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Extreme surface to volume ratio of graphene makes graphene widely open to various
reactions; chemistry of graphene is of great interest to fine-tune electronic, chemical, and
mechanical properties of graphene, and a better understanding of the factors that impact its
chemical reactivity is an invaluable part of graphene chemistry. In this dissertation, dynamic
modulation of graphene properties and their effects on the chemical reactivity of graphene are
investigated.

A brief background on the history, synthesis, and characterization methods of graphene is
summarized in chapter 1. In chapter 2, how graphene interacts with ambient-found species under
electrical doping was studied. Electrical doping has significant advantage over chemical doping
with in-situ controllability. Static back gating resulted doping hysteresis, which we explained using
a charge trapping/de-trapping mechanism.

Efficient electrical doping method was developed to further investigate its effects on the
reactivity of graphene in chapter 3. Graphene was heated photothermally in air to ca. 240 °C and
monitored using Raman spectroscopy. Electrically doped graphene showed increased rate in the
oxidation reaction. Density functional theory (DFT) calculations indicate that the activation

barriers for O insertion and CO> desorption decrease with an electric field. This is the first



example of charge-doping induced reactivity enhancement in macroscopic-sized solid-state
material.

In chapter 4, the mechanical modulation of graphene and its effects were investigated.
Preliminary results suggested an enhanced electrochemical catalytic activity of graphene as well
as the electrochemical oxidation itself. The catalytic role of graphene was further investigated and
found that applied tensile strain of 0.2 % on a graphene electrode led to a 1~3 % increase of
hydrogen evolution reaction (HER) current. Tensile strain increases HER activity while
compressive strain decreases it. DFT calculations show increasing H atom adsorption energy with

growing tensile strain, leading to a corresponding enhancement of current density in HER.
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1.0 Introduction

We have thousands of chemical reactions going on inside of us every second. While it
might seem abundant and mundane, discovery of some chemical reactions changed trajectory of
the human history. Alloying bronze and iron transformed the human pre-history that we named
the historical period after it, the Haber-Bosch process gave us industrial agriculture, and the
Czochralski method gave us silicon chips for microelectronics that now we cannot live without.
Chemical reaction is a transformation of a reactant that is in the heart of chemistry. When the new
material of interest emerges, chemists try to understand how reactions take place with the material
and what various factors influences the course of reactions.

Since the visionary hypothesis of Richard Feynman in 1959,! nanotechnology have made
significant breakthroughs in many fields of science. Now we know that nano-scale can give
materials interesting new properties apart from their bulk properties; whole new class of materials
suddenly available to us to explore. Development of characterization and synthesis methods of
nanomaterials opened the new era of nanotechnology. Among many exciting discoveries, carbon
nanomaterials are one of major branches that left historic footprints in nanoscience. In mid 1980s,
nanoscale characterization methods such as atomic force microscope (AFM) and scanning probe
microscopes (SPM) were in rapid development. At the same time, the “new forms of the element
carbon” called fullerenes were discovered which eventually gave Robert Curl, Harold Kroto, and
Richard Smalley the Nobel Prize in chemistry in 1996. The sphere-shaped carbon cage made of
60 carbons may only have a diameter of 0.7 nm, but it opened a whole new field of chemistry
devoted to fullerene. Soon after the discovery of Cgo: Buckminsterfullerene in 1985,2 another
exciting fullerene-related structure emerged subsequently, hollow graphitic tubes (carbon

1



nanotubes, CNTs).2 The unique properties of CNTs as a one-dimensional material captured great
interest of scientists across the field. Then another new carbon nanostructure emerged in 2004.
Graphene, similar to singe walled CNT but unzipped, has unique properties now in two-
dimensional plane instead of one-dimensional axial direction. With the ignited interest from
scientific communities, the Nobel Prize in Physics in 2010 was awarded to Andre Geim and
Konstantin Novoselov for their graphene work.*

After more than a decade later, still many researchers are exploring graphene and graphene
related materials for their exceptional properties and the best route to connect their surprising
properties found in lab to groundbreaking everyday life applications. Chemical reactivity of
graphene is a great interest since the dawn of graphene rush, and one of critical puzzle pieces to
be understood in order to employ graphene and their related materials in those applications. In this
dissertation, the chemical reactivity of graphene under different conditions were of interest as well
as the reactivity of surroundings in contact with graphene. First, in this chapter, a brief background
of graphene is provided; the general properties of graphene, common methods of graphene

synthesis and characterization are reviewed.

1.1 Why graphene?

Graphene is a two-dimensional sheet of carbons arranged in honeycomb structure. Each
carbon atom is bonded to three neighboring carbon atoms to form a sp?-hybridized hexagonal
network in a planer lattice. Because of this planer structure, one can look at graphene as a building
block of other carbon allotropes occupying three dimensions. For example, graphene can be

wrapped into a sphere shape of fullerenes, rolled into cylinder shape of carbon nanotubes, and



stacked into bulk graphite. Even though graphene was recognized in 19" century,’® active graphene
research truly began in 2004 when Novoselov and Geim reported isolation of single layer graphene
and its surprising electronic properties.* Since then, graphene and graphene-based materials have

been studied intensively further revealing many interesting properties and applications.

1.1.1 Before the breakthrough

On October 5" 2010, the Nobel Prize in Physics was awarded to Andre Geim and
Konstantin Novoselov for “ground breaking experiments regarding the two dimensional material
graphene”. This was not a huge surprise based on how much graphene was under the spotlight
among scientific research topics. The Science paper in 2004 by Geim and Novoselov attracted
great attentions from many disciplinaries as reflected in the steep increase of the publications on
graphene and its derivatives. According to Web of Science, research articles related to graphene
increased dramatically since 2004, and as of today, 17 years after the initial rush, the topic of

graphene is still widely studied all over the world.
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Geim’s Science paper in 2004 attracted incredible attentions from the scientific
communities, but it was not the first report of the discovery or isolation of graphene. In fact, we
can go back more than a century for the discovery of graphene related material. The British chemist
Benjamin Brodie is often recognized to report the first graphene-like material in 1859.° Brodie
obtained “graphon” by exposing graphite to strong acids, and believed it is a new form of carbon
(graphite) having an atomic weight of 33. Today, we know Brodie’s graphon is a graphite oxide
flakes formerly known as graphitic acid, stack of graphene sheets covered with oxygen containing
functional groups such as hydroxyl and epoxides. Nearly 90 years later, the physical structure of
this graphitic acid was finally visualized using transmission electron microscopy (TEM). Ruess
and Vogt observed flake-like “highly lamellar” structure of graphite oxide by depositing graphite
oxide suspension on a TEM grid in 1948.% Then in 1962, the monolayer of “carbon foil”” (reduced
graphite oxide) were identified by Boehm et al. via the contrast of TEM images of different flake
thickness.” The TEM contrast cannot be reliably used to identify number of layers of graphene or
graphite oxide; nonetheless, this Boechm’s work could well be the first observation of the
monolayer graphene sheet. More importantly, it showed potential use of TEM in identifying
monolayer graphene. In 1986, Boehm and his colleagues suggested the use of the term “graphene”
or “graphene layer”.® ® A single planer sheet of carbon layer in graphite can be classified in the
group of fused polycyclic aromatic hydrocarbons using the suffix of -ene, and therefore the term
“graphene” was recommended to be used for the individual carbon layers in graphite.

The structure of graphite crystal having stacked planes with hexagonal cleavage face had
been generally accepted long before it was confirmed in early 20" century with the development
of X-ray crystallography. Often Geim’s work in 2004 is quoted with the simple Scotch tape

method. However, cleaving the surface of material was already familiar practice in surface and



vacuum science community, and layered structure of graphite made the cleavage easier than other
materials. In 1990, Kurz et al. prepared thin highly oriented pyrolytic graphite (HOPG) film by
peeling optically thin layers from a bulk HOPG with transparent tape and studied carrier dynamics
in thin film graphite.'® Folding graphene into three-dimensional structure, “graphite origami” was
already envisioned using HOPG and atomic force microscopy (AFM) by Ebbesen and Hiura in
1995.1! Ruoff used shearing motion to fan out thin graphite plates and suggested further extensive
rubbing of HOPG against other flat surface could result in “single atomic layer of graphite plates”
while demonstrating fabrication of graphite sheets via AFM tips.t? The observation of monolayer
graphene via stanning tunneling microscopy (STM) was reported in 2003 by Gan using repeated
tip interaction at the step of a terrace on the graphite.'® By early 2000s, TEM imaging of graphene
monolayer was also confirmed by counting the number of folding lines in “carbon nanoscrolls” or
“carbon nanofilm” which were exfoliated rolled up graphene sheets.!#1°

Instead of shaving down graphite into a thin layer, bottom-up approach has been also
progressed before the boom of graphene research, eventually leading to the growth of epitaxial
graphene and vapor deposition of graphene. Thin films are of interest for a long time from many
areas of research such as optics, coatings, and semiconductor. Combined with the progress in
crystal growth techniques, growth of thin layer materials such as metals and semiconductors on
bulk substrate have been advancing since 1930s.1": 18 For graphite, thin layer of graphitic film was
grown on various substrate as early as 1970. Blakely et al. and Grant and Hass reported the
segregation of carbon layer on the surface of metals using auger electron spectroscopy in 1970.1°
20 potential of epitaxial carbon layer growth on SiC was reported in 1975.2* Throughout 80s and

90s, the growth of thin carbon layer progressed to several layers of single-crystalline graphite and



even monolayer graphene, and their physical and electronic structure were studied suggesting the

potential of graphene electronics.???’

1.1.2 General properties of graphene

The 2004 Science paper reported the astonishing electronic properties of graphene. Since
then, intensive efforts on graphene research across the field have revealed many unique properties
of graphene, some reaching theoretically predicted limits. Similar to CNTSs, graphene also showed
remarkable mechanical strength. Despite being the thinnest 2D atomic crystal in its free state, the
breaking strength of graphene has been measured to be 42 N-m™ which corresponds to 1.0 TPa
Young’s modulus.? This is comparable to the Young’s modulus of in-plane graphite (~1000 GPa)
and single-walled and multiwalled CNTs ranging from 0.27 TPa to 1.47 TPa,?°3! confirming
graphene to be one of strongest material available. The optical absorbance of graphene is 2.3 + 0.2
% and spectrally flat (which is in a great agreement of predicted wa) over photon energies between
0.5 eV to 1.2 eV.%> 2 This was in a good agreement with the predicted theory.®* Graphene is
impermeable to any standard gases including helium.* Graphene has high thermal conductivity at
room temperature, (5.30 + 0.48)x10% W-m™-K1, comparable to single-wall CNT bundles.3 37

Graphene also has remarkable high electron mobility. At room temperature, the electron
mobility has been measured in excess of 200,000 cm?-V/1.s? (theoretical limit) using suspended
graphene.® When graphene is in contact with a substrate, the mobility can be significantly reduced
to 15,000 cm?-V1-s? due to the substrate-graphene interactions.* 3° However, even with a
substrate, the corresponding sheet resistivity is around 10 Q-cm, still less than silver at room
temperature. Graphene can also carry extremely high densities of electric currents, several orders
of magnitude larger than copper without sustaining damage.*® The astonishing electronic quality
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of graphene has attracted significant interest from the condensed-matter physics community. There
had been previous theoretical studies and predictions on graphene’s exceptional electronic
properties before the rise of graphene in 21% century. It is beyond the scope of this introduction to
cover the details, but excellent review papers can be found for additional read.*'*** Needless to say,
graphene research in experimental physics has been advancing spectacularly from the observation
of vanishing mass at the Dirac point to the fractional quantum Hall effect.3® %6 Exiting experimental
findings are still actively being reported after a decade of exploration and proved that graphene is

a great experimental tool for quantum electrodynamic studies.

1.1.3 The electronic structure of graphene

Experimental studies on semi-metallic characteristics of graphene bloomed with the easily
accessible mechanical exfoliation method in early 2000s. However, the electronic band structure
of graphene was studied theoretically more than 60 years ago through the development of the band
theory of graphite.** In graphene, carbon atoms are arranged in a hexagonal 2D lattice with two
carbon atoms per unit cell. Each carbon atom has four valence states consisting of three sp? orbitals
and one p orbital. Those sp? orbitals form ¢ bonds with their neighboring carbon atoms, and p
orbitals form © and ©* states. In the lattice structure, © states become the highest occupied valence
band (HOVB) and 7* states become the lowest unoccupied conduction band (LUCB). The HOVB
is completely filled since graphene has exactly one electron per atom for those © and n*states. The
energy dispersion of those two bands is shown in Figure 1.2. The energy of those two bands meets
at points, called Dirac points, providing interesting characteristics. The zoomed in picture in Figure
1.2 shows the HOVB (bottom cone), the LUCB (upper cone), and a linear dispersion near the Dirac
points. Therefore, graphene is not a metal because the Fermi level of graphene does not lie within
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the bands, nor is it a semiconductor because there is no band gap. This unique band structure makes

graphene a true semimetal with a point-like metallic Fermi surface.

Figure 1.2 Electronic dispersion in the honeycomb lattice Energy dispersion is plotted with the reciprocal lattice
vector k. Zoom in of the energy band close to one of the Dirac points is on the right. Reprinted with permission from

ref 42. Copyright 2008 by the American Physical Society.

The band structure of graphene makes its properties very sensitive to charge density. Since
graphene has a completely filled valence band, any type of doping from charge transfer of
adsorbates to external electric field always induces a doping effect by introducing electrons into
the conduction band or holes into the valence band.*? This pronounced ambipolar electric field
effect enables charge carriers to be continuously modulated between electrons and holes with high
charge density and high mobilities. Graphene doping can be achieved electrically where gate
voltage is applied externally, or chemically using various chemical dopants. With the electrical
doping, only Fermi level changes in response to the gate voltages, while chemical doping induces

the shift of the Dirac point or further collapse of the conical shape of the band structure.*



1.2 Making graphene

The first reported free-standing graphene was prepared by the mechanical exfoliation of
highly oriented pyrolytic graphite (HOPG).* The technique is reliable and easy to perform and
therefore has been used by many researchers. However, the limitations of mechanical exfoliation
such as lack of scalability lead to the rapid development of new efficient synthesis route to produce
high quality and large area graphene. In this section, different synthesis methods of graphene are

reviewed.

1.2.1 Top-down approach: mechanical exfoliation

Graphene can be produced from high purity graphite since graphite is simply stacked layers
of graphene sheet held together by weak van der Waals forces. The exfoliation of HOPG
demonstrated by Geim and Novoselov is widely adopted by many researchers to produce high
quality graphene. In their paper,* HOPG was attached to a photoresist layer. Then, they used scotch
tape to repeatedly peel off the graphite flakes from the photoresist layer. The thin flakes left on the
photoresist were released in acetone and captured on Si wafer. Mechanical separation of graphite
layers can be done with many other variations such as SiO, stamp*® and PDMS stamp*’. Graphene
obtained from mechanical exfoliation can be high quality compared to that of many different
synthesis methods thanks to the inherited quality from high grade HOPG. Especially considering
the low cost and simplicity of the process makes the mechanical exfoliation widely used method
of choice among researchers. However, low yield and scalability are critical disadvantages of the
mechanical exfoliation method. The process produces flakes of graphene in limited size (in

micrometers), and it is hard to control the number of graphene layers. Larger variability on the
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skill level of researchers is also not ideal for the repeatability and training of new researchers.
Overall, such process is limited to the laboratory research due to labor-intensive and time-
consuming nature. Efforts in large production of graphene via mechanical exfoliation had been
reported. For example, Jayasena et al. used lathe-like setup to shave off graphene flakes from
HOPG crystal,*® and Chen et al. used a three-roll mill machine with a polymer adhesive to mimic
the peeling off motion continuously.*® However, quality of graphene flakes such as thickness of
exfoliated flakes and contamination from adhesives remains to be a challenge to overcome.

Large scale production of graphene at a low cost is a critical step for the commercialization
of graphene applications. Graphite exfoliation in liquids has a great advantage in scalability.
Generally, in liquid phase exfoliation, graphite is dispersed in various exfoliation media, solvents
with or without the presence of surfactants, and sonicated to induce the exfoliation. The liquid
exfoliation of layered materials has a long history with the production of graphite oxide that
expends back through many decades,*® but recent interest in graphene stimulated some newer
developments. Using an organic solvent having a similar surface energy as that of graphene, such
as N-methyl-pyrrolidone, monolayer graphene was produced from graphite using liquid
exfoliation method.>" 2 More details on the recent developments in liquid assisted exfoliation of
graphene and graphene related materials can be found in the related review articles.>® % While
mass production engineering is much more feasible, quality of graphene product remains to be a
major obstacle in liquid phase exfoliation. During the sonication, cavitation induces micro-jects
and shock waves which are critical for the exfoliation mechanism, but also creates extreme
conditions such as high local temperature, rapid temperature change, and high pressure.>®>®” Those
sonication environment can introduce additional defects as well as resulting in high oxygen content

in exfoliated graphene sheets.%®
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There are also other mechanical exfoliation processes that can be used for graphene
production besides the scotch tape and liquid phase sonication methods. For example, ball milling
process is a common technique used to produce powder. The shear force acting laterally on
graphite flakes in ball milling drives the exfoliation mechanism. Many studies have been reported
demonstrating the use of both wet and dry ball milling process to produce graphene.%-¢3 The ball
milling method also suffers from the high defect density in the resulting graphene due to the high
energy collision of grinding media similar to the liquid sonication based process,®*  suggesting
the process to be more suitable for the functionalized graphene production.? 62 Alternatively, fluid
dynamics can be applied to mimic the shearing force of ball milling. Various ways to create the
fluid movement (e.g., vortex from rotation,®® pressure difference driven,®” mixer driven, etc.)
have been reported. Fluid dynamic based methods, especially in mixer driven process, have high
exfoliation efficiency compared to the liquid sonication and ball milling method, therefore
beneficial to the industrialization of graphene product although sharing the common obstacle of

graphene quality.

1.2.2 Bottom-up approach: synthesis

Chemical synthesis methods such as chemical vapor deposition (CVD) and epitaxial
growth are promising approaches to high-quality graphene production on a larger scale. Synthesis
methods generally requires more complicated equipment and have higher operational cost but
provides high yield production of high-quality graphene while the platform can be easily scalable
for mass production. In general, the growth mechanism of graphene involves the breakdown of
precursor molecules/structure to free carbon atoms and recombination of carbon atoms into
graphene. The growth of thin graphite film on silicon carbide was reported long before the rise of
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CVD graphene process, and those early findings in the graphitization of the carbides surface
eventually lead to the development of the epitaxial growth technique for the high quality single
layer graphene.®®"2 Especially, epitaxial growth of graphene has attracted much attention from the
semiconductor industry because of the possibility of wafer scale growth of single crystal
graphene.” " Growth of high quality single layer graphene on Si had been a challenge due to
relatively high solubility and low diffusivity of carbon in Si, but recent development showed
successful growth of single crystal graphene over wafer scale area using a hydrogen-terminated
germanium buffer layer.”® However, high-cost substrate materials, low yield, and complicated
transfer process limit the widespread use of the method.

Chemical vapor deposition started in the 19" century and had been an established thin film
deposition technique since 1950s. CVD process can produce high quality graphene comparable to
the epitaxial growth while on various metal substrate that can be easily etched away to transfer the
grown graphene onto new desired substrates. Therefore, CVD growth process gained its popularity
since the first report in 2006.”” Since then, Cu,’® Ni,”® and 18 were used to demonstrate the CVD
growth of graphene. Among the different catalytic metals, Cu became an excellent candidate for
single layer graphene synthesis owing to its low carbon solubility and low cost. It was shown that
the graphene film grown on copper foil was predominantly single layer (< 5% of double layer) and
continuous across the metal surface steps and grain boundaries.’®

During the CVD process of graphene growth, hydrocarbon precursors decompose to form
carbon radicals in a hot zone. Then, the radicals undergo subsequent chemical reactions with the
catalytic metal substrate. Even though the mechanism is not fully understood yet, a carbon isotope
labeling study revealed different kinetic mechanisms for Ni and Cu during CVD growth of

graphene.®! In the case of Cu, the carbon source of graphene was found to be mainly on the surface

12



of the metal catalyst due to the negligible solubility of carbon in Cu. As the growth time increases,
individual graphene crystals coalesce into a continuous polycrystalline graphene film on the
surface of Cu. Therefore, graphene growth on Cu is preferentially monolayer and known to be
surface mediated. In contrast, carbon sources diffuse into bulk Ni and the segregation process
occurs until the concentration of carbon in the bulk metal reaches saturation. For this reason, a thin
copper foil is often used for single layer graphene growth, and Ni is often used for multilayer
graphene growth.

In addition to the effects of catalytic substrates, CVD growth condition and their effects
were studied extensively to improve the quality of graphene such as number of layers, defect
density, and crystallinity.82#° Roll-to-roll production of CVD graphene is demonstrated as well as
large size single crystal graphene growth.8-89 CVD is one of the reliable tools to produce high
quality single layer graphene over a large area while versatile to be transferred onto various

substrates; The CVD process was chosen to synthesize single layer graphene for this dissertation.

1.3 Characterization of graphene

Single layer graphene is almost transparent, but still can be seen easily when graphene is
deposited on a SiO2/Si surface. Raman spectroscopy can be used to probe many different properties
of graphene, and detailed surface topology can be imaged using Atomic Force Microscope (AFM).
In this section, frequently used characterization techniques of graphene are described with the

emphasis on Raman spectroscopy of graphene.

13



1.3.1 Optical microscopy

Graphene absorbs 2.3% of incident light with negligible reflectance.®® This relatively
significant light absorption given its atomic thickness makes the imaging of graphene feasible
under optical microscope. However, it is still generally challenging to distinguish graphene from
its underlying substrate especially with untrained eyes. Instead of the transmission measurement,
the visualization of graphene can be more easily done in reflectance measurement.®* It has been
shown that different light filter can be used to optimize the contrast of graphene up to ~ 12 % on
the substrate regardless of oxide thickness.®? With certain thickness of SiO2 layer (e.g., ~90 nm or
~280 nm) on Si wafer, physical features of graphene can be easily examined using optical

microscopy with white light.

1.3.2 Atomic force microscopy (AFM)

AFM is one of the scanning probe microscopy techniques that can be used to probe a wide
range of properties of graphene. The initial report of successful separation of graphene by
Novoselov and Geim used AFM to identify single layer and few layer graphene after optical
screening.* Since then, AFM is widely used to identify the number of layers in exfoliated graphene
samples owing to its sub-nanometer scale resolution of surface topographic imaging. In AFM, a
probe is attached to a flexible cantilever, and a laser is focused on the back of cantilever. As the
probe scans the sample surface, the cantilever bends due to the change of force between the surface
and the probe. The bending causes a change in the reflected laser position. The reflected laser is
detected by a position-sensitive detector and the movement of the tip is recorded. There are three

basic modes of operation in AFM: contact mode, non-contact mode, and tapping mode. Contact

14



mode scans with the tip in close contact with the surface of the sample. Non-contact mode is used
when the tip contact might alter or damage the sample. Tapping mode alternately places the tip in
contact with the surface and lifts it off, combining contact mode and non-contact mode. Tapping
mode was used to observe the morphology of CVD graphene in our study.

Scanning probe microscopy (SPM) techniques such as AFM are widely used to measure
the physical dimensionality of nanoscale materials. By scanning the step of graphene on substrate,
the thickness of graphene flake and ultimately the number of graphene layer can be estimated.
However, the thickness measurement of the single layer graphene requires careful analysis. There
had been a wide range of thickness values reported in the literature (from 0.4 nm to 1.7 nm)®
considering the inter-plane spacing of graphite is only 0.335 nm.%* % Possible variables such as
interactions between AFM probe/graphene/underlaying substrate, adsorption of water layer, and
sample preparation process are generally regarded as the contributing factors of the observed
variation in the thickness measurements.

During the topographic scan, AFM can also provide the chemical information via phase
contrast. In dynamic mode such as tapping or non-contact mode, AFM probe is brought close and
oscillated normal to the sample surface. When the probe taps the surface, the oscillation amplitude
gets reduced which is used to record the topology information. The phase of the oscillation also
can be affected via probe and surface interaction. The phase shift occurs as the oscillation of the
probe gets delayed, which can be caused by the change of adhesion or viscoelasticity of materials.
Although the interpretation of phase shift is complicated due to various contributing factors
especially with changing topology and should be analyzed carefully, phase contrast is one of the
most commonly used techniques to characterize the composition of material surface.

Functionalized area of graphene can be distinguished from its pristine area using phase contrast
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image. In addition, various non-topographic modes of AFM such as magnetic force microscopy,
Kelvin probe microscopy, force spectroscopy, nanoindentation, and thermal modes make AFM

versatile tool to study a wide array of graphene properties.?® %6-9°

1.3.3 Raman spectroscopy

Raman spectroscopy can be viewed as one of the essential and critically important
characterization methods for graphene related research. It is a non-destructive analytical technique,
and carbon materials have unique Raman signatures that have been studied extensively long before
the graphene research came into the spotlight.2%%-192 Starting with the number of graphene layer
studies in 2006, Raman spectroscopy of graphene has been studied intensely to probe various
properties,103 104

The process of normal Raman scattering is caused by the incident photon promoting an
electron to a virtual state instead of an excited electronic state. Therefore, incident photon energy
does not need to be matched to the energy between ground and exited electronic states in order for
Raman scattering to occur. Most of the time, the molecule is excited to a higher energy state
(virtual state) and quickly relaxed without any nuclear movement. The emitted photon in this
process is elastic and has same energy as the incident photon, and the process is called Rayleigh
scattering. On rare occasions, nuclei move along with electrons, and the energy involved in the
motion of nuclei is no longer negligible. This difference in energy results in a frequency change
of the scattered photon, which is called inelastic Raman scattering. Depending on its initial energy
state, inelastically scattered photon has a lower or higher frequency (energy) compared to the
incident photon, and those scatterings are called Stokes and anti-Stokes, respectively. Since Stokes
shift is more intense than anti-Stokes shift, typical Raman spectra uses the Stokes shift and uses
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positive wavenumber by convention, plotting the intensity of the scattered light versus the energy
shift, or “Raman shift”, in cm™ unit.

One of the major advantages of Raman compares to another vibrational spectroscopy, such
as Infrared (IR) spectroscopy, is the photon interaction process noted above. IR spectroscopy
involves the absorption of photons, and one of the unique optical properties of graphene is that
graphene is spectrally flat with optical absorbance of 2.3 %. Moreover, vibrational motion that
changes the polarizability will activate Raman scattering while changes in polarity of the molecule
activates IR. Therefore, Raman spectroscopy is sensitive to highly symmetric structures without
natural dipole moments, and graphene with its carbon-carbon bonds are a perfect fit to those
conditions. Raman is also high-throughput compared to other high-resolution microscopic
techniques. Therefore, Raman spectroscopy serves as an important analytical tool in wide range
of graphene related research as well as throughout this dissertation projects.

For graphene, there are three major characteristic Raman peaks: the D peak (~1350 cm™),
the G peak (~1580 cm™), and the 2D peak (~2700 cm™).2% The G peak is associated with the
doubly degenerate phonon mode corresponding to the bond stretching of all pairs of sp?-hybridized
carbon atoms.*%® 197 |n fact, the G peak is the only peak coming from a normal first order Raman
scattering process in graphene.'® Similar bands resembling G peak are found in all polyaromatic
hydrocarbons.'® The D and 2D peak originate from a second order process.® The D peak requires
disorder in the symmetry of graphene to be activated, and is absent in defect free graphene. The
2D peak is approximately twice the D peak frequency, but does not require any defect for its
activation.’®® The 2D peak is sometimes referred to as G~ in the literatures, due to early studies
mistakenly thought to be the overtone or related to G peak. In this dissertation, G, D, and 2D

nomenclature is used.
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Figure 1.3 Raman spectra of graphene and graphite Comparison between graphene and graphite with 514 nm
laser, rescaled to have similar 2D peak height. b) and c) Evolution of 2D peak as number of graphene layer changes
using two different laser power 514 nm and 633 nm. Reprinted with permission from ref 103. Copyright 2006 by the

American Physical Society.

The D and 2D peak undergo a significant change in its shape, position, and intensity
depending on the number of graphene layer.%® There are two components 2D; and 2D; in graphite
2D peak having approximately ¥z and %2 of G peak intensity, respectively. Figure 1.3 shows the
change of the 2D peak as a function of the number of graphene layer.'®® Once graphene layers
exceed more than 5, its Raman spectrum becomes almost indistinguishable from that of graphite.
The change in the electronic band structure of graphene with the increase of its number of layers
affects the 2D peak evolution. Therefore, Raman spectroscopy is widely used to confirm the
number of graphene layer along with AFM topographic edge height scan. Moreover, different
orientations of stacking multi-layer graphene should in principle be resulted in the significant
electronic band structure that would be reflected in Raman spectrum.'%® For example, turbostratic
(misoriented non-AB Bernal stacking) multi-layer graphene exhibit a single sharp 2D peak like

single layer graphene.110-112
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Figure 1.4 Raman spectrum evolution of the graphene disorder The epectrum evolution is represented in ()
intensity, FWHM, (b) position, and relative shift of the peak position of the D, D", G, and 2D peaks as the defect
concentration increases over time. (c) Raman spectra of oxidized graphene with increasing defect concentration from
bottom to top. Laser power used was 2.41 eV. Reprinted with permission from ref 113. Copyright 2013 by the

American Physical Society.

The quantification of defects, such as their density and type, is critical in graphene related
studies since defects in sp? carbon structure can have significant impacts on their fundamental
properties and ultimately for their future applications. Graphite disorder can be classified into three
different stages proposed by Ferrari and Robertson.!** Stage 1 is graphite symmetry broken into
nanocrystalline graphite, and stage 2 is nanocrystalline graphite to low sp® amorphous carbon, and
stage 3 is from low to high sp® amorphous carbon. In the case of graphene, earlier stages are mostly
relevant owing to its limited dimensionality. At first, during the stage 1, D peak appears, and the
intensity of the D peak (I(D)) increases as well as the ratio of D and G peak intensity (I(D)/1(G)).
Following a D" peak appears (~ 1620 cm™) and all peaks broaden with increase defect density. As
disorder progresses, the D + D” peak appears (~ 2940 cm™). In the second stage, the position of G

peak (Pos(G)) shifts down toward ~ 1510 cm™ and I(D)/I(G) decreases. Later, there are no longer
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well resolved second order peaks only broad feature ranging from ~2300 to ~3200 cm. Although
Pos(G) is very useful to identify external factors such as doping, 1(G) is relatively stable under the
same laser excitation frequency.!*>*" Therefore, 1(G) is often used as a reference to monitor the
intensity change in other peaks. For example, as noted above, I(D) rapidly increases with the defect
density of graphene, but I does not change significantly until the defect density reaches to certain
point. Thus, I(D)/I(G) is often used to quantify the density of defects in graphene. As shown in
Figure 1.4, I(D)/1(G) of graphene continuously increases until it reaches ~3 to 4 under the oxidation
reaction.!*® The Tuinstra and Koenig relation,*®® which correlates the 1(D)/I(G) with crystalline
size of graphene, fails in the high disorder stage because with sp? rings become fewer, Ip decreases
with respect to I(G). Therefore, increasing D peak indicates the defect density increase in graphene
while it indicates more order in amorphous carbons. While Raman can be a great tool to quantify
defects in graphene, one should keep in mind that some defects are not Raman-active and will be
hard to be recognized in Raman spectroscopy. For example, perfect zigzag edges do not induce a
D peak, but changes the shape of G peak that can be identified with the careful attention.% 120
The Raman spectrum of graphene is sensitive to many perturbations that analysis should
be made with careful considerations of many possible external parameters. One of external
parameters is the doping condition of graphene. Graphene can be looked as entirely made out of
surface area, thus interactions with the surroundings can have significant impacts on the electronic
energy level of graphene. The effects of doping level on the Raman spectrum of graphene have

been studied in great detail 107 121125
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Figure 1.5 Raman spectra of graphene as a function of a gate voltage a) Position of the G peak, b) position of the
2D peak, c) FWHM of the G peak, and d) the ratio of the intensity of the 2D and G peak exhibit the dependence on

the electron concentration. Reprinted with permission from ref 125, Copyright 2008 by Nature Publishing Group.

As shown in Figure 1.5, Pos(G) upshifts, and the FWHM(G) decreases symmetrically as
the charge charrier density increases. On the other hand, Pos(2D) shifts down as under large
electron density. Even though Pos(2D) does not shift as much as Pos(G) especially near charge
neutral point, the G and 2D peak can be used together to analyze whether graphene is doped by
holes or electrons. The FWHM(G) also shows dependence on the electron concentration.

1(2D)/1(G) also can be a good measure of the doping level of graphene, as the ratio decreases with
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the increase of hole carrier density of graphene. The doping level can be shown in the defect related

peaks of graphene too. The intensity of the D and D" peaks decreases as doping level increases.*?8
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Figure 1.6 Raman spectra of graphene with uniaxial strain (a) G and (b) 2D peak measured with incident light
polarized along the strain direction. (c) Peak positions of G*, G, and 2D plotted as a function of applied strain. The
blue lines are linear fit to the data and slope of the linear fit was -10.8, -31.7, and -64 cm™/% respectively. The doubly
degenerate G peak splits in the subbands G* and G- while 2D peak remains as a single band. Reprinted with permission

from ref 127. Copyright 2009 by the American Physical Society.

A material is under strain when it is stretched or compressed out of its relaxed state.
Usually, phonon softening occurs for a crystal when tensile strain is applied, and the opposite
occurs with the compressive strain. The Grlineisen parameters describes the rate of those
relationship, phonon softening as a function of strain.'?® The effects of strain on the Raman
spectrum of graphene had been also reported.?” 12132 The doubly degenerate optical mode Exg

splits into two components as tensile strain is increased resulting in the splitting of the G peak into
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two sub-bands as shown in Figure 1.6. In addition to the splitting, both G* and G~ subpeaks as well
as 2D peak downshift with the tensile strain. The downshift is much more pronounced in the 2D

134 3s in return have

peak. The uniaxial strain changes the relative positions of the Dirac cones,
significant impact on double resonance and triple resonance process in Raman scattering leading
to additional shift of 2D peak as well as the peak broadening and splitting.2” 131 135 Interestingly,
CVD graphene exhibited different behavior in G peak compared to the exfoliated graphene under
strain. The G peak under compressive strain shift down in CVD graphene opposite to the upshift
of exfoliated graphene, which was attributed to the polycrystalline nature of CVD graphene owing
to its grain domain boundaries.'* Due to the sensitivity of G and 2D peak of graphene towards
both charge density and mechanical strain, the Raman spectrum of graphene should be carefully

analyzed when doping and strain effects are co-existing. The correlation between Pos(G) and

Pos(2D) can be used to separate the effects of charge and strain on Raman spectrum of graphene.**

1.3.4 Other surface analysis techniques

There are many other techniques available for the characterization of graphene. Scanning
Electron Microscope (SEM) uses electron beam to interact with the surface of material and collect
various information about the sample. Modern optical microscope can provide 1500 times of
magnification with the spatial resolution limit of 0.2 pm.**” This limited resolving power inherited
from the wavelength of white light is solved in electron microscopy owing to the wavelength of
accelerated electrons being much shorter. Similar to optical microscope and AFM, SEM has been
used widely to investigate the topological surface information of graphene samples such as folding,
tearing, wrinkles, etc. In addition, in situ SEM had been used to monitor the growth process of
graphene.®®® In electron microscope family, transmission electron microscope (TEM) is also
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widely used especially in atomic scale resolution. TEM transmits very high voltage electrons
through the sample, making thin layer nature of graphene a good fit for TEM. High resolution
TEM provides valuable atomic resolution imaging on the structural deviations of graphene from
its pristine state.!3 40 With the high resolution and electron diffraction patterns provided by TEM,
the number of layers of graphene flake can be accurately counted from the edges as well as crystal
orientations of graphene since the location of individual carbon atoms can be imaged.

X-ray photoelectron spectroscopy (XPS) is a standard surface analysis technique with
approximately 5 nm average analysis depth. The chemical and structural information of the surface
are obtained via X-ray and material interactions. During XPS analysis, the surface of the studied
material is irradiated with a beam of X-rays, and electrons are ejected by a photoemission process.
The kinetic energy difference between the ejected electrons and incident photon measures the
electron binding energy of the surface atoms. The number of detected electrons is plotted as a
function of the binding energy to provide quantitative information. Because atoms eject electrons
having specific characteristic energy, elemental identification and quantification can be made. XPS
has been also widely used for graphene and graphene related material to investigate various
properties such as surface structural characteristics, chemical compositions, and electronic
properties, 141143

Spectroscopic ellipsometry (SE) is another classical surface and thin film analysis
technique that has wide range of analysis thickness from a few Angstroms to several tens of
microns. Linearly polarized light is reflected off of a surface, and the change in the polarization of
the light (often resulting in elliptical polarization, hence the name) is measured to model the
thickness and optical properties of the thin film. SE is indirect and non-destructive that widely

used in many optical and semiconductor thin film applications. With the single layer of graphene
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measurement, unknown single layer model can be established and used to identify number of
graphene layer in different samples. Moreover, the surface contamination of graphene from
ambient air or in pure water of open container had been monitored using SE previously.#* 145 With
well-established model of SiO2, thickness of SiO2 on Si wafer can be also measured to control the

uniformity of the substrate for graphene.

1.4 Chemistry of graphene

Graphene had attracted intense interest from wide range of disciplinary for over a decade.
First, being a noble material while having such simple atomic structure as a building block of
familiar carbon allotropes, fundamental solid-state physic and quantum physics studies has been
progressing incredibly with this air-stable stand-along nanomaterial. With its unique electronic,
physical, material properties, many possible application areas were studied intensively. To this
date, 17 years after the start of gold rush, graphene and its hybrid/derivative materials are
continuously being studied all over the world. Specifically in chemistry community,
functionalization of graphene has been a great interest to fine-tune its electronic, chemical, and
mechanical properties.'*548 Graphene can be viewed as a double-sided surface which are widely
open to various reactions; there are endless possibilities to tweak graphene via chemical
modification, and especially accessibility is great while being a solid since everything is happening
on the surface level. This giant aromatic-ring-containing molecule has intriguing properties such
as extreme electrical conductivity and mechanical strength that can be engineered chemically and
further incorporated into a composite material to contribute those beneficial properties. Full

hydrogenation of graphene converts semi-metallic graphene into insulating graphane, a two-
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dimensional hydrocarbon layer.!*> 49 Chemical doping of graphene can modify the carrier type
and concentration while extremely high carrier concentration is feasible in graphene owing to its
band structure, which could lead to exciting properties such as room temperature superconductivity
and ferromagnetism.'®152 With the scope of material extended to graphene derivatives and
composites, implications of graphene chemistry are greater.

For the exciting future applications, understanding chemical reactivity of graphene is
critical. In addition, as a fundamental building block of other carbon materials, gained
understanding of graphene chemistry may further contribute to the chemistry of other carbon
allotropes. In this dissertation, three major aspects of graphene are explored. First, environmental
effects on graphene are studied. It is critical to understand how graphene interacts with ambient-
found species for any in-air applications of graphene. Secondly, method to control and enhance
the reactivity of graphene was developed to gain the understanding of graphene oxidation reaction
and its enhancement. Then, inertness of graphene was evaluated to employ it as a catalyst to
enhance other chemical reaction, specifically HER to demonstrate the usefulness of elastic

mechanical modulation on graphene and its catalytic activities.
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2.0 Environmental Effects on Graphene Doping via Static Gate Voltage

2.1 Introduction

The Fermi energy of graphene can be controlled by various doping methods. Especially,
external electric field can be applied via gating, which could modulate carrier concentration
without directly changing the electronic band structure of graphene. During electrical modulation,
other external factors can contribute to the overall doping process of graphene such as underlaying
substrate, oxygen-containing molecules, and other contaminations from the surrounding of the
graphene device.

Adsorption greatly influence the properties of graphene because of its surface dominating
two-dimensionality. The adsorption of small gas molecules such as Hz, Oz, CO, and NO., and their
effects on graphene’s electronic properties have been studied both theoretically and
experimentally.?>3158 Those reports showed that the molecular adsorption can lead to either n-type
or p-type doping of graphene. Electron acceptors, such as oxygen, are known to hole dope
graphene (p-type), and NHs and CO act as donors to electron dope graphene (n-type).'*® Since the
electrical conductivity depends on the charge carrier density, molecular adsorption can alter the
electrical conductivity of graphene. The effects of adsorbates need to be well understood before
graphene can be implemented especially under ambient conditions for wide range of practical
applications in-air.

In addition to interaction with adsorbates from air, its interaction with substrate is another
critical factor in impacting graphene chemistry. Unless graphene is fully suspended, the effects of

underlying substrate on graphene should be considered. During graphene transfer to a wafer
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substrate, charges can be trapped in the bulk oxide and graphene-oxide interface. Those trapped
charges could act as external scattering centers and significantly suppress the charge mobility of
graphene.’™® Charge trapping is also known to be responsible for the hysteresis observed in
electrical measurements in graphene devices.'®* %2 Moreover, strong interactions between
graphene and substrate could ultimately modify the band structure of graphene. For example, a
theoretical study predicted the opening of a small band gap in graphene by using oxygen-
terminated SiO,.1%3

Water can also play a significant part in graphene doping.'%4% The interaction between
an adsorbed water molecule and graphene is thought to be rather weak, and strong attractive forces
between water molecules could form a water cluster that acts as a defect center in graphene.'®” A
theoretical study showed that highly ordered water molecules can induce a strong electrostatic
dipole moment causing local electrostatic fields, which interact with the substrate and result in
graphene doping.*%* Also, a controlled gas exposure study showed the direct relationship between
air exposure and SiO/Si substrate.'®® The results suggest charge transfer doping of graphene by
an oxygen-water redox couple mechanism similar to that seen with diamond.®®

Electrical control of molecular adsorption doping of graphene has been studied with many
different molecules such as NO2, NH3,'%° H,1"® CO,,'"™* and piperidine.}’? Those results from
recent studies show that the concentration of adsorbates on the surface of graphene can be
modulated by external electric field. The controlled adsorption of oxygen using an applied external
electric field was also demonstrated with bilayer graphene field-effect transistor (FET).®* The
oxygen adsorption was enhanced when bilayer graphene was electrically n-doped. A theoretical
study suggested the diffusion of oxygen atoms on graphene also strongly depends on carrier

density.!”® Therefore, it could be possible to further control the rate of reactions on the surface of
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graphene using electrical modulation by tuning the concentration and diffusion of adsorbates
simultaneously. In addition, the electrical control of the charge transfer between graphene and
adsorbed molecules had been also demonstrated which could lead to fine-tune the electron-transfer
(ET) based reactions.'>*

The adsorption process can help the electric modulation to achieve the desired Fermi level
by having the same doping effect as the direction of the electric field applied to graphene.
However, it also can counteract to reduce the overall doping density. Therefore, even though
electrical modulation possesses great potential to tweak chemical reactions of graphene, the
combined effects of applying an electric field to graphene exposed to its surroundings are
challenging to control simultaneously and further studies are highly desired.

The effects of applying an external electric field have been studied by many researchers in
order to modify electronic properties of graphene* 12174175 and other low dimensional systems.*’®
177 Graphene FET is a commonly used device to investigate the effects of the applied electric field
and the fundamental electronic properties of graphene. Although top-gated graphene FETSs have
been reported with promising performances,'?® 178 179 Sj0,/Si back-gated graphene FETs remain
the most common configuration due to their simplicity. In general, graphene is transferred onto a
SiO»/Si wafer, and electron-beam lithography and standard lift-off procedure are performed to
pattern graphene and deposit metal contacts to the device. Heavily doped Si is typically used as a
back gate, and the dielectric layer lies between graphene and the bulk Si back gate. The
source/drain metal contacts are deposited on the graphene surface.

Despite high performance devices has been demonstrated previously, complete control of
the surrounding environment of graphene can be challenging with a graphene FET. In conventional

FET devices, the charges from the substrate or gate are known to be trapped in the bulk oxide and
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oxide interface during the operation. Analogous to Si-SiO interface, the charge trapping effect at
graphene-SiO interface has been proposed.t8 18! |n addition, the typical graphene FET undergoes
a long device fabrication process. Additional contamination can be introduced during the process
and affect the performance of the graphene FET.82-184 Moreover, most of electrical modulation of
graphene FETs are done in vacuum, first to prevent device hysteresis on electric measurements,
and secondly systematically study the effects of electric field with controlled exposure of target
molecules. Also, most studies focus on the electric properties of graphene FETs such as
conductance and mobility measurements which only requires the electric modulation to be done
in very short time scale. A better understanding of the longer time scale effects is necessary to
study the effects of electric modulation on the reaction kinetics. Also, in situ Raman spectroscopy
has been scarcely used study the time dependence of the applied gate voltage.

The mechanism of hysteresis observed in graphene FETS is still not clear because many
previous reports showed scattered results. First, very short time scale of ~100 pys was reported with
interface charge trapping mechanism.8 18 |n Jong time scale, the charge injection from graphene
to interface was proposed using Kohlrausch stretched exponential function with a time scale of
~100 5.8 The similar time scale of about 100 s was observed using Raman spectroscopy, but the
different mechanism, the electrochemical doping of the O2/H20 redox couple, was proposed.

In this chapter, the effects of applied electric field on graphene were investigated focusing
on long time scale using Raman spectroscopy. The change in Pos(G) in air and N2 showed that
aqueous oxygen electrochemical redox couple is unlikely to be the dominant mechanism. The
decrease of Pos(G) in N2 and Ar were fitted with the double exponential decay and the time

constants (~20 s and ~200 s) were found under 3 MV/cm. In all gas environments, the shift in
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Pos(G) was consistent with the charge trapping/de-trapping mechanism. However, the different

time scale suggests more complex charge trap process.

2.2 Experimental

2.2.1 Graphene synthesis

Copper foil (25 um thick, Alfa Aesar, item No0.46365) was used for CVD growth of
graphene. Cu foil was cut into approximately 1.5 cm x 6 cm strips and treated with electropolishing
(EP).%88 In brief, copper foil is electrolyzed at 5 V for 30 s in phosphoric acid solution (500 ml of
deionized water, 250 ml of phosphoric acid, 250 ml ethanol, 50 ml isopropyl alcohol, and 5 g of
urea). Only polished anode copper foil was used for graphene growth. After EP treatment, anode
copper foil was rinsed with deionized water twice. In some cases, copper foil was further treated
with concentrated HCI for 15 s after EP. Copper foil treated with both EP and concentrated HCI
did not have any significant effects on graphene compared to copper foil with EP only.

After thorough rinsing, copper was blow dried with a nitrogen gun and placed on the top
of a quartz boat. The quartz boat with the copper foil was then inserted into the center of a 1-inch-
diameter fused quartz tube furnace. The tube furnace was evacuated within 5 min to prevent further
oxidation of the copper foil. After evacuation, the tube was back filled with Hz(g) (2 standard cubic
centimeters per minutes (sccm)) and annealed for 1 h at 1000 °C (annealing). The alternative
annealing process was done at various higher temperatures (highest at 1060 °C) and extended time
periods (up to 10 h). Different annealing temperatures and periods showed similar results in Raman

spectroscopy and AFM. CHag) (20 sccm) was introduced after the annealing step for 30 min
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(growth). H> flow and temperature during the growth were kept same. After the growth step,
furnace was cooled to room temperature with the same gas flow as growth step for both Hz and
CHas. Figure 2.1 shows the growth process summary. Graphene samples were stored in a clean

glass petri dish until the transfer.
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Figure 2.1 The CVD process of graphene synthesis Annealing period was varied between 1 h to 10 h depending on
the system fluctuation such as received copper foil quality. Growth time was fixed to 30 min. Cooling time was ~2 h

down to room temperature. H, and CH, flow rate was set to 2 sccm and 20 sccm respectively.

2.2.2 Graphene transfer

Graphene films were transferred on SiO/Si wafer using polymer based wet transfer
technique.8 1% poly(methyl methacrylate) (PMMA) and Poly(Bisphenol A carbonate) (PC) were
used as supporting polymers. In a typical transfer, as grown graphene film on top of Cu foil was
spin coated with 5 wt% PMMA (Aldrich, MW 996000) in anisole (Sigma-Aldrich, 99%) at 3400
rpm for 50 s 5 times or 1.5 wt% PC (Sigma-Aldrich, MW 45000) in chloroform (Sigma-Aldrich,

99.8%) at 3400 rpm for 30 s 3 times. Then the Cu foil was etched for 3 h in 0.1 M of aqueous
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(NH4)2S20s solution (Sigma-Aldrich, 98%). After etching, polymer/graphene film was scooped
out with a clean glass slide and transferred into a water bath multiple times to rinse off the etchant.
After thorough rinsing, polymer/graphene film was placed on a SiO2/Si wafer and spin dried at
5000 rpm for 5 min. Different drying methods such as drying extended time in air or in vacuum
did not have significant impact on the Raman spectrum. In order to remove the supporting polymer
layer, a second layer of PMMA was applied onto PMMA coated graphene following reported
procedure.’®* PMMA solution (1.4%) was drop casted on the PMMA/graphene/SiO2/Si sample
and cured for 30 min at room temperature. Then the sample was placed in acetone bath for 1 h
followed by another acetone bath or acetic acid (glacial) bath for 12 h. For PC removal,
PC/graphene/SiO./Si sample was soaked in chloroform for 12 h. Once polymer supporting layer

is removed, graphene was rinsed with isopropanol and gently blow dried with No.

2.2.3 Graphene device fabrication

Electrical connections were made on graphene side (top) and on Si side (bottom) by
applying silver paste (SPI1 Supplies, 04969A-AB) as a conductive glue to attach copper wires.
Unpolished bottom side of Si wafer was scratched off with a diamond tip to expose bulk Si layer.
Highly doped Si layer of the bottom side of wafer served as a back-gate and connected to the
positive terminal of the power source. Two different types of SiO./Si wafer were used throughout
the study, wet thermal SiO2 (University Wafer, 300 nm wet thermal oxide, P/B) and dry chlorinated
thermal SiO2 (Nova Electronic Materials, 300 nm dry chlorinated thermal oxide with forming gas
annealing, P/B). After the fabrication, each sample was tested to confirm the applied voltage with

0.1 V of precision using a multimeter.
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2.2.4 Raman spectroscopy

Micro-Raman spectra were obtained using a homemade Raman spectrometer with 532 nm
CW single-longitudinal mode solid state laser and 40 x objective (NA: 0.60). The size of laser
spot was approximately 1 um, and laser power from 0.1 mW to 20 mW was used. The laser power
was measured at the sample stage with the laser power meter. Obtained spectra were calibrated
with standard naphthalene and processed with Igor pro 6.37 software. All graphene peaks were
fitted with a single Lorentzian lineshape. A custom-made aluminum flow cells with a quartz
window was used to host a graphene sample in a desired gas environment. The gas outlet of the
flow cell was connected to an oil bubbler to prevent any air diffusion back into the flow cell.
Graphene device was faced down against the quartz window, and flow cell was placed on the
inverted Raman microscope sample stage. Figure 2.2 shows schematic image of graphene sample

setup with Raman spectroscopy.
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Figure 2.2 Schematic image of experimental setup Raman spectrometer and graphene sample with electric
connection are shown. Heavily doped (p**) Si was used as a back-gate (Vyg). Graphene and Si were connected to low

and high terminals respectively.
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2.2.5 Atomic force microscopy

Atomic force microscope images were obtained using SPM SmartSPM™-1000 Scanning
Probe Microscope (AIST-NT, n/s HE002-H) with tapping mode and HQ:NSC15/AL BS AFM

probes (MikroMasch, 325 kHz, 40 N/m).

2.2.6 Electrical modulation of graphene

Keithley 2614B SourceMeter SMU instrument (Keithley) was used to source and measure
voltage and current. In brief, one set of terminals were used to source the chosen voltage ranging
from -90 V to +80 V and measure voltage and current across the graphene/SiO2/Si sample. The
second set of terminals were attached on the separate electrical contacts to confirm the applied
voltage across the sample. SMU instrument was controlled remotely via Keithley Test Script

Builder software.

2.3 Results and discussion

2.3.1 CVD grown single layer graphene

Raman spectrum and AFM images were obtained to verify the quality of single layer
graphene grown by CVD method. Typical Raman spectrum of single layer graphene in ambient
condition is shown in Figure 2.3a. The D peak was not present suggesting graphene had very low

defect density. Two prominent peaks, the G and 2D peak, were similar in intensity and positioned
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at 1594.8 cm™ and 2684.4 cm, respectively. The graphene sample was a single layer, based on
the sharp 2D peak without any sub-band feature. AFM image in Figure 2.3b shows the wrinkles
which are known for CVD grown graphene due to the different thermal expansion between Cu
substrate and graphene during the cooling process. No pin holes or cracks are observed.

Undoped single layer graphene has the 2D peak roughly 4 times more intense than the G
peak.'% The decreased intensity ratio 1(2D)/1(G) with upshifted Pos(G) indicate prepared graphene
sample was highly doped, and the upshifted Pos(2D) further shows that the graphene sample was
hole doped which is commonly observed in samples measured in ambient. The relation between
air exposure and hole doping of graphene can be verified by using different gas environment.
Figure 2.3c shows clear change in Pos(G) during 9 h of moderate (~200 sccm) N2 flow. The
significant decrease of Pos(G) was observed overtime. This observation suggests the desorption
of physisorbed molecules from the graphene surface which were responsible for hole doping.
Overall change of Pos(G) can be fitted to an exponential decay. However, the decay of Pos(G)
diverged from the first order kinetic model suggesting multiple types of doping molecules were
desorbing from the graphene surface. Most of desorption occurred during the first couple of hours
of N2 flow, and the desorption process slowed down dramatically. However, the intrinsic Pos(G)
for undoped graphene, ~1584cm™, could not be recovered even after 9 h of N2 flow. The water
residue with dissolved oxygen could take much longer time to be desorbed and be responsible for

the remaining hole doping effect.
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Figure 2.3 CVD grown single layer graphene a) Raman spectrum and b) AFM image of CVD grown single-layer

graphene on SiO,/Si in ambient. c) The effect of N, flow on the G peak position of graphene Raman spectrum.

2.3.2 Electrical doping in air and early N2 environment

Raman spectroscopy can be a great tool to monitor the effects of electric doping on
graphene. In general, negative (positive) back gate voltage introduces excess positive (negative)
charge carriers on graphene resulting in hole (electron) or p-type (n-type) doping of graphene.
However, in ambient condition, electron doping of graphene was not observed even with +80 V
of back gating, which is the maximum voltage used in this study. The observation was consistent
with heavily p-doped graphene as shown in previous section.

In order to investigate the proposed O2/H20 redox mechanism on the change of Pos(G) in

more detail,'%? the electrical doping effects were monitored throughout the change of graphene
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surrounding from air to N». If the change of Pos(G) is driven by the electrochemical charge
transfer, the limited oxygen in N2 should suppress the amount of charge transfer and reduce the
change in Pos(G). Figure 2.4 shows the evolution of Pos(G) on the same location of graphene
plotted as function of time with alternating polarity of applied electric field in air and early N2
environment. Raman spectrum was taken every 10 s while each static voltage, 0 V, -80 V, and +80
V, was applied for 10 min. Different magnitude of gate voltage resulted in the different magnitude
of electrical doping on graphene, but same general trends were observed. Due to possible
inhomogeneity within a sample, direct comparison of Raman spectrum between different position

of the sample was avoided.

a) air b) N,

_~ 1600« >« - >
'E tm

2 1596 M IMAIRHIE fa p RIS, i e i,

2 ’ : - t“?‘hﬁ»
Z 1592 , o

br ® OV ‘ -

5 B -80V 5 Eaghi

8. 1588 A +80V ':"'.'_fé‘%ﬁ#‘

O : :

0 20 40 60 80 100
Time (min)

Figure 2.4 The G peak position of graphene under various electric field Each Raman spectrum was obtained with
10s of exposure time. Static gate voltage was held for 10 min a) in air and b) in nitrogen while Raman spectra were

collected on the same location of graphene.

When negative gate voltage was applied in air, hole doping immediately upshifted Pos(G),
suggesting an increase of total hole doping in graphene. This initially increased charge carrier
density was decreased back as shown with gradual downshift of Pos(G) during the 10 min period
(black square in Figure 2.4a). Since applied electric field was held constant throughout the duration

of each value, the change of Fermi level of graphene reflected in Pos(G) suggested that the
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decrease was related to the change in graphene and its surroundings. When the gate voltage was
turned to 0 V (blue circle at 20 min), Pos(G) immediately downshifted as electrical p-doping was
removed and upshifted gradually over time. Assuming graphene is significantly hole doped as
shown by initial characterization in the previous section, positive gate voltage leads graphene to
lower charge carrier concentration. Therefore, downshifted Pos(G) under the positive gate voltage
can be explained with the overall graphene Fermi level being closer to its neutral point and
upshifted back. Then, at following 0 V switch, Pos(G) shifted up and gradually downshifted.

The electrochemical doping of O2/H20 redox couple on graphene occurs due to the Fermi

level of graphene higher than the electrochemical potential of the redox reaction as following.

At acidic conditions: 0, + 4H*+ 4e~ & 2H,0 (2.1)

At basic conditions: 0O, + 2H,0 + 4e” & 40H™ (2.2)

The electrochemical potentials of the electrons for this oxygen redox couple in Equation 2.1 and
2.2 are -5.66 eV at pH 0 and -4.83 eV at pH 14, respectively (relative to vacuum level, at 0.21 bar
of partial pressure of O,).1%® Assuming water is in equilibrium with air, slightly acidic (pH 6)
condition can be used which corresponds to an electrochemical potential of -5.3 eV. The Fermi
level of undoped graphene (~4.6 eV)!® lies above the electrochemical potential of the solution.
Hence, electrons can transfer out of graphene into an adsorbed water layer when graphene is
exposed to humid air, and the observed hole doping of graphene in air is consistent with the
mechanism.

The initial Pos(G) in air was 1596.5 cm™, corresponding to a doping induced shift of the

Fermi level from the Dirac point of about -0.3 eV.1% The resulted Fermi level of ~ -4.9 eV falls
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within the electrochemical potential of the redox couple (from -4.83 eV to -5.66 eV with pH
rangel4-0). Assuming the charge transfer between graphene and the redox couple reached
equilibrium at the end of each 10 min of gate voltage, the observed change of Pos(G) in air can be
explained with the O2/H20 redox couple mechanism. The observed Pos(G) under negative gate
voltage corresponds to ~ -5 eV. The electron transfer from the O2/H,O redox couple to graphene
could occur until a new equilibrium is established. Once gate voltage was turned off, the Fermi
level of graphene was pushed up back to -4.9 eV and the electron transfer from graphene to the
0O2/H20 redox couple can occur. Similarly, positive gate voltage and followed 0 V would change

the Fermi level of graphene and a new equilibrium can be reached.
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Figure 2.5 Schematic diagram of the electrochemical electron transfer doping process of graphene E; is the
Fermi level of graphene (-4.6 eV) and Eeqox is the electrochemical potential of O./H,O redox couple at pH 6 (-5.3 eV).

The blue arrow shows the direction of electrons transfer from graphene into the solution.
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However, the proposed electrochemical electron transfer mechanism did not agree well
with data obtained in N2 environment. The overall downshift of Pos(G) within 1 h of N> flow at
the first 0 V in Figure 2.4b coincides with the desorption of physisorbed molecules observed in
previous section. The shifting of Pos(G) did not stabilize within 10 min compared to air which
reached its stable Pos(G) less than 3 min. The effects of on-going desorption process could be a
major contributing factor for this slower kinetic observed in N2 environment oppose to air. Still,
some noticeable differences in Pos(G) shifting trend were observed in early stage of N2 flow. First,
the change of Pos(G) was more drastic under 10-min same voltage period. The previous O2/H20
redox couple study showed the dissolved oxygen is necessary for charge transfer to take place, and
the significantly reduced change in pH was observed under N2 environment.® The increased
change in Pos(G) under N2 does not coincide with the previous observation.

Another important change observed in N2 was the different behavior in Pos(G) under
positive gate voltage. As shown in Figure 2.4b, Pos(G) changes the direction of the shift (downshift
and upshift) within the same positive gate voltage. This sudden change in the direction of Pos(G)
cannot be explained with the electron transfer by the O2/H>O redox couple because only one
direction will be thermodynamically favorable. The stable Pos(G) is expected once graphene is in
equilibrium with water layer.

The overall spread of Pos(G) was significantly wider in N2 compared to air. In N2, the
Pos(G) after 10 min of -80 V and +80 V were 1594.1 cm™ and 1589.1 cm™, respectively. On the
other hand, all the Pos(G) in air reached to 1596.8 + 0.5 cm™ after 10 min of each gate voltages.
Despite same gating effect was used, electrical doping was not effective in air after 10 min of static
hold of gating voltages. The effects of applied electric field on the adsorption of oxygen coincide

with this observation. A study showed the enhanced adsorption of oxygen on bilayer graphene
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with more positive back gate voltage.’> Assuming similar adsorption trend with electrical
modulation on single layer graphene, the amount of adsorbed oxygen is lowered by -80 V and
increased by +80 V. Since the adsorbed oxygen hole dopes graphene, negative gate voltage
electrically hole dopes while total amount of adsorbed oxygen decreases due to the applied electric
field, resulting in the reduction of hope doping effect originated from the charge transfer of
oxygen-containing species. Similarly, positive gate voltage electrically electron dopes graphene,
but increased oxygen concentration adsorbed on the graphene surface increases the hole doping of
graphene. Thus, in air or oxygen containing environments, the electrical doping effect is always
reduced by the change in adsorbed oxygen concentration. With the reduced oxygen concentration
in the flow cell, the Pos(G) between voltages in N2 noticeably increased supporting the role of

oxygen adsorption under the applied electric field.

2.3.3 Electrical doping in N2

The effects of electrical doping on Pos(G) under N2 environment was further investigated
in more details. Raman spectra were taken on a fixed location in a series throughout different gas
environments with three electric modulation values, off, -80 V, and +80 V. The off state (open
circuit) was used instead of 0 V to make sure no external gate voltage was applied on graphene.
The change in Pos(G) under the gate voltages is shown in Figure 2.6 with three different
environments: air, N2, and N2 through water bubbler. N2 environment was established by flowing
N2 for 2.5 h before the start of Raman measurements.

In air, the initial Pos(G) was 1587.4 cm™, much less upshifted compared to the initial
Pos(G) in Figure 2.4a, which suggests the variation of initial doping level between the graphene
samples. Pos(G) downshifted when it switched from electrical hole doping (-80 V) to neutral (off)
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and from neutral (off) to electron doping (+80 V), still showing sufficiently high p-doping level of
graphene. Also, the change in Pos(G) during each gate voltage was again showed that the electrical
doping effect was reduced by an opposite doping effect.

Well established N2 environment should have very limited concentration of oxygen and
water; the only remaining ones could be trapped in between graphene and the substrate since
graphene should be impermeable to all standard gasses. The initial Pos(G) at first off state was
1585.0 cm?, suggesting the graphene became nearly charge neutral. The positive back gate voltage
resulted in upshift of Pos(G) in contrast to air, showing graphene is effectively electron doped by
electrical modulation without heavy p-doping effect from adsorbates. Both positive and negative
gate voltage upshifted Pos(G), but significant downshift was followed. This change in Pos(G) was
again clearly enhanced in dry N2 compared to air environment. N2> with water showed small shift
in Pos(G) within the same gate voltage similar to air, but the trend in Pos(G) was similar to early

N2 environment observed in the previous section.
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Figure 2.6 The G peak postion in dry and wet environment Raman spectrum were collected under the electric
modulation in a) air, b) dry N, and c) wet N.. N2 flow was kept for 2.5 h before the dry N, measurement. Water

bubbler was used to flow N through for wet N..
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Charge trapping is a well-known effect in dielectric materials under an applied electric
field, and hysteretic behaviors in conductance measurement of graphene FETs were previously
suggested to be originated from those trapped charges between the graphene-oxide interface.6®
162 The change in Pos(G) under the applied electric field we observed is also in a good agreement
with the proposed mechanism of trapped charges in graphene FETSs. Figure 2.7 shows the

schematic image of the charge trapping and de-trapping process.
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Figure 2.7 Schematic diagram of the dynamic Fermi level of graphene Dynamic change in graphene Fermi level
under electric modulation and charge trapping and de-trapping mechanism in a) N2 and b) in air. Negative (positive)

gate-voltage hole (electron) dopes graphene but trapped electrons (holes) changes the net charge carrier density.

When N2 environment is well established that the available dopants on the gas-graphene
interface are negligible, Pos(G) should be at its minimum value near to neutral which corresponds
to the first 10 min of N> measurements. When -80 V gate voltage was applied, graphene was

electrically p-doped, and the Fermi level of graphene lies in the valence band of graphene. The
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trapped negative charge carriers between graphene-SiO; interface can be accumulated to form a
local electric field and decrease the overall electrical doping level. When the gate voltage was
turned off after -80 V, Pos(G) was still upshifted compared to the initial Pos(G) (first off state)
which could be explained with the trapped charge induced doping. Those trapped electron puddles
would result in n-type doping of graphene. Pos(2D) and current leakage direction were consistent
with the electron doping. The accumulated charge carriers gradually diffuse from the interface to
eventually recover the initial Pos(G). Similarly, when graphene is n-doped by positive gate
voltage, accumulated positive charge carriers under graphene could explain the diminishing
electrical doping effect over time. The charge trapping mechanism can also explain the air

environment with the significant hole doped initial Pos(G) as shown in Figure 2.7b.
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Figure 2.8 The kinetic of G peak position under applied electric field in N2 Pos(G) as a funtion of time was fitted

with a,b) double exponential model and c, d) single exponential model. Solid red lines represent the fitted values.
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The fast change in the conductance measurement on graphene FETs was reported with two
time constants of ~100 ps and ~2 ms by different researchers with the charge trapping
mechanism. 18186194 The trapping site of the mechanism is often suggested to be at the graphene-
oxide interface instead of oxide-Si or -bulk oxide interface due to the short time constants. On the
other hand, the charge injection from graphene into the interface was proposed with the time
constant of ~1000 s with stretching parameter, in order to include the distribution of time constants
for different traps.'®” Recent study added another set of time constants ~1 s and ~20 s and proposed
the graphene-oxide interface and bulk oxide trapping mechanism respectively.'®® In our study, the
change in Pos(G) under N2 showed a good agreement with the double exponential model when the

gate voltage was applied. Figure 2.8 shows zoomed-in plot of N2 environment with the model fit.

Table 2.1 Time constants of counter doping Double and single exponential fitting on each gate-voltage and off

states under N2 and Ar flow. Error on each coefficient indicates one standard deviation.

Applied back-gate voltage
-80 V Off +80 V Off
T1(s) 15+ 10 20+ 12
N2 141 £ 28 130 + 23
T2 | 171+59 150 + 43
T1 (s) 16 + 10 10+ 9
Ar 141 + 38 200 + 43
T2@s) | 291 %165 250 + 67

The longer time constant (~200 s) under applied gate voltage was more dominant than the
first time constant (~20 s). When the applied electric field was turned off, single exponential model
showed much improved fitting results compare to double or modified (stretched) single
exponential model. The time constant found at off state (~150 s) was in similar time scale with the

dominant time constant (~200 s) in the gate voltages. Different inert environment (Ar) also showed
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consistent results with the similar time constants, suggesting the observed change in Pos(G) is not
from unintentional contamination of N2 source.

The common time constant component between off and on state of applied electric field
suggests there might be a partially similar origin they share in both cases of the G peak drift, which
also fits well with the charge trapping and de-trapping mechanism. The relatively longer time scale
compared to the earlier studies can be attributed to the accumulation of charges trapped further
into the bulk oxide instead of the nearer to the interface. When electric field is applied, the rate of
diffusion of those trapped charges could be dampened by the coulombic forces between the trapped
charges, explains the slower kinetic for charge trapping mechanism compared to the de-trapping
mechanism of the off state. In addition, the short time constant was only well resolved when the
electric field was applied externally. It is possible that different type of charge migrations (e.g.,
accumulation of the charges diffusing from bulk oxide to near interface) may become more
pronounced under external electric field to be resolved into multiple mechanisms.

The different locations near and far from the metal contacts on graphene did not affect the
result of time dependence of electric modulation. In addition, the donor type of molecules adsorbed
on graphene, such as NHz or CO, could be responsible for the change in Pos(G) in air, but should
be removed in N2 environment. Since the shifting in Pos(G) is more prominent in N2, the role of
the adsorption of n-doping molecules on graphene should be negligible.

When N2 was fed through water bubbler, the shift of Pos(G) during the static gate voltage
hold was significantly reduced sharing the similarity to the air environment. This observation was
in a good agreement with the previous study that the effect of water on the hysteresis of graphene
FET is opposite to the charge trapping mechanism.'®* This advantageous effect on the applied

electric field was explained with the capacitive gating induced by strong dipole moment of water.
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Under the applied electric field, adsorbed water molecules on the top of graphene can be ordered
to form dipole moments which will be oriented along the direction of the applied electric field.
The local electric field near the dipoles draws more charge carriers into graphene which enhances
the overall doping level of graphene. This positive effect of water induced local electric field could

counter the trapped charge puddle effects observed, canceling the drift of Pos(G).
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Figure 2.9 Diagram of water induced dipoles forming on the top surface of graphene Black arrow shows the

direction of applied electric field and blue arrow is the direction of the dipoles enhancing the local electric field.

2.3.4 Long term effect

Interestingly, prolonged electric modulation showed overall change in doping level of
graphene and eventually lead graphene to be electron doped when gate voltage was not applied. In
Figure 2.10a, it is clearly shown that the effect of electrical n-doping was increased over time in
N2 environment (red arrow). The Pos(G) was initially ~1585 cm™ after 1 h of N2 flow, indicating
nearly neutral graphene without adsorbate doping effect. While the increase in electron doping
was clearly shown over time, the change in G peak under hole doping or off state were less

pronounced. N2 flow was kept for 10 h after the first cycled electrical modulation for 80 min, and
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later trend on Pos(G) eventually shows overall n-doping graphene with decreased shift of Pos(G)

under the negative gate voltage, as shown in Figure 2.10b-d.
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Figure 2.10 Long term effects of electrical modulation on graphene G peak position change under N,. For each
cycled electrical modulation noted as run, gate voltage was applied as in off, -80 V, off, and +80 V sequence for 80
min (1 min per voltage). First, a) runl was obtained, then was kept on for 10 h. After the 10 h break, b) run2 was

obtained followed by c) 1 h Raman without any applied gate voltage and d) run3 was obtained.

Unintentional n-doping adsorbates could exist but should not be significant since 10 h of
N2 flow without any electrical modulation (time between Figure 2.10a and Figure 2.10b) did not
induce the significant change in n-doping level of graphene compared to the change observed
during electrically cycled period. This n-doping behavior could be more strongly related to the
electrical modulation. The n-type doping was stable for an hour without the applied gate voltage

(Figure 2.10c).
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Previous study showed the low work function of SiO> relative to graphene can lead to n-
type behavior of graphene.!®® However, the studied graphene device was annealed at 200 °C for
~20 h in vacuum because room temperature vacuum is known to be ineffective for removing the
adsorbates. Interestingly, n-type graphene in this experiment was observed under the room
temperature with N2 environment. The applied gate voltage over long period on SiO2 could have
affected the surface characteristic of SiO2 and caused stronger interaction between graphene and
SiOo, resulting in n-type doping of graphene. Some trapped holes are known to fall into long-lived
deep trap states near the interface during the transport process which can be stable for hours or

even years, which could also be possible origin of the observation.

2.4 Conclusion and future directions

Electrical doping has significant advantage over chemical doping with in-situ
controllability, while limited range of doping concentration could be a potential drawback for
many applications. For the further development on the use of external electrical doping of graphene
for its chemical reactions and related applications, understanding the behavior of graphene device
in air is critical. The interactions between surroundings and charge carrier density of graphene
could pave a new approach to enhance the effects of applied electric field. The change in Pos(G)
showed that the electrical doping level of graphene is significantly reduced with the time constants
~20 s and ~200 s under statically applied gate voltage (x80 V). The time constants observed here
were five orders of magnitude larger than previously reported values, and similar to the study

proposed the O2/H20 redox couple mechanism. However, the observed change in Pos(G) in N2
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did not strongly support the redox mechanism. The change in Pos(G) was more in a good
agreement with the charge trapping/de-trapping mechanism under both air and No.

Wet N2 showed the mixed trend in Pos(G). The small shifting range of Pos(G) during same
voltage hold was similar to the observation in air which could be explained via the capacitive
gating effect of water. However, the similarity between wet N2 and early N2 environment suggests
possible dissolved O remaining in water. Additional investigation with more carefully designed
various environments such as oxygen-free dry and wet conditions can be followed to confirm the
water effect projected in the document. Further investigation on the sustainable n-type doping of
graphene under prolonged electrical modulation could provide faster ways of graphene/oxide

device preparation without extensive vacuum annealing.
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3.0 Electric Field Effects on the Reactivity of Graphene

Part of this chapter was previously published and reprinted by permission from Kim, M.
A.; Qiu, N.; Li, Z.; Huang, Q.; Chai, Z.; Du, S.; Liu, H., Electric Field Effect on the Reactivity of
Solid State Materials: The Case of Single Layer Graphene. Adv. Funct. Mater. 2020, 30 (13),
1909269. Copyright 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Author Contributions: HL conceived the project and directed the experimental studies. MK
and ZL designed and conducted experiments. NQ, QH, ZC, and SD carried out DFT calculations.
The DFT results are included here to provide a comprehensive view of my experimental results.

All authors discussed and commented on the manuscript.

3.1 Introduction

The charge state of a small molecule significantly impacts its electronic structure and hence
its chemical reactivity. For example, aryl halides are very stable but upon accepting an electron,
undergo rapid dehalogenation reaction; using charge transfer to alter molecular reactivity is also
the underlying mechanism for many redox-mediated catalytic reactions.'*’2% |n theory, the same
charging-induced enhancement on the reactivity should also be observed in solid state materials,
as long as a comparable level of charge density can be achieved. However, while it is easy to inject
a single charge into a neutral small molecule to achieve charge density on the order of hundredths
of e/atom, achieving the same level of charge density in bulk solid state materials are much more

difficult due to the very small capacitance of macroscopic objects. As an example, to reach a charge
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density of 0.01 e/atom for a graphite sphere of ca. 1.1 cm in radius (ca. 12 g in mass and 1.2 pF of
capacitance) will require a voltage of ca. 8 x 104 V, way beyond the reach of current technology.

In this chapter, we showed that charge doping of macroscopic-sized single layer graphene
increases its reactivity towards oxygen, an effect analogue to those observed in small molecules.
Graphene is electrically conductive and its 2D geometry allows simultaneous charge doping and
chemical access to the charge-doped region;?*! charge doping levels on the order of 0.01 e/atom
has been reported.?? Enhancing the reactivity of carbon materials is desired in many applications
in energy (e.g., combustion),?® transportation (e.g., soot removal from diesel exhaust),?** and
chemical industry (e.g., removal of coke deposit on catalysts).2%® Charge-doping enhancement of
reactivity can be a new, orthogonal approach to compliment chemical-based catalysis currently
used in these applications. This work is the first example of using charge doping to alter the
reactivity of macroscopic-sized solid state material.

Chemical doping of graphene (e.g., by nitrogen) and its use in electrocatalysis has been
reported extensively in recent years.2%-21 In these cases, the chemically-doped graphene serves as
a electrochemical catalyst, for example, to enhance the electrochemical reduction of oxygen.
Electrically charge-doped catalyst had been also demonstrated previously, e.g., by using an
external bias to control catalytic activity of Pt on CO oxidation.?'® In addition, external electric
field had been also applied to study its effect on wide range of chemical reactions.?'6-2'8 In contrast
to all these studies, the present work is unigue in that it demonstrates that charge doping enhances
the chemical reactivity of a solid state material (graphene) itself in a non-electrochemical
environment, i.e., the reactivity of graphene is enhanced without using a chemical catalyst.

Oxidation of graphene is an important reaction that many researchers are trying to better

understand the reaction mechanism along with other carbon allotropes.t® 2% 220 However, the
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mechanism and chemistry of the oxidation process is still not clear and more detailed explanation
is needed. Single layer graphene has been shown to be significantly more reactive to molecular O>
than multi-layer graphene.*®® During oxidation, cracks are initiated along the line of epoxy groups,
leading to an oxygen-driven unzipping process on the carbon network.?%: 222 Previous studies on
the dependency of oxygen adsorption and diffusion®>* 173 222 showed that the electric field can be
used to modulate oxygen containing molecules on the surface of graphene. In addition, the unique
semi-metal property of graphene could be a key to the bond strength modulation. If one can finely
tune the surface interaction of graphene with the manipulation of the bond strength simply using
electric field modulation, the oxidation reaction could also be controlled which could be a versatile

tool to control the reactivity of the carbon material.

3.2 Experimental

3.2.1 Graphene synthesis

Graphene was grown on copper foils using a chemical vapor deposition (CVD) method
previously reported.”® Copper foil (25 pum thick, Alfa Aesar, item N0.46365) was cut into
approximately 1.5 cm x 6 cm strips and electropolished similar to the previously reported
electropolishing method.*® In brief, copper foil is electrolyzed with the current limit of 0.02 A for
1 h in phosphoric acid solution (500 ml of deionized water, 250 ml of phosphoric acid, 250 ml
ethanol, 50 ml isopropyl alcohol, and 5 g of urea). Copper foil was used for both anode and cathode
electrode, but only polished anode copper foil was used for graphene growth. After the

electropolishing treatment, copper foil was thoroughly rinsed with deionized water, blow dried
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with nitrogen gas, and placed on a quartz boat. The quartz boat with the copper foil was then
inserted into the center of a 1-inch-diameter fused quartz tube furnace. The tube was pump down
to the base pressure ~50 mTorr and back filled with H (2 standard cubic centimeters per minutes
(sccm)). The tube pressure with Hz flow was maintained at ~100 mTorr. The furnace temperature
was ramped to 1000 °C and annealed for 30 min. CH4 (20 sccm, Piotal ~500 mTorr) was introduced
after the annealing step for 10 min (growth), and the furnace was cooled rapidly to room
temperature with the same gas flow for both H> and CH4. Graphene samples were stored in a clean

glass petri dish until the transfer.

3.2.2 Graphene transfer

After the synthesis, graphene was transferred on to SiO2/Si wafer using a wet transfer
technique.'® In a typical transfer, as grown graphene on top of Cu foil was spin coated with 5 wt%
Poly(methyl methacrylate) (MW 996000, Aldrich) solution in anisole (99 %, Sigma-Aldrich).
After the PMMA was coated on top of the graphene layer, the Cu foil was etched in fresh 0.1 M
of aqueous ammonium persulfate solution (98 %, Sigma-Aldrich) for 3 h. Then, the
PMMA/graphene film was scooped out with a clean glass slide and transferred into multiple water
baths to rinse off the etchant. After thorough rinsing, the PMMA/graphene film was placed on a
Si0O2/Si wafer with the graphene side in contact with the SiO2 and spin dried at 5000 rpm for 5
min. To remove the PMMA support after drying, 1.4 % PMMA solution was drop casted on the
PMMA/graphene/SiO,/Si sample and cured for 30 min at room temperature.'® Then the sample
was placed in an acetone bath for 1 h followed by another acetone bath for 12 h. Once the PMMA

layer is removed, the graphene surface was rinsed with isopropanol and gently blow dried with No.
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3.2.3 Fabrication of back-gated graphene samples

Electrical connections were made on graphene (top) side and on Si side (bottom) by
applying silver paste (SPI Supplies, 04969A-AB) as a conductive glue to attach copper wires. For
the electrical connection to the Si wafer, the bottom side of the Si wafer was scratched off with a
diamond tip to remove the surface oxide before the copper wire was glued with the silver paste.
Highly doped bulk Si wafer served as a back gate and connected to the positive terminal of the
power source. After the wiring, several random locations on the graphene sample were tested to
confirm the electrical connectivity using a multimeter. Two different types of SiO2/Si wafer were
used throughout the study, wet thermal SiO. (University Wafer, 300 nm wet thermal oxide, P
type/Boron) and dry chlorinated thermal SiO2 (Nova Electronic Materials, 300 nm dry chlorinated

thermal oxide with forming gas annealing, P/B). Both wafers showed similar results.

3.2.4 Raman spectroscopy

Schematic image of the experimental setup is shown in Figure 3.1a. A custom-built micro-
Raman spectrometer with 532 nm CW single-longitudinal mode solid state laser and Nikon S Plan
Fluor ELWD 40x objective (NA: 0.60, WD: 3.6-2.8 mm) was used in this study. The calculated
size of the Gaussian laser beam waist at focus is 1 um. The graphene was heated photothermally
by the focused Raman laser, which ranges from 6 mW to 18 mW. The Raman spectra of the sample
were obtained during the oxidation and when needed, by using a much lower laser power (< 1
mW) to eliminate photothermal heating effect. Laser power was measured at the sample stage

before each experiment run. All obtained spectra were calibrated with Naphthalene spectrum and
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processed with Igor pro 6.37 software. All graphene peaks were fitted with a single Lorentzian

lineshape for analysis.
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Figure 3.1 Experimental setup of laser induced oxidation of graphene with electrical modulation a) Schematic
image of Raman spectrometer and graphene sample with electric connection. Heavily doped (p**) Si was used as a
back gate. b) The square waveform voltage modulation setting. The desired back gate voltage level (V) Was applied

for ton, pulse on-time, followed by tofr, pulse off-time. Bias level was set to 0 V for all pulsed modulation.

3.2.5 Back-gating of graphene

Keithley 2614B SourceMeter SMU instrument (Keithley) was used to source and measure
voltage and current. In brief, one set of terminals were used to source the gate voltage ranging
from -100 V to +100 V and measure the gate leakage current across the graphene/SiO2/Si sample.
The second set of terminals were attached on the separate electrical contacts on the device to
confirm the desired gate voltage was applied on the sample. SMU instrument was controlled

remotely via the Keithley Test Script Builder software.
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When the steady gate-voltage was applied, electrical doping effect was significantly
reduced within tens of seconds time scale (see Appendix A.1.6). This change in the doping level
of graphene is consistent with the previously observed hysteretic behavior of graphene devices on
the electric measurements, which was attributed to the charge trapping in the dielectric layer.*®
162,181 To address this issue, the gate voltage was applied in a square wave form (Figure 3.1b). The
desired back gate voltage level was applied for ton, pulse on-time, followed by applying zero gate
voltage for tofr, pulse off-time, and repeated throughout the experiment. The gating voltage of 0 V
was applied during tors served to relax and recover from the counter doping effects induced by

charge trapping. The waveform frequency in the range of 0.02 — 2 Hz, duty cycle 33 — 50 %, and

Vg =-100 V — +100 V were used throughout the experiments.

3.3 Results and discussion

3.3.1 Preliminary results

The effect of electric modulation on the oxidation reaction of graphene has great potential
to control the reaction without the present of catalysts or chemical modification of graphene.
Thermal oxidation of graphene/Si sample using direct heating method is hard to maintain the
electrical connections of wires at such elevated temperature. Most of solder material used in
electrical connection melts at relatively low temperature, and pressuring method can easily damage
the thin layer of SiO physically. More importantly, dielectric strength of SiO> decreases as
temperature increases. This temperature dependency significantly reduces the range of electric

field that can be used to modulate the doping level of graphene electrically. Laser induced heating
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on the other hand is only focused on the graphene surface of about 1 pum. Incident laser source can
heat graphene, and the early breakdown of SiO. can be prevented with the efficient thermal
dissipation throughout the bulk graphene device.

First, graphene on SiO/Si was heated with laser (3 mW) for 3 h without any external
voltage applied. For laser induced heating, the laser source of Raman instrument was used to
optically heat the graphene sample while also used to collect Raman spectrum. The temperature
rises due to the laser irradiation and graphene was etched away as a result of oxidation. The
integrated area intensity ratio between the Raman D peak and G peak, I(D)/I(G), of graphene is a
convenient measure of defect density in graphene.%” 117. 118 Oyr study focused on the early stage
of graphene oxidation during which I(D)/I(G) is positively (but not linearly) correlated with the
defect density. We note that at very high defect densities, the 1(D)/I(G) could decrease with
increasing defect density. Figure 3.2a and b show initial variation and the development of I1(D)/1(G)
between different samples during 3 h of laser heating. The second measurements of two different
graphene samples (G4_2 and G5_2) were obtained after several external electric modulations were
performed on graphene. The inconsistent variation between those second measurement results
compared to the first runs suggests that the previous electric modulations done on graphene device
do not have significant effects on the development of defect density. The I(D)/I(G) initially ranged
from 0.02 to 0.07, and it scatters much widely from 0.05 to 0.31 after 3 h of laser heating showing
significant variation between the graphene samples and different locations within the same sample.

Such large range of the overall change in I(D)/I(G) after 3 h of laser heating could be
originated from many atomic scale variations such as aggregated local epoxy group or slightly
higher local defect density contributing to different rate of oxidation reaction. The direct

correlation between the amount of growth of I(D)/I(G) and underlaying conditions such as initial
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defect density could not be resolved with the current result because the initial D peak intensities
were almost negligible in most of measurements that the comparison was not reliable with the
background noise. The second run of the sample G5 (G5_2) had the smallest initial I(D)/I(G) and
resulted in the largest final 1(D)/1(G) after 3h of laser heating (0.02 to 0.31). The effects of applied
electric field on the development of defect density also did not show clear trend as shown in Figure
3.2c and d. After 2 h of laser oxidation of graphene, I(D)/I(G) was largest (0.38) under the gating
voltage of -60 V, followed by -80 V, -40 V, 0 V, and -20 V. The variation between the graphene
area being studied could have significant contribution to the I(D)/1(G) development, therefore

should be eliminated to identify the interested contributing factors (e.g., electrical doping) in defect

density growth.
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Figure 3.2 The development of I(D)/I(G) upon laser oxidation a) without electric modulation as function of time
and b) initial to final 1(D)/I(G) values shown in bar graph bottom to top, respectively. ¢) I(D)/I(G) change under
negative back gate application (hole-doping of graphene) on different location of single sample as function of time

and d) initial to final 1(D)/I(G) shown in bar graph bottom to top, respectively.
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In order to reduce the variability of graphene between the studied locations, same location
laser heating was tested while the gate voltage (-90 V) was applied periodically (10 min) on and
off. After each 10 min of oxidation under different voltage conditions, the graphene sample was
set to rest for 20 min. Laser beam was blocked and the gate voltage was turned off during the
break. Then, a Raman spectrum was taken with low laser power (~0.4 mW) before the next heating
period in order to obtain the Raman spectrum at room temperature without residual electric doping
effect. The effect of applied gate voltage was clearly shown in Figure 3.3a. When -90 V (black)
was applied to graphene, Pos(G) was always higher compared to the previous off state position.
However, the significant shift of Pos(G) was also observed as previously reported. Initial Pos(G)
was 1587.0 cm™ and dropped to 1584.9 cm™ immediately when laser heating was started with off
state possibly indicate the desorption of water or oxygen containing group on the surface due to
the laser heating, or significant increase in temperature. The temperature could be calculated with
the temperature dependency of Pos(G),??* however, qualitative analysis can be inaccurate due to

available ambient condition adsorbates on graphene effecting Pos(G).
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Figure 3.3 in-situ Raman spectra of laser induced graphene oxidation with gate voltage Single point Raman
spectrum were obtained with relaxation period after every 10 min of high power laser oxidation under off and -90 V
back gate application alternatively. a) G peak position during the oxidation and the after 20 min of break (point

measure). b) The change in 1(D)/I1(G) calculated from the point measurements.

61



Figure 3.3b shows the change in 1(D)/I(G) throughout the oxidation. Each data point
represents the slope of I(D)/I(G) calculated from the two Raman spectrum at resting state before
and after each oxidation period. Highest increment of 1(D)/1(G) was ~ 0.3, from 0.28 to 0.57 during
the -90 V oxidation. The maximum I(D)/I(G) was 0.57 after 80 min of laser heating indicates that
graphene was still at very early stage of oxidation. The effects of electric modulation on oxidation
of graphene could not be further analyzed in Figure 3.3 because of the I(D)/I(G) fluctuation
throughout the 80 min oxidation. As negative slope of I(D)/I(G) change shown in Figure 3.3b, the
decrease in 1(D)/1(G) was measured during both off and -90 V doping conditions. It is possible to
observe the decrease of the D peak intensity with the increase of charge carrier density of graphene.
However, 20min of relaxation time should eliminate most of doping effects from the trapped
charge doping. Since laser density filter was manually changed between heating and point
measurements, the significant decrease of D peak intensity could have originated from the shift of
laser beam during the experiment.

The oxidation reaction of graphene was monitored with the I(D)/I(G) and showed effective
defect growth with the laser induced heating. However, the regional variation of the graphene
samples significantly affects the rate of oxidation reaction, that the effects of electric modulation
were yet to be resolved. The very large data collection could be done using automated system, and
possibly overcome the regional variation of graphene samples, or the single location study can be
used to eliminate the variables. In-situ Raman is a great tool to monitor both the electrical doping
and defect formation during reactions, but careful experimental design should be practiced owing

to its sensitivity and complex dependencies on various conditions.
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3.3.2 Electric field effect on the photothermal oxidation of graphene

By maximizing electrical doping effect, we found that electrical back gating increases the
rate of graphene oxidation by a factor of 2 — 3. The graphene sample was heated by a focused
Raman laser beam (532 nm, 6 — 18 mW, ca. 1 um focus spot) and the photothermal oxidation of
graphene was characterized via in-situ Raman spectroscopy. The temperature within the laser
focus was estimated to be ca. 240 °C with 10 mW laser power by using the shift of the G peak
following established methods.??* The graphene was supported by a heavily doped Si wafer that
has 300 nm thick of SiO2 layer. The heavily doped Si and graphene forms a capacitor; its
capacitance was measured to be 9.9 nF/cm?. At 80 V of gate voltage, the amount of charge injected
into graphene is calculated to be 4.9 x 10%2 e/cm?, or 1.3 x 1073 e/atom.

In the absence of an applied gate voltage, graphene can be oxidized by Oz under
photothermal heating. The graphene area irradiated by 18 mW of laser for 1 h showed the increase
in I(D)/1(G) and decrease in 1(2D)/I(G) along with an upshift of Pos(G) in its Raman spectra
(Figure 3.4a). These changes in the spectrum indicate an increased defect density with hole doping
of graphene due to oxygen and/or the oxygen containing functional groups formed as a result of
the oxidation reaction. These results mimic those reported for the thermal oxidation of graphene.*>®
The laser illumination did not affect graphene outside of its focused area.

To probe the effect of gate-induced charge doping on the rate of oxidation, the
photothermal heating of graphene was repeated with an applied gate voltage in square waveform.
Each back gate voltage level (Vbg) was applied to induce electron doping (+80 V), hole doping (-
80 V), and floating ground (0 V). The waveform of voltage on-time (ton) and off-time (torr) were 5
sand 10 s, respectively (see section 3.2.5 for details). Figure 3.4a shows the typical Raman spectra

of the graphene before and after oxidation. The further increase in the D peak intensity under +80
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V (red) signals the additional defect density in graphene compared to normal photothermal
oxidation (blue). The I(D)/1(G) value after 1 hr of oxidation was noticeably larger with +80 V of
back gating than 0 V, suggesting the degree of oxidation was further proceeded under the electrical
field modulation. In order to eliminate the variations originating from the transfer process,
oxidation results from a single graphene/SiO/Si device (graphene area of 1 cm?) were used in
Figure 3.4b for comparison. This behavior was reproduced using multiple graphene/SiO2/Si
samples (Appendix A.1.1). The back gating itself (without laser heating) did not change the
I(D)/1(G) and the light absorbance of the graphene/SiO2/Si sample at the laser wavelength (532
nm); hence the efficiency and temperature of the photothermal heating (Appendix A.1.2 and
Appendix A.1.3). Possible resistive heating was also negligible to affect the oxidation of graphene

which is further discussed below.
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Figure 3.4 The Raman Spectrum of graphene with 1h oxidation The Raman spectrum of graphene a) before (0 h,

black) and after the 1 h photothermal oxidation without (1 h, blue) and with +80 V gate voltage (1h, red), t =55,
and t . = 10 s. Each spectrum was normalized to 1(G). b) The 1h oxidation comparison between 0 V, +80 V, and -80

V. Each ng level was repeated four times to find the average and a standard deviation of I(D)/I(G).
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To illustrate the effect of back gating on the oxidation kinetics, we observed the change in
I(D)/1(G) of graphene during the oxidation while dynamically changing the back gating of
graphene. Graphene was photothermally heated with 10 mW of laser power, and Raman spectra
were collected every 10 s. Unlike Figure 3.4, here we vary the gate voltage throughout each

oxidation experiment, at the same spot, thus completely eliminated potential contribution from the

heterogeneity within a graphene/SiO2/Si sample.
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Figure 3.5 The photothermal oxidation of graphene as a function of time a) without back gating (0 V, light blue
square) and with the gate voltages (£80 V, ton = torf = 0.5 5). b) The average rate of change in I(D)/I(G) calculated from
linefit of each 10 min oxidation period (1 min break before and after 10 min oxidation inclusive) and normalized with

respect to the second 10 min oxidation period.

Figure 3.5a compares two oxidation kinetics measured, one with and one without varying
levels of back gating. In the absence of back gating (light blue square), I1(D)/I(G) increases over
time, but the rate of increase slows down as the oxidation progresses. Such slow decrease in the
oxidation rate was previously reported for thermal oxidation.??® In the varying back gating, each

back gate voltage level was applied for 10 min chronologically (+80 V, 0V, -80 V, and 0 V, ton =
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torf = 0.5 ). In between every 10 min blocks, an additional 1 min of 0 V gate voltage period was
inserted. Shown in Figure 3.5a, the I(D)/I(G) value increased rapidly for the first 10 min under
+80 V of pulsed gate voltage (red, 1.21 + 0.06 hr?) but noticeably slowed down in the second 10
min when no gating was applied (blue, 0.63 + 0.07 hr). When -80 V gate voltage was applied,
the rate was increased again (black, 1.15 + 0.08 hrt) and dropped again (blue, 0.10 + 0.09 hr?) in
the last 10 min with 0 V gate voltage. Figure 3.5b compares the relative rate of the I(D)/I(G) change
in these two single-spot measurements. The rate of change in 1(D)/1(G) was calculated by line-
fitting each 10 min of reaction. When the rate was normalized with respect to the second 10 min
period (both at 0 V), the rate of I(D)/I(G) under +80 V pulsed voltage modulation was
approximately 2 — 3 times higher of that without the back gating. Due to the dynamic reaction rate
as shown in normal oxidation (light blue) and possible inhomogeneity within large graphene
surface, quantitative comparison was avoided. Assuming the growth of defect is a direct result
from the oxidation of graphene, the results in Figure 3.5 shows that the electrical back gating

directly enhances the reactivity of graphene towards oxidation.

3.3.3 Magnitude of the back-gate voltage

If the observed enhancement of reactivity is due to the charge doping of graphene, one
should expect that the degree of enhancement to be positively correlated to the charge doping
density and hence the magnitude of the back gate voltage. This prediction was indeed verified in
our experiments. Figure 3.6 shows the kinetics of several single-spot oxidations with varying back
gate voltages similar to the case of Figure 3.5. Figure 3.6a and b show that +100 V produced a
much higher enhancement of the oxidation compared to the +50 V case. Similar observations were
made in experiments where the effect of different levels of gate voltages (0 V, 30 V, and 60 V in
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Figure 3.6¢, 50 V and 100 V in Figure 3.6d, and 0V, +50 V and + 100 V in Figure A.4) were
directly compared within a single-spot oxidation. The enhancement effect of the back gating is
most significant in the early stage of the oxidation but less pronounced after 40 min as can be seen
in Figure 3.6¢ and Figure A.4. We again attribute this observation to the plateauing of I(D)/1(G) at
the later stage of the oxidation (Figure 3.5a) due to the decrease in the rate of reaction with time

and non-linear response of 1(D)/1(G) to the defect density in graphene.
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Figure 3.6 The change in the oxidation kinetic of graphene with the magnitude of back gate voltage The effect
of gate voltage was compared between a) 0 V and +50 V, b) 0 V and +100 V, ¢) 0 V, +30 V, and +60 V, and d) 50 V

and 100 V. The back gating level was changed every 10 min during the oxidations (ton = toff = 0.5 S).
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3.3.4 Frequency of back-gate modulation

The frequency of the back gate waveform is an important factor in determining the
enhancement of the graphene oxidation, with higher frequency produces faster graphene oxidation.
Figure 3.7 shows the effect of back gate waveform having different periods (ton = torf = 0.25°s, 2.5
s, and 25 s) but the same amplitude Vg (+80 V) and duty cycle (50 %). During each oxidation, the
frequency of the back gate voltage was varied every 10 min. As shown in Figure 3.7b, increasing
the waveform frequency from 0.02 Hz to 2 Hz (decreasing the period from 50 s to 0.5 s) resulted
in an increase of oxidation rate by almost 50%.

This result may seem counter-intuitive given that the duty cycles of the three waveforms
are the same, and hence the total amount of time the sample was subject to the back gating are also
the same. We attribute this frequency dependence to the local electric field near the graphene-SiO:
interface. The gating hysteresis of graphene field effect transistors is well-known behavior that
often ascribed to the trapped charges near the graphene-SiOz interface.*! 162 The trapped charges
can produce a local electric field that reduces the doping level in graphene, which is confirmed in
our Raman measurement (see Appendix A.1.6 and Chapter 2).We reason that applying square
wave allows most of the trapped charge to dissipate during the tofr period. Since graphene sample
only experiences high doping level right after the transitions of the square wave (from off to on),
increasing the frequency of the square wave gate voltage increases effective gating efficiency
experienced by graphene. Accordingly, we found that under constant DC voltage gating, there

was no obvious trend in the change of I(D)/I(G) after 1 h of photothermal oxidation (Figure A.5).
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Figure 3.7 The effect of back gating frequency on the oxidation kinetic The effect of back gating frequency on the
oxidation kinetic. The waveform period was compared between a) ton = tosf = 2.5 sand 0.25 s, and b) ton = tesr =25 s

and 0.25 s. The back gate voltage was fixed at +80 V while the period of waveform was changed every 10 min.

3.3.5 Theoretical study of the oxidation mechanism

Our results strongly suggest that the electric field-induced charge doping is responsible for
the increases in the oxidation rate of graphene. Both positive and negative gate voltage increases
the oxidation rate, and the enhancement is positively correlated with the magnitude of the gate
voltage. These data are consistent with the idea that charge doping reduces the bond strength in
graphene, resulting in an increased reactivity. Figure 3.8 illustrates this concept for the case of
defect-free graphene. Here, both electron and hole doping results in a decrease of bond order in
graphene, which could explain the enhancement of reactivity with both positive and negative gate

voltages.
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Figure 3.8 Band filling of graphene as a function of electrical charge doping The filled and empty bands are shown
in grey and blue, respectively. The overall bond order of graphene decreases with hole-doping (electron-doping) due

to a reduction (increase) of band filling.

While Figure 3.8 highlights the concept of charge-induced reactivity enhancement for
pristine graphene, it does not capture the complexity of its oxidation process. Graphene oxidation
involves formation of defects and functional groups, both would modify its electronic structure.
To better understand the mechanism, we have modelled the oxidation of graphene under an electric
field using density functional theory (DFT) calculations. Our calculation focuses on the change of
activation barrier upon applying an electric field. Although DFT calculations are not expected to
reproduce the absolute thermodynamic data, it is known to make good predictions on the trend and

change of energetics upon small perturbation. 2
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We modelled the reaction of two O> molecules with a 126-atom fragment of graphene that
contains a topological (5-7-7-5) defect. The reaction produces ethers and lactones, which then
decarboxylate to release two CO2 molecules (Figure 3.9a). Oxygen binding and decarboxylation
processes are commonly accepted as key steps in the oxidation of graphitic carbons.??” Among the
21 different reaction pathways we surveyed, the two shown in Figure 3.9b-c have the lowest
apparent activation barriers (See Appendix A.4 for the other 19 reaction pathways). In this
pathway, the first oxygen molecule binds to two carbon atoms within the (5-7-7-5) defect,
producing a four-membered ring peroxide-like intermediate (IS1-1 via TS1-1to MS1-1, Ea=11.54
kcal/mol, Ea: activation energy), which then transforms to two ethers (MS1-1 via TS2-1 to P6, Ea
= 10.65 kcal/mol, Figure 3.9b). The second oxygen molecule attacks the carbon-carbon bond
between the two ether groups (I1S-6lla via TS1-61la to MS1-6lla, Ea = 14.39 kcal/mol), forming
another two epoxide groups (MS1-6lla via TS2-6lla to MS2-6lla, Ea = 14.39 kcal/mol), which
then transform to a lactone and release a CO, (MS2-6lla via TS4-61la to MS3-6lla, Ea = 7.03
kcal/mol). The lactone undergoes further decarboxylation to release the second CO> (via TS4-611a)
with a much higher activation barrier of 42.84 kcal/mol (Figure 3.9c).

The adsorption of O, onto the graphene substrate (IS-1 and 1S1-1 of Figure 3.9b and 1S-6lla
of Figure 3.9c) shows asymmetric response to the electric field. The negative electric field
elongates O-O bond length and increases adsorption energy while the positive electric field
resulted in the opposite effect. These results are consistent with previous reports and can be
explained by the field-induced charge redistribution between the 7 orbitals of graphene and the

anti-bonding 27* orbital of O2 molecule (Table A.1).223 228
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Table 3.1 Effect of electric field on the rate of graphene oxidation

Reaction Electric Field (V/nm) Ea (kcal/mol) Relative reaction rate (513 K)

0 11.54 1
I1S1-1 to MS1-I +0.514 10.25 3.55
-0.514 10.26 3.52

0 1
Overall rxn of Fig 3.9b +0.514 2.00
-0.514 5.16

0 42.84 1
MS3-6lla to FS1-6lla +0.514 42.38 1.57
-0.514 42.32 1.66

0 1
Overall rxn of Fig 3.9¢ +0.514 1.26
-0.514 2.52

However, the overall kinetics of the reaction is not limited by the O adsorption. Instead,
the barriers associated with the formation of peroxide-containing intermediates (TS1-I and TS1-
6lla) and the desorption of CO, (TS4-61la) are the highest ones in the reaction. We found that
these activation barriers are sensitive to an external electric field vertical to the graphene plane.
The projected density of states of transition states TS1-1, TS1-61la, and TS2-I1 (Appendix A.5)
show that the negative/positive external electric field promotes the electron transfer from C atoms
to O atoms and improve the hybridizations between C P, and Oz 1nu and/or 1ng* states, which
indicates that the O-O bond is weakened and the C-O bonds are strengthened during the formation
of peroxide intermediates and the subsequent ether intermediates. Table 3.1 lists the change of
activation energy under +/- 0.514 V/nm of electric field for the two highest transition states in
Figure 3.9b (TS1-1) and c (TS4-611a). From the changes in the activation barrier, we calculated the

relative reaction rate at 513 K using transition state theory and also modelled the overall reaction
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shown in Figure 3.9b-c using steady state approximation (See Appendix A for details). The electric
field increases the rate of both the elementary reaction steps and the overall reactions, with an
enhancement ratio ranging from 1.26 to 5.16 times. This theoretical prediction is within the same
order of magnitude of our experimental results, which showed 2 - 3 times enhancement at ca. 0.07
V/nm. Notably, the DFT calculation showed that both positive and negative electric field enhances

the reactivity, as we observed in the experiment.

3.3.6 Alternative mechanisms

Our data argues against electrochemical-based mechanisms. Graphitic carbon materials
undergo electrochemical oxidation at high anodic potentials.??®2%" In our experiments, both
positive (cathodic) and negative (anodic) back gate voltages increase the oxidation rate. In
addition, electrochemical oxidation of graphite is not expected to be dependent on the frequency
of the square wave. In our experiment, with the same duty cycle, the rate of oxidation increases at
higher frequency of the back-gate voltage. These observations cannot be explained by
electrochemical oxidation of graphene.

The high electric field could trap charges and generate reactive species (e.g., radicals) at
the graphene-SiO; interface. To rule out their contributions, we conducted a control experiment
where a graphene was subject to the square wave modulate but without laser heating. We did not
observe any increase of defect density of graphene (Figure A.6). In addition, with lower frequency
square wave (up to DC gating), which favor charge trapping at the graphene-SiO: interface, we
observed reduced enhancement of oxidation. These data argue against electrochemical-related

mechanisms.
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Many semiconductors, especially Si, exhibit doping dependent oxidation behavior. Si can
also be oxidized using a conductive AFM tip, even under both anodic and cathodic conditions.?%
However, these effects were due to the band bending at the interface, which is a function of the
doping and/or electric field. The overall mechanism is still electrochemical in nature. In our case,
no oxidation was observed outside the laser focus, inconsistent with such mechanism.

Our result cannot be explained by resistive heating. The graphene area outside of laser
focus did not show any noticeable change in their defect density despite the electrical modulation
affecting the entire sample; this fact shows that the resistive heating itself, if any, was not
significant enough to induce the thermal oxidation of graphene. Indeed, the capacitive current
measured throughout the experiment was on the order of 108 A for a centimeter-sized graphene
sample; the steady state leakage current is less than 1 nA. Even at the 10° W/cm? level of power
density, the change in temperature of graphene due to the resistive heating of graphene/SiO; (300
nm)/Si wafer is on the order of 10 K (See Appendix A.1.4 for detailed calculation). Such a small
temperature change should not affect the oxidation kinetics within the laser focus.

Finally, the enhanced oxidation we observed here is also mechanistically different from the
electrochemical promotion of catalysis (EPOC) effect, also known as non-Faradaic
electrochemical modification of catalytic activity (NEMCA).?3® 2% Similar to electrochemical
oxidation of graphite, EPOC/NEMCA effect is only observed under anodic potentials. In addition,
the EPOC/NEMCA effect requires a solid electrolyte substrate (e.g., Yttria-stabilized zirconia) to
produce activated oxygen species for the oxidation of molecules adsorbed on the solid electrolyte
substrate. In contrast, the substrate used in our experiment is SiO2, which is not expected to

catalyze nor participate in the oxidation reaction.
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3.4 Conclusion

In summary, we showed that back-gating increases the reactivity of graphene in gas-phase
oxidation reaction. Using 300 nm SiO; as the dielectric, we observed increase of reactivity by 2 —
3 times in the presence of +/-80 V of back gate voltage, which corresponds to a charge doping
density on the order of 1.3x10° e/atom. The enhancement cannot be explained by the
electrochemical oxidation of graphene since both positive and negative gate voltages increase the
oxidation rate while gating itself does not induce the oxidation of graphene. DFT calculation shows
that an external electric field perpendicular to graphene, regardless of its direction, reduces the
overall activation barrier for the reaction of oxygen with graphene to form peroxide-containing
intermediates and the decarboxylation of lactones intermediates. Our results show that electrical-
induced charge doping enhances reactivity of graphene in non-electrochemical reactions. This
charge-doping enhancement of reactivity is an attractive alternative to the chemical-based catalysis
and may be coupled with the latter to provide greater enhancement and real time control of

chemical reactivity.
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4.0 Enhanced Hydrogen Evolution Activity on Strained Graphene

Part of this chapter is being prepared for submission authored by Min A Kim, Dan C.
Sorescu, Shigeru Amemiya, Kenneth D. Jordan, and Haitao Liu.

Author Contributions: HL conceived the project and directed the experimental studies. MK
designed and conducted experiments. KDJ directed the theorical calculations. DCS carried out
DFT calculations. The DFT results are included here to provide a comprehensive view of my
experimental results. SA provided helpful discussion on electrochemical theory. All authors

discussed and commented on the manuscript.

4.1 Introduction

Strain engineering has attracted great interest with the rise of 2D materials because
mechanical modulation is more easily achievable with thin materials. Strain can be introduced
indirectly using lattice mismatch between layers. The surface strain of a thin layered metal on a
bulk substrate has been studied extensively for the development of epitaxial growth of thin layer
materials. It has been shown that one can grow a thin layer metal on top of another metal that has
a different lattice constant in order to have a strained surface.?® The chemical properties of strained
surfaces can differ significantly from their unstrained counterparts. For example, increase in
oxygen adsorption has been observed on strained Ru surfaces.?3¢ 237 The effect of metal surface
strain on their surface reactivity is of great interest in catalyst development. Specifically, the effect

of strain on HER has been widely studied.?®24 A major motivation of these studies is to find
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alternative catalyst materials for HER that are cost efficient. Carbon materials have attracted
considerable interest in this context.?** Graphene is a particularly interesting target to probe the
effect of extreme strain since it is strong and expected to withstand > 20% of tensile strain before
fracture.*? By comparison, most single crystalline metals in macroscopic samples can only sustain
< 1% strain elastically. Therefore, graphene offers a unique test-bed to explore extreme
modulations of catalytic activities using strain engineering. HER on graphene electrodes has been
studied previously,?*>2* and strain effects on the chemical reactivity of graphene itself have been
studied and applied to functionalize graphene.?*> 24 However, the effects of strain on graphene
towards HER activity as a electrochemical catalysts has not reported. Here, we show enhanced
HER activity for strained graphene. In particular, we show that tensile/compressive strain on
graphene increases/decreases the current density of HER. DFT calculations show increasing
adsorption energy of hydrogen with increasing tensile strain, leading to a reduction of the

activation barrier of HER.

4.2 Experimental

4.2.1 Graphene synthesis and transfer

Graphene was grown on copper foils using chemical vapor deposition (CVD) based on
previously reported method.” Copper foil (No. 46986, Alfa Aesar) was cut into approximately 1.5
cm x 6 cm strips and electropolished similar to the previously reported electropolishing method. 8
In brief, copper foil is electrolyzed with the current limit of 0.5 A for 30 s (or optimized to have

smooth polished surface of copper) in phosphoric acid solution (500 ml of deionized water, 250
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ml of phosphoric acid, 250 ml ethanol, 50 ml isopropyl alcohol, and 5 g of urea). Copper foil was
used for both anode and cathode electrode, but only polished anode copper foil was used for
graphene growth. After the electropolishing treatment, copper foil was thoroughly rinsed with
deionized water, blow dried with nitrogen gas, and placed into a 1-inch-diameter fused quartz tube
furnace. The tube was pump down to the base pressure <50 mTorr and back filled with Hz (2
standard cubic centimeters per minutes (sccm)). The tube pressure with H; flow was maintained
at ~200 mTorr. The furnace temperature was ramped to 1050 °C and annealed for >1 h under Ha.
CHs (0.4 sccm, Prota ~230 mTorr) was introduced after the annealing step for ~30 min (growth),
and the furnace was cooled rapidly to room temperature with the same gas flow for both H, and
CHa. Above condition is the example of various optimized synthesis condition. Different ratio and
flow rate of gas sources can be used as well as the furnace set temperature (1000 °C — 1055 °C),
annealing time (1 h — 2 h, annealing time was measured from the start which includes the furnace
to reach the set temperature ramp-up time. Typical ramp-up time for 1000 °C was about 20 min.),
and growth time (< 30 min).

After the synthesis, graphene was transferred on to Polyethylene Terephthalate (PET, No.
365-144-58, Goodfellow) or SiO/Si wafer (thermal oxide, 300 nm, Addison Engineering) using a
wet transfer technique.*®® In a typical transfer, as grown graphene on top of Cu foil was spin coated
with 5 wt% Poly(methyl methacrylate) solution (PMMA, MW 996000, Aldrich) in anisole (99 %,
Sigma-Aldrich). After the PMMA was coated on top of the graphene layer, the Cu foil was etched
in fresh 0.1 M of aqueous ammonium persulfate solution (98 %, Sigma-Aldrich) for > 6 h. The
PMMA/graphene film was scooped out with a clean glass slide and transferred into multiple water
baths to rinse off the etchant and finally placed on the target substrate. Transferred samples were

dried in air over night or spin dried at 5000 rpm for 4 min. Centrifugal force from the spin-drying
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method did not have any noticeable added strain on the prepared graphene samples based on the
Raman spectroscopy. PMMA layer was removed in an acetone bath for 1 h followed by another

acetone bath for >6 h.

4.2.2 Raman spectroscopy

A custom-built micro-Raman spectrometer with 532 nm CW single-longitudinal mode
solid state laser and Nikon S Plan Fluor ELWD 40x objective (NA: 0.60, WD: 3.6-2.8 mm) was
used. The laser power was kept low (< 1 mW) to eliminate any photothermal heating effect unless
noted to induce the laser heating (~ 25 mW). Laser power was measured at the sample stage before
each experiment run. The 2D p-Raman spectra were obtained using Horiba scientific XploRA
PLUS with Olympus Microscope BX41 and 10x objective (NA:0.25, WD:10.6). The CW laser at
473nm (20-25mW) with 10 % density filter was used. All graphene peaks were fitted with a single
Lorentzian lineshape. It should be noted that the effect of laser induced heating should be
negligible in this chapter (unless noted otherwise) and does not affect the result of this chapter
Raman result since both graphene and PDMS substrate have high transparency, and short exposure
time was used (<10 s) with long blackout time (~30 s) between the Raman measurement. All

obtained spectra were processed with lgor pro 6.37 software.

4.2 .3 Electrochemical measurements

All electrochemistry measurements were performed using Reference 600 potentiostat from
Gamry instruments. Ground was set to float for the potentiostat. Electrochemical three electrode

cell was constructed using platinum wire as a counter electrode and silver/silver chloride as a
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reference electrode. Graphene electrode was attached to copper wire using silver paste (#12686-
15, Electron Microscopy Sciences). Any exposed silver paste and copper wire surface were
insulated by using high-vacuum silicone grease (Dow Corning). Sulfuric acid (95.0-98.0 %,
Sigma-Aldrich) and Potassium Hexacyanoferrate(ll) trihydrate (=99.95 %, Sigma-Aldrich)
solutions were prepared with ultrapure water (18.2 MQ) from the Barnstead MicroPure system

(Thermo Scientific).

4.3 Results and discussion

4.3.1 Preliminary study

The mechanical strain on solid materials modifies their physical properties which can have
effect on the chemical reactivity. The lattice structure distortion of graphene can alter the electronic
structure; strain induced band gap engineering of graphene has been studied while applying large
strain required to open up the band gap of graphene remains to be challenging.?” 2#¢ Unlike the
band gap engineering, chemical activity of graphene can be much more sensitive due to its surface
dominated nature. As a result, strain enhanced reactivity of graphene has been studied
extensively.24: 246, 249253 For example, Bisset et al. has used a flexible substrate to strain CVD
graphene to show the effect of mechanical strain on the functionalization of graphene.?*® The study
showed not only the rate of activity increased up to 10 times with strain, it also acted as a catalyst
for reactions that normally would not occur despite the poor strain transfer between the polymer
substrate and graphene. Applied strain can be easily lost due to inefficient interfacial transfer

mechanisms such as slippage. Also, transferred strain from the substrate is not distributed
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homogeneously across the surface of graphene, which makes it difficult to determine the ‘real’
strain exerted on graphene.

This preliminary section summarizes the different methods used to apply mechanical strain
on graphene and their effect on the chemical reactivity of graphene, specifically the
electrochemical oxidation reaction of graphene. The oxidative etching reaction was
electrochemically induced while graphene was under uniaxial/multiaxial strain. Electrochemical
oxidative etching (EOE) of graphene can occur any aqueous electrochemical cell. Therefore, this
preliminary study provides better understanding of the strain effects on graphene electrodes and

its stability in typical electrochemical cell.

4.3.1.1 The transfer of graphene on the flexible substrates

Graphene grown on Cu foil was transferred to polydimethylsiloxane (PDMS, SYLGARD
184 Silicone Elastomer, Dow Corning) using three methods: hot-press, cure-on, and spin-coating.
First, the PDMS mixture (10:1, the ratio of base polymer to crosslinker) was thoroughly mixed
and degassed in vacuum for 30 min before use. In case of hot-press and spin-coating methods,
PDMS block substrate was prepared separately by fully curing the PDMS mixture at 70 °C for 4
h or at room temperature for 24 h.

For hot-press method, a piece of graphene/Cu/graphene sample was attached on top of a
PDMS block by pressing the stack of graphene/Cu/graphene/PDMS block with the heating strip
for 30 min — 60 min in a vice. The temperature of heating strip was set to ~100 °C. Once
graphene/Cu/graphene piece was attached to the PDMS block, Cu was etched in fresh 0.1 - 0.2 M
of agueous ammonium persulfate solution (ammonium persulfate, Sigma-Aldrich, 98%). The top

graphene layer was removed first by wiping thoroughly with etchant soaked Kimwipe, and
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Cu/graphene/PDMS block was floated on the etchant solution for >12 h (Cu face down). Obtained

graphene/PDMS block sample was rinsed in the large water bath and dried in air before use.
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Figure 4.1 Graphene transfer process on PDMS a) Cure-on method, b) spin-coating method, and c) hot-press

method.

Cure-on sample was prepared by carefully placing graphene/Cu/graphene on top of the
PDMS mixture before the full curing process. In order to prevent the accidental sinking of
graphene/Cu/graphene piece, the PDMS mixture was pre-cured slightly at 70 °C for 15 min. Fully
cured graphene/Cu/graphene/PDMS block was processed further to remove top graphene layer

and Cu same as hot-press method.
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Similar to the common graphene transfer method with the supportive polymer layer, spin-
coating method employed a thin layer of PDMS as a supporting layer of graphene during the
transfer. First, the PDMS mixture was spin-coated on graphene/Cu/graphene at 2,000 — 3,000 rpm
for 1 min. For the thinker coat, soft baking (at 70 °C for 15 min) was done between the spin-
coating. The coated PDMS was fully cured at 70 °C for > 4 h. Two different supportive backplate
was used, PDMS block and bubble plate. For a PDMS block assembly, Cu was etched in the
etchant solution for >3 h before the assembly. After etching, PDMS coated graphene film was
scooped out with a clean glass slide and floated on multiple water bath to rinse off the etchant.
After thorough rinsing, PDMS/graphene film was flipped in a large water bath and scooped out
with a PDMS block. Graphene/thin PDMS layer/PDMS block was dried in air before use. For the
bubble plate, cured PDMS/graphene/Cu/graphene was first gently pressed onto the bubble plate
and Cu was removed in fresh 0.1 M of aqueous ammonium persulfate solution (ammonium
persulfate, Sigma-Aldrich, 98%). The bottom graphene layer was removed first by touching
bottom graphene in the etchant and wiping thoroughly, then assembled bubble-
plate/PDMS/graphene/Cu was floated on the etchant solution for > 4 h to fully dissolve Cu.
Assembly was carefully removed from the etchant solution and floated on multiple water bath to
rinse off the etchant. After thorough rinsing, graphene/PDMS/bubble-plate was dried in air before
use. The transfer of graphene on PET substrate was done on following typical wet transfer method

using sacrificial PMMA layer as noted in section 4.2.1.

4.3.1.2 Devices for the mechanical strain application
All devices were custom-made to apply different types of mechanical strain on graphene.
First, three different versions of pushing devices were machined to the design sketch shown in

Figure 4.2a, b, and c. Those ‘push-up’ devices stretch the disk-shaped samples through the circular
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opening cover in multi-directional/axial motion. A treaded rod is fixed at the bottom center of the
devices to push up and down the sample by vertical motion. Push-up version 1 has tread size 7/8-
9 of moving rod to travel 2.8 mm per revolution. Push-up version 2 has low profile to fit under
Horiba scientific XploRA PLUS Raman measurements. It also has moving rod with finer thread
size of ¥-28 which reduce the travel distance to 0.9 mm per revolution. Push-up version 3 has
free-spinning part to improve the substrate distortion due to rotational motion of moving rod.
Dome shaped top of free-spinning part has radius of 2.6 inches. The moving rod thread is M20 x

1.5, traveling 1.5 mm per revolution.

e) Graphene
PDMS

Stage

1

Figure 4.2 Devise designs for mechanical strain application Parts sketch of push-up a) version 1, b) version 2, and

Airin

c) version 3 devices. d) The 3D model sketch of the uniaxial stretching device. Left block (S) is stationary and right
block (M) travels along the rails (yellow bar on the sketch) driven by the rotation of threaded rod (M8-1.00). e)

Schematic drawing of bubble plate for graphene/PDMS stretching.
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In addition, uniaxial stretching device was made with M8-1.00 threaded rod which has 1
mm traveling distance per rotation of knob. Sample loading space was designed to load maximum
width of 4 cm and minimum length of 5 cm for secure clamp holding. One end of stretcher was
fixed stationary, and other end was designed to travel along the sliding rails. The uniaxial stretcher
3D design sketch is shown in Figure 4.2d. Bubble-plate was custom-made to apply positive
mechanical strain on graphene. Schematic of bubble plate is shown in Figure 4.2e. The top opening
to PDMS had 0.292 inches in diameter, and bottom opening was 0.2 inches in diameter for the

tube connection. All the joints were sealed with parafilm.

4.3.1.3 Stretching behavior of graphene on PDMS

First, Raman spectrum was taken to verify the graphene on PDMS. All Raman signature
peaks of graphene are all identifiable with PDMS Raman signal as shown in Figure 4.3a. However,
low I(D) cannot be resolved due to strong PDMS peaks. When the PDMS substrate is stretched
(1%) uniaxially, Pos(2D) showed upshifting trend with larger variation. The upshift of Pos(2D)
could be explained with the compression of graphene. It is well-known that the stretching motion
also compresses a material in a direction transverse to the direction of stretching due to the Poisson
effect. The Poisson effect on the PDMS material having significant contraction in the direction
perpendicular to the stretching direction could explain the upshifting of Pos(2D).

Compression of PDMS substrate from the uniaxial stretching can be significantly reduced
when strain is multidirectional. Push-up devices were designed to gain better control of the
mechanical strain motion on graphene. The Raman peak shift of graphene under multidirectional
mechanical strain is shown in Figure 4.4. When graphene is under the strain, Pos(G) and Pos(2D)
provide a great indication of mechanical strain on graphene. It is known that both the G and 2D

peak downshift as graphene is stretched.!?” 12 However, the G peak in case of polycrystalline

86



graphene was found to shift up under the positive strain (stretching) due to the effect of domain

boundaries.**?
a) | | | b)
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Figure 4.3 Raman spectrum of graphene on PDMS a) Graphene signature shown in red line and bulk PDMS signal
in black line. Distinct D peak shown in top red spectra and not shown in bottom red spectra. b) The 2D peak position
of graphene with and without the mechanical stress. A quarter turn of stretcher knob was equivalent to 1% uniaxial

stretching of PDMS substrate.

With push-up version 1 device, two distinct behaviors of the peak shifting were observed:
downshift of Pos(G) and Pos(2D) until a threshold, and zigzag shift. Those behaviors shown in
Figure 4.4 suggest that the mechanical motion of pushing up the PDMS substrate successfully
applied tensile strain on graphene. The unison downshift of Pos(G) and Pos(2D) indicates that the
laser irradiated area (~ 1um diameter, where Raman scattering is collected in return) is likely much
smaller compared to average individual grain size of polycrystalline CVD graphene sample used.
Pos(2D) as a function of positive strain (+, CW turn of the moving rod) shifted down until the third
turn at 2655 cm?, then shifted back close to the initial position which indicates graphene was under

tensile strain and released to relax back.
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Figure 4.4 The G and 2D peak under multi-directional stretching strain The G peak (a and c) and the 2D peak (b
and d) change as a function of strain applied to the PDMS substrate. Separate graphene/PDMS samples were used for

a,b) and c,d). Positive turn indicates the clock-wise turn of treaded rod which moves the rod upward vertically.

Another behavior observed with the multi-directional stretching was repeated up/down
shifting of both the G and 2D peak position. This observation can be explained with the slippage
of graphene on the surface of PDMS substrate. Interestingly, the initial Pos(2D) without any strain
was at 2650 cm™, which was close to the minimum Pos(2D) observed throughout the stretching
indicating graphene is under the maximum tensile strain before any stretching motion is applied.
Since the surface interaction between graphene and PDMS substrate should remain same, the

maximum tensile strain that can be transferred to graphene before slipping should be also
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consistent if other interface variables are absent (e.g., trapped contaminants), resulting in limited

range of Pos(2D) and Pos(G).
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Figure 4.5 The 2D Raman map of graphene under multi-directional stretching strain The contour image of

Pos(2D) over 20x20 pm? area of graphene a) as initial state without strain, with b) +1 quarter turn, c) +2 quarter turns,

and d) +3 quarter turns of the moving rod. The push-up version 2 was used. Positive turn indicates the clock-wise turn

of treaded rod which moves the rod upward vertically.

The 2D Raman map before and after the multi-directional stretching strain using push-up

version 2 device is shown in Figure 4.5. The initial Pos(2D) shows slight variation (~ 5 cm™) over

the mapped area (20 pm x 20 um) which was reasonable due to the roughness of PDMS substrate

and inherited roughness from the copper substrate in case of the cure-on method samples.
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As shown in Figure 4.5, Pos(2D) downshifted progressively as sample was stretched
further with each positive turn. The contour map representation clearly shows that the red color
(lower Pos(2D)) collectively occupied larger area with more turns. However, the average Pos(2D)
between the turns only shifted slightly due to applied strain being too small. The average change
in Pos(2D) from initial to 3 turns was 3 cm™. With the reported Pos(2D) shift on CVD grown
graphene was -72.3 cm™/%,%? graphene was under 0.04 % tensile strain. The approximated PDMS
substrate stretching amount using push-up version 2 was 0.06 %, 0.25 %, and 0.57 % after 1 turn,
2 turns, and 3 turns, respectively. Assuming 10 % of strain being transferred from PDMS to
graphene, only 0.06 % of tensile strain will be exerted on graphene after 3 turns which is well
within the order of magnitude agreement with the experimental value obtained here. Despite
amount of strain being small, the 2D Raman map again supported that the multi-directional strain
on PDMS substrate using push-up devices applies tensile strain on graphene. Unlike uniaxial
stretcher, moving rods pushes up the substrate and stretches uniformly in every direction to reduce
the compressive counter motions of PDMS substrate. It should be noted that the area monitored
by the 2D mapping was only approximately maintained with the microscopic image. The small
shift between the mapping was expected due to the manual stretching process of the device,
therefore direct comparison of regional change between each image should be avoided.

Since the mechanical strain application requires the physical deformation of prepared
graphene samples, graphene can be damaged while applying strain unintentionally. Additional 2D
Raman maps of graphene under tensile strain were collected with larger grating in order to better
resolve the D peak. Unfortunately, the intense signal from PDMS near 1400 cm™ significantly
hinders the accuracy of the D peak area. This interference results in large scattering of 1(D)/I1(G)

shown in Figure 4.6. The height ratio of D to G peak provided better precision. The D/G height
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ratio did not increase neither after tensile strain was applied or removed, suggesting that the strain
did not cause additional damage on graphene itself. However, it should be noted that because of
relatively stronger PDMS signal intensity compared to graphene, small intensity D peak cannot be
resolved, thus corresponding low defect density developed on graphene cannot be detected via

Raman.
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Figure 4.6 The D to G peak ratio under different strain conditions Two graphene/PDMS samples in separate 2D
Raman mapping measurement shown in black and red markers. 1(D)/I(G) was calculated both using peak area (closed
circle) and peak height (open circle). Error bar is one standard deviation of Raman spectrums. The push-up version 2

was used. The turn Ob indicates the sample was back to 0 turn after the 1 turn stretch.

4.3.1.4 Electrochemical oxidative etching of graphene/PDMS

Graphene can be electrochemically oxidized when high anodic potential is applied.
Constant voltage was applied between graphene and reference electrode (Ag/AgCl) to induce
electrochemical oxidative etching (EOE) of graphene, and current was monitored over time. As

expected, measured current was decreased rapidly and eventually flattened to negligible response.
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Raman spectrum of graphene before and after EOE was shown in Figure 4.7a. Significant
intensity of D peak had been developed after EOE. However, there was still large G peak signal

present suggesting graphene is still on the surface of PDMS but partially oxidized.
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Figure 4.7 The electrochemical oxidative etching (EOE) of graphene a) Raman spectrum of graphene on PDMS
before (black) and after (red) EOE under constant 2 V with 10 pL of 1 M KCI. Optical images of corresponding

graphene surface is shown. b) Measured current-time of graphene/PDMS under EOE at 3 V. ¢) Derivative of current

in b) with respect to time.

Repeated EOE on graphene/PDMS samples often showed a sudden drop of current as time

progresses until the current was less than 1 pA when the current measurement was no longer
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reliable due to the potential drop in the cell from unstable electrical connection. When graphene is
oxidized, it loses its electrical conductivity and could lead to the disconnection of the cell circuit.
Therefore, EOE was stopped when the current measurement leveled to 1 pA for the consistency
of the data analysis. The time corresponding to the cut off condition was noted as a cut time, the
time graphene electrode took to complete EOE and lost sufficient electrical conductivity. As
shown in Figure 4.7b and c, single large drop can be easily found in the minima of current
derivative with the high voltage used in the experiment. The time corresponding to this sharp
current drop is noted as drop time.

Graphene electrode can be regenerated if the oxidation reaction was reversible. As shown
in Figure 4.8a, the negative current (red) is measured at 10 s when the potential (black) on graphene
against Ag/AgCl was set back to 0 V. This negative current corresponds to the reduction current
which was not observed after 60 s of EOE (Figure 4.8b). Therefore, the defected graphene after
EOE is likely gone under the irreversible oxidation reaction and cannot be reduced back once the

current reached near the cut off value (1 pA).

a) T T T T T b) T T T T
0. IO'J L o2V i
. - 0.2 ® 2-187-4_3
< o2V <
"-‘SD ® 2-187-3_1 ’-"9
= 005t - s
5 5 0 I'J b
£ E
3 ST
0.00
| 1 1 1 | 1 00 1 1 b
0 10 20 30 40 50 060 0 20 40 60 80
Time (s) Time (s)

Figure 4.8 The regeneration of graphene electrode a) Spontaneous reduction of graphene electrode at 0 V after 10
s of EOE at 2 V. b) Irreversibly oxidized graphene after 60 s of EOE at 2 V. All potentials are against Ag/AgCl

reference electrode.
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4.3.1.5 Effects of PDMS uniaxial stretching on graphene EOE

Despite many attempts on the graphene transfer to PDMS substrate using different transfer
methods, transferring very large area of graphene in a pristine condition onto the soft surface of
PDMS remains to be a challenging problem. To reduce the variation between each run and increase
the sampling size to observe general trend, reduced electrolyte volume was used to limit the area
of graphene surface being studied. While widely distributed, three different sets of EOE using
different volume of electrolyte showed consistent trend of decreasing total charge collected during
EOE as the uniaxial stretching of PDMS substrate progressed. The drop time trend was also
observed; the length of EOE was increased as the uniaxial strain on PDMS increased.

If we assume the dominant strain exerted on graphene from PDMS substrate uniaxial
stretching is compressive, Figure 4.9 suggests that the compression of graphene electrode
decreases the total collected charges during EOE while it increases the life-span of graphene
electrode. Decreased total collected charges could suggest that the electrochemically active site of
graphene area could be blocked or became less accessible due to compression, therefore reduces
graphene EOE resulting in longer lasting graphene electrode.

When graphene sheet tear and crack under stress, surface area of graphene being studied
could be changed. Decrease of total collected charges coincides with the loss of graphene surface

area. However, decreased graphene area cannot explain the increased EOE duration.
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Figure 4.9 EOE of graphene on PDMS under uniaxial strain EOE at 3 V with different volume of electrolyte.
Total collected charge and drop time at 1 uL (a,b), 2 uL (c,d), and 3 uL (g,f). Collected charge was calculated area of

measured current vs time from 0 s to drop time. Each turn stretched 0.5% of PDMS substrate.
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4.3.1.6 Location and mechanical modulation effects

Locational variation within a graphene sample did not show any concerns. Location was
numbered from 0 to 6 from left to right side of graphene surface, where the location 0 was closest
to the copper wire connection. The second line (L2) of locations were added to increase the
distance from the electrical connection. EOE results were scattered and did not present a clear

dependency on the distance from the electrical connection.
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Figure 4.10 Locational control of graphene EOE Graphene on PDMS was uniaxially stretched while EOE at 3 V
was done on a,b) different location of single sample and c) same location with dynamically modulated stretching. Line
1 (L1) was closer to the electrical connection of graphene than line 2 (L2). Collected charge was calculated area of

measured current vs time from 0 s to drop time. Volume of electrolyte was 1 uL for a) and b), 10 uL for c).
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When PDMS was dynamically stretched while in situ chronoamperometry on graphene
was measured, it clearly showed there was an abrupt change in the current measurement in
response to the stretching mechanism (Figure 4.10c). Uniaxial stretching and relaxing were
repeated every 80 s with 5 s hold before the strain direction change. Current decreased while
PDMS was stretched uniaxially and sharply increased during 5 s hold, decreasing back from local
maximum current during the relaxing motion. Larger background change, overall decrease of
current, is expected since EOE is in effect throughout the experiment. The initial decrease of
current coincides with the compressive strain on graphene observed under static measurements.
Interestingly, when exerted strain on PDMS was being held, the current sharply increased as if
system was trying to recover its initial state. This observation could suggest that the adhesion of
graphene on PDMS is not significant enough to maintain the exerted force on graphene. Graphene
could be debulked out from the PDMS surface to release its compressive strain which could
explain the increased current direction. Repeated measured current behavior corresponding to the

mechanical modulation implies the correlation between those two parameters.

4.3.1.7 EOE under tensile strain — multi-axial stretching of PDMS

In order to control the mechanical strain on graphene/PDMS with minimum passion effect,
EOE was repeated on graphene/PDMS with multi-directional stretching using push-up version 2
device. Figure 4.11 shows the initial current measured when EOE was started without any applied
strain in comparison to the multi-directional tensile strain. The initial current was noticeably and
consistently increased under tensile strain. On the other hand, the cut time was reduced with the

stretching, with one sample of exception.
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Figure 4.11 EOE of graphene with multi-directional strain a) The initial current measured at the start of EOE and
b) the cut time (time electrode took to complete EOE) were measured without the strain first (Ot, black) and with 1
quarter turn stretch (1t, red) using 9 different samples. Cut time was calculated that the current measurement leveled
to 1 pA. After the cut time, current measurement became unstable due to the damage of graphene electrode. The push-
up version 2 was used. Positive turn indicates the clock-wise turn of treaded rod which moves the rod upward

vertically.

The surface area of graphene under 1 pL electrolyte used in this study was approximately
1.5 mm?. For the complete oxidation of carbon within the area, total charge of ~ 3.5x10° C is
needed. Therefore, the magnitude of initial current (10* A) clearly shows that the majority of
initial current is a result of electrochemical reaction of electrolyte, not the oxidative etching of
graphene electrode. It is well-known that the catalytic reactivity of graphene can be enhanced by
chemical doping of graphene.?%® 2% 209 Since the mechanical strain also alters the electronic
structure of graphene, one can hypotheses the change in the catalytic activity under strain similar
to the chemical doping effect. The result shown in Figure 4.11a agrees with this hypothesis that
the enhancing catalytic behavior of graphene electrode for the electrochemical system can be

induced via mechanical strain.

98



The cut time on the other hand provides the information on the graphene electrode itself.
The cut time was recorded at the time when electrical connection of the cell was degraded to the
point that intended potential cannot be held; graphene had lost most of its electrical contact from
the cell circuit. Figure 4.11b shows the general decrease in the cut time suggesting the lifetime of
graphene electrode got shortened under tensile strain. Enhanced oxidation of graphene under strain
is in a good agreement with our hypothesis. Under mechanical strain, the electronic structure of
graphene can be altered as well as the physical distance between carbon atoms itself also changes.
Stretching graphene could lower the C-C bond breaking activation energy, enhancing oxidative
etching of graphene.

It should be noted that during early repetition of graphene EOE under varying degree of
tensile strain, the correlation between electrochemical measurements and incremental applied
strain was not easily duplicated. Large distribution of scattered electrochemical measurement
results between different graphene samples made the statistical comparison challenging. Among
possible reasons for such inconsistent response, the integrity of graphene electrode was questioned.
The edges of graphene electrode are more likely lifted off from PDMS surface compared to the
center area when the surface of PDMS moves under strain. Therefore, by increasing the physical
size of graphene electrode and only focusing on the center area, the chance of having graphene
without cracks and holes under the electrolytes. The center of large graphene electrode sample (~
4cm?) showed expected trend in the change of electrochemical measurements responds to the
applied tensile strain (Figure 4.12). The sudden change in the direction of both current and cut
time was observed as tensile strain progressed which fits well with the slippage of graphene on

PDMS.
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Figure 4.12 EOE of graphene under various amount of tensile strain The initial current flow (left column) and the
cut time (right column) using the center area of large graphene electrode. Two different samples (samplel in red, a,b

and sample2 in black, c,d) were repeated. The push-up version 3 was used.

EOE of graphene with tensile strain was further repeated. At a glance, the initial current
decreases while cut time increases which was opposite to the observed trend. However, closer look
shows that the initial current was originally increased and start to decrease soon after first 1-2 turns
of tensile strain. If we assume that the sudden directional change in current/cut time response is
due to the slipping graphene, the true strain on graphene diminishes and graphene is back to relaxed

state.
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Figure 4.13 Reproduced graphene EOE trend The initial current flow (left column) and the cut time (right column)

of two different samples (samplel in a,b and sample2 in c¢,d). The push-up version 3 was used.

In order to confirm the tensile strain effect, slippage of graphene should be avoided. The
bubble-plate method is used apply small strain while minimum friction is excreted on the sample
since it expands the graphene/PDMS film by pumping air. EOE result with bubble-plate method
confirmed the increase in initial current and decrease of cut time when graphene/PDMS was
stretched using small volume of air. Interestingly, deflated bubble to relax graphene showed
similar results as stretched graphene/PDMS suggesting the mechanical strain used in this

experiment deformed the state of graphene/PDMS irreversibly.
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Figure 4.14 EOE of graphene using bubble-up method to apply tensile strain a) Graphene/PDMS was oxidized
before (black), while (red), and after (gray) stretched with 10 pL air. b) graphene/PDMS was oxidized before (black)

and while (red) stretched using unknown amount of air.

4.3.1.8 EOE under compressive strain — multi-axial stretching of PDMS

Based on the blue shift trend of Raman spectrum of graphene under uniaxial stretching of
PDMS substrate and known large Poisson’s ratio of PDMS (~ 0.5),24 2 the overall force exerted
on graphene via uniaxial PDMS stretching was suggested to be compressive. To confirm the
effects of compressive strain on graphene, push-up device was used. The block PDMS substrate
was loaded on the push-up version 1 device and pushed to stretch out to form dome shape. Spin-
coated PDMS/graphene sample was floated on the large water bath to be gently pressed by the
stretched block PDMS into water. Assembled sample was ordered in graphene/coated PDMS/pre-
stretched block PDMS. As the moving rod of push-up device travels downward (-, CCW direction
turning), stretched block PDMS substrate contracts back to its initial form. This shrinking surface

area of block PDMS substrate exerts compressive strain on graphene.
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Figure 4.15 EOE of graphene under compressive strain a) The initial current flow, b) the cut time, ¢) the overall
collected charges throughout EOE until the cut time, and d) the drop time were collected using two separate samples
(red filled and unfilled dots). The drop time was calculated that current drops significantly at the end of EOE (dl/dt
minimum). The push-up version 1 was used. Negative turn indicates the counter clock wise turn of treaded rod which

moves the rod downward vertically.

When the compressive strain was applied on graphene, the initial current was decreased
and cut time was increased which coincides with the trend observed in the uniaxial stretching
confirming the compressive nature in uniaxial stretching. Moreover, current increase and cut time
decrease are opposite to the observed trend in tensile strain. Figure 4.15 shows two separate
samples exhibit similar trend on initial current, cut time, total collected charge, and drop time. As

the compressive strain increased, initial current was decreased suggesting the catalytic activity of
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graphene was suppressed under the compression. The cut time of EOE got progressively longer
after each negative turn, suggesting that electrochemical oxidation of graphene could be slowed
down by compressive strain. The total collected charges also showed increasing trend similar to
the cut time as a function of negative strain which indicates the electrochemical reaction of the
electrolyte is the dominant contributor to the measured current. Despite the reduced catalytic

activity of graphene under compressive strain, prolonged life-time of graphene electrode overall

resulted in more productive electrochemical reaction system.
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Figure 4.16 EOE of graphene under compressive strain duplicated a) The initial current flow and b) the cut time
collected using two separate samples (red filled and unfilled dots). Duplicated experiment of Figure 4.15. The drop
time was calculated that current drops significantly at the end of EOE (dI/dt minimum). The push-up version 1 was

used. Negative turn indicates the counter clock wise turn of treaded rod which moves the rod downward vertically.

4.3.1.9 EOE under tensile strain — bending of PET

To increase the adhesion of graphene and stability throughout the transfer process,

polyethylene terephthalate (PET) was substituted as a flexible substrate. PET is much stiffer plastic
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having lesser elasticity compared to the fully cured PDMS. The stability of graphene transfer
drastically increases in trade of less flexible physical property of PET. Typical wet transfer method
via PMMA supporting layer can be used for PET substrate owing to the compatibility of wider

range organic solvents on PET. The details on graphene on PET can be found in section 4.2.1.
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Figure 4.17 EOE of graphene on PET with tensile strain via bending PET substrate Graphene/PET was oxidized
before (black) and while (red and dark red) being stretched using substrate bending device. The initial current flow
(ie), drop time (dtime), and cut time (ctime) were collected using four separate samples. The drop time was calculated

that current drops significantly at the end of EOE (dI/dt minimum).

The disadvantage of PET is the significant interference of its Raman signal with graphene

signatures. Strong intensity near 1200 — 1300 cm™ from PET makes the D peak of graphene pretty
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much undetectable. Strong G peak presence can be resolved on the shoulder of PET peak with
multi-layer graphene but challenging with single layer graphene. The 2D peak of graphene is well-
resolved and always present that can be used to probe the strain on graphene. Raman spectrum of
graphene on PET can be found in the following section 4.3.2.

The results of EOE on graphene/PET showed consistent trend throughout the experiments
(Figure 4.17). The increase in initial current (ie) and decrease in cut time (ctime) were observed as
PET substrate was bent in order to induce the tensile strain on graphene, and trend was repeated
throughout all four individual samples of graphene/PET. Moreover, inversion of the change (from
increase to decrease) was also persisted when graphene was stretched further. Overall, the
consistent trend observed in initial current and cut time is in good agreement with the PDMS

results.

4.3.1.10 Summary and future directions

In summary, the effects of mechanical strain on electrochemical oxidative etching (EOE)
of graphene electrode were observed. The decrease in measured current and increase in the
duration of EOE were found when graphene electrode was subjected under the compressive strain.
The compressive force on graphene was achieved via both uniaxial stretching and multi-directional
contracting of PDMS substrate. The current and duration of EOE indicates reduced catalytic
activity of graphene electrode while graphene is less susceptible from the oxidation reaction. In
comparison, at least during very early stage of tensile strain application, stretched graphene
showed increased initial current and decreased cut time; tensile strain promotes both the catalytic
activity of graphene and reactivity of graphene itself. These observed results were consistent
throughout different tensile strain application methods: multi-directional stretching of PDMS,

inflation of PDMS film using bubble-plate, and bending of PET substrate.
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The low precision remains as a main challenge to find the significance in the findings.
Establishing transfer method to reliably obtain large enough homogeneous area of graphene is
critical since optical and Raman spectroscopic characterization of transferred graphene quality is
more challenging with polymer substrates. The adhesion strength of graphene on PDMS is not
favorable due to large difference in their surface energy. PET substrate provides much more
reliable preparation of graphene samples and better controlled mechanical strain application.
However, sacrificial PMMA layer used during the transfer contaminates the surface which could
interfere with the interested electrochemical activities.

Alternatively, the internal standard method could be developed to normalize the
experimental fluctuation using CV of well-known electrochemical system on graphene. Moreover,
signal can be amplified to improve signal to noise ratio. Achieving large strain application via
clamping graphene and stretching directly is mechanically challenging problem to solve. In recent
collaborative work, we developed graphene fiber solely made from single sheet of graphene and
demonstrated its strength in macroscale. The adaptation of graphene fiber could provide a new
insight into the electrochemical reactivity of graphene under extreme mechanical strain.

EOE requires high potential to induce graphene oxidation within reasonable period of time
(minutes) which inevitably producing many other electrochemical reactions in the cell. On the
other hand, graphene oxidation can be negligible with the low enough potential while still studying
available electrochemical species. The effects of strain on the catalytic activity of graphene
towards other electrochemical system are evidenced in EOE of graphene, and further investigated
in detail in following sections confirming the mechanical modulation can be a great tool to control

the catalytic activities of graphene.
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4.3.2 Mechanical strain on graphene

Tensile and compressive strain was applied to graphene supported on a flexible polymeric
substrate. For this purpose, the graphene sample was transferred first to a polyethylene
terephthalate (PET) substrate using a wet transfer method. In order to apply mechanical strain to
graphene, the substrate was physically bent in either the outward or inward directions, leading to

an applied tensile or compressive strain to graphene, respectively (Figure 4.18).

Tensile strain Compressive strain

— —
e S

Figure 4.18 Schematics of strain application on a graphene/PET sample Graphene (black) is placed on top of the

PET substrate (gray). The PET substrate is bent outward/inward to induce tensile/compressive strain on the graphene.

The amount of mechanical strain applied to graphene via bending of the PET substrate was
measured using Raman spectroscopy. Typical Raman spectra of graphene on PET are shown in
Figure 4.19 along with the Raman spectrum of the PET substrate and of graphene on a SiO2/Si
substrate. The Raman spectrum of graphene has three major peaks: the D peak at ~1350 cm, the
G peak at ~1580 cm™, and the 2D peak at ~2700 cm™.1% The 2D peak is sensitive to the mechanical
strain.10% 127. 129,131 A previous study of a graphene layer grown by chemical vapor deposition
(CVD) showed that a strain of 1% results in a -72.3 cm* shift of the 2D peak.'3? We use the same
Raman spectral dependency on strain when evaluating the change of strain in our sample.

A zero strain % (&) was assigned to unbent PET supported samples while for the strained

samples, the experimentally measured strain % was obtained relative to the unbent samples. Due
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to possible charge doping from the substrate/environments,*?? the initial amount of strain on an
individual graphene/PET sample cannot be accurately measured based on the Raman 2D peak.
The Raman spectrum of the PET substrate has several strong features below 1800 cm™, which
hinders the analysis of the D and G peak regions. The maximum strain % applied to graphene
throughout the experiment was ~ 0.3 %. The absolute strain % of graphene can vary between

samples since the assigned zero strain condition could differ.
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Figure 4.19 Raman spectra of graphene/PET (a) Raman spectra of PET substrate, graphene on PET, and graphene
on Si wafer (from top to bottom). Insert shows a zoomed region of the PET peak at ~2620 cm™ and the graphene 2D
peak at ~2685 cmL. (b) The position of the 2D peak of graphene with the bending amount of the substrate expressed
in arbitrary units (a.u.) on the bottom axis. Top axis shows the corresponding graphene strain % calibrated from the
2D peak position shift. Two sets of Raman measurements (filled/empty symbols) are represented showing good

reproducibility in the Raman data, in response to the applied strain.
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4.3.3 The effects of strain on graphene hydrogen evolution reaction (HER)

The effects of strain on the measured current in HER can be determined using current-time
measurements (Figure 4.20). The current was measured at a fixed potential (-0.5 V vs. Ag/AgCl)
while the strain conditions were changed periodically. The apparent area of graphene was optically
measured to calculate the current density (J). Tensile strains of 0, 0.17, and 0.25 % were applied.

Each strain was applied and held for a period of 20 s.

a) b)
— . : —
-15.0f g
— IS
o ,..-'""“- % 5]
= sl ._ f @
E & 3 + NE

3 "
2 - 5
:'? ."'..‘ i
(. - i o& - =
2 16.0 5 E
o w =
1= g
g -16.5 4 °
3
5
7.0 4 °
L 1 1 | 1 | L | 1 5 .
0 40 80 120 160 200 O 0 40 80 120 160 200
Time (s) Time (s)

Figure 4.20 Measured current density of HER vs. time Current measurement as a function of time under constant
potential (-0.5 V vs Ag/AgCl). a) Change in current density under tensile strain (dotted red). The overall shift of the
current density is shown by a blue dotted line which was fitted with an exponential function over the range of values
at zero strain%. b) Time variation of the current density with the background subtracted out (lower panel). Strain
modulation sequence applied (upper subpanel). Note that a dip in the current density curve corresponds to an increase

in the cathodic current.

We observed a significant background drift in the current density, especially at the early
stage of the experiment. This background drift of current density (dotted blue curve) varies

between electrode samples, possibly due to non-uniform surface conditions of large area graphene
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(e.g., contaminants, defect density, grain size, etc.). For example, we previously showed that
HOPG surface slowly adsorbs hydrocarbon contaminants in water, reducing its double layer
capacitance and electrochemical activity.4> 256-258 The contaminants on the graphene surface can
be also lifted off from the surface as H2 gas bubbles form on the surface of graphene during HER.
Nevertheless, despite the background drift of the current density throughout the measurements, a
sharp change in current density is observed in response to the change in the applied strain (Figure
4.20a). A similar current response to the applied strain with negligible background drift is shown

in Figure B.1.
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Figure 4.21 The average change in current density The current density change (A/) under different amounts of
tensile strain and recovery. There is a positive correlation between the strain and current change. The average increase
in current under each strain is shown as positive change (initial). The average decrease in current upon the relaxation

of each strain is shown as negative change (recovery).

The change in the current density (AJ) with strain can be visualized more clearly with the
background subtracted out as shown in Figure 4.20b. Sharp and fast increase of the current density
is seen under tensile strain. The magnitude of AJ was affected by the degree of strain%; larger
tensile strain leads to larger AJ. Recovery of the current density (solid black) is clearly seen upon
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the relaxation of tensile strain. Interestingly, the kinetic behavior of the current density upon
relaxation was slower compared to the change during the stretched period despite the absolute
value of rate of change in strain% remaining the same (manual bending and unbending action was
done in the same speed). This slower change in current during the relaxation was also observed
when compressive strain was applied (Figure B.2). The removal of applied tensile strain results in
a compressive directional force similar to that taking place upon application of a compressive
strain.

The average percentage change in current density is shown in Figure 4.21. The effects of
strain on HER current were collected repeatedly (24 times for 0.17 % and 8 times for 0.25 % tensile
strain values) using multiple graphene electrodes. The change in current density values (A]) were
obtained from the difference between the current density before (J-) and after (J;) each strain
application and expressed in percent variation relative to J.. Because current density always
increases with the tensile strain, initial AJ is positive (/¢ — J. > 0). The average initial A] was 1.3 +
0.2 % for 0.17 % tensile strain and 2.9 + 0.5 % for 0.25 % tensile strain. Recovery of the current
density was found from the change of current density upon the relaxation (J--) from the strained
state (J;) and expressed in percent variation relative to J;. The recovery AJ (Jo- — J; < 0) was
averaged 64 % of initial AJ under tensile strain. Slow kinetic of current recovery after negative
directional strain change might require a much longer time to reach equilibrium than the holding
period used in the study, resulting in a lower estimate in the percent recovery. The surface of the
graphene electrode could also partially undergo irreversible changes during initial HER with
tensile strain and cause a smaller recovery amount. For example, polymer residues on the graphene
surface can be removed curing HER via Hz gas bubble forming between graphene and polymer

interface or graphene can rupture if Hz gas forms between graphene and supporting substrate.?*
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Although such bubble formation was never visibly observed under the conditions used in this
study, it is possible that HER could introduce additional defects over time, increasing activity with
increased defect density (if defects are favored) or/and electrode area increase due to tear/lift of

the graphene film from the substrate making observed strain-current effect pseudo-reversible.
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Figure 4.22 Cyclic voltammetry on graphene/PET a) Cyclic voltammetry on graphene electrode in 0.5 M H3SOa.

b) Tafel plot. All CVs were collected at scan rate of 0.1 V/s.

A typical cyclic voltammetry (CV) measurement on graphene electrode in 0.5 M H2SOg4 is
shown in Figure 4.22. The onset potential of HER was at around -0.4 V vs. Ag/AgCI. Increase in
HER current under the tensile strain was also observed in CV measurements (Figure B.3). The
background drift observed in current-time measurement also persisted in the CV measurement, as
a result, the effect of strain was less obvious due to the longer CV sampling interval. At -0.5 V,
the Tafel slope and the transfer coefficient were 227 mV/decade and 0.26, respectively. The Tafel
plot shows significant change in its slope depending on the potential. The Tafel slope increases as
potential becomes more negative. The Tafel slope of ~690 mV/decade in the potential region lower

than -0.8 V is found to be three times larger than the one of ~230 mV/decade around -0.5 V. The
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change of the Tafel slope by a factor of 3 at more negative potentials has been predicted
theoretically when the Heyrovsky reaction is the rate-determining step.? It is generally accepted

that HER occurs in following reaction steps:

Volmer M+ H*+ e~ = M-H 4.2)
Heyrovsky M-H + H" + e~ = H, 4.2)
Tafel 2(M-H) & 2M + H, 4.3)

where M denotes an available adsorption site on the electrocatalyst surface.

The change of the Tafel slope observed here suggests that HER on graphene electrode used
in this study proceeds through the Volmer-Heyrovsky pathway. However, the absolute values of
Tafel slopes are much larger than those theoretically calculated (120, 40, and 30 mV/decade for
the rate determining steps of VVolmer, Heyrovsky, and Tafel respectively). Various Tafel slopes of
graphene electrode have been reported previously, ranging from 147 mV/decade to 234
mV/decade.?** 2% The use of different substrates in the different studies could be the reason the
variation in the different reported values of the Tafel slope of graphene. The effects of underlaying
substrates on the electronic properties of graphene such as substrate induced doping of graphene
are well-known.

The measured HER current reflects the kinetics of H* reduction on the electrode surface
when the concentration of H* near the surface has not been depleted. The current density is very
low (< 1 mA/cm?) for 1 M of H*, suggesting that the diffusion of H* to the electrode surface has
negligible effects on the current. Therefore, the observed current change should be independent of

the changes in surface roughness (e.g., flattening wrinkles under tensile strain) and geometry (e.g.,
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curved shape due to the bending motion). Based on the pseudo-reversible response of the current
as a function of applied strain, we believe that strain-induced damage (e.g., new defects, change
of surface area) on graphene is not a major cause of the current change we observed because they
should result in irreversible change in the current. With the small strain% values used in our
experiments, the adsorption site is also unlikely to be changed. This analysis leaves the strain-
induced change of adsorption energy at the relevant site as the most likely mechanism to explain
our data. The density of the accessible active sites could also change due to the flattening of the
graphene surface under tensile strain, slowing down the electron-transfer kinetics of graphene

which will negatively impact the net change in the current.

4.3.4 Theoretical results

To provide a molecular scale understanding of the experimental results, we have calculated
the adsorption energy of H atoms on graphene as a function of strain using density functional
theory (DFT) and explored the possibility that variations in H atom adsorption energies on strained
graphene are responsible for the observed changes in current density. The calculations employ 3D
periodic slab models and were done using the dispersion-corrected PBE-D3?% density functional.
As demonstrated by Davidson et al.,?! when compared with other exchange-correlation
functionals, PBE-D3 was found to provide the closest agreement to experimental data for
physisorption energy of H on graphite. In this work we assume that this improved performance of
PBE-D3 functional is transferrable to the case of chemisorption properties of H on graphite.
Additional details of the computational setup used are provided in Computational Methods section.

The first objective of the computational investigations was to determine the adsorption
energy of an H atom in the case of unstrained graphene and its dependence on coverage with a
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focus on the low coverage limit. Both these aspects are detailed in Figure 4.23. The dependence
of the adsorption energy on coverage was established using a set of hexagonal supercells ranging
from (2x2) to (8x8) in which a single H atom is adsorbed on unstrained graphene surface. This set
of supercells allows to investigate a decrease in coverage from 1/8 ML in the case of the (2x2)

supercell, to (1/50) ML for the (5x5) case, and further down to 1/128 ML for the (8x8) supercell.
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Figure 4.23 The dependence of the H adsorption energy on the surface coverage (a) Variation with coverage of
H adsorption energy on graphene at different coverages. The sum of energies of the bare graphene and of an isolated
H atom was taken as the reference. Panels (b) and (c) indicate side and top views of the H adsorption configuration
on-top a C site in the case of the (5x5) supercell model. In panel b) the upward displacements of the C atom to which
the H is bonded (black colored) and its first (represented in green) and second (represented in brown) nearest neighbors

are indicated. The H atom is shown with a yellow ball in panels b and c.

From the data in Figure 4.23a, it can be seen that increase in supercell size leads to an
increase in adsorption energy for the case of supercells ranging from (2x2) to (5x5) followed by a
plateau in adsorption energies for supercells with larger lateral sizes. Based on this dependence it
can be concluded that for the case of (5x5) supercell and the larger size supercells investigated,

116



there is a minimal contribution of lateral interactions to H adsorption. The adsorption energy of
0.85 eV determined in this study for the case of the (5x5) supercell using PBE-D3 functional is
comparable but slightly higher than the value of 0.84 eV reported by Casolo et al.?%? based on PBE
functional without inclusion of long-range dispersion corrections. We also note that in Figure
4.23a the adsorption energy is expressed relative to the energy of the H atom. Positive adsorption
energies correspond to stable configurations. For convenience, the same adsorption energy
expressed relative to the energy of molecular Hz (1/2 E(H2)) is provided in Figure B.4. Relative
to the sum of energies for the bare graphene molecule and H> molecule, the adsorption energy of
atomic H on graphene is found to be a negative value, indicating an endothermic character for
adsorption relative to the selected reference state.

Details of the binding configuration of the H atom in the (5x5) supercell are shown in
Figure 4.23b from which it is seen that H adsorbs on-top of a C atom with a CH bond length of
1.126 A. Adsorption takes place with sizable upward displacement of the C atom to which the H
atom is bound (represented as a black ball in Figure 4.23b as well as its first and second nearest
neighbors (shown as green and orange balls in Figure 4.23b and c. For the C atom to which the H
atom is bound this displacement is calculated to be of 0.54 A. A similar displacement of 0.59 A
was reported by Casolo et al.?? for the case of H binding on graphene in a (5x5) supercell.

The second objective of the computational investigations was to determine the dependence
of the H adsorption energy on the amount of surface strain. Motivated by the independence of the
H adsorption energy on lateral interactions for the case of the (5x5) supercell identified above, we
selected this supercell (or supercells with similar sizes as described below) for these calculations.
In order to evaluate the variation of the adsorption energy for different levels of tensile strain

applied to the graphene lattice two different supercell models have been considered as detailed in
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Figure B.5. The first one corresponds to a (5x5) hexagonal supercell with a single H atom adsorbed
on-top a carbon site, similar to that depicted in Figure 4.23c. Details of this model, the system of
axes used and directions for lattice expansions are provided in Appendix B.3 Figure B.5a.
Specifically, a first type of lattice expansion was taken along a zigzag crystallographic direction
conveniently chosen to be parallel to the selected Cartesian Ox axis (see Figure B.5a) and hereafter
denoted as (Zg,x). The second stretch direction was also taken along a zigzag direction but rotated
60° relative to (Zg,x) and hereafter denoted as (Zg,d) (see Figure B.5a). In our hexagonal supercell
setup model having (ul,u2) as hexagonal unit vectors, lattice elongations along the (Zg,x)
direction involve tensile strain applied only along u: hexagonal direction while extension of the
lattice along (Zg,d) direction involves simultaneous tensile strains of equal sizes along both uz and
u2 hexagonal directions. The second model considered (see Figure B.5b) consists of an orthogonal
(5x3) supercell with axes parallel to Cartesian Ox and Oy axes and oriented along the zigzag and
armchair crystallographic directions, respectively. In this case, the tensile strain was applied only
along Oy direction which was taken to be parallel to the armchair crystallographic direction, and
hereafter indicated with the (Arm,y) acronym.

A summary of the results corresponding to variation of H adsorption energy on graphene
for the case of lattices expanded along (Zg,x), (Arm,y) and (Zg,d) directions is presented in Figure
4.24. Lattice elongations up to 5% are considered. As shown in this Figure 4.24, for each of the
three directions considered, stretching the graphene lattice leads to increase in the H adsorption
energy. Individual energy changes however were found to depend on the displacement type.
Specifically, for (Zg,x) and (Arm,y) displacements which involve elongations only along Cartesian
Ox and Oy axes, respectively, the calculated adsorption energy values are practically

superimposed and have similar overall variations. In contradistinction, the expansion along (Zg,d)
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direction which involves simultaneous stretches of similar sizes along both u; and u hexagonal
directions leads to larger adsorption energy changes. In fact, it can be seen that adsorption energy
for a given displacement along (Zg,d) direction is almost equal to the one along either (Zg,x) or
(Arm,y) directions but at a displacement twice as large as the one considered for (Zg,d) direction.
These results indicate not only an increase in adsorption energy of H with lattice expansion but
they also demonstrate that when involving simultaneous displacements along u: and u, hexagonal
axes, the effect on adsorption energies is practically twice that for single axis displacement (Zg,x)

of an equal amount.
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Figure 4.24 Variation of the H adsorption energy on graphene lattice elongation Lattice elongations up to 5% are
considered. Three elongations along the zigzag (Zg,x), (Zg,d) and armchair (Arm,y) crystallographic directions are

shown in black, red, and yellow markers respectively.

Graphene lattice expansion induces changes not only on the adsorption energy of H but
also on its binding distance and vibrational properties. In particular, consistent with the increase

in adsorption energy, the H atom is pulled closer to the graphene surface, as can be seen in Figure

119



B.6a where a systematic decrease in r(C-H) bond distance is observed with increasing amount of
lattice stretch. These modifications take place with a corresponding blue shift of the v(C-H) stretch

vibration as shown in Figure B.6b.
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Figure 4.25 Projected density of states (PDOS) of C and H atom (a) PDOS for the graphene C atoms and the
adsorbed H atom in the case of un-stretched lattice. Details of the local density of states (LDOS) for the case of the
bonding C atom and the H adsorbate as function of the lattice strain (¢) along (Zg,x) direction expressed in percentage

form are detailed in panels (b) and (c), respectively.

120



Additionally, there are also changes in electronic properties of the system. Specifically, as
seen in Figure 4.25a upon H adsorption on the graphene surface a new peak is observed in the
density of states near the Fermi level originating from hybridization of C (2s) and C(2p) orbitals
and associated mixing with H(1s). Stretching of the graphene lattice along (Zg,x) direction leads
to an increase in electronic density corresponding to the occupied states of the C atom engaged in
the CH bond just below the Fermi level. The electronic property modifications also extend to the
work function of the system which increases with amount of lattice deformation (see Figure B.7)
as well as the p-band center (gp) of the graphene substrate which is shifted closer toward the Fermi
level (see Figure B.8), indicating a catalytically more active system.

For the bare graphene surface our measured Raman results from Figure 4.19 showed a red
shift of the 2D peak with applied tensile stress. We have performed a similar theoretical analysis
of vibrational frequencies shifts for the same range of stress values as determined experimentally.
The calculated value of the in-plane D vibration of graphene changes from 1363 cm™ for the
unstretched lattice to 1358 cm™ and 1355 cm™ for the lattice stretched by 0.17% and 0.25%,
respectively. When scaled by a 0.985 factor recommended for the PBE functional,?®® the second
order overtones of these vibrations become 2685.1, 2675.2 and 2669.3 cm™, respectively These
values can be compared with experimental results for the graphene 2D values in Figure 4.19. At
zero strain, a very good agreement within 2.9 cm? is found between the calculated and
experimental 2D frequency values. This agreement is maintained upon strain increase, with the
calculated frequencies being within 2.3 cm™ of the experimental values of 2673 cm™ at 0.17% and

2667 cm™ at 0.25% tensile strains, respectively.
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Figure 4.26 Variation of free energy AGu~ (eV) The free energy for reaction * + H* + e" <> H* on graphene at

equilibrium (U=0) and standard conditions under different lattice expansions along (Zg,x) direction.

A final aspect investigated is the influence of the enhanced bonding between H and
graphene as a result of tensile strain upon HER. This reaction is generally described by a stepwise
mechanism?®* which involves in the initial step a proton-coupled electron transfer reaction
(Volmer reaction, see Eq.(4.1)) leading to adsorption of H on the electrocatalyst surface. In a
subsequent step, desorption of molecular H> takes place via a Heyrovsky reaction (Eq.(4.2)) or a
Tafel reaction (EQ.(4.3)). Independent of atomistic details of the mechanism involved,
computational evaluation of the thermochemistry for reaction corresponding to atomic hydrogen
bonding to the surface has proven to be a useful tool to compare HER activity of different
catalysts.?% In this work we followed a similar procedure and evaluate the free energy (AGu~) for
bonding reaction of H on graphene by including the adsorption energy changes (AEw), the
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corresponding vibrational zero point energy (AZPE), entropic (TASH) and the integrated heat
capacity up to 298 K (AHo-s298.15) corrections. The list of this set of corrections is detailed in Table
B.2. The corresponding calculated free energy diagram for hydrogen evolution on graphene
surface under tensile strain is shown in Figure 4.26 for the case of lattice deformations along (Zg,x)
direction, while similar results obtained for deformations along (Zg,d) are illustrated in Figure B.9.

Ideal electrocatalysts for the HER reaction should have AGH~values as close as possible to
zero. From this perspective, as seen in Figure 4.26, the bare unstretched graphene presents a
relatively high and positive AGu+ value, indicating a small HER activity. Relevant for the
experimental results reported in this work is the fact that computational results in Figure 4.26 and
Figure B.10 demonstrate a systematic decrease in AGn=values when graphene lattice is stretched
in the range 0-5 %. In particular, when considering the range of small elongations (0-0.25) %
along (Zg,x) which encompasses the experimental strain range considered in this work, a fitted
dependency of the calculated free energies changes from Table B.2a of the form
AG(g)(eV)=1.698621 — 0.001970 ¢ — 0.03000 &? was determined, where ¢ represents the amount
of lattice strain expressed in percentage form. The drop in AGn= values as shown in Figure 4.26
will lead to an increase in HER activity and of the measured current density similar to our
experimental findings. The increase in current density can be obtained based on the general
relationship between the exchanged current and AGn~ value as obtained by Kurapati et.al.?%*

Following their work, the corresponding change of reaction rate at equilibrium is found to be

AGH*
proportional to e( 2RT ) Based on this expression, one can estimate current density increases of

2.4% and 4.7% for lattice expansions of 0.17%, and 0.25%, respectively. Both of these theoretical
estimates compare reasonably well with the measured current density increases determined in this

study, which are 1.3 + 0.2 % and 2.9 + 0.5 % with 0.17 % and 0.25 % tensile strain, respectively.
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Possible reasons for the slight overestimation of the current density increase in calculations relative
to the corresponding measured values might be the polycrystalline nature of graphene composed
of large flakes in experiments and an anisotropic stress distribution. Stress anisotropy can be due
to several factors including the flatness degree of the PET support and functional chemical groups
existent on the support which can modify the coupling of PET support and graphene leading to an
initial localized stress on graphene or possible slippage or inefficient strain transfer from the
substrate. Additionally, the edge effects of graphene flakes and the quality of graphene layer itself
can bring their own contributions as different types of surface defects can also modify the local

stresses.

4.4 Conclusion

In summary, our combined experimental and computational analysis demonstrates that
adsorption energy of H on graphene is enhanced by applying tensile strain which in turn leads to
a drop in the associated free energy change corresponding to HER. The calculated variation in
AGh= correlates well with the shift in the C p-band center of graphene (see Figure B.10),
demonstrating again the usefulness of this descriptor for correlating catalytic activity with
electronic structure properties.?®® Furthermore, the good overall agreement between the calculated
and measured current density variations with amount of tensile strain support the interpretation
that the increase in the H adsorption energy on graphene with stretching is responsible for the
observed changes in HER reactivity. Graphene can sustain up to 20% of strain, much larger than
the values considered here, without breaking. Thus, strain engineering offers a promising approach

to enhance the electrocatalytic activity of carbon-based materials.

124



Appendix A Supplementary Information on Effect of Electric Field on Graphene Oxidation

Adapted from the Supporting Information of the published work presented in Chapter 3,
Kim, M. A.; Qiu, N.; Li, Z.; Huang, Q.; Chai, Z.; Du, S.; Liu, H., Electric Field Effect on the
Reactivity of Solid State Materials: The Case of Single Layer Graphene. Adv. Funct. Mater. 2020,

30 (13), 1909269. Copyright 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Appendix A.1 Additional experimental data

Appendix A.1.1 Effect of back gating after 1 hour oxidation of graphene
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Figure A.1 The I(D)/1(G) value comparison after the 1h oxidation The average 1(D)/I(G).after 1 h of laser induced
oxidation under different gate voltage conditions. Each Vg, level, 0 V, +80 V, and -80 V was repeated four times to

find the average and a standard deviation of I1(D)/1(G).
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The 1 h oxidation comparison with and without an applied gate voltage was reproduced
using separate graphene sample. Experimental conditions were kept same. Figure A.1 shows
results similar to Figure 3.4b in the main text. The I(D)/I(G) after 1 h of oxidation was larger with
+80 V of back gating which shows an increased progress of the oxidation compared to the

oxidation without applied electric field (0 V).

Appendix A.1.2 The effect of back gating on I(D)/1(G)

The charge doping has significant effects on the Raman fingerprint of graphene. The width
of G peak and the intensity of D peak change with the charge density of graphene,*?% 122126 \which

could potentially alter the integrated intensity ratio used in this study.
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Figure A.2 The waveform gate voltage effect on Raman spectroscopy Raman spectrum were collected on a
oxidized graphene with low laser power (<1 mW) to prevent further laser induced oxidation. a) comparison of Ip/lg

and b) G peak position under -80 V (blue), 0 V (red), and +80 V (black) pulsed gate voltages (ton = tosf = 0.25 S).
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To rule out this possibility, the effect of gate voltage modulation was compared on the
oxidized location in order to confirm the consistency of I(D)/I1(G). First, graphene sample was
oxidized under laser irradiation (~ 12 mW) for 1.5 h. After the oxidation, Raman spectrums were
obtained on the same location of the graphene sample while applying pulsed gate voltages, 0 V,
+80 V and -80 V. The laser power was kept low (< 1 mW) to prevent any additional thermal
oxidation induced by the laser. I(D)/1(G) were consistent between all conditions, with and without
the pulsed gate voltages, showing electrical modulation used in the study does not alter the results
on I(D)/1(G) values (Figure A.2a). On the other hand, the G peak shows the expected effect of
electrical doping as the peak position shifts with the applied square waveform gate voltage (Figure

A.2b).

Appendix A.1.3 Laser absorbance test under back gating

The optical absorption of solid can be affected by an electric field due to the relationship
between absorption coefficient and dielectric constant, a phenomenon known as the Franz-Keldysh
effect. The change in the light absorbance could increase/decrease the resulting temperature of
irradiated graphene sample area and alter the oxidation results.

We found that the electric field we used does not impact the optical adsorption of graphene.
To demonstrate this fact, we measured the absolute intensity of reflected laser light by the graphene
samples. The light source was the same laser used in the study. Figure A.3 shows the raw intensity
counts of reflected 532 nm laser with 2 s of integration time. The change in the reflected light
spectrums did not show any dependency on the electrical modulation used in the study. The
observed fluctuation throughout the spectrums can be attributed to the fluctuation of incident light

source.
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Figure A.3 The waveform gate voltage effect on the laser absorbance The reflected laser (532 hm) intensity counts
under square-waveform back gating (ton = tor = 0.25 s). Each spectrum was obtained with 2 s exposure time. The

change in the reflectance is ca.1%.

Appendix A.1.4 The effect of Joule heating

The resistive heating from the electrical modulation used in this study could be the
additional heat source of the thermal oxidation. However, unoxidized area of graphene outside the
laser focus suggests that the additional heat from Joule heating is not significant enough to induce
the graphene oxidation itself. Capacitive current measured throughout the experiment was < 100
nA. We estimate the average temperature change on our typical graphene/SiO2/Si sample using

the thermal resistance of our device R, :%%

AT = PR ~ PR,
Rt == RB +ROX+RSi

R. — _ tOX Re. — 1
B hA ’ ox — KOXA ’ st 2K5-iA1/2
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With the thermal conductance of graphene and SiO2 boundary h = 108 W-m2'K1,2%8 the
thermal conductance of SiO. and Si wafer (Ryx and Rg; respectively), and the area of graphene A,
the thermal resistance of graphene on 300 nm SiO-/Si wafer was estimated to be in order of 10
K-W. Assuming average current of 100 nA at 100 V, the temperature change of our

graphene/SiO./Si sample due to Joule heating is in order of 10° K.

Appendix A.1.5 Additional data on the effect of magnitude of back-gating on the oxidation

kinetics
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Figure A.4 The change in the oxidation kinetic of graphene with various back gate voltage magnitudes The back
gating level was changed every 5 min during the oxidations (ton = torf = 0.5 S). The effect of gate voltage was compared

between a,b) 0 V and 50 V, and ¢,d) 0 VV and + 100 V.
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Appendix A.1.6 Effect of frequency of the back-gate

To understand the effect of back gate frequency on the oxidation, we probed the true
electric field experienced by the graphene during oxidation. To do so, we eliminate the oxidation
reaction induced by laser and monitored the shift of G peak as a function of time after a constant
(non-waveform) gate voltage was applied to graphene (Figure A.5a). The laser source was kept
low (<1 mW) throughout the experiment. Both electron and hole doping shift the G peak to higher
wavenumbers thus from the shift of G peak, one can probe the charge doping level of graphene,
which is directly related to the electric field it experiences.'?: 122

Our graphene sample is naturally hole-doped due to the surface interactions of graphene
and air adsorbates/substrate.'?> 26° Upon applying a negative gate voltage, the electric field will
further inject holes into graphene, thus shifting the G peak to even higher wavenumbers, which
was indeed observed. However, the G peak shifts back to its original position within 20 s — 30 s,
even under the applied gate voltage. Upon switching off the gate bias, another shift in the G peak
position was observed, this time in the opposite direction, followed by a gradual shift to the steady
state position. Similar behaviors were observed when a positive gate voltage was applied and
switched off. These observations can be attributed to the charge trapping/de-trapping near the
graphene-SiO interface as discussed in detail in chapter 2. The trapped charge produces an electric
field that counters the effect of back gating. This effect has been extensively studied due to its
contribution to the gating hysteresis of graphene field effect transistors.*" 162 Qur data shows that
the electric field experienced by graphene is transient, with a half-life of 10 s — 20 s in our
experiments.

With these control experiments, the effect of waveform frequency can be understood. The

graphene sample only experiences high doping level during the transitions of the square wave.
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Therefore, increasing the frequency of the square wave gate voltage increases effective gating
efficiency experienced by graphene. Accordingly, we found that under constant DC gating, there
was no obvious trend in the change of I1(D)/I(G) after 1 h of photothermal oxidation (Figure A.5b).
It should be noted that due to the frequent failure of graphene samples owing to dielectric
breakdown induced by the steady voltage, larger number of samples were used which increased

the variability of graphene surface being studied.
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Figure A.5 The effects of static electric field on the graphene and its oxidation a) The G peak position of graphene
in air as a function of time. Each back gate voltage (0 V, -80 V, and +80 V) were applied for 10 min. Raman spectrum
was obtained with low laser power (<1 mW) to prevent the oxidation. b) The diminished photothermal oxidation

enhancement effect under the constant back gating.

Appendix A.1.7 Contribution of electrochemical based reactions

Various reactive species can be formed under high electric field which could potentially
react with graphene and contribute to the additional oxidation of graphene. For example,

decomposition of CO2 had been demonstrated using non-thermal plasma; highly reactive radicals
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produced under high voltage allow thermodynamically unfavorable reaction in ambient
conditions.?’® When the electrical modulation used in this study was applied without laser, the
defect density of graphene remained same. As shown in Figure A.6, change in I(D) was negligible
after electrical modulation when the photothermal oxidation was avoided. This stability of
graphene suggests the increased oxidation reaction rate we observed in this study was not due to
the electrochemically triggered mechanism at ambient condition. In addition, the enhancement
effect was significant only under high frequency square wave, which minimizes the accumulation
of trapped species at the interface between graphene and dielectric substrate. We did not observe
clear electric modulation effect under DC voltage, which is expected to favor accumulation of
trapped species at graphene-dielectric interface. These results suggest that the oxidation was not

modulated by certain reactive species or trapped species produced by the electric field.
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Figure A.6 The effect of square waveform modulation on graphene Raman spectra were obtained before and after

the 2 h of back gating (x80 V, t =t = 0.5s) on the same location. Laser power was kept low (<0.5 mW) to prevent

the photothermal heating of graphene.
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Appendix A.2 Density functional theory (DFT) calculation

All calculations were performed with DMol® package?’* 22 using spin-polarized density
functional theory (DFT) and linear combination of atomic orbitals, which could provide more
accurate results of the effects of the charging and external electric field on graphene than those of
plane wave basis sets.?”® The generalized gradient approximation (GGA) with Perdew, Burke and
Ernzerhof (PBE) functional was employed as the exchange-correlation functional.?®® The effect of
long-range van der Waals (vdW) interactions based on the PBE method was included explicitly by
using the empirical correction scheme of Grimme.?’* The double numerical plus polarization
function was chosen for the basis set, and the real-space global orbital cutoff radius was set as high
as 4.6 A in the calculations. During the structural optimization, the convergence criteria in energy,
force, and displacement were set to be 10-° Ha (1 Ha=627.51 kcal/mol), 0.002 Ha/A, and 0.005 A,
respectively. Linear synchronous transit/quadratic synchronous transit (LST/QST) method?”® was
used to search the transition state (TS) geometries and nudged elastic band (NEB) method?’® was
also performed to confirm the transition states connecting the relevant reactants and products.
Periodic boundary conditions with a supercell of topological defected graphene with 126 carbon
atoms placed along x and y directions were chosen in the calculations. The vacuum layer thickness
of 16.0 A was considered to avoid the image interactions. The Brillouin zone integrations were
performed with Monkhorst-Pack scheme and a 3 x 3 x 1 k-point sampling for the geometric
optimizations and a 6 x 6 x 1 k-point were used to calculate the electronic properties. The external
electric field was applied along the z direction, which is taken as positive if it is parallel to z-axis
and vice versa.

The adsorption energy of oxygen molecules adsorbed on topological defected graphene

was defined as the following equation, where E4cr+no2, Eder and Eoz are the total energies of the
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O-adsorbed topological defected graphene, the isolated topological defected graphene and an O

molecule, respectively.

B = ( Eqcr-no, _(EdGr +nE,, ))/n

Appendix A.3 Micro kinetic model for Oz oxidation on graphene

a) The most favorable reaction pathway for oxidation of the first O> molecule on graphene
which is shown in Figure 3.9b and Figure A.7 is modelled as the following processes:

1. O, +dGr «— IS1-I
2. 1811 =& MSL-
3. MS1-1 —— P6

The adsorption of the first O. molecule on graphene, Reaction 1 (see Table A.2 for the numbering

of the reactions), is assumed to be in equilibrium as

k1 p (Oz ) gdGr = k—16)|31-|

k
—4 p(oz)‘gder = Klp(oz)edGr

‘9|51-| = k,l

where

—(AE, —TAS
K, :exp(— AGlJ:exp ( & 02)
KeT keT

6 is the fraction of graphene substrate i in all graphene substrates, AE; is the adsorption energy of
Oz on graphene, ASoz represents the entropy change involved in O adsorption and is equal to

-221.32 J/(mol-K) at 513 K.
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For Reaction 2 and Reaction 3, the rate constants ko, k-» and ks can be calculated based on

transition state theory as the following:

—AG? —(E,,—TAS;
k, = kEr‘]T exp[ kACT;z j: kﬁ;]T exp[ ( a’zk T : )J
B B

kgT

_AG? —(E, ,~TAS"
(kT exp( Asz:kBT exp( (E.2 z)J

and

h kT h KT

_AG _(E..—TAS?
A exp( AG3j:kBT exp[ (E.s 3)j

Ea2, Ea-2 and Ea are the activation energies of the forward and reverse reaction of Reaction 2 and
Reaction 3, contribution from AS%2, AS*-2 and AS73 are neglected as they are almost 0.

Next, the fraction of MS1-1 is calculated by the steady state approximation:

d 6.
% = KoOis1.1 =K 20us11 —KsOus1 =0
k k
0M51—| = - 2 Kl P (02 )HdGr

2 g -—_2
K, +k, 7 k,+k,
The sum of fraction of dGr, 1S1-1, MS1-1 and P6 should be equal to 1. Then, fps can be derived
from Oqcr:

edGr + 0|51-| + 9M51-| + HPG =1

kg kg (K, ks +k, ) K p(O,)
K., +Kk,

Hpe =1 edGr

The formation rate of ether P6 can be calculated at the conditions of T =513 K and P(O2) = 0.21

bar as the following:
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r - dbhs _ Kok

P6 — dt =R MSl-I:m

Kl p (Oz )HdGr

Opr = exp[— kK, P(O,) t]
k., +k;+(k, +k; +k,)K,p(O,)
I,; =0.0208exp(-0.0208t) s~ when F = 0 V/nm;
I,s =0.0416exp(-0.0416t) s when F = 0.514 V/nm;
s =0.107exp(-0.107t) s~ when F = -0.514 VV/nm.

and the maximum formation rate of P6 can be obtain when t = 0s:

Fog e = 0.0208 57 when F = 0 V/nm;
Fog e = 0.0416 57 when F = 0.514 V/nm;
Fog s = 0.107 57 when F = -0.514 V/nm;

Therefore, the apparent rate constant for the formation of P6 can be obtained at T = 513 K and
P(02) = 0.21bar:

kZ k3

Kaps = k. K, =0.0989s™ when F =0 V/nm:
Kyps =0.198 5™ when F = 0.514 V/nm;
K,ps =0.5115™ when F = -0.514 V/nm.

b) The most favorable reaction pathway for the reaction of the second O2 molecule on

graphene which is shown in Figure 3.9c and Figure A.9 is modelled as the following steps:
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4. P6+0, < IS-6lla

5. IS-6lla «—=— MS1-6lla

6. MS1-6lla «<<— MS2-6lla

7. MS2-6lla —~— MS3-6lla + CO,
8. MS3-6lla —— FS1-6lla + CO,

Here, the Reaction 4 is in kinetic equilibrium as
|(4 p(oz)‘gpe = k46IS—6IIa

‘9|s-6||a = K4 p (Oz ) gpa

_ —(AE, —TAS
B B

where AE4 is the adsorption energy of the second O, adsorbed on P6 and ASo> represents the

entropy change involved in the second O adsorption.

For Reactions 5-8, the rate constants ki can be obtained from equation below:

_AG —(E,, -TAS?
o _keT exp( AG, )z kT exp( (E., . )}

" h KT h kT

where E,;are the activation energies of the forward and reverse reactions of Reaction i, AS%j are
almost equal to 0.
By applying the steady state approximation, the fractions of intermediates MS1-61la and

MS2-6l1la can be calculated:

da,,... a +k .06 =
Ntlistl e = ksels-sna - k—50M81-6IIa k69M51-e||a k76 Ms2-6lla 0
da,,... a =
Ntlistz . kGHMsl.eua - k—69M52-6IIa - k70M52-6IIa 0
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0MSl-6IIa -

K (K +k k. (k. +k_
K k5+(k7k i)kk Is6lla =} k5+(k7k i)kk KiP(0:2) G
—57 —5"—6 6 7 -5 56 6 7

K.k K.k
I s O o = e K.p(0,)6
MS2-6lla k_5k7 + k_5k_6 + k6 k7 1S-61la k_5k7 + k_sk_e + k6k7 4 p( 2) P6

The formation rate of the first CO2 molecule can be calculated as the following:

_ 9ss61a

leo,1 = dt = _kngss-ena + k70M32—6IIa

C

HMSB—GIIa = m(kg - B - Ak8 exp(—Bt) + (AkS - k8 + B)exp(—kgt))

where

_ k., +ky +(k, +k; +k, ) K p(O,)

A
K, +k,
B — k2k3K1p(02)
k., +ky +(k, +k; +k, ) K. p(O,)
KKk
576 \7 K4p(02)

T Kk, + Kok + Kk,
Then, we can obtain the formation rate of the first and second CO» molecules:

ABC (Ak; —k; +B)

C
feo,1 = ﬁeXp(_Bt)_ kB exp (—kegt)
db.,.
leo, 2 = % = kservlss-eua
ACk C(Ak, -k, +B
rcw:C——ks_éexp(—Bt)+—( ki—Ei )exp(—kst)

Therefore, the overall formation rate of CO, molecules can be calculated at the conditions of
T=513 K and P(O2)=0.21bar:

Kekok
KoK, +k ok, +Kok,

rCOZ,S

=Teo,1+Tco,» =C — ACexp(-Bt)=C6,; = K.p(0,)6bs
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. (NS K,p(0,)[ 1- k,z+k3+(k2+k3+k72)K1p(02)6’dGr
25 Kok, + Kok o T Kok,

K, +k,
oo, s =5.10x10"°-5.10x10 exp(-0.0208t) s™ when F =0 V/nm;
oo, s = 6.43x107° —6.43x10° exp(-0.0416t) s~ when F = 0.514 V/nm;
Ieo, s =0.0128—-0.0128exp(-0.107t) s~ when F = -0.514 VV/nm.

and the maximum formation rate of CO- can be obtain when t—oo:

rCOz,s,max =5.10><10_3 S_l when F=0 V/nm;
rCOz,s,max = 6'43X10_3 S_l when F =0.514 V/nm;
oo, sme = 0-0128 57 when F = -0.514 V/nm.

The apparent rate constant for the CO» formation based on P6 can be obtained at T = 513 K and
P(O2) = 0.21bar:

kekok,
Kacos =1 Th kT k. e
577 + 56 + 6 7

Because of ke>>k.¢ and ke>> ks,

K, co,s = ksK, =0.0243 5™ when F = 0 V/nm;
K, co, =0.0306 5™ when F = 0.514 V/nm;
K,co, =0.06115™ when F = -0.514 V/nm.

In other words, the formation of CO, based on P6 is governed by the Reactions 4 and 5.
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Appendix A.4 Additional reaction pathways surveyed by DFT calculations
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Figure A.7 Three alternative reaction pathways Reaction pathways for the reaction of the 126-atom fragment of

graphene with one O to produce P2 or P3. The reaction pathway that produces P6 is also shown for comparison.
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to the right (Top panel) or the top (Bottom panel) of the ether group in P2.
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Figure A.9 Five possible reaction pathways of P3 reacting with the second Oz The O attacks the carbon bond to

the right (Top panel) or the left (Bottom panel) of the ether group in P3.
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Figure A.10 Four other reaction pathways of P6 reacting with the second O2 Here, the second O, attacks the

carbon atoms on the right (Top panel) or left (Bottom panel) side of the ether groups in P6. The black colored reaction

pathway that produces FS1-6lla is also shown on the top panel for comparison.
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Table A.1 O-O bond lengths (lo-o (A)) and mulliken atomic charges (Qoz (€)) The transition states 1S-1, 1S1-1

(Figure 3.9b) and 1S-6l1a (Figure 3.9c) in the presence of electric fields (\V/nm).

F=+0.514 F=0 F=-0.514
IS-1 lo-o 1.248 1.250 1.252
Qo2 -0.138 -0.154 -0.170
1S1-1 lo-o 1.246 1.248 1.251
Qo2 -0.136 -0.154 -0.170
IS-611a lo-o 1.247 1.248 1.249
Qo2 -0.142 -0.150 -0.159

Appendix A.5 Effect of electric field on the transition states

Figure A.11 shows the electronic local density of states projected onto O atoms of O
molecule and the C atoms which will react with the O atoms to form the peroxide-containing
intermediates in transition states TS1-1 (a) and TS1-61la (b) under applied electric fields. As shown
in Figure A.11 and Figure A.12, the O> molecule reacted with graphene mainly from the interaction
between C P; states and O, 1, and 17y states. In the presence of a negative/positive electric field,
it is clear that the O, 17 orbitals near the Fermi level for the TS1-1 structure are broadened, which
can be identified from the PDOS contribution of O, 1ry" orbitals at the Fermi level in the insert of
Figure A.11a. The 1my orbitals are also more involved with C P, orbitals, weakening the O-O bond.
Moreover, the hybridization between C P; and 1my states at ~-8 eV are enhanced to stabilize the

transition state. As compared to TS1-I structure, the overlapping between C P; and 1my states in
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the energy range from -3 to -8 eV for TS1-61la (Figure A.11b) is significantly enhanced though

the interaction between C P, and O, 1mg" states is slightly weakened at ~-0.5 eV.
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Figure A.11 Projected density of states (PDOS) of O and C atoms O atoms of O, molecule and C atoms below the

O atoms in transition states TS1-1 (a) and TS1-6lla (b) under applied electric fields.
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Figure A.12 Projected DOS and integrated DOS of O atoms and C atoms O atoms of O, molecule and C atoms

below the O atoms in transition state TS2-1 under applied electric fields.
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Table A.2 Effect of electric field on the oxidation rate of graphene

_ Electric Field | Ea Relative Reaction
Reaction
(V/nm) (kcal/mol) | Rate at 513 K
Reaction 1 0 1
+0.514 0.55
O, +dGr «—*— 1S1-I Ky 0
N -0.514 2.57
Reaction 2 0 11.54 1
+0.514 10.25 3.55
IS1-1 <& MS1-| k2
B -0.514 10.26 3.52
Reaction 3 0 10.65 1
+0.514 10.50 1.15
MS1-1 —<— P6 ks
-0.514 9.97 1.93
Reaction 4 0 1
+0.514 0.81
P6+0, <& I1S-6lla Ks 0
B -0.514 1.10
Reaction 5 0 14.39 1
+0.514 13.94 1.56
1S-6lla <= MS1-6lla Ks
B -0.514 13.55 2.30
Reaction 6 0 7.15 1
+0.514 7.35 0.82
MS1-6lla «—— MS2-6lla K
° -0.514 6.83 1.36
Reaction 7 0 7.03 1
) +0.514 7.18 0.87
MS2-6lla —— MS3-6lla+CO, | k;
-0.514 7.07 0.96
Reaction 8 0 42.84 1
) +0.514 42.38 1.57
MS3-6lla —=— FS1-6lla +CO, | ks
-0.514 42.32 1.66
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Furthermore, it can be readily identified that the significant redshift of C P, states and O>
Imy and 1mg” states in TS2-1 structure under a negative/positive electric field as depicted in Figure
A.12, which contributes to the stabilization of the transition state. The hybridizations which come
from the C P, states interacted with O, 17y" states at ~-2 eV and 1y states at ~-5 eV are enhanced.
From the above analysis, both negative and positive external electric field enhances the
hybridizations between C P; and Oz 1my and/or 1mg* states, which weakens the O-O bond and
strengthens the C-O bonds during the formation of peroxide intermediates and the subsequent ether
intermediates. Table A.2 lists the change of activation energy and corresponding calculated
relative reaction rate at 513 K under +/- 0.514 V nm of electric field for all 8 transition states in
the most favorable reaction pathway modeled in Appendix A.3. The highest activation barriers
(reaction 2 and 8 with the first and second O2 molecule, respectively) are sensitive to an external

electric field vertical to the graphene plane and discussed in section 3.3.5.
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Appendix B Supplementary Information on Enhanced Hydrogen Evolution Activity on

Strained Graphene

Part of this appendix is being prepared for supporting information of submission authored

by Min A Kim, Dan C. Sorescu, Shigeru Amemiya, Kenneth D. Jordan, and Haitao Liu.

Appendix B.1 Additional experimental data
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Figure B.1 Measured current density of HER with negligible background Time variation of the current density
under constant applied potential (-0.5 V vs Ag/AgCl).without any background subtraction (lower panel). Tensile strain
was applied (modulation sequence is shown in upper subpanel). Same tensile strain dependency of the current density
is shown without any background subtraction resembling Figure 4.20b in the main text. HER current increases under

tensile strain and decreases back upon the removal of strain.
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Figure B.2 Measured current density of HER under compressive strain Current measurement as a function of
time with constant potential (-0.5 V vs Ag/AgCl). Compressive strain was applied (modulation sequence is shown in
upper subpanel). Current was decreased slowly with compression(dotted red). Relaxing (positive directional strain

change) resulted in fast increase of current density.
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Figure B.3 Cyclic voltammetry (CV) on graphene electrode CV under different strain conditions in 0.5 M H,SOa.
a) Zoom-in CV near -1 V. b) Average change in current density at -1 V shown as a function of time with varied strain%

(0, 0.17, 0.25 %). All CVs were collected at scan rate of 0.1 V/s.
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Appendix B.2 Computational methods

Adsorption of H on bare and stretched graphene has been analyzed using plane-wave spin-
polarized DFT calculations with 3D periodic boundary conditions using the Vienna Ab Initio
Simulation Package (VASP).2’"27® The Perdew-Becke-Ernzerhof (PBE)?®° exchange-correlation
functional corrected to include long-range van der Waals interactions using the D3 method of

2" with Becke-Johnson damping?’® has been used together with projector augmented wave

Grimme
(PAW) potentials of Bloch.?8%28 The calculations also included dipole corrections as implemented
in the VASP code.?®? A cutoff energy of 1000 eV was used to expand the plane-wave basis set.
The adsorption energy per H atom was determined using expression Eads = [(NEH**E(siab))-
Eslab+nH%)]/n, where n represents the number of H* atoms adsorbed on the surface in the supercell
employed, Eian) is the energy of the isolated slab and Esian+nh) is the energy of the adsorbate/slab
system. In the case of adsorption energies referenced with respect to H in atomic form, Ew») is
taken to be the spin-polarized energy of a single H atom, while for adsorption energies referenced
relative to molecular Hz, E=) was taken to be ¥2 E(H2) for the optimized H2 molecule. Positive
adsorption energies obtained using the above formulas correspond to stable configurations.

The majority of calculations were performed using two different supercell models detailed
in Figure B.5. The first one (Figure B.5a) consists of a 5x5 hexagonal supercell with (ul,u2) cell
versors taken along zigzag crystallographic directions of graphene while the second model (Figure
B.5b) consists of a 5x3 orthogonal supercell with corresponding x and y cell directions taken along
the zigzag (x) and armchair (y) directions. In both cases, a vacuum width of 16 A in the direction
perpendicular to the graphene surface was used to minimize the interactions with adjacent slabs.

The dependence of adsorption energies on coverage was investigated using a set of hexagonal

supercells ranging in size from 2x2 to 8x8. For the 5x5 hexagonal and 5x3 orthogonal supercells
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a (7x7x1) Monkhorst Pack?® k-point grid was used to sample the Brillouin zone while for the
(2x2)-(8x8) set of supercells the k-point grid sizes were scaled as indicated in Table B.1.

The free energy changes corresponding to the hydrogen evolution reaction in acidic media
at different stretching values of the graphene sheet were evaluated by including zero-point energy
(ZPE), entropic and thermal corrections as detailed in Table B.2. Evaluation of ZPE corrections
was done by including contributions from the adsorbed H atom and from the bonding C atom and
its first and second nearest neighbors. The free energy of H* + e~ was taken to be that of %2 H, and

the free energy of adsorbed H* was evaluated with respect to energy of 1/2Ho.

Appendix B.3 Additional computational data

Supercell Model
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Hydrogen Coverage (ML)
Figure B.4 Variation with coverage of H adsorption energy on graphene Adsorption energy is evaluated in this
case function of energy of a single H, molecule, Eags = [(N/2)E2)+E slab)-Esiab+ni=]/n, where n represents the number

of H atoms adsorbed on the surface, E¢y) is the energy of optimized H, molecule, Esia) is the energy of the isolated

slab and Esian+ni+ is the energy of the adsorbate/slab system.
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Table B.1 List of Monkhorst-Pack k-point grids Grid values used in calculations for supercells of different sizes

on graphene surface.

Supercell k-point grid
2X2 16x16x1
3x3 10x10x1
4x4 8x8x1
5x5 7X7x1
6X6 5x5x1
7 5x5x1
8x8 5x5x1

Figure B.5 Supercell cells used in calculations (a) the 5x5 hexagonal supercell cell used in calculations to determine
the dependence of adsorption energy on lattice extension. Lattice extensions were taken along armchair
crystallographic directions (Zg,x) and (Zg,d), respectively. Relative to the (yOx) Cartesian system of axes used, (Zg,x)
direction is parallel to Ox axis while (Zg,d) is rotated by 60° relative to (Zg,x) direction. (u1,u2) denote the versor
directions of the hexagonal cell. (b) the (5x3) orthogonal supercell used to investigate lattice expansion along the

(Arm,y) direction, taken to be parallel to Cartesian Oy axis.
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Figure B.6 Variation of C-H bond under lattice expansion (a) r(C-H) bond distance and (b) v(C-H)stretcn Vibrational

frequency with lattice expansion along different crystallographic directions.
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Figure B.7 Variation of the workfunction for adsorbed H Adsorbed H atom on graphene in a (5x5) supercell at

different lattice elongations along (Zg,x) and (Zg,d) crystallographic directions.
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Figure B.8 Variation of C p-band center Upon lattice expansion along different crystallographic directions.
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Table B.2 Calculated free energies of H adsorption reaction The free energies of reaction, zero point energy

corrections, enthalpic and entropic contributions to the free energies.

H2(g) AZPE (eV) A Hyib 0-5298.15(€V) A (TS)(eV)
0.27284 0.08992 0.40309
a) Displacement along (Zg,x)
Lattice Disp. (%) | AZPE (eV) | A Hvibo20s.15(€V) | A (TS)(eV) AG (eV)
0.0 0.1288551 -0.0382633 -0.1914602 | 1.6986212
0.17 0.1293681 -0.0383686 -0.1916006 | 1.6974193
0.25 0.1294504 -0.0383537 -0.1915678 | 1.6962537
1.0 0.1309759 -0.0382496 -0.1913268 | 1.6817023
2.0 0.1332553 -0.0381588 -0.1911378 | 1.6555435
3.0 0.1350490 -0.0380830 -0.1910043 | 1.6235495
4.0 0.1365985 -0.0380098 -0.1908934 | 1.5881914
5.0 0.1378147 -0.0379238 -0.1907720 | 1.5501821
b) Displacement along (Zg,d)
Lattice Disp. (%) | AZPE (eV) | A Hvibos2es.15(€V) | A (TS)(eV) | AG (eV)
0.0 0.1288551 -0.0382633 -0.1914602 | 1.6986212
1.0 0.1337798 -0.0382072 -0.1912123 | 1.6607740
2.0 0.1372252 -0.0380713 -0.1909814 | 1.6000445
3.0 0.1402519 -0.0379687 -0.1908647 | 1.5266971
4.0 0.1426632 -0.0377748 -0.1905729 | 1.4441804
5.0 0.1450584 -0.0376154 -0.1903402 | 1.3551424
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Figure B.9 Variation of free energy AGn~ at equilibrium (U=0) For reaction * + H* + " <> H* on graphene and
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standard conditions under different lattice expansions along (Zg,d) direction.

Figure B.10 Variation of the free energy AGr~ with corresponding p-band center For reaction * + H* + - «> H*

on graphene at different stretching levels along (Zg,x) and (Zg,d) directions.
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