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Abstract 

We have studied the morphology and electronic structure of transition metal oxides 

(TMOs) nanoparticles and single-crystal surfaces which are known to be active for the formation 

of environmentally persistent free radicals (EPFRs) from organic precursors. We have also 

investigated the effect of simulated solar irradiation on the formed EPFRs. 

First, we examined the change in the vibrational and structural properties of TiO2, ZnO, 

CuO, and Fe2O3 nanoparticles due to phenol adsorption at high temperature and thus EPFR 

formation on the surface of these TMOs. The paramagnetic signal observed by electron 

paramagnetic resonance (EPR) indicates the formation of phenoxyl-type radical. Vibrational 

spectroscopy has further confirmed the formation of EPFRs by the disappearance of –OH groups 

which indicates the chemisorption of the organic precursor on the metal oxide surface, as well as 

observing both ring torsion mode and C-H in-plane bend characteristic of phenol adsorption on 

the studied systems. In this study, we have also investigated the change of the oxidation of the 

metal cations upon phenol adsorption at elevated temperature.  We have found that the direction 

of charge transfer (redox) during phenol chemisorption is strongly dependent on surface properties 

as well as surface defects of the metal oxide surface. 

Second, we studied the adsorption behavior of phenol on the surface of Fe2O3 (0001) 

single-crystal surface at both high temperature and ambient to probe the changes in the electronic 

structure due to adsorption. At room temperature dosing, phenolic bands have been clearly 

observed in the UPS spectrum indicating the physisorption of phenol on the metal oxide surface. 

Upon dosing at high temperature, both techniques have shown clear features that strongly suggest 

a charge transfer from the organic precursor to the metal oxide. This evidence agrees well with the 
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EPFRs proposed formation mechanism, and can guide future experimental and computational 

studies.  

The spin density of EPFRs formed by phenol adsorbed on TiO2 nanoparticles at high 

temperature is found to increase upon exposure to simulated solar radiation as well as a mild shift 

in the g-value. Furthermore, solar irradiation induces the transformation of phenoxyl radical to a 

combination of catechol and some quinone product.  
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Chapter 1. Introduction 

1.1. Environmentally Persistent Free Radicals (EPFRs)  

EPFRs are long-lived surface bound radicals that are known to form on particulate matter 

(PM) 1. EPFRs are formed by the adsorption of organic precursors on the surface of metal oxides 

which are bound to PM. EPFRs are found in contaminated superfund soils 2, 3, soot 4-7, clays 8, and 

cigarette smoke 9-11. Figure (1.1) shows the basic formation mechanism of EPFRs. Organic 

precursors (such as chlorinated phenols or benzenes, hydroquinone, and catechol) initially 

physisorb to the surface of the transition metal oxide (TMO) via Van der Waals interaction 

between the metal OH and the organic Cl or OH, followed by elimination of water or HCl 

(depending on the type of the organic precursor). Thus, the organic precursor chemisorbs to the 

TMO surface. EPFRs are formed when a charge transfer occurs between the metal center and the 

organic precursor, resulting in a change of the oxidation state of the metal cations. 

 

Figure 1.1. Schematic of EPFRs formation from phenol as an organic precursor on the surface of 

metal oxide [adapted from Patterson, 2017 12]. 

 

EPFRs are known to have half-lives longer than typical free radicals; they can last for 

hours, week, and even month. Ab initio calculations have shown that EPFRs gain their stability 

from resonance with phenyl ring 13, which enables them to resist decomposition and persist in 

ambient environment 14. Dellinger et al. have shown that the lifetime of the formed EPFRs depends 

on both the type of TMO as well as the type of the aromatic adsorbate 15. For example, figure (1.2) 
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displays the decay profile of EPFRs formed on the surface of ZnO/SiO2 dosed with different 

organic precursors at 230 ⁰C. For the same TMO, adsorbates as phenol (PH), monochlorobenzene 

(MCBz), and 2-monochlorophenol (2-MCP) have two decay profile (short and long lifetimes),  

 

Figure 1.2. First order decay profile of EPFRs on ZnO/SiO2. [reprinted with permission from 

reference15, Copyright 2012 Royal Society of Chemistry]. 

 

 while hydroquinone (HT), catechol (CT), and 1, 2-dichlorobenzene (1, 2-DCBz) have only long 

lifetimes 15. Dellinger et al. have found that the long-lived species on the surface of ZnO/SiO2  are 

semiquinone-type radical which result from the reaction of the phenoxyl species with the surface 

whereas the shorter-lived ones are phenoxyl (or chlorophenoxyl) radicals which result from the 

surface decomposition of dihyroxybenzenes 15. Thus, EPFRs formed by phenol dosed ZnO/SiO2 

has longest-lifetime compared to EPFRs formed by 1, 2-DCBz dosed ZnO/SiO2 as shown in figure 

(1.3). Also, the type of TMO plays a role in determining the 1/e lifetime of the EPFRs formed. 

Decay studies have been performed on the EPFRs formed by phenol dosed metal oxide powders. 

The 1/e lifetimes reported for the pure oxide powder of TiO2 
16 are 4.2 days for short decay and 

57.4 days for long decay. As for the ZnO, CuO, and Fe2O3, the decay studies were performed on 
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the 5 wt% metal oxide supported on SiO2. The 1/e liftetimes of ZnO 15 are 10 days for short decay 

and 70 days for long decay, while for CuO 17 and Fe2O3 
18 , the 1/e lifetimes are 74 minutes and 

3.8 days respectively.  

 

Figure 1.3. Comparison of half-lives of EPFRs for different organic precursors formed on various 

metal oxides [reprinted with permission from reference 15, Copyright 2012 Royal Society of 

Chemistry]. 

Dellinger’s group have conducted several studies on TMOs supported on silica dosed by 

various organic precursors at a range of high temperatures, and they have found that EPFRs are 

thermally activated, and that the EPFRs formed rely on the structure of the organic precursor as 

well as the dosing temperature 17-19. For instance, figure (1.4) shows electron paramagnetic 

spectroscopy (EPR) spectra of 5% CuO/SiO2 and dosed with PH, 2-MCP, CT, HQ, MCBz, and 1, 

2-DCBz. Two types of EPFRs have been observed, namely g2 and g3 which refer to the g-value 

of phenoxyl and semiquinone radicals, respectively. PH dosed CuO/SiO2 has produced g2 radical 

at all temperatures with the highest radical yield observed at 230 ⁰C. Conversely, HQ has formed 

g3 radicals at all temperatures. For 2-MCP, g2 has formed at low temperatures whereas both g2 
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and g3 have been observed at high temperature. They have regarded this observation to the 

activation energy required for the elimination of OH and Cl during chemisorption, as OH requires 

less energy to overcome the activation barrier for its elimination compared to Cl. Therefore, at 

high temperature (~200 °C) both processes become feasible.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4. EPR spectra of 5% CuO/SiO2 dosed with different radical precursors at different 

temperatures [reprinted with permission from reference 17, copyright 2008 American Chemical 

Society]. 
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1.2. Sources of EPFRs 

The formation of EPFRs depends on the presence and abundance of catalytically active 

TMO and organic compounds 13, 17. Hydroxylated aromatic precursors such as PH, HQ, and CT 

are found in biomass 20-22, industrial processes 23, and are the most abundant organic components 

in cigarettes 24-26. On the other hand, chlorinated aromatic precursors such as 1, 2-DCBz, MCB, 

and 2-MCP are found in municipal and hazardous wastes 20, 27. Characterization of EPFRs 

generated by combustion systems and thermal processes has revealed that iron and copper are the 

most abundant catalytic transition metal along with other metals as nickel and zinc 28-31. These 

transition metals are known to enhance the formation of polychlorinated dibenzodioxin and 

dibenzofurans (PCDD/Fs), in particular, iron and copper 32-37. 

EPFRs form through a series of surface-mediated reactions 13, 17. Their formation takes 

place in the cool zone of combustion processes which have been shown to be the main source of 

PM 38. Sources of combustion systems range from engine exhaust, waste incinerators, biomass 

burning, and refineries 28, 38-45. Figure (1.5) shows the zone diagram of combustion process. The 

combustion process is divided into five zones based on the temperature range of that particular 

zone. In zone 1, the fuel is vaporized and mixed, therefore this zone is called preflame zone. The 

fuel is then exposed to high temperature flame (1000-1800 ⁰C), and thus metals and chlorine 

vaporizes and organic material combusts into CO2, H2O and HCl in zone 2 (flame zone). Zone 3, 

noted as post-flame thermal zone, is characterized by lower temperatures (600-1200 C). In this 

zone, dissociated molecules proceed by gas phase reactions where they condense into 

nanoparticles, at the low limit of the zone’s temperature, or recombine into molecular compounds. 

Finally, zones 4 & 5 (cool zone), is characterized by temperatures less than 600 ⁰C. Therefore, the 
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gases are cooled and surface-mediated reactions with TMOs take place producing EPFRs along 

with other harmful pollutants as dioxins 46 and furans 47.   

             

            Figure 1.5. Zone theory of combustion systems [reprinted with permission from Environmental    

Health Perspectives from reference 48, copyright 2006]. 

1.3. Health Implications of EPFRs 

Airborne and combustion-generated particles are found to contain a significant amount of 

EPFRs 13, 17, 49, 50. Recent studies have found a correlation between PM, mortality, and morbidity 

51-55. It has also been found that EPFRs may play a significant role in the toxicity of PM 3, 56, 57. 

PM is a complex mixture of liquid droplets and microscopic solid particles suspended in gas phase 

58, and are classified based on their aerodynamic size to three modes: coarse (10 - 2.5 m), 

accumulation (< 2.5 m -100 nm), and nucleation mode (ultrafine particles) (<100 nm) 58. PM 

poses adverse health effects, in particular, particles in nucleation mode because their higher surface 

area and number concentration make it feasible for toxic pollutants to condense on their surface 

59. On the other hand, upon inhalation of ultrafine particles, their size allows them to travel deep 
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into the respiratory tract where they can deposit in the lower respiratory system causing several 

cardiovascular and respiratory diseases 60, 61.  

The damage induced by PM depends on the ability of the organic compounds adsorbed on 

its surface to redox cycling 62. The toxicological effects of EPFR-containing PM arises from its 

ability to generate sustained reactive oxygen species (ROS) 63-66. ROS produced from secondary 

reactions with EPFRs include hydrogen peroxide, superoxide anion, and hydroxyl radical which 

is the most biologically damaging of all 67-70. ROS are necessary in the maintenance of cellular 

components, however, overproduction of ROS causes oxidative stress and cell damage 62. Several 

studies reported that exposure to high concentration of EPFR-containing PM causes DNA damage 

49, asthma 71, increased flu 72, decreased cardiac function 73, 74, and pulmonary toxicity 75.  

ROS production can be catalyzed by the presence of metals in PM 64. Iron (III) and copper 

(II) contribute by up to 2.35% and 0.05%, respectively, in combustion-generated PM 76. PM 

samples have been collected from six cities across the united states and were analyzed. Studies 

conducted on these samples revealed that sufficient amount of radical species attributed to 

semiquinone are found in PM with particle size of 2.5 m (PM2.5) 
13, 17, 50, 77-84. It has been proposed 

that ROS are generated from EPFRs by semiquinone radical that initially reduces oxygen and 

producing superoxide anion 23, 81, 85-88. Superoxide anion undergoes dismutation with biological 

reducing agents and hydrogen peroxide is produced 89. The role of transition metals in ROS 

generation is to catalyze hydroxyl radical formation via Fenton reaction from the hydrogen 

peroxide produced. The resulted hydroxyl radical is reported to cause biological damage to DNA 

23, 87, 89, 90.  
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1.4. Research Objectives 

The objectives of this study are threefold. The first objective is to study the characteristics 

of the EPFR signature produced by phenol, as an organic precursor, to the surface of four different 

TMOs nanoparticles that are known to be active in catalyzing EPFRs formation. Second, is to 

examine the adsorption behavior of phenol on -Fe2O3 (0001) single crystal using surface science 

techniques to gain deeper understanding of the atomistic and electronic structure of the EPFRs 

generated by phenol. Finally, the third objective is to expose the EPFRs, generated by dosing TiO2 

with phenol at high temperature, to simulated solar radiation and observe changes in EPFR signal.  

The main goal of the first objective is to study the ability of different transition metal oxide 

to catalyze EPFR formation from phenol. We also need to find a pattern in the results obtained for 

each TMO that will help future researchers to easily identify EPFRs produced from phenol. We 

have chosen Cu(II)O and Fe(III)2O3 nanoparticles, since research has found that these two TMOs 

exist in combustion-generated PM with high concentration 76. Also, Zn(II)O and Ti(IV)O2 are 

included in this study due to their high activity in forming EPFRs 16.  

This study has employed electron paramagnetic resonance (EPR) to study the concentration 

and type of the radical formed. The formation and decay of EPFRs are investigated by Fourier 

transform infrared spectroscopy (FTIR) which enables one to study the changes in the surface 

functional groups due to chemisorption of phenol as well as the decay of the EPFR formed. The 

changes in the vibrational structure due to phenol chemisorption were further investigated by 

inelastic neutron scattering (INS), which shows modes that are IR inactive. The proposed 

mechanism of EPFRs formation requires a charge transfer between the surface of the metal oxide 

and the organic precursor for the radical to be formed, as shown in figure (1.1). We have studied 

the change in the oxidation state of the metal centers in the four selected TMOs and we have found 
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a relation between surface property of the metal oxide prior to dosing and direction of the charge 

transfer. This study was performed by utilizing X-ray photoelectron spectroscopy (XPS). 

In the second objective, we study the adsorption behavior of phenol on -Fe2O3 (0001) 

single crystal at room temperature and at 250 ⁰C where EPFRs are known to form. Hematite, -

Fe2O3, is the most thermodynamically stable iron oxide phase at room temperature 91.  It 

crystallizes in the corundum structure and contains Fe3+ cations in octahedral sites 92. We are 

interested in Hematite because the iron found in PM exist as Fe3+ rather than Fe2+ 93. By comparing 

the two adsorption behaviors, one can determine the structural changes which are attributed to 

EPFR formation.  

This study has been conducted in ultrahigh vacuum (UHV) systems with a base pressure 

of 10-10 Torr to ensure surface cleanliness and that only phenol molecules adsorb on the surface. 

Furthermore, the surface of the single crystal was checked, prior to dosing, by low energy electron 

diffraction (LEED). The objectives of this study have been accomplished by utilizing ultraviolet 

photoelectron spectroscopy (UPS) and XPS, which enable one to study the occupied electronic 

states in both valence band and in the core, respectively. The direction of charge transfer has also 

been verified and was found to be consistent with the proposed mechanism.  

Finally, the third objective was realized by exposing phenol dosed anatase TiO2 

nanoparticles to simulated solar radiation for different durations. The change in spin density as a 

function of exposure time along with change in the g-value have been measured and compared 

with the non-irradiated sample. The change in surface functional groups as a function of exposure 

time has also been studied using FTIR. 
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Chapter 2. Experimental Methods and Techniques 

2.1. Introduction 

The investigation of EPFRs formation on single crystal surfaces demands preparing and 

characterizing the surface using ultra high vacuum (UHV) techniques to ensure that we are dealing 

with a clean and well-defined surface prior to dosing with ultra-pure gas. This chapter describes 

the general techniques used to prepare the single crystal, the method for probing surface 

morphology (LEED), and spectroscopic techniques utilized to investigate the electronic structure 

of the surface pre and post dosing (XPS and UPS). This chapter also describes the FTIR technique 

used to study the vibrational structure of the EPFRs formed on TMO nanoparticles as well as their 

detection (EPR). The main emphasis of this chapter is to present the physics behind these 

techniques and the information that can be obtained upon utilizing them. 

2.2. Principles of Ultra High Vacuum 

Surface science techniques demand UHV to be performed. The importance of UHV arises 

mainly from two requirements: first, the trajectories of ions and/or electrons involved in a surface 

science analysis have to remain uninterrupted by other particles in the surrounding environment. 

Second, the investigated surface has to remain clean of contaminants while the experiment is being 

conducted. Thus, long mean free path as well as long monolayer time are required to achieve 

surface science analysis, and are therefore, the terms required to understand the concept of vacuum 

94. 

Starting with mean free path which is defined as the average distance travelled by a gas 

molecule between two successive collisions. The kinetic theory of gases, which explains the 

macroscopic properties of gases, enables us to derive an expression for the mean free path. For gas 

molecules in a container will collide with the walls of the container, and will also collide elastically 



11 

 

with each other. The collision rate, z, which is defined as the average number of collisions per 

second between gas molecules, is given by  

𝑧 =
〈𝑐〉

𝜆
                                                                     (2.1) 

where 〈c〉 is the mean particle speed, and λ is the mean free path. The mean particle speed is given 

by  

                                                                                〈𝑐〉 = √
8𝑘𝑇

𝑝𝑚
                                                               (2.2) 

where 𝑘 is the Boltzmann constant, 𝑚 is the mass of the gas molecule, 𝑝 is the pressure of the gas, 

and 𝑇 is the absolute temperature. The pressure of the gas is also related to the mean square speed, 

〈𝑐2〉 and the number density, 𝑛 through the equation: 

                                                                    𝑝 =
1

3
𝑛𝑚〈𝑐2〉                                                                (2.3) 

for collision to take place between two gas molecules which are modeled as two spheres each of a 

radius r, the separation distance between their centers has to be less than 2r. The collision rate is 

thus given by  

𝑧 = √2𝑛𝜋(2𝑟)2〈𝑐〉                                                           (2.4) 

Equation (2.4) into equation (2.1) yields: 

𝜆 =
1

√2𝑛𝜋(2𝑟)2
                                                              (2.5) 

From equation (2.5) we see that the mean free path is inversely proportional to the number 

density of molecules and hence the pressure. That is, if the pressure increases, the collision rate 

also increases resulting in a shorter mean free path and vice versa. Therefore, for a pressure of 

10−9 Torr (UHV) and at room temperature, the mean free path of gas molecules is ~ 50 km. Thus, 
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gas molecules in UHV pressures collide with the walls of the chamber than colliding with other 

gas molecules.  

Pressure also affects the time constant to form a monolayer. Time constant, 𝜏, is given by 

𝜏 =
𝑛°

𝐼
                                                                  (2.6) 

where 𝑛° is the number of atoms in a monolayer, and 𝐼 is the flux of molecules impinging on the 

surface from the surrounding environment, and is given by the expression 

𝐼 =
𝑝

√2𝜋𝑚𝑘𝑇
                                                              (2.7) 

Similarly, equation (2.7) shows that the increase in pressure decreases the time to form a 

monolayer. That is, at a pressure of 10−9 Torr, it takes one hour to form one monolayer of 

adsorbates (for sticking coefficient of 1) on the surface from the gas phase. The typical time 

required to form surface science experiment should be around one hour. The main purpose of a 

UHV system is to obtain ultra-low pressure, or in other words, ultra-low number density of 

molecules in UHV chamber to enable taking data by surface science techniques with the lowest 

possibility of the surface becoming contaminated by gas phase molecules. However, gas molecules 

are inevitable even in UHV pressures, but again, their mean free path is much greater than the 

dimensions of the chamber. That is, gas molecules will collide with the chamber walls many times 

before it collides with another gas molecule. For the same reason, gas molecules (primarily H2O) 

adsorb to the walls of the vacuum chamber and it takes time for these molecules to desorb and to 

be pumped out of the vacuum system. The problem here is, if any part of the chamber is heated, 

the pressure will rise and the surface of the sample will be contaminated. To maintain UHV 

pressure, bake out is mandatory. In the bake out process, the UHV chamber is heated to 150-250 

⁰C with heating tapes wrapped around the chamber. To ensure that the entire system is properly 

heated, heating blankets are wrapped around the chamber with the heating tapes attached. Also, 
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viewports, exposed connectors, and feedthrough are all wrapped with aluminum foil to avoid 

damage during to bake-out. The system can be baked 24-48 hours including the cool down period. 

After bake-out, residual gas analyzer (RGA) can be utilized to determine the cleanliness of the 

vacuum system by comparing the mass spectra of a vacuum chamber before and after bake-out, as 

shown in figure (2.1).  

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Mass spectrum of residual gas in a UHV chamber before and after bake-out 95. 

To obtain and maintain the pressure of a UHV system, a system of vacuum pumps is 

utilized. The characteristics of a gas behavior changes with pressure 94. Therefore, the vacuum 

pressure is divided into four regions based on the similar characteristics of the gas within that 

pressure region. The regions of the vacuum are 94: 

                                  Rough vacuum              103 -1     mbar 

                                  Medium vacuum           1-10-3     mbar 

                                  High vacuum                10-3-10-7 mbar 

                                  Ultra-high vacuum       10-7             mbar and below  
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It is the nature of the gas flow that makes the distinction between each vacuum region. In 

the rough vacuum region, viscous flow is the dominant behavior of the gas molecules, in which 

gas molecules collide with one another more frequently than with the walls of the conducting tube. 

On the other hand, in the high and ultra-high vacuum, the gas molecules move freely and no 

molecular interaction occurs, but gas molecules collide predominantly with the walls of the vessel. 

This type of flow is called molecular flow. The type of gas flow in the medium vacuum region 

represents a transition from viscous flow to molecular flow. This type of flow is called Knudsen 

flow. 

Each type of the gas flow requires a pump that operates with a certain physical method.    

To bring a system from atmospheric pressure to 10-3 Torr (rough and medium vacuum), rotary 

pumps are employed. Rotary pumps are mechanical pumps that remove gas particles from the 

vacuum system to the atmosphere by compression in one or more stages 94. These pumps can be 

oil lubricated or oil free, and they can also act as a backing pump. The most common type of these 

pumps are the vane rotary pump shown in figure (2.2). 

 

 

 

 

 

 

 

 

           Figure 2.2. Cross section of a single-stage sliding vane rotary pump 94. 
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The pressure of the vacuum is further lowered to the high and ultra-high vacuum regions 

with another type of mechanical pumps called Turbomolecular pump. This pump is capable of 

pumping down the vacuum system to 10-9 Torr. Turbomolecular pumps remove gas particles by 

compression through high speed rotating blades which are angled downward. The blades will hit 

the gas molecules giving them an impulse to flow in the required direction 94. The compressed gas 

is removed by a backing pump which is typically a rotary pump. Figure (2.3) shows cross-sectional 

picture of a Turbomolecular pump. Excess heat add up due to the friction resulting from the blades 

impacting the gas molecules at high speeds. Therefore, turbomolecular pumps need to be either 

air-cooled by a fan or water cooled.  

 

 

 

 

 

 

 

 

 

 

  

Figure 2.3. Cross-sectional picture of a Turbomolecular pump of a single-ended axial flow design: 

1, stator blades; 2, rotor body; 3, intake flange; 4, blades of the suction stage; 5, blades of the 

compression stage; 6, drive shaft; 7 and 8, ball bearings; 9, high-frequency motor 94. 
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Finally, ion getter pumps are used to pump down vacuum systems to pressures below 10-7 

Torr. Unlike rotary and turbomolecular pumps, these pumps are not mechanical pumps and they 

don’t remove gases from vacuum system by compression. Ion getter pumps are a type of 

entrapment pumps where gas molecules are removed from vacuum system by adsorbing them to 

a solid wall. Figure (2.4) shows a diagram of a triode ion pump. The triode consists of a collector, 

an anode and a cathode made from titanium. The cathode is kept at a high negative electric 

potential (5-7 kV) causing electrons to be emitted from the cathode. The whole triode is maintained 

in a strong homogeneous magnetic field (0.1-0.2 T). Therefore, the magnetic force compels the 

emitted electrons to travel in an orbital path and ionize the gas molecules. The orbital path 

increases the probability of collisions with the gas molecules. The ionized molecules are then 

accelerated toward the cathode in an almost straight path relatively unaffected by the magnetic 

field due to their large mass. The ionized gas molecules impinge on the cathode and titanium is 

sputtered mostly in forward direction and deposits on the collector. Here titanium acts as a getter; 

its good mechanical properties and its high reactivity with residual gases allow it to absorb the 

residual gas molecules. Therefore, the gas molecules are not removed from the system to the 

atmosphere as in rotary and turbomolecular pumps, but they are trapped by titanium and become 

buried in the collector. The amount of titanium sputtered from the cathode and deposited on the 

collector is proportional to the number of the gas molecules which struck the cathode, and thus, to 

the pressure of the system. 

The single-crystal used in this work was purchased from SurfaceNet GmbH (Germany). It 

is sold cut and polished along a certain atomic plane to their specification. The surface of the 

single-crystal has to be clean and prepared prior to performing any surface experiment. The 

cleaning procedure usually involves several cycles of ion sputtering and annealing. 
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              Figure 2.4. A diagram of a triode ion getter pump 95. 

Sputtering involves ions of noble gas such as Ar+ and Ne+. The noble gas can be fed to the 

ion gun housing or to the entire chamber via a leak valve. Figure (2.5) shows an example of a 

sputter gun. The noble gas ions are generated by collisions with electrons which are emitted from 

the cathode and are accelerated toward the cage-anode. The purpose of the geometry of the cathode 

and the anode in figure (2.5) is to increase the collision probability. The positively charged gas 

ions are then accelerated to the required energy toward the cap and is focused onto the sample. 

Surface contaminants are removed when the gas ions strike the surface. This process can be 

achieved in three different mechanisms. The first mechanism is called direct knock-off process, as 

the name suggests, the contaminants are removed by the direct collision with the gas ion. The 

second is called the knock-off where the contaminant is removed by collision with the ion gas 

reflected off the surface. Finally, in the third process, gas ions strike the surface causing substrate 

atoms to be sputtered outward, the sputtered substrate particles transfer energy to the contaminants 

causing them to desorb from the sample’s surface. The three processes take place at low ion 

energies, however, the first and second mechanisms decay with increasing ion energy while the 
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third becomes prevalent at about 1.5 keV 95. Some contaminants, such as sulfur and carbon, are 

pushed deeper into the substrate matrix. Cleaning the surface thus requires several cycles of 

annealing and sputtering, since annealing the substrate bring these contaminants to the surface, 

hence sputtering becomes more effective. When the degree of surface cleanliness is obtained, high 

temperature annealing is recommended to restore the surface order. Annealing in UHV chambers 

is achieved by a tungsten filament attached behind the sample and can reach temperatures up to 

1200 ⁰C.  

 

 

 

 

 

 

 

 

 

 

Figure 2.5. A diagram of a sputtering ion gun 95. 

 

2.3. Electron Paramagnetic Resonance 

EPR is a sensitive technique designed to study systems with unpaired electrons such as 

paramagnetic centers on several oxide surfaces. These paramagnetic centers may include surface 

defects, inorganic or organic radicals, metal cations or supported metal complexes and clusters 96. 

The basic theory of EPR is based on electron Zeeman interaction. Electron acts as a bar magnet 
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due to its charge and angular momentum. The magnetic moment associated with the electron spin, 

𝜇𝑒 , is given by  

                                                                              𝜇𝑒 = −𝑔𝜇𝐵𝑆                                                                 (2.8) 

where 𝑔 is the g-factor of the unpaired electron, S is the spin angular momentum of the electron, 

and 𝜇𝐵  is the Bohr magneton and is given by  

                                                                              𝜇𝐵 =
𝑒ℏ

2𝑚𝑒
                                                                     (2.9) 

where e is the electron charge, ℏ is the rotational Planck’s constant, and 𝑚𝑒 is the electron mass. 

When an external magnetic field is applied to a system of unpaired electrons. The magnetic 

moment interacts with the applied magnetic field, and the energy of interaction is given by  

                                                                            𝐸 = −𝜇. 𝐵°                                                                    (2.10) 

If the field is applied along the z-direction, the energy of interaction simplifies to  

                                                                      𝐸 = 𝑔𝜇𝐵𝐵° 𝑀𝑠                                                                   (2.11) 

where 𝑀𝑠 = ±
1

2
 .  So, in the absence of the magnetic field these two energy states are degenerate, 

however, when the magnetic field is applied the degeneracy is lifted and the spin states splits with 

an energy separation proportional to the magnitude of the magnetic field applied, as shown in 

figure (2.6). The energy separation is given by 

                                                                     ∆𝐸 = ℎ𝜈 = 𝑔𝜇𝐵𝐵°                                                             (2.12)  
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Figure 2.6. Diagram of the energy separation of the two spin states as a function of magnetic field 
97. 

The peak shown in figure (2.6) is due to electron absorbing electromagnetic radiation. EPR 

spectra are obtained by applying an electromagnetic radiation with a constant frequency while the 

magnetic field is scanned. Absorption of energy takes place when the magnetic field tunes the two 

spin states 97. That is, when the separation of energy matches the energy of the applied radiation. 

For organic radicals, the magnetic field used is in the range of 3400 G which correspond to 

electromagnetic frequency of 9-10 GHz which falls in the microwave frequencies and is known as 

X-band frequency.  

The EPR signal produced in X-band is very small due to very small net magnetization and 

the small magnetic field perturbing the spin magnetization 97. Therefore, EPR spectroscopy uses 

phase sensitive detection to improve the sensitivity of the spectrometer. This technique presents 

the spectrum as a first derivative, as shown in figure (2.7). The peak of the absorbance spectrum 

corresponds to the first derivative spectrum crosses the zero point. Interestingly, this point is the 

g-factor. Rearranging equation (2.12) gives us the g-factor 



21 

 

                                                                                      𝑔 =
ℎ𝜈

𝜇𝐵𝐵°
                                                            (2.13) 

The value of the g-factor gives information on the electronic structure of the radical, since 

unpaired electrons are influenced by the neighboring atoms and that consequently affects the value 

of the g-factor 97. The g-factor for a free electron is 2.00232 while for organic radicals it is 2.0023 

if it is carbon-centered radical, and 2.004 if the radical is oxygen-centered. For metal ions, the 

geometry of the complex affect the g-factor, the g-factor can range from 1.96-2.3 97.  

 

 

 

 

 

 

 

 

 

 

         Figure 2.7. Absorbance spectrum and its first derivative EPR signal. The dashed line defines 

the g-factor of the observed signal. 

Another useful information that can be obtained from EPR signal is the spin density. The 

calculation of spin density determines the number of spins in a certain volume per unit mass. This 

parameter is particularly important for the study of EPFRs because it enables one to obtain the 

decay profiles of each formed radical. For some EPFRs, decay profiles can show more than one 

decay rate, thus giving information about the number of radical formed. Using the decay rates, the 

1/e lifetimes can be determined. Spin density can be calculated by double integrating the area under 
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the first derivative signal and compare it to a standard, the commonly used is 2,2-diphenyl-1-

picrylhydrazyl (DPPH). The number of spins is then divided by the mass of the sample in grams 

to obtain spin density. 

2.4. Surface Science Techniques 

Surface science techniques enable us to study the electronic structure of EPFRs on a 

nanoscale. Some techniques can be performed on powder samples while others require single 

crystal. Chapter 4 in this dissertation discusses the changes in the electronic structure of a single 

crystal metal oxide used as a model system for powders and is known to be active in forming 

EPFRs. The main advantage of using single crystal is that the surface structure can be identified 

using a surface technique as LEED. 

2.4.1 Low Energy Electron Diffraction (LEED) 

LEED is a very sensitive surface science technique that is widely used to determine the 

cleanliness and order of the surface of single crystals prior to their use in an experiment. The 

sensitivity of this technique arises from the use of low energy electrons (~150 eV). Electrons with 

this energy possess a wavelength of ~ 1 Å which is smaller than the typical interatomic spacing, 

therefore they interact with the topmost surface atoms. Figure (2.8) show a schematic diagram of 

LEED set-up. An electron gun generates an electron beam with variable energy (typically from10-

500 eV), the electron beam strikes the surface of the sample causing the electrons to backscatter 

from the surface of the sample onto a system on grids. The elastically scattered electrons are 

accelerated toward a fluorescent screen and producing a LEED pattern. Grids G2 and G3 are held 

at an adjustable negative potential to reduce the bright and diffused background caused by the 

inelastically scattered electrons. The pattern of LEED spots can be used to obtain information 

about surface symmetry or surface reconstruction 98.  
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                           Figure 2.8. Schematic diagram of LEED set-up 95. 

The LEED pattern observed on the fluorescent screen is a representation of the surface 

reciprocal lattice. The atomic spacing between the periodic features at the surface can be calculated 

using Bragg’s law: 

                                                             𝑛𝜆 = 𝑑 𝑠𝑖𝑛𝜃                                                                  (2.14)  

where n is the order of diffraction,  is the wavelength of the electron beam, d is the spacing 

between atomic planes, and is the angle of diffraction between the incident wave vector and the 

backscattered beam. The wavelength of the electron beam is related to the electron beam energy 

through de Broglie’s equation which is given by 

                                                                         𝜆 =  
ℎ

√2𝑚𝐸
                                                                     (2.15) 
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where h is Planck’s constant, m is the electron’s mass, and E is the electron beam energy. Thus, 

increasing the energy of the electron beam increases the number of the spots observed on the 

screen. 

The intensity of LEED spots can aid in determining the order of the surface, that is, if the surface 

is well-ordered the spots will appear sharp and intense with low intensity background. On the other 

hand, the existence of surface defects or imperfections results in low intensity spots with increase 

in background intensity 99. Figure (2.9) shows a comparison between two different terminations of 

the same single-crystal. The subsurface cation vacancy (SCV) reconstruction have all LEED spots 

with similar intensity while spots at (3/2, 1/2) for Fe-dimer surface are much weaker 92. More 

information can be obtained by probing the intensity distribution across the width of a spot 99. This 

investigation of spot intensity is called LEED Spot Profile and is used to mainly probe surface 

imperfections 99. Unfortunately, spot profiles do not reveal the atomic arrangement within a surface 

unit mesh. Therefore, the atomic positions are determined using I-V curves which analyze spot 

intensity as a function of electron beam energy 99. This process involves performing a calculation 

consistent with the symmetry of the LEED pattern, the calculated I-V curves are then compared 

with the experimental results. Based on this comparison, the proposed atomic arrangement model 

can be adjusted and new calculations are performed until satisfactory agreement is obtained 99. 

This process is beyond the scope of this work.  

2.4.2 Photoemission Spectroscopy 

Photoemission spectroscopy is a very powerful tool to probe the electron density of both 

bulk and surface states depending on the kinetic energy of the emitted photoelectron. It provides 

information about the chemistry, organization, morphology, and electronic structure of the surface 

100. The basic principle of photoemission relies on photoelectric effect which was discovered by 



25 

 

Hertz and Hallwachs in 1880s. In 1905, Einstein utilized Planck’s quantization of energy and 

explained their observations. In photoelectric effect, electrons in a solid with a binding energy 𝐸𝐵  

 

 

 

 

 

 

 

 

 

Figure 2.9. LEED patterns acquired at an electron energy of 90 eV of subsurface cation vacancy 

(SCV) reconstructed surface (left) and Fe-dimer surface (right) 92.  

absorb photons with energy ℎ𝜈 and become photoexcited. Photoelectrons can escape the surface 

of the solid, if the photon energy overcome the work function 𝜙 of the solid. The photoelectron 

leaves the surface with a kinetic energy 𝐸𝑘𝑖𝑛 which is given by  

                                                             𝐸𝑘𝑖𝑛 = ℎ𝜈 − 𝐸𝐵 − 𝜙𝑠                                                               (2.16) 

The emitted photoelectron carries information about the chemical composition and 

concentration of the atomic species on the surface by identifying the binding energy and height of 

the observed photoelectron peaks. The distinction between Ultraviolet Photoemission 

Spectroscopy (UPS) and X-ray Photoemission spectroscopy (XPS) depends on the energy of the 

incident photons (light source). In XPS, the photon energy ranges between 200-1500 eV, whereas 

for UPS photon energy is 10s of eV. However, UPS is more sensitive in probing valence structure 
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than XPS because the cross-section of photoelectron emission from shallow valence band levels 

is very low at typical XPS photon energies 99. Therefore, XPS is more suitable in probing core 

levels. 

 

Figure 2.10. XPS survey spectrum of TiO2. 

 

2.4.2.1. X-ray Photoemission Spectroscopy (XPS) 

In this technique, photons from X-ray source impinge on the surface of the sample to be 

examined resulting in the emission of photoelectrons after direct transfer of the photons’ energy 

to core-level electrons. Photoelectrons, that manage to escape from the sample surface, are then 

separated with respect to their energy and are counted. The kinetic energy of the emitted 

photoelectron is related to the binding energy of the electron through equation (2.16), and an 

energy spectrum is acquired as the one in figure (2.10).  
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Measurement of the binding energy, EB, of the photoelectron is very critical since it 

provides information on the electronic structure of the surface. Binding energy of the electron in 

an atom, and hence the ejected photoelectron, is affected by any change in the nuclear charge 

resulting from any alteration of the electron distribution on the atom. Formation of covalent or 

ionic bonds between atoms changes the electron distribution and consequently the binding energy 

of the ejected photoelectron change accordingly. Thus, XPS is very sensitive to chemical shifts. 

To ensure accurate measurement of EB, XPS instrument has to be properly calibrated. This 

purpose is achieved by grounding both the spectrometer and the conducting sample. By this means, 

the Fermi levels (EF) of both the conducting sample and the spectrometer align. Figure (2.11) 

shows schematic representation of the energy scales in photoemission experiment. Here𝜙, the 

work function, is defined as the minimum energy required for an electron to be ejected from the 

solid to vacuum. Equation (2.16) requires measuring the work function of the sample to obtain EB. 

To ease the operation, the dependence on samples’ work function, ϕ𝑠, needs to be replaced by 

XPS instrument’s work function, 𝜙𝐴, and this is achieved by constructing XPS instrument with a 

work function values less than that of any sample previously exposed to air 101. Now the kinetic 

energy of the emitted photoelectron becomes 

                                                    𝐸𝑘𝑖𝑛 = ℎ𝜈 − 𝐸𝐵 − ϕ𝑠 − (𝜙𝐴 − 𝜙𝑠)                                                (2.17) 

                                             ∴  𝐸𝑘𝑖𝑛 = ℎ𝜐 − 𝐸𝐵 − 𝜙𝐴                                                                           (2.18) 

XPS instruments are calibrated by obtaining high resolution scans of Cu 2p3/2, Ag 3d5/2, or 

Au 4f7/2 after the elemental sample is clean from surface oxides and adventitious carbon 101. For 

insulators, the XPS spectrum will shift toward higher binding energy and this is because the Fermi 

levels of both the sample and the instrument does not align. Therefore, binding energy scale can 
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be calibrated by sitting C 1s peak arising from adventitious carbon which may present in UHV 

system. The common used value for adventitious C 1s is 284.7 ± 0.1 eV 101. 

 

 

Figure 2.11. Schematic showing the relation between conducting sample and XPS instrument 

parameters in a photoemission experiment. 

 

Binding energy is the energy required to remove an electron from its orbital. The closer the 

electron to the nucleus, the higher the binding energy becomes. Binding energy is affected by the 

change of the electron distribution due to the formation of chemical bonds between the atoms. This 

type of change in the binding energy is called chemical shift and is observed, for instance, in the 

case of varying the oxidation state of an element. As the oxidation state increases, more oxygen 

are bonded to the element, thus drawing more electrons to it due to its high electronegativity. This 

results in the element atom becoming more positively charged, and hence its binding energy 

increases 100. However, this may not hold true for some of the oxides due to the dominance of the 

final state effects over the initial state effects. 
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The binding energy measured by XPS is not the same as the binding energy of the 

photoelectron in its orbital level in the atom. The reason for this is that other electrons in the ionized 

atom do not remain frozen during the photoemission process. After core hole creation, electrons 

tend to rearrange themselves to shield or minimize the energy of the ionized atom 100. This energy 

is called relaxation energy. Thus, if we call the ground state of the atom prior to photoemission by 

initial state, and the state of the atom after photoemission by final state, then the binding energy 

observed by XPS is the difference between the final state energy and the initial state energy. Figure 

(2.12) show an illustration of all the initial and final effects that contribute to the change in the 

observed binding energy. 

 

Figure 2.12. Illustration of the initial and final state effects that can be experienced by 

photoelectron 102. 
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Initial state effects arise from the electronic structure of the atom where the photoelectron 

is ejected. These effects are induced mainly by the charge density experienced by photoelectron. 

Changes that take place in the oxidation state of the ionized atom (prior to photoemission), bonding 

with neighboring atoms, as well as electronegativity of neighboring atoms all alter the charge 

density surrounding the emitted photoelectron 102.  

Spin-orbit splitting is considered an initial state effect since it is an atomic property. This 

effect arises from the coupling of the magnetic field set up by an electron spinning around its own 

axis with that of an electron spinning around its nucleus (for 𝑙 > 0) 102. Because electron spin has 

two values (±
1

2
), two photoelectron peaks are observed for the same orbital angular momentum, 

𝑙, and are described by their total angular momentum, 𝐽. The level with higher 𝐽 has lower binding 

energy and the number of electrons in each level scales as 2𝐽 + 1. Table 2.1 presents the intensity 

ratios of spin orbit split doublets.  

Table 2.1. Parameters of spin-orbit coupling. 

Orbital 
Orbital angular 

momentum (𝑙) 

 Total momentum 
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Final state effects arise due to the formation of a core hole in the ionized atom after the 

ejection of the photoelectron. The core hole itself can induce electrostatic and magnetic effects, 

which in turn affect the measured binding energy of the photoelectron. These effects are called 

multiplet or exchange splitting and it results from the interaction of the unpaired electron 

introduced by the formation of the core hole and any localized unpaired valence electron. Similar 

to spin-orbit splitting, the magnetic fields arising from the spin of these two electrons couple 

resulting in the splitting of the energy of the relevant orbitals which in turn splits the photoelectron 

peak in the XPS spectrum. It should be noted that multiplet splitting affect unpaired electrons in 

all orbitals including S orbitals. Also, the multiplet splitting energy separation increases with the 

decrease of the binding energy of the interacting core electron 102. One should also note that for 

photoelectron peaks experiencing spin orbit splitting, only the main peak (higher 𝐽 value) suffer 

multiplet splitting 102.  

The rearrangement process that takes place due to the core hole formation also induces 

final state effects. Rearrangement originates from the transfer of energy associated with the decay 

of core hole. Rearrangement process that occur within the timescale of photoelectron emission 

produce observable spectral features such as photoelectron peak asymmetry, satellite peaks, 

plasmon loss peaks, and Auger electron peaks 102.  

Auger electron emission along with fluorescence are the main processes by which core 

hole decays. Figure (2.13) show a schematic diagram of both processes. Auger electron emission 

is a three-electron process, therefore, it is observed for all elements except for H and He. The first 

electron is the ejected photoelectron, the core hole produced is then filled with the second electron 

which is an electron from a higher energy state (L1 in figure 2.13). In fluorescence, the energy 

difference resulted from filling the core hole is emitted as photons whereas in Auger, these photons  
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Figure 2.13. Schematic representation of the two process by which core hole is dissipated 99. 

are absorbed by the third electron which is finally emitted and observed in the XPS spectrum. Both 

processes are comparable in the typical XPS photon energies, however, for photon energies less 

than 500 eV, fluorescence becomes negligible 99. Auger electron emission adheres to the following 

selection rules: 

                                                          ∆𝑙 =  ±1, ∆𝑚𝑙 = 0, ±1   

However, forbidden transitions may be observed in XPS spectrum with weak intensities compared 

to other Auger transitions 102. The kinetic energy of the emitted Auger electron (for KL1L2,3 

transition) is given by  

                                                       𝐸𝐾𝐿1𝐿2,3
=  𝐸𝐾 − 𝐸𝐿1

− 𝐸𝐿2,3
− 𝜙𝐴                                               (2.19) 

where 𝜙𝐴 is the work function of the XPS instrument if the sample is in good electrical contact. 

Also, 𝐸𝐾 − 𝐸𝐿1
 represent the photon energy absorbed by the third electron. It should be noted that 

Auger transition spectra are normally plotted on a kinetic energy scale because the binding energy 

scale of the XPS depends on the energy of the incident X-rays, whereas the kinetic energy of the 
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Auger transitions depends solely on the kinetic energy of the difference between the two levels 

accessed and the instrument work function as seen in equation (2.19). Therefore, changing the 

photon source will change the binding energy at which the Auger transition is observed 102.  

Although Auger electron emission is a final state effect, it is used to provide information 

on the samples’ speciation. Figure (2.14) shows Cu L3M45M45 Auger transition of Cu. As can be 

seen from the figure that different oxidation states of Cu display different peak structures as well 

as different peak positions. Therefore, some Auger transitions are used to differentiate between the 

different oxidation states of different oxides.  

 

  

 

 

 

   

 

 

 

 

 

Figure 2.14. Cu L3M45M45 Auger transition induced by X-ray photoemission 102.  

Another core hole induced rearrangement is the shake-up satellite. In this type of 

rearrangement, the departing photoelectron excites a valence electron into unoccupied orbitals 

resulting in a decrease in the kinetic energy of the photoelectron. This process affects the spectral 
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features by introducing either an asymmetry of the main photoelectron peak and/or observance of 

new features called satellites 102. Similar to Auger transitions, shake-up satellites are used to 

provide information about the sample’s speciation. Figure (2.15) shows the Cu 2p core spectra of 

different copper oxides. As can be seen from the figure, shake-up satellites help distinguish 

between Cu 0, Cu 1+, and Cu 2+. Also, the binding energy of Cu 2p3/2 of CuO is observed at a higher 

binding energy compared to Cu and Cu2O due to the strong shake-up satellite.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.15. X-ray photoelectron spectra of Cu 2p region of metal Cu and its oxides 102. 

 

The other type of satellites observed in XPS is shake-off satellites. In this process, the 

ejected photoelectron excites a valence electron to unbound continuum states located above the 

vacuum level 102. The main difference between shake-off and shake-up satellites is that electrons 

leave the sample in shake-off process while they are merely excited to a higher energy level. 

Shake-off satellites are observed in XPS spectrum as a broadening of the photoelectron peak or 
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contribute to the inelastic background at a higher binding energy with respect to main core level 

peak 102.  

The last final state effect discussed in this dissertation is the Plasmon excitations. Plasmons 

are collective oscillations of the free electron gas in the conduction band. Therefore, the ejected 

photoelectron excites Plasmon formation in samples that either contain a high density of free 

electrons in the conduction band like metals, or in insulators if the photoelectron excites valence 

electrons to the conduction band, as the case of TiO2 as shown in figure (2.16) 102. These excitations 

take place because of the change in the chare density either due to the fast passage of the ejected 

photoelectron or due to formation of the core hole 102. Plasmon excitations are observed in the XPS 

spectrum as loss features at higher binding energy with respect to the main photoelectron peak. 

Core level photoelectron peak, which does not experience rearrangement effects, is 

expected to be symmetric in shape with a peak width (FWHM) which is defined by 102 

                                                                          𝐹𝑊𝐻𝑀 =  
ℎ

Γ
                                                                  (2.20) 

where ℎ is the Planck’s constant in electron-volt-second, Γ is the core-hole life time. Thus, in this 

case, the lifetime of the core hole is determined by the speed at which Auger processes take place 

102. On the other hand, the intensity of photoelectrons relies on different factors such as the 

photoelectron cross section, instrument geometry, and the inelastic mean free path (IMFP) 102. 
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            Figure 2.16. X-ray photoemission spectrum of Ti 2p core level of TiO2. 

The photoelectron path length is defined by the elastic and the inelastic scattering events 

encountered by the photoelectron. The inelastic mean free path is defined as the mean distance 

traveled by an electron with a kinetic energy (K.E.) in a solid before it loses its energy to its 

surrounding. The mean free path of the ejected photoelectron depends on its kinetic energy, 

therefore, if the ejected photoelectron loses energy more than the specified energy resolution of 

the instrument, the signal becomes part of the background. IMFP accounts for inelastic scattering, 

however, it should be noted that elastic scattering, although it does not cause loss of energy, it 

increases the depth from which electrons are ejected.  Figure (2.17) shows the relation between 

IMFP of electrons in solid as a function kinetic energy approximated by TPP-2M relation. From 

this relation we see that the path length of electrons in solid increases with kinetic energies above 

100 eV. 

 



37 

 

Figure 2.17. Inelastic mean free path of electrons in solid as a function of kinetic energy 

approximated by TTP-2M 101. 

The core level XPS spectra obtained for chapter 3 in this dissertation were performed using 

an Omicron XM1200 monochromatic X-ray source in combination with Omicron EA 128 

hemispherical analyzer while XPS spectra obtained for chapter 4 is performed using Omicron 

XM1000 monochromatic X-ray source (depicted in figure 2.18) in combination with a SPECS 

PHOIBOS 150 hemispherical analyzer. The X-ray source contains two thoria-coated tungsten 

filaments which emit electrons when heated. The electrons are then accelerated toward an 

aluminum anode with 15 keV generating characteristic X-rays upon electrons’ bombardment with 

the anode. The generated X-rays impinge on a quartz crystal that diffracts the X-rays and allow 

only X-rays of characteristic Al K𝛼Ι energy (1486.6 eV) to be focused on the sample. The radius 

of curvature of the Rowland circle in XM1000 is 500 mm, and the spot size focused on the sample 

is 1.5 × 2.5 𝑚𝑚 and 2.5 × 4.5 𝑚𝑚 for the short and long filaments, respectively. The ultimate 
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combined system resolution of the XM1000 source and SPECS PHOIBOS 150 analyzer is ~0.6 

eV for a core level XPS peak (Ag 3d5/2), or ~0.3 eV measured from a metallic sample Fermi edge 

at low temperature. 

 

Figure 2.18. Schematic of Omicron XM 1000 X-ray source 103 

2.4.2.2. Ultraviolet Photoemission Spectroscopy (UPS) 

UPS has the same basic principles discussed in XPS. It utilizes photons in the ultraviolet 

spectral range (10 – 50 eV), therefore it is used to study the electronic structure of valance bands 

in solids as well as adsorbed molecules on the surface. Also, UPS has access to core levels up to 

the photon energy used. It can also measure the work function of a given material. UPS is more 

surface sensitive than XPS because the ejected photoelectrons have lower kinetic energy compared 

to that ejected by X-ray photons resulting in a shorter IMFP and thus stronger signal sensitivity. 

The ultraviolet radiation source used in typical UPS experiments are either gas charge lamps or 
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synchrotrons. In laboratory, He discharge lamp is utilized with two intense lines at 584 Å 

corresponding to He I (21.22 eV) and 304 Å corresponding to He II (40.8 eV). The choice between 

the two lines is controlled by the gas pressure and discharge current 99. The narrow linewidth of 

both UV sources makes the spectral resolution obtained by UPS significantly higher than that of 

XPS. Hence, the valence levels observed overlapped in XPS will be more resolved in UPS. 

Valence band photoemission data in this work are obtained by SPECS microwave UV light source 

(utilizes He II line ~40.8 eV) in combination with a SPECS PHOIBOS 150 hemispherical analyzer. 

2.5. Fourier Transform Infrared Spectroscopy 

Infrared spectroscopy measures the characteristic vibrational bands of chemical species by 

absorption of light in infrared range. This technique is very sensitive to molecular composition and 

can provide information on the type of chemical species present on the surface as well as the 

interactions between neighboring molecular components. The IR absorption process is achieved if 

the radiation frequency matches the natural frequency of a particular normal mode of vibration 

and the vibrational excitation causes a change in the dipole moment of the molecule. Therefore, 

the selection rule for IR spectroscopy requires a change in the dipole moment during the vibration 

to be IR active 104. 

 Vibrational excitation leads to stretching and bending vibrational modes. Stretching modes 

involve changes in bond length between atoms in the molecule while bending modes involve 

changes in the bond angles between the atoms. However, stretching modes can be symmetric or 

asymmetric. For CO2, the net change of dipole moment in the symmetric stretching mode is zero 

whereas it is nonzero for the asymmetric stretch modes. Figure (2.19) shows vibrational modes of 

carbon dioxide. Therefore, symmetric stretching mode is IR inactive while the asymmetric stretch 

modes is IR active.  
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                    Figure 2.19. Stretching and bending modes of CO2 molecule. 

Fourier Transform Infrared spectroscopy (FTIR) utilizes an interferometer and a computer. 

Most of the commercially available FTIR spectrometers use Michelson interferometer. Figure 

(2.20) depicts a schematic diagram of Michelson interferometer. The principle of operation can be 

described by first considering the source which emits infrared light of all wavelengths. A 

collimating mirror collimates the infrared light to the beam splitter which equally divides the 

amplitude of the beam with 50 % is transmitted to the moving mirror and the other 50 % is reflected 

to the fixed mirror. The light reflected from both mirrors recombines at the beam splitter and 

experiences interference, then it passes through the detector. The constructively interfered light 

causes the detector response to reach a maximum. This is achieved when the path difference 

between the two interfering beams is an integral number of the wavelength. The path difference is 

controlled by the motion of the mirror. The interferogram is a record the detected signal intensity 

plotted against the optical path difference of the two interfering beams. It should be noted that 
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sampling takes place before the detector and its optics. Fourier transform is performed on the 

interferogram to obtain the spectrum. The spectrum 𝑆 as a function of frequency 𝜈 is given by 

                                           𝑆(𝜈) = ∫ 𝐼(𝑥) 𝑒+𝑖2𝜋𝜈𝑥 𝑑𝑥 = 𝐹−1[𝐼(𝑥)]                                            (2.21)
+∞

−∞

 

where x is the path difference 

                                       𝐼(𝑥) =  ∫ 𝑆(𝜈)𝑒−𝑖2𝜋𝜈𝑥 𝑑𝜈 = 𝐹[𝑆(𝜈)]                                                    (2.22)
+∞

−∞

 

Equation (2.21) is called the inverse Fourier transform and equation (2.22) is called the Fourier 

transform. The inverse Fourier transform integral converts the interferogram 𝐼(𝑥), which is a 

function of path difference to 𝑆(𝜈) spectrum, which is a function of frequency, 𝜈. 

 

 

 

 

 

 

 

 

 

                       Figure 2.20. Schematic diagram of Michelson interferometer 105. 

IR spectroscopy has different sampling modes. The work in this dissertation used 

attenuated total reflectance (ATR) mode. In this mode the sample is placed in a very close contact 

with a prism that has a refractive index higher than that of the sample. The IR radiation passes 

through the prism and become totally reflected if the angle of incidence is greater than the critical 
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angle. Moreover, the magnitude of the angle of incidence controls the number of internal 

reflections within the ATR prism, see figure (2.21). At each point of reflection in prism, an 

evanescent wave is created and extends into the sample. The interaction between the sample and 

the electric field of the evanescent wave attenuates the intensity of the reflected IR beam due to 

the absorption of the electric field. Thus, the evanescent wave decays exponentially into the sample 

with distance from the surface, z, of the prism according to  

                                                                        𝐸 = 𝐸∘𝑒−𝑧/𝑑𝑝                                                                    (2.23) 

Where 𝐸 and 𝐸∘ are the electric field after and before the exponential decay, respectively. 𝑑𝑝 is the 

penetration depth of the evanescent wave and is determined by 

                                                            𝑑𝑝 =
𝜆

2𝜋𝑛1   √[𝑠𝑖𝑛2𝜃−(
𝑛2
𝑛1

)]2
                                                            (2.24)  

where 𝜆 is the wavelength of the IR radiation, 𝜃 is the angle of incidence, 𝑛2 and 𝑛1 are the 

refractive indices of the sample and the prism, respectively. The penetration depth is on the order 

of microns and that makes ATR ideal for studying surfaces and thin films.  

   

 

 

 

                       Figure 2.21. Schematic illustrating ATR mode of IR sampling 106. 
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2.6. Solar Simulator 

Solar simulator is used to replicate the irradiance and spectrum of the sun. Due to the 

atmosphere, light from the sun can be divided into direct radiation which comes directly from the 

sun and scattered radiation in which light from the sun experiences absorption and scattering with 

air molecules and dust particles in the atmosphere. The main purpose of the solar simulator is to 

mimic the natural solar spectral distribution of the sunlight for different latitudes. In order to 

produce artificial sunlight, one needs to consider air mass (AM). Air masses are the gases and 

particles which persist in the atmosphere and attenuate the solar intensity as the sunlight propagates 

through the atmosphere. AM is defined as the path length of the direct sun beam through the 

atmosphere 107. It can be expressed as the reciprocal of the cosine of the zenith angle. Figure (2.22) 

depicts the relation between AM and the zenith angle.  

  

                              Figure 2.22. Air masses at different zenith angles 107. 



44 

 

Sunlight that travel through space, and does not encounter earth’s atmosphere, experiences 

no change in solar spectrum. The air mass that expresses this type of sunlight which did not interact 

with earth’s atmosphere is called AM0. Furthermore, direct radiation of the sun which travels 

vertically through the atmosphere is known as AM1 and is useful to estimate the performance of 

solar cells in equatorial and tropical regions 107. Moreover, AM1.5 is the most commonly used to 

identify the performance of the solar cells in the mid-latitudes 107. It represents a zenith angle of 

48.2°. The wide spread of AM1.5 stems from the fact that most world population presents along 

the mid-latitudes. The American Society for Testing and Materials (ASTM) developed two 

standard terrestrial solar spectral irradiance distributions 108. The first one is a standard total 

spectral irradiance (global) in which the air mass is 1.5 and the spectrum includes the blue sky and 

the surrounding ground 109. The second is a standard direct normal spectral irradiance (direct), it 

is similar to the global spectral irradiance, the difference her is that the sunlight comes from a 

normal angle on the system and it cannot use the radiation from the blue sky 109. Figure (2.23) 

shows a comparison between the different air masses. 

Artificial sunlight can be produced by solar simulators. Solar simulators utilize a light 

source, power supply, optics, and filters. To match the intensity and spectral composition of the 

sunlight, solar simulators operate by either filtering a broad spectrum of light generated by a light 

source such as Xenon lamp, or by using narrow-band light sources and combine their outputs to 

generate the required spectra 107. The solar irradiated EPFRs in this dissertation utilized Wavelabs 

Sinus 70 LED based solar simulator with spectral coverage from 365-1100 nm and AM1.5G 

spectral irradiance. 
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                 Figure 2.23. Comparison of the spectral irradiance of AM0 and AM1.5 110 .  
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Chapter 3. Environmentally Persistent Free Radicals Formation by Phenol 

Adsorbed on Transition Metal Nanoclusters Systems1 

3.1.  Introduction 

The health impacts of airborne particulate matter (PM) are significant 14. PM is generated 

by many sources such as refineries, automobile combustion engines, and waste incinerators 39. The 

toxicity of PM is not only determined by the size, shape, and composition of PM, but also by the 

organic molecules associated with PM 14. Studies have shown that environmentally persistent free 

radicals (EPFR)-containing PM, primarily those that contain small amounts of transition metal 

oxides (TMOs), can cause lung and heart damage, since EPFRs can produce reactive oxygen 

species (ROS) which in turn can cause oxidative stress and cell death in both animal and human 1, 

75, 111-113.  

EPFRs are free radicals that are known to have much longer lifetimes than typical radicals, 

with half-lives of hours to days under ambient conditions 14, 39.  EPFRs are formed by the 

adsorption of organic precursors such as phenol, 2-monochlorophenol (2-MCP), catechol, 1,2-

dichlorobenzene and other substituted benzenes on the surface of TMOs at elevated temperatures 

(275-775 K) 16. Ab initio calculations have shown that EPFRs gain their stability from the synergy 

of the metals and aromatic compounds 17, which enables the formed radicals to persist in ambient 

environment 14, 58. The proposed mechanism of their formation involves initial physisorption 

followed by chemisorption to the metal ion in which water or HCl is eliminated 16, 114, 115. 

 

                                                 

1 This chapter is reprinted with permission from Nadra I. Sakr, Matthew C. Patterson, Luke 

Daemen, Erwin D. Poliakoff, and Phillip T. Sprunger, “Vibrational and Structural Studies of 

Environmentally Persistent Free Radicals Formed by Phenol-Dosed Metal Oxide Nanoparticles” 

Langmuir 2019 35 (51), 16726-16733. Copyright © 2019, American Chemical Society.  
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As indicated, the chemisorption is generally accompanied by a single or partial electron 

charge transferred from the organic molecule to the metal cations, and consequently, the metal 

oxide surface is reduced concurrent with the chemisorbed formation of the organic free radical17.  

In short, EPFRs are a composite organic/metal oxide system. 

The signature of EPFRs formation from several organic precursors has been identified by 

electron paramagnetic resonance (EPR) spectroscopy on different transition metal oxide systems 

such as CuO/SiO2 
17, Fe2O3/SiO2 

18, TiO2 
16, NiO/SiO2 

19, ZnO/SiO2 
15, and ZnO 12 nanoparticles 

(NPs). It has been reported that some metal oxides form F-centers as well as either phenoxyl-type 

or semiquinone type radicals depending on the type of the organic precursor used for dosing 17, 18. 

EPR also showed that EPFRs are thermally activated, that is, the spin density of the organic radical 

formed was found to increase above a certain temperature for each of the studied systems 17-19.   

Other studies have shown that the formation and yield of EPFRs is dictated by the size of 

supported TMO nanoparticles (NP) 116. Kiruri et al. have found that the catalytic ability of CuO to 

generate EPFRs increases with decreasing nanocluster size 117. Thus, it is expected that NP-sized 

TMO produces a higher yield of EPFRs, since it offers a larger surface area and hence more active 

sites for the chemisorption of the organic precursors 118. It is also reported that NP-sized TMO 

enhances electron transfer from the organic precursor 116. However, the increased reactivity of NP-

sized TMO due to the improved catalytic ability may consume EPFRs and lead to their 

decomposition 119. Accordingly, it is interesting to study the influence and origin of NP-sized pure 

TMO on the yield of EPFRs. 

The change in the oxidation state of TMOs that are known to be active for EPFRs formation 

was previously studied by various surface techniques. Cu K-edge XANES spectroscopy of Cu 

(II)O/SiO2 dosed at high temperature by several organic precursors is found to reduce to a mixture 
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of Cu (II), Cu (I), and small amounts of Cu (0) 115. Our group has also employed ultraviolet 

photoelectron spectroscopy (UPS) on a well-defined single-crystal metal oxide surfaces as TiO2 

(110) 120 and two crystallographic faces of ZnO 121. A downward band bending, in which bands 

are shifted toward higher binding energy, has been observed for high temperature adsorption of 

phenol on TiO2 (110) suggesting electron donation from the adsorbing molecule and thus the 

reduction of the metal cation 120. However, an upward band bending, in which bands are shifted 

toward EF, has been observed for both crystallographic faces of ZnO dosed with the same organic 

precursor at the same temperature indicating electron transfer from the metal oxide surface to the 

organic, which is in contradiction to what has been proposed in the formation mechanism of EPFRs 

121. 

Although the stability and persistence of EPFRs in the environment are remarkable, they 

do decay over longer timescales.  Decay studies have been previously performed on the EPFRs 

formed by phenol dosed metal oxide nano-powders. The 1/e lifetimes, determined by EPR 

measurements, reported for pure TiO2 
16 powder are a “short” decay of 4.2 days and a “long” decay 

of 57.4 days. As for the ZnO, CuO, and Fe2O3, the decay studies were performed on 5 wt% metal 

oxide NPs supported on SiO2. ZnO also shows two decay modes with 1/e liftetimes of 15 are 10 

days and 70 days, while for CuO 17 and Fe2O3 
18, only one decay is found for each with 1/e lifetimes 

of 74 minutes and 3.8 days respectively. Dellinger et al. have shown that the lifetime of the formed 

EPFRs does not only depend on the type of TMO, but also on the type of the aromatic adsorbate 

15. They have also shown that the lifetime of the EPFRs formed on 5% ZnO/SiO2 by the adsorption 

of several organic precursors are the longest-lived species observed 15.  

In this study, the formation of EPFRs by high temperature adsorption of phenol on several 

transition metal oxide NPs, namely ZnO, CuO, Fe2O3, and TiO2 is probed by several experimental 
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probes. The purpose is to elucidate characteristic vibrational and electronic fingerprints of the 

EPFRs formed by phenol adsorption on TMOs. EPFR detection and characterization require a 

combination of techniques; we performed electron paramagnetic resonance (EPR), Fourier 

transform infrared spectroscopy (FTIR), inelastic neutron scattering (INS), and X-ray 

photoelectron spectroscopy (XPS) of phenol adsorbed at 250C on four different metal oxide NPs. 

The goal is to obtain a comprehensive database, including EPR, vibrational spectroscopy (INS and 

FTIR), and electronic spectroscopy (XPS) that enables one to identify the propensity of EPFRs 

formation on differing TMOs and the resulting property differences from each other and from 

other organic contaminants, as well as degradation pathways. 

3.2. Experimental Methods 

All metal oxide powders (anatase TiO2, 18 nm, CAS 13463-67-7, 289 m2/g, 99.5% purity; 

-Fe2O3, 30 nm, CAS 1309-37-1,20-60 m2/g, 99.5% purity; CuO, 25-55 nm, CAS 1317-38-0, 

13.98 m2/g, 99.95% purity; ZnO, 18 nm, CAS 1314-13-2, 40-70 m2/g, 99.95% purity) were 

purchased from US Research Nanomaterials and used as-received. Phenol (CAS 108-95-2, ACS 

reagent grade, ≥ 99.0% pure) was purchased from Sigma-Aldrich and used without further 

purification.  

Samples were prepared using the same dosing manifold described in previous work 12, 16, 

including a similar system assembled on-site at the Spallation Neutron Source 12. “Blank” (un-

dosed) TMO samples for all measurements were prepared in vacuum (~50 Torr ) by heating the 

samples to 250°C for 1 hour then cooling to RT. In this work, all dosed samples were prepared by 

loading a small quantity (200-600 mg) of TMO powder into a sample tube along with a small 

quantity (100-200 mg) of solid phenol. For INS measurements, at least 0.01 mol phenol 

(approximately 940 mg) was loaded into the tube along with several grams of powder; this ensured 
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that enough mass was present to give a strong signal from the relatively weak neutron scattering 

process. Samples were reacted by attaching the filled tube to the dosing system, pumping out to 

the turbomolecular pump base pressure (< 2 mPa), then closing the evacuated tube and heating it 

to 250°C for 1 hour. After exposure, the sample tube was again opened to the turbomolecular pump 

and pumped out at the dosing temperature for 1 hour, then pumped continuously while cooling to 

RT before removal from the dosing system for measurement. In this way, un-reacted phenol was 

removed from the tube before measurement so that no excess solid phenol was present in the 

measured samples, as evident by the lack of phenolic –OH mode in FTIR/INS spectra (see section 

3.3). 

Electron paramagnetic resonance (EPR) measurements were performed using Bruker 

EMXnano spectrometer with X-band, microwave power 100 mW, and microwave frequency of 9 

GHz. The spectra were obtained at room temperature and the typical operating parameters were: 

microwave power of 0.3 mW, modulation amplitude 1 G, and time constant 40.96 ms. 

Samples were analyzed under ambient conditions at RT using EPR spectroscopy and FTIR 

spectroscopy, and under high vacuum at 5K using INS at the VISION beamline 122 at the Spallation 

Neutron Source at Oak Ridge National Laboratory using the same methods as in our prior work 

12. All INS spectra were acquired with the samples continuously held under high vacuum, while 

FTIR spectra were acquired under ambient conditions no more than 10 minutes after opening the 

sample tubes to the atmosphere. To eliminate the possibility of EPFR photodegradation, samples 

that were used for the studies taking place after 18 days in ambient conditions were stored in a 

dark cabinet in a climate-controlled lab in containers allowed to exchange air with the room. In 

order to probe the EPFR decay, the aged samples were then analyzed using the same procedures 

as fresh ones. 
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XPS measurements were performed on metal oxide NP powders pressed to 1 cm diameter pellets. 

The core-level structure measurements were performed using monochromatic Al K radiation (h 

= 1486.6 eV) from an Omicron XM1200 source. High resolution spectra were recorded using 

Omicron EA 128 hemispherical analyzer using 50 eV pass energy. An Omicron charge neutralizer 

system, CN 10, was only used for TiO2 and ZnO samples. All samples, dosed and undosed, are 

charge-corrected to their respective O 1s binding energy values reported in Biesinger et al. 123, 124. 

None of the pellets were cleaned by sputtering prior to XPS analysis, as this can reduce the surface 

of the metal oxide samples 123. 

3.3. Results and Discussion 

3.3.1 EPR studies of phenol adsorption on metal oxide NPs 

EPR analysis of the dosed metal oxides reveals a narrow EPR signal superimposed on the 

broad metal ion signal. This narrow EPR signal is typical of organic radicals characteristic of 

EPFRs which are formed due to the electron transfer from the organic molecule to the surface of 

the metal oxide as proposed by the formation mechanism of EPFRs 15, 17-19. It is noted that the 

undosed TMO powder shows no signal attributed to any organic radical species but only a broad 

paramagnetic signal of the metal ion. Therefore, the observation of this EPR signal is a clear 

indication of the EPFR formation due to dosing and subsequent chemisorption 16-19. The type of 

EPFR formed strongly depends on the type of the adsorbate and the nature of the surface of the 

metal oxide 17. Figure (3.1) depicts the first derivative EPR spectra for the different metal oxide 

NPs. The g-factor of the paramagnetic signal obtained for the different metal oxide ranges from 

2.0032-2.0045 (cf. Table 3.1), which is a fingerprint of the formation of phenoxyl-type radical that 

is known to form upon phenol dosing. As seen from both table (3.1) and figure (3.1), TiO2 has the 

narrowest paramagnetic signal (least peak width, Hp-p) while Fe2O3 has the broadest paramagnetic 



52 

 

signal. Signal broadness can be attributed to the superposition of more than one type of 

paramagnetic species 16. According to DFT calculations, the unpaired electron in the phenoxyl 

radical can be both oxygen-centered and carbon-centered 13. Comparing the g-factors of the 

paramagnetic signal obtained for the different metal oxide NPs, one can see that the phenoxyl 

radical formed on the surface of ZnO is more oxygen-centered, while that formed on the surface 

of TiO2, CuO, and Fe2O3 may be a combination of both oxygen- and carbon-centered phenoxyl 

radical.  

Table 3.1  EPR spectral characteristics of the organic radical signal observed upon phenol dosing 

at 250 °C. 

 

 

 

 

 

Metal oxide g-factor Hp-p (G) Spins/g 

TiO2 2.00345 5.0 2.05 × 1018

CuO 2.00356 7.2 6.23 × 1016 

ZnO 2.00447 6.1 3.44 × 1016 

Fe2O3 2.00315 12.7 3.14 × 1015 
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Figure 3.1.  EPR spectra of metal oxide nanoparticles dosed for two hours with phenol at 250°C. 

Samples were allowed to react with phenol for 1 hr isolated from vacuum and an additional 1 hr 

in vacuum to ensure the removal of excess phenol in the dosed samples (see more details in Section 

3.2). 

The relation between EPFR concentration and the type of metal oxide has been previously 

studied 118, 125-127. It has been found that the oxidation potential of the metal cation influences its 

catalytic ability toward forming EPFRs. Jia et al.125 reported that Fe(III) has higher oxidation 

potential compared to Cu(II), Zn (II), Co (II), and Ni (II) in generating EPFRs from polycyclic 

aromatic hydrocarbon adsorbed on TMOs modified montmorillonite clay. Although high 

oxidation potential is expected to result in a larger concentration of EPFRs, the high catalytic 

activity of Fe (III) is found to decompose the formed EPFRs, which explains the low EPFR yield 

observed on Fe2O3 NPs 125. On the other hand, the high radical yield observed in TiO2 can be 

attributed to the presence of a large amount of superoxide species, which are reported to be 
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associated with metal oxide NPs 128, 129. This can also explain the discoloration of TiO2 

nanopowder upon mixing with phenol at room temperature. Thus, the high EPFR yield on TiO2 is 

a combined effect of the large surface area of the NPs and the superoxide species present which 

abstract hydrogen from the organic molecule and thus enable chemisorption of EPFRs on metal 

oxides surface 13, 118, 130.  

3.3.2 Vibrational studies of phenol adsorption 

The data presented in this section have been performed in collaboration with Dr. Matthew 

Patterson in the LSU Department of Chemistry. Figure (3.2) compares FTIR spectra for the 

different oxide powders dosed with phenol at 250C, in the region between 1000-1800 cm-1, as 

well as a reference spectrum of solid phenol. In order to remove the background features from the 

pure oxides, the FTIR spectra of the dosed powders are generated by subtracting the FTIR 

spectrum of the dosed powder with that of the undosed powders. In each case, the undosed powder 

was heated to the same temperature under vacuum and for the same amount of time, and the FTIR 

was obtained under the same conditions of the dosed oxide powders. By comparing the difference 

spectra of the different metal oxides to the phenol reference spectrum, one can see three main 

fingerprint features that accompany phenol chemisorption on the surface: the peak at 1593 cm-1 

from solid phenol, which is attributed to pure C-C stretches in the ring, is observed in all dosed 

oxide powder spectra with a minor position shift and a drastic change in width, particularly, in 

CuO. The second feature is the collapse of the two peaks at 1470 and 1497 cm-1 to a single peak 

at around 1493 cm-1 for TiO2, while the same feature results in a single peak at around 1489 cm-1 

and a prominent shoulder at around 1446 cm-1 in ZnO, CuO, and Fe2O3. The two peaks at 1470 

and 1497 cm-1 are attributed to a combination of (CC)+(CO) and (CH)+(CC) respectively in 

solid phenol. Finally, the third main feature is the broad band peaked at 1224 cm-1 in solid phenol  
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Figure 3.2.  ATR-FTIR spectra of oxide powders dosed with phenol at 250°C. A spectrum of solid 

phenol is included for reference (topmost trace). Blank spectra (un-dosed powders heated to 250°C 

under vacuum for the same amount of time) have been subtracted from each dosed spectrum to 

remove background features from the pure oxides. 

which is a manifold of (OH) and (CO) modes. This feature is observed in the spectra of all the 

dosed oxides in several positions that range between ~1275-1210 cm-1, and in different widths as 

well, with Fe2O3 being the sharpest. These three features indicate the chemisorption of phenol on 

the surface of the different oxide powders, and hence the formation of phenol or phenoxyl-like 

surface species. Also, the absence of the broad manifold of hydrogen-bonded OH bending modes 

~1380 cm-1, observed in solid phenol, is indicative of a dissociated adsorption mechanism to the 

surface of the different oxide powders resulting in a chemisorbed phenoxyl-type surface species. 
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The major significant difference between the different FTIR spectra of the phenol dosed oxide 

powders lies in the intensity ratio of the two main C-C peaks (with Fe2O3 having the largest 

intensity ratio) as well as the intensity ratio of C-C to C-O.  

The decay of the EPFRs formed on the surface of the different oxide powders has also been 

investigated using FTIR. Figure (3.3) depicts the FTIR spectra for the different oxide powders 

dosed with phenol at 250C and stored for 18 days under ambient conditions. In general, the 

features characteristic of phenoxyl-like surface species are still present after 18 days in atmosphere 

at 300 K and ambient humidity. As seen from overlapping the FTIR spectrum obtained after 18 

days on the top of the freshly dosed spectrum, the decay spectrum of TiO2 shows a shift in the 

highest energy C-C peak at 1590 cm-1 toward higher frequency, as well as a shoulder at 1502 cm-

1 that appears in the C-C stretch peak at 1490 cm-1 accompanied by a shift of the main peak from 

1490 to 1485 cm-1. Also, a small O-H in-plane peak at ~ 1380 cm-1 is also observed in the TiO2 

decay spectrum, along with a shift of the C-O region toward lower frequency associated with a 

redistribution of intensity. For Fe2O3, no position shifts or new peaks have been observed in the 

decay spectrum; however, there is an overall decrease in the intensity of the peaks observed as 

well as a broadening in the C-C peak at 1590 cm-1. Similarly, an overall drop in the intensity of 

the peaks observed for the decay spectrum of CuO associated with some redistribution of the 

intensity between 1460-1360 cm-1. Finally, the ZnO decay spectrum shows a large increase in the 

O-H in-plane bend peaked at 1355 cm-1 followed by slight changes in the C-O stretch region. Also, 

there is a decrease in the intensity ratio between the peak at 1492 cm-1 and the shoulder at ~1445 

cm-1.  
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Figure 3.3. ATR-FTIR spectra of oxide powders dosed with phenol at 250°C (solid lines) 

compared with the same samples after storage under ambient conditions for 18 days (dotted lines). 

Blank spectra (un-dosed powders heated to 250°C under vacuum for the same amount of time) 

have been subtracted from each dosed spectrum to remove background features from the pure 

oxides. 

Comparing the FTIR of the dosed metal oxides taken 18 days after dosing with the 

previously established phenoxyl-EPFR lifetimes, we can see that the appearance of the -OH in-

plane bend at 1355 cm-1 and 1380 cm-1 observed in the FTIR decay spectra of ZnO and TiO2, 

respectively. Furthermore, broadening in the C-C peak in Fe2O3 and decreased intensity of all 

peaks in both Fe2O3 and CuO are also observed. These features can be attributed to the decay of 

the phenoxyl radical into semiquinone products 16, 39. This result is expected because the 18 days 
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time period between dosing and measurement is longer than the reported lifetime of the EPFRs 

formed on 5% Fe2O3/SiO2, Fe(III)-exchanged clays, and 5% CuO/SiO2, and thus some degree of 

degradation is expected. In ambient environment, molecular oxygen in the atmosphere, as well as 

adsorbed water, catalyze the photodegradation of EPFRs to molecular species 131, 132. However, 

EPFRs can persist indefinitely in vacuum 17-19. 

INS can more effectively probe lower energy excitations and access modes that are less IR 

active. Figure (3.4a) shows the out-of-plane bending motion of the phenyl ring at ~410 cm-1 for 

solid phenol as well as for oxide powders dosed at 250C. The observation of this mode in the 

dosed oxide powders is a fingerprint of the chemisorption of phenol and the formation of phenoxyl-

type adsorbed species on TMO powders.  The peak widths are reminiscent of the ring stretching 

modes in IR, in that all oxide powders except CuO are close to each other and to the reference 

spectrum; however, the peak widths in CuO are considerably broader. Figure (3.4b) depicts the C-

H in-plane bend at ~1160 cm-1, which is the most intense C-H mode measured by INS. The C-H 

stretch peak positions for the different oxide powders are again comparable to those seen for the 

reference spectrum suggesting an intact phenyl ring 133.  
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Figure 3.4.  Inelastic neutron scattering spectra of oxide powders dosed with phenol at 250°C 

along with solid phenol reference spectrum (topmost trace). Blank (un-dosed) spectra of powders 

inside the appropriate sample containers have been subtracted from each of the spectra from the 

oxides. Figure (a) shows the region containing ring out-of-plane bending motion, (b) shows a C-

H in-plane stretch. 

 

3.3.3 Structural changes due to EPFRs formation 

The conventional mechanism of EPFR formation proposes that the formation of each 

organic free radical is accompanied by the reduction of a surface metal cation. That is, one surface 

metal cation is involved per one phenol chemisorption process resulting in electron transfer to the 

metal cation that consequently lowers its oxidation state by 1.  This aspect of EPFR formation is 

further investigated by using XPS which is employed to study the chemical states of the metal 

cations prior to and after dosing. Figure (3.5a) shows the Ti 2p region for the dosed and undosed 
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TiO2 NPs pellet surface. The spectrum of the undosed pellet is characteristic of the Ti 2p region 

of TiO2, in which the chemical state of titanium is Ti 4+ with the Ti 2p3/2 binding energy at 458.9 

eV. The features observed at 472 eV and 477.6 eV are loss features due to inelastic scattering of 

the X-ray photoelectrons 134. Upon dosing with phenol, a shoulder at 457.3 eV appears on the Ti 

2p3/2 peak of the dosed spectrum along with a broadening of the Ti 2p1/2 peak. This observation 

indicates that Ti 4+ states are partially reduced to Ti 3+ due to phenol chemisorption. 

This result indicates that phenol chemisorbs to the surface of TiO2 by a single electron 

transfer from the organic molecule to the surface, causing the metal oxide surface to be partially 

reduced. This adsorption mechanism agrees well with the proposed EPFR formation mechanism.  

A similar result has been observed for CuO. Figure (3.5b) shows the Cu 2p region for both 

dosed and undosed CuO NPs pellets. The shake-up satellite characteristic of Cu 2+ states is seen 

for both dosed and undosed surfaces. Upon phenol chemisorption at high temperature, a sharp 

peak at 932.6 eV is observed in the Cu 2p3/2 peak followed by a broadening of the Cu 2p1/2 peak of 

the dosed spectrum. Again, this result is characteristic of the partial reduction of Cu 2+ to Cu 1+ and 

the coexistence of both chemical states on the surface. This result is consistent with the Cu K-edge 

XANES spectroscopy of micron-sized CuO/silica dosed by three different organic precursors 

which has shown the reduction of CuO to a mixture of Cu 2+, Cu 1+ and Cu (0) due to high 

temperature dosing 115.  
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Figure 3.5. X-ray photoelectron spectra of metal oxide pellets dosed with phenol at 250°C (red) 

and undosed (black). Figure (a) shows Ti 2p region of TiO2 pellet, (b) Cu 2p region of CuO pellet, 

(c) Zn 3d region of ZnO pellet, and (d) Fe 2p region of Fe2O3 pellet. 
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As a check for consistency, the chemical state of the phenol dosed CuO NPs can also be 

determined by calculating the modified Auger parameter (), which is defined as: 

𝛼 = 𝐸𝑘(𝐶1𝐶2𝐶3) + 𝐸𝐵(𝐶) 

where 𝐸𝑘(𝐶1𝐶2𝐶3) is the kinetic energy of the Auger transition C1C2C3 and 𝐸𝐵(𝐶) is the binding 

energy of an electron from core level C. For CuO, the Auger transition Cu LMM at around 918 

eV, see figure (3.6), and the Cu 2p3/2 core level peak are considered. The modified Auger 

parameters for both undosed and phenol dosed CuO were calculated and were found to be 1851.49 

± 0.017 eV and 1849.84 ± 0.012 eV, respectively. The value for the undosed CuO is consistent 

with the previously reported value for clean CuO, but the value for the dosed CuO lies between 

the reported values for CuO and Cu2O 123. This again implies that dosing with phenol causes the 

partial reduction of the CuO from almost entirely Cu2+ to a mixture of Cu oxidation states. 

 

Table 3.2. Binding energy of 2p3/2 core-level of CuO and ZnO as well as kinetic energy of Cu 

LMM and Zn LMM. 

 

 

 

 

 

 

 
Cu 2p3/2 (eV) Cu LMM (eV) Zn 2p3/2 (eV) Zn LMM (eV) 

Undosed surface 933.77 ± 0.0046 917.72 ± 0.016 1021.01 ± 0.0007 989.04 ± 0.007 

Dosed surface 932.35 ± 0.0017  917.49 ± 0.012 1020.4   ± 0.0009 988.9 ± 0.006 
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Figure 3.6. X-ray photoemission spectrum of Cu LMM transition of undosed (black) and phenol 

dosed at 250⁰C (red) of CuO nanoparticle pellet  

 

Figure (3.5c) shows the Zn 3d region of undosed and phenol dosed at 250 ºC ZnO NPs 

pressed to a pellet. The photoemission peak at 9.7 eV is attributed to Zn 3d. The remaining intensity 

between 3.6 and 6.8 eV is due to the O 2p and the Zn 4s electrons, respectively. Upon dosing ZnO 

NPs with phenol, the spectrum is found to shift by 0.27 eV toward the Fermi edge. This band 

bending is consistent with electron transfer from ZnO and has been previously reported for phenol 

dosed ZnO (1010) and ZnO (0001)-Zn single crystal surfaces 121. Just as we have shown for the 

CuO, we can also infer chemical state information of the ZnO after dosing by calculating the 

modified Auger parameter. For ZnO, the Zn LMM Auger transition at around 988 eV and the Zn 

2p3/2 peak are considered, see figure (3.7) and table (3.2). The modified Auger parameters for both 

undosed and phenol dosed ZnO were calculated and were found to be 2010.05 ± 0.007 eV and 
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2009.3 ± 0.006 eV, respectively. The value for the undosed ZnO is consistent with the previously 

reported value for clean ZnO 123. The decrease in the modified Auger parameter due to dosing is 

consistent with the increase of the oxidation state of the Zn(II) cations 135, and that again confirms 

electron transfer from the ZnO as seen by the band bending in the Zn 3d dosed spectrum. 

 

Figure 3.7. Zn 2p core level spectrum for undosed and phenol dosed ZnO. Figure inset shows the 

Zn LMM transition for dosed and undosed samples. 
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Figure (3.5d) shows Fe 2p core level spectra of phenol dosed and undosed Fe2O3 NPs. By 

looking at the undosed spectrum, the shake-up satellite at ~ 719.3 eV characteristic of Fe2O3 is 

absent. On the other hand, there is a satellite at 715.6 eV characteristic of Fe 2+ along with a small 

shoulder ~706 eV. This suggests that the surface of the pellet prior to dosing is reduced to a mixture 

of Fe2O3 and Fe3O4. This reduction arises mainly from the mechanical pressure applied to the iron 

oxide powder to form a pellet. Upon dosing the reduced surface of Fe2O3 pellet with phenol at 250 

ºC, the shake-up satellite characteristic of Fe2O3 is now observed associated with a shift toward 

higher binding energy. This result suggests that phenol is chemisorbed on the surface of the NP 

pellet through electron transfer from the iron oxide nanopowder, causing oxidation of the Fe 

cations as seen by XPS.  

By looking at the overall picture given by XPS, we see that surface metal cations of TiO2 

and CuO are reduced due to phenol chemisorption indicating electron transfer from the organic 

molecule to the metal oxide surface, which is consistent with the typical EPFR formation 

mechanism. On the other hand, surface metal cations of ZnO and reduced-Fe2O3 surface are found 

to oxidize by phenol chemisorption, which contradicts this EPFR formation mechanism. However, 

EPR results show that in both cases EPFRs are formed. The direction of electron transfer proposed 

in the EPFRs formation mechanism is based on Lewis acid-base theory, in which metal cations are 

acids that accept electrons while the organic precursors are bases that donate electrons. However, 

adsorption behavior depends on surface properties. D’Arienzo et al. reported that the intrinsic 

defects in ZnO NPs can act as oxidative sites for the organic molecule and thus can promote the 

formation of EPFRs on the surface of the metal oxide NPs 136. Therefore, we can infer that the 

defects which exist intrinsically in ZnO, and are induced in the reduced surface of Fe2O3 pellet, 

are the catalytically active sites for phenoxyl formation. Also, our group, based on synchrotron-
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based photoemission and electron-energy-loss spectroscopy, has previously shown that the 

oxidation of ZnO to a higher oxidation state is precluded because Zn(III) does not exist in nature, 

that is oxidizing Zn(II) to Zn(III) is not observed 12. Our DFT calculations, in this case, have shown 

that the higher oxidation state of Zn(II) is obtained by a partial electron transfer (-0.86e) to the 

organic molecule from three coordinated surface Zn atoms 12. Furthermore, our photoemission 

results confirm the increase of the oxidation state of both ZnO NPs (partially) and reduced-Fe2O3 

NPs (by one). Hence, we are certain that there is a partial/electron transfer to ZnO and reduced- 

Fe2O3 cations. However, the exact mechanism of phenol oxidation by chemisorption to surface 

defects is yet unclear and requires further investigations to be clearly understood. 

3.4. Conclusion 

We have studied the vibrational structure, the change in the chemical state, and the nature 

of the radical species formed on the surface of ZnO, CuO, Fe2O3, and TiO2 nanoparticles due to 

phenol adsorption at high temperature. A number of key, fingerprint characteristics of EPFRs 

formed on TMOs due to phenol adsorption have emerged. EPR has shown a paramagnetic signal 

characteristic of phenoxyl radical whose yield is dependent on the type of metal oxide, as the spin 

density is highest in TiO2 and lowest in Fe2O3. It has also shown that the broadness in the 

paramagnetic signal can be due to the superposition of oxygen- and carbon-centered phenoxyl 

radicals. FTIR has shown three main features that demonstrate the chemisorption of phenol on the 

surface of the different metal oxides due to phenol dosing. It has shown the absence of –OH 

contribution which implies the dissociated adsorption of phenol on the surface of metal oxides 

forming phenoxyl-metal surface species. FTIR spectra taken 18 days after dosing have shown 

different characteristics for the different metal oxides and indicate that the decay mechanism of 

the formed radical depends on the surface of the metal oxide and is not solely determined by 
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reactions with gas-phase molecules. INS spectra have further confirmed the chemisorption of 

phenoxyl-species by showing both ring out-of-plane bend motion and C-H in-plane bend motion. 

Finally, utilizing XPS has enabled us to study the change of the chemical state of the metal cations 

due to phenol chemisorption. The surface of TiO2 and CuO pellets were found to be partially 

reduced, whereas Fe2O3 and ZnO pellets were observed to oxidize upon phenol chemisorption. 

These results have shown that the direction of the electron transfer in EPFR formation is strongly 

determined by the nature of the reacting metal oxide surface rather than Lewis acid-base theory. 

Future studies should account for the role of surface defects in the adsorption behavior of organic 

precursor on the surface of TMOs and consequently EPFRs formation. 
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Chapter 4. Photoemission Studies of Phenol Adsorption on Fe2O3 (0001) 

4.1. Introduction 

Environmentally persistent free radicals (EPFRs) are long-lived surface bound radicals that 

are formed by the chemisorption of aromatic hydrocarbons to the surface of transition metal oxides 

14. The lifetime of EPFRs can range from hours to days under ambient conditions 17, 18. Their long 

lifetime has been attributed to their low reactivity with O2, which makes EPFRs resistant to 

decomposition in the ambient environment 14, 137. The basic formation mechanism of EPFRs 

involves initially the physisorption of an organic precursor to the surface of a transition metal 

oxide, followed by elimination of H2O or HCl, depending on the type of the organic precursor, and 

finally chemisorption to the metal oxide surface 17. During chemisorption, electron charge is 

transferred from the organic precursor to the metal oxide, thus reducing the metal cation and 

forming the EPFRs 17. EPFRs pose adverse health impacts to humans 1, 3, 56, 74, 75, 112, 138, 139. They 

are found to be associated with toxic airborne particulate matter (PM) which mostly result from 

combustion systems 14. Upon inhalation, EPFRs produce reactive oxygen species (ROS), which 

causes oxidative stress that is responsible for respiratory and cardiovascular diseases 1, 14, 75. 

Therefore, obtaining a fundamental understanding of the EPFRs formation mechanism is 

significantly important in understanding their environmental toxicity and in leading strategies for 

their prevention. 

The formation of  EPFRs from substituted benzene precursors on metal oxides supported 

on silica used as model fly ash have been extensively studied with electron paramagnetic resonance 

(EPR) 18, 19, 50, 140. It has been reported that EPFRs are thermally activated, and either a phenoxyl-

type or semiquinone-type radicals are formed 18. Also, the correlation between transition metals 



69 

 

concentration in soil samples and EPFRs generation has been explored 125, 131, 141-143. EPFRs have 

been found to form more readily on anthracene contaminated Fe(III)-montmorillonite 141. 

 Iron oxides are typically used as heterogeneous catalysts in many environmental and 

industrial processes 144. It has been found that Fe (III) is the most abundant transition metal in 

airborne PM2.5 since it comprises 10-70% of the bulk iron content in urban atmosphere18. Yang et 

al. have reported that Fe(III) in Fe2O3 exhibit a higher oxidation potential compared to ZnO, CuO, 

and NiO 118. However, the high catalytic ability of Fe2O3 leads to lower yield of EPFRs 19. This 

observation has been attributed to the partial decay of the generated EPFRs due to the high 

reactivity of Fe(III) 125. 

Our group have utilized surface science techniques to elucidate the electronic and 

vibrational properties of the EPFRs formed on the TiO2 (110), ZnO (10
–
10) and (000

–
1) single 

crystal surfaces at room temperature as well as elevated temperature 120, 121.  Patterson et al. have 

shown a clear evidence of electron charge transfer from phenol HOMO to  the unfilled states of 

TiO2, this result is further confirmed by the downward band bending observed in the Ti 3p core 

level spectrum obtained for dosed TiO2 at high temperature 120. Band bending occurs due to the 

electric field induced by the electron charge transfer between the adsorbate and the surface, 

therefore, valence band shifts upward or downward depending on the direction of the electron 

charge transfer 145. In contrast to Ti, Thibodaux et al. have shown an upward band bending in ZnO 

3d states 121. DFT calculations attributed this result to the chemisorption of the phenoxyl group 

through its oxygen atom, which coordinates to three Zn atoms on the surface 12. Accordingly, 

partial electron transfers to Zn metal cations 121.  

In this study, we perform ultraviolet photoelectron spectroscopy (UPS) and X-ray 

photoelectron spectroscopy (XPS) on phenol adsorbed at room temperature and at 250 °C on the 
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Fe2O3 (0001) single crystal surface to understand the electronic structure change and elucidate 

the electron transfer mechanism as a function of adsorption temperature. This surface science 

approach enables us to study the atomic-scale formation of EPFRs on Fe2O3 (0001) single-

crystal surface, as well as to develop an atomic-scale understanding of the electronic structure of 

the composite organic/metal oxide system.  

4.2. Experimental Methods 

All photoemission experiments were performed in an ultra-high vacuum (UHV) system 

with base pressure below 2 × 10−10 Torr. The photoemission spectra were obtained at room 

temperature using an Omicron XM1000 monochromatic X-ray source (Al KI) and SPECS 

microwave UV light source (utilizes He II line ~40.8 eV) in combination with a SPECS PHOIBOS 

150 hemispherical analyzer. No charge neutralizer was applied and the sample was properly 

grounded. All XPS spectra were obtained at 25 eV pass energy, while UPS spectra were acquired 

at 10 eV pass energy. The Fermi edge is determined from a gold foil in electrical contact with the 

sample and all XPS spectra are referenced to Au 4f7/2 peak at 83.95 eV. XPS spectra were analyzed 

using CasaXPS. C 1s and O 1s peaks were fitted with a lineshape blend of Gaussian (Y%)-

Lorentzian (X%) defined in CasaXPS as GL(X), peaks are fit better with GL(30) lineshape. 

A single crystal sample of Fe2O3 was purchased from SurfaceNet GmbH (Germany). 

The sample was cut along the (0001) surface with (10 mm × 10 mm × 0.5 mm) dimensions, with 

one side polished. A stoichiometric (0001) surface was prepared in UHV chamber by cycles of 

500 eV Ne ion bombardment at 5 ×  10−5 Torr for 20 min followed by 30 min annealing at 700 

°C in 1 × 10−6 Torr O2, and subsequently  cooled in O2 atmosphere . The sample temperature was 

monitored by a type K thermocouple in contact with the plate beneath the sample. The surface 

cleanliness before dosing was checked by XPS and was found not to exhibit any C 1s peak on the 
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clean surface. Also, the binding energy of O 1s of the clean surface is consistent with the previously 

reported value. Dosing of phenol was accomplished by introducing phenol vapor into the UHV 

chamber using a standard leak valve. The phenol was purified by several freeze-pump-thaw cycles. 

For high temperature dosing, the sample was brought to 250 °C and dosed with phenol at 5 × 10−7 

Torr.  

4.3. Results and Discussion 

Figure (4.1a) shows the UPS spectra of the Fe2O3 (0001) surface dosed with phenol at 

room temperature and 250 °C. A Tougaard background is subtracted from the spectrum of the 

clean surface, whereas a combination of Tougaard and Shirley backgrounds are subtracted from 

each spectrum of the surface dosed at different conditions. In the spectrum acquired from the clean 

Fe2O3 (0001) surface, the photoelectron emissions observed from 4 eV to 7 eV are mainly due 

to O 2p states hybridized with the Fe 3d states while the shoulder at 2.5 eV is due to Fe 3+ states 

146. Upon exposure to 400 Langmuirs (L) at room temperature, structures with significant 

intensities appear in the region from 5.7 to 16 eV. The 400L high temperature dose show a clear 

feature at 0.85 eV, which seems to overlap with another feature at the 800 L dose. Similar to the 

room temperature dosed spectrum, phenolic features are observed in the region from 6 to 16 eV in 

the high temperature doses. The difference spectra in figure (4.1b) for the surface dosed at different 

conditions highlights the adsorbate feature relative to the clean surface. Thus, at 400L room 

temperature dose, the feature at 0.3 eV which is attributed to defective sites is diminished in the 

difference spectrum. For the dosed surface, it is well known that the intensity of the photoelectron 

emissions from the substrate is attenuated due to adsorbates on the surface. Therefore, the 

difference spectra were generated by scaling down the intensity of the clean spectrum by 0.65 

before subtraction. 
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Figure 4.1 (a) UPS spectra of clean Fe2O3 (black), 400 L of phenol dosed at room temperature 

(green), 400 L of phenol dosed at 250 °C (blue), 800 L dosed at 250 °C (red). (b) Difference spectra 

obtained from data in (a), plotted with the spectrum of multilayer physisorbed phenol on the sample 

at -173 °C (black). 

 

18 16 14 12 10 8 6 4 2 0 -2 -4

800 L Ph @ HT

400 L Ph @ HT

400 L Ph @ RT

Phenol ice

400 L Ph @ HT

800 L Ph @ HT

b)

a)

Clean surface

400 L Ph @ RT

Fe 3+
Fe 2+

HOMO-1

N
o

rm
a

liz
e

d
 in

te
n

si
ty

D
iff

e
re

n
ce

 in
te

n
si

ty
 (

n
o

rm
a

liz
e

d
)

Binding energy (eV)

Fe 2+HOMOPhenol s 

orbitals



73 

 

Figure (4.1b) shows the difference spectra of the dosed surfaces at different dosing 

conditions along with the “phenol ice” spectrum (thick condensed layer), which is obtained by 

cooling down the sample with liquid nitrogen to -173 °C and then dosing with phenol at this 

temperature until no Fe2O3 features are observed in the UPS spectrum. For the room temperature 

dose, the two peaks at 1.6 eV and 2.6 eV can be assigned to phenol HOMO and HOMO-1 bands, 

respectively. The 1 eV energy difference between the two phenolic bands is consistent with the 

results reported for phenol/ZnO (10
–
10)  (HOMO and HOMO-1 were observed at 2.5 eV and 3.5 

eV, respectively) 121. The emission at 5.9 eV and 8.3 eV are mainly due to the electronic levels of 

the oxygen in the phenyl ring while the feature at 10.3 eV can be attributed to sO-H orbital 147. The 

distinct intensities at 12.8 eV and 16 eV are similar to peaks observed for phenol/TiO2 though 1 

eV lower in binding energy. In comparison with the phenol ice spectrum, these two peaks can be 

assigned to the phenol sorbitals. 

The high temperature doses show an intense peak at 0.9 eV that is neither observed for the 

room temperature dose nor in the phenol ice spectrum, this feature is clearly not phenolic. By 

referring to the UPS spectra obtained for the different iron oxides 146, 148, this feature can be 

assigned to Fe 2+ states which are formed due to phenol dosing at high temperature. This peak is 

followed by a shoulder at 1.4 eV for the 400 L phenol, which becomes more distinct and intense 

at 800 L phenol. Again, this feature can be assigned to the phenol HOMO band, which seems to 

become more populated at 800 L phenol. On the other hand, the peak assigned to the phenol 

HOMO-1 band in the room temperature dose appears to be depopulated and shifted toward higher 

binding energy. Furthermore, the two features attributed to the electronic levels of the oxygen in 

the phenyl ring are modified in terms of position and intensity in the high temperature coverages. 

Also, the feature assigned to sO-H orbital is clearly diminished in the 400 L dose at high 
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temperature. Yet, for the 800 L exposure, the intense emission at 8.3 eV makes it difficult to verify 

the existence of this feature. Finally, the phenol sigma orbitals are observed for the two high 

temperature doses. However, they appear to be broader and less intense (specially for 400 L 

phenol) with respect to the room temperature spectrum.  

XPS is a very helpful surface-sensitive tool to study the elemental composition of the 

surface. Figure (4.2) shows the XPS spectra of the Fe 2p region of the clean and the phenol dosed 

surfaces at different conditions. The motivation here is to probe changes in the oxidation state of 

iron cations. For iron oxide, Fe 3+ oxidation state is characterized by a satellite peak at 719.3 eV, 

which is clearly observed in the Fe 2p clean spectrum in Fig. 2, and the binding energy of Fe 2p3/2 

is observed at 710.9 eV. Upon dosing at room temperature, there is almost no alteration in the 

satellite peak intensity, indicating that the surface mostly contains Fe 3+ cations. However, at the 

elevated temperature doses, the intensity of the Fe 3+ satellite is significantly reduced for the 400 

L phenol dose, while it is diminished further for the 800 L phenol with a clear increase in the area 

~715 eV which is the binding energy characteristic of Fe 2+ satellite. For both high temperature 

doses, the FWHM of Fe 2p3/2 photoelectron peak become broader indicating the coexistence of 

both Fe 2+ and Fe 3+ oxidation states. This broadness is accompanied by a structure at 708.7 eV 

ascribed to Fe 2+ states, observed in both of the high temperature doses which becomes more 

intense in 800 L phenol dose. Also, the binding energy separation between Fe 2p1/2 and Fe 2p3/2 is 

decreased.  

It is anticipated that O 1s and C1s core level spectra will provide more insight information 

on the adsorbate structure. Figure (4.3) shows O 1s spectra of the clean as well as the dosed 

surfaces of Fe2O3 (0001). The main observation in this figure is the shift of O 1s toward higher 
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binding energies in the high temperature doses, with a maximum of 0.3 eV for the 800 L at 250 

°C.  

 

 

 

 

 

 

 

 

 

 

Figure 4.2. XPS spectra of Fe 2p core levels in clean surface of Fe2O3 (black), 400 L of phenol 

dosed at room temperature (green), 400 L of phenol dosed at 250 °C (blue), and 800 L of phenol 

dosed at 250 °C (red). 

Also, the full width at half maximum (FWHM) increases at elevated temperature doses due to an 

emerging structure at the higher binding energy side of the O 1s peak. Therefore, we have 

quantitatively fit O 1s spectra of the 400 L at room temperature and 800 L at high temperature to 

identify the features evolving due to phenol adsorption at both temperatures. Figure (4.4) shows O 

1s XPS spectra of the phenol dosed Fe2O3 (0001) surface at 400 L at room temperature (bottom 

panel), and 800 L at 250 °C (top panel). The O 1s region of the room temperature dose is 

deconvoluted into three components. The main component at 530 eV is due to lattice oxygen; the 
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second component at 531.12 eV is assigned to surface hydroxyl (OH) species. For the best fit 

results, a third component is added to the fitting at 532.25 eV and can be assigned to water or 

phenolic oxygen. All three components are constrained to have the same FWHM. Upon dosing 

800 L phenol at 250 °C, we observe a broader O 1s peak. The envelope is again deconvoluted into 

three components. The lattice oxygen component is shifted 0.3 eV toward higher binding energy. 

A paramount increase in intensity is observed in the surface hydroxyl species component along 

with 0.32 eV shift toward higher binding energy. The third component is now observed at 533.11 

eV and is broader and more intense. This component cannot be assigned to water, since the sample 

is here dosed at 250 °C. Therefore, it has to be due to phenolic oxygen. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. XPS spectra of O 1s core levels in clean surface of Fe2O3 (black), 400 L of phenol 

dosed at room temperature (green), 400 L of phenol dosed at 250 °C (blue), and 800 L of phenol 

dosed at 250 °C (red). 
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Figure 4.4. XPS spectra of O 1s core levels in (a) 400 L of phenol dosed at room temperature, (b) 

800 L of phenol dosed at 250 °C. 

Figure (4.5) shows C 1s XPS spectra of the phenol dosed Fe2O3 (0001) surface at 400 

L at room temperature (bottom panel), and 800 L at 250 °C (top panel). For the room temperature 

dose, the main peak was fitted by one component at 284.0 eV which is ascribed to the unsubstituted 

carbons on the phenyl ring (C-C), and a shoulder at 285.4 eV ascribed to (C-OH) 123. A broader 

peak is also observed at 290.9 eV and is attributed to the 𝜋 − 𝜋∗ shakeup satellite, which is 

characteristic of an aromatic ring on the surface 149. For the high temperature dose, the two 

components of the main photoelectron peak are shifted 0.4 eV toward higher binding energy. 

Moreover, the (C-O) component is significantly increased in intensity and overlapped with the 

536 534 532 530 528 526

Organic O

Hydroxide

Lattice O

O 1s

Organic O

Hydroxide

b)

Binding energy (eV)

a)

Lattice O



78 

 

main (C-C) component. On the other hand, the 𝜋 − 𝜋∗ shakeup satellite is shifted 0.64 eV toward 

higher binding energy and the best fit result requires the fourth peak at 287.8 eV, which can 

tentatively be assigned to (C=O).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. XPS spectra of C 1s core levels in (a) 400 L of phenol dosed at room temperature, (b) 

800 L of phenol dosed at 250 °C. 
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The surface atomic structure of Fe2O3 (0001) surface is examined by LEED. This 

surface has been described as “the most challenging among the iron oxides” because cleaning 

cycles of sputtering and annealing produce reduced terminations 150-153. “Fe2O3 crystallizes in 

the corundum structure with a hexagonal unit cell, in which O anions form a close packed hcp 

sublattice with ABAB stacking along [0001] direction. The Fe3+ cations are arranged in a 

honeycomb (√3 × √3)𝑅30° like layers”, see figure (4.6b) 154.  Figure (4.6c) shows LEED pattern 

of Fe2O3 (0001) surface obtained after several cleaning cycles of sputtering and annealing 

subsequent to a several phenol doses at high and room temperatures. This pattern has been 

previously reported to correspond to Fe3O4 (111) surface with a (2×2) reconstruction 150, 152, 155. In 

an attempt to restore the Fe2O3 (0001) surface, the surface was annealed at 700 °C in 1 × 10−6 

Torr O2 for prolonged time. This prolonged annealing has led to the LEED pattern exhibited in 

figure (4.5d). Genuzio et al. have observed a similar LEED pattern during their preparation of 

Fe2O3 (0001) thin film on Pt (111) substrate 154. They have attributed their observation to the 

coexistence of Fe3O4 and Fe2O3 domains 154. The only difference between their pattern and our 

pattern in figure (4.6d) is that their LEED hexagonal spots characteristic of Fe2O3 has the 

biphase structure of FeO (111) and Fe2O3 (0001) 156. The stoichiometric surface of Fe2O3 

(0001) could have been restored except that, unfortunately, sample position and condition at that 

time did not encourage any further annealing. 
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Figure 4.6. Crystal structures of a) Fe3O4 (111), and b) Fe2O3 (0001) surfaces (reproduced from 

reference 157 with permission from the PCCP Owner Societies). LEED patterns of Fe2O3 (0001) 

surfaces c) obtained after cycles of subsequent sputtering and annealing, d) after prolonged 

annealing at 700 °C in 1 × 10−6 Torr O2, (E = 95 eV). This pattern shows coexisting domains of 

Fe3O4 (blue) and Fe2O3 (red). 

 

Now looking at all the results obtained and starting by comparing the three difference 

spectra in figure (4.1b), one can see that both room temperature and high temperature difference 

doses share common features like phenol HOMO band as well as phenol-s orbitals to some extent. 

This may lead one to suggest that the adsorption of phenol at elevated temperature did not degrade 

the phenyl ring into smaller hydrocarbon fragments. Another significant feature in figure (4.1b) is 

the clear observation of phenol HOMO and HOMO-1 bands at room temperature as well as at high 

temperature doses, and with ∆𝐸 = 1 𝑒𝑉. This finding is consistent with the DFT calculation of 

a) b)

c) d)
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electronic states of a single phenol molecule, except that the binding energies of both bands are 

lower than the predicted values 120, 121. These two bands are found overlapped in the UPS spectrum 

of phenol ice; however, they clearly split in the room temperature spectrum with both bands having 

almost the same intensity. This might indicate that both bands are equally populated at room 

temperature adsorption. Notably, at the high temperature doses we observe an intense feature on 

the low binding energy side of the HOMO band, attributed to Fe 2+, presumably strongly 

hybridized with the HOMO band and resulting in the enhancement of its intensity. On the other 

hand, we see the HOMO-1 band shifts toward higher binding energy with its intensity almost 

diminishes at 800 L dose. The partial reduction of Fe 3+ to Fe 2+ can be considered as an evidence 

of electron charge transfer from the adsorbed phenol to the Fe3+ cations on the surface due to the 

chemisorption of the phenol molecule, which leads to the formation of EPFRs. This result agrees 

well with the proposed formation mechanism of EPFRs. Moreover, the dependence of adsorption 

behavior on temperature is manifested in sO-H orbital which is observed in the room temperature 

spectrum indicating a molecular adsorption whereas the absence of this feature in the 400 L at high 

temperature implies that phenol chemisorbed dissociatively.  The spectral changes seen in the 

emission from ~6 eV- 8.5 eV, which are attributed to electronic levels of the phenolic oxygen, 

might have to do with the nature of the bonding between the phenolic oxygen and the TMO surface 

and/or the orientation of the ring with respect to the surface.  

The Fe 2p core level spectra confirm the results observed in UPS. The satellite at 719.3 eV 

characteristic of Fe 3+ cations was not modified by the room temperature dose. However, at 400 L 

phenol at 250 °C, the intensity of the satellite was found to decrease along with broadness of the 

main photoelectron peak indicating partial reduction of the Fe 3+ cations. On the other hand, the 

satellite is completely diminished and significant changes took place in the Fe 2p region for the 
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800 L phenol at 250 °C. Again, the reduction in Fe 3+ cations is still partial though the density of 

Fe 2+ states are higher in this coverage as indicated by the area at ~715 eV. That is, both oxidation 

states coexist together at elevated temperatures; however, 800L phenol dosing generates more Fe 

2+ states than 400 L phenol. Furthermore, the shift toward higher binding energy observed in O 1s 

core level spectra indicates a downward band bending in the higher temperature doses 145, 158.   

Quantification of C 1s and O 1s core level spectra have provided a deeper insight into the 

formation of species on the surface due to phenol adsorption at different conditions. Observing 

both the hydroxyl group and the phenolic O in the O 1s room temperature spectrum may suggest 

that phenol ring has physisorbed on the dosed surface. However, C 1s spectrum of the same dose 

may support the same conclusion with the exception that the C-O:C-C ratio is higher than 1:5  

which is the ratio indicative of phenol molecule. This can be explained by formation of a bonding 

between C in the ring with a nearby O in the lattice which may be allowed depending on the 

orientation of the physisorbed phenol molecule on the surface. On the other hand, the increase in 

the –OH, organic O, and pp* transition intensities associated with the appearance of C=O, and 

the further increase in the C-O:C-C ratio in the 800 L of phenol dosed at high temperature may 

indicate the chemisorption of phenol on iron cations and the formation of both carbon-centered 

and oxygen-centered phenoxyl-type radicals. It may also indicate the partial degradation of the 

formed phenoxyl radical to catechol. This might explain the changes observed in the electronic 

levels of phenolic oxygen in UPS spectra of elevated temperature doses. 

4.4. Conclusion 

This work has explored the formation mechanism of EPFRs by observing the adsorption 

of phenol on Fe2O3 (0001) surface as a function of dose and temperature to investigate the 

general assumption of EPFRs formation. Phenol was found to physisorb on the surface of Fe2O3 
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(0001) at room temperature dosing, as evident by observing sO-H orbital in the respective UPS. 

Moreover, phenol HOMO and HOMO-1 bands, of room temperature dose, were not overlapped, 

unlike the case of the multilayers of physisorbed phenol at -173 °C. On the other hand, signs of 

phenol chemisorption on the surface of Fe2O3 (0001) were observed clearly at high temperature 

doses. Fe 2p core level spectra along with UPS spectra have clearly shown the partial reduction of 

of Fe 3+ states to Fe 2+ states. Also, O 1s peak were found to shift by 0.3 eV to higher binding 

energy, indicating a downward band bending. These two observations are evident of an electron 

transfer from the organic precursor to Fe2O3 (0001) surface. Also, all features related to phenol 

have been observed for both high temperature doses with different intensities implying that phenol 

has mainly chemisorbed with an intact phenyl ring. However, it is realized by quantifying and 

comparing O 1s and C 1s spectra that both carbon- and oxygen-centered phenoxyl radicals coexist 

on the surface and may be associated with catechol. This may imply that dosing iron oxide with 

phenol at high temperature may have activated certain surface sites which in turn have partially 

degraded the chemisorbed phenol.  
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Chapter 5. Effects of Simulated Solar Irradiation on EPFRs in Phenol/TiO2 

Nanoclusters 

5.1. Introduction 

EPFRs are pollutants that are found associated with airborne particulate matter (PM) 

generated in combustion systems 16. Research has found that EPFRs are formed by the 

chemisorption of substituted aromatic (e.g. benzene) precursors on the surface of metal oxides. As 

stated in previous chapters, this chemisorption process involves an electron charge transfer 

between the organic precursor and the metal oxide surface, thus creating an oxygen- and/or carbon-

centered free radical.  EPFRs are long lived free radicals of which their half-lives can range from 

hours to days in ambient conditions and indefinitely in vacuum 17-19. In this chapter, the effects of 

photodegradation is addressed.  Again, it has been found that EPFRs-containing PM can cause 

serious health impacts to humans 1, 3, 56, 74, 75, 112, 138. Upon their inhalation, they produce reactive 

oxygen species (ROS) which are known to cause oxidative stress and cell death in the living tissue 

1, 72, 111, 138, 159, and hence it causes several cardiovascular and respiratory diseases 60, 61, 160. 

Solar irradiation has been found to impact the generation and lifetime of EPFRs 142. Jia et 

al. have reported that the 1/e lifetime of EPFRs detected on Fe(III)-montmorillonite containing 

polycyclic aromatic hydrocarbons (PAH) is significantly shortened due to solar irradiation 142. 

They have also reported that solar irradiation promotes PAH transformation on the surface of clay 

minerals with much faster degradation rate 131, 132. This result has been explained by the (solar) 

photo-induced production of ROS species which directly interact with EPFRs and lead it to 

degradation 142. 

 EPFRs produced by chemisorption of phenol on TiO2 have been previously studied 16, 120. 

It was found that phenoxyl radicals are the type of EPFRs formed with a high spin density and two 

decay behaviors with 1/e lifetimes of 4.3 and 57.4 days 16. TiO2 has also been employed as a 
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photocatalyst that facilitate the photodegradation of phenolic compounds in wastewater due to its 

high oxidation potential and band gap (~3 eV) which enable it to absorb the UV portion of the 

sunlight 161.  

The mechanism of TiO2 photocatalysis in water starts with absorption of UV light and 

consequent excitation of valence electrons resulting in creation of holes in the valence band (ℎ𝑣𝑏
+ ) 

and introduction of electrons in the conduction band (𝑒𝑐𝑏
− ) of TiO2 

161. The ensuing holes can 

interact with the water adsorbed on TiO2 and thus surface hydroxyl radicals (𝐻𝑂∙) are produced, 

see equations (5.1) and (5.2). The photo-induced  hydroxyl radical is a powerful oxidant that can 

totally decompose phenols to CO2 and water if continuously produced 162. However, 

photodegradation of the organic molecule is obstructed in the absence of molecular  oxygen 163. 

The role of adsorbed molecular oxygen is to scavenge the electrons produced in the conduction 

band, and therefore, it prevents the recombination of electrons and holes 162. Consequently, the 

loss of photosensitivity of TiO2 is inhibited by the presence of molecular oxygen. Also, the 

interaction between adsorbed molecular oxygen and conduction band electrons yields the 

formation of superoxide radical anions which in turn can further produce hydroxyl radicals, as 

seen by equations (5.3) to (5.6) 

𝑇𝑖𝑂2 + ℎ𝜈 ⟶ 𝑒𝑐𝑏
− + ℎ𝑣𝑏

+                                                                                                                           (5.1) 

(𝐻2𝑂)𝑎𝑑𝑠 + ℎ𝑣𝑏
+ ⟶ 𝐻𝑂𝑎𝑑𝑠

∙ + 𝐻+                                                                                                          (5.2) 

𝑂2 + 𝑒𝑐𝑏
− ⟶ 𝑂2

∙−                                                                                                                                        (5.3) 

𝑂2
∙− + 𝐻+ ⟶ 𝐻𝑂2

∙                                                                                                                                      (5.4) 

𝐻𝑂2
∙ + 𝐻𝑂2

∙ ⟶  𝐻2𝑂2 +  𝑂2                                                                                                                   (5.5) 

𝐻2𝑂2 + 𝑒𝑐𝑏
− ⟶  𝐻𝑂∙ + 𝐻𝑂−                                                                                                                   (5.6) 
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The primary objective of this work is to study the effect of solar exposure in ambient 

atmosphere on the evolution and fate of EPFRs produced from phenols on nanoparticle size (18 

nm) TiO2 surface. We have initially produced EPFRs by chemisorbing phenol on TiO2 surface at 

250°C, our objective is achieved by probing the subsequent EPFR evolution upon sequentially 

increasing solar exposure time, using electron paramagnetic resonance (EPR) and Fourier 

transform Infrared spectroscopy (FTIR). This work is aimed at understanding the environmental 

behavior of the formed EPFRs which may contribute in developing future remediation strategies. 

5.2. Experimental Methods 

Experiments were performed on anatase TiO2, CAS 13463-67-7, 289 m2/g, 99.5% purity 

which were purchased from US Research Nanomaterials and used as-received. Phenol (CAS 108-

95-2, ACS reagent grade, ≥ 99.0% pure) was purchased from Sigma-Aldrich and used without 

further purification. 

Samples were prepared using the same dosing manifold described in previous work 12, 16. 

In this work, TiO2 nanoparticles powder samples were dosed by loading a small quantity (200-600 

mg) of powder into a sample tube along with a small quantity (100-200 mg) of solid phenol.  The 

filled tubed is then attached to the dosing system and heated for 1 hour to 250°C. The leak valve 

of the sample tube is then opened to the turbomolecular pump and pumped out to the turbo’s base 

pressure (~10-4 mbar) while being heated for another 1 hour. After heating for a total time of two 

hours, the sample tube is left to cool down gradually to room temperature while being pumped 

continuously before removal from the dosing system for measurement. In this way, one can ensure 

that no excess solid phenol was present in the measured samples as evident by the lack of phenolic 

–OH mode in FTIR spectra (see section 5.3). 
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Dosed samples were placed in Suprasil EPR tubes and were irradiated by Wavelabs Sinus 

70 solar simulator with spectral coverage from 365-1100 nm and AM1.5G spectral irradiance, see 

figure (5.1). The tubes were irradiated at different exposure times. EPR and FTIR measurements 

were taken immediately after solar exposure (first time exposure, 1st exposure). Solar irradiated 

dosed samples were kept in their EPR tubes and were stored, in a dark environment and in a 

climate-controlled lab to avoid any possible photodegradation of EPFRs. Second time exposure 

(2nd exposure) took place three days after the first time exposure, and again EPR was performed 

immediately after solar exposure. 

Samples were analyzed under ambient conditions at room temperature using EPR 

spectroscopy and FTIR spectroscopy. EPR measurements were performed using Bruker EMXnano 

spectrometer with X-band, microwave power 100 mW, and microwave frequency of 9 GHz. The 

typical operating parameters were: microwave power of 0.3 mW, modulation amplitude 1 G, and 

time constant 40.96 ms. ATR-FTIR spectrograms were obtained using Bruker FTIR spectrometer. 

Each spectrum was obtained by averaging 64 scans recorded at 4 cm-1 resolution. 
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Figure 5.1. AM1.5G spectral irradiance curve measured at the sample position. 

5.3. Results and Discussion 

The evolution and changes of the chemisorbed EPFR on TiO2 due to solar irradiation can 

be probed by comparing paramagnetic signal characteristics such as g-factor and spin density, as 

these parameters enable identification of the type and yield of the evolved EPFRs 142, 164. EPFRs 

are initially generated by dosing anatase nanoparticles with phenol at 250°C. The dosed nano-

powder is divided among five EPR tubes in which four of them were irradiated by solar simulated 

light at 20, 40, 60, and 90 minutes immediately after dosing (1st exposure). The irradiated dosed 

powder samples are irradiated once again three days after the first exposure (2nd exposure). EPR 

measurement performed on the non-irradiated dosed TiO2 nanoparticles have shown a narrow 

paramagnetic signal characteristic of organic radical species. The g-factor of the paramagnetic 

signal obtained is 2.00332 which can be attributed to a phenoxyl-type radical that may have both 
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oxygen- and carbon-centered radicals (see figure (1.1)) 13. Figure (5.2) shows the paramagnetic 

signals of phenol dosed TiO2 irradiated with different exposure times (2nd exposure data). It should 

be noted that undosed TiO2 nanoparticles did not show any paramagnetic signal in this range of 

magnetic field. As seen from the figure, the relative intensity of the organic radical signal escalates 

as a function of exposure time accompanied with significant increase in Hp-p.  However, the trend 

exhibited by spin density with exposure time in 2nd exposure is slightly different from that of 1st 

exposure. Figure (5.3) shows the spin density as a function of exposure time for 1st exposure and 

2nd exposure. In 1st exposure, the radical yield at 20 minutes of exposure is 3 times higher than that 

of the non-irradiated sample. No significant increase in spin density beyond 20 minutes of solar 

exposure has been observed in the data obtained for 1st exposure. However, in 2nd exposure, the 

radical yield at 20 minutes of exposure is 10.3 times higher than that of the non-irradiated sample 

of 2nd exposure. For greater exposure times, the spin density increases slightly. It should be noted 

that the overall spin density of 2nd exposure is less than that of 1st exposure and this is tentatively 

ascribed to the decay of EPFRs through the three days in dark storage.  
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Figure 5.2. Electron paramagnetic resonance (EPR) spectra of solar irradiated phenol dosed TiO2 

at different exposure times and non-irradiated (black signal).  

 

 

 

 

 

 

 

 

Figure 5.3. Relation between spin density and simulated solar irradiation at multiple exposure 

times for 1st and 2nd exposure times in which samples are irradiated immediately after dosing and 

3 days later, respectively.  
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In order to examine the changes induced by solar irradiation on the type of EPFRs formed, 

the relation between g-factor and exposure time for 1st and 2nd exposure has been plotted in figure 

(5.4). In 1st exposure, the g-factor increases from 2.00332 to 2.00342 (at 90 min), whereas it 

increases from 2.00252 to 2.00259 (at 90 min) in 2nd exposure. The average increase in the g-factor 

can be attributed to the photo-oxidation of the existing EPFRs by solar irradiation in ambient air 

165. Similarly, the g-factor from 1st exposure drops significantly in 2nd exposure indicating the 

decay of oxygen-centered to carbon-centered radical species 17.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4. Relation between g-factor and simulated solar irradiation at multiple exposure times 

for day 1 and day 2 in which samples are irradiated immediately after dosing and 3 days later, 

respectively.  

These results imply that, in 1st exposure, solar radiation has interacted with the freshly 

dosed TiO2 yielding ~3 times more organic radicals species than the non-irradiated sample. These 
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induced organic radicals are more oxygen-centered indicating that phenoxyl is photo-oxidized by 

a hole hopping from the valence band of TiO2 and/or by an interaction with a solar induced ROS. 

The degree to which phenoxyl is photodegraded and/or photo-induced depends on the amount of 

water and molecular oxygen adsorbed on the surface of TiO2 nanoparticles during the photolysis 

161. This might explain the plateau observed in the spin density for exposure times greater than 20 

minutes, particularly, in 1st exposure. We assume that the source of adsorbed water in this reaction 

comes from the humidity of the air trapped in the EPR tube, therefore, the reaction ceases when 

all water molecules trapped in the tube are consumed. In 2nd exposure, solar irradiation has induced 

radical species which are ~ 11 times higher in radical yield (at 20 min exposure) compared to the 

non-irradiated sample of 2nd exposure. This increase in photosensitivity can be attributed to the 

increase of humidity in the air trapped in the EPR tubes, as the samples were stored in ambient 

atmosphere for 3 days in darkness. The increase in water along with the exchanged oxygen have 

increased the photo-induced ROS which in turn generated more organic radicals. It seems that 

most of the water and air trapped in the EPR tube are consumed in the first 20 minutes of the 

reaction, therefore, radical yield does not increase significantly beyond 20 minutes of solar 

exposure.  

FTIR spectroscopy is utilized to obtain more explicit picture of EPFRs’ evolution due to 

solar irradiation. The purpose of performing FTIR is to potentially detect the signature of the 

photo-induced organic radicals. Figure (5.5) shows ATR-FTIR spectra of phenol dosed TiO2 

irradiated with solar light at different exposure times along with ATR-FTIR spectrum of solid 

phenol in the region between 1100-1700 cm-1. Comparing the spectrum of solid phenol with 

phenol/TiO2 spectra, we see the peak at 1593 cm-1 from solid phenol, which is attributed to pure 

C-C stretches in ring, is observed in all phenol/TiO2 spectra at ~ 1593 cm-1. Also, the two peaks at 
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1470 cm-1 and 1497 cm-1 collapse to a single peak at around 1489 cm-1. The two peaks at 1470 cm-

1 and 1497 cm-1 are attributed to a combination of (CC)+(CO) and (CH)+(CC) respectively 

in solid phenol. The broad band peaked at 1224 cm-1 in solid phenol which is a manifold of (OH) 

and (CO) modes is observed as a peak at ~1273 cm-1 with a shoulder at ~1218 cm-1.  The (CH) 

in-plane bending modes are observed at 1164 cm-1 and 1151 cm-1. Finally, absence of broad 

manifold of hydrogen-bonded OH bending modes centered at ~1368 cm-1, which is observed in 

solid phenol is indicative of a dissociated adsorption mechanism to the surface of TiO2 resulting 

in a chemisorbed phenoxyl-type surface species. 

Figure 5.5. Comparison of ATR-FTIR spectrum of phenol (brown curve) and those of phenol 

adsorbed on anatase TiO2 nanoparticles at 250°C and are irradiated with simulated solar light at 

different exposure times. Black curve is for non-irradiated phenol dosed TiO2. 
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Comparing non-irradiated phenol/TiO2 spectrum with solar irradiated phenol/TiO2 spectra 

reveals an upward shift of the pure C-C stretches by ~ 3 cm-1 associated with increase in peak area 

on the left side of the peak. Also, the ring stretching mode at 1489 cm-1 shifts upward by ~ 1 cm-1 

for 20- 60 min exposure whereas it shifts downward by ~ 1 cm-1 for the 90 min exposure. 

Furthermore, changes in the peak area on the left and right sides of the peak. The feature attributed 

to C-O stretch is significantly modified. The peak shifts downward by 2 cm-1 for 20 min exposure 

whereas it shifts downward by 6 cm-1 for 40-90 min exposures. Also, the shoulder at 1218 cm-1 

shifts upward by ~ 8 cm-1 and the intensity ratio between the peak and shoulder decreases by half 

for all exposure times. Finally, the peak at 1164 shifts upward by 2 cm-1 for 20-60 min exposure 

and by 6 cm-1 for 90 min exposure. 

Figure (5.6) shows the FTIR difference spectra which are generated by normalizing all 

phenol/TiO2 spectra and taking the difference from the non-irradiated dosed spectrum. Four main 

features are observed at 1600 cm-1, 1500 cm-1, 1483 cm-1, and 1234 cm-1 and are found to increase 

with exposure time. The peak at 1234 cm-1 represents a modification in the C-O bond whereas the 

peaks at 1500 cm-1and 1483 cm-1 can be attributed to changes in the ring structure as compared to 

phenoxyl radical. The peak at 1600 cm-1 may be attributed to (C=O) which is characteristic of a 

quinone product, except that it is downshifted by 40 cm-1. This peak can also be attributed to 

(CC)+(CO) stretching vibration of catechol. However, the FTIR spectrum of catechol/TiO2 

shows that (CC)+(CO) feature is a very weak and broad band compared to other features 

observed in the spectrum 166. There is also a mild feature evolving with exposure time at ~1368.2 

cm-1 which is characteristic of (OH) vibration mode of perhaps catechol and/or hydroquinone 

radical.  
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FTIR results indicate that phenol has initially degraded to phenoxyl radical upon its 

chemisorption on the surface of TiO2 nanoparticle as evident by the absence of (OH) vibration 

mode. When the dosed samples become exposed to simulated solar radiation, the features observed 

implied further oxidation of the adsorbed phenoxyl radical. The extent of the photo-oxidation of 

phenoxyl radical is determined by the concentration of the photo-induced ROS. FTIR difference 

spectra suggests that the adsorbed phenoxyl radical has partially transformed to a mixture of 

catechol and some quinone product. These results are consistent with the mechanisms proposed 

for the degradation of phenol by hydroxyl radical 167, 168. 

Figure 5.6. Comparison of ATR-FTIR difference spectra obtained from data in figure (5.5). The 

difference is generated by normalizing all spectra and subtracting the solar irradiated spectrum 

from the non-irradiated one. 
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5.4. Conclusion 

In this work, we have studied the generation and evolution of EPFRs formed on the surface 

of TiO2 nanoparticles by simulated solar irradiation at different exposure times. EPR has shown a 

significant increase in the radical spin density associated with an increase in g-factor for solar 

irradiated samples in day 1 and day 2 indicating the generation of organic radical species by photo-

oxidation of the existing EPFRs as well as the physisorbed phenol molecules. Moreover, FTIR has 

revealed the initial formation of EPFRs through dissociative adsorption of phenol as seen by the 

absence of (OH) vibration mode. Effects of solar radiation at different exposure times have 

manifested as intensity changes and shifts in the main vibrational features of phenoxyl. FTIR 

difference spectra have shown features that can be attributed to the photo-induced EPFRs. The 

frequencies of the observed features suggest that the transformed EPFRs can be a mixture of 

catechol and some quinone product. The results of this work lead us to conclude that humid 

environments aid in the photodegradation of EPFRs associated PM and consequently to their faster 

decay. 
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Chapter 6. Summary 

The studies presented in this dissertation have primarily focused at identifying the 

characteristics of EPFRs’ formation and their catalyzed photodegradation on transition metal oxide 

systems. These studies have mainly investigated the vibrational features, the change in the 

chemical states, and the change in the electronic structure taking place at different metal oxide 

surfaces, and are induced by phenoxyl-type radical which is a type of EPFRs produced by the 

chemisorption of phenol on transition metal oxide surface. The purpose of the studies conducted 

is to gain an indepth understanding of EPFRs formation mechanism and their environmental 

induced transformation. 

We have initially formed EPFRs by dosing, at high temperature, four different types of 

transition metal oxides nanoparticles which are abundant in EPFRs generated in combustion 

systems. The purpose of using nanoparticle size TMO was to mimic the EPFRs-associated PM2.5 

which are known to cause adverse health implications. FTIR and INS have enabled us to identify 

features characteristic of phenol chemisorption on metal oxide surface. Furthermore, FITR data 

taken after 18 days have shown the partial transformation of the phenolic features to other quinone 

products. Thus, we were able to verify, in part, one pathway of phenoxyl-radical decomposition. 

It is true that FTIR does not show strong features that can help distinguish between molecular and 

radical species. However, EPR results obtained from previous research aimed at studying the decay 

behavior of EPFRs, showed paramagnetic signal characteristic of organic radical still present in 

stored samples. On the other hand, our EPR results have helped us gain more insight into the role 

of metal oxide redox potential and its influence on its catalytic ability of producing EPFRs. The 

correlation between redox potential and radical yield allowed one to think that metal oxides which 

possess higher oxidation should generate high concentration of EPFRs. However, Fe2O3 NP, which 
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has highest oxidation potential compared to other metal oxides studied in this work, produced the 

least spin density. We inferred that the high reactivity of Fe2O3 may have consumed most of the 

EPFRs produced. Moreover, the highest radical yield in our study was observed in TiO2 and it was 

attributed to the presence of superoxide species which are reported to be contained with metal 

oxide NP. Therefore, particle size impacts the reactivity of metal oxides not only because it offers 

larger surface area for organic precursors to adsorb, but also due to reactive species that enhances 

its catalytic ability. Finally, XPS enabled us to study the change in the chemical state of the studied 

metal oxides due to phenol adsorption. Metal cations of TiO2 and CuO NPs were found to become 

partially reduced by phenol adsorption at high temperature, whereas ZnO and reduced-Fe2O3 NPs 

were partially oxidized. This result required us to reconsider the direction of electron transfer 

suggested by the proposed mechanism of EPFRs formation. Since ZnO has intrinsic defects and 

the reduced surface of Fe2O3 has likely induced defects, and defects are reported to act as active 

sites for adsorption, we attributed this results to the presence of defects. However, the direction of 

electron transfer is unclear. XPS ascertain the partial oxidation of the metal cations of ZnO and 

Fe2O3, but no information can be obtained about where this charge comes from using the 

techniques utilized in our study. Therefore, more comprehensive research should be conducted to 

study the mechanism of the chemisorption of organic precursors on defective sites existing on the 

surface of metal oxides. 

Given the results of our first study, we were interested in investigating the adsorption 

behavior of phenol on the surface of -FeO (0001) surface at both elevated and room 

temperature. The advantage of using single crystal compared to NP pellet lies in obtaining a single 

stoichiometric surface prior to dosing as confirmed by both photoemission techniques as well as 

LEED. Comparing UPS results of both room temperate and high temperature dosing, we found 



99 

 

that phenol has chemisorbed in both cases, except that the phenolic states are strongly perturbed 

at high temperature dosing associated with remarkable reduction of Fe3+ to Fe2+ states at high 

phenol coverage. Same results have been confirmed by XPS which have also shown an increase 

in the –OH as well as the appearance of C=O with increasing coverage of phenol at high 

temperature. This interesting result could indicate the formation of carbon-centered phenoxyl 

radicals or that high temperature has induced some defective sites that might have oxidized the 

adsorbed phenoxyl to other quinone products.  

Finally, the environmental behavior of phenoxyl-type radical formed on the surface of 

anatase TiO2 NPs has been investigated. We have found a significant increase in the EPFRs radical 

yield after 20 minutes of solar irradiation associated with increase in the g-factor. EPR results have 

been attributed to the photo-oxidation of the adsorbed phenolate species along with the existing 

phenoxyl radical. Moreover, FTIR difference spectra have given us more insight into the type of 

radicals and/or molecular species formed due to phenolate/phenoxyl photo-transformation. The 

observed features can be assigned to a mixture of catechol and a quinone product. It should be 

noted that the increase in radical yield of second day exposure was found more significant than 

first day exposure, and it was ascribed to the presence of more water molecules due to humidity in 

the air. Thus, it would be interesting to study EPFRs yield in humid versus dry environments. 

Based on the work presented, it is essential to probe the influence of the type and density 

of defects in forming and transforming EPFRs. More interestingly to predict the mechanism by 

which organic precursors adsorb on defective sites as well as the pathway of electron transfer to 

metal cations in this case. Moreover, EPFRs yield dependence on transition metal oxide NPs size 

should be investigated and compared to obtain better understanding of the correlation between 

NPs size and the catalytic ability of the metal oxides involved. Finally, more research should be 



100 

 

focused on the environmental behavior of EPFRs. That is, the influence of molecular oxygen, 

water, and sunlight on the generation and fate of EPFRs existing in ambient environments. 
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Appendix B. XPS Peak Fitting 

XPS technique is based on the photoelectric effect, in which a photon of energy 

(hejects a core electron with a binding energy B.E., the kinetic energy of the ejected 

photoelectron is given by  

                                           𝐾. 𝐸. = ℎ𝜈 − 𝐵. 𝐸. −𝜙𝑠                                                     (1) 

where ϕs is the analyzer’s work function. Part of the photoelectrons move through the 

solid to the surface and experience inelastic scattering resulting in the background observed in 

XPS spectrum. The background in this work is described mainly by: 

(i) Shirely background: 

This model assumes an S-shaped background per peak, where the background at the 

higher binding energy side of the photoelectron peak is higher than that at the lower binding 

energy side. Also, the form of Shirely background depends on the number of electrons 

(intensity) at a given binding energy. 

(ii) Tougaard background: 

This model takes into account the initial energy distribution function and inelastic 

electron scattering over a limited energy range. Because of its complexity, a universal loss 

function has been derived that enables fitting backgrounds of relatively narrow energy range. 

CasaXPS offers a list of different universal cross sections where the loss function has different 

forms. For instance, the loss function form of “E Tougaard” background is Gaussian. 

Ideally, one would expect to observe the photoelectron peak to be sharp lines, however, 

the peaks observed are broad. The broadness observed in the photoelectron peaks can be 

described as a convolution of a Gaussian and Lorentzian function, and is due to a combination 
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of factors such as: (1) the lifetime of the core hole created as the photoelectron is ejected, which 

is assumed to be Lorentzian in nature. According to the uncertainty principle, the photoelectron 

peak width is inversely proportional to the core hole lifetime; (2) the energy resolution of the 

analyzer (which is controlled by the pass energy as well as entrance/exist slit), and the full 

width at half maximum (FWHM) of the source, are usually taken to be Gaussian in nature.  

Beside the broadness, asymmetric peaks are observed for metal samples. This 

asymmetry is ascribed to the interaction between the electrons in the conduction band with the 

core hole, as a consequence low energy electron-hole pairs are excited resulting in a high B.E. 

tail on the metallic photoelectron peaks. 

In the work presented, all nonmetallic elements have been fit using approximations to 

a Voigt lineshape, which is a convolution of Gaussian and Lorentzian function. The 

Gaussian/Lorentzian product form used in this work is  

                  𝐺𝐿(𝑥, 𝑚, 𝐸, 𝐹) =  
exp[−4 ln 2 (1−𝑚)

(𝑥−𝐸)2

𝐹2  ]

1+4𝑚
(𝑥−𝐸)2

𝐹2

                                      (2) 

where the Gaussian function is  

                       𝐺(𝑥, 𝐸, 𝐹) = exp [−4 ln
(𝑥−𝐸)2

𝐹2
]                                               (3) 

and the Lorentzian function is  

                             𝐿(𝑥, 𝐸, 𝐹) =  
1

1+
(𝑋−𝐸)2

𝐹2

                                                              (4) 

here E is the energy of the center of the peak (in kinetic energy), F is the full width at half 

maximum (FWHM), and m is a parameter that controls mixing. That is, m=0 corresponds to a 

pure Gaussian, while m=1 the product form corresponds to a pure Lorentzian. On the other 
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hand, the asymmetry in metallic peaks in this work are fit with Lorentzian Asymmetric 

lineshape 𝐿𝐴(𝛼, 𝛽, 𝑚) where 

                𝐿𝐴 (𝛼, 𝛽) = {
[𝐿(𝑥, 𝐸, 𝐹)]𝛼            𝑥 ≤ 𝐸

[𝐿(𝑥, 𝐸, 𝐹)]𝛽            𝑥 > 𝐸
                                        (5) 

the parameters α and β controls the spread of the Lorentzian tail on the left and right side of 

the peak maximum, respectively. CasaXPS includes the parameter m in the asymmetric 

Lorentzian lineshape to specify the width of Gaussian used to convolute the Lorentzian curve. 
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