UC Irvine
UC Irvine Electronic Theses and Dissertations

Title
Tunability of Aromatic Carbon Materials

Permalink
https://escholarship.org/uc/item/09n8s232

Author
Wang, Chen

Publication Date
2018

Copyright Information

This work is made available under the terms of a Creative Commons Attribution-
NonCommercial-NoDerivatives License, availalbe at
https://creativecommons.org/licenses/by-nc-nd/4.04

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/09n8s232
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA,
IRVINE

Tunability of Aromatic Carbon Materials

DISSERTATION

submitted in partial satisfaction of the requirements
for the degree of

DOCTOR OF PHILOSOPHY

in Materials Science and Engineering

by

Chen Santillan Wang

Dissertation Committee:

Associate Professor Regina Ragan, Chair
Professor Rugian Wu

Professor Peter Burke

2018



© 2018 Chen Santillan Wang



DEDICATION

To My Dad

...who still won’t think I appreciate him enough after reading this.

ii



TABLE OF CONTENTS

Page
LIST OF FIGURES iv
LIST OF TABLES \%
ACKNOWLEDGMENTS vi
CURRICULUM VITAE vii
ABSTRACT OF THE DISSERTATION viii
INTRODUCTION: Aromatic Carbon - The Stuff of Human Past, Present, & Future
- Aromatic Carbon 1
- Graphene 3
- Thesis Overview 4
CHAPTER 1: Experimental Methods
- Scanning Tunneling Microscopy 6
- Scanning Tunneling Spectroscopy 12
- Instrumentation 13
- Other Surface Science Techniques 15
CHAPTER 2: Computational Methods
- Density Functional Theory 18
- Basic Equations of DFT 19
- Vienna Ab Initio Simulation Package 22
- Preliminary Studies 24
CHAPTER 3: Revealing the Molecular Structure of Nascent Soot
- Understanding Soot Formation 28
- The Molecular Wetting Layer of Coronene on Pt(111) 31
- Beyond the First Molecular Layer 34
- Emergence of Soot Precursors Upon Annealing 38
- Experiment Methods 43
- Conclusion 44
CHAPTER 4: Catalytic Enhancement of Modified Graphene
- Establishing Pt Binding Sites on Graphene Surfaces 46
- Single Vacancy and Pyridinic N-doped Graphene 50
- Investigation of Chemical Activity 55

CHAPTER 5: Bijel-Templated Multilayer Graphene Architectures

ii



- Molecular Layers of Coronene Molecules 60

- Emergence of Soot Precursors Upon Annealing 66
- Investigation of Chemical Activity 72
CHAPTER 6: Summary and Conclusions 78
REFERENCES 83
APPENDIX A: Input Files for VASP 255

APPENDIX B: Tip Preparation Procedures 256



Figure 3.1
Figure 3.2
Figure 3.3
Figure 3.4
Figure 3.5a
Figure 3.5b
Figure 3.5¢
Figure 5.4
Figure 5.5

Figure 5.6

LIST OF FIGURES

The Laboratory Scale Combustor
Radiometer Mounting Details

The Sampling Probe

Recorded Radiometer Signal

Gas Composition Profiles - [so-Tet
Gas Composition Profiles - Suntech-3
Gas Composition Profiles - JP-4
Spatial Grid for PARRAD II

Radiation Pressure Coefficient

Particle Emissivity

Page
100
105
107
110
136
136
137
189
191

195



Table 3.1

Table 3.2

Table 4.1

Table 5.1

LIST OF TABLES

Laboratory Scale Combustor Comparison
Radiometer Mounting Details
Cos (theta) vs. x=piD/gamma Variables

Plume Model Geometry Details for PARRAD

vi

Page
101
106
157

170



ACKNOWLEDGMENTS

[ would like to express my deep gratitude to my research mentors who have played a
critical role in shaping the scientist [ am today. I want to thank Professor Regina Ragan for
welcoming me into her research group, providing the opportunity to participate in wide-
ranging collaborations, and pushing me to explore exciting new problem spaces in
materials science outside of my comfort zone. Similarly, [ would also like to thank
Professor Ludwig Bartels for introducing me to graduate research, surface science, and the
promise of two-dimensional materials.

[ am also grateful to my committee members, Professors Peter Burke and Rugian Wu. I
always felt welcome in both of their research groups to ask questions, borrow tools, and
ponder the limits of new materials. Similarly, Professor Jeppe Vang Lauritsen also
welcomed me into his lab during my research stay at Aarhus University and Signe
Grgnborg made me feel at home in research and Danish culture.

My labmates, both from UC Irvine and UC Riverside, have provided immeasurable support
to me. Adrian Garcia endured late nights and weekends finishing sample preparations to
ensure we could collect the necessary measurements. Robert Sanderson persevered with
me to repair the scanning tunneling microscope and obtain beautiful nanoscale images.
Everyone in the Ragan group, including William Thrift and Cuong Nguyen, provided me
with sanity checks when needed. My Bartels group “labmigos” - including Velveth Klee,
Ariana Nguyen, David Barroso, Joseph Martinez, Daniel Lu, Cindy Merida, Sahar Naghibi,
and Gretel Von Son - always rejuvenated me, keeping research fun and silly. John Mann,
Wenhao Lu, Quan Ma, and Dezheng Sun served as wonderful mentors for me in my early
days as a graduate student. I would like to also thank Edwin Preciado for serving as my
partner in crime through early mornings, late nights, and long drives.

In the next stage of my life, [ am honored to be serving as the inaugural Jill Hruby Fellow at
Sandia National Laboratories in Livermore, California. Such a tremendous opportunity
would not be possible without the incredible support provided by my mentors Konrad
Thiirmer and Norman Bartelt, who continue to teach me how to rigorously approach
science.

Finally, I would like to thank my friends and family. In addition to providing me their love
and friendship, my childhood friends, Cynthia Chor and Anna Gruzman, edited countless
essays, statements, and applications for me. My mother and my brother always reassured
me that I was smart and capable, even when I did not feel that way about myself.
Conversely, my father always pushed me critically evaluate and aspire to be a better
version of myself. Both him and Phi Pham supported me enormously through the
tumultuous journey of graduate school through every day, simple things like proofreading,
phone calls, and sending cute bunny pictures.

This material is based upon work supported by the National Science Foundation Graduate
Research Fellowship under Grant No. DGE-1321846 and DGE-1326120. This work was

vii



supported by the Sandia Laboratory Directed Research and Development Program. Sandia
National Laboratories is a multimission laboratory managed and operated by National
Technology and Engineering Solutions of Sandia LLC, a wholly owned subsidiary of
Honeywell International Inc. for the U.S. Department of Energy's National Nuclear Security
Administration under contract DE-NA0003525. In addition, this material is based upon
work supported by the U.S. Department of Energy, Office of Science, Office of Workforce
Development for Teachers and Scientists, Office of Science Graduate Student Research
(SCGSR) program. The SCGSR program is administered by the Oak Ridge Institute for
Science and Education (ORISE) for the DOE. ORISE is managed by ORAU under contract
number DE-AC05-060R23100. For computational simulations, this work used the Extreme
Science and Engineering Discovery Environment (XSEDE), which is supported by National
Science Foundation grant number ACI-1548562. The allocation accounts used in this
research were CHE140084 and DMR150047.

viii



2011

2011 -2014

2013

2014

2014 -2018

2017

2018

CURRICULUM VITAE

Chen Santillan Wang

B.S. in Electrical and Computer Engineering,
Franklin W. Olin College of Engineering

Research Assistant, Ludwig Bartels Group
University of California, Riverside

Visiting Foreign Researcher, Jeppe Vang Lauritsen Group
Aarhus University, Denmark

M.S. in Materials Science and Engineering
University of California, Riverside

Research Assistant, Regina Ragan Group
University of California, Irvine

Science Graduate Student Research Program Awardee
Sandia National Laboratories, Livermore, CA

Ph.D. in Materials Science and Engineering,
University of California, Irvine

ix



ABSTRACT OF THE DISSERTATION

Tunability and Evolution of Aromatic Carbon Materials
By
Chen Santillan Wang
Doctor of Philosophy in Materials Science and Engineering
University of California, Irvine, 2018

Associate Professor Regina Ragan, Chair

Carbon is both abundant and functionally versatile due to the variability of orbital
hybridization of carbon atoms forming planar and tetrahedral bonds leading to many
allotropes. Different allotropes exhibit different physical properties such as electrical
conductivity, surface area, and surface chemistry. The work presented here focuses on
aromatic carbon materials examining tunability of physical properties, molecular to
macroscopic structural formation, and importance in environmental applications,
specifically soot pollution mitigation and next-generation single atom catalysis.

First, scanning tunneling microscopy (STM) experiments explore the intermolecular
interactions of coronene (C12Hz24), a polycyclic aromatic hydrocarbon hypothesized to play
a key role in incipient soot formation. The hazardous impacts of incipient soot - including
lengthy suspension in the earth’s atmosphere and deep penetration into human respiratory
systems — may be circumvented through an improved understanding of soot formation.
Observations of coronene clusters reveal structures strikingly similar to recent models of

clusters hypothesized to initiate soot formation. In contrast to mature soot, cluster surfaces



are composed primarily of molecular edges, suggesting that a critical step significantly
transforming cluster geometry is necessary for soot evolution.

Second, a first principle approach is used to identify how the local molecular
environment on a graphene support can be used to stabilize a single platinum atom
catalyst. Inspired by visions of achieving ultimate cost-effectiveness and performance, a
single atom catalyst represents the most efficient use of precious metals while concurrently
offering the potential for high chemical activity. Density functional theory results indicate
that pyridinic N-doped graphene is a promising candidate to support a single Pt atom
acting as a catalyst that is resistant to poisoning and enhances CO oxidation efficiency.
Experimental efforts demonstrate a pathway towards developing these supports, using
bicontinuous interfacially jammed emulsion gels as templates for the growth of three-
dimensional, porous graphene. STM, X-ray photoelectron spectroscopy, and Raman
spectroscopy characterize the resultant architectures, relating nanoscale observations to
macroscale properties such as specific surface area and mechanical strength.

This work, examining aromatic carbon materials, demonstrates how surface science
techniques can unravel self-assembly and untapped potential of nanoscale materials and

the physics that shape our macroscale environment.
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CHAPTER 1: INTRODUCTION

1.1 Aromatic Carbon — The Stuff of Human Past, Present, and Future
Most organic species are composed of carbon, and throughout its history, mankind has
sought to manipulate this special element. In about 5000 BC, early humans began using
carbon as an energy producing material in the form of charcoal to heat and cook. Later,
humans used carbon as a chemical material in the form of coal to smelt copper and iron.1
Even in present times, carbon still plays an important role in society; indeed, for this
reason, there exists a field of science primarily focused on studying carbon-based. Organic
chemistry involves study of the structure, properties, and reactions of organic materials,
and is, primarily, focused on carbon compounds.2 Without such exploration, everyday
items would not exist - including, but not limited to plastics, cloths, drugs, preservatives,
and many sources of fuel.3
The work presented here focuses its scope on carbon that adopts an “aromatic
structure”, where aromaticity is defined by four main characteristics:
1. A delocalized conjugated 1 system, most commonly an arrangement of
alternating single and double bonds.
2. Coplanar structure, with all the contributing atoms in the same plane.
3. Contributing atoms arranged in one or more rings.
4. Conformation to Hiickel’s rule, which requires that a number of m delocalized

electrons equal to 4n + 2 , wheren =0, 1, 2, 3, and so on.



Figure 1: A representation the circular m-bond that defines aromaticity. The
electron density is evenly distributed through a n-bond above and below the ring.

Typically, aromatic carbon species are terminated by hydrogen atoms at the outer
perimeter of the molecule and, consequently, are referred to as polyaromatic hydrocarbons
(PAHSs). Earlier discussion was devoted to summarizing the role of carbon in human
history. However, even before the existence of humans, PAHs have been speculated as the
building blocks of original life. More than 20% of the carbon in the universe is estimated to
exist as some form of PAH, and these species seem to have formed abundantly at the early
stages of the universe, roughly 2 billion years after the Big Bang. +> Additionally, PAHs are
the most prolific of the known polyatomic molecules in the visible universe, and are
considered constituents of the primordial sea.t For this reason, some theories speculate
that PAHs played a major role facilitating the origin of life by mediating the synthesis of
RNA molecules.”8

However, aromatic carbon is not simply an important figure of the past; itis a
material with incredible promise to shape future technology. In 2004, the discovery of the
two-dimensional allotrope of carbon - graphene - kickstarted a revolution to study the

properties of the novel, new material and to develop applications for it.



1.2 Graphene
Graphene is an atomically thin material composed of pure carbon, which forms a
honeycomb lattice composed of aromatic rings, which in theory extends infinitely. Because

of its unique crystal structure, graphene exhibits many novel properties.

Figure 2: Honeycomb carbon lattice of graphene, which is constrained to and
extends infinitely in two dimensions.

Graphene’s properties were theoretically predicted in the mid-1900s by Wallace
through tight-binding calculations.? Early research identified many of graphene’s novel
properties such as its zero bandgap; however, progress was hampered by the prevailing
misconception that two-dimensional metals were too unstable and consequently
unsuitable for practical applications.19 Monolayer graphene was first isolated from bulk
graphite by Andre Geim and Konstantin Novoselov. Using mechanical exfoliation,
sometimes referred to as “scotch-tape method”, the two scientists separated layers of bulk
graphite by repeated peeling, eventually thinning multi-layer graphene to single layer.11
After this achievement, commercial and scientific interest in graphene surged as
researchers endeavored to take advantage of its numerous unique properties, including its
high electron mobility at room-temperature, high thermal conductivity, extremely high

tensile strength, and near impermeability. Geim and Novoselov would go on to win the



Nobel Prize in Physics in 2010 “for groundbreaking experiments regarding the two-
dimensional material graphene”.12 Nowadays, graphene is heavily researched, and many
advancements have been made in developing applications for lightweight materials,

nanoelectronics, energy storage, chemical filtering, and more.11,13-20

1.3 Thesis Overview

The work presented in this thesis explores aromatic carbon materials, their
tunability, and their evolution into larger structures via surface science characterization -
primarily, scanning tunneling microscopy (STM) and density functional theory (DFT).

The first portion of this thesis (chapter 4) explores coronene, a polyaromatic
hydrocarbon with the molecular formula C12Hz24 and one of the primary precursors of
incipient soot. This work is motivated by the goal of mitigating the formation of soot, whose
hazardous impacts include damaging the earth’s atmosphere and causing various human
respiratory illnesses. STM observations of coronene clusters reveal structures that
resemble those predicted by recently developed models simulating incipient soot
formation. In contrast to mature soot, the surfaces of these clusters are predominantly
composed of molecular edges, suggesting that passivating these edges may offer a means of
inhibiting the growth of particles. These findings have transformative impact on the
current understanding of soot and proposes a new paradigm for developing technologies
mitigating soot pollution.

The second portion of this thesis focuses on the development of aromatic carbon-
based catalytic supports. DFT calculations are used to predict catalytic enhancement of
graphene via impregnation of platinum nanoclusters (chapter 5). To bring these

predictions to life, bicontinuous interfacially jammed emulsion gels (bijels) are
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implemented as templates for graphene architectures (chapter 6). By characterizing the
growth mechanics of graphene on the template material, nanoscale observations are
related to macroscale properties for ideal catalytic supports such as high urface area and

mechanical strength.



CHAPTER 2: Experimental Methods
2.1 Scanning Tunneling Microscopy

In 1981, Gerd Binnig and Heinrich Rohrer created the first STM at the IBM Zurich
Research Laboratory,21-23 revolutionizing the field of surface science by providing images
with three-dimensional, real-space information and extremely high spatial resolution. With
this invention, they resolved atomic steps and surface reconstructions of Au and CalrSn4
(110) surfaces as well as determined the first real space configuration of the Si(111) (7x7)
reconstruction.2425 In recognition of their achievements, Binnig and Rohrer won the Nobel
Prize in Physics in 1986.26 Since then, scanning probe microscopy (SPM) has grown into its
own field. SPM is generally defined as a visualization technique in which a sharp probe
scans across a surface to detect specific physical information and map it out with high
resolution. Atomic force microscopy (AFM) is one of the most popular offshoots of SPM and
uses a cantilever probe to measure short-range repulsive interactions between the tip and
the sample. However, depending on the implementation of the probe, SPM may measure
and manipulate an array of different properties such as surface potential (KPFM),
capacitance (SCM), and magnetic force (MFM). Even so, because of its ability to obtain
detailed local atomic-scale information from surfaces, STM remains a staple tool in surface

science to interrogate materials and physics at the atomic scale.

2.1.1 Working Principles of a Scanning Tunneling Microscope
In classical mechanics, an electron cannot penetrate a potential barrier with an
energy higher than its own. However, in quantum mechanics, when a sharp metal tip is

brought within close proximity (~5 A) of a conducting surface, the electronic wave



functions of the tip and surface will begin to overlap. As a result, a phenomenon referred to
as “tunneling” will occur; the tip and surface will exchange electrons through the classically
forbidden vacuum gap. Upon applying a small bias voltage, Vi, between the tip and the
surface, a net flow of electrons will travel from filled states on the surface into empty states
of the tip (or vice versa depending on the polarity of V¢). This effect is measurable as a
current, I, and strongly depends on the size of the vacuum gap due to the exponential
decay of the electronic wave functions. STM takes advantage of this effect that is incredibly
sensitive to separation distance and uses tunneling as a mechanism to gather electronic

information on a surface and produce feedback such that the tip may adjust to surface

topography.
desired .
stiFrafit : Computer Processing Z linalscan
i .
feedback X
il STM image

<

Figure 3: Schematic of the operating principles of an STM. The circular inset
illustrates the tunneling effect that occurs during a single line scan. The
rectangular inset illustrates how the computer processed this line scan and build
an image from multiple line scans.



2.1.2 A Simple One-Dimensional Model

To understand the mechanism in greater detalil, it is helpful to consider a simple
one-dimensional model with two systems, a sample with work function ¢ and a probe
with work function ¢,,. Between the two, there is vacuum gap of D with a constant potential
barrier U. In the region 0 < d < D and the wave function yi(d) describes an electron with

energy € < U that is moving in the positive D direction:

P(d) = P(0)e ™™, where k = V2m (U-E)

h

The probability P of observing an electron at the other side of the potential barrier,
where d=D, is proportional to the square of the wave function such that:
P~ [p(D)|? = [p(0)|?e~2P
If eV; < ¢, then U — E may be approximated as ¢ and the probability that an
electron in the nth state of the sample with energy En, where Ep < E, < Ep — eV, will

tunnel to an empty state in the probe becomes:
2
P~ W(D)I2 = [ (0)]2e W%, where = 222

The tunneling current I; is directly proportional to the total number of sample states

within the energy interval eV/;;:

Ep

|1/’n(D>|2

En=Er—eVg

&
l

If the density of the electronics states does not vary significantly within the interval
from Er — eV to Er, then the current reflects the local density of states of the sample at

the Fermi level and at the position of the tip:

2
I ~ Vgps(d = D, Ep) = Vgps(0, Ep)e RV2medP



Tersoff-Hamann theory more rigorously arrives at a similar result.

D

Figure 4: Schematic illustrating the energy level diagrams for sample-probe
tunnel junction. V;; represents the gap voltage applied to the sample relative to the
probe. ¢ and ¢, are the work functions of the sample and probe, respectively.
Similarly, ps and p,, represent the density of states. Tunneling only occurs within

the small energy interval eV;. E,, represents a wave function with energy "n that
decays exponentially in the junction but still has a non-zero amplitude at the
position of the probe tip. These are all drawn with respect to the vacuum energy
E, and the Fermi energy of the sample Er.

2.1.3 Tersoff-Hamann Theory

The Tersoff-Hamann model27 provides a conceptually simple framework for
interpreting STM images and is the most widely used model in the field. Using the
formalism introduced by Bardeen,?8 it treats the probe and surface as two non-interaction
systems and solves the stationary Schrodinger equation to obtain the wave functions each.
22 Tunneling current can then be calculated via time-dependent perturbation theory.

Derived from first-order time-dependent perturbation theory, Fermi’s golden rule
states that the transition rate for an electron to tunnel from an initial state (sample) to a

final state (probe) is given by the equation:

21 )
Rs—>p = ? |M| S(El/)s - El/)p)



(Only tunneling, where electrons elastic move between same energy states is considered,
as indicated by the delta function.) Bardeen showed that the tunneling matrix element, M,

can be expressed as:
h i} g2
M=o fs Ty = 4,738

The integration takes place over any surface within the tunneling gap (S,). Referring back
to Fermi’s golden rule, assuming a negative bias voltage such that tunneling occurs from

sample to tip, and accounting for electron spin, the tunneling current may be expressed as:
4me [ X
Ly =50 [ mu B EIMPry (B + Vo)1 = F(E + eV,)ldE

ns and n, are the density of states (DOS) of the sample and probe, respectively. f (E)
represents the Fermi distribution and is fully expressed as:

E —Eqt
kgT

f(E)=[1+exp

In accordance with the Pauli exclusion principle, tunneling will only occur from filled states
into empty states. Tunneling current will predominantly flow from the sample to the probe;
however, a smaller current will flow in the opposite direction, such that the total current
flow will be:

41re

I = Is—>p - Ip—>s = T f_oolMlzns(E)np(E + eVE)If (E) — f(E + eVg)]dE

As a low enough temperature, the Fermi distribution may be described by a simple step
function, thus simplifying the equation to:

4me (EF
| ~— IM|*ns(E)n, (E + eVg)]dE

h Er—eVg

10



If the matrix element remains relatively constant with respect to energy, it can be
separated out from the equation such that tunneling current becomes expressed as a
simple convolution of the surface and probe DOS. By assuming a simple s-wave model for a
probe with spherically symmetric wave functions centered at the center of curvature of a

fine tip 7, the tunneling current equation can be further simplified to:
I~ Ve ) 1D P6(Es — Er) = Vop(Ep, 5)
S

The sum extends over sample states evaluated at ry. Accordingly, the tunneling current is
proportional to the LDOS at the Fermi level, evaluated at the position of the tip. In terms of
electron mass m,, average work function ¢, and sample-probe distance d, this expression

can be further simplified:

V8me¢p
h

I ~Vgexp(— D)

For typical values of work functions of roughly 4-5 eV,30 a difference of 0.1 nm in the
sample-probe distance will change the tunneling current by about an order of magnitude.

It is a notably popular misconception that STM images depict the purely geometric
structure of the surface. While true on some surfaces, this interpretation is generally
invalid. For conducting materials, STM image data coincides with the topography. However,
for materials that are semiconducting or exhibit directional bonding, STM reflects a
convolution of the surface topography and electronic structure. Similarly, the presence of
adsorbates can alter the LDOS;31 depending on the whether they enhance of deplete the

LDOS at the Fermi level, they may be imaged as protrusions of depressions.

2.1.4 STM Movies

11



Using a combination of fast scanning rates and low temperature cooling, consecutive
STM images may be collected in the same area of the sample and compiled into a movie.
Using such a technique allows for the capture of dynamic processes - such as the diffusion
of molecules - on the surface. An example of this is seen in Chapter 7, tracking the
molecular motion of coronene molecules adsorbed on a Cu(111) step edge in order to
characterize the one-dimensional intermolecular interaction. To counteract the distance
drift between sample and probe, specialized pattern recognition software is implemented

readjust the position of the probe and correct the movie data post-recording.

2.2 Scanning Tunneling Spectroscopy

An STM can also be used to acquire spectroscopic data in a manner referred to as
scanning tunneling spectroscopy (STS).21 If the DOS of the probe tip is kept constant, then
the LDOS of a local area may be obtained by plotting the conductance I /V as a function of
the varying voltage V. To understand this approach, we use the Wentzel-Kramers-Brillouin
(WKB) approximation scheme suggested by Selloni et. al.:32

I~ foops(r, E)py(r,E — eVg)T(E,eV,r)dE

ps(r,E) and p, (7, E) represer;toothe DOS of the sample and tip, respectively, at the location r
and energy E with respect to their individual Fermi levels. eV < 0 and eV > 0 represent a
negative and positive sample bias, respectively. The tunneling probability of electron must

be a smooth, monotonically increasing function of V and can be expressed as:

22,/2m, jqbs tgo eV

h 2 2

T(E,eV) = exp(— E)

12



Thus, the bias dependence of T (E, eV, r) contributes smoothly varying background upon
which the spectroscopic information of interest is superimposed. Differentiating the WKB
approximation results in:

dl ev dT(E,eV,r)
———dE

& p(r E)py (r, O)T(eV, eV, ) + f 0s(r, E)py (r, E — eVy)
av " P 0 P G dv

Thus, dI/dV as a function of V can be attributed to the structure of in the DOS. Even so, the
resulting information will always be a convolution of the electronic structures of the
sample and the probe. It is important to characterize the influence of the probe’s electronic
structure and, if possible, obtain a tip with a featureless electronic structure. The state of
the probe can be obtained by performing spectroscopy on a known surface, most
commonly highly oriented pyrolytic graphite (HOPG).

When V becomes an appreciable fraction of the sample and probe work functions,
complications often arise due to the strong dependence of T(E, eV, r) on V. For metals and
semiconductors, the energy range of interest often extends over several electron volts on
either side of the Fermi level. Unfortunately, the VV-dependence of T(E, eV, r) may distort
features in the STS. However, the division of dI/dV by I /V normalizes the spectrum,
effectively cancelling out the exponential voltage dependence of T (E, eV, r), and reflects the

electronic density of states reasonably well.

2.3 Instrumentation

The work presented here uses data collected from an ultra-high vacuum (UHV)
Omicron Nanotechnology Variable Temperature Scanning Probe Microscope (VT SPM)
system. The following summary and schematic are based on the description provided in the

system manual. Main components include:

13



* Piezo scanner - Made of piezoelectric material, this piece changes its length in
response to an applied voltage and provides a fine adjustment of the STM probe
position.

* SPM Pre Amplifier - This component amplifies the tunneling signal and converts it
into voltage for image processing. The measured current is also used as feedback
information by comparing to the desired current value and repositioning the tip.

* ZRegulator - This piece controls the sample-probe distance, minimizes the signal
error based on input from the Pre Amplifier, and maintains the constant tunneling
current.

* XY Scan Generator - This generator controls the raster scan of the probe in the
plane of the sample. Scan speed, sampling, and size can be set by the user.

» XYZ Signal Image Processor - This component converts the raw data from the Scan

Generator and Z Regulator into image information.

| Pre Amplifier
I
I
H 1 '
11 : 1
! | 1! Feedback User Interface
i Piezo Scanner ['T;
i 1
il prmmm———m———— s ———— 5

I Hi |
1 I
T Sample H i Z Regulator XYZ Signal ||
¥ H : Image !
il H i Processor ||
1 - - 1 1

A\ dampening springs 111 1| xvscan i
¥ vibrationally isolated 1 | Generator !
i1 scanningstage ! | 1
Ll---------------.': ] STM Controller |

Figure 5: Diagram of the Omicron Nanotechnology VT SPM setup.

In addition, noise dampening is critical to the acquisition of high resolution images.

To this effect, four soft springs suspend the scanning stage, which is also surrounded by a

14



series of copper plates and magnets, which provide non-periodic eddy current dampening.
The entire chamber rests on rubber padding and is located in a vibrationally isolated room.
Base pressure for the system is approximately 8 X 107! Torr and experiments were
performed at room temperature unless otherwise stated. STM probes were commercially
prepared etched tungsten tips from Veeco (8mm, Model TT), mounted in Omicron STM tip
holders, and outgassed at 120 °C for at least 2 hours before use.

Throughout this dissertation, the voltage bias between the sample and the probe
will be referred to as V; and the tunneling current will be referred to as I;. Both parameters
are set by the user and rely on software, STM controller, and feedback mechanism to
implement while scanning. The STM itself is operated in constant current mode, allowing
the tip to scan along the surface at a specified current. The STM’s feedback mechanism
adjusts the positioning of the probe normal to the sample surface as necessary to maintain
this current, and this motion provides topographic information on the surface. Another
mode of operation is constant z mode, where the probe is disengaged from any feedback
loop, scans the surface at a set distance, and detects the changing tunneling current.

However, this mode is not used here.

2.4 Other Surface Science Techniques

The experimental methods performed in this work consist primarily of surface
science techniques and analysis. First and foremost, scanning tunneling microscopy (STM)
is implemented to acquire high resolution, atomic-scale information on aromatic carbon
materials of interest. As such, the primary focus of this chapter is to provide a background
description of STM. In addition, other surface science techniques also play a fundamental

role in the presented thesis work and will be described briefly as well:
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Scanning Electron Microscopy (SEM) - This type microscopy produces images of a
sample by scanning the surface with a focused beam of electrons, which interact
with atoms on the surface of a sample and produce various signals that contain
information about the sample's surface topography and composition. Many systems
are also equipped with energy-dispersive X-ray spectroscopy (EDS) systems that
can obtain information on the chemical composition of the sample.33-35

X-ray photoelectron spectroscopy (XPS) - Also referred to as electron spectroscopy
for chemical analysis (ESCA), this is a widely used technique which uses X-rays to
excite electrons in specific bound states. The specific energy of an elemental core
level transition occurs at a specific binding energy which uniquely identifies and
sometimes quantifies the element. Additionally, photo-ejected electrons from core
levels have slight shifts depending on the outer valence configuration of the material
examined, providing information on chemical bonding.36:37

Raman spectroscopy - This spectroscopic technique observes vibrational,
rotational, and other low-frequency modes in a system, which provides structural
fingerprint by which molecules can be identified. Typically, a sample is illuminated
with monochromated light, which induces inelastic (Raman) scattering. The laser
light interacts with molecular vibrations, phonons or other excitations in the
system, resulting in the energy of the laser photons being shifted up or down. The

shift in energy gives information about the vibrational modes in the system.#°

Brunauer-Emmett-Teller (BET) Surface Area Assessment - Although invented in
1938 and despite making a few broad assumptions, BET theory one of the most

frequently used models for gas adsorption mechanics.#! To perform BET surface
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area measurements, a sample is placed a vacuum system, a gas (often N2) is leaked
in, the amount of adsorbed gas is measured as a function of gas pressure, and this
information is used to calculate the total accessible surface area. The use of the BET
method for interpreting N2z adsorption isotherms has become a standard protocol

for assessing the surface area of highly porous media.*2
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CHAPTER 3: Computational Methods

3.1 Density Functional Theory

Using a first principles (ab initio, or “from the beginning”) approach, the
computational methods performed in this work are used to complement the experimental
work described in the previous chapter. Because STM only interrogates the electronic
structure of the surface, no direct conclusions can be drawn with regards to the chemical
identity of the surface structures. Moreover, because STM reflects a convolution of the
topographical and electronic structure of a surface, it is often difficult to correlate observed
features with atomic structure. One of the most popular theoretical techniques, density
functional theory calculations (DFT) mitigates this issue and often complements STM work.
In 1998, Walter Kohn and John Pople were awarded the Nobel Prize in Chemistry in
recognition of the many contributions DFT made towards the understanding of electronic
properties of materials.#3 Popular amongst chemists, physicists, and materials scientists,
DFT has the power to elucidate material characteristics such as energetics, geometric
features, and electronic structure. Using the calculated electronic structure, one can extract
the LDOS at the Fermi level of the system of interest, plot projected contour plots, and
simulate constant current STM images.

In condensed matter physics, an ab initio approach starts with what is known about
a system - in this case, atoms, their charges, masses, and the quantum mechanical
interactions between them. The behavior of electrons determines the properties of most
materials; unfortunately, in practice, solving the Schrédinger equation for each electron in
a system is a time-consuming task that balloons when increasing complexity of the system.

For example, solving the Schrodinger equation for hydrogen is often performed analytically
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as an early exercise in quantum mechanics coursework. However, solving for helium
requires a computational approach.4 Thus, it is critical to employ methods that efficiently,
yet accurately describe the many-body problem of electrons in complex condensed matter

systems.

3.2 Basic Equations of DFT
In order to describe any system of interacting atoms and electrons, one must refer to
the time-independent Schrodinger equation:
HY(ry, 1 . ty) = E¥(ry, 15, o Ty)

H represents the Hamiltonian operator, E is the energy of the system, and W(ry, 75, ... 7y) is
the many-body wave function containing all information regarding the physical state of the
system composed of N electrons. As the number of particles considered increases, the
complexity of solving the Schréodinger equation increases rapidly. However, some of this
complexity may be reduced by applying the Born-Oppenheimer approximation, which
states that the motion of atoms relative to that of electrons is so slow that atoms can be
considered stationary. This inhomogenous electron gas model is the principle theoretical
representation of all condensed matter and molecular systems: electrons act as a set of
interacting point charges moving through the potential field of a set of static atomic nuclei.

Further progress in solving Schrédinger’s equation can be made by applying two
theorems by Hohenberg and Kohn:4>

* Theorem 1: The external potential of v,,(r) is a unique functional of the electron

density n(r).
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* Theorem 2: The ground state energy can be obtained variationally; the electron
density n(r) that minimizes the total energy is the exact ground state density, where
E[n] = [ v(r)n(r)dr + F[n(r)].

These theorems serve as the foundation for DFT. The first suggests that the
Hamiltonian and, consequently, the total ground state energy can be expressed as a
function of the electron density:

E[n] =TIn] + Vee[nl + Vexe[nl = Flnl + Veye[n]
T[n] is the kinetic energy, V.. [n] is the electron-electron interaction energy, and V,,;[n] is
the energy associated with the external potential v,,(r). The second theory states that if
F[n] is known, then one can use minimization to solve for the exact ground state energy
and electron density. The Kohn-Sham approach references a non-interacting system with

the same energy as the interacting system, as described by:46

E[n] jf n(r)”(r') drdr’ + f ()0 ()

The functional G [n] does not depend on v,,, (1) as F[n] does. G[n] is composed of two
terms: the kinetic contribution from the non-interacting electron gas Ts[n] and the
exchange-correlation energy E,.[n]. By construction, E,. represents the difference
between the exact ground state energy and the sum of the T;[n] and the E[n] — G[n]. By
applying the variational principle, Kohn and Sham derived a set of single-electron
Schrodinger equations, where the set of single-electron wave functions must correspond to

the electron density, and produced the Kohn-Sham equations:

1
—EVZ + Ueff(r) Yi(r) = g1y
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N
D W1 = ()
i=1

The effective potential v, (r) is the sum of the total electrostatic potential and the

derivative of the exchange-correlation energy:

n(@n(r’) ,  0Ex(n]
|[r — 1| Tt on(r)

veff(r) = Uext(r) + f

In DFT calculations, the Kohn-Sham equations are solved self-consistently by first

choosing a trial n(r), evaluating v.¢(r) and a set ¥; (), and then solving for a new n(r).

This process is repeated iteratively until convergence is reached and the total energy is

then calculated as:

N
1 Tl(r)n(r,) aExc[n]
E = € — = || ————— drdr' — E,.[n] — n(r)dr
|

|r — 7’| on(r)

Although this method is exact, in real practice, the exchange-correlation energy must
be approximated because its true functional form is unknown. The exchange-correlation
energy results from the Pauli Exclusion principle, specifically arising from the fact that
electrons with the same spin are separated by a repulsive exchange force. Kohn and Sham
used the local density approximation (LDA) to treat E, . as dependent on a slowly varying

electron density:46

Eyeln] = f n(Fexe(n(r)dr

Although this assumption is not true for surfaces whose electron density exponentially
decreases into vacuum (following the decay of the wave functions), it has produced many
results that quantitatively agree with experimental values for material physical properties,

molecules and adsorbed species.#” Unfortunately, it is weak approximation in some

21



applications, most notably in the estimation of binding energies (overestimating on the
order of 1-2 eV).4849
The generalized gradient approximation (GGA) is considered more robust, and it

treats E,. as a function of both the electron density and the gradient of this density:
Beelnl = [ n(ere(n(r), nr))dr

GGA has its own strengths and weaknesses. For example, it produces erroneous results
when the electron density varies too rapidly.

The calculations presented here were carried out using the gradient-corrected
Perdew-Burke-Ernzhof (GGA-PBE) functional and, following the general standard, do not
account for van der Waals interactions.50>1 It is important to note that the self-consistent

DFT energy represents the ground state energy at zero pressure and temperature.

3.3 Vienna ab initio Simulation Package
Additional progress was made by further developing approximations to make
calculations more computationally feasibly while maintaining accuracy:

* Basis Set - define set of functions that can be linearly combined to constitute
electron wavefunctions. Plane wave basis sets with periodic boundary conditions
were adopted in favor over localized basis sets in order to better represent electron
orbitals.48

* Pseudo-potentials - generally represent an effective interaction and include
Coloumb, exchange-correlation, and other ionic contributions.>2 Psuedopotentials
were derived to simplify the potential felt by valence electrons, accounting only for

the active valence electrons while representing core electrons and atomic nuclei as
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rigid ion cores (Born-Oppenheimer approximation). In 1990, David Vanderbilt
developed ultra soft pseudo-potentials (US PP) that obtained smoother pseudo-
wave functions using much fewer plane waves. US PPs produced accurate
calculations comparable to the previously used, yet computationally demanding
norm-conserving potentials.5354

Developments in DFT, GGA, plane wave basis sets, and US PP led to the development of
the Vienna ab initio Simulation Package (VASP), a commercially available software package
written in FORTRAN by Georg Kresse and Jiirgen Fiirthmuller,*8 and based on software
developed by Mike Payne that also contributed to the development of a similar package,
CASTEP.#* VASP performs theoretical calculations in the framework of DFT and GGA using
the Perdew and Wang exchange-correlation (PW91) functional and the projector
augmented wave (PAW) method or US Vanderbilt pseudo-potentials.>3-5°

VASP applies a self-consistent, iterative scheme that cycles through charge density
optimization and wave function optimization. Beginning with a trial set of charge density
and wave-vectors, VASP will perform sub-space rotation, minimization, orthonormalization
using a Gram-Schmidt method, and an update of the partial occupancies and charge
density, looping until convergence of the estimated free energy is achieved.

The computational work of this thesis implemented VASP 5.4.4, installed on the
Stampede 2 cluster of the National Science Foundation’s (NSF) Extreme Science and
Engineering Discovery Environment (XSEDE). Running a typical VASP calculation requires
four files:

* POSCAR - specifies the initial atomic coordinates and unit cell size.

* POTCAR - describes the pseudo-potential for each element.
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* INCAR - defines calculation parameters and desired algorithms.
* KPOINTS - specifies sampling of the inverse space.

The typical output files of interest are CONTCAR and OUTCAR, which contain
information of the final relaxed geometry of the system and information regarding
convergence, respectively. In addition, the following output files are useful:

* WAVECAR - provides information on the wavefunctions.
* DOSCAR - describes the DOS information for each atom.

* CHGCAR - provides information on the charge density.

3.4 Preliminary Studies

Preliminary exercises were performed on simple systems well studied in the
literature in order to ensure a complete understanding of VASP, its input parameters
(INCAR), and the system of interest. The reproducibility of well-known results confirmed

the reliability of new findings.

3.4.1 Pristine and Single Vacancy Graphene

Theoretical efforts presented in this thesis are focused on catalytically enhancing
the otherwise chemically inert graphene surfaces through impregnation with platinum
nanoparticles. However, first, it is important to confirm the reliability of DFT calculations
on graphene. To start, common graphene-based systems were optimized and their DOS
plots were generated to reproduce results from the literature for pristine, nitrogen-doped,

and boron-doped graphene.5®
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Figure 6: As shown in the density of state plot above, graphene’s unique,
characteristic Dirac cone then shifts lower or higher. (Notably, ripple features
indicate that increased k-points should be used, but for demonstrative purposes,
the computation exhibits the overall linear behavior and shifts expected.)

In addition, preliminary tests were performed on a single platinum atom anchored
on a single vacancy graphene. Calculations settings were tested to see what constraints and
approximations were necessary to obtain good accuracy. As shown in the Table, at some
point, increasing either k-points or energy cutoffs results in an accuracy improvement of
less than 0.02 eV (as seen in the table below), a value represents the resolution limits of

DFT.

k eV ENCUT| eV EDIFF eV

2x2x1|-655.20 450(-654.67||1.00E-05|-654.91

4x4x1|-654.53 500{-654.53||1.00E-06{-654.53

9x9x1|-654.53 550{-654.54|11.00E-07|-654.53

Table 1: VASP results for platinum on single vacancy graphene, varying
parameters for increased accuracy during system optimization.
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Both LDA and PBE were compared. LDA is known to produce results more

comparable to experimental findings for graphene;>7.58 however, PBE is more widely used

in the literature, useful for better estimating binding energies, and accurate at describing

metal nanoclusters.5® When comparing against findings in the literature for predictions of

Pt-C distance and Pt binding energy on single vacancy graphene, better results were

achieved with PBE.
Author
Kong GGA
Krasheninnikov PBE
Tang PBE
Wang PBE
Wang LDA

DOS (no .of states/eV)

Pseudopotential Pt-C distance Binding Energy

1.93 -7.7
1.95 -7.5
-- 7.234
1.94 -7.2
1.91 -8.98

Table 2: Comparison between preliminary results (Wang) with those from
previous studies (Kong, Krashninnikov, and Tang).

Again, DOS plots were generated to reproduce those from the literature.
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Figure 7: Comparison of density of states for platinum adsorbed on a single
vacancy from Tang et. al. (left, thick line) and our preliminary results (right).

Generally, simulations were constructed using a 6 X 6 graphene super cell and

optimized with a 3 X 3 X 1 k-point mesh (over reciprocal space), a 500 eV energy cutoff
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(ENCUT), and an allowed error of 1 x 10~7 in total energy (EDIFF). These parameters are
similar to those chosen for similar DFT studies.t0-64 Electronic information, such as density
of states and charge density plots, use a 9x9x1 k-point mesh to provide enough resolution

to capture important features.
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CHAPTER 4: Revealing the Molecular Structure of Soot Precursors

4.1 Understanding Soot Formation

Reducing the amount of soot in the environment is desirable for many reasons. For
instance, soot particles are believed to adversely affect human health when inhaled.®> Soot
contamination of snow and ice contributes to an average global temperature increase,
while the net effect of soot in the atmosphere is potentially large but less well established.
Thus, there has been a large number of studies over the past fifty years into the
mechanisms of soot formation.t6-68 Of the many processes during soot evolution, starting
with chemical reactions between small molecules and ending with the formation of
sometimes micrometer-sized soot aggregates, it is the crucial step of particle inception that
is perhaps the least understood. One intriguing hypothesis suggests that soot inception is
triggered during combustion when planar polycyclic aromatic hydrocarbons (PAH)
molecules, each containing 20-30 carbon atoms, begin to condense into small clusters.6?
This initial aggregation process is not well understood, yet it is crucial to predicting when
soot forms. The fundamental impediment to progress is familiar to nanoscience: the
arrangement of a few molecules assembled into a small particle can be very different from
that in an easier-to-image macroscopic particle.’® Furthermore, predicting the low-energy
configurations of molecule clusters can be exceedingly difficult, especially if they are
dominated by long-ranged van der Waals or electrostatic interactions.”! A promising route
to progress is to image the PAH clusters and to compare their structure with theoretical

predictions.
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Although transmission electron microscopy has been used to characterize the final
structure of mature soot in great detail,’2 it has not been able to resolve the structures of
the 2-5 nm wide clusters involved in soot inception. Atomic force microscopy’3-76 has
confirmed the existence of small particles in flames and inspired conjectures of the
particles’ internal structure,’7.78 but has not yet imaged them with molecular resolution.

The crucial question about the clusters’ structure is how ordered the molecules are
arranged in them. In particular, is there a preferred orientation of the molecules at their
surface? This knowledge is critical in understanding how additional molecules are
incorporated into the clusters, and thus determines how and when the clusters will evolve
into mature soot. In mature soot, the “primary” particles have an onion-like structure in
which graphitic layers are oriented nearly parallel to the particle surface. It is unknown if
this is also true for incipient soot particles. Recent theories of nanoscale coronene
clusters’? have proposed that the ground state of clusters containing tens of PAH molecules
can be very disordered and bear little resemblance to bulk crystalline structures. Because
of the large number of degrees of freedom, finding the lowest energy configurations of a
few PAH molecules is a daunting problem, even when using simplified intermolecular
potentials.80 Further, the nature of the configurations has been found to depend sensitively
on the details of the intermolecular potential.81 This complexity drives the need for
experimental data on the molecular structure of these clusters.

Our approach to determining the clusters’ structure is to deposit PAH molecules on
a surface where atomic resolution scanning tunneling microscopy can be used to examine
how the molecules move and interact as they form clusters. This low temperature surface

environment is of course considerably different than the 1000-2000 K gas of dilute PAH
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molecules in a flame; even so, we will show that this system sheds insight into the ground
state structures involved in soot inception.

The adsorption of PAHs has been extensively studied on many surfaces.82 Most of
this past work has focused on the interaction of the PAH molecules with the substrate. For
example, determining the strength of their interaction with metal surfaces is important in
understanding catalytic reactions of these molecules. In this work, we focus instead on the
interaction between the PAH molecules themselves, and on how this affects their
aggregation. We chose to study the PAH molecule coronene, C24H12, as its size is
characteristic of the molecular building blocks of incipient soot.68 We conducted our
experiments on Pt(111) and Cu(111) surfaces. Past work has shown that hydrocarbons
interact more strongly with Pt than with Cu,83 so these two substrates were selected to
facilitate gauging the impact of substrate interaction on the cluster geometry.

We find that when deposited on Pt(111) at room temperature, coronene initially
decomposes to form a “soup” of various PAH molecules similar to what might be
encountered in a flame. Molecules deposited on top of this layer form small clusters
containing several coronene molecules. We use density functional theory to explain the
structure and stability of these extremely small clusters. On heating to moderate
temperatures, the clusters gradually increase in size, eventually forming complex
disordered clusters of 20-100 molecules with a shape similar to those that have been
proposed for incipient soot, as discussed in further detail below. Remarkably, very few
coronene molecules at the surface of these clusters are oriented parallel to the surface. In
contrast, on Cu(111), coronene does not decompose, and instead forms an extremely well

ordered monolayer. Diffusion of coronene on top of this ordered layer is so fast that it leads
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to the immediate formation of macroscopic bulk coronene at room temperature. The
structure of the initial clusters could not be observed.

Our experimental approach is to create 3D clusters of PAH molecules by deposition.
3D clusters are not expected to form at submonolayer coverages because hydrocarbons
generally first form a 2D wetting layer on metal surfaces. However, since this monolayer is
likely to be the substrate for subsequent cluster formation, it is important to characterize it

in detail.

4.2 The Molecular Wetting Layer of Coronene on Pt(111)

As described in greater detail in the Methods sections, repeated deposition of
coronene via thermal evaporation achieved increasing levels of sub monolayer coverage on
the Pt(111) surface, and STM imaging verified the adhesion of the molecule to the surface.
Figure 1a shows sub-monolayer coverage of coronene, in which a hexagonal 2D molecular
structure is observed with three ripple-like stripes across it. These stripes are attributed to
rows of benzene rings aligned with the close-packed Pt(111) directions ([-1 1 0] and

equivalent), and these features are consistent with other STM investigations of coronene.84-

87
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Figure 8: (a) STM image of the arrangement of coronene molecules and its
fragments on a Pt(111) surface. Sample bias: -0.1 V; Tunnel current: 400 pA.
(b) STM image of a saturated molecular layer of coronene molecules on a
Cu(111) surface. Sample bias: 1 V; Tunnel current: 100 pA.

Furthermore, STM revealed that some of the coronene molecules decomposed into
fragments, as shown in Figure 8. Comparison with DFT calculations allowed us to identify

these fragments as predominantly triphenylene, pyrene, as well as benzene chains of
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varying length, similar to naphthalene, anthracene, and tetracene. The apparent heights of
these molecules are relatively low (0.15 nm), which show strong binding to the substrate, a
result that is consistent with DFT calculations. Figure 9 shows DFT image simulations of
the PAH molecules on Pt(111). Notice that the simulation of the coronene molecule
centered on a Pt bridge site reproduces the two-fold (striped) symmetry of the
experimental images. Matching the orientation and symmetry of the triphenylene molecule
requires centering it on a threefold hollow site. Occasionally, clusters around 0.5 nm in
height and 2 nm in width, often resembling graphene patches, were observed scattered

about the surface (not shown).

coronene Cy,H;s triphenylene CgH4; pyrene C;Hyp

Figure 9: (top) Structure models of the PAH molecules observed in Figure 8 on
Pt(111), along with the STM image simulations (bottom) generated with DFT by
determining the contour of constant integrated electronic charge density between
the fermi level and 0.1eV below.

As more coronene is deposited, the surface coverage increases and a higher fraction
of coronene molecules remains intact. However, the initially produced fragment molecules
appear to prevent the establishment of any long-range ordering on the surface. In instances
where coronene molecules neighbor each other, as seen in Figure 8a, they typically exhibit

a set spacing of ~1.1 nm from center to center of neighboring molecules, suggesting a
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repulsive intermolecular interaction. This distance is consistent with that measured for
coronene on graphite and MoS: substrates.88 Similar behavior has been previously
observed for both coronene and similar PAH molecules adsorbed on bare metal surfaces
such as Ag(100), Ag(111), and Cu(111).89.90

To examine how much the presence of the substrate affects the evolution of
coronene clusters we deposited coronene under the same conditions onto Cu(111). As seen
in Figure 8b, the coronene molecules self-assemble into a highly ordered two-dimensional
arrangement without any evidence of fragment molecules, consistent with prior
literature.81 We measured the spacing between neighboring molecules to be (1.25+0.1) nm,
which is only slightly larger than the spacing on Pt(111). Unfortunately, deposition on top
of this layer at room temperature immediately created macroscopic coronene crystals that
were visible optically. (Presumably coronene diffusion on top of the ordered coronene
substrate is so rapid that small clusters were not formed or decayed too rapidly to be
observed.) The subsequent discussion of cluster formation thus focuses on experiments

performed on Pt(111).

4.3 Beyond the First Molecular Layer

It is difficult to deduce the exact coverage of the disordered and inhomogeneous
wetting layer. In this paper, we consider the monolayer complete at the inception of a
second molecular layer. The structure of the second and further additional layers, which
lack direct contact with the substrate, should be dominated by PAH interactions. How do
the molecules arrange themselves under these conditions?

Van der Waals interaction favors molecule stacks that maximize contact area.

Typically, PAH molecules can lower the electrostatic repulsion without seriously affecting
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the van der Waals attraction by a shift or rotation that places the hydrogens of one
molecule roughly over ring centers of the other,”! forming “parallel-displaced stack”
configurations. However, as explained by Obolensky et al.’s%2 electrostatic ring model, the
round shape of the coronene molecule renders such shifts or in-plane rotations much less
effective in decreasing the Coulomb repulsion. As a result, T-shaped “edge-to-plane”
configurations, which minimize electrostatic repulsion at the cost of giving up some of the
van der Waals attraction, could become energetically favorable.

Does such interplay between electrostatic and van der Waals forces affect the
coronene multilayers we grow on Pt? Figure 10 shows the typical morphology of 1.1 ML of
coronene. The bright features represent intact coronene molecules residing in the second
layer. Apparently, coronene decomposition is deterred, likely due to the “screening
protection” provided by the first layer. We propose that most of these bilayer
configurations (which appear as protrusions in our STM images) are manifestations of the
two structural motifs discussed by Obolensky,?2 the “parallel-displaced stack” and the T-

shaped “edge-to-plane” configuration.

35



Figure 10: Second-layer configurations of coronene/Pt(111). (a) STM image of
1.1 molecular layers of coronene on Pt(111). Sample bias: -1 V; tunneling current:
200 pA. Light blue arrows mark examples of the “double” structure, orange
arrows highlight examples of the “satellite” structure. (b) and (c) Schematics of
the “doubles” and “satellites”, in which each coronene molecule is represented by
a disk. The color scheme, blue for the negatively charged interior and red for
positively charged perimeter, has been adopted from Forker et al.21 (d) and (e)
Top views of “double” and “satellite” structure, relaxed with DFT.  In the
“satellite” structure, the experimentally observed separation between upright
coronene molecules (as denoted with a yellow arrow) is 1.33 +/- 0.15 nm, while
our DFT calculation predicts 1.4 nm.
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A schematic of the most common bilayer structure (marked by blue arrows in
Figure 103, referred to here as "doubles”, is depicted in Figure 10b. Here, two coronene
molecules, residing in the second layer, stand upright and are stacked slightly offset from
each other in a parallel-displaced manner. (This second-layer dimer thus forms a parallel-
displaced stack.) When such a dimer of upright molecules sits on a flat-lying first-layer
molecule, the three molecules together form an “edge-to-plane” motif, with the second-
layer dimer contributing the “edge” and a first-layer molecule the “plane”.

Another commonly observed structure is the “satellite structure”, marked by orange
arrows in Figure 10a, and shown as a schematic in Figure 10c: A flat-lying second-layer
molecule (the “center”) is surrounded at its perimeter by two to four nearly-upright
second-layer molecules (the “satellites”). Here, the center molecule contributes the edge,
and the upright “satellites” the “planes”. Presumably, the center molecule also participates
in a parallel-displaced stack configuration with a first-layer molecule below. The upright
satellites presumably also contribute the “edge” to “T” joints with first-layer molecules
below. (The latter two assumptions, which cannot be verified because the buried first-layer
molecules are inaccessible to STM, are not crucial for our arguments.)

To test our interpretation of the experimentally observed second-layer features, we
relaxed “double” and “satellite” configurations in DFT, shown in Figures 10d and 10e. Both
structures are found to be at least metastable, and DFT reproduces the stack spacing of
0.34 nm in the “double” and the measured average distance of 1.33 nm between the centers
of the “satellites” (in the “satellite” configuration), corroborating our structure models

depicted in Figures 10b and 10c.
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Continued deposition revealed that the sticking probability of the coronene decreases with
increasing coverage; finally, the coronene surface coverage saturated at approximately 1.3

molecular layers.

4.4 Emergence of Soot Precursors Upon Annealing

All of the surface configurations described above are likely to be governed by the
limited mobility of PAHs at room temperature. At no time did we observe PAHs move on
the Pt(111) surface. In order to make larger clusters further along the path to soot particle

inception, we gradually enhanced surface mobility by slowly heating the saturated surface.
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Figure 11: STM images of coronene/Pt(111) at: a) 70°C, b) 120°C, c¢) 360°C,
and d) room temperature after heating to 540°C (V =-1V, 100 pA, 20 x 20
nm). Yellow arrows point to molecularly-resolved clusters which are
discussed in the text.

We heated from room temperature to 430°C in 10 degree steps before a final 5
minute anneal at 540°C. Slow heating and in situ observation (except for the final anneal)
allowed STM to track the structural reformation. This process took place slowly, and there
were no abrupt changes in the surface structures until the final anneal. The sequence of
STM images of Figure 11, acquired after annealing to 70°C, 120°C, 360°C, and 540°C,
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captures the major steps of surface progression: At the lowest temperature of 70°C, shown
in Figure 11a, more coronene molecules had begun to flip up to form the “double” structure
described previously. The first layer also partially dewets supplying the second layer with
additional molecules. Satellite structures are more difficult to locate, confirming their
relatively low thermodynamic favorability. At 120°C (see Figure 11b), most “double”
structures have gathered into short chains, which occasionally have side branches or are
curled up into compact ~2 nm wide knots. Upon raising the temperature to 360°C, the
coronene chains have extended and no longer exhibit pairing. Rather, these chains have
stacks of coronene similar to first-layer configurations found on Ge(001)°3 which have
merged into a continuous network, depicted in Figure 11c. Neighboring chains often twist
around each other, and more instances of larger, tightly packed bundles appear. At this
point, all isolated “doubles” and “satellite” structures have vanished.

Finally, at around 540°C, the coronene had bunched up into aggregated three-
dimensional super-structures, shown in Figure 11d. These clusters exhibit a grape-like
appearance and are typically 2 to 3 nm wide. Imaging three-dimensional features with STM
is challenging because the surface morphology is convoluted with the shape of the tip,
which often obscures important details of the measured surface structure or produces
“ghost” artifacts. This difficulty is compounded by the poor electrical conductance of
coronene causing the imaging STM tip to approach the surface more closely to maintain a
constant tunneling current, which makes it challenging to avoid destructive tip-sample
interactions.

Despite these obstacles, we were able to image some of the 3D clusters with

sufficient resolution to make inferences regarding their internal structure. Two examples,
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marked by arrows in Figure 11d, are shown at higher magnification in Figure 12 (a,b). The
surface of these coronene aggregates is corrugated—it consists of several sets of ~1 nm
long ridges. The separation between these nearly parallel ridges was measured to range
from 3.5 A to 4 A. Because of the relatively high concentration of coronene observed on the
substrate surface before annealing, we believe that that these clusters are composed
primarily of coronene molecules. The previously observed fragment molecules are possibly
tightly bound to the active platinum surface and thus unable to participate in clustering. By
assigning each of the observed nanoridges to an individual coronene molecule, we
constructed approximate models for the internal structure of the coronene aggregates. In
the model schematics depicted in Figure 12c and 12d, each coronene molecule is
represented by a blue/pink disk 1 nm in diameter. While these model schematics include
only the upper portions of the 3D clusters accessible to the probing STM tip, we assume
similar arrangements of molecules to continue into the central and lower portions of the

clusters.
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Figure 12: Internal structure of 3D coronene aggregates. a) and b) Detailed STM
images of individual 3D coronene aggregates, extracted from the data shown in
Figure 11d. c) and d) Estimated internal structure of these aggregates, deduced
from the ripples seen in a) and b). In these schematics, each coronene molecule is
represented by a blue/pink disk with a diameter of 1 nm.

Key features of the aggregates’ structure are the following. The aggregates are
composed of randomly oriented short stacks consisting of up to 5 molecules each. Within
each stack, the molecules are nearly parallel, however their orientation can gradually
change from molecule to molecule. Within a stack, molecules are slightly shifted laterally,
i.e. within the plane of the molecule, with respect to their neighbors. These small variations
in molecule shift and orientation, consistent with the measured separation between the
nanoridges ranging from 3.5 A to 4 A, allow the molecule stacks to wrap around each other.
Presumably, this flexibility and the variability in stack size facilitates the self-assembly of
randomly oriented coronene stacks into 3D aggregates of the observed rather compact

overall shape.
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All the structural features described above match those of small coronene stacks”4
wrapping around each other as predicted by Totton et al.89 and Pascazio et al.8! for nascent
soot particles. Experimental examination of the detailed structure of nascent soot
generated in flames has not been possible to this date. In order to obtain microscopy
results, the nascent soot particles must be deposited from flame on appropriate substrates.
However, because these particles are liquid-like and weak in structure, they will flatten
upon impact with the substrate, as AFM results by Barone et. al.,’3 Abid et. al.,’* and Schenk
et. al.7576 reveal. Hence, our experimental data represents the most detailed experimental
information to date about the possible internal structure of incipient soot particles.

A notable feature of the coronene clusters observed on Pt is that only a very small
fraction of the cluster-surface molecules is oriented parallel to the surface. This is
dramatically different from mature soot, where the spherical primary particles have an
“onion structure” with almost all benzene rings nearly parallel to the particle surface. This
has important implications for the growth of these particles: When an additional coronene
molecule collides with such an incipient soot particle, it will not be able to simply stack
parallel to an existing coronene molecule. Whether the new molecule is bound strongly
enough to irreversibly attach to the particle and grow it will depend on the energy of “T”

configurations or require the incipient soot particle to rearrange to accommodate it.

4.5 Experimental Methods

All sample preparation was performed in ultra-high vacuum (UHV) conditions in the
low 1071% mbar range. The platinum substrate was prepared through continuous 5 minute
cycles of 1500 eV neon sputtering and annealing at 900°C. The copper substrate was

prepared via similar means, annealing at 300°C. Thereafter, the bare metal surfaces were
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kept at room temperature during deposition of coronene through thermal evaporation of
the molecule at 120°C using a boron nitride thermal effusion cell. Coronene (sublimed, 99
%) was purchased from Sigma Aldrich. For analysis, the sample was transferred to a
variable temperature STM (Omicron), without the interruption of vacuum, and imaging
was performed under 3 X 107! mbar conditions. Low energy electron diffraction and
Auger spectroscopy measurements verified the cleanliness and quality of the sample
surface. Heating experiments were first performed in the STM stage using the heating
element of the sample holder. To anneal to higher temperatures, the sample was then
transferred to the chamber manipulator.

DFT calculations were performed using the Vienna Ab-Initio Simulation Package.?*
All of the calculations were on a (6x6) substrate surface unit cell with three atomic layers of
metal. Optimizations applied a 2 X 2 X 1 k-point mesh, a 700 eV energy cutoff and
structures were relaxed until forces where less than 0.1 eV/A. The optimized van der Waals
functional optB86b>! was used. Dipole corrections were taken into account for both the
local potentials and total energies. In addition, a vacuum length of at least 15 A separated

the slab from cell boundaries perpendicular to the surface.

4.6 Conclusion

In summary, we have used STM and DFT techniques to characterize the formation of
molecular clusters of coronene on Pt(111) and Cu(111) surfaces. On Pt(111), we find that
the substrate initially reacts strongly with the coronene molecules, as shown by the
decomposition of coronene into fragment molecules. We propose that this interaction is
inhibited once a monolayer coverage provides screening protection for subsequent

molecular adsorption. At the bilayer, we observed parallel-displaced coronene pairs that
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assembled into chains, which first grew longer and then wrapped around themselves
forming larger clusters as the surface temperature continued to increase. Upon annealing
to 540°C, the coronene molecules transformed into large 3D clusters that bear strong
resemblance to proposed incipient soot particles. A notable feature of these particles is that
they have the opposite structure to large soot particles: rather than the coronene planes
parallel to the surface, as in mature soot, they are largely perpendicular. This has important
implications about how additional PAH molecules attach and get incorporated into the
growing incipient soot particles. For example, the rate limiting mechanism for the initial
stages of soot growth is likely to be a complex cooperative process as the PAH cluster
evolves, and unlikely to be governed by a single simple barrier to PAH attachment. The
configuration we observe is also likely to be important in soot chemistry - for example soot
oxidation rates are believed to be highly sensitive to the surface configuration.?> While our
observations add credibility to the hypothesis that soot inception can occur via aggregation
of planar PAHs into nanoclusters, additional experiments would be needed to test
alternative mechanisms for the initiation of soot. One hypothesis is that radical sites at the
perimeters of PAHs facilitate their growth into large non-planar molecules.®? It would thus
be instructive to perform similar studies with a variety of PAH and aliphatic molecules,?¢ to
assess how the shape and chemistry of the molecules affect their ability to aggregate into
nanoclusters. Our success in obtaining molecular resolution of coronene clusters suggests
that these experiments are feasible. Successive STM experiments might attempt to

molecularly resolve the structure of flame generated clusters deposited on substrates.”6.77
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CHAPTER 5: Single Atom Pt Catalyst on Modified Graphene Supports

Inspired by visions of achieving the ultimate cost-effectiveness and efficiency in
chemical reactions, this works provides a first principles study of single platinum atom
catalyst. Density functional theory calculations explore the catalytic activity enhancement
of a platinum atom through the use of a graphene support structure. This support structure
is modified via defects and dopants to produce systems commonly observed during
chemical vapor deposition graphene growth; specifically, pristine, single vacancy, and
pyridinic N-doped graphene are compared. This work evaluates the stability of the single
atom by characterizing the interaction of Pt atoms at neighboring stable sites and the
tendency towards clustering. Finally, the electronic structures of Pt on single vacancy and
pyridinic N-doped graphene are compared and used to provide insight into the catalytic
oxidation of CO. Results suggest that pyridinic N-doped graphene is a promising candidate

to support a single Pt atom as a catalyst for enhancing CO oxidation efficiency.

5.1 Towards Single Atom Catalysis

Supported noble-metal catalysts - such as platinum, gold, and palladium - are
popular in industry due to their high activity and selectivity for a wide range of chemical
reactions. Applications include chemical transformation, energy conversion, and
environmental remediation.?’-103 However, no matter its size, a catalyst always interacts
with reactants with its surface-most atoms; consequently, any atoms that inaccessible in
the metal bulk are largely wasted. Inspired by visions of ultimate cost-effectiveness and
efficiency in chemical reactions, numerous studies have explored the promise of reducing

the standard catalyst - platinum - down to a single atom.104-109 [n this pursuit, graphene is
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a promising support structure due to its naturally high surface area and chemical inertness.
However, the support must interact with the catalyst in a way that stabilizes it and
promotes resistance to poisoning. The strong interaction between vacancies and dopants
with metallic impurities addresses these issues as well as significantly influences the
electronic and chemical properties of graphene, transforming the inert graphene into a
very active catalyst. For example, gold, copper, and iron-embedded graphene systems have
been predicted to catalyze the CO oxidation reaction.110-112 Building upon these successes,
the work presented here investigates the ability to stabilize clusters of few atom Pt down to
a single atom and compare relative catalytic activity through the use of dopants and defects
in the graphene lattice.

Pt is chosen because it is the most commonly used catalyst. Prior theoretical and
experiments efforts demonstrating the controlled deposition, tunability, and catalytic
activity of Pt via modification of graphene-based support structures.113-117 However, it is
well known that Pt and other metals tend to form clusters on pristine graphene
surfaces,118119 and so the methods address this issue by evaluating the tendency towards
clustering when Pt atoms neighbor each other at stable sites. First, Pt on graphene is used
as a control system assess the viability of this model. Second, this model is used to assess
the stability of Pt on single vacancy and pyridinic N-doped graphene (SVG and PNG,
respectfully), both of which are often produced through common graphene synthesis
procedures such as chemical vapor deposition. Finally, the electronic structure and
catalytic ability of these systems are evaluated; specifically, the catalytic oxidation of CO is
used as a test case. Results suggest that Pt1/PNG is a promising candidate for enhancing CO

oxidation efficiency.
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5.2 Computational Methods
The Vienna ab initio Simulation Package (VASP) implementation of density
functional theory was utilized to perform all calculations presented here.48120 Projector
augmented wave (PAW) potentials describe the ion cores; exchange and correlation terms
are described via the Perdew-Burke-Ernzerh functional. All simulations apply a (6 x 6)
graphene supercell with a vacuum layer of 15 A. Kinetic energy cutoff for the wave
functions in all the calculations is 500 eV. Brillouin zone sampling is done using the
Monkhorst-Pack technique with a 5 x 5 x 1 grid for relaxation and a 9 x 9 x 1 grid for
density of states calculations. Structures were relaxed until the force on each atom was
smaller than 0.02 eV/A. Binding energy Ej is defined with the expression:
Eg = Ep_g—E;g—Ep
where E,_;, —E; and E,, are energies of the adsorbate on modified-graphene full system,
the free-standing modified graphene, and the metal adatom, respectively. Charge transfer
between adatom and graphene are visualized via charge density difference plots using
VESTA 3 software.121 Charge difference is defined via the expression:
An(r) = np_g(r) —ng(r) — np(r)

where n,,_4, —ng and n,, are charge densities of the adsorbate on modified-graphene full
system, the free-standing modified graphene, and the metal adatom, respectively.

Finally, nudged elastic band (NEB) measurements were performed using VASP
Transition State Theory (VTST) tools developed by Jénsson et. al. 122123 and maintained by

Henkelman et. al.124-126
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5.3 Establishing Binding Sites on Graphene Surfaces

First, in this work, stable atomic arrangements and electronic structures of small
ensembles of Pt atoms are investigated on pristine graphene surfaces and those modified
with vacancy defects and dopants. All geometric optimizations and electronic structure
calculations have been carried out through the spin-polarized density functional theory
(DFT) calculations as implemented in the Vienna ab initio simulation package
(VASP).4894120 The systems investigated are shown in Figure 13, specifically (a) Ptn clusters
(n =1,2,3) relaxed in vacuum and the substrate supports that include (b) pristine graphene
(PG), (c) single vacancy graphene (SVG), and (d) pyridinic nitrogen-doped graphene (PNG).
In the last case, a carbon double vacancy in the graphene lattice reconstructs in the
presence of a nitrogen dopant, breaking the 6-fold lattice symmetry and forming a
“pyridinic nitrogen” configuration of 6 and 5 element rings. This last structure is commonly
observed in scanning tunneling microscopy (STM) investigations of nitrogen-doped
graphene systems.127-129 When examining variations in catalytic activity as a function of Pt
cluster size and electronic structure of graphene supports, it is also important to
investigate the stability of clusters from trimers down to a single Pt atom on graphene. The

most efficient use of Pt would be to stabilize a single atom with high catalytic activity.

49



Figure 13: Optimized DFT models of: (a) platinum clusters of 1, 2, and 3
atoms in size relaxed in vacuum; (b) pristine graphene; (c) single vacancy
graphene; (d) pyridinic N-doped graphene

One of the major roadblocks in implementing single atom catalysis is that even if
single atoms are deposited on a substrate, these isolated atoms often prefer to migrate on
the surface and eventually aggregate into clusters.118119 The potential of migration and
cluster formation must be addressed in order to assess the true viability of single atom
catalysis. The methods presented here attend to this issue by considering cluster formation
via interaction between nearby Pt, each at neighboring stable sites. In the case of a single
adatom on PG, there are three possible adsorption sites: top (directly sitting above a
carbon atom), bridge (located above a carbon-carbon bond), and hollow (which is at the
center of a hexagon in the carbon honeycomb lattice). These sites are highlighted in Figure
13b and labelled B, T, and H, respectively. Binding energies (Ep) are calculated to
characterize the stability of Pt at sites of interest on the graphene substrates and
demonstrate that the most stable position for a Pt adatom is at the bridge site, shown in
Figure 14a, having an Es of -1.53 eV and a dp.c of 2.1 A, which is in accordance with
previous reports.61.130-132 The top site is nearly just as favorable, with an Ep of -1.69 eV, and
the energy barrier for Pt to migrate between two neighboring bridge sites by passing

through a metastable top site is determined to be only 0.16 eV. At room temperature, this
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corresponds roughly to a Pt atom hopping 20 times every second,!33 which means that Pt
migration must be accounted for in any practical implementations.

Therefore, to evaluate the stability of a single atom, one must compare the Es of
adding adatoms to form a larger cluster with that of a single adatom. The evaluation of
determining if there is a preference for forming a Pt dimer begins with the optimized single
atom configuration and considers all symmetrically equivalent neighboring stable sites
(top and bridge) in the honeycomb lattice as well as the site directly atop the original Pt
atom as viable locations to add a second Pt atom. For trimers, this process is repeated on
the optimized dimer configuration.

When considering two Pt atoms, the Ep and distance to the substrate both increase
to -2.19 eV and 2.22 A, respectively, suggesting that the increase in Ep results from Pt-Pt
interaction rather than Pt-C interaction. The addition of a third Pt atom further increases
the Ep of the overall cluster to -2.88 eV/atom while the Pt-C distance remains the same
(2.22 A). These findings are summarized in Table 1 and in accordance with the literature
130-132 gnd indicate that Pt prefers to cluster on PG and is stabilized with interactions with
other Pt atoms, rather than solely interacting with the graphene substrate as an isolated
adatom. These results show PG is unsuitable for anchoring isolated Pt and facilitating single
atom catalysis; more importantly, they establish a methodology useful in evaluating other

substrates.
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Pt; Pt Pt3

Es dpi-c Es dpi-c Es dpi-c

PG -1.53eV | 2.10A | -2.19eV | 222 A | -2.88eV | 2.22A

SVG 7.10eV | 1.94A | -536eV | 1.95A | -482¢eV | 1.97A

PNG -4.89eV | 1.94A | -431eV | 1.96A | -414eV | 1.98A

Table 3: Binding energies and Pt-C distance for Pt, clusters PG, SVG, and PNG.

5.4 Single Vacancy Graphene

Conversely, this methodology affirms the potential of SVG as a support structure for
single Pt atoms, so long as there is a high enough vacancy density on the surface such that
every Pt atom can be accommodated. Indeed, SVG substrates have been observed in the
literature to support catalytically active metal nanoclusters.134135> The trapping ability of
that vacant site for the SVG system is reflected in the large Es, -7.10 eV. Charge density
difference plots provide insight into this high Ez by observing the spatial redistribution of
charge density as an adsorbate binds to a substrate surface by subtracting the
superposition of the respective charge densities of the individual adsorbate and the
substrate. As shown in Figure 15, the presence of vacancy defects in the graphene
honeycomb lattice provides dangling bonds which induce charge on adjacent C atoms and
influence these electron deficient atoms to stabilize themselves by bonding with Pt. For a
single Pt atom on SVG, the adsorbate binds to the vacant site, shifting out of plane from the
honeycomb lattice by a height of 1.03 A due the atom’s size mismatch.6062136 Upon
increasing the cluster size to two or three atoms, a single Pt atom anchors the rest of the

cluster at the defect site and dpr.c hardly changes. For the dimer and trimer Pt, the Es
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decreases to -5.36 and -4.82 eV, respectively. These values, shown in Error! Reference
source not found., are in accordance with that from the literature 13> and suggest that Pt
atoms would each prefer to find separate vacancy sites rather than cluster together at one
vacancy site, explaining the stability of Pt1/SVG.

It is important to note that ability to isolate Pt atoms on SVG is coverage
dependent.137 If the number of graphene vacancies is less than the number deposited Pt
atoms, then clustering will occur. In the calculations presented here, the graphene cell size
is (6x6), simulating one defect per 71 C atoms and an atomic ratio of roughly 3% and 4% Pt
to C for the dimer and trimer cluster, respectively. Results suggest that an atomic ration of
<1.4% Pt to C must be maintained in order to preserve the isolation of Pt atoms (see
Supplementary Information for further detail).

When examining potential for promoting chemical reactions of this Pt1/SVG system,
density of states (DOS) plots allow for the comparison of electronic structures between
new systems of interest and well-established catalysts. For example, Pt is a well-known
catalyst often used for industrial applications; yet, an abundant amount of research has
shown that only atomic sites of specific coordination participate in enhancing reactions.
138-140 [n the search for the ideal single atom Pt catalyst, it is therefore important to
recreate the electronic structure of these useful sites. As observed in Figure 15, the
broadened Pt states overlap with the total DOS lying around the Fermi energy, an
indication of strong hybridization between the Pt and the neighboring C atom.141 The d-
orbitals of the Pt atom provide occupied states 0.46 eV below the Fermi energy, which
other studies have shown allows for weak CO adsorption and facilitates the Oz adsorption,

enhancing the catalytic activity for CO oxidation and methanol oxidation.105. 63
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Figure 15: Charge maps (a), charge density difference plots (b), and DOS plots
(c) for a Pt atom adsorbed on SVG. The charge maps are plotted in units of
e/Bohr’. In the charge density difference plots, yellow and blue represent charge
accumulation and depletion, respectively. The DOS plots reflect the number of
states/eV for the total DOS of the system, where the Fermi level is set to 0 eV.

5.5 Pyridinic N-doped Graphene

Although there are numerous theoretical studies exploring properties of Pt on PG,
SVG, and N-doped graphene surfaces, adatom properties on N-doped pyridinic
configuration has been less explored.142143 Surprisingly, PNG is the structure commonly
observed in STM investigations of nitrogen-doped graphene systems.127-129 Furthermore,
X-ray photoelectron spectroscopy studies have identified PNG as highly catalytically
active.144145 It has been reported that the presence of pyridinic-N influences the local
electronic structure, increasing the density of m states near the Fermi level and lowering
the work function.#6 For these reasons, PNG is a promising substrate to consider for single
Pt atom catalysis, and results here show that it is also a suitable candidate for stabilizing
the single Pt atom. As shown in Table 1, the addition of Pt atoms decreases Es and
increases dpetc. Rather than clustering, the Pt atoms prefer to distribute themselves
amongst separate PNG sites.

For PNG, the nitrogen contributes more than is reciprocated by the adjacent
carbons, which use an sp3-hybridized orbital to bond with the N atom due to the resulting

underutilization of its 2pz orbital.147 In the case of Pt1/PNG, the N and Pt insert themselves
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into the two carbon vacancies, sinking in plane and reforming the honeycomb lattice. As
seen in Figure 16 a and b, excess charge from the nitrogen weakly interacts with the Pt,
which instead strongly attracts to the dangling bonds of the neighboring carbons. resulting
in an Es of 4.89 eV. Although this value lower than that for the SVG case, the dp:c bond
length is the same for both supports, indicating the favorability of reconstructing the
honeycomb lattice.

The addition of the dopant N atom strongly influences the electronic structure,
which deviates greatly from that for SVG. The resulting system is magnetic with occupied
states on the down spin 0.15 eV below the Fermi level and on the up spin 0.31 eV above the
Fermi level (Figure 16 c). These occupied states and the spin splitting are unique, and
combined with the high stability of the isolated Pt atom, make the Pt/PNG system an

interesting system to investigate for potential catalytic activity.
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Figure 16: Charge maps (a), charge density difference plots (b), and density
of states plots (c) for a platinum atom adsorbed on pyridinic N-doped
graphene. The charge maps are plotted in units of e/Bohr3. In the charge
density difference plots, yellow and blue represent charge accumulation and
depletion, respectively.

5.6 Investigations of Chemical Activity
The catalytic activity of Pt/PNG has already been demonstrated for the hydrogen

evolution reaction in which Hz dissociates through charge donation via the Pt atom.148
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Additionally, results here suggest that the Pt/PNG system is also catalytically active for the
oxidation of CO into CO2. For this optimized structure of Pt1/PNG system, the adsorption
geometry and the energetics of the following gas molecules were investigated Hz, Oz, H20,
CO, and CO2. The study of these molecules facilitates the investigation of hydrogen
evolution and carbon monoxide oxidation reactions, which are chosen for their simplicity
and popularity in the literature.?714° Minimizing the total energy, the most stable
adsorption geometry of each gas molecule on the single Pt adatom was determined. Similar
gas adsorption studies have been previously performed for Pt/SVG.63150 In this work, the
Pt/PNG system is specifically of interest. The binding energies of each these molecules are
summarized in Table 4, where the binding energy E, 4, is defined as
Eqqs = E(g/Pt/PNG) — E(g) —n X E(Pt/PNG)

Where n represents the number of platinum adsorbate atoms in the system and
E(g/Pt/PNG), E(g) and E(Pt/PNG) are energies of the gas molecules adsorbed on

Pt/PNG, the free gas molecule in vacuum, and the Pt/PNG system, respectively.

Binding
Energy (eV)
H> -1.484
0)) -1.533
H>O -0.345
CcO -1.819
CO2 -0.559

Table 4: Binding energies of molecules to Pt/PNG.
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Many adsorption sites were tested to determine the most stable configuration for
each adsorbate. Comparing these energy values reveals that the Eads for CO and O: is
relatively high compared to that for CO2, which suggests the possible enhancement CO to
CO2 conversion. CO and Oz molecules adsorb about 2 A away from the Pt atom. After
adsorbtion, the C-0 bond length is almost the same as that of an isolated CO molecule in
vacuum; in contrast, as shown in Figure 17a, Oz adsorbs to the Pt atom parallel to the plane
of the graphene. Eads is 1.53 eV, and charge is donated to the molecule, increasing the bond
length from 1.24 A to 1.44 A. This elongation occurs due to the electronic charge transfer
from the Pt atom to the 2m* orbital of O2. However, from the energetic point of view,
adsorption of the CO molecule to Pt1/PNG is preferred over that of the O2 molecule.

These energy and length values are similar to that for Pt/SVG, a system which has
been predicted to catalyze CO oxidation via the Langmuir-Hinshelwood mechanism.®3 It
would therefore be interesting to see if Pt/PNG can also facilitate this reaction. The limiting
step in the reaction is the dissociation of the oxygen dimer, which is found here to have a
prohibitively high dissociation energy of 6.66 eV, in accordance with the literature.l>!
However, in weakening the Oz bond, this dissociation energy is decreased to in the
presence of the Pt1/PNG catalyst. The CO oxidation reaction pathway may be traced using
the nudged elastic band method, as shown in Figure 17b. The initial state (IS) is composed
of a CO molecule in the presence of Oz adsorbed to the Pti/PNG. Throughout the reaction,
one of the oxygen atoms begins approaching the carbon atom of CO, eventually forming the
transition state (TS) with an energy barrier of 0.36 eV, where the 0—O bond is elongated
to 1.67 A and a peroxo-type 0-0-C-0 complex is formed over the Pt atom. Afterward, the

0—O0 bond dissociates entirely, allowing the CO2 molecule to release entirely, which drops
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the energy of the system by 3.49 eV. The 0.36 energy barrier for the reaction is a modest

one and comparable to the 0.31eV energy barrier determined for the Pt1/SVG system.
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Figure 17: a) The density of states projected for different atoms are found

with the Fermi level (placed at 0 eV) for Pt1/PNG. b) Optimized structures of

CO oxidation on the Pt1/PNG demonstrate the LH reaction including the

initial state (IS), transition state (TS), and final state (FS). Red, brown, and

white balls represent oxygen, carbon and Pt atoms, respectively.
5.7 Conclusion

DFT methods have been applied to investigate the feasibility and catalytic activity of

single atom Pt on pristine, defected, and doped supports. The different graphene substrates
can influence the stability of the single Pt atom, modify its electronic structure, and result
in varying catalytic activities. This work has identified a novel catalyst consisting of a single
Pt atom on pyridinic N-doped support. The Pt-C covalent bonding of the adsorbed Pt atom
at the vacant site of the honeycomb lattice is responsible for the strong binding and
stabilization of the single Pt atom on the PNG substrate. The Pt/PNG exhibits high catalytic
activity for CO oxidation with a modest energy barrier of 0.36 eV. Compared to other

support system such as carbon sheets, the Pt/PNG system offers itself as a prime candidate

for atomic scale catalysis, specifically CO oxidation, providing a new alternative for lower
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cost and higher efficiency reactions as well demonstrating the tunability of defected

graphene as a support structure for catalysis.
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CHAPTER 6: Bijel-templated 3D Graphene Architectures

Graphene is an atomically thin material composed solely of carbon, and it exhibits
excellent properties such as high electrical and thermal conductivities, large specific
surface area, and excellent stability.152-154 Furthermore, graphene’s flexible two-
dimensional geometry and high mechanical strength allows for the creation of free-
standing structures with high surface area such as graphene nanotube networks, foams,
and aerogels.155-160 Sych structures are promising for applications such as electrochemical
energy storage, hydrogen storage, catalysts and the creation of meta-materials; even so,
many three-dimensional graphene (3DG) systems are randomly constructed architectures,
which suffer from reduced analyte flow due to tortuous transport, blocked channels, or
otherwise inaccessible geometries that can negatively affect the originally promising
characteristics.161 Various attempts have been made to overcome these issues, but each
come with their own drawbacks. While photolithography offers great control over 3DG
structures with regular patterns of various geometrical shapes, the complexity of the
lithography techniques required limits the throughput of such structures to thin layers of
<50 um.162 The use of dealloyed metals has produced porous graphene with 0.1 - 2 pm
pores,163 and commercial metal foams easily produces pore sizes in the hundreds of pm.164-
166 However, controlled pore distributions between 1-100 pm has not been reliably
demonstrated; as an example, Li et. al. demonstrated controlled pore sizes <100 pm but the
original morphology could not be preserved for the final freestanding graphene system.18

The use of bicontinuous interfacially jammed emulsion gels (bijels) may provide a
pathway to addresses many of these issues. Bijels are soft materials formed through

arrested spinodal decomposition of a ternary liquid-liquid-colloid mixture; they are
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notable for their node-free open-pore morphologies and tunable pore size
distributions,167.168 resulting in an internal macrostructure composed of kink-free
pathways.169-172 Moreover, the self-assembly of bijels naturally forms a minimal surface
area geometry with uniform domain size, negative Gaussian curvature, and vanishing mean
curvature, resulting in an internal architecture that is predominantly composed of saddle
points at the internal surface sites.173 The work herein applies a bottom-up fabrication
approach using bijels as sacrificial templates for nickel deposition and subsequent chemical
vapor deposition (CVD) growth of graphene. Upon removing the nickel backbone, the final
product is a freestanding bicontinuous macroporous 3DG (Bi-3DG) with properties
characteristic of both bijels and graphene. To our knowledge, these structures are the first

implementation of graphene into a minimal surface area geometry.

6.1 Fabrication of Bi-3DG

Bicontinuous three-dimensional multilayer graphene architectures (Bi-3DG) are
fabricated using chemical vapor deposition (CVD) of methane on a sacrificial Ni scaffold.
The Ni scaffold is formed via electroless deposition of Ni on a polyethylene (glycol)
diacrylate (PEGDA) bijel-derived template, which provides the porous bicontinous 3D
architecture. Bijels are formed by jamming of colloidal silica particles (500 nm diameter) at
the interface between immiscible water and 2,6-Lutidine phases under conditions where
spinodal decomposition occurs. PEGDA templates are derived by infusing the mixture with
a photoactive monomer (PEGDA) that preferentially mixes with 2,6-Lutidine, followed by
UV exposure to polymerize PEGDA. The remaining liquid phases are drained and silica

particles are removed with hydrofluoric acid. Electroless deposition of Ni in a 20 mM nickel
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chloride hexahydrate plating solution for 75 minutes produces a Ni coating with an
approximate thickness of 1 um throughout the bijel template.174

The Ni/PEGDA template is subsequently sintered for 4 hours at 300°C and 4 hours
at 500°C in air to remove PEGDA and then annealed at 450°C for 8 hours in a reducing
environment of 10% Hz in Ar, resulting in a metallic Ni scaffold. In the next processing
stage, CVD is performed at 900°C in a tube furnace with methane as a precursor to grow
graphene on the Ni scaffold.175>-177 Finally, the Ni backbone is etched in a 1M solution of
FeCls to produce a free-standing Bi-3DG. Figure 18 a-d shows the schematic of the growth
steps alongside optical images of the (a) PEGDA template, Ni scaffold (b) before and (c)
after CVD, and finally (d) the Bi-3DG alongside a ruler to show the macroscopic length

scales.

Nickel deposition Graphene growth Nickel etch

e oy SR -

Figure 18: Schematic depicting the Bi-3DG synthesis process. (a) A PEGDA
bijel template is (b) coated with a Ni film via electroless deposition. The
Ni/PEGDA bijel template is sintered/reduced and then used as a scaffold for (c)
CVD graphene growth. Finally, the (d) Ni backbone is etched away in an FeCl3
solution. Below each schematic, an optical image of the macroscopic structure is
shown alongside a ruler. The bijel template length in (a) is 0.25 inches.

SEM images, as shown in Figure 19Error! Reference source not found. a-c for the

stages of Ni deposition, CVD growth, and Ni etch, respectfully, confirms the preservation of
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the bicontinuous morphology with approximately 30 um sized pores and demonstrates the
capability to grow graphene-based bijel structures. A red circle in the images highlights the
same feature on the surface to indicate the images were acquired in the same region. Due

to difficulties in mounting the non-planar sample, SEM images show changes in perspective

due to tilt/rotation of the sample itself.

Figure 19: SEM images of a bijel-templated sample (a) after sinter and reduction
of electrolessly-plated Ni, (b) after CVD growth of graphene at 900°C on Ni
scaffold, and (c) after FeCl3 etch of Ni to form Bi-3DG structure.

To track the compositional changes in the system after each stage of synthesis,
chemical analysis is conducted using XPS. As shown in Figure 20 a, the signature Ni 2p peak

at 852.6 eV is observed after electroless deposition and remains after CVD growth. The Ni
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2p peak is not observed after etching in FeCls, which is the step used to remove the Ni
scaffold. XPS spectra in the region of the C 1s peak is shown in Figure 20 b. A small C 1s
peak is observed before CVD graphene growth is performed, likely due to residual C
remaining from the PEGDA template after the sintering step. Unsurprisingly, the C 1s signal
increases after CVD growth. The location of the C 1s peak location shifts closer to 284 eV

after CVD growth and is consistent with sp2-hybridized (graphitic) carbon.178
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Figure 20: XPS spectra of the (a) Ni 2p peak and (b) C 1s peak on the Ni
scaffold (blue curve), after CVD growth (red curve), and forming a Bi-3DG after
FeCl3 etch (gold curve). Representative Raman spectra (c) taken after CVD
growth (red) and etch (gold).
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However, to better confirm the presence of graphene, measure its quantity, and
asses its quality, Raman spectroscopy measurements were also performed after CVD
growth as well as after etch in FeCls to further assess the chemical environment of C in the
3D structure. The data is plotted in Figure 3c and the two most intense features observed
are located at the 1580 cm-! and the 2700 cm-, referred to as the G band and 2D band,
respectively. It is generally understood that the intensity ratio 2D /G qualitatively gauges
the extent of layer-layer interaction in graphene systems.17? For instance, as the number of
graphene layers in a system increases this intensity ratio decreases, with the exception that
turbostratic graphite displays a high intensity ratio despite its multilayer nature due to
rotational disorder decreasing the interlayer coupling!89-182, To lend more insight into the
stacking order, it is useful to look toward the shape of the 2D peak as well. With additional
layers, the 2D peak broadens, and turbostratic graphite displays a 2D full-width at half
maximum (FWHM) that is approximately double that of single-layer graphene181.182, By
analyzing changes in both the width of the 2D peak and the 2D /G intensity ratio, we
compare the quality of graphene films at different processing stages.

Raman spectra were taken at approximately 30 distinct points on each sample, and
histograms for the measured 2D FWHM and the 2D/G ratio are shown in Figure 21. It is
seen that the graphene film on the Ni scaffold (a and b) displays a broad range of values for
the 2D FWHM, from 20 cm1 to 70 cm1, and similarly there is a broad distribution of
intensity ratios between 0.1 and 3. These findings are consistent with spatial variations in
the stacking behavior of the graphene films produced on Ni substrates.183 The number of
counts with a FWHM near 60 cm ! implies the presence of many rotationally misaligned

graphene sheets, whose weak interlayer coupling is also reflected in the intensity ratio
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histogram where we see the distribution centered near 1 rather than the lower intensity
ratio we would expect from closely-stacked multi-layer graphene.

Figure 21 c and d show the 2D FWHM and intensity ratio for the system after
etching the Ni backbone away. The distribution become much sharper around the peak at
60 cm1 which indicates a higher degree of spatial uniformity. The smaller peak remains at
35 cm-1, which is consistent with the presence of regions with a large mismatch angle
between graphene layers.184 The general decrease in counts with low 2D FWHM shows that
the graphene films are, in general, stacking more closely, and there are fewer points that
resemble freestanding graphene (i.e. with a FWHM near 20 cm-! and a high intensity ratio).
This is supported by the intensity ratio histogram, which shows a clear decrease in the
average intensity ratio. This change in stacking is attributable to the removal of the rigid

support, since its removal allows the graphene layers to relax and settle more freely.
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Figure 21: Probability density histograms showing results of Raman
spectrum analysis. The measured values for the 2D peak FWHM and the
intensity ratio 12D/IG are shown for (a and b) the graphene-modified Ni
scaffold and (c and d) Bi-3DG.

In order to examine the atomic structure of the Bi-3DG system via scanning
tunneling microscopy (STM), two-dimensional analogues (2DG) were produced using
electroless deposition of 1um thick Ni films onto modified SiO2 surfaces followed by CVD
graphene growth. Figure 22 a and b show low-voltage SEM images after CVD growth on a
3D and 2D sample respectively, respectively. Ni grains in the size range of 1um - S5pm are
observed in both images. Additionally, regions of various contrasts are visible, and
previous studies have suggestedthese regions may correspond to different graphene
domains.185 As shown in Figure 22 ¢, Raman measurements of the Bi-3DG and 2DG exhibit
similar spectra. These spectra resemble single-layer graphene with their low FWHMs and

high intensity ratios, but single-layer graphene should interact strongly with the Ni
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substrate and suppress the signature graphene modes. 183 Histograms showing the trends
for the 2D FWHM and intensity ratio as measured using Raman spectroscopy are shown in
the Supplementary Information. Variations in the spectra correspond to varying degrees of
interlayer coupling due to rotational misalighment and geometrical variations, and are not
purely due to variations in layer number. 186187 Qverall, these histograms resemble the Bi-
3DG system (after the Ni scaffold is etched), with a FWHM distribution centered near 60
cm1, and a 2D /G intensity ratio distribution centered near 0.6. The similarity between the
two sets of histograms indicates that the 2D system has graphene layers that are already
stacked in an energetically favorable fashion; they do not need the removal of the rigid
substrate to relax their structure. These histograms indicate that the 2DG is a simplified

system which has graphene films that resemble that of Bi-3DG.
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Figure 22: (a,b) Low voltage SEM image of Bi-3DG and 2DG after graphene
growth. (c) Average of Raman spectroscopy maps taken for both the 2DG
analogue and Ni-Bi-3DG show comparable intensity ratios between 12D and IG
peaks.

When 2DG is characterized with STM, various Moiré patterns are visible on the
surface. A typical STM image is shown in Figure 23, in which regions with three different
Moiré patterns are highlighted in white boxes (labeled a,b, and c) and Fourier transforms
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of these three regions reveal bright spots indicative of low frequency periodicity. The large
domain (Figure 23 b) exhibits two different Moiré patterns in its Fourier transform, which
suggest an incommensurability with regards to two rotationally different graphene
domains, both of which exist immediately below the uppermost surface layer. The Moiré
pattern for Figure 23 a represents another graphene domain that is rotationally distinct
from its neighbor, and a clear defect boundary demarks the transition from one domain
into the other. The variety of rotational domains observed suggests decoupling between
the graphene layers in the system. Additional faint boundaries can be seen in the large
domain, suggesting the presence of deeper sub-surface graphene layers. Although it is
uncertain how deep these layers are, the fact that the visible Moiré patterns appear
independent of these boundaries suggests that overall, the graphene layers are decoupled
from each other and the nickel film, resulting in pseudo-freestanding graphene.

These findings are consistent with that of similar studies that investigated the
growth behavior of graphene on polycrystalline Ni.188 Domains of polycrystalline Ni are
randomly oriented on the macroscopic scale, and some possess the same facets as Ni(111).
During CVD, the formation of graphene is inhomogeneous over a surface, because of the
competing mechanisms of Ni(111) surface-catalyzed growth,18? diffusion of C atoms into
the bulk Ni, segregation of C to the surface, and graphene nucleation at the grain
boundaries where different crystal orientations with different segregation abilities coexist.
As such, graphene grains may connect with or grow over each other, resulting in multilayer

graphene with rotational disorder and weak interlayer interactions in the final system.
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Figure 23: 50 nm X 50 nm STM image of a 2DG analogue (Iset = 0.4 nA,

VGAP =400 mV) of graphene on EN. Fourier transforms are taken in three
regions displaying different Moire patterns.

6.2 Combining promising material and structural properties

The main promise of Bi-3DG lies in the ability to combine the favorable material
properties of graphene with the favorable structural properties of the bijel’s minimal
surface area geometry.

For porous structures, surface area generally increases with a reduction in pore size.
Compared to similarly-sized macroporous materials, bijels exhibit relatively high surface
areas due to the accessibility of their interconnected pathways, and this value should

increase for Bi-3DG. In general, carbon materials with high SSA are desired in applications
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such as the development of next-generation batteries or hydrogen storage.190.191 The BET
method using N2 adsorption was utilized to measure specific surface areas (SSA). Results
determined SSAs of 6.42 m? /g before CVD growth, 14.03 m? /g after growth, and 526.60
m? /g after FeCls etching. The initial increase in SSA after CVD growth is attributed to the
extra surface area of the multilayer graphene. The high SSA in the final Bi-3DG system
indicates the successful synthesis of a high surface area light weight material with non-
tortuous pathways derived from the bijel structure. The analysis also confirms that effects
such as graphene re-stacking and pore collapse did not significantly reduce the accessible
surface area.192.193

As another test of the synergistic nature of Bi-3DG, mechanical properties were
evaluated through performing uniaxial compression on punchout sample (0.8 mm in
diameter and 2.25 mm tall) whose density was measured to be a 119 mg/cm3. Several
loading cycles were used estimate roughly 4.9 MPa as Young’s modulus, which was 5x
higher than that for the PEGDA bijel.1°4 The density to Young’s modulus ratio, 3.9 kPa-cm3/
mg, of the Bi-3DG is the high amongst the reported value for graphene foam architectures,
attesting to the successful, synergistic incorporation of the graphene into bijel’s

architecture.127,195-200
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Figure 24: Strain vs. stress curve for the Bi-3DG sample under cyclic loading of

incresing strain. The Young's modulus is measured to be about 4.9 MPa. Inset

shows a picture of the test setup.
6.3 Conclusion

The work demonstrates the successful fabrication of Bi-3DG architectures through
the use of bijels as sacrificial templates. SEM, XPS, Raman, and STM are used to characterize
each fabrication step and confirm the successful incorporation of graphene into the bijel
structure. The final product exhibits properties characteristic of both bijels and graphene,
such as high surface area and high mechanical strength, as measured by the Young's
modulus to density ratio. These characteristics make the Bi-3DG suitable at a stable
catalytic support structure. Moreover, there is still room for improvement for the Bi-3DG,
for example through the enhancement of the surface electronic structure via dopants or

through development of higher quality graphene through the use of a metal alloy backbone

during CVD growth.
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CHAPTER 7: Conclusion and Future Work

From both a theoretical (DFT) and experimental (primarily STM) perspective, this
thesis has explored aromatic carbon materials, starting with a small aromatic molecule, the
PAH coronene, and ending with the largest aromatic crystal, graphene. Similar methods can
be used to explore other PAH molecules; by looking at aromatic species of other sizes, it
will be possible to determine the edge-mediated effects in a surface-dominated material.
One route forward is to examine the surface morphology of other PAH molecules with
known structures and compositions adsorbed on highly oriented pyrolytic graphene
(HOPG). HOPG is chosen as a substrate to circumvent substrate mediated effects; because
its chemical composition and planar structure are similar to that of the species of interest;
HOPG should therefore exhibit similar interactions. Guiding experimental efforts, DFT
calculations may be performed to provide image simulations, energy estimations, and
interaction predictions. Directly observing and characterizing these PAH interactions will
allow for the creation of a library of quantitative models to describe them.

Insight into the intermolecular interactions governing aromatic carbon species will
foster the development of methods to tune these materials for various applications -
including synthesizing higher quality graphene, controlling the fabrication of aromatic
carbon into 3D structures (from nanoscale clusters to macroscale architectures), and

mitigating nascent soot formation during engine combustion.
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Appendix A: INCAR and KPOINT Files for DFT Calculations

INCAR 1I:

ENCUT = 500

# Ionic relaxation
EDIFF = 1E-5 ! 1low accuracy
EDIFFG = -0.02 !force

PREC = Normal
#PREC=Accurate

#NELM = 100 ! maximum electronic steps

NELMIN = 4 ! minimum electronic steps

#NELMDL = -8 ! update of charge for 3 steps (for continuation:
IBRION = 2 ! use CG algorithm for ions

NSW = 1590 ! No. of steps for ion

#ISIF = 3

POTIM = 0.2

AMIX = 0.1

BMIX = 0.0001 ! almost zero, but @ will crash some versions
AMIX MAG = 0.5
BMIX MAG = 0.0001 ! almost zero, but © will crash some versions

#ALGO
#LREAL
LREAL

Fast ! RMM-DIIS algorithm for electrons
.TRUE. ! evaluate projection operators in real space
Auto

NPAR = 8
NSIM =4 ! blocked algorithm update, four bands a time
GGA = PE ! PBE

ISMEAR = ©
SIGMA = 0.2

ISPIN=2

0)

KPOINTS 1I:

44
(4]

g

111
000

76




INCAR 2:

ENCUT = 500

# Ionic relaxation

EDIFF = 1E-5 ! low accuracy
EDIFFG = -0.02 !force

PREC = Normal
#PREC=Accurate

#NELM = 100 ! maximum electronic steps

NELMIN = 4 ! minimum electronic steps

#NELMDL = -8 ! update of charge for 3 steps (for continuation:
IBRION = 2 ! use CG algorithm for ions

NSW = 1590 ! No. of steps for ion

#ISIF = 3

POTIM = 0.2

AMIX = 0.1

BMIX = 0.0001 ! almost zero, but @ will crash some versions
AMIX MAG = 0.5
BMIX MAG = 0.0001 ! almost zero, but © will crash some versions

#ALGO
#LREAL
LREAL

Fast ! RMM-DIIS algorithm for electrons
.TRUE. ! evaluate projection operators in real space
Auto

NPAR 4
NSIM =4 ! blocked algorithm update, four bands a time
GGA = PE ! PBE

ISMEAR = ©
SIGMA = 0.2

ISPIN=2
ICHARG=1

0)

KPOINTS 2:

44
(4]

g

331
000
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INCAR 3:

ENCUT = 600

# Ionic relaxation

EDIFF = 1E-7 ! 1low accuracy

EDIFFG = -0.02 !force

PREC = Normal

NELMIN = 4 ! minimum electronic steps

IBRION = 2 ! use CG algorithm for ions

NSW = 1590 ! No. of steps for ion

POTIM = 0.2

AMIX = 0.1

BMIX = 0.0001 ! almost zero, but @ will crash some versions
AMIX_MAG = 0.5

BMIX MAG = 0.0001 ! almost zero, but @ will crash some versions
LREAL = Auto

NPAR =8

NSIM =4 ! blocked algorithm update, four bands a time
GGA = PE ! PBE

LWAVE=.FALSE.

LORBIT = 10 Ito calculate TDOS and PDOS of each atom
ISMEAR = ©
SIGMA = 0.2
ISPIN=2

LWAVE=.FALSE.

KPOINTS 3:

44
(4]
8
991
0009
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INCAR for generating CHGCAR files:

SYSTEM = Ce02:DOS zuo Pd shi yong

ENCUT = 500

# Ionic relaxation

EDIFF = 1E-5 ! 1low accuracy
EDIFFG = -0.02 !force

PREC = Normal
#PREC=Accurate

#NELM = 100 ! maximum electronic steps
NELMIN = 4 ! minimum electronic steps
#NELMDL = -8 ! update of charge for 3 steps (for continuation:
#IBRION = 2 ! use CG algorithm for ions
H#NSW = 1590 ! No. of steps for ion

#ISIF = 3

POTIM = 0.2

NGXF = 192

NGYF = 192

NGZF = 196

AMIX = 0.1

BMIX = 0.0001 ! almost zero, but @ will crash some versions
AMIX MAG = 0.5

BMIXZMAG = 0.0001 ! almost zero, but @ will crash some versions
#ALGO = Fast ! RMM-DIIS algorithm for electrons
#LREAL = .TRUE. ! evaluate projection operators in real space
LREAL = Auto
NPAR =8
NSIM =1 ! blocked algorithm update, four bands a time
GGA = PE ! PBE
LORBIT = 10 !to calculate TDOS and PDOS of each atom
ISMEAR = ©
SIGMA = 0.1
ISPIN=2

0)

KPOINTS for generating CHGCAR files:

44
0

g

551
000
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INCAR for generating DOS:

ENCUT = 500

# Ionic relaxation

EDIFF = 1E-5 ! low accuracy
EDIFFG = -0.02 !force

PREC = Normal
#PREC=Accurate

#NELM = 100 ! maximum electronic steps

NELMIN = 4 ! minimum electronic steps

#NELMDL = -8 ! update of charge for 3 steps (for continuation: 9)
#IBRION = 2 ! use CG algorithm for ions

H#HNSW = 1590 ! No. of steps for ion

#ISIF = 3

POTIM = 0.2

MIX = 0.1

BMIX = 0.0001 ! almost zero, but @ will crash some versions
AMIX MAG = 0.5

BMIX MAG = 0.0001 ! almost zero, but © will crash some versions
#ALGO = Fast ! RMM-DIIS algorithm for electrons
#LREAL = .TRUE. ! evaluate projection operators in real space
LREAL = Auto
NPAR =8
NSIM =1 ! blocked algorithm update, four bands a time
GGA = PE ! PBE
ISMEAR = ©
SIGMA = 0.1
ISPIN=2

KPOINTS for calculating DOS:

44
(4]
8
991
0009
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