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ABSTRACT

This thesis investigates the impact of doping on the optical and structural characteristics of
cerium oxide (ceria) nanoparticles synthesized using chemical precipitation. The dopants
selected are samarium and neodymium, which have positive association energy with oxygen
vacancies in the ceria host, and negative association lanthanides, holmium and erbium, as well as
two metal dopants, aluminum and iron. Characteristics measured are absorption and fluorescence
spectra and the diameter and lattice parameter of ceria. Analysis of the characteristics indicates
qualitatively that the dopant controls the O-vacancy concentration and the ratio of the two cerium
ionization states: Ce™ and Ce™. A novel conclusion is proposed that the negative association
lanthanide dopants can act as O-vacancies scavengers in ceria while the O-vacancy concentration
increases in ceria doped with positive association lanthanide elements. Doped ceria nanoparticles
are evaluated in two applications: dissolved oxygen (DO) sensing and up-conversion. In the first
application, ceria doped with either Sm or Nd and ceria doped with aluminum have a strong
correlation between the fluorescence quenching with the DO concentration in the aqueous
solution in which the ceria nanoparticles are suspended. Stern-Volmer constants (Ksy) of doped
ceria are found to strongly depend upon the O-vacancy concentration and are larger than some of
the fluorescent molecular probes currently used to measure DO. The Ky measured between 25-
50°C is found to be significantly less temperature dependent as compared to the constants of
commercially-available DO molecular probes. In the second application, up-conversion, ceria
nanoparticles doped with erbium and an additional lanthanide, either Sm or Nd, are exposed to
IR radiation at 780 nm. Visible emission is only observed after the nanoparticles are calcinated at
high temperature, greatly diminishing the concentration of O-vacancies. It is concluded that O-
vacancies do not play a dominant role in up-conversion, unlike that drawn for down-conversion,
where the fluorescence intensity is strongly correlated with the O-vacancy concentration.
Correlations between annealing temperatures, dopant, and dopant concentrations with the power
dependence of up-conversion on the pump and the origin of the intensities of the visible emission
are presented. These studies show the promise of doped ceria nanoparticles.
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CHAPTER ONE
Introduction

1.1 Importance of ceria nanoparticles

Various nanomaterials made from silver, gold, titanium oxide, zirconium oxide,
vanadium oxide, cadmium selenide, and carbon-based nanoparticles have been widely used for
industrial purposes [1]. However, cerium oxide (ceria) nanoparticles can be considered one of
the most important nanomaterials with wide ranges of applications in solar cells, fuel cells, gas
sensors, oxygen pumps, and glass ceramics [2]. In last few years, ceria nanoparticles, as well as
other oxides with the cubic fluorite structure, have been extensively studied because of its high
oxygen storage capabilities and the large diffusivity of oxygen vacancies [3]. Doping ceria
nanoparticles with some tri-valent elements is a promising technique to improve the ionic

conductivity of ceria [4].

In biomedical engineering, several studies have reported the ability of ceria nanoparticles
to mitigate oxidative stresses and reactive oxygen species (ROS) at the biological level [5-6].
This material can act as a scavenger for excess free radicals such as superoxide (O,) and
hydroxyl radical (OH"), which are responsible for damaging the molecular structures in
biological organisms and stripping electrons from cellular macromolecules [7]. In electronics,
ceria has been used in applications that realizes on the fact that ceria is a wide bandgap material,
which include UV absorbents [8], polishing media in microelectronics [9], and thin-film high-K
gate dielectric [10]. Ceria, as nanoparticles or in the form of a thin film, is a common catalyst in
the fuel cell technology [11]. In the communications field, ceria and cerium-based materials have
been used to enhance the emission efficiency of Er-doped fibers and glass ceramics [12-13] due

to phenomena such as resonance energy transfer. As the ionic conductivity of ceria is determined
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by mobility and concentration of oxygen (O) vacancies, it can be used for oxygen sensing based

on resistive techniques [14].
1.2 Doped ceria nanoparticles: Defects and synthesis

In undoped ceria, some changes in the structural properties, such as a decrease in the
lattice parameter, are reported due to thermal disorders. This is caused by increasing the
conversion process of Ce™ ions to Ce™ ions due to the increase of the formation rate of oxygen
vacancies [15]. Generally, doping ceria with tri-valent atoms is reported to increase the
concentration of O-vacancies [16-17]. However, this is not universally the case as scandium
(Sc™) when used as a dopant in ceria acts as a scavenger for vacancies. The ability of Sc™ to
decrease the O-vacancy concentration is due to the negative association energy between the O
vacancy and dopant ion [18], which provides evidence that perhaps not all trivalent doped

elements increase the formation of oxygen vacancies in ceria.

Related to ceria synthesis processes, many methods have been used to produce pure and
doped ceria nanoparticles such as chemical precipitation [19], hydro-thermal synthesis [20], and
solid-state reaction method [21]. Compared to other methods, chemical precipitation, which is
selected for this work, is more attractive due to the cheap salt precursors, simple operation, and
ease of mass production [22]. The synthesis process and the techniques used to dope the

nanoparticles are described in Chapter 3.



1.3 Motivation of the thesis

This research work studies the impact of the selection of tri-valent dopants on some of
the optical and structural characteristics in ceria nanoparticles. As it is hypothesized that the
association energy of the tri-valent dopant will determine the relative concentration of O-
vacancies as compared to undoped ceria and that the O-vacancy concentration determines many
of the characteristics of the ceria nanoparticles that are critical for many applications. The results
of the studies on these characteristics, described in Chapter 4, are correlated to the concentration
of oxygen vacancies defects formed in undoped and doped ceria nanoparticles to understand the
observed changes to ceria nanoparticles as a result to the dopant atom and its concentration in the

nanoparticles.

The impact of doping on the structural characteristics and its correlation to defects in the
material has been recently studied, though not in great depth, in other previous research studies
on doped ceria nanoparticles [17-22], studies on the relationship between dopant atom and
concentration on the optical properties of ceria are lacking. This is one of the first studies to
explore the use of dopants to improve the optical properties of ceria nanoparticles to obtain
enhanced performance in applications such as solid state lighting, solar cells, and other systems
that employ up- and down-conversion, energy transfer, and optical mixing processes. The optical
characteristics studied are absorbance dispersion, direct allowed bandgap, and fluorescence
emission. The structural characteristics measured during this research study are particle mean
size, lattice parameter, inter-planar distance, and crystalline structure. The measured optical and
structural characteristics are correlated to the O-vacancies defects formed in undoped and doped

ceria. From this work, we have arrived at a novel conclusion on techniques to control these



defects in ceria and, as a result, several crucial material properties through the doping technique

are summarized in Chapter 4.

Here, there is an important point to be mentioned. This work introduces the correlation
between the optical and structural characteristics with the Ce™/Ce™ conversion which is
associated with the formation of O-vacancies. There are some reported techniques to inspect the
O-vacancies formation associated to the incremental conversion rate from Ce™ ionization states
to Ce™ states, such as X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy [23-
24]. However, both techniques have significant drawbacks. In XPS, there is some ambiguity over
the accuracy of the calculated ionization state of cerium because of an increase in the O-vacancy
concentration observed under vacuum. Hence, this technique is supposed not used to quantify
the concentration of Ce™ and Ce™ in the nanoparticle samples [25]. Raman scattering is highly
sensitive to laser instabilities, needs high resolution detection, and subject to saturation at the
higher laser power density levels [26]. The experimental verifications used in this work to prove
the increase or decrease of O-vacancies in ceria due to the selected lanthanide dopants compared
to undoped ceria are the direct allowed bandgap, the amplitude of the fluorescence signal, grain
size or average diameter, and lattice parameter. In our work, XPS is only used to analyze the
chemical composition of the synthesized doped ceria nanoparticles to verify the molar fractions
of the dopants. Raman spectroscopy was not performed as the measurements have to be
performed on dry or slightly damp powders composed of the nanoparticles. In previous studies
carried out in our lab, it was found that the Raman spectrum of the damp nanoparticles started to
change after five minutes of exposure to air. The optical characterization techniques chosen for
this work can be performed on colloidal nanoparticle suspensions — the same environment as is

used during the studies on applications of the nanoparticles.



After the completion of the nanoparticle characterization stage of our research, doped
ceria nanoparticles are used in two applications, which are sensing dissolved oxygen (DO)
(Chapter 5) and up-conversion of near-infrared (NIR) light (Chapter 6), to demonstrate the value
of doping technique in ceria and the correlation via defect engineering. In the first application,
select ceria samples doped with samarium (Sm), neodymium (Nd) and aluminum (Al) are used
as the molecular probe in a fluorescence quenching dissolved oxygen (DO) nanosensors. To our
knowledge, this application of ceria nanoparticles as the optical sensing active material in such a
sensor is novel. This optical sensor can open new windows of study on ceria nanoparticles as a
multi-function material. For example, we expect that this nanomaterial can be used as bio-

imaging material, free radical scavenger, and DO sensor in the same time.

In the second application presented in this work, doped ceria nanoparticles are used as
up-conversion media to obtain visible emission from NIR excitation. The amplitude of the
visible emission obtained from ceria nanoparticles containing various combinations and
compositions of dopant atoms are correlated with the concentrations of the dopant atoms and
energy levels as synthesized and as a function of the calcinated temperatures during post-growth
thermal anneals. The impact of the O- vacancy concentration on this phenomenon is checked in
terms of the molecular energy levels. The goal of this work is to identify the optimum set of
dopant(s), doping ratio, dopant concentration, and annealing temperature to maximize the up-

converted emission efficiency.



1.4 Brief description of the work’s procedure

Now, we introduce some brief details about the thesis’ procedure. In this work, undoped
and doped ceria nanoparticles are synthesized using chemical precipitation, where the dopants
have been chosen from tri-valent lanthanide elements. The specific tri-valent dopant lanthanides
are selected from two categories, elements that have positive binding or association energies
(Eass) between dopant ion and O-vacancies, such as samarium (E = +0.01 eV) and neodymium
(Eass= +0.04 eV), and elements have negative association energies, such as holmium (E,s= -0.54
eV) and erbium (E,s—= -0.46 eV) [27-29]. Each sample of doped ceria is characterized to obtain
the data of optical and structural properties and this data is used to correlate these properties with
the concentration and association energy of the dopant. The measured characteristics of the
doped ceria are compared to undoped ceria, which is used as a reference material, to determine
the impact of the selected dopant on the characteristics and the associated O-vacancies in ceria
nanoparticles. The goal is to control the concentration of O-vacancies formed in doped ceria

nanoparticles.

X-ray photoelectron spectroscopy measurement is performed for ceria doped with a
single lanthanide element. Through XPS measurement, quantitative analyses of the chemical
elements and their chemical states found within the top few nanometers of a surface are
performed. Molar concentrations of the dopant elements in the nanoparticles are determined

from the XPS data.

Mixed doped ceria (MDC) is another doping technique to validate conclusions obtained
from our earlier study on the characteristics of ceria nanoparticles doped with a single dopant

material. The MDC nanoparticles studied are doped with two lanthanide elements; one with a



positive association energy and the other with a negative association energy. Then, the obtained
optical and structural characteristics of MDC are compared with the same characteristics
obtained for ceria nanoparticles doped with only single positive association lanthanide. From the
analysis of the measured characteristics of the MDC nanoaprticles, the concept of controlling the
concentration of O-vacancies in ceria nanoparticles through the selection of the appropriate

lanthanide elements based on association energy of the dopant is verified.

There is another class of tri-valent dopants, metal ions, which are also part of the studies
conducted during this thesis project. Aluminum and iron; both of which can be in a tri-valent
ionized state, are selected as dopants, due to studies that have shown their promising potential to
improve the catalytic activity of ceria [22-30]. However, published studies on the optical and
structural characteristics of doped ceria nanoparticles with these tri-valent metals, and an
analysis to correlate the O-vacancy concentrations to the presence of these metal ion dopants, are
nonexistent. Ceria nanoparticles doped with either or both metals are analyzed through the
previously mentioned optical and structural characteristics with comparing the results obtained
on the lanthanide-doped ceria nanoparticles to determine which of the selected dopants is the
best in generating a higher concentration of O-vacancies associated to more numerous

. . +3 . . .
concentration of Ce in the Ce 3 1onization state.

In this thesis, some of the doped ceria nanoparticles studied are applied as optical sensor
for dissolved oxygen based on fluorescence quenching technique Since we have found that the
fluorescence intensity of the ceria nanoparticles increases with increasing concentration of O-
vacancies and that the fluorescence signal quenched following thermal anneals, which also were
found to decrease the concentration of O-vacancies in the material, the question arose whether

the O-vacancy concentration of the nanoparticles, and thus the fluorescence signal collected from



the nanoparticles, could be correlated to the concentration of dissolved oxygen in an aqueous
colloidal solution. The fluorescence experiment is performed under UV excitation and the
emitted visible fluorescence spectrum is detected at incremental values of DO concentration. The
amplitudes of the fluorescence signal as a function of DO concentration are used to determine
Stern-Volmer constants for both undoped and doped ceria nanoparticles. The Stern-Volmer
constant is an indication to the sensitivity of the used medium for DO sensing [31]. The obtained
Stern-Volmer constants (Ksy) and the average sizes of the nanoparticles are compared with the
Ksy and sizes of some of the fluorescent dyes currently used to detect DO in water in order to
demonstrate that the ceria nanoparticles have a higher sensitivity and are of much smaller size
and, thus, are a promising molecular probe in a fluorescence quenching DO sensor. To further
demonstrate the potential of the ceria-based molecular probes in this important industrial
application, the temperature stability of the Stern-Volmer constants of ceria nanoparticles is

studied and found to be significantly more thermally stable.

The second application of doped ceria nanoparticles is optical up-conversion (UC). The
goal in this portion of my thesis research is to demonstrate the significance of the doping
technique on the efficiency of the up-conversion process where visible emission is obtained
when the nanoparticles are under IR excitation. Due to the importance of up-conversion process
in many optical applications [32], the radiated emission of the up-conversion process in doped
ceria nanoparticles as a function of dopant atom and concentration will be presented. The
samples studied are ceria doped with erbium (ceria:Er), due to the metastable levels of erbium
suitable for the up-conversion process [33]. In addition, some selected lanthanide dopants are
added to ceria:Er nanoparticles to determine if defect engineering using tri-valent dopant atoms

can be used to improve the efficiency of the UC process. There are different measurements



performed in this part of the thesis project to the effect of doping ratios on the amplitudes of the
emitted spectrum, the power dependence relation, and the effect of the synthesis temperature and
of the lanthanide dopants selected on the O-vacancy concentration and the UC efficiency. The
analysis of the UC measurements includes an evaluation of the alignment of the energy levels of
Er”, and the other lanthanide dopants, and the concentration of the O-vacancies defects as
determined from the optical and structural characteristics of doped ceria nanoparticles. The

flowchart of the complete plan of work in the present thesis is shown in Fig. 1.1.
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Fig. 1.1 Flowchart of the thesis’ work plan




1.5 Thesis structure

In Chapter 2, theoretical background is presented about the structure of ceria of both
components; CeO, and Ce,Os. Also, the types of defects in ceria and the mechanism of O-
vacancies mobility are discussed. The calculation of the direct bandgap from the absorbance
dispersion is explained and the correlation between the bandgap and concentration of O-
vacancies’ concentration is justified. Then, the basics of fluorescence spectroscopy and the
impact of the presence of O-vacancies on this phenomenon are reported. The size of the
different compositions of doped and undoped nanoparticles calculated using measurements
obtained from transmission electron microscopy (TEM) and X-ray diffractometer (XRD) are
presented in this chapter, too. Also, the relation between the diameter of the synthesized
nanoparticles and the concentration of O-vacancies is explained. A brief overview of XPS is
introduced as a method used for quantitative analysis of the chemical composition of the
doped ceria nanoparticles.

In Chapter 3, the synthesis procedure of both undoped and doped ceria is presented. The
details of the synthesis process are described in depth. The selected dopants are positive
association energy lanthanides; neodymium and samarium, negative association energy
lanthanides; holmium and erbium, and metal dopants; aluminum and iron. Also, mixed doped
ceria (MDC) is synthesized containing two lanthanide dopants; one from the positive
association category and another one from the negative association lanthanides. Then, the
specifications of all instruments used in the characterization measurements to obtain the
absorbance dispersion, the fluorescence spectrum, the images of the nanoparticles using

TEM, the XRD patterns, and the XPS spectrum, are described.
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In Chapter 4, the impact of selected dopants on the optical and structural characteristics of
ceria nanoparticles is presented. The curves of the measured absorbance dispersion and the
corresponding direct bandgap calculations are presented. Then, the photoluminescence (PL)
emission of the undoped ceria nanoparticles is shown to understand the nature of the material
as a fluorescent media. Then, the fluorescence spectra due to UV excitation are presented for
undoped ceria along with ceria doped with the previously mentioned elements. TEM images
of undoped and doped ceria and its related diffraction rings are presented. From these
images, some structural characteristics are determined such as the average diameters of the
nanoparticles, the interplanar distances, and lattice parameters. XRD patterns are shown in
this chapter to explain the orientation planes of nanoparticles' components. Also, XRD can
offer another method to find the sizes of the nanoparticles, which is used to verify the
measurements obtained from the TEM images. From all previous results, the relation
between these results and the formation or scavenging of O-vacancies, along with the
increase or decrease of the conversion from Ce™ ions to Ce™ ions, respectively, is described.
XPS results of different lanthanide doped ceria nanoparticles are presented for chemical
composition analysis of cerium and dopant elements.

In Chapter 5, the first application; which is the dissolved oxygen optical sensing, is then
introduced theoretically based on the optical fluorescence quenching concept. Based on the
previous characteristics of chapter 4, undoped and doped ceria with selected lanthanides and
metals are evaluated as fluorescence quenching DO sensing media. The experimental setup
of optical DO sensing using fluorescence quenching is discussed in details, showing how to
control and measure the DO concentration and how to detect the corresponding fluorescence

spectrum. At room temperature, the fluorescence quenching spectrum is detected with

11



increasing DO concentration. Therefore, Stern-Volmer constants, which can be considered an
indication for the sensitivity of DO sensing media, are calculated and compared with the
constants values of some presently, used fluorescent dyes. The next measurement is to repeat
the fluorescence quenching spectrum and Stern-Volmer graphs at different temperatures over
the room temperature such as at 30, 40, and 50°C, to study the temperature stability
performance of DO sensing sensitivity of different doped ceria nanoparticles.

The literature of the up-conversion process is discussed in Chapter 6, with explaining the
importance of using ceria doped with erbium in IR to visible conversion, followed by
presenting some details about different mechanisms of up-conversion. The used experimental
procedure as fluorescence spectroscopy of Chapter 3 is discussed, in which ceria:Er
nanoparticles are exposed to NIR excitation of 780 nm, instead of UV excitation, and the
emitted visible spectrum is detected. The studied samples are doped ceria with erbium at
different concentrations and with additional dopants, such as samarium and neodymium. In
this part, there are some performed experiments to correlate the up-conversion efficiency
with different parameters. Firstly, the emitted spectrum amplitude is correlated to the doping
ratio of the erbium. Secondly, the effect of synthesis temperature of doped ceria
nanoparticles on the up-conversion efficiency is discussed. In the next measurement, the
relationship between the pumping power and the emitted power at the specific generated
spectral regions; green and red, is studied to prove that the observed emission is a result of a
two photons absorption process. Then, the relation between the obtained visible emissions
and the up-conversion mechanisms is discussed and the available correlation with O-

vacancies defects is checked.
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e The conclusions generated from the results obtained from Chapters 4, 5, and 6, are
summarized in Chapter 7; Conclusions and Future Work. Also, a proposal for research on

some of the biomedical and industrial applications in the further research is presented briefly.
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CHAPTER TWO
Theoretical Background: Doped Ceria Nanoparticles

2.1 The structure and defects of undoped and doped ceria

CeO, crystallizes in the fluorite structure, in which Ce™ cation is surrounded by eight
equivalent O ions. There is a Ce™ cation at each corner of a cube with each O coordinated to
four Ce™, as shown in Fig. 2.1a. If one considers the unit cell of ceria to be a face-centered
cubic (FCC) structure composed of Ce™ ions, the Ce™ ions form a cubic close packing
arrangement and all the tetrahedral sites around the Ce™ ions are occupied by the oxygen ions
whereas the octahedral sites remain vacant. The tetrahedral sites can be visualized by dividing
the cube into eight smaller cubes. The body center positions of all the small cubes are occupied

by oxygen ions and the alternate corners are occupied by Ce™ ions [34].

@ Ce** ions

2
. 0-- lons Vacancy Created by release of 02" ons

Fig. 2.1: Crystalline structure of CeO, a) without defects, b) with intrinsic defects [15].

Defects in ceria can be intrinsic or extrinsic. Intrinsic defects are presented due to thermal
disorder or the surrounding atmosphere whereas the extrinsic defects are formed due to tri-valent

impurities [35]. In the case of intrinsic defects, the coordination number of Ce™ to O reduces
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from eight to seven at elevated temperatures, which introduces Ce" ions into the crystal lattice
as two electrons from an oxygen atom are transferred to two cerium ions neighboring the oxygen
ion, which leaves the unit cell and a vacancy site is formed (Fig. 2.1b). The cerium ions are
reduced from the +4 state to the +3 state, which leads to form Ce" ions, with a Ce 4f'
configuration [36]. Formation of O-vacancies can be noticed from Kroger and Vink defect

notation [37]
2Cec, + 0y — %OZ(gas) + Vs + 2Ce(, (2.1)

where Cec, 1s a Ce™ ion, Ce’., is the Ce"™ ion and Vj; is the doubly positively charged O-
vacancies formed when O, gas is generated. Extrinsic defects are formed when a tri-valent
dopant is substituted for a Ce™ ion and the tri-valent oxide is instantaneously converted into the
tri-valent ion and O-vacancy in the material with the oxygen atoms released from the crystal

matrix. This process is shown in the following chemical reaction [38]
T,05 = 2T, + V5 + 305 (2.2)

where 7 is the tri-valent element dopant atom, T, means electron-acceptor tri-valent ion formed

in ceria, Vj is doubly positively charged O-vacancy and O} is the neutral oxygen atom.

However, Skala et al. reported that adding tri-valent atoms to ceria not only increases
concentration of O-vacancies itself, but also increases the conversion rate from Ce™ to Ce™[39].
This process leads to a higher concentration of O-vacancies than would be predicted solely from

Equation (2.2).

The diffusion of oxygen through ceria materials occurs via a vacancy hopping

mechanism [36]. Doping ceria with tri-valent atoms usually increases the ionic conductivity in
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ceria compared to undoped ceria because ceria doped with most trivalent ions results in a
lowering of the energy barrier for oxygen migration [40] which leads to higher mobility of

oxygen vacancies as explained using Equation (2.3).

Ea
KBT)

o= %exp(— (2.3)

where the ionic conductivity (o) can be expressed as an exponential function of the activation
energy for oxygen vacancy diffusion (E,). T stands for temperature, Kz for the Boltzman
constant and o, for a temperature-independent conductivity prefactor. At low dopant content in
the ceria system, most of the oxygen vacancies are free. While at high dopant content, the
conductivity becomes lower because of the formation of defect associations (e.g., trivalent ion-
oxygen vacancy complexes) due to Columbic attraction [38]. Activation energy (E,) consists of
migration energy (E,), and association energy (E,), which prevents the O-vacancies of being
mobile due to the binding energy between the dopant and the vacancy. FE, becomes the
dominant component of £, within low and intermediate temperatures [27], which we are using in

the synthesis procedure as will be discussed later in Chapter 3.

2.2 Optical characteristics of ceria

2.2.1 Absorption coefficient and direct bandgap calculations

The absorption coefficient @' is defined as the relative rate of decrease in light intensity

L(hv) along its propagation path [41]

r_ 1 d[L(hw)]
_L(hv) dx

(2.4)

where o' is expressed in units of cm™. The absorption coefficient for a given photon energy Av is

proportional to the probability for the transition from the initial state to the final state of an atom,
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ion, molecule, or crystal, where the difference in energy between the initial and final state is
equal to the photon energy plus or minus the energy of any other particle (e.g., a phonon) that is
involved in the transition, and also the density of available final states. This process must be
summed for all possible transitions between states separated by an energy difference equal to /4o
plus or minus the energy of any other particles involved in the transition and also it is assumed
that all lower states are filled and all upper states are empty. From Equation (2.4), it can be
derived that the absorbance a, which is the logarithmic ratio between the light intensities in the
absence and the presence of the material along the light path, with the allowed direct bandgap

semiconductor can be shown as

a(hv) = A*(hv — E,) /2 (2.5)

where 4 is a constant for any given material, which is defined as

myme )3 /,
my +mp

q%(2

A= (2.6)

nch?ms
where ¢ is the electron charge, m.* is the effective electron mass, m;* is the effective hole mass
and 7 is the refractive index. From Equation (2.5), plotting «’ with photon energy, the
intersection with x-axis gives the value of direct allowed bandgap energy, E,. The process of
adding some doping elements or impurities in the semiconductor material is expected in many
cases to reduce the effective bandgap energy because of band-to-impurity level transitions, when
one consider the dopant to create a trap within the forbidden bandgap or due to local variations in
the bandgap caused by the creation of the T>O; and Ce,O3; molecules. The second effect gives
rise to the Urbach tail in the absorption spectrum. The origin of this theory is that the impurities
are distributed randomly within the crystal lattice; the local interaction will vary over the lattice

as impurities cluster inhomogenously. That leads to local variances in the bandgap, caused by
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impurities. The density of states (DOS) is associated with tails extending into the bandgap. If a
photon is released during a transition from the final state to the initial state, the radiated energy
can be significantly less than the incident photon energy used in the transition from the initial (or

ground) to the final state [41-42]. This is shown schematically in Fig. 2.2.

E

DOS
Fig. 2.2: Band tails due to impurities (C.B: Conduction band, V.B: Valence band, E,: Bandgap,
E,’: Reduced bandgap, and DOS: Density of states)

However, in ceria nanoparticles, there is another important factor that affects the energy
of the bandgap, which is the number of O-vacancies or the conversion from Ce™ to Ce™ ions.
The bandgap of CeO,, which is a material where all of the cerium exists in the Ce™ ionization
state and there are no oxygen vacancies present, is roughly 4eV, but Ce™ ions present in the
crystal lattice, which could be considered a part of a Ce,O3 compound, they create a trap state
3eV above the CeO, valence band and correspond to the Ce5d - Ce4f transition [43]. The
experimentally measured Ce,O3; bandgap ranges between 3.03 eV to 3.7 eV, depending on the
synthesis method, growth and post-growth process temperatures, and the size of the particles

[44].
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Fig. 2.3: Energy band for CeO,, where cerium is in the Ce™ state, and the trap level associated
with cerium is in the Ce™ state.

Given this analysis, the conclusions drawn after using the absorption data to calculate the
bandgap E, for undoped and doped ceria using Equation (2.5) is as follows: If E, is close to 3
eV, the bandgap energy of Ce,0s, then the undoped ceria contains a high concentration of Ce™
ions and the associated O-vacancies. If the ceria is doped, then the dopant incorporation has
forced the formation of a high concentration of O-vacancies, which increases the concentration
of Ce™ ions. In the opposite case, if the measured E, of doped ceria is not close to 3 eV and is
nearer to 4 eV, then the dopant does not follow the reaction described in Equation (2.2). The
dopant, instead, reduces some of the cerium present in the Ce™ ionization state to Ce™ or
eliminates some of the O-vacancies, triggering a conversion of cerium from Ce™ to Ce™ (or
forces the formation of CeO, from Ce,0s3). As a summary, an indication of the excess conversion
of Ce™ and the presence of a high concentration of O-vacancies is a measured bandgap energy

that is very close to 3 eV [45].
2.2.2 Theory of fluorescence

Luminescence is the emission of photons from a material where the emission spectrum is
not directly determined by the sample’s temperature as is the case for blackbody radiators [43].
This occurs when an electron from an excited state relaxes to a lower state, releasing a photon in

the process. The excitation can take place in numerous forms. If the electron is excited by an

19



electrical current, it is called electroluminescence. Excitation by a chemical process is known as
chemiluminescence. When the excitation takes place in mechanical form, it is

mechanoluminescence.

Photoluminescence is the more general term, which describes the process in which a
substance absorbs photons (electromagnetic radiation) and then re-radiates photons. In a simple
absorption process that involved only excitation light and the absorber, as shown in Fig. 2.4, the
incoming light with photon energy /v will excite the electrons from a ground state E; to an upper
energy level E,, where the photon energy /v must be at least equal to E,-E;. If the photon energy

(hv)is larger than E,-E,, the excess energy will be released as heat.

£ £

hv hu

£y £
(a) (b)

Fig. 2.4: Schematic diagrams of a) absorption process and b) excitation process

The emission of photons in photoluminescence occurs in two forms: first one is
phosphorescence, which occurs when photons continue to radiate in relatively long time after the
excitation has stopped due to the fact that the excited state has an extremely long lifetime
(typically, this is in the order of milliseconds). The second form is fluorescence, which the
process when the excited electrons stay in the upper energy band for a very short time before

dropping to the ground level. Thus, the excited state has a relatively short lifetime (in the order
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of nanoseconds). Schematically, these two forms of photoluminescence are shown in a Jablonski

diagram, as presented in Fig. 2.5 [46].

A
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S ¥

0
Fig. 2.5: Jablonski diagram showing processes involved in fluorescence, where “Abs.” is the
absorbed photon, “Fluo.” is the fluorescence emission, “Phosph.” is the phosphorescence
emission, “S” is a singlet state, “Sy” is the ground state, T is a triplet state with long lifetime, IC
is the internal conversion for excited vibrational states when the absorbed photon has more
energy than the radiated photon, and ISC is the intersystem crossing.

The 4 eV bandgap of ceria, arising conceptually from either Ce™ or CeO,, is an indirect
gap; therefore, there will be a very small probability that radiative recombination will occur
when absorption takes place. However, the relaxation via the 5d-4f transition of the Ce™ ions (or
Ce;03), which has a direct bandgap, results in photon emission when ceria is excited with around
400 nm light [43], causing the conduction band electrons to make a transition to the defect state
within the bandgap. From the defect state, the electron undergoes multiple transitions in order to
return to the ground state according to Shockley Reed Hall recombination [47]. The wavelengths
of the emitted radiative photons, as will be shown later in Chapter 4, are centered around 520
nm. The remaining transitions as the system returns to the ground state are non-radiative. Thus, a
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large amplitude for the fluorescent intensity peak is an indication that the material contains a
high concentration of Ce™ ions, which is associated with a high concentration of O-vacancies.
Vice versa, materials that contain a high concentration of O-vacancies and Ce" ions should be

good fluorophores.
2.3 Structural Characteristics of ceria

Measurement of the average particle size of the synthesized nanoparticles is done directly
from the image obtained by transmission electron microscopy (TEM) or by calculations
performed on the data obtained from X-ray diffraction (XRD) patterns. In TEM, a thin specimen
is irradiated with an accelerated electron beam of uniform current density. Electrons interact
strongly with atoms by elastic and inelastic scattering. The electron-intensity distribution behind
the specimen is imaged with a lens system, composed of three to eight lenses, onto a fluorescent
screen. The image, which contains the nanoparticles, can be recorded by direct exposure to a
couple-charge device (CCD) camera. The average diameter of the nanoparticles can be found
from the mean of a population with a Gaussian distribution that must include high number of
measured diameters. Using diffraction mode in TEM, the diffraction rings can be imaged, which
indicate the surface planes of the formed material. From the radius of the first ring, which is a
result of the diffraction from the (111) planes of ceria [48], the interplanar-distance of the

prepared samples is found from the following equation [49]
AL = Rd (2.7)

where 4 is the wavelength associated to the accelerated electron, L is the camera length, R is the
radius of the diffraction ring and d is the inter-planar distance of the material. Lattice parameter

is calculated from the formula [50]
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a=dvh? +k?+1[? (2.8)
where 4, k and / are the miller indices of the plane, which is (111) in ceria.

XRD is used to determine the crystalline structure of the material. The intensity peaks of
the X-rays indicate the structural planes, which are responsible for the diffraction of X-rays.
From the measurement of the width of individual intensity peaks, the average size (fxp) of
nanoparticles, or diameter in case of spherical shape nanoparticles, can be calculated from

Scherrer's equation [50]

0.91
txrp = Beost (2.9)

where 4 is the wavelength of the incident X-rays (0.15406nm), f is full-width half-maximum

(FWHM), and @ is the diffraction angle.

It is reported that the increase in the lattice parameter of ceria nanoparticles with
decreasing particle size is attributed to the lattice strain induced by the creation of oxygen
vacancies along with the formation of Ce™ ions in the cerium oxide crystal structure [15].
Hence, the size of the synthesized ceria nanoparticles can give an indication of the conversion

rate of cerium from Ce™ to Ce™ ions or the concentration of the associated O-vacancies.
2.4 XPS analysis

X-ray photoelectron spectroscopy (XPS) is concerned with a special form of
photoemission in which an electron is ejected from a core level by X-ray photon exposure. The

kinetic energy of the emitted photoelectrons (Ex) is analyzed by the electron spectrometer and
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the data is presented as a graph of intensity versus the electron energy. Then, the binding energy

of the electron (£3) is the calculated intrinsic parameter as follows

where hv is the photon energy and W is the spectrometer work function. The photoelectron
spectrum is producing the electronic structure of an element quite accurately for the electrons
with a binding energy less than the photon energy presented in the spectrum. The energies of the

extracted electrons interpret the chemical composition of the studied material [51].

In this work, the concentration of the dopant elements in the nanoparticles can be
determined from the XPS data, though some assumptions have to be made about the yield of
photoelectrons from various atoms. Given that there is some ambiguity over the accuracy of the
calculated ionization state of cerium due to changes that can be induced during evacuation of the
measurement chamber and as a result of high energy irradiation, this technique is not used to
quantify the concentration of Ce™ and Ce™ in the nanoparticle samples [25]. However, it is used
as a qualitative confirmation of the trends determined from an analysis of the data collected

using the other characterization techniques.
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CHAPTER THREE
Synthesis and Characterization: Experimental processes
3.1 Experimental procedure of the synthesis process

3.1.1 Synthesis of undoped and single doped ceria nanoparticles

Ceria nanoparticles are prepared using a chemical precipitation technique as described by
Chen and Chang [52] with some modifications. Initially, 0.5 g of cerium (III) chloride
(heptahydrate, 99.9%, Aldrich chemicals) is added to 40 mL de-ionized water as a solvent. The
solution 1is stirred at rate of 500 rpm for 24 hours through two stages. In the first step, the
solution heated to 50°C in normal atmosphere while stirring; 1.6 mL of ammonia is then added
after one minute to ensure that the solution becomes homogenous. The color of the product
initially is purple and, over the period of approximately 30 — 60 minutes at 50 C, turned into
yellowish color as the cerium chloride reacts with the ammonia to form cerium hydroxide. As the
process is continued for a total of 1.5 hours, the colloid turns into white color, indicating the
cerium hydroxide has reacted to form cerium oxide. The heating stage is important because it
helps in the conversion of Ce(OH); to CeO, (Ce™ ions) and then to Ce,O3(Ce™ ions) [53].
However, the selected temperature is not relatively high, compared to synthesis processes
described in other research work [37], and is chosen to reduce agglomeration of the formed

nanoparticles.

In the second stage of the synthesis procedure, the solution is stirred for an additional
22.5 hours in room temperature. The long period of stirring will fracture any nanorods that are
formed during the initial reaction into nanoparticles. Then, the solution is centrifuged and
washed with de-ionized water and ethanol twice to remove any unreacted cerium and ammonia.

After each time that the colloidal solution is centrifuged and washed, the solution is sonicated in
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DI water to break apart any agglomeration of the ceria nanoparticles. The synthesize procedure

can be summarized in the flowchart drawn in Fig. 3.1.

Doped ceria with the various trivalent elements are synthesized using a similar procedure,
but the amount of cerium chloride and the doping element-chloride reagents used in the synthesis
reaction depend on the desired ratio of dopant atom to cerium atom in the nanoparticles that are
formed. The doping weight ratios of cerium and lanthanide chlorides are shown in Table 3.1.
The rare earth element-chloride salts used are neodymium chloride, samarium chloride, holmium
chloride, and erbium chloride. Also, aluminum chloride and iron chloride are used in the doping
process to compare the results of Al- and Fe-doped ceria nanoparticles with the ceria

nanoparticles containing the low association energy rare earth doping elements, Nd and Sm.

0.5 gm of...
100% CeCly
(30 mL DI water) 959 CeCly +5% XCl; { X: Doping element ]
909% CeCl;+10% XCl; | |(Nd, Sm, Ho, Er, Al and Fe)

850p CeCl3+15% XCl;

J

stirring at 50°C 1.6 mL of ‘\-Hioﬂ']
(1.5 hr)

stirring at room temp.
(22.5 hrs)

repeated | centrifuging
twice (5 min.)
washing with DI water
and Ethanol
centrifuging
(5 min.)

Fig. 3.1: Flowchart of the synthesis procedure for undoped and doped ceria nanoparticles
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Doping reagent weight ratio Cerium chloride weight (g) Dopant chloride weight (g)
5% 0.475 0.025
10% 0.450 0.050
15% 0.425 0.075

Table 3.1: Doping weight ratios of the initial precursors for single doped ceria

3.1.2 Synthesis of mixed doped ceria

To provide additional data on the effect of the association energy of the dopant, mixed

dopant ceria (MDC) nanoparticles are synthesized to incorporate two lanthanide elements in

ceria nanoparticles, a positive association energy element, Nd or Sm, and a negative association

energy element, Ho or Er. The synthesize procedure is the same but the initial salts' weights are

as shown in Table 3.2.

MDC Cerium chloride

-ve E, lanthanide “Ho or

+ve E,s lanthanide “Sm or

composition weight (g) Er” chloride weight (g) Nd” chloride weight (g)
Equal” 0.45 0.05 0.05
Double™ 0.45 0.10 0.05

Table 3.2: Doping weight ratios of the initial precursors in MDC nanoparticles

* Equal means the —ve and +ve E, lanthanides weights are equal.

** Double means that —ve E, lanthanides weights are double the weight of —ve E, lanthanides.
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3.2 Experimental procedure of optical and structure characterization

3.2.1 Experimental facilities for measuring the optical characteristics

To measure the absorbance dispersion, the solutions of concentration 1 mg/mL are
inserted in a UV fluorometer methacrylate cuvette and exposed to the light signal of the UV-
spectrometer; UV-3101PC Shimadzu. A reference light signal passes through a cuvette filled
with water. The spectrometer software, UV Probe, compares the intensity of the light that passed
through the solution of nanoparticles to the signal obtained from the reference and a calculation
of the absorbance is performed using the Beer-Lambert Law. The absorption spectra are
measured from 350 nm, which is well above the bandgap energy of Ce,O3, to 800 nm, which is
usually beyond the extent of the Urbach tail. From the linear region of the absorbance dispersion
curves that includes the Urbach tail, the allowed direct bandgap can be calculated, as discussed

previously, using Equation (2.5).

The fluorescence intensity and spectrum of the samples are measured using a home-built
fluorescence spectroscopy system, as described in Fig. 3.2. The setup consists of a UV lamp, 150
Watt Xenon UV Enhanced Arc lamp, Newport model no. 6254, where the emission is directed
through the first monochromator, Newport Cornerstone 260 42 M Monochromator. The grating
on the first monochromator is adjusted to allow light at a wavelength of 430 nm to leave the
output port of the monochromator. This light is directed on to a cuvette containing a relatively
concentrated solution of ceria nanoparticles, of concentration 2 mg/mL. This concentration, after
some trials, is selected because it is high enough that a significant amount of photons to be
produced but low enough that the photons can exit the cuvette with minimal scattering and

minimum self-absorption. Then, a second monochromator, of a similar model to the first

28



monochromator, is positioned at 90° angle to the optical path of the light from the first
monochromator so that the fluorescence emission can be measured with minimal scattered light
from entering the second monochromator. The outlet of the second monochromator is connected
to a photomultiplier tube (PMT), Newport PMT 77340, to amplify the fluorescence signal. Then,
this amplified signal is detected using a power meter, Newport Power meter 2935C. The second

monochromator is scanned from 500 nm to 700 nm to obtain the fluorescence spectrum.

l Coming light from

Monochromator

430 nm UV lamp
-
Solution of . I
synthesized L= I
nanoparticles 1 Monochromator

500 nm to 700 nm

PMT 9 Power

meter

Fig. 3.2: Schematic diagram of the fluorescence spectroscopy setup.
3.2.2 Measurement facilities for Structural properties

Nanoparticles of different compositions are imaged using transmission electron
microscope (TEM), Philips EM420, using accelerating potential of 120 KV. The TEM samples
are prepared by immersing carbon-copper mesh grids in colloidal solutions containing the same
concentration of nanoparticles that are used during the absorption measurements. The grids are
then left to be dried for 30 minutes before imaging. From the TEM images, the average diameter
of these nanoparticles can be found. Also, the interplanar distance and the lattice parameter of

the undoped and doped ceria nanocrystals can be calculated from measurements taken on the
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electron diffraction rings, which can be imaged using the TEM, where the camera length used is
600 mm. To determine the structure of the formed nanoparticles, the surface planes of different
samples are measured using a PANalytical's X'Pert PRO X-ray diffractometer (XRD), at 45 KV
and 40 A with Cu K, radiation (A=0.154 nm), to verify that the nanoparticles are composed of
cerium oxide. Also, the average diameter of the nanoparticles can be calculated from the first
diffraction peak; which is a result of constructive and destructive scattering off of the (111) plane
of ceria, as mentioned in Section 2.3 of Chapter Two, which can be used as verification to the

results calculated from TEM measurements.

The concentrations of the chemical components of the synthesized nanoparticles are
measured using a PHI Quantera SXM scanning x-ray photoelectron spectroscopy (XPS).
Samples are prepared by drying colloidal solutions on quartz slides. Quantitative analyses of the
chemical elements and their chemical states found within the top few nanometers of a surface are

performed.
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CHAPTER FOUR
Optical and Structural Characterization: Results & Discussions
4.1 Characterization of undoped ceria nanoparticles

4.1.1 Absorbance dispersion and optical direct bandgap

The absorbance dispersions are determined for the undoped ceria nanoparticles sample
synthesized during this project. Fig. 4.1a is the absorption dispersion curve for undoped ceria
nanoparticles. Based on Equation (2.5), (aE)* versus E is plotted, as shown in Fig. 4.1b. The
intersection of the linear portion extrapolation of the (aE)* curve with E-axis is equal to the
allowed direct bandgap of undoped ceria nanoparticles. The bandgap calculated from the
absorption data is 3.26 eV, which is an intermediate value between 3 eV, the defect bandgap of
Ce,0s3, and 4 eV, the bandgap of CeO,. This provides evidence that our synthesized undoped
ceria nanoparticles contain a significant number of cerium atoms in the Ce™ ionization state as
well as cerium in the Ce™ states along with the associated O-vacancies, as explained

theoretically in Chapter 2.

(a) 45 (b) 150

3 100+
a(AU) (aEY
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Fig. 4.1: a) Absorbance dispersion and b) (aE)* versus E used to determine direct allowed
bandgap energy of undoped ceria nanoparticles
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4.1.2 PL intensity and fluorescence emission

Studies of the photoluminescence of the synthesized undoped ceria are important for
understanding the fluorescence properties of the material. The same fluorescence setup,
mentioned in Section 3.2.1, is used with the exception that the grating of the first monochromator
is adjusted such that the light exciting the monochromator is at fixed wavelength of 370 nm,
which is used as the excitation wavelength. The resulting emission spectrum from undoped ceria
nanoparticles is presented in Fig. 4.2. The data shows that there is a very strong emission at 430
nm, which is related to the transfer of charges from oxygen ion to cerium ion [54]. This strong
emission has been noted in published studies by other researchers [48-55]. Another small peak in
the photoluminescence spectrum appears around 520 nm, which is associated with the oxygen
vacancies defects or traps formed within the synthesized ceria and this emission wavelength is
also consistent with other research work [56]. The amplitude of this emission can be correlated
with the concentration of oxygen vacancies in the ceria nanoparticles. This PL analysis is

essential to understand the origin of the optical emission of the nanoparticles studied.
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Fig. 4.2: PL intensity of undoped ceria, under 370 nm excitation
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Fluorescence spectroscopy is performed using an excitation wavelength of 430 nm,
obtained by adjusting the grating in the first monochromator to this wavelength value.
Measurements are made from 500 nm to 600 nm. Visible emission is detected with a peak at
520 nm, as shown in Fig. 4.3. The emitted fluorescent signal demonstrates that the synthesized
material includes cerium ions in the Ce* ionization state, which are associated with O-vacancies.
To explain the fluorescence emission of Fig. 4.3, as explained in section 2.2.2, ceria is exposed
with 430nm excitation, causing the conduction band electrons to make transitions to the defect
state. From the defect state, the electron undergoes multiple transitions in order to return to the
ground state and the peak radiative intensity is found to be green emission, existed at wavelength
near 520 nm. Therefore, that indicates another piece of evidence that the formed ceria

. . + . . .
nanoparticles contain Ce™ states with associated O-vacancies.
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Fig. 4.3: Fluorescence emission of undoped ceria nanoparticles under 430 nm excitation
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4.1.3. TEM and XRD analysis

TEM image of ceria nanoparticles, associated with diffraction rings “inset”, is shown in
Fig. 4.4a. The average size, interplanar distances, and lattice parameters of the nanoparticles are
calculated to be 6.75 nm, 3.03 A and 5.22 A. X-ray diffraction (XRD) pattern of the synthesized
nanoparticles is presented in Fig. 4.4b. The resulted pattern ensures that the crystalline structure
of the formed nanoparticles belong to ceria [57]. The average particle size from XRD is found to

be 6.83nm which is in a good agreement to the result obtained from the TEM images.

(a)

Intensity
(arb. units)

25 30 35 40 45 50
3 100 nm 20 (degree)
Fig. 4.4: Structural characterizations of ceria nanoparticles a) TEM image with diffraction rings
and b) XRD pattern

4.2 Characterization of single lanthanide doped ceria
4.2.1 Absorbance dispersion and direct allowed bandgap

The studied lanthanide doped ceria samples are doped ceria with positive association
energy lanthanides; neodymium and samarium, and doped ceria with negative association energy
lanthanides; holmium and erbium. The absorbance dispersions of some examples of doped ceria
samples are presented in Fig. 4.5. The absorbance curves versus the wavelength; the dispersions

of absorbance, for the all doped ceria samples have the same behavior as the undoped ceria with
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some differences in the linear regions. In positive association dopants, the absorbance is
increased with increasing the doping weight ratio at the wavelength region between 350 nm to
400 nm while the opposite behavior is mostly existed when doping ceria within negative
association lanthanides. The associated direct allowed bandgap calculations of some examples of
doped ceria are shown in Fig. 4.6. The bandgap values of the whole undoped and doped ceria
samples are summarized in Table 4.1. From this table, it can be observed that the direct allowed
bandgap becomes lower than undoped ceria when doping with the positive association
lanthanides; Nd and Sm, and it becomes much lower by increasing the doping weight ratio. That
3

. . . . . . +
gives an indication that there are more formed O-vacancies associated to more formed Ce

ionization states when the concentration of Nd or Sm is increased in the ceria nanoparticles.

(a) 45 by 4.5

—o——LEr5%
4 —a—a— Er 10%
———[r 5%

0 0
350 400 450 500 350 600 650 700 750 800 350 400 450 500 550 600 650 700 750 800
A(nm) A(nm)

Fig. 4.5: Absorbance dispersion of doped ceria with (a) Nd and (b) Er, at different reagent weight
ratios
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Fig. 4.6: Direct bandgap calculation of doped ceria with (a) Sm and (b) Ho, at different reagent
weight ratios “dotted line is the bandgap of undoped ceria”

In opposite, doping with Ho and Er; the negative association lanthanides, causes an
increase in the bandgap of synthesized doped ceria, compared to that of the undoped ceria. The
bandgap energy becomes higher as the doping concentration is increased which indicates, as a
novel approach, that there are lower O-vacancies in the nanoparticles associated to less
conversion from Ce™ ionization states to Ce™ states. In other words, these negative association
lanthanide dopants can act as O-vacancy scavengers while the positive association ones act as O-

vacancy generators.
4.2.2 Fluorescence emission intensities

The fluorescent emissions of some doped ceria samples are shown in Fig. 4.7 and the
complete peak emission values are reported in Table 4.1. Based on the obtained fluorescence
results, the peak emission is higher in case of doping with the positive association energy
elements; Nd and Sm, compared to the undoped ceria, which ensures that there are more Ce™
ions and formed O-vacancies. Given that the number of photons that are emitted from the

material via spontaneous emission, which is interpreted as the peak of the emitted intensity on
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the power meter, is proportional to the number of excited electrons in the conduction band that
relax via a radiative pathway. As the integration of the fluorescence intensity is proportional to
the number of excited electrons and the shape of the fluorescence spectra is unchanged with
doping. Therefore, the peak intensity is proportional to the electron concentration. In summary,
the higher fluorescence intensity peak indicates that there is a higher concentration of Ce™ states.
The opposite behavior is found when doping with negative association energy dopants; Ho and
Er, giving an indication to the reduction of O-vacancies; less conversion from Ce™ to Ce™.
These two conclusions are in a good agreement within the results obtained from the direct

bandgap calculations.
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Fig. 4.7: Emitted fluorescent intensity of doped ceria with a) Nd and b) Er “dotted line is the
fluorescence peak of undoped ceria”
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4.2.3 Results of the structural parameters

TEM images of the doped ceria nanoparticles, associated with diffraction rings, are
obtained experimentally. Some of TEM images of the formed nanoparticles and its associated
diffraction rings are shown in Fig. 4.8, and the whole measured average nanoparticles' size,
interplanar distances and lattice parameters for all samples are calculated and reported in Table
4.1. From these results, it can be observed that the particle size becomes smaller with the
increase of both interplanar distance and lattice parameter when doping ceria with positive
association energy elements. That supports the conclusion that the O-vacancies, associated to
Ce™ ions, are increased with this category of lanthanide dopants. The opposite result is found
when doping ceria with negative association energy elements. This conclusion agrees with the

conclusions verified from direct bandgap calculations and fluorescence measurements.

XRD patterns of some lanthanide doped ceria, as examples, are presented in Fig. 4.9. The
peaks shown in this figure are associated with the different surface planes of the formed ceria
nanoparticles. To determine the structure of the formed nanoparticles, the patterns of different
samples are measured through x-ray diffractometer (XRD). From the first pattern peak, the
average particles' diameter can be calculated through Scherrer’s formula; Equation (2.9). The
complete results of diameters obtained from XRD for all of lanthanide doped ceria samples are
reported in Table 4.1. The mean diameter of the different doped ceria obtained by XRD show

good agreement to the results obtained from TEM images.
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Fig. 4.8: TEM images and diffraction rings of ceria doped with 5% reagent weight of a) Ho, b)
Er, ¢) Nd, and d) Sm
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Fig. 4.9: XRD patterns of ceria doped with 5% reagent weight of a) Sm and b) Nd
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Material Direct | Peak Lattice Inter- Mean Mean
Eg (eV) | fluorescence | parameter | planar particle particle
(arb. units) (A) distance | size using | size using

(A) TEM XRD

(nm) (nm)
Undoped ceria | 3.26 20.63 5.22 3.03 6.75 6.83
Doping | 5% |3.22 32.75 5.30 3.04 6.29 6.30
with Nd | 10% | 3.21 35.68 5.35 3.07 6.23 6.29
15% | 3.20 39.04 5.38 3.09 6.21 6.10
Doping | 5% |3.23 25.81 5.27 3.06 6.48 6.55
with Sm | 10% | 3.22 28.15 5.31 3.09 6.39 6.45
15% | 3.21 30.97 5.35 3.11 6.24 6.30
Doping | 5% |3.36 19.48 5.09 2.94 7.36 7.12
with Ho | 10% | 3.38 16.11 4.99 2.88 7.48 7.44
15% | 3.39 15.38 4.94 2.85 7.60 7.79
Doping | 5% |3.30 19.90 5.08 2.93 7.21 7.12
with Er | 10% | 3.31 16.71 5.04 291 7.25 7.31
15% | 3.32 15.85 5.01 2.89 7.33 7.31

Table 4.1: Optical and structural data of the whole ceria samples, pure and doped with rare earth
elements

Experimentally, there are some additional peaks found in XRD pattern related to
Ce(OH);. However, these peaks are removed from the shown figures; 4.9a and b, because
Ce(OH); component is not originally found in the powder. Experimentally, the samples of
undoped and doped ceria were found to be converted slowly to Ce(OH); inside XRD cabinet
over the measurement period, which is up to one hour. There are two pieces of evidence of this
conversion reaction. Firstly, the color of the powder is changed from white, indicative of ceria, to
yellow, which is an indication for Ce(OH)s, after the end of XRD measurement as shown in Fig.
4.10. Second piece of evidence for that conversion process is that the peaks of Ce(OH); are very
narrow; very small FWHM. Therefore, the size of Ce(OH); nanoparticles is calculated to be
relatively large; around 25 nm based on our calculations. These relatively large nanoparticles are

not observed in the TEM images. Then, it can be concluded that this additional material is

formed in XRD cabinet only and it was not originally found in the synthesized powder.
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Fig. 4.10: Photos of the wet powder for undoped ceria a) before, and b) after the process of XRD
measurement

4.2.4 XPS analysis

Table 4.2 lists the results obtained from the analysis of doped ceria nanoparticles using
XPS and provides a quantitative overview of the chemical composition of each synthesized
nanoparticles. As a summary, it is observed that the incorporation of dopant within ceria
nanoparticles during synthesis was higher when the dopant has negative association energy.
Several trends can be observed from the analysis of the data presented in the two tables; 4.1 and
4.2. Of the two oxygen vacancies generators, Nd causes a larger change in the oxygen vacancy
concentration, compared to what obtained when an equal weight of Sm is added. In other words,
there is a higher concentration of Ce™ ions formed in the ceria doped with Nd more than the
doped ceria with Sm. Ho is a much better vacancy scavenger than Er as there is more significant
reduction of Ce™ states in the Ho-doped ceria, based upon the increase in allowed direct bandgap
and the decrease of peak fluorescence intensity with increasing dopant concentration. The
relationship between conversion rate from Ce™ to Ce™ states, or the corresponding oxygen

vacancy concentration, and the amount of dopant in the ceria nanoparticles appears to be
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relatively linear when the dopant is either Nd or Sm, but is strongly nonlinear when the dopant is

Ho or Er.

Weight ratios | Ols Ce3d |Sm3d | Nd3d Ho4d Er4dd | Molecular
percentage
of dopants

Undoped ceria | 62.62 | 10.39 |0 0 0 0 0

Doped | 5% |6531 |11.86 |0 0.29 0 0 2.45

with 10% |66.03 |10.70 |0 0.44 0 0 4.11

Nd 15% | 65.45 | 1097 |0 0.96 0 0 8.75

Doped | 5% [62.10 |12.34 |0.76 0 0 0 6.16

with 10% | 65.63 |12.14 | 1.09 0 0 0 8.98

Sm 15% | 6540 |10.13 | 1.73 0 0 0 17.08

Doped | 5% |66.68 |12.03 |0 0 0.38 0 3.16

with 10% | 67.02 | 8.01 0 0 1.02 0 12.6

Ho 15% | 68.30 | 10.99 |0 0 1.44 0 13.10

Doped |[5% [69.77 [10.61 |0 0 0 0.46 4.34

with 10% |60.02 |1431 |0 0 0 1.34 10.68

Er 15% 6936 |8.17 |0 0 0 1.85 22.64

Table 4.2: Chemical analysis of the atomic concentrations of synthesized nanoparticles

4.3 Mixed doped ceria (MDC) characterization

4.3.1 Absorbance dispersion and bandgap study

The direct allowed bandgap calculations, based on absorbance dispersion measurement,
are done exactly as the previous procedure of single lanthanide doped ceria, but this time for
mixed rare earth elements doped in ceria, which we called previously mixed doped ceria (MDC)
nanoparticles. Fig. 4.11 shows the absorbance dispersions of some examples of ceria doped with
two elements; one has positive association energy; Nd or Sm, and the other one has negative
association energy; Ho or Er. The examined weight doping ratios are of two cases: first one is

equal, which means that the reagent weight of negative association energy element used during
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the synthesis procedure; in situ, is equal to the weight of positive association energy element, and
the second doping case is double, which indicates that the weight of negative association energy
element is twice the weight of positive association energy one, for more verification of the

obtained results.

(a) 435 (b) 4.3
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Fig. 4.11: Absorbance dispersion of ceria, doped with a) Ho and Nd and b) Sm and Er
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Fig. 4.12: Direct allowed bandgap calculations of ceria, doped with a) Ho and Nd and b) Sm and

Er

Some examples of the direct bandgap calculation of MDC are shown in Fig. 4.12, and the

results of all studied MDC samples are summarized in Table 4.3. From the direct bandgap
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values, it can be noted that adding Ho or Er in addition to Nd or Sm, causes the direct bandgap to
be larger than the doped ceria with only the same reagent weight ratio “10%” of Nd or Sm,
respectively, which is reported in Table 4.1. This increase in the bandgap becomes higher with
increasing the concentration of the negative association energy elements; Ho or Er. That gives an
indication that there are less formed O-vacancies and, therefore, less Ce™ ions are converted to
Ce™ ones. In other words, these doping materials; Ho and Er, are proved for the second time to

act as O-vacancies scavengers.
4.3.2 Fluorescence emissions spectra

The fluorescent emissions of mixed doped ceria are shown in Fig. 4.13and the complete
peak emission values are reported in Table 4.3. The peak emission is found to be lower within
adding Ho or Er with Nd or Sm; compared to the doped ceria with only Nd or Sm, which ensures
that there are less Ce™ ions and O-vacancies. Given that the higher fluorescence indicates that
there is a higher concentration of Ce™ states associated to more formed O-vacancies and vice
versa. Then, this is another proof that the negative association lanthanides act as O-vacancies
scavengers in ceria. This conclusion is in a good agreement within the results obtained from the

direct bandgap calculations.
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Fig. 4.13: Fluorescence emission of ceria, doped with a) Er and Nd and b) Ho and Sm

4.3.3 Results of structural analysis

To discuss the structural characteristics of the synthesized mixed doped ceria, TEM
images of some MDC nanoparticles, associated with its diffraction rings, are shown in Fig. 4.14.
The average nanoparticles' size, interplanar distances and lattice parameters of all MDC samples
are calculated and reported in Table 4.3. From these results, it can be observed that the particle
size becomes larger and the interplanar distance or lattice parameter are decreased within MDC,
compared with ceria co-doped with only positive lanthanides. That interprets the fact that the O-
vacancies associated to Ce™ ions are decreased with adding negative E,s lanthanides. That

ensures the conclusion derived from both bandgap calculation and fluorescence spectroscopy.

XRD patterns of some MDC samples are presented in Fig. 4.15. Again, from the first
pattern peak, the average particles' diameter can be calculated through Scherrer’s formula shown
in Equation (2.9) and summarized in Table 4.3. The results of XRD are in a good agreement

with TEM measurements.
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Fig. 4.14: TEM images of ceria nanoparticles doped with equal concentrations of a) Nd and Er
and b) Sm and Ho

(@) 250—— — — (b) 250
200 11D
22150 22150} (111)
g 3 53
z48 2
=100 =% 100}

501 50
— a— — 0t— e
5 30 3 4 B 50 55 60 65 10 3 30 35 40 & 50 55 60 6 10

26 (degree) 20 (degree)

Fig. 4.15: XRD pattern of some ceria nanoparticles doped with equal concentrations of a) Nd and
Ho, and b) Sm and Er

It can be concluded from the previous results, obtained from the previous optical and
structural characteristics, that Ho and Er can act as O-vacancies scavengers in the doped ceria.
This conclusion reaffirms the same conclusion drawn from the data presented within single
dopant ceria. Also, this conclusion can be utilized in the search to control the concentration of O-
vacancies formed in ceria. This study is important for two reasons: firstly, to verify the
conclusions obtained from the study of the O-vacancies scavenging of the single negative

association lanthanide dopant when added into ceria nanoparticles. Secondly, MDC offers a
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technique to control the O-vacancies defects formed in ceria nanoparticles which can be helpful
within some applications sensitive to the material’s defects such as high K-dielectrics for high

speed MOSFETs, in which ceria films are deposited on germanium [10-58]. This application will

be presented briefly in the future work; Chapter 7.

The used Direct | Peak Lattice Inter- Mean Mean
dopants within | Eg fluorescent | parameter | planar particle particle
ceria (eV) Intensity (A) distance | size with | size with
(arb. units) (A) TEM (nm) | XRD (nm)
Nd | with  no | 3.21 35.68 5.35 3.07 6.39 6.45
Ho or Er
equal 3.27 19.25 5.14 2.97 6.48 6.56
weight of
Ho
double 3.29 14.50 5.05 2.92 6.72 6.83
weight of
Ho
equal 3.28 15.95 5.32 3.07 6.60 6.55
weight of
Er
double 3.29 12.00 5.28 3.05 6.69 6.83
weight of
Er
Sm | with no | 3.22 28.15 5.31 3.09 6.23 6.29
Ho or Er
equal 3.29 18.90 5.14 2.97 6.39 6.30
weight of
Ho
double 3.31 18.05 5.11 2.95 6.60 6.55
weight of
Ho
equal 3.37 13.85 5.07 2.90 6.60 6.31
weight of
Er
double 3.38 11.50 5.02 2.87 6.72 6.56
weight of
Er

Table 4.3: The complete measured data for MDC nanoparticles
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4.4 Doping ceria with some tri-valent metals

4.4.1 Absorbance dispersion and direct allowed bandgap

In this section, the absorbance dispersion and the direct bandgap calculations are operated
for ceria initially doped with reagent weight ratios of 5%, 10% and 15% of aluminum and iron.
These curves are shown in Figs. 4.16 and 4.17. It is found that the direct bandgap for both
materials are less than that of the undoped ceria. This reduction in bandgap arises by increasing

the doping ratio. For each doping ratio, aluminum gives lower bandgap than doping with iron.
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Fig. 4.16: Absorbance dispersion of ceria doped with a) Al and b) Fe
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Fig. 4.17: Direct allowed bandgap calculations of ceria doped with a) Al and b) Fe “dotted line is
the bandgap of undoped ceria”

4.4.2 Fluorescence emissions results

The measured emitted fluorescence spectra for both doping elements are shown in Fig.

4.18. The emitted intensity peak is increased with increasing the doping concentration and the

results for aluminum are higher than that of iron.
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Fig. 4.18: Fluorescence emission of ceria doped with a) Al and b) Fe “dotted line is the
fluorescence peak of undoped ceria”
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4.4.3 Analysis of structural parameters

TEM images and XRD patterns of some ceria samples doped with both metals are shown
in Figs. 4.19 and 4.20. The size of the nanoparticles is reduced with increasing the doping
concentration within both dopants. The size within Al doping is smaller than Fe. The results of
direct bandgap values, fluorescence intensities’ peaks, particle size from TEM and XRD, lattice

parameters, and interplanar distance for doped ceria with Al and Fe are summarized in Table 4.4.
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Fig. 4.19: TEM images of ceria nanoparticles doped with 5% reagent weight of a) Al and b) Fe
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Fig. 4.20: XRD pattern of ceria doped with 5% reagent weight of a) Al and b) Fe
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By comparing the results in Table 4.4 to the results of the doped ceria with Nd and Sm
reported in Table 4.1, it can be concluded that doping with Al gives the highest concentration of
O-vacancies formed in ceria nanoparticles or it gives the highest conversion from Ce™ to Ce™.
That is because the doped ceria with Al leads to the lowest direct bandgap, the highest emitted

fluorescent intensity, the smallest average size of nanoparticles measured through TEM and

XRD.
Material Direct | Peak Lattice Inter- Mean Mean
Eg (eV) | fluorescence | parameter | planar particle particle
(arb. units) | (A) distance | size using | size using
(A) TEM XRD
(nm) (nm)
Doping | 5% | 3.20 37.40 5.53 3.19 6.05 5.85
with 10% | 3.13 41.75 5.60 3.24 5.60 5.46
Al 15% | 3.10 44.90 5.68 3.28 4.95 5.25
Doping | 5% | 3.23 26.68 5.47 3.17 6.10 6.26
with 10% | 3.18 29.13 5.59 3.23 5.77 5.90
Fe 15% | 3.14 33.00 5.67 3.27 5.36 5.65

Table 4.4: The complete data measured for doped ceria within Al and Fe
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CHAPTER FIVE

Ceria Nanoparticles as Optical DO Sensing Material

5.1 Theory of DO sensing based on fluorescence quenching

The development of fluorescence oxygen sensing has had profound effects in the fields of
medical science, bioengineering, environmental monitoring, and industrial process control, and
in military applications [59]. Research to develop smaller and more accurate sensors that are
robust in harsh or reactive environments continues. In biomedicine as an example, the
development of a biomedically-compatible microscale dissolved oxygen (DO) sensing system,
using nanotechnology methods, has been extensively pursued in recent research studies for
applications that include in vivo and in vitro oxygen sensing especially prior to and during
surgical procedures, such as during tumor removal operations [60]; probing the surfaces of

transplant tissues and organs [61]; and monitoring blood gas levels in microdialysis units [62].

The bulk of the sensor technology falls under three classifications: fluorescence-dye
optical sensing, amperometric electrochemical sensing, and thin film solid-state conductivity
sensing. The last two types of sensors have severe limitations; for example, these sensors suffer
from fouling by organic matter, which leads to catastrophic failure and short operational
lifetimes [63]. Additionally, electrochemical sensors require a reference electrode, which had
been proved to be difficult to miniaturize and the characteristic electrostatic charge of this
electrode attracts charged particles and ions, causing the device to be extremely prone to
contamination by organic matter [64]. It should be noted that ceria thin films are currently used
as resistive oxygen sensors [65], but they have the same disadvantages as the electrochemical

SENSOors.
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The main optical phenomenon employed when sensing dissolved oxygen using
fluorescent dyes is fluorescence quenching, caused by an energy transfer to the dissolved oxygen
followed by the formation of non-radiative complexes, when oxygen interacts with the dye
molecule. Fluorescence-quenching oxygen sensors have been adopted rapidly due to their
inherent high sensitivity and stability [66]. A majority of fluorescent dyes, particularly the ones
that are organometallic in nature, displays oxygen-quenching characteristics. However, a discrete
set of fluorophores exhibits enhanced sensitivity to oxygen, as well as relatively long fluorescent
lifetimes, thus reducing the requirements of the optical transducers [67]. Examples include some
of the ruthenium-based dyes [68-69]; however, several of these dyes are sensitive to water,
which negatively impacts the accuracy of the measurement of dissolved oxygen in aqueous
solutions. To overcome this issue, polymers doped with fluorescent dyes have been formulated
and these composites have been used as the active material in some fluorescence-based dissolved

oxygen (DO) sensors [70].

Fluorescence emission decreases with increasing DO concentration in the fluorescent dye
where the amplitude of the emitted fluorescence intensity is related to the DO concentration

through Stern-Volmer equation, which is as follows [71]

’70 =1+ Ky, [0,] (5.1)
I, and I represent the steady-state fluorescence intensities in the absence and presence,
respectively, of the quencher; oxygen; Ky is the Stern—Volmer quenching constant, which is an
indication for the sensitivity of the used nanoparticles to sense the dissolved oxygen [31]; and

[O:] is the dissolved oxygen concentration.
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The novel work introduced in this thesis is the study of ceria nanoparticles as molecular
probes in the fluorescence quenching DO sensors. Based on our study of optical and structural
characterization for undoped, lanthanides-doped, and metal-doped ceria nanoparticles, some
selected ceria nanoparticles are evaluated as optical DO sensors. We expect that their relatively
high concentration of the O-vacancies will make these particular nanoparticles efficient probes
for DO sensing. The selected dopants that have been shown are previously to increase the
concentration of the O-vacancies in doped ceria nanoparticles are the ones with positive
association energies — two lanthanides elements, neodymium and samarium, and aluminum. Iron
shows promising results in forming higher concentrations of O-vacancies in ceria based upon an
analysis of the absorption spectra of the iron-doped ceria nanoparticles. However, the intensities
of the fluorescence emission from the ceria nanoparticles doped with iron are found to be
relatively low when compared to undoped ceria nanoparticles. So, this dopant is not selected in

the study for this application.

5.2 Fluorescence quenching experimental setup

The setup designed to measure the optical fluorescence quenching in the dissolved
oxygen sensing experiment is shown in Fig. 5.1. It is similar to the fluorescence setup with some
modification. It consists of an ultraviolet (UV) lamp coupled to a monochromator. The light that
exits the monochromator and excites the nanoparticles (Aexe =430 nm) is focused on a three-hole
flask. In the flask, 0.2g of the dried powder of ceria nanoparticles, undoped or doped with one of
the selected elements, is suspended in 200 mL of DI water and sonicated prior to the
fluorescence measurement. This solution is stirred slowly during the experiment to prevent the
photobleaching. The inlet oxygen and nitrogen gases, whose flow rates are controlled by mass

flow rate controller (MKS 247-C), are flown separately through a double-hole cork placed in one
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of the holes of the flask. The probe of DO meter, (Milwaukee MW600), which has a
measurement range up to 19.9 mg/1, is inserted in the second hole of the flask. The third hole has
a short hose attached to a cork, which acts as an outlet of the gases from the flask. The
fluorescence signal is collected using a second monochromator positioned at a 90° angle to the
first monochromator. As the monochromator is scanned over the visible wavelength region, the
fluorescence signal is detected by the photomultiplier tube, located at the exit port of the second
monochromator, and is recorded using a power meter similar to what is used in the fluorescence

setup.

At each change of the mass flow rate controller for both gases, we wait for the DO
concentration to be stabilized, as determined as the time when a constant reading is obtained
from the DO meter. Then, the UV lamp is turned on and the second monochromator is adjusted
to start scanning the visible fluorescence emission spectrum. To study the temperature stability
of the different ceria nanoparticles sensitivity, the 3-hole flask is immersed in a water bath on a
hot stirrer and the temperature is raised up to 50°C. At each temperature, the previous procedure
of measuring the emitted fluorescence with changing the DO concentration is done exactly.
Based on the fluorescence quenching, Stern-Volmer constants of the undoped and doped ceria
are calculated at different temperatures and compared to the Stern-Volmer constants calculated at
room temperatures. The percentage change of Stern-Volmer constants with the temperature can
be considered a measure of the thermal stability of the sensitivities of the nanomaterials studied

for DO detection.

55



DO meter
[— 8.2 mg/l
I Tass flow rate
controller Qutlet
inlet / gases
gases . DO probe
DC-NPs [~ Yt} ==
solution "_"_‘i_ — Monochromator,
Wt -
Power supply Power supply
for UV lamp for PMT
Monochromator 3 .

Cern o
solution djﬂrﬂdﬁmmh “

] DO meter
™ . Monochromator

Fig. 5.2. A photo of the optical fluorescence quenching DO sensing setup

5.3 Fluorescence quenching and Ksy results

5.3.1 Fluorescence quenching at room temperature

Now, we introduce the results of undoped and doped ceria nanoparticles as the molecular

probe in DO sensing through the fluorescence quenching technique. The fluorescence intensity
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of the nanoparticles can be correlated to the ambient oxygen concentration as the radiative
pathways in ceria are associated with the Ce™ ions. Examples of visible fluorescence spectra at
different DO concentrations are shown in Fig. 5.3. For all undoped and doped ceria
nanoparticles, it can be observed that the amplitude of the emitted signal decreases as the DO
concentration is increased, but the shape of the fluorescence spectra remains unchanged. In
addition to the explanation described previously, in section 2.2.2, concerning the correlation
between the emitted photons and the relaxation via the 5d-4f transition of an excited Ce" jons in
Ce,0s, the Ce™ ionization states have very small probability of the radiative recombination.
Thus, we hypothesize that the interaction of the dissolved oxygen molecules with ceria
nanoparticles suppresses the O-vacancy concentration and forces a conversion of some of the

. +3 +4
cerium from Ce " to Ce™".
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Fig. 5.3: Fluorescence quenching spectra at room temperature with different DO concentrations
for a) undoped ceria and b) doped ceria with 5% reagent weight of Sm as an example.
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The linear interpolation between 1,/ versus DO concentration for some of the doped ceria
nanoparticles are presented in Fig. 5.4. There are two points about the graph that must be
discussed, which are the error bars and the value of /,. The origin of the error bars in the graph is
as follows: during the detection of the emitted fluorescence at each stabilized DO concentration,
the second monochromator is adjusted at the wavelength of peak intensity, 523 nm, and the
power meter records the maximum amplitude for 5 seconds. Then, the mean value of the
maximum amplitudes obtained during this time period is calculated and the error bars shown in
Fig. 5.4 represents the minimum and maximum amplitudes of the peak fluorescence intensity
around the mean value. Secondly, the value of /, could not be found experimentally as the DO
concentration never reached zero even when there was no inlet flow of oxygen or nitrogen. We
speculate that this is due to a release of oxygen stored in the ceria lattice when the nanoparticles
are introduced into the solution. Therefore, /, is calculated by forcing the linear fit of the data to

include a point for /,// =1 when DO = 0 mg/L.
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Fig. 5.4: Stern-Volmer relations at room temperature for ceria doped with 5% reagent weight
ratio of a) Nd and b) Al
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The complete values of Ksy for the different synthesized ceria nanoparticles at room
temperature are summarized in Table 5.1. The dopants selected for this study are found to
increase Kgy of the doped nanoparticles as compared to the Ky of the undoped ceria. Aluminum-
doped ceria shows a higher sensitivity than the lanthanide dopants studied. This result supports
the hypothesis that the sensitivity of the ceria nanoparticles to DO is correlated to the initial O-
vacancy concentration as the aluminum-doped ceria has the highest concentration of mobile O-
vacancies, which is proven during the characterization of aluminum-doped ceria (ceria: Al) that
is presented in Chapter 4. In the case of lanthanide dopants, Ks; of ceria nanoparticles doped
with neodymium (ceria: Nd) is higher than samarium doped ceria (ceria: Sm). This can be
explained through the conclusions derived from the optical and structural properties of both
materials, as described in Chapter 4, that neodymium generates more active O-vacancies in the

doped ceria nanoparticles than samarium.

Material Koy (M)
Undoped ceria 184.6
ceria:Sm 369.6
ceria:Nd 393.6
ceria:Al 454 .4

Table 5.1: Stern-Volmer constants of undoped and doped ceria nanoparticles

Overall, the calculated values of Stern-Volmer constants show that our synthesized doped
ceria nanoparticles are promising molecular probes in optical DO sensors as the Kgy for these
nanoparticles are much higher than the same constant for undoped ceria, measured with the same
procedure, and two fluorescent dyes that are used to detect dissolved oxygen: PtOEP, which has
a Kg in the range of 1.4 to 50 M [72-73], and tris(2,2A-bipyridyl) dichlororuthenium(II)

hexahydrate , which has a Ky in the of range 115-283 M'1[65-74].
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It is also important to note that the size of our synthesized nanoparticles as DO sensing
molecular probes are much smaller than the nanostructured fluorophores presently used in DO
optical sensing by the fluorescence quenching technique, which is of interest for certain
applications such as intracellular monitoring of oxygen. The undoped and doped ceria
nanoparticles used in the present study on DO sensing have an average diameter between 5.05-
6.75 nm, as measured from the TEM micrographs, and do not require an encapsulant when used
in aqueous media. The diameters of the ceria nanoparticles are much smaller than most of the
fluorescent dyes presently used in optical DO sensing. For example, Ru(Il) tris(4,7 diphenyl-
1,10-phenanthroline) dichloride/silica has a size ranging from 20 to 300nm and Pt(Il)

octaethylporphine embedded in xerogel is between 120-250 nm [75-76].

5.3.2 Thermal stability of Kgy

Due to its importance, the thermal stability of the Stern-Volmer constants of the
synthesized undoped and doped ceria nanoparticles is studied at temperatures from room
temperature up to 50°C. Firstly, the fluorescence spectrum of undoped and doped ceria
nanoparticles (ceria: Nd, ceria: Sm and ceria: Al) are measured at different temperatures with the
same DO concentration in the solution; the spectra from the ceria doped with Nd and Sm as
examples are shown in Fig. 5.5. At constant DO concentration, all of the undoped and doped
ceria nanoparticles show a decrease in the amplitude of emitted spectrum peaks with increasing
the temperature. This is due to the impact of the temperature rise on conversion of cerium from
Ce" ionization state to Ce™ state with a corresponding elimination of some of the O-vacancies
[53]. The impact of temperature on the Stern-Volmer graphs for the some of the doped ceria

nanoparticles are shown in Fig. 5.6. The values for Ky calculated using the spectra collected at
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different temperatures for all of undoped and doped ceria nanoparticles studied during this

experiment are summarized in Table 5.2.
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Fig. 5.5: Fluorescence spectra, demonstrating fluorescence quenching, at a constant dissolved
oxygen concentration, DO = 10.3 mg/L, for ceria doped with a) Sm, and b) Nd at 25, 30, 40, and

50°C
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Fig. 5.6: The linear relationship between I/I versus DO concentration at 25, 30, 40, and 50°C,
for doped ceria with a) Sm and b) Al
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Material Kgy (M)

25°C | 30°C | % Change | 40°C | % Change | 50°C % Change
Undoped ceria | 184.6 | 190.0 | 2.93 201.6 |9.21 208.0 12.68
Doped | Sm 369.6 | 385.6 | 4.33 4224 1 14.29 465.6 25.95
ceria Nd 393.6 |1 409.6 |4.07 4304 |9.35 440.1 11.81
with Al 454.6 | 468.0 |2.95 481.0 |5.81 489.6 7.69

Table 5.2: Ky values for undoped and doped ceria nanoparticles at different temperatures

It can be observed that the sensitivity to DO for all the studied ceria nanoparticles
increases with increasing temperature. Stokes-Einstein relation states that there is a direct relation
between temperature and Browning motion of the nanoparticles in the colloidal solution, which
also contributed to an increase in Stern-Volmer constant because of an increase in the number of
collisions between the nanoparticles and the dissolved oxygen molecules as a function of time
[77]. However, the effect should be relatively independent on whether the ceria is undoped or
doped since the both cases have approximately the same diameter. Therefore, we propose that
this trend is due to the increase of the O-vacancies mobility and, consequently, the ionic
conductivity [78] rather than an increase in the concentration of O-vacancies. To prove that, the
lanthanide dopants are discussed as examples. Neodymium dopant is proved, in Chapter 4, to
form more O-vacancies than samarium dopant. However, the percentage change of the
sensitivity, relative to the room temperature value, is found to be increased more rapidly for the
ceria doped with samarium as compared with that of ceria-doped with neodymium. The
activation energy of the O-vacancies in ceria doped with samarium, 0.76 eV, is lower than the
neodymium doped ceria nanoparticles, 0.79 eV [27]. Therefore, the mobility and ionic
conductivity of O-vacancies in Sm-doped ceria are higher in the Nd-doped nanoparticles, which

lead to larger change in Kgy with temperature when the dopant is samarium dopant more than the
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neodymium dopant. Then, the ionic conductivity is the dominant factor over than O-vacancies
concentration to explain the variation in Stern-Volmer constants with temperature increase. From
Table 5.2, the percentage change of the sensitivity, relative to the room temperature value, is
reasonably small, with the smallest change found for ceria doped with aluminum compared to
undoped ceria and either Sm- or Nd-doped ceria. This means that aluminum dopant offers the
best thermal stability of the DO sensitivity for ceria nanoparticles compared to the undoped ceria
and the lanthanide-doped ceria studied. Within lanthanide dopants, Ky of ceria doped with
neodymium is more stable with respect to temperature than the samarium-doped ceria

nanoparticles.

Generally, all of the ceria nanoparticles studied in this work, the undoped ceria, ceria:Sm,
ceria: Nd, and ceria: Al, shows much better thermal stability of DO sensitivity than other
presently used fluorescent dyes For example, PtTFPP-doped TEOS/Octyl-triEOS has relative
change of Ksy at 46°C by 73% compared to the value of the constant at room temperature and
Alq3/PtOEP has a relative change in Ky of 54% when the temperature is increased from room

temperature to 60°C [79-80].

As a summary, the ceria nanoparticles doped with positive association energy
lanthanides, samarium and neodymium, or with aluminum, can be considered robust molecular
probes for DO sensing using the optical fluorescence quenching technique. Aluminum-doped
ceria shows the highest sensitivity and has the best thermal stability of Kgy compared to the ceria
doped with either of the lanthanide elements. We expect that the use of these nanoparticles as the
molecular probes can lead to a significant improvement in DO sensors for industrial and
environmental monitoring applications. However, aluminum-doped ceria nanoparticles may not

be the best choice in biomedical applications due to the cytotoxicity behavior of aluminum [81]
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although this may be offset by the free radical scavenging of ceria [7]. Toxicology studies must
be performed with Al-doped ceria to determine whether this is a concern. In the meantime, the
results obtained on the undoped and ceria doped with samarium or neodymium show that these
nanoparticles hold significant promise as multi-function nanomaterials for biomedical
applications that include DO sensing. Finally, all of the undoped and doped ceria nanoparticles
studied in this work have higher Stern-Volmer constants and better thermal stability of the
sensitivity for DO sensing when compared to the properties of many fluorescent dyes presently
used in the field of optical DO sensing and the ceria nanoparticles have a much smaller size than

most of the fluorescent molecular probes.
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CHAPTER SIX

Doped Ceria Nanoparticles as Up-conversion Media

6.1 Theory of up-conversion

In an up-conversion (UC) process, two (or more) low-energy photons, depending on the
material, from excitation source are converted into one photon with higher energy that, ideally,
equals the sum of the low-energy photons. The integrated up-converted luminescence intensity
(/) 1s a function of the pumping power (P), as follows [82]

I o P" (5.1
where n is the number of pump photons absorbed per up-converted photon emitted. The
exponent n can be approximately 2 or 3, which indicates two-photon or three-photon absorption
processes, respectively. The up-conversion process is used in a variety of research fields. In
lasers, one of the applications of up-conversion materials is in the area of solid-state compact
lasers, such as Er” doped fluoride crystals which emits bright green emission at room
temperature when illuminated with near-infrared (NIR) photons [83-84]. In bioimaging, up-
conversion of photons from the infrared (IR) to visible wavelength range is preferred to down-
conversion from UV to visible light because of the transparency of tissue in large regions of the
infrared wavelength range and the strong absorption by proteins and waters in the UV
wavelength region along with reasonably efficient fluorescence in the blue-to-green wavelengths
by the protein molecules optically excited by UV light [85]. Furthermore, the excitation of
traditional biolabels with UV or short -wavelength radiation results in serious possible damage or
even death of biomolecules caused by long-term irradiation [86]. In solar cells, the use of up-

converting materials is important in the photovoltaic industry for the development of high-
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efficiency solar cells [87]. As the largest losses in the traditional silicon solar cells are the non-
absorbed photons at energies below the bandgap of the silicon semiconductor, which do not
contribute to energy conversion and the high energy photons that create electron-hole pairs in
silicon near the surface, where surface recombination and low mobility reduce the likelihood that
the carriers will contributed to the optically-generated current. So, the efficiency of solar cells
can be improved by combining luminescent up-conversion and down-conversion layers [88].

Before we discuss the different mechanisms of up-conversion, we will give a brief review
about the electronic structure of lanthanides and energy levels, which are important in
understanding the up-conversion energy mechanisms of our doped ceria nanoparticles. The
neutral lanthanide atoms mostly have three outer electrons (6s*5d") and a number of 4f electrons
varying from 0 to 14. Lanthanides are commonly found in their ionized trivalent state, having
lost their loosely bound 5d and 6s electrons. The electrons of the partially filled 4f shell are
shielded from interactions with external forces by the overlying 5s* and 5p° shells; therefore, the
transitions involved in the up-conversion processes in the trivalent lanthanides are 4f-4f
transitions [89].

When the lanthanide ions are doped in a solid matrix, the 4f electrons levels become non-
degenerate because of Coulombic, spin-orbit and crystal-field interactions, as shown in Fig. 6.1.
Coulombic (or electrostatic) interactions arise from the existence of repulsions between the 4f
electrons of the lanthanide ion considered. This results in a splitting of the free-ion levels into
iy energy levels, which are each (2L + 1) (2§ +1)-fold degenerate, where L and S are the
quantum numbers associated with the total orbital angular momentum and the total spin

25+1

momentum, respectively. The electrostatic energy splitting of the ©° 'L terms is typically around

10% cm™. Spin-orbit interactions, which is caused by the interaction between the electron spin and
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the magnetic field created by the electron’s motion, split each “**/L term into (2J + 1) states
denoted 5L J» where J is the quantum number associated with the total angular momentum, of
range (L - S| <J <|L + S|). The splitting of ***'L, terms is on the order of 10° cm™. Finally, the
interaction of the 4f electrons with the crystal field results in a Stark splitting of the ***/L; terms
into (2J + 1) terms which are called *"'L, . This type of splitting is relatively small, on the
order of 10? cm™, due to the shielded property of the electrons in the 4f shell. Then, the 4/-4f
transition energies are relatively invariant for a given ion in different host lattices because of the

shielding from the matrix provided by the 5s*and 5p° shells [90-91].

Coulombic

interactions ] _
Spin-orbat

interactions Stark
splitting

Fig. 6.1: 4f free-ion degeneracy of the lanthanides

The characteristic "L, energy levels of lanthanide ions led to Dieke diagram [92], as

shown in Fig. 6.2. The transitions between the ***’

Lj energy levels becomes the basic principle
of the up-conversion process through optical excitations and emissions over a wide band of

spectrum from visible to far IR region and can extend to VUV region [93-94].
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Fig. 6.2: Dieke diagram: energy levels of the ©> L, of some trivalent lanthanide ions

The dominant mechanisms of the up-conversion property are excited state absorption
(ESA) and energy transfer (ET). ESA mechanism, also known as sequential two-photon
absorption or ground state absorption (GSA), involves the successive absorption of photons via a
single ion. The general energy scheme of ESA is shown in Fig. 6.3.a, in which the first photon
causes an ion from the ground state (state 1) to enter a long-lived intermediate excited state (state
2). Then, a second photon promotes this ion from state 2 to the higher excited state (state 3),
which relaxes radiatively and results in UC emission. In ET mechanism (shown in Fig. 6.3b), UC
between excited ions proceeds from a sequential absorption of two photons that transfer energy
from an excited ion (donor) to another neighboring ion (acceptor). The excited acceptor relaxes
radiatively, to release the UC photon. ET is observed in materials with high dopant ion

concentrations [95].
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Fig. 6.3: Schematic diagrams of a) ESA and b) ET processes (4 v is the photon energy)

Rare earth ions can be considered famous luminescent centers due to their metastable
energy levels and relatively long emission lifetimes [86]. Trivalent rare earth ions such as Er”,
Tm"™, Ho™ and Yb™ are examples of the used rare earth luminescent materials. Among these
rare earth ions, the Er™ ion is one of the most efficient ions for up-conversion because of the
metastable levels 4lq and 4111, of Er™ which can be easily populated by commercial low cost
high-power light emitting diodes or laser diodes operating in IR region around 800 and 980 nm
[33]. Ceria is a promising host material for up-conversion because of its good thermal stability
and relatively low phonon cutoff energy [96]. This second property decreases the possibility of
non-radiative transitions, which can reduce the quantum yield for the up-conversion process.
Therefore, our work concentrates on ceria nanoparticles doped with erbium as the up-conversion
media. Also, this work introduces the results from a study of how to improve the up-conversion
process with adding other lanthanide dopants to ceria:Er nanoparticles, such as neodymium and
samarium (Nd-ceria:Er and Sm-ceria:Er). This study is the first work, to the best of our
knowledge, on the up-conversion process for ceria:Er, synthesized by chemical precipitation,
where additional lanthanide dopants, Nd or Sm, are used to improve the up-converted efficiency

by altering the concentration of a defect, the O-vacancy, in the host matrix.
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6.2 Experimental procedure to measure up-converted emissions

For the up-conversion process, an experiment that has been conducted to detect the
existence of up-conversion in ceria doped with erbium only and erbium mixed with some
positive association lanthanide elements, such as samarium and neodymium, to determine the
impact of the concentration of O-vacancies on the up-conversion emission. These doped ceria
nanoparticles are synthesized exactly as the procedure mentioned in Chapter 3. After the 24
hours synthesis process, these samples are calcinated at temperatures up to 900°C for one hour in
an oxidation furnace in which the inlet gas is nitrogen and no oxygen is allowed to be entered.
The up-converted emission from the calcinated nanoparticles are compared to the as-synthesized
samples, i.e., that have not gone through calcination. The absorbance spectrum of one calcinated
ceria:Er sample is measured using a Hach DR/4000V spectrophotometer to determine the energy
levels that can be used as excitation wavelengths. To detect the up-conversion spectrum, the
experimental set-up is as follows: an IR laser module with a central wavelength of 780 nm is
focused on to a cuvette containing a colloidal sample of ceria nanoparticles. The upconversion
signal is collected from the cuvette and directed into a monochromator that is positioned at a 90°
to the IR laser. As with the fluorescence setup described in Chapter 3 and shown in Fig. 3.2, a
photomultiplier tube connected to a Newport power meter is used to detect the upconverted

optical signal from the monochromater which is scanning between 500 nm and 700nm.

6.3 Experimental results of up-conversion
6.3.1 Absorbance spectrum of ceria:Er
Firstly, the absorbance spectra of ceria doped with erbium, for both non-calcinated and

calcinated conditions, are shown in Fig. 6.4. For the non-calcinated samples, there is no
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absorbance peak over the spectrum range. However, it can be observed that there are different
absorbance peaks related to the energy levels of erbium, shown previously in Dieke diagram, for
the ceria:Er sample that was calcinated at 900°C for one hour. Thus, Fig. 6.4 shows the
importance of the calcination, or annealing step, to form the energy levels of erbium required for
up-conversion process. This conclusion is in a good agreement with other research work, which
show that the calcination step is required to form the energy levels for up-conversion process

[97].
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Fig. 6.4: Absorbance spectrum of ceria:Er synthesized with a doping reagent weight ratio of 5%
with a) no calcination and b) calcinated at 900°C

6.3.2 Effect of calcination temperature and Er doping ratio

Firstly, the effect of the calcination temperature on the up-converted emission is
discussed. Under 780 nm IR laser excitation, the visible emission of ceria doped with erbium,
with a reagent weight ratio of 5%, at different annealing temperatures are shown in Fig. 6.5. It

can be observed that the non-calcinated nanoparticles do not emit photons, under IR excitation,
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which is expected given the spectrum for the non-calcinated sample shown in Fig. 6.4 where
there is no absorption at 780 nm by the non-calcinated nanoparticles. The amplitudes of the
emission of green (~ 555 nm) and red (~ 680 nm) lights, when the ceria:Er is illuminated with

780 nm light, increase with increasing the annealing temperature.
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Fig. 6.5: Up-conversion emission of ceria:Er, 5% reagent weight ratio, at different calcinations
temperatures

By increasing the calcination or the annealing temperature, erbium ions are crystallized
and its energy levels become more stable with the formation of a complex with oxygen, so that
the Er™ ions act as centers for up-conversion process [98]. This can give an indication that the
energy levels concept is the dominant factor as compared with the concentration of O-vacancies
in up-conversion process. To prove this conclusion, the absorbance dispersion for the calcinated
ceria doped erbium nanoparticles is shown in Fig. 6.6a, which shows a blue shift in the
absorbance dispersion in the linear region, as compared to the absorbance dispersion of ceria
doped with Er without annealing, which is shown in Fig. 4.5b. The direct allowed bandgap of the
calcinated ceria:Er is calculated, as shown in Fig. 6.6b, to be 3.93 eV, much closer to 4 eV than

any of the undoped or doped ceria nanparticles studied previously. Thus, the ceria nanoparticles
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after calcination are mostly composed of CeO, with Ce in the Ce™ state and contain a much
reduced concentration of O-vacancies. In other words, Ce" ionization states are converted to
Ce™ states through the calcination process with the elimination of the O-vacancies, which were
associated to Ce™ ionization states. This explanation is in a perfect agreement with other
research work [78-99]. So, as a conclusion, the results from the up-conversion process using
ceria nanoparticles cannot be explained by invoking the O-vacancies defects. It will be shown
later, in Section 6.4, that the mechanism used to explain the up-conversion emission depends

only on the energy levels of the optical centers of the emission, erbium, in the ceria host.
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Fig. 6.6: a) Absorbance dispersion and b) direct bandgap calculation of ceria:Er nanoparticles,
with a 5% reagent weight ratio and calcinated at 900°C
The impact of the weight ratio of erbium on the up-conversion emission is also studied.
The emission spectra of ceria:Er at different reagent weight ratios, at fixed calcination
temperature of 900°C, are shown in Fig. 6.7. It can be observed that the amplitudes of the green
and red emissions are increased by increasing the weight ratio of Er, up to a weight percent of
5%. However, when the erbium reagent weight ratio is increased to 10%, the visible emissions

are reduced compared to the lower reagent ratios due to the quenching effect of erbium

complexes on the up-conversion emission. At lower concentrations of erbium, the ions are
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randomly distributed in the host ceria and the distances between the ions, on average, are farther
apart. Therefore, the concentration of erbium in a ceria host, at which the quenching effect is
observed, is larger than 5% reagent weight ratio, which is nearly the same molecular doping ratio
as stated in Table 4.2 at ratios up to 10%. This ratio is much higher than the molar concentrations
at which quenching is observed in other hosts, such as a concentration of 0.25% in the case of
BaTiO;:Er™ powders or a concentration of 0.5% in TiOy:Er” powders [100]. This comparison
is of great importance as it shows the role of ceria as a relatively low phonon host material, on

our efforts to increase the up-conversion emission efficiency.
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Fig. 6.7: Up-conversion emission of ceria:Er, within 900°C calcination, at different erbium
reagent weight ratios

6.3.3 Power dependence

The logarithmic incidence power (P) and up-converted emission intensity (/) are shown
in Fig. 6.8 for both the green and red emissions. A plot of log 7 versus log P yields a straight line
with slope of power exponent n, which is the number of pump photons absorbed per up-

converted photon emitted From Fig. 6.8, it can be observed that the value of n is 2.04 for the
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green emission and is 1.60 for the red emission. Rounding, this is approximately 2, which means
that both wavelength emissions obey the two-photon absorption process in up-conversion.
However, the green emission shows a perfect up-conversion power exponent value compared to
the red emission. This would imply a very efficient process, but the overall power of the red
emission is much lower than the power measured for the green emission. We conclude that these
nanoparticles, using our synthesis and calcination procedure, are promising material for green

emission under IR excitation.
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Fig. 6.8: Up-conversion power dependence on the input power of the 780 nm pump source for
ceria:Er 5% reagent weight ratio calcinated at 900°C for a) green (~ 555 nm) and b) red (~ 680
nm) emission wavelengths.

6.3.4 UC emission for ceria:Er with additional lanathanide doapnts

In this section, we document the results of the up-conversion process when additional
lanthanide dopants are incorporated in the ceria:Er nanoparticles. The weight percentage of Er in
ceria is kept constant at 5% and the reagent weight ratios of the lanthanide dopants, neodymium

and samarium, are 5% and 10%. In each case, the lanthanide-doped ceria:Er sample is calcinated
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at 900°C. The emission spectra of Nd-ceria:Er and Sm-ceria:Er nanoparticles, pumped at 780

nm, are shown in Figs. 6.9 and 6.10, respectively.
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Fig. 6.9: Up-conversion emission of 900°C calcinated ceria:Er nanoparticles of 5% reagent
weight of erbium with 1) no added Nd, i1) added 5% reagent weight of Nd and iii) added 10%
reagent weight of Nd (The insets show the slight improvement of red emissions within adding

5% reagent weight ratio of Nd)
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Fig. 6.10: Up-conversion emission of 900°C calcinated ceria:Er nanoparticles of 5% reagent
weight of erbium with 1) no added Sm, ii) added 5% reagent weight of Sm and iii) added 10%
reagent weight of Sm.
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For additional neodymium dopant, it can be shown that the red emission is slightly
improved by 5%, compared to the ceria:Er system without neodymium, while the green emission
for Nd-ceria:Er is approximately the same as the ceria:Er samples. The improvement in the red
emission can be attributed to the alignment of 4H9/2 energy level of neodymium with the 419/2
energy level of erbium, as shown previously in Dieke diagram (Fig. 6.2). This alignment enables
better pumping efficiency of the 780 nm excitation because of the energy transfer from excited
Nd ions to Er ions. This mechanism is the same one applied multi-dopants system in some types
of glasses hosts [101]. Also, the obtained results of green and red emissions in Nd-ceria:Er is in
agreement with the results obtained by the up-conversion process in ceria:Er doped with
ytterbium within another research work. As it is found that increasing the concentration of Yb in
ceria:Er, the ratio of amplitudes of the red to green emission increased, compared to ceria:Er
nanoparticles when pumped with IR excitation [102].

On the other hand, the green and red emissions for Sm-ceria:Er, for 5% reagent weight
doping, are found to be lower than the same visible emissions of ceria:Er system without
samarium dopant. Since none of the energy levels in samarium align with the erbium energy
level of 419/2, there is no energy transfer between Sm and Er to enhance the emission at ~ 680 nm.
The reduction of visible amplitudes is resulted from the quenching effect of samarium.
Generally, for higher reagent weight ratios of both dopants, neodymium and samarium, the
quenching effect becomes dominant. The amplitudes of both the green emission at ~ 555 nm and
the red emission at ~ 680 nm are lower for the ceria:Er doped with 10% of reagent weight ratios
of neodymium or samarium than the amplitudes of the same up conversion emissions obtained

from ceria:Er doped with 5% reagent weight ratio of the same lanthanide dopants.

77



Also, the results obtained from Sm-doped ceria:Er nanoparticles provide evidence that
that the presence of O-vacancies defects do not enhance the up-conversion process and may in
fact decrease the efficiency of the process. This evidence supports our conclusion that the impact
of the co-doping technique in ceria nanoparticles through up-conversion application is related to
an energy transfer mechanism that is permitted because of the alignment of energy levels of

certain dopants with the energy levels of Er.

6.4 Suggested up-conversion mechanisms

The following discussion is an expansion on the conclusions drawn from the he results
obtained during this study and presented in Section 6.3 using the information about the energy
levels in Sm, Nd, and Er that are shown on Dieke diagram (Fig. 6.2). We suggest the following
up-conversion mechanisms for ceria:Er and lanthanide-doped ceria:Er systems. Firstly, for
ceria:Er system, Fig. 6.11 shows the energy level diagram of Er” ions in ceria, which can be
considered a part of Dieke diagram shown in Fig. 6.2. Based on the emitted emission spectrum
under 780nm excitation, it can be seen from Fig. 6.11 that there is a possible Excited State
Absorption (ESA) or Ground State Absorption (GSA) route as follows [97]. The erbium ion is
excited from 4115/2 level to 419/2. Then, there is a non-radiative relaxation to 4111/2. While at this
level, another ESA event occurs, exciting the Er ion to the level of 4F7/2. A series of non-radiative
relaxations are transpire, where the energy of the Er ion is reduced to lower levels such as 2H11/2
and 4F9/2. The radiative visible emissions result during the relaxation from these energy levels to
4115/2 level, green photons are emitted during the 2H11/2 to 4115/2 transition and red photons are
emitted during the 4F9/2 to 4115/2 transition. The minor differences in the wavelengths shown in

Fig. 6.11 and the wavelengths measured in the study on up-conversion can be attributed to small
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errors in the position of the grating in the monochromator and/or a slight perturbation of the Er

energy levels caused by the ceria host.
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Fig. 6.11: Up-conversion mechanisms with suggested pathways for ceria:Er nanoparticles where
the heavy black lines show the excitation of Er, the green and red lines are the transitions from
the excited to ground state that produce green and red emission, respectively, and NR means that
the transition is non-radiative

In case of Nd-ceria:Er, as shown in Fig. 6.12, there is an alignment between 4H9/2 level of
Nd with 419/2 level of Er. The difference in energy between the levels 419/2 and 4H9/2 in Nd is
approximately 780 nm. Then, we hypothesize that the dominant up-conversion mechanism is
Energy Transfer (ET), in which the energy is transferred from a donor excited ion; Nd, to the
neighboring acceptor ion; Er. That can explain the slight improvement of the red emissions in
Nd-ceria:Er with relatively small doping weight ratio of neodymium. We expect that similar

quenching mechanisms to those in ceria:Er are involved at high doping weight ratios of Nd.

There is no energy level available in Sm to which a 780 nm photon can excite a Sm ion
from the ground state and consequently there is no energy transfer from samarium to erbium.
The only observed impact of Sm in the Sm-ceria:Er system is a quenching of the up-conversion
emission. It is possible that there is energy transfer from excited Er to Sm, which would explain

the reduction in visible emissions from the Sm-ceria:Er as compared to the ceria:Er. Another
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possibility is that the O-vacancies present in the Sm-doped ceria:Er modify the lifetimes of the
excited states, which can reduce the time at which the excited Er ions exist at the *1,1» before the
second ESA event can occur or the O-vacancies reduce the lifetimes of some of the non-radiative

relaxation pathways that compete with the radiative relaxation pathways.
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Fig. 6.12: Up-conversion mechanisms with suggested pathways for ceria:Er nanoparticles doped
with neodymium or samarium, where ET indicates an energy transfer mechanism and NR
indicates a non-radiative transition.
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CHAPTER SEVEN

Conclusions & Future Work

7.1. Summary of research contributions

This thesis presents the impact of doping ceria with several tri-valent atoms on the optical
and structural characteristics of ceria nanoparticles. The elements are selected from some of the
most commonly used lanthanide and metal atoms. The lanthanide dopants are samarium and
neodymium, which have positive association energies with respect to O-vacancies, and holmium
and erbium, which are negative association energy lanthanides. The metal dopants that were

studied are aluminum and, to a much lesser extent, iron.

The research contributions that have been made during this thesis project related to

nanoparticle design and characterization are as follows.

1. We demonstrated that the association energy of the dopant atom determines the
shift in allowed direct bandgap energy of ceria. When compared to undoped ceria,
the direct bandgap of the ceria doped with a negative association element is
increased, the peak emitted fluorescent intensity is reduced, and there is an increase
of the average diameter of nanoparticles along with a decrease in lattice parameter
and interplanar distance. The opposite results are obtained within the positive
association lanthanides and metal dopants, compared to undoped ceria. We
conclude that:

0 The negative association energy elements, holmium and erbium, act as O-

vacancies scavengers when doped in ceria.
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0 The positive association energy lanthanide dopants, samarium and
neodymium, increase the O-vacancies.

2. We conclude that the change in bandgap energy can be correlated to a change in the
ratio of cerium in the Ce™ to Ce™ ionization states and a corresponding change in
the concentration of O-vacancies. The correlation between the optical
characteristics of ceria and the concentrations of Ce+4, Ce", and O-vacancies
demonstrates a new method for qualitative measurement for Ce+4, Ce+3, and O-
vacancies, which are important in determining a number of optical and chemical
properties of ceria. A nondestructive and inexpensive optical measurement
technique can be of a great importance to overcome the problems of other
techniques currently employed, such X-ray photoelectron spectroscopy (XPS) and
Raman spectroscopy.

3. The results obtained from the mixed doped ceria nanoparticles (MDC NPs) provide
another verification that the negative association energy lanthanide dopants reduce
the O-vacancies formed in ceria nanoparticles. For ceria doped with positive
association energy elements, Sm and Nd, the addition of negative association
dopants, such as Ho and Er, reduce the concentration of O-vacancies formed in the
ceria NPs. MDC NPs have larger bandgap, lower fluorescent peak intensity, and
larger diameter, compared to ceria doped with only positive association dopants.
This conclusion can open a new window to control the concentration of O-
vacancies in ceria by co-doping with positive association energy lanthanides and

negative association energy lanthanide elements.
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4. The study of two tri-valent metal atoms, aluminum and iron, as dopants, which are
reported to improve the ionic conductivity of oxygen in ceria, show that Al-doped
and Fe-doped ceria contains a higher concentration of O-vacancies than ceria doped
with an equivalent weight percent of Nd or Sm, the two lanthanide elements that are
shown in this study to increase the concentration of O-vacancies. This was
concluded from the reduced bandgap and smaller average size of the Al-doped and
Fe-doped nanoparticles. Al-doped ceria nanoparticles exhibited an enhanced
fluorescence; much higher than Undoped and iron doped ceria. The origin of the
fluorescence quenching in Fe-doped ceria was not studied. However, optical
absorption by the Fe atoms likely reduces the pumping efficiency of the ceria and
can absorb the visible emission from the Ce™. Aluminum is the most promising
dopant in ceria in terms of defect engineering as it forces, based on our measured
optical and structural characteristics, the largest increase in the concentration of O-

vacancies.

The research contributions that have been made during this thesis project related to the

characterization of ceria nanoparticle in two applications are as follows:

1. We demonstrate for the first time that ceria nanoparticles with a high concentration of O-
vacancies can be used as molecular probes for dissolved oxygen in aqueous solutions.
This is work build on our research conducted on doped ceria nanoparticles. The novel
work is the use of ceria nanoparticles, both undoped and doped, to sense DO using an
optical fluorescence quenching technique instead of the traditional ceria resistive sensing

technique.
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a. The emitted fluorescence from the ceria NPs shows a clear inverse relation with
DO concentration for all of the nanoparticles studied. Stern-Volmer constants,
which indicate the sensitivity of the sensing material for the oxygen quencher, are
calculated for the undoped and doped ceria nanoparticles. Generally, all of our
studied ceria nanoparticles samples show higher sensitivity than some of the
fluorescent dyes currently used in optical DO sensing. The value of Stern-Volmer
constant for the doped ceria NPs is up to 2.5 times larger than that of undoped
ceria. Aluminum-doped ceria exhibits the best sensitivity to DO. For the
lanthanide dopants, neodymium-doped ceria shows better sensitivity than ceria
nanoparticles doped with samarium.

b. The size of our undoped and doped ceria nanoparticles of range 5-7 nm is the
smallest, to the best of our knowledge, fluorophores for DO sensing that can be
used directly in aqueous solutions.

c. Our synthesized undoped and doped ceria nanoparticles show relatively excellent
thermal stability of these’ sensitivities when compared to the thermal stability of
other fluorescent dyes currently used in optical DO sensing. Aluminum-doped
ceria has the best thermal stability as compared to undoped or lanthanide doped
ceria. In the lanthanide dopants category, neodymium dopant shows much better

thermal stability of Ky than the samarium dopant.

2. The doping technique in ceria is applied to obtain high optical up-conversion efficiency.
The up-conversion material is ceria doped with erbium due to properties of erbium that

permit two-photon absorption coupled with radiative emission in the visible from its high
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energy states and the fact that ceria is a low phonon host. Ceria doped with erbium
(ceria:Er) nanoparticles are excited within 780 nm laser and found to emit green and red
emissions only after a calcination procedure where 900°C for one hour was found to be
the most optimum of the thermal anneals studied. However, the calcination step increases
the allowed direct bandgap of ceria, which indicates the that the calcination step also
converted cerium from the Ce™ to Ce™ ionization states and diminished the
concentration of O-vacancies. The addition of neodymium at a weight ratio of 5% during
the synthesis of ceria:Er nanoparticles improves slightly the visible emissions due to the
alignment of 780 nm pumping energy levels between neodymium and erbium. However,
the addition of samarium to ceria:Er quenches visible emissions due to the inability to
transfer energy from Sm to Er. This provides evidence that the alignment of energy levels
of the dopant with Er is the dominant factor in the modification of the up-conversion
process and that there is O-vacancy play no (or may play a slightly negative) role on the

up-conversion process.

As a summary, doping ceria with tri-valent dopants has measurable impact on the optical and
structural characteristics of the nanoparticles by controlling the concentrations of Ce™ and the O-
vacancies. The first demonstration of ceria as a molecular probe for dissolved oxygen was
shown, where the concentration of O-vacancies as well as the mobility of the vacancies has a
significant impact on the performance of the molecular probe between room temperature and
50°C. The selection of the dopant in ceria affects the up-conversion efficiency. However, our
study indicates that it is the alignment of the energy levels of the dopant with respect to Er that

impacts the up-conversion process and the O-vacancy concentration does not.
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Aluminum-doped ceria can be considered a very promising nanostructure to be used as the
molecular probe in optical DO sensor due to its relatively high sensitivity with near perfect
thermal stability. This nanomaterial can be used in industrial or environmental applications, but
we can not recommend its use in biomedical applications without a study on the toxicity of the
Al-doped nanoparticles. Without this study, we consider ceria doped with neodymium to be

promising for usage as a molecular probe for Do in biomedical engineering applications.

7.2 Suggested future work

There are many applications can be explored as future work. The following paragraphs
describe briefly some examples to explain that our conclusions can help in different applications
in wide range of fields. Firstly, ceria doped with the positive association lanthanides can be used
as free radical scavengers. Studies have already demonstrated that undoped ceria have
preventative and therapeutic effects on cells exposed to high concentrations of free radicals as a
result of physical trauma, exposure to toxins, etc. A study of the biological effect of the doped
ceria nanoparticles on cells and organism should be conducted. The ability to adjust the O-
vacancy concentration in the nanoparticles via doping will likely enable researchers to finely
tune the free radial scavenging of the nanoparticles to precisely determine the level of the

biochemical protection provided by the nanoparticles.

There are applications where trapping the nanoparticles in a flexible matrix, such as
electrospun fibers, may be required to address concerns about releasing nanoparticles in the
environment. Nanofibers can offer suitable host for ceria nanoparticles for a number of

applications where control of the location of the nanoparticles during and after the measurement
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is important. These nanofibers can be used in different applications such as free radical filters

and water waste treatment.

The scavenging of O-vacancies by ceria doping with negative association lanthanides,
can be helpful in field effect transistor (FET) in which high-k films are currently deposited on
germanium substrates. Among the oxides films used, CeO, is studied extensively because it
reduces the density of interface states, however it suffers from leakage current since it has a
relatively low bandgap and exhibits charge trapping [103]. Charge trapping is a common
phenomenon observed in most high-k dielectric materials during device operation as some
charge may be trapped in the insulator as it passes through the gate stack, causing device
instabilities such as threshold voltage (V) shifts and drive current degradation [104]. Charge
trapping is a result of the oxygen vacancies present in ceria [58]. Then, ceria doped with high
association energy elements may be useful because these dopants reduce the oxygen vacancies
and increase the bandgap of ceria. This can likely lead to a reduction in charge trapping and the

current degradation.

The improvement of both the down-conversion (fluorescence) and up-conversion
processes can be used in sustainable energy applications. Currently, we have initiated a trial to
improve the efficiency of Si-wafer solar cells using doped ceria films. This layer, above the cell,
will contain ceria doped with neodymium or aluminum, which has been shown in this thesis to

increase the visible emission under UV emission.

A suggested improvement to the experimental setups used during this thesis is the
addition of optical parametric oscillator (OPO) to the fluorescence and up-conversion setups.

This will allow the measurement of the the emission lifetime in both optical conversion
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processes, which will assist in a more comprehensive study on the role of O-vacancies on the
up-conversion process in Nd-doped and Sm-doped ceria:Er and the evaluation of other doped

ceria materials

An alternative to the measurement of fluorescence quenching of the doped ceria for DO
sensing of is a measurement based upon the up-conversion process. It is known that calcination
at extremely high temperatures initiates the formation of O-vacancies in ceria [34]. Thus,
ceria:Er nanoparticles should be annealed in a special furnace at temperatures around 1125°C to
convert some Ce™ ionization states into Ce™ states, with forming associated O-vacancies which
are the probe for the dissolved oxygen. Since the excitation wavelength for up-conversion is at
780 nm, the transmission of the pump through water, particularly water containing organic

materials, will be improved.
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