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Abstract

Fluorescence spectra and UV-Vis absorption spectra are collected on cerium
oxide nanocrystalline particles. While CeO; is the stable form of bulk cerium oxide,
ceria nanoparticles exhibit a nonstoichiometric composition, CeO,., due to the presence
of oxygen vacancies and the formation of Ce,O; at the grain boundaries. The Ce(III)
ions, which are more reactive and therefore more desirable for various applications, are
created by oxygen vacancies, which act as defects in the CeO,., crystal lattice. These
defects form trap states in the band gap of CeO,, which can be seen in the absorption
spectra. Ce(IIl) is required for fluorescence of the ceria nanoparticles while Ce(IV) is
involved in only nonradiative transitions. The optical spectroscopy results show that the
ceria samples have different ratios of Ce(III) ions to Ce(IV) ions, which is verified by x-

ray photoemission spectroscopy (XPS).
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Chapter 1 Introduction

Cerium oxide (ceria) is a wide bandgap semiconductor that has long been known
for its catalytic capabilities[1] and has been synthesized and studied in both thin-film[2,3]
and nanoparticle form[4-6]. As a thin-film, cerium oxide has unique properties such as a
high refractive index, a high dc dielectric constant and a lattice constant similar to Si,
making it suitable as an insulating material in Si device technology[7]. These properties
make cerium oxide useful for applications in microelectronics and optics.

Recently, ceria nanoparticles have attracted attention within the biomedical
research community as a potential agent to inhibit cellular aging[8,9]. Mixed brain cell
cultures have been shown to have an increased lifespan when a solution containing ceria
nanoparticles is introduced into their environment. The likely mechanism for the
longevity increase is the scavenging of free radical species in the cells that would
normally damage the cell, causing the cell to age[10]. The scavenging effect is attributed
to the presence of Ce(III) ions that reduce the free radical species as the Ce(III) ions are
oxidized to Ce(IV).

In this study, seven cerium oxide colloidal samples are compared using various
forms of spectroscopy. The main goal of the project was to find a way to determine the
Ce(III) concentration in the ceria nanoparticles using optical spectroscopy. The optical
spectroscopy techniques used were spectrophotometry, to measure the absorption
spectrum of the samples, and fluorometry, to measure the fluorescence of the samples.
These techniques are widely used to characterize semiconducting materials[11], but have
not been extensively used on ceria nanoparticles. One advantage of these techniques is

that the optical spectroscopy systems are inexpensive and have fast data acquisition.



Another advantage is that the samples can remain in their colloidal environment, thus
maintaining the chemistry at the surface as the particles are characterized. X-ray
photoemission spectroscopy (XPS) and Raman spectroscopy have previously been used
to determine the concentration of Ce(III) and Ce(IV) in ceria[12-14]. However, both
techniques have drawbacks, which prevent their use to monitor changes in these
concentrations real-time under most experimental condition. XPS requires extensive
sample preparation, including drying the sample, that may change the surface
characteristics of the sample, and data acquisition is slow. A high power laser is required
to perform Raman spectroscopy and requires an expensive high resolution
monochromator to resolve the Stokes and anti-Stokes optical signals.

The catalytic activity of these samples has been measured previously[15]. In this
study, a correlation between the absorption and the fluorescence spectra of the samples
was found as well as a correlation between these optical properties and the sample’s
catalytic activity. The fluorescence spectrum was found to be a more sensitive measure
than the absorption spectrum. The Ce(III) contribution to the absorption spectrum
overlapped the Ce(IV) contribution and deconvolution was an issue. Experimental
results of absorption and fluorescence spectroscopy were reinforced by XPS results that
verified the conclusions drawn from absorption and fluorescence.

In order to accurately interpret the results of the optical spectroscopy techniques
used, the theory behind fluorescence and absorption in semiconducting materials is given
in Chapter 2 along with the theory behind light scattering and cellular longevity. In
Chapter 3, all of the experimental procedures are given in detail. Chapter 4 presents the

results and discussion of all the techniques used to analyze the ceria nanoparticles.



Results are given for spectrophotometry, fluorometry, X-Ray photoelectron spectroscopy
(XPS) and X-Ray diffraction (XRD). Results are also given for the properties of the
samples, including particle sizes determined from transmission electron microscopy
(TEM), surface area measurements from performing Brunauer-Emmitt-Teller (BET) and
size measurements from dynamic light scattering (DLS). Chapter 5 concludes with a
recapitulation of the methods used and the results found and Chapter 6 presents ideas for

future research.

Chapter 2 Background

2.1 Luminescence

Luminescence is the emission of photons from a material where the emission
spectrum is not a function of the sample’s temperature[16]. 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. Ifthe electron is excited by an 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 process that occurs when photons are
used as the excitation source for the electrons and occurs in two forms. The first form is
phosphorescence. Phosphorescence occurs when photons continue to radiate long after
the excitation has stopped due to the fact that the excited state has an extremely long
lifetime, usually because the only transition down to the ground state is radiative and is a

forbidden transition. The second form is fluorescence. Fluorescence occurs when an



electron is excited by an incoming light source (which is also true for phosphorescence).
Photons are then emitted as the electrons return to the ground state. In fluorescence, as
opposed to phosphorescence, the excited electrons stay in the upper energy band for a
very short time, typical lifetimes are in the microsecond range or less, and to the human
eye the sample would cease to fluoresce once the light source is terminated.

The incoming light, with photon energy hv, will excite the electrons from a
ground state E; to an upper energy level E;. The photon energy hv must be high enough
to excite the electron from E; to E,. Ifhv is larger than E,-E;, the excess energy is

released as heat. Figure 1 shows this schematically.
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Figure 1. Schematic showing the absorption process.

The process of exciting an electron by a photon is known as absorption. Once the
electron is in the higher energy state, one of two radiative processes can occur. First, the
electron can relax back to the lower level E, releasing a photon after having stayed at the
upper excited state E, for a certain amount of time. This is known as spontaneous
emission and is shown in Figure 2. A photon emitted during spontaneous emission has a
random phase and direction of propagation when compared to the photon that was

absorbed to excite the electron.
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Figure 2. Schematic showing spontaneous emission.

The second radiative process occurs when the excited electron interacts with an
incoming photon, causing the electron to release a photon with the same momentum and
frequency as the incoming photon. This is known as stimulated emission and is shown in

Figure 3.
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Figure 3. Schematic showing stimulated emission.

There are other possible non-radiative paths in a two-level system where the
electron can relax that involve Auger recombination, phonon-electron interactions, or

require other multi-particle combinations. These other transition can be ignored if the



radiative lifetime of the excited electron is short. Multi-particle transitions usually need
to be taken into account if the radiative lifetime is long or there is a high concentration of

these other particles.

&
F
ANIradiative
oy 4
_"I.I
) —
=
|
o
c
vV W G, 3
e
VW Htimuiatad
green Emission

=
=

Ground State

Figure 4. Processes that occur in a ruby laser.

Figure 4 [Redrawn from Ref. 18] shows a schematic of a more complicated
system: the radiative and non-radiative paths of a ruby laser. This system has two
excitation levels, with both relaxing to an intermediate level through a nonradiative
process. Finally, the electrons in the intermediate level relax back to the ground state,
releasing photons in the process. The photons released can either have a random
momentum, caused by spontaneous emission, or the photon can be ‘knocked out’ by an
incoming photon, resulting in two photons with matching momentum and frequency. In
a bulk material where the photons are not confined and are allowed to leave the material
without purposely being reflected back into the material, spontaneous emission

dominates. This happens because only a small amount of photons are available to cause



stimulated emission due to the fact that most photons are emitted in a random direction
and quickly exit the sample. When a structure is used to confine the photons, a buildup
of photons with the same wavelength occurs and the likelihood that an excited electron
relaxes via stimulated emission increases. The point at which the number of photons
emitted by a material is generated equally by spontaneous and stimulated emission is
known as the lasing threshold. A typical structure that is used to enable lasing is an

etalon, where mirrors are used to keep the photons trapped in the material.

2.2 Einstein Coefficients

When an electron is excited, it will have some probability of relaxing on its own
by spontaneous emission. This probability is given by the Einstein coefficient, A. Aj is
defined as the probability per second of a spontaneous jump from level i to level j[17]. If
there are N; electrons per unit volume in the level 2, then

Rpon=N:24;,. Eq. 1
where Rpon 15 the rate at which electrons will relax from level 2 to level 1 per second.
For a system with no incoming radiation and an initial number of excited electrons, Ny,
the amount of excited electrons after time t will is given by
N,(t)=N,,e ", Egq. 2
The time in which the population falls to 1/e of its initial value is called the natural
lifetime of level 2, 1,; where 1, is equal to 1/A,;.

When an excited electron is stimulated by a photon to jump to a lower energy

level, the photon emitted by the electron transition will be in phase with the incoming

photon. The rate at which stimulated emission occurs is given as

RstimzquZBZI; Eq 3



where N, is the number of electrons per unit volume in the upper energy level, By, is the
probability per second of a stimulated jump from level 2 to level 1, and u, is the spectral
energy density of the incoming photons. B, is associated with the jump from some
energy level, 2, to a lower energy level, 1 and, hence, is the Einstein coefficient
associated with stimulated emission. .

Electrons make an upward transition by absorbing a photon; this process is known
as absorption. The rate of electrons leaving the lower energy level is

Raps=uyN1B 5. Eq. 4

The spectral energy density, u,, is the same as before and N; is the number of electrons
per unit volume in the lower energy level. By, is the final Einstein coefficient, which
governs the rate at which electrons are excited by incoming photons. It is not a
coincidence that equations three and four appear similar; it can be shown that By, is equal
to B»j, and thus stimulated emission is the analogue of absorption. While the rate
equations for stimulated emission and absorption are similar, there is no analogue for
spontaneous emission. An electron cannot spontaneously jump to a higher energy level;
energy for this jump must be provided through a transfer from one or more additional
particles. One important property of equation one, three and four is that the rate of each
process is proportional to the electron population density of the involved energy level.

Finally, it can be shown that there is a relationship between A and B[18]. The

Einstein relations are:

B]2=ng Eq 5
and

A 3

721 - 87113U , Eq 6

B, c



where c is the speed of light, h is Planck’s constant, and V is the frequency of the photon
emitted as a result of the electron’s relaxation from level 2 to level 1. From this equation,
it can be seen that the ratio of A,1/B; increases with increasing frequency (and thus the
energy) of the photon released. Therefore, spontaneous emission is expected to dominant
in systems where there is little confinement of light, u, is small, and the energy of the

emitted photon, £ =hv=hc/A,is large.

photon

2.3 Absorption

2.3.1 Direct Bandgap Absorption

To determine the absorption properties of a semiconducting material, the density
of states (DOS), N(E), is important. The DOS represents the number of available states
at an energy level per unit volume[16]. To determine the DOS, the semiconductor is
assumed to have no quantum confinement; the electrons, with effective mass m*, are free
to move in three dimensions. The number of energy states between E and E + dE is then:

1

N(EYE = (2m*)>VEdE , for E > 0. Eq. 7
71

Now consider Figure 5 [Redrawn from Ref. 15], showing the absorption of a photon
between two direct valleys. Every initial state at E; is associated with a final state Erand

for parabolic bands:

k1 1
hv-E, = 2 (m + *j Eq. 8



Figure 5. E-K diagram showing electron transition.

The effective mass of the electrons and holes are m, and my, , respectively. The density

of directly associated states will then be found to be:

_8m2 3
N(E) = Tmﬁ Jiv—E, Eq. 9
where the reduced effective mass is:

% %
m m
m, :e*—h* Eq 10
m,*+m,

where m.* is the effective mass of an electron at the bottom of the conduction band and
my* is the effective mass of a hole (a missing electron) at the top of the valence band.

The absorption coefficient is defined as the relative rate of decrease in light
intensity L(hv) along its propagation path:

_ 1 d[L(v)]
L(hv)  dx

Eq. 11

and is expressed in units of cm™[16]. The absorption coefficient for a given photon

energy hv is proportional to the probability for the transition from the initial state to the
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final state 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 hv. The
absorption equations shown here were assumed to have all lower states filled and all
upper states empty. This is known as the low light condition where p(Vv) is very small.
From equation eleven, it can be derived that the absorption coefficient for a direct

bandgap semiconductor is
a(hv) = A*(hv-E,)". Eq. 12
A* is constant for any given material and is given by

3
qz ) m, *m,* &
A*_ mh*+me*

2
nch m, *

Eq. 13

where q is the charge on an electron, n is the index of refraction and c is the speed of

light[16].

2.3.2 Band Tailing

Knowing the DOS and carrier concentration is theoretically enough to plot the
absorbance of a semiconductor. But there is a problem that occurs experimentally.
Theory states that when hv=E,, N(E)=0, but experimentally this rarely occurs[16].
Perturbations form in the DOS that extend into the conduction and valence bands, thus
the DOS is nonzero extending into the bandgap. These perturbations are caused by
impurities in the crystal. An ionized donor exerts an attractive force on the conduction
electrons and a repulsive force on the valence holes. Acceptors act conversely, and since
the impurities are distributed randomly within the crystal lattice, the local interaction will

vary over the lattice as impurities cluster inhomogenously. Figure 6 [Redrawn from Ref.
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15] shows local variances that may arise in the bandgap caused by impurities. Figure 7

[Redrawn from Ref. 15] shows the ideal DOS and a DOS with tails extending into the

bandgap.

- E
-—m'- a 4
—m ViR

Ll
|
e | |
Figure 6. Band perturbations caused by impurities. Figure 7. DOS when band perturbations
are present. The dotted lines show the
ideal DOS.

The local bandgap, E.-E, at any particular point, will always be constant. The
perturbations arise due to the fact that the DOS distribution, which integrates the number
of states at each energy level within the whole volume, sees that there are conduction
band states at lower energies than E. and valence band states at energies higher than E,.

Band tails are important when measuring the absorption of a semiconducting
material. Ideally, the material would not absorb below its bandgap, but band tails
introduce states in the bandgap and absorption does occur below the bandgap. The tails
are dependent on the amount of impurities and introduce a slight slope that changes the
absorbance spectrum. Figure 8 [Redrawn from Ref. 15] shows the ideal absorbance
spectrum for a direct bandgap semiconductor and an absorbance spectrum with DOS that

extend into the bandgap.
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Figure 8. Band tailing that occurs during absorption when impurities are present.

When band tailing occurs, the slope of the absorption edge becomes

d(Ina) _ 1

. Eq. 14
dhv) kT

This is known as Urbach’s rule[16]. The absorption coefficient then is found to have two

parts. The first part,

1
a(hv), = A*(E-E,)", Eq. 15
. kT
occurs above a certain crossover energy oy +E_, and a second part,
ag

ahv), =K, exp[]éLT(E—Eg)} Eq. 16

occurs below the crossover energy. K, is a scaling constant and ¢ is a phenomenological
constant that determines the steepness of the absorption tail. The absorption tail at

energies lower than E, is called Urbach’s tail and its steepness is an indicator of the
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impurities in the semiconductor, where the smaller the slope of the tail, the higher the

density of impurities present.

2.3.3 Indirect Bandgap Absorption

Although a photon with energy hv>E, is sufficient to excite an electron in a direct
bandgap semiconductor, another step is required in an indirect semiconductor[16]. Here,
the transition requires a change in momentum as well as a change in energy. Since the
photon has insufficient momentum to adequately excite the electron in this case, a
phonon is required to complete the transition while conserving energy in this process. A
phonon is a quantum of mass vibration. Each phonon has an energy E, and will be either
emitted or absorbed in the transition. These two processes are given respectively by

hv.=E¢- E; + E, Eq. 17
hv, = E¢- E; - E,. Eq. 18
An absorption coefficient can be derived for each process.

Ahv-E, -E,)’

a (hy) = Eq. 19
. (V) £, 1 q
€Xp kT
and
A(hv—E_+E )?
a,(hv) = ( e+ E) Eq. 20

Ep
I—exp —k—T

are the absorption coefficients where phonon absorption occurs and phonon emission
occurs, respectively.

The total absorption coefficient is the sum of both possible transitions given as:
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ahv)=a,hv)+a,(hv).
Here a,(hv) begins to absorb when hv = E, - E,and a.(hv) begins to absorb when hv = E,
+ E,. Since the denominator in a is larger than the denominator in a,, o is much greater
than o, when hv > E, - E,. However a, is responsible for all of the absorption in the
window +/- E,around E,. No absorption takes place when hv <E, - E,,. This is shown

schematically in Figure 9 [Redrawn from Ref. 15].

A

Figure 9. Absorption spectrum of an indirect semiconductor.

2.3.4 Impurity Effects on Indirect Band Transition

When a donor level is present in the semiconducting material, as shown in Figure
10, multiple absorption peaks will be present in the absorbance spectrum. There is now a
level present in the bandgap that resides at an energy level E; below the conduction band
and this level allows for additional transitions to occur in the bandgap other than just E.-

E..
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Figure 10. Bandgap with donor level.

The donor electrons will be excited from E; to the conduction band when the
incoming photon energy is greater than E;, emptying the donor band of electrons. Since
E; is small when the impurity acts as a donor, the ionization energy is low and much
smaller than the bandgap energy. Valence electrons can also be excited to the donor band
when hv > (E-E;) - E,. This impurity transition energy will be close to the bandgap
transition energy since E; is small.

An impurity level in the bandgap will be noticeable in the absorbance spectrum if
the quantity of impurities is large. The donor band impurities will occur as a small peak
at an energy amount E; below the bandgap absorption. This peak will occur close to the
bandgap absorption peak and will appear as a shoulder in the bandgap absorption peak.

The absorption coefficient of the donor level will be proportional to the number of
allowed states in the donor level. Once the incident photon energy becomes greater than
E,-E;, electrons will begin to transition from the valence band to the donor level. Since
the DOS of the valence band is greater than the DOS of the donor level, the donor level
will be the limiting factor in how much absorption occurs when hv = E,-E;. The higher

the DOS of the donor level, the higher the absorption coefficient will be. At high donor
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concentrations and when there are sufficient phonons available to excite the donor
electrons into the conduction band, the absorption coefficient for hv ~ E, is reduced
because the DOS at the bottom of the conduction band are filled by these donor electrons
so there are no available levels for the valence electrons.

A deep level trap occurs when the donor level is far from the conduction band.
When the donor level is a deep level, the donor peak will be further from the bandgap
absorption peak in an absorbance spectrum and therefore more distinct. However, band
tailing will still convolve the absorption peaks.

These effects are not usually observed when the impurities are acceptors as the
acceptor levels are generally much deeper than that of the donors and, thus, are harder to
populate and depopulate thermally. Also, the DOS of the valence bands are much larger
than the DOS of the conduction band due to the usually larger effective mass of the hole,
mp*. So, it is more difficult to perturb the shape of the valence band in comparison to the
conduction band. In CeO,., there are oxygen vacancies that act as point defects within
the ceria. These point defects form trap states 3 eV above the valence band in the CeO,
bandgap. When the oxygen atoms vacate the crystal, the adjacent cerium ion is reduced

from Ce(IV) to Ce(Ill). The CeO,, containing Ce(1V) ions, has a bandgap of 4 eV[2].

2.4 Light Scattering

Light scattering is the process where photons, incident on some molecule or
macromolecule, is scattered. The two types of elastic light scattering that occur are
Rayleigh scattering and Mie scattering. The size of the scattering particle is defined as

the ratio of its size and the wavelength of the incident photon written as
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xX=—-. Eq. 21

When x < 0.1, Rayleigh scattering dominates. When x > 1, Mie scattering dominates.

Mie scattering does not have strong wavelength dependence and produces a
constant, flat background. Because of this constancy, it is not a significant factor in
absorbance spectra deconvolution; it can simply be subtracted off. Rayleigh scattering is
a significant factor in absorbance spectra because it is wavelength dependent. The

intensity of scattering by a single particle from a beam of unpolarized light is

2 4 2 _ 2 6
=7 l+cos™(O)(2m) (n” -1} (d ’ Eq. 22
°  2R? A n*+1)\2

where I, is the intensity of the unpolarized incident light with wavelength A. R is the

distance from the particle to the detector, 0 is the scattering angle, d is the diameter of the
particle and n is the refractive index of the particle. In the spectrophotometry system, R,
0, and [, are held constant. Integrating over the sphere surrounding the particle gives the

Rayleigh scattering cross-section:

2 db(n -1 ’
O-S— 3 A—4(n2+lj . Eq23

The Rayleigh scattering coefficient is the number of particles per unit volume N times the
cross-section. The strong dependence on the wavelength means that more light will be

scattered at lower wavelengths than higher wavelengths.
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2.5 Cellular Longevity

2.5.1 Free Radical Species in Cells

The free radical theory of aging is currently the most popularly accepted
explanation on how aging occurs at the molecular level due to the fact that it has
significant experimental support[19-21]. The theory states that oxidative stress caused by
free radicals damages cells. Over time the damage accumulates and this buildup of
damage is aging at the molecular level. Oxidative stress has also been identified as a
component in numerous diseases, including atherosclerosis, Arthritis and
neurodegenerative disorders such as Parkinson’s and Alzheimer’s[22,23].

Free radicals are atomic or molecular species that are electron deficient. This
deficiency causes the free radicals to be very reactive and therefore they are likely to take
part in chemical reactions. In biochemistry, the free radicals are often referred to as
reactive oxide species (ROS) due to the fact that the most biologically significant free
radicals are oxygen-centered. However not all ROS are free radicals and not all free
radicals are ROS. Examples of ROS encountered within the cell include lipid
hydroperoxides, superoxide (O,"), the hydroxyl radical (OHe¢), nitric oxide (NO) and
peroxynitrite (ONOQ") among others[ 10].

ROS are formed regularly inside cells and play an important role in a number of
biological processes required for normal operation. One example is the use of nitric
oxide for intracellular signal transduction. When excess ROS production occurs, the cells
have mechanisms capable of counteracting damage, such as superoxide dismutase,

catalase and endogenous reductants, such as vitamins E and C, carotenes, melatonin and
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others. When the production of ROS is too much for the innate mechanisms to

counteract, the ROS induce oxidative stress within the cell.

2.5.2 Free Radical Scavengers

The treatment of oxidative stress within the cell is made difficult by the fact that
as an extremely reactive species, free radicals tend not to diffuse far within the cell before
taking part in a potentially damaging reaction. Another difficulty in preventing oxidative
stress is that antioxidants typically have one site for free radical neutralization. This
limits the effectiveness of the antioxidants since areas of oxidative stress can sustain high
amounts of free radicals production.

One alternative to antioxidants that has recently been shown to be effective in
protecting cells from oxidative stress is ceria nanoparticles[8,9]. Adding a dose of ceria
nanoparticles to the intracellular environment of a mixed brain cell culture has been
shown to increase the lifespan by up to six times. In studies where hydrogen peroxide
was used to induce oxidative stress, cell death was decreased by over 60% with a 10nM
dose. Ceria nanoparticles have also been shown to offer significantly greater protection
than other free radical scavengers, such as vitamin E and melatonin, when aggravated by
an ultraviolet light source[10].

The likely mechanism for free radical scavenging in ceria nanoparticles is the
oxidation of the ceria from a Ce(IlI) state to a Ce(IV) state[8]. As a free radical is
neutralized, a cerium ion is oxidized from the Ce(III) to the Ce(IV) state. Each exposed
Ce(IIT) ion would act as a free radical neutralizing site and therefore a ten to twenty
nanometer nanoparticle would have many more free radical neutralization sites than the

other free radical scavengers. If reasonably efficient transfer of electrons from the

20



surface Ce(IV) to Ce(III) atoms on the interior of the ceria nanoparticle is permissible,
then the number of neutralization sties can be considered to be even greater. Ceria
nanoparticles have also shown the ability to auto-regenerate over time[24]. They are able
to return to their original concentration of Ce(Ill) states after being oxidized to Ce(IV),

allowing them to continuously act as free radical scavengers.

Chapter 3 Procedure

3.1 Spectrophotometry

All absorption measurements were made on a Shimadzu UV-3101PC
spectrophotometer. The plots that are generated from the data collected using the
Shimadzu spectrophotometer have wavelength on the x-axis and absorbance on the y-

axis. Absorbance is given by the equation:

reference - 1OgIO (1) Eq 24

a =log,, (10)

sample
1, is the intensity of light passing through the reference cell and / is the intensity of light
passing through the sample cell. By rewriting this equation, the Beer-Lambert law is
obtained:

I=110" Eq. 25
where

a=alc. Eq. 26
The length of the methacrylate cuvette, /, is 1 cm and absorption at wavelengths above
260 nm is negligible. « is the absorption coefficient, which is a function of wavelength

and is a property of the material used. As can be seen from equations 25 and 26
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absorbance is higher for a higher concentration, ¢, of the material through which light
passes.

The absorption experiments in the spectrophotometer were run under two
conditions: colloidal ceria suspended in water and colloidal ceria suspended in an
aqueous solution at an adjusted pH.

For the colloidal ceria suspended in water, each sample was measured at a
concentration of 62.5 pg/mL. These samples were suspended in deionized water with no
additives to adjust the pH and no surfactants. 62.5 pg/mL was chosen as the ceria
concentration for the absorption experiments for two reasons. First, mixing was made
easier. The lowest setting on the micropipettes used is 100 pL, and the samples are
stored at a concentration of 2.5 mg/mL. 100 pL of 2.5 mL/mg ceria and 4 mL of
deionized water (the cuvettes are around 4.5 mL) works out to a ceria concentration of
62.5 mg/uL. The second and more important reason this concentration was used was that
the peak absorbance for the samples was usually around a value of 2 at a wavelength of
300 nm. Ifthe absorbance is too low (<1) the absorption spectrum will be very flat and
will be difficult to resolve the 300 nm and 400 nm absorption peaks. Ifthe absorbance is
too high (>4), only a small amount of photons are incident on the detector, 0.01% of I,
when a=4. In this case, accuracy of the measurement becomes an issue as the optical
signal generated at the detector is not significantly higher than its dark current.

When the hydrogen peroxide, purchased from J.T. Baker, was added to the ceria
solutions, 10 pL of 0.1M was used. Such a small amount of relatively strong hydrogen
peroxide is used to avoid significantly altering the concentration of the sample, which

would affect the absorbance spectrum. All of the absorption measurements for colloidal
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ceria solutions suspended in pure deionized water, with and without hydrogen peroxide,
were measured in the very slow setting. This allows for maximum resolution and
minimal noise effects.

For the colloidal ceria suspended in a pH adjusted solution, the pH was adjusted
using 0.1 M sodium hydroxide and 0.1 M nitric acid, purchased from Fisher Scientific
and J.T. Baker respectively. Although nitric acid eats away at the plastic beakers that
most of the ceria experiments are run in, its use is necessary for pH adjustment because
the chlorine ions from hydrochloric acid adsorb to the ceria, thus changing the surface
properties of the nanoparticle. The pH of the solutions used ranged from 3.5 to 8.5 with
one unit intervals in between. The molarity of the aqueous, pH adjusted solutions prior to
the introduction of the ceria nanoparticles was on the order of 400 uM.

The pH of the ceria solutions was adjusted by adding 100 pL of 2.5 mg/mL ceria
to an empty cuvette, then injecting 4 mL of the 400 uM aqueous solution into the cuvette,
1 mL at a time. The force of the ejection from the micropipette tip is enough to mix the
two solutions sufficiently. An absorption measurement was then taken, approximately
10-20 seconds after all 4 mL of aqueous solution was injected into the cuvette. Another 4
mL of the 400 uM aqueous pH adjusted solution was used as the sample reference.

For the pH adjusted measurements, the medium measurement speed was used as a
balance between time and accuracy. Three independent absorption spectra were taken for
each sample at each pH value, then averaged together to reduce variation.

All absorption measurements were run from 260 nm to 760 nm. 260 nm is the
shortest wavelength that can be used before the methacrylate cuvettes start to absorb

heavily. Quartz cuvettes could have been used to perform measurements in the 200 nm
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(the machine’s lower bound) to 260 nm range, however nothing of interest would have
been found, so methacrylate cuvettes were deemed acceptable and used exclusively. 550
nm was chosen as the upper bound because nothing of interest was noted during our
initial experiments at longer wavelengths. The scattering profile of the sample can be

observed when absorption is run to higher wavelengths,

3.2 Fluorometry

The fluorescence experiments were performed on a dual monochromator Jobin-
Yvon spectrometer. The spectrometer is a machine that passes light through a sample
and measures the fluorescence the sample emits. The light source used was a 250W
tungsten halogen lamp, run at 10A, 20Vdc. The light first passes through a 250 pm slit to
narrow the beam and then sent through an excitation monochromator, with a ruled
diffraction grating (600 lines/mm) blazed at 350 nm. It then passes through another 250
um slit to narrow the light spectrum incident on the sample. The input to the
fluorescence monochromator had no slit and is set at a 90° angle to the sample,
minimizing scattered light from entering the monochromator. The diffraction grating
used in the fluorescence monochromator was a ruled grating, (600 lines/mm) blazed at
750 nm. A 500 pm slit was placed on the output of the fluorescence monochromator.
The same cuvettes were used in fluorometry as in spectrophotometry. The optical signals
were detected using a photomultiplier tube biased at 950V.

All experiments that were compared relative to each other were performed
immediately following one another in order to prevent anomalies in the data due to
variations in the current running through the tungsten lamp or to a different wavelength

calibration associated with the position of the diffraction grating.

24



All fluorescence experiments were run with the ceria particles suspended in
deionized water. When the pH of the colloidal solution was adjusted away from that of
deionized water (~ pH=5.5), the particles inevitably fell out of solution faster than when
they were suspended in deionized water. Since the fluorometry measurements need a
very accurate concentration of the fluorophore (in this case, the ceria nanoparticles) to
compare the fluorescence intensity of one sample against the fluorescence of another, any
precipitation would skew the results in a random direction. Even at the low molarity used
in the pH adjusted solutions, 400 puM, the particles tended to fall out too quickly to make
accurate comparisons. Therefore, all fluorometry experiments were done with the
particles suspended in deionized water.

The excitation wavelength in the experiments where the fluorescence spectra were
collected was 420 nm and the fluorescence wavelength in the experiments to collect the
excitation spectra was 550 nm. The fluorescence measurements were run with the ceria
solution at 0.3 mg/mL. This concentration was used because it is high enough that a
significant amount of photons will be produced but low enough that the photons can exit
the cuvette with minimal scattering and/or self absorption.

The spectrometer is able to measure fluorescence in two ways. The first is an
excitation scan. During an excitation scan, the fluorescence monochromator is held
constant at 550 nm and the excitation monochromator is scanned across a wavelength
range; the range having a center at 420 nm. The second is a fluorescence scan, which is
the opposite of an excitation scan. Both methods measure the same phenomena, but one
gives information about the excitation spectrum while the other gives information about

the fluorescence spectrum.
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Once the excitation spectra were measured, the background radiation, caused by
scattered light from the sample, was subtracted from the spectra and the area of the peak
was taken as the amount of fluorescence given off by that sample. The area was

calculated using Origin 7.5 data analysis software made by OriginLab.

3.3 X-Ray Photoelectron Spectroscopy

XPS measurements were performed using a Perkin-Elmer 5400. To prepare the
samples, an aqueous solution of 20% poly-vinyl alcohol (PVA), average mw 13,000-
23,000 and purchased from Aldrich Chemical Company, was prepared. A ceria solution,
suspended in DI water, with a fairly high concentration, ~40 mg/mL, was then added in
equal proportions to the PVA solution to form a 10% PV A solution with a high
concentration of ceria, ~20 mg/mL. A large concentration of ceria is needed due to the
fact that the PVA tends to dominate the XPS spectrum unless the ceria is highly
concentrated. The PVA is used as a dispersant to keep the particles separate while they
dry.

The PV A-ceria solution was then put on a glass microscope slide using a Pasteur
pipette. Enough solution was put on the slide to fully cover it. The slides were dried in
an oven at 70° Celsius for two hours at which point the samples were ready to be loaded
into the Perkin-Elmer 5400 and XPS measurements were carried out.

The areas of interest are the 3d peaks of cerium. There are 10 peaks, with 6 being
associated with Ce(IV) and 4 being associated with Ce(III). All data manipulation is
done with the AugerScan software package, version 3.2, produced by RBD enterprises.
AugerScan is also the software used to control the XPS system. The measurement forms

a continuous spectrum, which must be deconvolved into 10 independent Gaussian peaks.
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By adding the area of each Ce(III) peak and then dividing by the total area, the
concentration of Ce(III) can be obtained. Table 1 gives the information on the ten peaks
used. To deconvolve the peaks, the spectrum is first smoothed and the background is
subtracted off. Then, the ten peaks are placed and manipulated to reach a cumulative
distribution that comes as close to the original spectrum as possible. Each Gaussian peak
has three independent parameters: a binding energy, a peak height and a full-width half-
maximum value. Once all the peaks have been placed and modified to replicate the
original spectrum, the area of each peak can be calculated and a percentage of Ce(IIl) in
the sample can be determined. Each peak was labeled with the same number in each

sample’s respective spectrum.

Table 1. Label assigned to each peak in the Ce 3d region of XPS spectrum along
with associated binding energy and cerium state.

Peak Label | Binding Energy | Cerium State
1 882.3 4"
2 898.4 4"
3 900.8 4"
4 883.3 3"
5 902.2 3"
6 916.5 4"
7 889.1 4"
8 907.4 4"
9 880.3 3"
10 895.9 3"

A mean squared error (MSE) value is calculated in the software for each plot.
The MSE is a common technique to quantify how close an estimator comes to matching
the true value of the quantity being measured. MSE means nothing on its own but can be
used to compare multiple fits against each other. The baseline subtraction used during

the peak deconvolution is an approximation and leaves some residual background noise.
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This noise tends to show up in the spectra between peaks 6 and 8 and between peaks 7
and 10. These remnants are ignored when the peaks are placed, but tend to inflate the
MSE value. It was thus attempted to get the MSE values as low as possible, and all

clustered closely, while ignoring the background remnants.

3.4 Dynamic Light Scattering

DLS was used to obtain the intensity-weighted particle hydrodynamic diameter in
aqueous solution. A Malvern Zetasizer NanoZS compact scattering spectrometer
(Malvern Instruments Ltd, Malvern, UK) at a wavelength of 633 nm with a 4.0 mW He-

Ne laser was used at a scattering angle of 173°.

3.5 Transmission Electron Microscopy

TEM was performed on each sample in order to gain visual information about the
particles. The TEM used was a Philips EM420T. Samples were prepared by drying a

drop of dilute colloidal ceria on a carbon-coated copper TEM grid (400 mesh).

3.6 Brunauer-Emmitt-Teller

Surface areas of the cerium oxide nanoparticles were measured by performing
BET 6-point scans using a Micromeritics ASAP 2000 nitrogen adsorption instrument.
The BET measurement can be used to calculate the diameter of the particles. The
specific surface area of a particle is given by
SSA = 6/pD, Eq. 27
where p is the density of the material, and D is the diameter of the particle. The density

of ceria is 7 g/cm’. The particles were assumed to be spherical and nonporous. Since it
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can be seen from the TEM images that the particles are not exactly spherical, the

diameter as determined from BET is treated as an approximation.

3.7 X-Ray Diffraction

XRD patterns were obtained using a Scintag XDS-2000 diffractometer with a Ni-
filtered Cu-K ( =0.1541 nm) radiation source. The patterns were obtained at a scan
rate of 1.0 20s” and were scanned from 10° to 90°. Crystallite diameters were obtained
using the Scherrer equation:

KA
dypp =———. Eqg. 28
XRD Bcos @ q
The constant K is estimated as 0.9, A is the wavelength of radiation, B is the peak width at

half height in radians, and 0 is the angle of reflection.

3.8 Cerium Oxide Particle Samples

All third-party samples were initially suspended in deionized water and had no
surfactants. There were a total of seven samples used in this project. The NM ceria
nanoparticles were purchased from Nanoscale Materials, Inc. The NM sample was
synthesized using a proprietary process designed to generate large specific surface
areas[25]. N160, N130 and Z1 were purchased from Nanophase Technologies
Corporation. The N130 and N160 samples were synthesized via a physical vapor
synthesis method where metal is vaporized, exposed to a reactant, and then condensed
into nanoparticles[26]. N160 may also be referred to as Z5. Z7 is a sample synthesized
by a colleague of Dr. Beverly Rzigalinski of the Virginia College of Osteopathic

Medicine. Z10, purchased from Advanced Powder Technologies, is slightly different
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from the rest of the particles. Z10 is the only sample whose particles fall out of
suspension within a matter of minutes when suspended in deionized water. This severely
limits the type of experiments that can be run on Z10. Therefore, Z10 was not used for
fluorometry measurements or spectrophotometry measurements that were run with
adjusted pH values. The final ceria sample used was synthesized in the Virginia Tech lab
by the author and is labeled LM. The seven sample names and sources are shown in

Table 2.

Table 2. Label given and respective source of ceria samples.

Sample Source of Sample
NM Nanoscale Materials, Inc.
N130 Nanophase Technologies Corporation
N160 (Z5) | Nanophase Technologies Corporation
Z1 Nanophase Technologies Corporation
Z7 Dr. Bev Rzigalinski
Z10 Advanced Powder Technologies
LM Synthesized by Author

3.9 Synthesis Procedure

The procedure for synthesizing ceria was developed by Y. Xu who modified a
process published in Ref. 27. The procedure uses an aqueous solvent, cerium chloride as
the precursor material, and ammonium hydroxide as the reducing agent. This synthesis
method is similar to other methods but is unique in that cerium chloride is used as a
precursor material rather than cerium nitride [5,27,28]. Cerium chloride is a better
material to use in biological applications due to the fact that leftover chlorine should not
harm a biological system, as it is likely to already have chlorine in its environment.

All water used was deionized and had a resistance of 18.3 MQ. All chemicals

used were analytical grade. The ceria nanoparticles were produced by introducing a
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metal salt, cerium chloride (99.9%, Alfa Aesar), into an aqueous environment. The salt
breaks down and produces Ce’"and Cl ions in the water. The solution was stirred at a
rapid rate, ~500 rpms, in a plastic beaker, and kept in a water bath held at 60° Celsius
during the initial synthesis stage. Ammonium hydroxide (30%, Fisher Scientific) was

then added and cerium oxide nanoparticles form according to the following reaction:

NH; + H,0 — NH," + OH’ Reaction 1
CeCl; — 3CI' + Ce* Reaction 2

Ce*" + 40H — Ce(OH), Reaction 3
Ce(OH)4 — CeO, + 2H,0 Reaction 4

For every 20 mL of solvent, 0.25 g of CeCl; and 0.8 mL ammonium hydroxide was used,
where the pH of the resulting solution was approximately 10.5. After two hours, the heat
was turned off and the solution was left to spin for another 22 hours at room temperature.

The 22 hour stirring stage breaks down the large nanorods, which form in the
initial reaction, into smaller nanoparticles. After the stirring stage was finished, the
solution was centrifuged, rinsed with DI water, and sonicated; a process that was then
repeated another two times. This process is necessary to remove as much chlorine from
the surface of the nanoparticles as possible while also removing unreacted cerium and
ammonium hydroxide. The sonication is necessary to break up the large agglomeration
that occurs during centrifugation.

When the ammonium hydroxide was added and the reaction was initiated, the
solution immediately turned light purple and slowly faded to an opaque white over the
course of the heating stage. The final color of the ceria was white, with a light yellowish

tint that can be seen at high ceria concentrations.
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Lab-made ceria solutions that were centrifuged once were the particles used in the
experiments presented in this report, and are labeled LM. LM particles are only
centrifuged once because after the second and third centrifuge steps, a significant amount
of ceria particles are washed off and discarded. Thus if an exact concentration is needed,
centrifugation can only be run once. LM has a higher salt concentration than a sample
that has been fully washed, but it has a known ceria concentration. Assuming full
reactivity of the reactants, the concentration after the first wash can be calculated based
on the amount of cerium chloride used. Having a known concentration is critical for the
spectroscopy techniques used. An assumption was made that the differences between
ceria washed three times versus ceria washed once were small and unlikely to affect
experimentation results. No polymers were used in the synthesis process, either to coat
the particles and prevent agglomeration[29], or to selectively grow on specific crystal

planes[30]. No dopants were used to alter the reactivity of the ceria[31,32].

Chapter 4 Results and discussion

4.1 Introduction

In its most common form, ceria is stable in the nonstoichiometric form CeO,.,,
where 0 < y <.5. In stoichiometric CeO,, all of the cerium is in the Ce(IV) state. In
nonstoichiometric cerium dioxide, another form of cerium oxide, Ce,03, is present, where
the cerium is in the Ce(III) state[33]. The reduction of the CeO,to CeO,., is caused by
oxygen atoms vacating the crystal lattice, causing the cerium ions adjacent to the vacancy

sites to reduce from Ce(IV) to Ce(III) [34]. The oxygen vacancies that form, leaving
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oxygen depleted Ce(I1I) ion behind, are believed to be the cause for the high reactivity in
ceria[35].

Cerium oxide has a cubic fluorite structure, both in bulk and nanoparticle
form[36]. The low index exposed crystal planes have been shown to have differing
reactivity[37]. The {111} surface plane is the most stable, followed by the {110} and
{100} planes. The formation of an oxygen vacancy occurs more easily for the {110}
surfaces than in the {111} surfaces. The vacancies tend to form in the surface layer for
{110} whereas for the {111} surface they tend to form in the subsurface layer[38].

Quantum confinement is not considered when analyzing ceria nanoparticles. If
quantum confinement of the electrons and holes were present, then a blue-shift would
occur in the absorption curves for smaller particles. In published studies, smaller
particles have shown a red-shifted bandgap[2]. The reason ceria nanoparticles have an
opposite effect to that observed in other semiconducting nanoparticles is not because of a
quantum mechanical phenomenon, but rather that, as the particles get smaller, they have a
higher ratio of Ce(III) to Ce(IV)[39-41]. This increase in Ce(IIl) ions within the crystal
lattice causes a red shift in the absorbance of the material; attributable to the defect states
associated with the Ce(III) ions and oxygen vacancies. The defect states reside 3eV
above the CeO; valence band. The CeO,, containing Ce(IV) ions, has a bandgap of 4eV.
As the concentration of Ce(Ill) ions increases, the concentration of Ce(IV) ions decreases
and more absorption will occur at 3eV and less at 4eV, causing a redshift in the

absorption spectrum.
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4.2 Particle Size

4.2.1 Sample Size Comparison

Table 3 shows the agglomeration size, as determined by DLS, the individual

particle size, as determined by TEM, XRD and BET, and the specific surface area of each

sample, as determined by BET. The TEM particle size is given as a range. BET and

XRD were not performed on all samples.

There is two size ranges as determined by the TEM images given for the samples.

This is due to the fact that the Z7 sample and the Nanophase samples possess a very wide

size distribution. In reality, there is no discreet break between the large and small

particles in these samples. The large and small particles are separated here because

important information about the exposed surface planes can be determined by examining

the large particles while the small particles are too small to view anything of value.

Table 3. The particle size as determined from TEM, diameter measured by DLS, crystallite size
determined from XRD, specific surface area measured from BET and diameter calculated from
specific surface area.

Sample TEM- TEM- DLS- XRD- BET- BET-
Small Large Diameter | Crystallite | Specific | Diameter
Particle Particle (nm) Size (nm) | Surface (nm)
Size Size Range Area
Range(nm) (nm) (mz/g)
NM 5-7 None 245 4.2 86.0 10.0
N130 4-6 15-100 130 N/A 88.6 9.7
N160 3-10 10-150 160 37.9 24.6 34.8
Z1 3-10 10-80 160 N/A N/A N/A
77 3-10 10-150 152 N/A N/A N/A
Z10 4-6 None 184 N/A N/A N/A
LM 7-9 None 114 N/A 55.9 15.3
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4.2.2 NM

The DLS size of the NM sample, 245 nm, indicates that there is a great deal of
agglomeration, which was confirmed from the TEM images shown in Figure 11. There
are no visible single particles in the TEM images, all the particles have agglomerated.
There appears to be a narrow size distribution with the NM particles. The individual
particle range as determined from TEM, 5-7 nm, matches well with the crystallite size,

4.2 nm, and the particle size as determined by BET, 10 nm.

Figure 11. TEM image of NM.
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4.2.3 N130

There were two types of particles present in the TEM images of the N130 sample,
shown in Figure 12. There were small particles with an average diameter of 5 nm as
determined from the TEM images. These form smaller agglomerates than the NM
particles. Particles with eight faces forming an octahedron shape are also present. These
octahedra are larger particles, ranging from 15 to 100 nm in diameter, and show little to
no agglomeration. The octahedra appear to have the {111} crystal facet exposed on all
eight faces. The primary particles are too small to observe which crystal facets are

exposed.

Figure 12. TEM image of N130.
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4.2.4 N160

The DLS size of the N160 sample and the TEM images (Fig. 13) show that N160
is very similar to N 130, except with slightly larger octahedra. The crystallite sizes of the
N160, 37.9 nm as determined by XRD, and the diameter determined by BET, 34.8 nm,

match up well with the particles shown in the TEM image.

Lol

_ﬂ_ﬁ

100nm

Figure 13. TEM image of N160.

37



4.2.5 21

The DLS size of the Z1 sample and the TEM images (Fig. 14) show that Z1 is
also similar to N130 and N160. Z1 has the tightest size distribution of the Nanophase

samples and the smallest octahedra, with the largest being 80 nm.

Figure 14. TEM image of Z1.
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4.2.6 Z7

As shown in the TEM images of Z7 in Figure 15, Z7 is made up of octahedra and
smaller particles similar to the Nanophase samples. Z7 has a very wide size distribution

with particles ranging from 3 nm to 150 nm.

Figure 15. TEM image of Z7.
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4.2.7 210

The TEM images show that Z10 is made up only of smaller particles, similar to
NM. Figure 16 shows the TEM image of the Z10 sample, where the average diameter is
5 nm. There is a significant amount of agglomeration, as shown by the difference
between the DLS size, 184 nm, and the individual particle size, 5 nm as determined by

TEM.

Figure 16. TEM image of Z10.

40



4.2.8 LM

The TEM images show that LM is made up only of smaller particles similar to
710 and NM. The particles have an average diameter of 8 nm as determined from the
TEM images shown in Figure 17. There is much less agglomeration in the LM sample
than NM and Z10, as shown by the DLS size of 114 nm, but there are still no non-

agglomerated particles present.

— )

100nm

Figure 17. TEM image of LM.
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4.3 Characterization

4.3.1 Spectrophotometry

The spectrophotometry results can give important insight into the band properties
of cerium oxide. In a defect-free semiconducting crystal, the absorbance will be nearly
zero at low energy until photon energy approaches the bandgap energy of the crystal [16],
at which point the absorption should increase rapidly. When a small concentration of a
second material that possesses lower band gap energy is present in the crystal or defects
are present that modify the DOS, the slope of the absorption edge will lessen. In
traditional optoelectronical studies, these ions are considered defects and are
undesirable[16]. However in cerium oxide, the Ce(III) ions that arise near oxygen
vacancies and near grain boundaries are desirable from a reactivity standpoint. Many
studies have been done to synthesize particles that have a higher ratio of Ce(I11)/Ce(IV)
[5,41,42].

The band gap of CeO; is roughly 4eV[2]. This is an indirect gap of the O2p to the
Cedymolecular transition. Ce(III) ions present in the crystal lattice create a trap state 3
eV above the CeO, valence band and correspond to the Ce5, - Ced,transition. A photon
with 3 eV of energy will possess a wavelength of approximately 413 nm and a photon
with 4 eV of energy will possess a wavelength of approximately 310 nm. To determine
whether scattering would be an issue, the DLS size was put into equation 21. In the
visible wavelength range and for the size of aggregated particles this study deals with,
Rayleigh scattering should not be a factor and Mie scattering should dominate. Since
Mie scattering is not wavelength dependent, it is easily removed from the spectra through

a baseline subtraction. Figure 18 shows the spectra of all seven samples, each at 61
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pg/mL, without normalization and without subtraction of the Mie scattering. Figure 19
shows the spectra of all seven samples, each at 61 pg/mL, where each curve was
normalized by dividing the absorbance at each wavelength by the absorbance at the 300
nm, but no attempt was made to remove the effects of scattering. Figure 20 shows the
spectra of all seven samples, each at 61 pg/mL, where scattering was removed by
subtracting the magnitude of the absorbance at 760 nm, a wavelength at which no

absorption by ceria occurs, from each data point in the absorption spectra. After that,

each curve was again normalized by setting the magnitude of the 300 nm peak to a value

of one. The absorbance of each sample at 400 nm was then compared.

Absobance Comparison
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Figure 18. Absorbance spectra of all samples.
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Figure 19. Absorbance spectra of all samples with peaks normalized to one.
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Figure 20. Absorbance spectra of all samples with Mie scattering removed and

peaks normalized to one.




The 300 nm peak corresponds to the CeO, bandgap and can therefore be attributed
to the Ce(IV) while the 400 nm peak corresponds to the defect state and therefore can be
attributed to Ce(III). NM has the highest absorbance at 400 nm and N130 has the lowest
value in Figure 20. The N130 absorbance falls off significantly by 380 nm and falls
nearly to zero as it extends out past 450 nm. The peak of the NM absorption spectrum is
at 312 nm, a slight redshift compared to N130, but the biggest difference is how the
magnitude of the slope of the absorption spectrum as the wavelength increases. While
the N130 absorbance falls off rapidly, the absorption curve of NM has a very gradual
slope at longer wavelengths. The normalized absorbance of each sample at 400 nm is
shown in the Absorbance column of Table 5.

For solutions of the same concentration, N130 absorbs greater at 300 nm and NM
absorbs more at 400 nm. This is an indication that there is a smaller ratio of
Ce(IIT)/Ce(IV) in the N130 than the NM sample. To describe the absorption spectra in
terms of the optical transitions in CeO,, the energy band diagram of ceria is shown in
Figure 21, where the Ce(IlI) ion is identified as a defect state. As mentioned in Chapter
2, the presence of defect states, Ce(III), will cause absorption of photons with energy less
than the bandgap of CeO, and will cause the absorption coefficient to increase more

gradually than for pure CeOs,.
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Figure 21. Bandgap of Ceria with Ce(III) trap states.

The amount of oxygen vacancies on the surface of the ceria nanoparticles is
mildly dependent on pH[43]. According to the Lewis definition of acids and bases,
Ce(IIT) is a base and Ce(IV) is an acid. Therefore, a more basic solution will create more
Ce(III) ions on the surface of the nanoparticles and a more acidic solution will create
more Ce(IV) ions on the surface. To show that spectrophotometry would detect the
change in Ce(III) ion concentration as a function of pH, spectrophotometry was run on
each sample (except Z10) with the pH of each sample adjusted to values of: 3.5, 4.5, 5.5,
6.5, 7.5 and 8.5. For each sample, six absorbance spectra, one for each of the six pH
values, were plotted on the same graph. The magnitudes of the absorbance at 300 nm and
400 nm have been plotted versus pH to determine the trend that the 300 nm and the 400
nm peaks take as a function of pH. The absorbance spectra of N160 at each pH level are
shown in Figure 22. The spectra at higher pH can clearly be seen to have a lower
absorbance at 300 nm than the higher pH spectra. This agrees with theory and is an
indicator that spectrophotometry can be a sensitive measurement for changes in the

Ce(IIT) and Ce(IV) concentrations of a ceria sample.
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N160 Absorbance at Adjusted pH
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Figure 22. Absorbance spectra of N160 with adjusted pH.

Figure 23 shows the plots of the absorbance magnitude at 300 nm versus pH and
the absorbance magnitude at 400 nm versus pH for the N160 sample. The fact that the
absorbance rises at 400nm and falls at 300nm as pH rises indicates that the concentration
of Ce(II) is rising. The slope of the absorbance magnitude at 300 nm versus pH and the
slope of the absorbance magnitude at 400 nm versus pH are consistent in each sample;
the absorbance of each sample falls at 300 nm and rises at 400 nm as pH rises. To show
the variation between the absorbance spectra, error bars have been added to the
absorbance spectrum at a pH of 3.5 for each sample. These black lines show the
maximum and minimum values of the three spectra used every fifty nanometers. All of
the samples absorbance spectra at different pH levels and their subsequent plots of

absorbance magnitude at 300 nm and 400 nm are shown in Appendix A.
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N160 Peak Heights vs. pH
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Figure 23. Values of 300 nm peak and 400 nm peak versus pH for N160.

Figure 24 shows the absorption spectrum of N160 along with the absorption

spectrum after it has been oxidized. One unexplained phenomenon that occurs with each

ceria sample is that the absorbance at 400 nm increases after being oxidized by hydrogen

peroxide. This is the opposite of the expected result. The hydrogen peroxide should
decrease the Ce(III) concentration, which absorbs at 400 nm, causing a drop in
absorbance at 400 nm. But the opposite occurs and this cannot currently be explained.
No useful information can be gained from the ceria absorption peak at 300 nm when
hydrogen peroxide is added as the peroxide begins to absorb at 350 nm and convolutes
the spectrum. The oxidized and unoxidized absorption spectra of each sample can be

found in Appendix B.
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Figure 24. Absorbance spectra of N160 before and after being oxidized.

4.3.2 Fluorometry

The 4 eV bandgap of ceria is an indirect gap, therefore there will be a very small
probability that radiative recombination will occur when absorption takes place[2].
Relaxation via the 5d-4f transition of the Ce(I1I) ions does result in photon emission
though. The ceria is excited with 420 nm light, causing the valence band electrons to
transition to the defect state within the bandgap. From the defect state, the electron will
undergo multiple transitions in order to return to the ground state. The light emitting
transition emits a photon with wavelength 550 nm; the rest are non-radiative.

According to equation one, the rate at which photons are emitted from the
material via spontaneous emission is proportional to the number of excited electrons in

the conduction band. When more Ce(III) states are available, more electrons are able to
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become excited and therefore more photons are emitted. Higher fluorescence indicates
that there is a higher concentration of Ce(III) states to provide electrons.

Figure 25 shows the fluorescence spectrum collected from each sample sans Z10
with the base of each set to zero. The minor differences in the peak wavelength of the
fluorescence spectrum can be attributed to the precision of the monochromator stepper
motor. It can be seen in the figure that intensity of the fluorescence spectrum from the
NM sample has the highest intensity and that of N130 the lowest. Since the area is
proportional to the peak height, the amount of fluorescence of each sample can be
roughly determined from the figure. After analyzing the area of each sample through
mathematical software, it is determined that NM has the highest concentration of Ce(III)
and N130 has the lowest concentration. The area of each sample has been is shown in the
Fluorescence column in Table 5. The amount of fluorescence appears to be proportional
to the absorption at 400 nm for the samples. The results of spectrophotometry and

fluorometry match each other closely.

Excitation Spectra of All Samples
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Figure 25. Fluorescence of each sample after baseline subtraction.
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To show that the Ce(III) ions are responsible for the fluorescence, hydrogen
peroxide was added to the sample. 10 pL of 0.1M hydrogen peroxide was used to oxidize
the ceria to show that the fluorescence came from the Ce(III) ions and not the Ce(IV)
ions. The hydrogen peroxide oxidizes the Ce(III) to Ce(IV) and the fluorescence can be
attributed to the Ce(III) cerium ions since a drop in the fluorescence was detected. Figure
26 shows the fluorescence and excitation spectra along with the oxidized spectra for the

NM sample. The fluorescence and excitation spectra of each sample can be seen in

Appendix C.
NM Fluorescence and Excitation Spectra
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Figure 26. Fluorescence and excitation scan of NM before and after oxidation.

4.3.3 X-Ray Photoelectron Spectroscopy

XPS is a well defined characterization technique frequently used to determine the
chemical states of ions in materials. In this study, XPS is used to determine the

concentration of Ce(IIl) in a sample to a high degree of accuracy. The XPS spectrum of
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NM, with Gaussian curves, is shown in Figure 27. The measured curve is a black solid
line. The Gaussian curves added are dotted lines, with green used for Ce(III) peaks and
blue used for Ce(IV) peaks. The curve generated by the Gaussian peaks is a solid yellow
line. Table 4 gives the values used for each Gaussian peak. Peaks 4, 5, 9 and 10 are

associated with Ce(III) and the rest are associated with Ce(IV).

NM XPS Spectra
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Figure 27. Measured and fitted XPS spectra of NM along with ten Gaussian peaks.

Table 4. Gaussian peak parameters for XPS spectrum of NM. NM had an EMS value of

10.72.
# Area Area% Position | Intensity | FWHM
1 4657 3.90% 882.78 3125 14
2| 14668 | 12.30% 898.87 6788 2.03
3 5605 4.70% 901.32 3464 1.52
4 1026 0.90% 885.97 577 1.67
5] 16863 | 14.10% 902.28 3474 4.56
6| 13306 | 11.20% 917.15 5144 2.43
7] 23076 | 19.30% 889.35 3899 5.56
8| 17773 | 14.90% 907.92 3373 4.95
9| 17289 | 14.50% 883.43 4366 3.72
10 5017 4.20% 897.04 1407 3.35
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According to the spectrophotometry and fluorometry measurements, NM should
have the highest amount of Ce(III) present. The amount of Ce(III) as determined by XPS
is 33.7% and the EMS value is 10.72. The Ce(IlI) concentration corresponds to a y value
0f0.169. The XPS spectrum of N130, which should have the lowest amount of Ce(I1I)
present according to the spectrophotometry and fluorometry measurements, is shown in
Figure 57. The amount of Ce(IIl) in N130 as determined by XPS is 27.9% with an EMS
value of 13.8. This value corresponds to a y value of 0.140. The Ce(IIl) concentration as
determined by XPS for all samples can be seen in Table 5. The Ce(III) concentrations
match up very well with the optical spectroscopy results, with Z10 having the highest
Ce(IIT) concentration, followed by NM having the second highest Ce(IIl) concentration
and N130 with the least.

To determine the amount of variation from run to run, the XPS spectrum of N160
was measured three times. The Ce(III) concentrations found were 30.6%, 31.4% and
31.5% with EMS values of 6.5, 10.12 and 10.59 respectively. The second and third
measurements, which have EMS values that differ by less than 0.5, correspond to Ce(I1I)
concentrations that differ by a tenth of a percent. This tiny amount of variation between
runs indicates that the run to run variation of the XPS system is negligible. The N160

spectra and all other XPS spectra can be found in Appendix D.

4.3.4 X-Ray Diffraction

XRD was performed to find the probability of a preferred orientation for the
surface planes in the ceria nanoparticles. The ratio A 11)/A00) gives the probability that

one plane will occur predominantly in the sample. Since the {111} plane has a lower
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propensity for oxygen vacancies than the {200} plane [38], the samples with a higher
concentration of Ce(I1I) should have a higher A 11)/Apo0 ratio[42].

The Ai11y/A00)0f N160 is 11 and 5 for NM. This would indicate that N160 has a
higher amount of {111} surface planes exposed than the NM sample. It was shown in
section 4.2 that the Nanophase samples had clearly visible {111} surface planes exposed
in the larger ceria particles. As the oxygen vacancies are more likely to form in the
{200} planes than in the {111} planes, this may explain the higher concentration of
Ce(III) found in NM than in N160. With a higher propensity for oxygen vacancies in the
exposed surface, we would expect that NM would be the most reactive particle. This is
confirmed in Ref. 15 and the reactivity constants are shown in Table 5. Figure 28 shows

the XRD spectra of NM and N160.
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Figure 28. XRD spectra of NM and N160.
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4.3.5 Sample Comparison

Table 5 gives the absorbance values at 300 nm and 400 nm for each sample; the
fluorescence area under the excitation peak for each sample; the concentration of Ce(III)
ions in each sample as determined by XPS and its corresponding y value in CeO,.,; the
Aq11y/Apooy ratio for each sample and the reactivity constant as determined by Ref. 15.
The N160 XPS value is the average of the three measurements taken.

Of the samples where fluorescence and absorption experiments were performed,
NM had the highest absorbance at 400 nm, the highest fluorescence and the highest
concentration of Ce(III) ions as determined by XPS. N130 had the lowest absorption at
400 nm, the lowest fluorescence and the lowest Ce(IIl) concentration as determined by
XPS. The 400 nm absorbance column and the fluorescence area column seem to
correspond very well with each other, with each column following the same descending
order. The only aberration of the XPS column is that Z10 had a lower absorbance than

NM and Z7 had a higher fluorescence than Z1.

Table S. Final comparison of all data obtained from spectrophotometry, fluorometry, XPS, XRD
and reaction kinetics.

Abs. at | Abs. at Flu. XPS-Ce(lll) Y | Aainy/Aee | Reactivity
Sample | 300 nm | 400 nm | Area | Concentration Ratio Constant
NM 1 0.576 1.076 33.7 0.169 5 0.0374
Z10 1 0.557 N/A 34.5 0.173 N/A N/A
N160 1 0.418 0.935 31.2 0.156 11 0.012
Z7 1 0.375 0.9156 29.6 0.148 N/A N/A
Z1 1 0.375 0.846 31.0 0.160 N/A N/A
LM 1 0.211 0.774 28.2 0.141 N/A 0.0459
N130 1 0.131 0.743 27.9 0.140 N/A 0.0137

55




Chapter 5 Conclusion

Seven cerium oxide samples were compared against each other using
spectrophotometry, fluorometry and XPS data to observe differences in Ce(III) and
Ce(IV) concentrations. The amount of Ce(IIl) in each sample is important because it
increases the reactivity of the particles, which may have a beneficial effect on the lifetime
of cells by reducing the concentration of ROS.

Fluorescence of the all the samples at the same concentration was measured and
NM was found to have the highest fluorescence while N130 had the least. Confirmation
that the fluorescence originated from the Ce(III) ions was shown by oxidizing the Ce(III)
to Ce(IV) in both samples and observing a drop in the fluorescence. Spectrophotometry
data was taken of the samples and the results were examined closely to determine the
optical properties of cerium oxide as a function of Ce(III) and Ce(IV) concentrations.
The Ce(IV) was the dominant ion in all the samples. CeO,, where the cerium is Ce(IV),
has a band gap of 4eV. Point defects, caused by oxygen vacancies and where the Ce ion
has been reduced from Ce(IV) to Ce(III), exist 3eV above the valence band in the CeO,
bandgap. When the absorption spectra of the samples were measured at the same
concentrations and that data was processed such that the effects of Mie scattering were
removed and the peaks normalized, the samples that absorbed much more heavily at 400
nm were found to have a higher concentration of Ce(IIl) ions. NM absorbed the most at
400 nm, indicating the highest concentration of Ce(IlI). N130 absorbed the least,
indicating the least amount of Ce(III).

The last spectroscopy method employed to determine the Ce(III) concentration

was XPS. In this study, it was determined by XPS that Z10 had the most Ce(II1), NM
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had the second most Ce(III) and N130 had the least Ce(III). The observance of Ce(I1I)
and Ce(IV) in the XPS spectra therefore strongly reinforces the validity of the absorption
and fluorescence results.

Finally, XRD spectra were taken in order to determine the probability of a favored
crystal surface in the particles. The XRD spectra can be used to explain why a particular
sample had a higher concentration of Ce(IIl) than another sample due to the {111} crystal
planes having the lowest propensity for oxygen vacancies. The NM had a lower
Aq11y/Aooy ratio than N130 and N 160 and this may explain why it has a higher
concentration of Ce(II) than them.

Of the samples where the optical spectroscopy was performed, it was determined
that NM had the highest Ce(III) concentration while N130 had the lowest concentration.
It was also shown that Z10 had the highest amount of Ce(III) out of all the samples. The
Ce(IIT) concentrations determined through absorption, fluorescence and XPS data

matched up well, with only the occasional aberration.

Chapter 6 Future Work

6.1 Spectroscopy

The spectroscopy methods discussed so far have all been defined on particles
acquired from third-party vendors, along with one sample synthesized in the lab. This
limits the degree to which the characterization methods themselves could be
characterized. Given a wider range of particles, particularly those that contain
significantly higher concentrations of Ce(IlI), the spectroscopy methods could be further

refined. Although this method works well, it is possible that a better understanding of the
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composition of the ceria nanoparticles could be obtained from the analysis of the

spectrum.

6.2 Scattering

The biggest source of ambiguity in these characterization methods is the
scattering in the absorption spectrum. There are a few experiments that could be run to
further characterize the scattering in the system. Absorption spectra of agglomerated
versus non-agglomerated ceria particles could be used to determine the difference in the
scattering profile due to Mie and Rayleigh scattering. With more lab time and with better
defined particles, the assumptions that were made could be verified. Once it was known
exactly how much Rayleigh and exactly how much Mie scattering was occurring, it

would be much easier to deconvolve the absorption peaks from the scattering profile.

6.3 Synthesis

The initial thrust of this research project was to further refine the ceria synthesis
project started by Yang Xu; this changed when it was realized that there was no quick
screening method for the Ce(Ill) concentration of a sample. The only method available
to was to run XPS, which would be too costly and inefficient to run on every batch of
particles synthesized. This started the search for a quick screening method to determine
the concentration of Ce(III) ions in the samples and ended with the spectroscopy methods
outlined in this report; however successful the study of spectroscopy methods have been,
the synthesis project was left completely untouched.

There are a number of experiments that could be run to further refine the synthesis

process of cerium oxide. By changing synthesis factors and examining the effects caused
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by each change, a greater control of the material properties of the particles can be
achieved.. The first major synthesis factor that could be changed is the temperature at
which the particles are synthesized. A study on the effect that temperature had on the
shape of the nanoparticles have been previously published[42]; however, no optical
measurements were performed on these nanoparticles nor was the Ce(III)/Ce(1V)
determined. The ability to adequately replicate the results would allow us to produce
particles with a wide range of sizes and examine whether there is any correlation between
nanoparticle diameter and Ce(III) concentration. Another interesting experiment would
be to examine particles synthesized in a pure oxygen environment versus a pure nitrogen
environment. This may be a way of creating particles that possess varying Ce(III)
concentrations but have similar properties, most importantly size and preferred crystal
orientation. This would be helpful to further characterize the optical spectroscopy
methods.

Polymers could also be added during synthesis to alter the normal synthesis
process. The polymers could perform a number of rolls. They could coat the particles,
acting to help repulse the particles and reduce aggregation. They could also be used to
selectively coat the particles and the growth mechanisms, potentially altering their
reactivity. Ifthe polymer attached to the {111} plane, then the synthesis process would
continue, but growth would be halted in the {111} plane, thus leaving the {100} plane to
grow freely. This method could be used to grow selected structures, such as cubes, in

which all exposed planes are {100}.
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6.4 Dopants

Another aspect of the synthesis procedure that should be further examined is
doping the ceria particles. Studies have shown that doping the particles with gold,
gadolinium, or indium can increase their catalytic activity[44]. If proper dopants were
identified, the optical spectroscopy methods could be used to characterize the new

particles.

6.5 Oxidized Absorption Spectrum

When the hydrogen peroxide was used to oxidize the ceria, the absorbance spectra
all had a higher value at 400 nm than before they were oxidized. Since this is the
opposite effect than was expected, there is some phenomenon is going on that we have
not been able to explain. This remains an enigma and future experimentation should be

done to determine the source of these results.
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Appendix A

Absorbance Plots of Ceria Samples at an adjusted pH
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Figure 29. Absorbance spectra of NM with adjusted pH.
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Figure 30. Values of 300 nm peak and 400 nm peak versus pH for N160.
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Z1 Absorbance with Adjusted pH
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Figure 31. Absorbance spectra of Z1 with adjusted pH.
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Figure 32. Values of 300 nm peak and 400 nm peak versus pH for Z1.




Z7 Absorbance with Adjusted pH
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Figure 33. Absorbance spectra of Z7 with adjusted pH.
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Figure 34. Values of 300 nm peak and 400 nm peak versus pH for Z.7.
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Figure 35. Absorbance spectra of LM with adjusted pH.
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Figure 36. Values of 300 nm peak and 400 nm peak versus pH for N160.
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N130 Absorbance at Adjuseted pH
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Figure 37. Absorbance spectra of N130 with adjusted pH.
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Figure 38. Values of 300 nm peak and 400 nm peak versus pH for N130.
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Appendix B

Absorbance Plots of Oxidized and Unoxidized Ceria Samples
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Figure 39. Absorbance spectra of NM before and after being oxidized.
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Figure 40. Absorbance spectra of N130 before and after being oxidized.
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Figure 41. Absorbance spectra of Z1 before and after being oxidized.
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Figure 42. Absorbance spectra of Z7 before and after being oxidized.
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Figure 43. Absorbance spectra of Z10 before and after being oxidized.

LM Absorbance

1.5~

—LM
LM OX

Absorbance
H

0.5

250 300 350 400 450 500 550
Wavelength (nm)

Figure 44. Absorbance spectra of LM before and after being oxidized.

70



Appendix C

Fluorescence and Excitation Spectra for Ceria Samples
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Figure 45 Fluorescence and excitation scan of N160 before and after oxidation.
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Figure 46 Fluorescence and excitation scan of Z1 before and after oxidation.



0.22 A

0.2 A

0.18 -

0.16 -

0.14 -

Intensity (arb.)

0.12 -

0.1 A

0.08

Z7 Fluorescence and Excitation Spectra

A

1
'
]
L}
'
1
LIPa |
Jh
’
Wl
[ R
i
B
i

\

\,

= = Z7flu

Z7 flu OX
—Z7 ex

Z7 ex OX

350 400 450 500

Wavelength (nm)

550

Figure 47 Fluorescence and excitation scan of Z7 before and after oxidation
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Figure 48 Fluorescence and excitation scan of LM before and after oxidation.
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N130 Excitation and Fluorescence Spectra
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Figure 49 Fluorescence and excitation scan of N130 before and after oxidation.
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Appendix D

XPS Spectra for Ceria Samples
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Figure 50. Measured and fitted XPS spectra of N160a along with ten Gaussian peaks.

Table 6. Gaussian peak parameters for XPS spectrum of N160a. N160a had an EMS value

of 10.12.

# Area Area% | Position | Intensity | FWHM
1 6690 4.00% 882.76 4988 1.26
2 23725 | 14.00% | 898.86 11144 2
3 10744 | 6.40% 901.24 6192 1.63
4 1307 0.80% 886.09 847 1.45
5 18290 | 10.80% | 902.56 4463 3.85
6 18796 | 11.10% | 917.15 7611 2.32
7 30383 | 18.00% | 889.45 5564 5.13
8 25502 | 15.10% | 907.93 4572 5.24
9 27811 | 16.50% 883.4 6648 3.93
10 | 5639 3.30% 897.1 1802 2.94
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Figure 51. Measured and fitted XPS spectra of N160b along with ten Gaussian peaks.

Table 7. Gaussian peak parameters for XPS spectrum of N160b. N160b had an EMS value
of 6.55.

# Area Area% Position | Intensity | FWHM
1 5423 4.40% 883.1 3980 1.28
2| 19761 | 16.00% 899.23 8925 2.08
3 9464 7.70% 901.61 5557 1.6
4 1676 1.40% 886.3 984 1.6
5| 11603 9.40% 903.2 3303 3.3
6| 12951 | 10.50% 917.49 5659 2.15
7| 20773 | 16.90% 889.86 4356 4.48
8| 17238 | 14.00% 908.16 3265 4.96
9| 20781 | 16.90% 883.78 5084 3.84

10 3553 2.90% 897.47 1368 2.44
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Figure 52. Measured and fitted XPS spectra of N160c along with ten Gaussian peaks.

Table 8. Gaussian peak parameters for XPS spectrum of N160c. N160c had an EMS value

of 10.59.
# Area Area% Position | Intensity | FWHM
1 6863 3.90% 883.5 5117 1.26
2| 25134 | 14.50% 899.65 11352 2.08
3| 11478 6.60% 902.05 6656 1.62
4 1287 0.70% 886.46 834 1.45
5| 18810 | 10.80% 903.39 4638 3.81
6| 19006 | 10.90% 917.93 7797 2.29
7| 31804 | 18.30% 890.19 5779 5.17
8| 24715 | 14.20% 908.69 4653 4.99
9| 28696 | 16.50% 884.13 7002 3.85
10 6067 3.50% 898.04 1875 3.04
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Figure 53. Measured and fitted XPS spectra of Z1 along with ten Gaussian peaks.

Table 9. Gaussian peak parameters for XPS spectrum of Z1. Z1 had an EMS value of 6.05.

# Area Area% Position | Intensity | FWHM
1 5656 4.50% 882.86 4087 1.3
2| 19840 | 15.90% 898.91 9273 2.01
3 8017 6.40% 901.34 4859 1.55
4 897 0.70% 885.77 669 1.26
5| 14999 | 12.10% 902.58 3641 3.87
6| 12422 | 10.00% 917.24 5806 2.01
7| 23779 | 19.10% 889.47 4587 4.87
8| 15052 | 12.10% 908.05 3391 4.17
9| 21001 | 16.90% 883.5 5420 3.64

10 2762 2.20% 897.07 1317 1.97
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Figure 54. Measured and fitted XPS spectra of Z7 along with ten Gaussian peaks.

Table 10. Gaussian peak parameters for XPS spectrum of Z7.
7.58.

77 had an EMS value of

# Area Area% Position | Intensity | FWHM
1 4866 4.10% 883.08 3361 1.36
2| 16397 | 13.80% 899.2 7551 2.04
3 9174 7.70% 901.57 5040 1.71
4 612 0.50% 886.38 371 1.55
5 9928 8.40% 903.24 2961 3.15
6| 13253 | 11.20% 917.5 5298 2.35
7| 21233 | 17.90% 889.77 3950 5.05
8| 18432 | 15.60% 908.21 3261 5.31
9| 18863 | 15.90% 883.8 4475 3.96

10 5695 4.80% 897.67 1446 3.7
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Figure 55. Measured and fitted XPS spectra of Z10 along with ten Gaussian peaks.

Table 11. Gaussian peak parameters for XPS spectrum of Z10. Z10 had an EMS value of

6.10.
# Area | Area% Position | Intensity | FWHM
1| 2680 5.00% 881.92 1526 1.65
2| 6767 | 12.70% 897.96 3071 2.07
3| 2719 5.10% 900.41 1548 1.65
4 851 1.60% 885.13 421 1.9
5| 7260 | 13.60% 901.45 1473 4.63
6| 5181 9.70% 916.29 2080 2.34
71 9156 | 17.20% 888.35 1759 4.89
8| 8414 | 15.80% 906.83 1342 5.89
9| 8765 | 16.50% 882.66 1880 4.38
10| 1480 2.80% 896.01 618 2.25
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Figure 56. Measured and fitted XPS spectra of LM along with ten Gaussian peaks.

Table 12. Gaussian peak parameters for XPS spectrum of LM. LM had an EMS value of
11.19.

# Area Area% Position | Intensity | FWHM
1 7963 6.30% 882.9 4618 1.62
2| 17131 | 13.60% 899.09 7967 2.02
3 8823 7.00% 901.37 4963 1.67
4 393 0.30% 886.08 235 1.57
5| 11625 9.30% 902.88 3212 34
6| 12942 | 10.30% 917.31 5655 2.15
7| 22901 | 18.20% 889.46 4067 5.29
8| 20392 | 16.20% 907.85 3515 5.45
9| 18103 | 14.40% 883.95 4030 4.22

10 5258 4.20% 897.34 1721 2.87
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Figure 57. Measured and fitted XPS spectra of N130 along with ten Gaussian peaks.

Table 13. Gaussian peak parameters for XPS spectrum of N130. N130 had an EMS value of

13.80.
# Area Area% Position | Intensity | FWHM
1 4900 4.00% 881.98 3197 1.44
2| 17321 | 14.00% 898.16 7823 2.08
3 8417 6.80% 900.47 4973 1.59
4 1229 1.00% 885.02 849 1.36
5| 10503 8.50% 901.94 2990 3.3
6| 13590 | 11.00% 916.4 5551 2.3
7| 23325 | 18.90% 888.48 3913 5.6
8| 21566 | 17.40% 906.96 3388 5.98
9| 17927 | 14.50% 882.49 4589 3.67
10 4831 3.90% 896.45 1801 2.52
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