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ABSTRACT OF THE THESIS 

Enzyme Mediated Synthesis of a Semiconducting Metal Oxide 

by 

John Michael Johnson 

Master of Science, Graduate Program in Chemical and Environmental Engineering 

University of California, Riverside, September 2012 

Dr. David Kisailus, Chairperson 

 

Enzymes are an important class of biological molecules, their specific functionality being 

exploited to perform tasks beyond the reach of conventional chemistry. Because they are 

operational under environmentally friendly, ambient conditions, the adaptation of these 

biomacromolecules can be used to replace current energy intensive and environmentally harsh 

synthesis methods for materials applications. One possible use of the enzyme urease is to modify 

the solution environment of a water soluble and stable TiO2 precursor under benign conditions. 

The intended result of this process would be to yield TiO2 nanostructures of controlled size. 

These TiO2 nanostructures can be utilized for numerous engineering applications such as low cost 

photovoltaics and photocatalysis. The motivation behind this work is to produce titanium dioxide 

using an ambient temperature, near neutral pH, one-pot synthesis method. Furthermore to make 

this process suitable for industrial application this work also focuses on immobilizing the enzyme 

for increased stability and reusability. 
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Chapter 1: Introduction and Background 

1.1 Introduction 

Nanocrystalline titanium dioxide (TiO2) exhibits optoelectronic properties 

attractive for a wide range of applications such as hydrogen storage
1
, gas sensing

2
, 

heterogeneous photocatalysis
3
, and electrodes in Dye-sensitized solar cells (DSSCs)

4
. 

TiO2 is an ideal material for these applications due to its chemical and physical stability 

in aqueous media, natural abundance and minimal impact on the environment. Although 

TiO2 occurs naturally as three polymorphs (brookite, rutile, and anatase), nanoscale 

crystalline TiO2 often requires extensive processing at elevated temperatures and/or in 

many instances, the use of caustic or environmentally unfriendly solvents. Vapor phase 

synthesis methods of TiO2 such as chemical vapor deposition (CVD)
5
, physical vapor 

deposition (PVD)
6
, and flame pyrolysis

7
 are energy-intensive and commonly result in the 

production of large, low-surface area crystals. Lower temperature solution-based routes 

such as hydrothermal
8
, solvothermal

9
, and sol-gel

10
 methods have also been proven 

effective for the synthesis of metal-oxide nanostructures but generally offer little control 

over size distribution of resulting materials.  

1.2 The role of nanocrystalline TiO2 in energy production 

 Based on current levels of consumption, proven reserves of petroleum, natural gas 

and coal are expected to deplete over the next 42, 60, and 122 years
11

, respectively. At 

the same time, an increasing population alongside the increasing industrialization of 
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developing nations is expected to result in a substantial rise, to nearly double the amount 

used in the year 2000 by the year 2030
12

, in worldwide energy consumption (fig. 1).  

Reliance on fossil 

fuels can be reduced by the 

introduction of new and/or 

renewable sources of 

energy
13

 (i.e., biofuels
14

, 

wind
15

, geothermal
16

, 

solar
17

, etc.). Solar energy 

is one such renewable 

source that, when used in tandem with a semiconducting material can be converted 

directly into electrochemical energy, as well as used for the production of hydrogen fuel. 

Among these, solar energy is especially attractive due to abundance of energy available 

for capture. The sun delivers 410
24

 J of solar energy to the Earth annually
18

 which is 

substantially higher than the 1.510
21

 J of energy consumed worldwide in 2009
19

. 

Although there is an abundance of solar energy available, current technologies are either 

too inefficient or too expensive to vie with fossil fuels. Therefore, new, low cost 

technologies, utilizing semiconducting nanomaterials such as TiO2, are needed in order to 

compete with fossil fuels. 

Figure 1.1: 2011 BP statistical review of world energy. 
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Photoexcitation of a 

semiconducting material proceeds due 

to radiation exposure when the energy 

of the radiation is greater than the 

energy of the band-gap
20

. The band 

gap represents the energy difference 

between the valence band (VB) of electrons and the conduction band (CB). Excitation of 

an electron to the conduction band liberates the electron allowing free movement along 

the atomic lattice of the semiconductor
21

.  Shown schematically in figure 1.2, the 

absorption of the photon will result in the production of an exciton (an electron/hole pair) 

and subsequent charge separation of the electron/hole pair as the electron is excited into 

the conduction band of the semiconductor
22

. This process can be utilized for application 

in water-splitting to produce hydrogen fuel
23

. Hydrogen fuel is a clean burning, 

renewable source of energy with a heat of combustion greater than 2.5 times that of 

hydrocarbon fuels
24

. For the case where the bottom level of the conduction band is more 

negative than the reduction potential of H
+
/H2 and the top of the valence band is more 

positive than the oxidation potential of O2/H2O then water splitting proceeds by the 

reduction of water molecules by electrons to form H2 and the oxidation of water 

molecules by holes to form O2
25

.      

Figure 1.2: Schematic diagram of photoexcitation of 

electron from valence band (VB) to conduction band (CB) 

in a semiconducting material. 
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In order to convert of solar energy 

directly into electrochemical energy, Michael 

Gratzel demonstrated a photovoltaic cell 

based on the dye-sensitization of colloidal 

TiO2 films
26

. A schematic of a dye-sensitized 

solar cell (DSSC) based on Gratzel’s 

pioneering research is shown in figure 1.3. A 

photo-responsive organic dye molecule is 

adsorbed onto the surface of a 

semiconducting material such as TiO2. The dye-modification of the TiO2 nanocrystalline 

surface enables electrons in the dye molecule, excited by photons, direct transport into 

the conduction band of the TiO2. The organic dye may be treated as a narrow band 

semiconductor with photoexcitation occurring between the highest occupied molecular 

orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO)
27

. The photo-

induced current can then drive a load by electron transmission through an attached 

circuit. An electrolyte, containing a redox pair such as I3
-
/I

-
, enables the restoration of the 

dye molecules
28

. The schematic illustrates that at the counter electrode surface, the iodide 

ion is reduced to triiodide ion. The triiodide ion will then regenerate the dye molecules in 

order to continue the reaction cycle. The reaction scheme for excitation, electron injection 

and dye regeneration is thus
29

. 

   
  
→            (1.1) 

Figure 1.3: Schematic diagram of a dye-sensitized 

solar cell (DSSC). 
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→               (1.2) 

                 (1.3) 

1.3 Photocatalytic degradation of organic contaminants in waste water using 

nanocrystalline TiO2  

Increasing worldwide population, 

coupled with industrial development, is 

placing growing pressure on worldwide 

water resources through both increased 

consumption and by introduction of new, 

as yet, unregulated classes of organic 

pollutants known as emerging 

contaminants. Emerging contaminants 

refer to those compounds that, based on several criteria, may present a future risk to 

either humans, animals, or the environment but current data is ambiguous, either due to 

lack of available studies, or insufficient technology to properly quantify the 

environmental fate of the contaminants
30

.  Two classes of emerging contaminants 

currently under scrutiny are pharmaceuticals and endocrine disrupting compounds 

(EDCs). Pharmaceuticals, both prescription and over the counter drugs, are excreted as 

metabolites of parent chemicals after use by both humans and animals
31,32

. EDCs are 

chemicals, synthetic or naturally occurring, that can alter the functioning of an organisms 

Figure 1.4: Schematic diagram of semiconductor 

photocatalysis. 
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natural hormonal control systems
33

. As conventional water treatment methods fail to 

completely remove these new classes of pollutants from waste treatment effluent streams, 

there is a corresponding increase in these chemicals being found in both ground and 

surface water
34,35

. Thus, new treatment methods, such as heterogeneous photocatalysis, 

are needed to ensure clean and safe drinking water
36

.  

Heterogeneous photocatalysis is an advanced oxidation process (AOP), for use in 

water treatment, using the photoexcitation of a semiconductor (e.g., TiO2) to degrade 

organic contaminants
37

. As described previously the photo-excitation by radiation of 

higher energy than that of the band gap will result in the transmission of an electron to 

the conduction band of the semiconductor (fig. 1.4). The remaining hole in the valence 

band acts as an oxidizing agent reacting with either an adsorbed water molecule on the 

surface or with surface OH
-
 groups to form an ∙OH radical while the conduction band 

transmitted electron will reduce oxygen present in the system to a superoxide anion O2∙
38

. 

The ∙OH radical acts as a strong oxidizing agent and will react with organic constituents. 

Intermediates formed in these reactions will be further oxidized by the ∙OH radical 

resulting in the final products CO2 and H2O
39

. 

Nanocrystalline TiO2 has also been studied for use in electrochromic windows 

and displays, hydrogen storage, and sensing applications. Electrochromic devices depend 

on the on the redox potential of a material inducing a color change in the material on 

excitation of the valence band electrons to the conduction band
25

. With respect to 

hydrogen storage it has been demonstrated that near 2wt % H2 could be stored using TiO2 
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nanomaterials at room temperature 6MPa pressure
40

. Subsequently 75% of the stored 

hydrogen was released on lowering of the pressure to ambient conditions. TiO2 

nanomaterials have also been studied for use in gas-sensing applications. Nanocrystalline 

TiO2 has been proven to be highly sensitive in application for sensing H2
41

 and NO2
42

, 

and is also considered promising for application in sensing gaseous carbon monoxide
43

, 

methanol and ethanol
44

. 
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Chapter 2: Principles and Preparations of Titanium Dioxide Nanocrystals 

2.1 Properties of Titanium Dioxide 

As shown in figure 2.1, each Ti
4+

 ion is surrounded 

by a six O
2-

 octahedron. TiO2 occurs naturally as the 

minerals rutile (fig. 2.2A), anatase (fig. 2.2B), and 

brookite
45

. Although both rutile and anatase TiO2 share the 

octahedral structure they differ in both the distortion and the 

orientation of octahedra in the superstructure
46

. The rutile 

structure of TiO2 is indicated by the presence of two edge 

shared and eight corner shared octahedra. Rutile is 

considered the most stable phase, occurring naturally under high temperature and 

pressure in igneous and metamorphic rock formations. Anatase and brookite are 

polymorphs of the more common rutile phase. Anatase consists of four edge-shared and 

four corner-shared octahedral, while the 

brookite structure consists of three edge-

shared octahedra, forming an 

orthorhombic structure. TiO2 is a wide-

band gap semi-conducting material with 

associated band gaps of 3.0eV 

(corresponding to a wavelength,  of 

410nm) and 3.2eV ( = 385nm) for rutile and anatase, respectively
47

.  

Figure 2.1: Schematic 

representation of a TiO6 

octahedron, grey indicating 

titanium and red indicating 

coordinated oxygen atoms. 

Figure 2.2: Illustrations of A) rutile and B) anatase TiO6 

octahedral arrangements. 
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Other semi-conducting materials have been demonstrated as feasible constituents 

in photocatalytic application but with several important drawbacks. Non-oxide 

semiconductors such as GaAS
48

, CdS
49

, and CdSe
50

 have been demonstrated as viable 

materials for solar energy conversion. However, these same materials show a tendency 

towards photoanodic decomposition, a phenomenon known as photocorrosion, and are 

considered environmentally toxic
51

. ZnS is another transition metal sulfide that has been 

considered as a possible alternative to TiO2 due to its optical response in visible light 

when doped with transition or rare earth metal ions
52

. Mass application of ZnS 

photocatalysts are still limited by the high cost of production as well as difficulties in the 

separation and recycling of the constituent ores
53

. Another metal oxide that has been 

studied extensively for photocatalytic application is ZnO. ZnO is a wide band gap 

semiconductor (3.37eV) but has been shown to be unstable in aqueous solution 

decomposing to form Zn(OH)2 on the ZnO surface thus reducing activity of the 

photocatalyst over time
54

. Compared to these other materials, TiO2 has been shown to be 

photocatalytically stable with respect to photocorrosion and chemical corrosion, and is 

abundantly available in nature (thus the raw materials are inexpensive). Thus, TiO2 is 

considered to be environmentally friendly
55

 and continues to be the subject of intense 

study for use in photoelectrochemical and photocatalytic applications. 
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2.2 Vapor phase methods of TiO2 Synthesis 

2.2.1 Chemical Vapor Deposition 

 Chemical vapor deposition (CVD) refers to a method of condensing vapor phase 

reagents that react on a substrate to form a thin film or nanostructured materials. A 

typical CVD process involves the influx of a precursor gas into a vacuum chamber at 

temperatures ranging from 200-1600˚C
56

. The chemical precursors most commonly used 

in CVD production of TiO2 are titanium tetrachloride (TiCL4) and titanium 

tetraisopropoxide (TTIP)
57

. For instance, Kim and coworkers demonstrated the synthesis 

of 3 – 29nm TiO2 nanoparticles by the thermal decomposition of TTIP and the oxidation 

of TiCl4 using a CVD process with temperatures in the range of 1200˚C
58

. The sizes of 

TiO2 nanoparticles were controlled by both the total flow rate of the precursors and the 

precursor concentrations.  

2.2.2 Physical Vapor Deposition 

 Physical Vapor Deposition (PVD) proceeds similarly to CVD with the exception 

that no chemical reaction occurs. Typically, a vacuum chamber operating at a 

temperature of 850˚C and a pressure of near 300Torr are used to synthesis TiO2 nano-

structures from pure Titanium metal powders
59

. 
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2.2.3 Flame Pyrolysis 

 In the flame pyrolysis method an aerosolized titanium precursor is combusted. 

The flame temperature (generally ~850˚C) is maintained by controlling the influx of 

oxygen and natural gas into the system
60

.  In this vapor combustion process, the ligands 

are oxidized and the resulting Ti-O moieties condense to form metal-oxide nuclei. 

Further growth continues by consumption of embryonic metal-oxide clusters within the 

vapor phase
61

. Flame pyrolysis is used to synthesize Degussa P25, considered the 

standard, commercially-based TiO2 used for photocatalytic studies
62

. It has been found 

that regulation of both the flame temperature as well as precursor concentration offer 

control over the final phase and particle size of the TiO2 nanomaterials. 

2.3 Solution-based synthesis of nanocrystalline TiO2 

The size and composition of the nano-crystalline TiO2 is of 

primary importance to photocatalytic applications since the efficiency 

of producing radicals will depend on the availability of active sites
39

. 

Intuitively, smaller particles will have a larger surface area to volume 

ratio and thus will present a larger catalytic surface area, increasing 

the net charge carrier production rate. A negative consequence of the smaller nano-

crystalline TiO2 is the recombination of electrons and holes due to multiple surface 

traps
63

. Efficiency for a given photocatalytic application is generally based on a trade-off 

between the charge carrier transfer rate and the rate of electron-hole recombination. 

Figure 2.3: Schematic 

diagram of a fully 

hydrated Ti4+ cation. 
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Solution based methods allow control over the synthesis at a molecular level, allowing 

researchers to direct the morphology, size and homogeneity of the prepared materials
64

. 

For a metal cation M
z+

 dissolved in pure water, solvation will occur by the 

surrounding water molecules
65

. Figure 2.3 shows a fully hydrated Ti
4+

 cation. For the 

coordinatively saturated Ti
4+

 cation, the formation of crystalline TiO2 proceeds via a 

condensation reaction referred to as oxolation, named for the formation of an oxo-bridge 

(-O-) between two metal centers, and given by the following reaction sequence for a 

generic metal center and by figure 2.4 for the saturated Ti
4+

 cation
66

. Equation 2.1 shows 

the nucleophilic addition of two saturated metal cations followed by the elimination of 

water to form the M-O-M bond (eqn. 2.2). 

M-OH + M-OH → M-OH-M-OH      (2.1) 

M-OH-M-OH → M-O-M + H2O      (2.2) 

 Solution based synthesis methods rely on the hydrolysis/condensation sequence to 

produce crystalline materials. There are three primary routes to hydrolyze a metal oxide 

for subsequent condensation: decomposition of organo-metallic compounds, forced 

hydrolysis, and controlled release of hydroxide ions. 

Figure 2.4: Schematic diagram of the oxoolation of a fully saturated Ti4+ ion. 
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2.3.1 Decomposition of Organo-metallic Compounds: Sol-gel Synthesis 

Metal alkoxides readily react in water to form metal hydroxides or hydrated 

oxides according to the following reaction
67

: 

M(OR)n + H2O ⇌ M(OH)(OR)n-1 +ROH     (2.3) 

As shown in reaction (2.3), the alkoxide groups (-OR) undergo nucleophilic attack by 

oxygen atoms present in water molecules. The alkoxide groups are thus replaced 

resulting in the formation of a metal hydroxide species. The hydrolysis of the metal or 

metal hydroxide (eqn. 2.3) is followed by polycondensation (eqns. 2.4 and 2.5) reactions 

to form colloidal particles. 

M-OH + M-OR → M-O-M + ROH      (2.4) 

M-OH + M-OH → M-O-M + H2O      (2.5) 

Equation 2.4 is representative of an alkoxolation reaction (release of an alcohol). As 

discussed previously the release of a water molecule and formation of an -oxo- bridge 

between two metal cations is termed an oxolation reaction (eqns. 2.1 & 2.2).  The result 

of these processes is the formation of a network of interlocked –O-M-O-M- chains. Over 

time this network becomes large enough and nucleates as particles in solvent (sol). The 

solvent is removed and aging of the gel allows polycondensation to continue, resulting in 

an overall reduction in the size of the gel and removal of remaining solution (syneresis), 

further, densifying the gel.  In general the hydrolysis and condensation of metal oxide 

precursors used in sol-gel synthesis proceed very rapidly, thus reducing control over the 
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composition and homogeneity of the final product
68

. Adjustment of reaction parameters 

such as solution pH and temperature as well as the water:precursor ratio allows for 

manipulation of the solubility and surface chemistry of the colloidal particles thus 

introducing some control with respect to the end-point nano-structure
69

. Sol-gel synthesis 

largely produces amorphous precipitates and thus is followed by calcination at high 

temperatures, 400 - 800˚C, to produce crystalline materials. Nevertheless, it has been 

reported that a post sol-gel synthesis hydrothermal treatment resulted in the production of 

6 and 10 nanometer titania nanocrystals at milder temperatures of 80˚C and 180˚C 

respectively
70

. 

2.3.2 Forced hydrolysis: hydrothermal/solvothermal synthesis 

At increasing temperatures, metal-coordinated water molecules will readily 

deprotonate to form metal hydroxide intermediates which condense to form M-O-M 

networks (e.g., TiO2). Thus, forced hydrolysis relies on the ease with which polyvalent 

metal (M) cations hydrolyze along with increasing temperature. Higher temperatures will 

increase the rate of hydrolysis and thus will result in a high degree of supersaturation of 

the hydroxylated metal cations
71

.  The supersaturation condition within the system will 

induce nucleation, producing a large number of small nuclei. 

Hydrothermal synthesis refers to the forced hydrolysis of crystalline materials in 

pressurized aqueous media above the boiling point of water. In order to reach the 

saturation vapor pressure, the reactions are carried out in Teflon-lined steel vessels called 

autoclaves
72

. The primary benefit of the hydrothermal method is the ability to obtain 



 

15 

crystalline product at lower reaction temperatures (< 250˚C) than that required by 

sintering an amorphous material (for instance, via the sol-gel method
73

). Furthermore it 

has been shown that variation of system parameters such as pH, temperature, reaction 

time, etc. can be used to control the phase and size of the synthesized nanocrystals
25

. 

 The solvothermal method is similar to the hydrothermal method with the 

exception that the solvent used is nonaqeuous. The solvothermal allows for a wider range 

of both pressures and precursors. Thus the solvothermal method has been demonstrated 

to allow a high degree of control with respect to crystal size
9
 and shape

74
.  

2.3.3 Controlled Release of Hydroxide Ions – Urea Hydrolysis 

Controlled release of hydroxide ions into a metal oxide precursor solution 

provides a slow accumulation of hydroxylated monomers until supersaturation has been 

reached. Similar to forced hydrolysis, achieving supersaturation will result in a burst of 

nuclei. Controlled release differs from forced hydrolysis in that hydroxide ions are 

produced typically via decomposition of a reagent in solution rather than the change in 

solution chemistry due to increasing temperature.  The accumulation of hydroxide ions in 

the system induces an increase in the pH
75

. This increase in pH means more OH
-
 ions will 

be produced and increase the probability of nucleophilic attack on the metals leading to 

hydrolysis. Subsequent condensation reactions will proceed as shown in equation 2.3. 

Controlled release has been demonstrated using decomposition products of urea 

or formamide although direct vapor-diffusion of ammonia has also been used to produce 
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hydroxide ions to synthesize metal hydroxide, metal oxide, and metal phosphate thin 

films
76

. Decomposition of urea liberates ammonia molecules, which react with water to 

form ammonium hydroxide. This liberation of ammonia from urea results in an overall 

increase in pH of the system according to the following reaction mechanisms
77

. 

H2CO3 ⇌ H
+
 + HCO3

-
        (2.6) 

2NH3 + 2H2O ⇌ 2NH4
+
 + 2OH

-
       (2.7) 

Generally heat has been used as the means to decompose urea as it is known to 

decompose easily above 90°C. Thermal decomposition of urea has been used to produce 

aluminum basic sulfate
78

, cobalt (II) nitrate
79

 as well as TiO2
80

.  

2.4 Concluding remarks 

 Titanium dioxide remains one of the most intensely studied materials for use in 

photocatalytic/photoelectrochemical applications. The reasons behind this are its photo-

stability, natural abundance, and its environmentally benign nature. Synthesis of TiO2 has 

been studied via a myriad of conditions, the majority of which require a high input of 

energy and/or the use of environmentally harsh solvents. In fact, the main drawback to 

industrial application of titanium dioxide for use in photocatalytic/photoelectrochemical 

applications is the high cost of nanocrystalline material with controlled size shape and 

phase. Thus, finding a low temperature and environmentally benign synthesis method 

would be advantageous. 
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Chapter 3: Urease Mediated Synthesis of Titanium Dioxide 

3.1 Lessons from nature 

TiO2 can be produced efficiently using a variety of methods, however, many of 

these require a substantial input of energy or the use of environmentally harsh materials. 

Over billions of years, evolutionary pressures have enabled nature to design highly 

selective strategies for designing materials on a molecular level. Bio-mediated 

approaches offer pathways to the production of large surface area, nanocrystalline 

materials under benign conditions such as room temperature, near-neutral pH, and in 

aqueous media
81

. At the heart of these bio-mediated approaches are biomacromolecules 

that are utilized either as biological constructs, which template the formation of a 

material, or as complex catalysts (i.e., enzymes) that drive a chemical reaction. Unlike 

traditional beaker and benchtop reactions, which use exogenous sources of reagents that 

often yield heterogeneities in products due to their uneven distribution in solution
82

, 

enzymes provide the precise control of a reaction by genetically controlled active sites. 

These active sites are critical in the biological world as their precise coordination at the 

angstrom level provides a low energy pathway to complete a reaction.  

Biomacromolecules have been used in the past to synthesize metal oxides 

including ZnO
83

, Cu2O
84

, Ga2O3
85

. Several biomacromolecular pathways have been 

explored in order to produce TiO2 under physiological conditions. For instance, Sumerel 

et al. demonstrated templated synthesis of amorphous TiO2 using the enzyme silicatein to 

catalyze the hydrolysis and subsequent polycondensation of the water-stable organic 
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titanium precursor, Titanium(IV) bis(ammonium lactato) dihydroxide
86

 (TiBALDH). 

Kroger et al. produced hollow microspheres (20-50µM in diameter) consisting of 

crystalline rutile TiO2 at ambient temperature and neutral pH using the sillafin rSilC
87

, 

while Luckarift et al. synthesized amorphous titania at room temperature using 

lysozymes
88

. Although the aforementioned methods generally employ direct templating 

or catalysis of the synthesized materials, similar bio-mediated reactions may also be used 

to accurately generate reagents, thus providing a controlled environment for synthesis. 

The rapid hydrolysis and condensation of precursors will generally result in the 

formation of either amorphous or metastable structures
89

. A controlled and uniform 

evolution of embryonic nuclei can result in a homogenous size distribution among the 

synthesized nanomaterials
90

. Slow, uniform vapor diffusion of ammonia into a reaction 

medium
91,92

 has generated metal oxide materials at room temperature due to the 

controlled condensation of hydrolyzed precursors, but with less control over size 

distribution. The uniform thermal decomposition of formamide
93

 and urea at moderate 

temperatures
94,95,96

 has yielded a homogenous evolution of solution pH to synthesize 

nanomaterials. This decomposition of urea, which occurs at temperatures in excess of 

90°C, results in the liberation of ammonia molecules, which react with water to form 

ammonium hydroxide, which subsequently dissociates to form hydroxide ions. This 

discharge of ammonia from urea results in an overall increase in pH
97

. 
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Conversely, the decomposition of urea can also be achieved via enzymatic routes. In 

aqueous solutions, urease catalyzes the decomposition of urea according to the following 

reaction scheme: 

CO(NH2)2 + H2O + UREASE → NH3 + NH2COOH     (3.1) 

NH2COOH + H2O → NH3 + H2CO3      (3.2) 

The byproduct of reaction (3.2), carbonic acid, is further decomposed to carbon 

dioxide and water. The catalyzed reaction occurs 10
14

 times faster than the un-catalyzed 

hydrolysis of urea, under ambient conditions
98

. Ureases such as those present in the cell 

wall of the bacteria Helicobactor Pylori (H. Pylori), the main cause of gastritis and peptic 

ulceration, use the enzyme to decompose urea present in the highly acidic environment of 

the stomach in order to provide a suitable environment (i.e., neutral pH) for reproduction 

of the cell
99

. In plant species, urease is used to augment the intake of nitrogen that may 

not be available from fixation for the nitrogen cycle. A commonly investigated urease is 

found in the Jack Bean plant (Canavalia ensiformis). Jack bean urease (JBU) is of 

historical significance as the first enzyme to be crystallized
100

 as well as the first 

recognized nickel dependent metalloenzyme
101

. Urease from the Jack Bean plant consists 

of a hexameric structure (MW ≈ 480kD), figure 3.1a
102

, and a catalytic site consisting of 

Ni ions (fig. 3.1b)
103

 that are precisely juxtapositioned to enable the hydrolysis of urea, 

yielding ammonia byproducts. One proposed mechanism of urease catalyzed 

decomposition is shown in figure 3.1c
104

. 
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The stability of a bidentate metal chelate titanium precursor, such as (TiBALDH), 

under ambient conditions is due to the interaction of adjacent oxygen and carboxylic 

functional groups
105

. This conjugate system allows for delocalization of electrons away 

from an oxygen molecule complexed to a central metal ion, resulting in a reduction of the 

Lewis basicity of the coordinated oxygen atom
106

. The homogenous dispersion of urease 

throughout the solution coincides with a homogenous increase in concentration of 

hydroxide ions (OH
-
). These nucleophilic ions hydrolyze the TiBALDH by simultaneous, 

nucleophilic attack of free hydroxide ions on the juxtaposed bidentate ligands 

coordinatively attached to a central Ti
4+

 ion
107

 (fig. 3.2), leading to the formation of fully 

Figure 3.1: a) Hexameric structure of Jack Bean Urease (PDB# 3LA4), b) Jack Bean urease catalytic site, c) 

proposed mechanism for urea decomposition by urease. 
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(and partially) hydrolyzed species that can 

participate in condensation reactions. This 

is advantageous over adding an exogenous 

base in that even under rapid stirring, 

TiBALDH molecules located at the surface 

of the reaction media will react with 

hydroxide ions before those that are at the 

bottom of the reactor. In addition, the use 

of an enzyme to generate hydroxide ions 

circumvents the need to thermally 

decompose formamide or urea, and thus, 

the reaction can be sustained at room 

temperature which, enables the growth of 

these materials on polymeric substrates (e.g., electrically conductive polymers as 

electrodes for flexible sensitized solar cells). 

3.2 Experimental/Discussion 

3.2.1 General methods 

TiO2 synthesis experiments and urease activity measurements: Accept as noted, Jack 

Bean Urease was purchased from Worthington Biochemical Corporation (MW = 480,000 

Da, 45 units/mg). The enzyme arrived pre-dialyzed and lyophilized so no further 

purification was required. Urea powder and TiBALDH solution, 50 wt % in water were 

Figure 3.2: Hydrolysis of titanium(IV) bis(ammonium 

lactato) dihydroxide by hydroxyl species present in 

solution. 
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purchased from Sigma-Aldrich. All solutions were prepared using nanopure water (Milli-

Q). Post-synthesis the products were immediately removed and centrifuged at 4°C for 1hr 

at 16,000 rpm. Following removal of the supernatant, the pellet was re-suspended in 

nanopure H2O and sonicated (Branson 2510) for 30 minutes. The washing process was 

repeated four times to ensure complete removal of unreacted precursors and by-products. 

After the washing process the pellet was dried at 60˚C for 24hrs. The dried products were 

ground to a fine powder and set aside for analysis. 

X-ray Diffraction (XRD): A portion of the dried and ground powder were ground to a 

fine powder and placed on a glass microscope slide and characterized using X-ray 

diffraction (Philips X’Pert) with Cu K radiation ( = 1.540 Å) over a range 2θ =10° - 

70°.  

Transmission Electron Microscopy (TEM): Unless otherwise noted, Transmission 

Electron Microscopy (T-20 and Titan, FEI) was used to observe the lattice fringes of the 

as-synthesized TiO2 nanomaterials and for size dispersion quantification. TEM specimens 

were prepared by dispersing the as-synthesized powder in ethanol, sonicating for 30 

seconds (Hielscher, UP100H) and depositing the suspension onto 400 mesh holey-carbon 

copper grids (Ted Pella). 

Diffuse Reflectance: Diffuse Reflectance spectra were measured using a Thermo-

Scientific Evolution 300 UV-Vis Spectrophotometer with Praying Mantis Diffuse 

Reflectance attachment. The scan speed, bandwith, and data interval were set to 

240nm/min, 1nm, and 1nm respectively. 
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Electron Dispersive Spectroscopy (EDS): Elemental analysis was performed on the as-

synthesized material using an XL30FEG Scanning Electron Microscope with integrated 

EDS system.  

3.2.2 Urease activity: Michaelis-Menten analysis at varying temperatures 

Quantitation of the enzymatic urease activity was performed using methodology a 

similar to that presented by Krajewska et al. in 2002
108

. Reaction solutions were prepared 

consisting of 0.01M TiBALDH and varying concentrations of urea (0.001, 0.002, 0.01, 

0.02, 0.1, and 0.2M). Reactions were initiated by injection of 0.1mL, freshly prepared, 

4.2µM aqueous urease suspension (final urease concentration of 0.013µM). An 

ammonium ion probe (Vernier) was connected a computer and the ammonium ion 

concentration was monitored and recorded every 5 seconds, in 5 minute intervals using 

Vernier LabPro software. These experiments were performed at 25˚C, 40˚C, and 60˚C. 

Reaction solutions were allowed to reach the expected experimental temperature 

prior to urease injection. All samples were prepared in sealed reaction vessels and 

magnetically stirred at 990rpm The initial rate data was used for subsequent Michaelis-

Menten and Lineweaver-Burke analyses to determine the Michaelis constant and the 

maximum rate of ammonium ion production for each synthesis temperature. 
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The initial rates of ammonium ion production due to urease catalyzed 

decomposition of urea, for varying concentrations of urea, are depicted in figures 3.3a – 

3.3c for respective experimental temperatures of 25˚C, 40˚C, and 60˚C. The collected 

initial rates (fig. 3.3d) were determined by taking the individual slopes of the curves 

representing the change in ammonium ion concentration over time. The plots show that 

for urea concentrations less than 0.1M, the rate of ammonium ion production increases 

with increasing urea concentration. For urea concentrations greater than 0.1M the rate of 

Figure 3.3: a), b), and c) are plots showing the change in ammonium ion concentration with respect to time for 

temperatures: 25, 40, and 60°C respectively, d) tabulated values of the rate of ammonium ion production with 

respect to time. 
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ammonium production is constant, implying that all active sites are being utilized. The 

corresponding Michaelis-Menten curves (figure 3.4a) show that the activity of the 

enzyme increases with increasing temperature. The Michealis constant KM and the 

maximum reaction rate Vmax were obtained by Linweaver-Burke analysis (figure 3.4b) of 

the Michaelis-Menten curves. The calculated KM values are 2.70mM, 2.90mM, and 

2.94mM for the samples incubated at 25˚C, 40˚C, and 60˚C, respectively. The 

corresponding calculated Vmax values were 1.44x10
-6

, 1.66x10
-6

, and 1.79x10
-6

 mol of 

NH4
+
 produced per second per mmole of enzyme. The Linweaver-Burke analysis shows 

that the maximum rate of ammonium ion production increases with increasing 

temperature, similar trends have been shown in previous studies
109,110

. It is well known 

that most enzyme catalyzed reactions initially follow an Arrhenius-type rate dependence 

whereby the reaction rate increases linearly with increasing temperature due to an 

increase in kinetic energy of the reactants which, increases the probability that a substrate 

molecule will collide with an active site on the enzyme. The Arrhenius rate dependence 

Figure 3.4: a) Michaelis-Menten curves for urease mediated TiO2 synthesis solutions at 25°C, 40°C, and 60°C, b) 

Lineweaver-Burke plots for ammonium ion production in urease mediated TiO2 synthesis solutions at 25°C, 

40°C, and 60°C. 
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continues until the enzyme begins to thermally denature, changing its molecular 

conformation and deactivating sites.  

3.2.3 Urease Mediated Synthesis of TiO2 

Initial “proof-of-concept” experiments were performed to determine if TiO2 could 

be produced using the urease mediated method. A 30mL reaction sample was prepared in 

an aqueous solution composed of 0.1M TiBALDH and 0.33M Urea. The urease used in 

these initial experiments was purchased from Sigma-Aldrich (lyophilized powder, ~100 

U/mg, 480kDa). The enzyme was dialyzed using Spectrum Spectra/Por Biotech 

Regenerated Cellulose (RC) Dialysis Membranes, MWCO: 3500. Dialysis was carried 

out in 8L of nanopure water over 36 hours with water changes every 6 hours. The 

dialyzed enzyme was then lyophilized and the resulting material stored at -20°C prior to 

use. The reaction temperature was 60°C. Reactions were initiated by injection of 1mL, 

freshly prepared, 3.9μM aqueous urease suspension (concentration = 0.13µM).  

By way of controls two additional reaction solutions were prepared as above 

(0.1M TiBALDH, 0.33M Urea, preheated to 60°C). To the first control solution 1mL of 

aqueous urease suspension, heat denatured by incubation in nanopure H2O, at 90°C for 

25 minutes, was injected as the reaction initiator. The second control solution was 

injected with Bovine Serum Albumin (Sigma-Aldrich, lyophilized powder) to a 

concentration of 0.13 µM. Reactions were carried out in capped glass vials under 

magnetic stirring at 700rpm over a period of 24 hours. The experimental sample became 

slightly opaque within the first hour of the experiment, indicating the presence of 
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precipitate; the heat denatured urease and BSA controls did not show precipitate at any 

time over the 24 hour reaction period. After the allotted reaction time, the precipitating 

reaction solution was immediately removed and centrifuged at 4°C for 1hr at 16,000 rpm. 

Following removal of the supernatant, the pellet was re-suspended in nanopure H2O and 

sonicated (Branson 2510) for 30 minutes. The washing process was repeated four times 

Figure 3.5: XRD pattern (a) and EDS spectrum (b) of the as-synthesized materials showing the presence 

of TiO2. 
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to ensure complete removal of unreacted precursors and by-products. After the washing 

process the pellet was dried at 60˚C for 24hrs. 

The final pHs of the reaction solutions were 9.21, 7.81, and 7.14 for the native 

urease, heat-denatured urease and BSA injected samples, respectively. The low solution 

pH of the non-precipitating controls indicates that the concentration of OH
-
 ions, and 

therefore the amount of hydrolyzed TiBALDH molecules, did not reach a point of 

supersaturation, and thus no nucleation event occurred. 

The X-ray diffractogram representing the urease catalyzed TiO2 (fig. 3.5a) shows 

reflections at 2θ = 25.3°, 37.8°, 48.1° and 53.9°, which correspond to the (101), (004), 

(200), and (105) reflections respectively (JCPDS # 01-084-1286), thus the samples 

appear to be composed primarily of crystalline anatase TiO2. The presence of a slight 

shoulder at 2θ = 27.4°, as well as a minor peak at 2θ = 44.0°, may indicate the presence 

of rutile (110) and (210) TiO2 respectively (JCDPDS#01-073-1765) but subsequent 

analysis by TEM did not corroborate this. EDS (fig. 3.5b) was used for elemental 

analysis of the as-synthesized material showing a structure predominantly composed of 

titanium and oxide with a small quantity if residual carbon possibly present from residual 

precursor or enzyme that was not removed during the washing process. The success of 

the initial 60°C experiments prompted further experiments at decreasing temperatures. 
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3.2.4 Urease mediated synthesis of TiO2: temperature study 

All reaction solutions consisted of 0.1M TiBALDH and 0.33M urea prepared in 

30mL nanopure water (Milli-Q). Synthesis of nanocrystalline TiO2 was carried out at 

three different temperatures 25°C, 40°C, and 60°C. Reaction vessels were incubated in a 

water bath at the appropriate temperature. All solutions were allowed to reach the 

expected experimental temperature prior to initiation of the urease catalyzed reaction. 

Reactions were initiated by injection of 1mL, freshly prepared, 3.9μM aqueous urease 

suspension (for a reaction concentration of 0.13µM with respect to urease). Reactions 

were carried out in capped glass vials under magnetic stirring at 700rpm. The reaction 

time was 36 hours, after which, the products were immediately removed, washed and 

dried. The dried products were ground to a fine powder and set aside for analysis. 

XRD analysis of the as-synthesized materials (Figure 3.6a) uncovered reflections 

at 2θ = 25.3°, 37.8°, 48.1° and 53.9°, which correspond to the (101), (004), (200), and 

(105) planes, respectively, of anatase TiO2 (JCPDS # 01-084-1286). Scherer analysis of 

the (200) reflection
111

 was used to calculate crystal diameters of TiO2 synthesized at 

25˚C, 40˚C, and 60˚C for 36 hours (Figure 3.6b). It is clear that the average TiO2 

crystallite size remains nearly constant, at or near 3.0 nm, under these reaction 

conditions. In addition to the anatase reflections, two minor peaks observed 27.4° and 

44.0° may indicate the presence of rutile TiO2 (JCDPDS#01-073-1765). However, further 

evaluation is necessary to confirm this.   
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Figure 3.6: XRD patterns for materials synthesized via the urease mediated method at temperatures of 25˚C, 

40˚C, and 60˚C, and b) corresponding plots showing the variation in crystallite size for the experimental 

temperatures. 
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In order to confirm the size and phase of the as-synthesized materials, samples 

were imaged using TEM (i.e., bright field imaging and selected area electron diffraction). 

TEM images for  samples prepared at 25°C, 40°C and 60°C for 36 hours are presented in 

Figure 3.7: Bright field TEM image, with SAED inset (a), HRTEM image (b), and representative histogram (c) of 

TiO2 synthesized at 25˚C for 36hours, the circles indicate apparent lattice fringes. 
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Figures 3.7a, 3.8a, and 3.9a, respectively, with insets showing corresponding selected 

area diffraction (SAED) patterns of each specimen confirming the presence of 

nanocrystalline anatase TiO2. High-resolution bright field imaging of samples prepared at 

25°C, 40°C and 60°C for 36 hours (Figures 3.7b, 3.8b, and 3.9b, respectively) all 

Figure 3.8: Bright field TEM image, with SAED inset (a), HRTEM image (b), and representative histogram (c) 

of TiO2 synthesized at 40˚C for 36hours, the circles indicate apparent lattice fringes. 
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demonstrate similar crystallite diameter (ca. ~ 3 nm). Lattice imaging also confirmed 

anatase TiO2, with d-spacings of the nanocrystals measuring ca. 3.51  0.2Å ((101) 

anatase). Histograms representing the size dispersion found in the as-synthesized 

materials prepared at 25°C, 40°C and 60°C for 36 hours (fig. 3.7c, 3.8c, and 3.9c) show 

Figure 3.9: Bright field TEM image, with SAED inset (a), HRTEM image (b), and representative histogram (c) of 

TiO2 synthesized at 60˚C for 36hours, the circles indicate apparent lattice fringes. 
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nanocrystal size indices of 2.840.33, 3.030.31, and 2.940.40  respectively. Each 

histogram represents a count of 40 crystallites. 

UV-Visible spectra (Figure 3.10) were also obtained for TiO2 synthesized at 

25°C, 40°C, and 60°C for 36 hours. The band gap measurements from this data were 

determined to be 3.22eV, 3.21eV, and 3.19eV for samples prepared for 36 hours at 25˚C, 

40˚C, and 60˚C, respectively. Although there is a slight decrease in the observed band 

gap with increasing synthesis temperature, the results are within the margin of error and 

are therefore considered constant.  

The measured band gaps are also similar to those observed in previous 

investigations
112

 and reflect the predicted bandgap for anatase TiO2. It has been 

demonstrated that the band-gap of nanocrystalline materials is affected by the nanocrystal 

Figure 3.10: Diffuse Reflectance spectra of urease synthesized TiO2 prepared at 25˚C, 40˚C, and 60˚C for 36 

hours. 
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size
113

, whereby the band-gap increases with decreasing crystal size
114

. Thus, the near 

constant value with respect to the band gap further substantiates that the crystal size is 

constant irrespective of synthesis temperature, within the experimental temperatures 

studied. 

Classical nucleation theory can be visualized using the well-established La Mer 

diagram shown in figure 3.11. It is theorized that in stage I, the minimum subunit of 

nucleation (monomers) are constantly forming larger particles which then subsequently 

decompose due to a large interfacial 

surface energy. The high interfacial 

energy is due to the large surface area to 

volume ratios of these small particles, 

which contain a high fraction of 

unsaturated bonds. In stage II, the degree 

of saturation (S) has increased to a point 

greater than the critical supersaturation, and thus the interfacial energy barrier has been 

overcome and nucleation from the embryonic clusters occurs. At this point the monomer 

is being consumed at a rate greater than it is being supplied and hence the monomer 

concentration (and thus the supersaturation) falls until net nucleation has ceased. In stage 

III, net nucleation has completely stopped and the growth stage is initiated. This growth 

stage will continue as long as the solution maintains supersaturation (S > 1). 

Figure 3.11: La Mer diagram illustrating the three 

phases of crystal nucleation 
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 Nucleation is governed by the total change in free energy for the system. Two 

competing factors determine at what point nucleation occurs. The surface free energy, 

s = 4r
2       (3.3) 

where, r is the cluster radius and  is the surface energy per unit energy, and the energy 

gain provided by the creation of a new volume, 

v = 
 

 
r

3Gv       (3.4) 

where, Gv is the change of Gibbs free energy per unit volume and is given by, 

     
  

  
  ( )       (3.5) 

where,  is the Boltzmann constant 1.806503 

x 10
-23

 m
2
 kg s

-2
, T is the temperature, Vm  is 

the atomic volume and S is the degree of 

supersaturation. The total change in energy 

for the system is the summation of the 

change in surface free energy and the 

change in Gibbs free energy per unit 

volume. 

        
      

   
   ( )    (3.6) 

Figure 3.12: Plots showing the change in Gibbs free 

energy with respect to crystallite radius. 
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From this equation, it can be seen that until the point of critical supersaturation is 

reached (S > Sc) the energy barrier for nucleation will be insurmountable.  For conditions 

of supersaturation, the effect is shown in a plot of Gibbs free energy versus crystallite 

radius (fig. 3.12). As the radius of the clusters increase, the surface area to volume ratio 

decreases. Under these conditions there are a greater number of internal bonds within the 

cluster volume versus available (unsaturated) bonds at the interface. Thus, there is a 

decreasing of the interfacial energy at the surface. When the critical radius (rc) is reached, 

where the critical energy (G) has been overcome, stable nuclei will form. Clusters with 

a radius less than rc will dissolve into solution providing monomers for subsequent 

growth of nanocrystals 

Based on eqn. 3.6, it is apparent that there is a correlation between nanocrystal 

size and the temperature of the solution. This 

relationship is shown graphically (fig. 3.13), 

whereby the critical radius of nucleating 

crystallites decreases with increasing 

temperature. This is due to the increase in thermal 

energy reducing the overall critical energy 

required to surmount the interfacial energy 

barrier.  

Crystallite growth may occur via two separate growth mechanisms, or a 

combination of both. The first mechanism, described by Ostwald in 1896
115

, referred to 

Figure 3.13: Plots showing the effect of 

temperature on the Gibbs free energy of the 

solution. 
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as Ostwald ripening (OR), is based on a driving force, whereby larger crystals are more 

thermodynamically favored due to their smaller surface area to volume ratio. The smaller 

crystallites will have fewer stabilized interior bonds and more unsaturated surface bonds 

and will thus tend to dissociate under strain from interfacial tension. The smaller 

crystallites will subsequently act as nutrients for the growth of larger crystallites. OR 

typically occurs when there is a sufficient solubility of the material. The second 

mechanism that may occur when the solubility is low is oriented attachment (OA). In 

order to minimize surface energy, the highest energy faces will join with the highest 

energy faces of nearby crystals thus lowering the overall surface energy of the crystals
116

. 

Since the initial sets of experiments did not appear to present a noticeable change 

in crystal diameter (within the experimental error), a subsequent set of experiments were 

carried out at elevated temperatures to determine if crystal growth may occur. The 

reaction solutions (0.1M TiBALDH, 0.33M urea, and 0.13µM urease) were initially run 

for 12 hours at 60°C in sealed glass reactors. These conditions would facilitate the 

production of the nanocrystalline TiO2 without subjecting the enzyme to the denaturation 

effects of the higher temperatures. After the initial 12 hour synthesis, each reactor was 

removed to a separate 60°, 80°C, or 100°C oil bath and incubated for an additional 36 

hours. Analysis of the XRD pattern (fig. 3.14a) demonstrates that the particle size 

remains constant at temperatures up to 80°C but there is an increase in the average crystal 

diameter at 100°C reaction conditions (fig 3.14b). 
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A similar experiment was presented by Finnegan in 2008, where initially prepared 

nanocrystals of 3.5nm TiO2 were synthesized using the sol-gel method. These 3.5nm 

TiO2 crystals were subsequently placed in an aqueous solution (pH = 8) and coarsened 

under hydrothermal condition (105°C) for up to 600 hours. Specimens treated in this way 

Figure 3.14: XRD patterns for materials synthesized via the urease mediated method at temperatures of 60˚C, 

80˚C, and 100˚C, and b) corresponding plots showing the variation in crystallite size for the experimental 

temperatures. 
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showed an increase in crystallite size, growing from 3.5nm to 5.5nm
117

. Classical 

nucleation theory shows that crystal growth will occur, as long as a condition of 

supersaturation exists, and that the size of nucleating crystals is dependent on the 

temperature of the reaction solution. Based on the presented data presented herein, it 

appears that there is a size limitation imposed on the as-synthesized materials prepared at 

temperatures < 100°C. The possible reasons for this limitation will be addressed further 

in the concluding discussion section of this chapter. 

3.2.5 Urease Mediated Synthesis of TiO2: Room Temperature Time Study  

 Generally, for reactions carried out at 25°C, synthesis times of at least 12 hours 

were required in order to produce enough material for characterization via XRD. Thus, 

for the initial room temperature time study, the synthesis of nanocrystalline TiO2 was 

carried out in time intervals of 12, 24, and 36 hours. Synthesis solutions were prepared 

similarly to those used in the temperature study (i.e., 0.1M TiBALDH, 0.33M urea, and 

0.13µM urease), followed by washing and drying in the manner already detailed (i.e., 

centrifugation at 4°C for 1hr at 16,000 rpm with sonication for 30 minutes between 

centrifugations, and drying for 24 hours at 60°C). 
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The XRD patterns for the 12, 24, and 36 hour synthesis (fig. 3.15a) show patterns 

indicative of anatase TiO2 (i.e., 2θ = 25.3°, 37.8°, 48.1° and 53.9°), corresponding to the 

(101), (004), (200), and (105) planes as well as the minor peaks at 2θ = 27.4° and 44.0°, 

Figure 3.15: XRD patterns for materials synthesized via the urease mediated method at 25˚C, for 12, 24, and 

36hrs, and b) corresponding plots showing the variation in crystallite size for the experimental intervals. 
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observed previously, indicating the presence of rutile TiO2. The plot depicting the change 

in crystallite size with respect to reaction time (fig. 3.15b) shows nearly constant 

crystallite sizes regardless of the reaction times. TEM images (figs. 3.16a – 3.18a) 

Figure 3.16: Bright field TEM image, with SAED inset (a), HRTEM image (b), and representative histogram (c) 

of TiO2 synthesized at 25˚C for 12hours, the circles indicate apparent lattice fringes. 
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indicate the presence of nanocrystalline materials of approximately 3nm size. The SAED 

insets of these images indicate the synthesized material is anatase TiO2, this is further 

corroborated by d-spacing measurements of 3.52Å0.08 (figs. 3.16b – 3.18b). Particle 

sizing was performed, using TEM images prepared for each duration (i.e., 12hr, 24hr, and 

Figure 3.17: Bright field TEM image, with SAED inset (a), HRTEM image (b), and representative histogram (c) 

of TiO2 synthesized at 25˚C for 24hours, the circles indicate apparent lattice fringes. 
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36hr), by examination of at least 40 nanocrystals per experimental set. Histograms 

representing the size dispersions of the as-synthesized materials (figs. 3.16c – 3.18c) 

show nanocrystals having size indices of 2.720.37, 2.980.38, and 2.980.36, for 

samples prepared for 12, 24, and 36 hours respectively. 

Figure 3.18: Bright field TEM image, with SAED inset (a), HRTEM image (b), and representative histogram (c) 

of TiO2 synthesized at 25˚C for 36hours, the circles indicate apparent lattice fringes. 
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  As noted earlier, 12 

hour reaction times were 

required in order to produce 

enough materials for analysis 

via XRD. To examine materials 

produced at earlier time 

periods, the following 

experimental procedure was 

performed. Reaction samples 

were prepared (0.1M 

TiBALDH, 0.33M urea, with 

initiation by injection of urease 

to a concentration of 0.13µM). 

The experiments were 

performed at room temperature 

in sealed reaction vessels with magnetic stirring at 700rpm. Aliquots were removed 

directly from the reaction solutions at times 0, 0.25, 0.5, 1, 2, 6, 12, 24, and 48hrs. Time 

= 0 indicates that the aliquot was taken prior to reaction initiation by injection of urease. 

Sample aliquots were directly deposited onto 400 mesh holey-carbon copper grids (Ted 

Pella). TEM (Tecnai 12) was used to determine the approximate point in the reaction at 

which anatase nanoparticles became present. The pH of the solution was noted at each 

time point an aliquot was removed. 

Figure 3.19: Plot showing the change in pH after injection 

of urease (a) into a TiO2 synthesis solution, and (b) pH 

values monitored over the duration of the experiment. 
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 The solution pH increased over the course of the experiment from the initial pH of 

7.42 (prior to urease injection) to the final pH of 9.13 taken after a 48hr reaction (fig. 

3.19a). The collected values are presented in figure 19b. TEM images, with 

Figure 3.20: Bright field TEM image, with SAED inset (a), HRTEM image (b), and representative histogram (c) of 

TiO2 synthesized at 25˚C for 1hour, the circles indicate apparent lattice fringes. 
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accompanying SAED insets, representing the samples removed at 1 and 6hrs (figs. 3.20a 

and 3.21a, respectively) show the presence of nanocrystalline anatase TiO2. Counts of 40 

nanocrystals each, were performed on the associated TEM images showing size 

Figure 3.21: Bright field TEM image, with SAED inset (a), HRTEM image (b), and representative histogram (c) of 

TiO2 synthesized at 25˚C for 6hours, the circles indicate apparent lattice fringes. 
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dispersions of 2.90nm0.41 and 2.84nm0.38nm for the 1hr and 6hr samples 

respectively. Crystalline TiO2 was not found in sample aliquots removed at time periods 

earlier than 1hr, thus it is apparent that nucleation occurs between 30 minutes (pH = 8.42) 

and 1 hour (pH = 8.65) into the reaction. The 6 hour time point shows anatase crystals of 

similar size distribution to the 12, 24, and 36hr TEM data already presented. Thus the 

similar size shown among the different time points suggests that any residual time spent 

in solution has no effect on the nanocrystal size.  

3.2.6 Urease mediated synthesis of TiO2: precursor concentration study 

 Experiments were carried out to determine the effect of variations in TiBALDH 

concentration. All reaction solutions consisted of 0.33M and were initiated by injection of 

1mL, freshly prepared, 3.9μM aqueous urease suspension (for a urease concentration of 

0.13µM). Three separate TiBALDH concentrations of 0.001M, 0.01M and 0.1M were 

examined. The solution temperature was 25˚C and the reaction time was 24 hours. 

 XRD analysis (fig. 3.22a) shows reflections for the materials produced using 

solutions containing 0.001M, 0.01M, and 0.1M TiBALDH concentrations. The quantity 

of materials synthesized decreased with a decrease in titanium precursor, thus the amount 

of powder used for analysis was significantly decreased in the 0.001M sample. The 

reflections for the 0.01M and 0.1M TiBALDH samples showed the expected peaks at 2θ 

= 25.3°, 37.8°, 48.1° and 53.9°, indicating anatase TiO2. However, the sample prepared 

using 0.001M TiBALDH showed a only a single broad peak at an approximate 2θ of 

24.8. This may be attributed to the low quantity of materials, thus the average crystallite 
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size of those samples prepared using a 0.001M concentration of TiBALDH was 

inconclusive. Scherer analysis performed on the (200) reflections of both the 0.01M and 

Figure 3.22: XRD patterns for materials synthesized via the urease mediated method at 25˚C, with TiBALDH 

concentrations of 0.1M, 0.01M, and 0.001M for 24, and b) corresponding plots showing the variation in 

crystallite size with respect to TiBALDH concentration. 
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0.1M TiBALDH samples showed nearly constant (within the margin of error) crystallite 

sizes (fig. 3.22b).  

Figure 3.23: Bright field TEM image, with SAED inset (a), HRTEM image (b), and representative histogram (c) of 

TiO2 synthesized at 25˚C, with TiBALDH concentration = 0.001M for 24hours, the circles indicate apparent lattice 

fringes. 
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Due to the lack of material acquired in the 0.001M sample, the experiment was 

repeated using TEM analysis of aliquots directly withdrawn from the reaction solutions. 

The reactions were performed again following the same protocol (i.e., 0.33M urea, 0.13 

µM urease, 0.001M, 0.01M, and 0.1M TiBALDH) with the exception that, instead of a 

Figure 3.24: Bright field TEM image, with SAED inset (a), HRTEM image (b), and representative histogram (c) of 

TiO2 synthesized at 25˚C, with TiBALDH concentration = 0.01M for 24hours, the circles indicate apparent lattice 

fringes. 
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final washing and drying step, samples were directly removed from the reaction vessels 

after 24 hours and deposited onto 400 mesh holey-carbon copper grids (Ted Pella). The 

samples were then analyzed using TEM (T-120).    

 TEM images show nanocrystalline materials of approximately 3nm (fig. 3.23a – 

Figure 3.25: Bright field TEM image, with SAED inset (a), HRTEM image (b), and representative histogram (c) 

of TiO2 synthesized at 25˚C, with TiBALDH concentration = 0.1M for 24hours, the circles indicate apparent 

lattice fringes. 
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3.25a) for urease-mediated materials using 0.001M, 0.01M, and 0.1M TiBALDH. Inset 

SAED confirms the presence of nanocrystalline anatase TiO2. Histograms (figs. 3.23a – 

3.25a) were prepared by analysis of 30 distinct crystallites. The size indices were 

2.740.29, 2.720.39, 2.760.37 for the 0.001M, 0.01M, and 0.1M TiBALDH samples, 

respectively. 

The theoretical effect of precursor concentration on the critical radius of 

nucleating crystals is governed by eqn. 3.6. Similar to the effect of temperature, the 

critical radius of nucleating crystals decreases with an increase in the degree of 

supersaturation of the solution. This effect is stronger than the effect of temperature due 

to the degree of supersaturation appearing within the natural logarithm of the term. The 

data clearly shows that comparable crystallite sizes are achieved for each concentration of 

precursor. Thus, there may indeed be crystallite growth occurring but only up to a 

temperature limited size, as seen in previous experiments. 

3.2.7 Room temperature synthesis of TiO2 by exogenous pH adjustment 

 In order to compare the monodispersity of TiO2 synthesized using the urease 

mediated synthesis method, versus TiO2 synthesized using exogenous pH adjustment, 

control samples were prepared by adding 30% NH4OH in 10μL increments to 25mL 

nanopure water until a pH of 9.14 was achieved (pH 9.14 was the maximum pH achieved 

in urease mediated synthesis solutions after 36 hour room temperature incubation). 

TiBALDH was added to the control samples (0.1M) and additional nanopure water to a 

reaction volume of 30mL. The control samples were then incubated at 25˚C for 36 hours. 
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The prepared materials were then washed and dried in the manner detailed at the 

beginning of the experimental section. 

 Analysis of the TEM images for the sample prepared through exogenous pH 

adjustment (fig. 3.26a) show the prepared nanocrystals to be slightly smaller than those 

Figure 3.26: Bright field TEM image (a), and representative histogram (b) of TiO2 synthesized at 25˚C, in pH 

9.14 solution exogenousely prepared using NH4OH. 
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prepared via urease synthesis but with a size distribution (2.28nm0.80) nearly double 

that of the urease mediated method. 

3.3 Discussion/Conclusion 

Initial experiments were used to determine the Michaelis-Menten parameters of 

the enzyme in the synthesis solutions. Generally, Michaelis-Menten experiments are 

carried out under controlled pH, however, variation of solution pH expected and essential 

to this system, thus pH was not restricted by the addition of buffer reagents. The values 

presented show that there is an increase in both the KM and the Vmax of the reaction 

solutions corresponding to an increase in solution temperature. This trend is expected in 

enzymatic catalysis due to the Arrhenius-type rate dependence (fig. 3.44a and b) of these 

reactions at temperatures below the specific enzymes thermal denaturation temperature. 

Urease is known to thermally denature at or near temperatures of 80˚C and thus, 

experiments in this thesis focused on temperatures below this point. For the urease 

mediated synthesis solutions the maximum rate of reaction was lowest at room 

temperature. This is beneficial for the synthesis of TiO2 in that it allows time for the 

titanium precursor to homogenously distribute throughout the reaction solution prior to 

the production of hydroxyl ions and subsequent hydrolysis of the titanium precursor.  

Synthesis reactions were carried out under various conditions (e.g., temperature, 

time, and precursor concentration) and predominantly showed synthesis of anatase 

nanocrystals. It is anticipated that a metastable phase such as anatase would form due to 

the fact that the energy landscape the reaction sees, being at low temperature, is often one 
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that passes through metastable phases on its way to the final crystalline state (i.e., rutile). 

These pathways often have lower energy barriers, as is such for nucleation of anatase vs. 

rutile
118

. In fact, many methods to TiO2 often form anatase first
119,120

. Structurally, the 

long-range arrangement of the TiO6 octahedra in anatase is less-constrained than rutile
121

. 

In addition, anatase has a lower surface free energy, even though rutile has a lower Gibbs 

free energy
122,123

, and thus, anatase may be the more favored crystalline phase due to the 

high surface energy of rutile crystallites
118

. 

Size and size distributions of each specimen were determined by measuring at 

least 40 (figs. 3.7a-3.9a, 3.16a-3.18a, 3.20a, 3.21a, and 3.26a) or in some cases 30 (figs. 

3.23a-3.25a), nanocrystals per sample (from TEM micrographs). Representative 

histograms are designated (b) in the above noted images. It is clear that the samples 

demonstrate a narrow size distribution as shown in table 1, which indicates a coordinated 

hydrolysis and condensation of the precursor leading to controlled nucleation and growth 

of TiO2 nanocrystals. In comparison, anataseTiO2 prepared without enzyme (i.e., by 

adding exogenous base) at 25˚C, similar pH, and reaction time of 36 hours (fig. 3.26b) 

Table 1: Collected crystallite size distributions.  
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show smaller average crystallite domains (2.28 nm +/- 0.80), but with a larger 

distribution, highlighting the uniformity of the enzyme-mediated process. These 

coordinated reactions are related to the hydrolytic stability of TiBALDH due to the 

interaction of adjacent oxygen and carboxylic functional groups with the metal center. 

This conjugate system allows for delocalization of electrons away from the oxygen 

molecule complexed to the central metal ion, resulting in a reduction of the Lewis 

basicity of the of the coordinated oxygen atom
105

. Thus, the homogenous dispersion of 

urease throughout the solution coincides with a homogenous increase in concentration of 

hydroxide ions (OH
-
), which enables a simultaneous, nucleophilic attack of free 

hydroxide ions on the juxtaposed bidentate ligands coordinatively attached to a central 

Ti
4+

 ion
107

. These nucleophilic ions hydrolyze the TiBALDH, leading to the formation of 

fully (and partially) hydrolyzed species that can participate in condensation reactions. 

This is advantageous over adding an exogenous base that will react with TiBALDH 

molecules located at the surface of the reaction media before those that are at the bottom 

of the reactor. 

The initial pH of the synthesis solutions is approximately 7.8, thus the increase 

over a 1 hour period, from the initial pH to the synthesis pH of approximately 8.65, 

represents a near order of magnitude increase in hydroxide ions. This uniform generation 

of hydroxide ions in the reaction solution ensures a significant fraction of the TiBALDH 

molecules will hydrolyze at the same rate. If the speciation of Ti(BALDH)2-n(OH)2+n is 

nearly the same, then, the rate of growth of condensed species will also be similar and 
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thus, the induction time to nucleation (i.e., the time from the solution acquiring a state of 

supersaturation to the formation of nuclei of critical size
124

) will be uniform. The 

induction time is related to the nucleation rate given by
125

: 

Jn = Aexp(-Gn/kBT)       (3.7) 

where, A is a constant, Gn is the Gibbs free energy change required for nucleation, kB is 

the Boltzman constant and T is the temperature. This expression can further be expressed 

by: 

Jn = Aexp(-B3
/2

)       (3.8) 

where, B is a constant,  is the interfacial energy and  is the supersaturation. This 

equation shows that the nucleation rate is strongly dependent on the supersaturation. Thus 

by controlling the concentration of (i) enzyme, (ii) urea, (iii) TiBALDH, we can control 

the hydrolysis of TiBALDH to form Ti-OH species, which subsequently condense to 

form Ti-O-Ti clusters, and thus by controlling the supersaturation the nucleation rate is 

uniform throughout the solution. 

The crystallite diameters of the synthesized TiO2 were approximately constant 

regardless of reaction duration, solution temperature, or precursor concentration and thus, 

significant growth was hindered. It has been shown that lactic acid has an affinity for 

TiO2 surfaces
126

 and thus the hydrolyzed lactato ligand by-products likely adsorb to the 

surface of the newly formed nanocrystals, hindering diffusion of growth units onto the 

crystallite surface. Mockel et al. demonstrated this phenomenon
105

 by injecting 
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ammonium lactate into a hydrothermal reactor at the onset of a reaction using TiBALDH 

as a precursor to form TiO2. The result was a 50% size reduction of TiO2 crystallites 

versus those prepared without extraneous lactate groups. The reactions in this study are at 

significantly lower temperatures than hydrothermal conditions, and thus it is also feasible 

that growth can be limited, not only due to lactate absorption but also from sluggish 

growth kinetics. 

UV-Visible spectra (Figure 3.10) were also obtained for TiO2 synthesized at 

25°C, 40°C, and 60°C for 36 hours. The band gap measurements from this data were 

determined to be 3.22eV, 3.21eV, and 3.19eV for samples prepared for 36 hours at 25˚C, 

40˚C, and 60˚C, respectively. Although there is a slight decrease in the observed band 

gap with increasing synthesis temperature, the results are within the margin of error and 

are therefore considered constant. The measured band gaps are also similar to those 

observed in previous investigations and reflect the predicted band gap for anatase TiO2. 

This chapter demonstrates a bio-mediated approach, using the hydrolytic enzyme 

urease, to induce a uniform dispersion of anatase TiO2 at room temperature. This is 

achieved through coordination of enzyme with urea in a solution containing a 

hydrolytically stable TiO2 precursor. The lag time between injection of urease and 

generation of hydroxide ions in solution affords a coordinated hydrolysis and 

condensation of precursor molecules, resulting in a single-burst nucleation event. In 

addition, the use of an enzyme to generate reagents (i.e., hydroxide ions) circumvents the 

need to thermally decompose formamide or urea, and thus, the reaction can be sustained 
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at room temperature, which enables the growth of these materials on polymeric substrates 

(e.g., electrically conductive polymers as electrodes for flexible sensitized solar cells). 
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Chapter 4: Immobilized Urease Mediated Synthesis of TiO2 

4.1 Enzyme Immobilization 

Although there are a variety of uses for enzymes, there are a number of 

limitations that can be overcome through immobilization. The benefits of using enzymes 

immobilized onto a substrate are twofold: (i) ease of separation of the enzyme from the 

catalyzed product, and (ii) the ability to reuse the substrate for subsequent reactions
128

. 

Some researchers have also reported increases in stability with respect to pH and 

temperature conditions compared with the normal operating conditions of the enzyme
129

. 

It is speculated that this increase in stability may be due to the three-dimensional 

stabilization induced from a closely packed field of enzymes. There have also been 

published reports of increasing in activity of immobilized enzymes versus native (free-

floating) enzymes
130

 in solution, however, other researchers have shown substantial 

decreases in the relative activity of immobilized enzymes
131

 versus that of the native 

enzyme in solution. 

There are three primary methods of enzyme immobilization: support binding, 

entrapment, and chemical cross-linking. Immobilization of enzymes onto a carrier 

support relies on physisorption of the enzyme to a solid carrier. The carriers used in 

support binding may be inorganic (e.g., glass
132

, alumina
133

, silica
134

, etc.) or organic 

(e.g., structural proteins such as collagen
135

, globular proteins such as albumin
136

, or 

carbohydrates
137

). Support binding methods are advantageous in that activation can be 

typically achieved without secondary reagents and with minimal activation steps
138

. 
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However, physical adsorption provides relatively weak binding of the enzyme to the 

carrier support, which can prove unstable under industrial reaction conditions
139

. 

Entrapment methods encapsulate the enzymes in porous networks of an insoluble matrix 

material such as silica sol-gels
140

, or more recently, in bio-mimetically synthesized 

silica
141

. Entrapment methods are attractive because they are cheap, relatively simple 

methods, and may be prepared under fairly mild conditions, nevertheless the entrapment 

matrix can induce mass transfer/diffusion limitations which may lower the overall 

activity of the contained enzymes
142

. Chemical cross-linking covalently bonds an enzyme 

to a carrier substrate and thus establishes a more robust catalytic surface without the 

transport limitations intrinsic to entrapment methods. 

Due to the reaction conditions characteristic of the urease mediated synthesis of 

TiO2 (e.g., pH ~ 9.2, stirring of the reaction solution, removal and reuse of the 

immobilized substrate) the bond strength inherent in covalent binding through chemical 

cross-linking was deemed optimal for this study. Thus, in order to test the reusability of 

the enzyme as an effective catalyst for nanomaterial synthesis, an immobilization strategy 

was developed that utilized alkane thiol linkers bound to a gold substrate.  Based on the 

high affinity of organosulfer compounds for gold
143,144

, self-assembled monolayers 

(SAMs) may  be formed by the immersion of a clean gold substrate into a solution of -

terminated alkanethiols
145,146

.  The monolayers are well ordered with densely packed 

terminal groups
147

. The SAM layers described herein are ordered assemblies consisting of 
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a thiol head group, a ten carbon chain spacer group, and a carboxylic acid terminal 

functional group.  

The conjugation of the urease enzyme to the carboxy terminated alkanethiol SAM 

layer has been summarized in the reaction scheme shown in figure 4.1. First, gold (111) 

overlaid on a titanium coated 4” silicon substrate is functionalized by incubation of the 

gold substrate in an ethanolic solution of 11-mercaptoundecanoic acid (MUA). This 

procedure is followed by the amidation of the functionalized gold substrate using 

EDC/NHS coupling chemistry. EDC/NHS coupling proceeds through the formation of O-

acylurea via the addition of the OH group of the carboxylic acid across one of the 

carbodiimide double bonds
148

. It has been demonstrated that the more stable n-acylurea 

may form quickly in aqueous solution
149

 and thus simultaneous reaction with NHS may 

be employed to competitively form a more stable intermediate for amide coupling
150

. 

Nucleophilic attachment by the NHS molecule will result in the release of an EDC urea 

derivative and the formation of the succinimidyl ester (-COOSuc) functionalized alkane 

thiol. Amide coupling to the enzyme to the SAM functionalized gold substrate now 

proceeds via a primary amine present in a surface bound lysine residue
151

. Urease 

Figure 4.1: Urease immobilization scheme. Gold (111) is overlaid on a titanium coated 4” silicon substrate, 

followed by SAM functionalization. Urease conjugation is achieved using EDC/NHS coupling chemistry. 
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immobilized in this manner has been researched extensively for use in detection of urea 

in bodily fluids as an indicator of abnormal kidney functioning
152,153,154

 as well as a 

method for identification of urea-contaminated agricultural waste waters
155

.  

4.2 Experimental/Discussion 

Immobilization of Urease: A 5nm layer of Titanium was first evaporated, via E-beam 

evaporation (Temescal BJD 1800), onto a 4” silicon (100) wafer (Ted Pella) followed by 

evaporation of a 50nm gold layer. The wafer was then cut into 3cm
2
 pieces which were 

subsequently washed in “piranha solution” (3:1 H2SO4/H2O2) for 1 hour and rinsed in 

nanopure H2O. The 3cm
2
 gold pieces were then rinsed in 100% ethanol and immersed in 

separate 10mM ethanolic solution of MUA, purchased from Sigma-Aldrich. The 3cm
2
 

gold pieces were allowed to incubate for 24 hours at room temperature to enable self-

assembly. After 24 hours, the self-assembled monolayer (SAM) of MUA coated gold 

substrates were rinsed in 100% ethanol and dried under argon gas. In order to couple the 

enzyme to the wafer, the SAM layer was activated via EDC/NHS coupling chemistry as 

follows: a 5mM aqueous solution of 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide 

hydrochloride (EDC) and N-hydroxysuccinimide (NHS), both chemicals purchased from 

Sigma Aldrich, was prepared and incubated under argon flow for 15 minutes. After 15 

minutes the SAM functionalized gold wafers were added to the solution and incubated 

for an additional 90 minutes under argon flow. Following the EDC/NHS activation, the 

wafers were then rinsed in nanopure water and dried under argon. 2mL of a 4.0µM urease 

suspension (pH 7.3) in sodium phosphate buffer (PBS) was placed directly on top of the 
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EDC/NHS activated wafers and stored for 24hrs at 4°C. Following enzyme 

immobilization, the wafers were washed with and stored in PBS buffer at 4°C. 

4.2.1 Verification of urease immobilization 

As a consequence of enzymatic decomposition of urea (and subsequent 

introduction of ammonia into the 

reaction solution), there will be a 

corresponding increase in the 

solution pH, thus, a simple method of 

verification for the presence of 

immobilized urease is to monitor the 

change in pH over time on 

introduction of urea. A urease 

conjugated, SAM functionalized gold wafer was inserted, gold side down, into a small 

Teflon holder and then placed in a beaker containing 18.5mL of 1.35M aqueous urea 

solution, a pH probe was immediately immersed into the reaction solution. The solution 

pH was continuously monitored over a 24hr period. At the same time, SAM 

functionalized gold wafers, that had not proceeded through the urease conjugation step, 

were inserted into control solutions (18.5mL, 1.35M urea). The pH of the control solution 

was also monitored for the same 24hr period. The gold wafer with SAM deposition 

maintains a nearly constant pH of 5.76 throughout the duration of the experiment. The 

urease conjugated wafers show an immediate increase in pH which continues to increase 

Figure 4.2: Plot showing the change in pH with respect to 

time for urease conjugated and SAM functionalized, gold 

wafers after injection of urea to the reaction solution. 
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linearly until a pH of approximately 7.30 is reached. At this point the rate of pH increase 

begins to slow as the bulk of the substrate urea has now been decomposed. The pH 

continues to increase until a final pH of 8.1 is reached, approximately 14hrs into the 

reaction, and remains constant over the duration of the experiment. The cessation of pH 

increase is due to the complete decomposition of the urea substrate and thus, there is no 

subsequent production of ammonia and corresponding release of hydroxyl ions into 

solution. 

For further verification of immobilization and quantitation of enzyme packing 

density, immobilized samples were interrogated with a Veeco dimension 5000 Atomic 

Force Microscope (AFM) in tapping mode. The urease-immobilized gold substrates were 

adhered to an AFM puck using carbon tape and imaged using silicon cantilevers at a 

frequency of 300 kHz and spring constant of 60 N/m.    

Images 4.3a and 4.3d represent the as-prepared gold surface where figure 4.3a has 

a scan area of 2.5µm and figure 4.3d has a scan size of 500nm. Based on AFM analysis, 

the evaporated gold layer consisted of particles between 30nm to 182nm in diameter and 

a relatively smooth surface topography. Figures 4.3b, e, and g represent AFM images of 

SAM functionalized gold substrates at scan areas of 2.5µm, 500nm, and 250nm, 

respectively. AFM images of the observed surface structures of theses SAM-

functionalized layers followed the same topography displayed by the gold layers but with 

an obvious roughening at the nanoscale indicating SAM coverage. Figures 4.3c, f, and h 

represent AFM images of urease enzyme that is covalently bound to the SAM surface. 
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The size of the cantilever would not allow high enough resolution to differentiate 

between the gold surface and SAM surface (~ 1.2 nm height differential), but a 

distribution of smaller particles can be seen in all three image sets for the enzyme 

Figure 4.3: AFM images for a) 2.5m2 area of gold substrate, b) 2.5m2 area of SAM functionalized gold 

substrate, c) 2.5m2 area of urease immobilized onto SAM functionalized gold substrate , d) 500nm2 area of 

gold substrate, e) 500nm2 area of SAM functionalized gold substrate, f) 500nm2 area of urease immobilized onto 

SAM functionalized gold substrate, g) 250nm2 area of SAM functionalized gold substrate, and h) 250nm2 scan 

of urease immobilized onto SAM functionalized gold substrate. 
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immobilized substrates, indicating the presence of urease on the surface. The packing 

density of the immobilized urease was determined by manually counting the visible 

structures on all AFM images with 500nm
2
 scan areas (fig. 4.3f). The determined packing 

density is 0.14 urease/nm
2
 correlating to 4.2x10

13
 urease/3cm

2
 wafer.  Figure 4.3h 

appears to show that the enzyme is uniformly distributed across the substrate. In addition, 

height differentiation between the SAM layer and of enzyme 

was on the order of 12nm indicating that a single monolayer of 

enzyme was deposited (fig. 4.3g). The urease layer shown in 

figure 4.3f also appeared to be construed of objects with an 

average diameter of approximately 12.67nm. Previous reports 

indicate that urease is composed of 6 sub-units with a diameter 

of 60.8Å (based on a spherical sub-unit)
156

. This implies that 

for the 6 sub-unit hexamer the lateral diameter is approximately 

12nm (fig 4.4). This corresponds well to the structures revealed by AFM on the urease-

immobilized substrate. Based on the measured increase in solution pH after injection of 

urea as well as AFM images showing the urease enzyme conjugated onto a SAM 

functionalized gold surface, the aforementioned immobilization procedure was deemed 

successful. 

4.2.2 Reusability of urease conjugated gold substrate 

The reusability of the urease-immobilized substrates was determined by cyclic 

testing of pH as a function of time. The immobilized substrates were immersed in a 

Figure 4.4: Schematic 

diagram of the hexameric 

urease enzyme containing 6 

equal subunits. 
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20mL, 1.0M aqueous solution of urea at room temperature. The pH of this solution was 

concurrently monitored. After the first cycle, the wafer was removed from solution, 

washed in pH 7.3 PBS and stored overnight in PBS at 4°C. 4 subsequent cycles were 

performed to determine reusability.  

 Run 1 in figure 4.5a represents the initial test of the immobilized substrate. It is 

clear that after inserting the urease immobilized substrate into the urea, an increase in the 

pH was observed. In order to determine the feasibility of reusing the immobilized 

substrate, the substrate was removed from the solution at the conclusion of the 

experiment and immersed in pH 7.3 sodium phosphate buffer for storage overnight at 

4°C. The same experiment was run the following day determine if there had been a 

decrease in the catalytic activity of the immobilized enzyme after repeated use. The 

experiment was performed for a total of five cycles. The relative activity was determined 

by equation 4.1 and the values were reported (%) and shown in figure 4.5b: 

                  
        

        
     (4.1) 

 It is clear that after each cycle, the relative activity decreased indicating that either 

some urease was desorbed from the substrate or deactivated (mechanism unkown).  
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4.2.3 Synthesis of TiO2 using immobilized urease:  

 TiO2 was synthesized using urease immobilized onto a gold substrate by inserting 

immobilized substrates into a reaction solution containing 0.001M TiBALDH and 0.5M 

urea. Multiple urease immobilized gold substrates were inserted into the reaction solution 

corresponding to approximate urease immobilized surface area of 15cm
2
 (equated with a 

urease concentration of 17.44nM). The solutions were incubated at 25˚C and 

magnetically stirred (700rpm) for 24hrs. The initial solution pH was 7.68 and the final pH 

= 8.81. TEM (Phillips, Tecnai12) was used to detect the presence of crystalline TiO2 in 

the as-synthesized material. After the 24hr reaction time, TEM specimens were prepared 

by depositing 10μL of reaction solution directly onto a 400 mesh holey-carbon copper 

grids (Ted Pella). 

Figure 4.5: a) pH with respect to time plots for urease immobilized onto SAM functionalized gold substrate 

and b) relative activity per experimental cycle. 
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  The solution reached a final pH of 8.81 at approximately 12 hours into the 

synthesis reaction. The solution became slightly opaque after approximately 20 hours of 

reaction time, indicating the presence of products in the reactor. Based on experiments 

using the free-floating enzyme for TiO2 synthesis, it was determined that nucleation 

Figure 4.6: Bright field TEM image, with SAED inset of TiO2 nanocrsytals prepared at 25˚C incubation for 24hrs 

using urease immobilized onto a gold substrate, the circles indicate apparent lattice fringes. 
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occurs between pH 8.42 and pH 8.65, thus it is assumed that nucleation occurred within 

12 hours after the immobilized enzyme had been introduced into the system. TEM 

images (fig. 4.6) showed nanocrystals of approximately 3nm, with measured d-spacings 

of 3.51±0.03Å corresponding to (101) anatase TiO2. The presence of anatase TiO2 was 

further corroborated using SAED (fig. 4.6, inset). 

 The initial run from the reusability study showed a maximum pH achieved of 

8.04. Based on the packing density of the urease conjugated gold substrates, determined 

from AFM analysis, the molarity of the solution with respect to urease for a single 3cm
2
 

wafer is 3.5nM. The immobilized urease synthesis solutions required the use of multiple 

wafers for a combined surface area of 15cm
2
, correlating to a 17.34nM urease 

concentration, in order to achieve pH levels conducive to TiO2 synthesis. 

4.3 Discussion/Conclusions 

 Gold-coated silicon wafers were functionalized with an alkane thiol based self-

assembled monolayer and conjugated to the urease enzyme via EDC/NHS coupling 

chemistry. The presence of enzyme, bound to the gold substrate surface, was verified by 

measurement of increasing pH, on introduction of urea to the reaction solution, and by 

observation of the urease conjugated surface using AFM. Reusability tests on the urease 

conjugated gold substrates showed that subsequent uses of the immobilized enzyme 

could produce measurable increases in solution pH, but that the achieved pH decreased 

with each successive use.  
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 Initial change in pH with respect to time experiments showed that for a single 

3cm
2
 urease conjugated gold wafer, the highest pH achieved was 8.04. Previous TiO2 

synthesis experiments using free-floating urease showed that nucleation of anatase TiO2 

occurred in the pH range of approximately 8.42 to 8.65, thus in order to produce TiO2 

using immobilized urease, multiple urease conjugated wafers were used up to a urease 

immobilized surface are of 15cm
2
. This resulted in a maximum pH achieved of 8.81. 

Subsequent TEM analysis showed that materials synthesized were anatase TiO2 of 

approximately 3nm in size.  
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Chapter 5: Summary 

The depletion of easily procured supplies of fossil fuels, presents a fundamental 

challenge for our planet. As these resources grow scarce in the coming decades, new 

renewable sources of energy would appear to be the logical replacement of the 

diminishing fossil fuel supply. However, most renewable forms of energy have displayed 

a pronounced low efficiency versus traditional fossil fuel based energy resources. In 

order to produce new energy efficiently and cost effectively, new synthesis methods need 

to be explored. 

Another concern for the entire world is that of the diminishing supply of drinkable 

water. The growth of the pharmaceutical and personal care product industries, although 

extremely beneficial on the surface, has had the unintended consequences of 

contaminating our water supplies. New emerging contaminants are only now beginning 

to be understood and the long-term detrimental effects are yet to be determined. Thus, 

technologies need to be developed in the present in order to meet challenges that may 

arise in the future. 

Semiconducting materials such as titanium dioxide have the distinction of being 

applicable to a multitude of applications. Specifically, TiO2 has shown great promise in 

both energy production, through photovoltaic application such as dye-sensitized solar 

cells, and photocatalytic destruction of organic contaminants present in waste waters. 

TiO2 is of further interest to researchers due to its low cost, abundance, and low 

environmental impact. 
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One of the main obstacles to wide-scale application of semiconducting materials, 

such as TiO2, is the high cost associated with synthesizing these materials at the 

nanoscale with low size disparity. We have demonstrated a bio-mediated approach, using 

the hydrolytic enzyme urease, to induce a uniform dispersion of anatase TiO2 at room 

temperature. This is achieved through coordination of enzyme with urea in a solution 

containing a hydrolytically stable TiO2 precursor. The lag time between injection of 

urease and generation of hydroxide ions in solution affords a coordinated hydrolysis and 

condensation of precursor molecules, resulting in a single-burst nucleation event. In 

addition, the use of an enzyme to generate reagents (i.e., hydroxide ions) circumvents the 

need to thermally decompose formamide or urea, and thus, the reaction can be sustained 

at room temperature, which enables the growth of these materials on polymeric substrates 

(e.g., electrically conductive polymers as electrodes for flexible sensitized solar cells). 

The cost associated with the procurement of enzymatic reagents has resulted in low 

applicability for industrial processes. Thus, we have also demonstrated the feasibility of 

immobilizing the enzyme urease, for use in synthesis of nanoscale semiconducting 

materials such as titanium dioxide. Immobilization of the enzyme helps reduce the 

associated cost by providing a catalyst carrier which may be easily retrieved from 

synthesis solutions and reused for further catalytic reactions.  
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