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ABSTRACT 

A source of bioavailable iron in open oceans stems from aerosols, increasing phytoplankton 

growth and the sequestration of atmospheric carbon dioxide. These aerosols contain 

semiconductors, like titanium dioxide, which is known to increase the bioavailability and can 

trigger photoreduction of Fe3+. Recently, it is suspected that other metals in the aerosols also 

influence the release of iron. In this work, the effects of doping with iron and copper on the 

physical characteristics of titanium dioxide nanoparticles, since the photocatalytic potential of 

titanium dioxide depends on its structure and metal content (anatase vs. rutile), were explored. 

Titanium dioxide nanoparticles were prepared using a sol-gel synthesis with iron, copper, or both 

metals.  These particles were characterized using x-ray diffraction, x-ray fluorescence, 

scanning electron microscopy, and diffuse reflectance spectroscopy. Overall, the addition of the 

metal(s) before or after the condensation of titanium affected the crystallinity, metal uptake, and 

band gap energy and wavelength of the doped semiconductor. Co-doping after titanium was 

added produced porous semiconductor particles with more iron and copper incorporated, a 

smaller conversion into rutile structure, the smallest band gap, and the largest wavelength. These 

doped particles will be further used to better understand the mechanism of how iron becomes 

bioavailable in the atmosphere. 
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Chapter 1. INTRODUCTION 

1.1 Motivation  

 Titanium dioxide (TiO2) is considered one of the most promising semiconductors used as a 

photocatalyst for processes such as water-splitting, solar cells, hydrogen generation, and air, 

water, and wastewater treatment. The material is favored because it costs very little, is non-toxic, 

has chemical and photo stability, and has high photocatalytic activity [Katal 2020, Rahimi 2016]. 

When TiO2 is a part of aerosol particles, the photocatalytic activity of TiO2 has direct and 

indirect effects on the chemical balance of the atmosphere. One of the indirect photocatalytic 

mechanisms of TiO2 is presumed to involve iron and copper [Kim 2020]. Before such a 

mechanism can be elucidated, controlling and understanding of the semiconductor characteristics 

needs to be assessed. In this work, the effects of the synthesis on TiO2 structure and 

photocatalytic properties are studied. There is a focus on the steps in which iron and copper are 

incorporated in the synthesis. 

1.2 Environmental relevance of TiO2 photocatalysis 

 The photocatalytic activity is important when looking at TiO2 in aerosols. Titanium dioxide 

is a common trace metal oxide in particulate matter, primarily from mineral dust, but also ash 

from coal-fired power plants [Ostaszewski 2018]. Fly ash, the combustion particles emitted from 

coal-fired plants, and mineral dust also commonly contain iron oxides and can contain copper 

oxides [Kim 2020]. The reduced iron, Fe2+, acts as a source of bioavailable iron in open oceans, 

prompting phytoplankton growth and the sequestration of atmospheric CO2 [Borgatta 2016].  
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Titanium dioxide can aid in the reduction process by acting as a reducing agent with the 

photoexcited electrons [Landi 2022]. The excited electrons in the conduction band can trigger 

other reduction reactions used to photoreduce Fe3+ within the particle, allowing Fe2+ to become 

bioavailable. It is hypothesized that the addition of iron and copper into the crystal of the 

titanium dioxide will increase the photocatalytic activity and in turn, aid in reduction reactions of 

iron in the particulate matter [Kim 2020]. This paper will analyze the addition of iron and copper 

in titanium dioxide and determine the photocatalytic effects of them being added together, 

separately, and in different addition orders to explore this hypothesis.  

1.3 Semiconductors and photocatalysis  

 Semiconductors can capture energy and transfer it to catalyze chemical reactions. The 

ability for a semiconductor to act as a good photocatalyst is dependent on the energy gap 

between the top of the valence band and the bottom of the conduction band, known as the band 

gap [Landi 2022]. Energy at an appropriate wavelength will excite electrons in the valance band, 

causing them to overcome the energy barrier, jumping to the conduction band and leaving a hole 

in the valance band [Yoong 2009]. The excited electrons can quickly release that energy as heat 

or a photon and fill a hole in the valance band within 10-100 ns [Park 2013]. Alternatively, the 

electrons act as a good reductant, completing the slower process of charge transfer with another 

molecule such as oxygen, since they have similar conduction band energy level to reduction 

potential, in about 0.33 ms [Park 2013, Landi 2022]. This reduction potential could also be used 

to convert Fe3+ to Fe2+. 

 The energy that is captured and released depends on physical chemical parameters of the 

semiconductor and environment. Since the rate-determining step of photocatalysis is based on 
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the rate of charge transfer, the addition of a stronger electron acceptor, like copper and iron that 

are more electronegative, can increase the photocatalytic rate [Park 2013].  

 Titanium dioxide has 3 primary crystal structures with three different structures (Figure 

1.1): anatase, which is stable at low temperatures, rutile, which is stable at high temperatures, 

and brookite, that is found in minerals [Rahimi 2016, Katal 2020].  The structures have different 

types of band gaps. Rutile and brookite have direct band gaps, where the minimum of the 

conduction band and maximum of the valance band align. Anatase has an indirect band gap 

where the bands do not perfectly align. [Lance 2018]. Anatase is the most photoactive due to the 

number of hydroxyl groups, having the largest band gap of 3.2 eV, a larger surface area, and 

greater porosity compared to the other structures of titanium dioxide. Whereas the rutile structure 

has a band gap of 3.0 eV [Thambiliyagodage 2021].  

 One drawback of titanium dioxide as a photocatalyst is that the band gap is only suited to 

absorb energy for excitation in the UV at 338 nm or less. This means that titanium dioxide in the 

 

 

Figure 1.1. Crystal structures of anatase, rutile, and brookite [Katal 2020] 
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atmosphere is only able to absorb 3-4% of solar radiation [Yoong 2009, Pelaez 2012]. Iron and 

copper have specific effects on the photocatalytic activity of titanium dioxide. Additionally, 

doping with metals can slow electron-hole recombination and lessen the band gap, shifting the 

absorption wavelength [Yoong 2009]. By doping titanium dioxide with metals, such as iron and 

copper, the band gap would shift to absorb larger wavelengths in the visible region, allowing the 

particles absorb more solar radiation, and decrease the rate of electron-hole recombination 

[Yoong 2009]. The iron III and titanium IV have similar atomic radii of 0.745 Å and 0.785 Å 

respectively, so the iron dopes via substitution. Copper II is much larger than titanium IV at 

0.870 Å, so it dopes via the interstitial position of the lattice [Byrne 2019]. This causes distortion 

to the lattice and allows for doping to be confirmed by calculating the lattice parameters 

[Thambiliyagodage 2021]. 

1.4 Synthesis of titanium dioxide doped with metals 

 A sol-gel synthesis to form and dope titanium dioxide nanoparticles is one of the most 

common methods. Sol-gel is considered a bottom-up synthesis, where the sol is the main 

homogeneous molecules that become 3D and heavy, forming a wet gel [Ullattil 2017, Bokov 

2021]. The synthesis consists of the hydrolysis/condensation of titanium alkoxide followed by 

calcination as shown in Figure 1.2.  

 A common change in method is the source of the metals. Titanium sources include titanium 

(IV) isopropoxide, titanium (IV) chloride, tetrabutyl titante, titanium butoxide, or 

tetrabutixytitanium [Ismael 2020, Hu 2020, Lin 2018, Thambiliyagodage 2021, Zhang 2014]. 

The reaction takes place in an alcohol solvent with an acid, to help dissolve the titanium source 

before the doping metal is added. 
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Doping with copper is done with copper (II) nitrate or copper (II) hydroxide 

[Thambiliyagodage 2021, Zhang 2014]. The source for iron doping is iron (II) nitrate 

[Thambiliyagodage 2021]. Some syntheses include steps such as ultrasonic baths and 

centrifugation [Ismael 2020, Quyen 2021]. This aids in mixing and the separation of the 

precipitated particles from the solvent. However, the synthesis from Thambiliyagodage and 

Mirihana was the only one found that attempted to co-dope with both copper and iron into 

titanium dioxide nanoparticles, so that was the foundation of the experimental procedure used. 

 

Figure 1.2. Scheme of the synthesis of TiO2 via sol-gel method. [Guzmán-

Velderrain 2014]  
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An array of characterizations can be found across the literature, with some being more 

common than others. X-ray diffraction (XRD) and electron microscopy, sometimes with energy-

dispersive x-ray spectroscopy applied (either transition or scanning- TEM or SEM) are almost 

always used for crystalline structure identification, confirmation of doping, and images of 

morphology [Ismael 2020, Li 2008, Lin 2018, Oganisian 2015, Quyen 2021, Sohrabi 2016, 

Thambiliyagodage 2021, Zhang 2014, Zhang 2020]. Other frequent characterization techniques 

included UV-visible spectroscopy or, more specifically, diffuse reflectance spectroscopy (UV-

vis or DRS), X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, x-ray fluorescence 

(XRF), electrochemical impedance spectroscopy (EIS), and atomic force microscopy (AFM) 

[Ismael 2020, Lin 2018, Nabi 2008, Quyen 2021, Thambiliyagodage 2021, Zhang 2014, Zhang 

2020]. These techniques are used to determine band gaps, analyze the surface chemistry, confirm 

crystal structures, observe metal distribution, analyze charge transfer, and to establish the 

magnetic properties per particle, respectively [Ismael 2020, Lin 2018, Nabi 2008, Oganisian 

2015, Thambiliyagodage 2021, Zhang 2014, Zhang 2020]. Since the motivation for 

experimentation is related to band gaps and shift in absorption wavelength, XRD, XRF, SEM, 

and DRS were used for particle analysis. 

1.5 Experimental Aims 

 As mentioned, the synthesis and characterization procedure for titanium dioxide co-

doped with copper and iron was adapted from Thambiliyagodage and Mirihana 

[Thambiliyagodage 2021]. Experimentation was done to look at the effects of each metal and the 

order of metal addition had on the doped products. Since Thambiliyagodage and Mirihana were 

successful in doping when calcined at 450°C, and Yoong et al. found that copper doped titanium 

dioxide calcined at the lowest temperature of 300°C showed the best photocatalytic activity 
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experimentation looked at the possibility of co-doping at low temperature of 240°C 

[Thambiliyagodage 2021, Yoong 2009]. Additionally, the order of when the metals were added 

was investigated by looking titanium dioxide nanoparticles being formed and then adding the 

metals (Ti + M), compared to adding the metals in solution before forming the titanium dioxide 

nanoparticles (M+Ti). To assess the individual effect of the metals, similar syntheses were 

carried out with the doping of a single metals. Titanium dioxide nanoparticles being formed and 

then adding copper (Ti + Cu) or iron (Ti + Fe) is compared to titanium dioxide nanoparticles 

being formed after adding copper (Cu + Ti) or iron (Fe + Ti). 

 The sol-gel procedure by Thambiliyagodage and Mirihana was followed, changing the order 

of the metals being added, doping with individual metals, and lowering the calcination 

temperature to 240°C. Extensive characterization with XRD, XRF, SEM and DRS was 

completed to determine if the product was doped and the affects that had on the crystal structure 

and band gap. 

1.6 Characterization of crystal structure via XRD 

 X-rays can interact with the material in ways including absorption, emission, refraction, and 

diffraction. For samples that are polycrystalline, powder x-ray diffraction becomes the most 

reliable method to determine each crystal structure. X-ray diffraction works by shooting x-rays at 

the sample and measuring the scattering that results. For powder diffraction, the scattered 

intensity is measured as a function of the Bragg angle (2θ). When there are alterations to the 

lattice, the distances between atoms, the relative intensities and/or the position of the peak 

changes consequently. This allows for the ratio of each crystalline structure of the polycrystalline 

sample to be calculated. More microscopic information can also be extracted since a grain size 
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below a certain limit and strained or deformed materials also affect the peak shape [Pecharsky 

2009].  

The lattice parameters change as a consequence of doping. By nature, anatase and rutile 

have tetragonal crystal structures (Figure 1.3) and brookite has a rhombohedral crystal structure. 

The difference in radii of titanium and iron and introduction of large copper atoms causes 

distortion to the tetragonal structure when doped. This distortion can be calculated using Bragg’s 

law by calculating the side lengths of the structure. Lattice parameters that differ from that of 

anatase and rutile are indicative of doping [Thambiliyagodage 2021]. According to the Braggs, 

the reflection of x-rays with identical Millar indices occurs in a series of equally spaced parallel 

planes at a specific angle(s). This results in a path difference, which requires the interplanar 

distance, d, to be calculated before determining the lattice parameters [Pecharsky 2009]. 

 To calculate d and grain size the wavelength of the generated x-rays is needed, making 

knowledge of the anode that generates the x-rays the most important instrumental parameter. 

Other instrumental parameters that can be changed are the voltage, current, the range of Bragg 

angle measurements and the step and speed of those angles. The voltage and current changes the 

intensity of the x-ray beam, therefore affecting the intensity of each peak. The step and speed of 

 

Figure 1.3. Tetragonal lattice structure where lengths a = b ≠ c. 
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the measuring angles affects the time it takes to run a sample and the resolution of spectra. For 

our experimentation, x-ray diffraction was used to determine if the product was doped based on 

the lattice parameter calculations, the crystal structure of the products with the relative 

percentages, and the average grain size of the nanoparticles. 

1.7 Characterization via metal composition via XRF 

Due to the large energy of incoming x-rays, absorption into the material can enhance 

oscillations of the lattice or cause the emission of photoelectrons by exciting the atoms. The 

signal comes from an electron from the inner shells of the atom or, if the atom is excited, 

relaxation back to the ground state completed by emitting electromagnetic radiation. The 

emission from each atom is specific to the element, allowing for elemental analysis to take place. 

This allows x-ray fluorescence to be used for elemental analysis, looking for evidence of copper 

and iron in the crystals. While the parameters typically are not changed for the instrument, taking 

note of the high voltage and anode current can still be necessary. Additionally, filters can be 

added to block certain atom signals for elemental analysis of an element that may overlap. For 

more detailed information about XRF theory and instrumentation see the review by Haschke 

[Haschke 2014]. 

1.8 Characterization of morphology via SEM 

Scanning electron microscopy was used to look at the surface of the particles and assess the 

porosity. The SEM uses a focused x-ray electron beam to scan across the surface of the material. 

The absorption of the x-rays causes elastic and inelastic interactions, and the emission of x-rays, 

Auger electrons, and cathodoluminescence. The image is formed as a result of elastic and 

inelastic interactions. Elastic scattering occurs by deflecting the beam by a nucleus or outer shell 
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electrons with similar energy in the material, causing relatively no energy loss, but a wide-angle 

directional change. Any elastically scattered electron with angles above 90 degrees and with an 

energy greater than 50 eV are considered backscattered electrons and can be used to determine 

both compositional and topographic information. Inelastic collisions occur when the incoming x-

ray beam transfers substantial energy to the atoms. This leads to the generation of secondary 

electrons that have energies less than 50 eV and can be used to form an image.  

The primary parameter that can be changed is beam accelerating voltage. The volume and 

depth of penetration of the rays increases with increased beam energy and decreases with 

increasing sample atomic numbers, since they have most particles to stop electron penetration. 

The surface resolution of the particles greatly decreases with high accelerating voltage, such as 

20 kV or higher. For more detailed information about SEM theory and instrumentation see the 

review by Zhou and Wang [Zhou 2007]. 

1.9 Characterization of band gap via DRS 

Diffuse reflectance spectroscopy was used to measure the percent reflectance, observe the 

shift in wavelength absorption, and calculate the band gap from the valance band to the 

conduction band. When waves of visible and ultra-violet light are targeted at the sample, there is 

reflection, refraction, diffraction and absorption by the particles in all directions, together these 

result in diffuse reflection. When the dimensions of the particle are similar to, or smaller than, 

the wavelength, and the particles are closely packed, multiple scattering occurs. This scattering 

cannot be separated from refraction, diffraction, and absorption in the spectra due to its changes 

on intensity and angular distribution of the radiation. A theory used to get past that issue is the 

Kubelka-Munk theory. This model assumes that the thickness of sample that is responsible for 
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scattering and absorbing radiation is canceled with a diffuse monochromatic radiation flux as the 

thickness approaches infinity. Additionally, the system must have cylindrical geometry with a 

flat area so the boundaries’ effects can be voided. Since the thickness of a sample cannot actually 

be infinite, a thickness of 1 mm or greater is sufficient for calculations using the Kubelka-Munk 

Function. Use of the Kubelka-Munk function will be further discussed later, however, to estimate 

the band gap, use of Tauc plots is also required. Combining these methods allowed for the band 

gap energy and band gap wavelength to be estimated for each sample [Landi 2022]. 

The main parameters that can be changed include the range of measurements, the 

wavelength of lamp change, slit width, scan speed, and data intervals. The wavelengths chosen 

for the range of measurements depend on the wavelength of the expected band gap, so that the 

band gap wavelength is in the spectra. Change in lamp can cause an artifact in the spectra, 

making it important to choose a wavelength outside the range of the expected band gap. The slit 

width, scan speed and data intervals all affect the resolution of the resulting spectra. 

  



20 

 

Chapter 2. EXPERIMENTAL WORK 

2.1 Reagents  

All reagents were purchased and used as received. Iron (II, III) oxide black magnetite from 

STREM chemicals; concentrated nitric acid from J.T. Baker; titanium (IV) dioxide (anatase), 

iron (III) nitrate nonahydrated, and titanium (IV) isopropoxide from Sigma-Aldrich; ethanol 95% 

and copper (II) nitrate from Fisher scientific; copper (II) oxide from Alfa Aesar. Deionized 18 

MΩ water was obtained using a Barnstead purification system. 

2.2 Syntheses  

The titanium nanoparticles doped with metals were prepared via sol-gel synthesis. Doping 

was done by adding copper, iron, or both at different stages of the hydrolysis/condensation step. 

The syntheses labeled as Ti + M, Ti + Cu, and Ti + Fe correspond to the reaction of titanium 

(IV) isopropoxide for 2 h before adding doping metal (Figure 2.1 left). The syntheses labeled as 

M + Ti, Cu + Ti, and Fe + Ti correspond to the reaction of the doping metals for 2 h before 

adding titanium (IV) isopropoxide (Figure 2.1 right). 

2.2.1 Synthesis of Titanium + Metals.  

Experimental conditions were adapted from the work by Thambiliyagodage and Mirihana, 

[Thambiliyagodage 2021]. A solution of 30 mL ethanol, 10 mL titanium isopropoxide, and 10 

mL of 50% nitric acid was covered and stirred for 2 hours. Then 170 μL of 0.1M iron (III) 

nitrate, or copper (II) nitrate, or both, were added to solution and stirred overnight. The 
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remaining ethanol was boiled off while stirring continued. The particles were dried overnight in 

an 80°C drying oven. The dried product was then calcined at 240°C for 2 hours in a tube furnace.   

2.2.3 Synthesis of Metals + Titanium.  

Experimental conditions were adapted from the work by Thambiliyagodage and Mirihana, 

[Thambiliyagodage 2021]. A solution of 30 mL ethanol and 170 μL of 0.1M iron (III) nitrate, or 

copper (II) nitrate, or both, was covered and stirred for 2 hours. Then 10 mL of titanium 

isoproproxide and 10 mL of 50% nitric acid was added and left to stir overnight. The remaining 

 

Figure 2.1. Experimental approach. Left shows the synthesis of doped TiO2 when 

titanium (IV) isopropoxide is reacted before adding doping metal. Right shows the 

synthesis of doped TiO2 when doping metal are reacted before adding titanium (IV) 

isopropoxide. 
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ethanol was boiled off while continuing to stir. The particles were dried overnight in an 80°C 

drying oven. The dried product was calcined at 240°C for 2 hours in a tube furnace.   

2.2.4 TiO2 control.  

An experimental control titanium dioxide was synthesised adapting the conditions from the 

work by Thambiliyagodage and Mirihana, [Thambiliyagodage 2021]. A volume of 5 mL of 

titanium isopropoxide and 10 mL of 50% nitric acid were added to 50 mL of ethanol and was 

stirred for 2 hours. Then 30 mL of deionized 18 MΩ water was added. The solution continued to 

stir for 24 hours, then the remaining solvent was boiled off. The powder was left to dry 

uncovered in a hood overnight. The dried powder was calcined at 500 °C for 2 hours. 

2.2.5 Reagents control.  

A control mixture of calcined reagents was created by mixing 0.169 moles of titanium (IV) 

dioxide, with 0.015 moles of copper (II) oxide, and 0.005 moles of iron (II, III) oxide black 

magnetite. The mixture was dissolved in ethanol and stirred. The ethanol was boiled off. The 

dried mixture was calcined at 500 °C for 2 hours.  

2.3 Characterization techniques  

2.3.1 X-Ray Diffraction.  

XRD was performed on a Rigaku Miniflex 6G. Measurements were taken at 40 kV and 15 

mA. X-rays were generated with a copper anode at a wavelength of 0.15406 nm. Measurements 

of 2θ ranged from 5° to 80° in 0.02° step at a speed of 2° per minute. Samples were prepared 

with slight compression into the sample plate.  
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Identification of TiO2 crystal structure was done by matching to reference spectra from the 

International Center for Diffraction Data (JCPDS = Join Committee on Powder Diffraction 

Standards). Rutile JCPDS no. 88-1175 and Anatase JCPDS no. 84-1286. [Thamaphat, 2010] 

These values are summarized in Appendix 1. 

Before calculating the grain size of the crystals, the full width half max (FWHM) was 

determined using the originlab pro software. The average crystallite size was calculated for each 

peak with the respective FWHM using the Scherrer equation (equation 1):  

          Φ =
𝐾 𝜆

𝛽  cos 𝜃
         [1] 

where  is the crystallite size, K is the shape factor, λ is the X-ray wavelength, β is the full line 

width at the half-maximum height of the main intensity peak and  is the Bragg angle [Pecharsky 

2009]. An average of the sizes and the standard deviation was determined for each sample with 

peaks that had a FWHM error less than 5. An example calculation can be found in Appendix 2. 

Doping was confirmed by calculating the lattice parameters of anatase using Bragg’s law 

with the tetragonal formula (equation 2): 

         
1

𝑑2 =
ℎ2

𝑎2 +
𝑘2

𝑏2 +
𝑙2

𝑐2                         [2] 

where d is the distance between adjacent lattice plane, a, b, and c are lattice parameters (a=b), 

and h, k, l are lattice vectors in Millar index notation [Thambiliyagodage 2020]. The distance 

between adjacent lattice planes (d) was calculated with equation 3, where n is the order of 

diffraction, that is assumed to be 1[Pecharsky 2009].  

                      𝑑 =
𝑛𝜆

2𝑠𝑖𝑛𝜃
                                  [3] 
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The XRD peaks associated with the anatase Millar indices of 101 and 200, at about 25.4° 

and 48.2°, were used for calculations of lattice parameters in radians. An example calculation 

can be seen in Appendix 2. 

The fraction of rutile was calculated using equation 4 [Spurr 1957]:  

                       𝐹𝑅 = (1 + 0.8 [
𝐼𝐴(101)

𝐼𝑅(110)
])

−1

𝑥 100     [4] 

where FR is the fraction of rutile in the sample, and IA(101) and IR(110) are the intensities of the 

main diffraction peaks of anatase and rutile, respectively. An example calculation can be seen in 

Appendix 3. 

2.3.2 X-Ray Fluorescence.  

XRF was completed on a Bruker Tracer III SD with a rhodium anode. Measurements were 

taken at 40 kV and 15 μA. Samples were measured through a Chemplex Industries 

SpectroMembrane prolene thin-film. No additional filters were added. 

2.3.3 Scanning Electron Microscopy.  

SEM was performed on a FEI Quattro S Field Emission Scanning Microscope. The sample 

was adhered to a stub using carbon stickers. A spot size of 4 was used and a voltage of 10 kV 

under high vacuum.   

2.3.4 Diffuse Reflectance Spectroscopy.  

DRS was performed on a PerkinElmer Lambda 35 UV/VIS Spectrometer with a labsphere 

reflectance spectroscopy accessory. The sample was ground with a mortar and pestle, then 

compressed and measured through a quartz window. Scans were taken from 200-1100 nm, with a 
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slit width of 1 nm, scan speed of 480 nm, scanning at every nm. Additionally, there is a lamp 

change at 532 nm. 

The spectra were smoothed using the originlab pro software. The band gap was estimated 

using the Kubelka-Munk function and Tauc plot method [Landi 2022]. Linearity for each Tauc 

plot had an R2 of 0.99 or greater. The Kubelka-Munk function is defined as F(R)=K/S. The ratio 

can be calculated with equation 5:  

𝐾

𝑆
=

(1−𝑅)2

2𝑅
                [5] 

Where R is the reflectance, and K and S are the Kubelka-Munk absorption and scattering 

coefficients, respectively. However, to determine the band gap with a Tauc plot, the function is 

multiplied by energy and then set to the power of 1/p and graphed against energy. P equals 0.5 

for dipole-allowed transitions at a direct band gap, equals 2 for dipole-allowed transitions near an 

indirect band gap, equals 1.5 for dipole-forbidden transitions at a direct band gap, or equals 3 for 

a dipole-forbidden transition near an indirect band gap [Landi 2022]. For the case of titanium 

dioxide anatase, p equals 2. Energy was calculated with equation 6.  

  𝐸 =
ℎ𝑐

𝜆
      [6] 

where h is plank’s constant, c is the speed of light, and λ is the wavelength. An example 

calculation can be seen in Appendix 4. 
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Chapter 3. RESULTS 

3.1 TiO2 co-doped with copper and iron 

The co-doped nanoparticles were synthesized as described in chapter 2. The product formed 

from when the titanium was added before the metals is referred to as Ti + M and the product 

where the copper and iron was added first is referred to as M + Ti. Additionally, the 

characterization described in chapter 2 was completed on the co-doped products and the controls, 

synthesized TiO2 and calcined reagents mixture. The characterization is summarized in this 

chapter in figures and tables that will be further analyzed in chapter 4. The spectra from XRD 

were analyzed, showing that the particles were co-doped and resulted in a mixture of anatase and 

rutile. It also showed that the formation of anatase was favored when titanium was reacted before 

the addition of metals. The spectra from XRF shows that the co-doped products have 

significantly more iron than copper. When the copper and iron were added in the synthesis 

affects concentration of copper, but not iron, in the co-doped product. The SEM images show the 

morphology of the particles and the porous surface change as a result of co-doping. The DRS 

spectra shows that the order of metal addition in the synthesis affected the band gap energy, and 

therefore wavelength of absorption, of the co-doped products.  

3.1.1 X-ray diffraction of co-doped TiO2.  

XRD patterns were measured to determine the crystal structures of titanium dioxide. For 

comparison, a reagents mixture of commercial titanium dioxide, iron (II, III) oxide, and copper 

(II) oxide was calcined in similar conditions to the synthesized titanium oxide. The XRD patterns 

for synthesized titanium dioxide, calcined reagents mixture, and the co-doped products can be 

seen in Figure 3.1. There are three main observations to be taken from Figure 3.1.  
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First, the co-doped products (red and blue lines) show a different pattern than the TiO2 

(black line). The main signal for TiO2 is at 25 and this peak is considerably more intense than 

the rest of the peaks in the spectrum. In contrast, the main signal in the co-doped products is 

around 55 and is more proportional to the rest of the peaks in the spectra compared to the 

control spectra. Overall, there are more diffraction peaks in the spectra of the co-doped products 

than in the spectrum of the titanium dioxide control. Second, Figure 3.1 shows that both co-

doped products (red and blue lines) have a similar diffraction pattern but have slight differences 

 

Figure 3.1. Offset XRD spectra of co-doped products, titanium dioxide control and 

calcined reagents. The main peak in each spectrum represents 100% intensity. Millar 

indices for CuO are in blue. Millar indices for Fe3O4 are in red. 
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in peak ratios depending on the step in which the copper and iron were introduced. For instance, 

the peaks around 26 and 28 are more equal in size when titanium is reacted before the 

introduction of copper and iron than when titanium is added after. Third, some diffraction peaks 

in the co-doped products (red and blue lines) match the diffraction pattern of TiO2 (black line), 

and the unmatched peaks cannot be attributed to unreacted reagents (yellow line). For instance, 

the peak at 36 in the unreacted calcined reagents is not observed in the co-doped products. The 

lack of signal from iron oxide and copper oxide indicates that no crystal or agglomerate of these 

oxides is formed during the synthesis or calcination.  

The peaks in Figure 3.1 that do not align with TiO2 spectrum in the calcined reagents 

spectrum are a result of overlapping TiO2, CuO, and Fe3O4 peaks. The most intense peaks for 

CuO and Fe3O4 overlap at 36, with Millar indices of 002 and 311 respectively [Etefagh 2013, 

Mishra 2015]. The second most intense peak for CuO is at 39, Millar indices of 

111, overlapping with a TiO2 peak [Etefagh 2013]. The second most intense peak for Fe3O4 is at 

63, Millar indices of 440, overlapping with another TiO2 peak, causing slight broadening 

[Mishra 2015]. The remaining lower intensity peaks for CuO and Fe3O4 are not observed 

[Etefagh 2013, Mishra 2015]. 

To identify the crystal structures of TiO2, the spectra were matched to the JCPDS reference 

spectra of anatase (JCPDS no. 84-1286) and rutile (JCPDS no. 88-1175), the main phases of 

TiO2. Figure 3.2 shows that the diffraction pattern of titanium dioxide control and calcined 

reagents correspond to the anatase crystal structure. The calcined reagents do not show rutile 
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peaks, this titanium oxide was commercial anatase. For the calcined reagents, even though the 

peak at 36 coincides with one of the peaks from rutile (Figure 3.2, right), the lack of the rutile 

peak at 28 allows us to say that there is not rutile in the calcined reagents and is CuO and Fe3O4 

overlap peak instead. The titanium dioxide control shows a tiny peak at 28 (Figure 3.2, left), 

indicating that small amount of rutile can be produced in the synthesis.   

The JCPDS reference spectra were also compared to the co-doped products in Figure 3.3. 

The reference material shows that the peaks at 26 and 28 are the more intense for anatase and 

rutile, respectively, these peaks correspond to the 101 facet of anatase and 110 facet of rutile.  

 

Figure 3.2. (left) Offset diffraction patterns of synthesized TiO2 and reference anatase 

and rutile. (Right) Offset diffraction patterns of calcined reagents and reference anatase 

and rutile. 
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Figure 3.3. (left) Offset diffraction patterns of Ti + M co-doped product (added metals 

after the titanium) and reference anatase and rutile. (Right) Offset diffraction patterns of 

M + Ti co-doped product (added metals before the titanium) and reference anatase and 

rutile. 

 

 

Table 3.1. Anatase’s lattice parameters and grain size for titanium oxide control, calcined 

reagents, and co-doped products.  

Sample TiO2 
Calcined 

reagents 
Ti + M   M + Ti   

d (101) 0.35092 0.35051 0.34217 0.34477 

d (200) 0.18883 0.18879 0.18661 0.1874 

a=b 0.37766 0.37758 0.37322 0.37480 

c 0.94957 0.94372 0.85687 0.87905 

Grain Size (nm) 21 ± 1 15 ± 6 9 ± 8 15 ± 5 
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These correspond to the most exposed facets of the crystal [Challagulla 2017]. However, the 

most intense peak in the co-doped product is at 55. This is likely an overlap of anatase and rutile 

peaks with facets 105 and 211 for anatase and 220 for rutile [Thambiliyagodage 2021]. 

Additionally, the figure shows all the peaks have a slight shift towards larger angles compared to 

the reference anatase and rutile spectra.  

The spectra were used to calculate the lattice parameters and average grain size summarized 

in Table 3.1. The lattice parameters were calculated using equations 2 and 3. The calculated 

distance between adjacent lattice planes (d) is the same for the controls, TiO2 and calcined 

reagents. The shift in spectra for the co-doped products translated to a difference in the 

calculated distance between adjacent lattice planes (d) compared to the controls. The difference 

was greater for the Ti + M product than for the M + Ti product. The lattice parameters a/b and c 

were the same for the controls. The c values of the co-doped products were similar. The c values 

for the co-doped products were smaller than that of the controls, with the Ti + M product 

differing more than the M + Ti. The grain size, also summarized in Table 3.1, was calculated 

using equation 1. The Ti+M co-doped product appears to have a smaller average grain size than 

the controls and M + Ti co-doped product, however the error overlaps. 

Using the spectra in Figure 3.3, the percent composition of anatase and rutile. The 

percentages were calculated using the peaks at 28 for rutile and 26 for anatase with the Spurr 

equation (Equation 4). As summarized in Table 3.2, the titanium dioxide control was found to 

contain 2% rutile. The resulting calculations for the doped products have a ratio of 1:1 ratio of 

anatase to rutile for the Ti+M co-doped product, while the M+Ti co-doped product has a 1:2 

ratio of anatase to rutile crystal structures. The figure shows that an increase in rutile formation is 

a result of the doping metals being added and is not caused by experimental conditions. 



32 

 

Table 3.2. Percent of anatase and rutile in titanium dioxide control and co-doped products 

calculated from the main diffraction peak (facets shown in parenthesis). 

 

Sample % Anatase (101) % Rutile (110) 

TiO2  98  2  

Ti + M  48  52  

M + Ti  30  70  

 

3.1.2 X-ray fluorescence of co-doped TiO2 

XRF was used for elemental analysis. Figure 3.4 shows the XRF spectra for calcined 

reagents (yellow), titanium dioxide (black) and co-doped products from Ti + M (red) and M + Ti 

(blue). The main signals observed come from titanium (Figure 3.4, left panel). The signals from 

iron (middle panel) and copper (right panel) are very small in comparison to the signals from the 

calcined reagents, but more similar in intensity to the iron and copper signals for titanium 

dioxide control. For intensity corrections and analysis, only the K emissions were considered 

as these are more intense and do not overlap with other signals; these are the signals at 4.9 keV 

for titanium, 6.4 keV for iron, and 8.0 keV for copper, shown in Table 3.3. The noise of the 

spectra, 29 intensity units, was calculated as the standard deviation of the signal between 5.5 and 

6.0 keV. The complete XRF data is summarized in Appendix 5. 

Table 3.3 shows that both iron and copper were present in the co-doped products. The iron 

intensity increased by 269 in Ti + M, and 260 in M + Ti compared to titanium dioxide control. In 

comparison, the copper intensity increased more with a difference of 562 in Ti + M and 473 in M 

+ Ti compared to titanium dioxide control. Both co-doped products show similar intensity for 

iron signal; considering that noise is 29 intensity units, these values show that similar amounts of 



33 

 

iron were incorporated in both co-doped products. In contrast, the intensity of the copper signal 

is approximately 5% larger in Ti + M than in M + Ti. 

 

Figure 3.4. XRF spectra of calcined reagents (yellow), titanium dioxide control 

(black), and co-doped products from Ti + M (red) and M + Ti (blue). Peaks 

attributed to titanium are at 4.499 and 4.921 keV, iron are at 6.407 and 7.070 keV, 

and copper are at 8.034 and 8.918 keV.  

 

Table 3.3. Intensity of titanium, iron, and copper at K energy levels for the titanium 

dioxide control, calcined reagents, and co-doped products. Noise = 29 intensity units. 

Full XRF data in Appendix 5. 

Element 

energy level 

Energy 

(keV) 

Intensity 

calcined 

reagents 

Intensity 

TiO2 

control 

Intensity  

Ti + M 

Intensity  

M + Ti 

Ti Kα1 4.499 502,690 646,704 653,016 649,314 

Fe Kα1 6.407 35,291 1,382 1,651 1,642 

Cu Kα1 8.034 95,191 1,432 1,994 1,905 
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A direct comparison between the signal of iron and copper is not possible as these elements 

have different sensitivity; however, relative comparison can be done since the iron and copper 

molar proportion is known for the calcined reagents. The intensities from the calcined reagents 

(Table 3.3) were used to obtain that the signal of copper is 2.7 time larger than the signal of iron 

(Appendix 6). Using this factor, the molar ratio Fe:Cu is 2.2 in the Ti + M co-doped product and 

2.3 in the M + Ti co-doped product. This indicates that more iron is doped into the crystal than 

copper and that the amount of iron that is doped doesn’t depend on the order of metal addition, 

but copper does. 

3.1.3 Scanning electron microscopy of co-doped TiO2 

SEM was used to analyze the surface morphology of the nanoparticles. As seen in the SEM 

images in Figure 3.5A, titanium dioxide nanoparticles are spherical in nature. The calcined 

reagents resulted in particles that appear to have a fuzzy texture (Figure 3.5 B). The co-doped 

products also appeared heavily textured, appearing cracked and/or pitted (Figure 3.5 C and D).  

3.1.4 Diffuse reflectance spectroscopy of co-doped TiO2 

DRS was used to measure the percent reflectance of each sample in order to calculate the 

estimated band gap wavelength and energy. Band gaps were obtained from the reflectance data 

using the Kubelka-Munk function and Tauc plot method. The DRS spectra with corresponding 

Tauc plots and images of the controls can be seen in Figure 3.6, and co-doped products in Figure 

3.7. The band gap wavelength and energy are summarized in Table 3.4. 

The commercial TiO2 is the anatase used to prepare the calcined reagents, while the titanium 

dioxide control is obtained by our synthesis. Table 3.4 shows that all synthesized products have 

lower band gap energies than the commercial TiO2. The calcined reagents, which also contain 

commercial TiO2, show a band gap energy lower than the commercial TiO2 sample. The co-
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doped products have the lower band gap energy, with the lowest band gap energy obtained when 

titanium is reacted before the metals. The DRS data shows that the step in which the metals are 

added in the synthesis affects the band gap energy, and therefore absorption wavelength, of the 

co-doped products.  

 

 

 

Figure 3.5. SEM images of (A) titanium dioxide control, (B) calcined reagents, (C) 

Ti+M co-doped product, and (D) M+Ti co-doped product. Scale bar apply to all 

micrographs.  
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Figure 3.6. (Left) DRS spectra with photograph, and (right) corresponding Tauc plots 

showing extrapolation and linear regression equation for (top) commercial TiO2, (middle) 

titanium dioxide control, and (bottom) calcined reagents. All were measured with R2 

values greater the 0.99.  
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Figure 3.7. (Left) DRS spectra with photograph, and (right) corresponding Tauc plots 

showing extrapolation and linear regression for co-doped product (top) Ti + M and 

(bottom) M+ Ti. All were measured with R2 values greater than 0.99. 

 

Table 3.4. Summary of band gap wavelength and energy for reagents and co-doped 

products. 

Sample 
Band gap 

 (nm) Energy (eV) 

Commercial TiO2 407 ± 7 3.050 ± 0.003 

TiO2 control 440 ± 10 2.837 ± 0.002 

Calcined reagents 464 ± 3 2.671 ± 0.006 

Ti + M      493 ± 4 2.517 ± 0.005 

M + Ti      472 ± 4  2.628 ± 0.005 
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3.2 TiO2 doped with copper 

The copper doped nanoparticles were synthesized as described in chapter 2, without the 

addition of iron. The product formed from when the titanium was added before the copper is 

referred to as Ti + Cu and the product where the copper was added first is referred to as Cu + Ti. 

Again, the characterization described in chapter 2 was completed on the doped products and 

compared to the controls, titanium dioxide control and calcined reagents mixture. The spectra 

from XRD were analyzed, showing that the particles were doped and the formation of anatase, 

but not rutile. This, copper doping affected the size of the crystals, but not the crystallinity. The 

spectra from XRF shows that without the addition of iron, the concentration of copper does not 

change with the order of addition. The SEM images show that the surface of the copper doped 

nanoparticles is less porous than the co-doped. The DRS spectra shows that the order of metal 

addition in the synthesis affected the band gap energy and wavelength of the copper doped 

products. 

3.2.1 X-ray diffraction of copper doped TiO2 

The XRD spectra of Ti + Cu and Cu +Ti can be seen in Figure 3.8. The peaks seen are 

indicative, in position and ratio, to anatase structure. Broad peaks are a result of small particle 

size, as supported with Table 3.5. The average particle was less than 4 nm. Table 3.5 also 

includes the lattice parameters for the doped products, which are similar in a/b, but different for c 

and d compared to the titanium dioxide control and calcined reagents. For the Ti + Cu product, c 

and d increased compared to the controls. In contrast, for the Cu + Ti product, c and d decreased 

compared to the controls.  
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Figure 3.8. (left) Offset diffraction patterns of doped product from Ti + Cu synthesis 

(adding metals after titanium has been reacted) and reference anatase and rutile. (Right) 

Offset diffraction patterns of doped product from Cu + Ti synthesis (adding metals and 

titanium together) and reference anatase and rutile.  

 

Table 3.5. Anatase’s lattice parameters and grain size for TiO2, calcined reagents, and 

copper doped TiO2.  

Sample 
TiO2 

control 

Calcined 

reagents 
Ti + Cu   Cu + Ti   

Grain Size (nm) 21 ± 1 15 ± 6 2 ± 2 3.4 ± 0.5 

a=b 0.37766 0.37758 0.37751 0.37721 

c 0.94957 0.94372 0.97150 0.88298 

d (101) 0.35092 0.35051 0.35188 0.34689 

d (200) 0.18883 0.18879 0.18876 0.18861 
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3.2.2 X-ray fluorescence of copper doped TiO2 

The XRF data for copper doped products can be seen in Figure 3.9. The Kα1 peaks at 8.0 

keV are small. However, Table 3.6 shows an increase in intensity of 517 for both Ti + Cu and Cu 

+Ti compared to titanium dioxide. Meaning that the amount of copper incorporated in the 

product was not affected by the order of the steps in the synthesis. This result is opposite to the 

previous observation that the amount of copper is incorporated in the co-doped product depends 

on the step in which the metal is introduced in the synthesis. The amount of copper in the doped 

product is less than in Ti + M co-doped product, but more than in M + Ti co-doped product. 

Since iron was not added, the signal of iron falls within the noise, and it is not different from the 

signal in titanium dioxide control. 

3.2.3 Scanning electron microscopy of copper doped TiO2 

Copper doped particle SEM images, seen in Figure 3.10, show more pitted and cracked 

texture on the particle, and appear less porous than to the co-doped nanoparticles. 

3.2.4 Diffuse reflectance spectroscopy of copper doped TiO2 

 DRS spectra, Tauc plots, and images for copper doped products can be seen in Figure 3.11. 

The band gap wavelengths and energies were calculated for the samples in Figure 3.11 and 

summarized in Table 3.7. The band gap energies of products doped with copper are lower than 

the energy of the titanium dioxide control. The addition of copper before titanium produced the 

same band gap as the calcined reagents, while adding copper after titanium produced a larger 

band gap than the calcined reagent, a similar effect observed for the co-doped products. 
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Figure 3.9. XRF spectra of calcined reagents (yellow), titanium dioxide control (black), 

and doped products from Ti + Cu (red) and Cu + Ti (blue). Peaks attributed to titanium are 

at 4.499 and 4.921 keV, iron are at 6.407 and 7.070 keV, and copper are at 8.034 and 8.918 

keV. 

 

Table 3.6. Intensity of titanium, iron, and copper at K energy levels for the titanium dioxide 

control, calcined reagents, and copper doped products. Noise = 29 intensity units. Full XRF 

data in Appendix 5. 

Element 

energy level 

Energy 

(keV) 

Intensity 

Calcined 

Reagents 

Intensity 

TiO2  

control 

Intensity  

 Ti + Cu 

Intensity  

 Cu + Ti 

Ti Kα1 4.499 502,690 646,704 628,877 629,433 

Fe Kα1 6.407 35,291 1,382 1,360 1,360 

Cu Kα1 8.034 95,191 1,432 1,949 1,949 
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Figure 3.10. SEM images of (A) titanium dioxide control, (B) calcined reagents, (C) 

Ti + Cu, and (D) Cu + Ti doped product. Scale bar apply to all micrographs. 
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Figure 3.11. (Left) DRS spectra with photograph and (right) corresponding Tauc plots 

showing extrapolation and linear regression equation for doped product (top) Ti + Cu and 

(bottom) Cu + Ti. All were measured with R2 values greater than 0.99.  

 

Table 3.7. Summary of wavelength and band gap energy for reagents and copper doped 

products. 

Sample 

Band gap 

λ(nm) Energy (eV) 

Commercial TiO2 407 ± 7 3.050 ± 0.003 

TiO2 control 440 ± 10  2.837 ± 0.002 

Calcined reagents 464 ± 3  2.671 ± 0.006 

Ti + Cu 450 ± 4  2.755 ± 0.005 

Cu + Ti 464 ± 5  2.672 ± 0.004 
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3.3 TiO2 doped with iron 

The iron doped nanoparticles were synthesized as described in chapter 2, but without the 

addition of copper. The product formed from when the titanium was added before the iron is 

referred to as Ti + Fe and the product where the iron was added first is referred to as Fe + Ti. The 

same characterization was completed on the doped products and compared to the controls. The 

spectra from XRD were analyzed, showing the formation of small anatase particles. This also 

indicates that iron doping affects the grain size, but not the crystallinity. The spectra from XRF 

shows that doped products are dependent on the order of addition when copper is not present. 

The SEM images show that the surface of the particles is less porous than the co-doped products. 

The DRS spectra shows that the order of metal addition in the synthesis affected the band gap 

energy and wavelength. 

3.3.1 X-ray diffraction of iron doped TiO2 

The XRD spectra for iron doped products (Figure 3.12) shows anatase structure, indicating 

that rutile formation was not dependent on the addition of iron. Broad peaks are due to small 

particle size, as summarized in Table 3.8, where the average particle is equal to or less than 5 

nm. The lattice parameters are also summarized in Table 3.8, where the iron doped products have 

a slightly larger a/b and d values than the titanium dioxide control and calcined reagents. 

Additionally, when the titanium is reacted first, the c value increases, however, if the iron is 

added first, the c value decreases in comparison to the controls.  

A small peak is observed around 31; while detectable (more than 3 times the noise), this 

peak is below the limit of quantification (10 times the noise) of the spectra. The noise was 

calculated as the standard deviation of the intensity between 20 and 22. Because this peak is 

too close to the noise, it was not analyzed. 
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Figure 3.12. (left) Offset diffraction patterns of doped product from Ti + Fe synthesis 

(adding metals after titanium has been reacted) and reference anatase and rutile. (Right) 

Offset diffraction patterns of doped product from Fe + Ti synthesis (adding metals and 

titanium together) and reference anatase and rutile.  

 

 

Table 3.8. Anatase’s lattice parameters and grain size for TiO2, calcined reagents, and 

iron doped TiO2.  

Sample 
TiO2 

control 

Calcined 

reagents 
Ti + Fe   Fe + Ti   

Grain Size (nm) 21 ± 1 15 ± 6 5 ± 1  3 ± 3 

a=b 0.37766 0.37758 0.37951 0.37817 

c 0.94957 0.94372 0.95808 0.93625 

d (101) 0.35092 0.35051 0.35284 0.35065 

d (200) 0.18883 0.18879 0.18976 0.18909 
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3.3.2 X-ray fluorescence of iron doped TiO2 

The XRF spectra of iron doped products can be seen in Figure 3.13. The Kα1 peaks at 6.4 

keV are small. However, Table 3.9 shows an increase in intensity of 250 for Ti + Fe and 154 for 

Fe +Ti compared to titanium dioxide control. Meaning that the amount of iron incorporated in 

the product is affected by the order of the steps in the synthesis. This result is opposite to the 

previous observation that the amount of iron incorporated in the co-doped product was 

independent on the step in which the metal is introduced in the synthesis. Considering the noise 

of the spectra, the amount of iron in the co-doped products (Table 3.3) is the same than in the Ti 

+ Fe doped product, but more than in the Fe + Ti doped product. Since copper was not added, the 

signal of copper is due to noise, and it is not different from the signal in titanium dioxide control. 

3.3.3 Scanning electron microscopy of iron doped TiO2 

SEM images of iron doped products are seen in Figure 3.14. Some particles appear smooth, 

while others are bumpy or pitted 

3.3.4 Diffuse reflectance spectroscopy of iron doped TiO2 

DRS spectra for iron doped products can be seen in Figure 3.15. Also shown in Figure 3.15 

are images of the doped products. While there is a difference in coloration for both products, a 

larger difference is observed in the Fe + Ti product. The band gaps were calculated for those 

products and are summarized in Table 3.10. The band gap energies of products doped with iron 

are lower than the energy of the titanium dioxide control. The addition of iron before titanium 

produced a lower band gap than the calcined reagents, while adding iron after titanium, produced 

a larger band gap than the calcined reagents. DRS shows that, similarly to the co-doped products, 

the step in which the iron is added in the synthesis affects the band gap energy of the doped 

products.  
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Figure 3.13. XRF spectra of calcined reagents (yellow), titanium dioxide control (black), 

and doped products from Ti + Fe (red) and Fe + Ti (blue). Peaks attributed to titanium are at 

4.499 and 4.921 keV, iron are at 6.407 and 7.070 keV, and copper are at 8.034 and 8.918 

keV. 

 

Table 3.9. Intensity of titanium, iron, and copper at K energy levels for the titanium dioxide 

control, calcined reagents, and iron doped products. Noise = 29 intensity units. Full XRF 

data in Appendix 5. 

Element 

energy level 

Energy 

(keV) 

Intensity 

Calcined 

Reagents  

Intensity 

TiO2 

control 

Intensity  

 Ti + Fe 

Intensity 

  Fe + Ti 

Ti Kα1 4.499 502,690 646,704 635,142 639,393 

Fe Kα1 6.407 35,291 1,382 1,632 1,536 

Cu Kα1 8.034 95,191 1,432 1,371 1,362 
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Figure 3.14. SEM images of (A) titanium dioxide control, (B) calcined reagents, (C) Ti + 

Fe, and (D) Fe + Ti doped products. Scale bar apply to all micrographs. 
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Figure 3.15. (Left) DRS spectra with photograph, and (right) corresponding Tauc plots 

showing extrapolation and linear regression for (top) Ti + Fe and (bottom) Fe + Ti doped 

products. All measured were with R2 values greater than 0.99. 

 

Table 3.10. Summary of wavelength and band gap energy for reagents and iron doped 

products. 

Sample 
Band gap 

λ(nm) Energy (eV) 

Commercial TiO2 407 ± 7 3.050 ± 0.003 

TiO2 control 437 ± 10 2.837 ± 0.002 

Calcined reagents 464 ± 3 2.671 ± 0.006 

Ti + Fe 458 ± 3 2.705 ± 0.006 

Fe + Ti 472 ± 3 2.629 ± 0.006 
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Chapter 4. DISCUSSION 

4.1 X-ray diffraction 

Figure 3.2 was used to identify the crystal contents of the titanium dioxide control and co-

doped products. The titanium dioxide control spectra compared to anatase and rutile spectra 

clearly shows anatase formation and some rutile formation. As mentioned, it was determined that 

the product was about 2% rutile. Rutile formation in the titanium dioxide control could be a 

result of increased temperature since anatase transforms into the thermodynamically metastable 

phase of rutile at temperatures of 600-700 °C [Hanaor 2011] as the pure TiO2 product was 

calcined at 500 °C [Ismael 2020]. However, the lack of rutile peaks in the calcined reagents, 

which used a commercial TiO2, indicates that calcination was not enough for the transformation, 

thus the traces of rutile observed in titanium dioxide control are not from the calcination and 

more likely come from the synthesis.  

The calcined reagents show the anatase structure of TiO2, copper (II) oxide peaks at 35° and 

39°, and the main iron (II) oxide peak is at 48°, which is overlapped with an anatase peak. The 

main indication of CuO or Fe3O4 being present is a peak at 36, but which oxide caused said 

peak is indistinguishable [Etefagh 2013, Mishra 2015]. When looking at Figure 3.1 for 

comparisons, peaks for copper (II) oxide are not observed in any other spectra. 

Figure 3.3 shows the respective anatase and rutile peaks for the Ti + M and M + Ti co-doped 

products. Anatase and rutile were in a 1:1 ratio in the Ti+M co-doped product, but in a 1:2 ratio 

in the M+Ti co-doped product. The exact percentages of anatase and rutile in each product are 

shown in Table 3.2. The increased rutile formation agrees with the observation by Colón and 

coworkers that doping decreases the transition temperature from anatase to rutile [Colón 2006]. 
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The shift of the diffraction peaks is a result of doping [Thambiliyagodage 2021]. To ensure 

that doping was successful, the lattice parameters, a, b, and c were calculated with Bragg’s law 

with tetragonal configuration and the anatase peaks relating to 101 and 200 Millar indices at 25° 

and 45°. The results can be seen in Table 3.1. The calculations show a difference in lattice 

parameters when comparing the Ti + M or M + Ti parameters to the titanium dioxide control and 

calcined reagents. This is due to the distortion the copper and iron causes to the product, so a 

difference in lattice parameters indicates doping. Reacting titanium before adding the metals (Ti 

+ M) resulted in smaller parameters, meaning more distortion of the anatase structure. The grain 

size was also calculated and summarized in Table 3.1. The co-coped products appear to be 

smaller than the controls; this observation agrees with previous report that increasing the amount 

of iron doping inhibits the growth of anatase [Hu 2020]. 

The XRD spectra of copper (Figure 3.8) and iron (Figure 3.12) doped TiO2 shows that the 

products are only the anatase structure. Additionally, no copper or iron oxide peaks are observed. 

If doping with copper decreases the transition temperature between anatase and rutile, this effect 

was not enough to reach the experimental conditions (240 oC). This means that the increased 

rutile formation observed in the co-doped products must be an effect of the addition of iron and 

copper doping together.  

Doping was again confirmed by calculating the lattice parameters. All products showed a 

significant difference in parameters compared to the pure titanium dioxide and the calcined 

reagents, indicating the products were doped. A larger change is a is seen for copper doped 

products due to the size of the copper. However, since the iron dopes by replacing titanium in the 

crystal structure it distorts more of the parameters than copper, which does not replace titanium 

but rather fits in the interstitial spaces of the crystal [Byrne 2019]; these results agree with the 
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observation by Thambiliyagodage and Mirihana in which products doped with iron experienced 

more distortion than those dope with a similar concentration of copper [Thambiliyagodage 

2021]. The broadening of the peaks is a result of the size that is shown in Table 3.5 and Table 

3.8.  

XRD analysis shows that doping with a single metal affects the lattice parameters of anatase. 

In contrast, co-doping results in a mixture of anatase and rutile and a change in parameters. 

Additionally, the formation of anatase is favored when titanium is added before copper and iron. 

It is suspected that the addition of titanium first allows for the formation of titanium dioxide 

nanoparticles in the anatase configuration before the metals are added. Then the addition of the 

metals encourages rutile formation, hence adding the metals first results in the percentage of 

rutile larger than the percentage of anatase, but there is still a portion of the Ti + M product that 

resulted in the rutile structure. The formation of iron or copper oxides was not observed. 

4.2 X-ray fluorescence 

Since copper and iron were added for doping in a low percentage of 0.05%, an increase in 

intensity for peaks attributed to copper and iron was small, as seen in Figure 3.4. Table 3.3 

clearly shows an increase in intensity for copper and iron Kα1 energy levels, indicating the 

presence of copper and iron in the nanoparticles. The peak at 9.038 keV is a consequence of the 

detector where the signal for two Ti Kα1 levels from two different atoms is picked up by the 

detector as the sum of the two, equaling 9.038 keV. Peaks at 9.460 keV occur for a similar 

reason, as a sum of the Ti Kα1 level and the Ti Kβ1 level [Haschke 2014]. 

XRF shows that co-doped products have more iron than copper products. This difference 

may be consequence of the different ways in which the metals are incorporated in the crystal; as 
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mentioned, iron dopes by replacing titanium in the crystal structure, but copper fits in the 

interstitial spaces of the crystal [Byrne 2019].  Our observation is opposite to Thambiliyagodage 

and Mirihana, who found a 1:1 distribution of iron and copper, however, they do not correct for 

the difference in signal from each element [Thambiliyagodage 2021]. 

In the co-doped product, the steps of the synthesis affected the content of copper, but not of 

iron (Table 3.3). M + Ti contains both less anatase and less copper than Ti + M. This may be 

expected because rutile is a more compact crystal structure than anatase. Because of its larger 

size, copper doping is not replacement of Ti, but rather in the interstitial spaces of the crystal 

[Byrne 2019]. The anatase may accommodate a large ion and thus be more conducive to copper 

doping than rutile. [Hu 2020, Zang 2020] 

Both syntheses with copper, Ti + Cu and Cu + Ti, showed the same increase of the copper 

signal (Table 3.6), suggesting that the amount of copper in the doped products is independent of 

the steps in which copper is introduced to the synthesis. In contrast, more iron was found in the 

doped product from Ti + Fe synthesis than in the Fe + Ti synthesis (Table 3.9), suggesting that 

the amount of iron in the doped products depends on the steps in which iron is introduced to the 

synthesis. These results are opposite to what was observed with the co-doped products, where the 

amount of copper, but not of iron, incorporated depended on the steps of the synthesis. 

 Given that anatase is the main crystalline structure obtained from the copper doping (Figure 

3.8), the percent of copper incorporated in the crystal is only what can be incorporated in anatase 

crystals. The M + Ti co-doped product has a higher % of anatase and more copper than the Ti + 

M product. This suggests that different amounts of copper in the co-doped products is the result 

having a mixture of anatase and rutile (Table 3.1).  
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Given that anatase is the main crystalline structure obtained from the iron doping, we can 

say that these structures have different amounts of iron. Iron does induce the formation of rutile 

because of the similar size between iron and titanium ions [Hu 2020], consequently, we cannot 

make a correlation between the amount of iron and the percent of anatase or rutile in the product. 

The co-doped products are different mixtures of anatase and rutile and both show the same 

intensity if iron signal (Table 3.3). This intensity is similar to that from Ti + Fe, but larger than 

the signal from Fe + Ti (Table 3.9), even though both iron doped products are anatase. If this 

improvement of iron doping observed when titanium is reacted before adding the metal is also 

true for the co-doped reaction, the iron in the 48% anatase found in Ti + M product may be larger 

than the iron found in the 30% anatase found in M + Ti product, and in this way contribute to 

finding the same amount of iron in both do-coped products. 

In summary, XRF shows that co-doping and single doping have opposite dependencies to 

the steps of the synthesis. The amount of copper in the product is dependent on the steps of the 

synthesis when iron is present, but independent when iron is absent. Opposite to copper’s 

behavior, the amount of iron in the product is independent on the steps of the synthesis when 

copper is present, but dependent when copper is absent. These results support the idea that 

titanium dioxide particles in the anatase configuration form before the metals are added; 

however, doping depends on the cooperative effect of copper and iron together. 

4.3 Scanning electron microscopy 

As shown in Figure 3.5 the porosity is very different between the co-doped products. The 

morphologies being different than the calcined reagents and pure titanium dioxide is indicative 

of doping. The difference in porosity is likely due to the technique of synthesis since TiO2 
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nanoparticles created with sol-gel technique is known to be porous, however the shape and 

dimension of the pores is very difficult to control [Babić 2016]. Babić et al. found that the 

porosity is strongly affected by the iron ions due to a number of unsaturated chemical bonds on 

the surface of the particle since Fe3+ is replacing some Ti4+. The charge on the surface changes 

the packaging and agglomeration, which impacts the surface [Babić 2016]. Additionally, the 

incorporation of copper changes the morphology of the particle, as shown with lattice parameter 

calculations, leading to an irregular shape. 

The images for the copper or iron doped products differ from the pure titanium dioxide and 

calcined reagents. Increased porosity has been observed for copper doped TiO2 [Colón 2006]; 

however, single doped TiO2 is less porous than co-doped products suggesting that the addition of 

the second ion increases the porosity of TiO2. As previously mentioned, this is due to a number 

of unsaturated chemical bonds on the surface of the particle, which changes the packaging and 

agglomeration, impacting the surface. Additionally, the nanoparticle shapes are inconsistent. 

Both factors indicate successful doping. 

4.4. Diffusion reflectance spectroscopy 

Commercially obtained anatase TiO2 was used as a comparative sample for DRS. This was 

because the titanium dioxide control and the calcined reagents, which contains the commercially 

obtained anatase, would show a different band gap from rutile formation or the iron and copper 

oxides. The expected band gap for anatase is 3.2 eV, and the measured value was 3.050 ± 0.003 

eV; this represents approximately 5% difference. Part of this difference in calculations can stem 

from band tails, where the density of energy levels between the valence and conduction band is 

not zero [Landi 2022]. Band tails states are electronic states just above the valence band or below 



57 

 

the conduction band arising from thermal, structural, impurity, and/or compositional disorder 

[Landi 2022]. This causes the band gap calculations to be smaller than expected since band tails 

cannot be estimated from DRS measurements [Landi 2022]. Additionally, Landi et al. found a 

decrease in band gap measurements if the thickness of the sample is too small. The Kubelka-

Munk function assumes semi-infinite thickness. Since samples were measured with the goal of 

covering the quartz window in entirety, the thickness was likely near 0.5 mm. Landi et al. linked 

a decrease in band gap calculations for samples less than 1 mm thick compared to samples equal 

to or greater than 1 mm thick. Additionally, Thambiliyagodage and Mirihana identified both Ti4+ 

and Ti3+ in high resolution with the XPS spectra. They believe that a decrease in band gap can be 

due to the oxygen vacancies and localized gap states induced by Ti3+. The missing oxygen could 

allow one or two electrons to be localized in an oxygen vacancy state that would then form a 

donor level below the conduction band, reducing the band gap [Thambiliyagodage 2021]. 

Finally, measurement bias is present when using the Tauc plot method. Measurements were 

taken by more than one individual and with R2 greater than or equal to 0.99 in attempt to 

decrease that bias. However, even with a decrease in the calculated band gap compared to what 

was expected, the band gap relationship and trend remain the same. 

The calcined reagents sample has a smaller estimated band gap of 2.671 ± 0.006 eV because 

the sample is a mixture, and the calculation is an average of all present band gaps. The expected 

band gaps of the reagents are about 3.2 eV for anatase, 2.4 eV for iron (II, III) oxide, and 2.4 eV 

for copper (I) oxide [Rahimi 2016, Serin 2005, Gillen 2013]. The anatase in the mixture had a 

calculated band gap of 3.050 ± 0.003 eV, so the difference to 2.671 ± 0.006 eV is a result of the 

averaged band gaps with iron (II, III) oxide and copper (I) oxide.  
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The titanium dioxide control had a slightly smaller band gap due to the introduction of rutile 

formation, as was shown with the XRD spectra. As mentioned, rutile has a band gap of about 3.0 

eV. The introduction of rutile decreases the average calculated band gap to 2.837 ± 0.002 eV. 

The band gap is not between 3.2 eV and 3.0 eV for the same reasons the anatase calculated band 

gap differed from what was expected. However, the estimated band gap for the titanium dioxide 

control is within 0.2 eV of calculated anatase band gap as expected.  

The single doped and co-doped products show a significant decrease in measured band gap 

compared to titanium dioxide control. The band gaps of Ti + M and M + Ti products are 0.533 

eV and 0.422 eV, respectively, lower than that of commercial anatase. The band gaps of Ti + Cu 

and Cu + Ti products are 0.276 eV and 0.378 eV, respectively, lower than that of commercial 

anatase. The band gaps of Ti + Fe and Fe + Ti products are 0.345 eV and 0.421 eV, respectively, 

lower than that of commercial anatase. All these differences are outside the range of what rutile 

formation would be able to effect, therefore the decrease in band gap can be linked to the doping 

and co-doping of copper and iron.  

For the single doping, copper or iron being added before the titanium allows for the doping 

metal to have more of an effect on narrowing the band gap than when added after the titanium. 

As previously mentioned, the copper dopes in the interstitial position which leads to oxygen 

vacancies, forming impurity states in the band gap, narrowing the gap. Since iron dopes by 

substituting the titanium, it is believed that a new energy level is formed below the conduction 

band due to the doping of iron and the formation of Ti3+ [Thambiliyagodage 2021, Byrne 2019]. 

For the co-doped product, the combined effects of the two metals allow that band gap to be 

decreased more than what can be attributed to rutile formation or to a single doping metal.  
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The largest wavelength of absorption was obtained for the co-doped products. This indicates 

that doped titanium dioxide in particulate matter would be able to absorb more solar radiation. 

This would increase the photocatalytic activity by increasing the number of excited electrons in 

the conduction band, and in turn increasing the reduction of iron in the matter. 

The band gap responded differently to the steps of the synthesis depending on the number of 

metals used for doping. For single doping, the band gap was larger when the titanium was 

reacted before copper or iron. For co-doping, the band gap was smaller when the titanium was 

reacted before copper and iron. XRF showed that the amount of metal incorporated in the 

semiconductor also responded differently to the steps of the synthesis depending on the number 

of metals used for doping. This supports the idea that the behavior of doping metal is affected by 

the presence of another doping metal.  

Ideally, more metal doping would result in a large shift of the band gap, this lower band gap 

values. This is true for the co-doped product, where Ti + M has more metal content (Table 3.3) 

and the smallest band gap (Table 3.4). On the contrary, no correlation between the amount of 

metal and band gap shift was found in the single doped products. Even though both copper 

doped products have the same amount of copper (Table 3.6), adding the copper after titanium 

resulted in a larger band gap (Table 3.7) than adding the titanium after copper. For iron, Fe + Ti 

had a smaller band gap (Table 3.10) and less amount of iron than Ti + Fe (Table 3.9).  

In summary, DRS shows that doping TiO2 with iron and copper decreases its band gap, and 

co-coping further decreases the band gap. Similar to the content of doping metal, the band gap 

responded differently to the steps of the synthesis depending on the number of metals used for 

doping. 
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Chapter 5. CONCLUSIONS 

Titanium dioxide is a promising photocatalyst that is already playing a role in the 

atmosphere. Its ability to act as a photocatalyst can trigger other reduction reactions of Fe3+ to 

Fe2+ in aerosols. The bioavailability of Fe2+ is important for ocean species, such as 

phytoplankton, and can be partially sourced from said aerosols. The photocatalytic property of 

titanium dioxide is increased in particles that contain copper, making it important to investigate.  

Other parameters, such as when the doping metals and the individual effects of the metals added 

play a role in the photocatalytic potential and were also investigated. 

XRD analysis showed that doping with a single metal affected the parameters of anatase. In 

contrast, co-doping resulted in a mixture of anatase and rutile. Additionally, the formation of 

anatase was favored when titanium is added before copper and iron. It is suspected that the 

addition of titanium first allowed for the formation of titanium dioxide particles in the anatase 

configuration before the doping metals were added. Then the addition of the metals encouraged 

rutile formation, hence adding the metals first resulted in a percentage of rutile larger than the 

percentage of anatase, but there was still a portion of the Ti + M product that resulted in the rutile 

structure. The formation of iron or copper oxides was not observed, indicating doping was 

successful. 

XRF showed that co-doping and single doping have opposite dependences to the steps of the 

synthesis. The amount of copper in the product was dependent on the steps of the synthesis when 

iron was present, but independent when iron was absent. Opposite to copper’s behavior, the 

amount of iron in the product was independent of the steps of the synthesis when copper was 

present, but dependent when copper was absent. These results support the idea that titanium 
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dioxide particles in the anatase configuration form before the metals are added; however, doping 

depended on the cooperative effect of copper and iron together. 

The SEM images show the morphology of the particles and the porous surface changed as a 

result of doping, with more porous material obtained from co-coping than single doping.  

In summary, DRS data showed that doping TiO2 with iron and copper decreased its band 

gap, and co-coping further decreased the band gap. Similar to the content of doping metal, the 

band gap responded differently to the steps of the synthesis depending on the number of metals 

used for doping. 

Some future studies could be done looking at the particles in tropospheric conditions, as well 

as particles made with different concentrations of doping metals and different calcining 

temperatures, and analyzing the ratio of iron II to iron III, photocatalytic capacity, and the 

surface area using BET. From this study overall, the co-doped product Ti + M had the largest 

content of copper and iron, less percent rutile formation than M + Ti, the smallest band gap, and 

the largest wavelength. This indicates that doped titanium dioxide in particulate matter would be 

able to absorb more solar radiation. It is expected that the photocatalytic potential of titanium 

dioxide is increased as well. This supports the idea that atmospheric particles that contain iron 

and copper doped titanium dioxide could trigger redox reactions to reduce Fe3+ and form more 

bioavailable Fe2+.  
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TERMS AND ABBREVIATIONS 

AFM - Atomic force microscopy 

BET - Brunauer-Emmet-Teller theory 

Cu - Copper 

CuO - Copper (II) oxide 

Cu + Ti - Product where the copper was added first in synthesis, then the titanium 

d - Interplanar distance between x-ray planes in XRD 

DRS - Diffuse reflectance spectroscopy 

EIS - Electrochemical impedance spectroscopy 

Fe - Iron 

Fe3O 4- Iron (II, III) oxide black magnetite 

Fe + M - Product where the iron was added first in synthesis, then the titanium 

M + Ti - Product where the copper and iron was added first in synthesis, then the titanium 

SEM - Scanning electron microscopy 

TEM - Transmission electron microscopy 

Ti - Titanium 

TiO2 - Titanium dioxide 

Ti + Cu - Product where the titanium was added first in synthesis, then the copper 

Ti + Fe - Product where the titanium was added first in synthesis, then the iron 

Ti + M - Product where the titanium was added first in synthesis, then the copper and iron 

UV-Vis - UV-visible spectroscopy 

XPS - X-ray photoelectron spectroscopy 

XRD - X-ray diffraction 

XRF - X-ray fluorescence 
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APPENDEXIS  

Appendix 1. Reference data for XRD 

 

Table S.1. Reference XRD patterns for Anatase and Rutile 

Rutile (JCPDS no.: 88-1175)  Anatase (JCPDS no.: 84-1286) 

2 () Relative height 
 

2 () Relative height 

27.70 100  25.20 100 

36.40 46  37.00 7 

39.80 7  37.90 19 

41.80 16  38.50 7 

44.80 6  48.00 26 

55.00 50  53.90 16 

57.50 12  55.20 16 

63.00 6  62.80 12 

65.20 6  68.80 5 

70.00 16  70.20 5 

70.20 9  
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Appendix 2. Example of calculation of crystallinity parameters 

Grain Size  

Calculation of grain size from XRD data. Reference: Nanoworld videos Crystallites (grain) 

size from XRD data using Scherrer equation - 09 - YouTube 

Step 1. Calculate the half width at full max.  

Manually: Normalized the peak by dividing each Y value of by the maximum Y value of the 

peak. In this way, the maximum height becomes 1. Identify the two X values where Y is 0.5. 

Subtract the two X values to get the width of the peak. 

Alternatively, use Origin or excel template for all the peaks. How to find peak position and 

FWHM of XRD data - 08 - YouTube 

Step 2. Calculate  by dividing the position of the maximum by 2. 

Step 3. Calculate crystallite size using use the Scherrer equation   

 

Φ =
𝐾 𝜆

𝛽  cos 𝜃
 

 

where  is the crystallite size, K is the shape factor (0.9 is typically used), λ is the X-ray 

wavelength (0.15406 nm), β is the FWHM and  is the Bragg angle. Use radians for angle values 

(β and ). 

Step 4. Calculate average and standard deviation. 

 

https://www.youtube.com/watch?v=m8L-B4A75Ec
https://www.youtube.com/watch?v=m8L-B4A75Ec
https://www.youtube.com/watch?v=yguvwX_ia_A&list=RDCMUCnD1KOUZvm1Zt_XrpNA76nw&index=4
https://www.youtube.com/watch?v=yguvwX_ia_A&list=RDCMUCnD1KOUZvm1Zt_XrpNA76nw&index=4
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Table S.2. Example of values used to calculate crystallite size for TiO2 sample. FWHM was 

calculated in origin. Average size = 21 ± 1 nm 

2  FWHM 

Crystallite Size 

(nm) 

25.35 12.68 0.38343 21.23671 

37.85 18.93 0.39109 21.47402 

48.15 24.08 0.38564 22.56327 

53.98 26.99 0.44157 20.18966 

55.18 27.59 0.41666 21.51256 

62.77 31.38 0.49679 18.73182 

68.85 34.42 0.42309 22.76338 

70.41 35.20 0.41228 23.58247 

75.15 37.58 0.46876 21.38361 

 

Lattice parameters  

 Lattice parameters calculated using XRD data. Reference: How to calculate lattice 

constant (a, b, c) values of a unit cell from XRD data -12- YouTube. 

Step 1. Determine the 2θ that relates to Millar indices (h, k, l) 200 and 101.  

Step 2. Calculate the interplanar distance (d) for both angles with the equation below: 

𝑑 =
𝑛𝜆

2𝑠𝑖𝑛𝜃
 

Where n is 1, λ is the X-ray wavelength (0.15406 nm), and θ is the angles from step 1 

divided by 2. Use θ in radians. 

Step 3. Calculate parameter a with the tetragonal Bragg’s equation using the peak with 

Millar indices 200: 
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1

𝑑2
=

ℎ2

𝑎2
+

𝑘2

𝑏2
+

𝑙2

𝑐2
 

Where d is the interplanar distance for Millar indices 200, h is 2, k is 0, l and l is 0. This 

allow parameters b and c to be ignored and a can be solved for with the following equation: 

𝑎 =  ℎ𝑑 

Since the crystal is tetragonal, lattice parameters a and b are equal, hence b does not need to 

be calculated. 

Step 4. Calculate parameter c with the tetragonal Bragg’s equation with Millar indices 101.  

1

𝑑2
=

ℎ2

𝑎2
+

𝑘2

𝑏2
+

𝑙2

𝑐2
 

Where d is the interplanar distance for Millar indices 101, h is 1, k is 0, l is 1, and a is the 

calculated value from step 3. This causes the parameter for b to be ignored and c can be solved 

for with the following equation: 

𝑐 = (
1

𝑑2
−

1

𝑎2
)

−0.5
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Appendix 3. Calculation of Anatase and Rutile proportions from XRD data 

 

 

The fraction of rutile was calculated using the Spurr equation. [Spurr 1957].  

 

                       𝐹𝑅 = (1 + 0.8 [
𝐼𝐴(101)

𝐼𝑅(110)
])

−1

 

 

where IA(101) and IR(110) are the intensities of the main diffraction peaks of anatase and rutile.  

Percent was obtained by multiplying the fraction by 100. 

 

Table S.3. Summary of maximum intensity of the main diffraction peak  

 

 Main diffraction peak () Intensity 

Sample Anatase (101) Rutile (110) Anatase (101) Rutile (110) 

TiO2 25.4 27.5 71791 1175 

Roasted 

reagents 
25.4  75885  

Ti+M 26.0 28.1 2326 1989 

M+Ti 25.8 27.9 2844 5249 

Ti +Fe 25.6  6140  

Ti + Cu 25.7  7207  

Fe+ Ti 25.8  5964  

Cu+ Ti 26.1  5696  

 

 

Table S.4. percent of anatase and rutile for sample that showed both diffraction patterns 

 

Sample % Anatase (101) %Rutile (110) 

TiO2 98 2 

Ti+M 48 52 

M+Ti 30 70 
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Appendix 4. Calculation of band gap from DRS Kubelka-Munk function and 

Tauc plot method 

In DRS the band gap of a semiconductor corresponds to the energy (E) in which the ratio 

of absorption and scattering (F(R)) shifts. In a graph of F(R) vs E, the band gap energy is 

obtained by extrapolating F(R) to zero at the point of shift. Using proper approximation [Landi 

2022], the graph should be (F(R)*E)1/2 vs E.  

Step 1. Convert wavelength into energy using the relation  𝐸 =  
ℎ𝑐

𝜆
 

where Plank’s constant is h = 4.13 x 10-15 eV and speed of light is c = 3.0 x 1017 nm/s.  

Step 2. Calculate the function F(R) as the absorption over scattering; this is  𝐹 =
(1−𝑅)2

2𝑅
 

where R is the refraction measured in DRS. 

Step 3. Plot (F(R)xE)1/2 vs E and do a linear regression of the vertical change to get the equation: 

(F(R)xE)1/2 = (Slope ± ΔSlope) * E + (Intercept ± ΔIntercept) 

Obtain the errors using LINEST in excel. 

Step 4. Calculate the band gap energy (Eg) by extrapolating the Y-axis to zero 

𝐸𝑔 =  
− 𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡

𝑆𝑙𝑜𝑝𝑒
 

Step 5. Calculate the error by propagation 

Δ𝐸𝑔 = 𝐸𝑔√(
Δ𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡

𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡
)

2

+ (
Δ𝑆𝑙𝑜𝑝𝑒

𝑆𝑙𝑜𝑝𝑒
)

2
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Appendix 5. XRF data 

Table S.6. Intensity at titanium, iron, copper, and sum titanium K energy levels for the titanium 

dioxide control, roasted reagents, and co-doped products. 

Element 

energy level 

Energy 

(keV) 

Intensity 

calcined 

reagents 

Intensity 

TiO2 

Intensity  

Ti + M 

Intensity  

M + Ti 

Ti Kα1 4.499 502,690 646,704 653,016 649,314 

Ti Kβ1 4.921 78,987 101,249 102,604 102,018 

Fe Kα1 6.407 35,291 1,382 1,651 1,642 

Fe Kβ1 7.070 6,533 863 990 959 

Cu Kα1 8.034 95,191 1,432 1,994 1,905 

Cu Kβ1 8.918 16,845 2,966 3,382 3,267 

Ti Kα1+Ti Kα1 9.038 8,053 7,356 7,044 7,010 

Ti Kα1+Ti Kβ1 9.460 2,158 2,842 2,756 2,705 

 

Table S.7. Intensity at titanium, iron, copper, and sum titanium K energy levels for copper and 

iron doped products.  

Element 

energy level 

Energy 

(keV) 

Intensity  

 Ti + Cu 

Intensity  

 Cu + Ti 

Intensity  

 Ti + Fe 

Intensity 

  Fe + Ti 

Ti Kα1 4.499 628,877 629,433 635,142 639,393 

Ti Kβ1 4.921 98,004 99,236 99,299 100,072 

Fe Kα1 6.407 1,360 1,360 1,632 1,536 

Fe Kβ1 7.070 956 903 970 932 

Cu Kα1 8.034 1,949 1,949 1,371 1,362 

Cu Kβ1 8.918 2,569 2,836 2,709 2,695 

Ti Kα1+Ti Kα1 9.038 7,315 6,739 7,172 7,180 

Ti Kα1+Ti Kβ1 9.460 2,705 2,691 2,705 2,776 
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Appendix 6. Proportion of Fe:Cu in co-doped products 

The roasted reagents contained 0.015 mol CuO, which corresponds to 0.015 mol of copper, 

and 0.005 mol Fe3O4, which corresponds to 0.015 mol of iron. 

In the roasted reagents, the XRF intensity of copper was 95191 and iron was 35291. 

Considering a response factor R for each element, we can write that the XRF response (I) is 

𝐼𝐶𝑢 = 𝑅𝐶𝑢 ∗ 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑐𝑜𝑝𝑝𝑒𝑟 

𝐼𝐹𝑒 = 𝑅𝐹𝑒 ∗ 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑖𝑟𝑜𝑛 

Thus      
𝑅𝐶𝑢

𝑅𝐹𝑒
=

𝐼𝐶𝑢∗𝑚𝑜𝑙 𝑜𝑓 𝑖𝑟𝑜𝑛

𝐼𝐹𝑒∗𝑚𝑜𝑙 𝑜𝑓 𝑐𝑜𝑝𝑝𝑒𝑟
=  

95191∗0.015 𝑚𝑜𝑙 𝑖𝑟𝑜𝑛

35291∗0.015 𝑚𝑜𝑙 𝑐𝑜𝑝𝑝𝑒𝑟
= 2.7 

 

This indicates that from equalmolar amount, the signal of copper is 2.7 times larger than that 

of iron. 

To calculate the relative mole amounts of copper and iron in the products, consider 

   
𝑚𝑜𝑙 𝑖𝑟𝑜𝑛

𝑚𝑜𝑙 𝑐𝑜𝑝𝑝𝑒𝑟
=  

𝐼𝐹𝑒∗𝑅𝐶𝑢

𝐼𝐶𝑢∗𝑅𝐹𝑒
=

𝐼𝐹𝑒

𝐼𝐶𝑢
∗ 2.7 

In the Ti + M co-doped product the XRF intensity of copper was 1994 and iron was 1651. 

Thus, in Ti + M co-doped product     
𝑚𝑜𝑙 𝑖𝑟𝑜𝑛

𝑚𝑜𝑙 𝑐𝑜𝑝𝑝𝑒𝑟
=  

1651

1994
∗ 2.7 = 2.2 

In the Ti + M co-doped product the XRF intensity of copper was 1905 and iron was 1642. 

Thus, in M + Ti co-doped product          
𝑚𝑜𝑙 𝑖𝑟𝑜𝑛

𝑚𝑜𝑙 𝑐𝑜𝑝𝑝𝑒𝑟
=  

1642

1905
∗ 2.7 = 2.3  
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