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ABSTRACT 

 Heterogeneous photocatalysis in the most general sense focuses on using light to 

power chemical reactions. By harnessing the inexhaustible energy source of sunlight 

these catalysts can perform various organic reactions, or they can sequester the energy of 

light, converting it to useful fuels such as hydrogen or hydrocarbons. One of the most 

explored areas of heterogeneous photocatalysis is utilizing inorganic semiconductors for 

air, soil, and water pollution remediation. 

 Forty years have passed since the early works of inorganic photocatalytic 

semiconductors and while much knowledge has been gained, few techniques have shown 

commercial viability. Which, make no mistake, is the current direction of research in this 

area. For commercialization, new methods are necessary that generate robust, efficient, 

cost-effective photocatalysts that are amenable to modification.     

 Herein, we target the following photocatalysts; ZnO-SnO2, BiOCl-Bi24O31Cl10, 

and CdS which have been recognized for distinct photocatalytic behavior but currently 

have limited, inflexible synthetic capabilities. Through a systematic investigation of the 

epoxide-directed sol-gel method, we are able to tune composition and morphology. These 

libraries of photocatalysts are then evaluated for photocatalytic activity, where we 

elucidate correlations between morphology and improved performance. Further 

investigation demonstrates the changes brought about by synthetic changes which can be 

incorporated in an as-needed fashion.  The capability of this simple, bench-top chemistry 

method to tailor formation of various semiconductors make this method well-suited for 

industrial applications.  
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CHAPTER 1  

1. PHOTOCATALYTIC SEMICONDUCTORS FOR 

ADVANCED APPLICATIONS 

1.1 Introduction: The significance of photocatalytic materials 

 Environmental remediation has become a pressing issue due to increased 

industrial production of goods, accompanied with an ever-growing population. This 

problem is exacerbated by the fact that production not only matches the pace of 

technological advancements, but must  also keep up with the industrialization of 

developing countries.
1
 Without question, the average lifestyle is now more prosperous as 

a result of industrialization. However, the undesired consequence of this process can be 

seen worldwide, as issues of environmental contamination to water, air, and soil 

resources are discovered.  

 As a result of this ever-increasing environmental contamination, essentially all 

organisms on this planet have been harmed in some manner or another. Humans are no 

exception to the effects of contaminated resources.
2,3

 In addition, acute cases of 

contamination have resulted in the loss of water resources, or the inability of humans to 

inhabit specific geographical locations.
4
  



Texas Tech University, Donald A. Ramirez II, August 2016 

 

 

2 

 

 

 To address these situations, government officials have enacted laws that require 

lowering pollutant levels, such as tri- and tetrachloroethylene. In addition, requirements 

have been enacted for remediation of areas that have been contaminated. At this point in 

the process, is where environmental catalysts become crucial to maintaining both a 

comfortable lifestyle, and one that does not harm humans and the environment.  

The most common example of an environmental catalyst is the catalytic converter 

found in automobiles that helps eliminate harmful nitrogen oxides (NOχ) and carbon 

monoxide (CO) gases expelled by the engine. Industrially, environmental catalysts are 

used to remove sulfur and volatile organic compounds (VOCs) from manufacturing 

processes.
5
 Still, numerous other environmental contamination scenarios exist, each 

requiring new methods to remediate the problems imparted.      

The first such scenario is the remediation of a contaminated environment. For 

example, if a river that has had a tanker accidentally leak toxic chemicals into the water. 

A photocatalyst could be used to then degrade the contamination into simple, non-toxic 

products. However, this is an intermittent problem and as such, less methodology has 

been designed around tackling this problem.   

A second scenario is the controlled removal of contaminants from industrial 

effluent, performed on-site, to eliminate toxic byproducts before being sent to the 

municipal wastewater plant for further processing. After the plant treats the wastewater, it 
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can be safely administered back into streams and rivers. This second process is an 

important one that will be addressed briefly here.  

Industrial effluent is often sent to municipal wastewater processing plants. There 

is no inherent problem in this method, however, when this effluent exceeds certain levels 

of toxicity, the wastewater plant’s normal operating system can be destroyed. This is the 

result of the bacteria that normally break down common organic waste being poisoned, 

and it is at this point that many severe problems can arise. If the problem is discovered 

soon, the plant will shut down and waste will be rerouted to other facilities, resulting in 

inconveniences for the wastewater plants. If the problem takes longer to be recognized, 

this toxic material will pass through the plant and directly back in to the aquatic systems, 

ultimately, damaging the aquatic ecosystem with the potential to harm humans that use 

this water as their source of drinking water. 

 In a worst case scenario, such as the DuPont C8 Teflon contamination in West 

Virginia, people consumed contaminated water that led to birth defects and cancer-

induced premature deaths.
6
 While extreme scenarios such as the DuPont case do occur, 

they are rare.  

A more common form of industrial pollutants is textile dyes that are commonly 

used in various sectors ranging from the production of leather goods to cosmetics to 

consumer electronics, producing waste on the order of 0.7 million tons.
7
 These dyes can 
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leak into the aquatic systems where they can form potential carcinogens in addition to 

blocking sunlight and oxygen uptake important to the ecosystem.
8–11

 

 Future focus on remediation of contaminated air, soil, and water resources will 

create a push for development of materials capable of alleviating these problems. In fact, 

this document could be written solely on the consequences of not addressing these areas 

but that will be skipped and interested readers are referred to these specific references.
13–

19
 

 Therefore, the development of cheap, reliable, safe, non-toxic, and effective 

photocatalysts are important not only for keeping industry productive but also for keeping 

humans safe. Inorganic photocatalytic semiconductors are promising materials that fit 

that role for industry. These photocatalyst are made from cheap metal salts and a majority 

are non-toxic and highly recoverable and separable. Most important of all, these catalysts 

can operate under ambient conditions and need be only powered by UV or visible light 

from either a light bulb or the sun, making them highly cost-effective and useable in 

remote locations that do not have access to electricity or generators.  

 Significantly, inorganic photocatalytic semiconductors have demonstrated an 

ability mineralize over 1000 substances ranging from phenol-derivatives to nitrogen 

oxides to pesticides. These findings indicate the importance of these class of 

photocatalytic material but efficiency should still be further researched to generate more 

commercially-applicable photocatalyts.
12
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1.2 The development of inorganic photocatalytic semiconductors    

  The commonly discussed origin of heterogeneous inorganic photocatalysis in 

1972 was the discovery by Fujishima and Honda that TiO2 could split water into oxygen 

and hydrogen when irradiated with UV light and an applied electric potential.
20

 To be 

historically correct though, the combination of electronic theory of chemical catalysis 

dates back to about 1960. The water splitting research of Fujishima and Honda required 

an electrical-bias, making it by definition non-catalytic, it must therefore be clarified that 

Fujishima and Honda were not the founders of photocatalysis.  However, photocatalytic 

semiconductor research became more publicized after their water-splitting discover. This 

was accomplished by providing the field more of a spotlight by reaching a wider 

audience via larger impact publications. In addition, it still is the origin of specific areas 

of research activity.
21

  

 As pointed out by Herrmann, photocatalysis is a complex, broad area of research 

that requires the integration of many disciplines including photochemistry, 

electrochemistry, analytical chemistry, material chemistry, surface science, electronics, 

radiochemistry, and catalysis, all contributing to eliminate misconceptions and validate 

fundamentals of photocatalysis.
22

  

 Historically, there have been three distinct generations of research focused on 

photocatalytic materials, the first period, between 1975 and 1985, primarily focused on 

studying the dynamics of  solid/solution boundaries.
23

  Following this, the focus shifted 
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and for the next fifteen years research focused on modifying semiconductors via doping 

and dye sensitization with a push for improved performance, while at the same time size 

quantization effects were used to tailor wavelengths of light accessible to  the 

photocatalyst.
23,24

  

 The third generation of research started around the turn of the century. Where 

focus of research has shifted as a result of two underlying guidelines. The first directive is 

the development of nanoscale design. By targeting materials with nanometer-size 

structures, specific photochemistry inefficiencies can be addressed. The second directive 

is the development of self-organization methods, which has led to unique nanotubes, 

microspheres and flower-like structures that demonstrate improved photocatalytic 

performance.
23,25–27

 One can predict that with the next generation of photocatalysis 

research, a shift will arise that focuses on cheap, efficient methods to generate high-

performing material that can be generated economically. 

 The effects of designing commercially-viable material can already be observed, as 

photocatalytic materials in various applications have slowly increased in sectors such as 

construction, consumer products, automotive, and medical materials.
28

 This becomes 

evident as analysts calculate that the global market for photocatalyst products will rise 

from $1.5 billion in 2015 to a projected $2.9 billion by 2020.
28

  Therefore, the window of 

opportunity to invest in developing and researching next generation photocatalyst is now.  



Texas Tech University, Donald A. Ramirez II, August 2016 

 

 

7 

 

 

 Large advances can still be made to produce commercial products that reach 

further than just a niche market. For this to occur, new advancements in photocatalytic 

material development must be made. In the future, improvements in catalytic efficiency, 

reducing the time and cost of developing photocatalysts, and targeting new applications 

will lead to wide spread usage of these photocatalytic materials. 

1.3 Mechanism of inorganic photocatalytic semiconductors 

 Up to this point, “environmental photocatalysis” has been used as a broad 

descriptor for any catalyst performing conversions of a hazardous material to a 

nonhazardous product. While this term was useful for this purpose, if we are to switch 

from general discussion to an advanced research discussion we must now focus on a 

specific area of environmental photocatalysis. The remainder of this dissertation will 

focus solely on inorganic heterogeneous photocatalysis, which by definition, is the 

description of a catalytic reaction that takes place between a solid catalyst and a liquid or 

gas that contains the hazardous target. In the case of the following research it will always 

be in aqueous conditions.
29

 Therefore, any descriptions, explanations, theories will be in 

the context of the properties and reactions that take place between an inorganic powdered 

semiconductor in an aqueous medium.  

 Over the past 40 years, many characterization techniques have been cleverly 

employed to understand the underlying mechanisms that originate at photon absorption 

and culminate with species transfer at the interface of the semiconductor and the solution. 
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The numerous species that are present simultaneously along with varied reaction 

pathways in a system that contains both heterogeneous and homogenous parts can make 

for an overly complex process and a challenge to study. Therefore, we will start at the 

very beginning of the process, light absorption, and work our way through the 

photocatalytic mechanism as it pertains to degradation of our model pollutants, organic 

dyes. The following sections will provide enough detail to establish a working knowledge 

of photocatalytic semiconductors. It will also provide the reader with a better 

understanding of why the various research projects were chosen in the following chapters 

and explain why certain areas of synthetic development were probed. 
29–34

 The reader 

should be informed that many of the experimental studies referenced and discussed in the 

subsequent sections focus on probing TiO2. Without question, TiO2 is the most highly 

studied photocatalytic material as a result of commercial availability, low cost, numerous 

synthetic strategies, and high photocatalytic activity.
35–46

 Therefore, the choice to discuss 

topics of photocatalysis with evidence based on TiO2 research is solely the result of the 

availability of the numerous studies.   

1.3.1 Exciton formation  

An important point to reiterate is that unlike conventional catalysis, where thermal energy 

is necessary to drive the reaction, photons are used to activate photocatalyst that drive 

these reactions forward. Starting at the beginning, photons generated from an 
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illumination source penetrate the semiconductor, as shown in Figure 1.1. In step 1, as a 

photon enters the material, with the right resonance energy, it will interact via 

electromagnetic radiation with an electron in a ground state. This interaction stimulates 

the electron, causing the electron to transition into a higher energy level, referred to as the 

excited state. This excitation of an electron from ground state, called the valence band 

(VB), to the excited state, known as the conduction band (CB) requires a discrete 

quantum of energy known as the band gap energy, step 2.  

 

Figure 1.1 Simplified general reaction pathway for photocatalytic semiconductor. 1. Photon bombardment 

on material 2. Excitation of electron to conduction band with simultaneous formation of hole in the valence 

band 3. Recombination of charge carriers, electron and hole, to generate heat.  

 Equally as likely to occur is the opposite process, photon emission. Photon 

emission arises as the result of the excited state electron interacting with a light wave, 

which generates emission of a second light wave causing this excited state electron to 

transition back to the original ground state. This is otherwise known as stimulated 

emission. 
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 In addition, one must not forget that spontaneous emission, where the excited 

state electron without external perturbation drops back to the ground state with emission 

of a photon, is also accompanying these processes of photon absorption and stimulated 

photon emission.  

 This photo-induced electron that now sits in an excited state leaves an electron 

vacancy in the valence band, referred to as a hole and contains a positive charge,  these 

two species which occupy the CB and VB, respectively, have relatively the same 

momentum and opposite charges but remain bound through Columbic attraction. This 

temporary state of bound charge pairs, known as an exciton, can follow many pathways. 

The most common pathway is the recombination of the excited electron and the hole with 

resultant generation of heat, step 3 in Figure 1.1. This recombination process reduces the 

number of excited state electrons and holes.  

 To be able to sufficiently harness these excited state electrons, other processes 

must be available to prevent these two emission processes. Two pathways exist to help 

limit these unwanted processes: the decay of excited electrons into trap states and 

phonon-assisted transitions.
29

 These pathways are crucial to improved photocatalytic 

performance and are therefore addressed in the following two sections.  
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1.3.2 Charge carrier pathways  

 Many options exist that will control what happens to this excited electron and 

positive hole. The importance of improving charge separation cannot be stated clearly 

enough, as many projects are guided on tackling this issue, including the research in this 

dissertation.  

 For maximum efficiency, the exciton initially formed upon light irradiation 

should quickly separate, with the migration of the conduction band electron and valence 

band hole to the semiconductor surface where interfacial charge transfer occurs with 

electron donors and acceptors through complex reaction mechanisms that can generate 

powerful oxidizing and reducing agents that will mineralize the pollutants of interest to 

their basic non-toxic components. Before further discussing pathways, it should be 

clarified that while an electron is a physically real thing, the “hole” which will be 

discussed throughout, is merely the empty state in the valence band. In this manner, holes 

move as electrons fill that empty valence band. As a result of this hole hopping process, 

holes flow in the opposite direction of electrons, and this allows us to treat the holes as 

positive charge species.  

 There are other pathways that these charge carriers can take that do not lead to 

surface interactions required for photocatalytic activity. These pathways result in lowered 

quantum efficiency, which by definition is described as the number of molecules reacted 

in a photochemical process versus the number of incident photons over a spectral range 
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on the semiconductor. It is a quantitative tool for assessing photocatalyst performance 

and a strong indicator of performance.
47

 

 As mentioned in the previous section, if the generated exciton does not 

effectively separate and allow the electron/hole to diffuse to the surface, or interact with 

some scavenger, the electron-hole pair will recombine, in which case the original energy 

is dissipated in the form of heat, Figure 1.1, step 3. This process has been studied using 

ultrafast photoluminescence spectroscopy, which demonstrated that 90% of electron/hole 

pairs recombine within 10ns, depending on reaction conditions.
46

  

Table 1.1 Characteristic times for processes of TiO2 photocatalysis, determined using laser flash 

photolysis.
48

 

Process  Characteristic Time Scale 

Exciton formation: 
TiO2 + hv  hvb

+ + ecb
- 

 
femtosecond 

Trapping: 
hvb

+ + TiIVOH    (TiIVOH•)+ 

ecb
- + TiIVOH    (TiIIIOH) 

ecb
- + TiIV    TiIII 

 
10 nanosecond 
100 picosecond 
10 nanosecond 

Recombination: 
ecb

- + (TiIVOH•)+ 


   TiIVOH 
hvb

+ + (TiIIIOH)  TiIVOH 

 
100 nanosecond 
10 nanosecond 

Charge transfer: 
(TiIVOH•)+ + Red TiIVOH + Red•+ 

etr
- + Ox   TiIVOH + Ox•- 

 
100 nanosecond 

millisecond 

 

Extensive studies have been undertaken to discern the processes that happen after 

irradiation. Using ultrafast laser flash photolysis to monitor these short-lived 

intermediates, combined with the controlled use of well-known hole and electron 
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scavengers, allowed for detection of these trapped species at the surface with optical 

absorption spectra. The spectra show trapped holes at surface sites at wavelengths around 

475 nm accompanied by trapped electrons at longer wavelengths, around 650 nm.
49

 To 

put the competing pathways and the processes involved into perspective, characteristic 

time scales based on laser flash photolysis measurements are shown in Table 1.1.
50,51

 

Trapping sites play an important role for electron and hole separation, and are the 

result of surface and bulk defects. One of the most important trapping sites is the metal 

atom, in this case titanium, which can trap electrons as it undergoes reduction. Using 

electron spin resonance (ESR) to probe the state of unpaired electrons, it was observed 

that photoproduced electrons can be trapped at surface sites through a process where 

metal species are reduced from Ti
4+

 to Ti
3+

.
52

 In this manner, reduced titanium species 

that exist at the surface can react with adsorbed species, where hydroxyl or diatomic 

oxygen act as a reducing species. This is seen via EPR as Ti
3+

 signals disappear when O2 

is adsorbed on the surface.
53

  

While electrons are trapped at metal sites, holes can be trapped when interacting 

with hydroxyl groups or water that is adsorbed to the surface, as seen in Table 1.1. This is 

the result of metastable states that exist on surface points. This process results in lowered 

carrier lifetimes. This trapping occurs on the nanosecond scale and therefore becomes an 

important area of improvement for researchers, as the crucial interfacial charge transfer 

operates on the slower millisecond scale.
48,54
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To put it more succinctly, hole trapping must compete against charge carrier 

recombination when we look at timescales, if one is to improve performance. 

Rothenberger et al. demonstrated the significance of this process, conducting laser 

photolysis studies on TiO2. They observed recombination rates on 12 nm size particles to 

be 30 + 15 ns, while trapping of holes by surface hydroxyl groups occurred on average of 

250 ns.
54

 The authors suggest that at those time scales, the two processes can compete 

with each other.   

While there is no consensus on exactly how the holes are trapped, evidence has 

been provided for various pathways. Sub-surface oxygens have been shown to trap holes 

to generate oxygen radicals connected to surface hydroxyl (Ti-O
•
-Ti-OH).

55,56
 In addition, 

surface trap sites have been detected as well. The best evidence for this surface trapping 

is evidenced by surface oxygen radicals (Ti-O-Ti-O
•
) have been generated from surface 

hydroxyl groups.
57,58

  Lastly, lattice oxygens have been observed, O
•-
,
 
by EPR as yet 

another hole trap.
55,59

 
 
At this point, one can see that a charge carrier such as a hole, has 

many pathways that can lead to surface interactions that will ultimately generate the 

active species important for mineralization. 

1.3.3 Active species of photocatalysis  

The method of degrading these dyes is focused around the generation of short-

lived, non-selective hydroxyl radical species that oxidize the organic molecules of the 
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dye to the most basic units, mainly CO2 and inorganic ions. This approach to the 

elimination of contaminants is commonly referred to as the advanced oxidation process 

(AOP) and takes advantage of the strong oxidation potential of hydroxyl radical (2.8V vs 

NHE), reacting 10
6
 – 10

12
 times faster than ozone on attack of organic compounds.

60,61
 

These valence band holes of various semiconductors range from + 1.0 to + 3.5 V (vs 

NHE at varying pH) making them powerful oxidants, while the conduction band 

electrons range from + 0.5 to – 1.5 V (NHE at varying pH), which can facilitate injection 

of conduction band electrons into molecular oxygen that adsorbs on the surface of the 

photocatalyst.
62,63

  

 To prevent a buildup of excessive charge, which would drive increased 

recombination rates, both photoexcited electrons and holes must be proportionately 

utilized for proper photocatalytic activity.  It can also be said that without sufficient 

reduction reactions taking place to balance the oxidation reactions, catalytic efficiency 

will suffer. This is a crucial point to make, even though the highly oxidizing holes 

generate the more active species for mineralization, to maintain charge balance and 

therefore keep the process going, photoexcited electrons must also undergo reduction 

reactions. In this process of electron and hole transfer, many species are generated as seen 

in Figure 1.2.  The temporary life of these intermediate species makes detection rather 

difficult. In addition, even with detection, studies to demonstrate the participation of 

these species in the photocatalytic reaction are difficult to come by, yet multiple clever 
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experiments have been performed to support the proposed mechanism.
49,64–72

 The most 

commonly formed species that have been detected in photocatalytic reactions are shown 

in Figure 1.2. We will work our way through each one these species that are generated 

and look at the evidence that helps support their claim. 

 

Figure 1.2 Formation of active oxidation species in photocatalytic semiconductors.      

1.3.3.1  OH• Hydroxyl radical 

The oxidizing agent suggested as partly responsible for chemical mineralization, 

in aerated aqueous conditions, in heterogeneous photocatalysis is the OH
•
 radical. This 

radical is generally suggested to be generated when surface-attached OH
-
 undergoes 

oxidation by valence band holes. These valence band holes sit at low enough oxidation 

potential to easily oxidize the OH
-
. In addition, the same process can occur with adsorbed 

water on a metal site, as seen in Figure 1.2.
22,43

 However, whether this species generates 

via this manner and the role it plays in degradation intermediates is up for much 

disagreement. The concerns will be addressed  in brief, but for more detailed discussions 

see the referenced literature.
31,39,73
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 In support of formation via this process, it has been observed upon photocatalytic 

degradation studies of halogenated aromatic compounds with TiO2 that hydroxylated 

structures are detected. These same structures are detected when reacting the halogenated 

aromatic compounds with known sources of hydroxyl radicals.
43,70,71,74

 Further, ESR 

studies have detected hydroxyl and hydroperoxyl radicals in photo-activated TiO2 

solutions.
65,68,75

 DFT calculations further support that these processes can occur on the 

TiO2 (110) plane and proceed spontaneously.
45

 However numerous studies argue against 

formation of OH
• 
through direct hole oxidation of OH

-
.
58,76–78

  Various studies that look 

into detection of the species OH
•
 either fail to detect it or detect it in extremely low 

quantities when looking at direct hole oxidation.
58,76–79

 This is partially due to the 

extreme instability of OH
•
 as it can easily undergo oxidation, eluding detection. An 

alternative pathway to generation of hydroxyl radical formation was suggested and 

supported by laser-induced fluorescence, where OH
• 

demonstrates a strong band at 310 

nm when excited with 282 nm light. In this study, normal reaction conditions generate 

OH
• 

with a quantum yield of 5 x 10
-5

. When O2 low partial pressure was flowed, OH
• 

yields drastically increased as well.
79

 These increase in yields were the result of the 

reduction of  H2O2 which was generated by a two step electron reduction of  O2, seen in 1 

.
79

 These finding have been confirmed from other groups, that see O2 dictating OH
• 

generation.
80
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(1) 

More than likely, generation of the hydroxyl radical proceeds through various formation 

pathways and is more likely to favor a given pathway as a direct result of reaction 

conditions. 

1.3.3.2 Superoxide radical O2
•-  

Numerous investigations into the significance of the superoxide radical formation 

points to the behavior of the conduction electron’s potential. Initial decay kinetics show a 

rate constant of k1= 7.6 x 10
7
 L mol

-1
 s

-1 
for trapped excited electrons, etr

-
 reacting with 

molecular oxygen.
81

 The redox potential of etr
-
  was calculated to be E= 0.12-0.059 * 

(pH) V (vs. NHE), sufficient above pH 3 for O2 reduction to generate superoxide radical 

formation, as the potential for generation of that radical E= -0.33V (vs. NHE).
82,83

 These 

values suggest that it is likely, this species is generated through a surface mechanism. 

This superoxide radical has been detected in alkaline solution by luminol 

chemiluminescence, which undergoes a reaction specific with this species to generate 

light emission at 430nm.
84

  Additionally, conduction band electrons have been shown to 

reduce O2 and H2O2 through a multielectron process to water as well. This was 

demonstrated by Bahnemann et al.  in a kinetic investigation where methanol acted as a 

hole scavenger, and electron acceptors O2 and H2O2 were controllably dissolved in-situ.
85

 

At this point, many experiments have been cited here to suggest the most likely events to 

occur from species generated upon exciton formation, all the way to surface-site active 
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species that perform the mineralization. It is worth emphasizing that fundamental aspects 

of surface science behavior are still not known. The complications are such that these 

studies require polished single-crystal surface and need to be performed under ultrahigh 

vacuum atmospheres.
39

       

1.4 Directed optimization of photocatalytic semiconductors 

With the numerous research articles investigating the mechanisms of 

photocatalysis for environmental remediation, coupled with research articles on 

improving the performance of photocatalytic semiconductors, general strategies can be 

laid out before synthesis even begins, and in doing so specific targets can be presented, 

allowing the researcher to be more efficient with their time. The following subsections 

point out studies that demonstrate the correlation between photocatalytic activity and the 

structural/physical properties of the photocatalyst. Ultimately, fine tuning physical 

properties can lead to improvements through either light harvesting, charge separation 

and transportation, or altering redox reactions. Lastly, general principles are used to 

target specific areas of improvement. However, the field is fully aware that properties are 

closely linked to each other. This is well-recognized by the liberal use of the description 

“synergistic effects” when discussing attributes for improved performance.   
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1.4.1 Defects 

Defects refer to disruptions in the lattice network or adjacent to it and have a 

direct effect on electronic behavior. Given the normal unit cell, at some point a non-

typical inclusion is placed in the lattice. In addition, defects can also exist as surface 

states. In introducing a defect, the otherwise perfect crystal symmetry is disrupted. The 

creation of a defect in a crystal lattice provides a trapping site that has the potential to 

increase the carrier lifetime. Lengthy discussions on defects of photocatalyst (TiO2, ZnO, 

CdS) can be found in the literature.
39,86–100

 Herein, only an overview of defects will be 

given. An important distinction to make is that these defect states have different 

electronic states from the bulk semiconductor, making it thermodynamically favorable 

for the charge carrier to migrate to that defect.
86

  

The numerous types of defects should first be categorized for clarity of 

discussion. Defects can be classified as intrinsic or extrinsic depending on their nature of 

origin, but both change the structure or modify the otherwise unadulterated crystal lattice 

of the semiconductor. 

 In general, intrinsic defects are inherent to the lattice while extrinsic defects are 

incorporated into the lattice intentionally. These intrinsic defects are the result of 

synthesis procedures and annealing conditions and therefore, one must be cognizant of 

potentially deleterious effects when developing a protocol for photocatalyst. Intrinsic 

defects include oxygen vacancy, metal vacancy, metal interstitial, oxygen interstitial, and 
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antisites.
93,101

 These defects have been investigated for their role in recombination using 

electron paramagnetic resonance (EPR) controlled with sacrificial hole scavengers and 

show a significant effect, reducing photocatalytic activity with increasing defect sites.
57,98

 

To understand the electronic structure as it relates to surface defects, photoemission 

studies are performed and compared to calculated values. TiO2 demonstrates three type of 

oxygen vacancy sites on the surface; lattice vacancy, single bridging vacancy, and double 

bridging vacancy. In these studies, photoemission peaks that match theoretical values 

correlate to point defect oxygen vacancies as well as Ti
3+

 defects, which were shown to 

disappear upon surface oxidation.
102–105

 The effects of defects in TiO2  can also be 

investigated by monitoring the sample visually and measuring conductivity, where 

defects can lead to photocorrosion of the material ( which can visually be seen as a color 

change) and loss of conductivity upon exposure to UV irradiation.
106,107

    

The nature of the defect can improve or degrade the performance of the material. 

By intentionally incorporating a certain defect, one can control charge, ion, thermal 

transport, and optical absorption and emission, leading to improved performance not only 

in photocatalysis but in transistors, batteries, fuel cells, and light-emitting diodes as 

well.
108

 The most common example of extrinsic defects is the doping of a photocatalyst. 

In this manner, a controlled low-level (low ppm) “dopant” is incorporated into the host 

lattice and observed using X-ray photoelectron spectroscopy. The intentional 

incorporation of a nonmetal such as nitrogen can result in lowering of the band edge. For 
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example,  incorporation of metal oxides with carbon or nitrogen can alter the band edge 

leading to increased visible light absorption as seen with LaTiOxNy.
109

 Another technique 

to control defects is annealing in a reducing environment or oxidizing to adjust the 

oxidation state of the material. By far the most common method for controlled defect 

incorporation is annealing TiO2 in a reducing atmosphere to convert Ti
4+ 

to Ti
3+

.
110

      

1.4.2 Crystallinity/ Crystal Facet 

 It is generally accepted that increasing crystallinity in any given lattice reduces 

both surface and bulk defects. These defects otherwise act as hole and electron sinks that 

result in recombination of the excited electron and hole thereby lowering photocatalytic 

efficiency.
111

 Never has this been more clearly demonstrated than the fact that amorphous 

titania shows minimal photocatalytic activity when compared to the crystalline anatase 

TiO2.
112

 The easiest way to increase the crystallinity, thereby reducing defects, is by 

heating the sample to a higher temperature. Unfortunately, when particles are heated they 

also undergo sintering that reduces surface area, which can ultimately lower catalytic 

activity as the number of exposed catalytic surface sites are reduced. Little work has been 

performed on normalizing photocatalysis to study only crystallinity but it has been 

demonstrated that photocatalytic improvements can be seen by increasing crystallinity.
113

 

Understandably, one must find the optimal temperature where defects are reduced to a 

significant degree but significant surface area is maintained.  
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 In addition, the crystal face can have an important change to catalytic activity. 

Various explanations have been given to why a specific facet sees improved catalytic 

performance. Carrier mobility has been investigated with the evidence that the (101) face 

of anatase TiO2 enhances the reduction of O2 to superoxide radicals with increased 

collection of conduction band electrons.
114

 Carrier mobility is not the only way is not the 

only way to increase catalytic activity. Altering the crystalline facets can improve 

performance. It was shown that by lowering the percentage of the (001) facet in TiO2 to 

18% from 72% the conduction band position was increased by 0.1 eV and demonstrated a 

sharp increase in OH
• 
formation and hydrogen generation from water.

115
  Depending on 

the ions that compose the face of the lattice, enhanced adsorption of hydroxyl or 

molecular oxygen atoms can lead to improved performance.
114,116–118

 Last, surface 

structure of the various facets of TiO2 has been investigated to discern differences in 

photocatalytic activity.
119

 This property was investigated by comparing crystal faces of 

anatase particles with (001) and (101) faces capability to reduce Pt
2+ 

to Pt. A preferential 

reduction of Pt along the (101) face of the anatase nanoparticles suggests an improved 

ability to separate electrons and holes.
120

 These preferential binding locations are likely to 

be the result of changes in adsorption energy due to different atomic arrangements. Li et 

al. used DFT calculations to compute the different surface energies.
121

 It was shown that 

the five-coordinated Ti of the (101) facet generated spatially separated frontier orbitals 

that have a lower surface energy surface, benefiting adsorption of important reaction 
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intermediates. This modeled behavior was experimentally confirmed by kinetic studies of 

single-molecule imaging, where reduction reactions for the fluorescent probe molecule 

preferred the (101) face.
122

 Undoubtedly, these factors are coupled and therefore all 

should be used to develop a better photocatalyst.    

1.4.3 Crystallite size  

 Size is often correlated with surface area, with smaller particle sizes giving rise to 

higher surface area. Therefore, it is difficult to experimentally determine if photocatalytic 

performance improvements are solely the result of either size or surface area. From a 

synthetic standpoint it is difficult to change only surface area while keeping the particles 

the same size. However, there is evidence that suggest that when controlling for other 

parameters, size does demonstrate an important role in catalytic efficiency.
123

 Wang et al. 

were able to synthetically control crystallinity while changing particle sizes from 6 to 27 

nm, which were then tested for photodecomposition of phenol.
124

 Intermediates were 

seen to differentiate based on particle size, with the small nanoparticles generating 

benzoquinone which itself undergoes radical formation which is inefficiently consumed 

as it converts reversibly between hydroquinone/benzoquinone. The large nanoparticles 

generate predominantly hydroquinone, suppressing further redox reactions, which would 

otherwise inhibit full decomposition.
124

 So at least in that specific study, larger particles 

performed better. It should be noted that crystallite size can play an even bigger role if 



Texas Tech University, Donald A. Ramirez II, August 2016 

 

 

25 

 

 

reduced in size until quantum size effects are observed. In brief, quantum size effects 

result from the particle size being smaller than the Bohr radius of the first exciton state. 

This forces the conduction band in a cathodic direction (more negative) while the valence 

band is pushed in an anodic direction (more positive). This effectively increases the band 

gap and blue-shifts the absorption edge.
31

 In addition, luminescence emission also 

undergoes changes in this quantum-confined region. These properties make quantum 

semiconductors an important field of study. No materials used in the subsequent chapters 

incorporate quantum-size effects. 

1.4.4 External improvements: Heterojunctions  

 By creating heterojunction-based materials, this approach directly addresses the 

improvement of separating photogenerated electrons and holes efficiently. Photocatalytic 

heterojunctions can form between a semiconductor and a secondary material such as 

another semiconductor, noble metal, graphene, or carbon nanotube. Here, we will only 

cover semiconductor-semiconductor heterojunctions, as that is the focus of this research. 

 The combination of two distinct semiconductors with staggered band alignments 

forms an interface otherwise known as a heterojunction. By pairing materials with 

different band gap energy levels but similar electronic band structures, the semiconductor 

with the less negative conduction band will behave as a preferential electron sink while 

the semiconductor with the less positive valence band will perform the opposite behavior 
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and increase collection of holes, demonstrated in Figure 1.3. In theory, by combining 

these two materials in physical contact, electron and hole migration is improved, thereby 

reducing recombination rates and improving photonic efficiency. It is well supported that 

heterojunctions often outperform the individual components. However, the mechanism 

for improvement is still not fully understood.
130–136

 A few studies that demonstrate 

improved performance as a result of heterojunctions are discussed below. 

 

 

Figure 1.3 General diagram showing heterojunction-type semiconductor materials with offset band 

alignment 

Significant increases in photocatalytic rates can be observed. As an example, Dai 

et al. found that BiOI/TiO2 heterojunction photocatalyst had a rate constant three times 

higher than that of pure BiOI.
137

 Another example of improved performance is the 

development of SnO2/ZnO, which shows improved performance over pure ZnO. An 

explanation for the improvement of SnO2/ZnO photocatalyst over  the separate 

components has been discussed.
138

 The band structure of SnO2/ZnO has been investigated 
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to discern the reason for increased performance. The different work functions of the two 

materials, ZnO being high and SnO2 low, allows for negatively charged carriers to 

migrate from SnO2 to ZnO until the Fermi levels reach an equilibrium state.
139

 This 

process generates an electrostatic field at the interface of SnO2/ZnO that will drive the 

separation of photogenerated electrons and holes. At this interface, band bending allows 

for this electron and hole transfer between the two. This electron transfer between two 

materials, each with definitive band gaps, has been observed using Kelvin probe force 

microscopy. This method, which can measure the electric potential gradient on an atomic 

force microscopy scale, displayed various voltages between TiO2 and WO3. This was 

explained as being due to localized regions of the materials i.e. nanometer domains of 

TiO2 next to domains of WO3 which would  fluctuate 0.4eV in correlation with cycling 

illumiation.
140

  

1.4.5 Band gap  

The band gap energy, as discussed previously, is the energy necessary to excite 

the electron to the conduction band to perform the reactions. This band gap energy is 

controlled by the metal’s d-orbitals and the non-metal’s p-orbitals in a given metal oxide. 

Therefore, by changing the elements that make up the semiconductor, one changes the 

orbital energy levels. By using different combinations of elements, this allows for 

different resultant band gaps that have different energies. While this is not intrinsically 
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important when looking at photocatalytic materials, it becomes critically important when 

seeking materials that can become commercially significant. Photocatalysts that do not 

require UV illumination have the capability to be powered solely by the sun. This in turn 

lowers cost if applied in a commercial scenario, where lights would have to otherwise be 

purchased. So ultimately, it is in the scientist’s best interest to lower the band gap energy 

and allow greater use of the solar spectrum to enhance photocatalytic reactions. The first 

method for narrowing a band gap is the use of a nonmetal  “dopant” such as C, S, B or N. 

This was demonstrated in section 1.4.1, whereby incorporation of a new atom into a 

given lattice generates new electronic states that generate new transitions.
141

 It is 

important that the nonmetal have an atomic radius comparable to oxygen and that the 

electronegativity be lower than oxygen.  The second method is the coupling of 

semiconductors with a metal to form a heterojunction, see section 1.4.5 which allows for 

increased light absorption. It has been shown that by coupling TiO2 with Pt the band gap 

energy changes from 3.11 eV to 2.95eV.
142

 In addition, both of these methods can be 

used in concert. For example, B and Ni-doped TiO2 photocatalyst demonstrate improved 

performance, as a result of enhanced visible-light absorption and reduction in charge 

recombination.
143
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1.4.6 Surface area  

As has been said “surface area is the means through which a solid interacts with 

its surrounding”. Therefore, rational suggest that increasing surface area leads to an 

increase of  interaction volume which in turn improves the crucial step of surface state 

transfers with the pollutants.
41

 As a direct result of increasing surface area, adsorption 

volumes can be increased that correlate with a higher rate of degradation.
125,126

 This is 

seen in comparing two methods to create the same material, which were tested for 

photocatalytic activity and renormalized as an evaluation on surface area, it was seen that 

the increase in methyl orange photodegradation was solely the result of increased surface 

area.
113,127

 Other studies have renormalized with respect surface area to understand the 

correlation between surface area and catalytic performance, which show the same 

improved performance with increasing surface area.
110,128

 Lastly, increased surface area 

can result in a larger amount of exposed surface hydroxyl groups which can increase 

photocatalytic activity.
129

  

One way of increasing surface area is through formation of sol-gel material that 

can be formed into xerogels or aerogels. If surface area is not critical to the application, 

then the solvent can be removed via slow evaporation under ambient conditions. This 

process results in substantial shrinkage due to capillary forces exerted on the pore 

structure during evaporation of the solvent. Materials formed in the manner are referred 

to as xerogels.  In catalysis, high surface area is often necessary to increase the number of 
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exposed surface sites making development of aerogels. In the development of aerogels, 

the ability to maintain physical properties of the sol-gel material by supercritical 

extraction provides a unique way to access these low density, high pore volume, 

interconnected networks materials that are not achievable with other synthetic techniques. 

As mentioned earlier, the important step is removal of the solvent contained in the pores 

of the sol-gel material, but to do so without damaging the network, thereby maintaining 

the nanoscale architecture. At ambient conditions, there exist interfaces between the solid 

material and the solvent, both in liquid form and gas form. These interfaces generate 

capillary forces upon solvent evaporation, caused by the pores shrinking which causes the 

solid network to contract as a result of tension.
148

 This capillary tension, Pcap, can be 

described in the following equation 2. 

 
       

    

 
 

(2) 

 We see that capillary tension is the result of the liquid-vapor interfacial tension, 

    , over the radius of curvature of the meniscus,   .
149

 In effect, by reducing or 

eliminating interfacial tension, one can reduce capillary tension responsible for structure 

collapse.  This process is what leads to the structure collapse with ambient drying 

conditions and generation of xerogels. The most common method for drying with limited 

network deterioration is by supercritical drying. The process involves taking previously 

washed samples and placing them in a temperature-controlled autoclave that is connected 

to a cylinder containing the liquid of choice, in our case, carbon dioxide. This liquid must 
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be able to be transformed into a supercritical fluid. A supercritical fluid is one that has a 

single fluid phase that is reached above a critical temperature and pressure, (Figure 1.4) 

the formation of a supercritical fluid virtually eliminates the surface tension that would 

otherwise occur at a solid-liquid interface, which prevents structure collapse upon 

removal.
148

   

 

Figure 1.4 Phase diagram for a general supercritical fluid.
148

 

 Initially, one must have a fluid that can become supercritical within the 

limitations of pressure and temperature that can be achieved by commercial laboratory 

extractors. In addition this solvent must be miscible with the solvent used to wash the gel 

originally. These three features of miscibility, easily achievable supercritical state, and 

safety of handling, make carbon dioxide the optimal choice for aerogel formation from 

sol-gel materials. To expand on the process, gels are placed in the supercritical extractor 

and the vessel is sealed. This is followed by administering of liquid CO2. This CO2 is 
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frequently exchanged for fresh CO2 over the course of 2-3 days so as to remove organic 

solvents. At this point, the chiller that circulates water through the extractor, has the 

temperature increased and as a direct result, the pressure increases accordingly. It is at 

this point the critical temperature for CO2, Tc Figure 1.4, is 31°C while the critical 

pressure, Pc Figure 1.4, of 7.37 MPa is reached in the supercritical extractor. At this 

point, CO2 has transformed into a supercritical fluid that has the mobility of a gas but 

density and solvency in between that of a gas and liquid, shown as the transition from A 

 C and A  B  C in Figure 1.4. This process allows for diffusion of the liquid 

contained in the pores into the supercritical phase. Lastly, slow depressurization of the 

vessel allows for removal of the drying solvent, C D, leaving behind intact 

microstructured material with no residual solvent residues.              

1.5 Physical characterization techniques  

 In the area of materials chemistry, where sol-gel chemistry finds itself, the tools 

that are available to characterize materials in-situ are not only limited by their ability to 

expose details of the synthetic process but also the types of tools available are limited. 

More often is the case, characterization of the material takes place post-synthesis, with 

various techniques that help support each other’s findings when used in conjunction with 

well-devised control experiments. This is the best approach to understand what reactions 

take place and how structure relates to specific chemical behavior. The techniques used 
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for materials characterization can be categorized as structural analysis, or property 

measurements.
147

  

 In structural analysis, methods such as powder x-ray diffraction, 

scanning/transmission electron microscopy with elemental dispersion analysis, diffuse 

reflectance spectroscopy, photoluminescence, surface area analysis, thermogravimetric 

analysis, and differential scanning calorimetry are used to elucidate the structural features 

brought about by synthetic modifications and are discussed in the following sections. 

Property measurements are much more project specific e.g. cyclic voltammetry, and 

therefore are not addressed here. One could argue that photocatalytic measurements have 

a property measurement all their own, so the discussion of the photocatalytic reactor 

design and technique are left for the end.       

1.5.1 Surface area analysis  

It is understood that adsorption and surface area play a crucial role to overall 

photocatalytic activity, as discussed in section 1.4.6. Increasing surface area is an obvious 

target for improving performance. While many methods exist for determining surface 

area, including small angle x-ray scattering, mercury porosiometry, electron microscopy, 

and thermoporometry, none are as flexible, reliable, and cost-effective as gas 

adsorption.
150

 Gas adsorption studies, a volumetric method, allows for determination of 

surface area, pore size, pore volume, pore shape as well as density. Those determinations 
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help provide a fundamental understanding of structure and can be discerned through 

physical adsorption (physisorption) experiments. In gas adsorption, under constant 

temperature, T, we probe a solid material known as the adsorbent, with a gas of known 

physical values called the adsorptive. It is important to understand that the gas that will 

become adsorbed on the surface. A fluid when at this state and temperature, is known as 

the adsorbate. If we are to model this system we must know T, control pressure, P, and 

the interaction potential between adsorbate and adsorbent. With these properties 

accounted for we can determine the weight, W, of gas adsorbed on a given mass of solid 

as equation 3.
151

 

             (3) 

By keeping the analysis under constant temperature, we can remove T from equation 3, 

allowing us to plot W versus P generating a sorption isotherm.
151

 In physisorption studies 

where no chemical bonds are formed and thus no disruptive structural changes occur to 

the adsorbent surface we can study both adsorption and desorption behavior. An 

adsorption isotherm is generated as the result of an adsorptive that is brought into contact 

with the adsorbent, forming layers that can completely fill up pores through van-der 

Waals forces. The reversal of the process, desorption isotherms, is generated when the 

already filled surface area of the adsorbent has the absorptive removed.  

 It is the data that is generated from these two isotherms that provide the 

information to extract the determinations discussed at the beginning of this section.  A 
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general type IV isotherm is shown in Figure 1.5, and is typical of a mesoporous material 

based on the interpretation of sorption behavior. Starting at low relative pressure, initial 

pore filling consist of monolayer coverage with sharp increase in volume. Eventually 

monolayers become multilayers, where adsorbate-adsorbate interactions take precedence, 

represented at the “knee” as the isotherm relatively flattens out at medium pressure. A 

sharp increase of volume at high pressure is indicative of capillary condensation. The 

separation of the desorption and adsorption isotherms lines at high to medium pressure, 

known as hysteresis, is the result of pore condensation. This pore condensation, typical of 

mesoporous materials due to pore size, is the result of the behavior of both fluid-wall 

interaction and attraction of fluid molecules with each other. This fluid interaction is 

brought about by gas condensation to a liquid-like phase at less that saturation pressure of 

the bulk fluid as a result of fluid-wall interactions.
151

 

 

Figure 1.5 General type IV isotherm for gas adsorption analysis.
150

 

Adsorption isotherm behavior explains adsorbate-adsorbent interaction and thus 

provides insight into porous nature of the sample. IUPAC has recognized 6 isotherm 
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behaviors, shown in Appendix Figure 1.1. Additional information can be gathered 

through hysteresis interpretation, which can provide information on pore structure and 

network structure. Depending on the hysteresis classification (Appendix Figure 1.2), pore 

shape such as uniform cylindrical pores, typical of type H1 hysteresis can be suggested. 

With a general understanding of physisorption behavior, we must now use these ideas to 

generate mathematical representations to generate surface area values. Langmuir’s kinetic 

model describes the theory of gas adsorption on the monolayer scale. However, it fails to 

adequately determine physisorption outside of a monolayer material, as rate of adsorption 

and desorption are equal.
152

  Brunauer, Emmett, and Teller extended Langmuir’s kinetic 

theory in 1938 to extend from monolayer to multilayer adsorption.
153

 Brunauer, Emmett, 

and Teller or BET theory is applied to model this multilayer physical adsorption as 

shown in equation 4.
153

 

 
 

  
  

  
 
  

 

   
 
  

    
 
  

   
 
  

 
 

(4) 

 

V is volume, Vm is the monolayer capacity, while the relative pressure is P/P0 that is 

measured with pressure transducers on the instrument. C is a constant that represents the 

strength of gas-solid interaction. This can then be linearized to determine specific surface 

area as equation 5. 
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This equation, when plotted with P/P0 between 0.05-0.35, as shown in Figure 1.6 , can 

now be used to determine surface area.  

 

Figure 1.6 BET plot for determination of surface area.
151

 

  When plotted, the slope, s, and intercept, I, can be interpreted as such.  

 
  

   

   
 (6) 

 
  

 

   
 

(7) 

 

This allows for solving of Vm as follows in 8. 

 
   

 

   
 (8) 

This allows for total surface area, St, to be calculated as shown in 9. 

 
    

       

  
 (9) 
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The volume, Vm, was calculated from equation 8, additionally combined with the 

Avogadro’s number, Lav= 6.02 x 10
23

, and the cross section of the gas, Am= nitrogen= 

0.162 nm
2
, over the gas’s volume, Mv=nitrogen= 22,414 mL. Now that surface area has 

been calculated using BET theory accompanied with Langmuir kinetics, we can further 

determine properties of our materials such as pore size.  

 Pore size, pore size distribution, and pore volume can be determined by the 

Barret-Joyner-Halenda (BJH) method, using data taken from either adsorption or 

desorption isotherm.
154

 In brief, the BJH method, a modified version of the Kelvin 

equation, demonstrates a relationship between pore diameter and pore condensation 

pressure.
155

 This predicts that pore condensation moves to a higher relative pressure as 

pore diameter increases. 
155

  

1.5.2 Scanning electron microscopy/ transmission electron microscopy 

coupled with elemental dispersion analysis  

Electron microscopy allows for magnification, greater than achievable by optical 

microscopy, as a result of electron wavelengths (.003-.01nm) being much smaller than 

visible light wavelengths (400nm). This property of electron microscopy allows us to 

observe and characterize material on the nm to µm scale. In SEM, by viewing the 

material at the nanoscale, we can observe 3-dimensional morphological differences that 

can be correlated with synthetic modifications. It should be pointed out that SEM 
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produces a topographical image where only the surface is observed. A brief overview will 

help explain why this is the case. Should more detail be desired, please see the textbook 

Scanning Electron Microscopy and X-Ray Microanalysis by Goldstein.
156

  

An ultrafine electron beam is generated when a filament that has an obtainable 

work function has a current passed through it under a vacuum. Electrons escape the 

filament and are accelerated by means of an oppositely charged anode plate toward the 

sample. However the electron beam that is generated is too large to create a well-resolved 

image. In order to control the size and shape of the beam, a combination of condenser 

lens, apertures, and scan coils are used. At this point, a collimated electron beam about 

10nm in diameter enters the specimen, and penetrates about 1µm deep to form what is 

known as the interaction volume. It is the various interactions between the electron beam 

and the specimen that generate the numerous emissions, which reach the biased-detector 

to produce a signal. The results that we get from these electron beam-specimen 

interaction that will be used to gain a better understanding of the properties of the 

specimen.  

The most common images produced with SEM are the result of secondary 

electrons emitted from the specimen that reach the biased detector. Secondary electrons 

are the loosely bound outer electrons in an atom which are ejected as a result of the 

incident electron beam collisions, a result of inelastic scattering. As a result of this 

inelastic scattering, these electrons are relatively low in kinetic energy, and therefore will 
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only escape from the first few nm. In fact, the probability of escape decreases 

exponentially with depth. These secondary electrons will propagate throughout the 

sample, eventually reaching the surface at which point they are drawn to the detector. As 

we see in Figure 1.7, secondary electrons make up the upper interaction volume and 

therefore provide both spatial and surface resolution of the image generated.   

 

Figure 1.7 Interaction volume of a specimen in SEM as well as characteristic generation of signals.
156

 

 While SE images provide important topological features, other information can be 

discerned with backscattered electron (BSE) imaging. BSE are different from SE in that 

BSE electrons undergo elastic scattering. Therefore, these electrons are actually beam 

electrons and not sample electrons. These beam electrons interact with the atom, 

changing direction as a result of the electric field generated by the atom which can 

redirect these electrons where they return to the surface. The important part here is that 

elastic scattering is dependent on atomic number. In this way, increased scattering is 

correlated with atomic size increases. If we combine the fact that BSE penetrates further 
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into the bulk than SE, as shown in Figure 1.7, along with the increased generation of 

electrons around increased atomic size, we have a method that can discern composition of 

the material. A given example where BSE would be useful is the ability to discern 

platinum spheres on a Pt-TiO2 network. Further still in the interaction volume, x-rays can 

be generated. These characteristic x-rays are produced as a result of outer shell electrons 

from the atom being ejected, shown in Figure 1.8 as the top image, which are replaced by 

other outer shell electrons shown in the middle. However, as they must give off energy to 

reach the level, that energy loss is in the form of x-rays as shown in the bottom image.     

 

Figure 1.8 Ionization of an inner shell electron to generate an electron transition that results in characteristic 

x-ray emission.
156

 

The energies of these electrons are characteristic of their respective element. Therefore 

the energy of the x-ray generated in Figure 1.8, will be the difference between the L shell 

and the K shell, which will be called Kα x-ray. This is a simplified example, as larger 
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atoms can have K, L, and M transitions with multiple decay steps. This is beyond the 

scope of this section. In summary, x-ray analysis by energy dispersive spectrometry 

(EDS) allows for chemical analysis of a sample with nanometer confinement, making it a 

useful tool for both qualitative and quantitative results.    

 Transmission electron microscopy (TEM) employs the same generation and 

control of an electron beam of SEM, but what is different is that the detector resides 

underneath a thinly sliced sample. In addition, the electron beam is excited to a much 

higher accelerating voltage necessary for traveling completely through the sample. In 

doing so, internal structure can be resolved. This coupled with the higher magnification 

abilities and improved resolution, allows one to observe lattice fringes, for calculation of 

d-spacing and primary particle size. TEM has improved spatial resolution, in the range of 

.0.1-.02 nm as opposed to SEM 1-2 nm. This allows for structural analysis of a single 

nanocrystal.    

1.5.3 Thermogravimetric analysis/ differential scanning calorimetry 

To observe changes that occur in the process of heating, both thermogravimetric 

analysis (TGA) and differential scanning calorimetry (DSC) are employed to measure 

weight loss and heat difference, respectively. In TGA a sample is heated in a controlled 

atmosphere by a thermocouple with a user-defined heating program. The sample, which 

is attached to a microbalance, will undergo weight changes while being heated that can 
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be accurately measured. This allows for observable mass losses that can then be used to 

determine important transitions such as mass loss or gain due to things like 

decomposition, oxidation, and moisture loss.
157

 If the sample is well-understood with 

predictable behavior, the determination of the amount of inorganic or organic content can 

be determined as well. As we will see in the proceeding chapters, TGA in combination 

with PXRD is used to determine the optimal temperature for the annealing of the various 

photocatalytic semiconductors.  

DSC relies on the fact that while heating a sample, endothermic and exothermic 

events can result. The sample of interest and a reference pan (usually an empty pan) are 

placed on separate but electronically connected heating sample holders. The user then can 

define the heating program and atmosphere. Both the sample and reference are then 

heated, and while the reference pan will require the same amount of energy to heat it to a 

defined point, the sample material will undergo physical transformation that will require 

more or less energy to keep the temperature equivalent to the reference pan. In this way, 

phase transitions that produce endothermic or exothermic peaks can be observed and 

insight can be gained to understand what processes are occurring while heating that could 

otherwise not be known. The best example is the onset of an amorphous material to the 

point of crystallization. As a sample transitions to a crystalline material, less energy is 

necessary to raise the temperature, therefore an exothermic process originates that can be 

observed. As expressed with TGA, these transitions become important when determining 
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optimal conditions for developing inorganic semiconductors where numerous physical 

properties of the material play a crucial role in photocatalytic activity.    

1.5.4 Powder x-ray diffraction 

X-ray diffraction can be used to determine crystal structure, phases, purity, 

particle size, crystallinity, strain, lattice parameters and lattice spacing making this 

method highly useful for structural analysis. This method takes limited time and operator 

effort to collect data and virtually zero sample preparation. Several textbooks cover the 

ever-growing capabilities of x-ray diffraction and the reader is encouraged to visit those 

books for detailed theory.
158–161

 A monochromatic x-ray beam is created from the 

electrical excitation of a metal source (Cu target in this case). This is the generation of 

our incident beam and is directed to our sample by help of filters, slits, mirrors, and 

collimators. Our incident beam is then projected onto our sample of interest, where the x-

ray beam penetrates the sample, as shown in Figure 1.9.  

 

Figure 1.9 General layout for powder x-ray diffraction analysis. 
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The x-ray beam can now interact with the atoms of the sample that constitute the lattice. 

More importantly, diffraction of the x-ray beam occurs when the spacing distance of the 

repeating lattice arrangement is of equal distance as the wavelength, λ, of the incident 

beam. It is important to clarify that only in-phase x-rays will reach the detector and 

produce a detectable signal, as shown in Figure 1.10.  

 

Figure 1.10 Representation of a crystalline material, with atoms in red and black, undergoing x-ray 

diffraction.  

Non-periodic lattices interact with the incident beam in such a way as to generate out-of-

phase x-rays that will be scattered around the instrument in non-repeatable patterns. 

These in-phase x-ray reflections generate constructive interference which can be used to 

determine the material’s interplanar spacing of the lattice, d, according to Bragg’s law, as 

seen in equation 10 .
162

 

 
   

 

     
 (10) 

Knowing λ, which in our Cu-source is .15405 nm, we can determine any d-spacing as a 

result of θ. In addition to determining interlayer distance, we can also use the same data 
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to determine particle size of the material based on line broadening, using the well-known 

Debye-Scherrer equation, shown in 11.
163

 

 
  

  

     
 (11) 

We can use the line broadening measurement because peak width is inversely 

proportional to crystallite size. To determine crystallite size, D, using the Scherrer 

equation, a unique, dimensionless shape factor K is used. In addition, the instrument’s x-

ray source λ is already known as well as the angle θ. Therefore all that is unknown is B, 

which is the line broadening at half maximum intensity, otherwise known as full width at 

half maximum (FWHM) which can be calculated from the collected XRD spectra.    

1.5.5 UV-Vis Diffuse-reflectance spectroscopy 

Band gap determination is important when determining proper irradiation 

wavelength for photocatalytic materials. In addition, synthetic changes can alter band gap 

energy, which can ultimately be determined with diffuse reflectance spectroscopy. The 

absorption coefficient,  ,  and scattering coefficient,  , can be calculated by the 

experimentally measured reflectance, R, using the Kubelka-Munk equation, 12.
164

 

  

 
 

      

  
 (12) 

It is worth noting here that the scattering coefficient is negligible when using an 

integrating sphere with pure reflective reference. The Kubelka-Munk function can be 
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modified, as the absorption coefficient varies with the light energy given by Tauc’s 

equation, 13.
165

 

                  (13) 

The absorption coefficient, , near the absorption edge, coupled with the energy of the 

photons,   , is proportional to    minus the band gap energy,   . Depending on the 

optical transition, the value of n, can be 1/2, 2, 2/3, 3 for allowed direct, allowed indirect, 

forbidden direct, and forbidden indirect transitions, respectively.
87

 Given a constant 

transition and effective absorption of the material,         giving 14. 

                      (14) 

 

This allows one to determine a value for   , when              is plotted against   . 

The band gap is taken by drawing a line tangent to the point of inflection on the curve 

and extrapolating out to the horizontal axis. The intercept value is the resultant band gap 

value.
166

 

1.6 Photocatalytic Testing  

1.6.1 Importance of sound photocatalyst testing 

 Reactor design is important to the investigation of photocatalytic material. 

Unfortunately, no standard exist for reactor design. The majority of reactors are slurry 

reactor design and that is what is used in this research, as shown in Figure 1.11 and 
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Figure 1.12. This slurry design is relatively simple and cheap to design. Transfer rates are 

increased as a result of constant stirring, temperature gradients are reduced, and capacity 

for high catalytic loading exists. In theory this design allows for entire surface area 

illumination as particles are dispersed/suspended in a liquid medium.
167

 Several concepts 

must be taken into account when using a slurry reactor, such as while a high 

concentration of catalyst will increase decomposition rates, the increase of particles will 

also increase light scattering that lowers light penetration. In addition, the increase of 

agglomeration as a result of more particles in solution can lead to lower reaction rates.
168

  

This makes catalyst loading an important variable when optimizing reaction conditions 

and will vary from reactor to reactor as geometries change.  

The other most common reactor design is a fixed bed design where the catalyst is 

attached to some support matrix. This system has the advantage of fast reaction time due 

to the flow pattern through the system, and it limits chances for aggregation of particles. 

From a commercial standpoint, the fixed bed system solves the issue of catalyst 

separation from the medium that arises in a slurry reactor. However, uniform illumination 

of the catalyst is hard to achieve in this system and, coupled with the higher cost of these 

systems, makes these systems used more in gas/solid reactions. Therefore, this will be the 

limit of discussion on fixed bed reactors.     

Due to the numerous advantages of slurry-style reactors and the usefulness of this 

reactor when optimizing catalyst design, it is employed in the work in this document and 
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therefore a more thorough discussion of this kind of reactor design is in order. It should 

be noted that numerous variables with this method make comparing values of 

photocatalyst activity from the literature highly difficult without numerous parameters of 

the system quantitatively calculated and accounted for. Such properties in this method, 

quantum efficiency of the catalyst, absorption properties of both reactant and non-

reactant with the light source, as well as light intensity at the particle surface will dictate 

the reaction rate.
169

 To collect data for each method requires additional equipment and 

chemicals. Two of the most useful ways to evaluate the performance of photocatalyst is 

calculating quantum yield and quantum efficiency. Quantum efficiency is determined as 

the ratio of the number of reactant molecules consumed over a certain time to the total 

number of photons absorbed over the given spectral range.
31

 This definition of quantum 

efficiency was initially proposed by photochemists working on homogeneous 

photochemistry when deriving reactant disappearance or product formation.
170,171

 

Without question, determining this quantum efficiency in heterogeneous systems is 

significantly more problematic.  A large reason behind the difficulty is due to particles 

light scattering and reflection effects not taken into account. This caused the difference 

between the two descriptions; number of photons absorbed or number of photons 

incident. The latter is not taken into account in the scattering behavior of a colloidal 

solution.  
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As a result of the Tyndall effect, that is, colloidal light scattering, photochemists 

studying heterogeneous systems have suggested the expression of “relative photonic 

efficiency (ζr)” so as to separate it from the commonly used quantum yield (Φ) in 

homogeneous systems.
172

 In addition, even when determining ζr , one must disclose the 

reactor geometry and light source when reporting the result.
172

 Given this understanding 

of heterogeneous photocatalysis, many published articles erroneously compare their 

catalytic data to another publication with the same catalyst and present a flawed 

interpretations that their catalyst is more active than their competitors.   

With these important distinctions being made, it should be noted that the purpose 

of these various photocatalytic experiments discussed herein were to demonstrate that 

synthetic modifications could drastically alter the reactivity of the catalyst in a 

comparison study. With that said, the determination of concentration of pollutant over a 

given irradiation time was deemed sufficient to suggest the changes were a result of 

photocatalytic activity improvements. Because of the copious details necessary to 

calculate ζr , accompanied with the inability to cross-reference data as a result of various 

reactor designs, neither quantum efficiency nor quantum yield are calculated here. As a 

result of this, comparisons of photocatalytic activity pertain only to the developed 

materials in that experiment and mindfully, do not indicate being better or worse than 

other researchers published results. It is recognized that this way of experimental design 

can make the research less indicative of performance and therefore, where possible, 
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samples are assessed for substrate disappearance against a well-known commercial 

photocatalyst, Degussa© P-25 TiO2 with well-studied behavior that demonstrates 

reliability among various batches.
173

 Given that research is built around the common goal 

of discovering new information, the purpose of the research herein is the development of 

new methods for material development and the characterization of these materials, and 

less emphasis is placed on the photochemistry of the materials. 

1.6.2 Reactor design 

The reactor designed for UV-light photocatalysis in chapter 2, seen in Figure 

1.11, consist of a Philips 250W lamp with a maximum intensity at 365 nm, without filter, 

mounted to a 20 cm in diameter aluminum reflector. Below the light, enclosed by 

aluminum foil to increase light concentration, sits an 80mm diameter double-walled 

Pyrex reaction vessel, 50cm from the lamp filament. This reaction vessel is connected to 

a NESLAB Instruments Inc. water-circulating temperature controller set at 20 °C to keep 

the temperature stable, important so as to regulate adsorption and desorption 

phenomena.
174

 This reaction vessel sits on top of a stir plate to provide constant agitation 

via a stir bar in solution.     
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Figure 1.11. Reactor design for studying ultraviolet light active materials. 

Visible light photocatalysis reactions were performed in a RPR-200 model 

Rayonet Reactor
©

, shown in Figure 1.12,
 
using the supplied RPR-4190A lamps with 

maximum intensity at 420nm as shown from the spectral display in Figure 1.13. This 

reactor consist of 16 lamps completely encircling the sample. Each lamp is positioned 12 

cm from the sample. In the bottom of the unit sits a cooling fan that when running, keeps 

the reaction temperature at approximately 20 °C. On top of the cooling fan rest a stir 

plate, where the sample-containing scintillation vial is placed and agitated when 

performing photocatalytic experiments.   
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Figure 1.12. Reactor design for studying visible light active materials.  

 

 

Figure 1.13. Spectral distribution information of RPR-4190A from the Southern New England Ultraviolet 

Company. 
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1.6.3 Photocatalytic activity 

 The most common test for photocatalytic activity is the organic dye model, 

whereby determination of a photocatalyst’s activity is monitored by its’ ability to break 

the bonds of a colored organic molecule, rendering it colorless over time. This process is 

quantitatively measured using a spectrophotometer and therefore is a quick and easily 

accessible method for testing the efficiency of a given photocatalyst. It is the method of 

choice for the research projects discussed in the following chapters. However, this 

method possesses a number of flaws, assumptions, and variables. This author would not 

consider this dissertation to be sufficient concerning photocatalysis without mentioning 

these concerns.As is too often the case in photocatalysis journal articles, authors include 

speculations of their research that are not built on solid evidence or, worse, taken to 

referencing other researchers findings without their own experimental validation. This 

has been addressed in multiple reviews but still persist.
22,47,63,73

 One pitfall to publish 

research on photocatalysis is partly the result of a researcher being uninitiated in 

photocatalysis and who does not understand the nuances of this area of research, such as 

analysis of data, in the appropriate way. The other component of this is that journals 

continue to find it acceptable to publish this level of work and therefore, new researchers 

are exposed to these explanations and accept them at face value, and as such, understand 

it to be a sufficiently valid level of research to get their work published. These difficulties 

in photocatalysis research are common when material chemists direct their attention to 
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this area for the first time. Therefore, to prevent invalidated claims, a strong background 

knowledge is necessary. On the other hand, it is important that material chemists with an 

understanding of novel synthetic methods enter photocatalysis research with the goal of 

targeting relevant material systems, and providing new insight, as development of new 

materials not only show improved catalytic activity over current materials but also help 

better understand both the fundamentals and application studies of photocatalysis. The 

scope of this research focuses firstly on new synthetic development of semiconductors, 

secondly on the characterization of these materials and how the parameters control shape, 

size, and structure as it relates to synthesis, followed by an exploration of photocatalytic 

activity given these unique materials. While this research attempts to cover a large area of 

research in photocatalysis in this way, it does not explore the fundamental mechanisms or 

reactor design and setup. This research discusses the pathway to these photocatalytically 

active materials, while other research groups that are equipped to focus on mechanistic 

studies can explore further these question which can lead to improved activity over the 

catalyst here. In addition, reactor design and protocol can be further optimized to increase 

performance as well, but is outside of the scope of this research.
167,175,176

 In addition, for 

optimal photocatalytic analysis, one must calculate apparent quantum efficiencies of the 

catalyst, which is the ratio of reacted molecules to incident photons. However this 

requires monochromatic irradiation that uses cut-off filters and equipment to measure 

photon flux.  
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1.7 The chemistry of metal cations in an aqueous medium 

 The sol-gel method is a method where the initial development of discrete sol 

particles suspendered in a fluid matrix ultimately give rise to a monolithic gel as a result 

of sol particles forming linkage amongst themselves. However, there are many clever 

approaches to the development of these robust monolithic materials, each with 

advantages and disadvantage. The technique that will be used throughout the rest of this 

dissertation is known as the epoxide-assisted sol-gel technique. It offers cost 

effectiveness in the ability to use cheap metal sources such as metal halides and metal 

nitrates. Solvents used in this method are relatively non-toxic and cheap, and include 

alcohols, water, acetone and can be used as purchased and reagent-grade. Synthesis is 

quick and simple, known colloquially as bench top chemistry.  This method, while highly 

useful, does have limitations and must be carefully controlled to create robust monolithic 

materials. The difficulty of the process is controlling the rate of reaction. Initially in the 

sol development, solid particles must be small enough that Brownian motion and 

dispersion forces keep the particles suspended and not settle out of solution.  While these 

solid particles much be small enough to prevent gravity from causing a precipitate to 

form, the particles must be large enough though that networks will come together around 

the liquid medium. Therefore, it is important that the compatibility between sol particles 

and liquid medium be properly formulated, as these become intertwined with each other. 

Otherwise, separation of the solid from the liquid media causes precipitation. The onset 
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of sol particles dispersed freely in solution that transition into locked network that 

drastically increases viscosity to form a single solid phase is known as gelation. This 

process of sol formation is driven by hydrolysis and condensation reactions of the initial 

metal salt hydrates. The initial solvation of water molecules on a metal cation causes the 

partial positive charge on the hydrogen to increase, thereby making the water molecule 

more acidic, which develops a hydrolysis equilibria as shown in equation 15.  

 
(15)  

In this process, the ligand species present include aquo, hydroxo, and oxo. The charge of 

the metal in solution will determine this equilibirum.
144

 

 In essence, proton removal is facilitated strongly by high formal charge on the metal ion, 

with coordination number and electronegativity accounting to a lesser extent. Given a 

low-valent cation (z<4), aquo and hydroxo complexes form, leading to condensation 

reaction steps known as olation. In olation, hydroxo groups are effective for nucleophilic 

attack, while the aquo groups are good leaving groups. This results in formation of 

hydroxo bridges as shown in equation 16. 

 
(16) 

 

For highly charged cations (z>5), condensation is guided by the dominant oxo and 

hydroxo complexes, whereby oxolation is the dominant process such that metals are 
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bridged through oxo species. This reaction proceeds again through nucleophilic addition 

of followed by water removal and is shown in a simplified equation 17.  

 

(17) 

One will have noticed at this point that this process of condensation in both 

processes will not proceed indefinitely to generate our robust interconnected networks, 

since charges of these complexes will change in bridging configuration.
145

 Instead, for a 

gel network to form, the reaction must be perturbed by a temperature change, reduction 

of solvent, or in our case, a change of pH by introduction of an epoxide.  

1.7.1 Epoxide-assisted sol-gel synthesis of inorganic nanomaterials 

 In the last section, it was pointed out that to induce gelation, one must alter the 

general equilibrium of metal cations in solution. This can be done by altering pH, which 

can be done with an epoxide such as propylene oxide that will act as a proton 

scavenger.
146

 In this process, the epoxide’s oxygen is protonated by the acid. This in turn 

allows the generated conjugate base to perform nucleophilic attack which simultaneously 

opens the epoxide ring. This is shown in Figure 1.14. This opening of the epoxide ring is 

an irreversible reaction, with production of an alcohol. This process causes a reduction of 

protons in solution, allowing further metal complexes to undergo hydrolysis and 

condensation as the pH governed by the epoxide is driven higher. 
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Figure 1.14 Mechanism for irreversible ring opening by nucleophilic attack.  

 This theory was experimentally studies by Gash et al. in their study on iron(III) 

oxide gels using propylene oxide.
146

 They probed the reaction conditions both by pH as 

well as NMR studies. During the pH study, it was observed that gels could be made from 

FeCl3·6H2O but not from Fe(NO3)3 ·9H2O. This correlates with the increase in pH for 

FeCl3·6H2O but not for Fe(NO3)3 ·9H2O, as seen in Figure 1.15.      

 

 

Figure 1.15. Steady increase of pH as a result of propylene oxide addition to FeCl3·6H2O and 

Fe(NO3) ·9H2O, the effect of the epoxide’s proton scavenging.
146

 

 This is reasonable, as for gel formation to occur, olation and oxolation reactions 

that induce cross-linking in the structure  must occur and this can only be done with a 



Texas Tech University, Donald A. Ramirez II, August 2016 

 

 

60 

 

 

large increase in pH, something that does not happen for Fe(NO3) ·9H2O, where at low 

pH, only aquo-hydroxy monomer and dimers exist. To gain a fundamental understanding 

of why Fe(NO3) ·9H2O does not gel, various NMR experiments were performed. When 

using Fe(NO3) ·9H2O, the dominant product (ca. 80%) was identified as 1,2-propanediol. 

This product is the result of water being the better nucleophile than the nitrate ion to open 

the ring and in doing so regenerates a proton. This explains the limited pH increase. 

When the FeCl3·6H2O source was studied by NMR, the products were 1-chloro-2-

propanol (ca. 30%), 2-chloro-1-propanol (ca. 8%), as well as 1,2-propanediol ( ca. 25%), 

indicating that water is still somewhat competitive with the chloride ion in opening of the 

ring. Lastly, nitrate-based gels could be made in ethanol, as a solvent with weak 

nucleophilic properties allows the nitrate ion to undergo ring opening, as evidenced by 

the detection of   1- and 2-nitrooxy-2-propanol. Because of this multi-step process 

undertaken when using an epoxide, these changes in bond formation happen gradually 

and in a controlled fashion. This is important, as an otherwise rapid reaction between a 

base and metal ions abruptly changing pH will result in a precipitated solution. It is this 

process that provides a stable sol-gel network to form. 

 If not already apparent, we see that the anion of the metal salt plays an important 

role in the process of ring-opening and creation of condensed phases. The difference in 

gel formation between the chloride and the nitrate anion for the iron(III) system in water 

was shown earlier. In addition, the anion of the metal, depending on the complexing 
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ability, can change the microstructure of the material as a result of interactions during 

hydrolysis and condensation.
144

Altering the metal salt used in the sol-gel process is just 

one synthetic parameter that can be tailored to achieve various phase materials or unique 

morphologies.  

To this point, we have only addressed propylene oxide as our proton scavenger, 

but various other 1,3- and 1,2-epoxides exist that can be used for the same purpose. In 

general, 1,3-epoxides are far less reactive than 1,2-epoxides as a result of reduced ring 

strain as it expands to a 4-member heterocyclic ring from a 3-member heterocyclic ring. 

These 1,3-epoxides see limited use in development of sol-gel materials and therefore will 

not be addressed here and instead the various 1,2-epoxides and their increased reactivity 

will be discussed. 

 The reactivity of 1,2-epoxides can be quite drastically altered by changing the 

functional groups attached to the ring, providing controls as a result of steric and 

electronic effects. This is clearly demonstrated by the various gelation times of  Fe(NO3) 

·9H2O in ethanol when changing the epoxide used.
144

 By changing from propylene oxide, 

which only contains a single methyl substituent, to 1,2-epoxypentane and increasing the 

length of the hydrocarbon chain the gelation time goes from 1.5 to 4.8 minutes. Another 

substituent, by adding a hydroxyl group to the methyl group in propylene oxide to make 

glycidol, lowers the gelation time to 62 minutes. Now if that alcohol functionality is 

removed and replaced by a halide such as fluorine, gelation goes to 82 minutes, this can 
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be further slowed by using chlorine and bromine with gelation times going up to 85 and 

109 minutes, respectively. These gelation studies are displayed in Figure 1.16. This 

provides another handle for controlling gelation, crucial when working with various 

metal acidities.  

 

Figure 1.16 Gelation rates of Fe(NO3) ·9H2O, .37M  in ethanol with 11equivalents of epoxide. Listed in 

descending order; propylene oxide, 1,2-epoxypentane, glycidol, epifluorohydrin, epichlorohydrin, and 

epibromohydrin.
144

  

Further considerations in the development of stable sol-gel materials must be given 

besides metal salt and epoxide use. Not only does the metal salt need to be able to 

dissolve fully in the solvent, but solvent polarity plays an important role in stability of a 

sol. 
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1.8 Development of photocatalytic semiconductors using the 

epoxide-assisted sol-gel technique 

 Given the usefulness, tailorability of the previously discussed epoxide assisted 

sol-gel method, the objective of this research is to access photocatalytic semiconductors 

that are more efficient and robust than that seen in the literature while simultaneously 

gaining more insight into the role morphology plays on photocatalytic performance. The 

sol-gel process offers distinct advantages when it comes to chemical homogeneity of 

combining different elements, something that is not as readily accomplished with 

hydrothermal and mechanical mixing systems. This homogeneity is important to the 

electronic process in photocatalysis. Materials made using the sol-gel process should 

have improved performance as a result of well-dispersed elements as opposed to isolated 

domains of each element that increase grain boundary sites.  

 The work presented in this dissertation will focus on the relationship between the 

physical properties and their photocatalytic activity, the epoxide-assisted sol-gel 

technique is used to create various inorganic semiconductors that are evaluated for 

photocatalytic performance. The flexibility of this method will be demonstrated and 

explored in the following chapters: 1) the creation of unique ZnO materials with 

uncommon crystal facets coupled to SnO2 heterojunctions, 2)  a comparative study of 

bismuth oxychloride based photocatalyst with improved visible light performance as a 

result of changes brought about by varying the coupled semiconductor, and 3) the 



Texas Tech University, Donald A. Ramirez II, August 2016 

 

 

64 

 

 

creation of the first metal sulfide photocatalyst using the epoxide-assisted sol-gel 

technique. This is an attractive method over current processes to create metal sulfides that 

require long multistep synthesis with expensive material and yield low surface areas, a 

property well known to limit catalytic activity.    

1.9 Summary 

After reading this introduction, one can see that photocatalytic semiconductor 

research covers numerous areas of research. In the broadest sense, one can devote an 

entire research career in material science, optical, and electronic fields as they pertain to 

photocatalytic semiconductors. The research in the following chapters falls into the field 

of materials chemistry and as such focuses attention on discoveries of new synthetic 

procedures and understanding the properties as it relates to morphology studies.  

The research discussed herein focuses on development of conceptually new, 

highly-tailorable synthetic routes that generate photocatalytic materials with unique 

structural properties. The scope of this work is on the implementation of new synthesis 

tools to access previously known photocatalytic materials. These findings are important, 

and necessary, in the fact that structure-activity correlations are well known to exist in 

photocatalytic studies, but the difficulty of isolating any one property limits the feasibility 

of pinpointing the source of change in photocatalytic activity.  

These materials synthetized through previously unknown strategies are 

characterized through a host of methods to gain insight into formation pathways. By 
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gaining insight into formation, one can develop strategies for optimization of materials as 

they pertain to various relevant applications, not just photocatalysis. 

 In addition, photocatalysis studies are implemented here to better understand the 

properties of these materials as they relates to synthetic changes, on a level that could not 

be otherwise done with one single instrument. In this way, photocatalytic studies are a 

way of assessing multiple properties of the newly-created materials. The epoxide-assisted 

sol-gel method and modifications to this method creates an ever-expanding, efficient 

methodology with synthetic handles where one can alter physical and chemical properties 

to match the targeted application.         
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1.11 Appendix  

 

 

Appendix Figure 1.1 IUPAC classification of sorption isotherms.
177

 

  

 

Appendix Figure 1.2 IUPAC classification of hysteresis loops.
177

 H1-well defined cylindricial pores, H2- 

disordered or pore blocking, H3- non-rigid aggregates or plate-like with slit shaped pores, H4-narrow slits. 
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2 CHAPTER 2 

2. ZnO-SnO2 PHOTOCATALYST: AN IN-DEPTH STUDY 

ON MORPHOLOGIES AFFECT ON PHOTOCATALYTIC 

ACTIVITY 

2.1  Introduction 

 ZnO has attracted considerable research interest, in part due to high photocatalytic 

efficiency for the degradation of environmental pollutants.
1–16

 The interest of ZnO is a 

result of properties such as high quantum efficiency, n-type  semiconductor, wide direct 

band-gap, large exciton binding energy, low toxicity, optically transparent and the ability 

to form ordered structure arrangement, and, as such, these characteristics make this 

material suitable for numerous applications.
17,18

 As suggested by Rajeshwar et al. in 

discussing the direction of the heterogeneous photocatalysis community, there seems to 

be a “TiO2 rut” that limits expansion of solid fundamental studies of other inorganic 

semiconductors.
19

 By exploring other materials, insight can be gained that will establish 

photocatalytic materials as industrial staples. Therefore, this paper addresses one of these 

less studied materials, specifically, one that has better optoelectronic properties and 

surface properties.
20–22
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 While ZnO shows high photocatalytic activity, performance is limited by the fast 

recombination rate intrinsic to semiconductors.
23

 It has been demonstrated that of the 

many processes involved in photocatalytic mineralization, arguably the fastest 

mechanism is charge carrier recombination, which can occur anywhere from 

femtosecond to nanosecond scale.
24

  However, surface interactions between the catalyst 

and substrate occur on the millisecond scale.
25,26

 For a photocatalyst to see improved 

performance it is crucial that recombination be slowed as much as possible.  

 Having the ability to tune crystallite size, crystallinity, porosity, defect sites, 

heterojunction sites, and surface area are important when it comes to optimization of 

photocatalytic nanomaterial, as these areas are correlated with optical, electronic, 

structural, and surface chemical properties of the semiconductor and, as a result, 

influence photocatalytic activity. 
26–30

 

  Therefore, development of heterojunction-based photocatalysis is important as a 

step toward improved performance. One method for improving charge separation and 

thereby lowering recombination rates is through incorporation of a second metal oxide. 

By coupling semiconductors, one creates an interface where the two semiconductors 

meet. When this is done with two semiconductors with aligned band gaps, shown in 

Figure 2.1, a heterojunction is formed. This difference in energy levels results in electron 

and hole transfer. This improved separation of charger carriers leads to lower 

recombination rates when compared to the individual semiconductors.
31

 Development of 
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heterojunction-based materials are widely explored, with numerous articles focused 

around TiO2, ZnO, and CdS.
32–34

 

 

Figure 2.1Heterojunction formation between photocatalyst with aligned band gaps. 

 ZnO-SnO2 has shown great promise as a highly active heterostructure 

photocatalyst. This improved photocatalytic activity is a result of SnO2 having a more 

positive CB edge, allowing for increased acceptance of photoexcited electrons.
35

 As a 

result, numerous strategies exist to generate ZnO-SnO2 heterostructure materials 

including solvothermal, hydrothermal, chemical vapor deposition, precipitation, solid-

state.
36–40

  

 It is well understood that there exist a strong correlation between certain chemical 

and physical properties of photocatalytic semiconductors and improved performance. It 

is difficult, however, to experimentally probe the exact pathway of reactivity. That is to 

say that the exact pathway of photocatalysis is often speculated but not fully studied. 
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Even so, reaction intermediates are usually numerous and clever experimental methods 

must be developed to infer what is happening.
41

 Because of the diversity of 

complications involved in validating improved photocatalysis, other techniques can be 

helpful to gain insight. The potential for chemical models to help understand surface 

properties can be useful, as experimental determination is with great controversy.
42–45

 In 

doing so, insight is gathered into improving photocatalytic performance important to the 

development of future materials. 

  It is at this point, with the knowledge gained both from computational and 

spectroscopy results, that materials can be developed targeting crucial properties to 

optimize when synthesizing these new and improved catalysts. By developing a 

synthetic method that allows for creation of a photocatalyst library with only minor 

modifications, one can compare both similarities and differences among the catalysts to 

gain a better understanding of what is critically important in improving performance.
46

 

Given this approach, it is crucial to have a synthetic technique that allows for extensive 

exploration of a semiconductor of interest. However generating a synthetic library in this 

manner has various difficulties. 

 Many techniques suffer from limited ability to modify the catalyst. Often the 

material undergoes post-synthesis modification to incorporate a secondary phase or alter 

properties such as crystallinity and architecture. Not only does this go against trying to 

make a more cost-effective catalyst, but also limits reproducibility. Lastly, control of 
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both surface and bulk defects is critically important for optoelectronic applications and 

therefore focus on improved synthetic methods for photocatalytic material becomes very 

important.  

  The sol-gel method has been used to generate ZnO-SnO2 photocatalyst with 

improved surface area in a quick manner with cost-effective materials.
47–49

 Even though 

these materials demonstrate significant photocatalytic activity, difficulty can arise when 

controlling the hydrolysis and condensation reactions necessary for gel formation. By 

using and changing the amount of organic epoxide in solution, one can alter the rate of 

reaction and as a result, control rate of hydrolysis and condensation. In this way, using 

propylene oxide as a synthetic handle to control the reaction, generation of ZnO-SnO2 

with surface area of 92 m
2
g

-1
 has been reported, without template or support matrix.

50
 In 

addition, given the claims of various techniques to target material synthesis for real 

world application, one must address things like cost, safety, limited steps of synthesis, 

purity, flexibility and availability of precursors.  

 The epoxide-driven sol-gel method benefits from the use of cheap and readily 

available metal nitrates or halides coupled with benign solvents such as alcohols. The 

reactions are done under ambient conditions to form gels in minutes, making this 

technique highly studied over the last 16 years. During which time, this sol-gel method 

has demonstrated use for an expansive list of materials including phosphors, catalysts, 
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photocatalysts, and electrodes.
51–59

 The significance of using the epoxide addition sol-gel 

method to generate ZnO-SnO2 nanocomposites warrants further exploration. 

 Using a systematic approach to explore the various synthetic handles of the 

epoxide addition sol-gel method, we discover the extent to which chemical and physical 

properties of the resultant material can be tailored and as a result, their impact on 

photocatalytic degradation of rhodamine B. Extensive characterization of ZnO-SnO2 

demonstrate that the morphologies can be altered by changing solvent and epoxide. To 

gain deeper insight into the relationship between epoxide and structure, experiments were 

performed to probe the reaction pathways, where it was observed that glycidol alters 

crystallization, generating distinct species that when annealed show preferred orientation 

and significantly higher photocatalytic activity than other epoxide-derived ZnO-SnO2 

nanocomposites.      

2.2 Experimental Methods 

2.2.1 Materials  

 All reagents used in the experiments were analytical grade and used without 

further purification. Tin (IV) chloride pentahydrate (Strem Chemicals), zinc nitrate 

hexahydrate (J.T. Baker), propylene oxide (ACROS Organics), glycidol (ACROS 

Organics), epichlorohydrin (ACROS Organics), n-butyl glycidyl ether (TCI Chemicals), 
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isopropanol (Macron), ethanol (Macron), rhodamine B (ACROS Organics), Degussa P-

25 titanium dioxide. 

2.2.2 Synthesis of ZnO-SnO2 aerogels 

 The development of ZnO-SnO2 heterostructures were prepared using the epoxide-

assisted sol-gel method in the development of aerogels. All synthesis is performed in the 

fume hood under ambient conditions. Gels were prepared using a 0.9:0.1 molar metal 

ratio of Zn
2+

 to Sn
4+

, respectively to generate a .46M solution. Zinc nitrate hexahydrate 

was added to a glass vial (3 dram, 19 x 65 mm) and dissolved in either isopropanol or 

ethanol. After the zinc salt was allowed to completely dissolve, nine equivalents of 

epoxide (molar equivalents relative to total of both Zn
2+ 

and Sn
4+

) are added to the salt 

solution with subsequent inversion of the vial to fully disperse the epoxide. Specific 

conditions are shown in Table 2.1. At this point a stock solution of tin chloride 

pentahydrate in the same solvent was added to the previously mentioned vial, inverted 

several times and allowed to stand undisturbed for 24 hours. If zinc and tin are added 

simultaneously, tin hydrolyzes the zinc solution, forming a precipitate before the 

opportunity to administer of the epoxide.  After aging overnight, the gels were washed in 

an acetone bath for four days with fresh acetone being exchanged daily. After washing, 

the samples were transferred to a SPIDRY critical point drier. Solvent in the gels was 

replaced with liquid CO2 over four days, after which time the drier was brought up to the 
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critical point of CO2 (39°C, 1100 psi). This was followed by a slow consistent venting 

back to ambient pressure, usually taking 6-8 hours. At this point, as-prepared aerogels 

were annealed under static air at a rate of 2°C min
-1

 up to 500 °C, allowed to dwell for 2 

hours, followed by cooling rate 2°C min
-1 

back to room temperature.     

2.2.3 Physical Characterization  

 The powder X-ray diffraction (PXRD) patterns of the samples were recorded with 

a  igaku Ultima III diffractometer using Cu Kα radiation. To prepare the samples, they 

were first finely ground before being packed in a sample holder. The collection was taken 

at a 2θ range of 20-80° at a scan rate of 0.03° sec
-1

. The diffraction patterns were then 

identified by comparison to the phases in the International Centre for Diffraction Data 

(ICDD) powder diffraction file (PDF) database. Average crystallite size was calculated 

using Debye-Scherrer’s equation using the (100) & (101) reflection for ZnO and the 

(110) reflection for SnO2 using Jade 9.1.1 program package. 

 Transmission electron microscopy (TEM) was performed on a Hitachi H-8100 at 

an accelerating voltage of 200 kV. The sample was prepared by coating a carbon-coated 

copper grid (Ultrathin carbon film on holey carbon support film, 400 mesh, Copper, Ted 

Pella Inc.) with the dry powdered sample.  

 Surface morphology was studied with a field emission scanning electron 

microscope (SEM) Hitachi S-4300. Powders were mounted with carbon tape on an 
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aluminum stub. Images were taken with an accelerating voltage of 5 kV. Chemical 

composition and microanalysis was performed using the attached EDAX Pegasus 4040 

integrated EDS.  

 The specific surface area, pore volume, and average pore size of each material 

were obtained from the N2 adsorption/desorption analyses conducted at 77 K on a Nova 

4200e Surface Area Analyzer (Quantachrome Instrument Corp). The Brunauer– Emmett–

Teller (BET) specific surface areas were calculated from five data points of the 

adsorption branch of the isotherm between the relative pressures of 0.05 and 0.3 P/P0. 

The pore size distributions, average pore diameters, and average pore volumes were all 

taken from the desorption branch employing the Barrett–Joyner–Halenda (BJH) model. 

Prior to obtaining any results, the samples were degassed for 24 h at 80 °C. 

 Thermogravimetric analysis (TGA) was conducted with a Shimadzu TGA-50. 

The sample was heated under a flowing air atmosphere at 20 mL min
-1

 with a heating rate 

of 5°C min
-1

. Sample size for analysis was 2-4 mg and was placed on an aluminum 

sample pan.  

 Differential scanning calorimetry (DSC) analysis was conducted on a TA 

Instruments Q20 under a flowing air atmosphere at 20 mL min
-1 

with a heating rate of 

5°C min
-1

. 

  Diffuse reflectance was collected at room temperature using a Shimadzu UV-

2401PC spectrophotometer with integrating sphere and using pure powdered BaSO4 was 
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used as a reference sample. To determine band gap energy,  the original reflectance 

spectra is converted to a Kubelka-Munk function, with the band gap being determined by 

the inflection point determined from the first derivative that is then drawn tangent to the 

horizontal axis.
60

 

2.2.4 Photocatalyst testing  

 The temperature was held constant by the use of a jacketed glass reaction vessel 

and a water-circulating thermostat temperature controller (NESLAB Instruments Inc., 

Newington, NH).  10 mg of photocatalyst were added to 50 mL aqueous solution of 

rhodamine B (RhB) (1.2 x 10
-5 

M). The solution was magnetically stirred at all times to 

ensure continuous dispersion of the nanoparticles. Samples were allowed to stir for one 

hour in the dark to reach adsorption/desorption equilibrium. The samples were situated at 

50 cm from the lamp filament. The nanoparticle containing RhB solutions were then 

exposed to ultraviolet light (250 W, λ=365 nm).  U -vis absorption spectra were 

recorded at 5 min intervals to monitor the degradation process. Absorption spectra was 

collected with a Shimadzu UV-2401PC. The degradation efficiency was normalized to 

C/C0 where C was the absorbance value at 553nm at given time, t, and C0 is the 

absorption value after the 1 hour adsorption/desorption period. Samples were duplicated 

and the averages were taken as indicators of photocatalytic performance.  
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2.3 Results and Discussion  

2.3.1 Preliminary findings 

 Initial work was performed to determine the optimal molar metal ratio of zinc to 

tin for best photocatalytic activity. In this approach, all aerogels were prepared using 

propylene oxide and isopropanol and annealed to 500ºC. A strong correlation was 

observed between increasing the amount of zinc and improving photocatalytic activity, as 

seen in Appendix Figure 2.1. It was observed that the photocatalyst with 90% zinc was 

the most active. This is not surprising, as zinc oxide is known to be the more active 

component of the ZnO-SnO2 heterostructure, and, as such, other works have shown that 

increasing percentage of zinc increases photocatalytic activity.
36,48,61

 

 After the optimal ratio had been discovered, influence on annealing temperature 

was assessed. The sample was heated between 400-700ºC, followed by subsequent 

photocatalytic testing, as shown in Appendix Figure 2.3. It was observed that the sample 

annealed at 500ºC performed the best, likely the result of increased crystallinity of both 

ZnO and SnO2 when compared to the 400ºC sample. While the 600ºC sample is more 

crystalline than the 500ºC sample, increased sintering produced a lowered surface area 

which could be the reason for reduced performance.  

 With the optimized molar metal ratio and annealing temperature determined, 

further investigation into synthetic changes could be performed. 
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2.3.2 Development of conditions 

 It has been previously shown that solvent, epoxide, metal ratio, and annealing 

conditions can drastically modify the chemical and physical properties of the material, 

thereby providing a pathway for tailorable performance.
52,53,62–64

 The flexibility of the 

epoxide-assisted method has demonstrated control over the materials allowing for 

improved performance in various areas of applications. Thus, a combination of four 

epoxides and two solvents were used to tailor morphology with subsequent monitoring of 

photocatalytic activity. All conditions generated white, homogenous, monolithic gels, 

with gelation occurring within one hour for all.  

 It is understood that metal salts in solution will undergo a certain amount of 

hydrolysis and condensation to meet electronegativity equalization as determined by the 

partial charge model.
65

 However, this process generates at most dimers and trimers, 

insufficient to form robust, monolithic materials. To drive the complete conversion of the 

metal species to generate interconnected network, otherwise known as sol-gel materials, 

an external component must be added to drive the pH. In the epoxide-directed sol-gel 

method, the epoxide is known to act as an acid scavenger. The epoxide in this process 

initially undergoes protonation of the oxygen heteroatom in the cyclic ether. 
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Table 2.1 Synthetic conditions for development of ZnO-SnO2 photocatalyst 

Specimen # Metal Salts (0.46M) Epoxide Solvent 

1 Zn(NO3)2·6H2O 

SnCl4·5H2O 

propylene oxide  

(PO) 

isopropanol 

2 Zn(NO3)2·6H2O 

SnCl4·5H2O 

n-butylglycidyl ether 

(BGE) 

isopropanol 

3 Zn(NO3)2·6H2O 

SnCl4·5H2O 

epichlorohydrin 

 (EPC) 

isopropanol 

4 Zn(NO3)2·6H2O 

SnCl4·5H2O 

glycidol 

 (GLY) 

isopropanol 

5 Zn(NO3)2·6H2O 

SnCl4·5H2O 

propylene oxide  

(PO) 

ethanol  

6 Zn(NO3)2·6H2O 

SnCl4·5H2O 

n-butylglycidyl ether 

(BGE) 

ethanol  

7 Zn(NO3)2·6H2O 

SnCl4·5H2O 

epichlorohydrin 

 (EPC) 

ethanol 

8 Zn(NO3)2·6H2O 

SnCl4·5H2O 

glycidol 

 (GLY) 

ethanol 

 

 Subsequently, the anion of the metal salt, acting as a nucleophile, attaches to the 

ring, with generation of a new anion-carbon bond. This process irreversibly opens the 

ring and consumes protons in the formation reactions.
55

 In this manner, the epoxide acts 

as a base, directing the reaction conditions. If this reaction occurs too rapidly, such as the 

case if NaOH is used as the base, formation of aggregates results, followed by 

precipitation. Therefore, by altering synthetic conditions in the epoxide-directed method, 

we can prevent this precipitation to generate highly porous photocatalytic material.  
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2.3.3 Powder x-ray diffraction 

 Properties of EPC and BGE-based photocatalyst are in line with PO-based 

materials. Therefore, to focus on the significance of the work, the majority of the results 

will discuss solely the properties of PO and GLY-based materials. Only where imperative 

are EPC and BGE results discussed, otherwise their characterization and photocatalytic 

results can be found in the supporting information.  

 Powder x-ray diffraction was used to identify phases and crystallite size of the 

photocatalyst annealed at 500 °C, shown in Figure 2.2. Diffraction patterns are in in good 

agreement with hexagonal ZnO (PDF 97-164-7681) and tetragonal SnO2 (PDF 97-003-

9177), references from the ICDD database. Each catalyst, regardless of synthetic 

conditions, displays both hexagonal ZnO and tetragonal SnO2 as shown in Appendix 

Figure 2.5, which consist of solely ZnO and SnO2 with no identifiable reflections of 

ZnSnO3 or SnxZn1-xO2 species. This is an important consideration, since mixed phases 

can change band gap energies as well as change recombination rates.
66

 Additionally, 

Zn2SO4 is not observed, which is known to form in other synthetic methods, including 

other sol-gel techniques. This Zn2SO4 is also known to form as a result of elevated 

annealing temperatures.
48,61,67–69

  

 No shift in peak position was detected in the reflections for ZnO, indicating no 

identifiable amount of Sn incorporation into the lattice of ZnO.  This is important from a 
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preparative standpoint, where having multiple species in the prepared catalyst would add 

to the complications of trying to identify what ultimately improved catalytic performance.  

 Using the PX D patterns, Scherrer’s equation was used to determine crystallite 

size by calculating the full width at half-maximum (fwhm) of the respective diffraction 

patterns.
70

 The calculated sizes, shown in Table 2.2, indicate that ZnO forms large 

nanometer-sized crystallites, a result of the ability of ZnO to form highly crystalline 

material at low temperatures. 

 

Figure 2.2 Powder x-ray diffraction of annealed photocatalyst. Triangles indicate SnO2 while circles 

indicate ZnO. Bottom spectra shows pure ZnO prepared in a similar fashion as a comparison with assigned 

reflections. Remaining catalyst can be seen in Appendix Figure 2.5. 

  Expectantly, the ZnO crystallite size is relatively large as a result of 

Ostwald ripening effects when heated to 500 °C. The ZnO particle size ranges from 55 

nm when using EPC to greater than 100 nm when using GLY. This high crystallinity is 
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important for lowering lattice defects and strain, which can correlate with reducing the 

number of trap sites and improving electron/hole migration.
23,41,71

 Interestingly, glycidol-

derived samples show ZnO crystallite sizes larger than 100nm regardless of being 

prepared in ethanol or isopropanol, significantly larger than the other epoxides crystallite 

size. This is the first evidence that glycidol has the ability to drastically alter crystallite 

size when compared to the same material derived from the other epoxides. 

 The mean crystallite size of SnO2 does not demonstrate the same behavior when 

using glycidol. In fact, little change in crystallite size is seen regardless of synthetic 

conditions. Upon examination of SnO2 crystallite size, epoxide does not have an effect on 

SnO2 crystallite size, as PXRD patterns show consistent sizes between 3-5nm, and when 

factoring in modeling errors of 1-2nm, no differentiation could be observed. This large 

difference in particle size of ZnO as compared to SnO2 is the result of the ability of ZnO 

to calcine more easily.
67,72

  

 This synthetic modification to change crystallite size of ZnO is worth 

emphasizing, as size plays a significant role on photocatalytic behavior. These changes in 

crystallite size can change band gap energy, cause alteration of surface sites, or effect the 

distance that charger carriers have to travel from within the bulk.
1,12,73,74
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Table 2.2 Crystallite size of annealed photocatalyst calculated from PX D pattern using Scherrer’s 

equation of the given crystal plane.  

Photocatalyst       ZnO Size(nm) 

     1 0 0            1 0 1 

     SnO2 Size(nm) 

           1 1 0 

1 PO:IPA 93 72 4 

2 BGE:IPA 71 62 4 

3 EPC:IPA 63 55 3 

4 GLY:IPA >100
a 

>100
a 

5 

5 PO:EtOH 76 64 4 

6 BGE:EtOH 81 65 4 

7 EPC:EtOH 86 64 3 

8 GLY:EtOH >100
a 

>100
a 

4 

P25 Degussa 

TiO2 
                     23

b
 

a) Scherrer’s equation can only be used to calculate crystallites under 100nm. b) Scherrer’s equation was 

applied to the 1 0 1 plane. 

 When comparing solvents, changes in ZnO crystallite size are observed for all the 

epoxide conditions, with little change in size of SnO2. Due to the limitations of the 

diffractometer not being able to accurately measure crystallite sizes larger than 100nm, 

we were therefore not able to compare changes in crystallite size among the two solvent 

systems when observing GLY-based photocatalysts. While solvent does have an effect on 

crystallite size, the changes are minimal when compared to the changes brought about by 

varying epoxide.  

 The PXRD patterns in addition to showing changes in crystallite size based on 

epoxide, also show change in aspect ratio of the a and c planes. Most apparent in Figure 

2.2 is the observed change from a mixture of a and c-axis character when observing peak 

intensities with the exception of GLY-based samples. In the GLY-based samples, PXRD 

shows not only a strong preferential a-axis growth but also suppressed c-axis character. 
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This strong change in aspect ratio is shown in Appendix Figure 2.6, with a comparison of 

the diffraction intensity ratio of (I001/I101). Sample 1 shows a mixture of character which 

is represented by a ratio of 0.56, while sample 4 with mainly a-axis character shows a 

ratio of 2.04. This has important consequences on structuring of the material, as the 

character of c-axis is reduced and directed toward the perpendicular and non-polar a-axis 

to form mixed-terminated  nO (10 10) nonpolar surface containing alternating Zn
2+

 and 

O
2-

 is exposed, potentially allowing for more efficient binding of various charged 

groups.
75

 These findings indicate that glycidol can act as a growth modifier drastically 

altering crystal orientation. It has been demonstrated before that organic ligands can 

control crystal shape during crystallization by adsorption to surface sites where it can 

then decrease energy of the face or block incoming metal species.
76–81

 However, glycidol 

has never been identified to perform in this manner. 

 Given the discoveries that crystallite size and orientation are drastically altered 

with synthetic conditions, these findings warrant further characterization. 

2.3.4 Electron microscopy 

 The effect of epoxide and solvent on morphology of annealed photocatalysts were 

investigated using SEM. It was previously identified via PXRD that glycidol had a drastic 

effect on crystallite behavior. SEM was used to explore surface morphology of the 

various prepared photocatalysts as seen in Figure 2.3. Similar to findings with PXRD, 
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significant differences were seen between PO and GLY-derived samples. PO-based 

photocatalyst, samples 1 and 5 in Figure 2.3, show a combination of thin platelets 

together with nanoclusters dispersed throughout the platelets. This is observed in both 

solvent systems. Similar morphology is observed with EPC and BGE-based systems, 

Appendix Figure 2.7. These ZnO thin platelets have been observed before and discussed 

as a “flower-like” structure, with cavities of mesoporous dimensions.
82

  

 

Figure 2.3 SEM of annealed ZnO-SnO2 photocatalyst showing the various morphologies taken in SE mode. 

1- PO:IPA; 4- GLY:IPA; 5- PO:EtOH; 8- GLY:EtOH. 

 Upon higher magnification, the same mesoporous cavities are observed, shown in 

Appendix Figure 2.8.  ZnO is well known to form into various structures including rods, 

needles, nanosheets, helixes, ribbons,  and flowers providing a large assortment of 

structures.
22

 Contrastingly, SnO2 is rarely known to generate distinct morphological 
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structures, instead forming mostly clusters unless combined with hard templates.
83,84

  

Based off of this, it can be reasonably suggested that the morphological structure of the 

PO-based photocatalyst is ZnO platelets with SnO2 nanoclusters.  

 Upon observation of GLY-derived photocatalyst, a distinctly different 

morphology is observed. Samples 4 and 8 show hexagonal rods with axial growth up to 

10 µm observed in Appendix Figure 2.9. Given this drastic aspect ratio, it is not 

surprising that PXRD shows much higher a-axis intensity. ZnO hexagonal rods are well 

reported in the literature, which would suggest that the hexagonal rods observed here are 

composed of ZnO.
85–87

 Attached to the observed rods are nanoclusters, similar to those 

observed in SEM images of PO-based material, as seen in Appendix Figure 2.10. In 

addition to large rods, distinct V-shaped structures micrometers in size can be seen 

alongside the hexagonal rods (Figure 2.3, samples 4 & 8). Similar to the rods, 

nanoclusters are seen attached to the surface of the V-shaped structure. While abundant 

literature exist discussing ZnO rods, there is no precedence in the literature that ZnO 

demonstrates this V-shaped morphology.  

 It is important to note that generation of these unique structures does not occur 

without tin. It is observed in Appendix Figure 2.11, that without tin, spherical structures 

about 1 µm in size are generated, that are made up of nanometer-size spherical particles. 

The necessity that these materials are generated only with addition of tin and not in pure 

ZnO-GLY conditions could be the result of a host of reasons. For example, that highly 
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acidic tin speeds up the reaction, or that tin could act to seed growth in a preferential 

orientation.
88

   

 

Figure 2.4 SEM-EDS elemental mapping of sample 4, with representative elements listed.  

 To further elucidate the compositional make-up of this new structure, energy-

dispersive x-ray (EDS) analysis was employed to investigate elemental distribution. 

Samples were analyzed for oxygen, tin, and zinc content and resultant mapping is shown 

in Figure 2.4. Upon analysis, it is seen that both rods and V-shaped structures are 

comprised of mainly ZnO, with some SnO2 appearing as well. Due to increased beam 

depth necessary for data collection, the x-ray mapping collected on the nanocluster region 
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is not perfectly localized to that cluster. This effect leads to observing a higher percentage 

of tin on the nanoclusters, while the zinc observed is most likely the result of the V-

shaped structure below. These observations would suggest that the bulk structures are 

composed of majority zinc, while the larger nanoclusters are composed of mainly tin. 

 To understand the heterostructure ZnO-SnO2 photocatalyst, TEM was employed. 

Several attempts were made to analyze the V-shaped structures observed with SEM, 

however, due to the thickness of the sample, all attempts failed to collect electron 

micrographs to determine lattice constants. With much smaller particle sizes, TEM was 

used to observe SnO2 particles that were highly crystalline with crystallite sizes between 

3-5 nm, which is in good agreement with PXRD-calculated crystallite sizes. In addition, 

HR-TEM images of SnO2 lattices were used to determine d-spacing as seen in Figure 2.5. 

d-spacing for locations 1 and 2 were measured to be 0.330 nm, which matches with the 

110 plane calculated from PXRD. While location number 3 has a measured d-spacing of 

0.260nm which matches with the 101 place determined with PXRD.  

 

Figure 2.5 High-resolution TEM of SnO2 from sample 4. d-spacing of locations 1 and 2 were calculated as 

0.330 nm while d-spacing of 3 was calculated as 0.260 nm, representing the 110 plane and 101 place, 

respectively. 
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2.3.5 Influence of reaction conditions on morphology 

 To further understand the influence of the epoxide on structure formation, as-

prepared aerogel materials were characterized to elucidate the origin of change in lattice 

and morphology that is reflected in the observable differences of the annealed 

photocatalyst. SEM of the as-prepared aerogels, as seen in Figure 2.6, visually indicates 

the different morphologies when using PO versus GLY. Regardless of solvent, when PO 

is used as the epoxide, generation of plate-like structures can be observed along with 

highly porous nano-sized clusters scattered throughout. These same structures are seen 

with both EPC and BGE-based materials. These same nanocluster covered, plate-like 

structures are seen in the annealed samples from previously discussed, Figure 2.3.  

 The appearance of these platelet structures would suggest that the as-synthesized 

PO-based material is initially crystalline even before annealing.  Additionally, the 

minimal change of appearance between the as-synthesized and annealed samples would 

indicate that no drastic morphological changes are undergone in the annealing process. 
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Figure 2.6 SEM of as-prepared ZnO-SnO2 photocatalyst showing the various morphologies taken in SE 

mode. 1- PO:IPA; 4- GLY:IPA; 5- PO:EtOH; 8- GLY:EtOH. 

  When comparing GLY-based aerogel morphology to the PO-based 

samples, the first discernable difference from PO-based material is the absence of plate-

like structures when prepared with GLY. Instead, large nanometer size spheres are 

observed, seen in Figure 2.6. When the magnification is increased on these spheres, 

Figure 2.7, the observed composition consist of fine, tumbleweed-like structures with 

random orientations. At this higher magnification, platelets are still not observed, 

indicating lack of platelets rather than the idea that the platelets are nanometer size in the 

GLY-based material.   
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Figure 2.7 SEM of as-prepared ZnO-SnO2 photocatalyst demonstrating spherical, tumbleweed -like 

structures. 

 The different morphologies observed in the annealed material, which are 

distinctly different based on chosen epoxide, carry over to as-prepared material indicating 

that morphology changes originate in the sol-gel synthesis process. Significantly, that the 

epoxide can be used to modify structural development.  

2.3.6 The role of glycidol 

 Experimental results coupled with characterization techniques were performed to 

elucidate the role that glycidol has in modifying the aerogel material when compared to 

the other epoxides.  

 The as-prepared aerogels were investigated with PXRD to identify crystalline 

phases. PO-derived aerogels (as well as BGE and EPC) displayed crystalline peaks that 

could be assigned to Zn5(NO3)2(OH)8·2H2O, Appendix Figure 2.12. This crystalline 

nature is expected based on the observations of plate-like structures in SEM. While no 
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reflections were unaccounted for, the semi-amorphous nature makes it difficult to dismiss 

other potential phases that could be masked by the amorphous background.   

This structure corresponds to hydroxy double salts (HDS), wherein sheets of zinc 

hydroxide are interlayered with nitrate anions as seen in Figure 2.8.  

 

Figure 2.8 Representation of HDS of Zn5(NO3)2(OH)8·2H2O. Large open circles represent oxygen, filled 

circles represent zinc, small open circles represent nitrogen.
89

  

 In general, these layered double hydroxide consist of positively charged metal 

hydroxide layers containing inorganic or organic ions in the interlayer.
90

 This would 

explain the platelet, or otherwise sheet-like, nature of the material. If this material is a 

HDS, the interlayer d-spacing of the lattice should have an intense reflection observable 

at low angle on PXRD.
89–91

 Upon observation with PXRD, an intense reflection can be 

observed at 9º, as seen in Appendix Figure 2.12, corresponding to an interlayer distance 

of 0.94nm. These findings suggest then that the as-prepared material generates a HDS 

lattice in agreement with observed morphology.  
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 GLY-based materials show increased amorphous character compared to PO-based 

materials. Two broad peaks at 34º and 59º are observed, which did not correspond with 

reflections of any known patterns in the Jade 9.1.1 database software. However, literature 

has shown that these two large peaks can originate from generation of similarly discussed 

HDS materials, which matches with the reflection angles observed in the literature.
92

  

 

Figure 2.9 PXRD of as-prepared aerogels when using GLY vs PO.  

 The literature has shown that when using zinc acetate in the sol-gel process, 

hydrolysis of the zinc acetate with water can generate HDS materials.
93–97

 In this way, an 

organic anion can replace the more frequently observed inorganic anion in HDS 

materials. Upon annealing of these zinc-DHS, one can generate ZnO.  
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 One of the key observations of HDS materials is the strong low angle reflection 

observed with PXRD, indicating the layered structure. This low angle peak is not 

observed in GLY-based materials, Appendix Figure 2.13. This finding is in agreement 

with what is observed through SEM, mainly, the lack of sheet-like structures.  

 Studies have indicates that HDS interlayer anions can be easily exchanged with 

different anions.
98

 Thus it is likely, that in the case of GLY-based materials, the typical 

interlayer nitrate anions are interfered with by glycidol. This process occurs through most 

likely covalent interaction of the hydroxyl functionality on glycidol with the zinc 

hydroxide. This incorporation of glycidol causes disorder to the alignment of metal 

hydroxide sheet, ultimately leading to changes in microstructure.
99,100

   

 If these strong covalent interactions between glycidol and the zinc hydroxide are 

occurring to extent that is suggested, TGA-DSC analysis should be able to identify 

differences upon heating of the aerogels.  

2.3.7 Thermal analysis  

 PO-based aerogels show various weight losses that are coupled with several 

endotherms and exotherms, as seen in Figure 2.10. To more easily identify mass losses, 

the first derivative of the mass loss collected was studied, Appendix Figure 2.14, 

indicating 3 significant mass loss events centered at 90ºC, 175ºC, and 190ºC. 
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  The first significant mass loss at 90ºC is the well-known loss of physisorbed 

water, resulting in an endothermic event as evidenced by the corresponding broad DSC 

endotherm at the same temperature.
101

 This dehydration event results in a 7% mass loss. 

 The second significant mass loss at 175ºC, with corresponding endotherm can be 

attributed to condensation of hydroxyl groups in the aerogel to generate gaseous water. 

This process is immediately followed by the third significant mass loss at 190ºC with 

observable endotherm. This is related to the decomposition of residual organic 

compounds as well as loss of interlayer anion, nitrate.
91

 

 

Figure 2.10 TGA-DSC of PO-based photocatalyst, sample 1. Solid line corresponding to heat flow, dashed 

line corresponding to mass loss. 

  These finding agree with previous work in the literature. Using TGA coupled 

with FTIR along with PXRD, Chevrin et al. showed that the organic compounds in 
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epoxide-initiated sol-gel material undergo pyrolysis around 250°C as the organics are 

converted to CO2.
102

 The study showed condensation of hydroxyl groups in the gel 

occurring at 183ºC. These finding were further confirmed with TGA-MS by Bujor et al. 

where they observed mass loss at 180°C corresponding to water and mass loss at 240°C 

corresponding to organic decomposition generating CO2.
103

 These processes result in 

formation of ZnO at 200ºC, as evidenced by PXRD results, seen in Appendix Figure 

2.15. The sample annealed at 200ºC showing crystalline ZnO, still displayed partial 

amorphous character. TGA/DSC analysis shows that further heating to 300ºC results in 

further mass loss and generation of a large exothermic peak, indicating highly crystalline 

ZnO. Upon generation of ZnO at 500ºC, a total mass loss of 34% is observed.  

 By comparison, GLY-based aerogels show fewer sharp mass losses and only two   

exotherms, as seen in Figure 2.11. As with the PO-based sample, a mass loss of 7% is 

observed around 90ºC, which is the result of physisorbed water being removed. However, 

no endotherm is observed in contrast to the PO-based sample. Instead, gradual but 

consistent mass loss is observed up to 200ºC, at which point a slight increase in mass loss 

and exotherm generation is observed. This small exotherm is brought on by the beginning 

of crystallization rearrangement. Here, the thermal processes are more gradual than the 

PO-based samples. These gradual changes are supported by the observations taken from 

PXRD. These GLY-based samples show a defined lattice structure in the as-prepared 
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material with reflections centered at 32º and 59º. However, these reflections lose their 

defined peak shape when annealed to 200ºC, as observed in Appendix Figure 2.16.  

 The first drastic mass loss in the GLY-based sample, as observed by TGA, occurs 

around 290ºC, followed by a greater mass loss at 310ºC. If we observe the derivative 

pattern, we see a step-down shape, similar in pattern to what was observed in the PO-

based sample, albeit at a difference of a 100ºC between the two samples. 

 

Figure 2.11 TGA-DSC of GLY-based photocatalyst, sample 4. Solid line corresponding to heat flow, 

dashed line corresponding to mass loss.  

As per the PO-based samples, these peaks at 290ºC and 310ºC correspond to hydroxyl 

condensation and organic compound/nitrate decomposition, respectively. Similar to PO-

based material, after hydroxyl condensation and organic decomposition events occur, 

generation of crystalline ZnO can be observed by PXRD, seen in Appendix Figure 2.16, 

and agrees with the strong exotherm observed at the same temperature.  
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 What can be deduced from the different behaviors of the samples in TGA/DSC is 

two-fold. First, the sharp mass losses and endotherms seen in the PO-based material are 

the result of the as-prepared material starting as crystalline Zn5(NO3)2(OH)8·2H2O. The 

well-aligned lattice allows for the rapid removal of the various components. These 

sudden onsets of mass loss were detected before by Moezzi et al. when observing 

Zn5(CH3CO2)2(OH)8·2H2O with TGA.
104

 This highly crystalline nature would also 

explain why the temperatures of both hydroxyl condensation and organic decomposition 

were lower than those reported in the literature, as the materials in those works were 

amorphous as opposed to the crystalline material generated here.
103,105

   

 Second, the GLY-based samples show a much higher thermal stability, a 

difference of 110ºC when comparing derivative TGA peaks, before undergoing the same 

condensation/decomposition pathway as the PO-based sample. In addition, the total mass 

loss of GLY-based samples is significantly greater at 55% in comparison to PO-based 

34% mass loss. The reason behind both of these effects is related to the glycidol itself. 

Glycidol, with hydroxyl functional group, has the ability to covalently attach between 

zinc hydroxide particles. In this way, the glycidol, coordinated throughout the particles, is 

bound in significantly greater quantities than propylene oxide. In addition, due to these 

strong covalent interactions the pyrolysis temperature is greatly increased, explaining the 

disparity in temperature necessary for the onset of organic decomposition.  
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 Additionally, thermal analysis was performed on pure ZnO prepared with PO and 

GLY, shown in Appendix Figure 2.17. Comparing the thermal analysis results of pure 

ZnO with the ZnO-SnO2 counterpart, mass loss curves change very little between pure 

and the composite material. Specifically, PO-based materials show sudden sharp mass 

losses, while GLY-based samples show increased mass loss around 300ºC, with the step-

down loss discussed previously. This indicates that the most significant thermal events 

are the result of zinc and epoxide conversions, with minimal change induced by tin. This 

is not surprising given the small percentage of tin used in preparation of the 

photocatalysts.  

2.3.8 Surface Area Analysis 

 As surface area is a crucial parameter to performance of photocatalytic 

applications, surface area analysis was conducted to understand pore structure. It was 

observed that regardless on synthetic conditions, all catalyst display isotherms that can be 

categorized as type IV according to IUPAC.
106

 Sample 5, shown in Figure 2.12, reveals 

this type IV isotherm. This is demonstrated by monolayer-multilayer adsorption and 

capillary condensation inherent to mesoporous material. Given the multilayer and 

mesoporosity nature of the material, the Brunauer– Emmett–Teller method (BET) can be 

used to calculate specific surface area of the ZnO-SnO2 material, shown in Table 2.3.
107
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Figure 2.12 Nitrogen adsorption (solid line)-desorption (dashed line) isotherm of annealed catalyst #5. Inset 

shows pore size distribution.  
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Figure 2.13 Nitrogen adsorption (solid line)-desorption (dashed line) isotherm of annealed catalyst #8. Inset 

shows pore size distribution.  
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108

 Put another 

way, surface area is inversely proportional to crystallite size. Therefore, the largest 

crystallite GLY-based materials demonstrate the lowest surface area. In addition, SEM 

images of the platelets showing porous cavities help support the results from surface area 
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measurements, while the rods generated from GLY-based materials as seen in SEM do 

not show these porous cavities. 

Table 2.3 Surface area measurements calculated using the Brunauer– Emmett–Teller method. Pore volume 

and pore radius calculated using the Barrett–Joyner–Halenda method.  

Photocatalyst Surface Area  

(m
2
 g

-1
)     

Pore Volume 

(cm
3
 g

-1
) 

Pore Diameter 

(nm) 

1 PO:IPA 36 0.15 12.20 

2 BGE:IPA 31 0.13 11.91 

3 EPC:IPA 37 0.17 9.89 

4 GLY:IPA 29 0.11 12.06 

5 PO:EtOH 34 0.16 11.97 

6 BGE:EtOH 35 0.16 12.07 

7 EPC:EtOH 35 0.14 11.96 

8 GLY:EtOH 16 0.16 20.98 

P25 Degussa TiO2 54 0.11 5.72 

 

 The samples characterized here show hysteresis typical of porous networks 

generated through sol-gel methods. It is well recognized that structural characterization of   

sol-gel materials is difficult, as these materials demonstrate a combination of porous 

characteristics.
109

 Therefore, physical adsorption behavior identified in the ZnO-SnO2 

aerogels represent a mixture of properties discussed in the following section. 

 Upon observation we see that hysteresis does not exhibit limiting adsorption at 

high P/P0 indicative of type H3 or H4 hysteresis. Additionally, H3 shows an increased 

uptake at high P/P0 when compared to H4. This would indicate that photocatalyst 

prepared here display type H3 hysteresis. However,  3 contains a characteristic “knee” 

(step-down) in the desorption branch as hysteresis loop closure at the limit of capillary 
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condensation which is not observable in the catalyst prepared here. This step down is 

known to arise via cavitation-induced evaporation, brought about by tensile stress limits 

as a result of pore geometry. However, evidence suggest this only arises in pores with 

diameters less than ca. 11nm.
110

  

 To gain further insight into the structure of these materials, the Barrett–Joyner–

Halenda (BJH) model was used to investigate pore volume and pore diameter.
111

 Pore 

volume shows minimal change among the catalyst as shown in Table 2.3, while pore 

diameter shows a highly mesoporous nature among all the catalyst. Further, pore size 

distribution was calculated, inset Figure 2.12, using the BJH model. In sample 5, a broad 

range of mesopores are observed. This distribution of pore diameters is centered around 

11nm. However, larger pores are observed as well. In addition, a sudden drop in pores 

smaller than 10nm is observed indicating fewer smaller pores. This minimal amount of 

small pores agrees with the hysteresis behavior seen previously and would explain the 

lack of “knee” observable in the desorption branch. Sample 8 demonstrates a comparable 

distribution of pore diameters, however, the distribution is shifted to larger pore 

diameters. Indicating an increase in average pore diameter centered around 21nm. This 

increased pore diameter would explain why sample 8 has the lowest surface area of all 

the samples.   

 Most importantly, all photocatalysts prepared regardless of conditions, display the 

same hysteresis loop, demonstrating the similarity in pore shape between all samples. 
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Controlling pore shape is important when comparing the photocatalytic activity among 

the various materials as different pore shapes can effect photocatalytic behavior.
112

 In 

addition, the GLY-based samples demonstrate an increased amount of larger diameter 

pore sizes.  

2.3.9 Photocatalytic study 

 The photocatalytic activity of the synthesized ZnO-SnO2 aerogels were evaluated 

for their ability to degrade the organic dye rhodamine-B under exposure to ultraviolet 

light. As a reference, the photocatalytic activity of TiO2 powder (Degussa P25) was 

measured and used for qualitative comparison. Degussa P25 has a comparable band gap 

to ZnO and has been greatly explored in the literature as an efficient catalyst for 

photocatalytic studies.
12,35,113

  

 The photocatalytic activity of the prepared aerogels and P-25 are shown in Figure 

2.14. As seen in Figure 2.14, the degradation efficiency is highest in sample 4, the GLY-

based material. After 15 minutes of exposure, sample 4 has degraded RhB by 96%. By 

comparison, sample 1, the PO-based shows only 73% degradation at the same time 

interval. The degradation efficiencies of these ZnO-SnO2 were compared to pure ZnO 

aerogel material synthesized using GLY. Using the same experimental conditions pure 

ZnO shows a 32% degradation efficiency, much lower than all of ZnO-SnO2 

photocatalyst tested. These finding support the idea that coupled photocatalysts display 



Texas Tech University, Donald A. Ramirez II, August 2016 

 

 

121 

 

 

improved performance when compared to their single component counterparts through 

the distinct advantage of heterojunction sites to help slow recombination 

rates.
35,37,40,114,115

 

 To better conceptualize the photocatalytic activity, the commercial Degussa P-25 

was tested. P-25 TiO2 displayed 86% degradation efficiency, lower than both GLY-based 

photocatalysts but higher than all other epoxide-based photocatalyst. With that explicitly 

expressed, Degussa P25 has higher surface area, smaller pore size and smaller crystallite 

size when compared to the newly developed ZnO-SnO2 catalyst, indicating that the 

improved performance can not be related to one of these parameters.  

 

Figure 2.14 Photodegradation of RhB by prepared materials: (a) ZnO, (b) sample 1, and (c) sample 4. P-25 

refers to commercial Degussa-TiO2.  
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tangent to the point of inflection on the curve and extrapolating to the horizontal axis, 

band gap energies were determined at the intersection of the hν-axis.  

 Minor differences in the position of the absorption edge of the semiconductors are 

observed. GLY-derived catalyst show a slightly shifted band gap energy toward higher 

energy at 3.3eV, in comparison to PO-based’s 3.25e  band gap. Otherwise, the 

characteristic sharp band edge is comparable among all the catalysts ranging from 3.2-

3.3eV which is in good agreement with accepted literature values.
35

 By comparison, the 

experimentally determined band gap of ZnO at 3.2eV shows a lower absorption edge than 

the heterostructure materials. It is well observed that the absorption edge of a 

heterostructure should be a combination of each component, given that SnO2 has a band 

gap of 3.6eV. This would help explain the reason for the higher energy absorption edge 

of ZnO-SnO2 composites as compared to pure ZnO.
116

  

 The UV light used for the experiment has a maximum intensity at 365 nm (3.4 

eV). This energy should provide sufficient photoexcitation for all samples. Further, given 

the similar band gaps among the various photocatalyst, it can reasonably be suggested 

that improved photocatalytic activity must arise from effects other than optical properties.  
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Figure 2.15 Diffuse reflectance spectra of (a) ZnO, (b) sample 1, and (c) sample 4. P-25 refers to 

commercial Degussa-TiO2. 

 To gain a better understanding of the relationship between structure and 

photocatalytic property of ZnO-SnO2 composites and discern any correlations between 

the two, a comparison table was generated. Physical properties and accompanying 

reaction rate constants of each photocatalyst is shown in Table 2.4. 

 When comparing photocatalysts, we see that GLY-based materials show the 

highest rate constants for degradation of rhodamine B, even though it lacks, by 

comparison, properties that are otherwise known to improve performance such as 

increased surface area, smaller crystallite size, and reduced band gap energy.
117,118

 

 In this way, the photocatalysts developed here were prepared and treated under 

identical conditions allowing for a structure-photocatalytic activity correlation. When 

morphology results are combined with PXRD results it becomes apparent that 

photocatalytic activity was ultimately guided by morphology changes. This has been 



Texas Tech University, Donald A. Ramirez II, August 2016 

 

 

124 

 

 

noted in the literature before, as activity has been correlated to crystal growth orientation 

and the subsequent changes in morphologies, similar to what is observed here.
119–121

   

Table 2.4 Photocatalytic activity of ZnO-SnO2 aerogels comparison table. 

PC# Photocatalytic 

Degradation % 

Rate (k min
-1

) BET Surface 

Area (m
2
/g) 

ZnO 

Crystallite 

Size (nm) 

Band Gap 

Energy (eV) 

1 73 .086 36 93 3.25 

2 63 .070 31 71 3.25 

3 64 .066 37 63 3.25 

4 96 .194 26 >100
a 3.30 

5 46 .044 34 76 3.25 

6 64 .065 35 81 3.25 

7 50 .054 35 86 3.26 

8 96 .178 17 >100
a 3.28 

P25 TiO2 86 .136 55 23 3.25 

 

 The morphology of the GLY-based materials displays particles that are several 

μm in length and width, which would allow for a large amount of incident light 

absorption. By contrast, the morphology of the other epoxide-generated photocatalyst 

would lend themselves to increased incident light scattering events culminating in a 

lowered photonic efficiency, thereby reducing performance when compared to GLY-

based catalyst.   

 In addition, as observed by SEM, GLY-based photocatalyst show a better 

coverage of nanoparticles on these rods and v-shaped structures, suggesting that coating 
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of SnO2 nanoclusters is improved. This is in contrast to the PO-based samples that show 

large aggregations of nanoclusters concentrated on localized regions of the ZnO platelets.  

   

2.4 Conclusion 

 By varying synthetic conditions and investigating the formation of ZnO-SnO2 

aerogels, it is revealed that the epoxide drastically alters particle morphology. It was 

observed that Zn-HDS is generated in the presence of every epoxide but glycidol. 

Analysis demonstrated that glycidol, with hydroxyl functionality, has the ability to 

replace the inorganic anion in the Zn-HDS which disrupts the generation of 

Zn5(NO3)2(OH)8·2H2O. Upon annealing to generate ZnO-SnO2, GLY-based samples 

demonstrate new and unique morphology with preferred crystallite orientation.  

 This new ZnO-SnO2 morphology generated with use of GLY demonstrates higher 

photocatalytic activity than commercial P-25 when monitored for rhodamine-B 

degradation. This is likely the result of large exposed surfaces providing increased 

illumination, as well as improved coverage of SnO2 on ZnO which can increase 

heterojunctions sites ultimately lowering recombination rates.       

 While several studies have shown that choice of epoxide and solvent effect 

gelation which corresponds to modulating surface area or porosity, we see here that 

glycidol can drastically change microstructure and crystallite growth. For the first time, a 

closer understanding of glycidol’s behavior as a growth modifier was investigated. In 
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which, we have discovered a new method for altering crystal growth and observe the 

effect this has on photocatalytic activity. 

 As Rajeshwar et al. points out,  research that looks at crystal face orientation as it 

applies to heterogeneous photocatalysis is an area in need of further study.
19

 From a 

materials standpoint, for photocatalytic semiconductors to see significant use, one must 

be able to control the structure on the nanomaterial.  

 This approach provides a new synthetic handle for altering particle morphology 

where interest exist in generating methods to create and control distinct morphology of 

ZnO, where it is applied to a variety of applications in piezoelectric transducers, optical 

waveguides, electrodes,  and chemical sensors.
122–125
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2.6 Appendix  

 

Appendix Figure 2.1 Preliminary screening of various zinc:tin aerogels for photocatalytic degradation. 

Study performed with catalytic loading of 1.5g/L using rhodamine B at 1.2 x 10
-5 

M.  

 

Appendix Figure 2.2 Powder x-ray diffraction of ZnO-SnO2 annealed at 500ºC, shown with theoretical 

molar amount of tin.  
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Appendix Figure 2.3 Preliminary screening of ZnO-SnO2, 90% Zn to10% Sn, for photocatalytic 

degradation. Study performed with catalytic loading of 0.2g/L using rhodamine B at 1.2 x 10
-5 

M. 

 

 

Appendix Figure 2.4 Powder x-ray diffraction of ZnO-SnO2 annealed at various temperatures with 

calculated crystallite sizes.  
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Appendix Figure 2.5 Powder x-ray diffraction of annealed photocatalyst. Catalyst 1-8 listed from top to 

bottom, sequentially. Listed below the catalyst patterns are the assigned phases of hexagonal ZnO and 

tetragonal SnO2 matched to the International Centre for Diffraction Data (ICDD) database. 
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Photocatalyst 1 0 0     0 0 2 1 0 1 I(100)/I(101) 

1 PO:IPA 56 82 100 0.56 

2 BGE:IPA 55 79 100 0.55 

3 EPC:IPA 55 75 100 0.55 

4 GLY:IPA 100 14 49 2.04 

5 PO:EtOH 56 89 100 .56 

6 BGE:EtOH 57 73 100 .57 

7 EPC:EtOH 57 70 100 .57 

8 GLY:EtOH 100 8 38 2.63 

Appendix Figure 2.6 Relative peak intensities percentages of ZnO calculated from powder x-ray diffraction 

of annealed photocatalyst, with the most intense peak being equal to 100%.  
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Appendix Figure 2.7 SEM of annealed ZnO-SnO2 photocatalyst showing the various morphologies taken in 

SE mode. 2- BGE:IPA; 3- EPC:IPA; 6- BGE:EtOH; 7- EPC:EtOH. 
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Appendix Figure 2.8 SEM indicating mesoporous cavities of PO:IPA sample.  

 

Appendix Figure 2.9 SEM of PC8 showing large ZnO hexagonal rods.  
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Appendix Figure 2.10 SEM image of GLY:IPA showing cluster-covered rods. 

 

Appendix Figure 2.11 SEM image of Pure ZnO derived from GLY:IPA. 
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Appendix Figure 2.12 PXRD of as-prepared sample 1(PO) matched to PDF 97-001-6023. Inset shows 

larger angle scan. 
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Appendix Figure 2.13 PXRD of as-prepared sample 4(GLY). Inset shows larger angle scan. 
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Appendix Figure 2.14 Comparison TGA of PO-based and GLY-based photocatalyst material shown in blue 

and red, respectively. Derivatives, DrTGA, were plotted to visualize location of mass losses.  
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Appendix Figure 2.15 PXRD of photocatalyst sample #1(PO), annealed at 200ºC. 
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Appendix Figure 2.16 PXRD of photocatalyst sample #4(GLY).  
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Appendix Figure 2.17 Comparison TGA of PO-based and GLY-based pure ZnO material shown in blue 

and red, respectively. Derivatives, DrTGA, were plotted to visualize location of mass losses.  

Appendix Figure 2.18 Percentage of ZnO to SnO2 determined from PXRD spectra with Whole Pattern 

Refinement. Residual error in parentheses. Calculated from patterns in Figure 2.2 

Sample # ZnO SnO2 

5 80(1) 20(1) 

1 82(2) 16(1) 

4 80(1) 20(1) 

8 83(2) 17(1) 

 

  



Texas Tech University, Donald A. Ramirez II, August 2016 

 

 

150 

 

 

3  CHAPTER 3 

3. DEVELOPMENT OF VISIBLE LIGHT ACTIVE 

BiOCl/Bi24O31Cl10 PHOTOCATALYST AEROGELS VIA A 

SOL-GEL PROCESS 

3.1 Introduction 

 Researchers studying semiconductor photocatalysis have demonstrated a large 

number of applications for these materials. Photocatalysis can be utilized in organic 

reactions such as oxidation and reduction reactions, as well as C-C and C-N coupling.
1
 In 

addition, these materials have the ability to harness solar energy and convert this to useful 

chemical energy. This is demonstrated by the ability to convert water into H2 gas using 

sunlight, as well as CO2 conversion to important hydrocarbon products.
2–10

 It is not hard 

to envision the utility of powering a catalyst with solar light to ultimately drive redox 

reactions.  

The usefulness of photocatalytic semiconductors makes them attractive for 

commercial applications. However, if industry is to risk implementing new devices, these 

materials should demonstrate that the rewards outweigh the risk. One of the easier targets 

of developing photocatalyst that see enhanced commercial use is to improve on the cost-

effective nature of the material. Numerous approaches are available to improve upon 
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existing materials, which can usually be concentrated into five domains: increasing 

spectral absorption range, improving quantum conversion efficiency, optimized 

separation of the exciton, enhanced charge carrier transfer, and last chemical stability 

against photocorrosion. One of the most obvious ways to optimize a photocatalyst is by 

designing the photocatalyst to use a larger percentage of the solar spectrum, shifting from 

solely UV-powered catalysis to visible light catalysis increases the usage of the solar 

spectrum from 5% to potentially 43%.
11

  This makes photocatalysis not only more 

practical when applied in outdoors setting with limited access to electricity, but also 

feasible with indoor photocatalysis, as most of the light given off from a typical 

household lightbulb is in the visible region.  

Bi-based photocatalyst are part of the p-block semiconductor family and have 

recently shown great promise for visible-light driven photocatalysis. Improved visible 

light absorption in these materials is the result of narrow band gaps generated from the 

oxygen 2p and bismuth 6s bands.
12,13

 DFT calculations reveal improved performance 

when compared to d-block photocatalyst. P-block photocatalyst have a more dispersive 

electronic structure as a result of the VB and CB being constructed from only p and sp 

states, as opposed to d and p states, that generate anisotropic properties.
12,14

 As a result of 

this anisotropic nature, charge distribution is delocalized, which in turns reduces the 

effective mass of the electron improving charge carrier dynamics. These properties are 

important for energy generation, where these materials have demonstrated an ability to 
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efficiently split water to generate H2, as shown with Bi2WO6, BiVO4.
15–17

 As a result, 

comparison studies have shown that these p-block semiconductors outperform similar d-

block semiconductors in photocatalytic reactions.
18,19

   

  A specific category of Bi-based semiconductors, bismuth oxyhalides have the 

capability of modulating band structure by controlling the stoichiometry, and type of the 

halogen element. The band gap energy lowers as the halogen’s atomic number increases. 

BiOF has a band gap energy of 3.6eV making it only useful for UV application. BiOCl 

ranges from 3.2-3.5eV, making it comparable to TiO2. While BiOBr with a band gap 

around 2.7eV, and BiOI with a band gap around 1.7eV, makes them useful for visible 

light photocatalysis.
19–21

  

These specific bismuth oxyhalides BiOX (X=Cl, Br, I) show exceptional 

photocatalytic activity as a result of their tetragonal lattice structure, and incorporation of 

X np orbitals that contribute to the valence band. This layered crystal structure of BiOX 

consist of slabs of [Bi2O2]
2+

 with dual layers of halide anions intercalated, as seen in 

Figure 3.1. This separation of positive and negative layers, capable of polarization, 

generates an internal electric field which can promote separation of photoexcited 

electrons and holes and thereby improve quantum efficiency.
22,23
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Figure 3.1 Crystal structure of BiOCl, demonstrating layering slabs and intercalated anions.
24

 

This structural arrangement is postulated as the improved photocatalytic 

performance of BiOCl over P25 TiO2 under UV light irradiation.
22

 However, the BiOCl 

bandgap of 3.2-3.5eV does not allow for visible light photoexcitation, limiting the 

usefulness of this material for photocatalysis and arguably the limited research performed 

concerning this material. Fortunately, DFT calculations suggest that the conduction band 

minimum is controlled by the Bi 6p. Therefore, by changing the content of bismuth in 

BiOX, one can modulate the conduction band minimum as well as increase reduction 

activity.
18

 This is otherwise known as the “bismuth-rich method”. In doing so, one can 

generate various BiOX species with varying ratios of metal:oxygen:halide, each 

demonstrating unique electronics and light absorption properties.  

In order to extend the light absorption property of BiOCl from UV only to visible 

light active, one can couple BiOCl with a narrow bandgap semiconductor to generate 
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semiconductor heterostructures. In this manner, the narrow band gap semiconductor has 

the ability to absorb visible light acting as a sensitizer. Where these two lattices meet, a 

heterojunction is created that provides a location for electrons and holes to migrate 

between semiconductors. Depending on the location of the sensiti er’s conduction band 

in reference to BiOCl’s conduction band, two processes can occur. When BiOCl has a 

conduction band more positive than the sensitizer, transfer of photoexcited electrons from 

the sensitizer to BiOCl occurs as seen in type 1, Figure 3.2.
25

 However, when the 

conduction band positions switch, so that the conduction band of the sensitizer is more 

positive than BiOCl conduction band, photoexcited electrons do not have the ability to 

transfer and instead react with adsorbed oxygen. In this process, the valence band of the 

photosensitizer sits more positive in comparison to BiOCl valence band. In this manner, 

electrons in the valence band of BiOCl are transferred to the holes in the valence band of 

the photosensitizer and subsequent hole generation in BiOCl as seen in type 2, Figure 

3.2.
26

  Not only is the performance enhanced as a result of expanding the absorption 

spectrum, allowing more light utilization, but also as a result of heterojunction formation 

that reduces recombination rates. The offset of these band states in the semiconductors 

generates a pathway for electron and hole migration, separating the charges more 

efficiently. This is demonstrated by the improved performance of these heterostructures 

over the single component counterparts.
25–28
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Figure 3.2 Schematic of type 1 and type 2 heterostructures when activated with visible light 

It seems then, that developing new heterostructure materials using highly efficient 

BiOCl coupled with new visible-light active semiconductors is of great importance. 

One of the more significant species, from an applications stand point is 

Bi24O31Cl10, which was initially discovered as the thermal decomposition product of 

BiOCl.
29,30

 In this process, BiOCl undergoes thermal decomposition in air allowing 

chlorine to evaporated off, followed by oxygen incorporation. By altering the ratio of 

elements in BiOX to form Bi24O31Cl10, one can generate a photocatalyst than is visible-

light driven with a band gap of 2.3-2.8eV with unique crystal and electronic 

structure.
12,25,31

 This makes development of a BiOCl/Bi24O31Cl10 heterostructures not 

only achievable, but with the thermal conversion of one species into the other, improved 

lattice junctions can be formed more readily. This is in contrast to heterostructures where 

two synthetically separated materials must come into contact by some other means,  

such as in TiO2-SnO2 nanofibers.
32
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 Because p-block semiconductors are relatively new, and, more specifically, 

Bi24O31Cl10 semiconductors, very little work has been conducted on methods to create 

these materials. We can compare these semiconductors to the much more widely known 

photocatalytic semiconductor TiO2, where over 20 distinct synthetic methods exist, not 

including the countless modified strategies to access TiO2.
33,34

  

 While a significant amount of computational work suggest that bismuth 

oxyhalides should be efficient photocatalysts due to their lattice and electronic structure, 

limited discoveries have been made in new methods of preparation. First, chemical 

precipitation method, followed by annealing has been used to generate Bi24O31Cl10. 

However, this method requires using HNO3 and NaOH, and since it is a precipitation 

reaction, limited morphology was generated.
12

 Next, a clever approach of electrolytic 

corrosion of Bi metal was shown to generate Bi24O31Cl10.
35

 Using bismuth foil as the 

anode and nickel foil as the cathode, an aqueous solution of EDTA and NaCl was 

adjusted to pH 12 with NaOH and a 10V voltage was applied to produce the product in 

large yield. However, device setup could limit possible materials development as well as 

directing of structure. Lastly, ionic liquids have been used to generate Bi24O31Cl10 

heterostructure materials in a solution combustion synthesis. Diethylamine hydrochloride 

((C2H2)2NH·HCl) is combined with urea and Bi(NO)3 and heated to produce a white 

precipitate that is then further annealed under dynamic oxygen.
25

 They were able to 
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demonstrate that the ratio of BiOCl to Bi24O31Cl10 could be adjusted by changing the 

amount of ethanamine.   

 With the limited techniques available to develop novel p-block heterostructures, it 

seems pertinent to develop new methods to generate materials that demonstrate unique 

approaches. This seems especially significant when targeting photocatalyst development, 

where morphology and structure changes dictate performance.  

 In particular, the epoxide-driven sol-gel method has been recognized as an 

efficient, highly-flexible route to generate various metal oxide materials including Co3O4, 

Fe2ZnO4, Fe2O3.
36–38

 Using cheap metal salts in alcoholic solutions, an epoxide is added 

that initiates proton abstraction, driving the pH to more basic conditions which 

irreversibly generates µ-hydroxo and µ-oxo clusters that form a monolithic gel.
39

 In this 

regard, variables such as metal salt, type and amount of epoxide and solvent  can change 

morphology, structure and physical properties of the resultant material.
36

 This provides a 

synthetic handle to modulate the photocatalyst for improved performance.  

 Herein, BiOCl/Bi24O31Cl10 heterostructure photocatalysts are prepared using 

epoxide-directed sol-gel synthesis in a simple, one-pot procedure. The resultant sol-gels 

are then dried with supercritical CO2 with subsequent annealing to generate the 

composite aerogels. The resultant heterostructures demonstrates higher photocatalytic 

activity for the degradation of rhodamine B than the single phase Bi24O31Cl10. To the best 



Texas Tech University, Donald A. Ramirez II, August 2016 

 

 

158 

 

 

of our knowledge, this is the first demonstration of a non-templated sol-gel method to 

prepare bismuth oxyhalides.  

3.2 Experimental Methods 

3.2.1 Materials 

 The reactants used in this preparation, bismuth chloride (Alfa Aesar), bismuth 

nitrate pentahydrate (Alfa Aesar), citric acid (Mallinckrodt), propylene oxide (PO), 

glycidol (GLY), epichlorohydrin (EPC), and isopropanol, were all used as received. 

Epoxides were from Aldrich and solvents were from Fisher Scientific.  

3.2.2 Synthesis of p-block aerogels 

 Gels were prepared in glass shell vials (19 x 65 mm) as molds and all procedures 

were done under ambient conditions in a fume hood. A 0.6M bismuth salt stock solution 

was prepared in ethanol. Addition of 6mL of Bi-stock and 0.5 mole equivalents (relative 

to Bi
3+

 amount) of citric acid were then added to a shell vial. 6.0 mole equivalents 

(relative to Bi
3+

 amount) of epoxide were then added to the 6mL solution. In the case of 

the mixed epoxide system, 3 equivalents of EPC were immediately followed by 3 

equivalents of PO.  The sample was then inverted several times followed by ~ 5 seconds 

of vortexing. The sample was then allowed to gel undisturbed for 24 hours. This 

generated white monolithic gels. Gels were attempted without citric acid, but all result in 
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precipitate formation. The samples were then washed in acetone bath over 4 days, with 

exchange of fresh acetone once a day. After washing, the samples were transferred to a 

SPIDRY critical point drier where the acetone was exchanged with liquid CO2 over the 

course of 4 days. After CO2 exchange for 4 days, the drier was brought beyond the 

critical point of CO2 (38ºC, and 1100 psi) at which point the drier was vented to slowly 

release the pressure over 5-7 hours until reaching ambient pressure. The as-prepared 

aerogels were then calcined under static air in a muffle furnace with a heating rate of 2ºC 

min
-1

 up to 500ºC, where the samples were allowed to dwell for 2 hours and then cooled 

to room temperature at 2ºC min
-1

.   

3.2.3 Physical characterization  

 The powder X-ray diffraction (PXRD) patterns of the samples were recorded with 

a  igaku Ultima III diffractometer using Cu Kα radiation. To prepare the samples, they 

were first finely ground before being packed in a sample holder. The collection was taken 

at a 2θ range of 20-80° at a scan rate of 0.03° sec
-1

. The diffraction patterns were then 

identified by comparison to the phases in the International Centre for Diffraction Data 

(ICDD) powder diffraction file (PDF) database. 

 Surface morphology was studied with a field emission scanning electron 

microscope (SEM) Hitachi S-4300. Powders were mounted with carbon tape on an 

aluminum stub. Images were taken with an accelerating voltage of 5kV. Chemical 



Texas Tech University, Donald A. Ramirez II, August 2016 

 

 

160 

 

 

composition and microanalysis was performed using the attached EDAX Pegasus 4040 

integrated EDS at an accelerating voltage of 15kV. 

 The specific surface area of each material were obtained from the N2 

adsorption/desorption analyses conducted at 77 K on a Nova 4200e Surface Area 

Analyzer (Quantachrome Instrument Corp). The Brunauer– Emmett–Teller (BET) 

specific surface areas were calculated from five data points of the adsorption branch of 

the isotherm between the relative pressures of 0.05 and 0.3 P/P0. Prior to obtaining any 

results, the samples were placed on degas for 24 h at 80 °C.    

  Diffuse reflectance was collected at room temperature using a Shimadzu UV-

2401PC spectrophotometer with integrating sphere and using pure powdered BaSO4 was 

used as a reference sample. To determine band gap energy,  the original reflectance 

spectra is converted to a Kubelka-Munk function with the band gap being determined by 

the inflection point from the first derivative that is then drawn tangent to the horizontal 

axis.
40

 

3.2.4 Photocatalyst Testing  

 Catalyst were tested under visible light irradiation using a RPR-200 model 

Rayonet Reactor
©

, using Rayonet-supplied lamps RPR-4190A with maximum light 

intensity at 420 nm. In each experiment, 0.020g of catalyst was added to 20mL of an 

aqueous solution of rhodamine b with a concentration of 1.2 x 10
-5 

mol/L. Prior to 
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irradiation, the catalyst/rhodamine B solution was allowed to stir in the dark for 1 hour to 

reach an adsorption/desorption equilibrium. After this 1 hour period, photocatalytic 

performance could be monitored. During the irradiation period, aliquots were sampled in 

10 minute intervals, centrifuged to separate the photocatalyst and supernatant was placed 

in the cuvette. Maximum absorption readings at 553nm were taken on a Shimadzu UV-

2401PC. The degradation efficiency was normalized to C/C0 where C was the absorbance 

value at given time, t, and C0 is the absorption value after the 1 hour 

adsorption/desorption period.  

3.3 Results and Discussion  

3.3.1 Development of BiOCl/Bi24O31Cl10 composites 

 The shift from BiOCl to Bi24O31Cl10 is ultimately a result of the chloride content, 

such that, if the content can be controlled, one can optimize the phases of a given 

material. The difference in the 3 epoxides used herein is their respective functional 

groups. Most significantly, with EPC containing a chloride functional group, this 

provides a convenient handle to adjust the concentration of chlorine in the sample by 

simply altering the amount or type of epoxide. This approach alleviates the need to add 

additional chloride from some salt source such as NaCl, where the addition of the cation, 

Na
+
, could add as an impurity into the lattice of the desired material lowering 

photocatalytic activity.   
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Figure 3.3 Epoxides used in the synthesis of bismuth oxyhalide aerogels.  

 To explore the idea of adjusting phase ratios through synthetic conditions, three 

different epoxide conditions were tested, shown in Table 3.1. In this manner, we were 

able to modulate the amount of chloride being added during synthesis. These various 

conditions explored are shown in Table 3.1. 

Table 3.1 Synthetic conditions of bismuth oxyhalide aerogels. 

Sample Metal Salt 

 (0.6M) 

Solvent  Epoxide  

(6 eqv total)
a
 

A BiCl3 isopropanol GLY 

B BiCl3 isopropanol PO/EPC 

C BiCl3 isopropanol EPC 

D BiCl3 isopropanol EPC (12 eqv) 

a) Molar equivalents with respect to bismuth.  

3.3.2 Powder x-ray diffraction 

 In all cases, the phase composition determined from the PXRD patterns indicate a 

component of crystalline BiOCl in the as-synthetized photocatalysts, seen in Appendix 

Figure 3.1. All observed diffraction peaks can be indexed to BiOCl (PDF 97-002-9143). 
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While no other phases are present, an amorphous character is observed in all samples, 

likely the result of residual organic material.  

 Upon annealing of the samples at 500ºC, diffraction intensity of the BiOCl 

component decreases while diffraction peaks for Bi24O31Cl10 increase. When the 

photocatalysts are annealed at 500ºC, all contain diffraction peaks consistent with 

monoclinic Bi24O31Cl10 (PDF 97-028-0382) and tetragonal BiOCl (PDF 97-002-9143), 

shown in Figure 3.4. This is to be expected as the literature has shown precedence for 

chlorine removal upon heating to generate a chlorine deficient species, Bi24O31Cl10. 
29,30

  

  Upon further PXRD observation, we see that the ratio of peak intensities is not 

the same in each diffraction pattern, suggesting different proportion of phases in the 

materials. To quantitatively calculate the phase composition of the samples, the reference 

intensity ratio (RIR) method was used by applying the whole pattern fitting refinement 

function in MDI Jade 9.1.1 software.
41,42

   

 Sample A, being the only sample prepared without the use of EPC, consists of 

phase pure Bi24O31Cl10. Analysis of Sample B, prepared with 3 equivalents EPC and 3 

equivalents PO, shows a mixture of 19% BiOCl with the remainder Bi24O31Cl10. Sample 

C, prepared with 6 equivalents EPC, shows 50% BiOCl with the remainder Bi24O31Cl10. 

Sample D, prepared with 12 equivalents EPC, shows 90% BiOCl, with the remainder 

Bi24O31Cl10. Taken together, these findings suggest that using EPC as a synthetic handle 

to incorporate additional chlorine is a feasible method to modifying the material. 
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Figure 3.4 PXRD of photocatalysts annealed at 500ºC. (A) Pure Bi24O31Cl10, (B) 19% BiOCl, (C) 49% 

BiOCl, (D) 90% BiOCl. 

  

This is clearly seen in Table 3.2, where increasing EPC increases the percentage of the 

BiOCl phase. It should be noted though, that the phase BiOCl does leave upon further 

heating above 600ºC to generate pure Bi24O31Cl10, regardless of synthetic conditions. 

However, given that the material is highly crystalline at 500ºC, there is no need to anneal 

the material to a higher temperature.  

A 

B 

C 

D 
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 To gain insight into the limitations of the epoxide, a sample was prepared in 

which BiCl3 was replaced with Bi(NO3)3·6H2O while still using 6 equivalents of EPC as 

the epoxide. In this manner, the only chloride source is now from the epoxide and not the 

metal salt. PXRD of this sample, annealed at 500ºC, shows a mixture of Bi2O3 and 

Bi12O17Cl2, but neither BiOCl nor Bi24O31Cl10 phases are present. This suggest the need 

for additional chlorine in the system.  

 Gas sorption analysis was performed, Appendix Figure 3.3, and BET analysis was 

applied to obtain the specific surface area of the materials. All samples show relatively 

comparable surface areas of 12.40, 9.46, 8.01, and 6.09 m
2 

g
-1

 for samples A, B, C, and 

D, respectively. Upon observing the samples with SEM, the explanation for the rather 

low surface area becomes more apparent.   

Table 3.2 Properties of annealed photocatalysts.  

Sample  Epoxide Phase composition (wt%) BET surface 

area (m
2
g

-1
) 

Band gap 

(eV)  BiOCl Bi24O31Cl10 

A GLY 0 100 12.40 2.58 

B PO/EPC 19 (1) 81 (3) 9.46 2.85 

C EPC 50 (2) 50 (3) 8.01 2.9 

D 12eqv EPC 90 (3) 10 (1) 6.09 3.1 

3.3.3 Electron microscopy 

 Figure 3.5 shows the SEM images of the annealed samples. The largest difference in morphology 

and microstructure can be seen with sample A. While the mixed phase systems appear as nanosheets, pure 

Bi24O31Cl10 consist of semi-aggregated irregular spheres.  High magnification images, inset Figure 3.5, 

shows that the spherical particles are approximately 200-500 nm, while the nanosheets can be observed in a 
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large variety of sizes. Increased magnification of these nanosheets, reveals that some sheets stack on top of 

each other forming a layered structure several hundred nanometers in thickness. These stacked layers result 

from the altering layers of [Bi2O2][Cl2], illustrated in Figure 3.1. The sheet and aggregate-like nature of the 

material, along with no confirmation of pores at higher magnification, help explain the low surface area 

results. To more clearly discern the composition of the various discrete nanostructures, EDAX analysis was 

performed to determined elemental make-up,  

 

 

Appendix Figure 3.4. Sample A shows a chlorine content of 6.2% which is comparable to 

the theoretical content of chlorine in Bi24O31Cl10 of 6.0%. Sample B, shows a chlorine 

content of 6.7%, while sample C shows a chlorine content of 8.1%, and sample D shows 

a chlorine content of 10.0%. Given that the theoretical chlorine content of BiOCl is 

13.61%, this would inidcate that the EDAX results support the findings of PXRD. Taken 

together, we confirm the idea that by adding more EPC in the synthesis process, we can 

alter our ratio of phases of BiOCl to Bi24O31Cl10 providing a tailorable approach to 

photocatalyst optimization.  
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Figure 3.5 SEM images of annealed photocatalysts. (A) Pure Bi24O31Cl10, (B) 19% BiOCl, (C) 49% BiOCl, 

(D) 90% BiOCl; the insets show the corresponding higher magnification images.  

   

3.3.4 Diffuse reflectance 

 Using the UV-vis diffuse reflectance spectra data collected from the samples, 

Tauc plots were obtained and band gaps were determined.
43

  The band gap energy was 

calculated using the equation                  . Where α, h,  , A, and     

represent absorption coefficient, Planck’s constant, light frequency, energy-independent 

constant, and band gap, respectively. Depending on the type of transition, n, can vary 
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from n=1 for direction transition to n=4 for indirect transition. Plotting of        vs.      

and extrapolating the band edge of the plot to the x-axis allows for determination of the 

band gap energy at the intercept of the tangent, shown as the dashed line in Figure 3.6.
44

 

 Figure 3.6 shows the plotted band gap of the various photocatalysts with different 

ratio of phases. Sample A, pure  Bi24O31Cl10, shows a bang gap energy of 2.58 eV, which 

is in agreement with previous work.
31

 When observing the other samples, the band gap 

shifts to higher energy with increasing content of BiOCl. Sample B and sample C having 

band gap energies of 2.85 and 2.9, respectively. Sample D, with 90% BiOCl, shows a 

band gap energy of 3.1 eV, comparable to the literature values of pure BiOCl of 2.9-3.4 

eV. 
35,45

 This shift in band gap energy can be explained by the work of Xiao et al. where 

they found that altering the ratio of O:Cl  has the capability to tailor the valence band 

composition and level, which was later confirmed by DFT calculations.
46

 Thus, in this 

work, we have the ability to adjust absorption edge of the photocatalyst by altering the 

ratio of BiOCl:Bi24O31Cl10. Lastly, these results suggest that with the exception of sample 

D, all the samples have the capability of absorbing visible light for the purpose of 

photocatalysis.  
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Figure 3.6 Band gap determination of annealed photocatalyst. (A) Pure Bi24O31Cl10, (B) 19% BiOCl, (C) 

49% BiOCl, (D) 90% BiOCl 

3.3.5 Photocatalysis results  

 The photocatalytic activity of the various materials were evaluated by monitoring 

the decoloration of RhB under visible light. The photocatalytic studies were performed 

three times on each sample to test for reliability of sample behavior. The averages are 

plotted in Figure 3.7, along with standard deviations. Figure 3.7 shows that RhB does not 

undergo photolysis when irradiated with visible light.  The synthesized samples were 

compared to the commercial photocatalyst, Degussa P25 TiO2. After 40 minutes of 

irradiation, P25 shows an efficiency of 54%, lower than any of the prepared 
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photocatalysts. By comparison, sample C with 50% BiOCl, shows an efficiency of 94% 

within 40 minutes, making it the most efficient photocatalyst prepared here. Following 

sample C, sample B with 19% BiOCl, shows 84% degradation after 40 minutes. Sample 

D with 90% BiOCl shows 67% efficiency after 40 minutes, even though the band gap 

would suggest limited light absorption. Pure Bi24O31Cl10, shows the lowest degradation 

efficiency after 40 minutes at only 56%.  

 

Figure 3.7 Time course decoloration of RhB over various photocatalyst in the presence of visible light. 
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 To calculate photocatalytic reaction kinetics, we can use the pseudo first order 

kinetics equation:  

 
    

  

  
         (18) 

Because of the low reactant concentration, RhB 1.2 x 10
-5

 g/L, we can plot ln(C0/Ct) vs. 

the reaction time (t), Figure 3.8. This is followed by fitting curves, allowing for 

determination of        The determined rate constants are 0.0259, 0.0588, 0.0744, 0.0333 

min
-1

 for pure Bi24O31Cl10, 19% BiOCl, 50% BiOCl and 90% BiOCl, respectively. When 

the samples are compared, we see that the mixed systems show the highest apparent rate 

constant, with sample C showing 3-fold higher than pure Bi24O31Cl10. By comparison, 

P25 is less active than all of the prepared material with an apparent rate constant of 

0.0211 min
-1

.  

 

Figure 3.8 A) Time course variation of ln(C0/Ct) of RhB solution under visible light irradiation. B) 

Photocatalytic kinetic rate constants determined from plot A. 

a b 
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3.3.6 Role of heterojunction  

 Several reasons may account for the changes in photocatalytic activity. If one 

compares the relative band positions of BiOCl and Bi24O31Cl10, we see that Bi24O31Cl10 

with a band gap of 2.58 eV, can sufficiently absorb visible light to generate a 

photoexcited electron-hole pair. However, BiOCl under the visible light used in this 

experiment, does not undergo photoexcitation as readily, due to the large band gap. This 

would explain the low performance of both 90% BiOCl and P25, which have band gap 

edges outside of the light irradiation used here, centered at 2.95 eV. In addition, indirect 

dye photosensitization of RhB, by P25 and BiOCl, is known to drive the decolorization 

process in visible light.
45,47,48

 This occurs through RhB forming an excited state when 

irradiated with visible light. The excited state RhB energy level, sitting at a more cathodic 

position (negative) than the conduction band of both P25 and BiOCl allows for injection 

of electrons into the semiconductor, which leads to discoloration of the dye through 

radical formation.
45

 This is likely the reason for observable photocatalytic activity of 

sample D and TiO2 seen here. 

 In addition, the more negative position of the conduction band of Bi24O31Cl10 in 

respect to BiOCl’s band provides a pathway for migration of photoexcited electrons from 

Bi24O31Cl10 to BiOCl, indicating a type 1 heterostructure as shown in Figure 3.2.
25

 This 

has been demonstrated before by Li et al. when looking at the surface photovoltage of 

Bi24O31Cl10, BiOCl, and heterostructure BiOCl 60%- Bi24O31Cl10 40%.
25

 An increased 
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photovoltage response was seen for the heterostructure with peaks at 340 nm and 415 nm, 

representing BiOCl and Bi24O31Cl10, respectively. This improved SPS response was 

linked to the improved separation rate of photoinduced charge carriers.
49,50

  

 This increased efficiency of separation of charge would account for the significant 

photocatalytic improvement seen with the composite material in comparison to pure 

Bi24O31Cl10. Mainly, that heterojunction sites help transfer the charge carrier to the 

interface of the material. These improvements through increased heterojunction sites 

could also explain the increased performance of the 50:50 composite over the 81:19 

mixture. With a better ratio of nearly 1:1, allowing for a large separation of photoexcited 

electrons, if this is compared to sample B where only a small percentage is BiOCl, 

lowered heterojunction sites with increased photoexcited phase, Bi24O31Cl10 would 

ultimately increase recombination rates. 

3.4 Conclusion 

 A series of BiOCl/Bi24O31Cl10 composite aerogel photocatalysts were synthesized 

using the epoxide-driven sol-gel method for the first time. In this approach, we are able to 

tailor the ratio of BiOCl to Bi24O31Cl10 by adjusting the type and amount of epoxide. The 

resultant material when annealed to 500ºC, shows highly crystalline nanosheets several 

hundred nanometers in size. The composite systems demonstrated visible light 

absorption, increasing with greater Bi24O31Cl10 content. Upon irradiation, the composite 

with 50% BiOCl, sample C, shows the highest degradation efficiency for RhB. The 
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reaction rate constant of sample C was 3-fold greater than pure Bi24O31Cl10 and the 

reference, Degussa P25 TiO2. The improved performance was a result of increased light 

absorption and reduced recombination rates as a result of increased heterojunction sites. 
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3.6 Appendix  

 

Appendix Figure 3.1 PXRD of as prepared samples. (A) Pure Bi24O31Cl10, (B) 19% BiOCl, (C) 49% BiOCl, 

(D) 90% BiOCl. 
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Appendix Figure 3.2 PXRD of Bi(NO3)3·6H2O with 6 equivalents EPC, annealed at 500ºC.  
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Appendix Figure 3.3 Nitrogen sorption isotherms for annealed materials, solid line=adsorption, dashed 

line=desorption (A) Pure Bi24O31Cl10, (B) 19% BiOCl, (C) 49% BiOCl, (D) 90% BiOCl. 
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Appendix Figure 3.4 Weight percentage determined by EDAX, taken from three sample locations and 

averaged. Standard deviation in parentheses.   

EDAX Bi O Cl Wt % Cl 

calculated from 

PXRD  

A 91.0 (0.7) 2.8 (0.6) 6.2 (0.1) 6.0 

B 91.3 (0.1) 2.1 (0.4) 6.7 (0.4) 7.5 

C 89.0 (2.1) 3.0 (1.5) 8.1 (0.6) 9.8 

D 88.5 (0.5) 1.4 (0.2) 10.0 (0.6) 12.9 

 

 

 

Appendix Figure 3.5 EDAX analysis performed on the stacked sheet structures, observed in sample B.  
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Appendix Figure 3.6 RhB destruction curve by catalyst C. 
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4  CHAPTER 4 

4. A NEW SOL-GEL METHOD FOR DEVELOPMENT OF 

CdS AEROGELS  

4.1 Introduction  

 Cadmium sulfide, in addition to other member of the metal chalcogenide series, 

have demonstrated use as functional materials in numerous applications ranging from  

energy conversion, storage devices, oxygen reduction catalyst, nonlinear optical devices, 

light emitting diodes, logic gates, to photocatalysis.
1,2

 Arguably one of the most 

important properties of cadmium sulfide is the 2.4eV band gap. As a result, this material 

is capable of undergoing visible-light induced photocatalysis important for commercial 

settings.
3–7

  

 This feature becomes extremely important when developing a commercially-

viable, cost effective photocatalyst for either environmental remediation or water-

splitting and makes cadmium sulfide an important material to target for improving 

performance through novel synthetic strategies that are highly tailorable. More 

specifically, the ability to alter composition, size, shape, and internal structure has a 

direct effect on optoelectronic and chemical properties of the semiconductor. Therefore, 
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exploring new techniques and methods to generate semiconductor materials is pertinent if 

the goal of metal chalcogenides is to see real-life applications.      

 Due to the usefulness of CdS nanomaterials, numerous methods exist for 

development of cadmium sulfide materials. A large amount of research has revolved 

around CdS generated through either solvothermal or hydrothermal precipitation due to 

short processing times, high crystallinity, and shape selectivity.
8–13

 However, due to the 

high pressures generated in the autoclave, modifications such as hierarchical structures 

have been rare.  

 To better control particle size distribution, with uniform particle shape, hot-

injection methods are used to generate nanocrystals. By placing organometallic 

compounds in hot coordinating solvents, thermal decomposition drives nucleation and 

growth steps in formation of high-quality nanocrystals.
14–17

 However, the lack of ability 

to development hard-templated materials from this approach, in addition to expensive 

reagents, makes this method only feasible for small laboratory scale.  

 Similar to hot-injection methods, the inverse-micellar approach generates 

nanocrystal material. However, to generate stable nanoparticles and prevent Ostwald 

ripening requirements such as capping agents, stabilizing ligands such as oleic acid, or 

transfer to an inert environment are necessary.
18,19

 The necessity for inert conditions and 

dry solvents make this strategy a rather time consuming and energy intensive process. 
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 The synthetically-simplest method to generate CdS is the solid-state reaction 

between cadmium oxide and thiourea, whereby the two powders are finely mixed and 

heated to generate CdS. In this process the thiourea undergoes thermal decomposition to 

generate hydrogen sulfide that then reacts with cadmium oxide to form cadmium sulfide 

and water, as shown in formulas 1 and 2.
20

 

2(NH2)2CS  2H2S + 2NH2CN  

CdO + H2S  CdS + H2O  

Apte et al. showed that using this simple solid state reaction could yield nanocrystalline 

CdS which was capable of generating hydrogen gas from H2S with three times higher 

activity than bulk CdS as a result of small particle size and high surface area. This 

method demonstrates a scalable process. However, it must be addressed that the only 

discussion of ways to direct structure growth was through excess thiourea that increases 

particle size. However, this method showed little variation in particle size, and ultimately 

reduced surface area.   

 While the previously discussed methods have generated materials that display 

decent photocatalytic activity, these methods suffer from a limited ability to modify the 

material, require templates, multiple steps, need harsh conditions, or low crystallinity 

(increasing surface defects) and mainly rely on changing annealing temperature to impart 

different properties that ultimately reduce surface area. In these ways, the materials 

generated with these techniques do not demonstrate high quantum efficiency. One of the 
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most effective methods for modulating important morphological features, increasing 

surface area, and controlling particle size is through sol-gel methods. Improved 

absorption, higher optical transparency, and low thermal conductivity demonstrated by 

aerogel materials make these materials highly advantageous for catalysis, sensing and 

separation applications.
21

   Sol-gel chemistry involves the transformation of molecular 

precursors into interconnected network gels through hydrolysis and condensation 

reactions, which can be converted to high surface area aerogels through supercritical 

drying.
22

      

 The sol-gel approach has shown that improvements can be made through physical 

property modifications which are demonstrated in the final product. Sol-gel materials 

create high surface area porous interconnected materials that can be formed to make 

various hierarchical structures important to improved hybridized functional materials. In 

general, sol-gel synthesis occurs at room or slightly elevated temperatures, have high 

yields, and low production cost making them amenable to large scale production.
23

 These 

aerogels have many improved characteristics a few include; low density, low thermal 

conductivity, high thermal stability, and open porous networks each improving the 

properties of the material from the nanoscale, and as a result many reviews have been 

written on the subject of aerogels.
25–30

 The nanoscale properties of these bulk-scale 

aerogels make them highly advantageous as catalytic material for various reactions.
31–33

 

However to achieve these aerogels, one must first be able to create a gel.
34
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  The epoxide-directed  has been used to access a variety of materials for various 

applications that benefit from the high surface areas, crystalline properties common  to 

sol-gel materials.
35–44

 In brief, this method uses an organic epoxide acting as an acid 

scavenger to gradually increase the pH.  In doing so, the metal salt in a polar protic 

solvent, undergoes hydration and condensation reactions forming an interconnected 

network.
22,43

 This process requires few synthetic steps and eliminates the necessity for 

inert conditions when handling materials, yet still has the benefit of controlling 

morphology by altering the molecular precursor. In addition, this method lends itself to 

further improvements as a result of coupling the method with other techniques to make 

hybridized synthetic techniques.
45–50

 Such an example, by using a hard templating 

approach one can create a scaffold to direct the material of choice to form an ordered 

array leading to development of hierarchical structures.
51

 Further, the epoxide-directed 

method can be used to create mixed metal systems allowing for grain boundaries between 

materials to improve performance, change morphology, or alter electronic 

properties.
35,38,39,42,44,52

 Incorporation of other functional nanoparticles onto the 

nanostructured material have shown to improve catalytic efficency.
53–55

 One can alter  

mixed oxides over a range of composition in purity when mixed phases can be a problem 

with other methods such as alkoxide, solid state, co-precipitation.
56

 While this EA 

method is useful, up to this point it has been employed to generate solely metals and 
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metal oxides. Therefore, possibilities of materials accessible with this method have been 

restricted.  

 No work has been reported on the synthesis of metal sulfide systems generated 

using the epoxide sol-gel method. Herein, we apply the sol-gel epoxide method to 

generate CdS aerogels and explore their use as photocatalyst for the degradation of 

rhodamine B. This route eliminates the time consuming step of a thiolate ligand capping 

agent allowing for a one-pot synthesis. This quick synthetic method generates products 

that do not need further purification.
58

 Further, annealing of the material generates 

materials that are highly crystalline, making them well suited for semiconducting devices.  

This method demonstrates the versatility of the EA sol-gel method in accessing advanced 

functional materials through a synthetically tailorable approach.    

4.2 Experimental methods  

4.2.1 Materials  

 All reagents used in the experiments were analytical grade and used without 

further purification. Cadmium (II) nitrate tetrahydrate (Alfa Aesar), citric acid 

(Mallinckrodt), thiourea (MP biomedicals), propylene oxide (ACROS Organics), ethanol 

(Macron), rhodamine B (ACROS Organics), Degussa P-25 titanium dioxide.  
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4.2.2 Synthesis of CdS aerogels 

 In a typical synthesis, Cd(NO3)2·4H2O was dissolved in reagent-grade ethanol to 

make a 0.46M solution, followed by addition of citric acid in a 1:2 molar ratio (citric 

acid: Cd). This solution was sonicated until fully dissolved. Next, addition of thiourea to 

the solution in a 4:1 molar ratio (thiourea: Cd) is added and allowed to sonicate, ca. 5 

minutes, until completely dissolved forming a colorless solution.  After sonication, 

propylene oxide is added to the solution in a 6:1 molar ratio (PO: Cd). The sample is 

inverted several times to properly mix the epoxide. The solution increases in viscosity 

after ca. 30 minutes and is allowed to gel undisturbed for 24 hours. Note: Attempts were 

made to prepare gels without use of citric acid, however, even when varying epoxide 

concentration, all formed a precipitate. The sol-gel monoliths were then washed in an 

acetone bath over 4 days, with exchange of fresh acetone once a day. After washing, the 

samples were transferred to a SPIDRY critical point drier where the acetone was 

exchanged with liquid CO2 over the course of 4 days. After CO2 exchange for 4 days, the 

drier was brought beyond the critical point of CO2 (38ºC, and 1100 psi) at which point 

the drier was vented to slowly release the pressure over 5-7 hours until reaching ambient 

pressure. The as-prepared aerogels were then calcined under dynamic nitrogen in a tube 

furnace with a heating rate of 2ºC min
-1

 up to 550ºC, where the samples were allowed to 

dwell for 2 hours then cooled to room temperature at 2ºC min
-1

. This yielded a black 

monolithic material. The sample could then be post-treated under dynamic air with a 
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heating rate of 2ºC min
-1 

up to 450°C and allowed to dwell for 2 hours before cooling 

back to room temperature at a rate of 2ºC min
-1

. This yields the typical, yellow CdS 

product.   

4.2.3 Physical characterization 

 The powder X-ray diffraction (PXRD) patterns of the samples were recorded with 

a  igaku Ultima III diffractometer using Cu Kα radiation. To prepare the samples, they 

were first finely ground before being packed in a sample holder. The collection was taken 

at a 2θ range of 20-60° at a scan rate of 0.03° sec
-1

. The diffraction patterns were then 

identified by comparison to the phases in the International Centre for Diffraction Data 

(ICDD) powder diffraction file (PDF) database. 

 Surface morphology was studied with a field emission scanning electron 

microscope (SEM) Hitachi S-4300. Powders were mounted with carbon tape on an 

aluminum stub. Images were taken with an accelerating voltage of 5kV. 

 Photoluminescence (PL) spectra was collected at room temperature using a 

Fluoromax-3 spectrofluorometer (Jobin Yvon, Horiba) using an excitation wavelength of 

300nm.  

 Thermogravimetric analysis (TGA) was conducted with a Shimadzu TGA-50. 

The sample was heated under a flowing air atmosphere at 50 mL min
-1

 with a heating rate 
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of 5°C min
-1

. Sample size for analysis was 2-4 mg and was placed on an aluminum 

sample pan. 

  Diffuse reflectance (DR) was collected at room temperature using a Shimadzu 

UV-2401PC spectrophotometer with integrating sphere and using pure powdered BaSO4 

was used as a reference sample. To determine band gap energy,  the original reflectance 

spectra is converted to a Kubelka-Munk function with the band gap being determined by 

inflection determined from the first derivative that is then drawn tangent to the horizontal 

axis.
59

 

4.2.4 Photocatalytic testing 

 Catalyst were tested under visible light irradiation using a RPR-200 model 

Rayonet Reactor
©

, using Rayonet-supplied lamps RPR-4190A with maximum light 

intensity at 420 nm. In each experiment, 0.050g of catalyst was added to 20mL of an 

aqueous solution of rhodamine b with a concentration of 1.2 x 10
-5 

mol/L. Prior to 

irradiation, the catalyst/rhodamine B solution was allowed to stir in the dark for 1 hour to 

reach an adsorption/desorption equilibrium. After this 1 hour period, photocatalytic 

performance could be monitored. During the irradiation period, aliquots were sampled in 

20 minute intervals, centrifuged to separate the photocatalyst, and the supernatant was 

placed in the cuvette. Maximum absorption readings at 553 nm were taken on a 

Shimadzu UV-2401PC. The degradation efficiency was normalized to C/C0 where C was 
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the absorbance value at given time, t, and C0 is the absorption value after the 1 hour 

adsorption/desorption period. The exact same procedure was followed for probing 

photocatalytic phenol degradation. However, the concentration of phenol was 4.25 x 10
-4 

mol/L,. Aliquots were sampled every 30 minutes and maximum absorption readings were 

taken at 269 nm. 

4.3 Results and Discussion 

4.3.1 Development of CdS 

 The difficulty of non-oxide sol-gel materials is that hydrolysis is hampered with 

addition of chalcogenides making preparation nuanced. We have circumvented this 

problem by incorporating citric acid. Citric acid is a well-known metal chelator, allowing 

improved coordination to link numerous metal centers.
60–65

 In the process, stabilization of 

molecular species in solution is increased. This in turn extends the time available for 

condensation reactions to generate an interconnected monolithic material. This also 

provides additional time for thiourea to coordinate to cadmium through the sulfur atom, 

which can undergo thermolysis when annealed.
66–69

 

 Preparation of the sol-gel using the epoxide-driven method produces a white, 

monolithic material. After removal from the extractor, the sample showed very little signs 

of shrinkage.  However, the created aerogel is not robust and caution has to be taken 

when handling to keep the material as a monolith. This is likely the result of large 
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amounts of thiourea and limited amount of epoxide, which both limit the amount of 

interconnected network necessary to form a robust monolith.     

4.3.2 Powder x-ray diffraction 

 The results taken from PXRD, Appendix Figure 4.1, shows that the as-

synthesized material are amorphous, preventing assignment of any phases. Upon 

annealing to 550°C under inert conditions, a greenish-black material is generated, 

Appendix Figure 4.2A. PXD results of this greenish-black material indicate highly 

crystalline material with reflections that can be assigned to hexagonal CdS (PDF 97-062-

0313). The black color of this material, instead of the typical yellow color of CdS, would 

suggest that residual carbon is coating the CdS particles, generating a CdS/carbon 

composite. The source of the carbon could arise from both the epoxide and the citric acid 

used in the synthesis, and as a result of being annealed under inert conditions, carbon 

cannot leave as CO2. However, PXRD pattern would indicate that the amorphous 

character of the material is less than 2%.  
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Figure 4.1 PXRD of sample annealed at 550ºC in N2 to make CdS/carbon composite.  

 Post treating of this CdS/carbon composite under dynamic air, at 450°C for 2 

hours yields a yellow material, seen in Appendix Figure 4.2B. Upon observation with 

PXRD, Figure 4.2, show that this yellow material is highly crystalline hexagonal CdS 

(PDF 97-062-0313) with no other phases present.   
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Figure 4.2 PXRD of post-treated to generate pure CdS.  

 The generation of pure CdS required optimal post treatment conditions. This can 

visually be identified in Appendix Figure 4.2B. If post-treatment is stopped at 400°C, 

residual carbon remains, as confirmed by the greenish-black color still present. If post-

treatment is taken to 500°C, new phases can be observed in the PXRD pattern, Appendix 

Figure 4.3. New reflections that can be indexed to Cd3O2SO4 (PDF 00-032-0140) and 

CdO (PDF 97-018-1294). These processes can be observed using TGA to identify mass 

losses, Appendix Figure 4.4. Ultimately, we see the initial loss of carbon soon after 

400°C, as our greenish material turns to yellow. Under further heating, we see mass loss 

after 450°C until 500°C where the mass levels off, indicating an extended loss of sulfur, 

and incorporation of oxygen.       
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4.3.3 Electron microscopy 

 Figure 4.3A & B shows the morphology of the as-synthesized material. SE 

imaging indicates a composition of clusters of large, smooth, spherical particles in the 

non-annealed aerogel material. Upon annealing to 550°C under inert conditions as shown 

in Figure 4.3C & D, we see a mixture of materials. First, smooth spherical particles 

similar in morphology to the as-prepared material are seen, in addition, scattered 

throughout the matrix are irregular hexagonal particles. This mixture of particles could 

explain the greenish-black color observed. It is suggested that the smooth spherical 

particles represent carbon, which could be coating the CdS particles. The hexagonal 

particles not being coated in carbon allows for the greenish tint seen in Appendix Figure 

4.2B. This becomes more apparent when observing the sample post-treated at 400°C with 

SEM, Appendix Figure 4.5. This post-treated sample with a much lighter green tint than 

the original annealed material, shows a lower amount of spherical particles, and an 

increased amount of hexagonal particles.  

 Put succinctly, the ratio of smooth spherical particles to irregular hexagonal 

particles decreases as the color transitions from black, to green, to finally yellow. Finally, 

the SEM of post-treated material at 450°C, Figure 4.3E & F, show hexagonal particles 

with no observable spherical particles.  

 These observations help provide some insight into formation. It seems that upon 

sol-gel formation, a coating forms that holds the cadmium and thiourea together. This is 
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followed by annealing that induces crystalline formation of CdS, as well as Ostwald 

ripening. In this step, the coating begins to leave and particle growth generates the 

hexagonal particles. However, because the initial material was held together as a sphere, 

the particles ripen in a similar spherical fashion. This is, ultimately, what directs the 

generation of the final post-treated spherical morphology.       
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Figure 4.3 SEM images of A,B) as-synthesized material; C,D) annealed in inert conditions to generate 

CdS/carbon composite; E,F) post-treated at 450°C, pure CdS.  
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4.3.4 Optical study 

 Using the UV-vis diffuse reflectance spectra data collected from the samples, 

Tauc plots were obtained and band gaps were determined. The band gap energy was 

calculated using the equation                  . Where α, h,  , A, and     

represent absorption coefficient, Planck’s constant, light frequency, energy-independent 

constant, and band gap, respectively. CdS has a direct band gap, allowing plotting of 

         vs.     .
67

 Extrapolating the band edge of the plot to the x-axis allows for 

determination of the band gap energy at the intercept of the tangent, shown by the dashed 

line in Figure 4.4. The band gap is estimated to be 2.25 eV, or ca. 551nm.  

 

Figure 4.4 Band gap determination of synthesized CdS.  
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This lowered energy band gap, compared to the often cited 2.4 eV, is due to the increased 

crystallite size.
70

 The sharp absorption edge is indicative of highly crystalline, pure 

CdS.
71

  

  Figure 4.5 shows the photoluminescence spectra of the prepared CdS. Two 

prominent emission peaks can be observed, centered at 520nm and 542nm. The more 

intense 520 nm peak is characteristic of the band edge emission. This peak width 

(FWHM) can be used as an indicator of crystallite size distribution.
58,72,73

  The broad PL 

emission bandwidth observed here would indicate a large polydispersity, when compared 

to other works.
58

  

   

 

Figure 4.5 Room temperature PL spectra of CdS.  
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The 542nm emission represents the surface-trap-state due to either dangling bonds or 

stacking faults. Given the nature of the annealing process, and PXRD results, crystallinity 

should not be the issue. Therefore, either cadmium or sulfur vacancies must be the reason 

for the surface trap state emission.
74

 

4.3.5 Photocatalytic results 

 The photocatalytic activity of CdS was evaluated by monitoring the decoloration 

of RhB under visible light, shown in Figure 4.6. We see that after 80 minutes of 

irradiation, CdS demonstrates a degradation efficiency of 98%. By comparison, P25 TiO2 

demonstrated a 93% degradation efficiency, Appendix Figure 4.6.  

 

Figure 4.6 Time-dependent absorption spectra of RhB solution in the presence of irradiated CdS. Sampled 

every 20 minutes.  
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 The large particle size of the CdS spheres allows for easy separation from the 

solution by simple gravity-assisted settling. This makes the particles easily recoverable. 

The same cannot be said for P25, which requires filtration to separate the suspension. 

This recovered CdS, can then be recycled for further photocatalytic testing. Figure 4.7 

shows the photocatalytic stability of the CdS material through multiple reuses. The 

stability of the material is indicated by cycles 1,2,3, showing 97,98, and 95% 

degradation, respectively. This is an important finding given the propensity of CdS to 

undergo photocorrosion in photocatalytic reactions through oxidation of photogenerated 

holes.
75

 These finding, while not definitive, would suggest that photocorrosion is at most 

occurring to a very limited extent, to the point that photocatalytic activity is not effected.       

 

Figure 4.7 Recycling capability of CdS.  
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 It is well known, that P25 can be photosensitized by organic dyes, whereby, the 

dye molecule’s photoexcited electrons are transferred into the conduction band of TiO2, 

leading to discoloration of the dye through radical formation.
76

 To eliminate the 

possibility of photosensitization of P25, the chromophoric dye was replaced with 

colorless phenol.  

 We see from the normalized results in Figure 4.8, that the degradation efficiency 

of CdS and P25 are comparable, both degrading phenol to ca. 50% after 3 hours. These 

results are revealing for multiple reasons. While the CdS band gap of 2.25eV is capable 

of absorbing all the light being irradiated on the sample, only performance comparable to 

P25 is observed. The reason behind the limited photocatalytic activity is due to poor 

photo-oxidation abilities of CdS when compared to TiO2.
77

  Additionally, TiO2, with a 

bandgap of 3.2 eV (380 nm), should not function under conditions λ > 420nm.  iven the 

50% degradation, it is apparent that P25 is undergoing photoexcitation. The spectrum of 

the lamp (Appendix Figure 4.7) does indicate a small percentage of light under 400 nm, 

which seems sufficient to photoexcite TiO2. This would also suggest, then, that the 

mechanism of P25 photocatalytic degradation of RhB is not purely photosensitization.  
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Figure 4.8 Normalized phenol degradation efficiency of CdS and P25 TiO2. 

 If we account for P25 TiO2 having the ability to undergo both photosensitization 

and photoexcitement, as well as performing better in photo-oxidation processes, we see 

that the CdS that was comparable to P25 TiO2 in both RhB and phenol test, would 

actually perform much better given solely visible irradiation.  

4.4 Conclusion 

 In conclusion, a new method has been discovered to generate highly crystalline, 

pure, hexagonal CdS aerogels. These materials show unique spherical structures while 

also demonstrating photocatalytic activity through multiple cycles. In addition, the 

stability of this material against photocorrosion should make it well-suited for 

photocatalytic hydrogen production.  
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 As a result of ease of handling and bulk material behavior, this method should 

lend itself to applications for incorporating various surface contacts, such as in thin-films, 

where good interfacing between materials is important to device performance.   

 By coupling cost-effective materials and a highly-modifiable method with simple 

bench top chemistry, undoubtedly this method will be readily accessible for use by 

physicists, engineers, chemists, and material scientists to make materials for various 

applications and investigations.      
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4.6 Appendix  

 

 

Appendix Figure 4.1 PXRD pattern of the as-synthesized material.  
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Appendix Figure 4.2 A) annealing of as-prepared monolithic aerogel to generate CdS/carbon composite. B) 

Post-treatment of CdS/carbon composite yields different products depending on conditions. 
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Appendix Figure 4.3 PXRD of post-treated material at 500°C.  
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Appendix Figure 4.4 TGA of CdS/carbon composite.  

 

 

Appendix Figure 4.5 SEM of sample post-treated at 400°C.  
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Appendix Figure 4.6 Time-dependent absorption spectra of RhB solution in the presence of irradiated P25. 

Sampled every 20 minutes 

 

Appendix Figure 4.7 Spectral distribution information of RPR-4190A from the Southern New England 

Ultraviolet Company. 

 

 


