the rise. Hydrogen has a calorific value of 122 kJ/g, which is approximately 2.75 

times higher than hydrocarbon fuels.  Although, fossil fuels still play a major role in our economy, 

in order to meet the ever-rising demand of energy, this is the time to replace them with an 

alternative source of energy. In contrast to hydrocarbons, which produce greenhouse gases, 

hydrogen combustion produces only water vapor. A hydrogen-based economy must have an 

efficient method of producing hydrogen, which is cost effective and renewable. Hydrogen-based 

energy is the most favorable of energies due to its abundance and environmentally friendly nature. 

Hydrogen is an efficient alternative to fossil fuels because of its high calorific value and its only 

by-product being water vapor rather than greenhouse gases. However, there are no available 

natural deposits of hydrogen, most of which is produced by steam reforming using methane.  
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CHAPTER 2 

HIGHLY HYDROPHILIC ELECTROSPUN POLYACRYLONITRILE/ 
POLYVINYPYRROLIDONE NANOFIBERS INCORPORATED WITH GENTAMICIN 

AS FILTER MEDIUM FOR WATER AND WASTEWATER TREATMENT 
 
 
2.1 Abstract  

 The need for advancement in filtration technology has spurred attention toward advanced 

materials, such as electrospun nanofiber membranes, for providing clean water at a low cost with 

minimum initial investment. Polymer nanofibers can be fabricated by using different techniques, 

such as template synthesis, self-assembly, drawing, phase separation, and electrospinning. Due to 

its distinctive properties, electrospinning has become a method of choice for fabricating nanofiber 

membranes quickly with minimal investment. In this study, polyacrylonitrile was dissolved in 

dimethylformamide, and different weight percentages of polyvinylpyrrolidone, and gentamicin 

sulfate powder were added to the solution to fabricate nanomembranes via the electrospinning 

process. Gentamicin was added to remove bacteria and viruses and prevent fouling, while PVP 

was added to make the surface of the membrane hydrophilic for enhancing the filtration rate and 

efficiency. Two water samples were chosen for the filtration processes: dam water and city 

wastewater. The filtered dam water samples showed a great reduction of some factors such as total 

coliform, E. coli, turbidity, and silica (SiO2). The filtered wastewater samples also showed 

considerable removal of some factors such as total coliform, E. coli, turbidity, total suspended 

solids (TSS), chemical oxygen demand (COD), and biochemical oxygen demand (BOD5). The 

morphology and dimensions of the nanofibers were observed using scanning electron microscopy 

(SEM). Both SEM and microscopic images of the nanomembrane before and after filtration proved 

that electrospun PAN nanofibers have superior water filtration performance. 
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2.2 Introduction 

 Polymeric nanofiber membranes have been receiving extensive attention worldwide for 

their application in nanotechnology, biotechnology, and many other fields [1-3]. Electrospinning 

is one of the simplest and more straight-forward techniques for generating nanosized fibers from 

a polymeric solution [4-6]. Nanomaterials have nanoscale dimensions that range from 1 to 100 nm, 

and often exhibit novel and significantly changed physical, chemical, and biological properties 

because of their structure, larger surface area per unit of volume, and quantum effects that occur 

at the nanoscale. These outstanding properties enhance the significance of polymeric nanofibers 

in numerous industrial applications, such as tissue engineering, wound dressing, molecular 

filtration, and many more [1, 4, 7-11]. Electrospinning is a relatively easy process of producing 

fibers that range in size from micrometers (~100 µm) to nanometers (~3 nm) [1, 12]. The 

advantages of electrospinning are low cost, high speed, vast material choices, fast operation, 

versatility, and small space requirements. In addition, this technique offers control over fiber 

diameter and microstructure. In the electrospinning process, a polymeric solution is initially held 

at the tip of a needle by the surface tension of the polymeric solution. When the applied voltage to 

the polymeric solution overcomes the surface tension, a charged jet initiates from the needle, 

follows a linear pattern for some distance, then undergoes a whipping or spiral motion, which is 

commonly referred to as bending instability of the electrified jet, and finally collects on a grounded 

screen placed at some distance from the needle [1, 4, 7, 8]. 

 Nanotechnology has been recognized as a novel technology with the potential for playing 

a dominant role in water purification/treatment. Water treatment processes involve the use of 

several types of membranes such as microfiltration (MF), ultrafiltration, reverse osmosis, and 

nanofiltration [13–16]. RO is capable of providing the purest water; however, currently an NF 
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membrane has been considered a novel method in water treatment because it has the ability to 

quickly and economically remove total dissolved solids from the surface and ground water, 

pathogens (bacteria, virus, molds, and fungus), monovalent and multivalent anions and cations 

(water softening agents), salts, minerals, and other suspended nanoparticles [8, 17]. The NF 

membrane has extensive applications in several industries such as beverage, food, textile, oil, 

chemical, and others. The pore size of the NF membrane can be as small as 1 nm in order to 

selectively remove larger molecules from smaller molecules and size the nanomaterials in different 

fractions [18–21]. 

 Nanofiltration is highly effective in removing protozoa (such as cryptosporidium and 

giardia). Similarly, NF can remove bacteria (such as campylobacter, salmonella, shigella, and 

Escherichia coli [E. coli]) effectively.  NF can also remove viruses (such as enteric virus, hepatitis 

A, norovirus, and rotavirus) effectively. However, NF is only moderately effective in removing 

chemicals. Membrane filtration can play a vital role in water purification, since conventional 

processes of water treatments such as coagulation, sedimentation, flocculation, and activated 

carbon, are unable to separate many pollutants to specific limits. 

 Hydrophilicity is an important factor relative to the wettability of membranes and 

development of low-pressure filters because the lower water contact angle of hydrophilic 

membranes will significantly reduce the capillary pressure of the filter media, and increase the 

flow rate of the liquid and separation ability of the suspended particles.  In addition, it will greatly 

eliminate the biofouling and clogging of the filter media during the filtration process [7, 8]. PAN 

can be used to produce ultra-thin and homogeneous nanofibers that exhibit a hydrophobic nature 

[22-28]. The wettability of the membrane surface depends on its microstructure and chemical nature; 

however, surface modification can be applied on the membrane to increase its hydrophilicity [29-
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33]. PVP has outstanding wettability properties due to its high surface tension [34]. The purpose 

of adding PVP to a PAN polymeric solution is to make the membrane more hydrophilic in order 

to facilitate effective filtration. A homogeneous polymeric solution for electrospinning process can 

be made by dissolving PVP in an appropriate solvent, such as DI water, dichloromethane (DCM), 

tetramethylammonium chloride, and DMF [35-39]. 

Several studies have mentioned the application of gentamicin as an antibiotic agent because 

of its capability of preventing or killing bacteria [40-42]. In this study, PVP was added in 0, 5, and 

10 wt% to PAN, and gentamicin was added in 0, 2.5, and 5 wt% to the polymeric solution. Then 

this solution was electrospun to produce highly hydrophilic nanofiber membranes. The surface 

properties of the membranes were studied in relation to their filtration efficiency for different water 

suspensions. 

2.3 Experiment 

2.3.1 Materials 

 Polyvinylpyrrolidone, polyacrylonitrile, dimethylformamide, and gentamicin sulfate 

powder were all purchased from Sigma-Aldrich (St. Louis, MO, USA) and used without any 

further purification or modification. 

2.3.2 Synthesis of PAN/PVP Nanofibers 

 Recently, electrospinning procedure has been used to produce polymer nanofibers 

embedded with additives such as anti-bacterial materials for water treatment and separation. 

Nanofibers have been gaining considerable attention due to their unique properties [43-46]. They 

are generally referred to as ultrafine fibers and possess some unique features, such as a nanoscaled 

dimension in the cross-sectional area and macroscopic length on the axis of fibers. There fibers 
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possess high surface area, flexibility, and a porous structure, which allows for much higher sites 

for separation processes [43-46].  

 In this study, PAN was dissolved in DMF at a percentage weight ratio of 10:90. Then, 0, 

5, and 10 wt% of PVP and 0, 2.5, and 5 wt% of gentamicin was added into the PAN/DMF mixture. 

The purpose for using PVP and gentamicin was to increase the filtration rate and reduce membrane 

biofouling, respectively. Nine different polymeric solutions were created based on different 

percentages of PVP and gentamicin. All solutions were allowed to form homogeneous mixtures 

by stirring them on a hot plate for 1 hr at 75oC at 500 rpm. The fully mixed polymeric solution 

was then transferred into a 10-mL syringe having an inside diameter of 0.5 mm and placed in a 

KD Scientific syringe pump at a flow rate of 1 mL/hr. One end of a copper electrode with a 

diameter of 0.25 mm was attached to a high DC supply at 25 kV, and the other end was attached 

to the syringe. A distance of 25 cm was maintained between the capillary tube and the collector 

screen, which was covered with aluminum foil. The experimental setup for the electrospinning 

process, as shown in Figure 2.1, was carried out under ambient conditions. The electrospun fibers 

were dried for 24 hrs before removing them from the aluminum foil.  

 

Figure 2.1. Schematic view of electrospinning process. 
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2.3.3 Filter Setup 

 The filter setup used in this study, shown in Figure 2.2, consisted of a porcelain Buchner 

funnel having an inner diameter of 90 mm, a rubber stopper with a hole to accept the Buchner 

funnel, and a filtering flask with a capacity of 1,000 ml. The flask was connected by a vacuum 

tube to the Millipore vacuum/pressure pump with two gauges. The vacuum gauge ranges from 0 to 

30 Hg, while the pressure gauge ranges from 0 to 160 psi (see Figures A1 and A2 in the appendix). 

 

Figure 2.2. Schematic view of filter setup. 

2.3.4 Sample Selection 

 Two different samples—dam water and wastewater—were selected for this study. The 

most important properties of dam water measured were pH, total dissolved solids (TDS), turbidity, 

conductivity, calcium (Ca2+), magnesium (Mg2+), total hardness, sulfates (SO4
2-), nitrates (NO3

-), 

fluoride (F-), chloride (Cl-), bromate (BrO3
-), total alkalinity, silica, total coliform bacteria, and E. 

coli. The most important properties of wastewater measured were pH, turbidity, TDS, 

conductivity, TSS, COD, BOD5, phosphate (PO4
3-), ammonia (NH3-N), oil and grease, dissolved 

oxygen (DO), total coliform bacteria, and E. coli. The diversity in properties of the selected 

samples makes this study very useful and interesting. 



47 

2.3.4.1 Dam Water Sample 

A dam is a storage structure that impounds water or underground streams. To be effective, 

it must remain stable during large storms and also provide water for irrigation, human 

consumption, industrial consumption, and hydropower. All developing countries, especially 

countries in arid locations such as Saudi Arabia, need to build dams in order to store rain water for 

later use [47]. Currently, almost all countries are engaged in designing wastewater treatment plants 

in order to reuse water in different sectors, such as agriculture, landscaping, industrial 

consumption, and human consumption [48]. A sample of dam water was taken from the Alzraib 

Dam on Alzraib Lake (Figure 2.3), which is located between the city of Tabuk and the Red Sea in 

Saudi Arabia. This dam is 200 m long and 7 m high. Alzraib valley is more than 45 km long and 

has many branches where rainwater gathers. At the onset of rain, a huge torrent of water starts to 

move through the valley, carrying with it a large amount of sand, mud, and rocks, which causes 

the dam water to become high in TDS and silica content.  

 

Figure 2.3.  Location of dam water sample: (a) Alzraib Dam, and (b) Alzraib Lake. 

2.3.4.2 Wastewater Sample 

 A sample of wastewater was taken from the Tabuk Sewage Treatment Plant (Tabuk STP), 

located in Tabuk, Saudi Arabia. The Tabuk STP capacity is 100,000 m3/day of raw wastewater. 
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As can be seen in Figure 2.4, the facility separates solids from liquid in three major treatment 

stages: primary, secondary, and tertiary. 

 

Figure 2.4. Wastewater treatment process in Tabuk Sewage Treatment Plant.  

The primary treatment stage includes the following: a mechanical screen to trap solids and 

floating objects, a grit removal system to remove smaller particles such as grit and sand, and a 

degreasing unit to separate and remove oil and grease from the wastewater. The secondary 

treatment stage includes a large aeration tank with eight aerators to feed the bacteria for their own 

growth and reproduction, and four sedimentation tanks where more solids settle to the bottom; 

clean treated water is produced at the top.  The tertiary treatment stage includes a sand filter, which 

is designed to remove most of the remaining impurities that were left during the secondary 

treatment. Disinfection with chlorine, the final step before discharging the effluent, is a significant 

step because it protects the health of the people and animals.  In a current study, gentamicin has 

been added to nanofibers to replace this disinfection process. Last, the sludge treatment process 

includes two thickener tanks to allow the sludge to settle to the bottom and separate from the water 

for up to 24 hrs and a dewatering unit (belt press) for further sludge treatment to make it safer for 
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the environment. Figure 2.5 and Table 2.1 show the water properties before and after each 

treatment stage in the Tabuk STP. 

 
 

Figure 2.5. Wastewater before and after each treatment stage in Tabuk Sewage Treatment Plant. 
 

TABLE 2.1 
 

WATER PROPERTIES BEFORE AND AFTER EACH TREATMENT STAGE 
 IN TABUK SEWAGE TREATMENT PLANT 

 

Analysis 
Influent 

Maximum 
Design 

Influent 
After 

Secondary 
Treatment 

After Tertiary 
Treatment 

Removal % 
(from 

Secondary to 
Tertiary 

Treatment) 
pH 6-9 7.2 7.41 7.58 +2.29 
Turbidity (NTU) 500 253 18 7 61.11 
TDS (mg/l) 2500 2010 1943 1902 2.11 
Conductivity (µS/cm) 5000 4112 3968 3881 2.19 
TSS (mg/l) 500 251 18 4 77.78 
COD (mg/l) 1000 672 30 14 53.33 
BOD5 (mg/l) 600 265 18 6 66.67 
Phosphate (PO43-) (mg/l) 45 38 14 13 7.14 
Ammonia (NH3-N) (mg/l) 100 45 15 14 6.67 
Oil-Grease (mg/l) 100 51 2 0 100 
DO (mg/l) nr 0 4 4 0 

Note: Average results in 2014 
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 In this study, the electrospun PAN nanofibers with different wt% of PVP and gentamicin 

were used as the filter medium (membrane). PAN fibers were also used as the membrane between 

the secondary and tertiary treatments. Wastewater from the sewage after the secondary treatment 

was allowed to pass through the PAN electrospun membrane before tertiary treatment. Results 

from the PAN membrane were compared to wastewater after tertiary treatment at the Tabuk STP. 

2.3.5 Analysis of Water and Wastewater Quality 

 Several water quality measuring devices were used in this study. The Hach® sensION™ 5 

(Hach Company, Loveland, CO, USA) was used to measure both TDS and conductivity. The 

Hach® sensION™ 3 (Cole-Parmer Instrument Company, Vernon Hills, IL, USA) was used to 

measure pH. The Hach® HQ30d (Hach Company, Loveland, CO, USA) was used to measure 

dissolved oxygen for wastewater samples. The Hach® DR/890 colorimeter (Hach Company, 

Loveland, CO, USA) was used to measure turbidity, TSS, and COD. A Hach® DR/2010 

spectrophotometer (Hach Company, Loveland, CO, USA) was used to measure ammonia 

(NH3-N), total alkalinity, and silica (see Figure A3 in the appendix). Ion chromatography 

(Metrohm AG Company, Switzerland) was used to measure the heavy materials based on two 

categories: anions, and cations (see Figure A4 in the appendix). Anions measured with this device 

included SO4
2-, NO3

-, F-, and Cl-. Cations measured by this same device were calcium Ca2+, and 

Mg2+. 

 Figure 2.6 shows the instruments that were used to measure BOD5: Lovibond® incubator 

(Lovibond Water Testing Tintometer GmbH Group, Dortmund, Germany) and 

Hach® BODTrak™ II (Hach Company, Loveland, CO, USA). BOD5 is one of the most important 

factors to be measured in wastewater. A 460-ml quantity of the samples was prepared and cooled 

to 20ºC, then transferred to BODTrak™ II bottles. A stir bar and two potassium hydroxide pellets 
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were added to each of the bottles, which were then put on the BODTrak™ II chassis and transferred 

to the interior of the incubator. The incubator temperature was adjusted to 20ºC, and the samples 

were kept in the incubator for five days, after which time readings for each sample were taken. 

Bacteria in water, a common issue facing both developed and developing countries, is the most 

alarming source of disease in humans; therefore, its treatment and elimination is significant in 

water and wastewater treatment. Several techniques are commonly used to detect the existence of 

total coliform and E. coli in water: the membrane filter, multiple fermentation tube, and most 

probable number (MPN).  

 

Figure 2.6. Instruments used to measure BOD5. 

 In this study, the IDEXX Quanti-Tray®/2000 technique (IDEXX Laboratories Inc., 

Westbrook, ME, USA) was used to detect total coliform and E. coli, as shown in Figure 2.7. This 

technique takes advantage of other techniques that use the MPN, but it has a very high counting 

range (from 1 to 2,419) and 95% confidence limits.  
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Figure 2.7. Quanti-Tray®/2000 technique: (a) Colilert reagent used to mix with 100 ml of water 
sample, and tray with mixture, (b) Quanti-Tray® Sealer, (c) incubator used to keep sealed tray at 
35ºC for 24 hrs, and (d) UV lamp cabinet used to count the number of positive yellow wells and 

also to detect E. coli by counting positive fluorescence wells. 
 

As can be seen in Figure 2.7, the Quanti-Tray®/2000 technique involves many steps. First, 

Colilert reagent (a) was added to a 100 ml of water sample and shaken until completely dissolved. 

Then, the reagent/sample mixture was poured into a Quanti-Tray®/2000 and sealed using the 

Quanti-Tray® Sealer model 2X (b). The sealed tray was then placed in an incubator manufactured 

by Lenton Company (Hope Valley, Derbyshire, UK) at 35ºC for 24 hrs (c). Then, the number of 

positive yellow wells were counted using a UV lamp cabinet model CM-10A (Spectroline 

Company, Westbury, NY, USA) (d), and the most probable number table was referred to in order 

to obtain the MPN for total coliform (see Table A1 in the appendix). Finally, E. coli was detected 

by placing a 365 nm UV light on a sealed tray in a dark environment in the UV lamp cabinet (d) 

and counting the positive fluorescence wells.  
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2.4 Results and Discussion 

2.4.1 Water Contact Angles  

 The water contact angles of PAN fiber samples were determined using an optical contact 

angle goniometer (Model CAM 100, KSV Instruments Ltd., Monroe, LA, USA). This compact, 

video-based instrument is used to measure contact angles between 1 and 180 with an accuracy 

of ±1. Computer software provided by KSV Instruments Ltd. precisely measured and took 

pictures of the contact angles. Samples were dried in a vacuum overnight after removing them 

from the collector screen. Then they were placed on the goniometer sample holder, and a droplet 

of water was gently dropped on the sample from a syringe attached to the goniometer. Figure 2.8 

shows schematic views of the superhydrophobic, hydrophobic, hydrophilic, and superhydrophilic 

surfaces (left to right). 

 
 

Figure 2.8. Schematic views of superhydrophilic, hydrophilic, hydrophobic, 
 and superhydrophobic surfaces of PAN fiber samples (left to right). 

 
The contact angle measurements for the samples used in this study are shown in Figure 

2.9. As can be seen, all samples are hydrophilic, having static water contact angles less than 90o. 

The sample without PVP shows a higher water contact angle. However, the addition of PVP makes 

the fibers hydrophilic due to the hydrophilic nature of PVP. 
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Figure 2.9. Water contact angles of electrospun nanofibers: (a) PAN + 0 wt% PVP + 5 wt% 
gentamicin, (b) PAN + 5 wt% PVP + 5 wt% gentamicin, and (c) PAN + 10 wt% PVP + 5 wt% 

gentamicin. 
 

Hydrophobicity and hydrophilicity are terms related to the behavior of solid surfaces when 

placed in contact with water droplets. A hydrophobic surface is one on which a droplet of water 

forms a contact angle greater than 90o, whereas a hydrophilic surface is one on which a droplet of 

water forms a contact angle less than 90o [49-51]. Polymer surfaces with contact angles between 

150o and 180o are called superhydrophobic. This phenomenon is also known as the “lotus effect,” 

which exhibits self-cleaning and anti-contamination features. The hydrophobicity or wettability of 

a membrane plays an important role in the performance of a membrane because a membrane with 

high wettability can wet the surface of a membrane and thereby increase the filtration efficiency 

[33]. Figure 2.9 shows that water droplets for PAN nanofibers with different percentages of PVP 

are spherical in shape indicating near superhydrophilic properties of nanofiber surface. As shown 

in Figure 2.9 (a), the static water contact angle on the left side is 34.23º and on the right side 34.22º, 

with a mean value of 34.22º. In Figure 2.9 (b), the static water contact angle on the left side is 

23.85º and on the right side 23.12º, with a mean value of 23.48º. In Figure 2.9 (c), the static water 

contact angle on the left side is 10.38º and on the right side 9.91º, with a mean value of 10.15º. 

Gentamicin plays no role in the wettability of the PAN membrane. PVP has higher wettability 

characteristics since the surface tension of PVP is 68 mN/m.  
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2.4.2 Scanning Electron Microscopy and Microscope Images  

 Figure 2.10 shows SEM images of a PAN nanomembrane used in this study. The average 

diameter of PAN fibers is around 100 nm. No significant change was observed when 5 wt% 

gentamicin was added, as can be seen in Figure 2.10 (b); that is, gentamicin has no significant 

effect on the fiber diameter. A slight increase in fiber diameter was observed, with an average fiber 

diameter of approximately 150 nm, after a 5 wt% addition of PVP, as shown in Figure 2.10 (c). 

The average diameter of the fibers increased substantially (200 nm) after a 10 wt% addition of 

PVP, as shown in Figure 2.10 (d). 

 
 

Figure 2.10. SEM images of electrospun nanofibers before filtration: (a) PAN + 0 wt% PVP + 
0 wt% gentamicin, (b) PAN + 0 wt% PVP + 5 wt% gentamicin, and (c) PAN + 5 wt% PVP + 

5 wt% gentamicin, and (d) PAN + 10 wt% PVP + 5 wt% gentamicin. 
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 Figure 2.11 shows SEM images of nanofibers after filtration of the dam water. As can be 

seen in all of these images, suspended particles, colloidal particles, and small metal particles are 

clearly visible. Figure 2.12 shows dam water before and after filtration. As can be seen, the water 

after filtration does not contain any suspended particles and gases. The nanomembrane removes 

virtually all particles larger than 0.001 microns.  Figure 2.13 shows SEM images of the nanofibers 

after wastewater filtration at various magnifications. Black arrows on the nanofibers indicate the 

bacteria that was removed after the filtration process. 

 

Figure 2.11. SEM images of nanofibers after dam water filtration at various magnifications. 
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Figure 2.12. Dam water before (left) and after (right) filtration. 

 

 

Figure 2.13. SEM images of nanofibers after wastewater filtration at various magnifications 
(black arrows indicate bacteria). 
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 Nanomembranes virtually remove all bacteria such as E. coli, coliform, salmonella, giardia, 

cryptosporidium, and other water-borne microorganisms that can cause such diseases as typhoid 

fever, flu, tetanus, polio, cholera, meningitis, infectious hepatitis, and respiratory diseases. Figure 

2.14 shows microscopic images of the nanomembrane before and after filtration. As shown in 

Figures 2.14 (b) and (c), suspended matter adheres to the surface of, or in the pores of, an absorbent 

filtration membrane. Filtration of contaminants depends largely on the amount of contaminant, 

size of contaminant particles, and degree of contaminant particles. The nanomembrane after 

wastewater treatment clearly shows a large amount of suspended particles, whereas the 

nanomembrane after dam water treatment clearly shows a lesser amount of suspended particles 

(see Figure A5 in the appendix). The nanostructured membrane, preferably termed 

nanomembrane, can be used to reject suspended particles, bacteria, macromolecules, viruses, 

colloids, organic compounds, and multivalent ions. Therefore, they are mainly utilized for drinking 

water production (water softening or disinfection), and for the treatment of landfill leachate and 

industrial wastewater (decoloring). Other applications may be found in the dairy industry. 

 

Figure 2.14. Microscope images: (a) electrospun nanofibers before filtration, (b) nanofibers after 
dam water filtration, and (c) nanofibers after wastewater filtration. 
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2.4.3 Fourier Transform Infrared Spectroscopy  

 Fourier transform infrared (FTIR) spectroscopy is considered to be a useful tool for 

determining the chemical interaction of PAN. With the help of spectra, it is possible to study the 

elaxation between chemical changes and strength [52]. The FTIR spectra of bulk PAN nanofibers, 

PAN fibers with 5 wt% PVP, and PAN fibers with 10 wt% of PVP are depicted in Figure 2.15, 

2.16, and 2.17, respectively.  The FTIR spectra of PAN fibers have many peaks, which relate to 

the existence of CH2, C≡N, C=O, C−O, and C−H bonds [52]. A peak is observed at 2,916 cm-1, 

which relates to the C−H bonds in CH, CH2, and CH3 [52]. Another peak observed at 2,243 cm-1, 

which indicates the presence of nitrile (C≡N) bonds, shows the existence of a nitrile group in the 

PAN chain [52]. The intensity corresponding to 1,668 cm-1 is due  to the cyclic C=O peak for the 

methyl acrylate comonomer [53]. The peak corresponding to 1,456 cm-1
 is due to CH. 

 
Figure 2.15. FTIR spectra of bulk PAN nanofibers. 

 
 Figure 2.16 of FTIR spectra of PAN with 5 wt% PVP shows a peak at 2,916 cm-1, similar 

to that shown in Figure 2.15, which relates to the CH/CH2 stretching vibration. Another peak 

observed at 1,456 cm-1 is due to CH deformation of the cyclic CH2 groups. The peak corresponding 

to 1,662 cm-1, also seen in Figure 2.15, is the result of the C=O of the PVP film [54]. The 
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vibrational band relating to the pyrrolidone C=O group is located at 1,662 cm−1 and corresponds 

to C=O stretching of the PVP polymer film [54]. A peak corresponding to 534 cm-1 could be 

attributed to the amide IV band. 

 
Figure 2.16. FTIR spectra of PAN + 5 wt% PVP nanofibers. 

 

 

Figure 2.17. FTIR spectra of PAN + 10 wt% PVP nanofibers. 

 Figure 2.17 shows FTIR spectra of PAN with 10 wt% PVP. As can be seen, the band 

relating to the pyrrolidone C=O group is located at 1,664 cm-1. The vibrational band at 1,698 cm-1 
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corresponds to C=O stretching of the PVP polymer film, and the absorption band located at 

2,920 cm-1 indicates C-H asymmetric stretching of the CH2. The band at 1,664 cm-1, which is due 

to the vibration band of C=O, suggests that some H-bonding carbonyl groups exist in PVP [55]. 

The bands at 1,290 cm-1 and 1,450 cm-1 are attributed to C-N stretching vibration and C-H bending 

vibration of PVP, respectively [54]. 

2.4.4 Raman Spectroscopy  

 Figure 2.18 depicts a typical Raman spectra of pure PAN fibers in the range of 160 to 

3,160 cm-1, showing a number of sharp peaks superimposed on a broad feature over almost the 

entire region. It can be suggested that the entire spectra is due to second-order Raman scattering 

and that only sharp peaks are first-order Raman bands. The sharp peak at 2,990 cm-1 is due to first-

order Raman scattering, which indicates sensitivity to the crystalline structure and microstructure 

of the material. This peak suggests that the sample is highly crystalline. 

 

Figure 2.18. Raman spectra of bulk PAN nanofibers. 

 No broadening in peaks was observed in the Raman spectra, either in pure PAN fibers 

(Figure 2.18) or PAN fibers with different wt% of PVP (Figures 2.19 and 2.20), which indicates 
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that there is no breakdown of the long-range order of crystallinity in the samples. In fact, Raman 

spectra confirm a long-range order of crystallinity in the sample. Figures 2.19 and 2.20 show the 

Raman spectra of PAN with 5 and 10 wt% PVP, respectively. As shown, the intensity of the Raman 

band corresponding to the C-N vibration band at 719 cm-1 (Figure 2.19) and 785 cm-1 (Figure 2.20)  

and C-C stretching vibration at 901 cm-1 (Figure 2.19) and 897 cm-1 (Figure 2.20) is due to PVP.  

The bands at 1,109 cm-1 (Figures 2.19 and 2.20) are due to C-N stretching of pure PVP. 

 

Figure 2.19. Raman spectra of PAN + 5 wt% PVP nanofibers. 

 

 

Figure 2.20. Raman spectra of PAN + 10 wt% PVP nanofibers. 
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2.4.5 Chemical and Physical Analyses 

2.4.5.1 Chemical and Physical Analyses of Filtered Dam Water Samples 

 Table 2.2 shows the results of the chemical and physical analyses of filtered dam water 

samples. The pH is the measurement of potential activity of hydrogen ions in the sample. The pH 

is positively correlated with electrical conductance and total conductivity. In the present study, the 

average pH was found to be 7.53 after filtration of the dam water. The average turbidity of water 

after filtration was found to be 2.4 nephelometric turbidity units (NTUs), which is very 

encouraging, since many studies show that the turbidity value to be around 4 NTUs after filtration. 

The TDS was found to be 3,150 mg/l. The electrical conductivity, or ability to conduct or transmit 

electricity, was found to be 6,351 µS/cm.  Pure water is not a good conductor of electricity.  Since 

the electrical current is transported by the ions in solution, the conductivity increases as the 

concentration of ions increases. The conductivity of drinking water is between 0.005 and 0.05 S/m. 

The prescribed limitation for hardness of drinking water is 300 mg/l. Results from the present 

study showed a hardness value of 394 mg/l. In the present investigation, it was observed that the 

sulfate concentration is much lower compared to IS10500 standards.  The calcium concentration 

was 7.87 mg/l. The intake of excess fluorides causes dental, skeletal, and non-skeletal fluorosis. 

Fluorosis has been considered one of the incurable diseases. Hence, prevention is its only solution. 

In the present study, the fluoride concentration was found to be 0.82 mg/l, which means that the 

sample is within the permissible limit. The acceptable limits for nitrates in drinking water is 10 

mg/l, and the present study showed a nitrate concentration of 2.48 mg/l. The acceptable limit for 

sulfates in drinking water is 250 mg/l, and the present study showed a sulfate concentration of 

77.87 mg/l.  
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TABLE 2.2 

CHEMICAL AND PHYSICAL ANALYSES OF FILTERED DAM WATER SAMPLES. 

 

Nanofibers pH Turbidity 
(NTU) 

TDS 
(mg/l) 

Cond. 
(µS/cm) 

Ca++ 
(mg/l) 

Mg++ 
(mg/l) 

T. 
Hardness 

(mg/l of 
CaCO3) 

Sulfates 
SO42- 

(mg/l) 

Nitrates 
NO3- 

(mg/l) 

Fluoride 
F- 

(mg/l) 

Chloride 
Cl- 

(mg/l) 

Total 
Alkalinity 

(mg/l) 

Silica 
SiO2 
(mg/l) 

Raw Water before 

Filtration 
7.27 23.1 3370 6825 104.4 43.65 440 82.109 2.989 1.024 1786.1 134.6 86.44 

PAN + 0 wt% PVP + 
0 wt% Gent. 7.52 1.82 3112 6288 92.1 38.8 389 76.8 2.437 0.882 1647.12 132.4 30.51 

PAN + 0 wt% PVP + 
2.5 wt% Gent. 7.59 1.66 3098 6201 94.9 40.06 401 75.65 2.401 0.913 1639.98 131 29.32 

PAN + 0 wt% PVP + 
5 wt% Gent. 7.61 1.61 3068 6198 94.2 39.72 398 75.1 2.551 0.827 1622.68 133.4 30.8 

PAN + 5 wt% PVP + 
0 wt% Gent. 7.54 1.92 3176 6414 88 36.9 371 77.88 2.525 0.733 1682.76 131.8 31.3 

PAN + 5 wt% PVP + 
2.5 wt% Gent. 7.49 2.33 3161 6374 91.04 38.3 385 80.1 2.389 0.801 1673.11 134.2 31.81 

PAN + 5 wt% PVP + 
5 wt% Gent. 7.5 2.37 3153 6355 93.33 39.4 395 79.34 2.4 0.776 1670.03 132.9 32.4 

PAN + 10 wt% PVP + 
0 wt% Gent. 7.59 3.67 3202 6462 96.32 40.87 408 79.6 2.449 0.787 1695.02 133.6 32.05 

PAN + 10 wt% PVP + 
2.5 wt% Gent. 7.51 2.92 3191 6433 95.1 40.3 403 79.31 2.532 0.863 1688.41 132.3 33.15 

PAN + 10 wt% PVP + 
5 wt% Gent. 7.46 3.27 3193 6439 95.7 39.4 401 77.05 2.605 0.841 1690.2 131.7 32.9 

Average 7.53 2.4 3150 6351 93.4 39.3 394 77.87 2.48 0.82 1667.7 132.6 31.58 

Removal % + 3.64 89.62 6.52 6.94 10.5 9.96 10.33 5.16 17.14 19.46 6.63 1.49 63.46 
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 The acceptable limits for Ca++ in drinking water is 75 mg/l, according to IS10500 standards, 

and the present study showed a Ca++ concentration of 93.4 mg/l. The acceptable limits for Mg++ in 

drinking water is 30 mg/l, according to  IS10500  standards,  and the present study showed a Mg++ 

concentration of 39.3 mg/l. Silica, or silicon dioxide, is a compound of silicon and oxygen (SiO2).  

This hard, glassy mineral substance occurs in a variety of forms, such as sand, quartz, sandstone, 

and granite. It is also found in the skeletal parts of various animals and plants. Silicon is the most 

abundant element on earth after oxygen, which explains why most water supplies contain some 

traces of silica. All natural water supplies contain some dissolved silica, and most also contain 

suspended or colloidal silica. In solution, silica can exist as silicic acid or silicate ion, depending 

upon the pH. The silica content in natural water is commonly in the range of 5 to 25 mg/l, although 

concentrations over 100 mg/l occur in some areas. This study shows a silica content of 31 mg/l, 

which is very close to the acceptable limit. 

2.4.5.2 Chemical and Physical Analyses of Filtered Wastewater Samples 

 Table 2.3 shows the chemical and physical analyses of filtered wastewater samples. In the 

present study, the average pH of the wastewater after filtration was found to be 7.70. The average 

turbidity of water after filtration was found to be 14.22 NTUs. The TDS was found to be 1,589 

mg/l. The electrical conductivity, or ability to conduct or transmit electricity, was found to be 

3,219 µS/cm. Total suspended solids, or particles larger than 2 microns, are generally found in 

water. Any particle smaller than 2 microns (average filter size) is considered a dissolved solid. 

Most suspended solids are made up of inorganic materials, although bacteria and algae can also 

contribute to the total solids concentration. These solids include anything floating in the water, 

from sediment, silt, and sand to plankton and algae. Organic particles from decomposing materials 

can also contribute to the TSS concentration. As algae, plants, and animals decay, the 
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decomposition process allows small organic particles to break away and enter the water as 

suspended solids. Even chemical precipitates are considered a form of suspended solids. Total 

suspended solids are a significant factor in observing water clarity. The higher content of TSS 

makes water less clear. Biochemical oxygen demand and chemical oxygen demand are two 

different ways to measure how much oxygen the water will consume when it enters the recipient. 

In both cases, the oxygen-consuming substances are mainly of organic origin. These substances 

should be reduced to a minimum in the wastewater treatment plant. Industries normally focus more 

on the removal of COD and municipalities concentrate more on the removal of BOD5. The excess 

content of phosphorus in water leads to extensive algae growth, or eutrophication, which usually 

decreases the water quality and as a result may significantly increase the cost of water treatment 

at treatment plants for surface water. The load of phosphorus discharged to receiving waters comes 

from various sources, the main sources of which are agricultural use of fertilizers, domestic and 

industrial wastewater, and atmospheric deposition. The average phosphate concentration after 

filtration was found to be 34.43 ml/g. Ammonia toxicity varies by temperature and by pH of water. 

Natural levels in ground waters are usually below 0.2 mg of ammonia per liter. Higher natural 

contents (up to 3 mg/l) are found in strata-rich humic substances or the iron found in forests. 

Surface waters may contain up to 12 mg/l. Ammonia may be present in drinking water as a result 

of disinfection with chloramines. The presence of ammonia at higher than geogenic levels is an 

important indicator of fecal pollution. Grease is hydrophobic, which means that it can float on the 

surface of water. Large amounts of grease in wastewater can cause pipe lines to clog, thereby 

restricting the flow of wastewater. No grease content was found in the filtered wastewater sample 

in our study. The measurement of dissolved oxygen is also very important. A concentration of 

5 mg/l DO is generally recommended. Our study shows a DO concentration of 5.70 mg/l. 
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TABLE 2.3 
 

CHEMICAL AND PHYSICAL ANALYSES OF FILTERED WASTEWATER SAMPLES. 
 

Nanofibers pH Turbidity 
(NTU) 

TDS 
(mg/l) 

Cond. 
(µS/cm) 

TSS 
(mg/l) 

COD 
(mg/l) 

BOD5 
(mg/l) 

Phosphate 
PO43- 

(mg/l) 

Ammonia 
NH3-N 
(mg/l) 

Oil-Grease 
(mg/l) 

DO 
(mg/l) 

Raw Water before 

Filtration 
7.45 42 1658 3356 36 55 21 35.3 19 2 6.2 

PAN + 0 wt% PVP + 
0 wt% Gent. 7.52 18 1599 3238 14 33 10.1 35.1 18 0 5.52 

PAN + 0 wt% PVP + 
2.5 wt% Gent. 7.71 17 1597 3229 12 27 9.2 34.2 17 0 5.48 

PAN + 0 wt% PVP + 
5 wt% Gent. 7.77 15 1604 3247 11 22 8.5 34.6 17 0 5.61 

PAN + 5 wt% PVP + 
0 wt% Gent. 7.55 18 1587 3217 9 36.9 9.4 34.9 17 0 5.78 

PAN + 5 wt% PVP + 
2.5 wt% Gent. 7.78 15 1607 3253 8 38.3 9 33.5 16 0 6.05 

PAN + 5 wt% PVP + 
5 wt% Gent. 7.76 11 1591 3221 8 39.4 8.1 35 17 0 5.43 

PAN + 10 wt% PVP + 
0 wt% Gent. 7.80 14 1601 3245 8 40.87 9.6 33.8 18 0 5.66 

PAN + 10 wt% PVP + 
2.5 wt% Gent. 7.68 11 1570 3179 8 40.3 7.3 34.1 16 0 5.92 

PAN + 10 wt% PVP + 
5 wt% Gent. 7.72 9 1553 3148 6 39.36 6.8 34.7 16 0 5.83 

Average 7.70 14.22 1589.89 3219.67 9.33 35.24 8.67 34.43 16.89 0 5.70 

Removal % +3.62 78.57 6.33 6.20 83.33 28.44 67.62 1.70 15.79 100 5.97 
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 Generally, the most important factors that must be considered for measuring the quality of 

filtered water are turbidity, TSS, COD, and BOD5.  By using a PAN electrospun membrane, the 

turbidity, TSS, COD, and BOD5 were reduced by 78.57%, 83.33%, 28.44%, and 67.62%, 

respectively. Household kitchens and various industries such as the food industry are one of the 

most important sources of oil that mixes with wastewater. Oil contains toxic and harmful elements 

to the environment and poses a major threat to human and animal health [56]. Therefore, it is 

significant to remove oil through several methods such as nanofibers membranes. In this study, oil 

and grease were completely removed. A similar study by Makaremi et al. [12] showed similar 

results with PAN nanofibers exhibiting superior oil-water separation. 

2.4.6 Bacterial Analysis 

2.4.6.1 Bacterial Analysis of Filtered Dam Water Samples 

 In underground and surface water, total coliform is generally very high, while E. coli is 

usually low. However, the waste of some animals and birds is a source of E. coli in surface water. 

Therefore, as shown in Table 2.4, a raw dam water sample indicates a low content of E. coli and a 

high content of total coliform. E. coli is a sub-group of the fecal coliform group.  

TABLE 2.4  

BACTERIAL ANALYSIS OF FILTERED DAM WATER SAMPLES. 

Nanofibers Total Coliform 
(MPN/100 ml) 

E. Coli 
(MPN/100 ml) 

Raw Water Before Filtration > 2420 14 
PAN + 0 wt% PVP + 0 wt% Gentamicin 1120 5 
PAN + 0 wt% PVP + 2.5 wt% Gentamicin 547.5 2 
PAN + 0 wt% PVP + 5 wt% Gentamicin 8.4 0 
PAN + 5 wt% PVP + 0 wt% Gentamicin 1203.3 4 
PAN + 5 wt% PVP + 2.5 wt% Gentamicin 488.4 2 
PAN + 5 wt% PVP + 5 wt% Gentamicin 5.2 0 
PAN + 10 wt% PVP + 0 wt% Gentamicin 1046.2 4 
PAN + 10 wt% PVP + 2.5 wt% Gentamicin 456.9 1 
PAN + 10 wt% PVP + 5 wt% Gentamicin 4.1 0 
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 E. coli is generally found in the intestines of warm-blooded animals (cows, chickens, and 

dogs). It consists of up to 1% of bacteria biomass. Sewage may contain many types of disease-

causing organisms. Fecal coliform bacteria is associated with human or animal waste. It usually 

lives in intestinal tracts, and its presence in drinking water is a strong indication of recent sewage 

or animal waste contamination. E. coli is one of hundreds of strains of the bacterium E. coli. 

Although most strains are harmless and live in the intestines of healthy humans and animals, this 

strain produces a powerful toxin and can cause severe illness [57, 58]. Infection often causes severe 

bloody diarrhea and abdominal cramps; sometimes the infection causes non-bloody diarrhea. In 

some people, particularly children under five years of age and the elderly, the infection can also 

cause a complication called hemolytic uremic syndrome, in which the red blood cells are destroyed 

and the kidneys fail. In this study, the Quanti-Tray®/2000 technique by IDEXX Laboratories was 

used for both total coliform and E. coli analyses. Many recent studies have used this technique 

because it is accurate and has a high confidence limit [59]. 

 As can be seen in Table 2.4, PAN fibers with 10 wt% PVP and 5 wt% gentamicin showed 

remarkable results, with total coliform concentration reduced to 4.1 MPN/100 ml and E. coli 

concentration reduced to 0. However, PAN fibers with 10 wt% PVP and 2.5 wt% gentamicin also 

showed higher removal of total coliform and E. coli, while PAN fibers with 10 wt% PVP and 

0 wt% gentamicin showed less bacteria removal. 

2.4.6.2 Bacterial Analysis of Filtered Wastewater Samples 

Contrary to the raw dam water sample, the raw wastewater sample had a high number of 

E. coli, since human waste is also considered to be an important source of E. coli. The total number 

of both E. coli and total coliform exceeded 5,000 MPN/100 ml; however, Table 2.5 (MPN table) 

shows 2,420 MPN/100 ml as the maximum number.  
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TABLE 2.5  

BACTERIAL ANALYSIS OF FILTERED WASTEWATER SAMPLES. 

Nanofibers Total Coliform 
(MPN/100 ml) 

E. Coli 
(MPN/100 ml) 

Raw Water Before Filtration >2420 >2420 
PAN + 0 wt% PVP + 0 wt% Gentamicin >2420 >2420 
PAN + 0 wt% PVP + 2.5 wt% Gentamicin >2420 >2420 
PAN + 0 wt% PVP + 5 wt% Gentamicin 1986.3 1732.9 
PAN + 5 wt% PVP + 0 wt% Gentamicin >2420 >2420 
PAN + 5 wt% PVP + 2.5 wt% Gentamicin 1732.9 >2420 
PAN + 5 wt% PVP + 5 wt% Gentamicin 1203.3 1553.1 
PAN + 10 wt% PVP + 0 wt% Gentamicin >2420 >2420 
PAN + 10 wt% PVP + 2.5 wt% Gentamicin 1413.6 1986.3 
PAN + 10 wt% PVP + 5 wt% Gentamicin 980.4 1119.9 

 
Table 2.5 also shows the bacterial analysis of filtered wastewater samples. As can be seen, the 

concentration of E. coli and total coliform is much higher compared to filtered dam water.  Many 

studies have been conducted on bacterial removal employing different techniques. Lev et al. [60] 

demonstrated an E. coli removal method in wastewater by employing electrospun polyurethane 

nanofibers. As shown in Table 2.5, PAN fibers with 10 wt% PVP and 5 wt% gentamicin showed 

better results, with the total coliform concentration reduced to 980.4 MPN/100 ml and the E. coli 

concentration reduced to 1,119.9 MPN/100 ml. Fecal coliform tests were performed in order to 

serve as quantitative indicators of the extent of fecal contamination in dam water and wastewater. 

The presence of E. coli is considered to be a specific indicator of fecal contamination and reflects 

the possible presence of enteric pathogens. The purpose of this study was to collect quantitative 

data on E. coli and total coliform so that it could be used for establishing an E. coli-based 

wastewater standard to help in protecting public health.    
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2.5 Conclusions 

 The necessity of meeting the rising demand of clean drinking water has led to increased 

attention in advanced nanosized materials, such as electrospun nanomembranes, as a solution for 

providing clean drinking water at a low cost. In this study, PAN nanofiber membranes embedded 

with PVP and gentamicin were used to filter dam water and wastewater. PVP was added to make 

the membrane hydrophilic, while gentamicin was added to remove bacteria and other 

microorganisms in order to eliminate fouling. The produced nanofibers were characterized using 

FTIR spectroscopy, Raman spectroscopy, and scanning electron microscopy in order to ascertain 

the chemical nature of the fibrous membrane prior to the filtration tests. Due to their nanosized 

pores, these nanomembranes virtually reduced bacteria such as E. coli and total coliform bacteria 

to a significant level. Generally, the most important factors that must be considered for measuring 

the quality of filtered water are turbidity, TSS, COD, and BOD5.  These nanomembranes reduced 

all these factors to a significant level.  
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CHAPTER 3 
 

SYNTHESIS AND CHARACTERIZATION OF ELECTROSPUN 
POLYACRYLONITRILE/GRAPHENE NANOFIBERS EMBEDDED WITH  
NICKEL OXIDE-LOADED STRONTIUM TITANATE NANOPARTICLES  

FOR WATER SPLITTING 
 
 

3.1 Abstract 

 For more than two decades, various photocatalysts have been investigated and tested under 

infrared, visible, and UV light sources. This study reports on the synthesis of nickel oxide-loaded 

strontium titanate particles on electrospun polyacrylonitrile nanofibers embedded with graphene 

nanoplatelets for improved water splitting. In this study, graphene nanoplatelets were first 

dispersed in dimethylformamide, sonicated for 30 min, and then PAN powder was added to the 

previous solution to make PAN polymeric dispersions prior to the electrospinning process. After 

oxidizing at 270C for 2 hrs, the electrospun PAN nanofibers were immersed in a solution 

containing ethanol, titanium (IV) isopropoxide, and strontium nitrate. This solution was then 

amended with NiO nanoparticles dispersed in toluene. The surface-treated PAN fibers were 

annealed at 600C in air for 1 hr to transform them into a crystalline form for better photocatalyst 

efficiency. Ultraviolet spectrophotometry, FTIR spectroscopy, and differential scanning 

calorimetry (DSC) techniques were used to characterize the structural properties of the 

graphene/PAN carbon fibers incorporated with NiO-STO. The morphology and dimensions of the 

nanofibers were observed by scanning electron microscopy. The structures of the calcined 

nanofibers were determined by Raman spectroscopy and X-ray diffraction (XRD). 

3.2 Introduction 

 The prodigious use of conventional fossil fuels (coal, oil, and natural gas) has sparked 

rising concerns about the urgent energy crisis and environmental impacts associated with fossil 



78 

fuels. Currently, hydrogen is being considered as an efficient, inexpensive, safe, and 

environmentally friendly renewable source of energy that can potentially meet the future demands 

of the world [1-6]. Hydrogen fuel can be produced by direct decomposition of water, without the 

release of any deleterious polluting byproducts by the water-splitting process, which makes it an 

ideal and promising potential substitute fuel for future energy [1]. Researchers have been working 

towards replacing the fossil fuel-based economy with green energy in response to the depletion of 

fossil fuel reserves at an alarming rate throughout the world. Water splitting into hydrogen and 

oxygen has long been considered a great idea. In 1874, Jules Verne [7] remarked: “Water will be 

the coal of future.” Additionally, the combustion of fossil fuels releases polluting combustion gases 

such as CO, CO2, NOx, SO2, volatile organic compounds, suspended particles, water vapors and 

toxic heavy metals. There is a compelling need for a renewable energy source that will not only 

protect our environment but also replace traditional fossil fuels. Research into the decomposition 

of water into hydrogen and oxygen using an appropriate photocatalyst has been invigorated by 

preliminary work [5, 8-10]. The most important aspect of this work is to find suitable 

photocatalysts for efficient water splitting. Overall, water splitting for large-scale production of 

hydrogen using a photocatalyst has been under extensive research since the 1980s [9]. Sunlight is 

an inexpensive, abundant, non-emitting, non-polluting, and inexhaustible renewable source of 

energy that is available throughout the year in almost all parts of the world [11]. The amount of 

energy from sunlight that strikes the Earth every year is around ten thousand times the total energy 

consumed on Earth; therefore, the conversion of solar energy into a usable energy form has 

attracted interest for decades [11]. 

In solar water splitting, water is split into hydrogen and oxygen, as a result of sunlight 

impinging on a photocatalyst immersed in water. Thermodynamically, water splitting is an uphill 
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reaction with a large positive change in Gibbs free energy (238 kJ/mol.) [9]. When the 

photocatalyst is under irradiation at an energy equivalent to sunlight, or larger than the bandgap of 

the semiconductor photocatalyst, electrons (e-) and holes (h+) are generated in the conduction and 

valence bands, respectively [9, 12]. Due to the incident light, the electrons are excited into the 

conduction band leaving holes in the valence band. These electrons and holes cause reduction and 

oxidation reactions, respectively [9, 12]. Photocatalysts having different semiconductive 

properties can absorb photons, and generate electrons and holes on their surfaces by absorbing 

sunlight. The minimum photon energy needed to carry out the reaction is 1.23 eV, corresponding 

to a wavelength of ca. 1,000 nm in the infrared region [12]. 

Recently, nanoscale photocatalysts have been extensively used in overall water-splitting 

processes. A combination of many semiconductor materials to create a cocatalyst system would 

enhance water-splitting activities [13-14]. Saito et al. [15] determined that LiNbO3 nanowires 

modified with a RuO2 cocatalyst can split water with a quantum yield of 0.7%. Yan et al. [16] 

studied overall water splitting with RuO2-modified Zn2GeO4 nanorods under UV light. Recent 

studies have considered NiO as one of the most attractive semiconductors due to its photocatalytic 

activities in the UV range [17-19]. Recently, NiO-modified SrTiO3 has been demonstrated as an 

efficient photocatalyst for overall water splitting under UV light with a high pH water solution 

[17]. The NiO-STO photocatalyst works as three components, like the Ni-STO-NiO catalyst, in 

which Ni produces protons, STO absorbs sunlight, and NiO oxidizes water [17]. This photocatalyst 

system presents better features by allowing better light absorption than many semiconductors, such 

as germinates, tantalates, and niobates [17].  

Figure 3.1 shows the basic principle of water splitting using a semiconductor photocatalyst. 

When sunlight is directed at the catalyst, electrons and holes are generated in the conduction and 
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valence bands, respectively [20]. The energy from sunlight must be either equal to, or greater than, 

the bandgap energy of the photocatalyst used in water splitting in order to carry out photocatalytic 

reactions [9, 12]. The photogenerated pair of electrons and holes drives the reduction and oxidation 

reactions of the water molecules [9, 12]. As can be seen in Figure 3.1, water splitting takes place 

in three main steps: (1) the Ni-STO-NiO catalyst possesses greater bandgap energy than the photon 

energy from sunlight, thus absorbing sunlight, which results in the generation of electron-hole 

pairs; (2) the electron-hole pairs are transferred to the surface; and (3) the electron-hole pairs 

reduce and oxidize water on the surface of the photocatalyst to produce hydrogen and oxygen [9]. 

Strontium titanate is an oxide of strontium and titanium with a perovskite structure at room 

temperature. STO has a bandgap energy level of 3.25 eV, which is suitable for photocatalyst water 

splitting because its valence band and conduction band are lower and higher than the oxidation 

and reduction levels of water, respectively [17].  

 

 Figure 3.1. Basic principle of overall water splitting on heterogeneous photocatalyst. 

Recently, electrospinning has been employed for fabricating nanofiber membranes 

embedded with a photocatalyst for water-splitting applications. The distinctive features of 
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nanofibers—nanosized dimensions in the cross-sectional area, macro-scaled length on the axis of 

fibers, high surface area-to-volume ratio, and a highly porous structure—allow more photoactive 

sites [1, 21-22]. One of the primary ideas of using graphene in this study is that it will likely prevent 

the recombination of electron-hole pairs, or at least adjust the recombination rates, which has been 

one of the major concerns in photocatalytic reactions in water splitting. The carbonized PAN fibers 

may have the same effect with graphene, as well as become supporting materials for NiO, SrTiO3, 

and graphene during the water-splitting process. 

3.3 Experiment 

3.3.1 Materials 

 Titanium (IV) isopropoxide, strontium nitrate, polyacrylonitrile, nickel oxide, and 

dimethylformamide were all purchased from Sigma-Aldrich (St. Louis, MO, USA) and used 

without any alteration. Graphene nanoplatelets with approximate X and Y dimensions equal to 14 

µm and the Z dimension less than 10 nm were purchased from Angstrom Materials (Dayton, OH, 

USA).  

3.3.2 Methods 

 Figure 3.2 shows a schematic of the preparation process for the NiO-STO nanofibers. The 

polymeric solution containing 3 wt% graphene nanoplatelets (PAN solution) was first transferred 

to a plastic syringe (10 ml), and then the syringe was mounted on a programmable syringe pump. 

An electrostatic field (25 kV) was applied to the syringe by means of an attached platinum 

electrode in order to generate a high electrical field between the syringe and the grounded collector 

screen. The distance between the syringe pump and the collector screen was maintained at 25 cm 

and a flow rate of 1 ml/hr. After the experimental setup, the electrospinning process was carried 

out. Fiber webs were collected on a collector screen and then heat treated at 270C for 2 hrs under 
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ambient conditions.  A solution of 30 ml ethanol containing strontium titanate (titanium (IV) 

isopropoxide, strontium nitrate, and 3%  nickel oxide diluted with 30 ml of toluene was prepared 

in order to functionalized the electrospun PAN fibers. The fibers were dipped in that solution for 

approximately 24 hrs, and then annealed at 600C in air for 1 hr to transform the samples into 

crystalline forms and integrate all materials for better photocatalyst efficiency. According to 

thermogravimetric analysis, the graphite and graphene could be stable up to 600C in air; however, 

PAN-based carbon fibers may start decomposing at this temperature [23-26]. 

 

Figure 3.2 Schematic of NiO-STO nanofiber preparation process. 

 In this study, graphene nanoplatelets were added to increase the photovoltaic conversion, 

due to their outstanding properties, such as charge carrier mobility, large specific area, and good 

electrical conductivity. Moreover, graphene controls nucleation and growth of semiconductor 

nanoparticles and allows for optimal chemical interaction and bonding with the nanoparticles [24]. 

In this study, an optical contact angle goniometer (Model CAM 100, KSV Instruments 

Ltd., Monroe, LA, USA) equipped with a charge-coupled device (CCD) camera was employed to 

measure the static water contact angles of the prepared samples. This measurement was used to 
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evaluate the surface hydrophobicity of the electrospun fibers.  The experimental procedure was as 

follows: Electrospun fibers were placed on a wafer. Approximately 5 ml of distilled water was 

pipetted onto the electrospun fibers. Temporal images of the droplets were taken after every 

experiment. The static contact angles were calculated by computer analysis of the images under 

investigation. The bandgap energy was measured by means of a UV-Vis spectrometer, which 

consists of a light chamber containing a light source, a sample holder, and a monochrometer to 

separate lights of different wavelengths ranging from 160 to 2,000 nm. A computer interfaced with 

the setup generates plots, which are used to calculate the bandgap energy. For other properties of 

the NiO-STO nanofibers, several tests were conducted on the prepared nanofiber samples: XRD 

(Rigaku America Corporation, The Woodlands, TX, USA), DSC (DSC Q1000, TA Instruments, 

New Castle, DE, USA), and FTIR spectroscopy (Thermo Scientific Nicolet™ iN10 Infrared 

Microscope, Palm Beach, FL, USA). These results are discussed in the next section. 

3.4 Results and Discussion 

3.4.1 Scanning Electron Microscopy Images 

 Figure 3.3 shows the PAN nanofibers after each step in the NiO-STO preparation process: 

electrospinning, heating, dipping, and annealing. The temperature and processing parameters 

significantly affected the appearance and other physical properties of the nanofibers. Figure 3.4 

displays SEM images of the PAN fibers with 3 wt% graphene inclusions, heat treated at 270C for 

2 hrs, dipped for 24 hrs in the precursor solution (containing ethanol, strontium nitrate, titanium 

(IV) isopropoxide, nickel oxide and toluene), and annealed at 600C for 1 hr. ImageJ software was 

used to measure fiber diameter at different spots in the SEM image. Table 3.1 shows the PAN 

nanofiber diameter after each process. 
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Figure 3.3. PAN nanofibers after each step in NiO-STO preparation process: (a) electrospun,  
(b) (oxided at 270C for 2 hrs, (c) dipped in precursor solution for 24 hrs, and (d) annealed at 

600C for 1 hr. 
 

 
 

Figure 3.4. SEM images of electrospun PAN nanofibers: (a) bulk, (b) heat treated at 270C for 2 
hrs, (c) immersed in prepared solution for 24 hrs, and (d) annealed at 600C for 1 hr 
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TABLE 3.1 

DIAMETER OF PAN NANOFIBERS AFTER EACH NiO-STO PREPARATION PROCESS 

Measurement 
Number 

Nanofiber Diameters (nm) 
Bulk Heated Dipped Annealed 

1 815.8 457.5 428.6 316.9 
2 805.5 491.2 492.6 330.2 
3 837.6 456.1 487.4 342.1 
4 848.7 439.6 446.8 300.1 
5 752.7 422.5 415.3 315.8 
6 785.1 496.2 457.4 318.1 

Mean 807.6 460.5 454.7 320.5 
Diameter Decrease — 43% 1.2% 60.3% 

 
 As can be seen in Figure 3.4 and Table 3.1, the average diameter of the electrospun fibers 

is around 807 nm. However, after heating, a significant reduction in fiber diameter was noticed, 

with the average diameter of approximately 460 nm, which could be attributed to the release of 

gaseous products and water vapors that had been suspended in the fiber texture. After dipping in a 

solution containing ethanol, strontium titanate (titanium (IV) isopropoxide, strontium nitrate, 

nickel oxide, and toluene, SEM analysis indicated that the PAN fibers embedded with an irregular 

structure of NiO-STO had an average fiber diameter of 454 nm. 

The SEM image in Figure 3.4 (c) shows that the NiO-STO catalysts are strongly tangled 

and form cotyledon agglomerates in the PAN fibers. The SEM image after the PAN fibers are 

annealed in air at 600C for 1 hr shows the fibers are surrounded by NiO-STO and have an average 

fiber diameter of 320 nm. However, the leaflet structure of NiO-STO is not as strong as it was after 

dipping, because the agglomerates have been transformed into speckles embedded on the surface 

of the fibers. The annealing was kept at 600C to avoid a larger decomposition on the graphene 

and PAN-based carbon fibers that might take place above that temperature. 

 As shown in Table 3.1, the fiber diameter was reduced about 43% after the heat treatment, 

with little additional reduction after dipping. However, a significant reduction in fiber diameter 



86 

was observed after annealing at 600C, with the average fiber diameter reduced about 60% when 

compared to the original diameter. After annealing, the PAN fibers kept their shape, but the 

microstructure was likely to be significantly changed. NiO-STO was found to stick to the surface 

of PAN carbon fibers with the graphene, as a result of fiber shrinkage, and nitrogen and hydrogen 

were lost due to annealing process. 

3.4.2 Water Contact Angles  

 Figure 3.5 and Table 3.2 show the water contact angles of PAN fibers annealed at 600C 

for 1 hr.  

 

Figure 3.5. Water contact angles of PAN nanofibers after annealing at 600C. 

 
TABLE 3.2 

WATER CONTACT ANGLES OF ELECTROSPUN PAN NANOFIBERS  
ANNEALED AT 600C 

 

Sample No. Water Contact Angle (°) 
Left Right Mean 

1 142.6 143.8 143.2 
2 140.1 145.3 142.7 
3 140.0 145.5 142.8 
4 140.2 145.3 142.7 
5 139.3 144.2 141.8 

Mean 140.4 144.8 142.6 
Standard Deviation 1.2 0.8 0.5 
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 As can be seen in Figure 3.5 and Table 3.2, the surface of PAN fibers shows hydrophobic 

features with water contact angles of about 143, which is closer to the superhydrophobic region. 

The contact angle is the most widely utilized measure of surface hydrophobicity (surface energy). 

Superhydrophobic surfaces show high contact angles (> 150) and low contact angle hysteresis 

[19]. A solid surface with a contact angle of 5 in 0.5 sec is usually considered a superhydrophilic 

surface. Water on superhydrophilic surfaces is absorbed or spreads evenly and displays a very low 

contact angle. Both superhydrophobicity and superhydrophilicity of solid surfaces are based on 

surface chemistry (surface energy) and surface roughness [27]. The wettability depends on surface 

free energy and surface roughness; after calcination, these factors exhibit an ascending trend, 

which makes the surface of the fibers hydrophobic. NiO-STO was designed for the water-splitting 

application. When these fibers are soaked in water, they will make a large contact angle (> 90), 

allowing the water droplets to roll off easily on the NiO-STO nanofiber membrane surface. 

However, hydrophobic photocatalysts have other functions to perform such as self-cleaning, 

antifogging, antibacterial actions, deodorization, or decomposition as in the removal of pollutants 

[23, 27]. These effects of photocatalyst functions are responsible for the development of a broader 

range of so-called smart materials [27]. The electrospun membrane is well known for its 

hydrophobicity due to its surface roughness. However, not all applications require hydrophobicity, 

and in some cases, a hydrophilic electrospun membrane is preferred. A single membrane material 

hardly possesses all the desirable properties such as thermostability, chemical stability, acid-base 

resistance, and good mechanical properties at the same time. 

 The water contact angle is measured by placing the tangent along the water drop shape. 

Figure 3.5 shows that the water droplets are spherical in shape, thus indicating near-

superhydrophobic properties of the nanofiber surface. As can be seen in the image on the left side 
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of Figure 3.5, the left-side static water contact angle is 142.55º and the right-side static water 

contact angle is 143.76º, with a mean value of 143.15º. Similarly, as can be seen in the image on 

the right side of Figure 3.5, the left-side static water contact angle is 140.10º and the right-side 

static water contact angle is 145.33º, with a mean value of 142.72º. 

3.4.3   Differential Scanning Calorimetry  

 Figure 3.6 shows the DSC thermogram of the PAN nanofibers with 3 wt% of graphene. A 

DSC Q1000 (TA Instruments, New Castle, DE, USA) interfaced to a PC was used to measure the 

thermal properties of nanocomposite fibers. The glass transition temperature (Tg) and melting 

temperature (Tm) values were investigated at a heating rate of 20C/min with a nitrogen flow rate 

of 50 ml/min. The samples were sealed in a Tzero Pan (TA Instruments, New Castle, DE, USA). 

A pre-determined weight of each sample was used in this experiment. The heat flow and 

temperature were calibrated with an indium standard.  

 

 Figure 3.6. DSC thermogram of electrospun PAN nanofibers with 3 wt% graphene. 
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 As can be seen in Figure 3.6, there are some small bumps at approximately 100–125C, 

which correspond to the Tg of PAN fibers. The Tg of bulk PAN is around 105C. PAN is primarily 

a semicrystalline polymer, in which the Tg depends on the amorphous part of PAN [28]. The 

decrease in Tg may be attributed to the presence of residual solvent (DMF), which would lead to 

entrapments in pores and voids in the fiber texture and thereby cause dipole-dipole interactions 

with the nitrile group present in PAN. Furthermore, the presence of air in the fiber texture would 

cause some decrease in the Tg. The DSC thermogram shown in Figure 3.6 indicates a sharp 

exothermic peak at 300.27C, which corresponds to melting of the PAN polymer. Slade [29] 

studied the melting behavior of PAN and suggested that the most apparent characteristic of PAN 

thermogram is a strong exothermic peak at around 300C, which shows the cross linking of the 

PAN chains by eliminating hydrogen cyanide and/or the new formation of naphtyridene rings 

along the chains. 

 Figure 3.7 shows a DSC thermogram of NiO-STO nanofibers annealed at 600C. A peak 

is observed at 82.79C, which could be attributed to the glass transition temperature of PAN 

annealed at 600C. The decrease in Tg from 100 to 82.79C could be due to the evaporation of 

DMF solvents present in the fiber texture. Annealing at 600C, evaporates almost all solvents 

present in PAN. However, the presence of graphene, NiO, and SrTiO3 in PAN will have some 

impact on the Tg. Nitrogen, hydrogen, and some volatile compounds were released during the 

annealing, which caused the Tg to decrease from 100 to 82.79C. Although the presence of 

graphene, NiO, and SrTiO3 will impede the PAN chain mobility, the evaporation of hydrogen, 

nitrogen, and volatile matter would make the wriggling effect (twisting of polymer chains) of the 

PAN chain easy, thereby reducing the Tg. Another peak at 155.23C is observed in Figure 3.7. 
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This peak could be due to the partial evaporation of PAN polymer. The melting temperature of 

pure PAN is 317C. Slade [29] demonstrated that the Tm of PAN is 317C using a number of 

experiments with PAN in DMF and γ- butyrolactone. The melting temperatures of  the NiO and  

SrTiO3 catalysts are very high, generally around 2,000C. PAN is a semicrystalline polymer and 

its melting mechanism is complex due to the cyclization of its molecular chains, which is based 

on free radicals initiated at a high temperature [30-31].  

 

 Figure 3.7. DSC thermogram of NiO-STO nanofibers annealed at 600C. 

 Overall, the PAN-based carbon fibers with graphene inclusions could be produced, and 

NiO-STO particles could be added to the surface of these fibers. Graphene can provide new 

opportunities in the water-splitting process using hybrid structures with a variety of other 

nanomaterials, such as carbon fibers and NiO-STO particles because of the large specific surface 

area, excellent charge carrier mobility, and good thermal and electrical conductivity values [24]. 

Graphene and PAN carbon fibers can help control the morphology of NiO-STO particles on the 
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surface since it affects nucleation and growth of SrTiO3 particles and allows for ideal chemical 

interactions and bonding between those nanoparticles and graphene/carbon fiber surfaces. This 

phenomenon may be responsible for the photocatalytic activity of the water-splitting process into 

different light ranges. Further studies will be conducted in these fields, and test results will be 

shared with the scientific community. 

3.4.4 Fourier Transform Infrared Spectroscopy 

 Figure 3.8 shows the FTIR spectra of the PAN fibers. The spectra of these NiO-STO 

nanofibers were measured from 2,900 to 400 cm−1 at room temperature. The bands appearing at 

1,980 cm-1 and 1,666 cm-1 were due to C = O and C = C stretching vibration, respectively.  The 

broad peak at 2,244 cm-1 is the signature peak of CO2.  The uneven bumps between 2,800 and 

2,400 cm-1 may be attributed to carbonate species present in the samples. One prominent peak was 

observed at 524 cm-1, which may be related to the Ti-O-Ti bond.  Moreover, one apparent band at 

1,060 cm-1 was also observed in Figure 3.8; this band can be assigned to the asymmetrical and 

symmetrical stretching vibration of S = O. The band corresponding at 1,452 cm-1 may be 

attributed to the N-O band. The peak corresponding to 2,915 cm-1 is related to C-H bond stretching 

vibration. The peak corresponding to 1,537 cm-1 may be attributed to the N-H band.  

 
Figure 3.8. FT-IR spectra of NiO-STO nanofibers. 
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3.4.5 X-Ray Diffraction  

 The crystalline structures of both NiO and SrTiO3 were verified by X-ray diffraction, as 

shown in Figure 3.9.  Both samples were phase pure, based on the diffraction pattern. The intensity 

peaks are quite sharp with some background absorption, which clearly indicates that both NiO and 

SrTiO3 are made of well-grown crystallites mostly in the single phase. For efficient photocatalyst 

activity, the photocatalyst should be crystalline. The XRD spectra confirmed the crystalline 

structure of NiO-STO. The characteristic peaks of SrTiO3 were observed at 2θ values of 32.82, 

42.84, 47.86, 57.08, 67.22, which correspond to the d-spacings of the (110), (111), (200), 

(211), and (220) planes, respectively. Similarly, characteristic peaks for NiO were observed at 2θ 

values of 36.58, 62.28, and 77.02, corresponding to the (111), (220), and (311) planes, 

respectively. 

 

Figure 3.9. XRD patterns of SrTiO3 nanofibers, and NiO nanoparticles. 

  At room temperature, SrTiO3 crystallizes in the ABO3 cubic perovskite structure. The 

intensity of diffraction is highest at the 32.82 Bragg angle from the (110) diffraction plane for 
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SrTiO3 [17]. NiO has a simple crystallographic rock-salt structure at low temperature. The 

intensity of diffraction is highest at the 36.58 Bragg angle from the (111) diffraction plane for the 

NiO sample.  

3.4.6 Raman Spectroscopy  

 Figure 3.10 shows the Raman spectra of NiO-STO nanofibers. The spectra at 719 cm-1 

exhibit a low-frequency band of the sample. Similarly, the spectra corresponding to 449 cm-1 show 

a low-frequency band. The Raman spectra (room temperature) are second order, which conforms 

to the rules for a cubic perovskite structure. Strontium titanate has a cubic perovskite structure at 

room temperature. 

 

Figure 3.10. Raman spectra of NiO-STO nanofibers. 

 The Raman spectra show a number of sharp peaks superimposed on a broad feature almost 

over the entire region. It can be assumed that the entire spectrum is due to second-order Raman 

scattering, and only the sharp peaks are first-order Raman bands. The sharp peak at 2,987 cm-1 is 

due to first-order Raman scattering. Raman scattering is very sensitive to a crystalline structure 

and the microstructure of a material. The intensity of peaks in the Raman spectra depends on the 
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calcination temperature. Peaks at 719 and 449 cm-1 can be attributed to the crystalline phase of 

NiO-STO nanofibers (Figure 3.10). A high-intensity peak corresponding to 2,987 cm-1 indicates 

that the sample is highly crystalline. A shallow peak observed at around 1,595 cm-1 is due to the 

G band, an in-plane vibrational mode with sp2 hybridized carbon atoms that comprise the graphene 

sheet.  Another peak is observed at around 1,450 cm-1 (Figure 3.10), which could be attributed to 

the D band, also known as the disorder band. This peak may be because of the lattice motion away 

from the center of the Brillouin zone and its presence at 1,450 cm-1 (which may also depend on 

the excitation wavelength indicating defects or edges in the graphene sample). In fact, a definitive 

explanation of its origin and dependence on the excitation wavelength is derived from the double 

resonance theory. These observations are in consonance with XRD results. No broadening in peaks 

was observed in the Raman spectra, which reveals that there is no breakdown in the long-range 

order of crystallinity in the samples. In fact, the Raman spectra confirm the long-range order of 

crystallinity in the sample. For efficient water splitting, the photocatalyst should be crystalline. 

Results of XRD and Raman spectra confirm the crystallinity of the samples. 

3.4.7 Bandgap Energy 

 Figure 3.11 shows the UV-vis spectra of the electrospun nanofibers obtained at 600C. In 

order to achieve an efficient water-splitting process, the bottom of the conduction band must be at 

a higher negative potential than the reduction potential of H+
 to H2 (0 V vs. NHE at lower pH). 

Similarly, the top of the valence band must be at a higher positive potential than the oxidation 

potential of H2O to O2 (1.23 V vs. NHE) [12]. The photon energy required for the photocatalyst 

reaction to be initiated is 1.23 eV, corresponding to a wavelength of ca. 1,000 nm, in the infrared 

region [12]. Therefore, the bandgap of the NiO-STO system for a photocatalytic reaction to be 
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initiated should be higher than 1.23 eV. Nickel oxide has a bandgap of around 3.85 eV, while 

strontium titanate has a bandgap of 3.23 eV [32-34].   

 

Figure 3.11. UV-Vis spectra of electrospun nanofibers annealed at 600C for 1 hr. 

 UV-Vis spectra of the NiO- STO were used to determine the bandgap energy of the 

prepared samples.  Bandgap energy was calculated as 

 𝐸 =
ℎ𝑐

𝜆
   (3.1) 

where h is Planck’s constant (6.63 x 10-34 J.s.), c is the speed of light (3.00 x 108 m/s), and λ is the 

wavelength [35]. From Figure 3.11, λ is equal to 345 nm. Using equation (3.1), the energy was 

calculated as E = 5.761 x 10-19 J, which is equivalent to 3.6 eV.  As mentioned earlier, the bandgap 

energy for STO is around 3.23 eV, and the calculated bandgap energy for NiO-STO is 3.6 eV, 

which is in close agreement with values in the literature. This bandgap energy is appropriate to 

carry out photocatalyst reaction under light. This NiO-STO catalyst system can work under UV 

and visible light, since nickel has a broad range of visible light absorption, and NiO and STO can 

absorb light in the UV spectrum [17]. The NiO-STO photocatalyst fabricated in this study, can 
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absorb visible and UV light at higher pH solutions, thereby increasing the photocatalytic efficiency 

of overall water splitting. 

3.5 Conclusions 

 The electrospun PAN/graphene fibers incorporated with double catalysts (NiO and SrTiO3) 

were investigated for an improved water-splitting processes. Prior to the characterization process, 

electrospun PAN fibers with inclusions were heat treated to transform the organic phase into a 

crystalized inorganic phase. NiO-STO is a metal oxide semiconductor having a bandgap energy of 

3.6 eV, which is higher than the 1.23 eV needed for efficient photocatalyst activity. For the water-

splitting process, the photocatalyst should be crystallized; thus, x-ray diffraction and Raman 

spectra were used to confirm the crystalline structures of NiO-STO. SEM micrographs showed 

some uneven surface morphology and significant reduction in fiber diameter due to the higher 

annealing temperature. FTIR spectroscopy was employed to study rotational vibrations of 

molecules in the infrared portion of the electromagnetic spectrum. Thermal stability of the 

photocatalysts (NiO-STO) was observed by means of differential scanning calorimetry. Test 

results indicated that the NiO-STO was well integrated to the carbonized PAN/graphene 

nanofibers. It is believe that the NiO-STO combined with graphene may act as an electron trap to 

promote electron-hole separation and facilitate interfacial electron transfer. The results of this 

study may improve the efficiency of the water-splitting process.  
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CHAPTER 4 

SYNTHESIS AND ANALYSIS OF ELECTROSPUN STRONTIUM TITANATE 
NANOFIBERS WITH NICKEL OXIDE NANOPARTICLE SHELLS AS 

PHOTOCATALYSTS FOR WATER SPLITTING 
 
 

4.1 Abstract 
 
 The coaxial electrospinning process was used to produce shell/core nickel oxide-strontium 

titanate (NiO-STO) nanofibers. First, PVP was dissolved in DI water, and then titanium (IV) 

isopropoxide and strontium nitrate were added to the solution to form the inner (core) layer. Then 

PAN polymer was dissolved in DMF at a weight ratio of 10:90, and nickel oxide was mixed with 

the solution to form the outer layer (shell). This coaxial electrospinning method generated uniform-

size, defect-free fibers. The electrospun nanofiber samples were annealed at 600C for two hrs in 

air to remove the organic part and crystallize the amorphous NiO-STO nanofibers. Water contact 

angles were determined to identify surface hydrophobicity of the nanofiber films. UV 

spectrophotometry and FTIR spectroscopy were used to characterize the structural properties of 

the NiO-STO nanocomposite fibers. The morphology and dimensions of the nanofibers were 

observed using SEM. The images showed fluctuation in the fiber diameters because of the two 

different polymeric solutions electrospun at the same time. The structures of the calcined 

nanofibers were determined by XRD, which clearly indicated the formations of NiO and SrTiO3 

nanofiber structures. The fabrication of such shell/core NiO-STO nanofibers through coaxial 

electrospinning suggests the further enhancement and development of photocatalytic behaviors of 

new nanomaterials. This study can provide useful information for scientists, engineers, and 

manufacturers working in renewable energy and related fields, such as water splitting, sensors, 

solar cells, and catalysts. 
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4.2 Introduction 

The combustion of fossil fuels, such as gasoline, coal, natural gas, and oil, has resulted in 

air pollution and climate changes due to increased emissions of polluting gases, including carbon 

monoxide, carbon dioxide, nitrogen, nitrous oxide, sulfur oxides, volatile organic compounds, 

water vapors, and heavy metals [1-2]. Air pollution causes global warming, and the impacts of 

global warming include primary and secondary pollutants, melting glaciers, coastal erosion, and 

some infectious diseases. Global warming is usually caused by man-made carbon-associated gas 

emissions, also known as greenhouse gases, and results in enormous climate changes. The major 

source of carbon emissions is the combustion of fossil fuels, such as coal, oil, and gas in power 

plants, automobiles, other transportation vehicles, industrial facilities, and other natural and 

artificial sources. The rising price of fossil fuels in addition to energy insecurity in the world have 

created a major threat to the economic and political stability [1]. Therefore, an immediate 

requirement for a renewable energy source that could replace traditional fossil fuels is necessary. 

Due to concerns about global warming, there is an urgent need to address this issue by abstaining 

from the extravagant use of fossil fuels and, at the same time, looking for alternative energy 

resources such as solar and hydrogen cells, which will hopefully reverse the global warming issue. 

It is imperative to replace an oil-based economy with a hydrogen-based economy due to rapid 

depletion of the fossil fuels reserve and climate concerns. 

Hydrogen has been recognized as an ideal alternative to fossil fuels in the future since it 

has high heat of combustion, and the product of that combustion is water vapor instead of carbon 

dioxide [3-4]. However, there is no natural reserve of hydrogen gas, and renewable hydrogen 

production is still not popular due to its high cost [3-4]. Recently, hydrogen production via water 

electrolysis is only 5%, while hydrogen produced from fossil fuels is 95% [3, 5]. Interest in the 
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development of semiconductor photocatalysts has been initiated following the preliminary work 

of Fujishima and Honda, who used titanium dioxide as an active photocatalyst in ultraviolet light 

for overall water splitting [4]. After their preliminary work, efforts have focused on modifying 

TiO2 to enhance photocatalyst efficiency in the visible light spectrum. Strontium titanate, like 

anatase TiO2, has a band level that is suitable for photocatalyst water splitting because its valence 

and conduction bands are lower and higher, respectively, than the oxidation-reduction levels of 

water [4]. Additionally, the perovskite structure of SrTiO3 makes it suitable for doping for 

electronic modifications [4, 6, 7]. 

Recently, NiO-modified strontium titanate has been considered a promising photocatalyst 

in overall water splitting under UV light [8]. The NiO-STO photocatalyst acts as a three-

component catalyst: Ni-STO-NiO, where Ni produces protons, STO absorbs light, and NiO 

oxidizes water [8]. Considerable attention has been paid to the nano-NiO-STO system, i.e., a 

nanoscale strontium titanate photocatalyst for overall water splitting. This system allows better 

light absorption than many semiconductors such as germinates, tantalates, and niobates [9]. 

Recently, extensive attention has been given to electrospun nanofibers for better photocatalyst 

efficiency in overall water splitting. These fibers have a high surface area, and their porous 

structure allows for a great number of active sites for catalytic activity, thereby increasing the 

overall photocatalyst efficiency. Figure 4.1 shows the basic principle of water splitting using a 

semiconductor photocatalyst. When sunlight impinges on the catalyst, electrons and holes are 

generated in the conduction and valence bands, respectively [10]. The energy from sunlight must 

have either equal to or larger than the bandgap energy of the photocatalyst in order to carry out the 

photocatalyst reaction [11, 12]. The photogenerated pair of electrons and holes drives the reduction 

and oxidation reactions for water molecules. As sunlight strikes a photocatalyst, the electrons (e-) 
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are excited into a conduction band, leaving holes (h+) in the valence band. These electrons and 

holes reduce and oxidize, respectively, the chemical species on the surface of the photocatalyst 

[11, 12]. Strontium titanate is a very suitable semiconductor for overall water splitting, since its 

valence and conduction bands are lower and higher, respectively, than the oxidation-reduction 

levels of water [4]. 

As shown in Figure 4.1, water splitting takes place in three steps: (1) the NiO-STO catalyst 

absorbs sunlight and, since it has a greater bandgap energy than the photon energy from sunlight, 

generates electron-hole pairs; (2) these electron-hole pairs are transferred to the surface, and (3) 

these electron-hole pairs reduce and oxidize chemical species on the surface of the photocatalyst 

to produce hydrogen and oxygen, respectively [12]. 

 

Figure 4.1. Process of overall water splitting using homogeneous NiO-STO photocatalyst. 

Electrospinning has been employed for fabricating nanofibers incorporated with a 

photocatalyst for overall water-splitting applications. Nanofibers possess unique features, such as 

a nanoscaled dimension in the cross-sectional area, a macroscopic length on the axis of fibers, high 

surface area, and a porous structure. They are generally referred to as ultrafine fibers [1]. The high 

surface area and porous structure of nanofibers allows for more photoactive sites for 

photoactivity [1]. In electrospinning, it is relatively easy to control the surface morphology, length, 
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and diameter of fibers; therefore, incorporation of photocatalysts in electrospun fibers can present 

a better mechanism of the photocatalyst process.  

4.3 Experiment 

4.3.1 Materials 

Polyvinylpyrrolidone, titanium (IV) isopropoxide, strontium nitrate, polyacrylonitrile, 

nickel oxide, and dimethylformamide were all purchased from Sigma-Aldrich (St. Louis, MO, 

USA) and used without any alteration.  

4.3.2 Methods  

 Coaxial electrospinning is an extended from of electrospinning, in which two polymeric 

solutions or melts can be electrospun simultaneously [13] (see Figures A6, and A7 in the 

appendix). Two polymer solutions used for creating the core and the sheath can be fed separately 

into central and side nozzles, respectively, and can be electrospun simultaneously [13]. A 

compound droplet emanates from the central nozzle, as shown in Figure 4.2. When an electrostatic 

field (DC voltage) is applied to the polymer solution having a magnitude greater than the surface 

tension of the polymer solution, a compound Taylor cone is formed and ejects a jet that consists 

of the core polymeric solution surrounded by the sheath polymeric solution. The jet travels linearly 

for some distance and then undergoes the same bending instability or squirmed motion as in 

traditional electrospinning followed by evaporation of the jet into the atmosphere. Finally, the 

polymer jet, after experiencing bending instability, is collected on the collector screen placed at 

some distance from the capillary tubes, in the form of fiber mats or fiber film [13]. Due to natural 

convection, most evaporation takes place during the jet’s flight from the capillary tube to the 

collector screen. 
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Figure 4.2. Coaxial electrospinning process: (a) schematic view, and (b) coaxial needle. 

 Two polymeric solutions were prepared for the coaxial electrospinning process in overall 

water splitting. It is very important that the two solvents used to make the polymeric solutions are 

immiscible with each other. Therefore, many experiments were performed in the laboratory in 

order to carefully choose two appropriate immiscible solvents. Table 4.1 shows the 

miscibility/immiscibility of various solvents.  As can be seen, deionized water is immiscible with 

dimethylformamide. First, PVP was dissolved in DI water at a 10:90% weight ratio. Then, 

approximately 2 wt% of titanium (IV) isopropoxide and 2 wt% of strontium nitrate were slowly 

added together while stirring on a hot plate at 60ºC for 2 hrs. The resultant solution was stirred in 

a sealed beaker on a hot plate for 30 min to form an inner (core) solution. Similarly, for the shell 

solution, PAN was dissolved in DMF at a 10:90% weight ratio, and then about 1 wt% of nickel 

oxide was added carefully while stirring on a hot plate at 60ºC for 2 hrs. The resultant solution was 

transferred to a sealed beaker and then stirred for 30 min on a hot plate. The two polymeric 

solutions were transferred to two different plastic syringes and mounted on two different syringe 

pumps. However, the outlet of the two syringes was connected to a single syringe having an inner 

diameter of 0.5 mm. An electrostatic field with 25 kV magnitude was applied to a single syringe 
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connected to both core and shell syringes. The distance between the syringes to the collector screen 

was maintained at 25 cm, and a mass flow rate of 1 ml/hr was adjusted in both syringe pumps. 

Fiber mats were collected from the collector screen after electrospinning and then subjected to 

calcination at around 600oC for 2 hrs. to transform them into a crystalline form. 

TABLE 4.1 

MISCIBILITY/IMMISCIBILITY OF SOLVENTS  

Solvent Immiscible Solvents 
Dimethylformamide 

(DMF) 
Hexane, Cyclohexane, Heptane, Pentane, 2,2,4-Trimethylpentane,  
DI Water 

Acetonitrile Pentane, Cyclohexane, Heptane, Hexane, 2,2,4-Trimethylpentane 

Toluene Miscible with any solvent listed in left column except DI Water 

Ethanol Miscible with any solvent listed in left column 

Heptane Methanol, DI Water, Acetonitrile, Dimethyl Sulfoxide, 
Dimethylformamide 

1-Propanol Miscibile with any solvent listed in left column 
Deionized (DI) 

Water 
Toluene, Ethyl Acetate, Heptane, Hexane, Dimethylformamide 
(DMF) 

2-Propanol Miscible with any solvent listed in left column 

Hexane Acetonitrile, Acetic Acid,  Dimethylformamide, Dimethyl Sulfoxide, 
Methanol, DI Water 

Methanol Pentane, Cyclohexane, Heptane, Hexane, 2,2,4-Trimethylpentane 
 

Similarly, two polymeric solutions were prepared for simple electrospinning. PVP was 

dissolved in DI water at a weight ratio of 10:90, and then about 2 wt% of titanium (IV) 

isopropoxide and 2 wt% of strontium nitrate were slowly added while stirring on a hot plate at 

around 60 ºC for 2 hrs to prepare the PVP solution. Another solution was prepared by dissolving 

PAN in DMF at a 10:90 weight ratio, and then 1 wt% nickel oxide was added slowly while stirring 

on a hot plate at 60ºC for 2 hrs to prepare the PAN solution.   



107 

In this study, an optical contact angle goniometer (Model CAM 100, KSV Instruments 

Ltd., Monroe, LA, USA) was employed to measure the water contact angles of the prepared 

samples. The optical contact angle goniometer is a compact video-based instrument, which 

measures contact angles between 1o and 180o, with an accuracy of ±1o. Computer software 

provided by KSV Instruments Ltd. precisely recorded and measured the contact angles using the 

Young-Dupré equation. The bandgap energy was measured by means of a UV-Vis spectrometer. 

This setup consisted of a light chamber with a light source, a sample holder, and a monochrometer 

to separate lights of different wavelengths ranging from 160 to 2,000 nm.  Samples are generally 

in liquid form, but if the samples are in solid form, then they must be dissolved in DI water and 

held in a cuvette (square cross section). In this study, a single-beam instrument was used; therefore, 

a blank was measured before measuring any sample. A blank is measured by running the setup 

with solvent in both cuvettes, whereas a sample is measured by holding the solvent in one cuvette 

and the other is filled with the prepared solution. This is attached internally to a spectrophotometer, 

which generates a complete spectrum over a set of wavelengths. A computer interfaced with the 

setup generated plots, which were used to calculate the bandgap. X-ray diffraction and FTIR 

spectroscopy were used to determine other properties of the prepared NiO-STO nanocomposite 

samples, and the results are discussed in the following section. 

4.4 Results and Discussion 

4.4.1 Scanning Electron Microscopy Images  

Scanning electron microscopy was employed to determine the surface morphology and 

diameter of the fibers. Figure 4.3 shows SEM images of NiO-STO electrospun nanofibers obtained 

at 25 KV DC voltage, 1 ml/h pump speed, and 25 cm tip-to-collector distance. These images 

clearly show the variation in fiber diameter, which may be because two different polymeric 
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solutions were electrospun at the same time. The fiber diameters have a wide range, from 180 nm 

to 2.18 µm, and they could be divided roughly into two groups of different sizes. This may be 

related to the viscosity differences of the prepared solutions and cleavage of the electrospinning 

jets while the fibers were developing [14]. 

 

Figure 4.3. SEM images of NiO-STO electrospun nanofibers obtained using coaxial needle at 
25 KV DC voltage, 1 ml/h pump speed, and 25 cm tip-to-collector distance  

prior to calcination process. 
 

 In the second step, 1×2 inch samples of nanofibers were calcinated at 600oC for 2 hrs. 

Figure 4.4 shows the SEM images of the NiO-STO samples after the heat treatment process. The 

fiber diameter after calcination also decreased, which may be attributed to the shrinkage effect and 

release of some compounds during heating. Fiber diameters were reduced by approximately 35%. 

These images indicate that the nanofiber mats collapsed on the surface of the SEM holder, which 

may be due to the high-temperature deformations of the organic fiber mats [15, 16]. Since the 

fibers consist of two polymers (PVP and PAN) and both have a different coefficient of thermal 

expansion, this could be the reason for the uneven surface morphology. 
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Figure 4.4. SEM images of NiO-STO electrospun nanofibers after calcination process  
at 600C. 

   
 Figure 4.5 shows SEM images of the STO electrospun fibers before and after calcination.  

These SEM images clearly indicate the differences in fiber diameter before and after the 

calcination process. As can be seen in the SEM micrograms (Figure 4.5), the fiber diameter shrank 

after calcination. The average diameter of fibers before calcination was around 790 nm and after 

calcination was around 460 nm. The average decrease in the STO electrospun fibers diameter was 

approximately 42%. Figure 4.6 shows SEM images of the NiO electrospun fibers before and after 

annealing at 600oC for 2 hrs. The average diameter of fibers before annealing was around 565 nm 

and after annealing was around 338 nm.  The average reduction in diameter of the NiO electrospun 

fibers was approximately 40%. 
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(a)       (b) 

 
Figure 4.5. SEM images of STO electrospun fibers: (a) before calcination; (b) after calcination. 

 
 

 
(a)      (b) 

 
Figure 4.6. SEM images of NiO electrospun fibers: (a) before annealing; (b) after annealing. 

 
 The surface morphology of fibers changed after calcination, as evidenced by some bumps 

and an uneven surface, due to the release of water vapor and some volatile compounds during heat 

treatment. Shrinkage caused by the high-temperature treatment may transform fibers into a dense 

crystalline phase. 
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4.4.2 Water Contact Angles  

Superhydrophobicity or water repellency of solid surfaces has been an area of extensive 

research due to its widespread application in industry. Superhydrophobic surfaces show high 

contact angles (> 150o) and low contact angle hysteresis [17]. Solid surfaces with a very low 

contact angle (≈ 0o) are called superhydrophilic.  Water on superhydrophilic surfaces is absorbed 

or spread evenly and displays a very low contact angle. Both superhydrophobicity and 

superhydrophilicity of solid surfaces are based on surface chemistry (surface energy) and surface 

roughness [17]. Surface smoothness and surface energy are two factors that determine wettability 

of a solid surface. The measurements of water contact angle of solid surfaces show surface 

wettability. A surface’s microstructure and surface chemistry determines whether a droplet of 

water will roll off or spread when placed on it. A rough surface can drastically change its wetting 

properties [18]. Figure 4.7 shows the water contact measurements by optical contact angle 

goniometer. Table 4.2 shows the water contact angles of all samples after calcination. 

 
                        (a)                                           (b)                                               (c) 
 

Figure 4.7. Water contact angles of nanofiber samples after heat treatment at 600C 
for 2 hrs: (a) NiO, (b) NiO-STO, and (c) STO. 

 
As can be seen in Table 4.2, NiO-STO nanofibers exhibit hydrophobic features having a 

water contact angle of 126o. PVP is a hydrophilic polymer, and PAN is a hydrophobic polymer. 

However, wettability of the surface changes after heat treatment. The heat treatment or calcination 

at 600oC drastically changed the wettability of NiO-STO nanofibers. As shown in the SEM 
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microgram in Figure 4.7 (b), after calcination, the surface morphology of fibers changed 

completely. The bumpy, uneven surface was observed after calcination, which can be attributed to 

the fact that water vapors and some volatile compounds evolved during heat treatment. The other 

reason for the rough surface could be the presence of solvents such as DI water and DMF, which 

evaporated during calcination, leaving behind a rough and porous surface. Nanofibers contain a 

large surface area, and after calcination the diameter of fibers is further reduced; therefore, the 

surface area becomes larger, thereby increasing the surface free energy. Wettability depends on 

the surface free energy and surface roughness, and after calcination, these factors exhibit an 

ascending trend, which makes the surface of fibers hydrophobic.  

TABLE 4.2 

WATER CONTACT ANGLES OF ELECTROSPUN NANOFIBERS ANNEALED AT 600C. 

No. 

Water Contact Angle (°) 
PAN/DMF 

(NiO) 
PAN/DMF-PVP/DI Water 

(NiO-STO) 
PVP/DI Water 

(STO) 
Left Right Mean Left Right Mean Left Right Mean 

1 151.41 145.85 148.63 126.57 126.36 126.46 91.36 92.18 91.77 
2 151.31 146.51 148.91 126.47 125.88 126.18 91.98 89.83 90.90 
3 150.91 146.49 148.70 127.28 127.15 127.21 91.91 89.60 90.75 
4 151.11 146.36 148.73 127.55 127.17 127.36 91.83 89.59 90.71 
5 151.13 146.28 148.70 126.87 126.59 126.73 91.74 89.56 90.65 
6 151.04 145.83 148.44 126.88 126.44 126.66 91.88 89.60 90.74 

Mean 151.15 146.22 148.68 126.93 126.59 126.77 91.78 90.06 90.84 
St.Dev 0.18 0.31 0.15 0.41 0.49 0.45 0.22 1.04 0.42 

 
The NiO-STO compound was designed for the water-splitting application. When these 

fibers are soaked in water, they create a large contact angle (> 90o), thus allowing complete wetting 

of the NiO-STO nanofiber membrane and also helping to increase the photocatalyst efficiency. As 

far as the PAN-NiO sample is concerned, the contact angle value is 148.68o, which almost exhibits 

the superhydrophobic feature of this catalyst. It has already been mentioned that PAN is a 
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hydrophobic polymer, and after calcination, the contact angle varies due to thermal expansion and 

evolution of volatile toxic compounds. The surface morphology drastically changed after 

calcination and incorporation of NiO. The surface became rougher and its area increased, which 

in turn made the PAN-based catalyst superhydrophobic. PVP is considered to be one of the most 

important synthetic polymers, with perfect adhesion properties, less chemical toxicity and 

appropriate water solubility. It has an excellent wettability characteristic with respect to its high 

surface tension [19]. The appropriate solvents for dissolving PVP for the electrospinning process 

are dimethylformamide, tetramethylammonium chloride, dichloromethane, and DI water [20-23]. 

The PVP-based STO sample also exhibited hydrophobic features. PVP is a known hydrophilic 

polymer, and the addition of titanium (IV) isopropoxide and strontium nitrate along with 

calcination changed the surface morphology to some extent. The change from hydrophilic to 

hydrophobic could be attributed to surface morphology and high surface free energy due to 

calcination. 

4.4.3 Differential Scanning Calorimetry  

A DSC Q1000 (TA Instruments, New Castle, DE, USA) system was used to generate 

thermograms with a heating rate of 20C/min and a nitrogen flow rate of 50 ml/min. A 

predetermined weight of the sample was sealed in a platinum pan, and measurements were 

conducted in the temperature range of 0°C to 500°C for NiO-STO and STO samples. However, a 

temperature range of oC to 180oC was used for the NiO sample in order to investigate the behavior 

of PAN near the glass transition temperature range. The DSC heat flow and temperature were 

calibrated with an indium standard. Figure 4.8 shows the DSC thermogram of NiO-STO 

nanofibers. The Tg of pure PAN and pure PVP are 105oC and 85oC, respectively. However, the Tg 

of the new NiO-STO material will be much higher since it is a metal oxide semiconductor. 
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Figure 4.8. DSC thermogram of NiO-STO nanofibers. 

 As can be seen in Figure 4.8, the peak corresponding to 132.44oC could be the glass 

transition temperature of the new material. Two other peaks were also observed, corresponding to 

153.38oC and 211.32oC. The melting temperature of PVP is 180oC and that of PAN is 322oC. The 

peak corresponding to 153.38oC, begun at 151.63oC and terminated at 180oC, could be attributed 

to the Tm of PVP, and the corresponding enthalpy of melting was recorded as 21.73J/g. Relative 

to the other peak, corresponding to 211.32oC, this could be related to the partial melting of PAN 

and partial evaporation/ejection of volatile compounds from both PAN and PVP.  The 

corresponding enthalpy of melting was recorded as 8.549J/g, which cannot be the heat of fusion 

or enthalpy of melting of the PAN polymer. The literature shows that the heat of fusion per 

structural unit of completely crystalline PAN polymer is 84.9–90.57J/g [24]. The melting point of 

SrTiO3 is around 2080oC and that of NiO is 600oC.  
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It is well known that during thermal degradation of PAN, C≡N is broken to C=N, which 

becomes infusible (thermosetting). The chemical formula of PVP per unit (monomer) is 

(C6H9NO)n.  The valency of oxygen is 2 and that of nitrogen is 3. Therefore, it is possible that 

hydrogen will attach itself with the ladder-like structure (PAN after degradation) and leave behind 

C6NO as the compound after PVP melting. The melting point of PVP is 180oC, which means the 

carbon backbone chain is broken at this temperature, and hydrogen, oxygen, nitrogen, and carbon 

are now free. Since hydrogen has a valency of one, it is highly possible that it will attach with PAN 

after degradation. However, oxygen, nitrogen, and carbon can form many possible compounds 

such as N2O, CO, CO2, CO3, C2O, C3O2, NO, CO3, etc. It is also possible that hydrogen can form 

HCO3 or HC2O4. The melting temperature of acetylenedicarboxylic acid is 175oC. The melting 

enthalpy of 8.549 J/g reported previously could be attributed to acetylenedicarboxylic acid or any 

compound of hydrogen, oxygen, nitrogen, and carbon. 

As can be seen in Figure 4.9, a peak is observed at 138.23oC, which could be attributed to 

the glass transition temperature of PAN. The Tg of pure PAN is 105oC, as reported previously. The 

rise in Tg may be due to the addition of NiO into the PAN matrix. 

Figure 4.10 shows a DSC thermogram of STO. A peak can be seen at 96.33oC, which could 

be attributed to the Tg of PVP. The Tg of pure PVP is 85oC, as reported previously. However, a 

slight increase in Tg can be observed in Figure 4.10, which may be due to the presence of SrTiO3 

nanoparticles. The other peak was observed at 214.53oC, which could be due to complete melting 

of the PVP polymer matrix. The Tm of pure PVP is 180oC, as reported previously. The increase 

in Tm may be due to the presence of STO, which could impede the chain segmental motion of the 

PVP polymer. 
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Figure 4.9. DSC thermogram of NiO nanofibers. 

 

Figure 4.10. DSC thermogram of STO nanofibers. 
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4.4.4 Fourier Transform Infrared Spectroscopy 

 Figure 4.11 shows the FTIR spectra of nanofiber samples used in the present study. As can 

be seen in the NiO-STO sample, bands appeared at 1,733 cm-1 and 1,655 cm-1, which was due to 

C = O and C = C stretching vibration, respectively.   

 

Figure 4.11. FTIR spectra of NiO-STO nanofibers, NiO nanofibers, and STO nanofibers. 

The peaks between 2,500 and 2,000 cm-1 may be attributed to carbonate species such as 

nickel carbonate (NiCO3), strontium carbonate (SrCO3), strontium hydrogen carbonate [Sr 

(HCO3)2], and titanium (IV) carbonate [Ti (CO3)2] present in the samples. One prominent peak 

was observed at ~500 cm-1, which may be related to Ni-O stretching vibration.  Moreover, two 

apparent bands at 1,200 cm-1 and 1,020 cm-1 were also observed in Figure 4.11. These bands can 

be attributed to the asymmetrical and symmetrical stretching vibrations of  S = O. The band at 
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612 cm-1 may be attributed to the Ti-O-Ti bond. The band corresponding to 1,246 cm-1 can be 

attributed to O − C = O stretching vibration. 

As can be seen in Figure 4.11, several peaks are observed for the NiO sample. The spectra 

corresponding to 3,375 cm-1 could be due to moisture and residual solvent present in the fiber 

matrix for the NiO sample. The peak corresponding to 2,000 cm-1 is the signature peak of -C≡C-. 

The peak corresponding to 1,888 cm-1 may be due to carbonate species in the sample. Relative to 

the SrTiO3 sample, the peak corresponding to 750 cm-1 could be attributed to the Ti-O-Ti bond, 

the peak corresponding to 1,300 cm-1 could be due to N-O bond stretching vibration, and the peak 

corresponding to 1,350 cm-1 may be due to C-H bond stretching vibration. 

 4.4.5 X-Ray Diffraction  

The crystal structures of electrospun fibers were characterized with XRD using Cu Kα 

(1.5406 A˚) monochromatic radiation and scanned between 2 values of 30o and 80o. Figure 4.12 

shows XRD patterns of STO, NiO, and NiO-STO nanofibers. Literature studies reveal that the 

catalysts exhibit enhanced photocatalyst efficiency when they are in a crystalline form [25-26]. 

The crystallinity of NiO-STO was determined by recording XRD spectra of samples that had been 

calcinated at 600oC, as shown in Figure 4.12. 

The XRD spectra confirmed the crystalline structure of NiO-STO. The characteristic peaks 

of NiO-STO samples were observed at (110), (111), (222), (200), (211), (220), and (311) at 2θ 

values of 33.83o, 41.84o, 43o, 46.98o, 59o, 69o, and 78o, respectively. The crystallinity of STO and 

NiO was also determined by XRD analysis. The characteristic peaks of STO samples were 

observed at (110), (111), (200), (211), and (220) at 2θ values of 33.83o, 41.84o, 46.98o, 58.16o, and 

68.30o. Similarly, the characteristic peaks of NiO samples were observed at (111), (222), (220), 

and (311) at 2θ values of 36.84o, 43.64o, 63.28o, and 77.64o.  
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Figure 4.12. XRD patterns of NiO-STO nanofibers, NiO nanofibers, and STO nanofibers. 

4.4.6 Raman Spectroscopy  

Raman spectra of the NiO-STO sample are shown in Figure 4.13. The spectra at 839 cm-1 

and 881 cm-1 exhibit a low-frequency band of the sample. The Raman spectra (room temperature) 

are second order, which is consistent with the rules for a cubic perovskite structure, which STO 

exhibits at room temperature. The Raman spectra show a number of sharp peaks superimposed on 

a broad feature over almost the entire region. It is suggested that the entire spectra are due to 

second-order Raman scattering, and only sharp peaks are first-order Raman bands. The sharp peak 

at 2,990 cm-1 is due to first-order Raman scattering. 



120 

 

Figure 4.13. Raman spectra of NiO-STO samples. 

Raman scattering is very sensitive to the crystallinity and the microstructure of a material. 

The peaks at 839, 881, and 1030 cm-1 can be attributed to the crystalline phase of the NiO-STO 

sample. The peak intensity is significantly influenced by calcination temperature. A high-intensity 

peak corresponding to 2,990 cm-1 can be observed, indicating that the sample is highly crystalline. 

These observations are confirmed with XRD results. No broadening in Raman spectra was 

observed, which indicates that there is no breakdown of long-range translational crystal symmetry, 

despite the addition of NiO nanoparticles. 

4.4.7 Bandgap Energy  

Figure 4.14 shows the UV-Vis spectra of the electrospun nanofibers calcinated at 600oC. 

In order to achieve an efficient water-splitting process, the bottom of the conduction band must be 

at a higher negative potential than the reduction potential of H+
 to H2 (0 V vs. NHE at pH 0). 

Similarly, the top of the valence band must be at a higher positive potential than the oxidation 

potential of H2O to O2 (1.23 V vs. NHE) [11]. The minimum photon energy needed to carry out 

the photocatalyst reaction is 1.23 eV, corresponding to a wavelength of ca. 1,000 nm in the infrared 

region [11]. Therefore, the bandgap of the NiO-STO system should be higher than 1.23 eV in order 
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to carry out catalytic activity. Nickel oxide is a p-type semiconductor with a bandgap of Egb = 

3.85 eV, while strontium titanate has a bandgap of Egb = 3.25 eV [25-27]. The bandgap of the NiO-

STO system should be between 3.85 and 3.25 eV. The bandgap energy was calculated as 

 𝐸 =
ℎ𝑐

𝜆
  (4.1) 

where h is Planck’s constant (6.63 x 10-34 J.s.), c is the speed of light (3.00 x 108m/s), λ is the 

wavelength (from Figure 4.10: λ = 348 nm for NiO-STO nanofibers, λ = 316 nm for NiO 

nanofibers, and λ = 374 nm for STO nanofibers). Using the energy equation above along with the 

three parameters, the energy was calculated as E = 5.71 x10-19 J for NiO-STO nanofibers, E = 

6.29 x 10-19 J for NiO nanofibers, and E = 5.31 x 10-19 J for STO nanofibers, which were then 

converted to Egb = 3.57 eV, Egb = 3.93 eV, and Egb = 3.32 eV for the three nanofiber samples, 

respectively. In earlier studies, researchers have found that STO has a bandgap of Egb = 3.25 eV, 

whereas NiO has a larger bandgap of Egb = 3.85 eV [27]. The measured bandgap energy for the 

produced NiO-STO nanofibers was between the two values of the bandgap energy for STO and 

NiO.  

 
 

Figure 4.14. UV-Vis spectra of electrospun nanofibers heat treated at 600C  
and suspended in DI water. 
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From Figure 4.14, it is obvious that the largest absorption peak for NiO-STO nanofibers is at 

348 nm. Based on this, the bandgap energy of NiO-STO nanofibers was determined as 3.57 eV. 

The identified absorption peaks of the three nanofibers samples are in good agreement with the 

results of earlier studies.  

Nickel has a broad range of visible light absorption, and nickel oxide can absorb light in 

the UV spectrum [28]. For this reason, nickel oxide was used in this study as a cocatalyst for 

overall water-splitting applications. If the photocatalyst used in this study conained no nickel 

oxide, then there would be no light absorption in the visible spectrum. The photocatalyst NiO-STO 

used in this study can absorb electromagnetic radiations from sunlight in the visible and as well as 

UV spectrums, thus increasing the photocatalyst efficiency. The electrospun NiO-STO 

photocatalyst samples were tested under visible light and show some hydrogen bubbles (see Figure 

A8 in the appendix). 

4.5 Conclusions 

In this study, a simple method of electrospinning was employed for the preparation of a 

calcinated NiO-STO photocatalyst for an overall water-splitting application. Titanium dioxide, 

which has been studied extensively in water splitting, has a large bandgap and higher 

recombination rate of the photo-induced charge carriers, and therefore inhibited its photocatalytic 

performance under visible light. Thus, it was modified with NiO-STO to allow the production of 

hydrogen in overall water splitting due to the position of the valence and conduction bands of STO. 

NiO-STO is a metal oxide semiconductor. The photocatalytic properties of a metal oxide 

semiconductor have been studied extensively by researchers in order to improve photocatalytic 

efficiency. XRD revealed the crystalline structure of NiO-STO nanofibers that had been calcinated 

at 600oC. SEM micrograms exhibited the uneven surface morphology of NiO-STO nanofibers 
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after heat treatment as well as a significant shrinkage in fiber diameter.  The UV-Vis spectra were 

used to measure the bandgap energy of NiO-STO, which was calculated as 3.57 eV, larger than 

the minimum photon energy (1.23 eV) necessary to carry out a photocatalytic reaction. The FTIR 

spectroscopy technique was employed to study rotational vibrations of molecules in the infrared 

portion of an electromagnetic spectrum. This study may be useful in future developments in water 

splitting using photoactive catalysts.  
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CHAPTER 5 
 

GENERAL CONCLUSIONS 
 
 

 The combustion of fossil fuels in industrial and domestic applications has potentially led 

to air pollution and climate change due to the increased emissions of greenhouse gases such as 

CO, CO2, nitrogen oxides, and sulfur dioxide, as well as volatile organic compounds and heavy 

metals. Additionally, the rising prices of fossil fuels and energy insecurity have created major 

threats to the world’s economic and political stability. Therefore, there is an urgent need for a 

renewable energy source that could replace traditional fossil fuels. The world’s population is 

increasing at a rapid rate and is expected to continue until at least mid-century. These new 

inhabitants will require water, food, shelter, transportation, and consumer products, all of which 

need energy to produce and/or deliver goods and services. The increase in population, along with 

the rapid growth of many developing economies, indicates that the demand for energy may be 

more than double by mid-century.  

 Fossil fuels have provided significant economic growth since the industrial revolution. The 

depletion of fossil fuels and their environmental effect mandate a new, cleaner technology for 

economic growth. The ever-increasing demand for energy due to industrialization and the rising 

standard of living, especially in western countries, require alternative energy resources as well as 

improvements in the existing technology. Hydrogen has been recognized as an ideal alternative to 

fossil fuels in the future since it has a high heat of combustion, and the product of that combustion 

is water vapor instead of carbon dioxide. However, there is no natural reserve of hydrogen gas, 

and renewable hydrogen production is still not popular due to its high cost. Recently, hydrogen 

production via water electrolysis is only 5%, while hydrogen produced from fossil fuels is 95%. 

Interest in the development of semiconductor photocatalysts has been initiated following the 
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preliminary work of Fujishima and Honda, who used titanium dioxide as an active photocatalyst 

in ultraviolet light for overall water splitting. After their preliminary work, efforts have been 

focused on modifying titanium dioxide to enhance photocatalyst efficiency in the visible light 

spectrum. Strontium titanate, like anatase TiO2, has a band level that is suitable for photocatalyst 

water splitting because its valence and conduction bands are lower and higher, respectively, than 

the oxidation-reduction levels of water. Additionally, the perovskite structure of SrTiO3, or STO, 

makes it suitable for doping for electronic modifications. 

Recently, NiOx-modified SrTiO3 is now being considered as a promising photocatalyst in 

overall water splitting under UV light. The NiOx-STO photocatalyst acts as three components, like 

the Ni-STO-NiO catalyst, where Ni produces protons, STO absorbs light, and NiO oxidizes water. 

Extensive attention has been paid to the nano-NiO-STO system, i.e., the nanoscale titanate 

photocatalyst for overall water splitting. This system allows better light absorption than many 

semiconductors such as germinates tantalates, and niobates. Recently, extensive attention has been 

paid to electrospun nanofibers for better photocatalyst efficiency in overall water splitting. These 

fibers have high surface area, and their porous structure allows more active sites for catalytic 

activity, thereby increasing overall photocatalyst efficiency 

In this dissertation, a simple method of electrospinning was employed for the preparation 

of a calcinated NiO-STO photocatalyst for an overall water-splitting application. Titanium dioxide, 

which has been studied extensively in water splitting, has a large bandgap and higher 

recombination rate of the photo-induced charge carriers, and inhibits its photocatalytic 

performance under visible light; therefore, it was modified with NiO-STO to allow the production 

of hydrogen in overall water splitting due to the position of the valence and conduction bands of 

the strontium titanate. NiO-STO is a metal oxide semiconductor. The photocatalytic properties of 
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a metal oxide semiconductor have been studied extensively by researchers in order to improve 

photocatalytic efficiency. The results of x-ray diffraction revealed the crystalline structure of 

NiO-STO nanofibers that were calcinated at 600oC. Scanning electron microscopy micrograms 

exhibited the uneven surface morphology of NiO-STO nanofibers after heat treatment as well as a 

significant shrinkage in fiber diameter.  UV-Vis spectra were used to measure the bandgap energy 

of NiO-STO, calculated as 3.57 eV, which is larger than the minimum photon energy (1.23 eV) 

necessary to carry out a photocatalytic reaction. The FTIR spectroscopy technique was employed 

to study the rotational vibrations of molecules in the infrared portion of an electromagnetic 

spectrum. 

The electrospun polyacrylonitrile/graphene fibers incorporated with double catalysts 

(SrTiO3 and NiO) were also investigated for an improved water-splitting processes. Prior to the 

characterization process, electrospun PAN fibers with a graphene inclusion were heat treated to 

transform the organic phase into a crystalized inorganic phase. Test results indicate that the 

NiO-STO was well integrated into the carbonized PAN/graphene nanofibers. It is believed that the 

NiO-STO combined with graphene may act as an electron trap to promote electron-hole separation 

and facilitate interfacial electron transfer. The results of this study may improve the efficiency of 

the water-splitting process.  This study may be useful in future developments in water splitting 

using double photoactive catalysts.  

The need of advancement in filtration technology has spurred increased attention in 

advanced nanosized materials such as electrospun nanofiber membrane for providing clean water 

at lower cost with minimum initial investment. Polymer nanofibers can be fabricated by using 

different techniques such as template synthesis, self-assembly, drawing, phase separation, and 

electrospinning. Due to its distinctive properties, electrospinning has become a method of choice 



129 

for fabricating a nanofiber membrane quickly with minimum investment. In this study, 

polyacrylonitrile was dissolved in dimethylformamide, and different weight percentages of 

polyvinylpyrrolidone and gentamicin sulfate powder were added to the solution to fabricate a 

nanomembrane via electrospinning. Gentamicin was added to remove bacteria and viruses, and 

PVP was added to make the surface of membrane hydrophilic for enhancing the filtration 

efficiency. These nanomembranes, due to their nanosized pores virtually reduced bacteria such as 

E. coli and other coliform bacteria to a significant level. Generally, the most important factors that 

must be considered for measuring the quality of filtered water are turbidity, total suspended solids, 

chemical oxygen demand, and biochemical oxygen demand. These nanomembranes reduced all of 

these factors to a significant level. 
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CHAPTER 6 
 

FUTURE WORK 
 
 

 The efficiency photocatalysts is still under consideration, since no photocatalyst has been 

able to increase the photocatalyst efficiency to 10% or more. Many researchers have used double 

catalysts in order to increase the photocatalyst efficiency, but their efforts have resulted in less 

than 10 % efficiency.  In the future, it will be necessary to try some other metal- or semiconductor-

based photocatalysts in solar water-splitting applications, in order to enhance photocatalyst 

efficiency.  

In the near future, the effect of size of nanomaterials on photocatalyst activity will be 

examined, and catalysts such as LiNbO3 modified with RuO2 or NiOx, and NaTaO3 modified with 

NiOx will be tested for higher photocatalyst efficiency. The ultimate goal of this research for 

hydrogen production via solar-driven overall water splitting employing an appropriate 

photocatalyst is to develop a stable material that can proffer a quantum efficiency of around 30%. 

If such a photocatalyst is constructed successfully, then it will be a major breakthrough in water-

to-hydrogen conversion employing solar irradiation.  

 The other aspect of this dissertation was fabricating a nanomembrane via electropsinng for 

dam water and wastewater treatment. PAN electrospun fibers embedded with PVP and gentamicin 

were employed to filter dam water and wastewater. In the future, other polymers and antibiotics 

will be used to fabricate nanomembranes and reduce the pore size even further in order to 

determine to what extent turbidity, TSS, COD, and BOD can be reduced. Furthermore, changes in 

total coliform and E.coli content will be observed and compared to the PAN-gentamicin-based 

nanomembrane. 
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APPENDIX 
 

LABORATORY SUPPLEMENT  
 
 

 
 

Figure A1. Different filter setups: (a) inside fume hood, and (b) outside fume hood with 
connection to small air compressor. 

 
 

 
 

Figure A2. Porcelain Buchner funnel with inner diameter of 90 mm: (a) prior to electrospun 
nanofiber, and (b) after electrospun nanofiber. 
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.  

Figure A3. Different devices used to measure water quality: (a) HACH for pH; (b) HACH 
sensION5 for TDS and conductivity; (c) HACH DR/2010 spectrophotometer for ammonia (NH3-

N), total alkalinity, and silica; (d) HACH HQ30d for dissolved oxygen in wastewater samples; 
(e) and (f) HACH DR/890 colorimeter for turbidity, TSS, and COD. 
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Figure A4. Ion chromatography: (a) system used to measure heavy materials, and (b) advanced 
Thermo Scientific™ water deionization system in conjunction with ion chromatography system. 

 

 
 

Figure A5. Electrospun nanofiber used as filter medium: (a) before filtration process,  
and (b) after filtration process. 
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Figure A6. Coaxial needle. 
 
 

 
 

Figure A7. Coaxial needle setup. 
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Figure A8. NiO-STO nanofiber sample producing H2 bubbles under visible light.  
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TABLE A1 

IDEXX QUANTI-TRAY®/2000 MPN TABLE 
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