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ABSTRACT

MODELING OF EARTH ABUNDANT OXIDE NANOPARTICLES TO GUIDE
MATERIALS DESIGN FOR ENERGY APPLICATIONS

Anthony Curto

Aleksandra Vojvodic

Complex materials are vital in our transition to a sustainable energy future playing a key
role in a variety of applications including catalysis and batteries. Transition metal oxides
belong to this complex class of materials and can be synthesized in a variety of unique ways
leading to distinct properties. Understanding why changes in structure lead to changes in
a material’s performance, is important to help improve materials design as the need for
new energy solutions is urgently needed. Research is focused on using materials with earth
abundant metal components, to have the materials design done sustainably and economi-
cally. Cobalt oxide is a versatile material that is used in a wide range of applications such
as electrocatalysis and Li-ion batteries. The goal is to further improve its performances
through different design techniques, such as nanostructuring and doping. Here, density
functional theory (DFT) is used to study well-defined, but complex, nanoparticle structures

to understand their performance and guide the design, of new and improved materials.

This thesis focuses on DFT modeling of nanostructured and doped cobalt oxide based ma-
terials as electrocatalysts for the oxygen evolution reaction (OER) and as cathode materials
for Li-ion batteries. The computational predictions and findings of this thesis provide a
fundamental understanding of and the link between the structure and performance of the
material at the atomic scale which cannot be achieved by experiment alone. For the OER
nanostructured supported Fe-doped cobalt oxide electrocatalyst materials, a computational
framework is established and it is identified that a site-specific understanding of the activity
is needed to explain the experimentally observed activity trends as well as provide insights

for improved materials designs. For the Li-ion cathode material, a similar framework as was



used for the OER electrocatalysts is used to study the electrochemistry of doped LiCoOs.
The role of the dopants on the performance of the battery is examined as well as how the
doped structures may change the cathode electrolyte interface. This thesis demonstrates
the importance of modeling the details of complex nanostructured electrochemical systems
and their interfaces and concludes that site-specific understanding of materials is necessary
to explain observable experimental trends and predict new chemistries not accessible by

current experimental techniques.
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CHAPTER 1

Introduction

In this thesis, we will discuss how density functional theory (DFT) can be used to provide
fundamental materials insights and aide in guiding materials design speci cally for mate-
rials with applications for a more sustainable energy landscape. The main goal is to nd
structure-property relationships, identifying what structural features lead to observable ac-
tivity and reactivity. In the context of this thesis, structure-performance relationships refer
to how speci ¢ structural features relate to materials properties, such as doping quantity and
distributions, catalyst activity, and battery performances. The focus here, is cobalt based
oxide materials, which have multiple applications including as catalysts and cathodes for Li-
ion batteries [1, 7]. However, better materials for these applications are needed, therefore,
this work focuses on how earth-abundant nanoparticle design can be improved, in particular
through a site-speci ¢ understanding of observed activity and performance [8 11]. In col-
laboration with experimentalists, speci ¢ well-de ned nanopatrticle systems are investigated
using DFT to provide insights into observed activity. These well-de ned systems allow for
accurate DFT models that can be explored by taking into account di erent conditions and

materials properties for the two applications mentioned previously.

Density functional theory is a predictive rst principles computational technique used as the
main tool in this work to study materials, molecules and their interactions [12]. This allows
for modeling of systems based on an optimized electron density which provides insight in
the structure and activity at the atomic level. Complex nanoparticle systems can be built to
model speci c sites and structural features of well-de ned experimentally realized systems.
DFT is able to provide both information that can be acquired by experiments and compared
to directly as well as importantly predict information such as activity trends and structural
changes that are not observable with current experimental capabilities. Hence, DFT is a
powerful tool that when used in conjunction with experimental results, speci cally for these

nanoparticle systems, can show what speci ¢ materials property that contributes to the per-



formance and activity of the materials. Di erent types of post analysis of DFT calculations
allow for investigation into dopant distributions, theoretical overpotential at speci c sites,
phase change transition points, delithiation energies, and many other quantities of interest
that will be discussed. In many cases these results can be compared to experimental ob-
servations, showing how an atomic scale level understanding of materials can be used to
explain trends [4, 5, 13]. This is commonly done in the publications that arise from this

work and are included in the appendices [4, 5, 13].

Cobalt oxide and doped cobalt oxide materials as catalysts for the oxygen evolution reaction
(OER) are a popular area of research [4, 5, 14]. A review of Fe-doped cobalt oxide catalysts
for OER can be found in Appendix 5, which summarizes the current state of the eld of
designing these new catalysts. OER is a half reaction of overall water splitting, which can be
used in conjunction with renewable energy sources as an electrochemical route to produce
H» without carbon. However, improvements are needed for these cobalt based oxides as they
don't have an as competitive performance as needed for scale up. The current state of the art
OER catalysts are Ir and Ru based oxide materials [15, 16]. To more sustainably, scalably,
and economically enable water splitting, earth abundant transition metal oxide materials
are needed. This thesis focuses on Fe-doped cobalt oxide OER catalysts because Fe has been
shown to change the activity of cobalt based materials, however, the exact reason for this
change is unknown and is a key focus of this thesis [17]. Using DFT models of Cp@nd
Fe-doped CoQ nanoparticles, the role of Fe on activity and structure is investigated. Fe

is found to have di erent anisotropic e ects in the various location within the nanopatrticle,
which are then used to describe the role of Fe contents observed activity. In addition

to these ndings, we show a framework that can be expanded to other dopants and other

materials applications such as cathode materials in Li-ion batteries.

LiCoO, cathodes and LiCoQ based materials are among the most commonly used cathodes
in Li-ion batteries [18]. Li-ion batteries are growing in their use due to the rise of electric

vehicles and general energy storage needs. Mixed metal oxides have shown to improve the



long term performance of LiCoQ based cathode materials but the reason why remains
elusive. The complex cathode-electrolyte interface has been hypothesized to be the origin
of the improved performance but how and why this interface changes with doped LiCo®
and in mixed metal oxides is unknown [11, 18]. Here we will investigate speci ¢ systems
of Al-doped LiCoO» to understand the role of the dopant on the structure and how that
may change the interface and therefore the performance of the cathode. In addition, this
investigation examines other dopants beyond Al with the goal of nding trends in how to
design a better cathode interface based on a simpli ed description of the cathode-electrolyte

interfaces.

This thesis summarizes the methods and approaches taken to understand these oxide systems
and their applications in electrochemical energy conversion and storage by focusing on how
atomic scale changes impact overall activity. An overview of the elds of oxide materials
design is used to motivate this work in Chapter 2 followed by a more speci ¢ discussion on
the two main focuses, catalysts and cathodes in Chapter 3. The experimental systems that
are used are also introduced to motivate the reasoning behind some of the used DFT models
in Chapter 3. A brief introduction to DFT and how DFT is used in a practical sense is
also included in Chapters 4 and 5. The nal chapters (6-10) focus on the main models and
analysis techniques used to study these systems. Each study included in this thesis studies
di erent properties of materials often using the same or similar models to understand what
structure features contribute to the certain material features. Some of the major ndings are
discussed in order to properly motivate other work done. It is shown that to better design
these doped, nanostructured, oxide materials, a site speci ¢ understanding is often needed.
For OER catalysts it is found that an understanding of the dopant distributions is need

to explain OER activity and other features of the nanoparticle. For LiCoOg, it is shown

various performance and structure features can be explained using complex DFT models.

All of the major ndings and their relationships to real systems can be found in the attached

papers in the appendix. Papers I-V (of which 3 are published at current time: [4, 5, 13])



focus on Fe-doped Co@ catalysts and papers VI and VII focus on doped LiCoQ work.
The methods and some ndings in this work are not limited to the systems published here
and can be applied more widely to other, speci cally designed materials such as core-shell
nanoparticles. The results of this thesis and attached work clearly illustrates how complex
oxide nanoparticles can be modeled with DFT leading to a better fundamental understanding

of observable properties.



Part I: Oxides and the Energy

Landscape



CHAPTER 2

Oxide Materials

2.1. Oxide and Energy Applications

One of the largest problems facing the 2t century is the need to reinvent the energy land-
scape to one that is sustainable. In order to accomplish this, materials design advancements
are desperately needed for a range of applications, including batteries and catalysts [19, 20].
There are a variety of ways to generate energy sustainably, such as wind and solar, but
many of these sources have issues with intermittency and require energy storage techniques
to overcome [20, 21]. Current technologies for energy conversion and storage utilize very
di erent materials depending on the speci ¢ application which includes batteries, capacitors,
fuels cells and catalysts [7, 22, 23]. In these systems, energy can be stored in a variety of
ways such as in chemical bonds or as potential [1, 23]. Depending on the energy require-
ments, a system may use certain type of technology or combinations of technologies, to meet

their needs, resulting in a wide ranges of materials needs.

One class of materials that is useful in a variety of applications is transition metal oxides
[1, 24]. Oxide materials can be designed in almost limitless ways for a variety of applica-
tions, some of which are outlined in Figure 2.1. It has been found that, for example, di erent
combinations of substrates, morphologies, and defects can be used to design these materials
resulting in vastly di erent properties for each technology. Oxygen evolution reaction cat-
alysts, for example, have been investigated with a variety of substrates and morphologies
but understanding why one system is better than another remains di cult [25, 26]. Even
less known is the understanding where the changes originate on an atomic level, hence this
is one of the main motivations for this thesis. Only some of these design strategies are
examined here, while many others remain beyond the scope of this work. The two main
design principles addressed in this thesis are 2D and 3D nanoparticle morphology changes

and doping. These design strategies are introduced brie y in the next section, however, how



these structures, down to the atomic level, play a role on activity is the main focus of this

work.

Figure 2.1: Scheme of some of the possible ways to design oxide materials for various appli-
cations. Adapted with permission from [1] Copyright 2021 Elsevier.

2.2. Designing Transition Metal Oxide Materials

2.2.1. Nanoparticles

This thesis studies both 2D and 3D nanopatrticle morphologies for their applications as OER
catalysts and cathode materials, respectively. 2D nanopatrticles are versatile materials that
o er very dierent structures and performance than their large, 3D system counterparts
[27 29]. Here, multiple phases of 2D Co® nanoparticles are examined including their
relationships to each other. Even though single layer CoQnanoparticles are the focus here,
other morphologies could be examined in the future including related layered oxyhydroxides

in the form of 3D nanopatrticles. This work focuses on the di erent sites that exist in the

7



2D nanoparticles; the basal plane and the two distinct types of edges to nd structure-
performance relationships. Some studies similar to this work, such as FeO on Pd or Pt,
[30 32] and doped Mo$ [33 35], have closely focused on 2D structural features. This thesis
expands doped oxides and how these structure features relate directly to electrochemical
activity and stability. These 2D CoOy nanopatrticles are used to build accurate DFT models
which are then used to develop a more complete understanding, striving for a realistic level

of detail of the complex system.

3D nanoparticles can be designed in a variety of ways but are very di erent than their
2D counterparts [36, 37]. These nanoparticles can exhibit speci ¢ surface facets which can
determine the chemistry of the materials. In this thesis LiCoQ nanoparticles are examined
with well-de ned exposed surface facets which have very di erent properties, as shown by
theoretical and experimental results [38, 39]. Here, the (001) facet and (104) facet of LiCaO
nanoparticles are of interest. The (001) and (104) facet of the nanoparticles are the most
common facets in experimentally synthesized systems, and activity has been shown to arise
from the (104) facet. Creating nanoparticles with speci c facets is a potential approach for
guided design. That is why this thesis focuses on the the activity and performance of several

facets.

One possible application of these insights is to apply the methods and ndings of site specic
understanding to core-shell nanoparticle design. Core-shell nanoparticles are a common
design in catalysts and cathodes, and is commonly promoted as a potential catalyst design
for the future. For example, a metal oxide with a Au core (called Au@Co® for a gold
core and cobalt oxide shell) has been investigated [40] and can in a straightforward way be
related to some of the 2D structures studied in this thesis. Here, a 2D CoQOnanoparticles
on Au(111) is investigated for OER with the idea that core-shell nanoparticles could be a
possible future design based on the insights from this work. By investigating well-de ned
nanoparticles and nanoparticle systems, the role of di erent structural features and how

dopants change this at di erent locations can be isolated. In addition to these ndings,



we hope the framework used to approach these problems can be extended to other complex
core-shell nanoparticle architectures. However, the formation of these di erent morphologies
is just one way to design materials. Another main way to design materials that is addressed
is investigating how doping these metal oxide materials with other metals changes their
structure and their resulting activity. This thesis also looks directly at the interplay between

these two materials design techniques.
2.2.2. Doping

A major focus of this thesis is to understand the role of dopants, including both dopant
concentration and distribution, on oxide material's structure and activity. Doped materi-
als and related mixed metal oxides are commonly used as both catalysts and cathodes as
substituting base metal allows for di erent properties in these system. However, for mixed
metal oxides there are often di culties understanding the role of each of the metals, and
where the change in activity versus their unary counterparts comes from. Understanding
catalysis with doped oxides is extremely di cult as mixed metal oxide catalysts not only
have di erent active sites, but the dopant can also cause changes in structures such as new
or di erent amounts of defects [41, 42]. In the case of OER catalysts, it has been shown
mixed metal oxides tend to be better than their unary counterparts under speci ¢ conditions
(and worse in others) but the reason why is not fully understood [15, 16, 42]. It is this type
of understanding that we hope to provide through investigation of how Fe changes structure
and activity of CoOy systems. In addition to the ndings from this work, the framework
that is used can be applied to other systems to investigate the role of dopants beyond what

is normally done.

Current technologies for cathodes in Li-ion batteries also utilize mixed oxide systems and
can be approached in a similar manner. Although the main material used is LiCo& other
commonly used combinations of materials include adding nickel and manganese to lower the
cobalt contents in the cathode material [43, 44]. This results in a tertiary lithiated oxide

which is commonly referred to as NMC and is the predominantly used material in Li-ion



batteries. There are di erent systems that utilize di erent ratios of nickel:manganese:cobalt
but why these contents lead to changes and di erent performance is not always understood.
Al-doping of LiCoO» has also been shown to improve battery performance, and is what is
investigated in detail here. Although the properties and insights found from the Al-doped
investigation cannot be directly applied to NMC, the methods used to understand the roles
of dopants in the oxide could be transferred. In addition to closely examining Al doped
LiCoO,, other dopants are also studied (including nickel) in the later portions of this thesis
to attempt to nd descriptors of the activity trends. Similar approaches to those used
to study cobalt oxide based materials are discussed in Part Il and Part IV of this thesis,
showing how the framework for understanding dopant location and compaosition vs structure

and activity, could be widely used.
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CHAPTER 3

Designing Oxides for Specific Applications

This thesis uses computational techniques to guide the design of nanoparticles for energy
storage applications by nding structure-performance relationships. Structure-performance
relationships are found by determining which structure features relate to activity, reactivity,

or other performance properties of the material. This work focuses on two applications;
electrocatalysts for the oxygen evolution reaction and cathode materials for Li-ion batteries.
The designs of these materials should consist of earth-abundant materials in order to ensure
these processes can be done sustainably and economically. However, the issue for certain
applications, such as catalysts for OER, is rare earth metal oxides perform better than earth
abundant metal oxides. Some goals of the eld are to use the design principles outlined in
the previous chapter to design earth abundant oxides that have comparable activity to the
state of the art materials or improve upon current designs. In this thesis, an atomistic
understanding of materials is used to guide the design of new and improved catalysts or

cathode materials, with a focus on cobalt oxide based materials.

For economic and sustainability purposes, future materials design should be focused on
designing with earth abundant materials. Much of the recent work in catalyst design has
focused on designing catalysts with metals and metal oxides derived from earth abundant
materials [9, 10, 45, 46]. Cobalt is considered an earth abundant metal but due to high
demands for cobalt considerations should be taken to help plan for future use [47]. The
growth of electric vehicles has been a large driver for the growth of Li-ion batteries and
increased the demand for Co and Li. However, there are also other technologies, including
other electrochemical applications such as catalysts and capacitors, that require Co [48, 49].
With Co demand rising advances must be made to mine, recycle, and synthesize cobalt
based materials better than what is currently done [47, 50, 51]. However, in addition to
advances in using Co more sustainably, if we are able to understand why Co based materials

are good for these applications we could use those insight to design di erent materials with
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less or no Co. For example, LiCo®@ based cathodes have already been expanded to included
other earth abundant metals such as Mn, Ni, and Al, decreasing the dependence on Co.
Continued advancements of new materials beyond Co may require more insight into Co
does at atomic level that makes it good for these applications. This material design process
can be expedited by understanding the role of the each metal in contributing to observed

performance.
3.1. Catalysts: OER Catalysis

One application of cobalt oxide materials, is as a catalyst for the oxygen evolution reaction
(OER). OER is a half reaction for water splitting (seen below) which can be used in con-
junction with renewable sources as a way to electrochemically generate hydrogen without

carbon.

2H,O! Oy +2H, (31)

Hydrogen itself is a valuable chemical used commonly in a wide range of processes, but has
also been discussed as the foundation piece for a new carbon free energy infrastructure, called
the hydrogen economy [52 54]. The ability to harvest energy from renewable sources sources
such as light or wind and converting it to useful chemicals, as is done in photosynthesis, is a
major goal in achieving sustainability [55]. Signi cant work is needed to make the hydrogen
economy a feasible solution, ranging from large scale storage down to atomistic design of

better catalysts, a focus of this work.

Recent work in this eld has focused on wide ranges of materials, most of which utilize
di erent nanostructures of earth abundant oxides [8, 42, 56, 57]. In order to understand
reactivity and activity trends in these materials, one must understand the di erent possible
sites within a nanoparticle that exist and how the di erent structures and di erent com-
binations of oxides related to di erent observable activity. For example, in nanoparticles

of cobalt oxides, edge sites have been proposed to be important in CoMased catalysts
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[58 60]. However, investigation into variety of oxide electrolcatalysts for OER has found
mixed metal oxides sometimes perform better than their unary counterparts and are closer
to the Ir and Ru based materials [15, 16]. Although there is some insight into the pure
CoOy systems, how and why dopants, such as Fe, change activity is not fully understood.
Fe, speci cally, is of interest as a dopant as it has been shown to sometimes increase ac-
tivity of Ni and Co oxide based materials depending on the structure of the oxide and the

conditions for the reaction [14, 17].

Paper V is a perspective written on the current eld of Fe-doped cobalt oxide catalysts, by
analyzing how current techniques and commonly discussed trends of Fe-doped cobalt oxide
catalysts can actually can be applied beyond a single nanostructure. Many papers suggest
trends for commonly used structural features, such as electrochemical surface area (ECSA),
using just their speci ¢ structures, but when compared to other systems robust trends seem
to be lacking. The literature is focused mostly on creating unique structures and optimizing
the amount of Fe for each system rather than focusing on actual understanding of the role
of Fe in these di erent structures. More detailed studies on the role of Fe have been done in
certain cases but there is limited information about the overall role Fe on the CoQ systems.
For example, Boettcher has published a series of papers on cobalt (and other) oxide materials
attempting to identify the role of Fe through a variety of experiments [61 65]. They are
able to clearly show that Fe has di erent e ects depending on modes of incorporation and
that Fe may be changing oxidation state during operation, however, what exactly Fe is
doing at an atomic level is still unknown. This thesis adds to our understanding on the
role of Fe at the atomic level by combining theory results with experimental observations
of CoOy nanoparticle systems. The structure of this system had been discussed for CpO
systems prior to my thesis work, but is expanded to include the structure and activity with

Fe-dopants.

The as synthesized catalysts discussed in this thesis are monolayer Co@anoparticles on

a Au(111) support. The unique synthesis and characterization capabilities by Lauritsen at
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Figure 3.1: Example of scanning tunneling microscopy (STM) images of CoOnanoparti-
cles showing the di erent heights of the bilayer and trilayer nanoparticles. Adapted with
permission from [2] Copyright 2015 American Chemical Society.
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Aarhaus University allow for atomic resolution of these nanoparticle systems, speci cally, in
the bilayer systems of CoO. The main experimental tools used by collaborators are Scanning
Tunneling Microscopy (STM) and X-ray Photoelectron Spectroscopy (XPS). Previous work
has investigated the di erent possible CoQ structures and phases through a combination
of theory and experiment [2]. Examples of the Co nanoparticle STM images can be
seen in Figure 3.1. Several combination theory and experimental papers have compared
the di erent support e ects on di erent phase transitions as well as with di erent species
present through the phase change [66 70]. These papers have produced a comprehensive
understanding of some of the structural features of CoQ nanoparticles utilizing both DFT
results and experiments. These structures are important for the model building portion
of this work as the structural features found in past are used and expanded upon in this
work. By using the 2D CoQy nanoparticles and examining the variety of sites present, both
with and without Fe, a site-speci ¢ understanding of structure and activity can be found.
Additional experimental work on these systems has focused more on nondoped Co@r
other applications and the dynamics of the metal atoms under those di erent conditions

[71, 72]. These areas provide avenues for potential future work, but are not addressed here.

The work mentioned in the previous paragraph is mostly focused on the structure of the
nanoparticle, speci cally the CoOy nanoparticles without Fe. A key goal of this thesis is
to understand the observable activity trends that occur with Fe on those systems. In the
past, the activity of these nanoparticles has been examined also through a combination of
theory and experiment. This includes building models that investigate the various sites
that exists in di erent phases of CoOy nanoparticles to have a site speci ¢ understanding of
structure-performance relationships. This was done to understand the possible active sites
for OER in the CoOy nanoparticles and investigate their activity [58]. The computational
results of the past work concluded that the edge sites, speci cally the metal edge sites, of
CoOy are the best sites for OER in CoQ but does not investigate how dopants may change
this activity. This work uses those and other similar approaches for evaluating the activity

of speci ¢ sites to understand how Fe changes the activity of CoQ nanoparticles.
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This thesis examines the CoQ systems with a new focus of Fe doping of the system [4, 5, 13].
The resulting publications from this thesis, Paper | - Paper IV, use DFT to provide the role
of speci ¢ sites on doping patterns, OER activity, phase transitions, and other nanoparticle
properties. The STM images of the Fe-doped CoO bilayer system are able to get atomic
resolution of the nanoparticles, which compliment the work done in Paper | and Paper II.
These papers examine the structure of the doped CoO nanoparticles with DFT results,
elucidating the structural reason why Fe dopants can be observed and other properties such
as the di erent distributions of Fe. This provides groundwork to investigate the activity of
the nanoparticles, which is done in Paper Ill. By combining the dopant distribution ndings
and the site speci c approach to evaluate OER activity from previous work [58], the observed
trends are able to be explained, with the role of Fe for the system being identi ed. Next, the
computational models are used to investigate some of the trends of the previous experimental
only papers, which look at the phase change. This phase change is known to occur from the
well-de ned bilayer CoO nanoparticle to the trilayer CoO» nanoparticle. The trilayer, CoO
nanoparticles are what is known to exist under OER operating conditions but are tougher

for our experimental collaborators to image.

The approach used here focuses on using structural features of well-de ned nanoparticle
systems and the identi ed doping patterns in those structures to explain activity, reactivity,
and other properties. The dopant distribution and content is often assumed to be uniform
throughout catalyst structure for many computational studies but it is shown to actually
be governed by the structural features of the nanoparticle, which certainly should apply to
other nanostructures. It is clear dopant location plays a role on the observed changes in
activity and this idea should not be considered to be unique to this CoQ system. This
thesis demonstrates a new approach the understand the roles of dopants through their
identi ed location preference. This can ideally be expanded to new materials and even new

applications beyond catalysis.
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3.2. Batteries: Li-ion Cathode Materials

Another possible application for morphology and doping investigation is the cathode-electrolyte
interface in Li-ion batteries. With the growth of electric vehicles and other energy storage
needs, improvements to Li-ion batteries are needed [73]. Cathodes in Li-ion batteries are
most commonly made of layered metal oxides however newer battery technologies may break
this mold [18]. The current technologies using metal oxide based cathodes, posses a mul-
titude of issues for that can be improved upon [74]. There are many processes that occur
in Li-ion batteries and speci cally at the cathode electrolyte interface, such as degradation
of the electrolyte, reconstruction of the cathode, and dendrite formation. One approach is
to investigate materials to get atomistic understanding of theses processes [75]. This thesis
focus on the structure of cathode materials and how di erent structures change the cathode-
electrolyte interface. Many di erent ideas to improve the cathode-electrolyte interface have
been proposed such as introducing di erent coating, dopants, or shells to existing nanopar-
ticle technologies [76]. More complex systems of mixed metal oxides beyond 2 metals are
commonly used such as the NMC materials introduced before. Here, only LiCobased ma-
terials are examined with at most 1 type of dopant. The structures that are examined in this
work are based on real nhanoparticle systems which are used to explain observable properties.
The approaches to study the performance and of LiCo®@is extremely di erent from that

of the CoOy catalysis systems, but the approaches to understand the structure-performance

relationships are very similar.

This thesis focuses on systems which has Al dopants, which have shown to improve the
LiCoO» performance over time. These systems come from our collaborator, Cabana at the
University of lllinois-Chicago and McCloskey, at UC Berkley. The Al-doped system has been
previously examined in experimental work but is expanded on throughout this work. The
goal is to get an atomistic understanding of dopant location and how the dopant activity
changes the performance and stability of the interface [11, 77 79]. In addition to the role

of dopants on structure, the stability of the cathode-electrolyte interface can be examined
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through o -gassing results from a unique experimental set up by McCloskey [80, 81]. To
probe the relationship between the surface changes with dopants and the interface, a similar
approach to what is used for the Fe-doped CoQsystem is taken, which examines the favored
dopant location, how those change with compositions and the role those have on resulting

activity.

Paper VI and Paper VIl are about doped LiCoO, materials and how dopants and other
changes in surface structure alter the surface interaction with a common electrolyte mate-
rial, ethylene carbonate (EC). In Paper VI, the experimental system and techniques above
along with DFT calculations are used to investigate the e ect of surface reconstruction and
Al doping on battery performance. The preferential location of Al on dierent facets is
examined as is how Al a ects the adsorption on ethylene carbonate on the surface. In this
paper, di erent approaches are used to investigate the structure of the 104 facet of the
LiCoO, surface at dierent Li content and with di erent amounts of Al. The computa-
tional approaches here are unique because of the well-de ned nature of the oxides systems
investigated, but other computational methods can also be used to more widely investigate

materials.
3.3. Computational Modeling for Materials Design

Density functional theory, is the main tool used to guide the design of nhew materials for
these electrochemical storage applications in this thesis. The experimental systems that will
be modeled with DFT have been introduced, but exactly what can be done with DFT has
not yet been discussed outside of using it to nd structure-performance relationships. DFT
modeling can be used to study both the structure and activity of the oxide systems explained
above. Each material application utilizes very di erent analysis techniques of DFT results
to understand the structure and activity of these materials which are described throughout
the thesis. However, many similarities do exist when looking at these doped oxide systems

even though their applications are completely di erent.

Oxide catalysts for OER have been investigated using a variety of computational approaches
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[82]. It is important for universality in the examination of materials, especially in computa-
tional approaches, in order for comparison of results and trends. Computational investiga-
tion of ultrathin oxides for OER is not unique to this thesis. Computational screening of the
materials has been done from both an activity and stability standpoint [83, 84]. In Ref. [83],
the authors combined di erent oxide surface and metal supports to examine the how stable
metals and oxide surfaces are based on di erent surface calculations with lattice spacing's.
In Ref. [83], the focus was on unary oxides and demonstrated the scale of calculations that

are used to probe the di erent combinations of oxide/metal combinations.

This thesis focuses on a single binary oxide, Co, that has with di erent contents and distri-
butions of dopants on one metal support. There is clear potential to expand this work to
screen di erent combinations of metal oxides and supports, but as shown here, using this
data to explain observable trends is not always straightforward. The complexity that occurs
with just a single dopant in cobalt oxide is the focus of this work but the framework can
potentially be extend to other oxide systems and nanostructures. Even though this focus
uses just the one, well-de ned system of Co@nanoparticles, Paper V provides a perspective
on how this approach and other similar approaches can be applied to help design catalysts.
Solvent e ects versus the pH can be examined using a Pourbaix diagram and the methods
described in Ref. [85] although this is not a major focus of this work. These are important
considerations for electrolcatalysts as solvent and surface coverage have an important role
of the active species of electrocatalyts in solution [86]. This thesis focuses on why some
of the structure changes are altered with dopants and di erent coverages when considering

changes in other properties.

Computational modeling of LiCoO, can be approached similar to catalysts but in general
the elds are very dierent. Approaches to computationally understanding battery per-
formance at the surface and interfaces are not as well established as some methods in the
catalysis eld. Modeling of LiCoO, and LixCoO, materials has been done with DFT and

other computational tools, examining a wide range of problems from the magnetism of the
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surfaces to di erent potential intercalation compounds [87, 88]. In addition to cathode ma-
terials, investigation into possible electrolyte materials has also been approached from a
computational standpoint. Highthroughput studies aimed to screen potential electrolytes
for improvements in stability, is one way the electrolytes have been examined on their own
[89]. Most of the reactivity in a batteries, however, stems from the interfaces of the system
at both the anode and the cathode. This interaction can create solid electrolyte interfaces
(SEls) and Li-dendrite formation some of which are important for battery operation but in

some cases can also lead to catastrophic failures [90].

Due the complexity of these interfaces with carbon, metals, and possibly any element from
additives to the electrolyte, these systems are di cult to model. In order to look at the
surface with this amount of complexity, this thesis looks at a very specic interaction,
the adsorption of ethylene carbonate, to probe how changes to the surface change just
the interaction. Researchers have in recent years started to search for descriptors of this
type of activity in order to explain wide ranges of activity more simply that using a series
of calculations. These descriptors can come from chemical features, electronic structure
properties, or other general materials properties. Dierent electronic structure property
descriptors have been mentioned in regards to EC adsorption and other battery activity
[91 93]. Commonly, these features are things that have to do with bulk parameters, even
though surfaces themselves have very di erent properties. How the surface features dier
with changes in structures is a main focus, with the goal to nd possible ways to simplify
the complex interfaces in this work. DFT is useful to study these atomic structures and

their corresponding electronic structure.

This thesis uses DFT to investigate the thermodynamically favorable structures of various
systems in order to nd structure-performance relationships. By investigating the role of
speci ¢ sites in well-de ned systems and how dopants change these sites, a site specic un-
derstanding of activity and/or reactivity if found. DFT allows for this type of understanding

in a way that experimental work is currently unable to. In the next chapter, a brief intro-
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duction to density functional theory will be presented with a brief explanation of how it is

used in this thesis.
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Part II: Methods
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CHAPTER 4

Density Functional Theory

Computational methods are valuable tools used to investigate materials properties and help
guide materials design. The main tool used for this work is density functional theory (DFT),

which is used to model systems at the atomic level. DFT uses electron density to simplify the
dimensionality of complicated, multielectron systems. Solving these systems without DFT
is hot computationally practical as using wavefunction methods scale with 3N dimensions,
where N is the number of electrons. Lowering the dimensionality allows for solutions to be
found for realistic systems which are applied to oxide materials with energy applications.

This chapter provides a summary of how we get from the Schrédinger equation to DFT.
4.1. DFT Fundamentals

One powerful tool in investigating materials properties is density functional theory (DFT),
a rst-principle based method used to determine electronic con guration of materials. This
thesis primarily uses DFT and analysis of those results to understand materials properties
for the applications previously discussed. DFT is used to get the ground state energies of

systems based on the Schridinger equation seen in a simple notation below:

H=E (4.2)

where H is, the Hamiltonian operator, and is a set of solutions with eigenvalue€. The
Schrédinger equation describes the wavefunction of a quantum mechanical system, however
it is computationally costly to solve due to its scaling with 3N, where N is the number
of electrons. Here, the fundamentals of DFT will be discussed. The common parameters
needed to run DFT calculations in practice are explained, and some common techniques for

building DFT models will be introduced [94].
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4.1.1. Schrédinger Equation

The basis of the Schrédinger equation is to calculate the ground state energy of the electrons
in a given system considering di erent types of interactions that are present. A more ex-
panded version of the time-independent Schrédinger equation that allows us to see expansion
of some parameters is:
2 3
XX

- r ¥+ V(rp)+ U(ri;r))® = E (4.2)

i=1 i=1 i=1 j<i
The three terms in the Hamiltonian operator in order as they appear aree the kinetic energy,
the interaction of electron atomic nuclei (V (r;)), and electron electron interaction (U(r;;r;).
The Born-Oppenhemier Approximation assumes that the nuclei are stationary which allows
decoupling of the electron and nuclei movements because the nuclei are signi cantly (1000-
2000 times) heavier [95]. However, the equation still has high levels of dimensionality and
solving this equation remains di cult due to the poor scaling. This results in a many-body
problem and there is no practical way to solve the Schrddinger equation except for some

simple cases [94].

Even though there is extreme complexity involved with solving the many body Schrédinger
equation, there is a measurable quantity that posses valuable information, the electron
density, n(r). The electron density is a quantity that depends on the wavefunctions in a

guantum mechanical system as seen below:

X
n(r)=2 i(r) i(r) (4.3)

The electron density is an important quantity in the de nition of DFT as it is just a function
of the 3 dimensions and is easily related from equation 4.3 to the full Schrédinger equation.
DFT utilizes two main theorems with the electron density to approximate the ground state

energy of more complicated systems.
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4.1.2. Making Schrodinger Practical

In order to overcome the computationally prohibitive Schrédinger equation, extensive re-
search has been done to model electronic systems, eventually leading to DFT. Density func-
tional theory utilizes what are called Kohn-Sham equations, which are derived from the two
Hohenberg-Kohn theorems [96]. The rst theorem states that the total energy of a system
can be considered a functionalE [n], of the one-particle densityn(r). In other words, there

is a functional, a mathematical function that is set to de ne a single number from a function,
that can use then(r) to get the ground state energy. This functional would allow for the
calculation of the ground state energy, but the theory does not provide information on what

that functional is.

The second Hohenberg-Kohn theorem states that the electron density that minimizes the
functional is the true electron density of the system. This means that if we knew the true
functional, the true electron density of the system could be found. DFT uses these theorems
and builds models using a variety of functionals to nd the n(r). With some understanding
of the known interactions in a quantum mechanical system we can arrive at the form of the

Kohn-Sham equations seen below:

}2

o ZH VI + V(D) + We (r) 1= i) (4.4)

Here, ; are individual electron wavefunctions that only depend on 3 dimensions, which
is vastly simpler than the Schrddinger equation due to the lack of summation over allj,
electrons [97]. The rst three terms of the Hamiltonian are known. They are the kinetic
energy of the electrons Z;r 2 potential energy of the electron nuclei interactionVy (r) and
what is called the Hartree potential Vi (r). The Hartree potential describes the Coulumbic
force of an electron,i, with the overall electron density. This potential includes a self

interaction (electron i interacting with electron i) that is unrealistic and must be corrected

for in the nal potential term, Vxc . This term is called the exchange-correlation potential
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and accounts for the exchange and correlation of the electrons in the Kohn-Sham equations.
Vxc is de ned as a functional derivative of the exchange correlation energy, which depends

on the electron density.

This has now created a loop in which the Hartree Potential and the exchange-correlation are
both dependent onn(r), a loop that is solved iteratively for a self consistentn(r), within
some convergence criteria. An initial guess is provided far(r), that is then used to solve the
Kohn-Sham equations for ;, and those resulting ; wavefunctions are used to recalculate
an electron density, which is compared to the original guess ai(r). The convergence is
discussed more later in DFT parameters section, but these equations are now set up to solve

for n(r) with the only remaining unknown being the exchange-correlation functional Vxc .
4.1.3. Exchange-Correlation Functional

The nal key piece in DFT to be discussed is the exchange-correlation functional. As
mentioned before, the true exchange-correlation functional would give the true ground state
energy and correspondingn(r) that relates to the real system. However, this real form of the
functional remains unknown, so in order to use the Kohn-Sham equations, other approaches
to approximate the exchange-correlation energy have been developed. The simplest version
of Vxc is known as the local density approximation (LDA). This approximation uses only
information from the local electron density to determine the exchange-correlation energy.

[98]

Further approximations to the exchange-correlation functional beyond LDA have also been
investigated. The second level is the generalized gradient approximation (GGA) which
takes into account features beyond the local density approximation, like the gradient of
the electron density. Increasing complexity of the DFT functional is often referenced to in

terms of the Jacob's Ladder scheme seen in 4.1. This shows that starting from just the
Hartree potential we can climb the ladder all the way to 'Heaven of Chemical Accuracy',

or the true functional described in the Hohenberg-Kohn theorems. This work has used the

GGA approximation and beyond, mainly the Perdew-Burke-Ernzerhof (PBE) functional
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Figure 4.1: Jacobs ladder showing the progression of DFT Functionals adapted from [3].
Copyright 2005 AIP Publishing

[99]. However, increasing up the ladder does not always equate to improve the accuracy of
the DFT calculations, as certain levels and speci ¢ functionals have shortcomings and some
functionals are more properly applied to speci ¢ classes of materials. Advances are always
ongoing to try and improve the exchange correlation functional with research ongoing for

hybrid methods and new functionals [100, 101].

Due to the approximations adopted in the exchange-correlation functionals, they are not the
true description of the system, and hence set limitations on what DFT can do. For example,
PBE, one of the GGA functionals, tends to underestimate the band gap in materials due to
poor estimate in correlation exchange and Coulomb interactions in regular DFT calculations.
One solution to this is to use a Hubbard U correction, which corrects for highly correlated
systems, leading to better agreement of both physical and electronic properties [102]. Fitting
the U parameter properly for the system is not always straightforward, however, di erent
advanced tting approaches have been used [103]. The Hubbard U correction is used for, for
example, metal atoms withd and f electrons and its value varies depending on the system.

Herein, we use a U correction for the Co and Fe atoms. This tool helps to better study these
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oxide systems with more accurate property descriptions.
4.1.4. DFT Parameters

Now that the fundamentals of DFT have been discussed, some of the parameters that play a
key role in implementing DFT should be explained. To run DFT calculations certain param-
eters such as the speci ¢ electrons and nuclei included in the calculation (pseudo-potentials),
spacing of the sampling (in k-space vs. real space), cuto energies, and convergence criteria
must all be set. Pseudo-potentials are set to determine the electrons that are used and
how the core electrons are treated [104]. In this work we have used so called soft pseudo-
potentials for the oxygen in the very large models. Soft pseudo-potentials are used because
they allow us to use a lower cuto energy. The cuto energy is the energy level the plane
wave solutions are solved to and lowering this value decreases the time needed to solve the

Kohn-Sham equations but could a ect accuracy. Hence converge test are required.

It is common for solid materials to use the DFT formalism solving using plane wave as the
basis set. This requires that the atomic systems be periodic in all directions. This is good
for setting up crystal structures that have small repeating units, but makes investigation of
larger systems such as surfaces and their interactions, more complicated. How these periodic
systems are built is discussed in detail in the next chapter. Monkhorst-Pack grids are used
to sample the Brillouin zone [105]. The Brilloun zone is the primitive cell, smallest possible
cell, in reciprocal space of the modelled system. Surface models are normally easily built
to have periodicity in 2 directions but include vacuum space in the third to capture surface

e ects. The complex models in this work use a variety of building techniques to properly
model real systems, which are discussed throughout this work. The majority of this work
focuses on surface calculations and the properties of various surface features. This makes
modeling large and complex systems tricky, a problem that is central to the work. Here, we
will use the Vienna Ab initio Simulation Package, VASP [106 108]. Models are built and
often analyzed using the atomic simulation environment, ASE, a python module used for

working with and visualizing atomic systems. [109].
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4.1.5. Spin e ects and Magnetism

The oxide systems we investigate typically have non-zero spin states, meaning that the
system is magnetic and could have a magnetic pattern. The spin exchange and correlation

are expressed as,
Ex°"T [Nupi Ngown] =122 (EPFT [2nyp] + EPTT [2ngown]) (4-3)

and 7

Ec=  d (n(r); (r) (4.6)
where <(n(r); (r)) is the correlation energy of the spin-polarized electron gas [110]. This
can invoke magnetic patterns that can arise. These patterns can result in signi cantly di er-
ent DFT energies as compared to the non-spin polarized DFT solution. Hence, investigating
them is crucial and can give di erent results about the properties of the systems. Having
to account for spin does increase the computational time for these systems, however, it is
required in order to obtain accurate results. In this work magnetic patterns are carefully
considered, which in most cases means initiating the simulations with spins in di erent sym-
metries and running simulations multiple times, to get magnetism patterns for comparison.

Magnetism patterns are discussed in more detailed in the Building DFT Models chapter.
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CHAPTER 5

Building and Using DFT Models

A major focus of this thesis is to model complex oxide nanoparticles and their speci ¢ struc-
tural features that make them unique and how those relate to material properties. Modeling
those features involves building complicated DFT models with large number of atoms. To
overcome this, smaller models are often used to look at individual systems' features and
then results from di erent individual models are combined for an overall understanding.
In this chapter, the fundamentals of building DFT models starting with the smallest pos-
sible systems and building to the more realistic complex nanoparticle oxide structures are

discussed.
5.1. From Bulk Structure to Complex Surfaces

One goal of this work is to understand the activity of complex oxide nanoparticles, speci -
cally how structural features relate to activity, which are di cult to model with DFT. These
systems are often too large to model completely in DFT due to computational time limits.
To overcome this, we can model speci ¢ pieces/features of the nanoparticle individually to
understand how di erent areas of the nanopatrticle perform. To build the surfaces of the
nanoparticle models, we must start all the way at the bulk of the material in a what is
called a primitive cell, or the smallest repeating unit of the material of interest. For exam-
ple, LiCoO; in a spacegroup olR3m has one unit of LiCoO, with the designated symmetry.
Figure 5.1 shows how we build from bulk to surface facets and then how those surfaces have

unique structural features and could hence have di erent performances.

This gure shows examples of the series of models used in DFT calculations, building from
bulk to surfaces. The leftmost gure is the bulk, shown in the primitive cell. The middle two
images are two surface facets. Surface facets are created by cutting the bulk structure along
di erent symmetry points, resulting in unique symmetries on the surface. These surface

are repeated a speci c nhumber of times in each direction, including the-direction, which
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Figure 5.1: Scheme showing models that are used for building from the bulk to surface and
then using those surfaces to study features of the nanomaterial. Note that di erent possible
terminations of the 001 facet are shown here (Co-term, 50/50 term, and Li-term).

leads to specic layers. The (104) surface seen in Figure 5.1 is repeated 6 times in the
direction (6 layers), 0 times in the x direction, and 4 times in the y direction. The (001)
surface is repeated 3 times in the (3 layers) and 4 times in both thex and y directions.

It is important to note that depending on the desired primitive cell and surface facet, there
may be more than one possible way to terminate the surface. For example, Figure 5.1 shows
the (001) surface with the Co termination, Li termination, and a 50/50 Li/Co termination.

Which models are used for speci ¢ studies is explicitly mentioned in each section.

More complicated surface structures are also important, mainly CoQ nanoparticles on

a Au(111) support. To build these models, a Au(111) surface facet is used and then a
monolayer of CoQ is added on top of the Au. It is important to note that the CoO can be
added relative to the Au(111) in multiple ways (more on this later). These supported CoQ
systems are modeled using bulk lattice constants of the Au(111) support. Those models are
then relaxed giving unigue surface features depending on the interaction with the support

and initial starting con guration. Other features such as edges are also important in this
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work and are built using the known geometry of CoQ. This unique model building and its

applications will discussed in more detail in Chapter 6 and Chapter 7.

These surfaces can then be used to probe a variety of properties of the surface existing on a
nanoparticle and combinations of these properties. For example, how the surfaces interact

with atomic or molecular species can be probed, such as electrolytes, reaction intermediates,
or other species that may be present under reaction conditions. Testing where dopants prefer

to be in these systems is done commonly throughout the thesis. How all of these changes
a ect one another, dopants e ecting adsorption, for example, is studied in detail during this

work.
5.2. DFT Relaxations

Now that the various types of supercell models use in the DFT calculations have been intro-
duced and how to build them, the methods for optimizing the structures will be introduced.
DFT relaxations are performed based on a set criteria; normally the force on the atoms in
the supercell. Starting with the bulk, the system is relaxed to nd the lattice constants
of the system by changing the spacing in thex, y and z. Relaxations of the atoms within
the supercell as well as the size of the cell are done in order to locate the minimum energy.
This is normally the rst step done to identify how the atoms should be spaced apart within
the crystal lattice. The result is then treated as the bulk system and is used to create the
surface models. Investigation on the structure and properties of the bulk can also be done,

however, in this work, surface properties and surface activity are the focus.

The optimized bulk is then used to build a surface or added to a surface, as is the case for
CoOx on Au(111). As shown in Figure 5.1, surfaces are built based on what surface facet is
desired. Normally, enough surface layers are needed to constrain at least one lattice layer to
its bulk position. In the case of LiCoQ,, the bottom three layers in the (104) facet and the
bottom one in the (001) facet are kept constrained. This allows the surface to relax while
keeping some of the layers in the original relaxed bulk positions, which creates more realistic

relaxations and also helps decrease computational time, as the constrained atoms do not
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move and are therefore less of a factor in the relaxation. It is important to remember that
utilization of plane waves as basis set requires the system to be periodic in all directions. This
is not an issue for the bulk calculations but when building surfaces we must include enough
vacuum space above and below our slab to truly create a surface. The lattice constant and
size of the unit cell are not changed in the surface calculations. However, di erent number of
layers in the z-direction are tested to see how relaxations change, to ensure that the number
of layers used is both computationally economic as well as able to accurately model surface

properties.

To probe the surface structure and properties, changes to the relaxed surface model (and
sometimes unrelaxed surfaces) are done. Two common calculations done here are adsorption
calculations and doping calculations. To do adsorption calculations, the desired adsorbate,
such as oxygen, water, or ethyelene carbonate, is added to the system at whichever binding
site is being probed. Di erent systems may posses multiple unique sites and adsorbates may
also have more than one way they interact with the surface, so care must be taken to explore
all possible interactions or at least de ne the interactions of interest. To probe doping in
the surface system, one of the atoms (normally cobalt) is substituted for another type of
atom. By changing the location of the dopant in the surface model, the thermodynamic
preference of the dopant location can be investigated. There are other types of analyses
and changes that can be done to the surface models, but doping and adsorption are the two
main calculations done herein. Other types of calculations and analysis will be introduced
in their appropriate sections and more details on the types of calculations can also be found

there.
5.3. Spin and Magnetism Patterns

As mentioned above, the cobalt oxide systems studied have non-negligible magnetism. This
means that we must probe magnetism patterns in cobalt systems as they may result in similar
structures with very di erent energies. Figure 5.2 shows an example of three geometrically

similar, relaxed structures that have signi cant changes in energies (up to almost 14 eVs) due
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to resulting magnetic patterns for the CoO on Au(111). Figure 5.2a shows a ferromagnetic
pattern (FM), meaning all non zero spins on the Co atoms are in the same direction. An
antiferromagnetic pattern (AFM) is shown in Figure 5.2b, where the spins of neighbouring
atoms are in opposite directions. There can also be other types of AFM patterns due to the
geometry and symmetry in some of the CoQ systems. There can also be more complicated
spin states like the ring pattern in Figure 5.2c. This pattern has some regions that are FM
and some regions that are AFM. Depending on the model used, there can be other patterns

that are found to have the lowest energy.

In practice, studying magnetism requires running multiple calculations of the same system
where the spin state is initiated in di erent patterns to nd a local minimum. When spin-
polarised DFT calculations are done, with complicated possible magnetism patterns, it can
be di cult to identify the global minimum for a series of calculations, each of which nds
another local minimum. To overcome this issue, we commonly look for the lowest energy
magnetism pattern in a simple system, such as clean CqOsystem without dopants or
adsorbates. The more complicated systems are then initiated in the lowest found spin
pattern, which most often results in the lowest energy of the new system. However, other
magnetisms are always checked to see if a new, lower energy, magnetism pattern may arise.
This testing and convergence can be di cult and not sometimes not always comprehensive,
as the magnetism patterns are nearly endless and there is no way to guarantee the global
minimum is found. This requires multiple calculations for a single geometry, however, it

is a necessity to accurately analyze these magnetic systems. Here, magnetism patterns are
often compared to see if trends change as there is no clear criteria for determining that
magnetism has been adequately tested for as experimental data is lacking for the complex

oxide nanoparticles.

Adsorbates and/or dopants can a ect the symmetry of the system and possibly cause changes
in the global minimum magnetism patterns. To test this, other magnetic patterns are

considered which is normally done by changing the sign of the most a ected sites. For
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Figure 5.2: Examples of magnetism patterns for the moiré models described later. Blue
circles represent positive spin cobalt atoms and white balls represent white negative spin
cobalt atoms. Energy dierences of around 14 eVs (for the system with the illustrated
number of atoms) show the sensitivity of the these systems to magnetism patterns

example, in an Fe-doped CoQ calculation the lowest energy pattern found for just CoQ

is tested, as well as the same pattern with the sign on Fe switched. It is also common for
DFT relaxation to result in magnetism patterns other than what it is initiated in, further
adding to the amount of calculations that must be run. The magnetism patterns for each
set of calculations will be presented in this thesis and the e ects will be discussed when

necessary.
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Part Ill: Fe-doped CoO x Catalysts
for OER
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CHAPTER 6

Structure of pure CoO Nanoislands and Fe-doped CoO

Nanoislands

Some work from Chapter 6 has been adapted from Paper | and Paper Il [4, 13].

Modeling of well-de ned oxide nanoparticle systems is a key part of this thesis. The rst
system studied is a Au(111) supported cobalt oxide system for application as an electro-
catalyst for OER. To understand the activity of the CoOy system, structural features are
modeled, leading to a comprehensive understanding of the unique sites present in the sys-
tem. Paper | and Paper Il focus on structure of Fe-dopants and the Fe-doping patterns in
the CoO bilayer systems on Au(111) through a combination of density functional theory
(DFT) and Scanning Tunneling Microscopy (STM) [5, 13]. This gives a good idea of the
structure-performance relationships of CoQ nanoparticles. In this chapter, the well-de ned
CoO bilayer system will be introduced and the computational models built and methods
used to model the structural features will be discussed. This chapter will also explain how

these models are used to understand the Fe doping patterns in the Fe CqQystem.
6.1. Bilayer Basal Plane Modeling

The system of CoQ on Au(111) has been studied extensively prior to this thesis looking at
structural properties as well as some activity for OER through a combination of experimental
and theory studies [2, 58, 66 69]. This thesis focuses on expanding the DFT modeling done
in those previous studies to investigate in more detail the speci c sites that exist on the
basal plane and edges. The previous work is also entirely focused on Co€ystem, not the

Fe-doped system, which is a main focus in this work.

There are many features of the Co® nanoislands that have been discussed. For example,
CoOy nanoislands have been synthesized on a variety of metal supports, such as, Au, Ag,
and Pt [66]. This work focuses just on Au(111) supported CoQ catalysts. The CoQ; can

form a variety of structures on the Au surface. The most commonly formed and what is
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primarily investigated in this work, are bilayers (CoO) and trilayers (CoO5) [2]. These are
single layers of either CoO or CoQ@ directly on the Au(111) support. More complicated
multilayers can form, but they are more rare and not discussed in this thesis. These layers
of CoOy form what we sometimes refer to as nanoislands. The bilayers and trilayers form
hexagonal nanoparticlces on the Au(111) support, however, this is not always the case on
other metal supports. These nanoislands consist of two distinct edges, an oxygen edge and
a metal edge, named for what atom terminates the edge. In addition to having two distinct
edges, the bilayer system also has multiple unique sites on the basal plane. Due to a lattice
mismatch between CoO and the Au(111) support, the Co atoms sit in di erent positions in
relation to the Au throughout the basal planes. This is referred to as a moiré pattern and

is classi ed by three regions: FCC (face-centered cubic), HCP (hexagonal closed packed),
and TOP (on top) based on which type site Co is in with respect to the Au(111) support.
These stacking sequences can be seen in Figure 6.1. These are some of the main structural
features that are being investigated herein, which builds o prior insights and ndings, as

well as goes deeper into the modeling of complex features of the basal plane.

Although some of the structures have been modeled by DFT before, more complex models
created provide more insight to compared to the real experimental systems. For example,
the DFT-part of the work in Walton et al. does not consider the unique basal plane regions
[2]. The DFT-part of the work in Fester et al. looks into the edge sites of Co, but here
this is expanded to doped edge sites as well as use more complex models to investigate the
edges [66]. Although previous ndings are accurate and useful, further investigations of the
these complex models are needed to truly understand the nanoparticle system and explain

observed trends such as Fe doping patterns and OER activity.

In order to better study the nanoisland systems, more detailed DFT models were created
than those used in previous studies. Figure 6.1 shows the units cells of 4 of the most com-
monly used DFT models to study the basal plane of the CoO bilayer system. As mentioned

previously, the unique moiré pattern of the bilayer creates di erent regions in the nanopar-
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Figure 6.1: Common DFT models used to study the basal plane of the CoO bilayer system:
a) moiré model with the di erent regions indicated by red HCP, blue TOP and green FCC.
Model is 10x10 CoO on 3 layers of 11x11 Au(111) b,c) 6x6 model of CoO stacked in HCP on
Au(111) d,e) 6x6 model of CoO stacked in TOP on Au(111) f,g) 6x6 model of CoO stacked
in FCC on Au(111).

ticle where the Co sits relative to the Au. This can be modeled all together in one large
DFT model seen in Figure 6.1a which is referred to as the moiré model. The regions are
shown by colored atoms in the unit cell, which represent the center of each region. This unit
cell consists of 563 atoms; 100 Co, 100 O, and 363 Au. The periodicity of the moiré pattern
here is 31.68 A which is slightly smaller than the experimental moiré pattern of 37 A [4].
This is due to the computational relaxations of the system which lead to relaxed units of
CoO and Au bulks having slightly di erent relaxed lattice constants than the experimental
system. Even with the slight geometric di erences this DFT model is able to capture the
structural e ects of the real, experimentally observed moiré pattern. The bottom 2 layers
of the Au support are constrained to their bulk positions but all other atoms are allowed
to relax. This is a very large model for DFT and requires a large amount of computational
resources to relax. To overcome this limitation, smaller models, seen in Figure 6.1b-g are

created to model each region of the moiré pattern separately.

The smaller models shown in Figure 6.1b-g represett 6 unit cells of CoO on the Au(111)
support. The stacking regions can be seen in the Figure 6.4b,d,f clearly illustrate the ways
Co can be stacked on Au(111l). These models consist of 180 atoms; 36 Co atoms, 36 O

atoms, and 108 Au atoms. This is signi cantly less atoms than the moiré model, but is still
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relatively large compared to many other DFT studies. Smaller models4 4and5 5) were

also used in this work, mainly for to investigate size e ects. The6 6 model was found to be
the best compromise on size that would still allow for the investigation of doping patterns
with no or limited size e ects. These6 6 models have 17.63 A periodicity, which comes
from the lattice constant of the Au bulk of 2.93 A, as was the case for the unit cell for the

moiré model discussed above.

One other important feature of these models is that the periodicity of these systems is
not repeated in a perfect square or rectangle. It is repeated periodically in the shape of a
P §xp 3R30 parallelogram. As can be seen in Figure 6.1, the shape of the unit cells is not
square but is shifted by an angle of 30 This results in a unit cell with the size and shape

seen below for theé 6 model (in A):

23 2 3
X 17:63 0 0
Ey% = E 882 1527 0 %
z 0 0 2960

This shape applies to the moiré model and all other basal plane modeling in this study,
unless stated otherwise. In the dimensions of the system above, one can see the large value
of the z-direction, which include at least 15 A of vacuum space in the system. The results
from the large moiré model and the smallel6 6 models of the basal plane are used both
separately and compared together to understand features of the CgOsystem throughout
this work. Other structural features, such as edge sites, are also a large focus of this work

and require their own unique types of models.
6.2. Bilayer Edge Modeling

To fully understand the CoOy nanoislands, the two distinct types of edges, the oxygen
edge and the metal edge, require investigation as they have been hypothesized to play an
important role on OER activity and phase change activity [66, 69]. Previous work has looked
at the activity of CoO x edges, however, Fe-doping had not been considered, especially how

Fe may change this proposed edge activity. In this study, similar, but larger models, are
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used to investigate the edge properties of Fe-doped CqO The common model used is a
2 6 edge model which can be seen in Figure 6.2. Smaller models such?as4 edges (used
before) and2 5 edges were used throughout the work, mainly to compare with the most

commonly used2 6 edge model to test size e ects.

One key di erence between the edge models and the basal plane models is the inclusion
of area that exposes just Au(111) support, which allows for the edge e ects to be studied.
These edge are examined to nd their role on Fe-doping, phase transitions, and OER activity
properties. The edge models are initiated in one type of stacking con guration, however,
since there is nothing constraining the edges to certain positions, relaxation can occur,
causing slight changes in stacking and bond distances. This is important as it allows the
model to create lower energy structures as opposed to being forced to constrain to a certain
stacking, as they are on the basal plane. The most common edge models for this thesis
can be seen in Figure 6.2. 22 6 edge model can be seen on the left, followed by a side
view it in Figure 6.2b. A 4 6 edge model can be seen in Figure 6.2c and what is called
a nanoparticle model can be seen in Figure 6.2d. It is important to note that these are all
FCC edge models and these corresponding similar models are also created with the HCP
and TOP stacking. The metal edge and oxygen edge are clearly indicated in each model by
blue and red lines, respectively. The side view of the edge model clearly shows the structural

terminations of the two edge types.

Figure 6.2: Edge model of CoO bilayer a,b)2 6 edge model in FCC stacking c)4 6
edge model in FCC stacking d) nanoparticle model in FCC stacking. Di erent edge types
indicated by blue, metal, and red, oxygen.
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One feature that jumps out aboutthe2 6and4 6 edge models seen in Figure 6.2a-c is that
they are not built with the same P §xp 3R30 periodicity of the basal plane models. This is
due to the desire to capture both edges together, which requires cutting o the symmetry
and periodicity to capture those edges. For the2 6 edge model, this results in a cell that
is repeated 5.88 A in thex-direction and 30.54 A in the y-direction, based on the2 12
size of the Au(111) support. This results in a model with 12 Co, 12 O, and 72 Au atoms.
The bottom two layers of the Au(111) are constrained to the Au bulk position, as was done
for the basal plane models. The4 6 edge model is used to study the size e ects of using
the 2 6 edge and to analyze some higher Fe content, Fe-doping patterns. It is the exact
same as the2 6 edge and, but doubled in thex-direction resulting in double the atoms

and double thex dimension.

The nanoparticle system is seen in Figure 6.2d. These nanoparticle models are made from
their respective, relaxed6é 6 model systems. This results in al2 12 Au(111) support
that the nanoparticle model is then built from. The nanoparticle model is then built by
removing atoms to result in a hexagonal nanopatrticle. This results in a system with 37 Co,
36 O, and 432 Au. For the nanoparticle calculation all 3 layers of the Au(111) support are
constrained to help overcome some of the size and scalability issues of this system. One other
computational detail of the nanoparticle model, is the use of a di erent pseudo-potential for
oxygen. For the nanoparticle model (and moiré model talked about in the previous section)

a soft psuedo-potential for oxygen is used which allows for the cuto energy to be lowered
and the calculation to be done quicker. These systems are compared to the same system
with the normal pseudo-potentials to compare the trends between the two oxygen atom

representations.
6.3. Bilayer Structural Features

One key type of analysis is identifying structure properties of the Co® nanoislands. This is
a main focus of Paper | and Paper 1V, which both look at the previously described models

and their relative structures. Paper | focuses on the single dopant Fe in a CoO system, both
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