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ABSTRACT

Graphene has been heavily researched since Geim and Novosolov won the
nobel prizein physics for its mechanical exfoliation from graphite.’ The atomically
thin crystal of carbon atoms has been reported to have novel properties across
varied metrics.? One such metric is the incredibly high specific surface area of
2360m?g~!. Literature has advised the employment of graphene with vacancy
defects for applications such as sensors, separation, supercapacitors, and batteries.
3-6

Pores have been put into devices for these applications, yet the effects of
vacancies in graphene require more study to be fully understood.? An alarming

discrepancy exists between the theoretical and experimental determination of

111



graphene’s specific surface area. It is proposed here that experimental samples
may contain vacancy defects, leading to an overestimation of specific surface area.

Presented here is both an analytical discussion and a molecular dynamics
based approach of evaluating the effects of pore size and pore geometry on
potential energy, adsorption capacity calculation and effective specific surface
area. It is determined that a single vacancy defect can lead to an increase (~300
m?g~') in specific surface area as well as adsorption capacity. 73% of this increase
is shown to be due to an increase in adsorption in a conical volume around the

introduced pore.
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CHAPTER 1
INTRODUCTION
1.1 Historical Context

Graphene is an atomically thin, hexagonal crystal of carbon atoms. Itis a
singular, planar layer of the more commonly known graphite. Graphene’s
identification awarded Andre Geim and Konstantin Novoselov the 2010 Nobel
Prize in physics for their 2004 paper on atomically thin carbon films.! This paper
however, was not the earliest consideration of graphene.

In 1859, the chemist Benjamin Brodie exposed graphite to strong acids
and produced what he called “carbonic acid”.” This process is now known to
produce a suspension of graphene oxide crystals, which are graphene layers
chemically bonded to groups of hydroxyl, hydrogen-oxygen, and epoxide,
carbon-oxygen-carbon.®

In 1948, Ruess and Vogt dried a droplet of the graphene-oxide suspension
and viewed it with transmission electron microscopy. They observed crumpled
flakes of graphene-oxide that were a few nm thick. * In 1961, Hofmann and
Boehm'’s group employed this approach with the goal of finding the thinnest
fragment of reduced graphene-oxide. Reduced means that some of the hydroxy

and epoxide groups are removed from the graphene plane through thermal,



chemical, or photo-thermal treatment. Hofmann and Boehm identified some
reduced graphene oxide flakes as monolayers.'® This could be considered as the
first identification of graphene, though Hofmann and Boehm expressed doubt
due to the potential unintended carbon coatings in their transmission electron
microscope or defects in the reduced graphene-oxide layer.

In 1986 Boehm et al. introduced the name graphene as a combination of
‘graphite’” and the suffix ‘-ene” applied to fused polycyclic aromatic
hydrocarbons.! Fused polycyclic aromatics are compounds built from multiple
cyclic rings such as the hexagon of carbon atoms in Benzene, C;H,. Boehm's
paper discusses the recommended terminology surrounding graphite
intercalation compounds. Intercalation refers to the introduction of heteroatoms
between graphite planes that do not destroy their planarity. It was suggested
that individual carbon layers in graphite intercalation compounds should be
referred to as graphene.

In the decades following Boehm et al.’s name introduction, groups were
able to produce graphene layers on metal'?, graphite'® and silicon carbide'*

substrates with epitaxial growth methods. Epitaxial growth refers to crystal



growth upon an oriented film or substrate. Atoms are obtained for deposition via
the decomposition of chemical precursors or laser ablation.

In the early 2000s there were reports of single, scrolled up layers of
graphene. Groups used a process of intercalating graphite layers with potassium
to produce the intercalation compound KCg. The layers were chemically
exfoliated with ethanol- potassium chemical reactions at intercalation layers to
create a dispersion of graphene sheets.!® '* The sheets would tend to curl upon

themselves to form scrolls.

1LY

Graphite Graphite
Intercalation
Compound Chemical Scrolled
Exfoliation Graphene
Reaction Production

Figure 1 Chemical Exfoliation Schematic

In 2004 Geim and Novosalev used a mechanical exfoliation approach to
generate free standing planar few-layer graphene as well as monolayer
graphene. The supporting material of their publication details the process. The

group began with 1 mm thick highly oriented pyrolytic graphite and used
3



oxygen plasma etching to create 5-micron thick plateaus. The plateaus were
transferred to a layer of wet photoresist where the group used tape to repeatedly
cleave off layers of graphite. In doing so, graphene flakes would land into the
wet photoresist and would be released by acetone treatment. Silicon wafers were
dipped into the solution and washed with propanol and water. Washing
removed thick flakes while the thinner, < 10 nm, ones remained on the wafer’s
surface. Optical, electron beam and atomic force microscopes were then used to
verify the quality of the graphene flakes. ! The reliable production of single

graphene planes led to a boom in the material’s research.””

1) HOPG on Photoresist 2) Tape
Exfoliation

. . 4) Layers suspended in
3) Exfoliated Layers in acetone solution

Photoresist

~— ‘ “m -

5) Silicon Wafer dipped in
solution

6) Graphene Layer on
Silicon wafer after cleaning

Figure 2 Mechanical Exfoliation Schematic
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1.2 Purpose

This dissertation presents background information about topics of carbon
allotropes, adsorption, interatomic potentials and nanoporous graphene.
Literature relevant to nanoporous graphene fabrication, applications, and
challenges are presented and reviewed.

This work proposes a resolution to the discrepancy posed in literature
between the theoretically and experimentally determined values of Graphene’s
specific surface area. Experimental overview and results will produce
information about potential energy curves, adsorption capacity and specific
surface area of ideal graphene and nanoporous graphene.

1.3 Contributions

The major contributions of this dissertation can be summarized as follows.
Presented here is both an analytical discussion and a molecular dynamics-based
approach of evaluating the effects of pore size and pore geometry on potential
energy, adsorption capacity and effective specific surface area of porous
graphene. It is determined that single vacancy defects can lead to a dramatic
increase in specific surface area as well as adsorption capacity. The volume in
which an increase of specific surface area due to vacancy introduction is

localized.



1.4 Outline

This dissertation is structured as follows. Chapter 1 as an introduction
contains a historical context section, the purpose of the dissertation, the
contributions of the work and this outline. Chapter 2 provides necessary
background information about carbon allotropes, graphene structure and
graphene defects. Chapter 3 summarizes the literature on nanoporous graphene
fabrication, applications and their challenges. Chapter 4 introduces the proposed
resolution to a problem found in literature along with an experimental overview.
Chapter 5 discusses an analytical approach to calculating effective surface area
changes based on pore introduction. Chapter 6 presents molecular dynamics
experimental results and analysis. Finally, Chapter 7 summarizes the current

work, conclusions and provides potential future directions.



CHAPTER 2
BACKGROUND INFORMATION

Geim and Novosalev showed in 2004 that a graphene plane could freely
exist and produced it through what was dubbed the “tape method.” Graphene
itselfis a carbon allotrope. Allotropes are differing structures and formations of a
single element, in these cases carbon. Chemically, allotropes are the same, but the
structural differences allow for vastly different physical properties. Allotropes
are interesting as the structure determines the various properties of the material.

Interestingly, Carbon has the highest number of identified allotropes.

2.1 Carbon Based Allotropes
Carbon is the sixth element on the periodic table, with 6 protons and 6
electrons in its charge neutral state. Carbon has four valence electrons, allowing
for it to create four covalent bonds. The way these bonds form with nearby atoms

define the structure of the allotropes.



Figure 3 Structure of Carbon-Based allotropes. a) Diamond, b) C60

Buckminsterfullerene, c) Carbon Nanotube and d) Graphene
2.1.1 Amorphous Carbon
Amorphous Carbon is a structure where there is no repetition in the
position of carbon atoms. This form is seen in coal, activated carbon and biochar.

Activated Carbon finds use due to its surface functionality. AC has a high surface



area to volume ratio which is particularly useful in adsorbents. Due to this
usefulness, activated carbon has been used as air and water purifiers. In the
human body, it has been used as an adsorbent to help in poisoning cases as well
as to reduce cholesterol and internal gas.'®
2.1.2 Diamond
Diamond is a crystalline structure that is comprised of a tetrahedral cubic
unit cell of space group 227. Diamond is an interesting case as it is a strong
thermal conductor while being an electrical insulator. Diamonds have a use case
for industrial applications such as cutting and grinding. A similar allotrope
named Lonsdaleite has been predicted to have a higher material strength than
diamonds. **
2.1.3 Graphite
Graphite is an allotrope of carbon where numerous flat structures are
stacked upon each other. This allotrope, as opposed to diamond, is a great
electrical conductor. The mechanism behind this difference is the bonding
structure of the allotropes. Electrons in graphite exist in three o-bonds with the
three nearest neighbors and a delocalized m-bonds between carbon atom layers.
Since electrons in t-bonds are less restricted to the atomic nuclei, the electrons

are comparatively free to move. Diamond, however, has a restrictive bond



structure, where each carbon atom forms four single bonds with its nearest

neighbors.
Z
y OO0
X
o-bond mt-bond
P-orbitals head to head orbital overlap side by side orbital overlap

Figure 4 P-orbitals, sigma bond and pi bond layout

Layers in graphite are lightly held together with Van der Waals forces
making it easy to shear layers past each other. This light attraction also allows for
atoms to align themselves in between layers of graphite to generate graphite
intercalation compounds. As previously mentioned, chemical exfoliation was
employed to generate curved carbon nanoscrolls.'®

2.1.4 Fullerenes

Fullerenes are defined as hollow spheres or tubes of any size composed of

carbon atoms. In 1985 the C,, “buckeyball” fullerene was discovered by Kroto

and Smalley.? This allotrope is a spherical molecule consisting of 60 carbon

10



atoms arranged into 12 pentagons and 20 hexagons. Even prior to graphene’s
2004 exfoliation, carbon nanotubes (CNTs) were heavily researched in
technological fields. Carbon nanotubes are nanoscale cylinders and can be single
walled or multiwalled structures. In the multiwalled case, CNTs can have a
minimum outer diameter of 55 A and a minimum inner diameter of 23 A. CNTs
are interesting as they have experimentally been found to be the stiffest and
strongest fibers produced. This in conjunction with their electrical properties
makes CNTs a large field for application research.!821-23
2.1.5 Graphene

As an isolated layer of graphite, Graphene is a planar, atomically thin,
hexagonal lattice of carbon atoms. The bond distance between neighboring
atoms is 1.42 A. The atomic thickness is reported to be 3.4 A.> Graphene is
considered to be a basic building block for numerous graphene based structures
such as multilayer graphene, graphene nanoribbons, graphene nanomesh, multi
crystalline graphene and graphene oxide.

Graphene shares a bonding structure with the stacked multilayered
system of graphite. Each carbon atom shares a o-bond with the three nearest
neighbors and a delocalized mt-bond. -bonds occur when there is a side-by-side

overlap of p-orbitals between atoms and this occurs across the plane, allowing
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for electron conduction. This bonding structure generates graphene’s crystalline
lattice.

Graphene’s crystal structure is a hexagonal lattice of Carbon atoms. This
lattice is defined by unit cell parameters that are a=2.47 A, b=2474,c=7.80 A
and a=90° =90 ° y = 120°. Basis vectors are taken as (0, 0, 1.951) and (1.234,

0.712,1.951). This gives each carbon-carbon bond length a value of 1.42 A %

c="7.80A \

4

a=247 A

b=247 A

Figure 5 Graphene Unit Cell Parameters
Placing carbon atoms at the basis vector sites and replicating the unitcell

creates a hexagonal lattice of carbon atoms, generating a supercell of graphene.
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Figure 6 Graphene Basis Positions and Graphene Supercell
2.1.6 Graphene Properties
Electrons in atoms have specified energy levels, orbitals, that they can
occupy. As atoms bond into molecules these orbitals overlap and the energy
levels form into regions called bands. Bands naturally occupied closest to the
material are called valence bands. Energetically higher bands that require
excitation for electrons to reach, these are called conduction bands. Materials are
classified based on their band structure. Materials with overlapping valence and
conduction bands are classified as conductors. Materials with a large gap
between valence and conduction bands are electrical insulators. Materials with a
relatively small band gap are called semi-conductors. Graphene has a special
classification as a zero-band gap semi-conductor, where certain regions of the

material have overlapping valence and conduction bands.
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Graphene’s other impressive properties across various metrics makes it
one of the most promising nanomaterials being researched. Its versatility and
unique structure make it a substance of interest across varied fields. The
properties that led to explosive increase in graphene research are the following:
Thermal conductivity as high as 6000 W m~* K~*, Carrier mobility of 200,000
cm?V~1s71, electrical conductivity of 3000 -5000 WmK ~*, Transparency of 97.7%,
Young’s Modulus of 1 TPa and intrinsic fracture strength of130 GPa. **

The property of interest for this work however is the high Specific Surface
Area of 2630 m* g~'. Graphene is the only material which has every atom
available for adsorption, making it a very attractive material for applications
based on adsorption. Graphene is not always produced in an ideal state, there
are various potential defects.

2.2 Graphene Vacancy Defects
2.2.1 Graphene Defects

Graphene produced from various fabrication methods often have defects
in the graphene plane.>*?* There are multiple types of possible defects including
Stone-Wales defects, grain boundary defects and vacancy defects. Stone-Wales
defects describe the case where nearby carbon hexagons bond instead into pairs

of pentagons and heptagons.?”” Grain boundary defects occur when multiple

14



crystals form and grow into contact with each other, forming a misaligned
boundary. Vacancy defects are the type where carbon atoms are missing from
lattice sites, forming pores on a nanoscale.

Graphene surfaces with vacancy defects have some property advantages
over ideal graphene. Ideal graphene’s zero band gap opens and is tunable with
vacancy introduction.?® Also, the high specific surface area of graphene becomes
larger with pores. A downside to vacancy defects is a reduction in mechanical

strength.

15



Ideal Graphene

Vacancy Defect

Figure 7 Ideal Graphene compared with graphene with various defect types.
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CHAPTER 3
FABRICATION, APPLICATIONS AND CHALLENGES OF NANOPOROUS
GRAPHENE
In this chapter, the current literature pertaining to nanoporous graphene
fabrication and applications is summarized. Following this is an introduction to
the discrepancy in graphene’s specific surface area.
3.1 Nanoporous Graphene
Graphene with vacancy defects in the hexagonal lattice creates a structure
called nanoporous graphene. Nanoporous Graphene (NPG), also referred to as
graphene nanomesh or Holey graphene, is a structural derivative of graphene.
Controllable nanopores allow for implementation in fields, more suitable than
ideal, nonperforated graphene. Although pore generation can occur through
defects in synthesis, controllable pore generation is required to control surface
properties, diffusion mechanisms and to benefit from nanoscale properties. Pore
sizes ranging from .15 to ~300 nm have been reported in nanoporous graphene.?
3.1.1 NPG Fabrication
Controlled pore generation requires specific fabrication techniques.
Fabrication techniques are split into three categories: Stochastic etching, guided

etching and guided growth.’
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3.1.1.1 Guided Growth

An ideal graphene monolayer was first mechanically exfoliated from
graphite in 2004 by Geim et al.! Since then, various other approaches have been
developed to fabricate graphene. Chemical Vapor Deposition or CVD is one
common method for graphene preparation. In CVD, a gaseous carbon precursor,
for example methane, is placed into a heated furnace where the precursor
decomposes onto a smooth substrate that is carbon inert. The carbon atoms
deposited onto the substrate form the crystalline layer for graphene. A related
epitaxial growth method is atomic layer deposition (ALD) where layer number is
controlled.?” Thermal reduction of graphene oxide is another popular large scale
fabrication method reduced Graphene Oxide (rGO).3°

As pertains to nanoporous graphene fabrication, guided growth employs
techniques that can create pores during or after graphene nucleation. For
example, CVD can be shut off at certain sites during growth to induce defects
during nucleation. Templated growth, or barrier-guided CVD, is a bottom-up
growth method that revolves around CVD growth around inert structures.
Initially, carbon-inert templates are deposited onto a substrate, followed by
graphene growth, then the template is removed. An example process by Safron

et al. used block copolymers as the barriers and produced well patterned
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graphene structures in micro and nano ranges.?! Multiple domains of templated
growth can be combined to create larger areas of perforated graphene. A similar
process was followed by Wang et al where Si0O, was used as the barriers.*
Anodic Aluminium Oxide * and MgO?* have also been used as barriers for
templated NPG growth.

Another guided growth fabrication strategy is the use of Graphene
NanoRibbons (GNRs). GNRs have been tailored into porous structures via a
series of reactions leading from monomers to polymers to graphene nanoribbions
to porous graphene.®
3.1.1.2 Guided Etching

Nanoporous graphene has been produced through lithography in
processes denoted as guided etching. Guided etching from a top-down method
follows general steps, initially graphene is deposited on a substrate. Then a mask
or template with pores is placed above the graphene, after which a nano
lithographic etching process occurs to generate pores in the graphene layer. At
this point, the template is removed, leaving the porous graphene layer.
Templates must be inert to graphene such that they only provide morphological
guidance during etching. Various materials can serve as templates. Bai et al. used

a protective layer of silicon oxide and polystyrene block copolymers with
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cylindrical regions for pore production. Etching was performed with a reactive
ion etch (RIE) followed by oxygen plasma etching.* Lee et al. used AAO as their
template due to its vertical hexagonal nanochannels and wide use for
nanostructure fabrication.” Liang et al. used polysteryne based resist coating as a
template to produce nanomeshes.?®

Sinitskii and Tour used silica nanoparticles as a template by spreading
them upon graphene then partially etching it with RIE to a desired diameter of
silica particles. After this an Au layer was deposited upon the stack as a
protective layer, then the silica nanoparticles were removed introducing gaps in
the protective layer. RIE was used again to create pores in the graphene layer
and the protective layers were removed to produce porous graphene of
controlled pore size.?® The technique is known as nanosphere lithography, and
can achieve highly ordered structures through the selection of nanoparticles with
uniform size. Colloidal polystyrene nanoparticles serve as choices for these
templates.?®

A photolithographic and 0, plasma etching approach was applied by
Zhang et al to produce graphene meshes with pores on the tens of microns

scale.?®
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Deposition of nanoparticles onto ideal graphene sheets can lead to the
preparation of porous graphene. Dispersed nanoparticles can work as sites for
chemical etching by serving and catalysts. This catalytic etching method also
leads to less consistent hole size and regularity. Lin et al. made an example
process of catalytic etching with Ag nanoparticles and thermal heated to 300
degrees C. The Ag nanoparticles were then washed away with acid wash. This
produced pores, showing the catalytic role of Ag since ideal graphene wouldn’t
decompose at this temperature.*’ Radich et al showed a photocatalytic fabrication
of porous graphene, using gold nanoparticles as catalysts. However, the gold
nanoparticles in this catalytic etching process were not anchored upon the
graphene sheet, meaning this is an example of stochastic etching.*!
3.1.1.3 Stochastic Etching

Stochastic Etching differs from guided etching because it doesn’t follow a
template or mask. These approaches often attack intrinsic defect points from the
graphene production. Thermally reduced graphene oxide creates point defects in
the graphene layer. * Using these defect points as potential pore sites has been
performed with gas-phase exfoliation. As an example, Han et al used a single
step porous graphene fabrication method by heating commercial rGO to 390

degrees C.*3
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Koenig et al employed Ultraviolet oxidative etching upon mechanically
exfoliated graphene that was pressurized by H, gas.** Electron beam lithography
was used by Li et al to produce pores on the microscale.?

General interests about the above fabrication methods are production
scalability, pore size, pore density, and neck width. These values impact the
viability of each method as a means for production for their desired applications.
Guirguis et al. have a few tables of interest linking fabrication techniques and
applications.’

3.2 NPG Applications
3.2.1 Separation

Separation covers a broad range of nanoporous graphene applications,
including gas permeation, water treatment, DNA translocation and molecular
nanoseives. Graphene is an attractive material for this application due to its high
mechanical strength, chemical stability and atomic thickness. Ideal graphene
cannot be permeated by gasses due to the electron density. The repulsive side of
the Lennard-Jones potential rejects atoms and molecules that are moving close to
the graphene plane. Porous graphene, however, has pore sites where the
repulsion is removed and allows for some atoms or molecules to pass through

while rejecting others. This selectivity is desirable for semipermeable membranes
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and separation films.* A 2008 publication by Sint et al. demonstrates chemically
modified graphene nanopores and the ability to selectively sieve ions. The
negative nitrogen and fluorine doped pores allowed cation passage and positive
hydrogen doped pores allowed anion passage. Molecular dynamics simulations
were used to accelerate ions with an electric field acting perpendicular to a
graphene plane surrounded by water molecules. Negative Nitrogen fluorine
doped pores were passed by Li+ Na+ and K+ ions and the positive Hydrogen
doped pores were permeated by Cl- and Br- ions. The coulombic coupling
between the doped rim of the pores and the ions allows for selective permeation
due to charge and ion size.*

Jiang et al. computationally demonstrated porous graphene can be used to
sperate molecular gasses with a selectivity much higher than commonly used
polymer and silica membranes.*® These studies showed a pore selectivity of H,
over CH, which was later demonstrated experimentally by Koenig et al.** Liu et
al used molecular dynamics to demonstrate porous graphene can selectively
separate N, and €O, where the C0, molecules permeated pores of 3.4 angstrom
size while N, did not.*” Li et al performed separation tests with graphene oxide

for H,/CO, and H,/N,.** Huang et al showed H,/CH, gas-sieving through
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intrinsic defects from CVD growth and improving permeation after introducing
ozone-based etching. *

Water treatment and desalination membranes currently are made from
polymeric or inorganics such as silica, carbon and metal oxides. The issues found
in present membranes are ones of low permeability and chemical stability. These
issues are addressed with porous graphene due to its tunable pore size, high
selectivity and high chemical stability. However, they still aren’t ideal for large
scale applications due to low scalability.® O” Hern et al combined CVD grown,
intrinsically defective porous graphene film with a polycarbonate membrane to
form a composite thin film. This film was able to reject 46% of potassium chloride
(KCl), 71% of tetramethylammonium chloride (TMAC), 23% of), allura red AC
(AR), and 17% of thiuram disulphide (TMRD) in water. These intrinsically
defective structures suggest that nanoporous graphene may be used in water
treatment.>' Surwade et al demonstrated a 100% rejection of KCl using oxygen
plasma etched nanoporous graphene as a desalination membrane.>> Cohen-
Tanugi and Grossman used molecular dynamics simulations and showed

nanoporous graphene can filter NaCl from water.5
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Nanoporous graphene was evaluated as a replacement for nano-porous
membranes in DNA and protein translocation.> In a similar study graphene
nanopores were evaluated for use in DNA sequencing. DNA was guided
through a graphene film between two electrodes. The sequencing is done by
monitoring nucleobase dependent ionic current trough the pore the chain is
passing.>®>?¢ This particular application demonstrates NPG use in separation as
well as sensing.

3.2.2 Sensors

The operational principle for nanoporous graphene sensors is to monitor
electrical properties of the sensor which will vary based on the species of
molecule adsorbed onto the sensor. This is demonstrated by measuring
resistance changes in graphene based chemi-resistors.’” Every atom in graphene
is exposed to the environment, giving it a large sensing area and making it an
attractive material for sensing applications. Porous graphene has advantages
over ideal graphene by having pores that serve as energy traps and help create
sites for adsorption. Zhang et al. showed higher theoretical adsorption rates for
four (CO, NO, NO, and NH,) small gas molecule species in defective graphene
sheets over pristine sheets.*® Paul et al. showed Field Effect Transistor (FET)

based sensors with nanopores showed high sensitivity responses while those
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made of pristine graphene showed no response. Here, nanosphere lithography
was used to create a nanoporous graphene sensor for NO, and N H, *°
3.2.3 Supercapacitors

Supercapacitors or ultracapacitors are energy storage devices that function
by storing and releasing charge through adsorption and desorption of ions. This
type of supercapacitor is known as an electrical double layer capacitor (EDLC).
Supercapacitors as an energy storage device have a high power density allowing
for quick discharge rates, however the energy density is low when compared to
other storage devices such as batteries and fuel cells. The increase of energy
density in supercapacitors is an area of interest for research. Energy stored in this
type of capacitor is proportional to effective surface area. Graphene has a high
effective surface area which is further increased with the introduction of pores.
Furthermore, energy stored in a supercapacitor increases with voltage so the
selection of electrolytes and electrodes that are stable in high voltages is ideal.

Theoretical values for nanoporous graphene electrode performance are
higher than experimental values. This is due to graphene sheets restacking and
preventing the full surface area to be utilized. Efforts to prevent restacking
include the use of vertically oriented graphene sheets, curved graphene sheets,

folded graphene sheets, crumpled graphene sheets and spacers.®
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Experimental groups have produced nanoporous graphene electrodes
with higher specific surface area than pristine graphene. Pristine graphene has a
specific capacitance of 190 F/g. Liu et al used Nitrogen doped graphene in
conjunction with carbon nanotubes and activated carbon to make electrode
structures with improved specific capacitance of 197 F/g. 2! Kim et al used
graphene nanomesh electrodes to obtain a value of 253 F/g.¢ Ning et al. reported
a value of 255 F/g and Jiang et al used graphene nanomesh and CNTs to report a
specific capacitance of 294 F/g.?*** Chen et al. used reduced graphene oxide and
Ionic liquids to obtain a value of 348 F/g.®* Wang et all reported a Nitrogen doped
graphene mesh based electrode that had a value of 311 F/g.%* All the references
reported a cycling stability above 88%.

3.2.4 Battery Electrodes

Batteries such as the lithium-ion battery are popular energy storage
devices that function by storing chemical potential energy and converting it to
electrical once placed in a circuit. The structure of a battery consists of an anode,
a chemical compound such as a Lithium based salt, a separator and the cathode.
The anode is generally a metal coated in a carbon material which allow for
permeation and intercalation of ions. The cathode is made of metal oxides with

additives to allow for mechanical stability and conductivity. Between the anode
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and cathode is the separator, a permeable and nonconductive barrier to prevent
direct contact between the anode and cathode as well as to promote Lithium-ion
diffusion. Graphene has been considered as a substrate to enhance performance
for both anode and cathode materials. Nanoporous graphene can help alleviate a
challenge of rapid volume expansion which can occur during the diffusion of Li
ions due to insoluble products in the electrolyte. Nanoporous graphene can
mitigate the issue by tuning pores that serve as passageways for the insoluble
products.?

Xiao et al showed a novel Lithium-Air battery using hierarchically porous
graphene. Lithium at the anode undergoes a redox reaction donating electrons
and generating positive Lithium ions. These ions travel through the porous
structure to combine with oxygen in the open air to make Li, 0, and Li,0. This
effectively makes the air on the graphene surface a cathode and shrinks the
battery size, weight and cost considerably. However, the reaction products
eventually block 0, pathways and reduce the battery’s performance. They noted
they would need to optimize pore size for increased performance.®

Other nanoporous graphene-based Lithium- oxygen batteries have been
constructed by research groups. He et al. used glassy graphene as an electrode

for in situ electron microscopic observation of Li- 0, battery and reported an
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initial capacity of 5600 mAh/g .%* Lin et al. used thermal oxidative etching to form
porous graphene cathode to serve as a counter electrode to a lithium anode and
reported an initial capacity of 7700 mAh/g.®

Lithium-Sulfur batteries have also been explored for the potential
application of nanoporous graphene electrodes. Zhao et al used a template
growth method to create double layered graphene with perturbations in the two
planes which prevents restacking. This structure was then used as a support for a
sulfur cathode in a Lithium Sulfur battery and reported 530 mAh/g after 1000
cycles.

3.3 Challenges

Challenges with nanoporous graphene include overall fabrication quality
control and scalability. It has proven to be difficult to create large areas of high-
quality graphene. A leading approach is the reduction of graphene oxide which
generates varied defects. Pores in graphene are not chemically inert to adsorbed
carbon atoms which can allow for partial or full recombination. The self-
repairing of these defects is likely under excitations which alters the effect of the
pores. While the introduction of pores can lead to a desirable increase of surface

area, over-introduction of pores will induce a mechanical strength decrease.
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Aside from overall challenges such as scalability and pore controllability,
each application of nanoporous graphene has individual challenges and
prospects.

3.3.1 Separation Challenges
Separation applications require high selectivity to control the separation
of mixed gases at the angstrom level. If reliable pore size and high pore density
nanoporous graphene layers could be produced, they would make relevant
alternatives to current membrane materials. These challenges lie in the
fabrication of the layers.
3.3.2 Sensor Challenges

Sensor applications require high surface area and high adsorption rates in
order to detect low concentrations of target gasses. Pore size dictates the
adsorption properties of the sensors. The desorption process is a challenge as it
requires treatment with either heat or UV radiation to remove the adsorbed
particles.

3.3.3 Supercapacitor Challenges

Supercapacitors suffer from a comparatively low energy density among

energy storage applications. The selection of stable electrodes and electrolytes

under high voltages along with increasing surface area through the introduction
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of pores helps alleviate the issue. However, to reach full optimization the

interaction between electrode pore size and chosen electrolyte must be studied.

This also will help avoid pore blockages during charging/discharging cycles.
3.3.4 Battery Challenges

Lithium batteries have been largely implemented into everyday energy
storage applications. However, they still are challenged by potential rapid
volume expansion during the diffusion of Li ions. Nanoporous graphene can
mitigate the issue by tuning pores that serve as passageways for insoluble
products. Models can assist in establishing optimal pore dimensions for the
kinetic transfer through diffusive channels.

Of these challenges, many stem from adsorption rates on porous
graphene. In order to study and optimize these values, molecular dynamics can
be used to determine ideal pore size and density for these applications.
Literature also calls for a systematic study of adsorption on nanoporous
graphene **”

3.4 Adsorption Overview
Adsorption is the process of free particles being attracted to and
settling onto a solid surface. This process differs from the chemical bonding

process as it still occurs with atoms of full electron orbitals. The theory starts by
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representing the interactions between atoms in an adsorbed layer and the atoms
in the surface as a summation of pairwise interactions.

3.4.1 Interatomic Potential

To calculate the interactions between atoms of a given separation one

must calculate the total ground state energy of electrons. Considering the
interactions between atom A and B with charged nuclei Z, and Zg. These atoms
will be placed at positions R, and Ry. The total number of electrons N = Z, + Zj.
The coulombic interactions between nuclei and electrons contribute to the total

potential energy as seen in the Hamiltonian:

e*Z, Z €27, 7,
v, — RII RI "3 |r— IR—RI

L

The first summation represents the kinetic energy of the electrons, the
second summation represents the pairwise coulombic attractive potential energy
between the electrons and the atomic nuclei, the third summation represents the
coulombic repulsion between electron pairs and the final term gives the potential
energy contribution from the atomic nuclei. The Hamiltonian is a function of

atomic separation R = |R, — Ry|.
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From quantum mechanics and Dirac’s formalism, the ground state energy
is the lowest energy solution to the eigenvalue equation:
E(R) = (Y |H| ¥)
With W is the total wave function for N electrons. At large interatomic
distances the total energy will consist only of two atoms in their ground
state, E§' + E£. Therefore, the interatomic potential, V(R), contributes to the total
energy in the following fashion:

E(R) =V(R)+ E{ + Ef

V(R) = E(R) — E& —EB

At large separations of R = oo, E (R) = Eg1 + EOB so V(R) approaches zero
at large distances. On the other hand, at small separations of R = 0, both E (R)
and V(R) approach infinity. Between these extremes is a potential well that is

determined by the particular species of atoms.
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Figure 8 Derived interatomic potential, V, plotted against separation distance, r

This function’s shape has been well researched and is well modeled by
the Lennard- Jones or 12-6 potential. As it pertains to adsorption, atoms in the
surface can be understood as one of many atomic nuclei A, while the adsorbate
can be understood as one of many atomic species B. Each atom in the adsorbate
receives a potential energy contribution from each atom in the surface, the
summation of which determines the total potential energy. Furthermore, the
negative gradient of the potential energy gives the force on the adsorbate
particle. Historically, this force had been observed and was dubbed the Van Der

Waal’s Force.
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The Van Der Waal's force describes an interatomic potential that
explained the process of adsorption prior to quantum theory. The notable
properties of the Van der Waal’s force were that it was relatively weak when
compared with ionic and covalent bonds, they are short range interactions, and
they can be attractive as well as repulsive. Eventually, this force was shown to be
due to a group of other mechanisms. The close-range repulsion comes from the
Pauli exclusion principle, while the intermediate behavior is partially due to
instantaneously induced dipoles and quadrupoles and the electrostatic forces
between them. In the case of an interaction between an induced dipole with a
permanent one the force was dubbed the Debeye force. In the case of interactions
between multiple induced dipoles, the force was referred to as the London
Dispersion Force. In closed shell, charge neutral cases, the culmination of these
forces can be modeled with the Lennard Jones Potential.

3.4.2 Lennard-Jones Potential

The Lennard-Jones potential has the following form:

A
U(r) = 4e (—) - ()°
"= 4e((3) -
U is potential energy as a function of r, separation distance. ¢ is the well
depth scalar at its deepest which occurs at r = 2%¢g ,and o is the distance

where U crosses 0 on the repulsive side called the Van der Waal radius. The
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potential is graphed above. Both ¢ and ¢ are specific to the atom that is

producing the potential. These values are obtainable in literature.®
1\1? . . . . .
The (;) term is representative of the Pauli repulsion at short distances

and the (%)6 term is consistent with the london dispersion force. At short ranges

the Pauli repulsion is dominant, sending the potential to infinity. At large ranges,
both terms vanish bringing the potential to zero. At intermediate ranges the
London dispersion forces are enough to create a potential well. Computational
programs employ the Lennard-Jones potential to calculate the potential
contributions across huge numbers of particles. Allowing programs to simulate
the evolution of systems with the use of the Lennard-Jones potential also allows
for the calculation of quantities of interest in adsorption.
3.4.3 Adsorption Quantities

The quantities of interest in adsorption are Specific Surface Area and
Adsorption Capacity. These values describe the adsorption surface in terms of
site availability and amount. Specific surface area is defined as the surface area

(SA) per unit mass. This value is measured in m?g .

SA
SSA &€ —
m
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Adsorption Capacity is defined as the mass of adsorbate on a sample’s
surface per unit mass of the sample. This value is primarily measured in

milligrams per gram.

def madsorbate

Adsorption Capacity <

adsorbent

These quantities are how researchers evaluate and compare the
adsorption ability of various structures. As mentioned earlier, one structure of

interest for adsorption focused applications is Nanoporous Graphene

3.5 Theoretical Experimental Specific Surface Area Discrepancy
High specific surface area plays a significant role in nanoporous graphene
adsorption. Yet, it is not fully understood. There is a discrepancy between
experimental and theoretical values for graphene specific surface area. This
section will introduce the discrepancy.
Specific surface area is an important factor in determining graphene’s
adsorption applicability. However, there have been discrepancies between

theoretical and experimental determination of graphene’s specific surface area.

37



3.5.1 Theoretical Determination
Theoretical calculations reveal that the maximum specific surface area is

of graphene is 2630 m?/g. This is calculated by recognizing that carbon atoms in

graphene form a hexagonal lattice. The area of a regular hexagon is A = %SZ,
where s is the length of a side. The carbon-carbon bond length in this case is

equal to .142 nm. The hexagonal area is calculated to be .05238 nm? or

5.23 * 1072°m? As the sheet has two sides, this surface area should be doubled.

Area= 05.238 A2

Length=1.42 A

Figure 9 Dimensions and Area of Carbon Hexagon

Each carbon atom is shared between 3 hexagons, so to avoid counting the
same carbon atom repeatedly only 1/3 of its mass needs to be accounted for. 1

hexagon has 6 carbons with 1/3 of the mass needing to be calculated. Carbon has
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a mass of 12.911 amu. The average mass in a hexagon is 6 G) (12.011 )amu =

24.022 amu or 3.99 * 1072 kg. Specific surface area is defined as Surface Area
divided by Mass.

SA 1046+ 107°m? _ 2691 6m2
m  3.99%10"26kg T g

SSA =

Experimental results disagree with this value in a suspicious fashion. As
this value is already quite large, one would expect experimental values to be less.
However, experimental values have been higher than the theoretical value. This
is alarming due to the theoretical calculation being calculated as a maximum
value.

3.4.3 Experimental Determination

The experimental determination of specific surface area depends on
adsorption of a known ideal gas such as Argon or Krypton. From the ideal gas
law, the product of pressure, P, and volume, V, is equal to the product of particle
number, N, Boltzmann’s constant, K and temperature, T. PV=NKT. Experiments
place a surface in a chamber of known volume. They hold temperature constant
while monitoring pressure as the gas gets adsorbed onto the sample. The
difference between starting and ending pressure after adsorption reaches a

saturation point allows for the determination of particles adsorbed on a samples
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surface. These values give the effective surface area by multiplying the
monolayer amount n,,, the average area per gas particle, a,,.
SA = n, *xa,

Division by the sample’s mass allows for the determination of a sample’s
specific surface area. Some reported values following this methodology are
higher than the theoretical value for specific surface area. Herein lies the
discrepancy between experimental and theoretical specific surface area of
graphene.
3.4.3.1 BET Experimental Determination

The Brunauer, Emmet, Teller (BET) theory allows for the calculation of
Specific surface area (55A) from a isotherm of types Il and IV. The BET approach
for deriving specific surface area involves creating a BET diagram from

isothermal data. The BET equation is the following:

In this equation p is pressure, p, is pressure of saturation, n, is adsorbed
molecule number, C is the BET parameter which is related to enthalpy of surface

adsorption and vaporization. n,, is the monolayer amount.
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When this equation is evaluated at relative pressure, x = pﬂ , values
0

between .05 and .3 one can plot a linear relationship. To accomplish this, BET

plots let :

A BET plot gives a straight line where the slope is called a and the y-
intercept is called b. Slope is calculated from change in y divided by change in x
and the y- intercept is derived from linear regression. From these 2 values one
can solve for the monolayer amount n,, = 1/(a + b)

After one knows the monolayer amount, one can find the average area
occupied by an adsorbed molecule, a,, in literature. From these values one can
find the effective surface area by multiplying the monolayer amount, the avg

area per molecule and the number of layers, L.

SA=n,*a,*L
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CHAPTER 4
THESIS AND PRELIMINARY RESULTS

4.1 Proposed Discrepancy Resolution

‘m“

=

Figure 10 Adsorption Sites on ideal graphene (above) vs defective graphene

(below)
The proposed explaination for the experimental-theoretical discrepancy is

the presence of defects on the experimental graphene surface. Vacancy defects
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act as adsorption sites that allow for a larger number of particles to attach to the
surface of the sample, giving it a higher effective surface area than an ideal
sample.

A correlation between pore volume and specific surface area of porous
graphene has been documented. However, this is not true for pores of all sizes.
Potential defects in graphene surfaces can lead to experimental values greater
than theoretical values for specific surface area in what is thought to be ideal
graphene. Regardless, the effect of porosity on adsorption must be systematically
studied.

4.2 Preliminary Justification Experiment

Previous work has been done to justify this thesis. A potential energy line
has been calculated for ideal graphene, and pore diameter sizes of 5.7 &, 7.54 A
and 10.28 A. Data points with potential energy values too large for the graph are

removed in the figure.
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4.2.1 Justification Experimental Results

NPG Potential Energy vs Z distance

Potential Energy

z

oFull ®57Apore ®7.54A&pore 10.28 A pore

Figure 11 Potential energy vs distance along z axis for ideal graphene and

nanopore diameters 5.7 A, 7.54 A and 10.28 A
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Figure 12 Top view of ideal graphene, and nanopore diameters of 5.7 A, 7.54 A
and 10.28 A
This figure shows that introducing pores creates a deeper, wider potential

well up to the case of 7.54 A diameter pore. At 10.28 A diameter pore, the
potential well becomes shallow. Analysis of this gives confidence that porous
graphene does indeed increase adsorption rates over ideal graphene as expected
from literature. This increase is due to the removal of the nearside repulsion in
the lennard jones potential in the porous region. Also this is in line with what

one expects to see from pore sizes that get too large.

45



4.2.2 Preliminary BET Isotherm Results

A preliminary adsorption isotherm was created with molecular dynamics
in order to demonstrate the capability. This script created a 298 Kelvin isothermal
compression from 5 atm to .5 atm. The exported data recorded the amount of Ar
atoms within a region above the graphene surface as the pressure increased.
From this data Surface Area the calculated value is 1950.82 m?/g. This is 25%
lower than the theoretical value of 2630 m?*/g. The calculated adsorption capacity
of Ar on ideal graphene was 107.65 mg/g. For comparison rGO reportedly had an

carbon dioxide adsorption capacity of 147.4 mg/g.*
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CHAPTER 5
ANALYTICAL DISCUSSION
5.1 Geometrical Approach

The theoretical determination of graphene’s specific surface area employs
a geometrical approach. Extending this approach to graphene with vacancy
defects can give an approximate value to specific surface area changes due to
pore introduction.

A single vacancy defect will induce a pore the size of three hexagonal
areas. However, the walls of the pore will now provide a contribution to the
surface area. The difference between the lost hexagonal areas and the gained

pore walls will determine the change in surface area from ideal graphene. The
area of a regular hexagonis A = 32—\/5 s?, where s is the length of a side, in this case

.142 nm. The pore wall will be approximated as a summation of rectangles with
the length being the bond length, .142 nm, and the width being the atomic
thickness, .34 nm. The number of rectangles will be the amount of exposed bonds

surrounding the perimeter of the pore.
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Figure 13 Geometrical Structure of Graphene with a single vacancy defect. This
case is labelled as an “atom centered” pore
In the case of a single vacancy defect three hexagonal areas are broken. In

doing so the perimeter of the introduced pore is exposed to the environment.
There are 12 bond lengths revealed in this case. The hexagonal area, A, loss is
doubled due to there being a top and bottom surface contribution to surface area.
The 12 bond lengths, s, are multiplied by the pore depth, d, to find the
contribution to the total surface area. This means the surface area difference is

the following.
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ASA = 2(34)—12(s)(d)=-2( 3 <%§ (. 142)2> +12(.142)(.34)

= .265nm?

This shows that the introduction of a single vacancy defect very slightly
increases the surface area from a geometrical standpoint. It should be mentioned
that with regards to specific surface area the removal of a carbon mass the
denominator would decrease as well making the specific surface area increase

more.

Figure 14 Geometrical Structure of Graphene with 6 vacancy defects in the shape

of a hexagon. This case is labelled as a "ring centered" pore
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In an effort to include varied pore geometries, a ring of carbon atom
vacancies will be considered. This case removes 7 hexagonal areas and gains 18
pore perimeter walls. Following the same calculation as above the increase in
surface area for this case is . 136nm?. A larger pore size gave a lower increase
than the singular vacancy case, albeit with altered pore geometry.

Increasing the amount of vacancy defects with both pore geometries leads
to a decrease in surface area. Specifically, the initial pore geometry, centered on
the single carbon vacancy, 13 vacancies led to a decrease in surface area of
.099nm?. For the ring centered pore geometry, 24 vacancies led to a decrease in
surface area of . 54 nm?. A table of pore geometry, vacancy count and surface

area change is below.
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Table 1. -- Surface area changes from Ideal graphene base on pore geometry,

vacancy counts

Pore Geometry | Vacancy Count | Surface Area Change (nm?)
Atom centered 1 0.265034348

Atom centered 4 0.240388695

Atom centered 13 -0.098582609

Ring centered 6 0.135613478

Ring centered 12 0.086322173

Ring centered 24 -0.542329132

5.2 Pore Volume Analysis

In the experimental approach, counts of adsorbed atoms are multiplied by

the cross-sectional area of the adatoms in order to determine a specific surface

area. The belief is that atoms inside the pores generated by vacancy defects are

being counted among the adsorbed atoms leading to an over-estimate of specific

surface area. However, a pore volume of given dimension would be able to

contain a limited number of adatoms meaning there should exist a limit to the

potential overestimate based on pore volume. Below is a table of the possible
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contribution to specific surface area based on adatoms found in pores of
previously discussed dimension.
Table 2.--Surface Area contributions due to the maximum amount of Argon

adatoms adsorbed in pore volume.

Pore Vacancy Pore Volume Ar in SA Contribution
Geometry Count (nm?) Pore (nm?)

Atom 1 0.0534 35 0.5542705
centered

Atom 4 0. 106871 71 1.124377
centered

Atom 13 0.213741 142 2.248755
centered

Ring 6 0.124682 83 1.314413
centered

Ring 12 0.231553 154 2.438790
centered

Ring 24 0.338423 225 3.563167
centered
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While these values are all positive, they are all nearly negligible when
compared with the Ar counts of the entire surface, on the order of 20,000. This
leads to the belief that the increase in specific surface area is not only due to
atoms within the pores, but also the atoms in the volume near to the pores.

5.3 Extended Pore Volume Expectation

The analytical discussion gives relevant information about the amount of
surface area contributed from the introduction of vacancy defects in a graphene
lattice. From these arguments alone, it would not be reasonable to expect that a
vacancy defect would increase Graphene’s specific surface area by values on the
order of 100 m? g~*. For this reason, the distinction should be made between a
surface area increase and an effective surface area increase.

The distinction is thus, when one is determining the specific surface area
of a sample, the main contributing number is the number of adatoms that are
accounted as adsorbed. This number may be higher for some samples based on
their attractive nature. In the case where more than a simple monolayer forms
across the surface, excess atoms are counted among those adsorbed. The physical
surface area does not increase, but due to the increase in adatoms, the effective

surface area will increase.
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Nevertheless, a high effective surface area is just as attractive for
adsorption applications. The analytical discussion of pore volume assists in
localizing the adatoms that are contributing to the effective surface area increase.
From this information, it is expected that the main increase in specific surface
area is not specifically due to adatoms within pores, but likely also in the nearby

volume.
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CHAPTER 6
OVERVIEW OF MOLECULAR DYNAMICS EXPERIMENT
6.1 LAMMPS and OVITO

Large-scale Atomic/Molecular Massively Parallel Simulator or Lammps is
a powerful molecular dynamics program with open availability and the
capability of materials modelling. Lammps operates by following an input script
which details the specifics of a simulation. The input script lists commands that a
user details from a huge selection of possibilities. Due to the large availability of
commands, lammps is a widely-used and powerful tool for simulation at the
atomic, meso and continuum scales. 7° LAMMPS is well suited for this work due
to it's large-scale capabilities. Work will need to account for multiple scale ranges
from, with an amount of particles that will exceed ab initio calculation abilities.

A project begins by connecting to a computational computer. The
computer has the molecular dynamics simulation program, Large-scale
Atomic/Molecular Massively Parallel Simulator or LAMMPS, able to run. The
command Imp -in “inputfilename” instructs the program to run a simulation
based on the parameters set by the input file. The input file is a script that

instructs the program to perform a series of commands.
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6.1.1 Scripting

The script is generally broken up into four main portions. The first,
initialization, defines the basics of the system. Defined here are the units,
dimensions, boundary conditions, atom style, bond style and simulation volume.
Command keywords, such as “real” units, are further defined in the Lammps
manual.

The second portion of the script pertains to atom and force definition. The
commands define positions and interatomic potentials for atoms either manually
or by reading from another data file. Following this is a settings and
equilibration step in the input script.

The third section of the script prepares the system for the simulation. This
portion of the script contains settings for the simulation timestep and applies
fixes to the system to bring it to a desirable initial state.

The fourth and final section of the script is the deformation portion where
the desired effects of the simulation take play in the form of fixes. The dump
command exports the requested data every given number of steps. The thermo
section allows us to track the ongoings of the simulation until it is complete. The
exported files are then viewed in OVITO (open visualization tool) to gauge if the

simulation ran appropriately.
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The exported files can be modified within OVITO. Under the add
modification section of the program one can use the delete selected atoms
modification. Then all the selected atoms will be removed from the display and
any future export files. This allows for the introduction of pores of any desired
size and location. The modified sheet is exported into a Lammps data file and
can be placed into an identical script for comparison. This altered script exports
its own set of dump files and a log file.

LAMMPS and the input script are important for this work because of its
division of sections. Altering one of the sections while keeping the others the
same allow for quick, simple repeatability. This assists in the comparison of
similar simulations. Specifically, the initial structure of the porous graphene
layers will be altered, then the potential energy calculations and isothermal
compression will remain the same across trials. This allows for simple debugging
procedures as it will immediately determine the location of an error if a
simulation fails.

6.1.2 OVITO

Open VlIsualization Tool (OVITO) is an open software that is useful for

viewing and manipulating files produced from various molecular dynamics

packages. LAMMPS dump files are one of the file types that OVITO is equipped
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to view manipulate. OVITO is used to introduce pores into graphene layers and

export data files that can subsequently be placed into LAMMPS simulations.

0 60 00 60 00 00 60 40 00 o6 o0 o0
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Figure 15 Example of OVITO visualization and system manipulation
6.2 Experimental Goals
The goal of the experiment is to obtain adsorption data of Argon in the

porous region of nanoporous graphene and resolve the theoretical - experimental
specific surface area discrepancy. The experiment is constructed to provide
adsorption counts in a volume around the surface of ideal graphene as well as
porous graphene of increasing pore diameters. The data provided will show if
extra available adsorption sites are in the pores and the extent to which pore size

and density factor into additional adsorption. Defects in pristine graphene will
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lead to an increase in adsorption capacity and specific surface area due to a
porous contribution.
6.2.1 Experimental Scope

The scope of this experiment falls in line with the capabilities of
LAMMPS, which is a largely classical mechanics-based software. For a first
principles calculation, ab initio simulation programs may be considered.
However, ab initio approaches historically struggle with systems of high particle
numbers, such as this work. Furthermore, LAMMPS is sufficient for this system
as it consists of closed shell, monatomic particles such as Argon, where the
Lennard-Jones potential models the system very closely.

6.3 Design and Data Acquisition

To achieve this goal and gather the necessary data, a molecular dynamics
program will be used. The program will create a 3-dimensional simulation
volume with periodicboundary conditions. A hexagonal lattice will be formed in
the volume. The crystal parameters for graphene are a=2.47 A, b =2.47A, c=7.80
A and a=90 degrees 3 =90 degrees y = 120 degrees. Basis vectors are taken as (0,
0, 0) and (1.234, 0.712,0). Carbons are placed at these lattice sites to generate
ideal graphene along the x-y plane. Argon atoms are then generated in the

simulation box at random locations that don’t overlap the graphene layer.
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The chosen interatomic potential is a Lennard Jones potential with a cutoff
distance. Interatomic parameters and atomic masses are found in literature. A
region of interest is defined around the graphene layer. Since the carbon hard
shell radius and cutoff distance are known, the adsorbed region will be defined
as the z-values between these distances on both sides of the graphene layer. This

region is where an adsorbate monolayer will be formed.

Ly L] L1} L L] LL T mYT B

Figure 16 Representation of adsorption defined region on ideal graphene.

Prior to any deformation, potential energy calculations will be made for z
values above the graphene layer. This will give information on the adsorptive
forces in more complicated porosities. This data will be analyzed for the
strongest attraction across the pore structures.

The project then calls for an energy minimization command in order to get
the atoms into a realistic starting position. The next step is to apply a fix to the
system that brings the temperature of the system to a desired starting point. The

thermo output section enables for the program to display the ongoings of the
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simulation on a terminal screen. Useful values to monitor include the step,
pressure and temperature of the system.

This simulation will call for a fix to run an increase the pressure, the units
of which were previously defined as atmospheres. As the compression runs, a
compute is made to track the amount of atoms in the adsorbed region as well as
a specified porous region. This data will give values for the count of atoms in
each pore. Analysis of this can give a value for specific surface area
overestimation based on pore sizes.

Adsorption Capacity is a measure of a substance’s ability to attract and
retain particles through interatomic attraction. In gasses it is defined as the
amount of adsorbate taken up per unit mass of an adsorbent with the units of
mg/g. These values will also be obtained through the experiment.

The project exports the requested data every given number of steps.
Again, the thermo section allows the ability to track the ongoings of the
simulation until it is complete. The exported files are then viewed in OVITO
(open visualization tool) to gauge if the simulation ran appropriately.

OVITO also allows for the introduction of pores into the graphene layer.
After the desired porosity is introduced, the structure will be read into the

simulation and the procedure will be repeated.
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6.4 Data Management

Dump files and Log files are exported from the computational computer
to a local system. Data is managed using Microsoft Excel. Input files are saved on
the computation computer in case there is a need to recreate a simulation.

6.5 Results
6.5.1 Pore Geometry

The two types of pore geometries evaluated in this work are defined as
atom centered and ring centered pores. Atom centered pores are the case where a
single carbon atom is removed and subsequently grown from there. Ring

centered pores are grown from a ring of vacancy defects instead.

Atom Centered

Figure 17 Vacancy Defect Sites for Pore Geometries
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6.5.2 Potential Energy vs Z distance
Potential Energy was calculated along an axis perpendicular to the
graphene surface. A group of pores have been generated centered on either a
carbon atom or centered on the central gap in a carbon ring. Potential energy at
each site is calculated by summing the lennard-jones potential energy

contributions from all atoms within the cutoff distance.
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6.5.2.1 Potential Energy for Ring Centered Pores

Potential vs Z distance for pore diameters
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Figure 18 Potential along Z axis for varied pore diameters

Shown in figure 16 are the potential energy results calculated from z=-16
to z=16. Pore diameters include zero, 6.59, 9.44, 10.8 13.59, 15.74, 17.85, 19.25 and
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22.07 Angstroms. The lower figure shows the same results with z values above 0
and potential energy values above 0 removed.

This graph shows that as pore size increases, the potential energy
well initially becomes deeper, and the nearside repulsion is effectively removed
at pore diameters of 9.44 Angstroms. Pore diameters larger than this create
increasingly shallow potential energy wells becoming near zero at 17.84

Angstroms.

6.5.2.2 Potential Energy for Atom Centered Pores

Potential Energy vs Z (Atom Centered Pore Diameters)
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Figure 19 Potential Energy vs z distance for Atom centered pores
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This figure shows the changes in potential energy wells for pores

generated from the atom centered cases.
6.5.3 Potential Energy vs Radius

Potential energy calculations were performed along the pore diameter in
the graphene plane. As expected, there is a potential well inside the pores. This
information is useful when comparing the differences between pore geometries.

6.5.4 Specific Surface Area

Specific Surface Area was calculated through the adsorption method for
both configurations of pores, ring centered, and carbon centered. specific surface
area calculated directly from dimensions of the simulation volume is calculated

to be 2627.164 m?/g
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6.5.4.1 Specific Surface Area for Ring Centered Pores

Table 3. -- Effective Specific Surface Area for Ring Centered Pores

Pore Diameter (A) | Carbon Count Effective Ar Effective Specific
Count Surface Area (m*g~?)
Ideal 62500 18922 2504.625
6.59 62494 21621 2862.155
9.44 62488 21600 2859.65
10.8 62476 21596 2859.669
13.59 62464 21570 2856.775
15.74 62446 21541 2853.757
17.85 62428 21517 2851.399
19.25 62404 21499 2850.11
22.07 62380 21455 2845.371
22.7 62350 21450 2846.076
24.18 62320 21416 2842.933
29.2 62284 21314 2831.028
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6.5.4.2 Specific Surface Area for Carbon Centered Pores
Presented below are the effective specific surface area for various pore
sizes for the atom centered pore case.

Table 4. - Effective Specific Surface Area for Atom Centered Pores

Pore Diameter (A) | Carbon Count Effective Ar Effective Specific
Count Surface Area

(m*g™")
Ideal 62500 18903 2502.11
4.26 62499 22189 2937.111
6.72 62496 22176 2935.531
7.96 62490 22173 2935.416
9.16 62487 22164 2934.365
14.3 62463 22084 2924.897

6.5.5 Adsorption Capacity

6.5.5.1 Adsorption Capacity for Ring Centered Pores

Table 5 contains Ring centered pore Adsorption Capacity values.
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Table 5. --Adsorption Capacity for Ring Centered Pores

Pore Diameter (A) Adsorption Capacity (mg/g)
Ideal 1006.938
6.59 1150.677
9.44 1149.669
10.8 1149.677
13.59 1148.514
15.74 1147.3
17.85 1146.352
19.25 1145.834
22.07 1143.929
22.7 1144.213
24.18 1142.949
29.2 1138.163

6.5.5.2 Adsorption Capacity for Carbon Centered Pores
Presented in table 6 are the adsorption capacity for various pore sizes for

the atom centered pore case.
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Table 6. -- Adsorption Capacity for Carbon Centered Pores

Pore Diameter (A) Adsorption Capacity (mg/g)

Ideal 1005.927291
4.26 1180.811394
6.72 1180.176235
7.96 1180.129879
9.16 1179.7075

14.3 1175.901037

6.6 Analysis

6.6.1 Porous Contributions
It is shown that all the pore values for both geometries have higher
adsorption capacity and effective specific surface area over the ideal graphene
case. It is indeed possible that the specific surface area discrepancy is due to

vacancy defects in experimental samples.
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6.6.2 Pore Geometry Effects

Specific surface area vs pore diameter
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Figure 20: Pore Geometry effect on specific surface area

Ideal graphene’s specific surface area calculated from adsorbed Argon
counts is below the theoretical value by ~100 m?/g. The largest specific surface
area increase for both gap centered and carbon centered pores are from ideal to
the smallest pore size. Increasing the pore size also increases the specific surface
area but by comparatively small amounts. Therefore, the largest impact on
graphene specific surface area from pores come from the introduction of a pore,
small or large. The main contributor to the increase in adsorbed Argon is outside
of the porous cylinder. This indicates that significantly more adsorption sites

appear especially outside the porous cylinder as a pore gets introduced.
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Figure 21 Atom centered pores with deeper wells than Ring centered pores

Carbon centered pores produce larger specific surface area than gap
centered pores due to the structural differences. Z-value positions for the Carbon
centered cases will be closer to nearby carbon atoms. These values will closer to
the lowest parts of the potential produced by nearby carbon atoms when
compared with the gap centered cases.

This helps to show that in the case of a vacancy defective graphene
surface, no matter how small the vacancy, the specific surface area will be
notably increased. It then stands to reason that experimental determinations of
ideal graphene’s specific surface area higher than the theoretical value can be

explained by the presence of vacancy defects.
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This shows that vacancy defects in graphene increase both the Specific

Surface Area and the Adsorption Capacity of the structure.
5.6.3 Localizing Largest Contributions

A follow-up simulation was created to localize the highest Argon count in
volumes around the pore. A cone shaped region was formed to find the
contribution to Argon adsorption increase. This cone was placed over with the
vertex 5.76 A over the single atom centered pore. It was found that a cone with a
134 A radius held a 73.4% contribution to the increase in Ar atom counts. Most of
the specific surface area increase occurs in this conical volume, which is 11.4% of
the adsorbed region’s volume.

An explanation for why the Argon increases in this region is due to the
effects of a lowered Argon atom in the introduced pore. As one atom sinks into
the pore, nearby atoms can cover it, leading to an overlap in atoms that
contribute to effective surface area. This overlap creates a ring of added effective
area increase that grows with the distance from the pore. This effect in
conjunction with atoms adsorbed into pores accounts for the porous increase of

effective surface area.
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CHAPTER 7
CONCLUSIONS AND FUTURE WORK
7.1 Conclusions
This work provides Potential Energy Graphs, Specific Surface Area, and

Adsorption Capacities for Nanoporous Graphene pore diameters ranging from

4.26A to 29.2A

It is shown that all the pore values for both geometries have higher
adsorption capacity and effective specific surface area over the ideal graphene
case. It is indeed possible that the specific surface area discrepancy is due to
vacancy defects in experimental samples.

A portion of the increase in Argon adsorption can be attributed to the
geometrical increase of surface area and Argon occupation in pore volumes. The
largest contribution to specific surface area is found to be in a conical volume
above the pore, as opposed to within the pore or potentially in a cylinder around
the pore. This is proposed to be due to an overlap of Argon atoms with those

sunken into pores.
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7.2 Future Work

With regard to this proposed discrepancy resolution, an experiment can
be developed to check the theory. One suggestion would be to generate graphene
with a vacancy through etching, then to allow atoms to adsorb onto the surface.
Then with the use of an imaging microscope one could view the formation of
atoms adsorbed into and around the vacancy defective surface.

Many variables can be considered for potential energy calculations. This
work focuses on pore size and pore geometry but bilayer twist angle, doping
atoms and spacing are also variables that can be studied in time. Particular
interest is placed on the interlayer distance where restacking effects interfere
with graphene’s specific surface area.

Further adsorption simulations can be done using more complicated
graphene-based structures such as nanotubes and fullerenes.

Optimization of graphene electrode porosity is dependent on the
electrolyte structure. Using the framework of this project, simulations can be
used to determine electrolyte coverage based on pore dimensions.

Preliminary work has been done creating separation simulations using
graphene nanomesh to filter a mixture of gas molecules. If more time were

available this simulation could be enhanced and compared. Future work would
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use these simulations to predict separation performance of nanoporous graphene

filters for varied pore size and pore density.

Figure 23 Preliminary snapshot of Graphene nanomesh gas separation

simulation
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