
 

i 

 

PHOTOELECTROCHEMISTRY OF TIO2 AND THE OXIDATION OF NOX 

 

A Thesis 

by 

JONATHAN JAMES FILIP  

 

Submitted to the Graduate and Professional School of 

Texas A&M University 

in partial fulfillment of the requirements for the degree of 

 

MASTER OF SCIENCE 

 

Chair of Committee,  Dan Zollinger 

Co-Chair of Committee,   Qi Ying 

Committee Members, Ying Li 

   

Head of Department, Zachary Grasley 

 

May 2023 

Major Subject: Civil Engineering 

Copyright 2022 Jonathan Filip



 

ii 

 

ABSTRACT 

 

In this study TiO2 is used as a photocatalyst for the removal of pollutants via oxidation. 

The pollutants of interest are nitrogen oxides; the specific gas of use in this study is NO 

blended with air. This study is an attempt to establish required concentrations of TiO2 to 

achieve specific oxidation percentages of NOx given a constant flowrate, input NO 

concentration, humidity, and quantum flux input. A comparison of a pure air atmosphere 

and a nitrogen atmosphere in the testing chamber are included to provide insight to the 

role O2 plays in this electrical phenomenon called photocatalysis. A method for 

producing TiO2 nanoparticles by using Ti electrodes and a resulting thermal plasma is 

investigated and tested. 
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NOMENCLATURE 

 

α absorption coefficient 

B magnetic flux density 

c speed of light in vacuum (= 3 × 108 ms-1) 

C concentration of gas or material 

D electric flux density 

Dp,n diffusion coefficient for electrons (n) and holes (p) 

e charge of electron (= −1.602 × 10−19 C) 

E electric field, or electron energy 

EF Fermi energy of an electron 

Eg bandgap energy 

Eg potential energy of an electron outside the surface forces 

ε permittivity of material 

ε0 permittivity of vacuum (= 1/c2μ0) 

ε1 real part of the complex permittivity (dielectric constant) 

ε2 imaginary part of the complex permittivity 

f(E, T) Fermi-Dirac probability function 

F Fermi level or electrochemical potential 

g(t) generation rate of the electron hole pairs as a function of time 

 (g = αI) 
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g(x) generation rate of electron hole pairs as a function of distance 

 into the space charge layer 

h Planck constant (= 6.63 × 10−34Js) (ℏ = h/2π) 

i imaginary part (= √−1) 

in,p electron current density (n) and hole current density (p) 

iph photocurrent density 

J0, I, Erad light intensity or irradiance on semiconductor surface (W m-2) 

k reaction rate constant, imaginary part of the complex refractive 

index or adsorption index, and wave vector of Bloch function 

kB Boltzmann constant (= 1.38 × 10−23JK−1) 

K adsorption constant 

LD Debye length in the semiconductor 

Ln,p diffusion length for electrons (n) and holes (p) 

LSC thickness of the space charge layer in the semiconductor 

ϕ electric potential or quantum yield 

λ wavelength of light 

m0 rest mass of the electron 

mc, mv effective mass of the electron in conduction band or valence band 

m∗ effective mass of electron 

n real part of complex refractive index 

n0 equilibrium concentration of electrons in semiconductor bulk 

ns surface concentration of electrons 



 

viii 

 

N0 charge carrier density of semiconductor bulk induced by photos of 

 energy E 

NA, ND concentration of donor (D) or acceptor (A) impurities in 

 semiconductor bulk 

Nc, Nv effective density of quantum states in conduction (c) and valence 

 (v) bands 

ρ charge density in material  

p0 equilibrium concentration of holes in valence band 

ps surface concentration of holes 

ppm parts per million 

rGAS oxidation percentage (GAS = NO, NO2 but generally NOx) 

RH relative humidity 

σ electrical conductivity of material 

μ magnetic permeability of material 

μ0 magnetic permeability of vacuum (= 4π × 10−7Hm−1) 

Xm
n  ratio of the particles which possess n electrons and m holes in the 

 volume V 

U external potential 

Ufb flat band potential 

V volume of TiO2 particle 

ν frequency of electromagnetic wave 

v velocity of electromagnetic wave 
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ω angular frequency (= 2πν) 

ωp plasma frequency  

wT thermodynamic work function 
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1. INTRODUCTION  

TiO2 in History, the Universe and Today 

Titanium dioxide (TiO2) is an oxide of titanium, and it has been used by humans 

for thousands of years. In the past humans have used TiO2 mainly as white paint. It was 

identified in 1791 by William Gregor who used it in fine arts48. From there TiO2 

applications expanded to cosmetics, food, transistor and capacitor applications, nuclear 

chemistry and much more49. TiO2 is very proliferant not only on earth but in many other 

places in the universe. TiO2 and other titanium oxides have been found in asteroids, exo-

planet atmospheres, stellar atmospheres and stars, and nebulas. The rocks brought back 

from the moon during the Apollo 17 missioned revealed a composition of up to 20% 

TiO2
16. TiO2 may be a key player in the evolution of habitable planets due to the extremely 

long-term photochemical products such as oxygen17. One day the photochemical power 

of this material may help save Earth.  

TiO2 as a Photocatalyst and the Purpose of this Project 

TiO2 is one of the cheapest and most effective photocatalytic materials on the 

market1,2. This fact has led to abundant research on the topic with respect to TiO2 and 

large-scale use of the material in industry as a photocatalyst and for water and air 

purification methods. TiO2 is making an impact in the construction industry as a 

photocatalyst for the removal of pollutants but issues with effectiveness in the field are 

holding it back. These issues include but are not limited to durability, NOx oxidation at 

varying TiO2 concentrations, recombination and saturation, bandgap energy, 

photocurrent, space charge, and differential capacitance10. NOx oxidation at varying TiO2 
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concentrations is the main purpose of this study. With the data extracted from testing 

multiple TiO2 concentrations at different input NO concentrations a master curve can be 

derived which provides the optimal TiO2 concentration needed for a constant NO 

concentration in the sample atmosphere.  

Outcome of Project 

After analyzing the data, we were able to determine specific concentrations of TiO2 

needed for certain NOx reduction percentages at a given NO concentration. This data 

allows industry to choose a specific TiO2 concentration for a desired amount of NOx 

percent reduction assuming a constant NO concentration input. The data also shows 

certain TiO2 mixtures, such as emulsions, have an impact on the gas reduction efficiency. 

Any material inhibiting the quantum source will have an impact on photocatalysis. A 

singular test ran in a N2 atmosphere revealed the importance of O2 in the photocatalytic 

reaction. Finally, a test will be performed with lab produced TiO2 and it will be compared 

to the samples treated with P25 TiO2 nanoparticles and TiO2 paint from Amazon.  
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2. LITERATURE REVIEW 

Introduction 

 The air we breathe is an invaluable resource that sustains life on Earth, but 

unfortunately, it's being increasingly polluted by a variety of harmful substances. Among 

the most common pollutants are SOx, COx, NOx, various acids such as HNO3 and 

HCOOH, a multitude of complex hydrocarbons, and even radioactive species. These 

pollutants are constantly being released into the air by sources such as combustion 

machines and other industrial processes12,13. The impact of this pollution on the 

environment and human health cannot be overstated. It has led to the widespread 

degradation of ecosystems, caused respiratory problems and other health issues, and 

contributed to climate change through the release of greenhouse gases. As such, it is 

essential that we take action to reduce or eliminate the production of these pollutants. 

Fortunately, there are various methods available for air purification. For indoor 

applications, common methods include mechanical filtration, activated carbon, UV light, 

and ozone generators. These technologies work by removing or destroying pollutants at 

the source, thereby improving indoor air quality, and reducing the risk of health 

problems. However, outdoor air purification is a more complex challenge, as the air is 

constantly being exposed to pollutants from a variety of sources. To address this 

challenge, a range of technologies are used, including absorption, adsorption, 

condensation, and combustion41,42. These techniques work by capturing pollutants or 

breaking them down into less harmful compounds, but they are often less effective than 

indoor solutions due to the sheer volume of pollutants in the air. Air pollution is a 
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serious problem that requires urgent action. By implementing effective air purification 

technologies and reducing the production of pollutants at their source, we can make a 

clean tomorrow. 

Is NOx Bad or Good? 

 NOx, which stands for nitrogen oxides, is a chemical compound that is formed 

from the combination of NO and NO2. These gases are produced during the combustion 

of fossil fuels, such as in cars, trucks, and power plants6-8. High concentrations of NOx 

are known to be harmful to both human health and the environment. Exposure to high 

levels of NOx can cause respiratory problems, aggravate asthma, and even lead to 

premature death. However, it is important to note that NOx is not inherently dangerous. 

In fact, in a clean troposphere, the concentration of NO is typically around 0.01-0.05 

ppb, while the concentration of NO2 is around 0.1-0.5 ppb19. These low levels of NOx 

are actually beneficial to the environment, as they can help regulate the Earth's 

temperature and prevent the buildup of harmful greenhouse gases. It's worth noting that 

NOx is not solely produced by human activities. Nature also produces NOx in several 

different ways, with one of the most prominent being lightning43. When lightning strikes, 

the high voltage can ionize diatomic nitrogen and oxygen, causing them to recombine 

and form NOx. Furthermore, NO has a positive impact on human health, as it acts as a 

vasodilator44, which means that it helps to relax blood vessels and improve circulation. 

This has important implications for conditions such as hypertension and cardiovascular 

disease. 
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While NOx can be both good and bad, it's essential to manage its production and 

exposure to protect human health and the environment. By taking steps to reduce 

emissions from combustion machines and supporting natural processes that produce 

NOx, we can work towards a cleaner, healthier future for all. 

Methods for Air Purification 

 In recent years, air pollution has become a major concern for people all around 

the world. With the increase in industrialization and urbanization, the air we breathe is 

becoming more and more contaminated with harmful particles and pollutants45-47. As a 

result, the need for air purification methods has become more pressing than ever before. 

In this regard, Roy et. al. has explained the methods of modern air purification and 

described the effectiveness of such. The application of mechanical filters is still a large 

part of the air purification scene, especially for indoor air purification. These air purifiers 

with mechanical filters have electrostatic precipitators which help remove particulates 

from the surrounding atmosphere. However, it is important to note that these 

electrostatic precipitators can be dangerous due to the production of ozone, which can be 

harmful to humans. Another method of air purification that has obtained mass attention 

is the use of activated carbon. The governing principle of activated carbon is adsorption; 

the large surface area and high porosity give a large probability for particulate 

extraction. Thus, activated carbon acts as a filter via physical adsorption and 

chemisorption. This makes it an effective method for removing pollutants such as 

volatile organic compounds (VOCs) and gases like carbon monoxide from the air. 
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Air can also be purified with UV light. The UV light will induce a voltage in the radiated 

material, thus killing pathogens or microbes present in the air. This method is especially 

useful in hospitals and laboratories, where the air needs to be free of harmful bacteria 

and viruses. Nano-fiber sheets made of polymer can also be used to extract particulates 

in the atmosphere via adhesion of particles. These sheets have a high surface area and 

can capture even the smallest of particles. This makes them an effective method for 

removing pollutants such as pollen, dust, and pet dander from the air. Photocatalytic 

materials are also of interest for air purification due to their ability to perform redox 

reactions. These materials use light energy to break down pollutants into harmless 

compounds. This method is effective in removing harmful gases such as nitrogen oxides 

and sulfur dioxide from the air. Finally, membranes made of soy proteins can be used to 

extract particulates via electrostatic force of attraction or dipole attractions. Soy protein 

isolate is generally used due to its high volume of proteins. These protein particles can 

be up to 50 microns in size and are effective in capturing pollutants such as dust, smoke, 

and bacteria. In conclusion, the methods of modern air purification are diverse and 

effective in removing harmful pollutants from the air we breathe. Each method has its 

advantages and disadvantages, and the choice of method depends on the specific needs 

of the user. As air pollution continues to be a major concern for people all around the 

world, the development of new and innovative air purification methods will continue to 

play a vital role in ensuring clean and healthy air for all. 
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Motivation 

 In recent years, TiO2 has gained significant attention in the field of photocatalysis 

due to its remarkable properties such as high surface area, chemical stability, and low 

toxicity. Photocatalysis is a process that involves the use of a catalyst, such as TiO2, to 

initiate a chemical reaction using light energy11. One of the key applications of 

photocatalysis is the removal of pollutants from the environment, particularly the 

elimination of nitrogen oxides (NOx) from the air we breathe. Several studies have been 

conducted to investigate the photocatalytic capabilities of TiO2 and TiO2 doped materials 

for the oxidation of NOx
9. These studies aim to determine the extent to which TiO2 can 

be used as a catalyst to remove NOx from the environment. The researchers track the 

mass and sometimes the concentration of their samples to determine the efficiency of the 

TiO2 catalyst28-40. However, it has been found that there is no clear correlation between 

the concentration of TiO2 and the percentage of NOx oxidation. This is because the 

studies that have been conducted so far have not provided results for samples with 

varying rates of TiO2. Therefore, it is difficult to establish a definitive relationship 

between TiO2 concentration and NOx oxidation percentage. Despite this, the results of 

these studies have shown that TiO2 and TiO2 doped materials are capable of removing 

NOx from the environment. The process of photocatalysis involves the absorption of 

light energy by TiO2, which excites electrons from the valence band to the conduction 

band, leaving behind positively charged holes. These holes can react with water or 

oxygen molecules to produce hydroxyl radicals or superoxide ions, respectively. These 

reactive species can then oxidize NOx to form harmless products such as nitrogen gas 
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and nitrate. In conclusion, TiO2 and TiO2 doped materials have shown great potential in 

the removal of NOx from the environment through photocatalysis. While there is 

currently no clear correlation between varying TiO2 concentrations and NOx oxidation 

percentages, the results of these studies suggest that TiO2 is a promising catalyst for 

environmental remediation. Further research is needed to establish a definitive 

relationship between varying TiO2 concentration and NOx oxidation percentages and to 

optimize the use of TiO2 in the field.  
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3. EXPERIMENTAL SETUP AND MATERALS 

 

Experimental Setup 

 All of the tests performed in this project follow these same procedures; there are 

no tests in this study which deviate from these procedures. The items used in this study 

are: Thermofisher 42i chemiluminese analyzer, Environics 4040 gas mixer, a three 

gallon stainless steel chamber (cyclindrical chamber with glass lid), a 120W LED with 

an output wavelength of 375 nm, a 30V 10A variable power supply for the LED, and 

various gas tanks including N2, NO + zero grade air, and zero grade air. The RH is 

controlled by placing 800 mL of water in the chamber.  

Figure 1 

Experimental setup 
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Above are all the listed items which are used in this project. The LED can be seen on the 

bottom right of Figure [1] attached to a large heat sink. This LED is extremly efficient in 

oxidizing the NOx due to the LED frequency closely matching the frequency found in 

equation (1) using the bandgap energy for TiO2. The input gas in this experiment is not 

recycled back into the chamber. This is a simple flow through reactor. The schematic for 

ther experimental setup is below: 

Figure 2 

Flow Diagram of Experimental Setup  

 

 

Note. The first three-way valve has an analog regulator and the exhaust is a vent hood 

The gas tanks are connected to the 4040 Environs unit. This gas mixer allows the user 

select a target concentraion and flowrate. The selected gas concentration and flowrate 

are then fed into a three way valve which has an analog flowmeter connected to the inlet 

of the three way valve. This allows the user to select flowrates which may not be 

provided by the 4040 Environics unit. The selected concentration and flowrate are then 
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fed into the chamber where the selected sample is located. The output flow from the 

chamber is then exhausted, and the vacuum pump from the 42i NOx analyzer draws only 

what it needs. The power supply given an constant power input to the LED. The 

quantum flux from the LED is directed into the chamber. The DHT-11 sensor is placed 

om a breadboard which is glued to the interior of the chamber. The Arduino is also 

attached to the breadbaord inside the chamber. A hole was drilled into the chamber and 

the cord was inserted into the chamber for power and control of the sensor. The cord was 

caulked closed to ensure the chamber did not leak. The cord can actually be seen in 

Figure [2] on the right side of the chamber. The computer used to collect data from the 

DHT-11 sensor is played atop the 42i in the picture; this is the general procedure for 

testing. The samples are ~10” from the LED. The lid on the chamber is glass. The 

following procedure is how all samples were tested: 

1) Power on all devices and allow Thermofisher 42i to attain proper temperature 

(allow to heat up for 30 minutes) 

2) Add 800 mL of water to the chamber 

3) Insert sample into chamber and clamp the glass lid 

4) Open the appropriate gas tanks and program the Environics 4040 to the desired 

settings 

5) Charge the chamber for a minimum of 11 minutes to replace the atmospheric gas 

in chamber (the residence time of the gas in this chamber at 1 LPM is 

approximately 11 minutes) 
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6) After chamber has been charged with the test gas the test can begin (stop the gas 

flow and restart it before starting the test); place the LED above the chamber and 

plug the LED into the power supply 

7) Open the Arduino robot program for the DHT-11 sensor and begin taking 

readings in the serial monitor for RH and temperature 

8) The test is a two hour test: first hour the LED is off and for the second hour the 

LED is on 

9) Obtain the NOx concentration values every 10 minutes or extract the data from 

the Thermofisher 42i at the end of the test 

10) Power off all devices when complete and be sure to close the gas tanks 

11) The only values of interest are the NOx values at the one-hour and two-hour 

mark; the oxidation percentages are obtained from these two experimental values 

The following parameters are kept constant throughout the entire testing procedure: 

flowrate, NO concentration, power to LED, RH, and mass and/or concentration of TiO2. 

The flowrate is always kept at 1 LPM aside from a singular test. The input NO 

concentration varies from 0.5 to 10 ppm as will be explored in the results section. The 

RH in the experiment does fluctuate due to the change in temperature introduced by the 

LED at the one-hour mark. Due to cost the 800 mL of water added to the bottom of the 

chamber is the only way to reliably add water to the reaction. A plot of the RH will be 

included in the results section along with the temperature change. These readings were 

recorded with a DHT-11 sensor and an Arduino (both are placed inside the chamber). 

This procedure is based on the JIS R 1701-1 standard used in Japan26. All. the 
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concentration values for the TiO2 samples are taken with the NitonTM XL3t XRF 

analyzer used in the “soils” mode.  

Materials 

 The materials used in this project are either pure TiO2 particles of varying 

diameter or emulsion products containing these P25 TiO2 nanoparticles provided by 

Pavement Technology, Inc. A TiO2 paint from Amazon is also tested. Our lab also 

successfully created TiO2 nanoparticles which were tested for efficiency. All the 

materials mentioned can be seen below using electron microscopy.  

Figure 3 

P25 TiO2 nanoparticles provided by Pavement Technology, Inc. 
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Above are the nanoparticles used in the emulsion products (these TiO2 nanoparticles are 

also used without the emulsion). The images were taken with the FEI Quanta 600 FE-

SEM at the Texas A&M microscopy and imaging center. The TiO2 spheres are difficult 

to see in Figure [3] as the limit of the FEI Quanta 600 FE-SEM are being pushed.  

Figure 4 

TiO2 paint from Amazon 

 

In Figure [4] the TiO2 paint can be viewed. The particles are much larger than the 

nanoparticles in Figure [3] thus explaining the price difference. During this project our 

team created TiO2 nanoparticles by using Ti electrodes and a thermal plasma (an old DC 

welding circuit). These nanoparticles can be seen in Figure [5]. 
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Figure 5 

Lab produced TiO2 nanoparticles via thermal plasma and Ti electrodes 

 

These TiO2 nanoparticles are not quite as small as the TiO2 nanoparticles provided by 

Pavement Technology, but they are much smaller than the TiO2 paint. These images 

allow for the unique geometry of the TiO2 to be viewed.  
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4. RESULTS  

 

Zero Tests (no TiO2 in chamber) and Calibration Tests 

 To validate the testing procedure a zero test must be performed i.e., a test with no 

TiO2 in the chamber. Below is a zero test with the following parameters: 1 LPM 

flowrate, 1 ppm NO input mixed with zero grade air, 120W drawn by the LED, an 

average RH of 77.5%, an average temperature of 26.5°C and no TiO2. Below in Figure 

[6] the zero test can be seen.  

Figure 6 

Zero test with light – 120W, 1 LPM, 1 ppm NO, RHavg = 77.53%, Tavg = 26.52°C 

 

Here the NO concentration steadily rises as a logarithm with time (regardless of the 

photonic yield) and the NO2 diminishes over time because there is no TiO2 to generate 

NO2. Also, the quantum flux can break the NO2 down into NO (equation (66)) which 

may also be a reason for the low NO2 concentration after the 1-hour mark. If there was 
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TiO2 in the chamber, then NO2 would be produced by the photochemical reactions seen 

in equation (10). Below the plots of the RH and temperature can be seen over time.  

Figure 7 

RH data of zero test with light 

 

When the LED is powered on the temperature of the atmosphere inside of the chamber 

can be seen to rise. Conversely the RH drops as the temperature increases. This is 

consistent with all the tests. The tables in Appendix B contain average temperature and 

RH values; these are the averages of the plots seen above for each respective test.  
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Figure 8 

Temperature data of zero test with light 

 

Next a zero test without using the light was tested in order to observe the maximum 

concentration of NO which can be achieved in the chamber. This test can be seen below: 
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Figure 9 

Zero test without light – 0W, 1 LPM, 1 ppm NO, RHavg = 82.07%, Tavg = 23.59°C 

 

There is no change in concentrations due to no light and no TiO2 inside the chamber. 

The standard deviations of the steady state concentration values for NO, NO2 and NOx 

are 0.0031, 0.0023, and 0.0026 respectively. The span gas was introduced into the 

chamber for 20 minutes before the test in order to replace the gas inside the chamber and 

to establish the span gas concentration (1 ppm NO) inside the chamber. Below the RH of 

the test can be seen: 
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Figure 10 

RH data of zero test without light 

 

The RH and temperature are fairly constant throughout the test. The RH does increase 

with time; this is due to the RH not being controlled in the experiment. Below the 

temperature of the test can be seen: 
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Figure 11 

Temperature data of zero test without light 

 

Concluding this test another test was performed to calibrate the experimental program 

and prove the validity of the results by tight grouping of the NO concentration values 

(the only input concentration which is controlled in the reaction). A test was run at 10 

minute intervals with the LED on and off at each interval. The input flowrate is 2 LPM 

and the input NO concentration is 1 ppm. The RH and temperature plots will be 

provided with the hope of giving clarification to the NO2 concentration throughout the 

test. The sample used in this test was F1, the first sample in set F. Below is the 

calibration test: 
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Figure 12 

Calibration test (sample used: F1) 

 

The standard deviation of the maxima NO concentrations in the figure above is 0.001224 

and the standard deviation of the minima NO concentrations is 0.007228. This test 

proves the reliability of the readings via repeatability. It should be noted the span gas 

was supplied into the chamber for at least 20 minutes before the start of the test as can be 

seen in the beginning of the figure thus allowing the concentration to reach a maximum 

value. After this the intervals of the LED on and off was initiated. Below the RH of the 

calibration test can be seen: 
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Figure 13 

RH data of calibration test 

 

The RH matches the oscillation of the quantum flux extremely well. With the 

introduction of the quantum flux the RH decreases due to the temperature increase. 

Below is the temperature data for the calibration test: 
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Figure 14 

Temperature data of Calibration test 

 

Tests with High Concentrations of TiO2 (sets E, F and H) 

 The series’ to be considered here are set E, set F, and part of set H from the 

database. The masses of these samples are known as well as the concentrations in ppm 

except for set E; for set E only the TiO2 concentration is known in ppm. For samples F1, 

F2 and F3 (the first character is the set name, and the second character is the sample 

number) the masses of TiO2 are 0.0039, 0.0592, and 0.0138 grams respectively; the 

corresponding concentrations for these samples are 118800, 122800, and 242500 ppm 

respectively. For samples H1, H2 and H3 the masses of TiO2 are 0.05, 0.1 and 0.25 

grams respectively; the corresponding TiO2 concentrations for these samples are 57400, 

100333 and 198666 ppm respectively. For set E we have E1, E2 and E3. The 

corresponding concentrations for these samples are 573400, 573800 and 253667 ppm 

respectively. For set F the input NO concentrations are 2, 5 and 10 ppm. For set H the 
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input NO concentration is only 1 ppm. Set E has NO input concentrations from 0.5 to 2 

ppm. Set E is notable different in that the power input to the LED is only 50W as 

opposed to the other tests which are at 120W. There are two key points related to 

increasing the input NO concentration which will be noticeable in the results: the 

production of NO2 increases and the NOx oxidation percentage decreases due of the 

former. Below in Figures [16-18] the concentration plots over time can be seen for F1. 

All the other input parameters follow the parameters established in the experimental 

setup and materials section. The equation used to calculate the oxidation percentage is as 

follows: 

 
rGAS =

C1 hour − C2 hour

C1 hour
× 100 

(84) 

 

Where r is the oxidation percentage of the gas, C is the concentration of the gas, and 

GAS is either NO, NO2 or NOx. The figures are labeled with the power supplied to the 

LED, flowrate, input NO concentration, RH, and temperature data. 
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Figure 15 

E1 – 50W, 1 LPM, 1 ppm NO, no RH and temperature data 

 

Here only E1 is shown and the rest of set E are in Appendix A. E1 and E2 do not have 

water in the chamber and this is evident in the maximum NO concentration. When there 

is water in the chamber the general threshold for the NO concentration is ~0.8 ppm as 

can be seen in the zero tests. The tests for E1 and E2 are extremely similar which 

inspires confidence in the results obtained. The NO2 concentration does not change 

much due to the low NO concentration input. We will see later the NO2 production 

increases with an increase in the input NO concentration. 
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Figure 16 

F1 – 120W, 1 LPM, 2 ppm NO, RHavg = 70.76 %, Tavg = 25.56°C 

 

The F set is a unique set which explores the possibilities of high input NO 

concentrations. As other studies have shown the amount of NOx oxidized increases as 

the input NO concentration increases but the percentage of NOx oxidized for that span 

gas decreases1-4. This can be clearly seen with the F1 sample tested at 2, 5, and 10 ppm 

NO. In Appendix A the remaining tests for set F can be found which further prove the 

argument. The tests with F1 were selected specifically because over time the NOx 

dissolve into the water thus completely controlling the production of NO2 as can be seen 

with the tests with F3. It is not completely known as to why the NO2 concentration is 

completely controlled but the assumption of the dissolved NOx into the water seems 

most probable. The Henry’s gas law constant for NOx species is low but the dissolved 

NOx and possibly dissolved ozone play a huge role in the experiments over time as can 

be seen with set F. 
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Figure 17 

F1 – 120W, 1 LPM, 5 ppm NO, RHavg = 74.82%, Tavg = 25.25°C 

 

Here the production of NO2 can be seen to increase as the input NO concentration 

increases. Also, the oxidation of NOx decreases as the input NO concentration increases. 

This will be further evident in the following figures for F2 and F3. With F2 there is more 

TiO2 available than F1 (F2 has a mass ~15 times larger than F1) thus resulting in a larger 

total current through the irradiated semiconductor.  
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Figure 18 

F1 – 120W, 1 LPM, 10 ppm NO, RHavg = 70.83%, Tavg = 24.96°C 

 

What must be noted about this testing is the NOx dissolving into the 800 mL of water. 

All the tests with F3 can be seen to produce less NO2 than the tests with F1 and F2. This 

is directly related to the dissolved NOx in the 800 mL of water because F1 and F2 

samples were tested before F3. Thus, the dissolved NOx in the 800 mL of water directly 

impacts the NOx oxidation percentage. Tests with F1 thus have little to no impact from 

the dissolved NOx and tests with F3 have high impact from the dissolved NO2. Set F 

samples were tested with this in mind to determine how the 800 mL of water impacted 

the testing. The conclusion is the dissolved NOx inhibits the formation of NO2 gas thus 

only allowing the NO to exist in the chamber. The NO2 in this experiment occurs via NO 

coming into contact with O2 and other oxygen species, and the TiO2 generated NO2. 

Below are the plots for H1, H2 and H3. Again, the input NO concentration for all 

samples in set H are 1 ppm. 
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Figure 19 

H1 – 120W, 1 LPM, 1 ppm NO, RHavg = 65.37%, Tavg = 27.33°C 

 

With set H the oxidation of NOx is seen to be higher than set F due to the lower input 

NO concentration. The concentrations seem to find an equilibrium state much quicker 

than set F. The masses of set H are higher than set F thus resulting in the equilibrium 

states seen in the tests with set F The higher masses also correlate to a higher 

photocurrent due to the larger number of charge carriers. With a higher photocurrent we 

can expect the NOx concentration to reach an equilibrium with the surrounding 

environment faster. With a lower input NO concentration, we see a higher NOx oxidation 

percentage. Although as the input NO concentration increases the amount of oxidized 

NOx increases with it even though the oxidation percentage decreases. Thus as the input 

NO concentration increases the potential amount of oxidized NOx increases. 
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Tests with Low Concentrations of TiO2 (emulsion samples and set H) 

 The emulsion products mentioned prior are used to treat asphalt roadways with 

TiO2. The samples from these roadways are sent to our lab and are tested in the chamber. 

Due to the low concentrations found on the samples the photocatalytic performance is 

lower than the high concentration samples seen in the last section. Below are some tests 

which have been performed with samples pulled from treated roadways. The 

concentrations will be provided; no mass values are provided due to the low mass values 

on these samples. The mass values are not estimated due to the reliability of the NitonTM 

XL3t XRF analyzer. It must be noted that the NitonTM XL3t XRF analyzer is used in the 

“soils” mode only.  

Figure 20 

Edna, MN – Treated with ARA1-Ti Emulsion – 120W, 1 LPM, 1 ppm NO, RHavg = 

70.10%, Tavg = 24.51°C 
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Figure 21 

Charlotte, NC 9156.2 – Treated with ARA1-Ti Emulsion – 120W, 1 LPM, 0.5 ppm NO, 

RHavg = 67.71%, Tavg = 24.32°C 

 

Both of the above figures show how the low concentration samples (4154 and 6751 ppm 

TiO2 respectively for the two tests above) react in the chamber. Both yield low NOx 

oxidation percentages due to the low concentrations of TiO2. These data points of the 

Pavement Technology, Inc. samples are invaluable; they are direct proof of the 

correlation between TiO2 concentration and NOx oxidation percentage as will be seen in 

the master curve.  
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Figure 22 

Charlotte, NC 8672.2 – Treated with ARA1-Ti Emulsion – 120W, 1 LPM, 1 ppm NO, 

RHavg = 64.89%, Tavg = 24.34°C 

 

Figure [20] can be compared with H1, H2 and H3 concerning oxidation of NOx. The 

concentrations of the samples used in Figures [20-22] are 3164, 6751 and 4154 ppm 

respectively. The low concentrations of TiO2 are directly related to the low NOx 

oxidation percentages. In Figure [21] and [22] the input NO concentration is changed to 

0.5 ppm to obtain a larger NOx oxidation percentage. Below are the plots for H4, H5 and 

H6 which are samples made with 0.05, 0.1 and 0.25 grams of TiO2 respectively. H4, H5 

and H6 are made in an ARA1-Ti emulsion mixture.  
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Figure 23 

H4 – 120W, 1 LPM, 1 ppm NO, RHavg = 64.36%, Tavg = 26.81°C 

 

H4, H5 and H6 can be seen to oxidize much less than H1, H2 and H3. This is due to the 

emulsion absorbing a percentage of the photonic yield thus decreasing the total current 

in the semiconductor thus resulting in a lower NOx oxidation percentage. This is more 

clearly viewed in Figure [26]. 
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Figure 24 

Comparison of emulsion products from Pavement Technology, Inc. 

 

Note. These are tests H1-H6 

The INTRO-Ti does not absorb nearly as many photons, in fact most of this carrier 

evaporates leaving just the TiO2. The ARA1-Ti has a large amount of emulsion which 

does not evaporate thus blocking the photons from reaching the TiO2. Below are images 

of the ARA1-Ti and INTRO-Ti respectively using the LEICA DM 6B light microscope. 
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Figure 25 

ARA1-Ti + TiO2 under microscope 

 

Note. The mixture is 50% ARA1-Ti and 50% TiO2 by volume 

Each sample is 50% carrier and 50% TiO2 nanoparticles by volume. A small drop was 

used from each mixture and placed on a slide for inspection. 
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Figure 26 

INTRO-Ti + TiO2 under microscope 

 

Note. The mixture is 50% INTRO-Ti and 50% TiO2 by volume 

Test in N2 Atmospheric Environment 

 Sample F1 was tested in an atmospheric environment of N2 and pure air + NO 

with an input NO concentration of 1 ppm. All the remaining parameters follow the 

guidelines in the experimental setup section. As mentioned previously the one drawback 

of using this experimental procedure is the NOx which is dissolved into the 800 mL of 

water. In the prior tests the NO2 production decreases as the NOx dissolves into the 
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water, and the NO seems to be unaffected. In the pure N2 atmosphere something 

interesting happened as can be seen below: 

Figure 27 

Nitrogen test – 120W, 1 LPM, 1 ppm NO, RHavg = 59.49%, Tavg = 27.55°C 

 

The production of NO2 is minimal but the NO concentration increases with the 

introduction of the quantum flux (irradiation at 375 nm). This shows the important role a 

water body has in the production of NOx in the absence of O2. This response in 

concentration never occurred while O2 was present in the chamber. It’s as if the O2 acts 

as a barrier which locks the dissolved NOx to the water body. Without the O2 barrier the 

dissolved NOx is energized by the UV radiation thus returning the NOx back into the 

chamber as a gas. In equations (a-b) NO2, HNO2, and NO3 generate NO with an input 

frequency. Thus, if any of these chemicals are in the water body there is a probability 

they will be converted back to a gaseous state of NO. This unique result points to one 

conclusion: water bodies (including soils) can generate NOx with the input of an 
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electromagnetic wave. This is especially true for urban areas where pollution is high. 

The transport of hydrocarbons and complex hydrocarbons into said water bodies 

provides a large soup of pollution which can enter the atmosphere as reduced gases upon 

irradiation. Future tests with this gas configuration should test different balances of N2 

and O2 to establish the role of O2 in this unique reaction.  

Master Curve 

 This section is the concatenation of all tests and concentrations for deriving a 

curve which can predict how much NOx can be oxidized under certain parameters. These 

parameters are flowrate of 1 LPM, an input NO concentration of 1 ppm, 120W drawn by 

the LED, and 800 mL of water added to the chamber for a constant flux of RH. Below 

are two plots which are the same curve but the second one is targeted on the beginning 

of the logarithm.  

Figure 28 

Master curve – 120W, 1 LPM, 1 ppm NO, RH and temperature vary 
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Figure 29 

Master curve (beginning of curve) – 120W, 1 LPM, 1 ppm NO, RH and temperature vary 

 

Note. Curve is the same the previous figure, but the x-axis is focused on the beginning 

With this curve an input TiO2 concentration can be selected and under the parameters 

listed above the output NOx oxidation percentage can be estimated. In Figures [27] and 

[28] it is obvious the points do not fall directly on the curve, but the curve is a great 

approximation of the possible output. The inaccuracy is directly related to the RH not 

kept constant throughout the entire test. This output value is heavily dependent on the 

NO2 produced by the photochemistry thus any deviation from the norm of the NO2 

production will cause the output not to fall directly on the master curve. That said the 

master curve is an excellent predictor as all experiments under these listed parameters 

fall extremely close to the curve provided. The master curve follows a logarithm curve 

as seen above. The equation for the curve seen above is y = 14.473 ln(x) − 113.96 

where x is TiO2 concentration and y is the oxidation percentage of the input NOx. This 
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equation follows all the parameters listed in the experimental setup section and does not 

represent any other conditions, parameters, environments, or tests. For all of those in the 

future it is highly recommended to test at different concentrations under certain constant 

parameters to obtain this curve. Once we start doping TiO2 and other photocatalysts with 

superconductors we must create master curves for those and compare them to the master 

curves obtained with pure TiO2. 

Tests with Lab Produced TiO2 

 During this project an attempt was made to create TiO2 with Ti electrodes and a 

thermal plasma from an old DC welding circuit. The attempt was successful, and the 

resulting sample was tested in the chamber. The highest TiO2 concentration found on the 

surface of this sample was 175000 ppm (a change in mass was not recorded due to the 

small mass). The sample was a 6” diameter concrete specimen, and the electrodes were 

ignited directly above the concrete specimen (0.25” to 1”). The chemistry of this reaction 

follows equation seen below: 

 Ti4+ + 2O2- → TiO2 (85) 

 

The Ti and surrounding O2 are ionized thus the plasma state, and the ions combine to 

create TiO2 almost instantly. This beautiful reaction product can be seen in Figure [4]. 

The test below was performed with this product and other titanium oxides produced 

from the reaction18.  
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Figure 30 

Test of lab produced TiO2 – 120W, 1 LPM, 1 ppm NO, RHavg = 69.24%, Tavg = 25.68°C 

 

The NOx is absorbed by the concrete specimen thus resulting in the overall lower NOx 

concentration seen at the one-hour mark. The NOx oxidation is not extremely high, but 

the lab produced TiO2 is effective.  
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5. CONCLUSION 

 

Conclusion of Results 

 The mechanics of photochemistry involved in this project were described via 

quantum mechanics and physical chemistry. A master curve was derived from the tests 

performed thus allowing the user to derive a NOx oxidation percentage with a given 

TiO2 concentration without the need to perform a test. This should allow the industry to 

properly choose TiO2 concentrations for projects aimed at treated surfaces with TiO2 for 

the purpose of photochemical processes. The future of this field is doping the 

photocatalyst of choice with a room temperature superconductor resulting in a larger 

total current in the semiconductor. Unfortunately, this may not happen soon thus we 

must find a metal and/or composite material which increases the total current in the 

semiconductor. Much research has been done in this area of doping the photocatalyst 

with a metal, but we must find an applicable material for the industry. 

Future work 

 Again, the addition of superconducting material to the photochemical matrix will 

increase the photocurrent in the semiconductor interface. Such doping will also change 

the resonant frequency or bandgap of the material. Graphene or another superconducting 

material will become widely available to the public similar to salt many years ago. 

Humans valued salt more than gold and wars were waged over this now plentiful and 

cheap material. We humans will create methods for producing a superconducting 

material thus driving down cost and increasing availability.  
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APPENDIX A 

Figure 31 

E2 - 50W, 1 LPM, 1 ppm NO, no RH and temperature data, no water in chamber 

 

 

Figure 32 

E3 – 50W, 1 LPM, 1 ppm NO, no RH and temperature data 
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Figure 33 

F2 – 120W, 1 LPM, 2 ppm NO, RHavg = 67.25%, Tavg = 25.31°C 

 

Figure 34 

F2 – 120W, 1 LPM, 5 ppm NO, RHavg = 69.06%, Tavg = 24.60°C 
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Figure 35 

F2 – 120W, 1 LPM, 10 ppm NO, RHavg = 68.65%, Tavg = 26.63°C 

 

Figure 36 

F3 – 120W, 1 LPM, 2 ppm NO, RHavg = 72.32%, Tavg = 25.81°C 
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Figure 37 

F3 – 120W, 1 LPM, 5 ppm NO, RHavg = 71.59%, Tavg = 24.53°C 

 

Figure 38 

F3 – 120W, 1 LPM, 10 ppm NO, RHavg = 65.68%, Tavg = 25.63°C 
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Figure 39 

H2 – 120W, 1 LPM, 1 ppm NO, RHavg = 70.91%, Tavg = 28.15°C 

 

Figure 40 

H3 – 120W, 1 LPM, 1 ppm NO, RHavg = 71.28%, Tavg = 28.17°C 
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Figure 41 

H5 – 120W, 1 LPM, 1 ppm NO, RHavg = 69.53%, Tavg = 27.35°C 

 

Figure 42 

H6 – 120W, 1 LPM, 1 ppm NO, RHavg = 75.62%, Tavg = 27.40°C 
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Figure 43 

C1 – 120W, 1 LPM, 1 ppm NO, no RH and temperature data (no water in chamber) 

 

Figure 44 

Chamber with Arduino and DHT-11 sensor 
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Figure 45 

375nm LED (max power ~120W) 

 

Figure 46 

Analog Regulator in first 3-way valve 
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Figure 47 

110 ppm nitric oxide (NO) blended with air 

 

Figure 48 

Zero grade air 
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Figure 49 

Nitrogen 

 

Figure 50 

Set E – E1, E2 and E3 from right to left 
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Figure 51 

Set F – F1 

 

Figure 52 

Set F – F2 
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Figure 53 

Set F – F3 

 

Figure 54 

Set H – H1, H2 and H3 from left to right 
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Figure 55 

Set H – H4, H5 and H6 from left to right 

 

Figure 56 

Charlotte, NC 9156.2 
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Figure 57 

Charlotte, NC 8672.2

 

Figure 58 

Sample tested with lab produced TiO2 deposits 

 



 

64 

 

Figure 59 

Circuit elements used to create TiO2  
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APPENDIX B 

SOME PHYSICS OF THE IRRADIADED SEMICONDUCTOR AND NOX 

CHEMISTRY 

Introduction1-4 

Photocatalysis is an electrical or quantum mechanical phenomenon. For a 

photochemical reaction to occur a current known as the photocurrent must be induced by 

an accelerated charge or electromagnetic radiation. Each semiconductor has a certain 

resonant frequency wherein the photocatalytic performance for said semiconductor is at a 

maximum. This frequency is determined by the bandgap of the semiconductor, and the 

bandgap is equivalent to wavelength thus providing a resonant frequency for a specific 

bandgap. TiO2 has a bandgap of ~3.2 eV, and this number varies as metals are doped onto 

the TiO2. This so-called bandgap is the energy difference between the top of the valence 

band and the bottom of the conductance band. The valence band has the highest 

concentration of electrons, and the conduction band has the lowest concentration of 

electrons. The action of this phenomenon is very similar to a diode where an alternating 

current is applied to the diode and the current is rectified by the diode. The semiconductor 

medium rectifies the high frequency current (UV radiation for example) and generates an 

electric field known as the space charge. It is the pure geometry of the TiO2 lattice and the 

dipoles within which act as a full bridge rectifier and provide a means for generating a 

uniform electric field gradient. Increasing surface area or decreasing particle size will 

result in higher total currents. Doping TiO2 with various metals such as Li, Na, K, Cs, Ca, 

Mg, Al, Si, V, Nb, Cr, Mo, Mn, Fe, W, Co, Rh, Ir, Ni, Pd, Pt, Cu, Ag, Ag, and Sn provide 
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higher total currents with respect to pure TiO2 (doping does not always mean a higher total 

current but the Schottky diode created by the added metal generally creates a higher total 

current than the pure semiconductor). The ultimate solution for highly efficient 

photocatalysts is extremely high total currents. This can be achieved by adding a 

superconducting material to the matrix of the photocatalyst. Thus, a superconducting 

derivation of TiO2 or some other photocatalyst will be the future of this field. For now, 

the focus is on pure TiO2 which has yet to be used widely in the construction industry, and 

a super material will have an even smaller chance of implementation.  

Electromagnetic Waves and Optical Properties of Solids20 

This type of chemistry is dependent on quantum chemistry; in other words, the 

behavior of the semiconductor is dependent on where the electrons are in the atom. This 

requires an analysis using classical electrodynamics (Maxwell-Heaviside’s equations). 

Below is the equation for the electric field or energy, E:                         

 
E =

1240

λ
 

(1) 

 

In equation (1), E is energy in eV and λ is wavelength in nm; with 3.2 eV as the input for 

E from the bandgap number of TiO2 we obtain 387.5 nm or 773.7 THz. This is the 

frequency of electromagnetic radiation at which the maximum photocurrent can be 

achieved in the TiO2. 1240 in equation (1) is calculated from ch/(e10−9). The energy in 

equation (1) can be calculated by Maxwell-Heaviside’s equations via the electric and 

magnetic field interaction with a material of electrical conductivity σ. 

 D = εE = ε0ε1E (2) 
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 B = μH = μ0μ1H (3) 

 

When electromagnetic radiation imparts its momentum on an object said objects electrons 

experience an electric field (E) and a magnetic field (H). D is the electric flux density and 

B is the magnetic flux density. A differential equation can be formed using vector or tensor 

analysis which can describe the electric field in one direction. 

 
∇2E − σμ0

∂E

∂t
− ε0ε1μ0

∂2E

∂t2
= 0 

(4) 

 

The solution to this equation is given below 

 Ex = E0e−iω(t−
z
v

)
 

(5) 

 

and the velocity of this wave is given by 

 1

v
= √μ0(ε0ε1 + i

σ

ω
) 

(6) 

 

If the complex permittivity is described as ε∗ = ε1 + iε2 then equation (6) becomes 

 1

v
= √μ0ε0ε∗ 

(7) 

 

with ε2 = σ/ωε0. The complex refractive index must be described as n∗ = n + ik which 

will allow the user to relate the velocity of the electromagnetic wave to the refractive 

nature of the material. In other words, the velocity of the electromagnetic wave of said 

material is dependent on the complex permittivity and refractive index which are one in 

the same. 

 1

v
=

n∗

c
=

n + ik

c
 

(8) 

 

If we substitute this back into equation (5) we will obtain the following relationship. 
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Ex = E0e−iω(t−

nz
c

)e
−(

ωk
c )z

 
(9) 

 

The oscillation of the electric field along the x-axis is dependent on time, the refractive 

index, the distance along the z-axis, the angular frequency, and the imaginary part of the 

refractive index. Given all these parameters we can describe the real and complex parts of 

the permittivity and refractive index. 

 ε1 = n2 − k2 (10) 

 

 ε2 = 2nk =
σ

ωε0
 

(11) 

 

 

n = √0.5(√ε1
2 + ε2

2 + ε1) 

(12) 

 

 

k = √0.5(√ε1
2 + ε2

2 − ε1) 

(13) 

 

This unique set of equations allows the user to extract n and k with the complex 

permittivity and visa-versa. Given this conclusion we can now describe the absorption 

coefficient α in terms of the material’s electrical conductivity σ or ε2 as seen below. 

 
α =

σ

cε0n
=

ωε2

cn
=

2ωk

c
 

(14) 

 

Now we reapproach the complex permittivity with the Drude model:  

 
ε∗(ω) = 1 −

ωp
2

ω(ω +
i
τ)

 
(15) 
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ωp = √
e2N0

ε0m∗
 

(16) 

 

 

where τ is the lifetime of the free carrier and N0 is the carrier density. Now the absorption 

coefficient can be described by the wavelength. 

 
α =

ωε2

cn
=

e3λ2N0

4π2c3ε0m∗2nμ
 

(17) 

 

From the equation above we can conclude the free carrier absorption increases with an 

increase in wavelength. It must be noted the intensity I of the electromagnetic wave is 

proportional to the square of the amplitude of the electric field. 

 I = |Ex|2 ∝ e−αz (18) 

 

Semiconductors and Quantum Chemistry14,21-25,27 

 The dispersion law or energy of a particle of semiconductor material for a given 

wave number k can be described as such: 

 
E(k) = ±

ℏ2k2

2m∗
 

(19) 

 

where m∗ is generally expressed as a relative value with respect to the electron mass. 

Here ℏk represents the momentum p of the particle which is obtained by the de Broglie 

equation p = h/λ with k = 2π/λ. With the proper input the energy of the semiconductor 

can be established thus giving us the bandgap energy. First view Figure [60] to 

understand how the bandgap can describe a solid. The energy levels of the upper edge of 
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the valence band Ev(k) and the bottom edge of the conduction band Ec(k) can be 

described as follows with the wave number k: 

 
Ev(k) = −

ℏ2k2

2mv
 

(20) 

 

 
Ec(k) = Eg +

ℏ2k2

2mc
 

(21) 

 

If a material is an insulator or semiconductor the Fermi energy EF will fall in between the 

top of the valence band and the bottom of the conduction band. For a metal the Fermi 

energy falls onto one of the bands thus connecting the bands, hence the Fermi Sea of 

electrons. The Fermi energy can be described as the energy level below energy level the 

electrons occupy but above the energy level where the electrons are vacant. The Fermi 

energy is naturally dissipated via thermodynamic losses given by kBT where kB is the 

Boltzmann constant. First, we must start with the Fermi level which is the thermodynamic 

work required to add one electron to the system. For an intrinsic semiconductor the Fermi 

level can be described as such: 

 
F = Ec − 0.5Eg − 0.5kBT ln

Nc

Nv
 

(22) 

 

The Fermi levels for p-type and n-type semiconductors are respectively as follows: 

 
F = Ev + kBT ln

Nv

NA
 

(23) 

 

 
F = Ec − kBT ln

Nc

ND
 

(24) 

 

For the p-type semiconductor NA ≅ p0 and for the n-type semiconductor ND ≅ n0. The 

Fermi level is a descriptor of degeneracy for a given solid. An example of a degenerate 
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solid is a conducting metal or a doped semiconductor. Insulators and semiconductors are 

non-degenerate solids. One can conclude that a conductive solid is degenerate, and a non-

conductive solid is non-degenerate. Non-degeneracy is more clearly defined by the 

following inequality: 

 Ev + 3kBT ≤ F ≤ Ec − 3kBT (25) 

 

A degenerate semiconductor must be within 3kBT of one of the band edges; the n-type 

will approach Ec and p-type will approach Ev. A degenerate semiconductor can also have 

a Fermi level which falls onto a band; all conductive metals have this characteristic. Thus, 

the non-degenerate semiconductor has a Fermi level which falls well within the bandgap 

following the above inequality. Photoexcitation of a semiconductor can be described has 

the shift of the Fermi level causing non-degenerate semiconductor to become a degenerate 

semiconductor. Following this the Fermi energy must be addressed. The Fermi energy is 

described by the equilibrium concentration of electrons in the bulk and the effective mass 

of an electron in the conduction band 

 

EF =
(3π2)

2
3ℏ2n0

3
2

2mc
 

(26) 

 

and the equilibrium concentration of electrons and holes in the semiconductor bulk can be 

seen below. 

 
n0 = Ncexp (

F − Ec

kBT
) 

(27) 

 

 
p0 = Nvexp (

Ev − F

kBT
) 

(28) 
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where 

 
Nc,v = 2.5 × 1019(

mc,v

m0
)1.5(

T

300
)1.5 cm−3 

(29) 

 

Notice the equilibrium concentration of electrons and holes in the bulk is directly related 

to the number of quantum states in the respective band. This number of states is then 

multiplied by the exponential of the difference between the respective band and the Fermi 

level or electrochemical potential. Thus, the location of the Fermi level or the degeneracy 

of the semiconductor is directly related to the concentration of charge carriers in the bulk. 

Given the insight of the Fermi level it is a good time to introduce the thermodynamic 

electronic work function denoted as wT. The work function is the difference between the 

potential energy of an electron just outside the surface forces (Evac) and the Fermi level 

or electrochemical potential. This can be described in the equation below as5: 

 wT = Evac − F (30) 

 

The work function can be described as the minimum amount of energy needed to remove 

an electron of maximum energy from the semiconductor bulk. As seen above the 

degeneracy of the semiconductor is directly related to the work function. The 

thermoemission saturation current density of a solid can be used to determine the work 

function as follows: 

 IT = AT2exp (−
wT

kBT
) 

(31) 

 

where  
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A ≡

4πekB
2 m0

(2πℏ)3
 

(32) 

 

The work function is a descriptor of the semiconductor properties like the bandgap energy. 

It ultimately tells us how electrons are emitted from the bulk or solid. The change in the 

work function shows the semiconductor reacts to a given quantum flux and can be 

described as such: 

 ∆wT = −eϕSC (33) 

 

Thus the change in the work function is equivalent to the unit charge dotted with the 

voltage of the space charge layer. The change in thermodynamic work or temperature is 

directly related to the charge and thus the capacitance of the semiconductor. This leads us 

to the probability of states in the semiconductor bulk. The probability of the state with 

energy E being occupied by an electron is given by the Fermi-Dirac function: 

 
f(E, T) = (1 + e

(
E−F
kBT

)
)−1 

(34) 

 

These electrons must be quasi-particles with half-integral spin. With this function the 

concentrations of charge carriers can be calculated.  

The Space Charge Layer20 

 To calculate the space charge layer the Poisson-Boltzmann equation must be 

employed: 

 d2ϕ(x)

dx2
= −

ρ

ε0ε
 

(35) 

 

It can be approximated that ρ = eN0. The former equation can be solved if  
dϕ(x)

dx
= 0 

and ϕ(x) = 0 at x = LSC. 
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ϕ(x) = −

eN0

2ε0ε
(x − LSC)2 

(36) 

 

If ϕSC = −ϕ(0) the thickness of the space charge layer can be found. 

 

LSC = √
2ε0εϕSC

eN0
 

(37) 

 

The space charge layer can also be defined by the external potential U and the flat band 

potential Ufb. The flat band potential is the potential at the depletion layer where the 

space charge region terminates. Thus, the space charge layer can be redefined in terms of 

energy: 

 
ϕSC = U − Ufb −

kBT

e
 

(38) 

 

The electric charge within the space charge layer can be described as: 

 

QSC = eN0LSC = √2ε0εeN0(U − Ufb −
kBT

e
) 

(39) 

 

With the charge of the space charge layer, we can find the differential capacitance which 

can be experimentally determined with an impedance meter: 

 
CSC =

dQSC

dU
 

(40) 

 

With this capacitance the Mott-Schottky plot can be determined which allows the user to 

find N0 and Ufb experimentally. Now the Poisson-Boltzmann equation is to be resolved 

for a particle of radius a 

 1

r2

∂

∂r
(r2

∂ϕ

∂r
) =

eN0

ε0ε
 

(41) 

 

and under the condition of  
dϕ

dr
= 0 at r = a − LSC the solution is: 
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ϕ(r) =

eN0

6ε0ε
(r − a + LSC)2(1 +

2(a − LSC)

r
) 

(42) 

 

Particle size is an extremely important factor in photocatalytic performance. This 

ultimately reduces to the quantum yield or electric potential for a given volume of TiO2. 

This can also be seen in equation (43): 

 
ϕ =

∫ ∑ ∑ nkeXm
n dtmn

∫ g(t)Vdt
 

(43) 

 

Thus, if the volume of the TiO2 particle is small the quantum yield will be high for that 

given volume of TiO2. This high quantum yield is in direct proportion to the surface area 

of the TiO2.  

 

Moving Charges in a Degenerate Semiconductor20,21-25 

 The resulting chemical reaction at hand which is produced say by an irradiated 

(375 nm) piece of TiO2 is entirely dependent on the work done by the induced charge 

carriers in the semiconductor (TiO2). For these charge carriers to exert work onto the 

lattice they must move a finite distance, thus the moving charge. This results in a current 

in the semiconductor bulk which generates a voltage. This voltage and current are the 

reason we have a photochemical reaction. With these facts the photocurrent is introduced 

which can be described as the difference between the current in the semiconductor with 

and without irradiation. 

 iph = ilight − idark (44) 
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An example from one of the references will give an idea of how a p-type semiconductor 

with only a hole current can be evaluated. Thus, we start with a photocurrent which is only 

comprised of a hole current: 

 iph = idl − ib (45) 

 

where idl is the current determined by the generation of holes in the depletion layer and ib 

is the hole current in the semiconductor bulk. Using the following equations  

 g(x) = αL(ω)J0e−αLx (46) 

 

 
∫ g(x)dx =

∞

0

J0 ∫ αLe−αLxdx = J0

∞

0

 
(47) 

 

where αL = 2αω/c. The following are used to calculate the current of holes in the 

semiconductor bulk. Below is the current in the depletion layer: 

 
idl = −e ∫ g(x)dx = eJ0(e−αLLSC − 1)

LSC

0

 
(48) 

 

For the quasi-neutral bulk, the following equation is obtained 

 
Dp

d2p

dx2
−

p − p0

τp
+ αLJ0e−αLx = 0 

(49) 

 

and yields the following result: 

 
p(x) = p0 − (p0 + Ae−αLLSC)e

LSC−x
Lp + Ae−αLx 

 

 

where 

 
A ≡

J0αL

Dp(αL
2 − Lp

−2)
 

 

 

Now the diffusion current of holes can be determined. 
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ib = −eJ0

αLLp

1 + αLLp
e−αLLSC 

(50) 

 

 With the two currents idl and ib the photocurrent can be calculated as 

 
iph = eJ0(1 −

e−αLLSC

1 + αLLp
) 

(51) 

 

This photocurrent is only for the semiconductor used in this problem which is assumed to 

only produce a positive current of holes. In experimentation the electron and hole currents 

will both be present, and the magnitude of such currents is dependent on the semiconductor 

type, degeneration, and doping. The following equations can be used generally with the 

approach of the semiconductor in contact with an electrolyte surface: 

 
in =

eDn

Z
(ND − nse−Y) 

(52) 

 

 
ip =

eDp

Lp

(pseY − p0) + eJ0(
e−αLLSC

1 + αLLp
− 1) 

(53) 

 

where 

 
Z = LD√2 ∫ et2

dt
|Y|0.5

0

 
 

 

 
Y =

eϕSC

kBT
 

 

 

The current in the semiconductor can be calculated following the procedure in the first 

example.  

Oxidation Chemistry of Adsorbed NOx onto TiO2
15 

All the constituents of the atmosphere are adsorbed onto the TiO2 surface. One of 

the most important constituents adsorbed onto the TiO2 surface is H2O which is 
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responsible for the generation of hydroxyl radicals. The OH. which are created on the 

surface by the decomposition of absorbed H2O are used directly in the oxidation process. 

Absorbed O2 also plays a role as an electron/hole pair generator. Experimentally the O2 

which is adsorbed is equally important to the H2O adsorbed; this will be further 

discussed in the results. Reactions between gas phase and adsorbed molecules use the 

Eley-Rideal model; reactions which involve two adsorbed molecules onto the 

semiconductor surface use the Langmuir-Hinshelwood model. This testing series is thus 

modeled by the Langmuir-Hinshelwood model and slight modifications to such. With 

reference to the experimental setup section the following reactions are used to describe 

the photooxidation of NOx on the TiO2 surface. First, all of the gases in the surrounding 

atmosphere are adsorbed onto the semiconductor surface; H2O, O2 and NO are the gases 

to be considered in equations (54-56). 

 TiO2 + H2O ↔ TiO2-H2O, kH2O (54) 

 

 TiO2 + O2 ↔ TiO2-O2, kO2 (55) 

 

 TiO2 + NO ↔ TiO2-NO, kNO (56) 

 

Since the H2O is now adsorbed onto the TiO2 as TiO2-H2O the production of hydroxyl 

radicals can occur. The adsorbed NO will remain until it reacts with a hydroxyl radical to 

form nitrous acid and the oxygen will become negatively charged from generated 

electrons. Next the quantum yield or electric potential will induce what we call 

electron/hole pairs and hole/electrons pairs which can be seen in equations (57-59).  
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 TiO2 + hν → e- + h+, ϕ (57) 

 

 h+ + TiO2-H2O → OH. + H+, kh+ (58) 

 

 e- + TiO2-O2 → O2
-, ke- (59) 

 

Thus, with the generation of the hydroxyl radical the chain reaction of oxidation processes 

can take place. We essentially have a reaction which follows: NO→HNO2→NO2→NO3 

which can be seen in equations (60-62).  

 TiO2-NO + OH. → TiO2-HNO2, kNO (60) 

 

 TiO2-HNO2 + OH. → TiO2-NO2 + H2O, kHNO2 (61) 

 

 TiO2-NO2 + OH. → NO3
- + H+, kNO2 (62) 

 

Here we can see the usually favored product of NO3
-. Equation (62) shows the production 

of NO2 on the surface of the semiconductor and its role in the production of NO3
-. As has 

been shown in other studies, including this study, not all the NO2 produced on the surface 

will be further catalyzed thus an increase in NO2 concentration is to be expected. The 

thermodynamic recombination of electron/hole pairs or degradation of the electric field 

can be described by equation (63).  

 e- + h+ → heat, kdea (63) 

 

The recombination of unlike charges within the semiconductor gives off heat. This 

equation above will act as a drain for so called electron/hole pairs and will decrease the 

NOx oxidation percentages. This problem generally results in an equilibrium in NOx 
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concentration but can be an issue if the RH is low. Now the rest of the model is dependent 

of the equilibrium of the adsorption and desorption rates as seen in equation (64).   

 r+ + r- → k+CTiO2_freeCGAS – k-CTiO2_GAS = 0 (64) 

 

Thus, we have: 

 CTiO2_GAS = KGASCTiO2_freeCGAS (65) 

 

where GAS is NO, NO2 or H2O and KGAS = k+/k-. After solving for CTiO2_free the adsorbed 

gas concentrations can be solved for as seen in equations (66-68). 

 
CTiO2_NO =

KNOCTiO2CNO

1 + KNOCNO + KNO2CNO2 + KH2OCH2O
 

(66) 

 

 
CTiO2_NO2 =

KNO2CTiO2CNO2

1 + KNOCNO + KNO2CNO2 + KH2OCH2O
 

(67) 

 

 
CTiO2_H2O =

KH2OCTiO2CH2O

1 + KNOCNO + KNO2CNO2 + KH2OCH2O
 

(68) 

 

All the above concentrations occur at adsorption equilibrium. With these the following 

reaction rate models the NOx adsorbed onto the semiconductor can be solved for 

 

rNO =  
−kNOCTiO2_NOγCTiO2_H2O

4kNOCTiO2_NO + 2kNO2
CTiO2_NO2

(√1 +
4αErad

γCTiO2_H2O
− 1) 

(69) 

 

 

rNO2
=  

(kNOCTiO2_NO − kNO2
CTiO2_NO2

)γCTiO2_H2O

4kNOCTiO2_NO + 2kNO2
CTiO2_NO2

(√1 +
4αErad

γCTiO2_H2O
− 1) 

(70) 

 

and the ratio of the dot product of electron and hole pair reaction rate constants over the 

reaction rate constant for recombination: 
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γ =

kh+ × ke−
∗

kdea
 

(71) 

 

where ke−
∗  = ke−CTiO2

′ _O2
= ke−((KO2

CTiO2
′ CO2

)/(1 + KO2
CTiO2

′ CO2
)).  

Additional NOx Chemistry19 

 Prior literature and this project have shown the photoelectrochemical oxidation 

of NOx with TiO2 generates NO2. As the input NO concentration increases the output 

NO2 produced in the electrochemical process also increases. This produced NO2 reaches 

an equilibrium state as the rate of produced NO2 equals the rate of oxidized NO2. The 

desired product in this process is NO3
−, however there are two products which must come 

first before NO3
− is produced. These products are HNO2 and NO2. Also, there are several 

chemical reactions involving nitrogen oxides which may impact the overall NOx 

chemistry. These reactions are: 

 NO2 + hν → NO + O (72) 

 

 NO3 + hν → NO + O2 (73) 

 

 NO3 + hν → NO2 + O (74) 

 

 HNO2 + hν → NO + OH (75) 

 

 O + NO2 → NO + O2 (76) 

 

 O + NO2 → NO3 (77) 
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 NO + NO3 → 2NO2 (78) 

 

 O + NO → NO2 (79) 

 

 NO2 + NO3 → N2O5 (80) 

 

 N2O5 → NO2 + NO3 (81) 

 

 HO2
. + NO → NO2 + OH. (82) 

 

 OH. + NO2 → HNO3 (83) 

 

and as seen above there are many products which can occur. The desired chemical path 

for NO using the photoelectrochemistry of TiO2 was described prior, but nature does not 

always do what we want. Chemical paths which deviate from the established chemical 

paths in equations (72-83) are more likely to occur in Earth atmosphere as opposed to a 

sealed chamber in a lab. The results section shows very consistent NOx oxidation thus a 

number of these reactions above are not occurring in the chamber. If these reactions are 

occurring, then the product concentration is not high enough to impact the test. For 

instance, if equation (72) occurs for all NO2 in the chamber then NO3
− would never be 

created and the input NO would be stuck in an infinite loop. Obviously, this does not occur 

due to the NO concentration decreasing after the quantum source or LED is turned on.  

 

 


