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The phases of transition alumina are scientifically interesting due to their high specific
surface area, favorable acid/ base characteristics, and chemical and hydrothermal
stability which make this metallic oxide a prime candidate for use as a support for
metallic nanoparticles (NPs) in heterocatalysis. Interactions at alumina/Pt interfaces are
important for catalysis, but poorly understood due to the microstructural complexity of
transition alumina and challenges associated with characterization of interfaces. The
goal of this work is to compare experimentally determined atomic-level structural
information from aberration-corrected scanning transmission electron microscopy
(STEM) with density functional theory (DFT) based structural models and quantum
mechanical STEM image simulations to characterize the chemistry and atomic-level
structure of Pt/y and Pt/B-interfaces.

In this work, dense transition-alumina layers are formed using high-energy ion
implantation to amorphize near surface layers of a-alumina wafers which are then

recrystallized into the desire alumina form via thermal annealing. Self-implanted



alumina wafers are used to determine viability of producing oriented y-alumina layers.
Pt-implanted alumina is processed to produce Pt/y-alumina and Pt/6-alumina interfaces
in the form of faceted Pt NPs embedded in alumina. Conventional transmission electron
microscopy (TEM), image-corrected TEM, and x-ray diffraction (XRD) are used to
characterize the microstructure of y-alumina and Pt/transition-alumina systems. The
recrystallization of amorphized alumina occurs epitaxially to the a-alumina with
parallel alignment close-packed O planes of (0006), and (111), or (201),. Faceted Pt

NPs possess a (111)pd|(111),;[110],[|[110]p¢ orientation in y-alumina and a (201)

I(111)ps; [132]6]| [110]p, orientation in O-alumina. In both systems the NPs are
primarily bound by {111}Pt facets. Probe-corrected STEM was used to collect atomic
resolution images of the faceted interfaces to determine the structure and chemical
terminations of y- and 6-alumina at the interfaces. This is facilitated by comparison of
the experimental images to quantum mechanical scanning (S)TEM simulations of
density functional theory (DFT) based model structures. Oxygen termination of the
alumina is found to be the dominant chemical termination for both (111),|[(111)p¢ and

(201)p|(111)py interfaces.
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1. Chapter 1 Introduction

1.1.Historical Overview of Catalysis

Improving the rate, selectivity, and efficiency at which chemical reactions occur saves time,
money and reduces environmental costs. Increasing the rate of chemical reactions through the
addition of an unconsumed agent is called catalysis. This phenomenon is harnessed and applied
to finely filter exhausts [1], manufacture petrochemicals [2], synthetic materials [3], convert
biomass feedstocks [4], and synthesize fine chemicals [5]. Good catalyst systems are determined
by the selectivity, activity, and stability relative to the catalyzed reaction. Improved catalyst
systems can reduce the cost of technology by lowering the energetic barrier to important
reactions. Increased accessibility to new technologies, including solar cells [6] and cleaner fuels
[7], are a direct consequence of reducing energetic requirements for reactions with catalysts.

The term catalysis was proposed by Jons Jakob Berzelius in 1835. Berzelius described
catalysts as having “the property of exerting on other bodies an action which is very different
from chemical affinity. By means of this action, they produce decomposition in bodies and form
new compounds into the composition of which they do not enter.”[8] This implies a substance
that assisted or improved a reaction without being consumed or reacted in the meantime. Before
Paul Sabatier won the 1912 Nobel Prize in chemistry for proving the principle with Ni and
hydrogenated ethylene, Wilhelm Ostwald had proposed that catalysts did not induce a reaction
but accelerated a reaction through the formation of intermediate compounds [9]. These principles
have become the frame work for a number of modern processes including the conversion of CO»
to methanol [10]. This process can be used to recycle problematic CO> emissions and assist in
global depollution. However catalysts see use in even the most mundane aspects of human

consumption for example, nickel catalysts are used during the production of margarine and other



high fat dairy products as ethane adsorbates [11], underscoring the motivation for study of these

useful systems.

1.1.1. Metal/Metal Oxide Catalyst Systems

Metal nanoparticles (NPs) supported by metal oxides are commonly used in hetero-catalysis.
Metal oxide catalyst systems were popular as early as the mid-1950s and used in oxidation and
acid/base reactions. Efficient catalyst systems reduce the overall energy required for a reaction to
occur. A fundamental understanding of the structure of these systems and the relationship to their
catalytic functions is required to improve these systems and produce more efficient
heterocatalysts that reduce overall energy costs respectively. Metal oxides such as Al>O3, TiO»,
and SiO» are often used in catalysis to support catalytically-active metal nanoparticles. Transition
metals, specifically, noble metals are resistant to chemical degradation at high temperatures and
are known for their catalytic abilities. Metal-oxide-supported noble metals, such as Pt on
alumina, are good candidates for catalyst processes that require high temperature functionality in
corrosive environments.

Both selectivity and reactivity depend on the size of catalyst particles [12]. Ultimately
interactions between the oxide support and metallic nanoparticles at the interface can impact the
rate of catalysis and the efficacy of the system. Morphology, orientation, composition, and
interfacial interaction all contribute to how well these systems perform. Porous metal oxides like
the metastable transition aluminas have large surface areas covered in catalytically active sites
that have made then widely used in catalysis and their study fundamentally interesting to the
scientists who research catalysis [13]. Strong-metal support interactions (SMSI) can change the
catalytic ability of metal-oxide supported metallic nanoparticles by changing the occupancy of

atoms in the d-orbital [14, 15]. Both the metal oxide supports, and the supported NPs possess



catalytic sites and are combined to create heterocatalyst systems that hybridize and improves

specific reaction reactivity through SMSIs.

1.1.2. Alumina as a catalyst

The 1960 work produced by Pines and Haag, Alumina: Catalyst and Support, its intrinsic
Acidity and Catalytic activity [16], found that calcined alumina hydrate heated at an optimum
temperature of 600 to 700°C exhibited better catalytic activity than alumina hydrate treated at
higher and lower temperatures in fact they found “the low isomerization activity of the alumina
calcined at 400 and 900°C is not due to a smaller surface area...the qualitative change of the
alumina surface on thermal treatment appears to be much more pronounced than a change in
area.” This work proposed that this improved surface behavior was attributed to a change in
Lewis acid sites on the surface of alumina leading the way to understanding that there must be
some type of structural evolution that must occur to the alumina hydrate in this temperature
range that facilitates the increase of these sites. Work has been done since, showing that alumina
developed within these temperature ranges do possess structures that lead to increased Lewis
acid site formation [2, 17].

Alumina is widely recognized as a catalyst and catalyst support due to certain intrinsic
properties. Gamma-alumina in particular has seen heavy use as a support for noble metal NPs
because of increased surface area that occurs during dehydration combined with and increased
number of Lewis acid sites [18]. These sites are responsible for one of the most important
intrinsic properties of alumina catalysts, intrinsic acidity. The dehydroxlation of OH™ saturated
alumina ores that occurs during calcination allows exposed surfaces to become uncoordinated
and unsaturated, thus creating an electron pair acceptor sites [19]. The feasibility of pure alumina
as a catalyst has been studied with respect to the isomerization and dehydration of organic

compounds such as cyclohexene and alcohols like butanol [16]. It was determined that a large



number of high acid sites were present on pure alumina. The intrinsic porosity associated with
transition alumina results in a large surface area material dense with Lewis acid sites, which is

also useful in catalytic systems.

1.1.3. Noble Metals supported by Alumina

Noble metals, specifically those in the Pt metal catalyst group (Pt, Pd, Rh), are used in
automotive catalytic converters. Gamma-alumina is used as support for these metals that
transform N>O and CO into safe gases through oxidation. Catalytic activity of alumina can be
fine-tuned by adding supported metallic nanoparticles [20]. This creates a strong interaction that
causes the suppression of certain catalytic abilities like the adsorption of H> and CO with the
addition of Group VIII noble metals. The cause of SMSI have been attributed to two possible
atomic interactions the first involved metal-metal bonding of a supported NP (Pt**, Ir**, Co*")
that involves covalent sharing of d orbitals the second explanation for SMSI is related to the
formation of intermetallic compounds like TiPt; that possess Lewis-acid-base sites [14]. Pt NP
supported by y-alumina is an important system that has found use in the petrochemical industry.
Hydrogenation/dehydrogenation of hydrocarbons occurs in the presence of Pt NPs, this
combined with the rearrangement of the hydrocarbon skeleton due to the high number of acid
sites present in alumina make the Pt-alumina system fundamentally important to study [21].

In this work, the catalytic efficiency will not be measured, but the atomic-level structure
of planar interfaces of Pt with two transition alumina polymorphs (y-alumina and 6-alumina) are
investigated using a model system of Pt nanoparticles embedded in dense layers of y and 6

transition alumina.



1.1.4. Platinum Interfaces with o-alumina

This work focuses on the characterization of the interfacial relationships and atomic level
structure of interfaces between Pt and y- and 6-alumina, for which there is limited experimental
work. Interfaces between Pt and a-alumina have been studied more extensively in terms of
interfacial energies, orientation relationships, and atomic structure and provide added context for
this work. In the 1970s, McLean and Hondros measured the interfacial energies in the Pt/Al,03
system at 1400°C; Pt\A1,O3 and ALOs\air had surface energies of 10.5x10'* and 7.7x10'* J m™,
respectively [22]. In the early 1990s, diffusion bonded interfaces between sapphire and
polycrystalline a-alumina with Pt were studied by DeGraef ef al. to determine the bonding and
structure of the interfaces [23]. They found the lattice mismatch for Pt and Al,O3; was 0.98%
down the [100]p and 1.06% down the perpendicular [010]p direction for the [1010]4I[110]Pt;
(1210)4l(011)Pt orientation relationship. They also found amorphous regions of ALO3
occasionally occurred locally in areas where the epitaxial fit was imperfect. The epitaxial
relationship between Pt films grown on (0001) sapphire were studied using electron microscopy
by Ramanathan ef al., and the primary orientation relationship possessed two variants rotated 60°
around the [111]p zone axis in a (111)pd(0001)q; [110]pl[1010], orientation relationship [24].
The presence of extensive twinning between these two rotational variants results in a mazed-
bicrystal structure of the Pt film. The (111)pl(0001)q; [110]p[1010], orientation relationship
has also been observed in coherent Pt precipitates formed using Pt" ion implanted a-alumina [25-
27].

Both experimental and theoretical studies have been performed Pt on (0001) a-alumina.
The (0001) plane is a thermodynamically stable surface [28] and is part of the equilibrium

(Wulff) shape [29, 30] of a-alumina and it may have different surface terminations. A study



combining density functional theory (DFT) and aberration-corrected transmission electron
microscopy of a (111)pd(0001), interface found that the DFT model with an oxygen-terminated
interface provided the best fit to experimental data. In a DFT study on CO absorption on Pt
supported by a-alumina by Yourdshahyan et al., the (0001) surfaces were modeled as Al-Al-O,
Al-O-Al or O-Al-Al terminated [31] where the first atom indicated is closest to the Pt atoms at
the interface. The O-Al-Al and Al-Al-O surfaces are polar and they found the non-polar Al-O-
Al surface is the most energetically favored. However, they also found the surface most
energetically favored with respect to adsorption of single Pt atoms was oxygen terminated.

The amount of CO adsorption that occurs in a catalytic Pt\a-alumina system can be
attributed to the interfacial structure of Pt on alumina. Three types of adsorption for CO on Pt
and alumina have been reported [32] these are the Griffith mode, Pauling mode, and Yeager
mode. In the Griffith mode O2 molecules are present above metal cations. The Pauling mode
adsorb through a single Pt-O bond and the Yeager mode occurs when O» bridges over two Pt
atoms with O-O bonds parallel to Pt-Pt bonds and is also known as ‘bridge mode.” DFT studies
have been performed to determine that for a-Al,O3 Pt surfaces that Yeager and bridge mode
adsorption are preferred with respect to activation of O molecules [33]. This 1:1 relationship for
Pt and O in a-alumina relates to the available bonding sites on clean alumina surfaces. On an
AL O3 surfaces that is clean of residual hydroxyls groups, Lewis acid sites are present at electron
poor Al atoms, Lewis base sites are electron rich sites that are present at O atoms, Pt, Pd and Ni
all require a bonding sites on the surface and facilitate electron sharing between Lewis acid and
base sites when bonded to alumina [34, 35].

The Pt/y-Al,03/a-Al,0Os3 system has been studied using atomic force microscopy as route

to understand the structure of Pt on high-surface-area y-alumina by Okumura et al. In this work,



Pt was vacuum deposited on the surface of y-alumina developed from Al" and O™ ion implanted
a-alumina. Annealing at 800°C in oxidative atmospheres caused the thin films of Pt deposited on
y-alumina to be converted to finely dispersed particles whereas Pt on a-alumina formed larger
faceted islands [36], highlighting an effective difference between a- and y-alumina phases in the

support of Pt NPs.

1.2.The Formation and Structures of Aluminum Oxide Polymorphs

Alpha-alumina (a-Al203), or corundum, is the most thermodynamically stable phase of
AL O3, yet there are several metastable phases of Al>O3 that can develop depending on the
precursor utilized. Linus Pauling and Sterling Hendricks first proposed a rhombohedral crystal
lattice DS, or R3C, for corundum in 1925 using spectrographic Laue methods [37]. The
structure of a-alumina may be considered as the hexagonal close packing of oxygen planes that
comprise the (0001)q plane that is interlayered with octahedrally coordinated AI** ions. In order
to maintain stoichiometry so that only 2/3 of available octahedral interstices are occupied [38].
Alpha-alumina has seen many uses as a technical ceramic due to its excellent thermal properties;
it’s melting point can range 2310 K to 2329 K.

There are many metastable, transition alumina forms. In this work, y-alumina and 6
alumina are formed by thermally annealing amorphized a-alumina. Amorphous alumina passes
through an irreversible series of metastable phases at increasing temperatures before reaching the
ultimate stable a-Al,O3 phase. The phase transition path is as follows; amorphous Al,O3 —v-
AlO3—0-Al,03—6-A1b0O3—0a-AlO3. The y- through a-alumina part of the series are observed
during the calcination of boehmite ore [39]. Alpha-alumina often forms at temperatures between
1100-1150°C, 6-alumina forms at 1000-1100°C [40]. There is some ambiguity concerning the

temperatures at which the d and y phases form, with some reporting 5-alumina forming above



700-900°C and y-alumina forming between 500-800°C [41]. In addition, these transition phases
can exist concurrently.

Gamma-alumina is the first phase of alumina that forms during the dehydration of
boehmite ore, as well as during the thermal annealing of amorphous Al>O3. Several structural
models have been proposed for y-alumina. The Zhou and Snyder model for y-alumina was
proposed in 1991 and is a cubic spinel type unit cell (Fd3m) where a sublattice made of oxygen
atoms is imperfectly occupied by aluminum in spinel and “quasi-spinel” positions [42]. The
highest occupancy positions of an alumina cubic spinel sublattice is shown in Figure 1 down the
[111],[110], and [211] zone-axis. Paglia and coworkers used well-crystalline boehmite calcined
between 500-900°C and found a P4m?2 tetragonal structure for y-alumina with a cation
coordination of ~69% Al, and ~31%Al; [43]. More recently Smrcok proposed a refined version
of the Zhou and Snyder spinel unit cell, but proposed the partial occupancy of non-spinel sites
[44]. Yet other models of y-alumina are still widely cited and used for surface density functional
theory (DFT) calculations which have small unit cells with no partial Al occupancy, such as the
Digne model [45] which is based on a separate molecular dynamics study by Krokidis which
investigated intermediary structures during the collapse of boehmite ore during calcination [46].
The Krokidis structure determines an equilibrium structure for y-alumina to have 25-31% Al;

with vacant Al sites placed at random in the unit cell.

Delta-alumina is the next polymorph of alumina in the transformation series after y-
alumina. It has been extensively studied by Kovarik et al., who have proposed a complex
structure for 6-alumina consisting of the intergrowth of small structural units. One variant of

Kovarik’s 6 structure is shown in Figure 2. In this work 37.5% of Al present were found in

tetrahedral sites (Al) and
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Figure 1 A cubic spinel crystal structure present in different variants of alumina

Light blue balls are associated with an oxygen cubic sublattice, dark blue balls are
tetrahedral aluminum positions, and dark red balls are octahedral aluminum viewed

down the (left) [111] (middle) [110] (right) [211] zone axis

Figure 2 A [110]y equivalent zone-axis view of a d-alumina crystal structure

Kovarik’s variant 2 d-alumina structure where light blue balls are oxygen, dark blue balls
are tetrahedral aluminum positions, and dark red balls are octahedral aluminum
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the other 62.5% were found in octahedral positions (Aly) [47]. Previous work on y-alumina
proposes tetragonal and orthorhombic crystal structures with a P2,242; or P2;2,2 space groups,
primarily constructed of a supercell of three spinel blocks [48].

Theta alumina, shown in Figure 3, is the final metastable phase in the amorphous to o-
AL O3 transformation path and most stable of the transition alumina (y, 6, and 0). There is more
agreement on the structure of 8-alumina than upon y or 6-alumina. The observation of this phase
dates back to as early as 1950 [49]. It is monoclinic and 50% of the AI** is located in tetrahedral

sites, the other 50% is located in octahedral positions [42].

201 plane

Figure 3 Monoclinic 6-alumina

Reppelin’s model for O-alumina, the (201) plane is the crystallographic
successor to cubic close packed (111), planes in the y—o phase transition.
Light blue balls are associated with an oxygen sublattice, dark blue balls
are tetrahedral aluminum positions, and dark red balls are octahedral
aluminum
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1.3.0Overview of Select Methods of Studying Catalysts

1.3.1. Model Catalyst Systems

Model catalyst systems have been used to study hetero catalyst materials that are difficult
to normally study [50]. Single crystal metals have been used as model catalyst systems [51, 52],
however single metal models fail to address the complexity of heterocatalyst systems where the
support as well as the single crystal metal interact and both contribute to catalyst functionality.
Model systems of oxide-supported metals have been developed in order to study the catalytic
behavior of small clusters of metal particles with respect to size and morphology in the forms of
oxide films with metal clusters deposited on the surface [53]. Oxides implanted with metal ions
offer a novel way to study the interfacial relationships between metal NPs and oxides that are
robust under high energy examination such as that which occurs using transmission electron
microscopy [54-56]. A model system processed using ion implantation of Pt into single crystal
alumina and further processed by thermal annealing is used in this work and the processing is
described in Chapters 3 and 4, but some general background on ion implantation and

characterization of heterocatalysts is given in the following sections.

1.3.2. Ion Implantation

Ion implantation was first developed during the 1940s when scientists working on the
Manhattan project were developing a mass analyzer to separate uranium isotopes during the
development of the first atomic bombs [57]. Ion implantation of enables doping of virtually any
element and modification of surface properties of crystalline wafers. This process is a non-
equilibrium method and can be used to generate material systems that are not naturally occurring
or common. This includes the creation of nanorods [58], Si implanted light emitting diodes,

super conducting nanocrystals as well as traditional semiconductor chip devices [59].
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Ion implantation works by using an ion source to initially produce ions that are
accelerated electrostatically to an increased energy level, these are then accelerated through a
separation magnet. The accelerated ions are used to bombard and modify a target material. The
depth at which ions can penetrate the implanted substrate and the accumulated implantation
damage is dependent on the mass of the dopant ion, energy used to accelerate the dopant ion, the
mass of the target atoms, the angle of implantation, the crystallographic orientation of the target,
and the temperature at which the implantation occurs. Software, called the Stopping and Range
of lons in Matter (SRIM) [60], has been developed by J. Zeigler and coworkers to estimate the
depth and distribution different implantation parameters will create. Ion implantation causes
damage to the target when ions collide with the crystalline structure and cause point defects.
Enough of this type of damage can cause the complete amorphization of a surface or sub-surface
layer of the target.

Amorphized layers of material can be annealed to create epitaxially grown structures with
respect to the underlying crystalline material. This type of processing method has been used in
SrTi0; and CaTiOs studies [56]. The epitaxial growth of y-alumina from amorphized single
crystal a-alumina was shown to be possible in work by Yu, using x-ray diffraction and TEM to
study the effect of ion beam bombardment [61]. This method was shown to be effective in
promoting the growth of epitaxial transition alumina from a-alumina and allowed the
microstructure to be tuned by varying implantation parameters, including precipitation metallic
NPs [62].

1.3.3. Transmission Electron Microscopy as a Tool for Studying

Heterocatalysts

Transmission electron microscopy (TEM) enables a spatially resolved characterization of

hetero-catalysts, including the atomic resolution structural characterization of the interfaces.
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TEM imaging studies are complementary to spectroscopic characterization techniques which
only provide a partial picture with respect to atomic structure and an averaged view of structural
data. X-ray spectroscopy (XPS) and nuclear magnetic resonance provide data that characterize
atomic interactions of the entire material system that is probed. In situ XPS has been used to
study the surface properties of many catalytic systems [63]. Pt-Re NPs supported on carbon have
been probed with XPS to determine the reaction pathways and subsequent acid site concentration
and strength for this system [64]. Other x-ray-based spectroscopic methods have seen a wide
application with respect to studying catalytic systems including x-ray absorption (XAS) and x-
ray absorption near-edge spectroscopy (XANES) [65]. These spectroscopic methods are valuable
tools used to understand averaged structural information, but the TEM studies presented here
provide important complementary information including imaging of interfaces in revealing their
spatially resolved structure. Electron energy loss spectroscopy (EELS) has also been used to
probe the bonding states of Pt on alumina [66] and of Fe Fischer Tropsch catalysts [67], but this
work focuses on structural characterization through atomic resolution imaging.

TEM can be used to collect electron diffraction patterns, as well atomic resolution phase
contrast images. High-resolution TEM (HRTEM) images are phase-contrast images, generated
using parallel illumination of the specimen with coherent source of electrons. The Phase-contrast
results from local phase shifts of the electron wavefunction as the electron beam is transmitted
through the sample. Constructive and destructive interference of the electrons scattered by a
weak phase object (in this case an electron transparent sample) creates an image of the sample on
a detector. The intensities of these types of atomic-resolution images are not directly
interpretable (meaning positions occupied by atoms do not have a consistent relative intensity)

due changes in observed intensity with defocus of the objective, Af, and specimen thickness. The
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result is that high or low intensity regions do not necessarily correspond to the positions of
atomic columns or the absence of material, but rather are areas of constructive waveform
interference.

The contrast transfer function, H(u) is used to describe how the specimen is translated
into the image in real space through the reciprocal lattice vector u [68].

H(u) = A(w)E(u)B(u)
where A(u) is the aperture function which refers to the limits imposed on spatial frequencies
greater than the objective aperture, E(u) is the envelope function which limits frequencies similar
to A(u) due to restrictions imposed by the electron lens itself, and B(u) is the aberration function,
which describes the aberrations of the TEM’s objective lens.
The aberration function may be written as:
B(u) = exp(ix(u))

where y(u) relates the image dependence on Af, electron wavelength A, and Cs, the spherical
aberration of the objective lens with is an innate imperfection of electron lenses. Minimizing Cs
using aberration correction improves the resolution achievable during imaging, it is important to
recognize that defocus still plays a large part in the resolution of the image even under perfect

imaging (Cs=0) conditions
2 1 3,,4
x(u) =rwAfAu” + EnACSA u

The phase of the electron wave may be backed out using exit wave reconstructions from a series
of images of known defocus. The weak phase object approximation (WPOA) simplifies the

specimen function f(x,y) to

f(ny) =1- iO_Vt(ny)
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where o is the interaction constant and V. is the projected potential of electrons passing though
the specimen. One implication is that only the imaginary portion of B(u) contributes to intensity
and thus B(u) and can be simplified into
B(u) = 2sin y(u)

The WPOA relates the total intensity of a collected HRTEM image to H(u) through the transfer
function, T(u):

T(u) = 2A(u)siny(u)
The transfer function is important because it demonstrates that there is an oscillating relationship

between spatial frequencies transmitted and y(u). This shows that defocus (Af) and phase

aberration (Cs) cause a phase shifts of ig . Under specific defocus values the beam is shifted +§

and atoms appear bright, when the beam is shifted -g atoms appear dark. This means that

identification of atomic positions of atomic resolution HRTEM images must be done using
processes like exit-wave reconstructions, in order to determine the phase of the electrons exiting
the specimen.

Another approach to imaging materials at atomic resolution is by scanning TEM
(STEM), in which a fine probe is rastered over a sample, similar to scanning electron microscopy
(SEM). In STEM, the ultimate resolution depends on the size and quality of the electron probe,
rather than on the performance of the objective lens. High angle annular dark field (HAADF)
STEM images are directly interpretable, in that areas of higher intensity correspond to regions
where the electron probe interacted with more mass while transiting the sample, and it can also
achieve atomic resolution. In HAADF imaging, local image intensity is determined by the
number of electrons that have scattered at high angles due to Rutherford scattering from the

sample. Rutherford scattering occurs when charged particles are elastically scattered due to
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Coulombic interactions with an atom. The scattering cross section (or) derived by Ernest
Rutherford for high angle scattering from the nucleus where 0 is the scattered angle, Q is the
solid angle, e is the electron charge, Z is the atomic number, Eo is electron energy in eV, and & is
the dielectric constant, is given by [68]

etZ? dn
16(4meyE,)?

O_R(H) = ] 4-Q
sin 2

When electrons are scattered mainly through interaction with atoms’ electron clouds
low angle coherent scattering occurs, when electrons interact with the electron nucleus they are
scattered at high angles incoherently. This interaction that causes high angle scattering is the
reason contrast of HAADF images is element dependent.

As the name suggests, HAADF detectors are annular in shape with a cut out in the center.
Only electrons scattered at wide angles (75 - 150 mrad) are collected, but low angle Bragg
diffracted electrons are not collected. This means there is little contrast arising from constructive
and destructive interference due to coherent Bragg scattering to complicate interpretation of
intensities in the images. HAADF imaging is sometimes referred to as “Z-contrast” imaging due
to intensities of the images being related to atomic number and number of atoms in the atomic
column. STEM image simulation can still be used to aid in the interpretation of STEM images
and validate experimental conclusions by revealing the origin of intensities observed
experimentally. Image simulation provides a way to quantify STEM images and can be used to
calculate information about the number of atoms present in atomically resolved columns and
deal with issues that can be caused by dynamical scattering [69-71]. The multislice algorithm is a
widely used simulation treatment for TEM images that was initially proposed by Cowley and

Moodie [72]. In chapters 5 and 6, a faster, modern approach was used to simulate STEM images
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under a variety of conditions using Prismatic, an image simulation software developed by C.
Ophus [73].

There have been many studies of y-alumina and y-alumina-supported metal NPs using
TEM and STEM, e.g. [74-76]. Neutron magnetic resonance studies combined with STEM and
DFT have shown that the “the O-terminated PtO (101) structure on the surface of (100) y-AL2O3
was the most thermodynamically stable structure” of the various structure they simulated to
optimize tetragonal PtO [77]. More recently, infrared spectroscopy, TEM and NMR were used to
characterize the active sites and relationships between Pt and y-alumina, coordinatively
unsaturated A13Os sites were found to be responsible for nitrogen activation in y-ALO;3 [78].
Currently, there is still ambiguity with respect to the structure of interfacial Pt particles on
transitions alumina. The following studies seek to determine the characteristic atomic structure
of Pt interfaces of NPs in transition alumina using a combination of advanced transmission
electron microscopy techniques and modern image simulations of DFT-calculated interfacial
structures for a model material system of Pt-implanted alumina.

The DFT models of different chemical terminations associated with the experimentally
determined orientation relationships of y-alumina and platinum [79] and 6-alumina and platinum
were calculated by collaborator, Kofi Oware Sarfo, advised by Liney Arnadéttir. As described in
detail in Chapter 3, the y-alumina/Pt interfacial relationship that was observed, (111)pd(111)y

[110]pd[110]y was used to guide DFT calculations.
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2. Preliminary Experimental Studies

2.1.Formation of dense y-alumina via “self-implantation”

The main goal of this work is to characterize interfaces of Pt nanoparticles embedded
within y-alumina and other transitions aluminas structurally and chemically at an atomic scale.
This is described in the Chapters 3, 4, and 5 in the form of an archival journal publication
(Chapter 3) and two drafts for journal articles (Chapters 4 and 5). The embedded particles were
formed by ion implantation of Pt into synthetic single crystal a-alumina (sapphire) wafers
followed by thermal annealing.

During this project, the potential for creating dense y-alumina surface layers on sapphire
wafers as a substrate for supported metal nanoparticles was also explored. The process of ion
implantation can also be used with species that constitute the oxide layer, therefore maintaining
the stoichiometry of the layer and producing an amorphous pure layer of oxide with a tuned
thickness [1]. This so-called “self-implantation” was used initially in producing amorphous
alumina to overcome the thickness limitations of thermal oxidation and to avoid the introduction
of impurities that may occur during sputtering [2]. Implantation of Al and O ions can amorphized
a surface or sub-surface layer of AbO3 without introducing any impurities into the damaged
layer. The viability of this processing method was checked initially using stoichiometric
implantation of aluminum and oxygen ions to amorphized sapphire targets. Here, self-implanted
samples produced using the same nominal implantation parameters as in references [3, 4] were
then annealed at 800°C and 850°C to determine the best parameters for generating pristine y-
alumina. The intent was to anneal the partially amorphized sapphire at relatively high

temperatures and for a long enough time to form highly crystalline y-alumina while avoiding

conversion to d-alumina or re-growth of the a-alumina. X-ray diffraction (XRD) and TEM were
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performed on these materials to characterize the level of crystallinity and the phase development
in the alumina in the absence of the implanted Pt.

XRD was used here to provided overall information on the level of crystallinity and
phase of alumina that developed in the ion implanted and subsequently annealed wafers. XRD
has been used in many studies to identify transition alumina development during processing. /n
situ XRD boehmite dehydration studies coupled with differential thermal analysis were used by
Lamouri ef al. to pinpoint the relationship between developed transition alumina phases and the
XRD peaks they exhibit [5]. This is important because these phases are related through their
structure and many of the d-spacings that one phase exhibits are also present in the others. In the
work by Lamouri et al., key boehmite peaks first disappear at around 500°C. A wide range of
temperatures produced the characteristic y-alumina peak at 45.9° 26 from 600°C to almost
1000°C; this peak is associated with a d-spacing of dwooy, = 1.977A. At around 900°C diffraction
peaks associated with 6-alumina appear first as a shoulder to the 45.9° = d4o00) y-alumina peak,
and then as a series of peaks from 1000°C to 1100°C at do.12)s = 46.49°, diz18)5 = 47.50° and
di319ys and d2.105=49.91°. Between 1000°C and 1200°C a 6-alumina distinct peak emerge at
d(600y0=47.62°. Finally at temperatures above 1200°C the a-alumina peak dominates the pattern
near d(113)=43.40°. XRD provides a way to test to implantation and annealing parameters that
can be used to produce specific desired phases of transition alumina before labor intensive TEM
sample preparation. Selected area electron diffraction has been used to differentiate transition
alumina phases [6] and was used here to characterize both the microstructure of the as-implanted

sample and the transition phase of annealed specimens.

2.1.1. Processing and characterization of self-implanted sapphire: Methods

Self-implanted sapphire wafers were prepared by implanting a 1" x 1" single crystal a-

alumina wafer with the (0001) parallel to the implanted face with a 2:3 ratio of Al and O ions.
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Doses of 4 x 106 Al atoms/cm? Al at 90keV and 6 x 106 O atoms/cm? at 55 keV were used to
ensure overlap of the implanted region and thus stoichiometric amorphization of the a-Al>O3
wafer. The wafers were implanted using liquid nitrogen cooling. The stoichiometric implantation
of alumina is necessary because using a single species like just Al causes p-type doping in the
alumina wafers which in turn can cause Al channeling, a mechanism that effects the resulting
crystallinity of the material [7]. The as-implanted sapphire wafer was cut into smaller sections,
which were thermal annealed at 800°C and 850°C in air. A Bruker-AXS D8 Discover x-ray
diffraction instrument was used to collect diffraction patterns using Cu Kq (A = 0.15406 nm) with
a scan rate of 5° per minute for 10 to 100° 26. As-implanted samples and samples that were
thermally annealed for 25h at 800°C were prepared for examination in the TEM. Samples were
prepared in cross section by mechanically thinning glued sections to ~100um and polishing one
side to 0.25 um grit. The other side was then dimpled to a thickness of ~20um and polished to a
0.25 um grit finish before being thinned by Ar" in a Gatan PIPS II ion mill to perforation with an
initial accelerating voltage of 8 keV, the voltage was reduced in stages with final polishing at 0.5
keV. An FEI Titan operated at 200keV was used to collect bright field (BF) images, perform

two-beam dark field (DF) experiments, and collect diffraction patterns.

2.1.2. Self-implanted sapphire: Results and discussion

Figure 4 shows the XRD patterns of the self-implanted sapphire wafers and the XRD
patterns collected after their subsequent annealing. Two prominent peaks are visible at

20 =41.72° and 90.76° in all the patterns and are associated with (0006), and (000.12), o.-

alumina planes. Ion implantation only amorphizes a thin layer of material near the surface of the
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Figure 4 XRD patterns for “self-implanted” sapphire wafers

XRD patterns for sapphire wafers amorphized using Al and O with annealing parameters as
labeled: as-implanted, 800°C for 25 h and 850°C for 25 h. Diffraction peaks from the
undamaged o-alumina wafer are labeled with solid lines. Dashed lines indicate y-alumina
planar spacings. The amorphous hump from the XRD stage obscures the (111)y peak in the
800°C and 850°C samples, but peak from the family of planes are visible at 20 = 39, 60.5, 83.3.
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wafer. The remaining wafer of single crystal a-alumina still makes up most of the sample. These
peaks have very large intensities with respect to the other diffraction peaks because of single
crystal alignment of crystalline planes in the sapphire wafers that have the (0001), parallel to the
implanted wafer face. This family of planes is related to the of hexagonal close-packed planes of
O with Al atoms in octahedral interstices of the O-sublattice. In the annealed samples, diffraction
peaks from transition phases of alumina are present and can be used to infer recrystallization of
the amorphized substrate. After 25 h at 800°C, peaks develop in the XRD patterns with a d-
spacing consistent with the {111}, family of planes. The peaks associated with this family of
planes are labeled on Figure 4. The (111)y may be obscured in the 800°C pattern by a broad
hump in the scan located from 10-22° 26 due background from the amorphous polymer stage
used when collecting the XRD data from small samples. The {111} family of planes are the
close packed planes in the cubic transition phases of alumina and do not uniquely identify the
phase as y-alumina, the diffraction peak from the (111), plane has a d-spacing that is very close
to both the (201)p and also the (113)s planes. There are no y-alumina d-spacings expected to have
prominent peaks that exist solely in the y phase. The (444), reflection at ~85.0° 20 does not share
d-spacings with other transition phases but it does have a similar d-spacing with the (311),
alumina planes and diffracts at a much lower intensity. This means that further characterization
is needed to confirm the presence of these transition phases beyond XRD. At higher anneal
temperatures of 850°C the XRD pattern remains the same. A topotaxial crystallization relative to
the underlying a-alumina can be inferred by the concomitant presence of {111}y and {0001}«
peaks. Using XRD alone on these self-implanted samples is inconclusive with respect to
differentiating different phases of transition alumina, but did indicate that, in the range of 800 —

850°C, 25 h anneals would not result is complete recovery to the a-alumina
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phase Figure 5 shows a cross-section of a self-implanted sapphire wafer in a bright field TEM
image and selected area electron diffraction pattern taken from the lower boundary of damaged
o-alumina and the amorphized layer above. This image is viewed down the [1010], direction of
the a-alumina. The featureless, lighter area of the implanted wafers is a layer of amorphized
alumina. The inset of this figure shows a diffraction pattern of a crystalline a-alumina layer
topped by an amorphous layer. The inset diffraction pattern has both a clear [1010], zone axis
pattern (indexed) and a broad ring indicating the selected area has both highly crystalline
sapphire and an amorphized layer. Figure 6 shows a (a) zone-axis BF, (b) a two-beam DF image,
and (c-d) selected area diffraction patterns from two zone axes of a cross section of self-
implanted alumina that had been annealed for 25 h at 800°C. The zone axis diffraction patterns
may be consistently indexed with a- and y-alumina phases. The d-alumina structure has a distinct
superlattice made of multiple spinel unit cells and the absence of the superlattice reflections (as
in Figure 7) can be used to confirm that the transformation of the alumina has not proceeded
beyond the desired y-alumina phase during annealing. Simulated zone axis diffraction patterns of
v- and &-alumina are shown in Figure 13f, where they were used to confirm the presence of y-
alumina and the absence of 6-alumina in thermally annealed Pt-implanted sapphire. In the DF
image shown in Figure 6, the (222), spot was selected using the objective aperture. Areas of the
sample that are strongly diffracting from that crystalline set of planes are the brightest areas of
the DF image under two-beam imaging conditions. From this image, one can see that y-alumina
has grown into the previously amorphized area from the a-alumina beneath all the way up to the
surface of the wafer. From the diffraction patterns, one may see that the (0003)a planes, the
close-packed O planes in a-alumina, are parallel to the (111) close-packed planes of oxygen in y-

alumina. The single crystal a-alumina provided a template for the epitaxial
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Figure 5 Bright field TEM image of self-implanted sapphire

Bright field TEM image of self-implanted sapphire and corresponding selected area diffraction
pattern. They were taken on the [1010] zone axis and show the amorphization of the top
implanted layer of alumina
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Figure 6 TEM BF and DF image pair with [110] and [211] diffraction patterns

(a) a zone-axis TEM brightfield image of self-implanted alumina annealed at 800°C for 25h and
(b) dark field image pair using the (222)y spot indicated by the white arrow in (c) a diffraction
pattern collected down the [110]y zone axis. (d) a diffraction pattern collected down the [211]y
zone axis that shows the epitaxial growth determined by the close packed planes (0006)ol(111)y
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growth of y-alumina from the damaged/amorphous layer boundary. These preliminary
experiments have established a processing method for creating dense, highly oriented y-alumina

surfaces for model studies of y-alumina-supported metal nanoparticles.
2.2.Preliminary characterization studies on Pt-implanted sapphire

The self-implanted alumina studies showed that the process did generate an identifiable y-
alumina phase from implantation amorphized alumina. Several Pt implantation doses were used
to find the best dose and annealing parameters for the generation of transition alumina dense
with faceted Pt nanoparticles (NPs). The approach was taken under the assumption that if more
Pt NPs were present, there would be more faceted interfaces present and available for
characterization. Because these phases were going to be damaged by high-energy implantation
with relatively large (high atomic number) Pt* ions, increased anneal times were used to ensure
that Pt had enough time to diffuse through the alumina and was able to form relatively large
faceted NPs within the samples and also to make sure that a complete transformation of y-

alumina had occurred.

2.2.1. Processing and characterization of Pt-implanted sapphire: Methods

Three different doses of increasing Pt concentration were implanted into (0001) oriented
a-alumina wafers. Implantation energies of 600 keV Pt" ions at 7° to the normal of the sapphire
wafer were performed at room temperature. Two wafers were implanted in a 300 kV Tandetron
at the Ion Implantation Laboratory at the Universidade Federal do Rio Grande do Sul (UFRGS)
with target fluences of 1 x 10'®Pt"ions/cm?, 5 x 10'®Pt"ions/cm?, and 1 x 10'” Pt" ions/cm?. The
samples with the higher 1 x 10'7 Pt/cm? dose are discussed in Chapter 3. These implanted
samples were annealed with the same parameters that the self-implanted samples were and were

the highest implantation dose achieved. However, this higher dose also sometimes caused the
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implanted layer to spall off after annealing due to the high density of sub-surface Pt
nanoparticles, so no higher doses were attempted. The Rutherford backscatter spectroscopy used
to initially confirm fluences was performed at the lon Implantation Laboratory at UFRGS using
1 MeV He" ions and the backscattered ions were detected by a surface barrier detector. RUMP
software (version 2.0) was used to analyze the data and is further discussed in Chapter 3 [8, 9].
The 1 x 10'7 Pt/cm? implantation dose proved to be the best candidate for atomic resolution
aberration corrected STEM and was used to determine the chemical termination of implanted
NPs. This is further discussed in Chapters 3 and 4. The preliminary results with the lower doses
of Pt are described here.

To convert the amorphized alumina to y-alumina and to precipitate the implanted Pt the
1 x 10'® Pt/cm? implanted sapphire wafer was cut into smaller sections and pieces were annealed
in air at 800 and 850°C for 500 h. These implanted wafers were annealed at longer times than
self-implanted alumina to overcome a slowing of the rate of crystallization due to the kinetic
impediment that is known to be imposed when large non-native ions are incorporated into
crystalline structures [10]. The samples that were implanted with 1 x 10'® Pt/cm? were sliced into
3 mm sections and then annealed. These sections were then scanned by a Bruker-AXS D8
Discover x-ray diffraction instrument was using Cu Ka radiation (A = 0.15406 nm) at a scan rate
of 5° per minute for 10 to 100° 26. These samples were then prepared in cross section for TEM
and mechanically polished and dimpled in the same manner as the self-implanted samples
discussed previously. A 200 keV FEI Titan was used to characterize the samples once they had
been prepared to collect brightfield, darkfield and selected area electron diffraction patterns of
the implanted layers of alumina. Transmission electron microscopy was performed on the cross

sections of sapphire implanted with 1 x 16 Pt/cm? using the method described for the self-
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implanted specimens in 2.1. A single exploratory in situ annealing experiment was performed on
TEM cross section of from the as-implanted specimen with this implantation dose as well. A
Gatan model 652 heating holder,' which has a maximum temperature of 900°C, was used to heat
a piece of as-implanted alumina that had been prepared as a TEM cross section to 800°C in the
TEM. Zone axis diffraction patterns were taken using a double tilt holder and were similar to
patterns collected in furnace annealed samples.

The specimen implanted with 5 x 16 Pt/cm? was also cut into 3 mm wide strips and
pieces were annealed at 800°C and 850°C in air (the temperatures from the self-implanted and
1 x 10'® Pt/cm? studies). This specimen was also annealed at 750°C for 100h. XRD was

performed on the wafers and then prepared in cross section for TEM as previously described.

2.2.2. Preliminary characterization of Pt-implanted sapphire: Results

The XRD patterns in Figure 7 are of sapphire wafers that were implanted with 1 x 10'6
Pt/cm?. The XRD patterns from the Pt-implanted specimen show the same development of
alumina phases upon annealing as in the self-implanted specimens described in section 2.1.2
with the exception that now Pt is present. In the as-implanted sample, there are two indexed o-
alumina peaks present as observed previously in the self-implanted sapphire. The XRD patterns
of the specimen annealed at 800°C for 500 h reflect the development of a transition phase of
alumina and the precipitation of Pt. This is seen as a series of larger peaks associated with
{111}pand {111}, families of planes. These phases have very similar d-spacings so the (111)
and (222)p; peaks overlap with the transition alumina, so it cannot be determined from XRD
alone if the Pt is present, however the TEM results (described below) confirm the presence of

both crystalline Pt and y-alumina and the XRD peaks are labeled as such.

Y Gatan, Inc. W. Las Positas Blvd, Pleasanton, CA
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Figure 7 XRD patterns for alumina wafers implanted with a Pt dose of 1x10'® cm™

10 20 30 40 50

XRD patterns for alumina wafers implanted with a Pt dose of 1 x10'% cm™ then annealed at 800°C
for 500h and 850°C for 500h. The (222) and (444) y-alumina planes share planar spacings with
Pt (111) and (222) planes of the precipitated nanoparticles, so these peaks overlap. The presence
of both phases is confirmed by TEM diffraction. Black dots mark peaks that are not associated
with y-alumina but are present in later transition phases and are summarized in Table 1.
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After 500 h at 850°C, transition alumina peaks not associated with y-alumina develop. These
peaks are marked by black circles and associated with d-alumina or 6-alumina the next

phase in the irreversible crystallization series discussed in Chapter 1. These reflections are
summarized in Table 1. The development of 6-alumina in this sample at 850°C led to the
elimination of this as a possible annealing temperature for generating Pt NPs in y-alumina.
Previous work on the orientation relationships between a- and 0-alumina [11] show 6-alumina
develops in Pt implanted samples at annealed in air for 1000°C for 250 h. This annealing
parameter was used to process specimen for the atomic-resolution study of Pt/6-alumina
interfaces discussed in Chapter 5.

Table 1 Transition phases of alumina 6 and  share planes with similar d-spacings

20 d-spacing (A) | (hkl) & (hkl) 0
38.30° | 2.35 314,305 401,310
44.51° | 2.04 11.10 311,112
64.81° | 1.44 440 020
77.94° | 1.23 624 222
98.92° | 1.01 800 622,224

Figure 8 shows a TEM image and diffraction pattern of a 1 x 16 Pt/cm? implanted sapphire wafer
annealed for 500 h at 800°C. In this diffraction pattern Pt precipitates are formed in such that the
(111)p¢ planes are parallel to the (222), alumina planes. Two orientations of y-alumina can be
seen in the diffraction pattern and are marked. The of y-alumina are twinned along a (111)y
plane. This orientation relationship is described further in Chapter 3 and imaged at the atomic

level using HRTEM and STEM in Chapter 4 for samples with higher Pt doses. The
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Figure 8 Pt-implanted layer with a dose of 1 x 16 Pt/cm®> TEM image and [110]p; diffraction
pattern

Pt-implanted layer with a dose of 1 % 16 Pt/cm’ of a partially amorphized alumina wafer that
had been annealed at 800°C for 500 h showing the precipitation of faceted NPs in the matrix.
The Pt is oriented in the alumina such that the (111) planes of the NP are parallel to the (111)
planes of the y-alumina. Both the Pt and y-alumina are viewed down the [110] zone-axis. The
two twin variants of y-alumina are shown in the inset diffraction pattern with white solid and
dotted lines. The gray line shows Pt diffraction points. The yellow arrows point to diffraction
spots associated with underlying a-alumina as also seen in Figure 6
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amount of Pt implanted in these preliminary experiments was sufficient to generate Pt NPs in y-
alumina, but based on the results here, higher doses were used in the experiments described in
Chapters 3 — 5 to increase the size and density of the Pt nanoparticles to facilitate to the atom-
level characterization of the interfaces.

The XRD patterns for as implanted and thermally annealed 5 x 10'® Pt/cm? dose samples
are shown in Figure 9. The as-implanted sample scans have prominent (111)p; and (222)p; peaks
that are not present on the 1 x 106 Pt/cm? sample. The lowest and shortest anneal parameters
shows the development of diffuse diffraction peaks that were indexed previously to the {111}
family of y-alumina planes. Increasing these anneal times from 100 h to 500 h did not cause any
significant change in the diffraction patterns and samples annealed at 750°C for 500 h still have
diffuse {111} peaks. Long anneal times at 800°C and 850°C show a sharpening of the peaks
associated with the {111}p; and even (222) and (444) of y-alumina. From the previous work done
on the 1 x 10'® cm™ samples, it was clear that 850°C would provide enough thermal energy to
begin the transformation of transition aluminas beyond y-alumina phase and is ultimately why
800°C was chosen for the TEM characterization studies described in the following chapters. The
odd hkl planes of the {111} family of planes are forbidden reflections in the cubic transition
aluminas given an FCC sublattice present in a cubic spinel unit cell. After 500 h at 800°C, the
“forbidden” peaks seen in the 750°C samples have flattened and are more consistent with what is
to be expected from a well-ordered cubic spinel. In this higher dose Pt implanted sample
annealed at 850°C for 500 h the (333), peak is also reduced relative to the specimen annealed at
800°C however there is a development of a sharp (111) peak that could be from y-alumina but
also shares a d-spacing with the (113)s and (201)e. The peak that is closest in d-spacing to the

(444), and (222)p; plane has also shifted to the right nearer to the (000.12)a at the 850°C anneal
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Figure 9 XRD patterns for wafers implanted with 5x10'® Pt"/cm?.

The higher density of Pt results in the appearance of {111}Pt peaks before
annealing. The odd {111} planes of y-alumina develop at 750°C at both 100
h and 500h anneal times. The ¢ and 6 diffraction peaks seen at the same
annealing parameters in the 1x10'° wafers are not present
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temperature. These diffraction patterns show that the Pt close packed planes and the alumina
close packed planes are consistently aligned. The experimental data the XRD and from the TEM
selected area diffraction patterns from this implanted set and showed that the orientation
relationship between Pt and y-alumina was consistently (111)pl (111), and was used to guide the
DFT models of Pt/y-alumina interfaces performed by collaborators [12].

The results of the exploratory in situ annealing study is shown in Figure 10. Heating to
800°C caused the precipitation of Pt particles and conversion of the amorphized to y-alumina
within 2 hours. Zone axis selected area diffraction patterns (not shown) taken after the in situ
experiment showed that the Pt NPs formed the same orientation relationship to the y-alumina as
for all the other Pt-implanted specimen. However, it is known that the temperature at the sample
during in situ TEM heating experiments can be unreliable and that such experiments are costly
and time consuming relative to ex situ TEM. It provided data like that collected with traditional
ex situ experimentation with the only benefit being the ability to monitor the transformation in
real time. Given the long annealing times required to develop the desired microstructures for the
interface characterization experiments, in situ heating was not utilized beyond this exploratory

experiment.
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“PostrrSitu anneal

Figure 10 BF TEM images collected during and after in situ TEM annealing
of 5x10 6 Pt cm™

Image shows implanted sapphire in the Gatan heated TEM holder. A
relatively large Pt particle is indicated by the black arrow in the post-in-situ-

anneal image. Images were not taken on zone-axis due to limitations of tilt
imposed by the TEM holder
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The formation of nanoprecipitates by high-dose ion implantation followed by thermal
annealing is a means to alter the near-surface optical, electrical, and magnetic properties of
oxides and other insulators and has potential technological applications [1, 2]. The size and
spatial distribution of the nanoprecipitates can be controlled by the implantation dose, energy,
and annealing temperature and environment. These parameters also impact the level of damage
to the matrix and the path of recovery during thermal annealing which in turn can alter the
orientation relationships of the precipitates [3]. This provides an opportunity to tune properties
[4] and also a platform for studying of metal/oxide interfaces with a variety of interfacial
relationships [5]. In this work, high-energy ion implantation of platinum into sapphire (a.-Al203)
wafers followed by thermal annealing was used to create a simple, model system of dense y-
alumina with Pt nanoparticles for detailed characterization of orientation relationships, interfacial
relationships, and nanoparticle morphology. Platinum dispersed on y-alumina is an important
heterocatalyst system [6, 7]. The orientation, size, and morphology of metal nanoparticles on
oxide supports impact the activity of heterogeneous catalyst systems [8, 9], but characterization
of Pt nanoparticles on y-alumina is challenging due to the complexity of y-alumina and the added
degrees of freedom introduced by the nanoparticles. This model system differs substantially from
those used for heterocatalysis because the nanoparticles are embedded in the oxide, however its
simplicity offers path to study the atomic-level structure of Pt/y-alumina interfaces. The
identification of highly-faceted interfaces with an interfacial relationship common to those
observed in supported nanoparticles gives directions for studies on the atomic-level
characterization of the interfaces.

The y-alumina phase is a transition alumina that may be produced by different processing

paths, including the topotactic transformation of boehmite [10] or crystallization of amorphous
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ADOs3 [11]. The structure of y-alumina has been the subject of experimental investigations [10-
14] and computational simulations [15-19] and yet is still debated. X-ray diffraction (XRD) [10,
11] and other characterization experiments may be inconclusive because of the structural
similarities between y-alumina and other transition aluminas and the frequent co-existence of
different alumina phases. Numerous models for y-alumina have been proposed, including Zhou
and Snyder’s defect spinel Fd3m model derived from XRD and Rietveld refinement of neutron
diffraction data [12], a proposed refinement of that model with a tetragonal 141/amd structure
[17, 19], and a model with modifications to capture the properties of y-alumina surfaces [18].
Transmission electron microscopy (TEM) diffraction and high-resolution (HR) imaging have
been used to study the structure of y-alumina and distinguish it from the similar - and 6-alumina
forms [11, 20-24].

Ion implantation of Pt into sapphire followed by thermal annealing has been used to produce
Pt nanoparticles in y-alumina [3], 6-alumina [25, 26], and a-alumina [3, 5, 25-27]. Accumulation
of damage during ion implantation can result in near-surface amorphization of the sapphire
matrix. Annealing induces re-crystallization of the amorphized alumina and precipitation of the
implanted Pt. The form of alumina after re-crystallization is determined by the annealing
conditions. Upon heating, the expected transitions of amorphous aluminaarey >3 —> 0 —> a
[11]. These transitions are not reversible upon cooling. While the thermodynamic and kinetic
factors influencing the orientation and morphology of Pt with y-alumina differ between
embedded and supported nanoparticles, the study of interfaces in a model system using
embedded nanoparticles produced by this processing method provides certain advantages.
Topotaxial re-growth of alumina has been reported for y/a [3, 28, 29] and 6/a-alumina [25]

interfaces formed during re-crystallization of partially amorphized a-alumina. The resulting
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interfacial relationships have the parallel closed-packed planes of oxygen and parallel alignment
of the close-packed oxygen directions. The well-defined orientation relationship of the re-
crystallized alumina with the undamaged sapphire matrix greatly simplifies the systematic study
of the structure of many nanoparticles through atomic-resolution zone axis imaging.

Introducing Pt sub-surface via ion implantation offers great control over the system purity
and distribution of the metal. The accumulated damage in the alumina is controlled through the
implantation energy, fluence, and substrate temperature. The specimen purity is limited only by
the base impurities of the y-alumina “precursor”, sapphire, which is commercially available with
impurity levels under 100 parts per million. The formation of nanoparticles within the alumina,
without a pre-existing alumina interface also allows, by comparison, an evaluation of the role of
surface orientation on the orientation relationships and interfacial relationships observed in
supported particles.

When Pt implanted into alumina precipitates, the orientation relationships that develop
depend on the phase of alumina [5, 25-27, 30, 31]. Precipitation into o.-alumina results in
multiple orientations of Pt nanoparticles, whereas precipitation of Pt into a 0-alumina at 1000°C
leads to a single predominant orientation relationship, (111)p(||(201)go;[110]p¢||[132]6, [25, 26]
in which the close-packed {111} p; planes are parallel with close-packed planes of the oxygen
sub-lattice. These Pt nanoparticles in 6-alumina are bound by {111}p facets [26]. The structure
of B-alumina is related to y-alumina in its near face-center-cubic packing of the oxygen
sublattice, but has a monoclinic, rather than cubic crystal structure. This orientation and
morphology results in multiple close-packed directions to be in parallel alignment at the

interfaces.
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Pt nanoparticles embedded in alumina were produced via ion implantation and thermal
annealing of 99.99% pure optical grade sapphire wafers with [0001] direction normal to the
wafer face. The alumina was partially amorphized by implantation of 600 keV Pt" ions at 7° to
the normal of the sapphire wafer at room temperature. Two wafers were implanted in a 300 kV
Tandetron at the Ion Implantation Laboratory at UFRGS with target fluences of 5 x 10'®Pt"
ions/cm? and 1 x 10'7 Pt"ions/cm?. Both fluences are high enough to amorphize the near-surface
region of the implanted sapphire. Higher fluences at the same implantation energy increases the
local sub-surface density of the implanted species and decreases the diffusion distances required
for the formation of nanoparticles and was expected to result in a higher density of nanoparticles.
The implantation energy was expected to result in a peak density of Pt at 94.1 nm below the
AL O3 surface, based on calculations performed with the Stopping and Range of Ions in Matter
software (SRIM) [32]. Rutherford backscattering spectrometry (RBS) was used to characterize
the depth of the implanted Pt and to verify the implantation fluences in the two as-implanted
wafers. RBS measurements were performed at the lon Implantation Laboratory at UFRGS using
1 MeV He" ions and the backscattered ions were detected by a surface barrier detector. RUMP
software (version 2.0) [33, 34] was used to analyze the RBS data and calculate the depth
distribution of Pt atoms and implantation fluence. A piece of each of the implanted wafers was
annealed at 800°C for 500 h in air with the goal of forming y-alumina with well-defined Pt nano-
precipitates. An annealing temperature of 800°C was chosen as the highest temperature expected
to induce crystallization to y-alumina without transition to 6-alumina [10, 13]. XRD was used to
characterize changes in near-surface crystal structure caused by implantation and subsequent

thermal annealing. A Bruker AXS-D8 Discover diffractometer using Cu Ka radiation
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(wavelength 0.15406 nm) was used for 0-260 scans from 10-100° (20) at a scanning rate of
5°/min. After XRD, specimens were prepared for TEM by mechanically thinning of glued cross

sections to ~100um, polishing on side to 0.25 um grit, then dimpling and polishing the other
side to a 0.25 um grit finish, followed by Ar" milling to perforation. An FEI Titan TEM operated
at 200 keV was used to collect bright-field (BF) and dark-field (DF) images and selected area
electron diffraction (SAED) patterns. An image-corrected FEI Titan operated at 300 keV was
used for high-resolution TEM (HRTEM) imaging. The TEAM I at the National Center for
Electron Microscopy Facility of the Molecular Foundry at Lawrence Berkeley National Lab was

operated at 300keV to collect probe-corrected high-angle annular dark field (HAADF) scanning

TEM (STEM) data. 10000
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Figure 11 and the inset shows the peak
concentration was 110 nm below the
wafer surface. XRD of the as-
implanted specimen with nominally 1
x 10" Pt'/cm? Figure 12(a) shows
prominent peaks at 260=41.8° and
90.8°, consistent with (0006)« and
(000.12)q of a-alumina expected from
the bulk of the sapphire wafer. There
are small peaks at 39.6° and 85.2° in
the as-implanted specimen, which
show a large increase in relative
intensity with respect to the a-alumina
peaks after 500 h at 800°C along with
broadening of the peak at 26=85°

Figure 12(b). The observed peaks (and
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Figure 12 XRD of sapphire wafers implanted with
1x10"Pt cm™

XRD of sapphire wafers after implantation but
before annealing (a) showing intense a-Al>03 peaks
and broad, weak peaks likely due to a transition
alumina formed by implantation damage to the
matrix. After 500 h at 800C (b), peaks consistent
with Pt and a transition alumina are visible. The lack
of other peaks is evidence of highly oriented growth
of transition alumina and the consistent orientation
of the Pt nanoparticles within the alumina.
Identification of Pt and y-alumina peaks is based on
additional information from TEM imaging and
diffraction.

notable absence of others) are consistent with the development of y-alumina and the precipitation

of Pt with a well-defined in-plane orientation relative to the sapphire matrix. The (222), and

(111)p; peaks are expected at 20 =39.4° and 39.8°, respectively, and the (444), and (222)p peaks

are expected at 85.0° and 85.7°, respectively. These peaks indicate {111}p; and {222}, planes are

parallel to (0006)a planes of the sapphire, but does not exclude other orientations that may not be

detected in XRD if they present only at a very small phase fraction. Because of the similarity

between transition phases of alumina, the presence of other forms cannot be excluded based on
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these XRD data. The assignment of the y-alumina and Pt peaks in Figure 12 was made using
additional information derived from the TEM experiments described below.

TEM was used to characterize changes in the microstructure and the crystal structure with
processing and to characterize the Pt-alumina orientation relationships and Pt nanoparticle
morphology. Figure 13a shows a cross section of a sapphire wafer as-implanted with 5 x 10!
Pt"/cm?. A nearly featureless, 133 + 8 nm thick amorphous layer lies beneath an 86 + 3 nm thick
damaged a-alumina with the highest density of Pt at ~110 nm beneath the surface, in agreement
with RBS data, and located within the amorphized layer of alumina. SRIM calculations, predict a
peak concentration at a depth of only 94 nm, but this small discrepancy is not unexpected as the
accuracy for predicting the stopping power of compound materials, such as aluminum oxide, are
limited, as SRIM does not capture the change in the strength of interactions in the compound
[32].

A BF zone-axis image (Figure 13b) after 500 h at 800°C shows dark Pt nanoparticles that
have developed within the re-crystallized alumina in the implanted region. Most Pt nanoparticles
are within the y-alumina because the peak Pt density from implantation was within the
amorphous region. However, annealing also caused growth a-Al>O3 into the y-alumina. The a-
AlOj3 grows past some Pt particles, which appear to have been dragged with the boundary. This

process leaves some nanoparticles within the ai-Al2O3 and some decorating the a/y-alumina
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Figure 13 BF TEM images of the 5 x 10'® Pt/cm? wafer and simulated diffraction patterns

BF TEM images of a cross section of (a) the as-implanted 5 x 10'° Pt/cm? wafer and (b) after
500 h at 800°C. The sapphire is amorphized where the peak density of implanted Pt occurs.
After 500 h at 800°C (b), the amorphous alumina has recrystallized as y-alumina and the a-
alumina has grown into the region that had been amorphized. Most of the precipitates are near
the peak of the implanted Pt density, but they also decorate the y/o-alumina boundary. (c) DF
image of the region in (b) taken in a two-beam condition from (111)p: and (222);; the smallest
objective aperture could not exclude the (0006)« diffracted beam. The DF image highlights the
high degree of alignment of the Pt within the y-alumina and of y-alumina with the « phase.
Experimental SAED pattern (d) of the implanted region after annealing at 800°C for 500h; the
adjacent sapphire was excluded with the selected area aperture. The intensities were inverted
for clarity. Simulated SAED patterns of (e) Pt and y-alumina along the [211] zone axes, using
the Zhou and Snyder model [12] and (f) of 6-alumina using a structure reported by Kovarik et
al. [17] along the [35.9.12]szone axis where (243)s is equivalent to (111)}, (parallel to close-

packed planes of the oxygen sub-lattice) and (043) is to (022)y.
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boundary, similar to the microstructural development of Pt-implanted a-Al>O3 annealed at
1000°C, except in that case the transition form of the oxide is 6-alumina [25-27].

SAED was used to confirm the identity of transition alumina and to determine the prevalent
orientation relationships between the phases. A two-beam DF image (Figure 13c) was taken of
the region using the overlapping 111p; and 222, diffracted beams and shows that nearly all Pt
particles in the y-alumina matrix are oriented with (111)p¢||(222),, confirming that the in-plane
orientation determined by XRD is prevalent. Figure 13d shows a typical SAED from the
implanted region of a specimen after annealing at 800°C for 500 h. A simulated SAED [211]
zone axis pattern for both Pt and the Zhou and Snyder y-alumina model is shown in Figure 13e
and 1s an excellent match to the experimental pattern. This may reflect the fact that the
diffraction information is derived from many cubic nanometers of the y-alumina — higher
resolution structural characterization may be required to reveal the tetragonal symmetry that is
predicted by the work of Paglia and coworkers [17, 19]. Based on reports on the alumina
transition series [10, 11], the processing path used here could plausibly result in 8-alumina,
however TEM imaging and diffraction observations of these specimens differ substantially from
other TEM characterization of 6-alumina [11, 21, 22]. As an example, a simulated pattern of o-
alumina, based on a structure from reference [22], shown down an equivalent zone axis to [211]y
in Figure 13f shows expected diffraction intensity absent in Figure 13d. This and other
observations exclude 6-alumina as the transition phase in our specimens Figure 13d allows the
prevalent orientation relationship between the Pt particles and y-alumina to be fully determined
as (111)pd|(111),5[110],/|[110]p¢, a “cube-on-cube™ orientation.

Phase-contrast HRTEM was used to characterize the morphology and the faceted interfaces
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of the Pt nanoparticles in a specimen from the wafer with the higher density of nanoparticles (1 x
10" Pt*/cm? , annealed 500 h at 800°C). Figure 14a shows an atomic resolution micrograph of Pt
nanoparticles in a y-alumina matrix with the underlying a-alumina. Insets in Figure 14a show
fast Fourier transforms (FFTs) of image regions with Pt nanoparticles in y-alumina (region 1)
and the a-alumina (region 2) revealing the orientation relationships of the phases. The y-alumina
forms with the orientation (0006),/|(111),;[1010],]| [110],, which results in parallel alignment
of close-packed planes of the oxygen sub-lattice in each of the phases as well as alignment of the
close-packed oxygen directions within those planes at the interfaces. Epitaxial growth of y-
alumina on a-alumina has been documented after thermal annealing of oi-alumina that had been
partially amorphized by high-energy ion bombardment of various species [3, 28]. The Pt
particles have the orientation (111)p|(11 l)y;[liO]yH [110]p, (as in the specimen with lower
fluence) and many appear to be in the form of tetrahedra or truncated tetrahedra bound by {111}
facets. The morphology of the nanoparticles was surveyed in HRTEM images of more than 30
particles. All the Pt nanoparticles showed prominent {111} facets, although some also presented
small {002} facets.

The three-dimensional (3D) morphology of Pt nanoparticles may be more easily inferred
from HAADF STEM image because image intensity is more directly related to scattering
potential and the intensity of the Pt positions is roughly proportional to the number of Pt in the
columns. The near tetrahedral form of small Pt nanoparticles can be inferred in atomic resolution
HAADF STEM images (Figure 14b). A schematic of the morphology of a perfect tetrahedral
nanoparticle is shown in the inset of Figure 14b. The smallest particles (one’s containing ~100 Pt

atoms) tend toward a defective tetrahedral shape rather than a cubo-octahedral, with symmetric
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Figure 14 Aberration-corrected phase-contrast
HRTEM

Aberration-corrected phase-contrast HRTEM
(a,c) and probe-corrected HAADF STEM (b)
micrographs of the 1 x 10" Pt/cm’® implanted
wafer after 800°C at 500 h. The FFT of region
1 in (a) is consistent with the cube-on-cube
orientation between Pt and y-alumina. The
FFET of region 2 shows that yalumina
crystallizes epitaxially from the o-alumina with
the orientation (0001)q||(111)y;
[1010],/|[110],. The 3D morphology of Pt
nanoparticles may be more easily inferred from
the HAADF STEM image. The inset shows a
model of a perfect tetrahedral Pt nanoparticle
bound by {111} facets tilted slightly off the
[110] zone axis, the low intensity at the corners
of the nanoparticles in the STEM images
indicate “missing” corner and edge atoms
(indicated by white arrows) which are not
shown in the model. Larger Pt nanoparticles
(c) tend to be cubo-octohedral rather than
tetrahedral. A 3-D model is shown in the inset

[35].
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{111} facets and {200} facets. The larger particles, which have not converged onto a single
shape, are more likely to be cubo-octahedral in shape, as shown in the HRTEM image in Figure
14c. The equilibrium shape is expected to be independent of size for large particles, but for small
particles (<20 nm), the edge energies can be a significant contribution to the total interfacial
energy, resulting in changes in the equilibrium shape as a function of size [36, 37]. Additionally,
strain energy may impact the morphology of precipitates as a function of size [38, 39]. At this
point, it is unclear if the difference in morphology of large and small nanoparticles is simply due
to a lack of convergence of the larger particles onto a tetrahedral form, or if it is due to different
relative contributions of strain, interfacial, and edge energies related to the nanoparticle size.

Orientation and interfacial relationships that develop during precipitation into a solid matrix
and onto surfaces can differ because the strain and interfacial energetic contributions with 3D
constraints on differ from the two-dimensional constraints on supported particles [40]. However,
common interfacial orientation may still develop, which is the case for Pt and y-alumina. Zhang
et al. [41] reported that Pt nanoparticles supported on (111) y-alumina surfaces, formed by
oxidation of (110) NiAl single crystals, took on two orientations. One interfacial relationship was
the “cube-on-cube” orientation observed here, the other was Pt(100)[011]lly-Al.O3(111)[211],
which was not observed in this study. The common (111)pd|(111),;[110],[110]p, interface is
the focus of current atomic-resolution characterization.

Ion implantation followed by thermal annealing has been used to synthesize transition
aluminas, including ones with embedded metal nanoparticles, but the method has not seen its full
potential in the study of the interfacial structure of systems that are important for catalysis.
Although the processing path differs from those used to produce supported industrial catalysts, it

offers a high degree of control over the purity of the system and allows the system to access
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degrees of freedom in the formation of interfacial relationships that are not possible with
processing methods that entail deposition of Pt or a Pt-containing precursor on y-alumina. Use of
a processing path where the Pt precipitates into alumina as it crystallizes removes the biasing
effect of a pre-existing y-alumina surface structure by removing pre-existing surface orientations.
Although diffusion in alumina is expected to be sluggish at the processing temperature used
here, Pt precipitates with atomically sharp interfaces several nanometers across were formed in
experimentally accessible times, when high ion implantation fluences were used. With a larger
survey of nanoparticles, this model system provides a means to compare the relative
contributions of edge energy [36, 37], strain [38, 39], and interfacial chemistry on the energetics
of the system. The interfacial energies for different chemical terminations of the {111} faceted
interfaces have been calculated [42], guided by the experimental observation of the interfaces

here, but further data is needed on {200} interfaces and edge energies.
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Abstract

The interface of y-alumina supported Pt nanoparticles (NPs) is fundamentally important to the
efficacy of this metal/metal oxide system in catalysis. Here, (111) Pt/ y-alumina interfaces are
characterized in a model system produced by high-energy implantation of Pt" ions into sapphire
that was thermally treated at 800°C to produce a surface layer of dense y-alumina embedded with
faceted Pt NPs. Aberration-corrected STEM was used to collect atomic resolution brightfield (BF)
and high-angle annular darkfield (HAADF) images down the [110]pc and [211]p¢ zone-axis. The
images were compared to STEM simulations of two popular experimentally-based bulk models of
v-alumina by Smrcok et al. and Zhou and Snyder and a density functional theory-based model of
the (111) interface recently published by Oware Sarfo and coworkers. The Smrcok y-alumina
model was a better fit than the Zhou structure to the bulk of the y-alumina. The Oware Sarfo
interfacial model that best fit the experimental data was oxygen-terminated with an atomic
arrangement at the interface of NPs that consists of Pt-O-Al-O layers. The Oware Sarfo structure
was a relatively poor fit to the experimental data beyond the third atomic layer from the interface
in the y-alumina. The poor fit of the Oware Sarfo model within the bulk is attributed to the
compromises required in the design of the model in order to limit the cell size to limit

computational time required.
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4.1.Introduction

Pt nanoparticles (NPs) supported by transition y-alumina are a catalytic system used in many
applications, including methane combustion microreactor coatings, the production of high octane
gasoline from linear alkanes, and CO chemisorption [1-4]. The metal-oxide interfacial
interactions impact many of the important qualities of this system, for example, the Pt NP size
and morphology can affect the activity and reaction rate of catalysts used in CO electro-oxidation
[5] and strong metal-support interactions are necessary to sustain high activity catalysis under
operating conditions [6].

Because of its technological importance, the structure of the Pt/y-alumina system has been
extensively studied [7-11], including transmission electron microscopy (TEM) studies of Pt NPs
supported by y-alumina [6, 12-14]. Past TEM imaging studies have not resolved the atomic-level
structure of the interfaces, but electron energy loss spectroscopy (EELS) along with scanning
transmission electron microscopy (STEM) imaging have been employed characterize the
bonding at the interfaces [6-9]. Some of these studies cited beam damage as an issue to be
managed in this type of experiment, as transition aluminas can recrystallize during electron
microscopy and the thin areas ideal for atomic resolution microscopy quickly become damaged.
Spectroscopic methods like EELS can be used to generate structural and chemical data in the
TEM with probe sizes as small as 0.1 nm, fine enough for atomic resolution analysis. However,
knowledge of bonding data does not necessarily imply knowledge of the spatial structure.
Neutron magnetic resonance and x-ray absorption spectroscopy has been used to probe this
system [6, 15]. These techniques provide averaged structural data, which provide only partial
structural information, especially in a system containing y-alumina which is known to have

disordered occupancy of atomic sites.
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In this work, Pt/y-alumina interfaces in a model nanocomposite system were imaged at
atomic resolution using aberration-corrected STEM and the experimental images of the y-
alumina and the interfaces were compared to two structural models of y-alumina and a set of
density functional theory (DFT) based interfacial models with different chemical terminations of
the y-alumina. High energy ion implantation was used to generate a metal-oxide nanocomposite
material, a concept described by White et al. [16] and an approach used to study the structure
and orientation of Pt in a variety of alumina phases [17-20]. Ion implantation followed by
thermal annealing was used to generate a high density of faceted Pt NPs with a well-defined
orientation relationship in a dense y-alumina matrix. Metal-implanted alumina offers an
alternative method to study metal-alumina interfaces; one of the advantages being greater
stability of the dense alumina with embedded metal NPs under the electron beam relative to NPs
supported on high-surface-area alumina. This model system facilitated atomic resolution imaging
of the interfaces and the approach was to compare STEM image simulations of structural models
to the experimental images rather than using spectroscopic methods to probe the structure and
chemistry of the interfaces.

The y-alumina phase is a metastable transition phase, which may be formed by a variety of
processing methods [21-27]. The precursor affects the character of resulting y-alumina which has
led to a number of proposed models for this oxide. Commercially, y-alumina is formed when an
aluminum hydroxides, often boehmite ore (AIOOH), are calcined at 800°C. Boehmite-derived y-
alumina is formed when water is driven out of the structure causing a structural collapse of (001)
layers of boehmite [28] and the resulting y-alumina often has a residual tetragonality inherited

from the parent structure [29]. The complexity of y-alumina and topotactic dependence of its
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structure on its precursor means there is still debate over the most appropriate model for -
alumina.

The transition alumina that develop on the ALOOH/amorphous— y— 86— 06— a-alumina
transformation path progress mainly by rearrangement of Al within the oxygen sublattice. The y
and o variants possess a face-centered cubic (FCC) oxygen sublattice with a spinel-like
distribution of Al cations. To maintain the Al,O3 stoichiometry, only a fraction of the O
interstitial sites are occupied by Al. The differences in the distribution of the Al differentiates
these transition alumina phases. The y-alumina phase has been determined to have a 25-30% of
the tetrahedral O interstices occupied by Al (Al), 5-alumina has 37.5% and 6-alumina has 50%
of the Al positions occupied [30]. As the processing temperature increases Al migrates from
octahedral sites (Alo) to tetrahedral sites on the FCC O-sublattice. At higher temperatures
(~1000°C), monoclinic 8-Al,03 transforms to a-alumina (1100-1200°C), the most stable form,

which has a hexagonal close packed O-sublattice with Al occupying two-thirds of the Al, sites.

4.1.1. Producing NPs in y-alumina via ion implantation

Ion implantation of crystalline oxides followed by thermal annealing is a method that can be
used to generate epitaxially grown oxides with embedded nanoparticles [16, 31]. Ion
implantation allows for control of precipitate size and particle orientation [32]. This processing
method creates an amorphous region near the surface of an implanted wafer which can be re-
crystallized and used to study crystallization kinetics [23], NP morphology, and properties of
embedded NPs. The temperature required for partially amorphized alumina to crystalize to y-
alumina depends on the crystallinity retained in the wafer and has been characterized at

temperatures as low as 650°C, but y-alumina can still be present up to 1000°C [33, 34]. Pt NPs in

y-alumina formed by the high-energy implantation followed by thermal annealing in air at 1173
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K (800°C) take on the orientation relationship (111)p([(111)y; [110]p¢|[110], [35]. Small NPs take
on nearly tetrahedral shapes bound by {111} facets whereas larger NPs may be cubo-octohedral

with large {111} facets and relatively small {200} facets.

4.1.2. Structural Models of y-alumina

Several models for the structure of y-alumina have been proposed, including a widely-cited
defected cubic spinel model by Zhou and Snyder [36], a cubic spinel model by Smrcok ef al.
[37], a widely-used DFT-based non-spinel model by Digne et al. [38, 39], a distorted tetragonal
spinel by Paglia et al. [40] which does not restrict Al cations to spinel positions, and a DFT-
based model by Pinto et al. was developed to model surface behavior and which also proposed
non-spinel cation sites dominated by five-coordinated aluminum and some tetrahedral Al [41],
among others. Recent work by Ayoola et al. [42] evaluated the Smrcok [37], Paglia [40], Digne
[39] and Pinto [41] models of y-alumina by comparing them to XRD and TEM data of y-alumina
grown from single crystal NiAl (110) wafers. They found the Smréok model to be the best fit
based on comparison of experimental and simulated diffraction data. They did not consider the
Zhou model, but it was found to be a good fit to electron diffraction data of y-alumina derived
from the recrystallization of partially amorphized sapphire annealed at 800°C by Clauser ef al.
[35].

The bulk y-alumina in this study is compared to both the Zhou and Smr¢ok models, which
differ primarily in the positions the Al atoms occupy. Figure 15 and Table 2 shows the unit cells
and structural data of the Zhou and Smrcéok models. Both models have an FCC oxygen sublattice
and a high occupancy of the 8a tetrahedral site. The Smré¢ok model assumes a higher occupation
of Al in the octahedral 16d site than the Zhou model. The Zhou model has a low occupation of

quasi-octahedral Al in position 32e, whereas the Smréok model proposes two sparsely occupied
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Smrcok

) 16d Al (Octahedral-spinel) O 32e 9 16d Al (Octahedral-spinel) " 16¢
@ 8a Al (Tetrahedral-spinel) O 8a Al (Tetrahedral-spinel)

Figure 15 The Zhou and Smrcok models for y-alumina
The oxygen in both models forms an FCC sublattice with Al in spinel positions and some non-

spinel positions defined by partial occupancies. For clarity, atomic sites with occupancies
below 30% percent are not represented as spheres, but instead as colored branches.

non-spinel octahedral and tetrahedral sites 16c and 48f. The Zhou [36] model is based on the
Rietveldt refinement of neutron powder diffraction patterns and x-ray powder diffraction of y-
alumina derived from boehmite calcined at 873K(~600°C). The crystal structure is Fd3m
structure with a lattice parameter a=7.911A. The Zhou model consists of two types of alternating
(111) aluminum layers within the O-sublattice, one composed of Al,, and the other composed of
a mixture of Al,, quasi-octahedral Al, and Al;. Zhou and Snyder found that the Al; are disordered
through an observation of the broadening of the XRD (220) reflection and that the Al, is less
disordered than the Al; sites. The Smrcok structure was developed from XRD data from y-
alumina whiskers and can be considered a refinement of the Zhou model. The Al occupies ideal
spinel positions as well as non-spinel tetrahedral and octahedral positions. There is a 63:37

octahedral to tetrahedral Al atom ratio with 6% of all Al ions occupying non-spinel positions.
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Table 2 Atomic positions for the Zhou and Smrcok defected spinel y-alumina models.

Both models have a high occupancy of tetrahedral site 8a. The Smrcok model has a higher
occupation of Al in the octahedral 16d site than the Zhou model. The Zhou model has a low
occupation of quasi-octahedral Al in position 32e, whereas the Smrcok model proposes two
sparsely occupied non-spinel octahedral and tetrahedral sites 16c and 48f-

Species | Site | Site description Zhou Smrcok
occupancy | occupancy

0 32e | FCC-like sub-lattice 1 1

Al, 16d | octahedral 0.58 0.816

Al 8a tetrahedral 0.84 0.8633

Al 32e | quasi-octahedral 0.17

Al 16¢ | non-spinel octahedral 0.028

Al 48f | non-spinel tetrahedral 0.019

4.1.3. Structural Model of the Pt/y-alumina Interface

There have been many models of single atoms [43, 44] or small clusters of Pt [10, 45, 46] on
y-alumina, but few of extended interfaces [47]. The predominance of the {111} facets observed by
Clauser et al. was used as guide for a DFT-based study by Oware Sarfo et al. [47] of the structure
and relative thermodynamic stability of extended Pt/y-alumina interfaces with the (111)p|(111)y;

[1IO]V||[110] p¢ interfacial relationship with different chemical terminations (O, Al, and Al,) of

the y-alumina. The O-terminated interface was found to be the most thermodynamically stable at
1173 K and an oxygen partial pressure (pO2) of 0.2, the processing conditions used in [35] and in
this work. Here, the Oware Sarfo interface model [47] is compared to experimental atomic-
resolution microscopy images through image simulations. The starting point for the y-alumina in
the Oware Sarfo model was the DFT-based model by Digne et al. [39], which is monoclinic and
is based on a molecular dynamics study by Krokidis ez al. [28] used to understand the collapse and
reconstruction of boehmite ore during calcination. The Digne model was developed for surface
studies and used the lowest energy structure of the Krokidis simulation with 25% of Al cations in

Al; positions. The model is made of eight Al,O3 structural units and is widely used in DFT studies
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due to the simplicity of the cell, lack of partial occupancies, and benchmarking against

experimental data (of mainly surface sensitive properties).
4.2.Experimental

To create a system of y-alumina with a high density of platinum interfaces, Pt nanoparticles
were precipitated in a y-alumina matrix by annealing single crystal (99.99%) optical grade a-
AlOs3 wafers that had been implanted with Pt" ions at room temperature using 600keV, 7° to
normal of the sapphire wafer face. The wafers were cut such that the (0001), is parallel to the
face of the wafer. These large faces were then partially amorphized through high-energy ion
implantation of nominally 1 x 10'7 Pt'/cm?. This results in the region just below the wafer
surface to become amorphized with a peak distribution of Pt 110 nm below the surface. The
wafers were then annealed at 800°C for 500h in air - long enough to enable a full transition of
amorphous alumina to y-alumina and the formation of faceted Pt NPs [35]. The annealed wafer
pieces were prepared for TEM characterization in cross-section by bonding two pieces of wafer
together using M-bond 610 epoxy adhesive, sectioning them, thinning sections to 160-180um
thick, and polishing to a 0.25um diamond paste finish on one side. Samples were then dimpled to
<20 um on the other side and polished to a 0.25um finish before being ion milled to electron
transparency.

STEM data was collected on the TEAM 1 electron microscope, a double probe-corrected FEI
Titan at the National Center for Electron Microscopy (NCEM), operated at 300keV. A high
angle annular darkfield (HAADF) and a brightfield (BF) detector were used to collect
orthogonal, consecutive HAADF/BF image pairs. STEM images were collected along the [110]p¢

and [211]pc zone axes. Orthogonal image pairs of the interface were used to perform drift
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correction to reduce the effect of nonlinear drift in STEM images developed using Matlab code
[48].

STEM images based on the Zhou, Smr¢ok, and the Oware Sarfo Pt/y-alumina interface
models were simulated using Prismatic [49] [50], a software that uses quantum calculations to
simulate STEM images, for comparison to experimental images. The Smrc¢ok model used in the
simulation and was taken from the .cif file accompanying [37] which differed very slightly from
the structure reported in the text of that reference. Experimental images of interfaces were
compared to Prismatic image simulations of interfacial platinum and y-alumina using the Oware-
Sarfo model and y-alumina bulk structures were simulated using the Zhou and Smréok models
with included partial occupancies.

The Zhou and Smrcéok structures were simulated using two 4 x 4 constructions of unit cells
of y-alumina with the [110] and [211] directions parallel to the electron beam. The [211] zone
axis structure is bound on the sides by {111} and {011} planes and is four-unit cells thick in the
[211] directions. The [110] structure is bound by {001} with the {110} facets four-unit cells
thick. The Oware Sarfo structures for three different chemical terminations of the (111) Pt/y-
alumina interface were simulated down the [110] and [211] directions. The O-terminated
interfacial model used in simulations are shown in Figure 20 and Figure 21. Al;-terminated and
Al terminated models are shown in Figure S1 in the Appendix. For image simulations, these
cells were tiled three-unit cells wide and two-unit cells thick such that the largest interface
perpendicular to the z-direction was [110] and [211] respectively.

The imaging conditions for Prismatic simulations were chosen to represent the imaging
conditions of the TEAM 1.0 microscope using bright field BF (18 - 36 mrad), and HAADF

(60 - 98 mrad) detectors at a 300keV acceleration voltage and probe semi-angle of 30 mrad.
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Atomap, a Python library created for the analysis of atomic resolution STEM images [51], was
used for 2-D Gaussian fitting of atomic columns of average experimental STEM HAADF images

and the simulated micrographs. It was also used to aid in identifying symmetry axes.
4.3.Results and discussion
A drift-corrected BF and HAADF STEM image pair in Figure 16 show Pt NPs embedded
within y-alumina. Imaging down the [110] zone axis of y-alumina and Pt show the NPs have the
orientation relationship of (111)p|(111)y; [110]p|[110], with the y-alumina are mainly bound by
{111} facets with an interfacial orientation relationship of (111)Pt||(111),, as reported in. The
small NPs are tetrahedral and larger ones are cubo-octahedral and, as described previously [35].

The (111)p, facets viewed edge on in the HAADF image (Figure 16a) have the brightest atomic

columns, since the intensity in the HAADF increases with increasing thickness and atomic
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Figure 16 HRSTEM HAADF and BF image of y-AL,Os

STEM (a) HAADF and (b) BF image pair show Pt NPs embedded in y-alumina down the [110]
zone-axis. Twins in the alumina are marked in the HAADF image by white lines and the
orientation of the (220) plane is marked in the BF image. Details of a unit cell of alumina marked
by boxes are shown in Figure 17. The FFTs of the HAADF (c) and BF (d) show the to twin
orientations (labeled in c). The increased contrast in the alumina matrix results in additional
intensities in (d) not seen in (c)
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number. The tetrahedral particles taper off in thickness in the [220] direction which causes
decreasing brightness in the Pt columns of the HAADF image. The appearance of the faceted
Pt/alumina interfaces in this image are typical of Pt NPs observed. It is useful to have the image
pair, as the BF STEM image (Figure 16(b)) shows greater contrast in the alumina matrix than the
HAADF, which is reflected in the additional intensities that are present in the fast Fourier
transforms (FFTs, Figure 16(c-d)). The alumina is multiply twinned and the twin boundaries are
marked in Figure 16(a) by white lines and identified in the HAADF FFT. The twins are labeled
1-4; 2 and 4 have the same orientation such that (220), planes are horizontal in the figure. Twin 2
is most precisely oriented on [110] zone axis and thus the atomic columns in the y-alumina are

especially clear.

4.3.1. Comparison of y-alumina to Smréok and Zhou models

A detail of a unit cell of alumina identified by the boxes in Figure 16(a) and (b) is shown in
17(a) and 17(b), respectively. The structure of the y-alumina is compared to the Zhou and
Smrcéok models and image simulations in Figure 17(c-d). The two models have an O sublattice in
common, as well as Al, in the 16d position though they differ in occupancy of this position. Both
models have spinel Al, though they too differ in simulated intensity due to differences in
occupation. The presence of quasi-octahedral Al in the Zhou model give rise to a smeared out,
elliptical appearance of some atomic columns which are not observed in the experimental
images. The Smrcok model does not have elliptical features and shows clear intensity at Al; and
non-spinel Al, sites between (220) planes between the atomic columns associated with O
sublattice.

The simulated STEM images show a convenient (visual) structural unit of O-Al,-O that

appears as a horizontal row of three spots. These groups of three atomic columns are marked by
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boxes on the simulated images and corresponding models. These units are separated by an
apparent gap in intensity where there is a (111) layer of Al occupying a mix of Al;, Alo, and, in
the Zhou model, quasi-tetrahedral positions. Of the two models, the Al occupancy in the Smrcok
model results in a more uniform intensity of all columns in the diagonal band of O-Al,-O layers,

which better matches the banding seen in the experimental image.
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Figure 17 A HAADF and BF image pair of a unit cell of alumina from Figure 16 with y-
alumina simulations.

(a) HAADF and (b) BF image pair of a unit cell of alumina from Figure 16(a) and (b).
Structural units made up of O-Alo-O are marked by boxes in the Smrcock and Zhou models of
y-alumina viewed along [110] with BF and HAADF image simulations. Units made up of O-
Aly-O are marked in the Smrcock and Zhou models and image simulations of y-alumina. The
Smrcéok model results in more uniform intensity in the entire band of O-Al,-O units and lower
intensity positions mainly occupied by Al; resulting in a better match to the experimental
images.
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Although there is variability in the intensities in y-alumina in the experimental images, the
key features of the dense plane of units of three atomic columns that runs diagonally with {111}
planes separated by less densely occupied (111) planes, allow us through comparison with the
models to differentiate the O layers from the different Al layers.

Figure 18 shows a drift-corrected BF/HAADF STEM image pair of a thin area of y-alumina
with small Pt NPs viewed down a [211] zone axis. There appear to be two structural variants in
the alumina. An area that contains both of these variants is marked by blue boxes in Figure 18(a,
b) and are compared to the Zhou and Smrc¢ok models and image simulations in Figure 19. Figure
19 shows both variants as well as an intermediate area between the variants. Using image

simulations of bulk alumina (Figure 17(c) and (d)), both the Smréok and Zhou models predict a
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Figure 18 Drift-corrected (a) BF and (b) HAADF pair of Pt NPs in y-alumina viewed on a
[211] zone axis.

The {111} planes run horizontally in this image. Only one horizontal (111) Pt facet in each NP
is viewed edge. Two variants of alumina ordering are highlighted in the box in the upper left,
shown in detail in Figure 19. The mottled appearance in areas of (a) is due to the
accumulation of material on the surface during imaging as a consequence of beam damage.
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Figure 19 Detail from Figure 18 with DFT models and simulations

shows both alumina variants in (a) BF and (b) HAADF. A white line indicates the
approximate boundary between the variants. BF and HAADF Prismatic simulations of the
Smrcok unit cell and and the Zhou unit cell viewed down the [211] zone axis are shown in (c-
d) and (e-f), respectively. Boxes mark O-Al,-O units in the simulated images which match the
boxed features in the experimental images. All images and simulations are shown to the same
scale.
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brick-like arrangement of O-Al,-O units, which is seen on the lower left side of the experimental
images. The second variant on the upper right side of 16(a-b) and appears to have O-Al,-O units
aligned in linear rows and there is also an apparent increase in occupancy between the O-Al,-O
units. Local changes in the stacking order of these O-Al,-O units are seen in the [211] zone axis
of the y-Al,O3 but were not readily apparent in the [110] zone axis images. From the models, in
this orientation the Al; positions can be identified in rows of alumina that appear smeared out
along vertical <220> direction. The linearly stacked variant has a greater amount of Al; than the
brick-like stacking with respect to the bulk y-alumina simulations.

The expected lattice misfit between Pt and y alumina is small (1.11% and 1.46% for the
Smrcok and Zhou structures respectively). The experimentally determined lattice parameter for
the Pt and y-alumina in this study are shown in Table 3 Pt and y-Al203 lattice parameters. The y-
alumina is slightly larger than both parameters reported in the bulk structures simulated in this
study. The Smrcok structure is a better fit than the Zhou model to experimental data in terms of
the distribution of Al and in the measured experimental d-spacing.

Table 3 Pt and y-Al>Os lattice parameters

Measured Lattice
Pt and Al2O3 parameter
(nm)
Pt [52] 0.3912

Pt experiment

0.4163 =0.001

Zhou y-alumina

0.7911

Smrcok y- 0.793820
alumina
y-alumina 0.822 £0.016

experiment
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4.3.2. The structure of the (111) Pt/y-alumina interface

Figure 20(a-b) shows a drift-corrected HAADF and BF image pair of a cubo-octahedral NP
bound by four edge-on {111} facets viewed along a [110] zone axis. The differences in the
alumina appearance in 6(b) can be attributed to twinning around the NP and to very slight

changes in grain orientation relative to the [110] direction. The FFT (inset) shows a pattern
consistent with Pt and twinned y-alumina grains. Although the contrast varies somewhat, the

{111} Pt/y facets have a similar structure close to their interfaces. The boxed areas in 17(a-b) are

reproduced in 17(c-d), respectively, as the y-alumina is exactly on zone axis in this region and
shows clarity of atomic columns at the interface. The y-alumina at the interfaces with Pt in the
BF image 17(d) very consistently show a row of three dark columns (marked with a box), which
match the O-Al,-O units in model and image simulations of the Oware-Sarfo DFT oxygen-
terminated (111)p||(111), interface. The Pt-O distance of the O-terminated oxygen interfacial
model is the 0.2035 nm, the Al; Pt-O distance is 0.1948 nm and the Al, Pt-O distance is 0.3284
nm. The measured average interfacial distance on a single NP was calculated using ten different
measurements of experimental images is 0.2096 with a standard deviation of 0.084. The O-Al,-O
structural unit is marked by small boxes in 17(e-f). In both the model and experiment the Pt
appears to sit directly on top of what appears to be the terminating layer of atoms in the y-
alumina. (The Al;- and Alz-terminated interfaces and image simulations are available in the
Supplemental materials for comparison, but they both provide a much poorer match to the
experimentally observed interface structure.)

Comparison of the simulated and experimental images shows a good match at the interface to
four layers of atoms into the alumina. The chemical termination of this model consists of a Pt-O-

Al,-O-Al;. The Oware-Sarfo interface model provides less of match further into the bulk of the -
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Figure 20 Drift-corrected HAADF and BF STEM image pair of a Pt NP in y-alumina with DFT
model and simulated interface imaged along the [110]p; zone-axis

Drift-corrected (a) HAADF and (b) BF STEM image pair of a Pt NP in y-alumina interface
imaged along the [110]p; zone-axis. The Pt NP is bound by with (111)Pt/y-alumina interfaces.
Details of the boxed region are shown in (c-d). Prismatic STEM (e) HAADF and (f) BF
simulated images of the Oware Sarfo O-terminated interface with the model overlaid on the
right, where white balls = Pt, small purple balls = Al and light blue balls = O. There is an
excellent match between the experimental images and the simulated images of the O-
terminated Oware Sarfo model interface up to the first four layers of the alumina (O-Al,-O-
Aly), but the match is poorer further into the bulk Al>O3.



alumina. The DFT model structure in Figure
20(e-f) does not maintain the high alignment of
the O-Al,-O units into the bulk, although they
are clearly observed experimentally in Figure
20(d).

Figure 21(a-b) show the (111)Pt/y-alumina
interface from the boxed area in Figure 18(a-b)
viewed on a [211]p; zone-axis. This NPs is small
and tetrahedral. In this orientation only one
interface of Pt tetrahedra is parallel to the
electron beam. From Figure 19 it appears that
O-Al,-O stacking may be brick-like or linear at
the vicinity of the interface. In the [211] zone
axis the O and octahedral and tetrahedral Al are
stacked in (vertical) (220) planes perpendicular

to (111) planes (which are horizontal in Figure
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Figure 21 Detail of a (111)Pt/y-alumina
interface boxed in Figure 18.

HAADF and BF images(a-b) viewed on a
[211]ps zone-axis. Prismatic simulated
STEM (c) HAADF and (d) BF micrographs
with the Oware-Sarfo O-terminated
interface model overlaid on the right side.
All parts are to the same scale as in (a).

18 and Figure 21). This means that (220) plane with high and low occupancy of Al; positions can

be differentiated more easily than down the [110] zone axis, because imaging down this axis

shows (220) planes with Al; and Al, occupancy that are separated and not overlapping (unlike

the [110] direction where non-spinel octahedral Al overlay Al; positions).

The [211] zone axis shows an interfacial termination consistent with O-Al,-O ordering of

atoms viewed in the [110] images. This structural unit is marked by boxes in each part of Figure

21. The vertical planes of (220) y-alumina with more tetrahedral Al than octahedral Al appear
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smeared out compared to planes where octahedral Al predominate. Vacant rows of O interstitial
sites, Oj, appear in the simulated images as gaps between O-Al,-O units.

The [211] simulated images of the Oware Sarfo O-terminated interface in 18(c, d) show rows
with Oj sites adjacent. In the adjacent oj positions, one row is comprised of O-Al-Ali-O-0; units
and the other of O-Al,-O-0j units. The (220) planes with no o border the two O; alumina rows
and appear line like due to a mixture of both Al and Al sites; the box in 18(c-d) are centered on
an O-Al,-O unit in a row of (220) alumina that is free of ;. In the O-terminated image
simulations the first row of Al, adjacent to the Pt interface shows a mostly octahedral Al
occupancy with a single o;. Experimental interfaces viewed from the [211] zone-axis do not have
a low contrast area associated with oj in the first layer of Al the interface as in the model.

The best fitting Oware-Sarfo interfacial model to all the particles with (111)p(111),
interfaces is the O-terminated model, which has many of the same features as the experimental
images including the Pt positioned on top of the terminating O as viewed from both the [110]
and [211] zone axes. The (111) facets of Pt particles imaged in this study were bound by rows of
0-Al,-O planes as seen in Figure 20 and Figure 21.

The likelihood of Pt bonding to oxygen on y-alumina has been proposed in other studies. The
O-terminated Oware Sarfo image simulation of embedded Pt ions confirms this relationship.
Ayoola et al.[43] proposed a DFT-based interfacial structure made up of tetrahedrally coordinated
Al at the surface of a y-alumina supporting a single Pt atom, however they proposed the existence
of an O adatom bridge, which was necessary to make their experimental EELS spectrum consistent
with their simulated spectra. Pt has also been found to bond to O on interface with other phases of

alumina. A study comparing DFT-based calculated structures of (111)Pt/(0001)a-alumina

interfaces with O-, Al-, and Al>-terminations of the a-alumina to high-resolution TEM (HRTEM)
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data [53] found the O-termination to be best structural match to Pt/a-alumina interfaces of
embedded Pt particles processed at 1973 K in air, although the transition between the Al- and the

O-termination was calculated to occur at 1600 K at (pO2) = 0.2 over a large range of temperatures.
4.4.Conclusions

A combination of experimental atomic-resolution microscopy with image simulation of the
Zhou and Smrcok y-alumina models and recently developed Pt/y-alumina interfacial models
were used to develop an understanding of the atomic structure of the interfaces of Pt NPs in -
alumina. Prismatic STEM simulations of the Oware-Sarfo interfaces (O, Ali, Al>) show that of
the three different chemical terminations of (111) interfaces show the best fitting structure is O-
terminated. The simulated O-terminated structure has Pt located directly on top of the
terminating O position. The next layer of atoms from the surface are Al, followed by another
row of O atoms. Beyond these first three layers the ordering of the Al in the bulk y-alumina
remains well-ordered in the experimental image, but not in the DFT model.

The Smrcéok model was a better fit to the experimentally observed y-alumina in the bulk and
these experiments support the view that Al can occupy non-spinel tetrahedral and octahedral
sites. This was clearly visible in the form vacant sites and twins that occur frequently in the
experimental alumina especially along alumina grains. The Zhou model overestimates the
amount of Al; atoms present which is consistent with boehmite-derived y-alumina. It was also
found that defected cubic spinel models for bulk y-alumina that allowed for the occupancy of

non-spinel positions are appropriate for bulk y-alumina.
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Abstract

The interfaces between Pt and the 0-Al,0; were studied using atomic resolution electron
microscopy. A model experimental system of Pt nanoprecipitates in 0-Al,O3 were formed in
sapphire substrates via high-energy ion implantation of Pt followed by thermal annealing at
1000°C in air. The precipitates took the form of faceted tetrahedra and truncated tetrahedra
primarily bound by {111}p.. The structure and chemical bonding at the Pt/6-alumina interfaces
were evaluated by comparing aberration-corrected scanning transmission electron microscopy
(STEM) images of the interfaces to image simulations of density functional theory based models
of the interface with five different chemical terminations of the 0-alumina. The O-terminated 6-

ALOs interface that had octahedral Al adjacent provided the best match to the experimental

images.
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5.1.Introduction

Platinum nanoparticles supported on transition phases of Al2O3; have been the subject of
numerous studies [1-6] because of their extensive use in catalysis. It has been observed that the
presence of Pt in sol-gel-derived AlbO3 films appears to stabilize transitional forms relative to
films with no Pt up to 1100°C [1]. Although a-Al>O3 is the only thermodynamically stable form
of AlbOs3 at atmospheric pressure, many metastable, transitional polymorphs of Al,Os exist.
Transition Al>O3 may be formed by heating hydroxides of Al [7], in the formation of thin films
formed by sol-gel methods [1], and by recrystallization of sapphire substrates partially
amorphized by ion implantation damage during thermal annealing [8-11]. Upon heating, a
transition Al,O3 may go through a sequence of several polymorphs before conversion to a-

AL Os. In the transition series Y — 6 — 0 — a-alumina, the early phases begin with a face-
centered (fcc) cubic O-sublattice with Al atoms being in primarily octahedral locations. As the
phases evolve, more of the Al diffuse to tetrahedral sites, Ali. The transformation to 8-alumina
has been studied and the main mechanisms of this transformation has been identified as resulting
from Al migration in the sublattice to tetrahedral positions. This results in the shift of the unit
cell, thus what starts as cubic y-alumina with an Fd3m crystal structure becomes distorted and
evolves into monoclinic 0-alumina, before ultimately crystallizing with a hexagonal close packed
O-sublattice and all aluminum in octahedral sites, Al,, in the o phase [12]. The 6-Al>O3 phase, in
the C2/m space group, is the terminal transition form that develops before conversion to a-Al>O3
at slightly over 1000°C; as such it is sometimes called a “high-temperature” transition Al>Os.
Although it is monoclinic, the structure of 6-Al>O3 can be more simply described as a distorted
cubic structure, similar to the cubic polymorphs with a 50/50 distribution of Al on octahedral and

tetrahedral sites [13].
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Supported Pt nanoparticles are of critical importance in heterocatalyst systems and this study
of a model system 0-alumina with embedded Pt nanoparticles, yields highly detailed information
on the atomic-level structure of the interfaces which is complimentary to the information derived
from the study of supported metal nanoparticles. In this study, the atomic-level structure and
chemistry at the interfaces of Pt/0-Al20s3 is studied experimentally using a model system of Pt
nanoparticles embedded in the alumina phase. Pt precipitates were formed by ion implantation of
sapphire with Pt" followed by thermal annealing. The 6-A1>O3 forms by recrystallization of the
sapphire amorphized during ion implantation allowing for a detailed study of metal precipitates
in this transition phase of Al,Os. Orientation relationships for Pt formed in 6-AlO3 by
precipitation after ion implantation and annealing has been reported as (201)g||(111)p with
[132]q/| [110]pc0r [132]g|| [110]p¢[14]. The (201)g ||(111)p; [132]4/| [110]p, has parallel or
near parallel alignment of the{111}p; with the close-packed planes in the alumina; if 0-Al,03

were considered pseudo-cubic, this would be a parallel alignment of the cubic structures.

5.2.Methods

5.2.1. Experimental methods

An optical grade (0001) sapphire (Crystal Systems, Inc. Salem, MA) was implanted with Pt at
600keV, an energy anticipated to produce a peak Pt concentration 94 nm below the surface based
on SRIM/TRIM [15] simulations. The sapphire was implanted 7° from the surface normal to
prevent channeling and the dose was confirmed by RBS performed on a 5Smm % S5Smm piece of
the sapphire. From the RBS spectrum (Figure 22) the dose was calculated to be 6.0x10'¢ cm™
with an uncertainty of £5%. The Pt distribution as a function of depth (inset) shows the peak
concentration matches the SRIM/TRIM simulation. Thermal annealing in air was used to induce

Pt precipitation and growth. Pieces of implanted sapphire, 3mm wide, were annealed for 1h and
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Figure 22 RBS data of implanted wafers. The inset gives the Pt distribution as a function of
depth from the sapphire surface.

250 h at 1000°C. As-implanted and annealed sapphire specimens were characterized by XRD
using Cu K, radiation in 0-28 scans. After XRD, the specimens were prepared in cross-section
electron transparent foils for transmission electron microscopy (TEM) characterization.
Conventional TEM imaging and diffraction was carried out using a JEOL 200CX operated at
200 keV. High-angle annular dark-field scanning transmission electron microscopy (HAADF
STEM) performed with an FEI F20 UT Tecnai microscope.

Atomic resolution scanning transmission electron microscopy was performed with the
TEAM 1 double aberration corrected TEM at the National Center for Electron Microscopy at
Lawrence Berkeley National Laboratory operated at 300keV. A double tilt holder was used to
collect images of the implanted 6-alumina. Orthogonal high-angle annular darkfield (HAADF)

and bright field (BF) image pairs were collected and MATLAB code was used to perform non-

linear drift correction [16].
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Gaussian fitting to the intensity in the experimental images was performed using Atomap a
Python library designed for STEM image analysis [17]. After drift correction, a set of interfaces
was selected, Pt atoms in the precipitate were first identified, then the oxygen sublattice was
identified. The Pt and O intensities were subtracted from the image. The remaining intensities
were marked and compiled to the Al sublattice. All the identified atomic columns were then fit

using 2-D Gaussian functions and had major symmetry axes identified.

5.2.2. Image simulation

Density function theory (DFT) based models calculated were used to simulate STEM
images using Prismatic [18]. Five different chemical terminations for atomically-flat, faceted
Pt/0-alumina interfaces with the interfacial relationship (201)4 ||(111)pg; [132]6|| [110]p; Were
calculated using DFT. Two of the interfaces were O-terminated and the other three interfaces
were terminated with Al. The O-terminated interfaces have Pt-O bonds at the interface, but differ
in the next layer of atoms, one having a layer of Al, adjacent (O-Al,) and the other having an Al;
layer adjacent (O-Al;). The three different Al terminations are comprised of one terminated with
a layer of octahedral Al (Al,), one with the full double layer of Al; (Alx), and one with a single
Al layer (Alir), which is half of the Al; between O layers in the bulk.

The DFT models were simulated using five different virtual imaging detector parameters to
simulate a variety of imaging conditions (0 to 20 mrad to simulate BF, 18 to 36 mrad for annular
BF (ABF), 30 to 80 mrad for annular DF (ADF), 60 to 98 mrad for HAADF, and 80 to 98 mrad
for HAADF with no thermal diffuse scattering). The simulations were performed for 300 keV
electrons and a probe semi-angle of 30 mrad. The ABF simulations showed the best contrast and

are presented in the results, but not the only ones used in analysis. DFT cells were tiled using
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Vesta, then rotated using exported .pdb files using Python such that the (201)4 [|(111)p
interfaces were perpendicular to the z-axis and four unit cells thick. The rotated files were then

simulated using Prismatic.

5.3. Results and Discussion

Figure 23 (a) has peaks consistent with 111p; and 222p; and which are also consistent with
several transition aluminas, such as y-, 6-, or 6-Al>Os. The substrate annealed at 1000°C Figure
23 (b), has a series of peaks from 0-Al,O;3. The presence of the peak labeled 603, helps
differentiate 0-Al,O3 from A- or 6-Al,O3, which have a similar structure, but which are not
expected to have a peak at this location. The 402, and 804, peaks again coincide with Pt peaks.
This shows a prevalent in-plane orientation between the phases of (0001)a||/(201)g]/(111)p:,
which has been previously reported [11].

The microstructural changes that occur in the implanted sapphire during annealing at 1000°C
are shown in TEM images of substrate cross sections (Figure 24a-c). In the as-implanted
substrate (Figure 24a), an ~100nm layer of the matrix around the peak Pt concentration is
amorphized and contains small precipitates. At this magnification, the precipitates appear as a
slightly darker region near the area of expected peak Pt density. High-resolution TEM (not
shown) reveals they are randomly oriented and ~2 nm in diameter. After 1h at 1000°C, the
amorphized Al>O3 has recrystallized as 6-AlO3 with 2 to 5 nm Pt precipitates distributed
throughout the 6-Al,O3 and with a distinct planar boundary that is decorated with larger Pt
particles 20 nm above the original position of the lower amorphous-crystalline boundary. After

250h at 1000°C, the sapphire has not grown further into the 6-Al,Os. Some Pt particles at the



i (0001‘) sapphire
g Dose: 6 x 10'® Pt'/em?, RT
2 10* as implanted
L%
> 10°
g 5 transition
- 10 alumina transition
Y 4 alumina
10° A g | |
(a) 10° 20° 30° 40° 50° 60° 70° 80° 90°
00— | | [ 0006: | | \ \
- (0001) sapphire i
E Dose: 6 x 10'® Pt'/em?, RT
2 10* Anneal: 1000°C, 250h
v
. 108
Z 10 < 00034 M
5 _[02 2010 * 4020 0009 2225
< N

Figure 23 XRD data for (a) as-implanted sapphire and after (b) 250h at 1000°C in air.
The presence of transition Al;O3 in different stages of processing is indicated in the XRD data.
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interface and at boundaries between columnar 6-Al,O3 grains have grown to be tens of
nanometers across, but the Pt particles within the 6-Al,O3 grains have not coarsened appreciably
with most remaining in the 2 to 5 nm range. The distribution of precipitates is clearer in the DF
(Figure 24d) pair from the sapphire annealed for 250h at 1000°C. The dark field image shows
that the precipitates have an in-plane orientation with (111)p|(201)4]/(0001)a.

The orientation of Pt and 0-A1>O3 within the sapphire substrate is (0001)q|| (201)4]|(111)p
with [1010],]/[132]6|| [110]p¢, as determined by zone axis diffraction patterns. This is the same
orientation as found for sapphire implanted with a lower dose (1 x 10'® cm™) with liquid nitrogen
cooling also causing amorphization of the alumina during implantation [11]. In that study, which
only used indexing the conventional zone-axis diffraction patterns to determine the orientation
relationship between the Pt and 0-alumina, reported that Pt nanoparticles with (201)g||(111)p
and [132]g|/[110]p, or [132]e|| [110]p¢ could both be present; however analysis of the high
resolution STEM images (Figure 25), shows there to be just one orientation: (201) [[(111)p;
[132]q]| [110] ¢

The HAADF STEM in Figure 24 shows an overview of the whole 6-Al>03 layer therefore
demonstrating the distribution of the Pt more clearly than the TEM images. The Pt precipitates
stand out against the nearly black AlO3; matrix, because of the large difference in the atomic
number between Pt and Al and O. The three-dimension precipitate morphology may be inferred
from the HAADF images Figure 24 and Figure 25 because the Pt contributes most significantly
to the intensity than the alumina matrix and within the Pt nanoparticles the intensity of each
atomic column increases with the number of the Pt atoms in each column. High intensity in one

corner of the triangular cross section tapering off
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Figure 24 Bright field TEM images of the sapphire in cross-section

(a) as-implanted, (b) after 1h at 1000°C, and (c) after 250h at 1000°C in air. HAADF STEM (b)
showing tetrahedral Pt precipitates in q-Al>03.

toward the opposite edge is consistent with a tetrahedron with {111}p¢ faces when viewed along
the [110]p; direction. Smaller (<5 nm) precipitates conform more nearly to the tetrahedral
morphology whereas larger precipitates are generally truncated tetrahedra often with rough
corners. Figure 25 shows a drift-corrected atomic-resolution HAADF and BF STEM image pair
of tetrahedral Pt nanoparticles in 6-alumina. The nanoparticles in this image are bound by two
(111)p¢ facets and taper off parallel to the (002)p; planes. All the particles are in a single

grain of alumina and have facets that are aligned in the 6-alumina such that the (111)p; facet is
parallel to bands of (201),. The contrast at the interface of these nanoparticle in the HAADF
image is composed of three bright spots followed by a dark line associated with a less occupied
(201)0 plane. This structure is consistent in the BF image where sets of three of low intensity
spots are present and align with the columns of Pt atoms. The sample has increased thickness on
the left-hand side of the image that makes the area harder to interpret, but it appears to have the

same kind of structure as the thinner center areas.
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Figure 25 Drift-corrected STEM (a) HAADF and (b) BF image pair of Pt NPs in 6-alumina

show a high degree of order and uniformity in the 6-alumina both at the interfaces and in the
bulk.

93



coo[be = Joor

Jje =« » »# & 80 0O

h 2 2 2 88 DO O
&0 &% 0800 C

5 &, )
> -°§}<§3' ¥

A
Py B Dl B

@ 8 5 & 88 OO
'Oy & 8 & & 8 [

a B 8 g ® 8 Q
b o ®" 2 0 ® 2 0O
. & 88 88 Q0O

Olaw o s o 8|0

OO # # » » 0 0 Q

e 2 8 8 0 4 ODOC

) e & & 8 8 @

94

O-Al All Al2-Al,  Al2-Al
Figure 26 Simulated BF STEM images of the Pt-0 interface with overlaid DFT models

the (a) O-terminated over Alo interface (b) O-terminated over Alt interface (c) All interface (d)
Al2,0 interface and (e) Al2,t interface. Platinum atoms in the model are white, Al are burgundy,
and O are light blue. The box in (a) highlights a O-Alo-O structure that matches intensity
variation observed at an near the Pt/6-alumina interfaces in the experimental images.

Figure 26 shows the DFT interfacial models and corresponding simulated BF STEM images.
These simulations help in the interpretation of the contrast seen at the interfaces of the embedded
nanoparticles. The Pt has far lower intensity (more prominent dark spots) in the BF image
simulations than the Al or O columns. The Al and O columns have similar relative intensities in
the simulations, thus their position within the alumina structure, rather than just their relative
intensities are used to identify the positions of each species within the experimental image. The
black box in Figure 26a identifies an O-Al,-O structural unit that has the most similar contrast to

the experimental interface shown in Figure 25. A white box in Figure 25 (a) identifies the detail
used for image analysis reproduced in Figure 27. In Figure 27 (a), five separate Pt nanoparticles
are present and all of them have a similar contrast in the alumina at the interface. Figure 27b
shows the Gaussian fit of the atomic columns identified using Atomap. In this image the red dots

are Pt and the blue dots are the O sublattice in 8-Al,0Os. This inference can be confirmed by the
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Figure 27 Detail from the Figure 25 HAADF image with analy51s and DFT simulations

(a) Detail from the Figure 25 HAADF image, shown in (b) with Atomap fitting of the atomic

position in the image, where red dots are Pt, blue dots are the O sublattice and green dots are

Al atoms, (c) simulated BF STEM image of the octahedral O-terminated DFT interface, (d) atom

positions of the interface in the white box of (b) to compare the detail of and fit of the interface

with the (e) best fit model: O-Alo model.
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complete occupation and well-ordered character of the sublattice created by the blue dots. The
green dot sublattice is then identified as Al atomic columns and most likely represents contrast
associated with Al,. This can be ascertained using the simulation in Figure 27d where tetrahedral
columns are located perpendicularly oriented to rows of O-Al,-O. Results of the 2D Gaussian fit
shown in Figure 27(d) show that the intensity between these structural units tended to be
coplanar rather than perpendicular to the O-Al,-O units. Using this fitting one can see that the
first three atomic layers at the interface of these atomic columns are always filled and
corresponding to O-Al,-O layers. It is also important to notice the absence of atoms following
these first three rows adjacent to the Pt interface. In the O-Al, interface simulation in Figure
27(c) this row of atoms is occupied by tetrahedral Al that are out of plane with the O-Alo-O
structural unit, but in the experimental image there is no comparable intensity. Atomic columns
associated with Al; do not have contrast that can be easily identified even using computational
image analysis of the HAADF image although in the BF image some atomic columns have a
slightly smeared out intensity in the bulk that could be a result of Al occupation of tetrahedral
sites.

The O-terminated Al, interface in Figure 27(c) shows an Al, absence at the interface that is
not present in the experimental images, although further into the bulk alumina the pattern of
vacancies matches the 6-alumina much better which suggests that the Pt nanoparticles may
impart a preferred chemical interface that causes the alumina to deviate from the bulk structure
near nanoparticle facets. For a quantitative comparison of the DFT models and the experimental
images of the interface, the distance between the terminating layer of Pt and the layer of O
closest to the interface was measured. This measure was chosen for comparison because the

positions of the O atomic columns presumed O-Al,-O structural units in the experimental images
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are relatively easy to identify, especially in comparison to the Al; columns. The closest Pt-O
interface spacings are summarized in Table 4. The O-terminated model interfaces have a much

smaller Pt-O spacing than the Al-terminated structures, as expected. The largest spacing was

Table 4 Measured distance between the terminating layer of Pt and the layer of O closest to
the interface for the five DFT models and the experimental images

Interface Pt-O distance (nm)
0O-Al, terminated (DFT) | 0.1972
O-Aliterminated (DFT) | 0.1964

Al terminated (DFT) 0.2531

Al, terminated (DFT) 0.3473

Al (DFT) 0.3644
Experimental 0.189+0.019

associated with Al2 terminations. The experimentally measured mean distance between Pt-O was
0.189 nm with a standard deviation of 0.0103 nm, based on ten different measurements across
the largest Pt nanoparticle in the white box in Figure 25a. The smallest DFT distance was the O-
Al, termination at 1.972A seen in Figure 26a. Figure 26(b-¢) show the other simulated interfaces
from smallest Pt-O distance to largest Pt-O distance. The O-terminated interfaces provide the
closest Pt-O distances when compared to the measured experimental interface distances. Based
on comparison of the experiment to the STEM BF simulations, the O-Al; terminated interface
was eliminated because of the poorer structural match when compared to the O-Al, terminated
interface. However, the structural match is imperfect. The DFT O-Al, interface shows empty
octahedral interstitial sites at the interface between every two O-Al,-O units. The observed
experimental interface appears to have a full occupation of the Al, sites next to the oxygen
terminated Al2O; adjacent to the nanoparticle. The experimental interfaces tend to have a low
occupancy row beyond the O-Alo-O unit at the interface, although this next row of positions is

not completely empty in the models.
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A question remains regarding why the Pt nanoparticles take on tetrahedral shapes rather than
octahedral shapes, which would have a lower surface-to-volume ratio and have the same
interfacial orientations. This may be due to the significance of edge energy contributions to the
total interfacial energy contributions of the precipitates. It has been calculated for fcc structures
that edge energies can cause deviations from the size independent Wulff shape for particle
<20nm by a broken bond model [19]. Through this simple model, it was shown that for particles
restricted to {111} and {100} faces, it is energetically favorable for particles less than a few nm
across, to have only {111} facets. By a similar approach it can be shown that in the same size
range (2 to 4 nm) particles with only {111 }p facets will have tetrahedral shapes stabilized over

octahedral shapes due to edge energy contributions.

5.4. Conclusions

Pt nanoparticles in 8-alumina that have been processed using thermal annealing of ion
implanted and amorphized alumina precipitate into faceted tetrahedral nanoparticles with the
orientation relationship of (201)]|(111)pg; [132]4/| [110]p;. DFT-based models of five different
chemical terminations of (201)g||(111)p interfaces associated with this orientation relationship
were used to generate Prismatic image simulations to aid in interpretation of atomic-resolution
STEM images. The best fitting DFT interfacial model is the O-terminated model with octahedral

Al in the second layer from the interface.
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6. Concluding Remarks

In this work, a combination of experimental, computational and analytical steps were used to
completely characterize the interfacial structure of Pt nanoparticles that have been precipitated in
transition alumina though high energy ion implantation and annealing. DFT models were used
to create HRSTEM image simulations these were used to validate observational interfacial
relationships in aberration corrected TEM images. Both qualitative and quantitative comparisons
of the interfacial structures were used to confirm the chemical termination of the observed
orientation relationships. Quantitative analysis included measurements of diffraction patterns,

directly interpretable images, and computational image analysis.

6.1.Viability of the Processing Method

Four separate implantations were done, ranging from a self-implanted sample with no
amorphizing Pt to a densely Pt implanted sample with an implantation dose of of 1x10'7cm™.
These implantations were performed to create an amorphized layer of Al2Os in a single crystal a-
ALO3 wafer. Different phases of transition alumina were crystalized depending on the annealing
temperature they were processed at. At annealing temperatures of 800°C a cubic alumina phase
developed that was characterized as y-Al203. Annealing temperatures of 850°C and greater
generated phases with diffraction peaks that can be indexed to either 5-Al2O03 or 6-ALOs.
Annealing temperature of 1000°C were used to generate Pt implanted 68-Al>O3 The result was
that the glassy alumina layer recrystallized with a topotaxial relationship to the underlying a-
alumina This processing method proved that a level of controllability with respect to phase of

alumina was achievable using a-Al>Os; wafers that had been amorphized through implantation
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6.2. Platinum Nanoparticles in y-Alumina

Two popular models for bulk y-alumina were simulated as well as three different chemically
terminated interfacial models of the (111)p((111)y; [110]p[110]y orientation relationship. This
orientation relationship was first observed using conventional TEM, which then in turn allowed
for the development of an oxygen terminated (111)p(111)y; ; [110]p,[110], DFT interface and
two Al terminated DFT interfaces. The developed y-alumina layer crystalized such that the close
packed (111) y-planes made of layers of oxygen were parallel to the underlying a-alumina close
packed plane (0001), . The o-terminated interfacial model provided a good match at the
interface of the Pt nanoparticle three atomic planes away from the facet. The nanoparticles
observed in the y-alumina had similar contrast at the facets; using DFT simulations it was
confirmed this contrast was likely due to O-Al,-O structural units. The Zhou and Smrcok bulk -
alumina structures were then simulated to gain a better assessment of the bulk atomic structure
observed. The simulated O-terminated structure has Pt located directly on top of the terminating
O position.

The Smrcok model was a better fit to the experimentally observed y-alumina in the bulk, this
model predicted non-spinel tetrahedral and octahedral Al, which showed a better simulated
match to experiments than the Zhou model which proposed atoms in “quasi” octahedral

positions.

6.3.Platinum Nanoparticles in 0-Alumina

Pt nanoparticles in 6-alumina that have been processed using thermal annealing of ion
implanted and amorphized alumina precipitate into faceted tetrahedral nanoparticles with the

orientation relationship of (201)]|(111)pg; [132]4/| [110]p;. DFT-based models of five different

chemical terminations of (201)g||(111)p¢ interfaces associated with this orientation relationship
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were used to generate Prismatic image simulations to aid in interpretation of atomic-resolution
STEM images. The best fitting DFT interfacial model is the O-terminated model with octahedral
Al in the second layer from the interface. There is some variance between the DFT model
simulations and the experimental images, but these are likely due to some structural disorder
imparted by the presence of Pt nanoparticles with the 0-alumina crystal lattice. All the
nanoparticles observed in the 0-alumina had similar contrast at the facets using DFT simulations

it was confirmed this contrast was likely due to O-Al,-O structural units
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Figure S1 DFT interfaces and BF image simulations of (a) Al (single Al-terminated) and y-

alumina (b) Al (double terminated) y-alumina at the interface with Pt.
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