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Abstract

Fossil fuel usage causing rising CO> levels and leading to climate change is,
perhaps, the most pressing issue of our time. However, our economic dependence on
energy necessitates its usage such that reducing energy usage is not possible leaving
transitioning to renewable energy technologies as the only sustainable option. Currently,
the largest barrier to large scale incorporation of renewable energy sources (e.g., solar,
wind) is the high cost of energy storage technologies. Electrochemical energy storage
technologies (e.g., lithium-ion batteries and supercapacitors) have been identified as a key

approach for enabling the transition to renewable energy technologies.

Graphene is a material with exceptional properties that is receiving much attention
for application in various energy storage technologies and could help reduce the cost of
energy storage technologies. This thesis describes a novel fabrication procedure for low-
cost and efficient synthesis of high quality graphene nanostripes (GNSPs) and their

application in lithium-ion battery and supercapacitor electrodes.

This thesis is structured as follows. Chapter 1 outlines the motivation and technical
background of this research. Chapter 2 describes the instrumentation and procedures for
fabricating GNSPs. Chapter 3 describes in situ exfoliation of GNSPs as electrodes in
supercapacitors to increase the capacitance. Chapter 4 describes synthesis and application
of pyridinic-type nitrogen-doped GNSPs as a lithium-ion battery anode. Chapter 5
describes the synthesis and application of silicon-, germanium-, and tin-doped GNSPs and

their application in lithium-ion battery anodes. Chapter 6 concludes and synthesizes the
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findings of the thesis holistically. Additionally, future outlook and potential research

objectives are presented.
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Chapter 1—Introduction 1

Chapter 1—Introduction

1.1 The Climate Crisis and Renewable Energy
1.1.1 The Climate Crisis

The Intergovernmental Panel on Climate Change reports with “high confidence”
that irreversible climate damage will take place if greenhouse gas emissions are not
substantially reduced within the decade.! Projected environmental damages include an
increase in average global surface temperature, hot extremes in inhabited areas, heavy
precipitation in some regions, drought and precipitation deficits in some regions, rising sea
levels, reduction in biodiversity, and ecosystem destruction. Projected direct risks for
humanity include heat waves, increased disease transmission (e.g., malaria), reduction in
crop and livestock yields, and reduction in fresh water supply. This demonstrates the

pressing need to substantially reduce greenhouse gas emissions.

Globally, 72% of greenhouse gas emissions result from energy usage in the forms
of electricity and heat, transportation, manufacturing and construction, fugitive emissions,
and other fuel combustions.? Within energy usage, the primary greenhouse gas is CO», and
the vast majority of CO; is produced from energy results from usage of fossil fuels (e.g.,
coal, natural gas and oil).> As such, the greatest effort to mitigate climate change should be
concentrated on reducing and/or eliminating the use of fossil fuels, which account for 85%
of global energy usage.* However, energy usage is directly related to economic growth,
reducing poverty, increasing living standards, and food and water production.® Therefore,
reducing greenhouse gas emissions while avoiding a humanitarian crisis will require

replacing fossil fuels with greenhouse gas emission-free energy technologies.
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1.1.2 Energy Technologies to Combat Greenhouse Gas Emissions
A greenhouse gas emission-free energy infrastructure will involve the two

components of I) emission-free energy production and II) energy storage.

Energy production

Compared to fossil fuels, both wind and solar power produces negligible
greenhouse gas emissions,? and wind and solar power have the practical potential to supply
several orders of magnitude more energy than the whole of humanity uses.® Additionally,
in recent years the levelized unsubsidized cost of electricity produced from utility scale
solar power has become cheaper than electricity produced from coal.” However, wind and
solar energy output is variable and uncertain such that their energy supply does not
typically match energy demand (e.g., in a utility electrical grid).® Additionally, wind power
and solar power are not effective in portable applications such as transportation. These

barriers can be overcome by energy storage technologies.

Energy Storage

Efficient energy storage technology is key to enabling the widespread use of clean
energy sources such as solar and wind power as well as making fossil fuels more efficient.
Energy storage in the electrical grid can be used for load leveling, i.e., storing energy during
times when energy production is greater than energy demand, which is then used during
times when energy production is lower than energy demand. Load leveling can enable, for
example, solar power by storing excess energy produced during high solar output to be
used during times of peak energy demand and dark times.® In addition, even under fossil

fuel based energy production, load leveling via energy storage can still reduce carbon
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emissions by improving energy efficiency, e.g., energy can be stored during times of low

demand and used during times of high demand, reducing the necessary base load.

Energy storage also enables portable electricity generation (e.g., via batteries)
which can reduce greenhouse gas emissions particularly in transportation, which currently
relies on fossil fuels and accounts for ~ 11% of greenhouse gas emissions.? Energy storage
for portable electricity generation in transportation can reduce greenhouse gas emissions
by enabling the use of energy derived from renewable sources (e.g., solar) and also by
utilizing energy from fossil fuels more efficiently. Electric cars, for example, use fossil fuel
energy more efficiently than internal combustion engine vehicles (gasoline and diesel)
when considering the entire energy cycle,” in part because electric motors have a typical
efficiency of > 77%, whereas internal combustion engine motors typically have an

efficiency of 12% ~ 30%. 1011

Despite the advantages of grid scale energy storage and electric vehicles, the current
global energy storage capacity is just 8 GWh,!? which is only 0.06% of the total energy
consumption (13.8 TWh),* reflecting the reality that energy storage technologies are not
yet widely used. For energy storage to become economically relevant (and thus widely
used) in utilities and transportation, the following five figures of merit must be considered:
i) energy density (the amount of energy stored per unit weight or unit volume), ii) power
density (the power, i.e., the rate of work output per unit weight or unit volume), iii) lifetime,
iv) safety/toxicity and v) cost. Each application of energy storage has different requirements
for each of these aspects, but, in general, energy storage technology needs to improve in
each category. Currently, pumped hydro-electric power (e.g., energy stored via dams)

accounts for 96% of the global energy storage capacity and is a cost effective and well-
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established technology. However, hydro-electric power cannot meet the world energy
storage demand because it has low energy density, is geographically limited, and has a

substantial environmental impact.!3:14

Amongst the technologies that are expected to provide an advantage to grid scale
energy storage are lithium-ion batteries, flow batteries, supercapacitors and fuel cells.!*
Lithium-ion batteries have a relatively high energy density, but are expensive and have low
power density. Flow batteries have a long lifetime, but low energy density and power
density and involve hazardous chemicals. Supercapacitors have long lifetimes and high
power densities, but have low power densities and are expensive. Fuel cells have very high
energy density, but are expensive.'>!* Each of these technologies has merits, but each must

be improved to be economically relevant either individually or in combination.

As an alternative energy source for transportation, lithium-ion batteries in particular
are growing in market acceptance. Lithium-ion batteries are used in electric vehicles (EVs)
to entirely replace the internal combustion engine and in hybrid vehicles to complement
the internal combustion engine to reduce fossil fuel consumption. Currently, electric
vehicle usage is primarily limited by technological factors, i.e., high cost (due to battery
costs), limited driving range (due to insufficient energy density), limited trunk space (due
to large batteries) and low top speed (due to insufficient power density).!>-!° Therefore, we
can expect that improvements in lithium-ion battery cost and energy and power densities

will enable improved adoption of EVs.

Supercapacitors are also receiving attention as a potential energy source in

transportation. Due to their low energy densities, supercapacitors could not be a vehicle’s
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sole power source; rather, the fast charging/discharging enabled by their high power
densities make supercapacitors a promising technology for regenerative braking, i.e.,

supercapacitors could charge during vehicle braking and discharge during acceleration.

Many technologies are being explored to improve energy storage technologies.
Because lithium-ion batteries and supercapacitors already have some market penetration,
they are receiving particular research attention. Nearly every aspect of lithium-ion batteries
is being considered for improvement including altering anode and cathode materials,?

2122 and separators.?® Supercapacitors are receiving similar attention.?* Of the

electrolytes,
materials being explored for lithium-ion battery and supercapacitor electrodes, graphene

and modified graphene materials demonstrate appealing properties including high energy

and power densities.

1.2 Graphene
1.2.1 Graphene Structure and Properties

Graphene was first isolated in 2004, and its interesting structure and properties gave
rise to a landslide of fundamental research and applications.”> Graphene is a two-
dimensional (2D) sheet of carbon atoms arranged in a repeating hexagonal pattern
resembling a honeycomb lattice. Common carbon materials such as graphite, carbon
nanotubes and fullerenes are derived from graphene (Figure 1.1a%°). The electrons of the
carbon atoms in graphene are sp? hybridized, and carbon atoms bond to their nearest
neighbors by sp? o bonds. The final p orbital of the carbon atoms is perpendicular to the
planar structure, and all of the perpendicular p orbitals bond to form a 7 band of delocalized

electrons throughout the graphene lattice.?>-*
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b)

Energy

o
»

Momentum

Figure 1.1: (a) Graphene and graphene-derived allotropes. Reproduced from reference? (b) The
energy-momentum dispersion relation of graphene at one of the inequivalent valleys (K and K') in
the first Brillouin zone. The conduction band and valence band merge at the Dirac point and the
Fermi level of undoped graphene locates at the Dirac point so that graphene is a semi-metal.

The graphene structure results in many spectacular properties. The 7 band results
in the electronic band structure shown in Figure 1.1b. The linear dispersion in the energy-
momentum relationship is termed a “Dirac cone” and gives graphene the highest known
electron mobility in graphene due to the massless nature of Dirac fermions.?> Mechanically,
graphene also has the highest recorded tensile strength of any material.>” As a 2D material,
graphene has extremely high surface area. Additionally, graphene demonstrates chemical
stability in electrochemical applications, yet also demonstrates sufficient chemical

reactivity to be functionalized to lend it novel properties.?®
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1.2.2 Graphene in Electrochemical Energy Storage
The properties of graphene are being extensively exploited for application in
electrochemical energy storage including supercapacitor electrodes and lithium-ion battery

anodes.

Supercapacitor electrodes

A supercapacitor consists of two electrodes separated by an electrolyte, and upon
an applied voltage bias, cations and anions in the electrolyte migrate to the negatively and
positively biased electrodes, respectively, as shown in Figure 1.2. The ions cover the
surface of the electrodes, but (in an ideal supercapacitor) do not participate in any faradaic
charge transfer reactions. That is, electrons do not transfer between electrodes and ions,
and the energy storage mechanism is capacitive, i.e., energy is stored by the potential
energy of separated charges. Therefore, the electrode surface (and its surface area, in
particular) is the primary factor determining performance of a supercapacitor electrode

material. Mathematically this is described as C = Aegy/ d, where C is the electrode

() ()
W "
9
- Charging
® O >
. <
® ® Discharging
® @
N 1
Electrodes

Electrolyte
Current collectors

Figure 1.2: Supercapacitor diagram and charge storage mechanism.
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capacitance, 4 is the electrode surface area, &y is the permittivity of free space and d is the
distance between the ions in solution and the mirror charges in the electrode.?® Graphene
as a 2D material has high surface area and is an appealing material for supercapacitor

electrodes.

The energy storage in a supercapacitor electrode is described mathematically as
E = CV?, where E is energy, C is capacitance and V is the voltage difference between
charged and discharged states. The energy stored in a supercapacitor electrode then can be
increased by increasing the capacitance (which depends strongly on surface area) and the
voltage. However, because energy increases quadratically with voltage, electrode materials
will perform best if they are stable under large voltage biases as graphene is.*° (This is also

true of the electrolyte, but that is beyond the scope of this thesis.)

Even when the supercapacitor surface area and operating voltage are maximized,
however, the capacitive energy storage mechanism results in relatively low energy
densities (compared to batteries, fuel cells, fossil fuels, etc).>! Although practical
applications require a certain amount of energy density which researchers are striving to
improve, the practical advantage of supercapacitors is their power density rather than their
energy density. Because the capacitive energy storage mechanism is free from kinetically
sluggish charge transfer reactions, the fundamental process of capacitive energy storage is
very fast such that electrode materials must have good electron mobility in order to match
the speed of the capacitive process. Graphene, as the material with the highest electron

mobility, is ideal for high power density supercapacitors.
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Although graphene has many ideal properties for supercapacitors, in practice these
properties are difficult to exploit. Achieving a large active surface area and maintaining the
high electron mobility are particularly difficult. When packaged into an electrode, graphene
sheets tend to stack together, losing the advantage of its high surface area.>?> To combat this
problem, many researchers are striving to fabricate three-dimensional (3D) graphene
structures where graphene sheets are bonded together in skew configurations resulting in a
robust porous network of graphene materials.’* Though this method increases the surface
area, it compromises the graphene crystal structure and reduces the electron mobility,
which affects the resulting supercapacitor’s power density. Researchers are currently
searching for methods/configurations that preserve the high electron mobility of graphene

yet enable high electrolyte coverage of the graphene.

Lithium-ion battery anodes
Similar to supercapacitors, lithium-ion batteries consist of two electrodes and an
electrolyte. Contrary to supercapacitors, the primary energy storage mechanism in lithium-
ion batteries involves faradaic charge transfer. LiCoO: and graphite are typical lithium-ion
battery cathode and anode materials, respectively. Energy is stored under appropriate

voltage bias according to

6C + LiCoO; -> Li,Cg + Li11:C002

where 6C represents graphite. That is, electrons transfer away from lithium atoms in
LiCoO; such that become Li" exits the crystal and enter the electrolyte, and electrons

transfer to Li* in the electrolyte to incorporate it into the graphite crystal structure.?*
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The work in this thesis is focuses on the graphite anode where lithium intercalates
between individual graphene sheets with a theoretical maximum capacity corresponding to
LiCs. The faradaic charge transfer that enables a high lithium storage capacity in graphite
depends on this intercalation involving a phase change.?> Given that the faradaic charge
transfer requires an intercalation medium, graphene (a single layer of graphite) itself cannot
participate in faradaic charge transfer and has a low lithium storage capacity. However,
similar to supercapacitors, when graphene is packaged into an electrode, graphene sheets
tend to stack together and form turbostratic graphite, a graphite material where individual
graphene sheets may have good crystalline order, but their stacking is disordered.
Turbostratic graphite, unlike single graphene sheets, can intercalate lithium and

participates in faradaic charge transfer to enable high lithium storage capacity.*¢

When packaged into an electrode, if graphene simply forms a graphitic material,
what is the motivation for using graphene in the first place? The answer is that using
graphene is effectively a bottom-up synthesis of graphite such that the properties of the
electrode can be tailored, and by doing so the lithium storage capacity can be enhanced
beyond the theoretical capacity of graphite. The two methods that are typically used to
boost lithium storage capacity of graphene materials is inducing disorder and incorporating
heteroatom dopants. Disordered graphene materials are conjectured to store additional
lithium at defect sites or to be able to intercalate more lithium due to increased interlayer

3537 Heteroatom dopants (e.g., nitrogen, boron, phosphorus, etc.) also enhance

spacing.
lithium storage capacity allegedly because they have higher lithium affinity than carbon.

In this field, research is focused on developing synthesis methods to incorporate dopants

and increase the lithium storage capacity of graphene while maintaining good cycle life.
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1.3 Large Scale Graphene Synthesis Methods
Practical application of graphene in energy storage devices typically requires a
large-scale synthesis method in order to have a sufficient amount of graphene material.

Several typical large-scale synthesis methods are introduced here.

1.2.1 Exfoliation of Graphite

The first method to produce graphene was the scotch tape exfoliation method that
resulted in the Nobel Prize where graphene layers are successively peeled off a graphite
sample using scotch tape until a single layer of graphene is obtained.*® This method itself
is not a large-scale synthesis method of graphene, but it inspired many exfoliation methods

that are large-scale.

Liquid phase exfoliation

Liquid phase exfoliation of graphite to produce graphene involves putting a
graphite sample in some liquid and sonicating it to separate it into individual layers. This
process has been demonstrated to produce single-layer graphene in high yields. Exfoliation
becomes possible in liquids that have a surface tension comparable to graphene such that
solvent molecules can wedge between individual layers. The advantages of this method are
that it is low cost and scalable. The disadvantages are that the solvents that happen to work
well (e.g., N-methyl pyrrolidine) are toxic and have high boiling points, it is time intensive,

and the exfoliation procedure tends to break graphene domains into smaller pieces.?**

Chemical exfoliation
Chemical exfoliation of graphite typically takes place in aqueous solution with

strong oxidizers that oxidize graphene sheets such that they become soluble in aqueous
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solution and separate into single layers of graphene oxide. The graphene oxide can then be
chemically reduced to graphene resulting in single layers of graphene. The advantages of
this method include its scalability and that it takes place in aqueous solution using common
chemicals. Disadvantages include that it involves toxic chemicals, it is time intensive, and
the resulting graphene material is highly defective and contaminants can be difficult to

remove.*!

Electrochemical exfoliation
Electrochemical exfoliation involves separating graphite to single layers of
graphene by applying a voltage bias to intercalate ions. Advantages of this method include
control over the degree of exfoliation and that it is relatively fast. Disadvantages include

that the graphene is typically functionalized/contaminated during exfoliation.*?

1.2.2 Chemical Vapor Deposition

Chemical vapor deposition (CVD) is a standard industrial process involving the
mixture of chemicals in vapor phase in a reaction chamber to fabricate some material on a
substrate. To overcome reaction energy barriers, the chamber is often heated and/or
includes a plasma source. Thermal CVD of graphene has been extensively studied and has
been shown to produce large-area single-layer graphene. However, this method is time
consuming and expensive. In particular, it cannot produce graphene in high yield, which is

necessary for application in energy storage.*

Plasma enhanced CVD (PECVD), on the other hand, can produce either large-area
single-layer graphene or vertically oriented graphene, depending on growth parameters.

Vertically oriented graphene (VOG), also known as carbon nano-walls, is a class of
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graphene materials that grow vertically with respect to the growth substrate such that the
graphene sheet is perpendicular to the substrate. This configuration has the advantage that
large amounts of graphene can be fabricated per unit of substrate area, e.g., enough for
application in energy storage applications. Scanning electron microscope (SEM) images of
a VOG material is provided in Figure 1.3.* Figure 1.3A is a normal incidence image that
shows the random orientation and branching nature of VOG materials. Figure 1.3B is a
cross sectional image showing that VOG materials can be a dense “forest” of graphene,
demonstrating that fabricating graphene in this method can yield large amounts of

graphene.

Bo et al*® wrote an extensive review in 2013 about the growth of vertically oriented
graphene including a discussion of the effects of plasma sources, chemical precursors,
substrate heating, chamber pressure, and substrate choice, and the author recently
participated in a mini update review discussing advances in fabrication and
characterization.*® These reviews can be referenced for a detailed description of the field,

but a brief summary will be provided here.

Figure 1.3: Normal incidence (scale bar: 2 um) (A) and cross sectional (scale bar: 20 um) (B) SEM images
of a VOG material.
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Growth of VOG traditionally requires a carbon precursor (e.g., methane), a carbon
etchant (e.g., hydrogen), a heated substrate (e.g., copper heated to 700 K) and a plasma
source (e.g., a microwave cavity). The carbon precursor contributes to growth while the
carbon etchant removes defects, ensuring good crystalline quality, the plasma source
creates reactive radicals from the carbon source and etchant and the heated substrate
overcomes energy barriers to growth. Adjusting parameters may result in varying defect

content, sheet size, growth rate, etc.

1.4 VOG in Electrochemical Energy Storage

The subject of this thesis is advancements that the author developed in the
fabrication, characterization and application of VOG in electrochemical energy storage. In
particular, we developed a room temperature synthesis of VOG (i.e., without substrate
heating) with high aspect ratios (e.g., graphene sheets with dimensions 400 nm x 70 um)
and high yield. Due to the high aspect ratios we term our material graphene nanostripes
(GNSPs). In the broad context of graphene synthesis, GNSPs are unique in that they are a
single-step, room-temperature, and high yield synthesis of graphene with good
crystallinity. Additionally, we developed a procedures for chemical doping of GNSPs and
studied doped and undoped GNSPs in lithium-ion battery applications and supercapacitor

applications.
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Chapter 2—Synthesis of GNSPs

In this chapter, we will describe our developments regarding the synthesis of
GNSPs and the procedures for scaling to high yield. We also discuss the growth mechanism
of GNSPs and the doping procedures and present the characterizations of both undoped

and doped GNSPs.

2.1 GNSPs growth instrumentation and characterization

At the time of writing this thesis we have used three separate deposition systems
for fabrication of GNSPs, and although each system is unique, all systems contain the same
fundamental which include a methane source, a hydrogen source, a substituted benzene
precursor (SBP) source, a plasma source and a low pressure chamber. The initial deposition
system (termed “generation 0 here) was retrofitted to accommodate the requirements of
this fabrication. Then the following deposition systems (“generation I’ and “generation II"")
were designed and built specifically for this synthesis, and each progressive deposition
system was designed to produce GNSPs in higher yield. In the following, the physical
components and experimental parameters that result in GNSPs growth for each of these
systems will be described, and perspectives on scaling this process to an industrial scale

will be provided.

2.1.1 Generation 0 GNSPs growth system description and performance

The generation 0 growth system, its performance and the motivation for growth of
GNSPs was described in detail in a publication. Here an adapted version of that publication
is provided, which includes additional details and further insights that we have gained since

its publication.
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Adapted from

C.-C. Hsu, J. D. Bagley, M. L. Teague, W.-S. Tseng, K. L. Yang, Y. Zhang,
Y. Li, Y. Li, J. M. Tour, N.-C. Yeh, High-yield single-step catalytic growth
of graphene nanostripes by plasma enhanced chemical vapor deposition.
Carbon 129, 527-536 (2018). DOI: 10.1016/j.carbon.2017.12.058

Personal contribution: Made essential contributions for method development for GNSPs
growth and exfoliation, including exploring alternate precursors, residual gas analyzer data
curation and interpretation, scanning electron microscopy data curation and interpretation,
Raman spectroscopy data curation, and mechanistic conjectures.

Introduction

Among many intriguing properties and promising applications of graphene-based

25,4748

materials, reduced dimensional graphene nanostructures, such as graphene

nanoribbons (GNRs) that often refer to one-dimensional crystals with nanoscale widths,

have attracted much attention for their quantum confinement effects in extremely narrow

49,50 25,51-53 h 54,55
9

ribbons,*”~" novel edge characteristics, mechanical strengt and a wide range of

56-60 61,62

technological prospects in such areas as nano-electronics, spintronics,

66,67

plasmonics,53-6° biosensors,%¢7 energy storage,’® and energy production.®’

One of the primary challenges to fully realize the technological promises of reduced
dimensional graphene nanostructures is to reliably produce a large quantity of high-quality
nanomaterials with large aspect ratios. In general, the structural and physical properties of
reduced dimensional graphene nanostructures are strongly depending on the synthesis
method. To date, the best known methods for synthesizing quasi-one dimensional graphene
nanostructures include the following primary categories: [1] The top-down approach,
which utilizes lithographic techniques to produce GNRs from two-dimensional graphene

sheets on a substrate. The quantities of GNRs thus produced are limited due to the time



Chapter 2—Synthesis of GNSPs 17

consuming lithographic processes, and the edges of these GNRs are usually jagged.”®’! [2]
The bottom-up approach, which may be further divided into the surface-assisted’>’® and
solution-phase synthesized’#8° approaches. The surface assisted method involves pre-
synthesis of polymer chains on metallic substrates and has the advantage of achieving
atomically precise armchair- or zigzag-edges.’>*37%73 However, this approach generally
involves multiple steps of processing, which leads to very low yields and relatively short
GNRs. Moreover, these GNRs are not easily transferrable to other substrates. Similarly,
the solution-phase synthesized approach also involves multiple steps and the resulting
GNRs exhibit a range of controlled widths on the order of 1-2 nm and typical lengths over
100 nm.”+% While both types of bottom-up approaches can achieve better control of the
structures of GNRs, the complexity in the synthesis procedures and the relatively low
yields are not ideal for mass production in large-scale applications. [3] Unzipping carbon
nanotubes (CNTs): Multi-walled CNTs can be unzipped along the longitudinal direction to
form GNRs.#!:82 Compared to the first two methods, this approach has the potential of mass
production and lower costs. However, the process is time consuming and also requires
initial mass production of CNTs. The GNRs thus produced also contain excess metallic
impurities.®>8%* [4] Growth by thermally assisted plasma enhanced chemical vapor
deposition (PECVD): Synthesis of vertically oriented graphene “nanowalls” or
“nanosheets” by means of PECVD have been reported for a variety of precursor gases.*>8°
However, this method faces three major challenges: ** First, all processes reported to date
involve multiple steps of pretreatment of the substrates as well as high-temperature
(ranging from 500 °C to 1150 °C) substrate heating and high plasma power (>10> W and

up to ~ 10° W) during the graphene growth.*#> Second, the yields are generally too low to
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be practical for mass production.*>3> Third, the morphology and structures of vertically
grown graphene nanosheets are not well controlled*>> because the growth mechanisms

under different growth parameters and precursor molecules are not fully understood.

To overcome the aforementioned challenges, we report in this work a new single-
step seeded growth method of “graphene nanostripes” (GNSPs) by PECVD techniques that
can achieve high-yield and high-quality growth of GNSPs reliably without any active
heating. The lengths of these GNSPs range from a few to tens of micrometers and the
widths range from tens to hundreds of nanometers. Therefore, they exhibit large aspect
ratios (typically from 10:1 to 130:1) but do not manifest effects of quantum confinement.
Further, their widths are typically narrower than most nanowalls and nanosheets reported
to date.*>*> Therefore, we refer these quasi-one dimensional nanostructures to “graphene
nanostripes” (GNSPs) to indicate their large aspect ratios and to differentiate them from
GNRs that exhibit quantum confinement and also from graphene nanosheets® or

nanowalls® that are generally wider and are with smaller aspect ratios than our GNSPs.

In comparison with our single-step PECVD growth process of high-quality large
graphene sheets laterally on copper substrates without active heating,3¢ these GNSPs of
large aspect ratios are grown vertically on various transition-metal substrates by PECVD
with the addition of substituted aromatics such as 1,2-dichlorobenzene (1,2-DCB), 1,2-
dibromobenzene (1,2-DBB), 1,8-dibromonaphthalene (1,8-DBN) and toluene as the
seeding molecules. Among these substituted aromatics, we find that 1,2-dichlorobenzene
(1,2-DCB) is most effective for the growth of GNSPs at room temperature, as detailed in
the supplementary information. Therefore, we focus hereafter on the studies of PECVD-

grown GNSPs that are seeded by 1,2-DCB.
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The entire growth process occurs in a single step within less than 20 min at a
relatively low plasma power (<60 W), and the resulting GNSPs exhibit large aspect ratios
and high yields. Studies of the Raman spectroscopy, scanning electron microscopy (SEM),
transmission electron microscopy (TEM), energy dispersion x-ray spectroscopy (EDS),
ultraviolet photoemission spectroscopy (UPS) and electrical conductivity all confirm the
high quality of the GNSPs thus obtained. Based on these experimental findings together
with data from the residual gas analyzer (RGA) spectra and optical emission spectroscopy
(OES) taken during the plasma process, we propose a growth mechanism and suggest that
the introduction of substituted aromatics in the hydrogen plasma plays a critical role in

achieving rapid vertical growth of GNSPs with high aspect ratios.

Experimental

Experimental setup. A schematic of this system is provided in Figure 2.1a.
Methane (Airgas, 99.999%), argon (Airgas, 99.999%) and hydrogen (Airgas, 99.999%)
gases are injected into the system from high pressure gas cylinders with the flow rate
controlled either by automated mass flow controllers (MFCs, MKS Instruments) or manual
leak valves. The SBPs (e.g., 1,2-DCB) are liquid at room temperature and are placed in a
vacuum sealed vial which is connected to the system via manual leak valve. The SBPs are
not introduced to the system as liquids; rather, they are introduced via vapor phase, relying

on room temperature evaporation.

The gases enter a }4” outer diameter quartz tube which is where the deposition takes

place. The quartz chamber is fitted with an Evenson microwave cavity (Opthos, Inc.),



Chapter 2—Synthesis of GNSPs 20

- 80

power supply

| Joe ]--e
P »
plasma cavity
processing tube cold trap
| L sample
N =

D"\q leak valve

U optical spectrometer

substituted benzene precursor container

vacuum pump

power supply
| B [ ]--e
P .
plasma cavity
furnace cold trap
————nace
1| boat sample
=" processing tube
]
® ]

temperature controller  optical spectrometer

vacuum pump

Figure 2.1: Schematic of generation 0 GNSPs deposition system. (a) A schematic of the experimental
setup used for 1,2-DCB and 1,2- DBB. We control the partial pressures of 1,2-DCB and 1,2- DBB via a
leak valve between the molecule container and growth chamber. (b) A schematic of the experimental
setup used for 1,8-DBN. The precursor was heated from 60 °Cto 100 °C to introduce different precursor
partial pressures.

which resonates microwave radiation provided by the microwave power source (Opthos,
Inc.) to create constructive interference of microwaves. In order to ensure the resonance
condition in the Evenson cavity, the cavity includes two tuning rods that are adjusted to

maximize transmission of the microwave radiation, as determined by minimizing the
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“reflected power” signal on the microwave power source. Within the region of the
deposition chamber that is fitted with the Evenson cavity the electric field is strong enough
to maintain a plasma at the reduced pressure inside the chamber. A copper foil on a quartz

boat is inserted in the chamber, and the Evenson cavity is placed near the copper foil.

After the gases flow through the quartz chamber they enter a junction with one path
leading to the primary vacuum pump of the system and the other path leading a residual
gas analyzer (RGA, Stanford Research Systems). An RGA is an electron-ionization
quadrupole mass analyzer, i.e., it detects the masses of molecules (and their fragments)
present in the gas, which we use to determine the composition of gas in the system. The
path to the RGA goes through a ~ 1 m long capillary then enters the ultrahigh vacuum RGA
chamber. The capillary creates a pressure gradient between deposition chamber (held at
medium vacuum) and the RGA chamber. The RGA is pumped by a turbomolecular vacuum
pump (Pfeiffer, HiPace 80) and a mechanical roughing pump (Agilent, DS 102). I also note
that the RGA does not directly measure the concentration of components in the system
because i) molecules may have differing rates of diffusion into the RGA and ii) the

electron-ionization process fragments molecules at differing rates.

The other path at the junction after the quartz chamber leads to the primary vacuum
pump of the deposition system. Due to corrosive nature of SBPs and their reaction
byproducts during deposition, vapor traps are used to protect the vacuum pump. Here we
use a liquid nitrogen cold trap, wherein the chamber gases flow past a compartment that is
chilled with liquid nitrogen (the liquid nitrogen is not in the chamber—it is in a
compartment which is in physical contact with the chamber). Upon contact with the liquid

nitrogen-cooled compartment, hazardous gases condense in the cold trap.



Chapter 2—Synthesis of GNSPs 22

Downstream of the cold trap are two pressure gauges (MKS Instruments) and then
an automated regulator valve (MKS Instruments, 153D) that opens/closes to achieve a user
defined set point pressure. Next is a foreline trap that ensures oil from the pump does not
travel upstream and contaminate the system, and finally the gases leave the system through
a mechanical roughing pump (Agilent, DS102). A final component of the system is an
optical emission spectrometer (OES) that measures radiation emitted from the plasma. The
OES does not play a role in the GNSPs fabrication, but can be used to characterize the

composition of the plasma.

The adjustable parameters in this system are MFC gas flow rates (1 ~ 100 sccm),
the fraction that leak valves are open, input microwave radiation power (0 ~ 100 W) and
the chamber pressure (the two pressures gauges have respective ranges of 0.01 ~ 10 Torr
and 1 ~ 1000 Torr, but the practical pressure range of deposition is 0.1 ~ 30 Torr as
pressures lower than ~ 0.1 Torr are not achievable while gases are being injected, and the

cavity cannot sustain a plasma at pressures above ~ 30 Torr).

Additionally, the size of the copper foil growth substrate is important. For example,
when using copper foil that is 50 pm thick, the areal size of the copper foil must be less
than ~ 1 cm?, or growth would not occur. Conversely, for thin films of copper (thickness <
Ium) no areal constraints were found. This phenomenon may be attributed to heating of
the copper substrate. This is, since copper has a high thermal conductivity,®’” a large and
thick copper substrate enables plasma-induced heat to be transferred away so that the
reduced temperature of the substrate inhibits GNSPs growth. This is not a problem in

thinner copper substrates because they have a lower heat capacity (due to a smaller volume)
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and so maintain a higher temperature despite the potential heat transfer away from the

plasma growth area.

1,8-DBN is a solid at room temperature and has a low vapor pressure, so placing it
in the SBP precursor vial was ineffective. Instead, we used the schematic shown in Figure
2.1b. Here, 1,8-DBN was placed on a boat in the chamber upstream of the copper growth

substrate, and the 1,8-DBN was heated to vaporize it for growth of GNSPs.

Growth of GNSPs. The quartz tube was pumped down to 27 mTorr. During the
growth, the total pressure of the tube was maintained at 500 mTorr with 2 sccm hydrogen.
The additional methane and 1,2-DCB was controlled by a precision leak valve and the
partial pressure was monitored by a RGA. Typical methane and 1,2-DCB partial pressures
were (10 ~ 900)x107° Torr and (1 ~ 10)x10~° Torr, respectively, as measured in the RGA.
Hydrogen plasma was formed away the substrate and then moved to the substrate in order
to prevent any plasma transient damages. Typical plasma power ranged from 40 to 60 W

with a plasma size of 1 ~ 2 cm?, and growth time ranged from 0.5 to 20 min.

Characterization. The PECVD-grown GNSPs were characterized by Raman
spectroscopy, UPS, XPS, SEM, TEM and electrical conductivity studies. Raman spectra
were taken via a Renishaw M1000 micro-Raman spectrometer system using a 514.3 nm
laser (2.41 eV) as the excitation laser source. The laser spot size was ~1 um in diameter
and the exposure time was 30s. A 50 x objective lens with a numerical aperture of 0.75
and a 2400 lines/mm grating were chosen during the measurement to achieve better signal-
to-noise ratio. The UPS were performed via the Kratos-Ultra-XPS model which uses a

magnetic immersion lens with a spherical mirror and concentric hemispherical analyzers
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with a delay-line detector for both imaging and spectroscopy. He I (21.2 eV) were used as
excitation sources for UPS measurement in an ultrahigh vacuum chamber with a base
pressure of 2x1071° Torr. The SEM images were taken by a FEI Nova 600 SEM system
with the following parameters: acceleration voltage =5kV, beam current=98 pA, and
working distance ~5 mm. The TEM measurements were performed on a FEI Tecnai TF30
STEM (TF30) with an operating voltage of 300 KV. The electrical conductivity
measurements were made by means of the four-probe method on GNSPs aligned on

patterned electrodes via electrophoresis techniques.

Results

The seeded PECVD growth process is schematically illustrated in Figure 2.2a. We
use 1,2-DCB to act as seeds for vertically aligned carpets of GNSPs grown on Cu surfaces.
The hydrogen plasma with a slight trace of CN radicals is used to remove the surface copper
oxide and expose fresh copper surface upon which 1,2-DCB molecules can seed,
resulting in the initial formation of vertical GNSPs. Additionally, methane is introduced
into the hydrogen plasma as another carbon source to enhance the growth rate. We have
also demonstrated the feasibility of using other carbon based, substituted aromatics such
as 1,2-DBB, 1,8-DBN, and toluene as precursors and different transition-metal substrates

(such as Ni foam and Ni foil besides Cu foil).
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Figure 2.2: (a) Schematicillustration of the seeded growth process of PECVD-grown GNSPs. (b)—(c) RGA
spectra of gas pressures in the growth chamber as a function of time, where the shaded area indicated
the duration of the plasma process. (d)—(e) Two representative SEM images of the top view of GNSPs
on Cu foil fabricated by PECVD with 1,2-DCB molecules for 10 min (f) SEM image of the tilted view (at
52°) of GNSPs shown in (d), revealing a relatively constant width of ~500 nm for all GNSPs within the
field of view. (g) SEM image of one GNSP isolated from the batch of GNSPs in (e) and placed on a silicon
substrate, showing a length of ~66 um (main panel) and a three-fold branching point near the end of
the GNSP (inset). The GNSP in the main panel is highlighted by yellow dashed lines for clarity. (h) A
representative histogram of the aspect ratios of GNSPs obtained from multiple sets of SEM images
within their field of view. (i) A typical Raman spectrum of GNSPs.
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The PECVD system is equipped with a residual gas analyzer (RGA) and an optical
emission spectrometer (OES), which are used to monitor the gases in the growth chamber
during the PECVD process. Two representative RGA spectra are shown in Figure 2.2b
and 2.2¢, where the shaded band indicates the time interval from turning on to turning off
the plasma. The spectrum in Figure 2.2b reveals that hydrogen chloride (HCI) is a main
byproduct of the seeded PECVD growth process. This indicates that hydrogen radicals can
react with chlorine in 1,2-DCB to form hydrogen chloride and render the resulting vertical
GNSPS mostly free of chlorine. Additionally, substantial amounts of C> and Cs radicals
together with C¢Hs molecules are found during the plasma growth process, as shown in
Figure 2.2¢. We note that while C, are common radicals found in all previously reported
thermally assisted PECVD growth,* the eminent presence of Cs radicals and CeHe

molecules are unique in our low-temperature PECVD process.

We have also monitored the optical emission spectra (OES) of the plasma during
the growth process as a function of the 1,2-DCB/CH4 partial pressure ratio, as shown in
Figure 2.3. We find that the intensities of all hydrogen related peaks (Ho,, H2 and Hp)
decrease with increasing 1,2-DCB partial pressure, consistent with the reaction of hydrogen
with increasing chlorine radicals. On the other hand, the intensity of C; radicals is enhanced
upon the introduction of 1,2-DCB precursor molecules, although no further increase

appears with increasing 1,2-DCB partial pressure.

Figure 2.2d and 2.2e show two representative SEM images of the top view of
GNSPs grown for 10 min with the growth parameters listed in the first row of Table 2.1,
and Figure 2.2f is the SEM image of a tilted view (at 52°) of the GNSPs shown in Figure

2.2d. We note that the widths of all GNSPs synthesized with a given set of PECVD growth
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Figure 2.3: OES of plasma for GNSPs growth under different 1,2-DCB/CH, partial pressure
ratios, showing decreasing intensities of all hydrogen related peaks with increasing 1,2-DCB
partial pressure. On the other hand, the intensity of C, radicals, critically important for
graphene growth, is enhanced upon introduction of 1,2-DCB precursor molecules, although
no further increase appears with increasing 1,2-DCB partial pressure.

parameters appeared to be nearly the same, as exemplified by the tilted view shown in
Figure 2.2f where the average width of GNSPs is ~500 nm. On the other hand, there is a
range of length distributions for the GNSPs, and they are typically on the order of tens of
micrometers, as exemplified by the yellow line in Figure 2.2d from one open end to the
other open end, and by the SEM image shown in Figure 2.2g for an isolated GNSP that
was transferred to a silicon substrate. Here we note that the real lengths of individual
GNSPs are generally much longer than the distances between joint points revealed in the

SEM images of as-grown GNSPs, as corroborated by Figure 2.2g.

To isolate and image individual GNSPs by SEM, we first immersed the copper

substrate with as-grown GNSPs in N-methyl pyrrolidone (NMP) solvent for ~ 9 h and
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Table 2.1: Experimental parameters for the growth process, showing the gas partial
pressures of 1,2-DCB and CH4, plasma power, and time for the PECVD growth of
GNSPs. The gas partial pressures were as measured in the RGA.

1,2-DCB CH4 (nTorr) Power (W) Growth  time Yield (pg)
(nTorr) (min)

1~10 10 ~ 40 40 10 <1

1~10 10 ~ 40 60 10 12+6
1~10 900 60 5 350 + 280
1~10 900 60 10 530 + 130
1~10 900 60 15 800 + 270
1~10 900 60 20 1300 + 430

then sonicated the solution for 3 min. A drop of the solution with dispersed GNSPs
was placed on a silicon substrate and then heated at 175 °C until the solvent completely
boiled off. GNSPs left on the silicon substrate were then imaged by SEM without further

modification.

By analyzing the top views of multiple sets of SEM images for the length
distributions of GNSPs and the tilted views for the average widths, we obtained a
representative histogram for the aspect ratios of GNSPs in Figure 2.2h, showing a

distribution from 10 ~ 130.

A representative Raman spectrum of the GNSPs is shown in Figure 2.2i, where
three distinct peaks are visible:3! The peak at ~ 2700 cm™! is known as the 2D-band that
represents a double-resonance process of graphene; the peak at ~1590 cm™! is the G-band
associated with the doubly degenerate zone-center £, mode of graphene, and the peak at

~1350 cm™! is the D-band that corresponds to zone-boundary phonons due to defects,
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edges, and/or folds of graphene sheets.®3°! Given that the laser spot of our Raman
spectrometer (~ 1 um) is larger than the typical widths (tens to hundreds of nanometers) of
our GNSPs, we attribute the intense D-band of our GNSPs to the prevailing presence of
edges and/or the presence of folds as observed in SEM and transmission electron
microscopy (TEM) images. We further note that the 2D-to-G intensity ratio, (I2p/c), is
typically greater than 1 and that the full-width-half-maximum (FWHM) of the 2D-band is
relatively sharp, which seems to suggest that our GNSPs are largely monolayer.-2
However, this notion contradicts the findings of multilayer GNSPs from our AFM and
TEM studies. These seemingly inconsistent results can be reconciled by the presence of
incommensurate rotation of one layer relative the adjacent layers of these multilayer
GNSPs, as elaborated later in this manuscript. Moreover, the turbostratic multilayer
structures of GNSPs may also be responsible for the appearance of a slight shoulder in the
G-band peak, which is known as the D"-band that results from defects-induced intra-valley

scattering.3%87

To investigate the dependence of GNSPs growth on various parameters, we show
in Figure 2.4a ~ 2.4¢c SEM top view images of PECVD-grown GNSPs on Cu under
different 1,2-DCB/CH4 partial pressure ratios. The total gas pressure was 500 mTorr and
the flow rate of H, was 2 sccm. With the CHs partial pressure kept constant at ~6x107° Torr
during the growth, we found that the morphology of GNSPs was strongly dependent on the
ratio of 1,2-DCB to CHj partial pressures. For instance, when the 1,2-DCB/CH4 partial
pressure ratio was ~1.5 or less, the resulting GNSPs grown on Cu had typical lengths of a
few to tens of micrometers and relatively large aspect ratios, as exemplified in Figure 2.4a.

With the partial pressure ratio of 1,2-DCB/CH4 increased to ~1.8, the GNSPs began to
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branch out, as shown in Figure 2.4b. Upon further increase of the 1,2-DCB/CH4 partial
pressure ratio to ~2.4, a highly branched, flower-like nanostructure developed. These
graphene “nano-flowers” (see Figure 2.4c) were thinner and shorter than the typical
GNSPs grown with a smaller 1,2-DCB/CH4 partial pressure ratio. This trend was in part
attributed to the high 1,2-DCB concentration that saturated the substrate and led to a high
density of nucleation sites and therefore an overall decrease in the lateral size of GNSPs,
as manifested in Figure 2.4¢. The branching behavior in addition to the shorter lengths of
the graphene nanostructures may be attributed to the large amount of 1,2-DCB that resulted
in excess chlorine ions terminated along the edges of the GNSPs and activated the
formation of the branching behavior. This scenario is consistent with studies of the
ultraviolet photoelectron spectroscopy (UPS), TEM and energy-dispersive x-ray
spectroscopy (EDS) of GNSPs as a function of the 1,2-DCB/CH4 partial pressure ratio, to

be elaborated below.
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UPS experiments were conducted to investigate the work functions of GNSPs
grown under different 1,2-DCB/CH4 partial pressure ratios and to provide direct
information about possible doping effects on GNSPs.”>%> As shown in Figure 2.4d and
summarized in Figure 2.4g, the work function value (®) deduced from the secondary
electron cutoff of the UPS spectrum was found to be 4.45 eV for GNSPs grown with a 1,2-
DCB/CHy4 partial pressure ratio = 1.5, which is a value close to that of pristine graphene (~

4.5¢V).”® The work function value decreased to 4.16 eV for GNSPs grown with a 1,2-
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Figure 2.4: Dependence of the surface morphology, work function, Raman spectroscopy and
crystalline size of GNSPs on the 1,2-DCB/CH, partial pressure ratio: (a)-(c) SEM images of
GNSPs with 1,2-DCB/CH, partial pressure ratio=1.5 in (a), 1.8 in (b) and 2.4 in (c), showing
increasing branching phenomena. (d) UPS data taken on GNSPs grown under 1,2-DCB/CH,
partial pressure ratio = 1.5, 1.8 and 2.4, showing increasing electron doping. (e) Raman 2D/G
and D/G intensity ratios of GNSPs grown under different 1,2-DCB/CH, partial pressure ratios.
(f) planar sp? crystallite size (L) and (g) work function of our GNSPs as a function of the 1,2-
DCB/CH, partial pressure ratio.
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DCB/CHy partial pressure ratio increased to 2.4, implying significant electron doping. This
finding suggests that excess 1,2-DCB not only resulted in the formation of branches and
excess chlorine in the GNSPs (see TEM and EDS results) but also introduced additional

electron doping.

We further performed Raman spectroscopic studies on GNSPs grown under
different 1,2-DCB/CH4 partial pressure ratios. Figure 2.4e shows the 2D to G intensity
ratios, (I2p/lg), and D to G intensity ratios, (Ip/lg), of GNSPs grown at different 1,2-
DCB/CHy4 partial pressure ratios. The (/2p/lg) ratio decreases with the increase of 1,2-
DCB/CHj partial pressure ratio, suggesting that more layers of GNSPs were grown®%
with larger amounts of 1,2-DCB. On the other hand, the (/p/ls) ratio increases with the
increase of 1,2-DCB/CHy4 partial pressure ratio, which is consistent with more edges®®%
due to branching. Additionally, the in-plane sp? crystallite size (L.) of the GNSPs may be
estimated by using the (Ip/I¢) ratio and the following empirical formula.’’

560 /Ip,\ '
L =—(—=
o (nm) E} <IG)

where E; denotes the excitation energy of the laser source, which is 514 nm for our Raman
spectrometer. We find that both the crystallite size L, and the work function @ of the
GNSPs decrease steadily with increasing 1,2-DCB/CH4 partial pressure ratio, as illustrated

in Figure 2.4f and 2.4g, respectively.

In order to achieve high yields of GNSPs growth, we experimented various
parameters for synthesizing typical GNSPs with 1,2-DCB/CHj4 partial pressure ratios <~

1, as summarized in Table 2.1. We found that the yield of GNSPs, determined in units of
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mass per unit area, increased by more than one order of magnitude when the power was
increased from 40 W to 60 W. This finding may be attributed to the presence of more
energetic gas molecules and radicals (particularly C,, C¢ and C¢Hs) in the plasma to initiate
and maintain the growth of GNSPs. Additionally, higher CH4 partial pressure and longer
growth time provided more carbon sources and therefore also help increase the yield of
GNSPs. On the other hand, further increase of either the plasma power above 60 W or the
CHj4 partial pressure could not result in higher yields, which may be the result of a limited
surface area of the Cu substrate in our growth chamber for initiating the vertical growth of
GNSPs. Moreover, excess plasma power tends to increase the amount of C; radicals at the
expense of reducing the amount of C¢ radicals and CsHs molecules. Given that Ce radicals
and C¢Hg molecules are likely playing an important role in enhancing the growth rate of
GNSPs, proper balance between the plasma power and the amount of Cs and CsHs is

necessary to achieve high yields of GNSPs.
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By optimizing various growth parameters, we found that the best yield for 20 min
of growth time could reach (1.30 £0.43) mg/cm2, or equivalently, (13.0+4.3) g/m2. The
high-yield growth of GNSPs resulted in a completely darkened surface of the substrate due
to dense coverage of GNSPs on the metallic substrate, as exemplified by the optical
micrographs in Figure 2.5a and 2.5b and the nearly zero optical transmission from 400 nm
to 800 nm shown in the main panel of Figure 2.5. The completely darkened substrate
surface by the coverage of GNSPs and the vanishing optical transmission is indicative of
strong light absorption by GNSPs, which may be attributed to effective light trapping in

stacks of GNSPs due to multiple subwavelenth scattering. Thus, GNSPs may be considered
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Figure 2.5: Evidences of strong optical absorption by GNSPs: The main panel shows the optical
transmission spectrum of GNSPs for wavelengths from 400 nm to 800 nm, revealing
transmission <0.1% for the entire range of wavelengths. The inset shows micrographs of a
copper substrate (a) before and (b) after the growth of GNSPs. The growth parameters for the
micrograph in (b) are given in the last row of Table 1. Here we note that the transmission
spectrum was obtained by using a Cary 5000 absorption spectrometer with an integrating
sphere , and the GNSPs were transferred from the Cu substrate onto a quartz substreate for
the optical measurement. The incident light was sent through the entire GNSPs sheet and the
underlying quartz substrate and then was collected by a detector. The baseline signal of the
spectrum was obtained by subtracting the transmission signals from a blank quartz substrate
as the reference.
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as efficient light absorbers for potential applications to photovoltaic cells when combined

with proper plasmonic nanostructures.®

Next, nanoscale structural properties and chemical compositions of the PECVD-
grown GNSPs were investigated by means of TEM and EDS. Measurements were initially
performed on standard GNSPs similar to those shown in Figure 2.4a. Figure 2.6a ~ 2.6¢
are TEM top view images, with successively increasing resolution, of GNSPs grown with
a 1,2-DCB/CHy4 partial pressure ratio ~ 1.5. From detailed TEM studies, we found that the
typical size of GNSPs transferred to the TEM grid was 500 nm ~ 1.0 um in width and 5 ~
10 um in length, as exemplified in Figure 2.6a. The shorter lengths than those of the as-
grown GNSPs (as represented by the histogram in Figure 2.4h may be attributed to the
TEM sample preparation steps that involved sonication of GNSPs in solution that led to

shortened samples.

These GNSPs were generally flat over large areas and exhibited ordered nanoscale
structures, as illustrated in Figure 2.6b. High resolution images taken on these flat areas
further revealed graphene atomic lattice structures, as shown in Figure 2.6¢c. We found that
these GNSPs were mostly multilayers and turbostratic: From selected area diffraction
(SAD) in Figure 2.6d, the sample exhibited two predominant orientations and exceeded 6
layers in thickness. This finding of multilayer GNSPs seems to differ from Raman
spectroscopic studies of the same GNSPs that always revealed both (/2p/Is) ratios >1 and

relatively small FWHM in the 2D-band and so would seem to imply monolayer
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Figure 2.6: (a)-(c) TEM top view images of GNSPs with increasing resolution from large scale
to atomic scale images, with (c) being the expansion of a region indicated by the small yellow
box in (b). (d) SAD patterns of GNSPs for the region shown in (c). (e)-(f) TEM top view images
of graphene nanoflowers from large scale to atomic scale images, with (g) being the expansion
of aregion indicated by the small yellow box in (f). (h) SAD pattern of the sample region shown
in (g). (i) EDS data shows a distinct chlorine peak on a branching region labeled by b in (f),
which is in stark contrast to the absence of chlorine in flat areas such as the region labeled by
a. The inset is an expansion of the dashed area shown in the main panel.

GNSPs.368891 However, we note that the Raman spectra of multilayer graphene sheets with
turbostratic stacking (where individual layers separated by a larger than normal interlayer

distance) were also found to exhibit (I2p/Ic) ratios > 1.°® Therefore, our findings derived
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from the TEM studies of standard GNSPs can be reconciled with the Raman spectroscopic

studies.

In addition to studies of the structural properties, we performed nanoscale EDS
measurements on flat, unstrained regions of these standard GNSPs, and found a pure
carbon composition without any chlorine or other contaminates. This finding is in contrast
to studies of the “nano-flowers” samples where chlorine appeared in regions with

bifurcations, branching or strain, as explained below.

In Figure 2.6e ~ 2.6g, we show TEM images with successively increasing resolution
that were taken on nano-flower GNSPs grown with a 1,2-DCB/CH4 partial pressure ratio ~
2.3. In contrast to the typical images taken on standard GNSPs, Figure 2.6e and 2.6f reveal
that nano-flowers generally consisted of a large number of layers, with numerous branching
points and reorientations of the layers. In particular, Figure 2.6f shows that in the
reoriented graphene region the number of graphene layers within the field of view is > 20,
whereas graphene atomic structures can be resolved in flat regions, as exemplified in
Figure 2.6g. Further SAD studies on a flat region of the sample in Figure 2.6f exhibit a
diffraction pattern that provides evidence for multiple layers, with varying orientations for
many individual graphene layers that lead to the disordered circular pattern. On the other
hand, a significant chlorine peak in the EDS data is always observed at a large number of
branching and reorientation locations in the nano-flower samples, as exemplified in Figure
2.6i. This presence of a distinct chorine peak in a branching region of the nano-flowers is

in stark contrast to the absence of any chlorine signal in the flat region of the same samples.
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We also investigated the electrical properties of the standard GNSPs by aligning
them on Au electrodes using the dielectrophoresis techniques.”®!%° We found that the sheet
resistance R of a single layer GNSPs to be ranging from ~ 7.0 kQ/[] to ~ 7.8 kQ/[] at room
temperature, which were larger than that of typical pristine graphene sheet resistance (~ 1
kQ/[7), but were significantly smaller than those values (~ 50 k€Q/[1 to~ 30 kQ/[])
reported for lithographically patterned single-layer GNSPS of comparable widths (100 nm
~ 1 um),'°! suggesting good conducting properties of our GNSPS even in the absence of
excess doping. If we take the work function of undoped graphene to be 4.50 €V,” the
electron density n2p of our standard GNSPs with @ =4.45 eV (and therefore a Fermi energy

2
Er~0.05¢eV above the Dirac point) is estimated to be n,, = (:TF) /m =~ 1.0x10'" ¢cm™
F

for a Fermi velocity ve/=10°m/s.?*> Therefore, the electrical mobility u of our GNSPs is
found to be u = (nypeR) = 8000 ~ 9000 cm?/V-s at room temperature, which is 5 ~ 10
times smaller than that of our typical PECVD-grown graphene sheets®® and is about 10% ~

103 times better than that of the vertical graphene nano-sheets reported to date.?-1%

Post publication experimental results

When initially attempting to grow GNSPs, the first three precursors we tried using
were 1,2-dichlorobenzene (1,2-DCB), 1,2-dibromobenzene (1,2-DBB), and 1,2-
dibromonapthalene (1,8-DBN). Each of these precursors resulted in effective growth of
GNSPs, although 1,2-DBB and 1,8-DBN produced GNSPs in lower yield, which we
attribute to the lower vapor pressures of 1,2-DBB and 1,2-DBN causing their low

concentration during growth.
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Initially, we conjectured these SBPs resulted in growth of GNSPs due to the
substituents’ electronegativity causing a dipole moment and inducing reactivity. To test
this conjecture, we attempted growing GNSPs with phenol and toluene which have strong
and weak dipole moments of 0.719 D and 0.293 D, respectively.!”> Contrary to our
conjecture, however, using phenol did not result in growth of GNSPs while using toluene
resulted in a low yield growth of GNSPs. This clearly indicates that electronegativity and

dipole moment were not the critical factors that enabled growth of GNSPs.

Next, we investigated whether the bond dissociation energy between the benzene
ring carbon atom and its substituent affected growth of GNSPs. The bond dissociation
energies of various SBPs (shown in Figure 2.7) and whether they resulted in growth of
GNSPs is shown in Table 2.2. As mentioned previously, including phenol (BDE =4.8 V)
did not result in growth, and including toluene (BDE = 4.4 eV) resulted in limited growth,
while inclusion of any SBP with a BDE less than or equal to 4.0 eV did result in growth of

GNSPs. Further, the input microwave power of each growth is indicated in Table 2.1,

1,2-DCB 1,2-DBB 1,2-DBN
Br
Phenol Toluene BrB loBz
CHs

Figure 2.7: Substituted benzene and substituted naphthalene precursors used for synthesis
of GNSPs and their abbreviations.
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Table 2.2: Bond dissociation energies between aromatic ring and substituent of several SBPs
and whether their inclusion resulted in growth at the indicated input microwave power.

Molecule C-X bond dissociation energy GNSPs Deposition?
(eV)103

Phenol 4.8 No

Toluene 4.4 Yes, low yield @ 40 W

1,2-DCB 4.0 Yes, @ 40 W

1,2-DBB ~3.5% Yes, low yield" @ 40 W

1,8-DBN ~3.5% Yes, low yield" @ 40 W

BrBz 3.5 Yes, @ 30 W

IoBz 2.8 Yes, @ 20 W

*Data unavailable, but estimated to be similar to bromobenzene.

"Low yield was likely caused by low concentration of precursor due to low vapor

pressure.
showing that inclusion of SBPs with lower BDEs enables growth at lower input microwave
powers. For example, while using 1,2-DCB (BDE = 4.0 eV) as the SBP requires 40 W of
input microwave power for GNSPs deposition, using loBz (BDE =2.8 V) as the SBP only

requires 20 W of input microwave power.

The correlation between SBP and required input microwave power is understood
by considering that the input microwave power critically affects the plasma composition,

104 Tncreasing the input

total number of radicals, temperature and particle velocity.
microwave power increases the tendency to break chemical bonds (in any molecule) in the

plasma, as increased microwave power creates more radicals, higher temperature, and more

collisions. However, weaker bonds do not require as high of temperature and collision
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energy to break. Therefore, SBPs with lower bond dissociation energies require less input

microwave power to form benzene radicals and seed the growth of GNSPs.

Discussion

Based on the aforementioned experimental results, we discuss below likely
mechanisms for growth of GNSPs. First, we consider the growth mechanism of VOG
materials which use, for example, hydrogen, methane, a microwave induced plasma at low
pressure and a heated substrate. In this growth configuration a likely mechanism (though
the mechanism is still debated) is that methane forms radicals in the plasma which then
form a thin layer of either graphitic or amorphous carbon on the substrate. Grain boundaries
and/or defects in the thin carbon layer are then seeding locations for vertical graphene
sheets. Carbon radicals then contribute to propagation of the graphene growth and
hydrogen radicals remove defects.*> Growth in our system is likely similar, except that

SBPs play some role that negates the need for a heated substrate.

Considering that the BDE of the SBPs critically affects the required input
microwave power in order to enable deposition of GNSPs (Table 2.1), dissociation of the
SBP substituent bond appears to be a kinetic barrier for GNSPs deposition that is overcome
by increasing microwave input power or using SBPs with lower BDEs. Accordingly, we
suggest that, initially, the SBP substituent bond is broken. This could occur by either impact
dissociation or radical reaction dissociation. However, the elevated HCI levels in the RGA
during growth (see Figure 2.4b) suggest that the chlorine atoms on 1,2-DCB react with
hydrogen radicals in order to leave 1,2-DCB, i.e., the SBP bond is broken by radical

reaction dissociation with hydrogen.
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After the SBP substituent bond is broken, reactive benzene radicals initiate growth
of GNSPs. Then, similar to conventional growth schemes, methane radicals propagate
growth and hydrogen radicals etch defects, and benzene radicals continue to propagate
growth. One may be concerned that some SBPs involve two substituents (e.g., 1,2-DCB)
while others involve one (e.g., IoBz). However, the BDE of the C-H bond in a phenyl
radical (i.e., C¢Hs) is 3.4 €V,' which is weaker than the BDE of many of the SBP
substituent bonds, indicating that whether the SBP has one or two substituents is not

important.

Regarding the morphological differences between GNSPs and graphene
nanoflowers, we propose that these differences are simply due to growth rate. For example,
in the graphene nanoflowers, the flowering phenomenon and the excess chlorine may be
due to excess growth rate, which results in excess defects as the growth rate far exceeds
the etching rate. Defects sites may serve as seeding sites for new graphene nanowalls,*
leading to excess branching and the flowering phenomenon. Additionally, the lack of
etching may enable chlorine defects to maintain in the structure. On the other hand, GNSPs
result from a balance between growth and etching such that long sheets of high quality

graphene are obtained.

All in all, our empirical findings are suggestive of the importance of both 1,2-DCB
precursor molecules and the resulting Cs, C¢Hs and chlorine radicals in hydrogen plasma
for mediating rapid vertical growth of GNSPs with large aspect ratios. In contrast to other

reports for PECVD-grown vertical graphene sheets to date that generally required
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pretreatment of the substrates and additional substrate heating from 500 °C to 1000 °C,*>-85
our single-step, low-power growth process requires neither active heating nor pretreatment
of the substrates, indicating the effectiveness of 1,2-DCB as seeding molecules for the

vertical growth of GNSPs.

Conclusions

In summary, we have developed a new high-yield single-step method for growing
large quantity GNSPs on various transition-metal substrates by means of PECVD and
aromatic precursors such as 1,2-DCB molecules. This efficient growth method does not
require any active heating and can reproducibly produce a high yield of ~10 g/m? within
20 min at a relative low power of <60 W. Moreover, the GNSPs thus produced reveal large
aspect ratios (up to >~ 130) and can be easily transferred from the growth substrate to any
other substrates. Therefore, this new growth method is highly promising for mass
production of GNSPs. From studies of the Raman spectra, SEM images, UPS, TEM
images, EDS, and electrical conductivity of these GNSPs as functions of the growth
parameters, we have also confirmed the high-quality of these GNSPs and found the
correlation of the properties of GNSPs with the growth parameters. Based on our
experimental findings, we propose a growth and branching mechanism of GNSPs that
suggests the important role of the 1,2-DCB precursor molecules in assisting the vertical
growth and determining the morphology as well as the large aspect ratio of GNSPs. These
findings therefore open up a new pathway to large-scale, inexpensive mass production of
high-quality GNSPs for such large-scale applications as supercapacitors and photovoltaic

cells.
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2.1.2 Generation | growth system description and performance

A schematic of the generation I system is provided in Figure 2.8. This system is
functionally similar to generation 0. That is, deposition takes place in a /2" outer diameter
glass chamber fitted with an Evenson cavity. The key difference in this chamber is that, in
an effort to increase the yield of GNSPs, the system splits into eight separate gas lines and
has eight chambers and cavities where GNSPs growth can take place. Downstream of the
deposition chambers, the lines converge back to a single line. Similar to the previous
system, hydrogen and methane gases are injected into the system from high pressure gas
cylinders with the flow rate controlled by MFCs, and this system is equipped with two
pressure gauges (PG), an RGA, a cold trap (CT), a regulator valve (RV), and a mechanical

roughing pump.

There are major differences between this system and generation 0, however. Two
vacuum sealed vials can contain multiple precursors (P1 and P2). P1 is connected to the

mainline via two manual leak valves (LV2 and LV3), and there is a third manual leak valve
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Figure 2.8: Schematic of generation | GNSPs deposition system.
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between the points where LV2 and LV3 connect to the main line. The reason for this is that
with the gas line splitting into eight separate chambers, the hydrogen and methane gas
flowrates are much higher for this system than the previous system, and the evaporation
rate of the SBPs becomes insufficient with respect to the higher hydrogen and methane gas
flowrates, even with the leak valve completely opened. To remedy this, we include a larger
vacuum sealed vial (6” diameter) and included a gas line that passes directly through it.
When the gases pass directly through the vial, they efficiently remove evaporated SBPs
and induce further evaporation. By adjusting the relative fraction that LV1, LV2, and LV3
are open, we can accurately control the concentration of SBPs in the deposition chambers
over a large range of concentrations. Additionally, the second vial (P2) included in this
system can hold a second precursor that is delivered into the system via leak valve (LV4).
As this vial does not have a gas line pass directly through it, P2 precursors must have a

relatively high vapor pressure.

Another difference is that the pressure gauges and RGA are placed upstream of the
deposition chamber rather than downstream. This protects these instruments from
corrosive gases produced during GNSPs deposition, which is a problem here as this system

is bigger and thus produces more corrosive gases.

Similar to the previous system, the adjustable parameters in this system are MFC
gas flow rates (2 ~ 100 sccm), the fraction that leak valves are open, input microwave
radiation power (0 ~ 200 W) and the chamber pressure (the two pressures gauges have
respective ranges of 0.01 ~ 10 Torr and 1 ~ 1000 Torr). A typical recipe for GNSP growth
in this system is 5 sccm CH4 flowrate, 48 sccm H» flowrate, 70 W of microwave power,

chamber pressure of 3.8 Torr and adjusting the LV1, LV2, and LV3 such that the SBP
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signal is ~ 10 times less than the CH4 signal (as measured by the RGA). To achieve this

ratio, LV1 is typically ~ 2/3 closed, and LV2 and LV3 are completely open.

The difference in CH4 and H> flowrates in this system is not surprising (as it is a
bigger system), but the change in chamber pressure, microwave power and RGA signal
ratios may be surprising. The difference in chamber pressure is accounted for by
considering that the pressure is measured before the chamber splits into 8 components.
Therefore, the pressure in the deposition chamber is much lower than 3.8 Torr. In fact, we
measured that if the pressure gauges were near the deposition chamber and used the same
gas flowrates, the pressure was ~ 0.6 Torr. Regarding the higher microwave power, the
reason we used 60 W of microwave power on generation 0 is because that microwave
source was not stable at microwave powers over 60 W. However, this system involves a
newer microwave source model and is stable up to> 150 W. Finally, the difference in RGA
signal ratios is accounted for by considering that we used a different RGA model in this
system which may have affected the fragmentation rate of each component, and the higher

flowrates may have affected the diffusion of relative components to the RGA.

2.1.3 Generation Il growth system description and performance

A schematic of the generation II system is provided in Figure 2.9. Functionally,
this system dramatically differs from generations 0 and I. The deposition chamber isa 12.1
cm inner diameter stainless steel tube (rather than /2™ glass tube), the microwave sources
are microwave antennae (WWA) rather than cavities (i.e., they emit microwave radiation,
but do not have a resonating cavity) and multiple microwave sources emit radiation into a
single chamber. The motivation for using this chamber configuration is i) the larger

chamber size can accommodate larger growth substrates, i7) the microwave antennae do



Chapter 2—Synthesis of GNSPs a7

uwave power
source

/A
Wi (3

Lv3

:

[

D95

®

AD

Figure 2.9: Schematic of generation || GNSPs deposition system.

not require a resonance condition and do not require tedious tuning, iii) the microwave
antennae emit radiation in a diverging cone which increases the volume of the plasma and
iv) loading/unloading samples into a single chamber is more efficient than using multiple
chambers. In other words, this chamber was designed to increase yield and is a prototype

for industrial scale growth system of GNSPs, as will be discussed in section 2./.3.

For the gas and SBP injection and RGA, this system is similar to generation I.
Hydrogen and methane gases are stored in high pressure gas cylinders, and their flow into
the system is controlled by MFCs. Injection of SBPs into the system is controlled by three
manual leak valves (LV1, LV2, and LV3), similar to injection of P1 into the system for

generation I. The RGA is also placed upstream of the deposition chamber.

The pressure gauges are placed after the splitting into eight gas lines for this system.
This arrangement was not possible for generation I because it would have made one of the

chambers inequivalent to the others and the deposition of GNSPs in each chamber may not
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have been identical. In the case of generation II, the gas line arrangement in Figure 9

becomes feasible because there is only one deposition chamber.

The gases flow into the deposition chamber through eight ports. A longitudinal
schematic of the chamber is provided in Figure 2.10a and a cross sectional schematic is
provided in Figure 2.10b. The gases flow into the chamber through eight inlet ports and

out of the chamber through eight outlet ports. Four microwave antennae (image in Figure

UWASs

/

AD Gas inlets/outlets

HLWA

Gas inlets Gas outlets

Figure 2.10: a) Longitudinal schematic of generation Il chamber. b) Cross sectional schematic
of generation Il chamber. c) Image of a generation Il microwave antenna for the generation
Il system.
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2.10c) attach to the top of the chamber such that the radiation outlet is exposed in the
chamber. A vacuum sealable access door (AD) with a glass viewing window is on one end
of the chamber. After the gases leave the chamber they pass through a cold trap (CT), a

regulator valve (RV) and reach the vacuum pump (VP).

The adjustable parameters in this system are MFC gas flow rates (2 ~ 100 sccm),
the fraction that leak valves are open, input microwave radiation power (0 ~ 200 W) and
the chamber pressure (the two pressures gauges have respective ranges of 0.01 ~ 10 Torr
and 1 ~ 1000 Torr). A typical recipe for GNSP growth in this system is 40 sccm CHs4
flowrate, 0 sccm H» flowrate, 180 W of microwave power, chamber pressure of 200 mTorr
and adjusting the LV1, LV2 and LV3 such that the SBP signal is ~ 100 times less than the
CHs signal (as measured by the RGA). To achieve this ratio, LV1 and LV3 are typically
fully open, and LV2 is completely closed. Additionally, the copper substrate must be

placed ~ 1 cm from the microwave antennae.

The typical recipe for this system is very different from the typical recipes for
generations 0 and I. This is in contrast to the very similar effective conditions in the
deposition chambers of generations 0 and I despite their different input parameters. Before
discussing the specific differences in the recipe for the generation II system, it is worth
considering how the plasma is fundamentally different in this chamber. First, since the
microwave source is not a resonant cavity, the microwave radiation is not as intense for a
given input power. Second, since the chamber is much larger, the plasma is not bound to a
small volume. This fundamentally alters the behavior of the plasma. For example, for the
small glass chamber in generations 0 and I, radicals produced in the plasma could not as

readily diffuse out of the plasma, whereas radicals readily diffuse away from the plasma in
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the generation II chamber, which affects the concentrations of species in the plasma. Third,
the growth substrate in generations 0 and I was in close physical contact with the ambient
environment and therefore was cooled conductively by ambient air. The growth substrate
in generation II, on the other hand, is shielded from ambient conditions very effectively by
the stainless steel chamber. The temperature of the plasma in the generation 0 and I
exceeded 425 °C.* Given that heat is an important factor in chemical reactions, so we

expect this cooling discrepancy to play a role in the deposition.

Considering these fundamental differences in the plasma, we can understand why
the recipe conditions are so different for the generation II system. First, this system requires
a high CH4 flowrate and no input of H». This difference may be understood by considering
that CHs can provide hydrogen radicals to the plasma, and the difference in chamber
geometry likely affected radicals such that H» is not necessary. Second, the input
microwave power of 180 W is justified by considering that the antennae do not incorporate
a resonance condition and do not concentrate the microwave radiation. Third, the lower
chamber pressure is necessary because the lower pressure enables a larger and more intense
plasma, which is necessary because of the lack of plasma confinement in this larger
chamber. In fact, 200 mTorr was the lowest pressure achievable with the vacuum pump
while injecting gases into the system, and even lower pressures may be preferred. The
difference in RGA signal is justified similarly to what was discussed for the generation I
RGA signal, i.e., the difference in flowrates likely affects diffusion of species into the RGA
chamber. Lastly, the placement of the copper growth substrate was critically important. It
was found that placing it ~ 1 cm away from the antenna to be ideal, and placing it even 1

mm too far away from the antenna would result in no growth because the plasma was not
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intense enough to yield enough reactive species, whereas placing it too close would result
in defective growth, likely because the concentration of components in the plasma was not

1deal.

Although the generation II system was successful in producing GNSPs over a larger
area, it was problematic for the following reasons. First, the growth substrate had to be
very close (~ 1 cm) to the microwave antenna. The cone-like emission of microwave
radiation away from the microwave antenna therefore only resulted in growth over ~ 4 cm
diameter circle on the growth substrate. This is a much larger growth area than the
generations 0 and I systems, but still not sufficiently large for industrial applications.
Second, microwave radiation was most intense at the surface of the antenna, which resulted
in carbon deposition on the antenna. In principle, the deposit could be removed physically
(e.g., by scrapping it off with a steel brush) or by an oxygen plasma, converting the
deposited carbon to CO,, which would then be evacuated by the vacuum pump. Neither
solution is desirable in an industrial environment however because each added step is costly

to the fabrication procedure.

A schematic design shown in Figure 2.11 is proposed to amend the aforementioned
problems for generation II. Here, the microwave antenna is placed outside of the deposition
chamber, transmitting the microwaves into the chamber via a glass window. In addition, a
deposable glass slide will be placed flush with the window on the inside of the chamber.
This would amend the first problem (a small deposition area) by allowing the microwave
radiation (emitting in a cone shape) to spread to a larger area before enter the chamber
where it is absorbed by the plasma and lessens in intensity. The window would also amend

the second problem (carbon deposition on the antenna) because the antenna is not in the



Chapter 2—Synthesis of GNSPs 52

HWA

MW radiation

Glass window

Gas inlets Disposable glass \plasma Gas outlets

slide

Figure 2.11: A schematic design to amend problems encountered in current generation Il
system.

chamber. Although this design introduces another problem, which is carbon deposition on
the glass window, this problem can be amended by introducing the disposable glass slide
which is flush with the glass window. In this configuration, the carbon deposition occurs
on the disposable glass slide, and the glass window is preserved. By ensuring that the
disposable glass slide is flush with the glass window, little (if any) plasma will be generated
between the glass slide and the glass window, and even if there is some plasma generated
there, the resulting carbon deposition will be minimal and can quickly be removed by a
brief oxygen plasma. In addition, a lower chamber pressure may be effective in order to

maintain a more intense plasma.

2.1.4 Perspectives on large scale production
The large scale production of GNSPs could be accomplished in a system similar to
schematic in Figure 2.11, which has the following features that enable industrial scale

production of GNSPs. I) Growth takes place over a large area. II) Multiple microwave
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sources can simultaneously operate in a single chamber to grow GNSPs on multiple
substrates. In addition, because microwave radiation is absorbed by the plasma, and
microwave sources do not interact with each other, deposition chambers can be arbitrarily
large and include an arbitrary amount of microwave sources. That is, a chamber can be
very long and include many microwave sources that simultaneously grow GNSPs. This
concept is shown schematically in Figure 2.12a. Also depicted in Figure 2.12a is that the

large chamber will require multiple vacuum pumps in order to evacuate the large volume.

Two additional features must be added to the generation II system for industrial
scale growth. First, a roll-to-roll configuration must be incorporated. Roll-to-roll
configurations are widely used in industrial manufacturing, and the working principle is

that, because flexible substrates can be rolled onto a cylinder, a flexible substrate can be

Glass windows

b C

HWA
Glass HWA Glass HW
window HW window » radiation
\ » radiation \
Plasma
YSPlasma
Rollers outlet
\ <+— Copper
° ° pper

Figure 2.12: Proposed industrial scale fabrication system. a) Top-view schematic of
arbitrarily large chamber with many sources and several vacuum pumps. b) Schematic of
cross section perpendicular to gas flow demonstrating roll-to-roll configuration. c) Schematic
of cross section parallel to gas flow showing height-variable roll-to-roll configuration.
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unrolled from one cylinder and rolled onto another cylinder and pass beneath a deposition
mechanism between the two cylinders.!% This is shown schematically for this system in
Figure 2.12b. Here, copper foil starts wrapped around one cylinder and is unwrapped while
simultaneously being wrapped around the other cylinder. A third cylinder is included in
this design to bring one section of the copper foil into the plasma while keeping the other
sections farther away; this ensures the other parts are not exposed to reactive plasma
species. The entire copper foil roll is then exposed to the deposition conditions, and so

when the copper is removed a large area of GNSPs can be extracted from it.

As an alternative rolling mechanism, one may suggest a single cylinder plated with
copper that is placed underneath the plasma source that is continuously turning, and while
GNSPs grow on the top, GNSPs are extracted from the bottom by scrapping them off ,
which then exposes the copper for further growth when it returns to the top. This
configuration would have the advantage of simplicity and recycling copper. Additionally,
we have found that copper does not foul during GNSPs deposition, and we typically extract
GNSPs from the copper by scrapping them off anyway. However, this alternative
configuration has the detrimental feature that while scrapping off the GNSPs in the

chamber, GNSPs dust will migrate to and compromise the vacuum pumps.

The second additional feature that must be incorporated for industrial scale growth
is a translation stage controlling the height of the substrate during growth. This is necessary
purely for practicality. When experimenting with the generation II system, we found that
the copper substrate must be ~ 1 cm away from the plasma source, and if the substrate

position differed by even 1 mm, the growth was severely impaired. Therefore, in order to
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perfectly position each growth substrate, vertical translation stages are likely necessary for

each deposition position. A schematic of this concept is shown in Figure 2.12c.

2.2 Heteroatom Doping Strategies

The synthesis and LIB application of The synthesis and lithium-ion battery (LIB)
application of heteroatom doped graphene will be the subject of Chapters 4 and 5, wherein
the novel syntheses of nitrogen-, silicon-, germanium-, and tin-doped graphene will be
described. However, in order to present a cohesive and complete description of the
synthesis strategies and instrumentation for the fabrication of GNSPs, we include here
discussions of what heteroatom-doped graphene is, the principles for synthesizing
heteroatom-doped graphene, and the instrumentation for fabricating heteroatom-doped

graphene.

2.2.1 Heteroatom-doped graphene

The definition of heteroatom-doped graphene in this thesis and also in the published
literature is that heteroatom-doped graphene is a graphene material with individual carbon
atoms substituted by atoms of other elements. That is, the integrity of the graphene
structure (e.g., the honeycomb lattice) is largely maintained, but a fraction of the carbon
atoms are replaced by other elements. Typical heteroatom dopants include nitrogen, boron,

phosphorus, sulfur, efc.

This definition is distinct from either graphene functionalization or nanoparticle
anchoring. In graphene functionalization, heteroatoms are present in the graphene material
via covalent attachment to carbon atoms, but they are not substituted for the carbon atoms.

Therefore, the bonding geometry among carbon atoms is largely maintained, but the
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carbon-carbon bonds become sp* hybridized to accommodate an additional (sp*) bond for
the heteroatom. However, directly distinguishing between doped graphene and
functionalized graphene is very difficult, and researchers occasionally term materials as
“doped graphene” when the materials are actually functionalized graphene (as inferred by
the heteroatom, which may not have a valence configuration amenable to doping). Typical

heteroatoms for graphene functionalization include oxygen, chlorine, and fluoride.

In nanoparticle anchoring, on the other hand, nanoparticles are covalently attached
to graphene. This is often termed in the literature as, for example, “silicon/graphene
composite” or “Si@graphene,” and is rarely mistermed as doped graphene because the
nanoparticle constituents are easily distinguished by X-ray diffraction and/or Raman
spectroscopy. Typical nanoparticles anchored to graphene include gold, platinum, SiO»,
Fe;04, etc., and the motivation for doing so is usually to simply use graphene as a high

surface area scaffold for the nanoparticles.

2.2.2 Principles of heteroatom doping of GNSPs by PECVD
Two methods of doping graphene with heteroatoms via PECVD have been

developed in this thesis: i) introducing heteroatom aromatic radicals (e.g., see Figure

a b
AN :

H
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N H

Figure 2.13: (a) Pyridine radical as an example heteroatom aromatic radical and (b) silane
radical as an example heteroatom radical.
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2.13a) into the plasma during GNSPs growth, and i) introducing heteroatom radicals (e.g.,
see Figure 2.13b) into the plasma. The working principle here is quite simple: the
heteroatom aromatic radical fills the role of benzene radicals and the heteroatom radical
participates in similar chemistries as methane radicals. For example, pyridine radical can
seed and propagate the growth of GNSPs, and nitrogen-doping in the pyridinic

configuration is achieved (see Chapter 4).

Two practical requirements for fabrication of heteroatom-doped graphene via
PECVD relate to the bond dissociation energy (BDE) and vapor pressure of the dopant
precursor. Regarding bond dissociation energy, in order to generate the heteroatom
(aromatic) radicals in the plasma, a precursor must be selected which has appropriate bond
dissociation energies. For example, nitrogen-doped GNSPs can be obtained by injecting 3-
chloropyridine instead of 1,2-DCB into the plasma. 3-chloropyridine has a C-C1 BDE equal
to 3.9 eV, which is less than the C-CI BDE for 1,2-DCB.!%* Although we have not explicitly
performed the experiment, we expect that heteroatom precursors with a high BDE would

not convert to radicals in high yield and the heteroatom would not dope the graphene.

The vapor pressure of the heteroatom precursor is the other practical consideration
for heteroatom doping. This is simply because the vapor pressure of a compound dictates
how easily it is controllably injected into the vacuum system. Because we conducted a
detailed study on the 1,2-DCB-seeded growth of GNSPs, we referred to the vapor pressure
of 1,2-DCB (~ 1.4 Torr at room temperature!°®) as a guide to selecting heteroatom dopant
precursors. Additionally, gaseous precursors could also be used (e.g., silane), which would

require a high pressure gas cylinder and an MFC.
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Using the aforementioned criteria, we have successfully used 3-chloropyridine,
tetraethylsilane, tetraethyl germanium and tetraethyl tin to accomplish nitrogen-, silicon-,

germanium-, and tin-doping of graphene.

2.2.3 Instrumentation

Heteroatom doping of GNSPs was accomplished in the generation I system by
inserting the selected precursor in P2 in Figure 2.8 and controlling its concentration via
LV4. For nitrogen-doping, which involved 3-chloropyridine, an aromatic precursor, 1,2-
dichlorobenzene was not included during synthesis. For silicon-, germanium-, and tin-
doping, the heteroatom precursor was used as well as 1,2-DCB, which was in P1 in Figure

2.8.
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Chapter 3—Application of GNSPs in supercapacitors

Adapted from

Jacob D. Bagley, Dorte R. Danielsen, Nai-Chang Yeh, Significant
capacitance enhancement via in sifu exfoliation of quasi-one-dimensional
graphene nanostripes in supercapacitor electrodes, under review by ACS
Omega.

Personal contribution: Fabricated materials, performed all characterizations except SEM,
conceived exfoliation procedure, and participated in writing the manuscript.

Introduction
Extensively studied supercapacitor active materials include pure graphene,!®’

heteroatom-doped graphene,!%8109

and graphene composites (e.g., with metal oxide
nanoparticles).!!® Graphene is attractive as a supercapacitor electrode material due to its
high surface area as a two-dimensional material, high carrier mobility, and quantum
capacitance.*®!!'! An additional advantage is that graphene (as well as other carbon based
materials) is also easily deposited on surfaces in precise configurations to make interesting
devices such as microsupercapacitors.!!> However, processing of graphene sheets into
supercapacitor electrodes typically leads to stacking of graphene sheets,*? reducing the
surface area, and decreasing the carrier mobility,!!3 such that the advantages of graphene
are often not realized in practical supercapacitor devices. Therefore, it is desirable to
develop methods to obtain single-layer graphene in practical supercapacitor devices.

Indeed, many reports focus on developing methods to increase the surface area of

nanocarbons.!!*

Methods of producing single-layer graphene sheets in high yield include oxidative

5

unzipping of carbon nanotubes,'!> oxidative chemical exfoliation,!'® liquid phase

7

exfoliation,”® and electrochemical exfoliation.!'” Of these approaches, we find
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electrochemical exfoliation particularly interesting because it can potentially be applied in
situ in a packaged supercapacitor electrode, as demonstrated in this contribution.
Electrochemical exfoliation is the process of separating graphite or multilayer graphene
into single-layer graphene sheets by applying a voltage to intercalate large ions, separating
graphite sheets to single-layer graphene. This has been accomplished in organic,'!’

aqueous,'!'® and ionic liquid solutions'! and has been used to produce graphene for field

0 2

effect transistors,'?® energy storage,'?! transparent conductive electrodes,!'*? and gas

sensors.'%

Methods of producing single-layer graphene in high yield include oxidative unzipping

of carbon nanotubes,!!> oxidative chemical exfoliation,!'® liquid phase exfoliation* and

117

electrochemical exfoliation."'’ Electrochemical exfoliation is the process of separating

graphite or multilayer graphene into single-layer graphene sheets by applying a voltage to
intercalate large ions, separating graphite sheets to single layer graphene. This has been

done in organic,!'” aqueous!!'® and ionic liquid!'!® solutions and has been used to produce

0 1

graphene for field effect transistors,'?’ energy storage,!?! transparent conductive

2 and gas sensors.'?® However, if single-layer graphene is desired for these

electrodes!?
applications, researchers should be cognizant that packaging the exfoliated graphene into
a device typically results in stacking of graphene sheets.’? Of these, we find

electrochemical exfoliation particularly interesting because it can potentially be applied in

situ in a packaged supercapacitor electrode.

Although in situ exfoliation of graphitic electrodes typically catastrophically degrades

the electrode performance due to loss of electrical contact as individual graphene sheets

35,124,125

separate, we demonstrate in this contribution that by employing quasi-one-
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dimensional graphene nanostripes (GNSPs) as the active electrode material, the electrode
supercapacitor performance can be enhanced upon in sifu exfoliation due to the electrical
conductivity maintained by the percolating nature of one-dimensional materials. These
concepts, i.e., electrical percolation by quasi-one-dimensional materials and in situ
electrochemical modification of electrodes, are not new and have been explored in other
materials,'2%!27 but have not been simultaneously studied in carbon nanomaterials to the
best of our knowledge. GNSPs are a graphene nanomaterial previously developed in our
group that demonstrate chemical purity, good crystallinity, high carrier mobility and quasi-
one-dimensionality (e.g., GNSP dimensions are ~ 400 nm x 60 um).'?® In our study of in
situ exfoliated GNSPs we employ X-ray diffraction to study structural changes in the
material and electrochemical impedance spectroscopy (EIS) to study the behavior of the
electrode at various degrees of exfoliation and conjecture that the improved capacitance is

due to an increase in surface area.

Results

The quasi-one-dimensional nature of GNSPs is demonstrated in Figure 3.1. Figure
3.1a is a normal incidence SEM image of GNSPs on the growth substrate without further
modification. Here, the one-dimensional nature is not apparent, but the fabricated material
can be seen as a vertically oriented graphene material, where graphene grows vertically
with respect to the growth substrate and forms a dense interconnected network of graphene
sheets. For detailed reviews of vertically oriented graphene see references.*>*¢ When
dispersed onto a substrate (Figure 3.1b), our GNSPs (a particular class of vertically
oriented graphene) become apparent as quasi-one-dimensional graphene, i.e., graphene

materials that are large in one dimension and small in the other dimensions. Several GNSPs
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Figure 3.1. a) Normal incidence SEM image of as grown GNSPs. Scale bar: 8 um. b) SEM image
of individual dispersed GNSPs. Scale bar: 16 um. c) Wide area SEM image of dispersed GNSPs

with GNSPs highlighted by orange circles. Scale bar: 200 um. d) Histogram of aspect ratios of

177 GNSPs.

are visible in Figure 1b, but a wider area image (Figure 3.1¢) shows that the GNSP
dispersion contains a large amount of GNSPs with varying dimensions. An analysis of 177
individual GNSPs reveals that the average width and length of GNSPs is ~ 450 nm and ~
12 pum, respectively. A histogram of analyzed GNSPs aspect ratios is provided in Figure
3.1d, where the average aspect ratio is ca. 34:1, and the most frequent aspect ratio is ca.
10:1. (Note: these GNSPs do not exhibit quantum confinement effects as their typical width
is ~ 450 nm while quantum confinement effects begin at widths of ~ 40 nm.'?°) The BET

surface area was 64 m?/g.

The successful fabrication of a graphene material was confirmed by Raman
spectroscopy and X-ray photoelectron spectroscopy (XPS). The Raman spectrum is

presented in Figure 3.2a. The D (1361 cm!), G (1589 cm'!), and 2D (2704 ¢cm™) peaks are
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Figure 3.2. a) Raman spectrum, b) XPS survey spectrum and c¢) high-resolution XPS C 1s
spectrum of our fabricated GNSPs with fit residuals (R(BE)). Inset: Fitting of section of
spectrum outside of the peak area to determine intrinsic noise of measurement; Binding energy
range: 292.5~295 eV.

characteristic of graphene, and the D’ (1609 cm™) and D+D’ (2945 cm™!) peaks together
with the G and D’ peaks being well resolved classify this as a crystalline graphene
nanomaterial according to the three-stage defect model.!*%!3! We also acknowledge that
the D-peak is very intense in this nanomaterial, which may be partially due to the abundant

edges.

The XPS survey spectrum (Figure 3.2b) demonstrates the chemical purity of the
graphene material, as the only visible peak (at ~ 285 eV) corresponds to C ls. To further
investigate the nature of the carbon in the material, we studied the C 1s peak by a high-
resolution narrow scan (Fig. 2c). We fit the C ls spectrum with two components
corresponding to sp? hybridized C-C bonds (284.1 €V) and a z-7* satellite (290.5 eV) with
a Tougaard background. The sp? peak was fit to a Finite Lorentzian line shape with an
asymmetry parameter of 0.18 and a full-width at half-maximum of 0.87 eV, consistent with
previous reports.'3>!33 (The Finite Lorentzian line shape is a convolution of Lorentzian and
Gaussian functions with the Lorentzian function asymmetrically raised to different
exponentials for binding energies greater than the peak center and binding energies less

than the peak center, creating asymmetric tails, which is useful for modeling conducting
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materials. The Finite Lorentzian line shape is an established method for modeling the C 1s
sp* component, and various sources discuss its use and practical application.!3* 13 Qur
function was defined as LF(0.53,1.2,240,250,3) in the CasaXPS software) The 7z-7*
satellite was fit with a symmetric Gaussian-Lorentzian function with a width of 3.6 eV.
Because the sp? peak and the satellite were fairly well resolved, we did not impose
constraints on peak widths and peak positions, but the fitted peak positions (i.e., 6.4 eV the
separation between the sp? and the satellite peak!®?) and the width of the sp? peak being
consistent with literature confirm the fit is realistic. The residuals spectrum in Figure 3.2¢
also does not demonstrate the need for additional peaks. The fit gives an Abbe criterion of
0.67, which is not ideal as perfect noise around a fit gives an Abbe criterion of 1, but when
fit to a line a linear portion of the spectrum absent of peaks (shown in Figure 3.2¢ inset)
gives an Abbe criterion of 0.69, suggesting that the Abbe criterion of the peak fit is
reasonable based on the noise in this spectrum. (For a practical discussion of judging

goodness-of-fit by Abbe criterion, see Reference.!3®)

The strong sp? peak and the presence of the z-7* peak verify the graphene
crystallinity, i.e., domains with delocalized p-orbitals.!3*13° The combined results of
Raman spectra and XPS data confirmed that the GNSPs are highly crystalline and
chemically pure graphene material. Further characterization of the GNSPs, including
transmission electron microscopy, energy-dispersive X-ray spectroscopy, selected area
electron diffraction, and ultraviolet photoelectron spectroscopy can be found in

reference.!'?®

The GNSPs were packaged into a supercapacitor in a coin cell configuration, and

the capacitance was measured by cyclic voltammetry at various scan rates between 2 V
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Figure 3.3. al) Cyclic voltammograms of a pre-exfoliated GNSP electrode. a2) Cyclic
voltammograms of a GNSP electrode exfoliated at 10 V. b1) Specific capacitance of each
electrode as a function of the scan rate. Here the “initial” curve denotes the capacitance of pre-
exfoliated GNSP electrode. b2) Capacitive enhancement of each exfoliated GNSP electrode
with respect to the pre-exfoliated GNSP electrode as a function of the scan rate.

and 4 V as shown in Figure 3.3al. The cyclic voltammograms were nearly rectangular,
indicating a fairly ideal electrochemical double-layer capacitor process with little
contribution from redox processes.!*’ The non-idealities, such as the positive slope while
charging and negative slope while discharging, may arise from slight changes in the
intercalation state of Li" or PF¢ (e.g., Li" intercalation could occur at voltages as high as
2.5 V in disordered graphene materials),?”-!*! which had also been reported previously in
graphene supercapacitors.!’” Additionally, these electrodes demonstrated the classic

capacitor behavior of increasing current response with increasing scan rate. 4

Regarding the claim that Li+ intercalation could occur at ~ 2.5 V, we provide the

following discussion. Disordered carbon materials (including graphene, due to stacking
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disorder) typically do not demonstrate well defined lithium intercalation potentials.*> For
example, while galvanostatic lithiation and delithiation of crystalline graphite results in
well-defined voltage plateaus (see Fig. 8 in reference®), galvanostatic lithiation and
delithiation of graphene electrodes results in a quasi-exponential curves rather than voltage
plateaus as in Figure 3.4a. The quasi-exponential curves suggest that the lithium
intercalation potentials are continuously distributed throughout the voltage range (even at
voltages as high as 2 ~ 3 V vs Li/Li"). To demonstrate the intercalation phenomenon at ~
2.5 V more quantitatively, we performed higher resolution galvanostatic discharge/charge
measurements at ~ 2.5 V. Figure 3.4b (Figure 3.4c) shows the first 5 seconds of a
galvanostatic discharge (charge) curve after holding the voltage for 5 minutes. A purely
capacitive process would result in a linear line with some non-zero slope, while a purely
faradaic process would result in a linear line with zero slope.? In practice, however, every

electrode forms electric double-layers, so when currents or voltage biases are applied to an
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Figure 3.4. a) Galvanostatic discharge and charge of fifth cycle of graphene electrode. First 5
seconds of galvanostatic discharge (b) and charge (c) and their derivatives. Current: 100
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electrode, the initial response is capacitive.?” In addition, the intercalation potentials of
graphene are not well defined so a plateau is not observed even after the electric double-
layer response. This phenomenon of a fast current response, then a faradaic response is
observed in Figure 3.4b (Figure 3.4¢), where the slope is initially more negative (more
positive). To emphasize this change in slope, we also plotted the derivative of voltage with
respect to time. The derivative clearly demonstrate an initial slope that is more negative
(more positive) than the subsequent response, suggesting that some faradaic process (e.g.,
intercalation) is occurring at these voltages. Additionally, the change in slope should not

be interpreted as series resistance as series resistance is not time dependent.?’

Graphene electrodes were electrochemically exfoliated in situ by ramping the cell
voltage to 1 V, holding the cell voltage at 1 V for three hours, then ramping the cell voltage
to a high voltage, holding the cell voltage at the high voltage for three hours, then ramping
down to 2 V. The high voltages ranged from 5 V to 10 V. The rationale for this voltage

program was that a high voltage caused intercalation of PFe,!24142

which, as a large
molecule, induced separation of graphene sheets (i.e. exfoliation), and the low voltage (1
V) caused intercalation of a Li*-propylene carbonate complex, which also exfoliated the
graphene.® We also performed these experiments without the 1 V exfoliation step, and the

capacitance of these electrodes did not enhance as well as those that included the 1 V

exfoliation step (See Figure 3.5).
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Figure 3.5. Capacitance (a) and enhancement (b) of graphene exfoliated in situ via high voltage
exfoliation only.

Mirkle et al'?* performed a similar exfoliation procedure (i.e., using the same
electrolyte (1 M LiPFs in propylene carbonate/dimethyl carbonate), the same
counter/reference electrode (lithium metal) and similarly cycling between relatively low (3
V) and high voltages (5.5 V)) except employing a regular (not quasi-one-dimensional)
graphitic material in the working electrode, but observed “[e]lectrical contact loss between
the graphite particles themselves and/or particles and the current collector.” The only
significant difference between the system described in this contribution and the system
studied by Markle et al is that we are employing quasi-one-dimensional GNSPs while they
did not, and, as demonstrated herein, instead of observing catastrophic device failure, we

observe enhancement due to exfoliation.
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Before proceeding we acknowledge that using high exfoliation voltages may
initially seem concerning since the stability window of the electrolyte in this configuration
is reported as only 6V.!43:144 Indeed, below we conjecture that this high voltage may cause
some decomposition that affects ion transport. Further, such high voltages may be
dangerous. However, in our experiments we did not observe damage or danger on a
macroscopic scale, and the microscopic damages are slight. We believe this is because,
although the voltage across the entire coin cell is large, the voltage gradient at any point
within the cell is not so large. This behavior is typical of supercapacitors, as ions migrate
to biased electrodes and screen the voltage,? and ion intercalation into the bulk of the

GNSPs electrode may also provide some screening.

After exfoliation, the capacitance was measured again by cyclic voltammetry under
the same conditions. The cyclic voltammograms for graphene exfoliated at 10 V is shown
in Figure 3.3a2. The voltammograms of the electrode exfoliated at 10 V (Figure 3.3a2)
revealed two differences from the pre-exfoliated graphene (Figure 3.3al): I) the current at
a given voltage was much higher, demonstrating a higher capacitance, and II) the non-ideal
behavior, i.e., the slope, was more uniform through the voltammogram. This may be due
to intercalation behavior through the entire voltage range, which may be made possible by

an increase in interlayer spacing spacing and decrease in intercalation potential.

We calculated the specific capacitance, C, the electrode at each degree of
exfoliation (the pre-exfoliation capacitance and the capacitance after each exfoliation step)
according to

_J1av
- 2vmAV
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where [ I dV is the integrated area of the current response (I) of the cyclic voltammetry
curve with the voltage differential (dV), v is the scan rate, m is the mass of the graphene
and AV is the voltage window of the cyclic voltammetry scan. The capacitances are shown
in Figure 3.3b1. These data follow the classic supercapacitor behavior of decreasing
capacitance with increasing scan rate. For the lowest scan rate, the capacitance increased
steadily with increasing exfoliating voltage. For the highest scan rate, however, exfoliation
at 8 V resulted in the best performance, while exfoliation at 9 V and 10 V resulted in lower
capacitance for high scan rates. This decrease in performance for exfoliation at 9 V and 10
V may be due to solvent decomposition on the electrode surface during exfoliation,'4>144
producing byproducts that impair ion transport to and from the electrode such that the

capacitance is impaired for high scan rates but not low scan rates.

To quantitatively compare the performance of each exfoliated electrode with
respect to the pre-exfoliated electrode, we calculated the capacitive enhancement at each

scan rate (E, ) according to

Cexfoliated,v

E, = (100%)

Cinitial,v

where Cexfoliatea,v 18 the specific capacitance at a scan rate, v, of the exfoliated graphene
and Ciniriqr v 18 the specific capacitance at a scan rate, v, of the pre-exfoliated graphene.
Figure 3.3b2 plots the capacitive enhancement at each scan rate and demonstrates an
enhancement of 418% for graphene exfoliated at 10 V. Additionally, for graphene
electrodes exfoliated at 5 V and 6 V, the enhancement increases with increasing scan rate,

whereas for graphene electrodes exfoliated at 9 V and 10 V, the enhancement decreases
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Figure 3.6. Normalized current response for each electrode at 3.16 mV/s (a) and 1000 mV/s
(b).

with increasing scan rate. For graphene electrodes exfoliated at 7 V and 8 V the

enhancement first decreases then increases with increasing scan rate.

To further understand this increase in capacitance, we investigated whether its
origin was associated with an increase in non-faradaic charge storage (i.e., double-layer
capacitance) or in faradaic charge storage (i.e., redox reactions). An increase in double-
layer capacitance would result from an increase in surface area, while an increase in
faradaic charge storage would result from chemical activation of the graphene material
such that redox active sites were created. Non-faradaic and faradaic processes can be
distinguished by comparing cyclic voltammograms with fast and slow scan rates.
Generally, non-faradaic (capacitive) current dominates at fast scan rates, and faradaic
current dominates at slow scan rates. Therefore, if a faradaic process is taking place at an
electrode, then a redox peak at some voltage will be visible at low scan rates but will be
hidden by the non-faradaic current at high scan rates.?” To determine whether the increased
capacitance observed here involved faradaic processes, we normalized the cyclic

voltammogram current response for each exfoliation step at the slowest scan rate (Figure
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3.6a) and the highest scan rate (Figure 3.6b). In both plots we found that the current curves
were similar and quasi-rectangular for all electrodes, suggesting that the electrochemical

processes did not change significantly with exfoliation.

Ideally, we could directly measure the surface area of exfoliated graphene materials
(e.g., via BET surface area measurement) to compare their surface area to the original
material, but typical surface area measurements (e.g., BET surface area measurement)
would require 7) a fairly large amount of material (compared to typical electrode masses)
and ii) removing the graphene material from the coin cell current collector (e.g., by
scrapping it off), which would likely affect the surface area. Therefore, to further
substantiate that the surface area increased with exfoliation, we extrapolated the double-
layer capacitance (which is proportional to the surface area) from the cyclic

voltammograms.

The initial current response due to a potential sweep is given by

t
izvcd[l_eXp<_R C )]
svd

where i is the current, v is the voltage scan rate, t is the time, R, is the solution resistance
and C, is the double-layer capacitance.?” The initial current response of each electrode for
a scan rate of 3.16 mV/s is shown in Figure 3.7a. The exponential component is visible
in the initial current response, and with increasing exfoliation voltage the exponential

component extends to longer times.



Chapter 3—Application of GNSPs in supercapacitors

— Initial

—5V
g 6V
s e 7V
5| e 8V
3| -~ sy
SRR —10V
------------------- - - Fits
// ----------------
I’ —————
[
L 1 1 L L . l
0 10 20 30 40 50 60 s
Time (s)
0.006 ]
0.005 | b
0.004 } l—,
’UT [ -
3 i X
3 0.003 %
L y _
0.002 } ‘—‘ %
L o |
0.001 |
X X
0
Initial 5V 6V 7V Y ov 1oV

Exfoliating voltage

Figure 3.7. a) Initial current response for each degree of exfoliation. Scan rate 3.16 mV/s. b)

3.00E+03

2.00E+03

1.00E+03

0.00E+00

-1.00E+03

-2.00E+03

Rs (Q)

73

Extrapolated double-layer capacitance and solution resistance for each degree of exfoliation.

To quantitatively understand the change in double-layer capacitance, we fit these

curves to

t
i =v(Cy 1—exp(—RCd
S

)| + (mt + b)

which is the previous equation with a linear component added to it. The linear component

was added because the data in Figure 3.7a do not have zero slope after the exponential rise

(perhaps due to intercalation processes, as discussed previously). The fitting results for

Cyand R are plotted in Figure 3.7b. Indeed, exfoliation does increase the double-layer

capacitance, suggesting an increase in surface area. Additionally, the solution resistance
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decreases for exfoliation up to 7 V and increases for exfoliation above 8 V, which

corroborates the electrochemical impedance spectroscopy data discussed below.

Next, we investigated the effect of exfoliation time on capacitance enhancement.
For these experiments, the capacitance was measured then the GNSPs electrode was held
at 1 V for 1 hour, then at 6 V for 1 hour, then returned to 2 V for a cyclic voltammogram
capacitance measurement. This was repeated for 20 cycles. Similar measurements were
also repeated using 10 V instead of 6 V. These voltages (6 V and 10 V) were chosen

because 6 V is the electrochemical stability window of the electrolyte, 43144

and previous
measurements demonstrated the greatest enhancement at 10 V. The cycle dependent
exfoliation using a high voltage of 6 V and 10 V is shown in Figure 3.8. In both cases
exfoliation always enhanced the capacitance, but the number of cycles for maximum
enhancement differed: For exfoliation at 6 V, the capacitance enhancement plateaued after

2 cycles and resulted in ~ 300% capacitance enhancement, whereas for exfoliation at 10 V,

enhancement maximized at ~ 250% after 9 cycles then decayed with increasing cycles.

300%
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Figure 3.8. Cycle dependent exfoliation using a high voltage of 6V and 10 V.



Chapter 3—Application of GNSPs in supercapacitors 75

The data shown in Figure 3.8 contrasts with the data presented in Figure 3.3 in
two aspects: i) in Figure 3.3 exfoliation at 10 V resulted in higher capacitance than
exfoliation at 6 V, and i7) in Figure 3.3 exfoliation at 10 V resulted in ~ 420% capacitance
enhancement rather than ~ 250%. We resolve this discrepancy by considering that this
electrolyte is not stable under a voltage gradient of 10 V,!43:14* and exfoliating at 10 V may
cause solvent decomposition which is destructive to the capacitance. Additionally,
exfoliating at lower voltages before exfoliating at 10 V may enable ion transport into the
bulk of the electrode (e.g., via pores) that helped screen the total voltage applied to the
electrode so that the voltage gradient at the solution-electrode interface was not too intense.
In other words, if the electrode was partially exfoliated before applying a high voltage, then
when the high voltage was applied, the counter ions in the bulk of the electrode would help
screen the voltage for the electrode-solution interface, leading to reduced electrolyte

decomposition while enabling further exfoliation.

To better understand the cause of increased capacitance in exfoliated electrodes, we
measured the XRD patterns of our GNSP electrodes exfoliated at different voltages for )
an as-grown sample, ii) graphene exfoliated at 6 V for 20 cycles, and iii) graphene
exfoliated at 10 V for 20 cycles (Figure 3.9). Interestingly, for both the as-grown graphene
and graphene exfoliated at 6 V, the position of the [002] peak was similar, but for graphene
exfoliated at 10 V, the [002] peak disappeared. According to Bragg’s law (dgg, =
nA/2 sin @ where n is a positive integer, 4 is the incident X-ray wavelength and 0 is the
diffraction angle), the interlayer spacing in the as-grown graphene and graphene exfoliated
at 6 V was 3.40 A and 3.37 A, respectively. Given that the [002] peak indicated the

interlayer spacing, the presence of the [002] peak suggested that applying a voltage of 6 V
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Figure 3.9. XRD pattern near the [002] peak for as-grown graphene, graphene exfoliated at 6
V, and graphene exfoliated at 10 V.

did not fully exfoliate the graphene (i.e., separate it into individual monolayers) even
though the peak intensity was reduced and linewidth broadened, whereas applying a
voltage of 10 V completely exfoliated the GNSP sample so that there was no longer ordered

c-axis stacking.

Finally, we used electrochemical impedance spectroscopy (EIS) to further
understand the changes that took place during exfoliation that led to increased capacitance.
Nyquist plots for each exfoliation step are shown in Figure 3.10a. The impedance data
were fit to a modified Randles circuit (Figure 3.10b) with Table 3.1 providing the fit
parameters and their standard deviations, as determined by

2

a(pi) = 2

(r:)’

0]

62

(api)

where o(p;) is the standard deviation of the parameter 7, and (x?) is the second

derivative of the dependence of y? (chi-squared) on a change in parameter i.'*® In the
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Figure 3.10. (a) Nyquist plots for all electrodes in the range of 0.1 MHz to 1 Hz. (b) Equivalent
circuit models for Nyquist plots data.

equivalent circuit, the capacitor and Warburg diffusion elements are replaced with constant
phase elements (CPE; and CPE},, respectively) to account for non-idealities.

Before interpreting the equivalent circuits and model parameters, we introduce the
mathematical relations of the circuit elements. The impedances of a capacitor (Z;),

Warburg element (Z;,) and constant phase element (Z.pg) are defined as

ZWZQ\/E’

1
ZCPE - Qiw)™ »
where i is the imaginary number, w is the radial frequency, C is the capacitance, R is the
resistance, and n and Q are constants.!*? In the cases of n = 1 and n = 0.5, the constant

phase element (CPE) becomes identical to the capacitor and Warburg element,

respectively. Therefore, a CPE is often used to model non-ideal capacitors and Warburg
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Table 3.1: Model fitting parameters of the data in Fig. 7a according to the circuit in Fig. 7b. Fit
parameters’ variances are given in parentheses.

Initial 5V 6V 7V 8V 9V 10V
Resr (Q) 3.0 3.4 3.7 3.8 4.1 43 5.8
(0.3) (0.3) (0.3) (0.3) (0.3) (0.3) (0.4)
R (Q) 420 211 158 350 620 980 1160
(10) 3) 3) (10) (10) (20) (40)
ny 0.815  0.81 0.77 0.743 0.718 0.696 0.711
(0.007)  (0.01)  (0.01) (0.008) (0.007)  (0.006)  (0.004)
Qi (Ss*ny) |95 14 22 23 27 29 243
x10°6 (0.7) (1) 3) (1) (1) (1) (0.8)
nw 0.45 0.79 0.71 0.45 0.56 0.61 0.40
0.02)  (0.02)  (0.02) (0.03) (0.03) 0.04)  (0.05)
Qw(S s"nw) | 66 79 1.40 13.0 87 80 85
10 (1) @) (0.08) (0.3) 3) @) 3)

elements.!#%-1% For a CPE that is modeling a capacitor, the extent to which n deviates below
1 can be interpreted as the “leakiness” of the capacitor, and for a CPE modeling a Warburg
element, values of n deviating above 0.5 indicate diffusion within a porous three-
dimensional structure (as opposed to diffusion near a perfect two-dimensional
plane). 140145146

We provide the following interpretation of the modeling parameters shown in
Figure 3.10b. In the equivalent circuit, CPE; represents the double layer capacitance, R,

represents intercalation charge transfer resistance and CPE, represents diffusion behavior.

Additionally, the “leakage” from CPE; may represent some intercalation behavior.

Exfoliating to 5 V and 6 V increased Q; (which is often interpreted as the
capacitance!*?), decreased the intercalation resistance (R;) and increased ny, (implying
three-dimensional diffusion behavior). We physically interpret these parameter changes as

an increase in surface area and decrease in intercalation energy barrier due to better
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electrolyte contact and an increase in porosity of the material, respectively. Exfoliating at
or above 7 V nearly restored the diffusion behavior to a Warburg element, which we
interpret as the material becoming sufficiently exfoliated such that pores were large enough

to behave quasi two-dimensionally.

For exfoliating voltages above 7 V, R; increased substantially with increasing
exfoliating voltage. This may be due to electrolyte decomposition, which impeded ion

transport!43-144

and likely responsible for the degraded performance at high scan rates for
graphene electrodes exfoliated above 7 V (see Figure 3.3). Additionally, n; decreased to
0.67, indicating a very leaky capacitor. It is interesting, however, that these electrodes
demonstrated an increased capacitance (at low scan rates, see Figure 3.3) despite
electrolyte decomposition. On the other hand, for exfoliating voltages above 7 V, the MSE
of the fit increased substantially, indicating that the device no longer complied with a

Randles circuit model, which may be attributed to non-idealities caused by electrolyte

decomposition.

Discussion

Our capacitance measurements demonstrate that GNSP electrodes can be exfoliated
in situ to substantially enhance their capacitance (Figure 3.3). Comparison of the current
responses of each electrode at both fast and slow scan rates indicates that the charge storage
processes in the GNSP electrodes are non-faradaic (Figure 3.6), which suggests that the
increase in capacitance is due to structural rather than chemical changes (e.g., chemical
functionalization). Comparing the cycle dependent exfoliated GNSP electrode (Figure 3.8)
with the gradually exfoliated GNSP electrode (Figure 3.3) demonstrates that when

exfoliating at 10 V, initial exfoliation at a lower voltage generally results in better
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capacitance. Our XRD data (Figure 3.9) reveal that an applied voltage of 6 V does not
fully exfoliate the GNSP electrode, whereas applying a voltage of 10 V completely
exfoliates the electrode. Finally, our EIS data (Figure 3.10) suggests that the
electrochemical processes have fundamentally altered with exfoliation: The diffusion
behavior first shifts from a two-dimensional to a three-dimensional diffusion behavior,
suggesting that the material becomes porous upon exfoliation. Additionally, the double-
layer capacitance increases and the intercalation resistance decreases, suggesting better
electrolyte contact with the material. As the material becomes sufficiently exfoliated, the
diffusion returns to a two-dimensional behavior. The EIS data also suggests that some
intercalation charge transfer has taken place. However, noting that the electrochemical
processes are non-faradaic based on the cyclic voltammetry data, the intercalation charge
transfer is likely minimal, although it may account for the observation of non-ideal

capacitive charge storage.

We acknowledge that our reported capacitances (55 F/g, see Figure 3.3b1) are not
particularly good, even for the best performing devices (Liu et al,'"” for example, report a
capacitance of 154 F/g for a graphene electrode). However, obtaining a high capacitance
was not the purpose of this study per se; rather, the purpose of this study was to determine
whether graphene electrodes could be exfoliated in situ to enhance their capacitance. In
order to meet this purpose we designed experimental conditions to probe this phenomenon
rather than obtain a high capacitance. For example, our cyclic voltammetry window was 2
~ 4 V, whereas it could have been 1 ~ 6 V (the stability window of the electrolyte), which
would have increased the measured capacitance but would have also affected the

exfoliation. Additionally, our choice of electrolyte (LiPFs/propylene carbonate/dimethyl
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carbonate) may not have resulted in the highest capacitance (e.g., previous studies have
shown higher capacitance in aqueous electrolytes!??), but it was chosen because exfoliation
of graphene/graphite in LiPFe/propylene carbonate solutions has been a well-studied
phenomenon.’>!!7 Noting that electrochemical exfoliation of graphite has been
demonstrated in other organic solvents, aqueous solvents and ionic liquids,'!”-'!” similar
procedures could be applied to other graphene supercapacitor systems to optimize the

enhancement of capacitance. Additionally, graphene supercapacitor electrodes could be

exfoliated prior to being assembled in a final device to further improve on the capacitance.

Conclusion

We have demonstrated in this work an increase in capacitance of GNSP electrodes
by in situ electrochemical exfoliation and provided experimental evidences for a substantial
increase in the total surface area of graphene electrode after exfoliation. This development
overcomes the typical restacking problems of graphene electrodes that suffer significant
reduction of the effective surface area and frustrate the advantages of using graphene
electrodes in supercapacitors. Through in sifu electrochemical exfoliation, we observe
more than 400% capacitance enhancement relative to the control samples. Thus, the
method of in situ electrochemical exfoliation of graphene electrodes together with further
optimized electrolyte solutions and/or exfoliation protocols is expected to be a promising
approach towards fully realizing the benefits of graphene as superior supercapacitor

electrode material.

While the developments in this work are encouraging, practical implementation of
this in situ exfoliation procedure will require further research due to the low specific

capacitance and uncertainty in the long-term performance of in situ exfoliated GNSPs
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supercapacitor electrodes. In particular, the long-term term cycling stability of in situ
exfoliation GNSPs will be the subject of future studies. While long-term cycling is
typically routine analysis for supercapacitor electrodes, in this case long-term cycling is a
time intensive multi-dimensional endeavor as cycling stability will likely be influenced by
the exfoliating voltage, the voltage range during cycling and the electrolyte solution. Future
studies will also investigate improving the specific capacitance of in situ exfoliated
supercapacitor electrodes. For example, we are interested in mixing GNSPs with high
capacitance carbon materials (e.g., 2% GNSPs in activated carbon) and performing the
exfoliation procedure, which may improve the surface area of the activated carbon with the
GNSPs maintaining the electrical percolation. We are also interested in using exfoliated
GNSPs for form percolating networks among high capacitance metal oxide nanoparticles.
Overall, we consider in situ exfoliation together with the incorporation of quasi-one-
dimensional GNSPs a promising research direction for achieving substantially improved

supercapacitors.

Experimental

GNSP Fabrication. GNSPs were fabricated by plasma enhanced chemical vapor
deposition (PECVD) described previously.*+!?® Specifically, a microwave induced
hydrogen/methane plasma with trace 1,2-dichlorobenzene (Alfa Aesar, 99%) yielded
GNSPs on a ~ 0.75 cm x ~ 1.25 c¢cm copper foil (McMaster-Carr, 99.9%) in a 2" outer
diameter quartz tube. The PECVD growth system was custom built and consisted of eight
parallel deposition chambers each fitted with an Evenson Cavity (Opthos Instruments Inc.,
Frederick, MD, USA) excited by 70 W of 2.45 GHz microwave power source (ENS 4 x

200 W CPS, Sairem, Décines-Charpieu, France). The plasma volume was ~ 1 cm®. H
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(MATHESON, 99.999%) and CHs (MATHESON, 99.999%) gases were introduced to the
chambers by mass flow controllers (MC series, Alicat Scientific, Tuscon, AZ), and 1,2-
dichlorobenzene was placed in a vacuum sealed vial and introduced to the chamber through
a leak valve. The pressure in the chamber before splitting into eight chambers was held at
4.8 Torr, the total flow rates of H> and CH4 were 48 sccm and 5 sccm, respectively, and
the ratio of CH4 to 1,2-dichlorobenzene (3-chloropyridine) was ~ 2:1 as measured by a
residual gas analyser (RGA; XT300M, Extorr Inc., New Kensington, PA, USA) placed
upstream of the deposition chamber and connected via a capillary. The plasma was
maintained for ~ 3 hours to synthesize sufficient graphene material for use as a

supercapacitor electrode.

GNSP Characterization. The resulting GNSP material was characterized by scanning
electron microscopy (SEM), the Bruanauer-the Bruanauer-Emmett-Teller (BET) surface
area method, Raman spectroscopy, X-ray photoelectron spectroscopy (XPS) and X-ray
diffraction (XRD). SEM was performed in a Hitachi S-4100 (Hitachi, Tokyo Japan) with
an accelerating voltage of 5 kV. Individual GNSPs were obtained for imaging by sonicating
the copper growth substrate with GNSPs grown on it in N-methyl-2-pyrrolidinone (NMP,
Sigma-Aldrich, 99.5%)%° for 30 minutes, centrifuging the dispersion to remove
undispersed chunks of graphitic material at 850 rpm for 90 minutes, extracting one drop of
dispersion and evaporating it over a silicon wafer in low vacuum at 70 °C. The BET surface
area was measured in a BELSORP-max volumetric instrument (BEL-Japan Inc.) via
equilibrium N> adsorption isotherm at 77 K. Raman spectroscopy was performed in a
Renishaw M-1000 Micro-Raman (Renishaw, Gloucestershire, UK) spectrometer operating

with a 514.5 nm argon ion laser with a spectral resolution of 1 cm™ and a spot size of ~ 20
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um. A dual-wedge polarization scrambler was inserted to depolarize the laser. XPS data
were collected using a Kratos AXIS Ultra spectrometer (Kratos Analytical, Manchester,
UK). The instrument was equipped with a hybrid magnetic and electrostatic electron lens
system, a delay-line detector and a monochromatic Al Ka X-ray source (1486.7 eV). Data
were collected at a pressure of ~ 5e-9 Torr with photoelectrons collected at 0° with respect
to the sample. The analyzer pass energy was 80 eV for the survey spectrum and 10 eV for
all other spectra. The instrument energy scale and work function were calibrated using
clean Au, Ag, and Cu standards. The instrument was operated by Vision Manager software
v. 2.2.10 revision 5. The data were analyzed using CasaXPS software (CASA Software
Ltd). XRD data were collected in a PANalytical X Pert Pro X-ray powder diffractometer
using the Cu Kal line (A = 1.5406 A) with a tube voltage and current of 40 kV and 20 mA,

respectively.

Coin cell preparation. Supercapacitor working electrodes consisted of GNSP material
and polyvinylidene fluoride (PVDF, MTI Corporation, >99.5%) binder in a 88:12 ratio and
were mixed in N-methyl-2-pyrrolidinone (NMP, Sigma-Aldrich, 99.5%) in a centrifugal
mixer (AR-100 Thinky U.S.A., Inc., Laguna Hills, CA, USA) at 5000 rpm for 10 minutes.
A thin layer of the resulting slurry was spread across a stainless-steel spacer (MTI
Corporation) with a spatula and dried at 120 °C in vacuum for 16 hours. Two-electrode
2032-coin cells were assembled in an argon filled glove box (O2: <0.1 ppm, H>O:
<0.1ppm). The counter/reference electrode was lithium foil (Sigma-Aldrich, 99.9%, 0.75
mm, mechanically cleansed immediately before cell assembly), and the separator was a
propylene separator (Celgard 2400). The electrolyte was 1 M LiPF¢ in propylene

carbonate/dimethyl carbonate (1:1 mixture by volume, both Sigma-Aldrich, >99%, stored
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over molecular sieves, 3 A, Beantown Chemical), and ~ 8 drops of electrolyte were used

in each coin cell. The electrolyte was mixed in a dried HDPE bottle.

Electrochemical Characterization. All electrochemical measurements were performed
on a Reference 600 (Gamry Instruments, Warminster, PA, USA). Capacitance was
measured by cyclic voltammetry between 2 ~ 4 V at scan rates of 3.16, 10, 31.6, 100, 316,
and 1000 mV/s. Electrochemical impedance spectroscopy measurements were taken
potentiostatically at 2 V with a rms voltage of +/- 5 mV. All voltages are with respect to

Li/Li".

Electrochemical Exfoliation. Three in situ exfoliation procedures were investigated
as follows. I) The voltage of the graphene electrode was ramped from open circuit potential
(~2.7V)to 1V atarate of 1 mV/s, held at 1 V for three hours, ramped to a high voltage
at a rate of 1 mV/s, held at the high voltage for three hours, then ramped to 2 V at a rate of
I mV/s. Then the cyclic voltammetry and electrochemical impedance spectroscopy
measurements were performed at 2 V. This process was repeated for one cell such that the
high voltage on the first cycle was 5 V, then the high voltage on the second cycle was 6 V,
as so forth until the high voltage on the last cycle was 10 V. II) The voltage of the graphene
electrode was ramped from open circuit potential to 1 V at a rate of 10 mV/s, held at 1 V
for one hour, ramped to 6 V at a rate of 10 mV/s, held at 6 V for one hour, then ramped to
2 V at arate of 10 mV/s, then the capacitance was measured by cycled voltammetry. This
process was repeated twenty times. III) The voltage of the graphene electrode was ramped
from open circuit potential to 1 V at a rate of 10 mV/s, held at 1 V for one hour, ramped to

6 V atarate of 10 mV/s, held at 10 V for one hour, then ramped to 2 V at a rate of 10 mV/s,



Chapter 3—Application of GNSPs in supercapacitors 86

then the capacitance was measured by cycled voltammetry. This process was repeated

twenty times. All voltages are with respect to Li/Li".
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Introduction

Increasing the energy density of lithium-ion batteries (LIBs) is an important issue
in energy research in order to meet growing energy demands and long-term sustainability. !>
The energy density of LIBs depends on the charge storage capacities and potentials of the
battery electrode materials. Therefore, one approach to improve LIB energy density is to
increase the capacity of the anode, i.e., the amount of lithium that the anode can reversibly
accommodate. The current industry standard LIB anode material is graphite, and the
processing of graphite for LIBs has been developed to the point that its practical
performance is approaching its theoretical capacity.?!4’ Therefore, new materials are
being explored to develop next-generation high energy density LIB anodes.?’ Among them,
doping graphene with heteroatoms (e.g., nitrogen, boron, etc.) as the anode material is an
appealing approach because doped graphene LIB anodes have demonstrated reversible
capacities greater than 1000 mA h g—1 (167% higher than graphite) with good lifetimes
(>500 cycles).!*¥-15% Additionally, doped graphene is chemically similar to graphite so that

it is compatible with current LIB assemblies (e.g., electrolyte compatibility).



Chapter 4—Fabrication of Pyridinic-Type Nitrogen-Doped GNSPs and Their 88
Application in Li-ion Battery Anodes

Although doped graphene anodes have demonstrated good performance, the effects
of dopant type and dopant configuration on LIB performance is not well understood. This
gap in knowledge is in part due to the difficulty in preparing graphene with a single dopant
type in a specific configuration, such that measurements to date generally involve

convoluted effects from multiple dopants and/or different dopant configurations.

Nitrogen is the most studied graphene dopant, and nitrogen can substitute into the
graphene lattice in three different configurations that are termed as graphitic, pyrrolic, and
pyridinic, as illustrated in Figure 4.1.15>15¢ At the graphitic sites, nitrogen bonds to three
carbon atoms and preserves the graphene honeycomb lattice. At the pyrrolic sites, nitrogen
is adjacent to a vacancy defect and bonds to two carbons that are part of a five-membered
ring. At the pyridinic sites, nitrogen is adjacent to a vacancy defect and bonds to two
carbons that are part of a six-membered ring. In addition to their structural characteristics,
these sites differ electronically so that the specific sites can be identified and quantified by
X-ray photoelectron spectroscopy (XPS).!> Among different types of nitrogen-doped
graphene sites, the pyridinic type has been conjectured to yield the highest lithium storage
capacity based on empirical results, although LIB applications of nitrogen-doped graphene
with purely pyridinic-sites has never been accomplished so that the conjecture cannot be
directly verified.!>*!°8 Thus, the purpose of this work is to examine the validity of current
conjectures by studying the performance of nitrogen-doped graphene nanomaterials with

predominant pyridinic-type doping in a LIB anode configuration.
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Figure 4.1: Configuration of nitrogen dopants in graphene and precursor molecules 1,2-
dichlorobenzene and 3-chloropyridine.

Herein, we report the synthesis of nitrogen-doped graphene nanostripes (N-GNSPs)
with predominantly pyridinic sites and the application of such N-GNSPs as the anode
material in LIBs. In addition, we report for the first time post-mortem XPS characterization
that reveals direct evidences for chemical changes at the nitrogen doped sites during the
LIB operation. Although our N-GNSPs have a similar nitrogen content (~8%) as other
reports and an unprecedentedly high percentage of pyridinic content (>86% of the nitrogen
sites), these materials only demonstrate limited enhancement (~13%) in gravimetric
lithium storage capacity when compared to undoped graphene nanostripes (GNSPs). We
also observe irreversible chemical changes at the nitrogen sites via XPS during solid
electrolyte interphase (SEI) formation, i.e., the electronically insulating and Li+-
conducting interface that forms on LIB electrodes due to solvent decomposition during the

first cycle. These findings therefore imply that pyridinic sites alone are unlikely responsible
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for the enhanced performance of nitrogen-doped graphene observed in previous studies,
and further investigations are necessary to understand the effects of nitrogen doping on the

performance of LIB anodes.

Experimental

Synthesis of graphene materials. N-GNSPs were synthesized by modifying the
plasma enhanced chemical vapour deposition (PECVD) synthesis for GNSPs that was
previously presented by Hsu et al.'?® Specifically, a microwave induced hydrogen/methane
plasma with trace 1,2-dichlorobenzene (Alfa Aesar, 99%), or 3-chloropyridine (Alfa Aesar,
99%) yielded GNSPs or N-GNSPs on Cu-substrates, respectively. The PECVD growth
system was custom built and consisted of eight parallel deposition chambers. Each chamber
included a 0.75 cm x 1.25 cm copper foil (McMaster-Carr, 99.9%) in a '2” outer diameter
glass tube fitted with an Evenson cavity (Opthos Instruments Inc., Frederick, MD, USA)
excited by a 2.45 GHz microwave power source (ENS 4 x 200 W CPS, SAIREM, Décines-
Charpieu, France). All chambers simultaneously received 70 W of microwave power,
which created a plasma volume of ~1 cm?. H2 (99.999%) and CH4 (99.999%) gases were
introduced to the chamber by mass flow controllers (MC series, Alicat Scientific, Tuscon,
AZ, USA), and traces of 1,2-dichlorobenzne (3-chloropyridine) were introduced to the
chamber via a leak valve from a vacuum sealed vial of 1,2-dichlorobenzne (3-
chloropyridine). The pressure in the chamber before splitting into eight chambers was held
at 3.8 Torr, the total flow rates of H2 and CH4 were 48 sccm and 5 sccm, respectively, and
the ratio of CH4 to 1,2-dichlorobenzene (3-chloropyridine) was ~2:1 as measured by a
residual gas analyser (RGA; XT300M, Extorr Inc., New Kensington, PA, USA) placed

upstream of the deposition chamber and connected via a capillary, as detailed in Note I
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and schematically shown in Figure 4.2. The plasma was maintained for ~3 hours to
synthesize sufficient graphene material for use as LIB anodes. We note that the synthesis
yield was found to be linear with the growth time at a rate of ~ 6 mg/cm? hour per chamber
on copper substrates, as described in Nofe 2 and demonstrated in Figure 4.3. For each LIB
electrode slurry (described in Coin cell preparation), we used 100 ~ 150 mg graphene. By
employing all eight PECVD chambers in parallel for graphene growth, we were able to
collect sufficient material in ~3 hours to make an electrode slurry which could make

anodes for several coin cells.

Note 1. In order to fabricate large amounts of GNSPs efficiently, we built a PECVD
deposition system with eight chambers in parallel shown in Figure 4.2. Input of hydrogen
and methane gas is controlled by mass flow controllers (MFCs), and input of 3-
chloropyridine is controlled by a leak valve which is connected to a vacuum sealed vial.

The pressure is measured by a pressure gauge (PG), and the gas composition is measured
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Figure 4.2: Schematic of the eight-chamber PECVD graphene growth system.
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by a residual gas analyser (RGA). The gases are split to eight quartz chambers which each
have Evenson cavities connected to microwave power sources. A cold trap (CT) captures
harmful by products of the reaction (HCI, etc), and a vacuum pump (VP) is continually
pumping the system. The pressure is controlled by a throttle valve (TV) that opens and
closes with feedback from the pressure gauge to maintain a pressure setpoint. We have also
measured the pressure in the quartz chamber, and under the conditions of this experiment
(i.e., a pressure of 4.8 Torr at PG and hydrogen and methane flow rates of 48 sccm and 5
sccm, respectively) the pressure in the chamber is ~ 500 mTorr, consistent with the

previous report of Hsu ef al.'?®

Note 2. The yield of N-GNSPs synthesized on copper substrates as a function of
time is shown in Figure 4.3 for one PECVD chamber. A fit of these data reveal a growth
rate of ~ 6 mg/cm?/hr. Our deposition chamber affords ~ 1 ¢cm? substrates within each
plasma cavity, so our eight chamber growth yields a growth rate of ~ 48 mg/hr of N-

GNSPs.

Characterization of fabricated graphene materials. Raman spectroscopy was
performed in a Renishaw M-1000 Micro-Raman (Renishaw, Gloucestershire, UK)
spectrometer operating with a 514.5 nm argon ion laser with a spectral resolution of 1 cm™!
and a spot size of ~20 um. A dual-wedge polarization scrambler was inserted to depolarize
the laser. Scanning electron microscopy (SEM) was performed in a Hitachi S-4100
(Hitachi, Tokyo, Japan) with an accelerating voltage of 5 kV. Helium-ion beam microscopy
(HIM) imaging was performed in a ZEISS ORION NanoFab (Pleasanton, CA, USA) with

an accelerating voltage of 30 kV, a beam current of 1.2 pA and a working distance of 8.021
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Figure 4.3: Yield of N-GNSPs-vs.-time obtained from one PECVD growth chamber.
mm. XPS data were collected using a Kratos AXIS Ultra spectrometer (Kratos Analytical,
Manchester, UK). The instrument was equipped with a hybrid magnetic and electrostatic
electron lens system, a delay-line detector and a monochromatic Al Ka X-ray source
(1486.7 V). Data were collected at a pressure of ~5 x 10~° Torr with photoelectrons
collected at 0° with respect to the sample. For the survey spectra the analyser pass energy
was 80 eV and the step size was 1 eV, and for all other spectra the analyser pass energy
was 10 eV and the step size was 0.025 eV. The instrument energy scale and work function
were calibrated using clean Au, Ag, and Cu standards. The instrument was operated by
Vision Manager software v. 2.2.10 revision 5. The data were analysed using CasaXPS
software (CASA Software Ltd). The carbon sp? peaks were fit as asymmetric Gaussian—
Lorentzian, and all other peaks were fit as symmetric Gaussian—Lorentzian. In addition,
the carbon sp? and 7—x* satellite peaks were constrained to be 0.8 eV and 6.4 eV higher

binding energy than the sp? peak, respectively. For post mortem XPS characterizations the
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data were boxcar averaged using a width of eleven points to improve the signal-to-noise

ratio.

Coin cell preparation. Working electrodes, which consisted of graphene material
(GNSP or N-GNSP), carbon black (Super-P, Alfa Aesar, >99%) and polyvinylidene
fluoride (PVDF, MTI corporation, >99.5%) binder in a 7:2:1 ratio, were mixed in N-
methyl-2-pyrrolidinone (NMP, Sigma-Aldrich, 99.5%) in a centrifugal mixer (AR-100
Thinky USA, Inc., Laguna Hills, CA, USA) at 5000 rpm for 10 minutes. The resulting
slurry was spread across copper foil (McMaster-Carr, 99.9%) using a doctor blade with a
thickness of 0.2” and dried at 120 °C in vacuum for 16 hours ~7/16” diameter circular
electrodes were cut from the dried slurry/copper foil. Separately, as-deposited N-GNSPs
on the copper growth substrate were used as working electrodes. Two-electrode 2032 coin
cells (MTI) were assembled in an argon filled glove box (with O2 < 0.1 ppm and H>O <
0.1 ppm). The counter/reference electrodes were lithium foil (Sigma Aldrich, 99.9%, 0.75
mm, mechanically cleansed immediately before cell assembly), and the electrolyte was 1
M LiPFs (Sigma Aldrich, >99.99%) in ethylene carbonate/dimethyl carbonate (1:1 mixture
by volume, both Sigma Aldrich, >99%). Dimethyl carbonate was stored over molecular
sieves (3 A, Beantown Chemical) prior to use, and the electrolyte was mixed in a dried
HDPE bottle. A polypropylene separator (Celgard 2400) was used and ~8 drops of
electrolyte were used in each coin cell. Details of the coin cell fabrication procedure are
given in Note 3 and schematically shown in Figure 4.4. After electrochemical cycling, coin
cells were disassembled in an argon filled glovebox, and the working electrodes were
rinsed with dimethyl carbonate and transferred in an argon filled container directly to the

XPS ultrahigh vacuum chamber for post mortem XPS characterization.
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Note 3. The procedure for fabrication two types of LIB coin cells with N-GNSPs

as the anode is schematically shown in Figure 4.4.

Electrochemical characterization. All electrochemical measurements were
performed on a Reference 600 (Gamry Instruments, Warminster, PA, USA). Galvanostatic
charge—discharge measurements were taken at indicated current densities within a voltage

range of 3 V t0 0.01 V.

Results

Pyridinic N-GNSP synthesis rationale and comparison to previous syntheses. We
accomplished synthesis of predominantly pyridinic type N-GNSPs by modifying
precursors used in our previous synthesis of undoped GNSPs.!?® In the original synthesis,
trace content of 1,2-dichlorobenzene (structure shown in Figure 4.1) in a
hydrogen/methane plasma resulted in growth of high quality (in terms of the chemical
purity and crystallinity) vertically oriented graphene on a copper substrate. We note that
vertically oriented graphene refers to a class of graphene nanomaterials wherein graphene
grows vertically with respect to the growth substrate forming wall-like nanostructures on
the substrate.*> We believe that in the synthesis of GNSPs, 1,2-dichlorobenzene forms
benzene radicals in the plasma due to the weak C—Cl bonds, which then seed and propagate
the graphene structure along with methane radicals assisting the growth and hydrogen
radicals etching away defects. The role of methane and hydrogen was proposed by other
researchers studying the growth of vertically oriented graphene,* and the role of 1,2-
dichlorobenzene is corroborated by our previous findings of the RGA data showing

substantial increase in Cs and CsHg during the growth of GNSPs in the presence of 1,2-
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Figure 4.4: Schematic of typical coin cell fabrication (left) and fabrication of coin cell using N-
GNSP not removed from the growth substrate.

dichlorobenzene.'?® For the synthesis of pyridinic type N-GNSPs, we replace 1,2-

dichlorobenzene with 3-chloropyridine (see Figure 4.1). Similarly, we conjecture that 3-

chloropyridine yields pyridine radicals in the plasma due to the weak C—Cl bond, which

then seed the N-GNSP structures. We further conjecture that the use of 3-chloropyridine

for graphene growth yields predominantly pyridinic-type N-GNSPs (see Section

Characterization of the as-grown material) because the bonding configuration of nitrogen

in 3-chloropyridine resembles the bonding configuration of nitrogen in pyridinic graphene

sites.
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As demonstrated in Section Characterization of the as-grown material, we find that
this method indeed produces N-GNSPs that are >86% pyridinic-type doping for the
nitrogen-doped sites. To the best of our knowledge, this is the highest fraction of pyridinic-
type doping that has been accomplished with high yield and good crystallinity. For
comparison, we briefly summarize here previous reports of related studies: Bang et al.,'>
Mombeshora et al.,'® and Yasuda et al.'! reported selective synthesis of pyridinic type
nitrogen-doped graphene. However, the Raman peaks of each of these materials were
relatively wide, indicating structural disorder.'*® Yang et al. reported a synthesis of
nitrogen-doped graphene with fairly narrow Raman peaks, but the pyridinic doping content
was only ~50%.!6? Wisitsoraat ef al. reported a nitrogen-doped graphene synthesis with
narrow Raman peaks, but the doping type was completely pyrrolic.!%® Finally, Luo et al.!%*
reported a selective synthesis of pyridinic type nitrogen-doped graphene with narrow
Raman peaks, but the material was monolayer graphene, and thus the yield was insufficient

for applications in LIB.

Characterization of the as-grown material. Graphene nanomaterials fabricated by
the aforementioned PECVD methods were characterized by SEM, helium-ion beam
microscopy (HIM), Raman spectroscopy, XPS and electrochemical methods. Normal
incidence SEM images of as grown GNSPs and N-GNSPs are shown in Figure 4.5A and
B, respectively. The top edge of the vertical graphene sheets are visible as bright lines in
the images. Pores between vertical graphene sheets are darker in the image because
electrons cannot escape to the detector from the deep pores. Sheets that do not stand
perfectly vertical are visible as medium contrast points in the image. Visually, the GNSPs

and N-GNSPs are structurally similar, i.e., they have similar pore and sheet sizes. A cross
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Figure 4.5: (A) Normal incidence SEM image of the as-grown GNSPs. Scale bar: 2 um. (B)
Normal incidence SEM image of the as-grown N-GNSPs. Scale bar: 2 um. (C) Cross sectional
SEM image of the as-grown N-GNSPs. Scale bar: 20 um. (D) Normal incidence HIM image of
the as-grown N-GNSPs, showing perforations at the edges, which we conjecture to result
from the vacancies associated with the pyridinic sites. Scale bar: 1 um. (E) Normal incidence
HIM image of the as-grown GNSPs, showing no perforations at the edges. Scale bar: 200 nm.
(F) Raman spectra of the undoped GNSPs and N-GNSPs, showing significantly suppressed 2D-
band in N-GNSP, which may be attributed to the substantial presence of vacancies due to N-
doping. The absence of a peak at 1034 cm™ (marked by an asterisk) demonstrates residual 3-
chloropyridine is not present on the sample.

sectional image is shown in Figure 4.5C, where the height of the vertical graphene
nanomaterial measures at ~20 um. To further differentiate the microscopic structures of
GNSPs and N-GNSPs, we employed HIM imaging, which can resolve features as small as
~3 nm without damaging graphene under correct experimental conditions.!®> Figure 4.5D
displays a HIM image of N-GNSPs which reveals perforations in the N-GNSPs sheets,
whereas Figure 4.5E does not show perforations in the GNSPs sheets. Further, previous
transmission element microscopy studies on GNSPs do not reveal perforations in GNSPs
sheets.!?® We conjecture that pyridinic sites are present at the edges of the perforations, and

the perforations are the result of vacancies associated with the pyridinic sites.
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The Raman spectrum (Figure 4.5F) of GNSPs and N-GNSPs nanomaterials
confirms the growth of graphene with the characteristic D (1361 cm™), G (1589 cm™!) and
2D (2704 cm™!) peaks.!3! These materials also exhibit the D' (1609 cm™") and D + D’ (2945
cm ') peaks which together with the G and D’ peaks being well resolved classify the
samples as nanocrystalline graphene material according to the three stage defect
model.!3%13! We acknowledge that the D-peak is very intense in these graphene samples,

which is in part due to the abundant edges.!?®

Comparing the GNSP and N-GNSP spectra, we find that the intensity ratios and the
full-width-half-maximum (FWHM) of the D and G peaks are similar, whereas the 2D peak
is much suppressed in N-GNSPs relative to the undoped GNSPs, which is consistent with
previous observation of N-doped graphene materials and may be attributed to the presence
of vacancies associated with the N-doped sites.!>>!% The absence of residual 3-
chloropyridine on the sample is confirmed by the absence of a peak in the Raman spectrum
at 1034 cm™' (marked by an asterisk), which is the position of a very strong 3-

chloropyridine Raman signal.!®”

We conducted XPS studies to quantitatively determine the chemical composition
and doping type in our materials (see Table 4.1 for a compositional analysis of the N-
GNSPs). The survey spectrum of the undoped GNSP material (Figure 4.6A) shows a pure
carbon material. The C-1s spectrum of the same undoped GNSP material (Figure 4.6B)
was fit with three peaks corresponding to sp?> hybridized C-C bonds (284.9 eV), sp*
hybridized C—C bonds (285.7 €V), and a 7—* satellite (291.4 €V). The strong sp* peak and

the presence of the m—r* peak verify the graphene crystallinity, i.e., domains with
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Figure 4.6. (A) XPS survey spectrum of undoped GNSPs, showing pure carbon composition. (B)
XPS high resolution C-1s spectrum of GNSPs. (C) XPS survey spectrum of N-GNSPs, showing
89.4% carbon, 7.5% nitrogen, and 3.1% chlorine. High resolution XPS spectra of N-GNSPs for
(D) C-1s, (E) N-1s, and (F) Cl-2p.

delocalized p-orbitals.!**13° The N-GNSP survey spectrum (Figure 4.6C) shows the
material is composed of 89.4% carbon, 7.5% nitrogen and 3.1% chlorine. Notably, there is
no oxygen peak in our N-GNSPs (even though the sample was exposed to air), which is in
contrast to the typical presence of oxygen in other doped graphene materials made at scales

appropriate for LIB application.'#3-154

The C-1s high resolution spectrum of N-GNSPs (Figure 4.6D) is analysed by
considering five components that correspond to sp? hybridized C—C bonds (284.9 V), sp?
hybridized C—C bonds (285.7 eV), C-N bonds (285.8 ¢V), C—Cl bonds (287.1 eV), and a
m—r* satellite (291.9 eV). The C—C bonds and the satellite peak assignments are justified
by the literature (i.e., the peak positions and relative spacings are consistent with previous
reports),'®® and the C—Cl and C-N peak assignments are justified by comparing the relative

peak intensities of carbon, nitrogen and chlorine components (Table 4.1). We acknowledge
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Element Configuration Peak position (eV) Concentration (%) Fraction of total composition (%)

C 89.4
sp? 289.4 24.0
sp3 285.7 30.6
C-N 285.8 16.6
c-Cl 287.1 3.1
-1* 291.9 17.8
N 7.5
Pyridinic 399.5 6.5
Pyrrolic 401.5 1.0
Cl 3.1
c-Cl 202.5/200.9 2.8
C-Cl, 197.8/196.7 0.4

Table 4.1. Compositional analysis of the N-GNSP material from XPS fitting. (Slight
discrepancies between fractions and sums are due to rounding)

here that the sp*-hybridized C-component in the N-GNSP sample is relatively large (30.6%
of total composition), which initially seems incongruent with our claim of having a
graphene nanomaterial, which should have consisted of purely sp*>-hybridized C. However,
noting that XPS is a surface sensitive technique,'®® we attribute the measured sp® signals to
the edge structure of the GNSPs and N-GNSPs exposed due to the vertical growth, i.e., the
sp? signal is artificially high because the edges are more exposed than the basal plane.
Additionally, the N-GNSPs sample likely has a larger sp® component due to more sp*
defects in the sample, as evidenced by a slightly wider D peak and larger D' peak in the

Raman spectrum.

For the N-1s high resolution spectrum, we followed previously reported
assignments and fit the data to a superposition of two peaks that corresponded to

contributions from the pyridinic sites (399.5 eV) and pyrrolic sites (401.5 eV).!*> We found
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that the pyridinic sites accounted for ~86% of the nitrogen content. This is an
unprecedentedly large ratio of pyridinic type nitrogen doping sites, particularly considering
the relatively narrow Raman peaks (Figure 4.5F) and a relatively high yield. In the case of
the CI-2p high resolution spectrum (Figure 4.6F), we considered the contributions of two
components (with four peaks due to the 2p'/?/2p>? splitting), which corresponded to C—Cl

bonds (201.9/200.3 eV) and C—Clx bonds (197.2/196.1 ¢V).!7°

Electrochemical characterization. The fabricated graphene nanomaterials (both
GNSPs and N-GNSPs) were tested for LIB anode application via galvanostatic
charging/discharging (Figure 4.7A ~ C) and rate performance analysis (Figure 4.7D) by
assembling with conductive additive and polymer binder in a coin cell configuration. These
data resemble previously reported graphene LIB anode data in that the discharge capacity
substantially decreased between the first and second cycles, the redox potentials varied
substantially with the state of charge, and the capacity decreased with increasing
charge/discharge rates.!*¥-15% For both GNSPs and N-GNSPs, SEI formation during the
first cycle was apparent as a plateau at 800 ~ 700 mV, consistent with the report in
literature.!”! After the first discharge, the charge/discharge curves (Figure 4.7A and B)
nearly completely overlapped, indicating that the SEI entirely forms during the first
discharge. The reversible capacities of the GNSP and N-GNSP anodes at 100 mA/g are
~373 mAh/g and ~423 mAh/g, respectively (Figure 4.7A and B), and both anodes
returned to these values after cycling at high rates, suggesting minimal capacity fade
(Figure 4.7D). At 100 mA/g the capacity of N-GNSPs was 13% higher than the capacity
of GNSPs; the implications of this observation will be discussed in the Discussion section.

To compare the voltage profiles of the GNSP and N-GNSP anodes, we plotted in Figure
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4.7C the voltage as a function of anode state-of-charge (SOC). Both the charge and
discharge profiles of N-GNSPs showed a higher redox potential than the undoped GNSPs
for all SOC, suggesting that the pyridinic nitrogen had beneficial effects on the reduction

kinetics and detrimental effects to the oxidation kinetics.

Additionally, to compare the electrochemically active surface areas of GNSPs and
N-GNSPs, we estimated the double layer capacitance (which is linearly proportional to the
active surface area) based on the galvanostatic charge/discharge curves, as detailed in Note
4 and Figure 4.8. The estimated double layer capacitance of GNSPs and N-GNSPs is 5.6

F/gand 10.8 F/g, respectively, suggesting that N-GNSPs have a significantly higher surface
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Figure 4.7. (A) First three cycles of galvanostatic charge/discharge for GNSP anode. Rate: 100
mA/g. Note: the second discharge is eclipsed by the third discharge. (B) First three cycles of
galvanostatic charge/discharge for N-GNSP anode. Rate: 100 mA/g. Note: the second
discharge is eclipsed by the third discharge. (C) Galvanostatic charge/discharge of the fifth
cycle of both the GNSP and N-GNSP anodes normalized by state-of-charge. Rate: 100 mA/g.
(D) Rate performance of GNSPs and N-GNSPs with the rate of each cycle (in mA/g) indicated
above the data. All voltages are referenced to Li/Li*.
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area than GNSPs per unit mass, which is consistent with the perforations of N-GNSPs as
imaged in Figure 4.5D. While the double layer capacitance for the N-GNSPs electrode is
nearly twice of the capacitance of the undoped GNSPs electrode, the lithium storage
capacitance of the N-GNSPs electrode is only 14% higher than the GNSPs electrode. This
discrepancy suggests that although the double layer capacitance and the lithium storage
capacitance follow the same trend between these two materials, they are not necessarily
related. That is, the lithium storage capacitance is due to faradaic charge storage rather than

non-faradaic charge storage.

Note 4. According to the widely accepted Electrochemical Methods by Bard and
Faulkner,? double layer capacitance can be estimated from the slope of the voltage-vs.-
time response due to a current step. To appropriately perform this measurement, however,
the electrochemical response must be due to non-faradaic (capacitive) processes rather than
faradaic (redox) processes, which can be ensured by measuring the voltage vs time
response shortly after the current step, as non-faradaic processes tend to be much faster
than faradaic processes. Therefore, we used the first ten seconds of the first galvanostatic
discharge of GNSPs and N-GNSPs to estimate their capacitances (shown in Figure 4.8).
The fairly linear slopes indicate that the electrochemical response during this time is, in
fact, dominated by non-faradaic processes, as faradaic processes tend to cause voltage

plateaus in galvanostatic measurements. The capacitance is calculated according to

c " _ Current
apacitance = Slope
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Figure 4.8. First ten seconds of GNSPs and N-GNSPs first galvanostatic discharge curve.

The respective slopes of the GNSPs and N-GNSPs discharge curves are -0.0093 V/s and -

0.018 V/s, corresponding to capacitances of 5.6 F/g and 10.8 F/g.

Post mortem XPS characterization of N-GNSP LIB anode. To study the chemical
changes that occur at dopant sites during the LIB operation, we performed XPS
characterization on N-GNSP anodes after lithium cycling. For these experiments, samples
were prepared without polymer binders and conductive additives to simplify data
interpretation and to avoid contamination from polymers of the XPS ultrahigh vacuum
environment. Rather, because our N-GNSP material grew directly on a copper foil, the as-
grown sample with its copper substrate was assembled directly into a coin cell, as shown
in the right panel of Figure 4.4. Three samples were prepared this way, each with an open-
circuit voltage of ~3 V vs. Li/Li*, and each sample was subjected to different conditions.
The first, labelled “rest”, was kept at open circuit for ~3 days. The second, labelled “800
mV”, was cycled between 3 V (open-circuit voltage) and 800 mV five times, leaving the

cell charged at 3 V. The third, labelled “10 mV”, was cycled between 3 V (open-circuit
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voltage) and 10 mV five times, leaving the cell charged at 3 V. Coin cells were cycled five
times to ensure the relevant chemical processes proceeded to completion. Then, each coin
cell was de-crimped in an argon-filled glovebox, rinsed with dimethyl carbonate, and dried
in a vacuum chamber without being exposed to air. The samples were subsequently
transferred to an argon-filled air-tight suitcase directly to the XPS load lock chamber. In
addition, the top layers of sample “10 mV” were removed by gently scraping the sample
with a spatula in the glovebox to reduce interference from the SEI. In addition, because
these samples were very porous (see Figure 4.5), the electrolyte salt was not effectively
removed from the surface even after rinsing the samples with dimethyl carbonate. The
resulting XPS spectra displayed a strong signal from the salt and a weak (and noisy) signal
from the graphene material. Therefore, we smoothed the data using boxcar averaging with
a width of eleven points. This width was justified as the step size was 0.025 eV, so a width
of eleven points was 0.25 eV, which was much smaller than the width of the XPS peaks

(see Figure 4.9).

XPS analysis of these samples revealed that the nitrogen sites (Figure 4.9A)
became chemically altered during cycling. We attribute the peak at ~402.1 eV to lithiation
of the nitrogen sites (e.g., N-Li") and the peak at 404.4 eV to solvent decomposition that
resulted in either oxygen functionalization (N-O) or carbonation (N—-CO2-R) of the
nitrogen sites. These assignments may be justified as follows. Given the composition of
the battery cell contents, the only possible chemical functionalization would involve

carbon, lithium, oxygen, phosphorus, and fluorine. We can rule out phosphorus and
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Figure 4.9. (A) Evolution of the N-1s XPS peak during LIB cycling. (B) Evolution of the Cl-2p XPS
peak during LIB cycling.

fluorine functionalization because the N-1s binding energies for N-P and N-F bonds were
reported in the range 397.3 eV to 400.3 eV and 417.1 eV, respectively, according to the
XPS database of National Institute of Standards and Technology (NIST),!”? which differed
from our measured peak positions. Therefore, the peak shifts after lithium cycling were
likely due to lithiation and carbon/oxygen interactions. We assign N—Li* (lithiation) and
N-O/N-CO2-R (solvent decomposition) to the peaks at 402.1 eV and 404.4 eV,
respectively, because solvent decomposition reactions on nitrogen sites likely occurred
during the SEI formation (which was, in fact, solvent and salt decomposition!’"), but the
solvent decomposition peak could only appear after the electrode was cycled to potentials

beyond the SEI formation potential.
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The chlorine 2p peak also shifted in the samples assembled into battery cells after
lithium cycling (Figure 4.9B). However, the peak shifted to a lower binding energy and
becomes convoluted with the phosphorus 2s peak, the latter resulted from the LiPFs salt
physisorbed to the surface. Therefore, detailed analysis of the chlorine 2p peak was
difficult, although it is reasonable to assign the peak to CI-Li* bond,'’? and some forms of

solvent decomposition also cannot be ruled out.

Given the aforementioned peak assignments, we may describe the evolution of the
nitrogen sites during the LIB charging/discharging cycles as follows. Even in the absence
of any applied bias, nitrogen sites will bind Li* once assembled in a battery, as illustrated
by the “rest” spectrum in Figure 4.9A. This N-Li" interaction persists when the battery is
cycled between 3 V and 0.8 V, as shown by the “800 mV” spectrum in Figure 4.9A. If the
battery is cycled below 800 mV, nitrogen sites become irreversibly functionalized due to
solvent decomposition, as demonstrated by the “10 mV” spectrum in Figure 4.9A. We
believe that these findings can serve as useful input for computation studies of LIB anode
reaction mechanisms, which have not yet considered different chemical shifts of electrode

components under different reactions. !>

Discussion

Our experimental results suggest that selectively pyridinic-type nitrogen-doped
graphene nanomaterials do not significantly increase the capacity of graphene
nanomaterials. We also suggest that this lack of capacity enhancement is not due to the
chlorine dopants as chlorine doping has also been demonstrated to increase the capacity of

graphene nanomaterials, i.e., chlorine does not have a deleterious effect on lithium storage
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capacity.!>? To understand the origin of improved LIB performance previously reported for
pyridinic-type nitrogen-doped graphene materials, we provide in Table 4.2 a brief
summary of the characterization and performance of doped graphitic materials reported in

several studies.

For instance, the material used in study 1 of Table 4.2 has fairly broad D and G
peaks in the Raman spectra, contains significant amounts of other dopants, has a large
surface area, and demonstrates a moderately high reversible capacity of ~1000 mAh/g.
Study 2 reports a colossally high reversible capacity of 3525 mAh/g, and the nitrogen-
doped graphene in this study displays a Raman spectrum with D and G peaks so broad that
they overlap (suggesting strong disorder), has a large surface area, and contains additional
sulfur and oxygen dopants. On the other hand, the materials in studies 4 and 5 demonstrate
smaller reversible capacities and display moderately broad peaks in the Raman spectra,

smaller surface areas, and fewer dopants than the materials in studies 1, 2 and 3. Our work

% nitrogen Surface area Reversible capacity
Study (% pyridinic) Other dopants Raman spectra peaks FWHM (cm ™) (m*g™ (mahg™
1 1.5 (33) 15% S D peak: 130 624 1110
14% O G peak: 140
1% H
2 1.8 (25) 6% S D and G peaks are convoluted 906 3525
5.2% O
3 2 (57) o D peak: 80 a 900
G peak: 70
4 3.1 (65) 31% 0 D peak: 110 290 500
G peak: 80
5 0 (0) 1.8% P D peak: 100 a 450
3.25% O G peak: 70
6 7.5 (87) 3.1% Cl D peak: 65 423
G peak: 76

¢ Authors did not specify the amount.

Table 4.2. Brief comparision of reported reversible capacities, doping and Raman spectra
profiles of several studies of graphene LIB anodes.



Chapter 4—Fabrication of Pyridinic-Type Nitrogen-Doped GNSPs and Their 110
Application in Li-ion Battery Anodes

(study 6 in Table 4.2) displays the narrowest Raman peaks, purest nitrogen-doping, and

the smallest reversible capacity.

While the comparison in Table 4.2 is by no means exhaustive, it reveals a trend
that better performing doped graphene materials generally contain significant crystalline
disorder (as demonstrated by the broad peaks in their Raman spectra) and have larger
surface areas. Additionally, graphene materials containing multiple dopants appear to
perform better, although this trend cannot be well established based on the limited
comparison in Table 4.2. On the other hand, researchers have recently substantiated that
incorporating multiple dopants in graphene nanomaterials can improve the electrocatalytic
effect through the synergism among different heteroatoms or nitrogen sites.!’”>~!’> Such
synergetic effects may also take place in the case of LIB applications, although there are

insufficient experimental data to draw this conclusion at present.

The phenomenon of high capacity in disordered carbon materials has been studied
for decades, and several models have been proposed to explain it (e.g., see Section 2.3.3 in
ref.>>). While many recent studies have focused on incorporating dopants to enhance
lithium storage, it is possible that the dopants themselves have little effect on the lithium
storage capacity. Rather, structural disorder that is coincident with doping may be the

essential factor affecting the lithium storage capacity.

Conclusion
We have demonstrated a novel method of synthesizing nitrogen-doped graphene
nanostripes with an unprecedentedly high percentage of pyridinic-type doping (>86% of

the nitrogen sites) and good crystallinity, performed studies of such selectively pyridinic
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type nitrogen-doped graphene as LIB anode materials, and provided experimental
evidences for changes in the chemical state of nitrogen sites during LIB operation for the
first time via XPS studies as a function of the cycling voltage. Our findings reveal that
pyridinic-type nitrogen-doping alone does not significantly enhance the LIB anode
performance when compared to an undoped graphene sample, suggesting that pyridinic
sites may not be responsible for the enhanced performance of nitrogen-doped graphene
materials observed in previous studies. We hypothesize that strong crystalline disorder,
high surface area, and possibly multiple types of dopants in the LIB anode material may
be important to increasing the reversible capacity. Additionally, post mortem XPS
characterization of the N-GNSP LIB anodes further reveals immediate lithiation of the
nitrogen sites upon contact with lithium electrolyte and functionalization of nitrogen sites
by solvent decomposition and coincident SEI formation. These findings thus provide useful
insights into more intelligent design and mechanistic understanding of doped graphene

anodes for better LIB performance.
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Chapter 5—Fabrication of Group-IV Element Doped
Graphene and Application in Lithium-lon Batteries
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J. D. Bagley, N.-C. Yeh, Group IV element (silicon, germanium and tin)-
doped graphene application in lithium-ion battery anode and deconvolution
of effects of doping and disorder performance. Submitted.

Personal contribution: Conceived the synthesis procedure, fabricated materials, performed
characterizations, and participated in writing the manuscript.

Introduction

A major challenge to further commercial penetration of rechargeable batteries as
an essential component to the future of renewable energy is insufficient energy density.!”¢
One of the many research efforts striving to solve this problem? is improving the energy
density of the lithium-ion battery (LIB) anode. Graphite is the standard LIB anode material,
but the practical performance of graphite has approached to its theoretical lithium storage
capacity of 372 mAh/g that corresponds to a stoichiometry of LiCs).*> Therefore, next-
generation LIB anode materials are being explored to further increase the storage

capacity.?’

A class of material being explored for LIB anodes is heteroatom doped graphene,

i.e., graphene with a small fraction of carbon atoms substituted and/or functionalized by

149-153

such elements as nitrogen, boron, phosphorus, oxygen, etc. In particular, one such

study has reported a reversible lithium storage capacity of 3525 mAh/g,!>?

which is nearly
ten times larger than graphite. Besides high lithium storage capacities, heteroatom doped

graphene materials are appealing because their chemical similarity to graphite enables

compatibility with current LIB assemblies.
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The higher lithium storage capacity of doped graphene than graphite has been
largely attributed to the higher affinity of dopant sites for lithium.!”” However, due to the
difficulty of preparing doped graphene with good crystallinity, most doped graphene
materials are disordered, and noting that disorder affects lithium storage capacity in carbon
materials,®® the contribution of doping to lithium storage capacity is not conclusive.
Therefore, the correlation between dopants and the enhancement factors of lithium storage

capacity has not been systematically investigated.

Separately, crystals of the group IV elements silicon (Si), germanium (Ge) and tin
(Sn) are known to exhibit very high energy densities. The fully lithiated states of these
Group IV elements correspond to capacities of 4200, 1625 and 994 mAh/g for Si, Ge and
Sn, respectively. However, these materials have poor cycle life due to the extreme volume
expansion during lithiation, which results in pulverization of anode particles and rupture
of the solid electrolyte interface (SEI). Researchers have found that limiting the particle
size of these group IV elements to less than ~ 150 nm can mitigate the problems associated
with volume expansion.!” Therefore, many efforts have been dedicated to reducing the
particle size of the group IV elements, including using composites of silicon nanoparticles

and carbon nanomaterials (e.g., graphene and carbon nanotubes).!7*-189

The concept of reducing the size of the group IV element component can be
extended beyond the nanoparticle regime to the atomic regime via atomically dispersed
group IV element-doped graphene. Silicon-doped graphene has been fabricated by various

methods in various configurations for a range of applications.!®!-!8% However, we are
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unaware of any reports of application of Si-doped graphene in lithium-ion batteries or of

fabrication of Ge- or Sn-doped graphene.

In this work, we report successful fabrication of Si-, Ge- and Sn-doped graphene
nanostripes (GNSPs) and comparative studies of their performance as LIB anode materials.
The Si-doped graphene nanostripes (Si-GNSPs) electrode demonstrated good crystallinity
and enhanced performance (609 mAh/g) relative to undoped GNSPs, which deconvolved
the effects of doping and disorder and unambiguously demonstrated the enhancement of
Si-doping on lithium storage capacity. The Ge-doped graphene nanostripes (Ge-GNSPs)
electrode and Sn-doped graphene nanostripes (Sn-GNSPs) electrode, on the other hand,
exhibited strong disorder and lower capacities of 251 and 204 mAh/g, respectively.
Comparing the characterization of the anode materials in this study with previous studies,
we conjecture that the impaired lithium storage capacity in Ge- and Sn-GNSPs is primarily
due to structural disorder, similar to graphitizing (soft) carbon. Conversely, the enhanced
capacity reported for many other doped graphene materials is in part due to structural
disorder, similar to non-graphitizing (hard) carbon. Further comparison with other studies
suggests that the dopants most beneficial for enhancing lithium storage capacity in

graphene are third-row elements.

Experimental

Synthesis of graphene materials. GNSPs and doped GNSPs were by modifying the
plasma enhanced chemical vapor deposition (PECVD) synthesis previously reported by
Hsu et al'®® A microwave induced hydrogen/methane plasma with traces of 1,2-

dichlorobenzene (Alfa Aesar, 99%) yielded undoped GNSPs on copper substrates, and



Chapter 5—Fabrication of Group-1V Element Doped Graphene and Applicationin 115
Lithium-Ion Batteries

adding tetraethyl silane (TCI America, > 97%), tetracthylgermanium (Alfa Aesar, 99%),
or tetraecthyltin (Alfa Aesar, 98%) yielded Si-GNSPs, Ge-GNSPs, and Sn-GNSPs,
respectively. The PECVD growth system was custom built and consisted of eight parallel
deposition chambers. The chambers were /2" outer diameter glass tubes containing 0.75
cm x 1.25 cm copper foils (McMaster-Carr, 99.9%) and were fitted with Evenson cavities
(Opthos Instruments Inc., Frederick, MD, USA) excited by a 2.45 GHz microwave power
source (ENS 4 x 200W CPS, Sairem, Décines-Charpieu, France). All chambers
simultaneously received 70 W of microwave power, which created a plasma volume of ~
1 cm’. H, (Airgas, 99.999%) and CHs (Airgas, 99.999%) gases were introduced to the
chamber by mass flow controllers (MC series, Alicat Scientific, Tuscon, AZ, USA), and
1,2-dichlorobenzene, tetracthyl silane, tetracthylgermanium, and tetraethyltin were
introduced to the chamber by leak valves. The pressure in the chamber before splitting into
eight chambers was held at 3.8 Torr, the total flow rates of H> and CH4 were 48 sccm and
5 sccm, respectively. A residual gas analyzer (XT300M, Extorr Inc., New Kensington, PA,
USA) was connected to the chamber via a capillary placed upstream of the deposition
chamber and measured concentrations of CH4, 1,2-dichlorobenzene and tetraethyl silane.
The concentration of 1,2-dichlorobenzene was set such that the signal of the M = 147 peak
(1,2-dichlorobenzene) was half the signal of the M = 16 peak (methane). The concentration
of tetraethyl silane was set such that the M = 88 peak (tetraethyl silane) was one-fourth the
size of the M = 147 peak. Tetraethylgermanium and tetraethyltin could not be detected in
the residual gas analyzer even though their masses are within the range of the analyzer,
presumably because they broke down in the analyzer and the fragment masses were

convoluted with other analytes. For schematic of the growth system, see our previous



Chapter 5—Fabrication of Group-1V Element Doped Graphene and Applicationin 116
Lithium-Ion Batteries

publication.** The plasma was maintained for ~ 3 hours growing graphene materials at a

rate of ~ 6 mg/cm?-hr per chamber.

Characterization of fabricated graphene materials. Scanning electron microscopy
(SEM) was performed in a Hitachi S-4100 (Hitachi, Tokyo, Japan) with an accelerating
voltage of 5 kV. Raman spectroscopy was performed in a Renishaw M-1000 Micro-Raman
(Renishaw, Gloucestershire, UK) spectrometer operating with a 514.5 nm argon ion laser
with a spectral resolution of 1 cm™ and a spot size of ~ 20 um. A dual-wedge polarization
scrambler was inserted to depolarize the laser. Data were analyzed and fit in the Renishaw
software, and peaks were fit to Lorentzian line shapes. X-ray diffraction (XRD) data were
collected in a PANalytical X’Pert Pro X-ray powder diffractometer using the Cu Kal line
(A = 1.5406 A) with a tube voltage and current of 40 kV and 20 mA, respectively. The
XRD data were fit with a custom made fitting procedure. The backgrounds was fit to a high
order polynomial, and the peaks were fit to an asymmetric Lorentzian. X-ray photoelectron
spectroscopy (XPS) data were collected using a Surface Science Instruments M-Probe
ESCA controlled by Hawk Data Collection software (Service Physics, Bend OR;
V7.04.04). The monochromatic x-ray source was the Al K a line at 1486.6 eV, directed at
35° to the sample surface (55° off normal). Emitted photoelectrons were collected at an
angle of 90° with respect to the sample surface (0° off normal) by a hemispherical analyzer.
The angle between the electron collection lens and X-ray source was 35°. Low-resolution
survey spectra were acquired between binding energies of 1-1000 eV. Higher-resolution
detailed scans, with a resolution of ~ 0.65 eV, were collected on individual XPS lines of

interest. The sample chamber was maintained at < 2 x 10° Torr. The XPS data were



Chapter 5—Fabrication of Group-1V Element Doped Graphene and Applicationin 117
Lithium-Ion Batteries

analyzed using the CasaXPS software (CASA Software Ltd.). The peak area and

uncertainties were computed by the CasaXPS software.

Coin cell preparation. Working electrodes, which consisted of graphene material
(GNSPs, Si-GNSPs, Ge-GNSPs, or Sn-GNSPs), carbon black (Super-P, Alfa Aesar, >99%)
and polyvinylidene fluoride (PVDF, MTI Corporation, >99.5%) binder in a 7:2:1 ratio,
were mixed in N-methyl-2-pyrrolidinone (NMP, Sigma-Aldrich, 99.5%) in a centrifugal
mixer (AR-100 Thinky U.S.A., Inc., Laguna Hills, CA, USA) at 5000 rpm for 10 minutes.
The resulting slurry was spread across copper foil (McMaster-Carr, 99.9%) using a razor
blade with the thickness controlled by tape on either side of the slurry (~ 0.2 thick) and
dried at 120 °C in vacuum for 16 hours. ~ 3/16” diameter circular electrodes were cut from
the dried slurry/copper foil. Two-electrode 2032 coin cells (MTI) were assembled in an
argon filled glove box (with O2 < 0.1 ppm and H20 < 0.1ppm). The counter/reference
electrodes were lithium foil (Sigma Aldrich, 99.9%, 0.75 mm, mechanically cleansed
immediately before cell assembly), and the electrolyte was 1 M LiPFs (Sigma Aldrich,
>99.99%) in ethylene carbonate/dimethyl carbonate (1:1 mixture by volume, both Sigma
Aldrich, > 99%). Dimethyl carbonate was stored over molecular sieves (3 A, Beantown
Chemical) prior to use, and the electrolyte was mixed in a dried HDPE bottle. A
polypropylene separator (Celgard 2400) was used and ~ 8 drops of electrolyte were used

in each coin cell.

Coin cell characterization. Galvanostatic charge-discharge measurements were
performed on a Squidstat Prime (Admiral Instruments, Tempe, AZ, USA) at indicated

current densities within a voltage range of 3 ~0.01 V.
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Results

Si-, Ge-, and Sn-GNSPs synthesis rational. We accomplished the synthesis of Si-,
Ge-, and Sn-GNSPs by modifying our previous synthesis of GNSPs,**!28 where trace
content of 1,2-dichlorobenzene in a hydrogen/methane plasma resulted in growth of high
quality (in terms of the chemical purity and crystallinity) vertically oriented graphene on a
copper substrate. Vertically oriented graphene refers to a class of graphene nanomaterials
wherein graphene grows vertically with respect to the growth substrate forming wall-like
nanostructures on the substrate.** We believe that in the synthesis of GNSPs, 1,2-
dichlorobenzene forms benzene radicals in the plasma due to the relatively weak C-CI
bonds,!* which then seed and propagate the graphene structure along with methane
radicals assisting the growth and hydrogen radicals etching away defects. The role of
methane and hydrogen was proposed by others studying the growth of vertically oriented
graphene,* and the role of 1,2-dichlorobenzene is corroborated by our previous findings
of the RGA data showing substantial increase in Cs and CsHg during the growth of GNSPs
in the presence of 1,2-dichlorobenzene.!?® Tetraethyl silane, tetracthylgermanium and

tetraethyltin similarly have weak bonds,!*

and we conjecture that these precursors form
reactive silicon, germanium, and tin radicals in the plasma which incorporate into the

graphene structure during growth.

Regarding the concentration of these precursors in the growth chamber and the
concentration of dopants in the graphene material, we provide the following note. Neither
tetraethyl germanium nor tetraethyl tin were detectable in our RGA mass spectrometer
system (perhaps due to their low concentration, instability, and/or convolution with other

species in the system). Thus, our only control on their concentration in the deposition
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chamber was the degree which the leak valve was open, but the degree of opening
the leak valve had little effect on the concentration of dopants in the fabricated graphene
material, i.e., whether the leak valve was marginally open or fully open the concentration

of germanium (tin) in Ge-GNSPs (Sn-GNSPs) was about 1.5% (0.3%).

Separately, tetracthyl silane was easily detectable in the RGA system, and the
dependence of silicon concentration in Si-GNSPs on the concentration of tetraethyl silane
during growth is given in Table 5.1. (We note that the first entry is with the leak valve
marginally open, and the last entry is with the leak valve fully open, demonstrating that our
system was not capable of producing a large range of tetracthyl silane concentrations.) The

data in Table 5.1 do not show any trend, but rather simply resemble noise around ~ 2%.

The lack of dependence of dopant concentration on precursor concentration
suggests that these dopant concentrations may indicate some thermodynamic limit in their

solubility in graphene (at least by this fabrication method).

Table 5.1. Dependence of silicon doping in Si-GNSPs on concentration of tetracthyl
silane during growth

Ratio of tetraethyl silane to methane Silicon doping (%)
0.48 2

0.71 2.4

0.75 1.6

0.77 2.6
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GNSPs characterization. The characterization presented hereafter demonstrates
that /) GNSPs and Si-GNSPs are graphene materials with relatively good crystalline order,
while Ge-GNSPs and Sn-GNSPs are disordered graphene materials, and ii) the dopants in
Si-GNSPs, Ge-GNSPs, and Sn-GNSPs are substitutionally doped, atomically dispersed
and free of carbides (i.e., carbon atoms around the dopants maintain sp? hybridization
rather than sp® hybridization). We acknowledge that silicon and especially germanium and
tin are much larger than carbon, and doping these elements into the graphene structure may
induce strain on the graphene lattice. Indeed, computational studies predict that these

elements reside outside of the plane,!8%!%

and our XRD data (see below) support this
prediction. Other computational studies model an alternative scenario of the dopant
replacing two carbon atoms instead of one such that the dopant resides closer to, but still
not within, the graphene plane. Our characterization techniques employed in this

investigation cannot resolve whether the dopants replace a single carbon atom or multiple

carbon atoms.

Representative normal incidence SEM images of undoped and doped GNSPs
materials on the copper growth substrates is shown in Figure 5.1. The SEM image of
undoped GNSPs (Figure 5.1a) shows the tops of wall-like structures that are randomly
oriented and connect and branch away from each other. Previous studies show that GNSPs
fabricated with this method can be exfoliated to yield graphene materials with high aspect
ratios (e.g., 400 nm wide x 70 um long),'?® suggesting that, although the wall-like segments
only extend 1 ~ 3 pm before connecting with other segments, individual GNSPs extend far
beyond single wall-like segments. The SEM image of Si-doped GNSPs (Figure 5.1b)

appears similar to undoped GNSPs. The Ge-doped (Figure 5.1¢) and Sn-doped (Figure
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Figure 5.1. Normal incidence SEM images of undoped (a), Si-doped (b), Ge-doped (c) and Sn-
doped (d) GNSPs. All scale bars: 5 um (e) Raman spectra of undoped and doped GNSPs. (f)
XRD patterns of GNSPs materials. (f) Mode and FWHM of GNSPs interlayer spacings extracted
form XRD patterns.

5.1d) GNSPs, on the other hand, appear quite different from undoped GNSPs in that the
wall-like segments are shorter and more jagged. This may be due to excessive defects in
the Ge- and Sn-doped GNSPs, as evidenced by the Raman and XPS spectra discussed

below.

Raman spectra of undoped and doped GNSPs are given in Fig. le and confirm the
growth of graphene with the characteristic D (~ 1360 cm™), G (~ 1590 cm™) and 2D (~
2704 cm™) peaks.®® These materials also exhibit presence of the D’ peak (~ 1620 cm™').38
To quantitatively assess the spectral quality of these materials, the full-widths at half
maximum (FWHM) of the D, G and 2D peaks and the intensity ratios of the D to G peaks

(Ip/1;) and the D to D’ peaks (Ip /Ip,) are provided in Table 5.2. For undoped GNSPs and
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Table 5.2. Fit parameters of Raman spectra.

D peak FWHM G peak FWHM 2D peak I, /I; Ip/Ip,
(cm™) (cm™) FWHM (cm™)
Undoped | 35 30 47 2.0 5.5
Si-doped 29 21 46 1.7 6.2
Ge-doped | 46 54 117 2.6 9.5
Sn-doped | 45 52 115 2.7 8.9

Si-GNSPs, the D, G, and 2D peak widths are relatively narrow, and the I,/I; ratios
(inversely proportional to the crystalline size) are relatively small as compared to those of
Ge-GNSPs and Sn-GNSPs. These spectral characteristics suggest that undoped GNSPs and

Si-GNSPs contain fewer defects than Ge-GNSPs and Sn-GNSPs. 130

The Ip /1Ip, ratio can indicate the type of defects present in a graphene sample, with
Ip /Ip, ratios of ~ 3.5, ~ 7, ~ 10.5 and ~ 13 indicating boundary-type defects, vacancy-type
defects, hopping (Stone-Wales) type defects and sp’-type defects, respectively.!®! The
respective I /Iy, ratios of 5.5 and 6.2 in GNSPs and Si-GNSPs indicate a mixture of
boundary-type and vacancy-type defects in these materials, and the respective I, /I, ratios
of 9.5 and 8.9 in Ge-doped and Sn-doped GNSPs indicate a mixture of vacancy- and
hopping-type defects. The transition to hopping type defects in Ge- and Sn-doped GNSPs
may be due to the large sizes of Ge and Sn such that their doping causes significant

dislocations in the graphene structure.

The XRD patterns near the (002) peak (indicating the grpahene interlayer spacing)
of undoped and doped GNSPs are given in Figure 5.1f. Close inspection of the spectra
reveals that the peaks are asymmetric; the tail to lower 26 is larger than that to higher 26,
with the asymmetry more dramatic for Ge-GNSPs and Sn-GNSPs. To quantitatively
understand the spacings present in the materials, we fit the spectral background and peak

(with all fits demonstrating an Abbe Criterion of at least 0.8), and Figure 5.1g displays the
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resulting mode and FWHM (shown as error bars). Interestingly, the mode (the most
frequent value) of the spacing of each material is about the same (~ 340 pm), but the
FWHM differs, with the FWHM of Ge-GNSPs and Sn-GNSPs being much larger
(especially towards larger spacing or lower 26) than the FWHM of GNSPs and Si-GNSPs.
The larger spacings observed in Ge-GNSPs and Sn-GNSPs are evidence of the dopant
protruding out of the plane. On the other hand, the same mode of spacing for all materials
may be attributed to the low concentration of dopants (less than 3%) such that their overall
effect on the interlayer spacing is only manifested in the asymmetric broadening of FWHM

rather than the average spacing throughout the material.

Complimentary to the Raman spectroscopy data (Figure 5.1e, revealing the relative
crystallinity and defect content of each sample) and to the XRD data (Figure 5.1f,
revealing structural characteristics), we provide XPS data (Figure 5.2) to reveal the
chemical composition, corroborate the relative defect contents, and demonstrate the
chemical state of carbon atoms around the dopants. The survey spectra (Figure 5.2a) show
that the undoped GNSPs are pure carbon, whereas the doped GNSPs contain the target
dopant, oxygen, and chlorine as well as carbon. To quantitatively determine the chemical
composition of each material we conducted high resolution scans of the carbon ls peak,
oxygen ls peak, chlorine 2p peak, and an appropriate peak of the target dopant (silicon 2p,
germanium 3p and tin 3d). The composition analysis including error estimates for all

materials is provided in Table 5.3.
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Figure 5.2. XPS survey spectra (a) of undoped and doped GNSPs. High resolution XPS scans of
undoped GNSPs C 1s (b), Si-doped GNSPs Si 2p (d) and C 1s (e), Ge-doped GNSPs Ge 3p (g)
and C 1s (h), and Sn-doped GNSPs Sn 3d (j) and C 1s (k). Fits of models with and without
carbide components and their residuals for GNSPs C 1s (c), Si-GNSPs C 1s (f), Ge-GNSPs C 1s
(i), and Sn-GNSPs C 1s (1).

In order to further verify the relative defect contents and demonstrate that the

materials are free of carbides, we quantitatively analyzed the high resolution carbon 1s
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Table 5.3. Undoped and doped GNSPs compositional analysis according to XPS fittings. Standard
deviations of composition are given in parentheses.

% Carbon % Oxygen % Chlorine % Target | C peak % sp*
dopant
GNSPs 100 (0) 0 0 N/A 87
Si-GNSPs 96 (3) 0.8 (0.8) 0.9 (0.3) 2.0 (0.4) 87
Ge-GNSPs 93 (5) 4(2) 1.7 (0.5) 1.5 (0.3) 58
Sn-GNSPs 97 (4) 2(1) 0.6 (0.4) 0.3 (0.2) 64

peak of each sample. We fit undoped GNSPs carbon 1s peak (Figure 5.2b) with two
components corresponding to sp? hybridized C-C bonds (284.1 eV) and a z-7* shake-up
(290.5 eV) with a Tougaard background. The sp? peak was fit to an asymmetric Finite

Lorentzian line shape!34-136

and the 7-7* shake-up peak was fit to a symmetric Gaussian-
Lorentzian. We did not impose any fitting constraints on this spectrum, but the parameters
demonstrate that the fit is realistic. That is, the sp? asymmetry parameter (0.18), the sp?
FWHM (0.87 eV) and the relative positions of the sp? and z-7* shake-up peaks (284.1 eV

and 290.5 eV, a peak separation of 6.4 €V) are all consistent with previous reports.!32133:137

To ensure that the fitting parameters are relevant, we performed uniqueness tests
on the sp? peak area and the FWHM, wherein a 10% change in area resulted in a 160%
increase in ¥%, and a 10% change in FWHM resulted in a 130% increase in 2,
demonstrating that the sp? peak parameters are relevant. Here we note that uniqueness
testing involves systematically constraining a single parameter at various values while
allowing the other parameters to float. If a change in the constrained parameter results in a
significant increase in the fit error, then the parameter is considered relevant in the model.
Further, a parameter is considered “unique” if a 10% change in that parameter results in at
least a 10% increase in y*.!°? Finally, to ensure that the model included all the appropriate

components, we added many other components that are typically included in carbon 1s
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peak models (e.g., peaks for defects, disorder, C-OH, C-O-C, C=0 and O-C=O0 at positions
0.4 eV lower, 0.5 eV higher, 1.3 eV higher, 2.3 eV higher, 3.6 eV higher, and 4.7 eV higher
binding energies than the sp? component!33:134 with the FWHM of the defect and disorder
peaks constrained to 0.5 ~ 1.3 eV!*3 and the FWHM of the other peaks constrained to 1.2
~ 1.4 eV13%), but the fitting procedure reduced these peaks to zero area, demonstrating that
these species are not present in significant quantities in the sample. Further analysis of the
residuals spectrum in this figure also indicated that there was no need for additional peaks.
Altogether, the fitting of XPS data demonstrates that the undoped GNSPs carbon ls

spectrum is well described by a sp? component and a 7-7* shake-up component.

The doped GNSPs carbon 1s spectra are more complicated (Figures 5.2e¢, 5.2h and
5.2k), but the aforementioned analysis of the undoped GNSPs carbon 1s spectrum aided
our analysis of the doped GNSPs spectra. In particular, for all doped GNSPs, we
constrained the sp? component position, the FWHM of the sp?> component, and the
separation between the sp? and z-7* shake-up components to be the same as those of the
undoped GNSPs. We justified these constraints as all the materials were analyzed in the
same system under the same conditions. Additionally, all of the doped GNSPs peak models
include the defect, disorder, C-OH, C-O-C, C=0 and O-C=0 components. In each case the
fitting procedure minimized the C=0 and O-C=0 components to zero area, and for Si-
GNSPs the fitting procedure minimized all components to zero except the sp?, 7-n* shake-

up and C-OH components.

In each case, we found that the only unique parameter was the area of the sp? peak,

whose 10% change in area resulted in 50%, 26% and 12% increase in y* for Si-GNSPs,
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Ge-GNSPs, and Sn-GNSPs, respectively. Thus, one may be concerned that the
aforementioned peak fitting models were irrelevant because they contained only one
unique parameter (i.e., the area of the sp? peak). However, we emphasize that because the
area of the sp? component is unique we could confidently report the concentration of the
sp* components in the carbon 1s spectra, although we could not confidently report either
the presence or the concentrations of the other components in the sample. Our confidence
could be further underscored by our inclusion of a large number of components in the
model, i.e., additional components would generally reduce the uniqueness of a parameter
by allowing a change in that parameter to be compensated by the large number of floating
parameters and still result in a fit with low error. Therefore, our detailed analysis of the
carbon 1s peaks revealed that the fraction of the sp? component was 87%, 87%, 58% and
64% for GNSPs, Si-GNSPs, Ge-GNSPs, and Sn-GNSPs, respectively (see Table 5.3).
These values derived from XPS studies were consistent with the Raman spectroscopic
analysis that revealed significantly fewer defects in GNSPs and Si-GNSPs than in Ge-

GNSPs and Sn-GNSPs.

Further analysis of our carbon ls spectra by comparing the quality of fits between
models containing a carbide component and those without a carbide component also
revealed that carbides were not present in our samples. Here the models that contained the
carbide component were based on the model of no carbide plus an additional component
with constrained FWHM, position and area. The FWHM was constrained to 0.8 ~ 2 eV,
which was justifiable because 0.8 eV was the resolution of our spectrometer and the
FWHM of carbide carbon 1s peaks was less than 2 eV according to literature.!®>1% The

position was constrained to 1 eV lower binding energy than the sp?> component for Si-
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GNSPs, and to 1.1 eV lower binding energy for Ge-GNSPs and Sn-GNSPs, consistent with
previous reports!'®*!1>—in the case of tin carbide, we were unable to find literature reports
for corresponding XPS characterization, and so we assumed that its carbon ls component
position would be similar to germanium carbide. The areas were constrained by requiring

their minimum to at least represent the ratio of dopant to carbon (see Table 5.3).

Using the aforementioned conditions, we obtained the peak fits with and without
the carbide component in the range near the hypothetical location of the carbide component
(282~283.5 eV), as shown in Figures 5.2¢, 5.2f, 5.2i and 5.21 along with their residuals. In
these spectra, the models without the carbide component consistently appeared better, and
the residuals spectra further confirmed this finding, showing similar errors as that of the
GNSPs residual spectrum (Figure 5.2¢). As a more rigorous comparison, we calculated the
¥> of each model (displayed in the figures). The relative increase in %> when the carbide
component was included was 39%, 78% and 9% for Si-GNSPs, Ge-GNSPs, and Sn-
GNSPs, respectively. We acknowledge that the increase in %> for Sn-GNSPs was not
particularly large, but this result was not surprising because the concentration of Sn was
very small in Sn-GNSPs (see Table 5.3). Furthermore, the inclusion of many other
additional components (e.g., defects, disorder, C-OH, etc.) underscored the significance of
these increases in y?, i.e., additional fitting parameters should have enabled the fitting
procedure to minimize the errors when the carbide component was included; the fact that
the fitting procedure could not minimize the error strongly suggested that the carbide

component did not belong in the model for these materials.
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The high resolution scans of the target dopants peaks are presented in Figures 5.2d,
5.2g and 5.2j for Si-GNSPs, Ge-GNSPs, and Sn-GNSPs, respectively, where the
components were labeled and a linear region used to evaluate the intrinsic noise via the
Abbe criterion was indicated.!®> Here we remark that the Abbe criterion is a measure of the
goodness-of-fit and ranges between 0 and 2. An Abbe criterion of 1 indicates a perfect

Gaussian distribution of noise around a fit.

The spectra in Figures 5.2d, 5.2g and 5.2j demonstrated that the dopants were all
present in a single bonding configuration and were likely atomically dispersed and bonded

to carbon, as opposed to bonded to oxygen or chlorine. The Si 2p high resolution spectrum

172 3/2

in Figure 5.2d was fit with two components that represented the 2p''= and 2p>'* splitting.

Following established procedures, we constrained the peak widths to be the same, the 2p'/?

3/2 12

component to be half of the 2p°’* component and the 2p'’ peak position to be 0.6 eV higher

than the 2p*? peak position.'* The fit resulted in an Abbe criterion of 0.87, compared to
an Abbe criterion of 0.93 for the linear region. We conclude, therefore, that the peak
splitting was due to 2p'?/2p3? splitting (rather than splitting due to multiple components)
and that silicon existed in a single type of bonding environment. A single bonding
environment necessarily implied that Si elements in Si-GNSPs were bonded to carbon
because they were imbedded in a carbon matrix. Additionally, we note that silicon bonded

32

to oxygen or chlorine would have a 2p*? peak position greater than 102 eV,'” whereas the

3/2

2p>’* peak position for our material was ~ 100.3 eV. Therefore, we conclude that the Si

elements in Si-GNSPs were atomically dispersed and bonded to carbon.
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The germanium 3p high resolution XPS spectrum is presented in Figure 5.2g,
which we fit with two components represented the representing the 3p'?/3p*? splitting.
Following the literature, we constrained the peak widths to be the same and the splitting to
be 4 eV.!”8 The fit resulted in an Abbe criterion of 0.89, compared to an Abbe criterion of
0.95 for the linear region. We therefore concluded that the two peaks were due to 3p'?/3p*?
splitting, and that the spectrum conformed to germanium in a single bonding environment.
Again, the single bonding environment implied that germanium elements were bonded to

carbon. Further, the Ge 3p*?

component position in our material was ~ 122.6 eV, consistent
with germanium bonded to carbon rather than oxygen or chlorine, the latter would have

resulted in a position of ~ 125 eV or ~ 124 eV, respectively.'*’

The tin 3d high resolution scan is presented in Figure 5.2j, which we fit with two
components representing the 3d>%/3d%? splitting. We constrained the peak width to be the
same and the peak splitting to 8.6 eV.2%° The fit resulted in an Abbe criterion of 0.99,
compared to an Abbe criterion of 1.08 for the linear region. We therefore concluded that
the two peaks were due to 3d°%/3d>? splitting, and the spectrum conformed to Sn in a single
bonding environment. Again, the single bonding environment implied that Sn was bonded
to carbon. However, the Sn 3d>? component position was ~ 486.8 eV, which did not
quantitatively resolve the bonding environment of Sn as Sn-C, Sn-O and Sn-Cl because the
reported binding energies in the respective ranges were 485.1 ~ 487.1 eV, 485.6 ~ 487.6
eV and 485.3 ~ 488.1 e¢V.?"! However, given that the Sn-GNSPs were fabricated by a
similar method as Si-GNSPs and Ge-GNSPs, and that the target dopants of Si-GNSPs and
Ge-GNSPs were bonded to carbon, we infer that the Sn elements in Sn-GNSPs were also

bonded to carbon.
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The aforementioned analysis of the positions and shapes of the high resolution
spectra of target dopants (Figures 5.2d, 5.2g and 5.2j) suggested that the dopants were
atomically dispersed and substitutionally doped into the graphene structure, and that they
were neither in nanoparticle configurations or functionalized (e.g., with oxygen and/or
chlorine). This assertion is justifiable because nanoparticles anchored onto graphene would
have contained at least two binding configurations of Si-Si and Si-C, whereas substitutional
dopants would contain only one binding configuration of Si-C. Additionally, the chemical
shifts for Si-GNSPs and Ge-GNSPs were inconsistent with dopant-oxygen or dopant-
chlorine bonds, so that they must be dopant-carbon bonds. Additionally, the absence of
nanoparticle signals in the Raman spectra (Figure 5.3) further indicate dopant

nanoparticles do not exist in these materials.?9?-203

\ Undoped
\ Si-doped

e Ge-doped;

N
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Figure 5.3. Low frequency Raman spectra of undoped and doped GNSPs.
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GNSPs electrochemical characterization. GNSPs and doped GNSPs were tested as
lithium-ion battery anodes by packaging them in a coin cell configuration using a lithium
foil as the counter/reference electrode, and the electrochemical characterization results are
summarized in Figure 5.4. The first three cycles of the galvanostatic charge-discharge for
GNSPs, Si-GNSPs, Ge-GNSPs, and Sn-GNSPs electrodes are given in Figure 5.4a, 5.4b,
5.4c and 5.4d, showing reversible capacities of 374 mAh/g, 609 mAh/g, 251 mAh/g, and
204 mAbh/g, respectively. For each material, the formation of the solid-electrolyte
interphase is apparent in the first discharge as a plateau at starting ~ 0.8 V for GNSPs, Si-
GNSPs and Ge-GNSPs and ~ 0.5 V for Sn-GNSPs. The second and third cycles for each
material are similar such that the third cycle eclipses the second cycle in Figure 5.4,
indicating that the solid-electrolyte interphase completely forms during the first cycle. The
redox potential for each material significantly changes with state-of-charge, as has been

observed for other graphene LIB anodes.

The rate performance between 100 mA/g and 5000 mA/g is shown in Figure 5.4e.
Similar to other graphene LIB anodes, the capacity decreases with increasing
charge/discharge rate. It is interesting to note that GNSPs perform better than Si-GNSPs at
a rate of 5000 mA/g even though Si-GNSPs have a much higher capacity than GNSPs at
low charge/discharge rates. This may be due to kinetic limitations of lithiation at or near
the silicon dopant sites. Because Si-GNSPs performed the best amongst these materials,
we did a long term cycling test on Si-GNSPs at 1000 mAh/g, which is shown along with
its coulombic efficiency in Figure 5.4f. The initial reversible capacity was ~ 311 mAh/g,
and the final reversible capacity was ~ 207 mAh/g, which is 67% of the original capacity.

The coulombic efficiency is nearly unity throughout the cycling.
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Figure 5.3. First three Galvanostatic discharge/charge cycles of GNSPs (a), Si-GNSPs (b),
Ge-GNSPs (¢) and Sn-GNSPs (d). The second charge and discharge cycles are eclipsed by the
third charge and discharge cycles. (e) Rate performance of undoped and doped GNSPs. (f)
Long term cycling performance of Si-GNSPs.

To infer whether double-layer capacitance significantly contributes to the measured
capacity and to investigate whether the structure of the materials (i.e., the interlayer

spacing) changes significantly during lithium cycling (for example, due to solvated
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intercalation®), we estimated the double-layer capacitance from the initial voltage-time
response of the galvanostatic discharge curves, according to C,; = current/slope (see
Bard and Faulkner?®). The double-layer capacitance of the fresh electrodes and cycled
electrodes are given in Table 5.4 along with the projected charge storage capacity due to
the double-layer capacitance. In all cases, the contribution of double-layer capacitance to
the charge storage capacity was small: For the GNSPs, Si-GNSPs, Ge-GNSPs, and Sn-
GNSPs electrodes, the respective contributions were 1%, 1%, 2% and 3% of the total
reversible charge storage capacity. The double-layer capacitance also decreased after
cycled (likely due to SEI formation on the surface) for each electrode except Sn-GNSPs.
The increase in capacitance on Sn-GNSPs after cycled may be due to increased interlayer

spacing from solvated intercalation®> and may be related to the large size of tin atoms.

Discussion

The Si-GNSPs electrode has a significantly higher specific capacity than the
undoped GNSPs electrode, while the Ge-GNSPs and Sn-GNSPs electrodes have
significantly lower specific capacity than the undoped GNSPs electrodes. The deleterious
effect of Ge- and Sn-doping initially seems peculiar since dopants generally improve the

capacitance of graphene materials. 48152134204 We consider two possible causes of their

Table 5.4. Double-layer capacitance and projected contribution of double-layer capacitance
to charge storage capacity of initial and cycled electrodes.

Initial electrodes Cycled electrodes
Ca (F) Capacity (mAh/g) Cq (F) Capacity (mAh/g)
GNSPs 5.5 4.6 5.1 4.2
Si-GNSPs | 6.2 5.2 5.8 4.8
Ge-GNSPs | 15.6 13.0 7.0 5.8
Sn-GNSPs | 5.9 4.9 7.5 6.3
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deleterious effect: i) electron doping due to the dopants, and i) disorder in the crystal
structure. Electron doping seems a plausible explanation for the deleterious effect as it
would shift the Fermi level above the Dirac point in the electronic band structure?® such
that the sum of electronic states between the open circuit voltage (~ 3 V vs. Li/Li", also the
Fermi level) and the final discharge voltage (~ 0.01 V vs. Li/Li") is lower than if the Fermi
level is near the Dirac point. Indeed, computational studies predict the Fermi levels of
germanium-doped graphene to be higher than graphene.!*%2% However, this conjecture is
not consistent with the literature. For example, both boron doping and nitrogen doping
(hole doping and electron doping, respectively) enhance the charge storage capacity of

graphene. !>

Alternatively, there is precedence in the literature that disorder in the structure of
graphitic materials can strongly affect its charge storage capacity (both towards
enhancement and impairment, depending on the type of disorder). It has been well
established for decades that graphitizing (soft) disordered carbons have low lithium storage
capacity, while non-graphitizing (hard) disordered carbons have high lithium storage
capacity (see section 2.3.3 in reference®>). Graphitizing carbons are carbon materials that
become graphitic when heat treated (e.g., at 3000 °C) and have a layered structure similar
to graphite, but with very small crystallite domains; non-graphitizing carbons, on the other
hand, retain their disorder when heat treated and have a porous structure with small

crystallite domains that are skew with respect to each other.?%’

We attribute the poor performance of Ge-GNSPs and Sn-GNSPs to disorder

resembling soft carbons. Although distinguishing between soft and hard carbons is not
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trivial,?%” our Raman spectra (Figure 5.1e, Table 5.2) for Ge-GNSPs and Sn-GNSPs show
wide peaks and high I, /I; ratios, and our XPS data (Figure 5.2) for Ge-GNSPs and Sn-
GNSPs revealed high defect content. It is unclear whether maintaining good crystallinity
is possible with Ge- and Sn-doping due to their much larger atomic sizes relative to carbon,
at least we were unable to achieve good crystallinity for Ge- and Sn-doping with the

PECVD synthesis method, as determined by Raman spectroscopy.

On the other hand, we were able to achieve good crystallinity and also observed
enhanced lithium storage for Si-doping. Indeed, the Raman spectrum of Si-GNSPs revealed
narrower peaks and a smaller I,/I; ratio than the Raman spectrum of GNSPs (Figure 5S.1e,
Table 5.2), suggesting Si-GNSPs have a low defect content compared to GNSPs. Since
our undoped GNSPs demonstrated charge storage performance comparable to pristine
graphite without being either enhanced or impaired by defects, we expect that the charge
storage performance of Si-GNSPs would be similarly unaffected by defects so that the

enhanced capacity of Si-GNSPs relative to GNSPs was primarily due to Si-doping.

Here we note that our finding of Si-doping-induced capacity enhancement
addresses an understudied aspect in the field of doped graphene LIB anodes: although there
are a plethora of studies regarding doped graphene LIB anodes, few studies have attempted

to deconvolute the effects of disorder and doping. For example, in a previous report,**

we
studied lithium storage in highly crystalline nitrogen-doped GNSPs and observed only
limited enhancement in capacity with doping. In contrast, doped graphene materials that

exhibited high lithium storage capacity (e.g., > 1000 mAh/g) were always accompanied by

wide Raman peaks, suggesting that highly disordered graphene materials tend to result in
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high lithium storage capacity.** Thus, we postulated in the previous study that doping itself
may not be sufficient for enhanced lithium storage capacity, and disorder that coincided

with doping may be critical for the enhancement.

The results of this study appear to inject new understanding of the roles of doping
and disorder beyond our previous investigation of nitrogen-doped graphene.** Specifically,
we note that in the absence of significant disorder, silicon doping results in substantial
enhancement in lithium storage capacity while nitrogen doping has little effect. This
difference may be attributed to the fact that silicon is a third-row element with additional
electronic orbitals (e.g., 3d) while nitrogen is a second-row element with a similar
electronic structure as carbon. Therefore, silicon doping provides additional binding states
for lithium binding resulting from the additional electronic orbitals available to silicon.
This conjecture is corroborated by the observation that many of the highest capacity
graphene materials are doped by third-row elements (e.g., sulfur and phosphorus).!>*!3* On
the other hand, even larger atoms such as those in the fourth and fifth rows may lead to
either graphitizing (soft) or non-graphitizing (hard) disordered carbons so that the net effect
of doping on the lithium storage capacity will depend on the combined contributions of the
excess electronic binding states for lithium and the type of disorder. Overall, our studies
and comparison with other investigations to date suggest that proper choices of dopants in
addition to non-graphitizing disordered carbons are important components to the

enhancement of lithium storage capacity.
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Conclusions

We have successfully fabricated atomically dispersed silicon-, germanium-, and
tin-doped graphene nanostripes and compared their lithium storage performance with
undoped graphene nanostripes. We observed a 63% enhancement for silicon-doped
graphene nanostripes and a 33% and 45% impairment for germanium- and tin-doped
graphene nanostripes, respectively. We conjecture that germanium and tin doping impairs
capacity via graphitizing carbon-like disorder induced by their large sizes, and that silicon
doping enhances capacity by creating additional electronic states for binding lithium. The
good crystallinity of our silicon-doped graphene nanostripes suggests that the enhanced
performance is strictly due to doping rather than disorder, which observation is made
possible by deconvoluting the effects of disorder and doping. Further experiments
deconvoluting the effects of doping and disorder will be beneficial to significantly

advancing the lithium storage capacity of the anode material in lithium ion batteries.
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Chapter 6—Conclusion

This thesis describes the development of novel methods to synthesize graphene and
graphene derivatives as well as the application of these nanomaterials in select energy
storage configurations. These graphene nanomaterials fabricated and studied here, both
undoped and doped, are unique among most graphene studied in the literature in that they
have large length-to-width aspect ratios, and that their production based on a single-step
PECVD method without active heating is a scalable approach for producing large amounts
of material with good crystallinity and chemical purity. The good crystallinity and chemical

purity is especially rare for doped graphene materials available to date.

The large aspect ratios of GNSPs are particularly interesting for supercapacitor and
percolating conductor applications. As studied in this thesis, the large aspect ratios appear
to maintain electrode conductivity in in situ exfoliated GNSPs. Additionally, the large
aspect ratios could be exploited as a conductive additive in electrically resistive electrode
materials such as activated carbon and LiFePOys, and for fabrication of transparent and/or
flexible conductive electrodes, such as porous thin layers of deposited GNSPs that can be

largely transparent and yet electrically connected.

By systematically investigating the effect of dopants in highly crystalline graphene,
the results thus derived have provided new insights into the mechanisms of enhanced
lithium storage in doped graphene materials. This new understanding is expected to help
the advancement of high energy density lithium-ion batteries. Finally, although graphene
LIB anodes have demonstrated extremely high lithium storage capacity, the Li* redox

voltage is not favorable. Further studies of the mechanisms in graphene LIB anodes could
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be informative for developing carbon anodes with both high lithium storage capacity and

favorable Li* redox voltages, which would be a prudent focus of future research.
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