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Photocatalysts are semiconductor materials that utilize light to improve the rate of 

chemical reactions. These materials are primarily used to degrade toxic compounds in 

aqueous systems. The most photocatalytically active of these materials are only able to 

absorb a small portion of the solar spectrum, limited to the UV range and have a low 

quantum efficiency. Therefore, finding methods that improve the photocatalytic activity 

of these materials is essential to applying them to practical systems. Previous research 

has shown that application of an electric field through supported photocatalytic systems 

increases the reaction rate via improving charge carrier separation. The internal 

electrodes in these systems are limited by the electrolysis of water at high voltages. To 

overcome this limitation, an alternate reaction setup was developed using an external 

electric field applied through air combined with a dispersed nanoparticle system. The 

trend of reaction rate change with applied electric field strength is discussed in terms of 

the Poole-Frenkel behavior, which is predicted from photovoltage studies, while other 

potential influences of the electric field are also discussed. This demonstrates that an 

improvement in reaction rate by as much as 120 % can be achieved in a P25 system. 

The ability of an electric field to influence a variety of photocatalytic systems that have 
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different charge transport properties is examined in several systems, including  rutile, 

CNT/TiO2, ZnO/TiO2, and SrTiO3 doped with 20 % La. This work describes the 

synthesis and characterization of the materials, as well as the change in performance 

with electric field strength. In addition, the development of photocatalytic nanofibers via 

the electrospinning process is discussed for use as supported photocatalytic systems. 

However, a significant departure from the standard electrospinning regime was 

encountered when heavily doped compounds are used leading to low density structures 

and complications to the electrospinning process. The key parameters controlling this 

behavior were found to be the solution conductivity and shape of the electric field. For a 

TiO2 sol-gel system, the low-density electrospun meshes began to occur when the 

solution conductivity was increased with NaCl to 1270 μS/cm and above. Methods to 

control and prevent this behavior are presented. 
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CHAPTER 1 
INTRODUCTION AND BACKGROUND 

Photocatalysis 

Water purification is a critical area of research in order to improve public health 

as well as maintain natural ecosystems. According to the World Health Organization, 

hazardous materials and bacteria in water systems are responsible for 4 % of deaths 

worldwide[1-2]. Lack of access to clean drinking water affects roughly 1 billion 

people[3]. These runoff pollutants not only affect human health, wildlife and aquatic 

systems also suffer deleterious effects[4]. Therefore, there is a significant need to 

further the development of methods to better understand and improve water purification 

methods.  

The focus of this work is on the use of photocatalysis to remove harmful 

substances from water. Photocatalysts accelerate the breakdown of hazardous 

materials by harvesting light, which is used to generate free radicals. Photocatalytic 

materials are typically applied to three areas of water purification. The first area is 

removal of toxic chemicals from aqueous systems. Pollution remediation is especially 

important for the textile industry[5]. Between 1 and 15 % of the dyes used in textile 

manufacturing are lost in the process and can end up in effluents[6]. Photocatalysts are 

also commonly applied to bacteria removal and air purification[7]. Hoffmann et al. 

provide a more detailed discussion of the full range of environmental applications of 

photocatalysis[2].   

Photocatalysts absorb incident solar radiation with energy greater than their 

bandgap. The absorbed light excites electrons into the conduction band leaving holes 

behind in the valence band, depicted in Figure 1-1. These electron hole pairs can 
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become trapped or simply recombine; however, if separated, the photocatalyst can 

generate free radicals on its surfaces. The free radicals readily react with other 

compounds through redox reactions[8-10]. Both electrons and holes are capable of 

generating hydroxyl reactions with water as follows[11]: 

Oxidative reaction: 

   

 

 

The reductive reaction: 

   

 

 

The photogenerated free radicals are then able to break down contaminants in the 

system. 

 Photocatalysts are typically semiconductor materials with bandgaps between 1-3 

eV such as TiO2, ZnO, WO3, SrTiO3, etc[12]. Figure 1-2 depicts the photocatalytic 

reaction of a P25 particle cluster with Procion Red on P25[13-15]. The reaction is 

initiated when the particle comes into contact with UV light. The light generates charge 

carriers inside the particle, which either recombine or transfer to adsorbed oxygen and 

water molecules. In both cases, hydroxide radicals are formed, as described in the 

previously mentioned oxidative and reductive reactions. The free radicals are then able 

to rapidly degrade other compounds, Procion Red, in this case. 
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There are several key limiting factors to photocatalysts. First, the bandgap 

energy of the most effective photocatalyst, TiO2, can only absorb in the UV region of 

light, which only makes up a small fraction of the solar spectrum. Second, the quantum 

efficiency of these materials are low due to a high rate of recombination[16]. Third, 

nanoparticles are the most highly active form of these photocatalysts, but are very 

difficult to recover. Therefore, new methods to improve the efficiency of these materials 

are needed for their practical application. The following sections provide a detailed 

background on photocatalytic properties with a focus on TiO2. 

Surface Properties 

High specific surface areas are needed for efficient photocatalysts because the 

reactions occur primarily on the surface. Charge carriers generated in the bulk generally 

recombine before they can contribute to the process. One of the primary influences on 

photocatalysis is the presence of surface oxygen vacancies. TiO2 is typically oxygen 

deficient to varying degrees. Several studies show that oxygen vacancies trap electrons 

0.75 eV below the conduction band[17]. However, only the vacancies that trap charge 

carriers near the surface, are effective at improving the photocatalytic ability of the 

material[18]. This helps further explain why smaller particles are more effective catalysts 

due to the higher surface area to bulk ratio. Furthermore, the oxygen vacancies allow 

adsorption of CO and O2 molecules[19]. Adsorption of oxygen molecules is one of the 

essential steps in the photocatalysts process since it allows electrons to be removed 

from the material. 

One of the challenges of forming reduced TiO2 is that Ti3+ is not stable on the 

surface[20]. However, hydrogen reduction over several days creates a greatly 

disordered surface structure, which changes the color from white to blue to black over 
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time. Hydrogenation studies were initially conducted in 1964 to understand the transition 

from anatase to rutile, which is suppressed in vacuum and enhanced in hydrogen 

atmosphere [21]. A recent paper in Science found a practical application of this black 

TiO2 as an efficient visible light photocatalyst that can also be used for water 

splitting[22]. The surface disorder, on the order of 1 nm induced by extended 

hydrogenation gives rise to mid bandgap states that are able to efficiently absorb a 

broad spectrum of light. Hydrogen atoms remain bonded with both Ti and O on the 

disordered surface, giving rise to its stability. 

TiO2: Anatase, Rutile, and the P25 Standard 

TiO2 exists in several phases; however, the most photocatalytically active are the 

anatase and rutile phases, shown in Figure 1-. Anatase has a higher bandgap (3.2 eV) 

than the rutile phase (3.0 eV). Despite the narrower bandgap of rutile, which provides a 

larger range of visible light adsorption, anatase is widely considered the more 

photocatalytically active material. Interestingly, mixtures of the two materials exhibiting 

the highest performance[23]. The enhancement effect is observed in both multiphase 

TiO2 particles and through physically mixing anatase and rutile particles together. It has 

been shown that rutile is a highly active catalyst for some reactions, such as 

photolysis[24]. However,  a combination of anatase and rutile is apparently critically 

important when oxygen acts as an electron acceptor[15].  

There are several causes that give rise to this disparity in performance of the two 

phases. First, rutile is a phase that requires higher temperatures to form than anatase. 

This typically results in particle sizes that are substantially larger than anatase particles. 

The larger particle size greatly decreases the available surface area for the reaction to 

take place. Second, rutile exhibits a higher recombination rate[18, 25]. Third, anatase 
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has a higher adsorptive affinity for organic compounds than rutile[23]. Interestingly, 

Xiang et al. developed a low temperature synthesis allowing them to produce 5 nm 

diameter rutile particles, which reportedly exhibits over an order of magnitude superior 

performance compared to P25[26]; however, this might be due entirely due to the 

significantly higher surface area of rutile. Another consideration is that studies that 

report synthesizing “anatase” often actually have a small portion of rutile, and can take 

advantage of the synergistic effect between the two. Regardless, it is clear that there is 

a large synergistic effect when the two phases are present together. 

The ability of mixtures of distinct anatase and rutile particles to improve 

photocatalysis has been further demonstrated by Su et al. They determined the 

optimum ratio of anatase to rutile is 60:40 by analyzing the photocatalytic performance 

of TiO2 with identical grain size and surface area with differing ratios of the two 

phases[27]. Furthermore, heating P25 at 800oC to form an entirely rutile phase is 

associated with an order of magnitude loss in surface area, and a strong decrease in 

photocatalytic performance[28]. 

While numerous studies have demonstrated a significant improvement in the 

photocatalytic activity of combing anatase and rutile, the nature of the improved 

performance is debated in the literature with several conflicting models. Although, 

original theories suggested electrons traveled from the higher conduction band of 

anatase into rutile, newer theories suggest electrons travel in the opposite direction[23, 

29] [16, 23]. The newer theories suggest that excitons generated in rutile are able to 

transfer electrons from the conduction band of rutile into trap states within the anatase 

phase, while holes remain within rutile trap states[23]. Oxygen trap states exist 0.75 eV 
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below the conduction band that acts as trapping sites for electrons and holes[17, 23]. 

Zhang et al. attribute the separation behavior to differences in work functions, 5.41 eV 

and 5.19 eV for anatase and rutile, respectively. The work functions lead to a higher 

Fermi level 0.22 eV in rutile than anatase[30]. The difference in Fermi levels generates 

an internal electric field that attracts electrons into the anatase phase. On the other 

hand, Sun et al. report there is an upward bending of the anatase conduction band 

preventing electrons from flowing from anatase to rutile, but still allowing holes to 

transfer to rutile[31]. 

P25, a mixture of anatase and rutile, is often used as a photocatalyst standard 

due to its high performance. The mixture is approximately 80% anatase, 20% rutile with 

a small amount of amorphous TiO2  and a particle size of around 20 nm[15]. TEM 

studies show that anatase and rutile exist as distinct particles in agglomerates and not 

as multiphase particles[14] [15]. While many photocatalytic studies develop particles 

using a sol-gel process, P25 is developed through the Aerosil process. In this gas 

phase powder synthesis, titanium tetrachloride is hydrolyzed at elevated 

temperatures[13]. This process prevents the excessive aggregation and grain growth 

that are observed in many sol-gel synthesis routes, which allows the P25 particles to 

readily disperse in water.            (1-2) 

The electronic properties of the TiO2 phases also gives hints to their differing 

performances. The electron mobility in various forms of TiO2 is reported in Table 1-1[59] 

[60]. This table makes it clear that rutile has a substantially reduced electron mobility 

than the anatase phase. The prevailing theory for electron motion in TiO2 comes from a 

polaron model[32]. In this model, conduction atoms become trapped in lattice 
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distortions. The trapped electrons are able to move between sites by a hoping 

mechanism that is strongly influenced by temperature[33]. The mobility for nanoporous 

particles is thought to largely be limited by transport between particles[34]. The average 

distance electrons and holes move in TiO2 before recombining is known as its minority 

carrier length. Without the presence of an electric field, this value is 100 nm in TiO2[35]. 

Therefore, particles that are significantly larger than the minority carrier length will have 

a greater extent of internal recombination of charge carriers.  

Simulations and experimental evidence have demonstrated that each crystal 

facet has a different reactivity. For example, in TiO2 the {001} facet is more reactive, but 

surfaces are typically dominated by (101) surfaces[36-38]. The average surface 

energies for TiO2 facets are {001}> {100}> {100}  with energies of 0.90, 0.53, and 0.44 

J/m2 respectively[39]. These high-energy sheets are synthesized by using fluorine ions 

from hydrofluoric acid solutions to lower the surface energy of the {001} facets. Rutile 

generally does not predominately exhibit the high energy {001} face; rutile particles 

typically exhibit  {011} and {110} faces[40]. The absence of the higher energy facet is 

likely a contributing factor to the lower reaction rate of rutile particles. 

Methods to Improve Photocatalytic Performance 

There are several often conflicting material requirements for optimizing 

photocatalysts. Further complicating photocatalyst research methodology is that, unlike 

solar cell research, there are no standard lighting or reaction conditions for 

photocatalysts. Typically, either UV or strictly visible light sources are used. However, 

many parameters that influence the activity change making it difficult to compare the 

results between seminal papers. However, Degussa P25 is typically used as a 

benchmark material with which to compare any novel compounds.  
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Several properties are critical for developing an efficient photocatalyst. Among 

these are: the ability to generate excitons over the desired wavelength range, the ability 

to efficiently separate electrons and holes, maintaining a high surface area for reactions 

to take place, and the ability to separate catalyst material from solution. While many 

photocatalysts are tested in the UV range (300-400 nm), this only makes up for 5 % of 

the solar spectrum. 43 % of the spectrum is in the visible range (400-700 nm), while the 

remaining 54 % is in the infrared range (700-2500 nm)[41].  

Although TiO2 is one of the most efficient photocatalysts, its band gap only 

permits absorbance ultraviolet range. Therefore, a large portion of the solar spectrum is 

not utilized by many photocatalysts. There is great interest in extending the range into 

the visible portion of the spectrum. There are several methods of doing so. Initial efforts 

focused on doping with cationic compounds. However, many of these dopants only 

served as recombination centers, reducing performance overall. On the other hand, 

recent progress on anionic dopants has shown significant improvements in 

performance. 

 Doping of various compounds has been extensively studied. Both metallic (Ca2+, 

Sr2+, Ba2+, Al3+, Ga3+, Cr3+, Fe3+, Co3+, Ce3+, Ln3+, Sn4+, Zr4+, Nb5+, Mo5+, Sb5+, and 

Ta5+) and nonmetallic ions (N3+, C4+, S4+, F−, Cl−, and Br−) have been investigated in a 

variety of configurations[41]. Self-doping of TiO2 is also possible. The addition of an 

oxygen scavenging compound prior to heat treatment can result in Ti3+ sites in the bulk 

of the nanoparticles[20, 42].  

 One of the difficulties with evaluating these studies are that the method of 

doping can alter the performance[43]. This is due to dopants within the bulk primarily 



 

21 

acting as recombination centers. Ideally, the materials should be doped in such a way 

that the dopant exists predominantly in the surface[44]. Furthermore, whether the 

dopants exist as interstitials or substitutionals is influenced by the oxygen pressure 

during annealing[45]. Another complication with dopants is shifting of the bandgap. For 

example, dopants that shift the valence band upward may reduce oxidation efficiency, 

while increasing the reduction efficiency[44-45]. Therefore, materials with the same 

chemical constituents may behave very differently depending on the processing steps, 

the light spectrum, and the reactions catalyzed. 

Photocatalyst Recovery 

One of the greatest challenges to photocatalysts is recovery of the photocatalytic 

material. Nanoscale particles are required for high photocatalytic; however, removing 

nanoparticles requires long sedimentation times or very fine filters. Removal of particles 

from the system is impractical, and the nanoparticles themselves are potential health 

hazards[46]. Supported photocatalysts make the recovery process easier at the 

expensive of significantly reducing the reaction rate. The inherently interconnected 

nature of supported photocatalysts has significantly lower surface area. Furthermore, 

diffusion of reactant species into the pores of the supported photocatalysts is 

significantly slower[47]. 

Another complication is that the support material itself typically interacts with the 

incident light, reducing the effect of the attached photocatalysts. It is possible to 

overcome some of the limitations of light penetration into photocatalysts by supporting 

the photocatalysts on fiber optic fibers to channel the light toward the catalytic 

material[48]. Other methods to improve the performance of supported photocatalysts 

include using carbon support materials, which enhances adsorption of pollutant 
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material, concentrating it around the photocatalytic TiO2, or applying an electric field[35, 

49-50].  

Electrospun fibers are often utilized as electrospun support materials. These 

fibers are typically on the nanoscale and can reach meters in length. The fibers 

entangle, forming a stable, but highly porous material. The non-woven meshes of 

nanofibers are often used as photocatalyst supports by incorporating nanomaterials into 

the fibers[51-52]. Alternatively, the photocatalytic material can be electrospun directly as 

a fibrous structure[53-54].   

Alternatively, it is possible to utilize magnetism to recover specially developed 

magnetic photocatalyst particles. By coating magnetic nanomaterials in photocatalytic 

material, an applied magnetic field can fluidize and aide in recovery of the particles [55-

57]. While magnetic coated particles allow recovery of highly dispersed photocatalytic 

systems, a new set of challenges is presented. The heterojunction between the 

photocatalytic surface and magnetic core often has a detrimental effect on 

photocatalytic performance[58]. A second challenge in developing magnetic 

photocatalysts is the core-shell structure greatly increases the particle size. However, 

magnetic photocatalysts remain a promising alternative to supported photocatalysts. 

Photocatalytic Degradation of Dye Molecules 

Dye molecules are commonly used as model degradation products in 

photocatalytic systems due to the practical application of removing them from effluent 

systems and the ease with which their degradation can be monitored. The nature of dye 

compounds requires high stability under a variety of conditions. The EPA reports the 

half-life of these dyes is around 2,000 h when exposed to sunlight[59]. There are 

several degradation products that result from dye color removal. Remaining products 



 

23 

include CO2 and formic acid. However, these products are not considered hazardous 

and readily break down easily in the environment, unlike the dye molecules[6]. 

Photocatalytic activity is often extended into the visible range due to the 

photosensitization of the semiconductor by dye molecules used in the degradation 

reactions[60]. The singlet excited state of a dye molecule adsorbed on the surface of 

TiO2 can transfer an electron into the conduction band of the TiO2. The trapped electron 

is then transferred to adsorbed oxygen, creating O2
- that generates reactive HO  and 

HOO  radicals[6, 61]. The experiments show oxygen is necessary to remove electrons 

for the process to proceed and is the rate limiting step. Without oxygen the dye simply 

regenerated. Galindo et. al suggest the photosensitization process might be responsible 

for 25% of dye degradation[6]. However, Muneer et al. suggest the photocatalyst is able 

to inject electrons into the dye, leading to its degradation[62]. The dye 

photosensitization mechanism also explains the ability of P25 to decolorize the dye 

material in visible light conditions. Photosensitization by dye molecules of the 

photocatalyst makes it essential to store the materials away from both visible and UV 

light prior to performing UV-vis analysis. 

A third reaction can also take place on the surface of TiO2 without any incident 

light sources. The surface chain radical mechanism where trapped electrons in the TiO2 

conduction band generate free radicals[63]. However, this effect is minor compared to 

the other two degradation mechanisms under normal circumstances. 

Textile industries often release dyes into effluents. These industries require 

robust dyes that are resistant to biological and chemical degradation. When released 

into the environment, the dyes have a detrimental effect due to their toxicity and 
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mutagenic effects[64]. Therefore, dye degradation studies are useful in both practical 

applications and as a simple model for the effectiveness of photocatalytic materials. 

Kinetic models based on surface adsorption are commonly used to analyze 

photocatalyst reactivity. Studies have suggested that TiO2 surfaces preferentially adsorb 

certain functional groups[65]. Adsorption of the material that is being degraded is not a 

necessary condition for photocatalysis; however, different modes of adsorption affect 

the rate of degradation of different materials[66-67]. Although dye adsorption is not 

required, it does influence the degradation of dye material due to the proximity with the 

generated free radicals as well as through photosensitization as previously discussed. 

The zeta potential and charge of the dyes as well as surface adsorption sites are 

critical for determining the ability of the dye material to adsorb on the photocatalyst 

surface[66]. The isoelectric point of P25 is around 6.2 with anatase and rutile reported 

to have similar values of 6 and 5.5, respectively[68-69]. However, a wide range of 

values is reported for both material phases. Studies show that different dyes have 

optimal absorption ranges at varying levels of pH on TiO2 surfaces[70]. This suggests 

that both the photocatalyst and the surrounding conditions need to be optimized to 

achieve the highest degradation rates. 

In order to determine the rate constants of photocatalysts, a variety of 

compounds are often degraded. One such material is Procion Red MX-5B, which is 

readily degraded by photocatalytic materials. The structure of the dye is shown in Figure 

1-. The degradation rate is easily determined by following the changes in the dye 

intensity over time. The dye absorbs visible light up to 538 nm, which results in its 

distinctive color. The absorbance range is ideal for preventing screening of UV light by 
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the dye itself. However, this can become a factor in visible light photocatalysis. This 

particular dye is anionic, dissociating in water forming sulfonate groups. The sodium 

groups in Procion Red dissociate leaving behind a negatively charged compound. The 

negative charge of the dye influences its ability to adsorb onto the catalyst surface 

Several factors influence the dye degradation rate of Procion Red, including pH and 

initial dye concentration[71]. 

The dye degradation of Procion Red has been extensively studied and is outlined 

here. OH radicals initiate the process by cleaving the carbon-nitrogen double bond[72]. 

The organic dye compounds formed are mainly CO2 gas and benzene. Other 

compounds formed include Cl- and SO42-. The degradation of the organic compounds 

was found to correspond very closely to the color removal in the system for Procion 

Red[73]. The degradation of various dye molecules all follow similar kinetic models as 

described in the following section. 

Reaction Kinetics  

The reaction rate of dye degradation studies are typically described by using the 

Langmuir Hinshelwood model of surface kinetics as outlined below[74-76]. This 

treatment of the degradation does not take into account the individual steps in the 

reaction such as the rate of adsorption or individual reaction steps. Only the overall 

reaction rate, kapp is considered. However, due to different experimental conditions such 

as quantity of materials, type of dye, light source, etc. it is difficult to compare reactions 

from different studies. A description of the mathematical derivation of the Langmuir 

Hinshelwood kinetics follows starting from the standard rate is equal to change in 

concentration divided by time (r = dC/dt). 

r=reaction rate  
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C=dye concentration  

K=rate constant 

K=adsorption constant 

Kapp=apparent rate constant  

 

Assumptions: 

Dye concentration goes to zero C->0  

 

r = dC/dt = kKC/(1+KC)  

1/(KC0)ln(C/C0) + (C/C0-1) = -kt/C0  

 

Assuming C0 

1/(KCo)ln(C/C0) >> (C/C0-1) 

 

Therefore: 

ln(C/C0)=-Kkt  

C(t)=C0e
-kappt 

C(t)=C0e
-t 

Parameters That Influence Photocatalytic Reaction Rates 

In order for comparisons between photocatalytic studies to be valid, the reaction 

conditions must be held constant between experiments. Photocatalytic reactions appear 

to be relatively insensitive to changes in reaction temperature[77]. However, typically, 

reaction rate decreases with increases in temperature[78]. The decreased reaction rate 
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is due to increased desorption of adsorbed reactant species and higher rates of 

recombination. 

The solution pH alters the surface charge, which will influence adsorption on the 

photocatalyst. In addition, the pH can also lead to the dissociation of the adsorbing 

molecule as well as other effects. Therefore, pH will affect varying compounds 

differently, and no single general trend is observed[79]. 

Anions and cations alter the zeta potential of TiO2. Altering the point of zero 

charge has the potential to enhance the photocatalytic reaction by improving the affinity 

of the reactant species with the catalyst. However, studies from a wide variety of cations 

and anions including NO3
−, Cl−, HCO3

−, CO3
2−, SO4

2−, HSO4
−, H2PO4

−, decrease overall 

performance[80]. The salts reduce the available surface area for dye adsorption slowing 

the reaction rate overall. 

An important consideration in the reaction rates of photocatalysis materials is the 

method in which various materials are compared. Photocatalytic studies tend to report 

reaction rates using equal masses of all compounds. It is also possible to report the 

reactivity based on a surface area basis. This partially accounts for differences in 

particle sizes between different samples and gives a better idea of the photocatalytic 

activity per area of exposed surface. For example, doping materials often hinder particle 

growth, resulting in a much greater surface area than pure TiO2. In many of these 

studies, it is likely any enhancement in the photocatalytic activity was merely due to 

synthesizing smaller particles.  

Particle Size and Morphology Analysis 

One of the largest influencing factors of photocatalytic activity is the surface area 

of photocatalytic particles. Chemical modifications to photocatalyst materials often 
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change both their particle size as well as surface properties. Comparison of materials 

based on surface area is necessary in order to determine if photocatalytic activity 

changes are due to changes in chemistry or due to an increase in overall surface area. 

Scanning electron microscopy and transmission electron microscopy are typically used 

to determine particle morphology. While the grain size and surface area are determined 

from X-ray diffraction and BET surface area measurements.  

The fraction of anatase to rutile is determined through XRD analysis. The weight 

fraction (WR) corresponds to Equation 1-1Error! Reference source not found., where 

AA and AR are the intensities of (101) anatase and (110) rutile peaks[81]: 

                                                                              (1-1) 

Similarly, the average particle size is determined from line broadening effects 

based on the Scherrer equation, Equation 1-2, where L is the crystallite size, λ the X-ray 

radiation wavelength (0.15418 nm), β is the line width at half maximum, and θ the 

diffraction angle of the diffraction peak[82]:  

              (1-2) 

Zeta Potential 

Stability and dye adsorption in photocatalytic systems is affected by the surface 

charge of the particles. The surface charge of photocatalytic systems is dependent on 

the pH of the solution. Charged particles repel each other, which helps maintain their 

dispersion. Depending on the pH, the surface charge can be positive, negative or zero 

depending on the material system. The point of zero charge for TiO2 is reported in the 

pH range of 3.5-6.5, depending on the combinations of phases present[83].  
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The degradation material that is studied will also have an electrostatic interaction 

with the photocatalytic material. Dyes may be either positively or negatively charged in 

solution. However, in general, proposed mechanisms of photocatalysis do not require 

dye molecules to directly interact directly with the TiO2 surface except in the case of 

photosensitization. Lee et al. report that altering the pH of photocatalytic systems 

decreases overall rate constants. Higher and lower pH values decreased the overall 

reaction rate to around half this value[84]. Their analysis states that electrostatic 

repulsion is not the main reason for the lowered reaction rate, but instead a lower 

production of hydroxide radicals in the acidic/basic conditions. 

Electric Field Effects on Photocatalysts  

Several different phenomena generate electric fields that influence 

photocatalysis. Electric fields can be “internal” where they occur due to contact between 

photocatalysts materials and surrounding chemical molecules. Alternatively, a power 

supply can be used to generate an “external” electric field. Both types of electric fields 

are commonly used to influence charge transport within the photocatalytic materials as 

discussed in the following sections. The presence of electric fields in photocatalytic 

systems help separate charge carriers and to mobilize trapped electrons [85-86]. The 

improvement in charge transport improves the overall reaction rate of the photocatalytic 

materials. 

Internal electric fields 

Internal interfaces between different phase regions and in composite materials 

leads to the development of an electric field. The high activity of P25 is, in part, due to 

the mixed anatase and rutile phases of TiO2. Similarly, CNT/TiO2 structures form a 

Schottky barrier at the semiconductor metal junction, which helps enhance exciton 
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separation[87]. In supported TiO2 systems, Lana-Villarreal et al. observed a long range 

electric field throughout the TiO2 layer[88]. An electric field also forms due to the charge 

transfer between adsorbed polar water molecules and the photocatalyst. This electric 

field transports electrons into the bulk, while holes move to the surface[89]. 

External electric fields 

External electric fields are produced from an external power supply. These 

electric fields can produce a significant enhancement in photocatalytic performance[85-

86]. Photocatalytic systems are complex and electric fields can have potential effects on 

several parameters. Therefore, it is important to take each into consideration before 

applying theories to understand the behavior. An applied electric field can accelerate 

the photocatalyst particles, cause water to split into hydrogen and oxygen, alter dye 

adsorption, alter electron mobility, and enhance electron-hole separation[85, 90-91].  

Figure 1- demonstrates the acceleration and orientation effects of an electric field 

on a P25 nanoparticle cluster. Electrophoresis is the study of the effects of electric fields 

on the motion of particles. The following section discusses the key parameters to the 

motion of particles in an electric field, including the particle mobility, and acceleration. 

The electrophoretic mobility of particles (µs) in an electric field is described by the 

Smoluchowski equation, Equation (1-3), where ε0 is the permittivity of free space,  r 

is the relative permittivity of the surrounding media,   is the zeta potential, and η is the 

viscosity of the surrounding media[92]. 

               (1-3) 

Charged colloids in electric fields accelerate, which can influence their 

dispersion, and therefore catalytic performance. Conversely, it could also lead to 
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aggregation, and decrease performance depending on the electric field strengths and 

materials involved. This acceleration can improve particle dispersion or simply cause 

particle deposition on the electrode. The time for the particles to reach a constant 

velocity is described by Equation (1-4), where ρ, and  η are the density and viscosity of 

the liquid, and a is the particle size[93] : 

               (1-4) 

For nano-sized particles dispersed in water, this equation yields a maximum velocity 

within a nanosecond timeframe.  

The aforementioned equation assumes the particles are uniform. Often, 

photocatalytic particles are aggregates of mixed phases or composite structures. 

Furthermore, the particles typically exist as clusters even when dispersed in liquid. This 

results in a nonuniform zeta potential, which creates both a translation and rotational 

component to the effect of the electric field[94]. In general, the interactions with 

nonuniform particles are complex and subject to a number of modeling and 

experimental studies[92, 95]. The interactions of anisotropic particles in an electric field 

include alignment or pairing of particles, rotational, and translation motions.  

Typical photocatalytic systems undergo stirring for two purposes. Stirring the 

photocatalytic reaction prevents diffusion from limiting the reaction rate. It also has the 

added effect of maintain particle dispersion in systems that do not disperse well. A study 

conducted on the competing effects of viscous forces and electric fields on nanoparticle 

motion suggests that the effect of a stir bar will overcome any acceleration effects of the 

electric fields even at very low stirring rates[96]. Alternatively, particle acceleration 

cannot occur at all in supported photocatalytic systems. This suggests that particle 
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acceleration alone will not have a significant impact on changes in photocatalytic 

activity. 

Electrolysis, the splitting of water to hydrogen and oxygen, can also occur if a 

high current is applied to the system[97]. The reaction typically requires high current 

density as well as an electrolyte to increase the conductivity of water. Photocatalytic 

studies involving electric fields do not use electrolytes and typically use very low current 

densities, which prevents the competing electrolysis reaction[98]. If electrolysis were to 

occur, it would remove water from the system, which increases the dye concentration. A 

decrease in water content increases dye concentration. The increase in concentration 

would appear to make the photocatalysts less active. 

Besides physically accelerating colloidal particles, an externally applied electric 

field alters the electron mobility within the particle. Note that this is a distinct property 

from the previously mentioned mobility of the particle itself. Electrons in TiO2 move via 

hopping between localized states[99]. The movement is dependent on temperature and 

applied electric field strength. With higher electric fields being able to release electrons 

trapped in Coulomb potential wells[100-101]. In polycrystalline materials, this effect 

follows Poole-Frenkel behavior, described in Equation 1-5, where µ and F are the 

electron mobility, applied electric field, and ϒ is a temperature dependent constant[102-

104]:  

             (1-5) 

             (1-6) 
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Furthermore, conductivity is related to the mobility through Equation 1-6, where e, n, p, 

µe, and µh are the elementary static charge, the number density of electrons and holes, 

and the mobility of electrons and holes, respectively[105]. Therefore . 

Poole-Frenkel behavior has been used to describe the photogeneration of charge 

carriers in rutile. Itoh et al. demonstrate that electric fields increasingly enhance 

photoconductivity of rutile in the range of 50-250 V/cm[85]. A slight increase was 

observed below 50 V/cm, and a gradual decrease was observed above 250 V/cm. The 

authors suggest the increase in photoconductivity suggests that it should enhance 

photocatalytic performance in a similar fashion. Poole-Frenkel behavior typically 

presents a linear range at low electric field strengths and a non-linear region at high 

electric fields[106]. 

Other mechanisms for enhanced charge transport also exist for semiconductor 

materials. The Schottky and Ohmic mechanisms have also been reported for 

nanomaterial devices in electric fields depending on the field strength[107]. It is 

generally reported the Schottky currents and Ohmic conduction occur primarily in low 

field strengths[108]. The distinction between the different behaviors is typically 

determined based on which of the three models it fits. 

Electric field effects on exciton separation 

The presence of an external electric field does not influence photon adsorption or 

the initial generation of excitons; instead, the external field influences their 

separation[109]. There is a threshold electric field strength below which the electric field 

will not significantly influence separation of electron hole pairs[110].  Several studies 

have shown preliminary work on the effects of electric fields on TiO2. Itoh et al. 
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demonstrate that an electric field enhances the photoconductivity of rutile at 4K[85].  

Jiang et al. created a thin film photocatalytic material and studied the effects of electric 

fields. In their study, electrodes were placed inside the container, and low voltages were 

run through the system. They report that the effect levels off at very low field strengths, 

on the order of 1-2 V/cm[86], and suggest photolysis becomes a competing reaction at 

higher voltages. 

Electric fields can also influence surface adsorption. During the process of 

photocatalysis, the rate determining step is the electron transfer from the semiconductor 

material to the oxygen in solution. The electron transfer step also has the side effect of 

rendering the photocatalyst negatively charged[111]. Application of an electric field 

removes electrons from the system, reducing recombination, and creating a positive 

surface charge, which attracts reacting molecules[111]. Procion Red, the dye used in 

the following experiments also dissociates in water to form a negatively charged 

compound. However, adsorption of the dye material onto the surface is generally not 

reported as a necessary step in photocatalytic reactions. 

Another reported effect of external electric fields is that they can improve charge 

transfer in composite materials where the activation barrier is normally too high for the 

phenomenon to occur[112]. White et al. demonstrated that a ZnO/TiO2 composite 

material could be induced to transfer charges from TiO2 to ZnO in photovoltaic materials 

only when the electric field strength was high enough. At lower field strengths, the 

composite system only served to enhances recombination. The effect makes certain 

materials interesting in the presence of an external field that would make poor 

photocatalysts under normal circumstances. 
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Sol-Gel Processing of Nanomaterials 

The sol-gel process is one of the most common methods to synthesize novel 

photocatalysts. This process is useful for photocatalysis synthesis due to the high purity 

of the precursor materials and the ability to control many of the synthesize parameters 

such as particle size. A typical sol-gel process for a TiO2 precursor is shown in Figure 1-

. In the first step, the metal alkoxide reacts with water to form hydroxyl radicals. The 

hydrolyzed materials are then able to react with each other in a condensation step. This 

second step forms the necessary metal-oxygen bonds and liberates water molecules. 

The network that forms is dependent on several factors such as the solution pH and the 

ratio of water to metal alkoxide it is exposed to[113].  

One of the major drawbacks of alkoxide solutions is their stability. Even small 

amounts of moisture will cause the reaction to proceed. Equation 1-7 shows the 

parameters that are responsible for gelation time:  

            (1-7) 

Where tg is the gelation time, co is the initial concentration, k is the condensation rate 

constant and f is the apparent functionality of the alkoxide[114].  This equation is only 

valid when the rate of hydrolysis is significantly faster than the rate of condensation. The 

rate of hydrolysis is highly dependent on the length of the alkyl chain, where the rate is 

faster for shorter chains, i.e. ethoxide >propoxide>butoxide. 

Chemical additives have many effects on the stability of alkoxide solutions. 

Gelation can be hindered in titanium alkoxides by using amines[114]. Acetic acid is 

commonly added to titanium alkoxide precursor solutions used for electrospinning. In 

this process, acetic acid prevents precipitation, although acids typically act as catalysts 

in sol-gel processing[115]. In the case of acetic acid with TiO2, an exothermic reaction 
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occurs where the acetate groups bond to the titanium acting as chelating and bridging 

ligands. Kessler et al. provided an in depth discussion on the interactions stabilizing 

agents have on sol-gel systems. The addition of stabilizing compounds produces an 

exothermic reaction, which is largest for acetylacetone, then triethanolamine, then 

acetic acid. Similarly, the stability of these compounds is that acetylacetone is most 

stable followed by triethanolamine and acetic acid.  

The compounds stabilize the sol-gel process by increasing the charge 

distribution, which is evident by increasing the metal-oxygen bond lengths. The 

chelating ligands do not form a stable bond with the compound. Instead, they rapidly 

transfer between metal atoms, a process that is accelerated when alcohol is used as a 

solvent. Counterintuitively, these compounds actually increase the rate of hydrolysis 

and polycondensation. The process actually limits gelation by altering the pathway to 

polycondensation [116] [114].  

Electrospinning of Nanofibers 

Electrospinning forms non-woven fibrous meshes of polymer and ceramic 

materials. This process has three very distinctive features. First, electrospinning 

produces materials at a significantly smaller scale than other fiber production 

techniques. The fibers can be as small as tens of nanometers. Despite the narrow 

diameters, electrospun fibers can reach lengths of meters. Second, the technique is not 

limited to a specific array of materials. A large range of soluble polymers, sol-gel 

materials, and dispersed nanoparticle system can be electrospun into nanofibers[117-

122]. Additionally, modifications to the electrospinning apparatus and the ambient 

conditions allow many modifications to the resulting material morphology and 

orientation.  
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A typical electrospinning apparatus is shown in Figure 1-8. To form fibers, the 

syringe is loaded with a viscous polymer solution. An advancement pump extrudes a 

liquid droplet at the tip of the needle. An electric field deforms the droplet into an 

elongated shape known as a Taylor cone. At a certain field strength, the droplet will 

begin emitting material that is accelerated toward a grounded collection plate. The 

ejected material can either be droplets or continuous fibers depending on chain 

entanglements in the polymer system[123-125]. The thin fibers allow rapid evaporation 

of the solvent as they whip around toward the collection plate. 

 An outline of the publication records is shown in Figure 1-. The study of this field 

begins around 1600 when William Gilbert first observed that droplets deform when 

applying an electric field[126]. In 1882, Lord Rayleigh published a theoretical model that 

predicts the electrical field strength needed to make a droplet eject fluid[127]. Sir 

Geoffrey Taylor began a new wave of publications in the field with his examination of 

electrostatic droplet deformation. In homage to his work, the distinctive droplet shape 

became known as a Taylor cone[128]. After researchers developed an understanding of 

this field, industrial developments making use of the technology began[129]. Two 

patents were published in 1902, which discuss methods to electrically disperse liquid 

droplets[130-131]. The concept of electrospinning was later patented in 1934[132]. 

Petryanov-Sokolov first realized the potential of electrospun fibers in filtration and 

created the first known industrial venture utilizing electrospun nanofibers. The entire 

field of electrospinning began to undergo rapid developments in 1990, which is also 

when the term “electrospinning” was first used to describe the phenomenon. Starting in 

2002, another breakthrough in electrospinning occurred: the development of 
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electrospun ceramic nanofibers[133]. This progress opened the field to a range of new 

applications with particular interest in the energy harvesting and storage fields[134].  

Models of the Electrospinning Process 

The diameter of electrospun fibers is of critical importance to most of their 

applications. However, numerous parameters exist which influence the fiber diameters. 

Several theoretical models exist which predict the diameter of electrospun fibers. The 

final fiber diameter is governed by several parameters described by Equation 1-8. The 

solution properties, viscosity(η) and surface tension (ϒ), gravity, and the electric field 

strength govern the shape of the Taylor cone. The whipping motion the fibers undergo 

also affects the fiber diameter dependent on the radius of curvature in relationship to the 

diameter of the jet (χ). Other parameters include the dielectric constant of the outside 

medium (ε), the current (I), and the flow rate (Q). Fridrikh et al. developed an analytical 

model that accurately predicts fiber radius (rterminal) for polymer systems[135] shown in  

3

1

2

2

terminal
3)π(2lnχ

2

I

Q
γεr 












           (1-8) 

Ceramic Nanofibers 

Ceramic nanomaterials are particularly interesting to photocatalytic and 

electronic device fabrication. Recent publications have explored solar cells, battery 

materials, thermoelectrics, and supercapacitors[134]. Ceramic fibers are prepared by 

adding precursor materials to polymer systems. The polymer allows the necessary 

chain requirements to form fibers to be met, which forms composite materials. Sol-gel 

systems and nanomaterials are often incorporated into these systems[136]. Calcination 
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of the resulting fibers burns out the polymer allowing the formation of purely ceramic 

nanofibers. 

Ceramic precursors and composite systems have higher conductivity than typical 

polymer systems. The higher conductivity alters several of the underlying assumptions 

in the previously mentioned equation; however, a model exists that accommodates for 

these changes[121]. One important consideration that exists in ceramic systems is that 

the ratio of precursor material to the carrier polymer strongly influences the final fiber 

diameter. After calcination, the fiber diameters typically decrease to half of what they 

were in the green state. Figure 1-10 shows a typical electrospun fiber system for TiO2 

nanofibers. As the fibers are calcined, relatively smooth fibers are initially formed. At 

higher calcination temperatures, grain growth leads to fiber granularization. 

Salt Loaded Polymers 

Although sol-gel solutions are typically based on metal alkoxides, many 

precursors contain salt loaded polymers, which can be used to develop ceramic 

systems. In a typical process, salts are slowly added into a polymer solution. The 

dissolved salts are expected to greatly increase the conductivity of the electrospinning 

solutions. Highly conducting electrospun fibers behave differently from fibers with lower 

conductivity[121]. For highly conducting compounds, fibers often do not collect properly 

on the substrate. These effects are discussed in later sections. Salt loaded electrospun 

fibers have been produced of the following materials: NiTiO3, Al4B2O9, Al18B4O33, CeO2, 

Mn2O3 and Mn3O4, and Co3O4[121, 133, 137-140]. 
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Electrospun Fiber Modifications 

Although the fibers presented above have typically uniform, circular crossections, 

a variety of electrospinning parameters will lead to significant departures in the 

morphology. A wide range of alternative electrospinning setups have been developed to 

attain different fiber morphologies. These methods typically employ modified collection 

electrodes. However, other methods have manipulated the electric and magnetic fields 

to alter the fiber morphology. Another major advancement comes from co-

electrospinning techniques, which have been used to produce hollow structures as well 

as core-shell, and hollow-core-shell structures[141-142] [143-144]. Although fibers are 

typically not oriented, methods to align the fibers also exist[145-165]. Alignment 

techniques function by manipulating the shape of the electric field or simply collecting 

the fibers on a high speed rotating drum[149, 157-158, 160, 166]. The modifications to 

electrospinning setups lead to a diverse range of electrospun structures. However, 

altering the chemistry of electrospun solutions can also give rise to different fiber 

structures.  

Electrospun fibers do not always produce uniform diameters. In some material 

systems, beads form periodically throughout the fiber. Low viscosity, low electric fields, 

and high surface tension fluids encourage bead formation[167]. Although beaded fibers 

are generally not desirable, Acatay et al. have shown beads improve the performance of 

certain hydrophobic materials[168]. 

Another related topological feature in electrospinning is the formation of 

branched structures. Unlike beading, which can be a difficult phenomenon to avoid, 

branched fibers only arise under very special conditions. In these structures, relatively 

short, thin structures appear along the sides of the fibers. These branches are due to 
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perturbations in the cross sectional areas of the fibers produced from highly viscous 

solutions in strong electric fields[169].  

While typical nanofibers have circular cross sections, it is possible to electrospin 

fibers that are flattened. This change from a one dimensional to two dimensional 

material creates a number of interesting opportunities for study. In most reported 

studies, nanoribbons are produced by tailoring the solution properties as opposed to 

modifying the electrospinning apparatus. However, Yu et al. produced TiO2 nanoribbons 

by modifying the spinneret tip shape[170]. One proposed mechanism for TiO2 ribbons is 

that under very specific conditions a skin forms on the outer surface of the material as it 

is electrospun. This skin then collapses leaving behind flattened structures.  
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Figure 1-1. Band structure of a photocatalyst showing exciton generation in response to 
UV light. 

 

 

 

 

 

 

Figure 1-2. Photocatalysis of Procion Red dye on mixed phase TiO2 particles. 
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A) B)  

Figure 1-3. Crystal structures of TiO2 showing the two most common phases. The 
diagrams depict (A) anatase and (B) rutile. Ti atoms are red, while O atoms 
are blue. 
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Figure 1-4.Band structures of anatase and rutile phases. A) Band structure of separate 
anatase and rutile particles. B) Upward bending of anatase conduction band 
when the two phases are in contact showing the direction of electron and hole 
movement. 

 
 
 
 
Table 1-1. Electron mobility in various forms of TiO2 materials.  

TiO2 Structure Electron mobility (cm2 V−1 s−1 ) 

Anatase (single crystal) 100 
Rutile (single crystal) 1 
Porous TiO2 10-2 
Nanoparticle TiO2  7X10-6 
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Figure 1-5. Procion Red MX-5B dye molecule. 

 
 
 

 

Figure 1-6. Nanoparticle cluster being oriented and accelerated by an electric field. 
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Figure 1-7. Hydrolysis and subsequent condensation reaction of titanium methoxide. 

 
 
 
 
 

 

Figure 1-8. Diagram of a typical electrospinning apparatus. 
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Figure 1-9. Timeline of the publication record on electrospun materials. 
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Figure 1-10. SEM images of as-spun electrospun TiO2 nanofibers at various stages 
during the annealing process. (A) As-spun fibers, (B) fibers annealed for 2 
hours at temperatures of 500oC, (C) 800oC, and (D) 1000oC. All images are at 
the same scale.  

A B 

C D 
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CHAPTER 2 
MATERIALS SYNTHESIS AND CHARACTERIZATION 

Synthesis of Photocatalytic Materials 

Several material systems were tested to better understand the influence of 

electric fields on photocatalytic systems. Each material was selected for a specific 

reason as discussed in subsequent sections. The synthesis methods of the materials 

are discussed as follows. 

P25. Degussa Aeroxide P25 is a commercially available material that is the 

standard of comparison in photocatalytic measurements. The P25 particles were used 

as-received without further modifications except where noted. 

Rutile. Rutile particles were formed by heating P25 particles to 800oC for 3 h. 

This method was chosen to keep the properties of rutile as close to P25 as possible.  

CNT/TiO2. CNT/TiO2 particles were prepared as follows. Titanium isoproxide 

(98+%) and ethyl alcohol (200 proof 98+%) were purchased from Acros. Nitric acid 

(70% v/v) was obtained from Ricca Chemical Company. OH-functionalized multiwalled 

carbon nanotubes were obtained from Nanostructured & Amorphous Materials, Inc. 

(>95% purity). The MWCNTs have an outer diameter of 8 nm and a length of 0.2-2 µm. 

The following synthesis procedure was used to form the composite materials. Ethanol 

(50 mL) was added to DI water (0.5mL) and adjusted to 2 pH with nitric acid (0.5 mL 70 

wt %). MWCNTs (0.4g) were then added to the mixture. A Mixonix Sonicator 3000  

sonicated the samples for 10 minutes at a power level of 72 Watts. While stirring, 

titanium isopropoxide (7.1 g) was slowly added to the solution. After stirring for 12 

hours, the solution was dried at 80oC and crushed prior to heating to 500oC for 4 hours. 
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ZnO/TiO2.  Particles were synthesized in a similar manner to the work of Liao et 

al[171] with a Ti:Zn mole ratio of 1:0.25 prior to heating to 600oC for 3 hours. 

SrTiO3: 20% La nanorods. Electrospun nanorods were electrospun as follows: 

PVP was dissolved in DMF (12 mL). AcAc (0.5 mL) was added followed by titanium 

isopropoxide (0.53 g). In a separate container, strontium nitrate (0.6 g) and lanthanum 

(III) nitrate hexahydrate (0.6 g) were dissolved in deionized water (2 mL). The two 

containers were then mixed prior to electrospinning with a field strength of 2 kV/cm. 

Samples were then heat treated in a flowing argon (0.5 mm Hg) atmosphere at 1100 oC 

for 12 hours. 

Material Characterization 

The photocatalytic materials were characterized to confirm the results of the 

synthesis techniques and to better describe the properties that influence the 

photocatalytic rates of the materials. Crystal structure and phase information was 

obtained through X-ray diffraction using a Philips APD 3720 diffractometer. Image 

analysis was performed on SEM images from a JEOL 6335 field emission SEM and a 

JEOL 200CX TEM. ImageJ software was used for image analysis. Surface area was 

determined through BET measurements using a Quantachrome NOVA 1200. Dye 

absorption spectra were measured via a Perkin-Elmer Lambda 800 spectrometer, while 

solution conductivity was measured with an Accument Research AR50 Dual Channel 

pH/ion/conductivity meter.  A detailed discussion of the results of the characterization 

methods follows. 

X-ray diffraction of the P25 and rutile compounds reveals the expected mixed 

anatase and rutile phases for P25, and a purely rutile phase for the heat-treated 

material, shown in Figure 2-1. The ratio of anatase to rutile is determined through XRD 
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peak analysis described in Equation 2-1. This equation reveals the ratio of anatase to 

rutile, where IA and IR are the strongest XRD peak intensities of anatase and rutile, 

respectively[172]: 

              (2-1) 

Based on the equation, the P25 used in this study is 84% anatase and 16% rutile. After 

heating to 800oC, anatase peaks are no longer observed indicating a complete 

conversion to the rutile phase.  

The XRD spectra of CNT/TiO2 and ZnO/TiO2 compounds are shown in Figure 2-

2 and Figure 2-3. The spectra show that the CNTs suppress the rutile formation. Only 

the anatase phase is observed in the CNT/TiO2 material. The ZnO/TiO2 particles 

contain both anatase and rutile phases as well as ZnO. The proportion of each phase 

was calculated to be 34 % anatase, 41 % rutile, and 25 % ZnO. The SrTiO3 20 % La 

doped electrospun nanorods follow the expected XRD pattern for SrTiO3, as shown in 

Figure 2-4[173]. 

 Grain size was determined from the Scherrer equation, Equation 2-2. K is the 

shape factor, 0.89, λ is the X-ray wavelength, β is the full width at half maximum, and θ 

is the Bragg angle. The grain sizes are reported as the average of the three highest 

intensity peaks of each phase from the XRD spectra. 

              (2-2) 

Figure 2-5 shows the grain sizes calculated from the Scherrer equation. The 

grain sizes are reported for the three highest peaks for each phase. The first two peaks 

are for the anatase and rutile peaks in the as-received P25, while the third peak 
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represents the heat treated sample that exhibits only the rutile phase. The high 

temperatures needed to convert anatase to rutile explain the slightly larger grain size in 

the pure rutile system. Differences in porosity of the materials, agglomeration, and 

aggregation account for the variations in surface area. The increased grain size of the 

heat treated samples leads to a substantial decrease in surface area as seen in Figure 

2-6.  

Figure 2-7 shows SEM images of the photocatalytic materials used in this work. 

P25, in Figure A exists as much smaller particle clusters than is apparent in the other 

images.  However, sonication prior to conducting photocatalytic studies further 

separates the particles prior to photocatalytic testing. The observed agglomeration of 

these materials corresponds with the lower surface area observed in the non P25 

materials Figure 2-8 shows TEM images of P25 and rutile particles. The photocatalysts 

typically exist as small clusters of roughly spherical particles. 

The electrospun nanorods of SrTiO3: 20% La are shown in Figure 2-9. The high 

calcination temperatures caused the fibers to start to granulize; although, the fiber 

structure remains. The fibers have an average diameter of 158±32 nm. This average 

was taken from the measurement of 20 fibers from different areas of the sample using 

ImageJ software. The fibers range in length from an estimated 0.5 to 2 μm. The rods 

themselves are made of much smaller grains as discussed in the following sections. 

In order to better understand the extent of aggregation in the various materials, it 

is useful to compare the grain size and surface area. Assuming perfectly spherical 

grains, an estimate for the surface area based on the average grain size from the 

Scherrer equation can be determined. The grain size data are reported in Table 2-1 
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along with the BET surface area measurements for each material. In each case, the 

reported surface area is less than the grain size predicts. Particle agglomeration is likely 

the largest factor in the difference between these two values. Some of the difference is 

also likely due to error in the measurements and assumptions made by the equations 

e.g. departure from sphericality. The data suggest that Rutile and ZnO/TiO2 are more 

aggregated than the other material systems. Sintering between particles caused by the 

higher temperatures needed to synthesis these materials is the likely cause. 
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Figure 2-1. X-ray diffraction of P25 and rutile nanoparticles. Peaks labled with “A” 
represent the anatase phase, while “R” peaks indicate the presence of the 
rutile phase. 

 

Figure 2-2. XRD spectrum of CNT/TiO2 nanoparticles.  
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Figure 2-3. XRD spectrum of ZnO/TiO2 nanoparticles. “A”, “R, and “Z” represent the 
antase, rutile, and ZnO peaks, respectively. 

 

 

Figure 2-4. XRD of SrTiO3: 20 % La electrospun nanorods. 
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Figure 2-5. Grain size of photocatalytic materials reported from Scherrer equation. 

 

 

Figure 2-6. BET surface area measurements of photocatalytic materials. 
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Figure 2-7. SEM images taken at the same scale of (A) P25 (B) CNT/TiO2, (C) rutile, 
and (D) ZnO/TiO2. 
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A)  B)  

Figure 2-8. TEM images of (A) P25 particles and (B) rutile particles. 

 
 
 
 
 
 
 
 

 

Figure 2-9. SEM image of SrTiO3:20 % La nanofibers after calcination. 
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Table 2-1. Surface area predicted from Scherrer equation vs. BET measured surface 

area.  
Photocatalyst 

 
Predicted surface 
area (m2/g) 

BET surface 
area (m2/g) 

P25 70 55 

Rutile 31 6 

CNT/TiO2 85 27 

ZnO/TiO2 50 4 
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CHAPTER 3 
ELECTRIC FIELD EFFECTS ON PHOTOCATALYTIC ACTIVITY 

Introduction 

This chapter on the effects of electric fields on photocatalysis is divided into two 

parts. The first section discusses copper wires placed directly in the photocatalytic 

reactor, while the second section discusses the effects of placing the system inside a 

capacitor. The external capacitor setup was utilized due to effects of having the 

electrodes within the system. Specifically, deposition of particles on the electrode wires 

as well as decomposition of the wires themselves could influence the results. The 

electric field strength in the externally applied electrodes was only limited by sparking 

that occurred when the applied voltage was above 15 kV, which corresponds to an 

electric field strength of 2,300 V/cm. It should be noted that the photocatalytic activities 

between the two sections are not comparable due to slight changes in the reactor setup. 

In addition to the investigation of two different reaction setups, a range of common 

photocatalytic materials were tested. The following section describes the effects that are 

unique to each material system. 

Materials and Methods 

Throughout this work, the experiments are focused predominately on P25 and 

rutile. P25 is considered the standard with which photocatalyst experiments are 

compared to. Although the rutile phase is generally considered a poor photocatalyst, it 

is useful in that it is a single phase material. The separate phase regions in P25 help 

separate charge carriers. The internal charge separation might work synergistically or 

counterproductively with an external electric field. Therefore, it is useful to have a single 

phase material as a comparison. 
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Other photocatalytic materials have properties that might also have interesting 

performance in electric fields. CNT/TiO2 photocatalysts are able to compete with P25 in 

terms of their photocatalytic activity depending on the synthesis route. As discussed in 

previous sections, the CNTs are able to efficiently shuttle away electrons. Since 

electron separation is highly efficient in this material, an external electric field might 

have less overall effect.  

Electric fields might prove useful in systems that are not typically thought of as 

highly active photocatalysts. For example, in ZnO/TiO2, it has been shown that charge 

transfer between the two phases is poor, but strongly improved by the presence of an 

electric field[112]. Such materials might undergo a greater performance increase than 

materials like P25. High aspect ratio materials might also prove interesting. The electric 

field might align the materials. The alignment of the materials might further improve 

charge separation. It was observed that pure TiO2 nanorods had extremely low 

photocatalytic activity. However, SrTiO3 doped with 20% La nanorods where highly 

active, and were used instead of the TiO2 material. 

Several factors were previously identified to affect the reported data in the 

photocatalytic testing process[174]. These include changes in lamp intensity and 

temperature of the system. However, the intensity and temperature appeared to reach a 

constant value. Therefore, the lamps in the photocatalytic system were turned on 30 

minutes prior to conducting experiments. Samples were then run with and without the 

presence of an electric field with three replicates for each sample. The samples were 

randomly alternated between having the electric field active and deactivated.  
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Prior to running the experiments, the photocatalyst was sonicated in the dye 

solution for 15 minutes to disperse the particles. The material was then stirred in the 

dark to allow an adsorption/desorption equilibrium to be reached. The samples were 

then placed in an enclosed in a reaction chamber that prevented effects from external 

light sources and reflection of UV light that could alter the results between experiment 

runs. 

The dye solution is very stable in the presence of both UV and visible light in the 

absence of photocatalytic material. Even after exposure to a UV-light source over the 

period of 90 minutes, no decrease in the concentration is observed[174]. The UV 

stability of this dye makes it an excellent model degradation product. Any decrease in 

intensity of the dye material must be due to degradation of the dye molecules or 

adsorption of the dye molecules onto the photocatalyst surface. Finally, separating the 

photocatalytic material from the dye solution was also critical. Typically, the material 

sedimented within 24 hours. After sedimentation, the dye solution was transferred to a 

cuvette for UV-vis. analysis. The materials were kept in the dark during the 

sedimentation process to prevent further degradation. As previously noted, the dye 

molecules themselves are able to drive a much slower reaction even when only visible 

light is present. 

UV-Vis Absorbance Calibration Curve 

Langmuir Hinshelwood kinetics requires an accurate measurement of the 

concentration of the dye material in the system. Figure 3-1 shows absorbance spectra 

of a dye solution at varying concentrations over the ranges used in the present study. 

The starting concentration of the dye used in all experiments in this study was 5 ppm. 
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The dye was observed to be very stable in UV light with no observable changes in 

absorption intensity after 18 hours in UV light. 

The relationship between the relative absorbance and the concentration of the 

dye material is shown in Figure 3-2. The relative absorbance intensity corresponds 

directly with the changes in dye concentration with an R2 value of 0.99. The linear 

relationship indicates that in the concentration ranges used in this study, changes in the 

relative absorbance intensity correspond directly with changes in dye concentration 

following the Beer-Lambert law. 

Solution Conductivity 

The conductivity of the DI water used was 5 µS/cm the dye only slightly 

increased the conductivity to 8 µS/cm. The addition of P25 to the system did not alter 

the conductivity. In many studies, an electrolyte is added to the system, which is needed 

for photolysis of water, an effect that is ideally prevented in this study[175]. 

Copper Electrode Photocatalytic System 

In the first set of experiments, copper electrodes were placed directly in the 

photocatalytic reaction chamber. The experiments were compared to a control with the 

same system with an applied electric field, but without the presence of UV light. This 

was necessary to ensure that the electric field alone did not affect the system due to the 

dissolution of copper that can occur or photolysis [176-177].  

In order to determine the effect of copper dissolution and electric field on the 

system, a control experiment was run with dye material alone with a current and UV 

light applied. A reaction rate of kapp=-0.0011 min-1 was observed for the removal of dye 

from the system. The negative value of the reaction rate indicates an increase in dye 

concentration. An increase in concentration could be attributed to removal of water from 
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the system through either evaporation or electrolysis. The decrease in dye intensity is 

extremely small and likely within error of the measurements. The photocatalysts’ tests 

were typically observed to have a reaction rate that is higher by an order of magnitude. 

The electrodes were made of copper wires and separated by a distance of 5 cm. 

The electric field strength between the electrodes was calculated to be 4 V/cm with a 

current of 3 A. While electrolysis occurs in water above 1.2 V, the reaction requires an 

electrolyte to proceed at a rate that could influence the reaction. Figure 3-3 

demonstrates the change in photocatalytic performance for P25. It was observed that 

both positive and negative applied voltages resulted in an improvement in photocatalytic 

performance. Both electrodes underwent a similar increase in performance. This study 

appears to have similar results to the improvement of thin film photocatalysts using an 

internal electrode system[111].  

Conclusions 

Copper electrodes can confer a performance increase on a dispersed P25 

photocatalytic system in a similar way to which they increase performance in thin film 

systems. The copper electrode, electric field, and UV light alone do not appear to have 

a significant impact on the dye concentration. However, higher applied voltages will lead 

to electrolysis and degradation of the copper electrodes. Therefore additional studies 

were conducted using an external parallel plate setup as described in the following 

section. 

Parallel Plate Electric Field Setup 

In order to apply higher electric field strengths while mitigating the effects of 

electrolysis and electrode dissolution, an external electric field setup is used in the 

following studies. A schematic of the setup is shown in Figure 3-4. UV light is emitted 
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from overhead lights, while a stir bar maintains particle dispersion and prevents 

diffusion from limiting the reaction rate. A parallel plate capacitor is built outside of the 

reaction container. The plate was assembled from aluminum foil with a separation 

distance of 6.5 cm. The electric field strengths reported here are reported through air 

and not adjusted for internal effects as it passes through the system. The maximum 

applied electric field strength of 2300 V/cm was limited by sparking that begins to 

appear when higher voltages were applied. 

Particle Motion in an Electric Field 

 The electric field is expected to accelerate the nanoparticles linearly, which 

could influence their dispersion and sedimentation rate. Excessive buildup of the 

nanoparticles on one wall of the container could significantly alter photocatalytic 

performance. However, this effect is mitigated in the following experiments since the 

containers are under constant stirring. In this first set of experiments a setup without a 

stirbar was used in order to better examine the effects of an electric field on the system. 

P25 in dye solution (3 mg/50 mL) was placed inside an electric field without 

stirring in a transparent container with a control sample placed outside of the electric 

field. After 24 hours the samples were examined. In both cases, the particles were no 

longer dispersed in the system, and all dye had been degraded even without the aid of 

UV light sources. In both cases, the majority of the material sedimented to the bottom of 

the cuvette.  

Figure 3-5 shows optical darkfield images of the containers. The two images can 

be interpreted as follows. The left image is of a container that was placed in an electric 

field. In this image, particles deposited on the wall of one side of the container. This can 

be observed by the hazy striations that appear. This coating on the walls is absent from 
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the image on the right. Although only present in the photo on the right, both containers 

had large particle aggregates floating in solution. These aggregates were likely agitated 

when the containers were titled onto the microscope.  

To prevent the deposition observed in this model system, the photocatalytic 

reactor used in the follow experiments was subjected to stirring. No noticeable 

preferential buildup on any side of the container. This agrees with previous studies on 

viscous forces of TiO2 particles in electric fields discussed in previous sections.  

Electric Field and UV Effect on Procion Red Dye 

The photocatalytic system was first tested in the absence of P25 particles. This 

experiment was conducted to ensure that the electric field alone did not affect the 

degradation of the dye molecules or significantly alter their surface adsorption. There 

were no apparent changes in concentration over the period of one hour. This indicates 

that over the time periods used in the subsequent studies, the dye material should be 

unaffected by both the electric field and UV light. 

 
Electric Field Effects on a P25 Photocatalytic System 

Several materials were investigated in the presence of an external electric field. 

This first section will focus on P25, while subsequent sections will discuss the effects 

observed in other materials. A range of electric field strengths were applied to the 

system in order to determine how the performance changes with changes in electric 

field strength. Figure 3-6 shows the rate constants that were observed over a range of 

electric field strengths. This image clearly shows that the photocatalytic performance 

increases with the electric field strength. The rate constant increased by 120 % with an 
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applied electric field of 2300 V/cm. This corresponds with removing the dye from the 

system 55 % faster than in the absence of an electric field.  

There are several potential ways in which an electric field can influence 

photocatalytic ability as outline in the background section. Three likely possibilities of 

enhancement in photocatalysis are: improvement in dye adsorption on the TiO2 surface, 

enhanced particle dispersion and motion, or improvement in charge transport within and 

between the particles. The first two possibilities do not appear to have a major 

influence. The dye concentration does not appear to change when placed in the dark 

with P25 in the presence of an electric field alone. The second case of particle 

acceleration also does not appear to be a major factor. As previously discussed the 

viscous forces created by a stir bar are expected to overcome the effects of any 

electrophoretic motion. Therefore, the most likely explanation is an increase in the 

internal charge carrier transport. 

Electric field studies on TiO2 thin films in the literature suggest that the Poole-

Frenkel mechanism is responsible for improvements in photovoltage. Therefore, it is 

reasonable to assume that in the current photocatalytic reaction, a similar effect is 

predominantly responsible for the enhanced photocatalytic performance. Since the 

increase in conductivity in the Poole-Frenkel effect is related to the release of trapped 

charge carriers, it is reasonable to assume that the increase in photocatalytic 

performance would follow the same trend if a similar mechanism is the primary driving 

force in the effect. Therefore, if this is the predominate effect, the improvement in 

performance of photocatalytic activity should follow a similar form to the Poole-Frenkel 

model. A plot of the natural log of kapp vs. the square root of the applied electric field 
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should result in a straight line. This plot is demonstrated in Figure 3-7, and shows an R2
 

value of 0.93, indicating a reasonably good fit, given the degree of variability in the data 

set. 

The obtained slope can then be substituted back into the Poole-Frenkel equation 

to create a model for the system as shown in Figure 3-8. The model has an R2 value of 

0.94. This trend predicts a gradual leveling off in the improvement that occurs with 

increases in electric field strengths. The model is useful for predicting how the 

photocatalytic increases might continue with further increases in the electric field. 

Electric Field Effects on Rutile, CNT/TiO2, ZnO/TiO2 

The photocatalytic performance of several other systems in the presence of an 

electric field was also tested for Rutile, CNT/TiO2, ZnO/TiO2. In these studies only the 

data with and without an applied electric field of 2300 V/cm is reported. This field 

strength is the highest that could be applied to the present system. 

The data for P25, rutile, CNT/TiO2, and ZnO/TiO2 systems is shown in Figure 3-

9. The data show that the reactivity of the materials on a mass basis is 

P25>ZnO/TiO2>CNT/TiO2>rutile. The increase in performance in the presence of an 

electric field appears to follow a different trend as follows: 

P25>CNT/TiO2>rutile>ZnO/TiO2. However, it should be noted that the error bars of 

several of these materials overlap, indicating that some of these materials likely 

underwent similar improvements in performance. This information is better visualized by 

Figure 3-11. Interestingly, the BET surface area follows the same trend with the greater 

improvements in performance seen in the materials with the highest surface areas. 

However, these materials are complex, and a number of factors likely affect the 

systems. 



 

69 

Instead of reporting the reactivity on the basis of the mass of the photocatalyst 

used, it is possible to normalize the data based on surface area, as reported in Figure 3-

10. This second graph allows the reader to better understand how active the surfaces of 

these materials are despite the differences in particle size. In this case the reactivity of 

the materials changes to ZnO/TiO2>rutile>P25>CNT/TiO2. However, the normalization 

does not alter the change in improvement due to an electric field. 

There are several possible reasons for the differences in performance increases 

in the electric field. These possibilities include: 

1. The Poole-Frenkel effect is material dependent. It is possible that charge carriers 
in P25 are more easily influenced than the other systems. With higher applied 
electric fields, a similar trend may be observed in the other systems. 

2. Several of the systems have internal electric fields that help separate charge 
carriers. Therefore, the internal electric field may have already been efficiently 
separating charge carriers, resulting in a smaller improvement from the external 
electric field. Conversely, the separation might act synergistically with the electric 
field allow charge carriers to be more easily separated. 

3. The internal electric fields between particles and between the composite systems 
may act in a competing effect with the external electric field lessening its overall 
effect. 

4. The improvement in performance follows the trend of higher improvement in 
performance with materials with higher surface areas. It is likely that aggregated 
and larger particle sized materials also see improvement in charge transport, but 
most of the charge carriers end up recombining in the bulk. 

Photocatalytic Nanorods in an Electric Field 

Electrospun photocatalytic compounds can be used directly as supported 

catalyst systems. However, these highly porous films differ significantly in reaction rate 

when reused due to the effects of adsorption, possible loss of material, and  catalyst 

fouling. Therefore, the fibrous meshes were ground into nanorods for this part of the 

study so the influence of the electric field on the nanorods could be determined. The 
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dispersed particles also have significantly faster reaction rates since diffusion of 

reactants to the surface is greatly increased. 

High aspect ratio photocatalytic materials might demonstrate unusual effects in 

the when exposed to an electric field. The shape of these particles might give rise to 

dipoles that orient the system in ways that nanoparticles themselves do not undergo. 

The nanorods were prepared through an electrospinning process. The resulting fibers 

were heat treated and ground to form nanorods. Electrospun TiO2 nanorods with 

diameters on the order of 100 nm were observed to have extremely poor photocatalytic 

performance and could not be used for this experiment. On the other hand, doped 

nanorods were slightly more active than rutile Kapp of 0.004 and 0.003 for SrTiO3:La 

nanorods and rutile, respectively. The improvement in performance due to an electric 

field was 58 ± 22 %, which is second only to the improvement of P25. The rate 

constants with and without an electric field are shown in Figure 3-12.  

Conclusions 

Application of electric fields to photocatalytic systems improved the photocatalytic 

reaction rates in all of the systems tested. The improvement in performance depends 

strongly on the material. P25, and SrTiO3: 20 % La had the largest improvements in 

their rate constants at 120 % and 58 %, respectively. CNT/TiO2, ZnO/TiO2, and rutile 

were observed to only have modest improvements in performance. P25 was observed 

to increase in photocatalytic performance with electric field strength. The increase 

followed similar trends to charge carrier transport increases in thin film TiO2 materials, 

which suggests a similar mechanism is responsible in the present systems. There also 

appeared to be a dependence on the surface area of the material, indicating the 

recombination in the bulk is likely a limiting factor.
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Figure 3-1. Absorbance curves of varying concentrations of Procion Red dye. 
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Figure 3-2. Intensity vs. concentration of Procion Red dye. 
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Figure 3-3. Electric field enhancement using copper electrodes. 

 

 

Figure 3-4. Types of photocatalytic reactors. Left: Typical supported photocatalysis 
system with electrodes inside the reaction vessel connected to a thin film. 
Right: External parallel plates with cutaway image showing the reaction 
vessel in between. The white bar represents a stir bar in the system. 
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Figure 3-5. Particle deposition on containers walls in an electric field. Darkfield 
microscopy at 5X magnification of container side walls after 24 hours of 
sedimentation in (A) an external electric field, and (B) without an applied field. 
Photo credit: Michael Laudenslager. 

A B 
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Figure 3-6. Left: Rate constants of P25 in the presence of varying electric field strengths 
Right: Improvement percentage in rate constant with electric field strength. 



 

76 

 

Figure 3-7. Natural log of rate constant vs. square root of electric field strength. 
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Figure 3-8. Fitted equation based on Poole-Frenkel model. 
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Figure 3-9. Photocatalytic performance without an applied electric field and with an 
applied electric field of 2300 V/cm. 
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Figure 3-10. Photocatalytic performance without an applied electric field and with an 
applied electric field of 2300 V/cm normalized for surface area. 
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Figure 3-11. Percentage improvement in kapp at 2300 V/cm over kapp without an applied 
electric field. 

 

Figure 3-12. Reaction rates of SrTiO3 with and without an applied electric field. 
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CHAPTER 4 
LIGHT INTERACTION WITH PHOTOCATALYTIC SYSTEMS 

Introduction 

Determining how light interacts with the photocatalytic system is essential to 

developing an efficient reaction setup. Light is absorbed and dispersed as it passes 

through the dispersed nanoparticle system. TiO2 nanoparticles strongly scatter visible 

light, while absorbing light with energy greater than their bandgaps. Rutile has a 

bandgap of 3.0 eV while anatase has a slightly higher bandgap of 3.2 eV. The 

bandgaps correspond to 413 and 388 nm, respectively. The following section discusses 

how far light travels through the current system, which gives insight into the size 

limitations of reaction setups. 

Since various compounds are degraded by photocatalysts, the light interaction 

with the dye material is excluded from this study. Additionally, the dye concentration is 

not constant so it is more useful to determine the interaction with the photocatalyst 

dispersed in water only. Furthermore, the dye material is transparent in the UV range 

and should not significantly affect the absorbance in the range that the P25 particles 

absorb. 

Light Extinction through Dispersed Particles in Liquid 

In order to determine how light interacts with the present system, P25 was 

dispersed in DI water. Figure 4-1 shows the transmission of light at varying wavelengths 

through a cuvette with an optical path length of 1 cm with dispersed P25 particles. All of 

the experiments conducted in this study were performed with the same concentration of 

photocatalyst to water used in the previous experiments (6*10-5 g/mL P25/DI water). In 
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this figure, it is clear that above 400 nm, less than 20 % of light is transmitted. This 

value drops to nearly zero transmission at 340 nm and above.  

It is important to note that Figure 4-1 does not differentiate between light that is 

scattered and light that is absorbed. The important information that can be gained from 

this study is that in a reactor system with this particle concentration, the majority of UV 

light is attenuated after it travels through 1 cm of the system. Therefore, a shallow 

photocatalytic reactor with the same volume of fluid would have significantly higher 

reported photocatalytic performance than a narrower, deeper container.  

In order to determine the relationship between particle concentration in the fluid 

and transmittance through the system, the transmittance data at 380 nm was plotted in 

Figure 4-2. The light absorption vs. particle concentration has a linear relationship with 

an R2 value of 0.98. This relationship was observed to hold true for higher and lower 

wavelengths.  

From this information it is possible to determine the portion of the reaction 

container that is used in this study that is in the highly active photocatalytic region. 

Since Pyrex glass blocks UV light, it can be assumed that light only enters the system 

from the top of the reaction chamber. The liquid in the container has a height of 

approximately 3 cm and a radius of 2.5 cm. Therefore, only 33 % of the total sample is 

in the highly active region.  

Conclusions 

Light attenuation through photocatalytic systems imposes limitations on reactor 

design P25 particles strongly absorb and reflect light. By having a general 

understanding of how light interacts with such a system, future experiments can be 

designed accordingly. P25 particles can only absorb UV light with wavelengths less 
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than 413 nm. At 413 nm only 20 % of incident light on a system makes it past the first 

centimeter of particles dispersed in water. Although, there is a strong wavelength 

dependence, a rough estimate of the region that is highly active in the present study 

indicates that light in the UV range (305 nm) only strongly interact with about 33 % of 

the sample. Overall, these results indicate that building a reactor that is more than a few 

centimeters in depth is not necessary, and will appear to have a slower reaction time 

than a shallower container. 
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Figure 4-1. Transmittance of varying quantities of P25 dispersed in DI water through a 
cuvette with an optical path length of 1 cm. The present work had a dye 
concentration of 0.06 mg/mL. 
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Figure 4-2. Transmittance at 380 nm vs. P25 concentration in water. 
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CHAPTER 5 

ELECTROSPINNING OF HIGH CONDUCTIVITY SOLUTIONS 

Introduction 

Electrospun fibers can be used as catalysts support materials due to their high 

porosity. There are two methods that electrospun fibers can be used in supported 

photocatalysts. It is possible to embed catalyst material directly into the fibers or to 

develop a highly porous mesh of the catalyst material itself[51-52] [53-54]. While 

supported catalysts have significantly lower activity than dispersed particle systems, the 

systems have the advantage of allowing the catalyst material to be readily removed 

from the system. 

Electrospun materials typically deposit on the collection surface as flat sheets of 

porous nanofibers. However, ceramic and composite systems require precursor 

solutions that have high conductivities. The high conductivity gives rise to new 

behaviors that are not reported elsewhere. Although previous studies have reported 

electrospinning precursor solutions with high conductivity (10,500 -21,645 uS/cm), the 

departure from the standard electrospinning process has not been previously 

discussed[167, 178]. The previous studies on high conductivity electrospinning solutions 

only collected a small number of fibers. The short electrospinning times were likely not 

long enough to observe the departure from the standard electrospinning process 

reported here.  

Materials and Methods 

TiO2 precursor solutions were prepared containing varying quantities of NaCl to 

alter the solution conductivity. These solutions were prepared as follows. Acetyl acetone 

(1.5 g) was added to ethanol (4 mL) prior to the addition of titanium isopropoxide (1.5 g). 
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Polyvinyl pyrrolidone (0.5 g) was then dissolved in the solution. In a separate container, 

concentrations of NaCl, listed in Table 5-1, were added to DI water (4 mL). Upon 

complete dissolution of the NaCl, the salt solution was stirred into the titanium 

isopropoxide solution.  

SrTiO3 doped with 20 % lanthanum was electrospun from the following 

formulation. DMF (12 mL), PVP (0.83 g), and titanium isopropoxide (0.53 g) were mixed 

in a container. In a separate container, strontium nitrate (0.6 g), and lanthanum (III) 

nitrate hexahydrate (0.14 g), and water (2 mL) were prepared. After complete 

dissolution, both solutions were combined. All solutions were electrospun at a voltage of 

(+20 kV) with a distance of 20 cm between the tip of the needle and the collection plate 

at ambient temperature. The flow rate was kept at a constant 0.5 mL/hr. The 

electrospun fibers were collected on grounded aluminum foil.  

 
Solution Conductivity 

In order to understand the effect of conductivity on the system, several ceramic 

precursor systems were prepared with varying conductivities. Both the shape of the 

collector and the conductivity were observed to influence the fiber morphology. In the 

first set of experiments, a circular collection plate was used with a titanium dioxide 

precursor solution. The conductivity was varied by the addition of NaCl. Table 5-1 

summarizes the observed fiber morphology with changes in solution conductivity due to 

the addition of NaCl. The concentration of NaCl could not be increased further without 

precipitating from the precursor system.  

At low conductivities, the fibers deposited as a flat mesh. This flat mesh structure 

is typical for electrospinning, and shown in Figure 5-1. As the conductivity increased to 
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1270 μS/cm and higher, the fibers began to collect preferentially along the edges of the 

collection plate. The fibers appeared to form a web-like pattern as shown in Figure 5-2 

and Figure 5-3. As the conductivity increased further, the effect changed the 

morphology of the collected fibers. At the highest conductivity, 2,800 μS/cm, the fibers 

attached perpendicularly to the collection plate. These fibers formed thin sheets in the 

center of the collection plate that periodically collapsed outward. This resulted in a 

corolla-like structure, shown in Figure 5-3. 

Influence of Collector Shape  

In a typical electrospinning process, the collector dimensions do not have a 

significant impact on fiber morphology. However, as the conductivity is increased, the 

shape of the collector was observed to have a significant impact on the morphology of 

the collected fibers. The previous set of studies were conducted with a collector with a 

diameter of 8 cm. It was observed that either increase or decreasing the collector size 

resulted to a change in the morphology of the collected fibers.  

A series of experiments were conducted to determine the influence of collector 

shape on fibers with conductivities of 1500 μS/cm. Both smaller (d=5 cm) and larger 

collectors (d=12 cm) resulted in low density arrays of fibers once the critical solution 

conductivity had been reached. Instead of the “webbed” structures that were observed 

in the previous experiments (d=8.5 cm), these collectors resulted in “cotton ball” 

structures.  

In the case of the 5 cm diameter collection plate, the fibers collect preferentially 

along the edges of the collector. This is initially similar to the effect of the 8.5 cm 

diameter collection plate. However, in this case, the webbed fibers collapse inward 

readily and build up as a low density structure. This structure is shown in Figure 5-4. 
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Increasing the size of the collector to diameters larger than 12 cm resulted in 

fibers collecting centrally from the grounded plate. These fibers formed cones that 

extended out ward 10-15 cm from the collection plate, as seen in Figure 5-5. 

Periodically the cone will collapse due to instabilities in the electric field. The cone thins 

as it gets closer to the collector. The entire strand periodically bends inward forming 

loops in the collected structure, which are shown in Figure 5-6.  

The three dimensional collector shape of the electrospun fibers continues to 

extend outward over time. If this structure is allowed to extend to far, it will interfere with 

the electrospinning process. As the structure approaches the needle, liquid droplets 

have an increasing tendency to be ejected, which destroys the structure of any fibers 

that come into contact with the drop. However, it is possible to avoid this structure 

altogether by electrospinning onto a rotating drum. This type of apparatus is typically 

used to collect aligned structures by rotating at high speeds. However, low rotational 

speeds are sufficient to cause the fibers to collect flat against its surface. 

Although a variety of phenomena are observed that seem somewhat random, it 

is important to note that the effects were readily reproducible in repeated experiments. 

For the various collector sizes, using the same solution, the reported morphologies 

repeatedly develop. It is not simply random chance that one structure will develop over 

the other for a given system. That is to say there are three distinct collection regimes in 

this study. The first is a webbed structure, the second is a webbed structure that 

periodically collapses inward, and the third is a centrally collecting fiber that periodically 

collapses outward. 
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Taking the decrease in collection plate size to the extreme, highly conductive 

fibers were also collected at the point of a copper wire. It was observed that a cotton 

ball like low density structure rapidly formed at the tip of the wire as shown in Figure 5-

7. The fiber collected on the wire appeared to have a similar regime of thin sheets that 

form that regularly collapse inward.   

Although the above images demonstrate a range of behaviors, a single 

explanation can describe the phenomena. As the conductivity of the fibers increases the 

fibers tend toward collecting along the electric field lines depending on the shape of the 

collector. For highly conductive fibers, the charges stored along their exterior are lost 

when one edge contacts the grounded collection plate. The fibers then remain extended 

outward following the electric field lines. The outward extending fibers then act as the 

new closest path to ground, which attracts additional fibers. However, instabilities in the 

electric field lead to a periodic collapse of the outward extending structures. The 

behavior results in a morphology that is dependent on the collector shape.  

Fiber Diameter and Morphology 

SEM images of fibers with varying salt concentrations collected on a circular 

collect of diameter 8.5 cm are shown in Figure 5-8. Even though the bulk structure of 

the fibers was very different, the impact on the structure of the fibers themselves 

appears to be limited. For the fibers spun from high salt concentrations, small particles 

are present on the surfaces of the fibers. These are most likely salt crystals that formed 

as the solvent evaporated.  

Fiber diameters from 35 fibers were measured from various areas in the sample 

for each reported system. Figure 5-9 shows a comparison of fiber diameters. This data 

suggest that for each system, the as-spun fibers are approximately 200 nm. There does 
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not seem to be a significant effect on the diameter despite the change in shape of the 

macroscopic morphology. 

Several other highly conductive materials were also electrospun. La doped 

SrTiO3, shown in Figure 5-10, required a solution with even higher conductivity than 

could be achieved in the TiO2 system. This material also formed a large low density 

structure. The conductivity of this system was higher than possible with the TiO2 

precusor solution. In the SrTiO3:20% La system, the fibers had a conductivity of 3,900 

μS/cm. Doubling the salt concentration in the solution increased the conductivity to 

6,100 μS/cm. At this level of conductivity, the electrospinning process broke down. A 

few fibers formed and rapidly attached and detached from the edge of the collection 

plate. After 30 minutes of electrospinning, only a few fiber strands were attached to 

random locations in the electrospinning box instead of on the collection plate. It appears 

that for a given solution, there is an upper limit on the conductivity that will allow fibers 

to form. 

The formation of low-density structures can interfere with the electrospinning 

process. In order to collect large quantities of nanofibers that are needed for many 

applications, several days may be needed to collect enough material. However, the low-

density morphology can fill up the space between the collection plate and needle within 

hours. Once the fibers come into contact with the needle, a direct path to ground 

occurs, interfering with the electric field. This results in the spraying of large droplets of 

the precursor solution, which dissolve away the previously collected fibrous mesh. The 

low-density structures can be avoided altogether via a simple method of electrospinning 
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onto a rotating drum, as shown in Figure 5-11. The rotation of the drum forces the fibers 

to fall flat against the device.  

Applications 

There are two possible applications of the work presented here. The first involves 

preventing the low-density structures that form. This can be done by altering the 

precursor solution such that different materials or proportions of materials are used to 

decrease the conductivity. Alternatively, collecting fibers on a rotating drum allows 

collection of flat meshes. This could be useful for a range of applications that require 

uniform fibers. For example, filtration applications often use fiber meshes, which must 

be thin and uniform[179]. 

Conversely, low-density structures are desirable to certain applications. For 

example, electrospun fibers are often used as cell growth templates. Traditional fiber 

meshes are tightly packed, which hinders cell infiltration and growth[180]. Low-density 

fibrous structures allow cells to grow both on the surface and into the structure. 

Therefore electrospinning biocompatible polymers from high conductivity solutions could 

greatly improve cell growth and proliferation. 

Conclusions 

Precursor materials with high conductivity have important applications to energy 

harvesting and storage technology. Electrospun nanofibers have been applied to 

photocatalysts, thermoelectrics, batteries, and solar cells. These systems require 

complex oxide materials that tend to require precursor solutions with very high 

conductivities. Understanding the unusual properties of electrospinning high 

conductivity precursor solutions is essential to utilizing nanofibers in these systems. 
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In this investigation, titanium dioxide precursor solutions with conductivities 

above 1270 μS/cm begin showing unusual electrospinning behavior. The fibers become 

concentrated along electric field lines, which are dependent on the shape of the 

collection plate. Rather than falling flat against the plate as in standard electrospinning 

conditions, the structures form three-dimensional shapes that extend outward from the 

collector.  

The observed phenomena were dependent on the solution conductivity and 

shape of the collector. While the outward appearance of the fibers appeared drastically 

different in the various systems, there did not appear to be a significant effect on the 

diameter of the fibers. Although the three dimensional morphologies might appear to 

occur randomly, they were observed to form in a similar manner for each set of 

experimental conditions.  
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Table 5-1. Conductivity of electrospinning solutions with varying amounts of NaCl 
addition on a circular collection plate with a diameter of 8.5 cm. 

NaCl (g) Conductivity (μS/cm) Morphology of fibers 

0.00 153 Flat 
0.01 181 Flat 
0.02 744 Flat 
0.03 830 Flat 
0.04 1270 Webbed edges 
0.05 1500 Webbed edges 
0.10 2800 Fibers collect in center 

and collapse outward 

 

 

Figure 5-1. 0.01g NaCl resulted in fibers collecting as a flat mesh typically observed in 
electrospinning. Photo credit: Michael Laudenslager. 

 

Figure 5-2. Photographs of electrospun fibers containing 0.05 g NaCl onto a collector 
with a diameter of 8.5 cm. The fibers collected as a webbed layer around the 
edges of the collection plate. Photo credit: Michael Laudenslager. 
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Figure 5-3. Photographs of electrospun fibers containing 0.1 g NaCl onto a collector 
with a diameter of 8.5 cm. The fibers collected as a webbed layer around the 
edges of the collection plate. Fibers collect on a centrally located strand that 
periodically collapses outward. When the strand collapses, a new central 
strand forms. Photo credit: Michael Laudenslager. 

 

 

Figure 5-4. Fiber collection with 0.05 g NaCl on a collector with a diameter of 5 cm. 
Photo credit: Michael Laudenslager. 
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Figure 5-5. Conical strand of fibers extending outward from the collection plate (d=12 
cm) towards the needle. Photo credit: Michael Laudenslager. 

 

 

 

Figure 5-6. Different view of the sample in Figure 5-5 showing the looped structure that 
collects as the conical strand that extends to the right collapses. Photo credit: 
Michael Laudenslager.  
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Figure 5-7. Fibers collecting on a single copper wire as a low density structure for 5 
minutes. Photo credit: Michael Laudenslager. 

 

Figure 5-8. SEM images of nanofibers collected from solutions with vary conductivities. 
A circular collection plate with diameter of 8.5 cm was used to collect fibers 
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with NaCl contents of (A) 0.01 g (B) 0.05 g (C) 0.1 g. Fibers in (D) were 
collected on a single copper wire with a salt concentration of 0.1 g. 

 

Figure 5-9. Fiber diameter at varying concentrations of NaCl on a circular collector with 
diameter 8.5 cm and fibers collected on a single copper wire. 

 

Figure 5-10. 20% La doped SrTiO3 fibers Left: three dimensional fiber mesh spun from 
a solution with conductivity of 6,100 μS/cm Right: SEM images showing as-
spun fibers. Photo credit: Michael Laudenslager. 
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Figure 5-11. Electrospinning SrTiO3 :20% La nanofibers onto a rotating drum prevents 
formation of three dimensional structures. Photo credit: Michael Laudenslager. 
 



 

100 

CHAPTER 6 
CONCLUSIONS AND FUTURE WORK 

Conclusions 

Improving the efficiency of photocatalysts is an important area of research to 

maintaining clean waterways and improving overall public health. The work presented 

here demonstrates the ability of an electric field applied through air to enhance the 

reaction rate of dispersed nanoparticle systems. This method potentially allows higher 

electric fields to be applied without breaking down water, which is a limiting factor in 

other studies. The increase in performance of the P25 system was as high as 120 % 

with a field strength of 2,300 V/cm applied. The effect on the rate constant of an electric 

field of 2,300 V/cm followed the trend P25>SrTiO3:20% La>CNT/TiO2>rutile>ZnO/TiO2. 

In addition, the unusual behavior observed while electrospinning photocatalytic 

materials was discussed. Electrospun photocatalytic materials can be used directly as 

supported photocatalytic systems. While pure TiO2 electrospun nanofibers appeared 

relatively inactive, SrTiO3 doped 20 % La fibers were found to be highly active 

photocatalysts.  In order to electrospin the complex oxide nanofibers, a precursor 

solution with a high conductivity was required. The high conductivity resulted in a variety 

of low-density structures that developed based on the solution conductivity and shape of 

the electric field, which is controlled by the shape of the collection plate. This behavior 

has not been previously reported for electrospun systems, but has the potential to 

impact a large number of electrospinning applications including battery technology, 

thermoelectrics, and solar cells. 
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Future Work 

Further work is needed to better understand the effects of the applied electric 

field on the system. Since the electric field is applied through air, the exact field strength 

that interacts with the particles is not known. Complex models are required to determine 

this data that are beyond the scope of this work.  In addition, further experiments could 

be developed that allow a higher electric field strength to be applied to the system. The 

electric field enhancement effect models predict that the improvement in charge 

transport should level off at higher electric field strengths. The electric field effect results 

presented for P25 were only in the linear region of the effect. However, to further 

increase the electric field strength observed by the photocatalyst materials a different 

electric field setup would be needed. In the present system, sparking began to occur 

when the applied voltage was increased further, but an alternate setup might overcome 

this limitation.  
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