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ABSTRACT

Cerium oxide (ceria)-based materials in the nanoscale regime are of significant
fundamental and technological interest. Nanoceria in pure and doped forms has current
and potential use in solid oxide fuel cells, catalysis, UV- screening, chemical mechanical
planarization, oxygen sensors, and bio-medical applications. The characteristic feature of
Ce to switch between the +3 and + 4 oxidation states renders oxygen buffering capability
to ceria. The ease of this transformation was expected to be enhanced in the nanoceria. In
most the practical scenarios, it is necessary to have a stable suspension of ceria
nanoparticles (CNPs) over longer periods of time. However, the existing literature is

confined to short term studies pertaining to synthesis and property evaluation.

Having understood the need for a comprehensive understanding of the CNP suspensions,

this dissertation is primarily aimed at understanding the behavior of CNPs in various

chemical and physical environments. We have synthesized CNPs in the absence of any

surfactants at room temperature and studied the aging characteristics. After gaining some
understanding about the behavior of this functional oxide, the synthesis environment and
aging temperature were varied, and their affects were carefully analyzed using various
materials analysis techniques such as high resolution transmission electron microscopy
(HRTEM), UV-Visible spectroscopy (UV-Vis), and X-ray photoelectron spectroscopy

(XPS).
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When the CNPs were aged at room temperature in as-synthesized condition, they were
observed to spontaneously assemble and evolve as fractal superoctahedral structures. The
reasons for this unique polycrystalline morphology were attributed to the symmetry
driven assembly of the individual truncated octahedral and octahedral seed of the ceria.
HRTEM and Fast Fourier Transform (FFT) analyses were used to explain the
agglomeration behavior and evolution of the octahedral morphology. Some of the
observations were supported by molecular dynamic simulations. Poly (ethylene glycol)
(PEG) and ethylene glycol (EG) were used to control the kinetics of this morphology
evolution. The ability to control the agglomeration of CNPs in these media stems from
the lower dielectric constant and an increased viscosity of the EG and PEG based
solvents. CNPs when synthesized and aged in frozen conditions, i.e. in ice, were found to
form one dimensional, high aspect ratio structures. A careful analysis has provided some
evidence that the CNPs use the porous channels in ice as a template and undergo oriented
attachment to form nanorods. When the aging treatment was done near freezing
temperature in solution, the nanorods were not observed, confirming the role of channels

1n ice.

When synthesized in aqueous media such as DI water, PEG and EG; CNPs were
observed to exhibit a reversible oxidation state switching between +3 and +4. Band gap
values were computed from the optical absorption data. The changes in the band gap
values observed were attributed to the changes in the oxidation state of CNPs as opposed

to the quantum confinement effects, as expected in other nanoparticle systems. The work
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presented in this dissertation demonstrates, with evidence, that in order to obtain a
comprehensive understanding of the properties of nanoscale materials it is of paramount
importance to monitor their behavior over relatively longer periods of time under various

ambient environments.

While the solution based techniques offer a versatility and low cost route to study the
fundamental properties of nanomaterials, they suffer some inherent problems such as
precursor contamination and uncontrolled chemical reactions. Especially when analyzing
the behavior of ceria-based materials for applications like solid oxide fuel cells, a great
control in the density and crystalline quality are desired. In order to achieve this, as a first
step pure ceria thin films were synthesized using oxygen plasma assisted molecular beam
epitaxy (OPA-MBE). The ceria films were analyzed using various in situ and ex situ
techniques to study the crystal structure, growth mode and epitaxial quality of the films.
It was observed that the epitaxial orientation of the ceria films could be tuned by varying
the deposition rate. When the films were grown at low deposition rate (< 8 A/min) ceria
films with epitaxial (200) orientation were observed where as the films grown at high
deposition rates (up to 30 A/min) showed (111) orientation. Theoretical simulations were
used to confirm some of the experimental facts observed in both nanoparticles and thin

films.
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CHAPTER 1: INTRODUCTION

The quest for improving the performance of materials in various functional applications
and the enthusiasm to mimic Nature to produce ultra-strong, highly versatile and low cost
materials has been the major driving force in the past decade of materials research.
Various groups across the globe have obtained a significant control over the size, shape,
self-assembly composition and physico-chemical properties of “metallic materials”.
However, the same is still in its infancy when it comes to the functional oxides. Use of
fluorite structured oxides (e.g. ceria and zirconia) for fast ion conduction in solid oxide
fuel cells (SOFCs), as catalyst supports and, lately, in bio-medical applications makes the
understanding of their size, shape and structural evolution of paramount importance. It is
already established that energetically and topologically favored structures are needed to
properly utilize various properties of these materials. Despite the significant attention and
numerous publications devoted to nano-sized materials, the physics and chemistry which
influence their properties are sometimes not fully explored. Understanding and
controlling the properties of nanoscale materials remains a significant challenge to the
scientific community across the globe [1, 2].

1.1 Organization of the Dissertation

The main focus of this dissertation is the room temperature, wet chemical synthesis of
CNPs (NPs) and their aging and environment dependent variations in their size, shape,
self-assembly and chemistry. Emphasis in the latter part is devoted to studies on

molecular beam epitaxy (MBE) based growth of pure and doped ceria thin films, tuning



of their orientation, and vacancy engineering through dopants to understand the

mechanism of oxygen ion conductivity.

Different chapters in this dissertation are reproductions (partial or complete) of various
publications resulting from the author’s research work during the course of his doctoral
studies at the Surface Engineering and Nanotechnology Facility in the Advanced
Materials Processing and Analysis Center at the University of Central Florida, Orlando,
FL-USA and the Environmental Molecular Sciences Laboratory at the Pacific Northwest
National Laboratory, Richland, WA-USA [Proper citations are included as appendix at
the end of the document]. Sometimes, the publications are edited to suit the format of the

dissertation and to provide context-based emphasis on various topics.

The main focus of this dissertation is to “probe and tune the size, shape (morphology),
self-assembly, structure, and chemistry of nano-materials as a function of time (aging
time), and environment (solvent, additives and synthesis conditions). Before going to the
heart of the topic, a general overview on some of the fundamental aspects of nano-scale
materials and a summary of features of interest in nanoceria will be provided in the
following sections.

1.2 Fundamentals of Nanostructured Materials

“There is plenty of room at the bottom”, the 1959 visionary statement [3] of the
legendary Richard Feynman is being realized in less than half a century by consistent

efforts and significant contributions from the scientific community across the globe.



Progress made in past few decades has resulted in a myriad of newer classes of materials
proving the ability to tune matter as a whole for achieving exciting technological
advancement for the benefit of mankind. From the invention of carbon fullerene
structures, carbon nanotubes by Ijima [4] and the equally important discovery of
inorganic fullerene structures by Tenne [5], there have been numerous reports that
discussed the fundamental and technological importance of novel nanostructured

materials.

1.2.1 Significance of Nanostructured Materials

The word “nano” was just a metrics that indicates one billionth of a unit quantity until
recently; however, it is now a publicly known term that is redefining the understanding of
matter at an extraordinary pace every day. Nobel Prize-winning inventions of bucky balls
and carbon fullerene structures, the first electron microscope image of carbon
microtubules, later called as carbon nanotubes (CNTs), followed by the invention of
inorganic fullerenes and anisotropic nanostructures, can be termed as major
breakthroughs in the field of nanoscience and technology. Synthesis of size and shape-
controlled nanostructures (triangles, cubes, tubes, wires, rods, and fibers), their self-
assembly, properties, and possible applications are under rigorous research. Realizing the
potential importance of nanotechnology, state—of-the-art research and development
centers with excellent processing, characterization, and device fabrication facilities are
being developed by national and state governments, private institutions and corporations.

A number of reviews and text books have been published on nanoscience and

nanotechnology, endorsing the status of the 21*' century’s leading science and technology



based on fundamental and applied research during the last few decades [6-20]. The
significantly different physical properties of these novel materials have been ascribed to
their characteristic structural features between isolated atoms and bulk macroscopic
materials [12]. “Quantum confinement”, the most popular term in the nano world, is
essentially due to the changes in atomic structure as a result of the direct influence of the
ultra small length scale on energy band structure. The exceptional electronic, mechanical,
optical, and magnetic properties of the nanoscale materials can all be attributed to the
changes in the total energy and structure of the system. In the free electron model, the
energies of the electronic states and the spacing between energy levels both vary as a
function of 1/L?, with L being the dimension in a given direction [21]. At nanoscale
dimensions the normally collective electronic properties of the solid become severely
distorted, and the electrons at this length scale tend to follow the “particle in a box”
model, which might often require higher order calculations to account for band structure
[21]. The electronic states are more like those found in the localized molecular bonds
than the macroscopic solids. The main implication of such confinement is the change in
the system total energy; and hence the overall thermodynamic stability. For example, Cr
with a body centered cubic (BCC) structure was reported to be stable in the A15 structure
at nanoscale and high purity conditions and in a bcc structure in presence of oxygen
impurity [13]. The chemical reactivity, being a function of the system structure and the
occupation of the outermost energy levels, will be significantly affected at such a length
scale, causing a corresponding change in the physical properties. Recently, size

dependant variation in the oxidation state and the lattice parameter has been reported by



our group in cerium oxide nanoparticles [22]. Combination of both “bottom up” and “top
down” approaches has been efficiently used in producing the functionally important
nanoscale materials and the devices [23, 24].

1.2.2 Structural Aspects
When the dimensions of a system are reduced to the nanoscale domain, the number of

atoms at the surface significantly increases along with the increase in surface area per

unit volume.

411r? : :
————— =-— hence when the dimensions decrease from

Specific Surface Area =
ﬂH I,.3p pr
3

micron-level to nano-level, the specific surface area increases by 3 orders in magnitude.
In such a case, large proportions of the atoms will either be at or near the grain
boundaries [12]. While the increase in surface area and the surface free energy lead to a
reduction in the inter-atomic distance for metals, the opposite was reported for
semiconductors and metal oxides. Various morphologies obtained in the nanostructures
can be explained through multiple twinned crystalline particles and the relative surface
energies of various crystallographic planes. The dislocations in nanostructures might not
be the thermodynamically stable defects; higher internal compressive strains and reduced
vacancy concentration are the characteristics of nanostructures. These factors were
reported to contribute towards deviations in the mechanical properties of the
nanomaterials and an inverse Hall-Petch relation is under rigorous investigation [25].
Another aspect of controversy is the phase stability in systems like tetragonal zirconia.

While a clear understanding exists in case of the bulk system, the same has stimulated a



noteworthy debate in the case of undoped nanocrystalline zirconia [26]. It was concluded
that among various parameters such as nano size, strain induced grain-growth
confinement, simultaneous presence of monoclinic phase [27], the oxygen ion vacancies

stabilize the tetragonal phase at room temperature in the nanocrystalline system.

1.2.3 Electronic Transport Properties

The characteristic electronic properties of the nanostructures are a result of tunneling
currents, purely ballistic transport, and coulomb blockade effects. As the dimensions of
the system become comparable to the de Broglie wavelength of the electrons, energy
bands may cease to overlap. However, owing to their wave-like nature, electrons can
tunnel quantum mechanically between two closely adjacent nanostructures. If a voltage is
applied between two nanostructures, which aligns the discrete energy levels, resonant
tunneling occurs abruptly, increasing the tunneling current. When all the scattering
centers are eliminated due to the extremely small size of the material and purely specular
boundary reflections resulting from smooth sample boundaries, the electron transport
becomes purely ballistic. This particular behavior can be used in wave guide applications.
Conduction in highly confined structures is very sensitive to the presence of other charge
carriers and their charge state. These coulomb blockade effects result in conduction
processes involving a single electron. The requirement of a very small amount of energy
for such conduction can be utilized in operating switches, transistors, or memory

elements.



1.2.4 Medicine and Biosciences

Significant numbers of nanophase materials and nanoscale systems for biological
applications and the use of biological precursors for the synthesis and property
enhancement of the nanoscale materials are under extensive investigation. One major
example is the bio-mineralization of nanocrystallites in a protein matrix, which is highly
important for the formation of bone and teeth. Chemical storage and transport
mechanisms within the organs are also fields of major interest. Biomimicry is the process
of using biological systems as a guide to synthesize nanoscale materials. Using such
systems was found to impart precision and selectivity to the nanostructures synthesized.
In addition to the aforementioned aspects, biocompatibility of textured implants, cellular
engineering, medical sensors, and drug delivery are among the various important fields of
interest in the “nano—bio” regime [28]. In most of these applications, it is mandatory to
have a stable dispersion of the particles with controlled size and physico chemical

properties [29].

1.2.5 Characterization

From the aforementioned arguments and the experience from the dealing with bulk
materials, it is evident that an appropriate characterization will play a crucial role in
determining various properties. Three broadly approved aspects of characterization are

A. Morphology

B. Chemistry

C. Crystal structure
Various techniques that can be used to identify the above mentioned features and the

corresponding resolutions are illustrated in Figures 1.-3 [30].
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A. Morphology
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Figure 1. Various techniques used to characterize the morphology of materials and their
corresponding depth and lateral resolution.
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Figure 2: Various techniques used to characterize the chemistry of materials and their
corresponding depth and lateral resolution
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Figure 3: Various techniques used to characterize the crystal structure of materials and
their corresponding depth and lateral resolution.
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1.2.5 Applications

Field emission devices for x-ray instruments, flat panel displays and other vacuum
nanoelectronic applications are some examples where nanotechnology has already been
introduced. Nanotechnology has become indispensable for applications such as probes
for biological and chemical separation, sensors and their purification, catalysis, energy
storage, and composites for structural materials, filling materials, and coatings. During
the last two decades, tremendous research efforts have been dedicated to understand the
properties of nanomaterials, which are of utmost importance for advanced applications.
The properties of nanomaterials can be tailored to numerous engineering applications via
atomic-level structural control of materials. However, the real challenge lies in the
integration of nanostructured materials into the devices and retaining nanostructures in
bulk components.

1.3 Synthesis of Nanostructures

It 1s well appreciated across the disciplines, both fundamental sciences and engineering
technologies, that the ultimate performance of any device or material is purely based on
its structure, composition, electronic configuration, and valence states of the cations or
anions (in case of compounds). These aspects direct the fundamental structural building
blocks which in turn are scaled-up according to the need. While both bottom-up [building
larger objects with smaller building blocks, i.e. using atomistic synthesis methods] and
top-down [using the bulk materials to produce nanoscale objects, i.e. using methods such
as sever plastic deformation] have been widely used for nanoscale materials synthesis; a

significant emphasis is dedicated to the bottom-up approach. The versatility offered by
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the bottom-up approach stems from the ability of the synthesis techniques to offer a blend

of atomic scale control and ease of formation at various scales as desired.

Among the various techniques explored, soft-chemistry or wet chemical methods have
been established to engineer the materials with specific characteristics based on the basic
structural units. The soft-chemical methods offer economic, high yield, easy to adopt, and
environmentally benign methodologies to synthesize nanoparticles that can be scaled-up
if necessary. However, they suffer from incorporation of chemical impurities from
precursors, insufficient control on the reaction kinetics. In some cases, the purity of the
final products may have to be compromised. However, some of these aspects can be
overcome when the synthesis is undertaken carefully. The soft-chemistry techniques,
initially introduced by the French solid-state chemists Rouxel and Livage in 1970s, are no
more confined to a well-defined area of science but are accepted widely as novel
methodologies to tailor materials with desired chemistry, morphology and dimensions of

interest.

In a quite contrasting note, often deemed as a very expensive technique, molecular beam
epitaxy (MBE) is known to provide very high quality materials (nano-scale thin films and
clusters) with atomic scale precision in structure, chemistry and morphology. Initially, the
technique has been widely used for the synthesis of semiconductor materials for various
fundamental studies. Of late, oxygen plasma-assisted molecular beam epitaxy (OPA-

MBE) has evolved as an ideal technique for developing high quality epitaxial oxide
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materials [31]. The high quality epitaxial, highly oriented films provide an ideal material
platform to understand the fundamental characteristics of the materials in various state-
of-the-art technological applications such as SOFCs, spintronics, and high-T, -
superconductors. For example, epitaxial ceria and zirconia-based oxide thin films, solid
electrolytes for SOFCs, are seen as ideal materials for mechanistic understanding of
oxygen ion conductivity. Although the technique may not be ideal for bulk production of
electrolyte materials for SOFCS, a clear understanding of the mechanisms from these
high purity single crystal materials and the use of materials produced from economic bulk
techniques (soft-chemistry) can be viewed as an ideal marriage of various bottom-up
approaches for the nano-scale materials synthesis. Hence, this dissertation focuses on
both soft-chemistry and OPAMBE techniques to synthesize nanoceria and understand its

characteristic features.

1.4 Cerium Oxide (ceria, CeO;) Nanoparticles
Nano-ceria (nCeria) is among the frequently studied oxides because of current and

potential uses as a catalyst [32], as an electrolyte in SOFC technology [33, 34], and for
UV-blocking applications [35]. Chemical-mechanical planarization and solar cells [36]
are among the newer applications where the nanoceria particles may have an impact.
Our group has recently shown the ability of CNPs to protect retinal cells (in vivo) from
reactive oxygen species (ROS) and to protect human breast-line cells from radiation
damage during cancer treatment by mimicking superoxide dismutase (SOD) activity [37,

38]. Among various applications, our group at UCF demonstrated that nanoscale oxide
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materials have better performance, ranging from traditional applications like oxidation
resistance coatings [39, 40] to mind-probing and the most sensitive biological
applications. Various collaborative research projects are investigating the effect of nCeria
particles in different applications, such as cell longevity [41], radiation protection [38],
neuroprotection in retinal cells [42], and free radical scavengers [43].

1.5 Doped Ceria as SOFC Electrolyte Material

High efficiency, minimal pollution, and wide choice of fuels have made SOFCs a
promising alternative energy converter (or transducer). There has been a quest for viable
replacements to yttria-stabilized zirconia (YSZ) as electrolyte to reduce the current
operating temperature of fuel cells (from approximately < 1000°C) thereby improving the
overall economics of the SOFCs. Among the various possibilities, the fuel cell
community has appreciated the potential of doped ceria as a low and intermediate
temperature fuel cell electrolyte. Both theoretical and experimental works have
established the higher oxygen ionic conductivity in the intermediate temperature range
with the aliovalent-doped ceria. Since nanomaterials have demonstrated altered and in
many cases enhanced properties compared to bulk materials in general, doped ceria
nanostructures have the potential to enhance ionic conductivity in comparison to the bulk
material. In these conductors, migration barriers to bulk diffusion and vacancy-dopant
interaction are the key parameters that control the activation energy for oxygen ion
diffusion. The vacancy-dopant interaction is represented by the association energy of
vacancy dopant clusters, which is a result of the electronically delicate balance between

elastic and electrostatic interactions. In addition to reducing the activation energy for
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oxygen ion diffusion, dopants should also ensure negligible electronic conductivity, and
chemical and structural integrity of the base material. Samarium (Sm) was proven as the

best dopant for ceria [44].

In contrast to the traditional powder-processed electrolytes, high quality single crystal
films and hetero junctions are excellent SOFC electrolytes to understand fundamental
behavior. In general, thin film electrolytes demonstrate higher ionic conductance due to
thickness reduction [45, 46]. In the nanoscale thin film regime, higher ionic
conductivities could be realized by using multilayered films and multilayered hetero
structures [47, 48]. Also, previous and ongoing research in the Interfacial and Nanoscale
Science facility of the W.R. Wiley Environmental Molecular Sciences Laboratory has
proven that the use of multilayered doped ceria/zirconia electrolytes can enhance the
overall conductivity of the electrolyte [47]. This was attributed to the asymmetric
interfacial segregation of the dopant, domain boundaries, misfit dislocations and the
strain associated with the hetero junctions. Another major factor that controls the
conductivity is the individual layer thickness in a multilayered system. It is thought that
there is an optimum individual layer thickness above or below which the conductivity
will be lower. The highest conductivity values in these multilayered nanostructures are
likely to be governed by nanoscale effects. While the higher thicknesses might avoid
semi-infinite space charge effects, ultra low thicknesses may lead to significant effects
stemming from the lack of uniformity and associated problems. In addition to these

aspects, a major parameter that controls the properties of oxygen-plasma assisted MBE
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grown films is the substrate temperature during growth. The growth temperature not only
decides the crystallinity of the film, but also the overall quality. In general well-oriented
single crystal films show enhanced ionic conductivities in comparison to their

polycrystalline counterparts.

The key property of nano-Ceria in either the traditional applications or in the nano-bio
regime is their ability to effectively switch between the +3 and +4 oxidation states.
While the UHV techniques like MBE help in understanding the behavior of highly pure
materials, solution based techniques help large scale production and low cost processing
for various applications. Hence, it is quite interesting to simultaneously study the material
properties under different conditions. For successful application and integration of these
materials in industrial products, it is imperative to study the size, shape, structure and
chemistry under different storage conditions, such as various temperatures, presence and

absence of polymers, and stabilizing agents.
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CHAPTER 2:
SIZE, SHAPE AND SELF-ASSEMBLY OF CNPS

Self—assembly is recognized as one of the major experimental strategies for the
development of nanostructure ensembles [1]. A wide spectrum of morphologies such as
rods [2, 3], tubes [4], spheres [5], cubes [6], and stars [7], have been reported. The
existing reports on self-assembly have relied upon preformed patterns, soft or hard
templates for attaining desired morphology and dimensions [8]. Growth of a set of
crystallographic planes can be achieved using preferentially attached surfactant
molecules. Time dependent size, shape and stability of oxide nanostructures are of
fundamental and technological interest. Cerium oxide is one of the widely studied oxide
materials for chemical mechanical planarization [9], solid oxide fuel cells [10],
environmental catalysts [11], oxidation resistance coatings [12], and recently in bio-
medical applications [13-17]. Unsurprisingly such vast applications of cerium oxide have
been aptly supported by wide research and literature along with synthesis characterization
and application of nano cerium oxide particles (CNPs). Variation in the lattice parameter
of cerium oxide as a function of size, dopant concentration and the formation of nanorods
of ceria through supramolecular assembly of micelles were reported recently [2, 18, 19].
The existing literature lacks understanding as well as reports of template free self-

assembly of CNPs in simple solvent systems such as water and glycols.

As part of this dissertation work, CNPs were synthesized (see 2.1.2) using
environmentally friendly (green), room temperature, wet-chemical methods. The size,

shape and self-assembly of CNPs were monitored as a function of time at different
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temperatures and local environments. While sections 2.1 and 2.2; deal with the room
temperature aging of the CNPs, section 2.3 deals with the effects of aging under frozen
conditions. Significance of various aging conditions and the role played by various
environments has been discussed in detail. A detailed HRTEM analysis of the structures
obtained at different aging periods have been analyzed using both online and offline
analysis techniques. An effort has been made to explain the underlying mechanisms that
drive the final configuration. MD simulations have been used to validate the experimental

observations.

2.1 Hierarchical Assembly of Inorganic Nanostructure Building Blocks to Octahedral
Superstructures— A True Template Free Self-assembly

A systematic study of the morphological evolution of cerium oxide nanostructures as a
function of time is presented in this chapter. CNPs were synthesized in poly(ethylene
glycol) (PEG) based solvents (S1). It was realized that the nanoparticles agglomerate
through a hierarchical assembly to form octahedral superstructures with time. The system
was studied for two years, and after a number of iterations, we imputed the morphology
formation to the inherent structural features of cerium oxide and the ease of attaining low
energy configuration. HRTEM studies revealed the formation of octahedral
superstructures from a non-specific initial morphology, after 1-3 weeks of aging, Figure
4. The agglomeration behavior of CNPs in the absence of the polymer additives was

simultaneously analyzed as a reference system.

It is evident from Figure 4(a) that the 15-20 nm agglomerate in freshly prepared solution

has no specific morphology. Selected area diffraction pattern in the inset (Figure 4(b))
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confirms the fluorite structure of ceria (fm3m, JCPDS -34-0394). The 20 %PEG solution
was found to contain agglomerates of 50 — 70 nm with polyhedral morphology when
aged at room temperature for one week. However, no specific morphology was found in
the nanoparticles synthesized in the absence of PEG. The samples were aged at room
temperature for 8 weeks and analyzed using HRTEM. The presence of individual 3 — 5
nm CNPs constituting the agglomerates up to tens of nanometers was observed. While
the water-based system precipitated after 3-4 weeks and exhibited irregularly faceted
polyhedral agglomerates (S2), the 20 %PEG suspension was found stable with polyhedral
structures of well defined edges, corners and faces, Figures 4 c, e, f, g). The polyhedral

structures were aligned in specific patterns on the TEM grids (S3).

Figure 4: HRTEM image of a) a representative high magnification image showing the
individual particle of ~5 nm constituting the bigger agglomerate; b) SAED pattern
confirming the fluorite structure of ceria; ¢) well-dispersed polyhedral structures after 2
weeks of aging d) block diagram showing the reduction of energy through agglomeration
of individual octahedral crystals; HRTEM images of polyhedral ceria agglomerates at
different angles to the beam; e, f) agglomerates clearly showing the faces, edges and
corners of the polyhedral structure, and g) top view image of the polyhedral structure
showing 4 triangular faces converging at an apex. Insets in e, f, g show the schematics of
the octahedral shape at different angles.
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After a detailed analysis of images collected at various tilt angles, Figure 5, the
polyhedral structures were confirmed as octahedral superstructures formed through a
hierarchical assembly of individual octahedral building blocks (3 — 5 nm) (S4). Initially,
the ability of PEG to impart controlled conformation to the agglomerates was thought to
be the driving force behind these polycrystalline octahedral assemblies. Uekawa et al [20]
have reported the synthesis of monodispersed spherical CNPs in presence of PEG without
any long term stability studies. The single crystal polyhedral ceria particles with
octahedral morphology are reported in the literature. [21, 22] The {111} planes were
proven to be the most stable through MD simulations. Irrespective of the starting seed,
the final 3 — 10 nm particles were reported to be {111} octahedra or [23] truncated {111}
octahedra [21]. However, the existing literature lacks any long term stability studies in
this system. We use the analogy from the previous experimental results and geometric
models proposed to explain the mesostructured assemblies to investigate the octahedral
superstructures [8, 24]. We hypothesize the formation of hierarchically assembled
octahedral superstructures to be a multistage process. First, the individual octahedral (3 —
5 nm) nuclei agglomerate to form 15 — 20 nm agglomerates through dynamic self-
assembly. The agglomerates in the freshly prepared samples (Figure 4a) lead to a specific
polyhedral shape by the realignment of the individual building blocks in the agglomerate
with due course of time (Figure 4c) [1]. The equilibrium between the agglomerated and
the non-agglomerated parts of the system drives the second stage through an oriented
hierarchical assembly, leading to larger octahedral super-structures. We envision the

process to follow the models proposed by Liu et al [8, 24] for mesostructured silicates.
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Patterned and non-patterned slides were utilized to heterogeneously grow various
morphologies through self similar growth of silicates. The morphologies of
superstructures were reported to vary with the composition of the precursors. The
nanoceria octahedra in our study fall under the quartet octahedron model proposed by Liu
et al [24]. The primary ceria building blocks are the octahedra of 3 — 5 nm and they
further grow to secondary and tertiary octahedra through oriented assembly, Figure 5.
When two building blocks with adsorbed PEG or water come together, the capillary
forces between them facilitate the solvent removal and strengthen the agglomerate
through van der Walls forces [25]. The role of Ostwald ripening in the later stages of the
superstructure formation cannot be ignored. The inset 4(g) is a top view model of the
hierarchical assembly corresponding to the HRTEM image shown in Figure 4(g). A
precise model depicting the possible route of hierarchical assembly is shown in Figure 5
[8, 24]. In an attempt to find the role of PEG, the precipitates from the water-based ceria
have been analyzed after 4 and 8 weeks of ageing after re-dispersing them in the solution.
Sharp edged octahedra were found in the HRTEM analysis, scaling up to 200 nm along
with a few nonuniform polyhedra. This clearly indicates that the morphology can be
attained without PEG. Hence, the initial proposition that “the PEG is driving the
morphology is revised”, and it only plays a role in enhancing the kinetics and stabilizing
the sol. This can be ascribed to the reduced interfacial energy and the ability of PEG to
assist the intra-agglomerate alignment. Also, the nonpolar PEG coating quickly facilitates

the inter — agglomerate interaction, whereas the same is not true for particles suspended
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in water [26]. The enhanced stability of the CNPs in a PEG-based system is a result of

higher viscosity and lower dielectric constant of the solvent (S5).

Figure 5: (left) HRTEM Images at various tilt angles, the edges and corners of the 2-D
image are mapped to the edges and corners of the octahedral superstructure. The
agglomerate upon tilting at various angles elucidates the octahedral geometry (right)
proposed mechanism of superstructure formation

Hence, we propose that the octahedral hierarchical assembly of the CNP is inherent to the
ceria system. Our preliminary experiments using other synthesis media also support the
same. Further, the variation in the oxidation states of the Ce as a function of aging, and
synthesis medium is studied using UV-Vis. The Ce 4+ oxidation state was found to
reduce and almost disappear as a function of time. The variation in oxidation state is
useful in biomedical applications to impart protection from reactive oxygen species [13-
17]. Both the PEG and water based ceria systems have shown ~ 0% transmission in the
UV - B and UV - C (310 — 210) regions, making our solutions ideal for the UV blocker
applications (S6). In this chapter we presented a simple, economic, room temperature

method for the preparation of hierarchically assembled octahedral superstructures from

nanoscale building blocks without any template or external driving forces. Proposed
28



dynamic self-assembly also emphasizes the importance of long-term ageing on the

nanoparticles.
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2.1.2 Supporting Information

S1: Experimental Work

Cerium(II)nitrate hexahydrate (99%); Poly(ethylene glycol) (Molecular weight ~600);
30% hydrogen peroxide, and 27% ammonium hydroxide were procured from SIGMA-
ALDRICH Inc. Ce(IIl) precursor was dissolved in PEG and DI water mixed solvents. A
required quantity of 30% hydrogen peroxide was added drop wise as an oxidizer. Typical
quantities of the reagents were chosen to yield 30mM ceria suspensions. 20, 50 and 100%
PEG solvents were used for synthesis and the major emphasis was on the 20PEG solvent.
The transparent colorless solution slowly turns pale to dark yellow indicating the
formation of the cerium oxide. The ceria dispersed sol was aged at room temperature in
closed glass bottles. Representative samples were taken at different time intervals: 15
min, 1 day, 1, 2, 3 and 6 weeks, etc, by dipping the carbon coated grids in ceria sol.
HRTEM was used to characterize the size and shape of CNPs, (FEI TECNAI F-30).
Selected area electron diffraction (SAED) patterns were collected to confirm the

structure.
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Figure S2: Precipitate from the a) water-based and b) PEG-based colloids with irregular
polyhedral shapes. Significant precipitation was observed after 3-4 weeks of aging in

water based system and 7-8 weeks in 20%PEG system.
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Figure S3: HRTEM images indicating the alignment of the octahedral superstructures

over significant areas on the TEM grid into specific patterns. Samples were collected

from the CNP suspensions aged for 2 weeks at room temperature.
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Figure S4: HRTEM image of one of the corners of an octahedral superstructure depicting

that individual 3-5 nm particle size is retained in the agglomerate.
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Table 1 (S5): Dielectric constant and viscosity of different solvents (room temperature)

Solvent Dielectric constant Viscosity, cps
DI Water 79 0.8872
PEG600 13.0 36.45

20 PEG600 + 80 DI Water  65.80 8.00

50 PEG600 + 50 DI Water 46 18.665

37



100
90 -
80 -
70 -
60 - ‘ ~ WB Ceria
50 -
40 -
30 -
20 -
10 -

0 - *—-"/ : : : :

220 320 420 520 620 720
Wavelength, nm

—— PEG Ceria

-+ Ce3+

Ce4d+

% Transmission

Figure S6: Comparative UV-Vis transmission plots of the 20PEG and water based ceria
along with the pure Ce(IlI), Ce(IV) spectra. The Ce(III) spectrum has no absorption in the
visible region where as the Ce(IV) has a significant absorption in both visible and UV

regions.
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2.2 Symmetry-Driven Spontaneous Self-Assembly of Nanoscale Ceria Building Blocks to
Fractal Super-octahedra

2.2.1 Introduction
The quest for improving the performance of materials in various functional applications

and the enthusiasm to mimic the nature to produce ultra-strong, highly versatile and low
cost materials has been the major driving force in the past decade of materials research.
Albeit a significant amount of knowledge and understanding has been gained, a wide
range of aspects in the materials world are still elusive to scientists. For example,
researchers are able to control the size, shape, self-assembly and properties of “metallic
materials” [1]. However, the same control is still in its infancy, when it comes to the
functional oxides. Use of fluorite structured oxides (ceria, zirconia etc.) for fast ion
conduction in solid oxide fuel cells (SOFCs), as catalyst support and, lately, in solar cells
and bio-medical applications makes the understanding of their size, shape, and structural
evolution of paramount importance [2-5]. It is well established that energetically and
topologically favored structures are needed to properly utilize various properties of these

materials [6].

CNPs, have gained a significant attention from chemists, physicists and materials
scientists due to its fundamentally and technologically interesting redox chemistry [5].
CNPs can efficiently switch between +3 and +4 oxidation states depending on the
ambient conditions. It was shown that the increased defect concentration at the surface of
ultra-small particles (smaller than 10 nm), can improve its performance in catalysis, solar
cells and in disease treatment/prevention. Soft chemistry routes have been widely used to

39



synthesize CNPs. Several research groups, including our group, showed that the
individual CNPs have octahedral and truncated octahedral morphology surrounded by
{111} and {200} planes. While Sayle and co-workers have used MD simulation to
examine this fact, Gunter’s group used electron tomography to confirm the octahedral
morphology of the CNPs [7-9]. However, most of the experimental and theoretical
studies have been confined to ‘“single crystal” ceria particles synthesized through
relatively high-energy conditions. In contrast, we have synthesized the CNPs at room
temperature and aged for relatively longer periods (several days to weeks), and we have
observed their spontaneous self-assembly [10]. After a systematic analysis, we have
proposed an appropriate model for the template free, hierarchical assembly of CNPs at
room temperature: The truncated octahedral seeds of ceria preferentially assemble into
secondary and tertiary structures, while retaining the octahedral symmetry through close
packing similar to the growth of fractal structures. Earlier, Alvarez [11] has
systematically explained the significance of various polyhedral morphologies in
inorganic chemistry. It was quoted “despite the small recognition, the “superoctahedron”
[an octahedron made of a number of octahedra] does exist in chemistry”. However, most
of these reported instances were with metallic clusters or at the atomic bonding level. For

the first time we report “superoctahedra” in oxide nanostructures.

Here, we analyze the appropriateness of the proposed model through HRTEM analysis
and support the findings with MD simulations. Details about the synthesis of CNPs and

their time dependent hierarchical assembly can be found in the previous chapter [10]. The
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HRTEM images were collected using an FEI-TECNAI F-30 system at 300 kV with a
point to point resolution of 0.2 nm. Image analysis was done using the GATAN digital
micrograph software. TEM images of the CNPs were collected in as-synthesized
condition and at different aging times. The TEM samples were prepared by dipping a
holey-carbon coated copper grid in the nanoparticles suspension. These grids were dried
at room temperature in anaerobic conditions and used for imaging. Detailed
methodologies of the MD simulations used in this manuscript are published previously.
The simulations have successfully predicted the formation of single crystal octahedral
particles of ceria, in collusion with the experimental findings [7, 12].

2.2.2 Purpose and Significance of FFT HRTEM Analysis
High-resolution electron microscopy is an indispensable technique for understanding the

internal structural and morphological aspects of nanoscale materials [13]. Bright-field
imaging coupled with diffraction analysis is often used to achieve this. A specimen, for
BF imaging, is illuminated with a near-parallel or parallel beam of electrons, which pass
through the specimen and form a magnified image below the objective lens and other
imaging lenses. The amplitude and phase variations of the electron beam depend on the
properties of the specimen and on the aberrations of the microscope and are recorded on a
CCD camera. Even in a perfectly aligned microscope, the images acquired often suffer
from a significant amount of unwanted noise either from crystalline or amorphous
supports used to hold the samples [14, 15]. In case of nanoparticles prepared in solutions,
the particles are collected on an amorphous holey carbon grid. This noise may create

problems while analyzing the structures of nanoparticles. Furthermore, it may be very
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tedious to work with ultra small particles to attain their individual diffraction pattern.
Even with a smallest possible aperture, the area under selection may have a number of
particles contributing to the diffraction pattern and may result in features not true for an
individual particle. Hence, use of image processing techniques to analyze the individual
nanoparticles and smaller agglomerates is an effective alternative. Image processing in
the Fourier space and the inverse Fourier transforms eliminate the unwanted noise from
the images. Fourier transforms of micrographs of a carbon film, when obtained live, can

also be used for correcting the astigmatism of the objective lens.

Earlier, Fourier transforms of the image are similar to diffraction patterns for the imaging
done under weak phase object approximation (WPOA) [1]. The intensity of the transform
was calculated by Tomita et al. given by,

Sin(azu) Sin(bav)
w

L(u,v) = 8(u,V) +40°¢>(u,V)sin® y *( )

Where a, b present the dimensions of the area in which the transform is collected. d is the
delta function in two dimensions, ¢ is the Fourier transform of ¢(X,y) -the phase change,
u, v are the co-ordinates of the diffraction plane and o is the interaction constant. The
WPOA may not be valid in case of the small particles that result in inelastic scattering
and even in some cases refraction effects. However, Jose-Yacaman et al [1] have later
shown that the Fast-Fourier Transform (FFT) can be used for crystallographic analysis
under dynamical scattering conditions also. Although, the intensities of the diffraction
spots may not be equal to those obtained in the FFT, the distance between the spots in

FFT is still equal to g. Most significant advantage offered by the FFT analysis results
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from the ability to choose the area of interest. Even very small sizes can be chosen within
an image and processed to obtain the crystallographic information in the nanoparticles, as

we show later in this paper.

In as synthesized condition, CNPs were found to form 15 — 20 nm agglomerates
constituted with 3-5 nm individual particles, Figure 6a, 6b. The selected area electron
diffraction pattern (SAEDP) could be indexed with the ceria fluorite structure (PDF# -
034 — 0394) Figure-6a, inset. The high-magnification micrograph clearly shows that most
of the lattice fringes correspond to the {111} lattice planes with a majority of the surface
planes in Bragg condition. The FFT presented as inset clearly shows the preferred
orientation in these primary agglomerates, as discussed later. It should be noted that the
agglomerates do not have any specific morphology in as synthesized condition. When the
solutions are continued to age for a week or more [10], the polyhedral structures were
observed in the size range of 50-70 nm, Figure 7a. The dimension of these polyhedral
structures increased up to 150 nm with further aging. Despite the larger agglomerate size,
the individual building blocks remained 3 — 5 nm in size, Figure 7b. The crystallinity and
preferred orientation of the polyhedra are confirmed by SAEDP (inset Figure 7a) and
FFT (inset Figure 7b), respectively. Having observed the consistent evolution of the
polyhedral superstructures, we have compared this morphology with existing platonic
solids and it was clear from the images taken at different tilt angles that the morphology
matches with the “octahedral”. Following is an effort to explain why and how this

“superoctahedra” form from the individual octahedral building blocks. In order to
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understand the topotactic nature of the “superoctahedra”, a systematic approach is
adopted. First, we explain why an octahedron is a preferred morphology and what drives
the formation of octahedral building blocks, then analyze the characteristics of the
individual particles followed by primary agglomerates and then the agglomeration of the

individual agglomerates to final structure. These analyses are further confirmed by the

results from MD simulations.

Figure 6: a) TEM images of as synthesized CNPs showing 15-20 nm agglomerates (inset)
SAED pattern confirms the ceria fluorite structure (b) high resolution images with lattice
fringes with 3-5 nm individual particles (inset) FFT pattern
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Figure 7: a) TEM images of CNPs aged for a week or longer showing ~50 nm polyhedral
agglomerates (inset) SAED pattern confirms the ceria fluorite structure (b) high
resolution image of a portion of the super-octahedra (inset) FFT pattern

2.2.3 Why Octahedra?
The octahedron is among the 5 platonic solids that have the maximum symmetry. The

cube and the octahedron being the duals of each other and also the possibility of attaining
a packing similar to cubic from octahedral packing, can be attributed to the formation of
the octahedral assemblies. Whitesides et al., proposed ground rules of assembly [16] like
maximal packing density, surface to volume ratio and the structural stability are implicit
in such morphology evolution. In another study, Vinothan and Pine [17] have shown with
the help of microspheres that the octahedral packing is one of the densest ways to
assemble the structures. Octahedra are among the most energetically stable shapes and
among the minimum-moment clusters. For a given volume, the surface area of the
octahedron is only 18% more than that of a sphere. Given the faceted nature of the
individual building blocks it is not unnatural that the final morphology is also faceted.

One significant example of such a phenomenon is the fractal structure evolution.

45



2.2.4 How Did The Morphology Evolve?
The formation of a particular shape is purely because of the arrangement of different

planes and their conformation in different energetically favorable orientations. The
reason for time dependence of these shapes can be readily understood by the fact that the
planes that are growing are the close packed {111} constituting the facets of the
individual building blocks following the Wulff criterion. When the growth process is not
complete, then the octahedron will end up as a truncated octahedron with both {100} and
{111} facets constituting the surface. The individual nanoparticle with {111} and {100}
facets and the schematic models of the octahedral and truncated octahedral facets are

shown in Figure 8.

During the course of agglomeration, the particles try to have planes with similar inter-
planar spacing at the interface to attain coherency, hence is the tendency for the {111}
planes at the interface as shown in Figure 9. When two particles come together with
similar planes at an angle (no specific alignment), they result in incoherent interfaces and
interfacial defects. However, they will spontaneously try to align the planes to have a
low-energy interface. This can be achieved by intra agglomerate rotation as presented in
Figure 8(1c). The nature of the interface when two particles with aligned and mis-aligned
{111} planes is also shown in Figure 8. The dotted lines help the readers visualize as a
top view image of an octahedron, with the basal plane normal to the electron beam. The
visualization of different planes in an individual particle constituting the agglomerates
and their relative orientation could be achieved through FFT analysis. The analysis

presented in Figure 10 helps avoid the redundant noise from the image and helps resolve
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the {111} fringes in an individual particle. The inter-fringe distance could be measured
by using the profile tool of the digital micrograph software, which in turn corresponds to
the inter-planar spacing. The dy1y for fluorite structured ceria is ~ 0.31 nm and the

Figure 10(e) confirms the same.

d) e) ‘Lﬁ'. {111

N —=
— 1

<100> {100}

Figure 8: Different regions identified in a) and b) indicate the individual nanoparticles
building blocks with octahedral symmetry enclosed by the low energy {111} {200}
planes c) shows the schematic of a octahedron in a cubic cell d) shows a possible
truncation plane in the octahedron that appears as a hexagon in top view e) various planes
and directions of interest are identified in a cube

47



..
Y

————
——

Intra-agglomerate

//// rotation
7

Figure 9: (a) an agglomerate of ~20 nm consisting of various smaller particles. The inset
(b) is a FFT pattern of the image indicating the polycrystalline nature of the agglomerate.
The (1) white dotted circle indicates two different particles coming together at an angle.
This kind of interaction between two particles will result in a high-energy interface and
interfacial defects (shown with a dotted white arrow in the picture). As shown in the
Figure (c) the particles may undergo intra-agglomerate rotation and eventually align the
planes to attain a low-energy interface (3). The black dotted circle indicates the ~3 nm
size of individual constituents in the agglomerate (2), the white dotted circle shows the
joining of two particles with similar planes with coherent interface, the arrow indicates an
interfacial dislocation.
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Figure 10: a) HRTEM image of the as-synthesized ceria indicating the presence of ~15
nm agglomerates constituting at least three different particles as shown in the boxed area.
b) FFT of the boxed region in a) c) the masking of the diffraction circle to avoid
unnecessary noise from the image and d) is the inverse FFT of the masked region. This
process helps obtaining distinct lattice fringes corresponding to the planes that are
properly aligned with respect to the zone axis, providing a better possibility of estimating
the inter-planar spacing (d-spacing) and thereby identifying the planes. Here, the fringes
correspond to the {111} planes of ceria with fluorite structure.

One important aspect that needs caution while analyzing the lattice fringes is presented in
Figure 11Three different regions of a single agglomerate of CNPs with the corresponding
FFT patterns are presented in Figure 1la. The region (1) shows 6 different spots
(identified with dotted circles) corresponding to {111} and {220} planes. Whereas the
regions (2) and (3) have two spots and no spots, respectively. This is indicative that the
region (3) is completely out of alignment with respect to the <110> zone axis. When the

planes are perfectly aligned with the electron beam to fall in <110> zone axis, the FFT

pattern will be similar to the schematic shown in Figure 11(b).
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Figure 11: 1,2 and 3 are FFTs collected at three different regions of the agglomerate
shown in the Figure. It is clear from the FFT and the way the lattice fringes appear that
the individual particles are at different angles to the incident beam. Ideally, for a <110>
zone axis in fluorite structure, the FFT should be similar to the schematic on the right
side. The variation in the orientation of the grains or individual truncated octahedral
building blocks is evident, which with time may re-orient to attain low interfacial energy
through intra-agglomerate rotation as explained in Figure (9).

When two smaller agglomerates come together and agglomerate further forming a
secondary structure, while evolving as an octahedron, some more defects may form. The
strain at the interface is often relieved through formation of interfacial defects as shown
in the Figure 12. It is very difficult to visualize any features or defects from the as-

obtained image. However, when planes corresponding to {111} are selectively masked

and a filtered image is acquired the features become evident as shown in Figure 12(b).
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Within the agglomerate, nanoparticles are found to form twin and twist boundaries to

accommodate interfacial strain.

Figure 12: a) HRTEM image of the CNP agglomerates, the white circle shows at least 3
different smaller agglomerates forming a larger agglomerate and the inset is a FFT of the
region marked with red-dots (b) is a Fourier filtered image formed by selectively masking
the {111} planes, applying inverse Fourier transform. Various interfacial defects and
inter-particle boundaries could be identified.

So far, we have seen the characteristics of the individual particles and the agglomerates.
The next and most important aspect of interest is the nature of the final super-octahedron.
While the low magnification micrograph (colors inverted to enhance the features) shows
the 8 faces (similar to the {111} facets in single crystal octahedron), 6 corners and 12
edges, the high resolution images confirm the presence of 3-5 nm individual particles in

the 50-70 nm agglomerates (Figure 13). It is also interesting to note, the FFT patterns

obtained from the superoctahedra show preferred orientation.
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Figure 13: a) Image showing corners, faces and edges of the octahedron (colors in a BF
TEM image were reversed to enhance the clarity) b) HRTEM image of a corner of the
octahedron with individual building blocks of ~5nm identified with circles.

Randomly oriented, polycrystalline ceria will have a diffraction pattern as shown in
Figure 14a). However, the FFT patterns of Figure 14 (c) and (e) show partial diffraction
rings for the {220}, {311} planes as indentified by rectangular boxes in Figure 14 (c) and
(e). Earlier Penn et al [18] have shown the preferred orientation of nanoparticles through
epitaxial attachment. However, most of the observations were confined to either two or
three individual particles combining together or the recrystallization of the agglomerates
into a single-crystal structure. Here, we report a slightly different but significant
observation, where the nanoparticles agglomerate with preferred orientation as a function
of time and the super-structures continue to grow in size with the individual building

blocks remaining at the same size.
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Figure 14: a) SAED pattern of an ideal polycrystalline, randomly oriented, fluorite
structured CNPs, complete circles corresponding to different planes are identified in the
diffraction pattern. (b) and (d) show corners of two super-octahedral structures and The
FFTs of regions marked in the Figures are shown in (c) and (e).

The FFTs exhibit partial diffraction circles for the higher-order {220}, {311} planes
indicating that they have some preferred orientation or the images are plagued by
astigmatism. The regions identified with white rectangles show the discontinuity in the

diffraction circles. However, the “super-octahedra” (middle) being polycrystalline, it is

not possible to precisely determine what is that preferred orientation.

Many researchers have synthesized CNPs in the past. Most of the studies were confined
to very short time periods. We, for the first time, studied the aging characteristics of the
CNPs in as-synthesized condition for almost 300 days at room temperature. The
realization of these fractal structures in ceria and the unique morphology was only
possible because of the long-term aging studies undertaken by our group. With the
increasing use of the nanoparticles in multiple applications, where they are often supplied

in suspension, our findings are significant as they predict the time-dependent
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agglomeration tendency of nanoparticles at room temperature in the absence of any

surfactants.

Figure 15: (a) View showing the epitaxy between the nanoparticles attached at {111}
surfaces; (b) Close packed structure comprising CeO; nanocrystals (which corresponds to
Figure 13a). Cerium is colored to help visualize the individual CeO, nanocrystal
secondary building units.
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In order to understand the agglomeration behavior of single crystalline octahedral CNPs,
we have used MD simulations along with the experiments. The results of the MD
simulations were found to match the experimental observations. When two nanoparticles
come together they form dislocations at the interface and also try to rotate and align with
time, Figure 15. When the nanoparticle building blocks were allowed to attain a low-
energy configuration, they spontaneously resulted in the octahedral assembly agreeing
with the experimental results.

2.2.5 Conclusions
With HRTEM and FFT analysis, we have shown that the individual building blocks of

CNPs spontaneously assemble to form super-octahedral structures. The superoctahedra
are shown to be a result of the fractal agglomeration of nanoscale octahedral building
blocks of ceria. With the help of FFT the orientation of the nanoparticles within the
agglomerates and their interfacial defects were analyzed. The nanoparticles undergo an
intra-agglomerate rotation to align in a preferred direction while forming the final

morphology. MD simulations have been used to confirm the experimental observations.
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2.3 Self-assembly of Cerium Oxide Nanostructures in Ice Moulds

2.3.1 Introduction

Nature epitomizes ‘self-assembly’ —living cells arranged in a myriad of complex forms

and structures, acting as one particularly complex example. The challenge of synthesizing
hierarchically ordered and complex structures with molecular level recognition is another
example of a natural process that cannot yet be duplicated in the laboratory. Fundamental
research in understanding such self-assembly of molecules has led to new strategies for
synthesizing functional nanomaterials [1, 2]. Several nanomaterial structures, facilitated
via self-assembly, have already been demonstrated by various researchers [3-13].
Similarities between self-assembly of nanoparticles and simple forms of life may lead to
additional efforts to unravel and mimic Nature [1]. Among the multitudes of
morphologies and configurations, one dimensional nanostructures (ODNS) have received
significant attention from researchers, owing to their potential use in new generation

electronics, photocatalysis, sensors, and biomedical applications [7].

Here, we demonstrate the self-assembly and time dependant evolution of CNPs into ultra-
long polycrystalline ceria nanorods (length ca. 3 — 3.5 micron, diameter ca. 30 nm) using
a simple water-based synthesis, freezing, and subsequent aging in ice. The mechanism we
propose is effectively a natural form of templated self-assembly. Overtime in the frozen
condition, particles gradually evolve into polycrystalline nanorods. Our understanding of
the process involves structure templating associated with voids known to form in ice [14-
16] and localized oriented attachment of CNPs. Oriented attachment and anisotropic

growth of nanoparticles in solution [17, 18] are vital to the self-assembly of
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polycrystalline nanoparticles in solution. Advances in MD-based simulations have
enabled interesting and exciting observations in self-assembly [3, 19-21]. We used MD
calculations to understand the observed aggregation process. We have recently reported
the synthesis of polycrystalline ceria octahedral superstructures by self-assembly through
oriented agglomeration in both water and poly(ethylene glycol) [22]. These contrast with
the spherical (high index planes stabilized), single crystal CNPs synthesized by Feng et
al. [23] in a high temperature gas phase reaction. Clearly, agglomeration kinetics and
behavior of CNPs change with ambient conditions. Motivated by this, we have studied
their aging characteristics under different conditions, including altering the solution
environment and temperature. We have observed the evolution of ceria nanorods
supported by the ice templates under freezing conditions. In addition to the formation of
nanorods we also observe the formation of polyhedral superstructures, which appear

during the freezing process.

2.3.2 Results and Discussion

In the present work, a seeding solution of CNPs was synthesized using a simple water
based method by oxidizing the Ce(Ill) precursor salt to Ce(IV) . Several 3-5 nm
crystallites nucleate and start to agglomerate within a short time frame (Figure 1a). The
solution containing ceria crystallites was subjected to sub-zero temperatures (-18° C) and
aged for different time scales. Crystalline CNPs agglomerate in an oriented fashion
within 1 day of aging and result in rod type structures together with large faceted
agglomerates (octahedral superstructures) (Figurelb, SI-1). Both the superstructures and

the nanorods were constituted of truncated octahedral building blocks of CNPs [19]. The
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observation of octahedral superstructure within one day of aging in ice directly contrasts
the time dependent evolution of nanoparticles into polycrystalline superstructures [22].
Subsequent aging for one week facilitated long polycrystalline nanorods (Figure 16 ¢,d,
SI-2). Retention of the initial 3-5 nm particle size, with predominant {111} surfaces, is
observed even in the highly dense and polycrystalline ceria nanorods about 40 nm in
diameter (SI-2). Further aging of the nanoparticles in ice (2 weeks) resulted in the

formation of ultra-long ceria nanorods (Figure 16e, 16f, SI-3a,).
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Figure 16: TEM images taken from frozen ceria solution (after melting) a) Immediately
after the formation of CNPs (10-15 nm agglomerate contains of 3-5 nm ceria
nanocrystals), and after freezing and subsequent aging for b) 1 day - the zigzag
alignment nanoparticles into a one dimensional self assembled structure is apparent ¢) 1
week — initial ceria nanocrystals agglomerated in ice structure anisotropically to form
long ceria nanorods d) 1 week-aged samples showing complete ceria nanorods e) 2 weeks
— a long ceria nanorod (aspect ratio 1:20) formed after aging in ice f) 2 weeks - a high
magnification image of the ceria nanorod of Figure 1e showing polycrystalline nature of
ceria nanorods with 3-5 nm nanocrystallites. These 3-5 nm nanocrystallites are retained
and serve as the building blocks for the formation of nanorods.

We propose simultaneous occurrence of two different processes during the freezing of
ice, leading to the formation of nanorods along with observed octahedral superstructures.
While the formation of octahedral superstructures is inherent to the process of freezing,
the formation of nanorods occurs due to ice templating effect. Ishiguro et al [24] proved

through both experimental and modeling studies that the “ice structure cannot

accommodate foreign molecules other than water”, this results in the well known “solute
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rejection” phenomenon. This process is very well acknowledged by the metallurgical
engineering literature for alloy solidification and zone refining kind of phenomena, where
the progress of solidification front results in the rejection of impurity particles into the
liquid phase. In the case of dilute ceria suspensions, as the freezing front proceeds from
top to bottom, the CNPs will be expelled into the water phase. This leads to a significant
increase in concentration of nanoparticles in the unfrozen sol, followed by aggregation
and kinetically driven octahedral morphology evolution. The higher concentration of
solute ceria particles and the increasing pressure exerted by the ice front on the water
phase results in the chemico-physical process mentioned above. It is well known that the
ice front will be porous with some capillaries present at the ice — water interface. The
nanoparticle suspension will be absorbed into these channels due to pressure differences.
Significantly higher concentration of nanoparticles results in their entrapment in these
channels as the solidification continues. It was shown previously that high concentration
of unfrozen brine sols were left out within channels formed during the freezing of a brine

solution [25].

62



Freezing front

™

.o
1Y o (WCerla. .
- s - . . -
(1) lce\~ * rancpatticlesin * - |_,
“
.. % .o Water,K * * -
- - -

.

¥
Perturbatione caused by
nano-scale solute particles cellular growth as solute
Is ejected Into solution

Perturtations Ieading to

Agglomerat#:n and
superstructure formatic
in concentrated scolutio|

forms momhoalogy as well channels forms
as rods upon aging nancrods upon aging

Inside

Patticles trapped in voids Pt}lides trappedin nano Nano-capillaries
trapping the particlea

Rapid agglomeration and
superstructure formation
as complete freezing Is
achieved

=1

Figure 17: A systematic motion of the freezing front producing nano-voids and nano-
capillaries during solidification of ice from water. The perturbations caused by the solute
particle (CNPs in the present case) are assumed to be same as during the solidification of
a binary alloy. However, the nanoparticles cause nano-level perturbations during the ice
growth forming nano-channels in which solute particles can be trapped. Such a
phenomenon is also observed during freezing of polar ice in which brine channels are
formed (the brine channels are microscopic in dimension due to high concentration of salt
and large size of secondary particles (25)). The rapid agglomeration of the solute which is
not trapped and ejected in the remaining solution forms octahedral superstructure.

The formation of nanorods is assisted by the physical templating of ice. At -18 °C under

atmospheric pressure, ice conforms to the “Ice I” structural polymorph[26] and

microstructural features, including nano and micro channels, evolve to accommodate the

stress and expansion during solidification [27]. These channels, with nanometer

diameters and a few microns in length, serve as nano-capillaries (hard templates) and the

water, supersaturated with CNPs, is forced into the capillary, driven by capillary forces
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emanating from the freezing front [28, 29]. The initially oriented particles are locked in
the capillary under the ice pressure and undergo uni-dimensional oriented agglomeration
to form ceria nanorods. It was observed that a very dilute solution and nanometer size of
the particles are central to the formation of channels or capillaries. The perturbation,
caused by nanoparticles at the ice and supercooled-liquid interface causes channel
formation as depicted in Figure 17 (and SI-4). CNPs trapped in such nanochannels
transform into nanorods with predominant {111} terminated surfaces. Specifically,
particles trapped in long, nanochannels form the nanorods while those trapped in voids or
wide capillaries or in the last portion of the frozen water will form octahedral
superstructures. A schematic, depicting such morphological evolution, is presented in

Figure 18a and b.

Figure 18: Schematic of the evolution of nanorods and octahedral morphology during
freezing and subsequent aging of the CNPs. Initial seeds of CNPs having a truncated
octahedral geometry grow in an oriented agglomeration to form truncated octahedrons
during the initial stages. Upon further aging the particles trapped in ice capillaries form
nanorods, while those remaining in solution during the forward motion of the freezing
front agglomerate as octahedrons; b) building blocks of octahedral superstructure and
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nanorods; it can be seen that the initial building block can attach via face to face or edge
to edge type of attachment of different nanocrystals; c) Image generated by selected
masking and inverse FFT of a high magnification image of ceria nanorods showing
dislocations (circles) formed during orientation and self-assembly.

Once trapped inside the channels and surrounded by ice, the mobility of CNPs is
restricted to essentially one dimension. However, the very high surface energy of the
nanoparticles drives the intra — agglomerate rotation to achieve partial oriented
attachment at two, three particle interfaces. Such orientation proceeds by incorporation of
defects such as dislocations along the interfaces of nanoparticles as shown in Figure 18c.
The white circles indicate the interfacial dislocations formed during the oriented
agglomeration. Both the formation of octahedral morphologies and nanorods involve
rotation and orientation of the nanoparticles to facilitate low energy configurations via
coherent/semi-coherent interfaces. This can be visualized as an imperfect attachment as
described in an earlier observation with titania nanoparticles [17, 18]. Higher activation
energies and Brownian motion etc. are required for a full crystal rotation or
recrystallization to facilitate complete coherence and formation of single crystals.
However, in a time limited aggregation under freezing conditions, complete rotation is
not achieved and screw/edge dislocations form at the interface between three or more
orienting particles (SI-5). As three or more particles align, elastic deformation results in
partial coherence together with the evolution of screw dislocations [18]. The formation of
screw dislocations is also predicted by our theoretical investigation and is discussed later
and shown in SI-6. Upon aging, the mis-orientation and associated dislocations are finally

annihilated resulting in energetically stable interfaces.
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A comparison of oriented attachment was made using the particle encounter complex

(Kos)[30] model, following equation 1.

3
« _ 4000ITN,h

0s

exp(=Vr (h)/KT), (1

Where N,, is Avogadro’s number, Vr is the total interaction energy between two
spherical particles, h is the separation distance between the particles, k is the Boltzmann
constant, and T is the temperature. The K,s value for CNPs indicates a tendency to
agglomerate at ambient temperatures even in a low concentration solution SI-7. It is
expected that with the onset of ice nucleation and crystallization, the pH increases to a
high (acidic) indeterminate value [31]. Yang et al. [11] suggested that oriented
agglomeration at high particle concentration was possible only at high acidity or high
alkalinity. These conditions are satisfied when the CNPs reach a stage of supersaturation
while migrating into the aqueous region during freezing process which also increases the
acidity in the remaining unfrozen solution. As the freezing front traverses through the
system, the supersaturation in the liquid region forces the nanoparticles to agglomerate
quickly into octahedral superstructures, driven primarily by the kinetics of the system
rather than the thermodynamics. It is evident from our analysis that the formation of such
superstructures is complete as soon as the freezing is complete. Conversely, several days
of aging is required to facilitate superstructures at room temperature. Nanoparticles
trapped in ice channels agglomerate in a similar fashion via localized oriented assembly

to form nanorods.
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The observation of polycrystalline nanorods under freezing conditions enlightens another
side of oriented agglomeration, in which anisotropic self-assembly does not progress
through a stage of amorphisation and complete reorientation to form single crystalline
structures. The very low thermal energy during freezing and aging at -18 °C is
responsible for maintaining it’s polycrystalline nature while the one dimensional
confinement caused by channels in ice results in attachment of different polycrystalline
particles. The role of ice as a physical template along with the importance of freezing
rate was further investigated by subjecting the initial ceria seed solution to direct
quenching in liquid nitrogen. During quenching under liquid-nitrogen environment, the
total solution was frozen in 50 seconds. This extreme freezing rate does not allow the
phenomena of freeze fractionation (solute rejection etc). It is also important to note that
there is a fundamental difference in the freezing process when the vials are left in a
“freezer” at -18 °C and when they are gradually immersed into the liquid nitrogen. While
the freezing front proceeds from top to bottom and the capillary phenomena occur in the
former case, the same are not feasible in the latter. Hence, the nanoparticles are trapped
(frost) as is at random positions and thus we have not observed significant differences
between as synthesized particles and those frozen in liquid N, (i.e. octahedral
superstructures were also not observed, SI-8). On the other hand, aging of CNPs solution
at 2-3 °C for 2 weeks resulted in formation of faceted agglomerated nanoparticles [SI-8].
The absence of nanorods from the unfrozen solution suggests that templating effect of ice

is required for synthesis of nanorods.
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Whitesides et al [1] have proposed the ‘ground rules’ for the self-assembly of basic
building blocks as the ease to attain equilibrium between aggregated and non-aggregated
states or to adjust their position relative to one another once in an aggregate. While the
latter seems to happen in the formation of nanorods under the influence of capillary
pressure, morphological evolution within the time frame of freezing reflects the tendency
of {111} terminated CNPs, to assemble even under fast kinetic conditions. This kind of
process has very important and broad implications in establishing the self -assembly
mechanism in CNPs as the morphology appears within a very short time frame. This also
suggests that the total time to achieve morphologically stable equilibrium conditions is
very short in the case of CNPs, or the morphology can be achieved despite quenching the
equilibrium conditions. This phenomenon could be unique to the fluorite structure of
CNPs. The most interesting part of the present nanorod formation is the evolution of
longer nanorods (up to 3.5 micron long) with time (aging under ice) which proves the
dynamic nature of self-assembly in static ice templates. It can be observed directly from
SI-9 that the zigzag attachment of CNPs through {111} planes occur within 1 day of
aging at -18 °C. A strong evidence of oriented attachment is observed from the FFT
pattern as shown in SI-9, which indicates preferential attachment of planes instead of

random aggregation of nanoparticles.

Mao et al [32] have systematically studied the synthesis of variously aggregated quantum
dots at low and high temperatures. It was reported that the anisotropy at low temperature

arises due to the templating effect of the thiol groups and may produce spherically

68



aggregated structures at even lower temperatures. However the study was limited to 24
hrs of freezing and templating effect of ice was not considered. Synthesis of fibrous and
layered sheets of composites exploiting the ‘physics of ice formation” was demonstrated

recently [27].
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Figure 19: Results from MD simulation of self-assembly of nanorods and octahedral
superstructure: Atom positions comprising the CeO; nanostructures. (a) Starting
configuration comprising CeO, nanoparticles placed equally spaced into a simulation box
a 2x2x2 supercell is shown; (b) configurational energy, calculated as a function of time;
(¢) structure of a chain/nanorod comprising CeO, nanocrystals. Top: after 300 ps of MD
simulation. The arrows indicate the trajectory followed by the blue and green
nanoparticles as they attach themselves to one another; bottom: after 1500 ps showing the
attached configuration; (d) view showing the epitaxy between the nanoparticles attached
at {111} surfaces; (e) close packed structure comprising CeO, nanocrystals (which
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corresponds to Figure 18b). Cerium is colored to help visualize the individual CeO,
nanocrystal secondary building units.

As evident from most of the existing literature and from the work quoted above, often the
researchers have confined to complicated surfactant mediated assembly and high
temperature routes for producing the 1-D nanostructures. We found interesting
differences and similarities between Mao et al.’s work and our study. They have confined
the studies to just 24 hrs and reported some intermediate meta-stable structures at sub-
zero temperatures. In the present work, we have continued the aging treatment up to
several days and proposed a possible mechanism of nanostructure assembly in the ice
molds. Based on the present work, we believe that the long term aging study on the
nanoparticles is central to our success in obtaining the 16-d, 18-d assemblies. If applied to

other systems, the long term aging studies might reveal various exciting features.

In the present study, we have successfully exploited the physico-chemical processes
happening during and after the freezing of CNP sols to mold one-dimensional nanorods
(30 nm diameter) and three-dimensional superstructures. This is a first step in using ice
moulds to direct the self-assembly of nanoparticles into different shapes, sizes and
assemblages. Aforementioned observations are also validated with the help of MD

simulations as discussed below.

In the present study, we have used molecular dynamics (MD) to simulate nanoparticle

self-assembly. Specifically, we explored agglomeration constrained in one and three
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dimensions, which led to models of chains/nanorods and octahedral superstructures,
respectively. The simulation code and potential models have been described previously in
reference 3. To facilitate one-dimensional agglomeration, amorphous/molten CeO;
nanoparticles, each comprising 6144 atoms and about 5 nm in diameter, were positioned
equally spaced, within a cubic simulation cell box 13nm in size, Figure 19(a). Each
simulation cell comprised four nanoparticles. Constant volume MD simulation was
applied to the system for 6800 ps at 3200 K. The high temperature accelerates the
dynamical simulation such that the crystallization and aggregation are complete within
the (small) timescale of the simulation. The simulations revealed attractive forces acting
between neighboring amorphous/molten nanoparticles. Accordingly, under the MD
simulation, the nanoparticles started to move closer to one another and started to
crystallize. Specifically, nucleating seeds spontaneously evolved within the nanoparticles
facilitating their crystallization. The resulting nanocrystal morphologies comprised {111}
octahedra with the sharp corners truncated by {100} in accord with the experiment. Once

crystalline, the nanoparticles continued to be attractive towards one another.

The configurational energy of the system (Figure 19b) was calculated as a function of
time. The first 300 ps of time is associated with a steep gradient and reflects, in part, the
crystallization of the nanoparticles. The energy difference between the start of the
simulation, where all the nanoparticles are amorphous, and fully crystalline nanoparticles,
is loosely associated with the heat of crystallization. After 300 ps, the nanoparticles have

already aggregated together forming part of a chain, Figure 19(c). During the next 1200
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ps, Figure 19(b), point A to point B, two nanoparticles (green and blue, Figure 19(c))
attach themselves to one another via {111} surfaces; a plan view of the epitaxy between
the two nanoparticles is shown in Figure 19(d). The attachment energy can be determined
as the energy difference between point A and point B, Figure 19(b). A movie showing the
attachment is available as supporting information SI-10. As the MD proceeds, the energy
continues to reduce reflecting annealing conditions. This may include, for example,
surface relaxation, rotation of the nanoparticles to facilitate a better fit, annealing out of
dislocations etc. An illustration is shown in supporting information SI-6 in which a screw
dislocation anneals out and facilitates coherent matching between the atomic planes of
two attached CeO, nanoparticles. We also modeled a three dimensional aggregation of
{111}-terminated CNPs, which form a close packed octahedral structure as shown in

Figure 19e (SI-11a).

Our simulations, where we simulate the self-assembly directly, predict that when the
system is constrained in one-dimension (modeling the reduced dimensionality of the ice
cavities), the CNPs attach via {111} faces resulting in a ‘zigzag’ structure of the nanorod,
Figure 19(c); rather than, for example, a parallel chain via attachment of {110}. Clearly,
random ‘zigzag’ attachment would not facilitate a linear chain. However, the constraining
influence of the ice mold forces nanorod evolution. By simulating self-assembly
dynamically, similar to experiment, the models derived are metastable and do not
represent thermodynamically the lowest energy structures. Accordingly, after attachment,

the nanoparticles (attempt to) rotate to improve the epitaxy and area of coherence. We
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also observe from the simulations that once attached, the translational and rotational
degrees of freedom for the individual nanocrystals are reduced and therefore optimum
attachment (thermodynamic) is difficult to attain. We note that the atomistic model of the
nanorod/chain, Figure 19(c), can be used to help describe and understand the observed
structure, Figure 16b, which is the 1-day old sample. During prolonged aging, the ice
becomes harder and denser and will impose high localized pressure upon the chain within
the ice-mold. Accordingly, we performed MD simulations on the chain under 0.1 - 0.5
GPa pressure. The animations of the simulation revealed that the nanocrystals reorient
and pack tighter together. In contrast, when we do not constrain the nanocrystals to one-
dimension (unconstrained) the resulting (kinetically driven) models are three-
dimensional, figure 19(e). A more detailed description of the three dimensional geometry
of the superstructures is provided in SI -10(a) and was found to retain their nanocrystal

identity upon rearrangement giving rise to polycrystalline superstructures.

2.3.3 Conclusions

In this chapter, we have successfully presented the use of simple and natural phenomena
such as formation of ice from water to architecturally sculpt 1-D ceria nanostructures.
The green chemical synthesis route adopted and the MD simulations used to confirm the
morphology evolution of the ceria nanostructures demonstrates a unique combination of
experiment and simulation of nanoparticle behavior. The long term aging studies on
nanoparticles in various conditions possibly lead to mind-probing findings in the
synthesis and self-assembly of nanostructures. While much has been learned from various

resources of Nature, harnessing the use of ice as tool to self assemble nanomaterials
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should be explored further. By altering freezing rates, initial particle concentration, and
aging temperature, it should be possible to use these processes and changes in ice
structures to sculpt desirable nanostructures comprising nanoparticle building blocks.
Clearly, water/ice environments are pivotal to the natural world and its evolution.
Understanding and controlling the behavior of CNPs in such environments, as we have
done here, is a first step to facilitate future advances spanning, for example, nanofluidics

to nano-bio applications [33].

2.3.4 Experimental Details

Stoichiometric amounts of cerium nitrate (III) hexahydrate (Sigma-Aldrich) were
dissolved in deionized water (18.2 MQ) and 20% PEG (600 MW. from Sigma-Aldrich) +
DI water mixtures. This solution was then oxidized using hydrogen peroxide (30% w/w
Sigma Aldrich) to form the CNPs. Vials containing 15 ml of the solution were stored at
2-3 °C and another set was frozen in a laboratory chemical freezer. For fast freezing
another set of vials containing solution were immersed directly in liquid nitrogen at a rate
of 10 mm/sec. The solution freezes instantaneously upon immersion in the solution. Thus

the rate of propagation of solid front can be taken as 10 mm/sec.
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2.3.5 Supporting Information

SI 1: TEM images from one day aged frozen solution of ceria a) Image shows CNPs with
small and large agglomerates (inset electron diffraction pattern confirming the fluorite
structure of ceria; also one can see truncated morphology of agglomerating nanoparticles
which is usually observed upon controlled ageing) b) Particles orienting together and

agglomerating in anisotropic way to give oriented agglomeration.
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SI 2: TEM images of one week-aged frozen solution of ceria. a) bunch of ceria nanorods

with some octahedral structures (SAED in the inset confirms the fluorite structure of the
rods and particles) b) the dense packing of individual 3-5 nm CNPs making up the
nanorods ¢) TEM image showing the superstructure assembly of ceria octahedra along

with nanorod (inset shows the star shape morphology of the superoctahedral ceria)
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SI 3: TEM image of ceria nanorods taken from three weeks aged frozen solution of ceria.
a) confirms high density of long ceria nanorods and octahedral arrangement of
agglomerated nanoparticles after 2 weeks of aging b) 3.5 micron long nanorod of ceria
(inset shows the diameter as 40 nm) ¢) EDX spectrum collected on a spot at the nanorod
showing the signals from cerium and oxygen.
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Frozen ice

SI-4 Schematic of the process of freezing and entrapment of particles in the ice channels
as the liquid moves out of the capillary during the progress of the ice front. The
schematic tries to simulate a real situation during the freezing as the ice front progresses
from top to bottom. The particles are sucked into the channels along with water into the
nano channels and are trapped inside the channels as the water freezes and/or drives out
of the channels.
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SI 5: HRTEM image of orientation attachment of CNPs. Arrows indicate the presence of

dislocations at interface during the orientation of two {111} surface terminated CNPs. A
semi-coherent interface is formed with dislocations which get annihilated over a period of

time with aging (SI 6).
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SI 6: Atomistic structure of a screw dislocation. () Snapshot of part of the simulation

cell taken after 990 ps of MD simulation showing two CNPs (green and yellow); a third
(blue) is partially visible. Within the green nanoparticle, a screw dislocation has evolved.

The arrow indicates the position of the core region, which resides at the center of the
nanoparticle and traverses its entire diameter. (b) After 6800 ps, the screw dislocation

can be seen to have annealed out.
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SI-7: Kos was calculated using the supporting equations for the total interaction energy

VT

_ * 2 —xh
V- () = ﬂR( Hy | 64c,KTE, e J

127h K*

For a non symmetrical electrolyte the k was calculated using

1 £,.&,KT
x| 2000e°N |

Where &, is the unitless dielectric constant of the medium, &, is the vacuum permittivity, k
is the reciprocal of Debye length, T is the temperature, I is the ionic strength and Ny, is
the Avogadro’s number.
While the Io is given by

Co exp(zegd, /2kT) -1
exp(zed, /2kT)+1

It must be noted that the estimation of K,s assumes a spherical shape of the nanoparticles
a homogenous distribution of surface charge over the particle surface. For CNPs in a 30
mM solution using a surface potential value of 30 mV, a room temperature value of 298
K, particle size of 5 nm, and obtaining other values from reference (31) the stability
constant was found on the order of 10, It must be noted that value of K, obtained is for
CNPs in solution at room temperature and not for rapidly changing conditions during the

freezing of ice.
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SI 8: CNPs formed in ice (fast freezing) after 2 weeks of aging a) well dispersed
nanoparticles which does not show any anisotropic behavior b) high magnification

images of CNPs showing the individual 3-5 nm CNPs c) truncated octahedron in
refrigerated (2-3 °C) nanoceria after 3 weeks of aging.
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SI 9: High magnification TEM image from one day aged solution of CNPs in ice a)

shows the zigzag oriented attachment of nanoparticles b) the FFT pattern of Figure (a)

shows preferred orientation (texture) of {111} planes in during the evolution of nanorods
from CNPs.
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SI 11a: when we do not constrain the nanocrystals to one-dimension (unconstrained) the
resulting (kinetically driven) models are three-dimensional, Figure 4(e). However, in
contrast to the 1D chain, the CeO, nanocrystals comprising the 3D superlattice are tightly
bound to twelve nearest neighbors. Accordingly, the degrees of freedom are very much
reduced and the activation energy associated with any movement of one nanocrystal (to
improve, for example, epitaxy or coherence) is so high as to prevent rearrangement. Thus
the initial agglomeration (kinetically driven) gets locked into the structure and any
extended periods of simulated annealing have little influence upon structural
rearrangement. The simulation thus provides model atom positions for the schematics
shown in Figure 3b. We note that the CeO, nanocrystals in the close-packed structure are
not space filling, rather the nanocrystals occupy 73% of the space (calculated using
solvent surface of 1.4 A; Ce*'=0.92 A, 0= 1.32 A). We also performed simulations at
20 GPa pressure and found that the nanocrystals do not agglomerate into the bulk parent
material; rather the nanocrystals retain their individual identity, while becoming more

space filling.
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CHAPTER 3:
INFLUENCE OF AGING AND ENVIRONMENT ON NANOPARTICLE
CHEMISTRY

Despite the significant attention and numerous publications devoted to nano-sized
materials, the physics and chemistry driving their properties are occasionally explored.
Understanding and controlling the properties of nanoscale materials remains a significant
challenge to the scientific community across the globe [1, 2]. Cerium oxide (CeO,, ceria)
is among the frequently studied oxides because of current and potential uses as a catalyst
[3, 4], in solid oxide fuel cell technology [5, 6], and for UV-blocking applications [7].
Chemical mechanical planarization and solar cells [8] are among the newer applications
where the nanoceria particles may have an impact. Our group has recently shown the
ability of CNPs (CNPs) to protect retinal cells (in vivo) from reactive oxygen species
(ROS) and to protect human breast-line cells from radiation damage during cancer

treatment by mimicking superoxide dismutase (SOD) activity [9, 10].

A key property of CNPs in either the traditional applications or in the nano-bio regime is their ability to
effectively switch between the +3 and +4 oxidation states. Especially for NPs, the oxidation state observed
is influenced by the synthesis and processing conditions, storage time (aging), and environment. These
factors combine to influence physical (and chemical) properties of CNPs, including lattice parameter and
optical absorption [7, 11]. Another noteworthy aspect in CNPs is the blue shift in optical absorption with
decreasing particle size. The exciton confinement (quantum size effect) that leads to blue shifts in optical
transmission spectra is widely observed in semiconductor and some oxide NPs. Although ceria is one of the
extensively studied oxides for quantum confinement effects, current literature on the quantum confinement

effects in ceria has been inconsistent [12-14] and has stimulated a lively debate [15, 16]. Many researchers
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have observed a blue shift in the optical absorption edge with decrease in particle size and often used the
effective mass approximation theory {EMA theory: When the dimensions of a material reach those of its
Bohr exciton radius, the energy of the lowest excited state increases, i.e. blue shift occurs in the optical
absorption with decrease in size. The combination of quantum confinement and effective mass

approximation theory can be used to derive a R dependence of the band gap energy for a spherical particle

h> 1 1 , .
>(—+—)} to interpret the particle
&R 'm, m,

and the relation can be written as: AE; =E_ (R)—E; =

size from the shift in the optical absorption edge (SI -1). While some groups have attributed this to quantum
confinement, others have ascribed it to the presence of the Ce®" oxidation state in the NPs [11, 17]. Zhang
et al [18], reported that adsorbed hydroxyl radicals on the surface of the CNPs are capable of creating a
surface-energy band and thereby causing absorption at longer wavelengths, compensating the confinement
effect, for particle sizes below 4 nm. The general tendency for an increased amount of Ce** with decreasing
particle size below 10 nm has also been widely reported'®. In either case, researchers usually assume that
the particles remain static with time and ignore any interaction with the environment, an assumption that,

we believe, does not always apply.

Although synthesis, processing, storage conditions, and local environment of NPs are
known to play a significant role in determining their properties, this important
information about particles and their history is often not reported [19]. Lieber’s group
[20] has demonstrated large anisotropy in polarization and photoconductivity as a result
of dielectric contrast between nanowires and the surrounding environment rather than the
quantum-confinement effect. Structural changes in ZnO NPs in the presence of water and
alcohol were observed by Zhang et al. [21]. In other reported literature as well, we have
observed indications of environmentally induced changes in NPs apparently of similar or
identical size [22].
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The subtle aspects in the seemingly simple synthesis, aging time and effect of local
environment on the chemistry of CNPs are reported in this chapter. While the first section
(3.1) deals with the chemical changes and oxidation switching in CNPs aged under water
based environment in the absence of any additives or surfactants; later part (3.2) deals
with effects of monomer and polymer additives on this behavior. Based on the available
literature and the experimental observations, an effort has been made to propose a

possible mechanism that drives the oxidation state switching in CNPs.

3.1 Oxidation State Switching in Nanoceria and Its Implication to Confinement Effects

3.1.1 Introduction

Here we examine the time dependent chemical state switching of CNPs while suspended
in aqueous solutions as a function of local environment and aging time. An overview of
this phenomenon is shown in Figure 20. It is important to recognize that the effects are
reversible. The ceria particles respond (sometimes slowly) to the oxygen activity of the
solution. Because these chemical state changes influence both physical and chemical
properties of the particles; they may impact NP behavior important for specific
applications, such as catalysis or biomedical materials. Our experience and previous
results [23] also indicate that the interaction of CNPs with the polymers and organic
molecules is dynamic and depends on the solvent and processing conditions. In
particular, solvent properties have been observed to influence both the particle size and
the chemistry as a result of surface interactions [24]. Although it was hypothesized that

the chemical state of the NPs is reversible, systematic analysis and a detailed mechanistic
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understanding of this phenomenon as a function of aging and environment are not
available [23, 24]. Here we analyze the ability of CNPs to switch their oxidation state in
various aqueous media, propose a mechanism, and suggest how these changes may
influence reported observations of quantum confinement. We also, simultaneously,
provide experimental and analytical support for a previous hypothesis about the ability of

CNPs to protect retinal cells through ROS quenching [9].
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Figure 20: a) Schematic representation of the regenerative capability and oxidation state
switching of CNPs in an aqueous environment. The pictures of bottles containing the NP
suspension in DI water indicate the color changes after different aging periods. The
mechanism of oxidation-state change in the presence of hydrogen peroxide and
hydroperoxyl radicals is shown; (b) UV-Vis absorption spectra of ceria NP suspension
indicating the shift in the absorption as a function of time. It is evident from the plots that
the absorption spectra for freshly synthesized CNPs and those after 3 weeks of aging are
almost identical.

3.1.2 Experimental Work- Synthesis and characterization of CNPs

Unless specifically noted, the CNPs used in this work were synthesized by a room-
temperature wet chemical route without any surfactants or additives. Ce(NO3);” 6H,0,
was dissolved in DI water (18.2 MQ), and a calculated amount of 30% H,0O, was added
drop wise to yield a final 30 mM CNP suspension. The colorless solution slowly turns to

a characteristic yellow color indicating the oxidation of Ce** to Ce*". A Varian Cary-1
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UV-Visible (UV-Vis) spectrophotometer was used to characterize the CNPs suspended in
solution. Characteristic Ce*" and Ce®" spectra were collected using control solutions made
from Ce*"-ammonium nitrate and Ce**-nitrate in DI water, respectively. In the as
prepared condition, the transmission spectra were obtained at two-minute intervals during
the first sixty minutes (Figure SI-2). Later, the spectra were collected every day for 1
week and then after 2, 3 and 4 weeks of aging (Figure 20b). The absorbance values were
calculated from the transmission data using the Beer-Lambert law and were used to
estimate the band-edge. Transmission electron microscopy (TEM) and X-ray photo
electron spectroscopy (XPS) were carried out on various samples and representative data

are quoted in relevant contexts.

The concentration of Ce** initially increases imparting the characteristic yellow color
with a maximum in intensity after one day of aging (Figure 20). The intensity of yellow
color starts fading after 1 week or more aging indicating a decrease in the amount of Ce*"
in the solution. After 3 weeks of aging, the solution appears pale yellow in color
indicating the further reduction of Ce*" and regeneration of Ce’". At this stage, it can be
unequivocally stated that the environment is not oxidizing and that the CNPs are stable
with a Ce’” oxidation state. A simple filtration experiment (detailed procedure: SI-3) has
been carried out to confirm that the color of the solution is a result of the variations in the
chemistry of the NPs. It is clear from the images and the analysis presented in the
supporting information that all the changes are indeed occurring on the NPs. The CNPs

were also synthesized in various aqueous media such as poly (ethylene glycol) (PEG),

93



ethylene glycol (EG), dextran, and glucose using similar conditions as mentioned above

to understand the role of additives.

To understand the actual time-dependent behavior of CNPs, we: 1) analyzed the optical
absorption data using the conventional data analysis techniques existing in literature; 2)
examined the chemical changes occurring in the CNPs with time and the environment;
and 3) interpreted the results of (1) and (2) in terms of the quantum-confinement effect in

CNPs.

3.1.3 Conventional Data Analysis (to determine band gap from UV-Vis data)

The absorbance can be calculated from transmission data using the Beer-Lambert law:
Absorbance (A) =log (100/%T) =¢C1 1
Where ¢ is the molar absorptivity, [L-mol'cm™], C is the chromophore concentration in

solution, [mol-L "], and | is the path length [cm], T is the transmittance.

Band-gap values can be calculated by plotting (¢E)* Vs E for direct and o*® Vs E for
indirect transitions [7] and extrapolating these plots to zero absorbance. Here, E is the
energy.

E= hc/h (1248.62/ A); where A is the wavelength [nm]; o is the optical absorption

coefficient (o = (2.303 X103A~p) / 1-c, p is the solid-phase density (7.13 g/cc for CeO,)).
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Figure 21: (aE)* Vs E plots for CNP suspension in DI water after various aging periods.
An estimate of the band gap can be obtained with o.E = const (E-E,)" {E is the energy
and E, is the band gap n = 0.5 for a direct allowed transition}. The band gap value can be
obtained from the energy intercept of the plot between oE? and E, as shown by the black
line for the data corresponding to 1-day aged sample.

Because it was shown earlier that the transitions in CNPs are direct in Nature, [7] we
confined our analysis to (aE) > Vs E plots only. These are shown for CNPs that were aged
in as synthesized conditions at room temperature for various time periods (Figure 21).
The method of extrapolating the plots to obtain the band edge value is also shown for a

representative data set from freshly synthesized NPs. The band gap values obtained from

this method are plotted in Figure 22.
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Figure 22: Band gap variation in water based CNPs as a function of time. Data was
collected at 2-minute intervals immediately after the oxidizer is added. Selective data
points corresponding to 0 — 60 minutes are presented. The data clearly shows that the
band gap values dropped from ~3.9 eV to 3.75 eV within first 60 min. The lowest band
gap value for a 1-day aged sample is indicative of the contribution from Ce*". Increase in
the band gap from 1 week of aging is indicative of the change in the oxidation state to
Ce’". It should be noted that the individual particle size did not increase beyond 3 — 5 nm,
after the first 60 minutes.

3.1.4 Band-Gap Analysis and Correlation with Microscopic and Visual Observations

The TEM images collected initially after synthesis (~15-30 minutes) have shown 15- to
20- nm agglomerates of 3- to 5-nm particles, which is in the range of the Bohr exciton
radius (~7 nm for CNPs). Particle sizes in this range and smaller are of major interest
when considering the quantum confinement effect [15]. The optical absorption edge in
ceria is expected to be a result of overlapping O,p and Cess charge-transfer bands and the
spin-orbit splitting of Cess [25]. Time dependent UV-Vis spectra show absorption in the
visible region with a clear red shift in the first sixty minutes after synthesis (Figure SI-2).
It should be carefully noted, that the confinement effects result in a “blue-shift with

decreasing particle size”; this can be viewed as “a red shift with increasing particle size.”
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In the experiments reported, after the initial nucleation, the particle size gradually
increases with time and red-shift was observed. This red-shift and the increasing particle
size could be interpreted as a result of confinement effects [26]. However, it should be
noted that there are at least two significant changes happening in the system after the
oxidizer is added, 1) ceria NP nucleation and growth; and 2) simultaneous change in
oxidation state from +3 to +4. We believe that the observed red shift might also be a
result of the change in oxidation state, supported by the mechanisms discussed in this
manuscript. Based upon the measurements from the dissolved salts, the absorption edges
for Ce’" and Ce*" are 3.76 eV and 3.2 eV, respectively. This indicates that the change in
the oxidation state from Ce*" to Ce*" also leads to apparent changes in the electronic

structure.

When we continued the analysis of the NP suspension aged for one day at room
temperature, there was a significant red shift in the absorption edge from ~3.9 eV to 3.6
eV (Figure. 22). There was no significant difference in either the color of the solution or
the change in edge energy for up to one week of aging (data not shown). Aging of the
ceria suspension beyond 1 week resulted in a gradual reversal of the oxidation state to 3+.
The absorption spectrum for the sample aged for 3-weeks almost overlaps with that of the
fresh sample (Figure. 20b). At this point, the solution is mostly colorless and there is no
significant precipitation. The band edge values and the color of the solution indicate the
dominance of Ce’* species. This indicates that the CNPs have switched their oxidation

state from +3 to +4 and eventually back to +3 again. During this entire oxidation /
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reduction process we did not see any significant changes in NP size, despite the variation
in the agglomeration for different solutions as we discuss later. We are able to observe
this interesting behavior of CNPs only because of the long term studies. Some of the
reported studies on CNPs were confined to first few minutes or hours after synthesis. In
order to efficiently use the NPs in various applications, it is important to understand their
long and short term stability and the associated chemical changes.

3.1.5 Chemistry behind the Dynamic Nature of CNPs
As mentioned before, two simultaneous processes occur when the CNPs are synthesized,

namely, the oxidation of Ce** to Ce*" and the nucleation and/growth of NPs. Hence, it is
important to account for the chemical changes in the ceria system during and after the
synthesis stages to properly understand the variation in the band edge values of ceria. The
chemical reactions that lead to the formation of CNPs [27] as the precursor is initially
oxidized are the following:

Ce’" + OH + ¥4 H,0, > Ce(OH),*" (2a)

Ce(OH),*" +2 OH™ = Ce(OH); > Ce0,2H,0 (2b)

It is well known that peroxide dissociates relatively quickly, hence the actual species
participating in the regeneration of Ce’" from Ce*" should be determined. In order to
explain this, we note long established literature on oxidation and reduction kinetics of
Ce*/Ce’" in the presence of hydrogen peroxide [28-33]. Several authors have critically
analyzed the catalytic oxidation of Ce*" to Ce*" in the presence of hydrogen peroxide [28-
33]. The key aspect of the hydrogen peroxide dissociation is the formation of the

hydroperoxy or perhydroxyl radical. Formation of perhydroxyl species during the
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reaction of Ce*" with hydrogen peroxide has been confirmed by electron spin resonance
spectroscopy [34].The hydroperoxy radical is known to disproportionate in the oxidation
and reduction of solutions with cations of multiple valency states.

H,0, > HO,+H +¢ 3(a)

HO, + HO, = H,0, + O, 3(b)

Our experiments are consistent with earlier observations indicating that CNPs can be
stable in either a Ce™ or Ce*" oxidation state in aqueous media under suitable conditions.
Hence, the Ce’" is formed from the Ce*" oxidation state in the presence of the
hydroperoxy species, following the chemical reaction (4).

Ce" +HO, > Ce™" +H' + 0, (4)

The hydrogen peroxide converts the Ce’” to Ce*" immediately after it is added to the Ce**
solution. The Ce*" ions will quickly bond with the available hydroxyl radicals and
nucleate the hydrated ceria particles to form a stable suspension at a pH of ~3.5. After
this stage, the solution will become depleted of the Ce’" ions and will be rich in Ce*'(in
the particles) and HO, radicals. This will drive reaction 4 and leads to the reduction of
Ce*" to Ce’". Hence, there must be competing reactions occurring simultaneously as long
as the relative concentrations of Ce*", Ce’” and HO, radical provide the driving force.
Once the solution is depleted of the oxidizing species, cerium will revert back to its stable
oxidation state in aqueous medium i.e., Ce*" oxidation state will become stable. So, we
propose that the regenerative capability of CNPs is determined by their immediate
environment. This implies that the Ce*" ions can be reduced and regenerated as the

environment changes. Such a mechanism has been suggested in the oxidation of reactive
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oxygen species (ROS) to protect retinal cells [9]. The formation of Ce*" by reaction with
H,0, is much faster than the reduction by hydroperoxyl species. The reduction reaction
involves solid NPs whereas the initial oxidation reaction involves ions in solution to form
solid NPs. Once the NPs have formed, the process of reduction is reversible and
oxidation of the NPs could be induced by the addition of oxidizing species like H,O,.
This is demonstrated in Figure 4, where addition of H,O, to a NP suspension that had
been aged for three weeks (and contained predominantly Ce®” NPs) regenerates the Ce**
oxidation state. The process of re-oxidation, however, is slower than the initial oxidation

reaction as it involves solid NPs rather than ions.
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Figure 23: UV-Vis transmission spectra indicating the effect of H,O, addition on the
ceria NPs aged for 3 weeks at room temperature in DI water. (change in environment)

Change in the color of the solution is an indication of change in the oxidation state. The
inset pictures represent the corresponding color changes with the addition of H,O,.
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Irrespective of the nature of the NPs — i.e. individual particles, small and large
agglomerates — we have observed reversible oxidation state changes in various aqueous
media. The effect of different solvents on the oxidation state of as synthesized CNPs is
clearly shown in Figure 24. Each additive has its own effect and significantly influences
the chemical nature of the NP suspension as evidenced by the differences in the optical
absorption data. The effect of dextran and glucose in acidic and basic environments is
critically discussed in a previous publication [23]. In our studies, we have not seen any
significant difference in the variation of absorption edge as a function of agglomeration.
Studies carried out with NPs synthesized in various aqueous media such as ethylene
glycol, poly(ethylene glycol), dextran and glucose at different concentrations also support
this observation. The most important point to be noted is that irrespective of the media,
the individual CNPs remained 3-7 nm in size, below the Bohr radius (~7 nm), Figure SI-
3. [14, 23] However, the kinetics of oxidation state formation and switching vary among
the different solutions (see Figure SI-4). This result confirms that the solution
environment plays a significant role in influencing the oxidation state (or the rate of
oxidation state transition) and thereby the band edge as a function of time. We have
shown that the individual NPs of ceria remain 3-5 nm even after aging for 4-6 weeks and
observed they remain the same even after ~400 days of aging (not shown here) [14].
Thus, after the initial nucleation stage the size of the NPs does not change. With
aforementioned experimental results and analysis, it is clear that the CNPs have dynamic
oxidation states, which can be tuned by choosing suitable environments and aging

conditions.
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Figure 24 : Representative color of 30 mM ceria NP solutions (immediately after
synthesis) in (a) DI water (b) 20% ethylene glycol (c) 20% poly(ethylene glycol) (d)
100% ethylene glycol (e) 100% poly(ethylene glycol) solutions. Darker yellow/orange
brown color indicates higher amounts of Ce*" as a function of variation in the
environment and the light yellow color indicates predominant Ce’". The number (XX)
shown at the bottom of each image is the band edge value obtained from the transmission
data. All the systems in as synthesized conditions have shown a particle size ~3-5nm and
agglomerate sizes of 10-20nm (TEM images are available in SI)

3.1.5 Implications of Chemical State Changes to the Band Gap Analysis

A number of researchers have shown that the lattice parameter expansion in the ceria NP
system with decrease in particle size is a result of an increase in the fraction of cerium
species in the Ce’" oxidation state and the associated oxygen-vacancy formation.
However, the same fact has not always been considered in analyzing the optical
absorption data of CNPs. Henceforth, data presented in this chapter and the dynamic

nature of the CNPs’ chemistry should be carefully considered while analyzing the
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confinement effects in CNPs. As usually applied, the effective mass approximation
(EMA) theory presents only the radial dependence of the band gap in the quantum dots
and does not consider a change in the chemical state of the semiconductor NPs. Hence,
the validity of the EMA theory to interpret quantum confinement is questionable for
species having variable chemistry, such as cerium oxide NPs. The role of local
environment in influencing the “chemistry” of CNPs also indicates that the interpretation
of confinement effects may not always be appropriate without accounting for their

influence.

3.1.6 Conclusions

We have presented, with experiments and data analysis, the dynamic nature of CNPs and
the changes of their oxidation state as a function of aging (time) and environmental
conditions. During the stage of particle nucleation and growth, both the particle size and
chemical state change with time. After the particles reach 3 nm to 5 nm, particle size
remains constant and the oxidation state depends primarily and reversibly on the
environment (and time). Often, the synthesis, analysis and relevant operational (in
various applications) conditions are not the same. In such cases, aging time and
environmentally induced changes in particles may play a significant role in the results
reported and hence lead to discrepancies in various studies. By simultaneously studying
the NPs both in the presence and absence of organic additives over a period of time (long
term studies) there is an increased scope for properly interpreting the complex nature of
NPs. It is also proposed that the band edge in CNPs can be chemistry driven and may not

always be due to pure quantum confinement effects driven by particle size changes.
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Having appreciated the facts, measurements of the effects of other parameters including
temperature and storage conditions are also important. Similar studies in other systems

might reveal more exciting features of NPs.
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3.1.6 Supporting Information

Table 2: (SI-1) -Summary of ceria synthesis and analysis by various researchers

Precursor/Method of | Particle Band Comments ref

Synthesis/Oxidizer Size, nm Gap, (eV)

Ce(I1I)/Micro 5-10 2.92 a) support QC |1

emulsion/TMAOH but no  size
dependence was

Heptane and dodecane reported

solvents b) attribute the
effects observed
to Ce3+ and
some unknown
physicochemical
aspects

Ce(lll) /  Composite | varies with | blue shift | a) do not make | 2

hydroxide mediated | time  and | with any  comment

approach/ temperature | decrease about

powders suspended in|3-7 in size confinement

ethanol effects

Ce(Ill)/  Sonochemical/ | 3 -5 3.68—3.0 | a) support QC 3

TAAOH/Azocarbonamide b) variation in
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particle size is

attributed to the

alkyl chain
length in
TAAOH
Ce(IIT)/ homogeneous | varies with | no a) attribute the
precipitation/ Alcohol + | the amount | /comments | variation in the
water/ NaOH of alcohol particle size to
4-9 dielectric
properties of the
solvent
b) no comments
on QC
Ce(IIT)/ hydrothermal/ varies with | 3.18 — | a) support QC
size fractionation/ | surfactant | 2.83 b) propose the
Alcohol + surfactant 2-3 possible

contribution of
Ce3+

c) increase in
Ce3+ with

decrease in

particle size
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Ce(I11)/

microemulsion

Successive

2-3

42-3.6

a) deny the QC
b) possible
contribution of
Ce3+

c) propose that
the

charge

transfer is direct

Ce(IIT)/NH4OH/particles

dispersed in alcohol

2.6 and 4.1

344 and

3.38

a) band gap
variation is
negligible

b) deny the QC
c) propose the
charge transfer

to be both direct

and indirect

Ce(111)

nitrate/

hexamethyl tetramine

3-12

blue shift
with
decrease
in particle

size

a) support QC

b) no
consideration of
chemistry

c) lattice
expansion due to

Ce3+ but do not
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consider the
same in case of

UV-Vis analysis

It is quite evident from the above table, that there are clear differences in the way the shift

in optical absorption of ceria NPs is being interpreted by different researchers.
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Figure SI-1: The absorbance values of CNPs synthesized in DI water as a function of
time. Data was collected at every two minutes during first 60 minutes, from which data at
every 10 minutes is presented here.

112



o Before filtration o mmm T00S
c < After filtration

£ Ce3+conuol
80 = Ce 4+ control

% Transmisslon

i 5 i
250 300 350 400 450 500
Wave length,nm

G O esdg
| MJTK/J‘ \ A
5 \_,-—
§ Characteristic Ced+peak \
...; 930 o " .8 " 32 870

Binding Energy, eV

Figure SI-2: Pictorial representation of the filtration experiment a) with the pre and post
filtration solutions b) the filter paper with nanoparticles c¢) the corresponding transmission
spectra along with the control Ce’" and Ce*" spectra d) representative TEM image (inset)
SAED pattern confirming the fluorite structure of ceria and e) Ces;q X-ray photoelectron
spectrum of the nanoparticles on the filter paper

Explanation for Figure SI-2:

The solution with nanoparticles was filtered (20-nm alumina filter from Millipore(TM))
after 1 day of aging. Both the spectral and visual confirmations are provided in Fig. SI-2.
The solution before and after filtration show clear difference and the filter paper shows
the presence of yellow colored CNPs. The post filtration solution was found colorless
demonstrating the role of nanoparticles in its color. The optical absorption spectrum
confirms the absence of Ce*" in the solution. Apparently, the suspension contains a

maximum amount of 4+ oxidation state after 1-day (Fig-1). The solution shown in the
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picture, Figure SI-2, has 5 times more hydrogen peroxide than the optimal amount and is
purely used to show the pronounce effect of the particle oxidation state induced color
changes. The HRTEM image in Fig. SI-2 was obtained by dipping a carbon coated
copper grid in the CNP suspension, before filtration. It is clear from the image that the
agglomerates are ~20 nm constituted by 3-5 nm individual particles. The XPS data (Fig

SI-2-e) also confirm the 4+ oxidation state of the nanoparticles on the filter.
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Figure SI-3. HRTEM images of CNPs synthesized in a) 20 PEG b) 20 EG ¢) 100EG d)
100PEG e) DI water are shown. It is clear from the in set images that irrespective of the

synthesis medium individual nanoparticles are 3 — 5 nm with agglomerate size ranging
from 10-20 nm.
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Figure SI-4: Graphs present two completely different trends in the band gap variation as a
function of time in both EG (left) and PEG (right) systems. The numbers 20, 60, 100 are
the percentage of EG and PEG with remaining DI water. It is evident that both CNPs
synthesized and aged in EG and PEG result in quite distinct band gap values, a direct
indication of the amount of Ce4+ in the nanoparticles. More detailed studies to
understand the nanoparticles’ surface chemistry as a function of additives is underway.
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3.2 Tuning the Band Gap of Nano-Ceria Using Mono and Poly-Ols

3.2.1 Introduction

Cerium oxide, (Ceria), is a widely studied rare-earth oxide with potential uses in WGS

catalysis, solid oxide fuel cells, solar cells, UV-protection, and solar cells. Of late, a
significant amount of focus is devoted to the bio-medical applications and toxicity of
nanoceria [1-4]. With its mixed oxidation states of +3 and +4, nanoceria particles below
10 nm are often nonstoichiometric and hence are written as CeQ,., rather than CeO, In
almost every application of interest, the key property of ceria is its oxygen-buffering
capability, stemming from its ability to effectively switch between +4 and +3 oxidation
state. It was shown earlier by various researchers that the lattice parameter of ceria will
increase with decrease in particle size. This anomalous behavior has been attributed to the
higher amount of oxygen vacancies as a result of increasing Ce®" concentration with
decrease in particle size [5, 6]. We have earlier seen the time and environment dependent
oxidation states in CNPs suspended in aqueous media [7]. When the CNPs were aged for
longer time periods at room temperature in as synthesized condition, we observed the
hierarchical assembly of individual CNPs into a fractal, superoctahedral morphology [8].
Motivated by these results, when we synthesized CNPs in various monomer and polymer
solvent concentrations, we learned that the size, chemistry and the band gap of CNPs

could be tuned by varying the synthesis medium.

3.2.2 Experiments and Analysis

Here we report the synthesis of CNPs in aqueous solvents based on ethylene glycol and

polyethylene glycol over a range of compositions, in particular 0, 20, 40, 60, 80 and
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100% with DI-water. A Detailed synthesis method is already explained in the previous
chapters. The as synthesized and aged CNPs were analyzed using UV-Vis and HRTEM.
While UV-Vis data from nanoparticle suspension was used to calculate the band gap as a
function of time, HRTEM was used to analyze the size, shape and structure of the CNPs.
The UV-Vis transmission spectra for the nanoparticle suspensions were collected in as
synthesized condition, aged at room temperature for an interval of 1-day up to 1 week
and after 2 weeks of aging. The HRTEM images were obtained by gently dipping holey

carbon grids in the nanoparticle suspensions.

A significant shift in the absorption spectra was observed both as a function of time and
the amount of glycol in the solution. A few representative spectra and the pictures
representing the color of the solutions are presented in Figure 25. The color of the
solution is a result of charge transfer. The CNPs suspensions with increasing
concentration of Ce*” will change the color from light yellow to orange red color. From
Figure 25 (d) and (e), it is evident that with the increasing concentration of PEG the
amount of Ce*" in solution will be higher. However, significant differences were not
found in case of the EG-based suspensions. When these suspensions were aged for more
than one week, significant differences could be observed in the color of various
suspensions (Figure 25¢). This indicates that the variation in the oxidation state of cerium

is dependent on the surrounding environment.
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Figure 25: a) UV-Vis transmission spectra of CNPs synthesized in 20EG + 80 DIW
solution from as synthesized condition to 3 weeks of aging b) the UV-Vis transmission

data of as synthesized CNPs in different concentrations of PEG alone. Data

corresponding to water based CNPs is also included; d) and e) are representative images
of the bottles containing CNPs in as synthesized condition and after 1 week of aging in

various solvents. The bottles at extreme left in both the picture represent the water based
CNPs. The variation in the absorption behavior of CNPs as a function of both aging and

environment is illustrated with these images.

Tsunekawa et al [9] have categorically shown that the electronic transitions in ceria are

direct in nature. The band gap calculation from the optical absorption data is explained in

Chapter 3.1. The variation in the band gap values for selected compositions of the

solvents at different aging times is presented in Figure 26.
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HRTEM analysis has revealed that the nanoparticles are of ~ 3 — 5Snm in size, with their
agglomerate size dependent on the solvent composition. A few representative images of
the freshly synthesized CNPs are presented in Figure 27. While the 20 and 40 % PEG
solutions were observed to form the superoctahedral agglomerates through hierarchical
assembly, the sols beyond 60% PEG were found to retain the individual nanoparticles
without significant agglomeration even after 2 weeks of aging. No significant changes
were observed in EG based sols and hence most of the discussion in this chapter is

confined to the data for nanoparticles suspensions in PEG.
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Figure 26. Graphs present two completely different trends in the band gap variation as a
function of time in both EG (left) and PEG (right) systems. The numbers 20, 60, 100 are
the percentage of EG and PEG with remaining DI water. It is evident that both CNPs
synthesized and aged in EG and PEG result in quite distinct band-gap values, a direct
indication of the amount of Ce*" in the nanoparticles.

The contribution of the mono and poly-ols in tuning the chemistry and the size are a
result of their variable interaction with the nanoparticles. While some of the previous
researchers have attributed the band gap changes to possible confinement effects in
nanoceria, we have systematically shown that the apparent changes in ceria band gap are
mostly driven by the changes in the nanoparticles’ chemistry than the size. The band gap
values calculated for all the systems in this work at different aging periods have been
carefully analyzed and were found to agree with the color of the solution or in other
words the oxidation state of the CNPs. The higher the amount of Ce*", the lower will be
the band gap. The correlation between the spectra obtained from the nanoceria samples in

different solvents and their oxidation state was achieved by comparing the spectra from

nanoparticles suspension with the characteristic Ce*” and Ce’" spectra obtained by
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dissolving the respective salts in DI water. It is shown in the previous section that the
color changes in CNP suspensions are indeed a result of a change in the oxidation state of
the nanoparticles through a simple filtration experiments.

The regenerative oxidation and reduction of Ce*" and Ce*" stem from the interaction of

Ce with the surrounding environment, as per the following equations [10]:

Ce’" + OH + %4 H,0, > Ce(OH),*" (1)
Ce(OH),*>" +2 OH = Ce(OH); > Ce0,2H,0 )
Ce*" +HO,> Ce®" +H + 0, 3)

It is clear from the above equations and some of the previous studies that the Ce*" is
capable of oxidizing species in its vicinity and form Ce®". In addition to the HO, radicals
generated from the oxidizer, H,O,, Ce*" has the capability to oxidize various species
including water to form Ce’". The Ce’" species can be oxidized to Ce*" not only by
adding an oxidizer but by any other oxidizing species in its vicinity. This is the reason
behind significantly higher amount of Ce*" in 100% PEG solution (Figure 1). In PEG the
oxygen from the ether groups acts as a base and oxidizes the Ce’" [11]. However, when
there is a significant amount of water in its vicinity, the PEG-oxygen will have a higher
tendency to form hydrogen bonds with the water molecules. This means that the amount
of Ce*" purely depends on the amount of externally added oxidizer until a critical
concentration beyond which both the oxidizer and the oxygen from ether groups will
control the chemistry, although the EG is also expected to show an interaction similar to a
base because of terminal OH groups. Significant differences in the oxidation state of Ce

as a function of amount of solvent was not found in freshly synthesized condition.
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However, differences were observed in the reduction of Ce*" to Ce*". In great contrast to
the 100PEG, 100EG system has not shown significant amount of Ce*" and was also
found to lose its light yellow color quickly around 1 week of aging. This could be a result
of stronger interaction between EG and cerium. Uekawa et al. [11] have shown with IR
spectra that the strength of coordination between EG and cerium is higher compared to
PEG and this fact may influence the hydrolysis, a primary step for the formation of
cerium oxide. A consistent observation in all the systems is that the initial oxidation of
Ce*" to Ce*" was much faster than the reduction of Ce*" back to Ce®". This agrees with
previous titration experiments which show that the reduction of Ce*" while oxidizing
water is a slower reaction compared to the oxidation of Ce’” by oxygen [10]. Focus of
this chapter is to show the band gap variation as a function of time and solvent
composition. Detailed studies pertaining to the overlayer thickness and other surface
chemistry related aspects to explore the atomistic interaction between the organic

molecules and ceria have potential future scope.
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Figure 27: HRTEM images of CNPs synthesized and aged for 2 weeks in a) 40 PEG b)
60 PEG c) 40EG d) 60 EG. The scale bar in a) had to be higher to show the octahedral
morphology and the particles being very small in other cases very high magnification
images are present. We did not see any morphology in compositions these systems even
after 2 weeks of aging, confirming the ability of the additives to constrain agglomeration.
The HRTEM analysis showed that the agglomeration tendency decreases with increasing
PEG content. Selected HRTEM images are presented in Figure 27. In the case of 60PEG

and above, individual nanoparticles of 3-5 nm were observed even after 2 weeks of aging.

Some small agglomerates were found occasionally, which could have formed within the
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water pockets available in high PEG solutions. Formation of superoctahedra through self-
assembly was not observed. The primary explanation for this interesting trend could be
derived from 2 main features of the glycol based solvents. With the increase in glycol
content from 0 to 100 (PEG) the dielectric constant of the solvent decreases from 79 to 13
and the viscosity increases from 0.89 cps to 36.45 cps at 25 °C (see Table -1, pg: 121).
Particle size has a proportional dependence to the dielectric constant; the viscosity has an
inverse relationship to the agglomeration tendency. Although a detailed explanation of
the colloidal stability and agglomeration kinetics are not the focus of this study, it is
important to note that the low dielectric constant and high viscosity will be ideal to
achieve smaller particle size with less agglomeration probability. The probability of
agglomeration is proportional to the total number of collisions which in turn is dependent
on viscosity. Particle radius (R) = A + B/e; where A and B are constants for a given
system that account for various characteristics including the interfacial tension, charge
state, and potential energy difference at a given particle size. Hence, the higher amount of
glycols in water will support the smaller particle size while simultaneously reducing the
agglomeration tendency. In addition to the steric hindrance aspect, higher amounts of
glycol surrounding the nanoparticles will act as a physical barrier for the van der Waals
forces to overcome. When two particles come closer, the inter-particle region acts as a
fine capillary and the adsorbed species will be pushed out of the interface forming
agglomerates. However, the capillary forces may not be effective beyond a critical inter-

particle distance where the solvent volume is very high to be removed, hence preserve the
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individual particles intact. A schematic of this feature is provided in the SI along with the

dielectric constant and viscosity at room temperature for selected solvents.

3.2.3 Conclusions
It is evident from the above results that the size and band gap of CNPs could be tuned

with appropriate solvents and aging conditions. This environment dependent band gap
variation may have significant impact on the use of ceria in sensors, radiation blocking

and bio-medical applications.
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3.2.4 Supporting information

R1 R2
Low PEG High PEG

Figure: SI-1 As the R1 <R2 the capillary pressure will be lower in case of R2, making it
difficult for the adsorbed species to b removed and there by the individual

particles can be kept intact.
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CHAPTER 4:
EFFECT OF GROWTH CONDITIONS ON THE STRUCTURE OF
NANOSCALE CERIA BASED THIN FILMS

4.1 Growth Rate Induced Epitaxial Orientation of Cerium Oxide Thin Films on Sapphire
(0001)

Cerium oxide (ceria, CeO,), is a widely studied functional material with applications
spanning from traditional three way catalysis [1] to the state-of-the-art microelectronic
applications [2, 3]. Recently, doped ceria has gained a significant attention from the solid
oxide fuel cells (SOFCs) [4, 5] as a potential electrolyte material. Various researchers
have reported the growth of pure and doped cerium oxide films on Si, sapphire (AL,O3),
yttria stabilized zirconia (YSZ) and other oxide substrates [6, 7]. However, a precise
understanding of the influence of growth rate on the orientation and quality of the films
on a given substrate is unavailable in the open literature. We believe, it is of high
importance to realize the effects of growth rate, especially when the films of potential
interest are in the nanoscale. The thermodynamic and kinetic aspects in the nanoregime
might be different from that of the bulk materials [8]. It was reported earlier that creation
of vacancies on the low energy (111) surface is much more difficult than that on the (100)
surface [9]. Hence, the ability to tune the orientation of the films to cater for the needs of

various experiments is of fundamental interest.

Our group has recently shown the ability to grow single and multi-layered, pure and
doped ceria films on sapphire substrates for understanding the dopant distribution and the

underlying mechanisms behind higher ionic conductivity in these films [5, 6, 10-13]. In
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this study we, for the first time, show that the epitaxial orientation of ceria films on
sapphire (0001) substrates can be tuned as a function of growth rate. Various ex situ and
in situ techniques have been used to understand the structural features of the films. MD
simulations were used to understand the stability of ceria in various configurations on

sapphire (0001), complementing the experimental studies.

The film growth was carried out in a custom-made dual chamber molecular beam epitaxy
(MBE) system with an electron cyclotron resonance oxygen plasma source and a built-in
reflection high energy electron diffraction (RHEED) capability for real time monitoring
of the growth process. Pre-cleaned Al,O3 (0001) substrates (10 mm x 10 mm x 1 mm)
were used to deposit the ceria films in 2 x 10 torr oxygen plasma (200 W) and the Ce
(99.9% pure) evaporated using electron beam assisted evaporation at 4.5 kV. The growth
rate, measured in situ by quartz crystal oscillator (QCO) based thickness monitor, was
calibrated by analyzing the as grown films with the help of various ex situ techniques,
such as x-ray reflectivity (XRR), Rutherford backscattering spectrometry (RBS), and x-
ray photoelectron spectroscopy (XPS) depth profile analysis. High resolution x-ray
diffraction (HRXRD), glancing incidence x-ray diffraction (GIXRD), and RBS
measurements in random and channeling directions were used to analyze epitaxial
orientation and quality of the as grown films. Atomic force microscopy (AFM) and
RHEED measurements were used to understand the surface morphology and type of

growth, respectively.
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The perplexing observation of the epitaxial (100) film was critically analyzed using RBS
in channeling direction, x-ray in-plane reflection and MD simulations. The HRXRD and
the RHEED patterns for the films deposited at a low and high growth rates are presented
in Figure 28. When the films were grown at low deposition rates (< 8 A/min), we
observed spots in the RHEED pattern, indicating the transmission diffraction.
Appearance of the spot pattern from the very initial stage till the end of deposition
implies a 3-d island growth of the ceria films. The RHEED patterns for the films grown
at a high deposition rate (up to 30 A/min) show streaks; indicating an epitaxial, layered
growth [14]. Although a detailed analysis of the RHEED patterns is not the focus of this
article, a primary conclusion based on the observations is that the growth of ceria (200)

on sapphire (0001) substrates falls under the Volmer-Weber growth mode [15, 16].
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Figure 28: (i) The HRXRD patterns for ceria films deposited at 650°C at different growth
rates, the inset a, b are the RHEED patterns for CeO» (100) and (111), respectively.

The quality of both (111) and (100) films was examined by comparing the RBS
measurements in channeling and random directions and simulations based on SIMNRA
software. The representative data are shown in Figure 29. The ymin value, calculated from
the ratio of backscattering intensity at the region just below the surface peak in the
random and channeling directions, obtained for Ce from (100), (111) films was ~ 19%
and 45%, respectively. These ymin values are higher than expected for a defect-free
crystal. However, it can be stated that the ceria (100) film is of a much better epitaxial
quality compared to the ceria (111) film. The channeling data for ceria (100) shown in
Figure 29(a) suggests that bulk of the film is “epitaxial”, with some roughness at the

surface, as evident from the AFM [17].
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Figure 29: RBS spectra in random and channeling direction for films deposited at
a) low growth rate — (100) oriented film b) high growth rate — (111) film

In order to further explore the reasons behind differences in the epitaxial quality of these
films, x-ray in-plane reflection measurements were carried out. The data is presented in
the form of pole figures in Figure 30. The epitaxial single domain ceria (111) film should
have three poles corresponding to (110) at 35.26  (tilt), whereas four poles are expected
for a single domain epitaxial ceria (100) film at 45 (tilt). While ceria (111) film showed
three (110) poles at 35.26, the film with (100) orientation showed 12 poles at 45". This
implies that the (100) film has three in-plane domains at 30" to each other. GIXRD
measurements further confirmed the absence of any polycrystalline material in these
films (data not shown). We have also acquired the X-ray rocking curves for ceria films
after observing the interesting trends from XRD and RBS for the ceria (111) films. The

full width at half maximum for the ceria (111) film was observed to be as high as ~3.6°.
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Based on the RBS and XRD analysis, the reason for the differences in the epitaxial
quality of the ceria films could be explained. The slightly higher than ideal ymi, value for
the ceria (100) film could be a result of the three in-plane domains and minor (111)
orientation. Multiple in-plane orientations might have contributed to additional de-
channeling of the beam, leading to the relatively high ymin value. In the case of ceria (111)
film, to retain the single in-plane domain, the ceria lattice must have been significantly
strained to achieve the lattice match with the sapphire substrate. However, this strain
might not have been high enough, that the crystal structure completely brakes down. This
strain is quite evident from the omega scan results, indicating of a significantly distorted
interface region. The displaced atomic positions in the ceria (111) lattice result in

significantly higher back scattering yield, resulting in a very high ymin value.

In order to understand the interface structure and the structural stability aspects of ceria
on sapphire in different orientations, we have relied upon MD simulations. The epitaxial
3-d growth of (100) ceria films is strongly supported by our molecular dynamic (MD)
simulations, performed using the DL Poly code [17, 18]. Within the current
computational capabilities, it is very difficult to model the actual growth of the films.
However, the relative stabilities of various orientations can be studied and the retention of
crystallinity under various conditions can be explored. For the simulation analysis, the
periodic conditions are imposed along three directions, but a vacuum normal to the
surface is included to represent the free surface. The ions are distributed in two regions:

region one consists of the CeO; thin film and the first six repeat units of the a-AlO3
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(0001) matrix within which ions are allowed to move, whereas region two comprises a
fixed support with four repeat units of Al,Os3 that ensure the correct crystalline matrix.
The model systems of CeO, supported on a sapphire substrate, as a first step, are
employed to explore the orientation relationship of nanostructured epitaxial ceria films.
Model system with the normal of the CeO; film along the [001] direction was generated,
consisting of four repeat units that were placed directly on the top of ten repeat units of

the Al,O3 (0001) matrix.

137



10 15 20
Omega®

Figure 30: (110) Pole figures data corresponding to the in-plane orientation of a) Al,O3
(0001) b) CeO, (200) ¢) CeO, (111) and d) rocking curve scan for the ceria (111) film.

While the CeO, (200) film indicates three in-plane domains, the CeO, (111) and AL O,
(0001) have single in-plane domain.

It has been observed that an amorphous transition of the CeO, film eliminates all memory
of the starting configuration, and evolves structurally in response solely to the lattice
misfit and underlying Al,Os;. To further demonstrate observed phenomena, we have
generated a larger sub-cell of Al,O3; matrix with the 8 x 5 x 10 atomic units, giving the
total number of ions in the CeO, (001)/Al,03 (0001) system to be 25200. For the CeO;
(001)/A1,05 (0001) model, the 5 x 5 x 4 unit cells of the CeO, thin film, consisting of 400
Ce and 800 O atoms, was placed directly on a 5 x 3 Al,O3 support, giving a total number
of 10,200 ions within the simulation cell. The lattice misfit associated with the CeO, thin

film is -12.2% and -8.8% along the [100] and [010] directions, respectively.
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Figure 31: A proposed model of the CeO, film on the Al,Os substrate, where the film is
rotated 60 degree against the substrate. The atomic configurations show that the CeO,
film lies almost coherent with the underlying the Al,Os substrate. The red spheres
represent the oxygen atoms in the substrate and the blue spheres indicate the oxygen
atoms in the films.

Relaxed atomic structure of the CeO, (001)/ Al,O3 (0001) model is shown in Figure SI-2,
where the oxygen atoms are omitted for clarification, and the cerium and aluminum
atoms are represented by the large spheres with yellow and pink colors, respectively. The
atomic configurations from the top view and side view are demonstrated in SI-Figures 2a
and 2b, respectively. Inspection of the final relaxed structure for this model system
reveals that the considerable strain within CeO, film results in its amorphous state
without any long-range order preserved. The surface of the CeO, film is highly

disordered, whereas the interface preserves a certain degree of order, accommodating the

misfit between the CeO; film and the Al,O; support.
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However, when the cell size of the CeO, film was kept the same as the previous model
and the film is placed on the Al,O3 (0001) support without any lattice misfit, Figure SI-3,
we observed that the film remains crystalline.. Because the dimensions of the film along
the [100] and [010] directions are much smaller than those of the substrate, there exist
two additional free surfaces with the normal along these directions to accommodate the

interfacial strain.

While the film with strain completely lost its crystallinity at equilibration, the unstrained
film retained the (100) orientation. This indicates that the ceria (100) films can be stable
through island growth and cannot withstand the mismatch while growing as 2-d layers.
Although some disordered atomic arrangement appeared near the free surface, as
expected due to the surface stresses, the atomic configuration inside the CeO, film was
found to be highly-ordered. The first atomic layer (composing only Ce atoms) of the

CeO; film at the interface demonstrates that some Ce atoms are relaxed to lie along the

[01 10] direction, with each Ce atom on the top of Al atom or O atom.

Following the simulation and pole figure analyses, the possible configuration resulting in
the 3- in plane domains can be visualized as shown in Figure 30. The model was
generated by placing the CeO, (100) film on the top of the substrate and rotating 60°
against the Al,O; substrate, such that the original [100] direction of the film re-orients
along the [01 1 0] direction of the substrate. As evidenced by the simulations and previous

reports [7], excellent oxygen sublattice match is marked in Figure 28. Furthermore, the

140



corundum crystal structure (R3c) of a-Al,O; with three-fold symmetry supports the

growth of the CeO, film along the (1 100) directions, resulting in the 3 in-plane domains

observed experimentally.

The nucleation of (100) clusters can also be viewed as a kinetically driven process. The
number of atoms required to grow a (111) nucleus is larger as compared to that the (100)
cluster as a result of the packing differences in both the planes [19]. Hence, when the
growth rate is higher, it will be very easy to form thermodynamically and energetically
stable (111) nuclei. However, the same might not be possible when there is insufficient
impingement of adatoms on the substrate (low deposition rate); hence, the atoms are

forced to take next energetically favorable configuration, i.e. (100).

MD simulations for the ceria (111) film on sapphire (0001) surface indicate that despite a
significant interfacial strain, the ceria (111) films stayed epitaxial when simulated under
initially strained conditions (similar to 2-d layered growth). Representative simulation
results are shown in Figure SI-4. The simulation results, XRD and RBS data together
should be carefully analyzed in order understand the complex nature of the ceria (111)
film growth on sapphire (0001). HRXRD showed (Figure 28) that the ceria films grown
at high growth rate are (111) epitaxial films. However, RBS in channeling direction
being very sensitive to even the slight deviations from the lattice positions can result in a
high channeling yield. This deviation in the atomic positions is also supported by a

relatively broad peak from the rocking curve (width > 3.68° at half the maximum height),

141



Figure 30d. This deviation from the ideal lattice positions might result in de-channeling

and there by increase the channeling yield.

4.1.1. Conclusions

We have demonstrated with our experimental results that the epitaxial orientation of the
ceria films can be tuned by varying the growth rate on sapphire (0001) substrate. In order
to retain the crystallinity and epitaxial nature, the ceria (100) prefers to grow as 3-d
clusters due to higher strain relaxation compared to the 2-d layers. The 3 in-plane
domains in the films was attributed to the 3-fold symmetry of the Al,O3 (0001) surface.
Although the ceria (111) films grow as epitaxial films, significant strain at the atomic
level results in higher back scattering yield. MD Simulation results have been used to
complement the experimental observations. For the first time we have shown the ability

to grow ceria films of different orientations on a single substrate.

142



REFERENCES
1. Fu, Q., H. Saltsburg, and M. Flytzani-Stephanopoulos, Active Nonmetallic Au and Pt

Species on Ceria-Based Water-Gas Shift Catalysts. Science, 2003. 301(5635): p. 935-
938.

2. Ami, T., et al., Room-temperature epitaxial growth of CeO,(001) thin films on Si(001)
substrates by electron beam evaporation. Applied Physics Letters, 2001. 78(10): p. 1361-
1363.

3. Kang, J.F., et al., Crystal-orientation controlled epitaxial CeO, dielectric thin films on
Si(100) substrates using pulsed laser deposition. Microelectronic Engineering, 2001.
56(1-2): p. 191-194.

4. Andersson, D.A., et al., Optimization of ionic conductivity in doped ceria. Proceedings
of the National Academy of Sciences of the United States of America, 2006. 103(10): p.
3518-3521.

5. Azad, S., et al., Nanoscale effects on ion conductance of layer-by-layer structures of
gadolinia-doped ceria and zirconia. Applied Physics Letters, 2005. 86(13).

6. Wang, C.M., S. Thevuthasan, and C.H.F. Peden, Interface structure of an epitaxial
cubic ceria film on cubic zirconia. Journal of the American Ceramic Society, 2003. 86(2):
p. 363-365.

7. Kim, Y.J., et al., Growth and structure of epitaxial CeO, by oxygen-plasma-assisted
molecular beam epitaxy. Journal of Vacuum Science & Technology a-Vacuum Surfaces

and Films, 1999. 17(3): p. 926-935.

143



8. Rowlinson, J.S., The Molecular Theory of Small Systems. Chemical Society Reviews,
1983.12(3): p. 251-265.

9. Conesa, J.C., Computer Modeling of Surfaces and Defects on Cerium Dioxide. Surface
Science, 1995. 339(3): p. 337-352.

10.Bera, D, et al., Growth and characterization of highly oriented gadolinia-doped ceria
(111) thin films on zirconia (111)/sapphire (0001) substrates. Thin Solid Films. In Press,
Corrected Proof.

11.Wang, C.M,, et al., Distribution of oxygen vacancies and gadolinium dopants in ZrO,-
CeO, multi-layer films grown on alpha-Al,O;. Solid State lonics, 2006. 177(15-16): p.
1299-1306.

12.Yu, Z.Q., et al., Conductivity of oriented samaria-doped ceria thin films grown by
oxygen-plasma-assisted molecular beam epitaxy. Electrochemical and Solid State Letters,
2008. 11(5): p. B76-B78.

13.Yu, Z.Q., et al., Growth and structure of epitaxial CeysSmg,0;9 by oxygen-plasma-
assisted molecular beam epitaxy. Journal of Crystal Growth. In Press, Corrected Proof.
14.Chambers, S.A., Epitaxial growth and properties of thin film oxides. Surface Science
Reports, 2000. 39(5-6): p. 105-180.

15.0hring, M., The Materials Science of Thin Films. 2002, San Diego: Academic Press.
16.Zinkeallmang, M., L.C. Feldman, and M.H. Grabow, Clustering on Surfaces. Surface
Science Reports, 1992. 16(8): p. 377-463.

17.  Supporting-information.

18.Smith, W. and T.R. Forester, The DL POLY Molecular Simulation Package.

144



19. The planar density in a typical FCC structure is almost 4 times higher for (111)

compared to (100) planes.

145



4.1.2 Supporting Information
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Figure SI-1: Left) Low and high (in set) magnification AFM images confirming the
clustered nature of the film surface. The film roughness was of the order of few
angstroms; Right) High resolution XPS data clearly indicates pure “4+” oxidation state
of cerium, with characteristic Ce4+ peak identified. The Ce3d spectrum is complicated
with a number of peaks with spin orbit splitting.
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Figure SI-2: Relaxed atomic structures of the CeO, (001)/A,0;5 (0001) system; (a) top

view and (b) side view, the oxygen atoms are eliminated for clarification. The yellow
spheres represent Ce atoms, and the pink spheres indicate Al atoms.
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Figure SI-3: Relaxed atomic structures of the CeO, film in a large cell without applied

strain; (a) side view and (b) top view in which the Ce atoms at the first layer near the
interface are plotted. Atom presentation is the same as that in Figure. SI-1.

148



< 2 @
"Jp)';idﬂﬁiéi&s

5334533;333
0'33J43§J§§33§

$,Jﬁ%3333433

Sﬁjédﬁéyide

x=[11i] Y=[liO]

o= [111] P=[110]
(a) (b)

Figure SI-4: Relaxed atomic structures of the CeO, (111)/Al,05 (0001) system; (a) top
view and (b) side view, where the oxygen atoms are eliminated for clarification.
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CHAPTER 5:
SUMMARY, CHALLENGES AND FUTURE SCOPE

It is evident from this dissertation that the nanoceria has a unique, intriguing
characteristic of time and local environment dependent change in oxidation state. As
opposed to the conventional methodology of synthesizing, precipitating, drying and
characterizing the properties of nanoparticles, this dissertation reported the studies on the
nanoparticles in as synthesized environment and conditions that are of more practical
importance. Another significant contribution of this dissertation is the emphasis and the
need for long term aging studies of the nanoparticles. The mind probing features of CNPs
in terms of both structure and chemistry have been realized exclusively as a consequence

of the long term aging studies.

Following is a summary of what we have learnt from this ““wonder nanomaterial” during

the course of this doctoral program.

1. CNPs can be synthesized at room temperature in bio-compatible media such as
PEG while imparting long term stability.

2. Upon aging nanoceria at room temperature in as synthesized condition, a
symmetry driven hierarchical assembly results in polycrystalline superoctahedral
morphology through oriented agglomeration of individual nanoparticle building
blocks. This morphology evolution and the agglomeration kinetics can be tuned

by the use of appropriate additives such as glycols.
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CNPs when aged in frozen condition, after room temperature synthesis, result in
formation of high aspect ratio nanorods through oriented aggregation of
individual nanoparticles in the porous channels of ice.

A systematic UV-Vis spectral analysis has revealed that the nanoparticle band gap
can be tuned and is primarily driven by the oxidation state changes in ceria but
not because of the quantum confinement effect resulting from their nano size.

The oxidation state of ceria (+3 or +4) can be reversibly tuned as a function of
time and local environment.

The epitaxial orientation of nanoceria films can be tuned by varying the
deposition rate through molecular beam epitaxy. While growth rates below 8
A/min result in ceria (100) epitaxial films, higher growth rates up to 30 A/min

lead to the formation of epitaxial (111) films of ceria.

5.1 Challenges and Future Scope
It has been quite a challenging experience for the author and the collaborators involved in

this work. Systematic laboratory work and repeated brain storming sessions were needed

to reach a stage where some preliminary, logical explanation could be provided for the

observed structural and chemical properties of ceria. While the significance of this work

has been emphasized in the previous section, there are at least a few observations that are

still elusive. In addition to some unique observations about the CNPs, the experience

from this research also provides some specific directives based on which future studies

on CNPs and other nanoparticle systems should be undertaken.
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Following are some aspects/questions that remained unanswered at the time of this

dissertation submission:

What is the relation between oxidation state and morphology of CNPs?
What is the role of ambient light on the chemistry and structure of CNPs and in
general various nanomaterials?

0 Superoctahedral structures were not observed when the nanoparticles are
aged in the absence of “LIGHT”

Why are 20% EG and 40% PEG magic numbers?

O Author observed special trend in oxidation state switching and

agglomeration behavior in nanoceria
What is the role of Zeta potential in controlling various characteristics?

O Because of various technical problems, bubble formation and the
instability of PEG under measurement conditions, zeta potential values
could not be obtained. Ability to find these values as a function of aging
time and local environment may help propose a comprehensive
mechanism behind agglomeration and surface chemical behavior of CNPs

What is the affect of thickness on the oxidation state of CNPs’?
0 When the CNPs are deposited on a substrate —
= Thicker regions are rich in Ce*" oxidation state
= Thinner regions are rich in Ce®” oxidation state
What is the role of laboratory environment — humidity, temperature control,

lighting used on the behavior of CNPs?
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0 Some times the suspensions which are stable in UCF (Orlando, Florida) —
were not stable in PNNL (Richland, Washington)
e What is the effect of treatments such as stirring / ultrasonication during synthesis
e What is the effect of amount of oxidizer on the morphology of CNPs?
O Preliminary experimentation has not shown any significant affect of
oxidizer concentration on the agglomeration characteristics of CNPs
e What is the role of small impurities present in the “Analytical Standard”
chemicals used in the laboratory?
0 Cerium nitrate precursor used in this study is 99% pure and may contain

trace La impurity

Most of the above mentioned observations may not have any significance while
talking about traditional materials or synthesis techniques. However, they are of
paramount importance while dealing with nanoscale materials. Significantly higher
surface reactivity of the nanoparticles, while providing opportunities to harvest and
realize progress in various fields, may also cause some damage with possible toxic
effects. Hence, comprehensive laboratory scale studies are highly desired which
include every possible parameter that can have a possible impact on the behavior of

nanomaterials.
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Based on authors experience as a graduate student, it may be quite appropriate to say
“Nature often is too complicated to explore within the duration of a “Ph.D.”, however

dedicated efforts may unravel some unique features that the Nature has in its store.
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