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Titanium dioxide has been shown to degrade organic contaminants in water through 

photocatalysis. While current research focuses on maximizing degradation efficiency, a 

need exists to further investigate the oxidation properties of titania as a means to tailor this 

material for integration into a high-throughput device. Herein we present a nanoporous 

titania (NPT) exhibiting good degradation efficiency as groundwork for a microfluidic 

reactor. Using hydrogen peroxide (H2O2) oxidation of titanium substrates, we were able to 

grow a high surface area nanoporous film with good structural integrity, and little to no 

signs of delamination. A growth parameter study was conducted to determine the optimal 

oxidation conditions for photocatalytic activity. Characterization of the material was 

carried out with XRD and SEM to record the effects of H2O2 concentration, temperature, 

and time on the morphology and crystallinity of the NPT. In order to establish a standard, 

we used BET analysis to calculate a surface area of Degussa P25 comparable to our NPT 

1x1 in2 chip. Photocatalytic response was measured and compared to P25 drop-casted films 
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via degradation of methylene blue. Over the course of three hours, we observed a 55.80% 

and a 76.55% degradation of methylene blue from our NPT and P25 samples, respectively. 

The degradation of methylene blue was found to be a first order reaction with the two 

materials demonstrating reaction rate constants of 0.0045 (NPT) and 0.0081 (P25) mg/L 

min-1. The studies conducted show that NPT is an efficient photocatalyst with good 

structural integrity to suit applications in microfluidic reactors. 
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1.1.     Water in the World 

With the ongoing drought and scarcity of clean water in developing nations, there exists a 

need to further develop long-lasting and economical water purification capabilities. Poor 

sanitation infrastructure, low financial stability, and geographical limitations are a few 

crippling factors that inhibit the expansion of clean drinking water into certain locales. In 

2015 the World Health Organization (WHO) and United Nations Children’s Fund 

(UNICEF) Joint Monitoring Programme (JMP) released a report on the status of a project 

known as the Millennium Development Goal (MDG), an objective of which was to expand 

access to clean drinking water. While the MDG surpassed their initial target, the WHO 

reports that 663 million people still do not have access to clean drinking water (JMP 2015).  

Two ongoing causes contributing to unsafe drinking water are contamination from 

harmful bacteria and viruses, and industrial runoff. Pollutants can cause previously clean 

water sources to become dangerous, and lead to deteriorating health conditions. 

Developing nations that do not have sufficient resources to invest in water decontamination 

facilities, which are complex and costly to build, would benefit from smaller, inexpensive 

systems (Shannon et al. 2008). Such systems could be installed or transported between 

households in a community due to their small scale and low cost. 

 

1.2.     Background 

This thesis will focus on the photocatalytic efficiency and characterization of 

nanostructured titanium dioxide. The nanoporous titania (NPT) discussed in this thesis was 

inspired by the work done by Zuruzi (Zuruzi, 2005), and Monkowski (Monkowski, 2007). 
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The long-term goal is to incorporate this material into a wafer-scale reactor similar to the 

one developed by Khandan (Khandan et al. 2014). They successfully demonstrated anodic 

bonding of a glass wafer to a microfabricated etched titanium wafer. Such bonding ensured 

a watertight seal for flow through microchannels with NPT. This thesis goes into detail on 

optimization of oxidation parameters and provides a comparative study to P25 powder, a 

material optimized for photocatalytics. These studies set the groundwork to incorporate 

anodic bonding and NPT into a wafer-scale device. This will facilitate efficiencies in the 

same range as a comparable P25 sample, but with the advantages of scalable fabrication, 

and higher structural stability. 

 

1.3.     Titanium  

Titanium was discovered in 1794, but was not available for widespread commercial use 

until 1936. It is the ninth most common element in the earth’s crust and is mined in the 

form of TiO2. The ores are processed into the commercially pure titanium metal, alloys, 

and oxide powders. Ever since titanium became commercially available there has been 

great interest in its use for medical applications due to its high level of corrosion resistance 

and biocompatibility (D. M. Brunette, 2001).  

Titanium also has uses in other industries such as aerospace engineering. Boyer 

reports that titanium alloys can withstand higher operating temperatures compared to 

aluminum, nickel, and steel alloys, and due to titanium’s strength-to-weight ratio it can be 

used as a replacement for steel and aluminum. Its corrosion resistance is also useful in this 

field because it offers protection against harsh environmental conditions (Boyer, 1996). 
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 Titanium undergoes a phase change when exposed to temperatures greater than 

882.5˚C, under standard conditions. Below this temperature, it exhibits an alpha hexagonal 

closely packed (hcp) crystal structure. When exposed to temperatures greater than 882.5˚C, 

its crystal structure becomes a beta body centered cubic (bcc). It has a high melting point, 

1668˚C, higher than that of steel and aluminum (X. Liu et al. 2004). The titanium used for 

the experiments in this thesis was grade 1 commercially-pure titanium foils (Tokyo 

Stainless Grinding Ltd). Titanium’s industrial and scientific applications are expanded 

when it is oxidized into titania, and it has many forms that are utilized across a multitude 

of fields. 

 

1.4.     Titanium Dioxide 

Titanium dioxide (TiO2) has many uses in applications such as color pigment in paints, 

paper, and plastic. One of its first commercial uses was as a replacement for harmful lead 

oxide found in paint. It absorbs in the UV spectrum and has a high refractive index so it is 

commonly used in sunscreen. TiO2 is found in food products such as dyes, tablet coatings, 

and toothpaste. TiO2 can be found in technologies such as self-cleaning surfaces and anti-

fogging mirrors or lenses. In nanomedicine, titania nanoparticles are being investigated for 

improving imaging capabilities and nanotherapeutics. There are a vast number of 

applications utilizing titania’s antibacterial properties when exposed to UV light (Shi et al. 

2013). 

There are two conventional methods of TiO2 production, either via sulfate or 

chlorine development. The chlorine process is most common, and utilizes rutile titania 
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either mined from the earth or formed from ilmenite, a titanium-iron oxide mineral. Titania 

is filtered out of the iron oxide through a reduction and re-oxidation procedure. Afterwards, 

the iron and titanium oxides are separated. After refining to a rutile state, it is exposed to 

chlorine gas to yield titanium tetrachloride, which can be further refined through oxidation 

into highly pure TiO2. The sulfate process subjects ilmenite to sulfuric acid, resulting in 

iron and titanium sulfates. These sulfates are hydrolyzed, forming titanium hydroxide, 

which is calcined to crystalize into anatase or rutile states. The sulfate method is not often 

used and generally produces large amounts of excess iron and lower quality TiO2 (Carp et 

al. 2004). 

 Titanium dioxide has three types of structures: anatase, rutile, and brookite. Rutile 

is the most thermodynamically stable, anatase is most favorable for photocatalysis, and 

brookite is rare and difficult to obtain (Fujishima et al. 2008). Rutile is the most studied 

form of the material. Techniques such as X-ray emission spectroscopy (XPS), ultraviolet 

emission spectroscopy (UPS), electron-energy-loss spectroscopy (EELS), and auger-

electron spectroscopy (AES) have been used to characterize rutile to understand its 

electrical, mechanical, thermal, and optical properties (Mo et al. 1995). Rutile and anatase 

are n-type semiconductors and have band gaps of 3.0 eV and 3.2 eV respectively (Diebold 

2003). The larger anatase band gap limits the wavelengths of light capable of absorption, 

but its maximum valence band energy is greater than rutile’s. This facilitates an increase 

in redox reaction capabilities. Anatase has an indirect bandgap, which delays 

recombination of the electron-hole pair. Longer electron-hole pair lifetimes increase the 

chances of redox reactions occurring at that location. Rutile can have either a direct or 
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indirect band gap, but both exhibit similar recombination rates. For these reasons anatase 

is considered to express better photocatalytic activity (Luttrell et al. 2014).  

Anatase is most commonly found in commercially available catalyst powders. 

Degussa P25, used for comparison to NPT, is between 75-90% anatase, with the remaining 

material being rutile. The photocatalytic activity of titania was first demonstrated in 1972 

when Fujishima and Honda utilized TiO2 as a water splitting mechanism, successfully 

separating hydrogen from H2O (Pelaez et al. 2012). TiO2 is used in many photocatalytic 

applications; common research interests include treatment of contaminated water and 

photovoltaics.  

 

1.5.     Principles of Photocatalysis 

Photocatalysis is a light induced reaction, and titanium dioxide, being a semiconductor, 

undergoes this process when exposed to UV light. The equation: 

𝐸𝑔 =
ℎ𝑐

𝜆
 ,          (1) 

where Eg is optical band gap energy (eV), h is Plank’s constant, c is the speed of light (m/s), 

and λ is the wavelength (m), describes the wavelength to induce electron excitation of a 

specific material (Eskandarloo et al. 2015). Anatase has a band gap of 3.2 eV, which means 

that the material is only photoactive in the UV spectrum (< 400 nm). A major application 

of photocatalysis of titanium dioxide is water purification. The process of photocatalysis 

causes contaminants to be either oxidized or reduced down to an inorganic or harmless 

gaseous state, safe for consumption. Figure 1 depicts the mechanism for photocatalysis (Xu 

et al. 2014). When a photon with an energy higher than the band gap of the semiconductor 
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penetrates the material, an electron is promoted from the valence band to the conduction 

band as seen in figure 1. This reaction creates an electron-hole pair leaving a positive hole 

in the valence band and an electron in the conduction band described by equation 2: 

𝑇𝑖𝑂2 + ℎ𝑣 → ℎ𝑉𝐵
+ + 𝑒𝐶𝐵

−    ,     (2) 

where hv is a photon, ℎ𝑉𝐵
+  is a positive hole in the valence band, and 𝑒𝐶𝐵

−  is an electron in 

the conduction band. During photocatalysis, it is possible for charge carriers to undergo 

recombination, in which the excited electron loses its energy and drops back down to the 

valence band recombining with the hole. When this happens the oxidation or reduction of 

contaminants can no longer occur at that site. However, if recombination does not occur, 

the positive hole can oxidize water molecules producing hydroxyl free radicals (˙OH), and 

the electron can react with the oxygen to form an oxygen radical (O2˙). These hydroxyl 

radicals are the main species responsible for degrading organic matter (Xu et al. 2014). 
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Figure 1: The mechanism for photocatalysis. Adapted from Xu et al. 2014 
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2.     METHODS 
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2.1.     Nanoporous Titania 

Nanoporous titania shows promise as a substitute for powdered titania in photocatalytic 

reactors. Films have several advantages over powders, which enable them to be utilized in 

devices with architecture that is not conducive to powders. There are two major types of 

photoreactors: slurry, in which the catalyst is mixed into the solution forming a colloidal 

suspension, and immobilized, where the catalyst is fixed on a surface in the solution. In 

slurry reactors the catalyst must be filtered out in order for the solution to be usable, and 

this task can be time consuming due to the difficulty of handling nano-sized particles of 

catalyst. Immobilized reactors oftentimes have lower efficiencies, but have the added 

benefit of not needing catalyst filtration (Sakkas et al. 2004). Powders can be immobilized 

onto a substrate, but ensuring maximum adhesion to the surface is difficult. There is a 

potential risk of shear stresses removing the catalyst from the substrate as a result of water 

flowing over the material. The NPT is oxidized through a degenerative growth process, 

which results in strong adhesion to the substrate. The NPT layer is not deposited, so there 

is no distinct boundary between the titanium substrate and TiO2, ensuring high resistance 

to delamination of the catalyst. NPT is also an ideal photocatalyst due to its surface 

morphology. The TiO2 grows in a porous nanowire mesh with high surface area. Two 

major determinants of photocatalytic efficiencies are surface area and amount of exposed 

material.  

The work put forth by Zuruzi (Zuruzi, 2005) and Monkowski (Monkowski, 2007) 

built a foundation for the NPT material. In their work, they demonstrated its potential as a 

gas sensor, photovoltaic device, and displayed its superhydrophilicity properties (Zuruzi et 
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al. 2013). The research presented in this thesis adapted the nanostructured titania (NST) 

material to a material optimized for photocatalysis. 

 There have been multiple investigations focused on photocatalysis of titanium 

dioxide for water purification. J.M. Wu was first to report on low temperature oxidation of 

titanium with hydrogen peroxide for large featured TiO2 growth (Wu, 2004). Wu oxidized 

the titanium plates for 72 hours at 80˚C, which resulted in the growth of TiO2 rods. The 

following year, Wu et al. released a study on the photocatalytic activity of this material, 

reporting that they were the first to demonstrate degradation of dyes with peroxide-

oxidized titania (Wu et al. 2005). Prior to the work presented by Wu et al., there had been 

many reports on titanium dioxide’s photocatalytic degradation efficiency. Wu’s group was 

first to experiment with titania grown from a titanium substrate via oxidation by peroxide 

and analyze its capabilities of organic dye degradation.  

 

   2.1.1      TiO2 Fabrication Methods 

Several methods are used to make TiO2 immobilized catalysts with their own faults and 

advantages when compared with the one-step process of peroxide oxidation. Sol-gel 

synthesis of titanium dioxide is one of the most widely used techniques for fabrication of 

films used for photocatalysis of titanium dioxide. The sol-gel method typically consists of 

mixing a titanium dioxide powder with water or an alcohol to form a colloidal solution. A 

substrate is then dip-coated and dried at a high temperature to facilitate strong adhesion to 

the surface. The downside to this method is the difficulty in knowing the exact amount of 

material being coated on the substrate with each application. It is possible to weigh the 
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substrate before and after to determine the mass of the TiO2, but this adds to the complexity 

of each coating step. The sol-gel process also requires a number of application and heating 

cycles in order to obtain a TiO2 layer thick enough for good photocatalytic efficiency 

(Pelaez et al. 2012). 

 Hyrdolysis is a similar technique to form TiO2. In this process, titanium salts, such 

as titanium tetrachloride, are hydrolyzed in water producing byproducts of titania particles 

and hydrochloric acid. The particles are then rinsed and suspended in a colloidal solution 

for application.  

 Anodic oxidation is another common method of forming TiO2. Discharging current 

between a sheet of titanium and a counter-electrode releases Ti4+ ions, which bond with 

oxygen in an electrolyte to be redeposited as titanium dioxide. This technique makes it 

possible to form porous nanostructures and nanotubes by anodizing with fluorine added to 

the electrolyte (Diamanti et al. 2011). Titania nanotubes are a popular surface structure in 

photocatalysis due to their high surface area. 

 

   2.1.2      NPT Growth Conditions 

A titanium foil (Tokyo Stainless Grinding Ltd.) 320 µm thick was cut with shears 

into 1x1 in2 squares and ultrasonically cleaned for five-minute stages of acetone, 

isopropanol, and DI water to remove any organic contaminants, such as factory machining 

oil. A titanium sample was then taken into a cleanroom and subjected to a one-minute 1:10 

hydrofluoric acid (49wt%) and DI water etch to remove any native oxide layers that may 

have formed on the surface. Next, the sample was thoroughly rinsed with DI water to 
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ensure all the HF was diluted and removed. This was followed by 10 minutes in an 

ultrasonic bath of DI water. The sample was brought back to the lab and transferred into a 

beaker of 10% H2O2 maintained at 80°C with a temperature controlling rod mounted to a 

Corning PC-420D hot plate. The temperature stability was monitored with a glass mercury 

thermometer. Using a timer, the samples were left undisturbed in the H2O2 for the 

determined amount of time (1-4 hours). When the time expired, the sample was removed 

from the H2O2 and placed into a beaker of DI water. After rinsing the sample off, it was 

carefully dried with an air stream and placed into an oven to be annealed in air at 300°C 

for 8 hours. The methodology for sample preparation came from the work of Zuruzi (Zuruzi 

et al. 2005) and a sample prepared under the above conditions will be referred to as 

“standard sample conditions” (1 hour oxidation time). 

 

   2.1.3      P25 Drop-Cast Technique 

Degussa P25 is a commercially available, widely used titanium dioxide powder. It 

represents a highly optimized state of titania specifically designed for high efficiency 

photocatalysis. Degussa P25 is used as a means to compare our NPT to the material that is 

widely considered the gold standard of commercially available TiO2. To create an 

immobilized film, the sol-gel drop-casting technique was used to fabricate a P25 sample.  

 We first began by using a diamond scribe pen to cut a piece of silicon or glass 

roughly 1x1 in2. Next, we cut a piece of single-side polished, 320 μm thick titanium foil 

into a 1x1 in2 square. This chip is subjected to the same preparation steps as the NPT up 

through the HF etch. Next, the Ti square is mounted onto the silicon or glass with a piece 
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of thermally conductive 3M tape. The sample is then ultrasonically cleaned again to 

remove any remaining organic contaminants, such as exposed glue from the tape. The 

sample is then dried with an air stream and placed into an oven. Meanwhile, a colloidal 

solution of 4 mg/ml of Degussa P25/200 proof ethanol was sonicated for at least two hours.  

Using the analysis from the BET measurements discussed in section 3.3, the 

appropriate amount of P25/ethanol solution is then drop-casted onto the titanium using an 

automatic pipet. Due to the large amount of P25 required (1.22 ml equating to 4.87 mg of 

P25), only ~0.4 ml of solution was deposited at a time. After deposition, the sample was 

dried in the oven at 40˚C for 10 minutes to allow the ethanol to evaporate, leaving behind 

a layer of P25. The sample then undergoes several more rounds until the proper amount of 

P25 has been drop-casted on the surface. The final step was an anneal at 100˚C for 90 

minutes to ensure that the P25 particles adhere to the surface of the titanium. This procedure 

results in a homogeneous layer of P25 on titanium.  

 

   2.1.4      Parameter Study Conditions  

Several parameter studies were conducted to observe the effects of peroxide 

temperature, concentration, and oxidation time on the microstructure and anatase intensity. 

To study effects of peroxide temperature, samples were made at 80°C, 82°C, 84°C, and 

86°C, all other parameters were held constant at the “standard conditions.” The oxidation 

time study was performed with samples prepared between 60 to 240 minutes, all other 

parameters were held constant. Peroxide concentration effects were investigated by varying 
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concentration (10%, 15%, and 20%), all other conditions were held constant. Table 1 lists 

the growth conditions of each sample.  

The objective of changing these parameters was to determine the optimal growth 

conditions. To characterize these samples XRD, SEM, and BET were executed. The results 

of these characterization techniques, and further discussion are presented in chapter 3. By 

utilizing these methods, an analysis can be made to determine how adjusting each 

parameter affects the NPT growth. Only one parameter was changed from the standard 

condition sample, which is sample 1, at a time. This allows us to conclude that any 

differences in the data are a result of changing one parameter. 
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Sample Number  

(S. #) 

H2O2 Concentration H2O2 Oxidation 

Time 

(minutes) 

H2O2 Temperature 

1 10% 60  80˚C 

2 15% 60 80˚C 

3 20% 60 80˚C 

4 10% 90 80˚C 

5 10% 120 80˚C 

6 10% 150 80˚C 

7 10% 180 80˚C 

8 10% 240 80˚C 

9 10% 60 82˚C 

10 10% 60 84˚C 

11 10% 60 86˚C 

12 N/A – P25 sample 

4 mg P25/ml EtOH 

N/A – P25 sample N/A – P25 sample 

Anneal 90 min 

(100˚C) 
Table 1: Parameter study growth conditions for various samples. Sample 1 is the Zuruzi condition sample and will be 

considered the standard. All samples exposed to post oxidation anneal in air at 300˚C for 8 hours. Sample 12 was drop-

casted P25 on titanium. 
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2.2.     Titanium and Hydrogen Peroxide Reaction 

Oxidizing titanium with hydrogen peroxide is an efficient, one-step process for producing 

titanium dioxide. There are no hazardous byproducts and no risk of contamination of the 

sample with ions or carbon from acids, salts, or organics. Titanium in heated H2O2 results 

in a chemical reaction. Hydrated amorphous titania is formed on the surface as a result of 

the titanium species bonding with the hydroxyl radicals in the peroxide (Wu 2004). After 

oxidation, the sample is annealed in air, which causes the state transformation from 

amorphous titania to crystalline anatase. 

DeRosa et al. reports on the reaction kinetics of nanoporous titania. They found that 

for thicker films there is a two-stage reaction. Stage I growth occurs at the unreacted 

titanium/hydrate titania layer. Its mechanism is controlled by the outward diffusion of Ti 

species from the substrate, which interact with the hydrogen peroxide, and builds titania at 

that boundary layer. The rate of this reaction is dependent on the average grain size of the 

titanium. As grain size decreases, the grain boundary area increases, prompting an increase 

in grain boundary diffusion. This leads to a larger number of Ti species reacting with 

peroxide radicals. Conversely, the growth rate is reduced for larger grain boundaries. Stage 

II occurs after a critical oxide thickness forms. Contrary to stage I’s mechanism of Ti 

diffusion, stage II’s mechanism is diffusion of peroxide down through the surface oxide to 

the boundary layer of the unreacted Ti and hydrated oxide. With peroxide diffusing towards 

the unreacted Ti surface, the reaction rate is only minimally dependent on grain size. The 

nature of this two-stage growth process results in the porous nanowire morphology of the 

titania (DeRosa et al. 2006). 
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The morphology of the titania is dependent on the concentrations of Ti ions 

diffusing from the surface of the titanium. Higher concentrations of reactive species lead 

to a denser layer of titania. The denser the layer of TiO2, the smaller the pores become 

(Zuruzi et al. 2007). As oxidation parameters become more aggressive, such as longer time 

and higher temperature, crack density and crack size increases. When thicker films of NPT 

undergo annealing, excess water distributed throughout the NPT is evaporated creating 

biaxial tensile stress on the surface, forming cracks (Zuruzi at al. 2006). 
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3.     CHARACTERIZATION OF NPT 
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3.1.      X-Ray Diffraction 

After annealing the sample, XRD (PANalytical Empyrean diffractometer) was conducted 

to determine the crystallinity and intensity of anatase TiO2 present in the NPT. Using the 

Joint Committee on Powder Diffraction Standards (JCPDS) card number 89-4921 for 

anatase TiO2 and 44-1294 for titanium, we compared our NPT data to the reference 

patterns. NPT exhibited its strongest anatase peak at 25.4˚. To perform the parameter study, 

the intensities of the peak at 25.4˚ were compared amongst the twelve different samples. 

The peak height and width correspond to the amount of anatase TiO2 on the sample and 

the degree of crystallinity. From this, we inferred which sample(s) would be most 

photoactive.    

Figure 2 depicts the XRD plots of select samples. We looked at the impact each 

parameter had on the intensity of the peaks and determined that oxidation time was 

responsible for the greatest increase in anatase peak intensity. The plot indicates that 

modification of peroxide temperature and concentration had lesser effects on anatase peak 

intensity. As a result, an expanded study was performed on oxidation time.  

The anatase peaks of the NPT agree with the JCPDS reference data for TiO2. We 

also see large titanium peaks at 40.2˚, 53.0˚, and 70.7˚. Figure 3 shows the XRD data of 

samples 1, 4-8, and 12. S.8, which was oxidized for four hours, yielded the greatest anatase 

intensity among the NPT samples. However, S.12 (P25 sample) exhibited the greatest 

anatase peak intensity. XRD and morphological SEM pictographs suggest that S.8 growth 

conditions are best suited for photocatalysis.  
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Figure 2: XRD of various parameters, the maximum condition for each parameter was compared except for the 

oxidation time in which two hours was used. They are in increasing order of intensity from S.1 (sample 1) to S.5. The 

peak at 25 degrees was compared between the four samples. Each XRD plot normalized to 1. 

Figure 3: XRD plot of oxidation time samples with P25 sample of comparable surface area for comparison 
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3.2. Scanning Electron Microscopy (SEM) 

SEM (Leo Supra 55) was used to image the NPT samples in order to observe how different 

growth parameters influenced NPT morphology. Characteristics such as approximate 

thickness, surface crack density, crack size, delamination, and homogeneity were visually 

inspected. Optimal characteristics include a thick, porous TiO2 layer featuring low crack 

density, small cracks, very good homogeneity, and no delamination. Figure 4 consists of 

seven SEM images. Images of S.1, S.5, and S.8 suggest that as oxidation time increases, 

the crack size and density increase as well. One hour of oxidation led to a surface with 

minimal cracking (image of S.1). However, an additional hour of oxidation dramatically 

increased the number of cracks (image of S.5).  

Comparing images of two hours (S.5) and four hours (S.8) reveals a minor increase 

in crack density, and the cracks themselves are both wider and longer. In sample S.8, the 

TiO2 at the crack locations is partially lifting off of the substrate. By utilizing the SEM’s 

measuring bars and focusing on a crack with high magnification, such as the 50 KX image 

of S.8 in figure 4, we can get an estimation of the thickness of the material. S.8 has roughly 

2.0 – 2.5 μm of NPT, whereas S.5 only has about 1.0 – 1.5 μm. The areas directly around 

the cracks show taller microstructures, which are indicative of thicker NPT. Longer 

oxidation time increases the size of pores in NPT, resulting in higher surface area.  

The ridges in the surface, observed in S.1 and S.11 are a result of the HF etch 

increasing surface roughness. Figure 4 also includes an image of a 20% H2O2 sample (S.3), 

and a sample oxidized at 86˚C (S.11). As previously noted from the XRD data, S.11 had a 

higher intensity anatase peak than S.3, suggestive of more TiO2 on the surface. In the SEM 
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images both samples have fairly similar crack densities and microstructures, by studying 

the cracks themselves there are several possibilities as to why S.11 is the better sample. 

Zooming into the cracks on each sample it appears that S.11 has a slightly thicker layer of 

TiO2, but more interestingly the morphology of the TiO2 seemed to grow more aggressively 

when exposed to a higher temperature compared to an increased concentration of peroxide. 

Thermodynamically, the sample oxidized at a higher temperature would have slightly 

different surface architecture due to the increased mobility of the ions. Increasing 

temperature increases activity at the molecular level likely leading to slightly more Ti 

species being removed from the substrate and bonding with the peroxide more quickly due 

to their faster moving molecules. Looking at the image of S.11 in figure 4, on the right-

hand side above the magnification icon there is an area of aggressive growth where the 

NPT has grown over a crack. This type of surface structure was not observed in any other 

samples. We can perceive that the likely answer is increased activity at a localized area of 

the sample due to a higher reaction rate brought on by increased temperature. Samples 

oxidized with 10% to 20% peroxide concentration experienced an increased saturation of 

hydroxyl radicals, resulting in a slight increase in reaction rate. Peroxide concentration had 

the smallest influence on NPT growth; however, this study was conducted for only one 

hour of oxidation time. As time increases, reactive species are used up, which could create 

a shortage of hydroxyl radicals. An increased concentration of peroxide could help 

maintain the reaction rate over a longer duration of time. 

Experimenting with combinations of different growth conditions could further 

improve the sample quality. The material must be structurally strong while maintaining 
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high surface area. SEM images of S.8 began to show signs of delamination, TiO2 

lifting/peeling off of the surface. This suggests that increasing oxidation time beyond four 

hours could lead to significant delamination. From the XRD plots and SEM images, we 

conclude that S.8 may exhibit the greatest photocatalytic activity. 

We also used SEM imaging to examine the P25 sample fabrication method by 

studying the homogeneity of the drop-casted TiO2 film. S.12 in Figure 4 is a magnified 

image of the surface, through which we were able to distinguish aggregates of the P25 

particles. Although P25 particles tend to clump together and form clusters, no significant 

cluster build-up was observed on the surface. As a result, the P25 sample fabrication 

process proved to be a reliable method for drop-casting films of high uniformity.  
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Figure 4: SEM images of selected samples: S.1 (standard conditions), S.3 (20% H2O2), S.5 (2 hour 

oxidation), S.8 (4 hour oxidation), S.11 (86˚C H2O2), and S.12 (P25). 
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3.3.     BET Surface Area Analysis 

The Brunauer-Emmett-Teller (BET) method of surface area analysis was used (ASAP 2020 

Micromeritics Physisorption Analyzer) to characterize the surface area of the NPT 

samples, and to calculate the amount of mass necessary to produce a P25 sample of 

comparable surface area. BET operates by degassing the sample at a high temperature 

(200˚C) to remove any moisture. After the degas step, the sample is subjected to nitrogen 

molecules and the physical adsorption of these molecules is measured. This determines the 

surface area of the sample in relation to the mass (m2/g). BET analysis is most commonly 

conducted on powder samples. This methodology can be applied to films as well but only 

if the mass of the adsorbing surface is known. For example, TiO2 deposited on the surface 

of a sample can be weighed before and after deposition, thus yielding the mass of the film. 

Due to the nature of NPT growth, BET analysis cannot be used to measure the specific 

surface area of the sample. As the titanium is oxidized, Ti ions are removed from the 

surface and redeposited as titanium oxide after reacting with the peroxide molecules. This 

is a degenerative and additive process and weighing the sample after oxidation would not 

allow accurate determination of NPT mass.  

BET analysis is useful for determining the amount of P25 required to have surface 

area comparable to NPT. First, a BET measurement was conducted on 0.1998 g of P25 

powder, which yielded a specific surface area of 50.1929 m2/g. This closely matches the 

reported surface area of the product. Next, a NPT sample was made with growth conditions 

identical to S.8 (four hour oxidation). The NPT sample was then cut into small pieces to fit 

into the longneck tube used for BET analysis. We determined the mass of the NPT sample 
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using a scale. After degassing, the sample was weighed again and any decrease in weight 

was considered a result of moisture evaporation out of the sample. Following this step, the 

N2 adsorption was conducted and a specific surface area of 0.6490 + .0036 m2/g with a 

sample mass of 0.7535 g for NPT was recorded. This BET surface area measurement was 

much lower when compared to that of P25. However, the mass was much larger because 

the majority of a NPT sample is titanium.  

The BET surface area for NPT S.8 cannot be compared to the BET surface area for 

P25, but the value was useful for the fabrication of the P25 sample, S.12. The BET surface 

area of the NPT was multiplied by its weight to factor out the mass. This resulted in a 

surface area of 0.4890 m2 for a 1 in2, double-sided NPT sample. In order to find the amount 

of P25 to produce a surface area of 0.4890 m2, we divided this number by the BET surface 

area of the P25, which led to a value of .00974 g or 9.74 mg. However, sample S.12 only 

had P25 on one side of the titanium substrate, so this number was halved. The final mass 

of P25 is 4.87 mg. This amount is close to the same surface area of one side of our optimal 

NPT sample. 
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4.     NPT DEGRADATION STUDIES 
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4.1.      Methylene Blue Reaction Species 

Organic dyes are commonly used to analyze photocatalytic activity because they change 

color over the course of the reaction, visually displaying the degradation process. 

Methylene Blue (MB) is regularly used with TiO2. Its empirical formula is 

C16H18ClN3S∙3H2O, is purchased as a powder, and is water-soluble. MB was used because 

there is a plethora of publications that utilize this dye as an organic contaminant, and it 

enabled us to compare our results to other studies.  

There are several byproducts of the TiO2-MB reaction generated during the 

degradation process. Gnaser et al. conducted a study by placing a drop of concentrated 

MB/methanol solution on the surface of anatase TiO2 particles spin-coated on glass 

substrates. They exposed several samples to UV light and did not expose the others. 

Characterization of the reaction species was carried out by mass spectroscopy. Prior to UV 

light irradiation, they found several species of MB including high intensities of pure MB, 

[MB+H]+, reduced forms of MB (leucomethylene blue, LMB), and well-known 

homologues of MB such as Azure A, B, and C (result of break-down of parent ion). LMB 

is frequently found on the surfaces of Ti or gold prior to UV exposure. This indicates that 

LMB is not produced as a result of catalysis, but it is unclear if its presence is due to the 

adsorption step (Gnaser et al. 2005).  

After UV light exposure, the color changed from dark to light blue, and under 

longer exposures turned white. The mass spectra revealed that nearly all of the parent ion 

(LMB) and Azure B had disappeared and they found new mass spectra peaks indicating 

the oxidation of the species into sulfoxide and sulfone (Gnaser et al. 2005). Houas et al. 
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reports that the degradation of MB produced harmless carbon dioxide from organic carbon, 

and inorganic ions such as nitrate, ammonium, and sulfate from nitrogen and sulfur species 

(Houas et al. 2001). 

 

4.2.     Methylene Blue Degradation Experimental Trials 

   4.2.1      Experimental Setup 

In order to measure the photocatalytic efficiency of the NPT, methylene blue degradation 

studies were conducted in a water-jacketed glass beaker with a UV lamp as the light source. 

The MB degradation experimental setup is described in figure 5. The lamp was a 100-watt 

Blak-Ray Mercury UV bulb. The light source was set up on an adjustable frame positioned 

over a magnetic stirring plate in a fume hood. Two strands of fishing line were cut to three 

inches in length, and taped to the back of a 1 in2 glass slide using Kapton tape. Kapton tape 

is resistant to most solvents, acids, and bases and has good adhesive qualities, even when 

submerged in liquid. A second piece of Kapton tape was placed onto the reverse side of 

the glass sample holder. The NPT sample was gently placed onto the tape to secure it in 

place. Both ends of the fishing line were taped to the inside-edge of the reactor so that the 

sample was suspended approximately 1.5 cm from the rim of the reactor as seen in figure 

5. 
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Figure 6: Plot of UV lamp light intensity over time. 

Figure 5:Schematic of methylene blue degradation 

setup. 
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When the UV lamp is turned on, it produces large amounts of heat. In order to combat these 

effects, the water jacket was used to keep the MB as close to room temperature as possible. 

Silicone tubing was connected to the reactor to flow room temperature water through the 

jacket. 50 ml of a 5 mg/L MB solution was added to the reactor. Next, a magnetic stir bar 

was placed into the reactor, and the stirring function was set to 350 rpm. A micropipette 

was used to syphon 2 ml of the MB solution from the reactor into a quartz cuvette. The 

cuvette was then placed in a Thermo Scientific Evolution 60 UV-Vis spectrometer (UV-

Vis Evo 60), and a second quartz cuvette filled with DI water was used as a baseline. We 

measured the initial absorption of the MB solution at a fixed wavelength of 665 nm. The 

contents of the cuvette were then returned to the reactor and a quartz cover disk 1/16” inch 

thick (>91% UV transmittance) was placed over the opening of the reactor to prevent 

evaporation of its contents. A box was then placed over the reactor covering the sample in 

darkness and a timer was set to one hour to allow for dark adsorption equilibrium. After an 

hour, another measurement was taken using the UV-Vis Evo 60 to determine the amount 

of MB adsorbed onto the surface of the NPT. The UV lamp was then positioned 

approximately 2.5 cm above the NPT sample. The lamp was turned on at least one hour 

prior to reach its average intensity of 79.03 mW/cm2 as seen in figure 6. An absorption 

measurement was taken every 30 minutes over the course of three hours to monitor the 

progress of MB degradation. The water flowing through the water- jacket (23.3˚C) kept the 

solution temperature around 25.6˚C. 
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   4.2.2      Results of NPT and P25 Methylene Blue Degradation 

NPT sample S.8 (oxidized for four hours) and S.12 (P25) were selected for degradation 

studies. Both the NPT and P25 trials were repeated in triplicate to observe reproducibility 

of results. In addition to these six samples, one trial was run with a blank polished piece of 

titanium as a control. This demonstrated that neither titanium nor UV light has a significant 

effect on the degradation of MB.  

Figure 7 shows the results of the experiments. The three NPT samples degraded an 

average of 55.80% of the methylene blue, while the P25 degraded an average of 76.55%. 

While the P25 outperforms the NPT by about 21%, the goal of this thesis is not to develop 

a material that matches P25, but to optimize the growth conditions for NPT. The one-step 

fabrication method of NPT and its structural integrity would better suit planar reactors than 

P25. 

To expand upon the results found thus far, every measurement was taken five times 

on the UV-Vis Evo 60 to minimize instrument error. The absorption values at every time 

interval were averaged across the three experimental trials (NPT and P25), which resulted 

in seven data points used to formulate the plots in figure 7. A possible explanation for the 

difference in photocatalytic efficiency between the NPT and P25 could be the crystallinity. 

Results of XRD show that P25 has a greater anatase intensity at 25.4˚ than NPT. This 

difference in crystallinity is likely the main component responsible for the difference in 

photocatalytic degradation efficiencies. By performing a study on NPT anneal time and 

temperature it is possible that NPT’s crystallinity could be transformed to a more favorable 

state, thus increasing photoresponse. 
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Figure 7: NPT (blue), P25 (orange), and polished Ti (gray) degradation rate of 50 ml of 5 mg/L methylene 

blue over three hours. 

Figure 8: The plot of time vs ln(A), A is the concentration ratio, for the degradation of MB by NPT yields a 

straight line indicating that it is a first order reaction. 
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Each triplicate had one outlier. The first NPT sample only degraded 51.53%, while 

the other two were consistent with each other, degrading 58.07% and 57.88%, respectively. 

The second and third NPT samples performed better than the first; and as a result, the 

overall average performance was decreased by the initial NPT sample. It is not well 

understood what is responsible for this outlier. Each NPT sample was fabricated under the 

same conditions. 

The performance of the P25 samples successively increased beginning with 

72.22%, followed by 74.52%, and ending with 82.92%. There are two factors that could 

potentially explain the 10% spread across these three samples. The first is differing levels 

of adhesion of P25 particles to the surface of the titanium. One issue that arises with drop-

casting large amounts of P25 is the possibility for P25 particle films to have poor adhesion. 

Upon submersion in the circulating MB, shear stresses from the flow can liftoff P25. When 

a sample of MB is collected from the reactor for absorption measurement, loose P25 

particles can block the transmittance of light in the cuvette, skewing the results. This could 

partially explain why the P25 outperforms the NPT. Nonetheless, the XRD data shows that 

the P25 exhibits the greatest anatase peak, and the loose particles only account for a 

marginal increase in perceived photocatalytic activity.  

Another possibility for the 10% variation in data is in the fabrication process. The 

P25 is drop-casted onto a piece of titanium from a solution of 4mg/ml P25/ethanol. Though 

the suspension has been sonicated for at least two hours, the individual size of the P25 

particles lend themselves towards aggregation, and can be difficult to break apart. These 
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clusters may have caused a slight discontinuity in drop-casts between samples, leading to 

the 10% degradation difference.  

 

   4.2.3      Reaction Rate 

Figure 8, a plot of the natural log of the concentration of MB at given time intervals versus 

time, follows a linear trend. From the rate law we determine that the reaction occurring 

during UV illumination of the photocatalyst is pseudo-first order (Houas at al. 2001). 

Photocatalytic degradation of organic contaminants, such as those of methylene blue, can 

be described as following the Langmuir-Hinshelwood equation: 

𝑟 =  −
𝑑𝐶

𝑑𝑡
=

𝑘𝐾𝐶

1+𝐾𝐶
  ,     (3) 

where r is the initial rate of photo-oxidation, C is the reactant concentration, t is the UV 

irradiation time, k is the rate constant, and K is the adsorption coefficient (Gaya et al. 2008). 

Xu et al. reports that when the concentration of the contaminant is low, which is most 

commonly the case for organic dyes, KC << 1 (Xu et al. 2014). This means that it is 

possible to simplify the reaction rate to pseudo-first order. Our data satisfies this 

approximation, as the data in figure 8 suggests. When the initial concentration of 

contaminant(s) is low, equation 3 can be simplified to the first order equation: 

𝐿𝑛 (
𝐶𝑜

𝐶
) = 𝑘𝐾𝑡 = 𝑘𝑎𝑝𝑝.𝑡   or   𝐶𝑡 = 𝐶𝑜𝑒𝑎𝑝𝑝.

−𝑘 𝑡 ,         (4) 

where kapp. is the first order rate constant and the slope of the line in figures 8 and 9 

(Konstantinou et al. 2004). Therefore, the first order reaction rate constant of NPT 

degradation of MB is 0.0045 mg/L min-1.   
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Figure 9 shows the reaction rate constant for the P25 degradation of MB, 0.0081   

mg/L min-1. This reaction rate constant is approximately twice that of the NPT. 

Photocatalysis relies heavily on the surface structure when dealing with films. Greater 

efficiencies are produced as a result of surfaces maximizing access to light and the 

contaminant(s). However, the P25 sample was calculated to have similar surface area as 

NPT therefore, it is likely that the combination of anatase and rutile crystal structure of  

 

  

  

P25 is responsible for the doubled reaction rate constant. Without further modification of 

the material, it is unlikely that NPT films would be able to outperform P25. This is the 

Figure 9: First order reaction rate plot for P25 degradation of MB. 
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trade-off of a film versus a P25, but films are inherently better for long-term usage of planar 

reactors (Han et al. 2009). 

Figure 8 shows that the reaction rate slows throughout the degradation process. 

Every thirty-minute interval, the percent of MB degraded is lower compared to the previous 

measurement. A possible rate-limiting step is the decreasing concentration of the MB as 

the reaction progresses. In the first time step after the UV lamp is turned on, 100% of the 

MB molecules in the solution are readily available for oxidation. As time passes, MB 

molecules are degraded. Lower concentrations of MB molecules adsorbing onto the surface 

of the catalyst decreases the reaction rate. A second rate-limiting step is that MB molecules 

that have already oxidized into their inorganic species can be trapped in the surface 

morphology of the catalyst. These trapped molecules can subsequently block oxidizing 

sites, and preventing unoxidized MB from adsorbing onto the catalyst.  

 

   4.2.4      Comparison of Photocatalytic Efficiencies of Peroxide based TiO2 Growth 

Few research groups study the photocatalytic degradation of contaminants with peroxide- 

based TiO2; thus, finding direct comparisons is difficult. Ao et al. published several papers 

on the photo-response of peroxide-based TiO2. In a paper from 2013 they oxidized a Ti 

plate in 30% H2O2 with the addition of 1M NaCl or 1M KCl at 80˚C for 24 hours. This is 

similar to our NPT, but oxidizing a sample for 24 hours results in TiO2 slabs with higher 

surface area. The authors tested the photocatalytic effectiveness of their material in a 

comparable experiment with 50 ml of 5 mg/L MB, and found that their samples degraded 

86% and 78% of the MB in 150 minutes. They attributed the greater photocurrent and 
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anatase intensity of the sample oxidized with NaCl to be responsible for greater efficiency 

(Ao et al. 2013). A second paper published the following year by Ao et al. characterized 

the effects of adding solvents during the oxidation process. The titanium oxidized in 15% 

H2O2 without solvents had the greatest performance in degrading a 50 ml solution of 10 

mg/L MB. The sampled oxidized 85% in just 50 minutes with a dark adsorption of 35% 

after 30 minutes. This sample was oxidized for 24 hours allowing sufficient time for growth 

of large surface structures (Ao et al. 2014). These studies display higher degradation rates 

than our NPT, due to the differences in surface area stemming from longer oxidation times. 

 Song et al. investigated several fabrication techniques and surface morphologies 

through the degradation of organic dyes. One of these samples shared the same growth 

conditions found in J.M Wu’s 2004 publication. Their sample (NR), fabricated via 

oxidation of titanium substrate in 80˚C H2O2 for 72 hours, resulted in a nanorod thin-film. 

The photocatalytic activity was observed through degradation of methylene blue. A reactor 

design similar to figure 5, with 50 ml of 0.005 mmol/L MB, was used to carry out the 

reaction. Upon sample completion, natural aging in ambient conditions has been shown to 

increase degradation rates of some organic dyes. The reasoning behind this phenomenon 

is not well understood. Studies suggest that oxidizing hydroxyl radicals built up on the 

titania surface, due to exposure to atmospheric conditions, aid in increased degradation 

efficiency (Wu et al. 2007). Therefore, the NR was subjected to a natural aging process of 

30 days. Song et al.’s sample degraded ~50% of the MB over two hours without aging, and 

~80% following the aging period. The reaction rate constant reported for the latter 

condition was found to be ~0.0125 k/min-1 (Song et al. 2009).  
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NPT exhibits lower degradation rates compared to NR. A comparison of oxidation 

times led us to conclude that there is likely a disparity in surface area between our NPT 

and their NR sample. In addition, NPT samples were not subjected to an aging period prior 

to MB degradation studies. Our research focused on the effects of oxidation time, but the 

notable increase in NR’s reaction rate due to aging warrants further investigation into the 

effects it may have on NPT.    
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5.     CONCLUSION 
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5.1.     Conclusion 

Nanoporous titania shows great promise in the field of photocatalytic reactors. This thesis 

explored the effect of oxidation parameters on peroxide-based growth of NPT, and 

compared its photocatalytic efficiency to commercially available P25. TiO2 produced from 

peroxide oxidation is a scalable, one-step process that results in a porous nanowire mesh 

with high surface area. This technique allows us to form NPT on exposed titanium via 

submersion in hydrogen peroxide and to grow TiO2 on complex architectures. For example, 

NPT can be grown on a close-packed array of micropillars, a geometry that a P25 

suspension would unlikely be able to be distributed across homogeneously. NPT’s 

photocatalytic degradation of an organic dye is good compared to P25. When incorporated 

into a device structured to maximize surface area, NPT has the potential to become an 

effective competitor in titania photocatalysts. 

 

5.2.     Limitations of NPT 

 NPT possesses several limitations compared to P25 and other peroxide based titania 

photocatalytic materials. The surface area we have been able to achieve is much lower than 

that of P25 and other films oxidized by peroxide. P25 has inherently high surface area due 

to the size of its nanoparticles, smaller particles have increased surface area. P25 has been 

extensively researched and optimized for photocatalysis, whereas NPT is a more recent 

development, therefore peroxide-based titania growth is not as well understood as P25. 

Due to the oxidation mechanics it is not possible to know exactly how much NPT is on the 

surface of the substrate. We compared the photocatalytic efficiencies of NPT to a sample 
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of P25 with comparable surface area and NPT was 21% less effective at degrading 

methylene blue. When comparison was drawn with other groups which studied photo-

response of peroxide-based titania, the thicker films and greater surface area, as a result of 

long oxidation times, led to higher degradation efficiencies than NPT. NPT could be 

optimized further by conducting a study on anneal time and temperature to yield a higher 

percentage of anatase titania. The anatase XRD peak intensity of the NPT is 28.5% less 

than that of P25; improving upon annealing conditions may lead to an increase in anatase 

intensity and translate into greater photocatalytic efficiencies. Wu found that increasing 

anneal temperature past 150˚C resulted in a drop in photocatalytic activity due to the 

removal of powerful hydroxyl radicals left behind by the oxidation process (Wu 2007).  

 

5.3.     Future Work 

With the ground work established for optimization of the NPT material the next step in the 

process is to design an architecture for a wafer-scale device, ideal to maximize NPT surface 

area and light scattering. By performing a deep reactive ion etch (Ti-DRIE) on a patterned 

titanium wafer we are able to fabricate complex features into a titanium substrate (Parker 

et al. 2005). The preliminary design would consist of a wide planar channel with pillars 

distributed throughout. The optimal size of these pillars can be determined using optical 

modeling software and diffuse reflectance UV-Vis spectrometer measurements. 

Submerging the trench etched wafer into hydrogen peroxide would grow NPT on all 

exposed titanium surfaces including the pillars, resulting a dense array of NPT. After an 

anneal step, two vias would be drilled through the wafer to act as an inlet and outlet for the 
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flow of water. The final step would be to anodically bond a glass wafer to the fabricated 

titanium wafer, creating a closed system and ensuring a water-tight seal. The wide channel 

design would yield high throughput, and the dense arrangement of posts would ensure 

maximum NPT to water contact leading to high degradation rates.  

Another future project is to increase the spectrum of absorbed light by introducing 

plasmonic particles in the NPT growth procedure. Plasmonic nanoparticles, such as gold, 

silver, or platinum, have been proven to increase the absorption band of TiO2 into the 

visible light range. This is accomplished via a Schottky interaction between the 

nanoparticles and the titania. This is when the work function of the plasmonic particles is 

greater than the electron affinity of titanium dioxide resulting in a lowering of the band at 

these sites allowing absorption of photons with increased wavelength. Lahmar et al. 

demonstrated that with the addition of platinum to titanium dioxide light absorption spectra 

was increased across all wavelengths from 200-1100 nm (Lahmar et al. 2015). Integrating 

these two research pathways would facilitate a compelling and efficient NPT photocatalytic 

reactor; a device optimized for simple fabrication and high efficiency throughput. 
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