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Muhammad Ghassan Salim, Ph.D.
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There is a good understanding of surface chemistry in vacuum, but not for materials in real
environments. Fully understanding the surface properties of materials in ambient environment
plays an important role in realizing their potential applications toward other fields of chemistry.
This dissertation focuses on how the environment alters the surface chemistry and properties of
different materials. My work has three parts: graphitic carbon, rare earth oxides, and graphene
fibers. Various surface analysis techniques are utilized to investigate and characterize the relevant
surface properties of carbon and rare earth oxide materials and their contaminations due to
exposure in real environments. Results from such work is further used to probe and manipulate
the effect of surface chemistry on the adhesion chemistry of graphene fibers, ultimately changing

its respective mechanical properties.
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1.0 Introduction

1.1 Overview

In early 2016, a Nature survey of 1,576 researchers took a brief online questionnaire
consisting of reproducibility in research. This survey revealed that 70% of these researchers had
tried and failed to reproduce other scientists’ published experiments. When work does not
reproduce, it is assumed that there is a perfectly valid, and probably very simple, reason as to why;
however, it may be the case that the published results are incorrect. Even more so, incentives to
publish positive replications are low, and journals are even more reluctant to publish negative
findings. Several of the survey respondents who did publish a failed replication, stated that they
were forced to downplay comparisons with the original publication.! The question arises, if this
crisis is valid or if it’s just perceived by researchers as a fault due to mismanagement or the review
process.

The foundation of my work originates from an example of irreproducible results in
literature. In 2013, Li et al. revealed that a graphitic carbon surface is actually much more
hydrophilic than previously thought.? It had been initially believed that a graphene or graphite
surface is intrinsically hydrophobic, an observation which had been reproduced numerous times
in the past.®® However, Li et al. showed that a pristine graphene/graphite surface is much more
hydrophilic and only exhibits hydrophobic behavior upon exposure to the environment (e.g.,
ambient air).2 This was the first study to show that graphene and graphite are mildly hydrophilic
and become hydrophobic upon exposure to ambient air, due to the adsorption of airborne

contaminants. This result was then reproduced many times since its publication in 2013.1%% In



this specific case, the discrepancy and irreproducibility of data was due to a simple oversight in
the original published works. The issue being that the surface contamination by molecules in the
ambient atmosphere was not considered.

The research discussed herein was initiated through another example of published results
not being reproducible; the purpose being to highlight results involving rare earth oxides (REOs).
The fundamental processes studied through the REO contamination work was analyzed in further
detail on graphitic carbon, a substrate which was proven to exhibit a similar time-related
adsorption/contamination phenomenon. After completion of this work, the influence of
environmental exposure of graphitic carbon on its surface chemistry and adhesion is then used to
study the mechanical properties of graphene. The ultimate goal is to lead to understanding the

effects of gas-phase contaminant adsorption on different materials properties in real environments.

1.2 Fundamentals in Surface Adsorption

Phenomena taking place at a solid-gas interface is governed by specific and aspecific
interactions between the atoms at the solid surface and the molecules approaching the surface from
the gas. Adsorbed molecules may accumulate to form monolayer to multilayer structures on a

surface, depicted in Figure 1.



Gas Phase

+— Adsorbate

Adsorbed |
Multilayers Adsorbed
Monolayer

Substrate

Figure 1. Schematic of adsorption process of gas-phase adsorbates on the surface of a solid

material substrate.

Adsorption of probe molecules onto solid surfaces have been used to describe related
properties of many solid-gas interface systems. This is accomplished through the implementation
of various surface sensitive analytical techniques (e.g., spectroscopic, thermoanalytical, physical
etc.). Adsorption takes place at active surface sites, specific points on the solid surface which
possess an affinity toward the gas-phase adsorbate and occurs when this attractive interaction is
strong enough to overcome the disordering effect of thermal motion.1®17 In this sense, adsorption
is a spontaneous exothermic process, whether it be physisorption or chemisorption.6 18

Adsorption kinetics have been described through isotherms connecting characteristic
functions of the gas adsorbate, solid surface, and other environmental properties.” #1° However,
deviations from these models are observed in real systems due to many interactions unaccounted
for by such equations, including but not limited to: interactions between adsorbates, heterogeneous
surfaces, and changes to the chemistry of the adsorption sites.}”?° These deviations compound as
the composition of participating gas and surface components becomes more complex, where

competitive adsorption results in dynamic, time-related, changes on surface chemistry. In this



sense, the adsorption selectivity of surfaces in multi-gas mixtures changes over time of exposure
to the gasses—a function of energetic, kinetic, and steric adsorption considerations. Silicon wafers
have shown to exhibit such correlation and competition in bi- and multi-component gaseous
mixtures. This phenomenon can be related to ambient air conditions, where the number of gas

molecular components is greatly increased. 172122

1.3 Adsorbates in Real Environments

After an initial report by IBM researchers in 1990, which discussed the detrimental effects
of cleanroom airborne molecular contaminants(AMCs), the semiconductor industry began to
examine the damage and controls during related manufacturing processes.?>?* AMCs refers to
molecules in the air which lead to surface contamination. In accordance with ISO 14644-8, the
classification of these contaminants are molecular substances in the gaseous or vapor state that
may have deleterious effects on products, processes, or equipment in a cleanroom or controlled
environment. One constituent of this group is volatile organic compounds (VOCs).

The term VOCs covers a broad spectrum of saturated, unsaturated, and other substituted
carbon molecules. In a laboratory, or cleanroom, the organic compounds which may be present in
the atmosphere typically originate from multiple sources such as chemical solvents, pump oil
vapor, or even the outgassing of building materials.>>2?° As an example, the concentration of
plasticizer emission from vinyl flooring is on the pg/m® (ppb) level. The majority of VOCs found
in a laboratory or cleanroom environment have been measured to be in concentration range of ppt
to ppm.2”-2  The quantity of organic compounds outgassed from materials is dependent upon

surface area, outgassing time, surface and atmospheric chemistry, and other environmental
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properties (e.g., pressure, temperature, etc.). Ultimately, the particular exposure conditions of a
pristine surface to AMCs influences composition and dynamics of surface contamination.t’
Characterization of these contaminants is of upmost importance in order to understand their effects

and implications towards surface-sensitive applications of materials.

1.4 Characterization of Surface Contaminants

This section will briefly discuss the general operation principles and interpretations of data
for surface characterization techniques used in my studies. The specific measured influences of
contamination by these related surface-sensitive techniques are discussed further in later sections
(2.0; 3.0), with a focus on the purpose for which they are being implemented. The techniques
discussed include water contact angle (WCA), spectroscopic ellipsometry, and photoelectron

spectroscopy (PES).

1.4.1 Water Contact Angle

To study the surface energy of a material, WCA measurements are applied to describe a

surface as hydrophobic or hydrophilic. When a drop of water deposited on a solid it will contact

the substrate in a disc of radius £. As shown in Figure 2, at the edge of the droplet there is an

observable angle 0, which arises from interactions at the solid, liquid, and vapor interfaces. The

Young’s equation is used to determine the static equilibrium of these interactions (Eq. 1), where



the equilibrium contact angle 6 is determined by the liquid-solid interface energy Ys., the solid-

vapor interface energy Ysv, and the liquid-vapor interface energy ysi, depicted in Figure 2.39-3!

Yiv

29 0 Ysv
VsL

Figure 2. Contact Angle. Schematic of the forces taking place on a droplet of water residing on a

surface, which play a role in determining the resulting contact angle 6.

Equation 1. WCA

cos(0) = Ysv — YsL
YLv

Generally, when a liquid droplet is placed onto a solid surface, its behavior depends on the
adhesive forces between the liquid and the surface. For a hydrophilic surface, the adhesive forces
are attractive so that the liquid drop is pulled toward the surface and spreads out to increase the
contact, resulting in a small water contact angle (< 90°). In contrast, a hydrophobic surface usually
shows repellent forces towards the water drop, which beads up (> 90°) in order to minimize its

contact with the solid surface.



1.4.2 Spectroscopic Ellipsometry

Spectroscopic ellipsometry is a well-established optical technique for the determination of
optical constants and thickness of thin films. Due to its surface sensitive and non-destructive
properties, this technique has been widely used in many application fields such as semiconductor,
photovoltaics, optoelectronics, biotechnology and surface coatings, etc.®?

In ellipsometry, p- and s-polarized light waves are reflected from a sample surface. Two
values are ultimately measured by this technique, (y, A) which represent the amplitude ratio y and
phase difference A between the p- and s-polarizations. The amplitude ratio v is characterized by
n (refractive index), while A represents light absorption described by k (extinction coefficient) or
the absorption coefficient a. The ellipsometry parameters (y, A) are defined by the amplitude

reflection coefficients for p-polarization (rp) and s-polarization (rs), Eq. 2.32%3

Equation 2. Ellipsometry

gl
I

p = tan(P) e =

Thus, the two values (n, k) can be determined directly from the two ellipsometry

parameters (y, A) obtained from a measurement. In other words, in ellipsometry, the optical

constants (n, k) are determined by characterizing the polarization change upon light reflection.®*
33

In this work, ellipsometry is applied to detect the accumulation of airborne AMCs

adsorbing onto a surface, which is usually in the sub-nanometer range. This technique enables a



nondestructive, efficient and highly sensitive detecting over an extended time scales to visualize

AMC adsorption.

1.4.3 Photoelectron Spectroscopy

PES has been established as one of the most important and extensively used methods to
study the electronic structure of molecules, solids, and surfaces by  providing atomic and
molecular information on a surface. With regards to VOC contamination, PES is used to detect
and quantify the atomic presence and related molecular bonding chemistries of associated
contaminants. Adsorption of VOC contaminants onto a surface is associated with a detectable
increase of electron counts at binding energies associated to carbon and/or oxygen, the primary
elemental components of VOCs.

During PES, photons from a monochromatized radiation source are directed towards a
sample, whereby photoelectrons liberated by the photoelectric effect are analyzed with respect to

emission angle and kinetic energy by an electrostatic analyzer through Eq. 3.34%

Equation 3. PES

Ep, = hv—Ey, — ¢

Where the Ep, is the binding energy of an emitted photelectron, hv is the photon energy, Exin
is the kinetic energy of the emitted photoelectron, and ¢ is the work function associated with the
sample surface. In a laboratory setting, a wide range of photon energies can be used for
photoexcitation. The two different excitation sources utilized in my work (40.6eV, He Il and

1486.6 Al-Ka) in order to selectively target either valence or core electrons, each providing

8



different depth, atomic, and bonding information. A schematic of the principle setup of a

photoelectron spectrometer is shown in Figure 3.34%

analyser

photon
source

A\

sample detector

Figure 3. Monochromatic photons with energy hv and polarization (A is the vector potential of the
electromagnetic field) hit the sample surface at an angle w with respect to the surface normal. The
kinetic energy Exin Of the photoelectrons can be analyzed by use of electrostatic analyzers as a
function of the experimental parameters (e.g. emission angle (0, ¢)) the electron spin orientation
o, or the photon energy or polarization. The setup is evacuated to ultra-high vacuum (UHV),

typically at a set point of 1x10~'° mBar.



1.5 Contamination Effects on Surface Related Applications

On the broad scale of adsorption, control and cleanliness are the primary concerns. This is
especially the case in the semiconductor industry—where performance, reliability, and fabrication
processing are all significantly impacted by even extremely low levels of surface contamination.
The magnitude and kinetics of this contamination-induced surface property alteration is sensitive
to the chemical nature and compositions of the substrate, adsorbates, and the environmental

properties.

1.5.1 Effects of Airborne Contamination on Graphene/Graphite

It is well known that surface adsorption of airborne contamination, particularly VOCs,
increases its relative hydrophobicity, which is measured by an increased WCA. For
graphene/graphite this occurs within seconds of air exposure.? This behavior has also been
observed to occur for many other metal oxides and metals, although the exact timescale of WCA
evolution changes between materials.3 Given the rapid kinetics of the airborne contamination, it
should then be expected that a wide range of surface properties would also be affected by this
phenomenon. Any interfacial properties that are dependent upon the surface energy, dielectric
properties, or chemical reactivity have the possibility of being influenced by the
airborne adsorbates.

Zou et al. showed that freshly exfoliated highly oriented pyrolytic graphite (HOPG) has a
higher double layer capacitance (6.0 pF/cm?) than that of HOPG aged in air for 24 h (4.7 pF/cm?).%
Hurst et al. also showed that exposing a freshly exfoliated HOPG surface to ambient air and 1-

octadecene vapor (ca. 1 ppm) caused a ca.30% and 70% decrease in its double layer capacitance,
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respectively.®®  Studies on the heterogeneous electron transfer rates of chemical vapor
deposition(CVD)-grown graphene can be very high if fabricated without using conventional
polymer transfer techniques. The rate constants are 2-3 orders of magnitude higher than those
fabricated with poly(methyl methacrylate) PMMA for graphene transfer. This is attributed to the
presence of surface contaminants (residual PMMA).>*® Nioradze et al. showed that the
electrochemical activity of HOPG basal plane surface can be significantly lowered, 3-6 orders of
magnitude, by the adsorption of organic contaminant impurities from both air and ultra-pure
water.*® Although the effects of these contaminants have been studied, there has been no thorough
study of the adsorption kinetics or composition. Therefore, it is of great interest to fully
characterize the coverage and chemical nature of this airborne surface contamination, since the
composition of contamination plays a key role on sensitive surface measurements. This is

presented in section 3.0.

1.5.2 Implications of Surface Adsorbates on Mechanical Properties

Carbon nanotubes (CNTSs), which can be structurally compared to rolled graphene sheets,
and when dispersed in polymer or metal matrices, have been shown to reinforce and enhance the
mechanical properties of the matrix in which displaced.** However many of these reinforcement
prospects are limited by restrictions that arise from the fabrication process of the nanofibers. 4248
One example of these restrictions are the low surface-to-volume ratios, which is a result of
inaccessibility to the inner walls of the nanotubes. These interactions prevent access to the
interlayer space within the nanotube, limiting elasticity and strength.** One symptom of this
inaccessibility is poor dispersion and high aggregation in polymer matrices, which has been
observed for multi-walled carbon nanotubes (MWCNTS) in epoxy matrix.*
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Smaller diameter CNTs have increased interlayer spacing, due to repulsive forces
encountered via increased curvature. The Van der Waals forces between CNT layers in MWCNTS
result in inward force on the center-most tubes, which leads to a small critical axial strain, when
compared to the single-walled carbon nanotube (SWCNT) variant. Additionally, a common defect
in MWCNTs is the capping of its ends. This defect prevents access to the intra-layer space between
the CNTs, which typically leads to a decreased overall strength due to poor load transfer between
layers (since it is inaccessible to additives, such as a polymer matrix).*1#2 4 Access to the
intralayer spacing is also vital for maximizing elasticity by reducing intralayer interactions, such
as VDW forces.

Comparisons of bending stiffness and in-plane stiffness values between SWCNTs and
MWCNTSs species led to important conclusions about the effect of added layers on nanotube
strength. The in plane bending stiffness, or resistance to bending, of a CNT increased as the number
of nanotube layers increased.”>*®  Additional tensile strength measurements of MWCNTSs have
implied a flexibility which is improved by a reduction in the interactions between multiple CNT
layers. In this sense, the optimization would be to use a single layer of graphene, since graphene-
graphene interactions could be decoupled quite easily since there is easy access to the entire surface
area. Preventative measures could be taken to block these interactions, leading to an increase in
the measured elastic modulus. It has been shown that the elastic modulus of graphite reduces as
the number of graphene layers increases, which is attributed to an increase of the total layer
interactions.%%-5!

Preventing these interactions, through the incorporation of a contaminant material (e.g.,
polymer), between interacting areas of the surfaces, has shown to improve the properties of CNTSs.

The resulting composites have exhibited combination properties of both carbon additive and

12



matrix. Section 4.0 explores the mechanical properties of a graphene related to layer adhesion

issues. This is done by the use of mechanical tensile tests, which is explained below.

1.5.2.1 Tensile Tests

Generally, a tensile test involves subjecting a sample material to tension. The specific type
of tensile test used in my work is uniaxial tensile (UT) testing. A simple picture of this is shown
in Figure 4, where an axial tension is applied to a mounted specimen by a servo or motor. As the
force (F) is increased (measured by the load sensor), axial displacements can be measured by the
camera/microscope. This method can ultimately be used to determine a material’s elastic modulus
(E, resistance to elastic deformation) and tensile strength (o, the maximum amount of tensile stress

a material can take before failure).

Load Sensor . Servo
Specimen
. o ——
Axial
— Movement
/// —5F

Camera/Microscope 4 L (A
II_

Figure 4. Schematic of a UT testing setup.

As a UT test is performed, the forces measured by the load sensor can be plotted against the
axial displacements (AL) of the specimen, until the sample breaks at Fmax. This generates a F- AL

plot. An example of one is shown in Figure 5, where K is the slope of the linear portion.
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Figure 5. Example of an F- AL plot for a UT test. Fmax corresponds to the force at which the

specimin breaks

This plot can then be used to calculate E and oy of the through equation 4, where L is the initial

length and A is the axial cross-sectional area of the sample.

Equation 4. Elastic Modulus and Tensile Strength

KL Fpox
—a 9T g4
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Similarly, a stress (c)-strain(€) curve is often used in material science to represent this data.
Where o is the instantaneous force per area and ¢ is the normalized instantaneous axial
deformations during testing, Equation 5. In this case, the linear slope of the stress-strain curve is

E, the elastic modulus.

Equation 5. Stress and Strain

L _ _ AL
o= ,e-L

break
Op p-—————= ——--

1
1 E: modulus
. ] slope of the linear portion

&

Figure 6. Example plot of stress-strain curve, where E is the slope of the linear portion.
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2.0 Hydrophobicity of Rare-Earth Oxide Ceramics

2.1 Chapter Preface

Modified segments of the materials in this chapter were submitted as a commentary to Nature

Materials.

List of Authors: Muhammad Salim, Feng Zhou, Haitao Liu

Author Contributions: M.S. and H.L designed and directed experiments. M.S. and F.Z.

conducted the experiments. All authors discussed results and M.S. and H.L. co-wrote the

manuscript with input from all authors.
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2.2 Background

Many applications require materials that are both intrinsically hydrophobic and robust to
harsh chemical environments.®> The current technology in hydrophobic coating is limited to
organic materials that are easily degraded. A study by Azimi et al. suggested that REOs are
intrinsically hydrophobic because their electronic structure prohibits their bonding with interfacial
water.* This is a potentially transformative discovery because metal oxides are much more robust
than organic coatings and therefore could be used in a much wider range of applications.

Research contained herein was the first submitted work to show that the REO samples used
in Azimi et al. are likely contaminated by airborne VOCs and such unintentional contamination
contributed to their reported hydrophobicity of REO. Our data further showed that a
contamination-free REO surface is hydrophilic. Measurements were performed on REO foils and
wafers, the latter of which were provided by the researchers from the initial publication, Professor
K. Varanasi’s group.

The initial submission process of this work to Nature Materials required correspondence
with Prof. K. Varanasi, to discuss the possible role of airborne contamination on the reproducibility
issue for REO data. During this correspondence, a separate study came to similar conclusions as
ours.> Since then, other independent reports had also arrived to similar conclusions, and

challenged the findings of Azimi et al.>>®°

2.2.1 Hydrocarbon Contamination in Azimi et al.

VOCs originate from both natural and anthropogenic sources (e.g. incomplete

combustion) and their concentrations are typically range in the parts-per-trillion to parts-per-billion
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level.®® Airborne hydrocarbons are known to adsorb onto a wide range of surfaces (e.g., Au, TiOz,
SiO,, and graphene) to result in a universal increase of their WCA and hydrophobicity.®* The
magnitude and kinetics of this contamination-induced wettability change is sensitive to the
chemical nature of the substrate and the local environment. e.g., the contamination takes hours to
occur on SiO2 but only minutes for Au.b%%® As a general rule, one should assume that a high-
energy surface is contaminated unless proven otherwise.

Previous studies have shown that REO is a high-energy surface. Taking CeO2 as an
example, multiple experimental measurements and theoretical calculations have reported its
surface energy to be around 1 J/cm?2.%+% This value is characteristic of a high-energy (i.e.,
hydrophilic) surface. As a comparison, the surface energy of graphite is about 20 times smaller
(ca. 55 mJ/cm?).%” These results are expected given the high melting point of REOs (e.g., m.p. of
CeO> is 2400 °C), which is indicative of high lattice energies of these materials. Given this rich
literature precedence on the hydrophilic nature of the REOs, it is surprising that Azimi et al.
observed hydrophobic behavior on these materials.

We suspect that hydrocarbon contamination may have occurred on the REO samples used
in Azimi et al. In that study, the REO samples were stored in a vacuum desiccator before their
wettability was tested. Storing samples in a vacuum desiccator could expose them to high level of
hydrocarbon emission from vacuum grease, plastic parts (e.g., rubber vacuum hose), and back-
diffused pump oil vapor. Although low carbon contents were reported by XPS data in Azimi et al.,
such XPS data were collected after the REO surfaces were cleaned by Ar* sputtering and therefore
do not support the absence of hydrocarbon contamination.

We could not experimentally verify the degree of sample contamination in Azimi et al. The

details of sample storage condition (e.g., storage time, vacuum source, and vacuum level) were not
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documented in Azimi et al.; attempts to obtain such information from Dr. Varanasi were
unsuccessful. However, as will be shown below, hydrocarbon contamination even occurs on
samples stored in a UHV environment. In addition, a recent paper from Varanasi group also
reported ca. 12% of carbon contamination on a CeO, sample after its storage in a vacuum
desiccator.®® Therefore, it is likely that hydrocarbon contamination have occurred on the REO
samples used in Azimi et al. and such contamination may have contributed to the hydrophobic

behavior they observed on these samples.

2.3 Methodology

2.3.1 XPS

XPS measurements were taken with a Thermo Scientific™ ESCALAB 250Xi. The X-Ray
source was monochromatic and generated using an Al-Ka anode (hv=1486.6 eV). The spot size
was 0.4 mm with a takeoff angle of 45°. A minimum of 10 scans were performed, with 50 eV pass
energy, for each measurement, and analyzed with Thermo Scientific™ Avantage Data System
software. Thermally annealed samples were immediately transferred from the annealing furnace
to the XPS chamber using a sealable glass container in order to prevent possible adsorption of
airborne contaminants. Before transport, the glass container was cleaned with UV-Ozone for 20
minutes and flushed with pure N2 gas in order to ensure minimal hydrocarbon contamination from
the inside surface of the glass. It is important to note that glass joint grease was avoided, as to
prevent possible airborne contamination within the transfer container. Transport time of the sample

to the XPS preparation vacuum chamber was kept below 5 minutes, with the sample only being in
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the XPS preparation at atmospheric pressure for less than one minute before vacuum pumping.
XPS measurements were taken after 10 minutes of vacuum pumping. This method provided
minimal air exposure to the sample, reducing possible sources of airborne contamination.
Samples aged in UHV were accomplished by storing the samples in the XPS analysis
chamber. UHV pressure during storage was at 7 x 10°° Torr, with the pressure reducing to 3 x 10-

8 during measurements.

2.3.2 Water Contact Angle

WCA measurements were conducted using a VCA Optima XE contact angle system at
room temperature (22 °C). Water droplets were 2 ul in size and suspended on the tip of a needle.
The sample surface was raised up to carefully touch the bottom of the water droplet. Static contact
angle measurements were calculated using the VCA Optima XE software with images the captured
by a CCD camera. Each measurement was repeated three times and the average value was reported.
REO samples were stored in UV/O3 cleaned glass vials open to the air and positioned horizontally

to minimize any particles from landing directly onto the sample surface.

2.3.3 Surface Morphology Characterization

Four samples of CeO: thin film on Si wafers were analyzed using optical microscopy and
atomic force microscopy (AFM). One sample was left as-received, while the other three were
annealed at 300 °C, 500 °C, and 800 °C. Samples were annealed for 45 minutes at the desired

temperature, with a 10 (300 °C), 15 (500 °C), and 20 minutes (800 °C) ramp period, respectively.
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2.3.3.1 Optical Microscopy
Optical images were taken using an optical microscope (AmScope) equipped with a digital

camera.

2.3.3.2 Atomic Force Microscopy
The AFM measurements were taken using an Asylum MFP3D AFM in AC Air Tapping
Mode using silicon tips with a resonance frequency of 320 kHz. Analysis was performed using the

vendor-supplied software.

2.3.4 Effect of VOC Contamination on the Wettability of Gd20O3 and Dy203

The wettability of Gd>0Os and Dy.0O3 surfaces was studied as a function of their surface
chemistry. For these experiments, we oxidized a metal foil to produce the corresponding metal
oxide substrate. We note that unlike Al2Os3, the oxides of Gd and Dy do not provide long term
protection for the underlying metal from reacting with water. However, during the course of the
WCA measurement, which only lasts several to several tens of seconds, we did not observe any
reaction between water and the substrate.

The WCA of an as-received Gd foil, which is covered by a native Gd.O3 layer, was 97°
(Figure 7a). To remove any possible adsorbed hydrocarbons on the surface, Gd foils were annealed
in air at 1050°C for 40 minutes (with 20 min ramp); in addition to removing the adsorbed
hydrocarbon, the high temperature treatment also oxidized additional Gd to Gd20s. Immediately
after the annealing, the sample exhibited super-hydrophilic behavior, giving a WCA of 0° (Figure
7a, measured within 2 min of annealing treatment). However, upon exposure to ambient air, the

WCA gradually increased over time and plateaued at ca. 84° after 10 hours (Figure 7a-b). Similar

21



change of wettability was also observed on Dy.O3z samples: a Dy.Os surface showed 0° WCA
immediately after annealing at 1050°C and the WCA increased to 66° after 12 hours of exposure
to ambient air. To verify that it is airborne hydrocarbon that is responsible for the observed wetting
transition, 1-octadecene (C1sHzs, ODE) vapor was introduced to a freshly annealed Gd>O3 sample.
The time evolution of the WCA increase was drastically accelerated (Figure 7b inset).

The surface contamination by airborne hydrocarbons was further verified by XPS. For
these experiments, a Dy foil was annealed in air at 1050°C for 1 hour to form a thin layer of Dy>0O3.
Upon removal from the annealing chamber, the foil was transferred to an XPS instrument as
described above. Figure 4c shows the C1s and Dy4p3 region of the XPS spectra. As can be seen,
the carbon peak increased after exposure to ambient air. The C : Dy atomic ratio was 1: 32 in the
freshly annealed sample and increased to 1 : 8.9 after exposing to air for 2 months. To verify that
the carbon peak was indeed due to the adsorbed hydrocarbon on the surface, the surface was
sputtered with Ar* ions; we observed an immediate disappearance of the C1s XPS peak (Figure

7c).

22



97°

1050°C . 0° Ambient Air 84°
—_— >
lhr - _ 20 hrs
__‘_ﬂ——-—

D 100 ~=-Gd,0, c
. C Dy
~—~ 80' —
L { = ODE saturated S sputtered
> < 80{ -+ Lab Atmosphere d
e g% = aged
< 40+ Q a0 n
g S 2 g
O 1 +—

= 201 S =

R \/‘ .\\\\fi(-;\.sﬁh

00 05 10 15 20
01 Time (Hour) *-""/
0 10 20 30 40 50 280 290 300 310
Time (Hour) BE (eV)

Figure 7. a. Effect of thermal annealing and air exposure on the wettability of a Gd>O3 substrate.
b. WCA of Gd20Os3 substrate as a function of air exposure time. The inset shows the effect of ODE
vapor on the time evolution of the WCA. c. XPS spectra of fresh, aged (2 months), and Ar* ion

sputtered Dy.O3 substrate.



2.4 Effect of Hydrocarbon Contamination on the Wettability of CeO2

We have studied the correlation between surface cleanness and wettability of CeO2. The
CeO, sample was donated by Varanasi lab; it was deposited by sputtering on a silicon wafer and
stored in air for several weeks prior to our analysis. When received, the sample gave a WCA of
98.7° and XPS (Al-Ka, hv=1486.6eV) analysis showed that there was relative atomic ratio of
21.9% Carbon on the surface. Similar high carbon content was also found when analyzing CeO-
and Dy,0O3 samples prepared by oxidation of metal foils and air aging. We note that the XPS
measurement only sets a lower bound of the hydrocarbon contamination because certain adsorbed
hydrocarbons may desorb in high vacuum. Overall, these results indicate that REO surfaces are
capable of adsorbing significant amount of hydrocarbon from air.

To obtain a hydrocarbon-free CeO surface, we thermally annealed the sample to oxidize
the adsorbed contaminants. We found that annealing the sample at 300 °C resulted in incomplete
removal of hydrocarbon while annealing at 800 °C produced crack lines in the sample (Figure 8).
For the sample annealed at 500 °C for 45 minutes, no crack or damage was observed by optical
microscopy and AFM. For this sample, a carbon content of 4.75% was measured by XPS and the
WCA data measured immediately after the annealing was 0° (Table 1 #2; Figure 8). After stored
in ambient for 24 hours, its carbon content increased to 9.82% and WCA increased 56.3°; after 2
weeks, the carbon content and WCA ultimately reached 12.9% and 65.6°, respectively (Table 1
#3-4; Figure 8). This result shows that the CeO- surface is hydrophilic after removing hydrocarbon
contaminants; re-adsorption of hydrocarbon from air results in an increase of its hydrophobicity.
Similar observations were also made using Gd>O3 and Dy>O3 samples prepared by annealing the

corresponding metal foils in air (See Sl for details).
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Because thermal annealing could introduce stress on surface, we also evaluated the effect
of surface relaxation on the wettability. In this experiment, a sputtered CeO> sample was thermally
annealed (500 °C, 45 min) and then stored in an ultra-high vacuum (UHV) chamber (7x10%° Torr)
for 24 hours to relax the surface. The surface carbon content increased slightly (from 4.75% to
7.01%) during the UHV aging, likely due to the adsorption of residual hydrocarbon in the UHV
chamber (Table 1 #5; Figure 8). The WCA measured immediately after the UHV aging was 33.1°.
Further storage in ambient air resulted in an additional increase in the WCA, reaching 65.8° after
2 weeks (Table 1 #6; Figure 8). This data shows that surface relaxation, if any, does not

significantly impact the wettability of CeO..

Table 1. WCA and surface carbon content of CeO> samples

Sample # Treatment Conditions WCA (°) |% Carbon
1 As received CeO: thin film on Si wafer 98.7 21.9
2 Thermal annealed CeO2 samples at 500 °C 0 4.75
3 Sample 2, aged in air for 24 hr 56.3 9.82
4 Sample 3 after an additional aging in air for 2 weeks 65.6 12.9
5 Sample 2, aged in UHV for 24 hr 33.1 7.01
6 Sample 5 after an additional aging in air for 2 weeks 65.8 12.8
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As-Received 300°C Annealing | 500°C Annealing | 800°C Annealing

Figure 8. Optical micrograph (top; scale bar: 50 um), AFM (middle; scale bar: 2 um), and WCA
measurements of CeO, samples. Surface cracks in CeO; film were only observed in sample
annealed at 800 °C. The difference in the color is due to variation in the thickness of CeO> and
changes in the underlying silicon; pink to green color variations were seen on the as received,

untreated sample.
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2.5 Additional Evidence of Gydrocarbon Contamination in Azimi et al.

We note that Azimi et al. also conducted thermal annealing experiments; however, they
observed that the hydrophobicity of REO was maintained after such treatment.>® For example, the
authors coated CeO> film onto silicon microposts and after annealing in air at 500 °C for 2 hours,
they observed significant damage on the CeO: film. Despite such damage, a WCA of 125° was
observed by Azimi et al., in stark contrast to the 0° value reported here. We believe that the
difference in the results again suggests that the samples used by Azimi et al. were contaminated
by airborne hydrocarbon. In our work, hydrocarbon contamination was minimized by measuring
WCA immediately after the annealing treatment.

Additionally, immediately after the initial submission of this comment, Varanasi lab
reported another study in which showed that a freshly prepared CeO sample is hydrophilic (WCA
= 15°).%8 They also observed ca. 12% of carbon contamination on a CeO, sample that has been
stored in a vacuum desiccator; this sample gave a WCA value of 104°. However, the authors
attributed the hydrophilic behavior to high surface O/Ce ratio (~ 3.0) and the hydrophobic behavior
to close to stoichiometric O/Ce ratio (~2.2). In contrast, in our work, hydrophilic behavior was
observed even on samples with O/Ce ratios close to ~2.2. For example, the thermally annealed
sample (Appendix Alb) gave an O/Ce ratio of 2.1 and a WCA of 0°. For the sample that was
thermally cleaned and 24 hr UHV aged, an O/Ce ratio of 2.3 and 7.0% of carbon was observed
(Appendix Alc); this sample gave a WCA of 33°.  The positive correlation between surface

contamination and WCA is exemplified in Figure 6.
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Figure 9 Correlation between surface contamination and WCA a. Time evolution of WCA of a

CeO, sample after thermal annealing. The sample was exposed to ambient air either immediately

after the annealing (black) or after annealing and storage in UHV for 24 hr (red). b. C1s and Ce4s

XPS peaks of CeO. samples: as received (black), thermally annealed (red), annealed and aged in
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2.6 Conclusions

In summary, our data as well as recent data from Varanasi lab strongly suggest that the
REO samples used in Azimi et al. were unintentionally contaminated by airborne hydrocarbon.
This contamination casts doubt on their claim that REOs are intrinsically hydrophobic because
such hydrophobicity could be attributed to the adsorbed hydrocarbon. Our data further confirms
that REOs are indeed intrinsically hydrophilic and become hydrophobic due to the adsorption of
airborne hydrocarbons. Since the initial revision of this work in 2014, other independent reports
had also arrived to similar conclusions as ours, and challenged the findings of Azimi et al.>*°
Collectively, these evidences suggests that the performance of REO-based hydrophobic coatings
will depend on the presence of hydrocarbons in the environment and may be negatively impacted

if the adsorbed hydrocarbons are removed by thermal or oxidative (e.g., UV/O3) processes.
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3.0 Dynamics of Airborne Contamination of Graphite as Analyzed by Ultra-Violet

Photoelectron Spectroscopy

3.1 Chapter Preface

Sections of the material in this section was part of a research article published in the Journal of

Electron Spectroscopy and Related Phenomena.

List of Authors: Muhammad Salim, Justin Hurst, Michelle Montgomery, Nathan Tolman, Haitao
Liu

Author Contributions: M.S. and H.L. designed and directed experiments. M.S., J.H., M.M., and

N.T. conducted the experiments. All authors discussed the results and M.S. and H.L. co-wrote the

manuscript with input from authors.
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3.2 Introduction

Until recently, graphitic carbons, such as HOPG had been considered intrinsically
hydrophobic surfaces. However, Li et al. showed that a freshly exfoliated HOPG surface increases
in hydrophobicity after exposure to ambient air for only a few minutes. This phenomenon is due
to the adsorption of airborne contaminants. The time-dependence of the surface contamination
processes have been studied and reported previously.? 8970 These adsorbed molecules are primarily
VOCs and form a surface contamination layer—the thickness of which evolves over time,
increasing and plateauing to about 0.55 nm within an hour of air exposure, for HOPG.? % Beyond
HOPG, studies have also shown similar surface contamination to occur on a wide range of surfaces
(e.g., Au, TiO2, SiO,, and graphene)—resulting in a universal increase of their WCA 212269

A hydrocarbon-contaminant-free graphite surface behaves very differently from that of
contaminated ones. It is of great interest to fully characterize the coverage and chemical nature of
the surface contamination on graphite, especially since composition influences surface behavior.?
40.71-74 Eor example, the heterogeneous electron transfer rate from HOPG to solution redox couples
increases by at least 2-3 orders of magnitude when the surface was made clean.*® The double layer
capacitance of graphite could decrease by up to 70% upon airborne contamination.® Surface
cleanness also impacts interfacial chemical processes, such as atomic layer deposition (ALD) of
metal oxide on graphene/graphitic surfaces. In these processes, the nucleation event is sensitive to
polar structures, such as defects and step edges of graphite as well as polar functional groups of
adsorbed contaminants from ambient.”® These results are consistent with the expectation that
even a monolayer amount of contaminants should impact surface sensitive properties.

There have been many efforts to characterize the airborne-hydrocarbon contaminations on

graphitic substrates. For example, Kelvin probe force microscopy (KPFM) was used to study
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adsorption of polyaromatic hydrocarbons on graphite in a vacuum chamber.”” High resolution
AFM has recently shown the presence of well-ordered airborne contaminants on graphite stored
in ambient conditions.”® We and others have also used XPS, Fourier-transform infrared
spectroscopy (FTIR), and ellipsometry to study the intentional adsorption of organics as well as
unintentional airborne and waterborne contamination of graphene and graphite. 2% 38 71. 7980,

Despite these progresses, there is still very limited understanding of the chemistry of the
contaminants, especially at the early stages of contamination. For example, the main challenge for
characterization by XPS is the extensive overlap in the C1s spectral region of carbon in different
chemical bonding states, making traditional peak fitting extremely challenging for detecting
adventitious carbon contamination on carbon surfaces. FTIR can provide significant chemical
information but suffers from poor time resolution and low sensitivity at low surface coverage. In
addition, due to the conductive nature of HOPG, the surface selection rule makes it challenging to
detect the IR modes that have their dipoles parallel to the surface. SIMS provides rich chemical
information but is difficult to quantify. Neither ellipsometry nor KPFM provides chemical identity
of the surface contaminant. Lastly, measurement of contamination coverage and thickness by
AFM suffers from poor time resolution and may be unable to detect contamination height changes,
presumably due to mobility of the contaminants on the surface (see supplementary information
Figure S1-S4).

In this paper, we study the time evolution of the surface contamination of HOPG by
using ultra-violet photoelectron spectroscopy (UPS). UPS is closely related to XPS, which has
been extensively used in the analysis of surface contaminations, including those on carbon surface
we and other reported recently.? 13" Here, we present UPS as a surface sensitive characterization

technique that offers key advantages over XPS.
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First, UPS provides much richer information on the chemical bonding than XPS does. UPS
probes valence electronic states by utilizing UV photons typically of less than 50 eV in energy,
whereas XPS utilizes soft X-ray photon sources Mg Ka (1254 ¢V) and Al Ka (1487 eV) to probe
core-level electronic states.2282 In this sense, XPS and UPS are complementary in studying
molecular adsorption onto solids. Incidentally, the cross section for photoelectric excitation of the
outer-shell electrons for the second-row elements is much smaller for XPS than UPS. At 21.2 eV
(He 1), the C2p cross section is over ten times that of C2s cross section, while at 1400 eV, the C2s
Cross section is over ten times larger than the C2p cross section. Thus, at UPS photon energies,
the C2p states are greatly emphasized over the C2s derived states. This property makes UPS a
much more sensitive tool than XPS to probe the valence states, molecular bonding and chemical
composition information of surface adsorbed species, and allows UPS to clearly differentiate
between carbons in different chemical states.8284

Second, UPS provides much higher surface sensitivity than XPS. For all photoelectron
spectroscopy (PES), the inelastic mean free path, A, of the photoelectrons are substrate and energy
dependent. The sampling depth of PES is usually taken as 3A. This depth accounts for 95% of the
photoelectrons at normal takeoff angle, of which 63.3% is from 1A depth. The sampling depth of
1487 eV photon (Al Ka used in XPS) in graphite is 8.7 nm, or 26 layers of graphene. At 40 eV
(He 11 line used in UPS), the sampling depth becomes 1.71 nm, or about 5 layers of graphene. 8-
Note that since PES is also substrate dependent, adsorption of a contamination layer will change
the sampling depth - a decrease of surface density would result in an increase of the mean free
path.8887 These characteristics of UPS enables an enhancement of signal from the top organic
contamination layer adsorbed on substrates compared to the case of using XPS. A simple

representation of this is shown in Figure 10. Due to the carbon-rich nature of the HOPG substrate
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and of the organic contamination, UPS is an attractive option for analysis of carbon substrates
because it highlights the photoelectron signal from the top thin contamination layer rather than the

bulk of the substrate.

UPS Sampling Depth
XPS Sampling Depth

Figure 10. lllustration of relative sampling depth analyis for UPS and XPS on graphitic carbon.
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3.3 Materials and Methods

3.3.1 Photoelectron Spectroscopy

UV photons (He 1l 40.8 eV) generated at a power of 0.4W (0.58mA; 0.68kV) in a
differentially pumped gas discharge lamp (He 0.025mBar) in an ESCALAB 250Xi photoelectron
spectrometer. Photoelectrons were analyzed at pass energy 10eV, with a Spot size of 0.4mm and
take-off angle of 45°. Correlated XPS measurements were taken immediately following each UPS
measurement. XPS measurements were performed using monochromatic Al Ko X-rays
(hv=1486.6 eV) generated at a power of 145 W (10 mA; 14.5 kV). Spot size was 0.4 mm with a
take-off angle of 45°. High resolution XPS data were gathered by using a minimum of 40 scans
for Ol1s and 7 scans for C1s with a pass energy of 50eV. Since the sample being analyzed is
conductive, no charge neutralization was used. Cleaving of HOPG (SPI Supplies SP1-2 Grade) in
UHV was performed at 4x10" mBar in the preparation chamber of the instrument. Exfoliated
samples were directly transferred into the UHV analysis chamber with pressures around 8x101°
mBar. UPS measurements were taken within 5 minutes of exposure to UHV for samples cleaved
in the preparation chamber, and within 20 minutes for air-aged samples. The temperature and
relative humidity for experiments conducted in air was 22.4 + 2.4°C, and 26.6 + 3.8% respectively.
Due to operation requirements of the He 11 source, pressures in the analysis chamber increased to
a range of 5x107® to 8x10" mBar. Thermo Scientific™ Avantage™ software was used for data
collection and peak analysis.

UHV cleavage was performed by first attaching UHV copper tape to the surface of a HOPG
sample and anchoring the other end of the tape within the preparation chamber. During transfer
of the HOPG sample from the preparation to analysis chamber, the lateral movement of the sample
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removes the UHV tape from the surface of the HOPG—thus cleaving the HOPG, resulting in a
pristine surface with full and complete removal of the top HOPG layer. A schematic of this setup

is shown in Figure 11.

UHY Copper Tape

8 x 10 1°mBar y

Freshly
Cleaved

Preparation Chamber

Analysis Chamber

Figure 11. UHV cleavage of HOPG. HOPG is exfoliated during transfer into the analysis chamber

of the ESCALAB 250Xi spectrometer.
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3.3.2 Water Contact Angle

WCA measurements were collected with a VCA Optima XE contact angle system. Each
water droplet had a volume of 1 pL and was carefully touched to the sample surface. A charge-
coupled device (CCD) camera was used to take images of the water droplets. Each WCA
mesurement was repeated 6 times. The first measurement was conducted within 5s of air

exfoliation.

3.3.3 Ellipsometry

Thin film thickness was determined by spectroscopic ellipsometry (SE). A J. A. Woollam
Alpha-SE spectroscopic ellipsometer recorded data between the wavelengths 381 and 893 nm, at

an incident angle of 70°. The first measurement was conducted as the HOPG was exfoliated.

3.34 ATR-FTIR

FTIR spectroscopic measurements were taken using a germanium tip in attenuated total
reflectance (ATR) mode on a Bruker VERTEX-70LS FTIR and a Bruker Hyperion 2000 FTIR

I with a resolution of 4 cm™. The

microscope. Measurements were taken from 600 to 4000 cm™
ATR tip was swabbed with isopropyl alcohol prior to measurements. At least 5 min was allowed
for the isopropyl alcohol to evaporate before measurements were taken. HOPG was characterized
by ATR-FTIR after being exposed to air. The sample was exfoliated, and the first measurement

was conducted within 30 s.
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3.4 Results and Discussions

Exfoliation of HOPG produces a clean surface, which readily adsorbs VOCs upon contact
with ambient air. We will first discuss characterization results from atomic force microscopy
(AFM), WCA, Ellipsometry, and ATR-FTIR. We will then discuss the XPS and UPS results in
detail; advantages of UPS over XPS for detection of carbon species on a carbon substrate will be

highlighted.

3.4.1 Contamination Layer Characterization by WCA, ATR-FTIR, Ellipsometry, and

AFM

We imaged the HOPG surface with tapping mode AFM, both immediately following its
exfoliation (< 1 min) and after controlled amount of air exposure (2 hour, 24 hour). The AFM
images (Appendix B1 — B4) show the typical morphologies expected for HOPG. However, no
noticeable changes were observed between the images. It is likely that the adsorbed VOCs are too
mobile to be detected by AFM.

WCA provides a qualitatively assessment of the changing chemical composition on a
surface. In this study, an initial WCA was measured to be 59° immediately after exfoliation of
HOPG, increasing to 69° after 5 minutes, and 89° after 15 minutes of air exposure. For longer air
exposures the WCA was measured to be 91° after 2 hours, and 98° after 24 hours. This data (Figure
12a) is very similar to our previous reports.3

Although a large increase of WCA from 59° to 89° occurs within the first 15 minutes, only
minute changes were observed in longer exposures. Indicated by the initial high rate of change and

eventual plateauing of WCA, contamination accumulation in the early stages contains the
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important and largest relative composition changes for WCAs observed in longer air exposures.
The small change in the long term, however, does not necessarily imply a small change in the
composition of the contamination layer. This is because WCA measurement cannot detect
composition changes that do not alter the wettability.

For further representation of the changing surface chemistry of HOPG exposed to air,
ATR-FTIR (Figure 12) measurements were collected. ATR-FTIR was performed within 30s after
exfoliation (Fresh) and after longer air exposures (10 min, 20 min, 30 min). A general trend of
increasing symmetric and asymmetric C-H stretches were observed as air exposure time was
increased; an increase in C-H peak corresponds to an increase of adsorbed volatile carbon content
(VOCs) on the surface. However, the rate of peak intensity increase would vary between samples,
due to differences in separate exfoliations and in the air composition (e.g., VOC concentration and
relative humidity). This trend has been previously reported.®

The accumulation of VOC is also observed by ellipsometry (Figure 12c), with an initial
large growth in VOC contamination film thickness—reaching 0.15 nm within 15 minutes, 0.50
nm after 2 hours, and plateauing off around 0.55 nm at 3 hours and up to ca. 16 hours. The increase
in VOC content and contamination thickness, shown by ATR-FTIR and Ellipsometry, is correlated
to the trends we see in WCA.. In all three cases, changes occur rapidly after exfoliation but levels

off after ca. 1 — 2 hours.
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Figure 12. a. WCA of exfoliated HOPG at increasing air exposure times. Due to limitations of
the technique, 0 min corresponds to 5s of air exposure. b. ATR-FTIR of C-H region for exfoliated
HOPG at different air exposure times. Due to limitations of the technique, the Fresh measurement
is taken after 30s of air exposure. c. Continuous Ellipsometry measurement of exfoliated HOPG
exposed to ambient air, from time of exfoliation to 1000min. The first measurement was taken

during exfoliation.
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3.4.2 XPS

XPS has been used to characterize adventitious carbon adsorbed on graphitic carbon and
other substrates. In this study, XPS data were collected alongside UPS measurement and such data
should provide quantitative elemental composition of the surface. The XPS measurements
provided in Figure 13a show the C1s and O1s data for various air exposure times. Due to the large
escape depth (8.7 nm) of XPS photoelectrons in HOPG, much of the signal in the carbon XPS
measurements originate from bulk HOPG, as mentioned earlier. This limitation makes it difficult
to discern the XPS chemical information origination from the top thin contamination layer from
that in the bulk of the sample, since both materials are carbon based. Additionally, this limitation
is further complicated by the high degree overlap of XPS peaks of various types of carbon species
(e.g., C-OH vs C=0). As such, no change in FWHM of the C1s peak was observed from freshly
exfoliated to 20 hr air exposure, as is shown in the insert of Figure 13a. Additionally, we observed
no reduction in the shake-up satellites of graphite at 291eV. This XPS C1s data seems to suggest
that there is no change in the surface carbon composition on graphite from freshly exfoliated to
aged 20 hr in air. However, we know this to be incorrect, given that our data collected by ATR-
FTIR and Ellipsometry clearly shows growth of an adventitious carbon layer that changes the
hydrophobicity of the surface, so a composition change is present.

The XPS O1s peak also provides limited information for analyzing the early stage of the
contamination dynamics. As shown in Figure 13b, the O1s signal is very low for samples with up
to 20 hr of air exposure. This low signal makes it impossible to deconvolute the O1s peak for the
purposes of chemical characterization. As will be shown below, for the same air exposure, the UPS
spectra will show a significant change from the UHV-exfoliated one (Figure 14) at oxygen

containing regions.
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Figure 13. a. High resolution C1s XPS spectra of Air cleaved, Air aged, and UHV cleaved HOPG.
Spectra are normalized to highest peak. The inset shows the magnified view of the FWHM region.

b. High resolution O1s XPS spectra of HOPG samples.
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In summary, our data shows that XPS is unable to differentiate between contamination and
graphitic carbon and hence offers limited insight into the dynamics of the contamination layer on

HOPG.

3.4.3 Characterization of Adventitious Carbon Contaminants by UPS

In order to facilitate analysis of the UPS data, we briefly review related UPS studies below,
with consolidated data in Table 2 and 3. UPS has been used for the characterization of both organic
thin films and of molecular adsorption on surfaces. Extensive studies with sputtering and film
growth of different amorphous systems, graphitic systems, HOPG, and polymers have shown the
changing convolution of density of states (DOS) correlating to surface composition.®- Studies
involving deposition and H-plasma treatment of a styrene film exemplifies the sensitivity of UPS,
where sputtering results in a shift towards a UPS spectrum similar to a:C or a:C-H.% % UPS has
also been used to verify the reduction of oxygen chemisorbed on graphene.®® Other experiments
have studied molecular adsorption of water or organics on metal surfaces, where UPS was used to
study and characterize the dynamics of surfaces.1%* Although comparisons of adsorbates on other
substrates provides insightful and useful information, it is not a perfect comparison to HOPG. In
some cases, the existence of an interfacial dipole between HOPG and adsorbed molecules could
also lead to a small (0 to 0.5 eV) shift in the binding energy, as was observed with
hexobenzocoronene (HBC) adsorption on Si wafer or HOPG.1® There are also extensive UPS
studies on amorphous carbon (a-C) and hydrogenated amorphous carbon (a-C:H) films,88-91. 93, 106-
107" Typical a-C films consist of primarily sp® and sp? carbon clusters, with hydrogen contents
ranging from 20%-50% having been prepared for a-C:H films. Structure amorphous carbons are
characterized as localized clusters, ranging from diamond (sp®) and polymer (sp? and sp® mixture)
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like clusters to that of graphitic (sp?) clusters.?”-106.108 The r states lie closer to the Fermi level and
tend to form both the valence and conduction band edges. The minimum gap is always a  to ©*
transition.®® % A large FWHM for peaks in the He Il spectra for a-C and a-C:H, as well as for
hydrogen and argon sputtered carbon surfaces, is attributed to the large distribution of various
carbon-containing molecules present in the amorphous carbon films or the resulting sputtered
surface. This extensive distribution of molecules provides an array of varying local & and o states,

resulting in a DOS summation that is a convolution of the DOS from each contributing molecule.®
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of adsorbed molecules on various substrates

Target Molecule Substrate BE(eV)
H.0 Ni (Cond.) 6.5, 9.2, 13.0™
Au (Cond.) 6.3,10.2, 12,61
NpO: 10.7%
TiO, 7.8,9.8,13.2%
*Thin Film 7.1,9.3, 1321
O-H Ag 9.8, 12,510
CO; Ag(111) 6.7,11.1, 12711
Ni 7.4,11.4,12.91%
Au 6.8,9.3,11.0, 12.5%%°
CO Ni 6.3,8.1,11.11%
Ni(100) 7.5, 8.1, 11.11%2
Pd(111) 7.3,8.2,11.018
Methanol Fe 6.1,7.6,10.1, 11.1, 12.4103
Ni 5.8,7.0,9.8,12.310
Cu 6.5, 8.1, 10.6, 12.8%%
Diethylether Fe 6.2,8.1,8.8,9.9,12.0, 14.5'%
Ni 4.8,75,10.2,11.7, 15.31%3
Cu 5.6,7.7,10.4, 12.3, 15.91%
Acetalaldehyde Fe 5.5, 8.0, 10.51%
Acetone Ni 4.6,8.5,10.2, 12,65
Cu 55,9.1,11.2, 13.71%
Methylacetate Fe 6.4,8.4,10.1,12.0, 14.31%3
Ni 5.8,7.7,9.4,11.35, 13.61%
Cu 6.5, 8.5,10.3, 12.2, 14,5103
Acetic Acid *Thin Film 6.7, 8.9, 11,51

*Denotes thin film of target molecule

Table 2. UPS He Il peak binding energies relative to the Fermi level (Es) for the characterization
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Table 3. UPS He Il peak assignment. Binding energies are relative to Es of the substrates

Substrate Assignment BE (eV)

Graphite® T 0.7

s 3

T, o 5.7

c 8

c 13.6

a-C:H% T 4 (broad)

o 7 (broad)

*Styrene Thin Film T 3.2

Undefined 7.0,8.7

a-C:H® T 4

c 7.6

Graphite® Graphite 13
*HBC 10nm films on:1%

Si Wafer | 1.6

s 3.0

mostly «t, some ¢ 5

increasing ¢ contribution >5

o and 7 mix 3-8.8

HOPG | = 2.0

T 35

mostly 5

Styrene®* T 3.82

c 6.37

c 8.62

H-implanted Graphite® T 4

c 7.5

o 13

Graphite T 2.9

c 4.3

c 7.8

Graphite!® T 0-7

c 4-13.6

HOPG116 1 4

c 7

HOPG’ T 2.5

n-6 overlap 5

c 8

c 13

*Denotes thin film of substrate



3.4.4 UPS Spectra of UHV- and Air-Exfoliated HOPG

UHV-exfoliated HOPG samples are presumed to be a pristine and uncontaminated
surface—absent of VOC or other (e.g., water) adsorbates. The UPS He Il spectra from UHV-
exfoliated HOPG correlates closely with previously reported spectra for clean graphite and
HOPG.%% 116 118 Note that in our experiment, the HOPG sample is polycrystalline. As a result, the
UPS spectra present here are very different from angle resolved UPS data collected from single
crystal graphite.124115 119 Instead, our UPS spectrum is a weighted convolution of the energy
distribution curves at different polar angles—the largest contributors being from the flat, maxima,
and saddle points in the band. UPS spectra of UHV-exfoliated HOPG (Figure 14) consists of a
primary peak at 7.6 eV, with a shoulder peak at 5 eV, and a smaller peak at 2.9 eV. Referencing
previously published UPS work on carbon substrates, these peaks are identified as originating from
graphite o, graphite m-c overlap, and graphite  bands, respectively. A fourth peak, located at 13.7
eV, was previously observed for graphite, but not for a-C or a-C:H. 8% 106

We also conducted exfoliation of HOPG samples in air and measured their UPS spectra
after varying amount of air exposure. Any contaminant adsorption on the surface is expected to
change the total signal peak location/area, relative to the spectrum of UHV-exfoliated HOPG.
Shown in Figure 7, these samples exhibit an immediate reduction in the intensity of the primary
graphite ¢ peak at 7.6 eV relative to the total UPS spectral area. Gradual and increased broadening
of this primary peak is also observed during increased air exposure. This broadening can be
attributed to the increased amount and/or variety of adsorbed VOCs. Upon increased air exposure,

the graphite  peak at 2.9 eV is observed to shift slightly downfield and increase in magnitude.
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Figure 14. UPS spectra (He 11, 10 eV pass energy) of HOPG after cleavage in UHV (UHV Cleave),
after cleavage in air (Air Cleave) and exposing to air for varying periods of time (15 min Air, 2 hr
Air, and 20 hr Air). Spectra intensities are normalized to the highest peak. Arrows denote binding

energy regions that are from data in Table 2 and Table 3.
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This shift phenomenon is also observed for the graphite peak at 13.7 eV—a gradual shift toward
12.8 eV is observed upon increasing air exposure, as well as a magnitude increase.

It is important to note that the UPS measurements were done in UHV and as a result, the
UPS measurement underestimates the molecular adsorption under atmospheric pressure. Weakly
bound species, likely low molecular weight and/or non-polar, could adsorb onto the surface under
ambient conditions but desorb prior to the UPS measurement. Temperature programmed
desorption (TPD) in UHV conditions of adsorbed organic molecules from graphene and graphitic
surfaces have been reported and offer insight into what adsorbates may be present during UPS
measurements. Small n-alkanes, like ethane or propane, have been show to desorb from graphene
below 120 K in UHV.? An increase in n-alkane chain length results in a nonlinear increase of
higher desorption energies.'?2123 Decomposition of longer alkanes, like n-octane, occurs at high
temperature before desorption from graphitic surface.'?* Polar functional group, such as -COOH
results in a net increase of adsorption energy. However, this enhancement is dampened as chain
length is increased.'?? This improved adsorption of functionalized alkanes is attributed to the
existence of functionalized surface sites on HOPG. As an example, the hydrophilic step edges of
HOPG are known to strongly adsorb water vapors from air. Desorption of water bound to these
defect sites have been shown to desorb at temperatures up to 235K. Adsorption of water ice
multilayers on graphite is possible at very low temperatures, and desorption of such multilayers
occurs between 140 and 170 K.1%5124 |t has also been shown that chemisorption of Oz, CO,, and
H20 occurs at room temperature on graphite, decomposing at temperatures between 450-1253K,
depending on the chemical species. These adsorbed species were assigned quinone and lactone-
like structures. Given that molecular species of H,O, CO, and CO- physisorbed onto graphite will

readily desorb below room temperature in UHV, any UPS peaks which align to these locations
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represent either surface chemisorption, or respectively functionalized VOCs physisorbed to
graphite.?®

The chemisorption of Oz, CO., and H20O on the defect sites of HOPG would also impact
physisorption of small molecules. For example, the sticking probabilities of acetone on UHV
annealed HOPG are more than a factor of two times smaller than on air cleaved HOPG, which
contains functional groups.'?”  Finally, we want to point out that although storage under UHV is
usually considered as a method to maintain a clean surface, adsorption of contaminants in UHV
could occur, as has been observed with KPFM studies of graphite samples stored in UHV.”” We
have conducted additional control to assess this possiblity in our studies. Figure 15 shows same-
spot analysis of UHV cleaved HOPG at different times of UHV exposure. The UHV Cleave
spectrum corresponds to 5 minutes of exposure in the UHV analysis chamber before measurement,
and sequent measurements were performed on the same sample and same spot. There is almost no
change in the spectrum for sample stored in UHV for 2 hours and even after 18 hours, only very
minor changes were observed (See Figure 16 for differential spectrum). These results are in stark
contrast to the air-cleaved data shown in Figure 11. We conclude that the background

contaminaion from UHV chamber is neglible in our studies.
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Figure 15. Same-spot UPS spectra (He Il, 10 eV pass energy) of HOPG after cleavage in UHV

(URHV Cleave) and after sequential exposures to the UHV environment of the analysis chamber.
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Figure 16. Difference spectra from Figure 12. Consecutive same-spot UHV exposure
measurements were performed on HOPG cleaved in UHV. Each plot represents the difference
spectra of UHV exposure time (15 min, 2 hr, 18 hr) UPS spectra subtracted by UHV Cleave UPS

spectra.
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3.4.5 Time Evolution of Hydrocarbon Contamination

The time evolution of the surface contamination can be qualitatively assessed based on the
spectral evolution of the air-exposed samples. The kinetics of adsorption of VOCs onto HOPG
have also been studied using attenuated total reflectance (ATR) measurements,® WCA
measurement,> "t and ellipsometry. " It is informative to compare the time evolution of the UPS
measurement with these measurements.

Data presented in this work, as well as in previous work by us and others showed that very
large WCA and Ellipsometry changes are observed for short term air exposures. However, there
are only slight differences in the UPS spectra of 15 min air exposure and air cleaved samples in
comparison to the UHV cleaved surface. Such similarity in the UPS data suggests that most of the
initial adsorbates, although forming a substantial contamination layer that causes a significant
increase of the surface wettability, readily desorb under UHV conditions. Therefore, most of the
adsorbed molecules in short term air exposures are weakly bound, most likely lower molecular
weight species. In addition, the existence of a small spectral differences between the air-cleaved
sample and that of UHV-cleaved sample suggests that an immediate contamination occurs during
the exfoliation of HOPG in air, which is not been possible to be detected by wetting, ellipsometry,
or XPS measurements. We attribute this observation to the chemical functionalization of surface
defect sites and/or adsorption of very strongly bound species to the defect sites, since more weakly
bound species would be desorbed in UHV.

Notably, the UPS data provided in this study also supports a continued dynamic adsorption
model of airborne contaminants, represented by the varying UPS spectra of long term air exposed
samples, even after the WCA increase has halted (98°) and the ellipsometry showed a plateau of

adsorbate thickness (0.55 nm), typically within several hours.”* In contrast, for the HOPG samples
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with 2 hr and 20 hr air exposure, the UPS spectra showed a continues increase in the peak intensity
near 5 eV and 10 eV, as well as an increase in the background, suggesting that higher molecular
weight, more strongly adsorbed, molecules are present.

There is currently no detailed study on the chemical composition of the airborne
contamination of HOPG. However, in related studies on other surfaces, the composition of the
surface airborne contamination layer has been observed to change over time when exposed to
multi-component gas mixtures—a result of dynamic competition of surface adsorption sites.?*2?
The adsorption-desorption competition and composition change of contamination has been studied
for silicon wafers.128-13L This selectivity driven molecular adsorption feedback loop with surface
composition ultimately results a time-correlated fluctuation—from a freshly prepared and clean
surface to an aged and contaminated surface. Silicon wafers have shown to exhibit such correlation
and competition in bi- and multi-component gaseous mixtures. This phenomenon can be correlated
with ambient air conditions, where the number of components in the contamination layer is greatly
increased. 2122 We expect similar complex behavior to be occurring on the HOPG surface we used

in this study, as visualized by our UPS measurements.

Exfoliation of HOPG
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Immediate functionalization Contamination Thickness: 0.20nm Contamination Thickness:0.55nm
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Figure 17. Illustration of the dynamic airborne contamination process as observed for HOPG.
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3.5 Conclusions

We have studied the time evolution of airborne contamination composition on HOPG using
UPS. He Il UPS is a sensitive spectroscopy tool to probe the early stage contamination of the
HOPG surface and provides a clear advantage over XPS in terms of differentiation between
carbons in different chemical states. A time-dependent change in the composition of the adsorbate
was observed. Comparison of UPS spectra of HOPG exfoliated in air with that in UHV shows an
instantaneous change in the surface composition, which we attribute to functionalization of active
surface defects of HOPG in air. Our data further suggests that the contaminants adsorbed during
short term air exposures are primarily low-molecular-weight or weakly-bound species that desorb
in UHV. Additionally, as air exposure time was increased, larger and more strongly bound
contaminants were observed on the surface. A representation of this is shown in Figure 17. Our
results provide insights into the chemical composition of the dynamic contamination layer, which
has not been previously reported in the literature. Clean carbon materials show significantly
improved electrochemical and energy storage properties compared to their contaminated
counterparts.® 132 We hope that a better understanding of the early stage and long term dynamics
of airborne contamination of HOPG will aid the development of technologies that prevent and/or

reverse the contamination of graphitic materials.
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4.0 Mechanical Properties of Macroscale CVD Graphene Fibers

4.1 Chapter Preface

A research manuscript based on portions of the material included in this section is in preparation

for submission.
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experiments. All authors discussed the results and M.S. and H.L. co-wrote the manuscript with

input from authors.
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4.2 Background

Since the discovery of graphene, researchers have investigated its remarkable electrical,
thermal, chemical, and mechanical properties. Graphene forms the basis of both graphite and
CNTs, and its intrinsic strength has been predicted to exceed that of any other material.l3
Although there have been several nano-scale experimental studies on the mechanical properties of
graphene and CNTs, the materials’ properties have not yet been measured sufficiently.*4 4850, 134-
136

Nano-indentation measurements on graphene reveal a high elastic modulus (E=1.02 TPa),
and intrinsic strength (cin=130 GPa), making graphene a promising material.>® *¢ With such
remarkable mechanical properties coupled with its specific surface area (2630 m?/g), graphene
based reinforcements have been shown to enhance composites.*s 3% CNTs show a reduced
mechanical behavior, compared to that of graphene, primarily because of the increased presence
of intra- and inter- layer defects formed during the fabrication process.*?*® The limitations
imparted by these defects ultimately results in a lower tensile strength and elastic modulus than its
graphene relative, 137138

Nano-scale tensile tests of free-standing SWCNTs and MWCNTs have revealed an
intrinsic strength of ~30GPa and an elastic modulus of ~500-1000GPa.** ¥ MWCNT
measurements were shown to be equivalent to the of mechanical testing on a single SWCNT with
a diameter equal to the MWCNT diameter, this is a result of poor load transfer between CNT layers
in MWCNTs. 44 140

Macro-scale measurements on MWCNT bundles have shown vastly different properties to
their nano-scale counterparts, with a tensile strength of 1.72 GPa and an elastic modulus of 0.45

TPa for lengths of ~2 mm.'** Others have reported a tensile strength of 1.2 GPa and elastic
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modulus of 16 GPa for double-walled CNT bundles for lengths of ~10 mm.*2  Macro-scale
measurements on SWCNTSs also show the same reduced mechanical behavior to their nano-scale
measurement counterpart, with a tensile strength of 1.0 GPa and an elastic modulus of 49 to 77
GPa for lengths of ~200 mm.*® The mechanical properties reported by macro-scale measurements
are much lower in magnitude than for measurements performed on the nano-scale, which is
presumed to be due to the much longer lengths of CNTs tested on the larger scale—in that a much
longer CNT may be more likely to have a critical defect that could lead to a failure present
somewhere along their length.** 141

Although the dependence of fracture strength on length has not yet been experimentally
addressed for CNTs, Griffith et al. deduced that the actual breaking strength of a brittle material is
governed by the defects and flaws within the material, rather than the intrinsic strength of its atomic
bonds. To emphasize this, Griffith proceeded to experimentally measure the breaking strength of
a series of glass fibers with progressively smaller diameters, observing a general increase in tensile
strength with smaller diameters. ** This conclusion can be applied to CNTs and graphene, where
mechanical measurements performed on larger-scale (e.g., macro) samples produce lower tensile
strengths and elastic moduli than those performed on smaller scales (e.g., nanoscale).

Although the influence of defects on the macro-mechanical properties of graphene has not
yet been investigated experimentally, it can be expected that point defects, in particular vacancies,
will decrease the elastic modulus and tensile strength of graphene, based on the theoretical and
experimental data provided by CNTs.2* Herein, we present the first study to perform sequential
macro-scale tensile tests on polymer-free graphene fibers, and report the vastly superior macro-
mechanical properties and accessibility offered by macro-scale graphene fibers in comparison to

current macro-scale CNTs.

58



4.3 Materials and Methods

4.3.1 Graphene Synthesis

Graphene was grown on copper foil (25 um thick, Alfa Aesar, item N0.46365) using a
CVD method previously reported.’*® First, copper foil was electropolished similar to the
previously reported electropolishing method.# In brief, copper foil is electrolyzed at 8 V with the
current limit of 0.45 A for 30 — 45 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). 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 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> (10 standard
cubic centimeters per minutes (sccm)). The tube pressure with Hz flow was maintained at ~500
mTorr. The furnace temperature was ramped to 1050 °C and annealed for 1 h. CH4 (2 sccm, Protal
~750 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. Figure 18 summarizes the CVD growth

process. Graphene samples were stored in a clean glass petri dish until the transfer.
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Figure 18. The CVD growth of graphene. Furnace temperature was set to 1050 °C. Annealing and

growth period was 60 min and 30 min, respectively. H, and CH, flow rate was set to 10 sccm and

2 scem, respectively. The quartz tube had base pressure of ~50 mTorr after evacuation, ~500 mTorr

with H,, and ~750 mTorr with H,+CH,.

4.3.2 Raman Spectroscopy of CVD Grown Graphene

CVD grown graphene was transferred on to a silicon wafer using a wet transfer technique
and characterized via Raman spectroscopy. Micro-Raman spectra were obtained using Horiba
scientific XploRA PLUS with Olympus Microscope BX41 with 100X (NA:0.9, WD:0.21mm)
objectives. 473nm (20-25mW) continues wave laser with 10 % density filter and 1800 gr/mm
grating were used. Slit and pin hole size was 100 pm and 300 pum, respectively. Laser power and
acquisition time settings were adjusted to prevent the oxidation of graphene from the laser induced
heating effect. Typical Raman spectrum of graphene is shown in Figure 19. The negligible D peak

intensity, low intensity ratio between the G peak and the 2D peak (l¢/l2p), and narrow linewidth
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of the 2D peak suggest that the CVVD graphene used in this study is mostly single layer and have

low defect density. 4814

Intensity (a.u.)

e

1500 2000 2500
Raman Shift (cm )

Figure 19. The Raman spectrum of graphene on SiO,/Si wafer.

4.3.3 Graphene Transfer on Si Wafer

In a typical transfer, as grown graphene on top of Cu foil was spin coated with 5 wt%
PMMA solution (PMMA, Aldrich, MW 996000 in anisole, Sigma-Aldrich, 99%). After the
PMMA was coated on top of the graphene layer, the Cu foil was etched in etchant solution, 1 M
of iron chloride in 10 % w/w hydrochloric acid (FeCls, Sigma-Aldrich, 97%, in HCI, Fisher
Scientific, 37.1%) for 30 min. 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 scooped on a SiO2(300nm)/Si wafer (University Wafer, 300 nm wet
thermal oxide, P type/Boron) and spin dried at 5000 rpm for 5 min. The PMMA layer was removed
by placing the sample in an acetone bath for 1 h. The graphene surface was rinsed with isopropanol

and gently blow dried with Na.
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4.3.4 Fabrication of Graphene Rope

Graphene rope was assembled by folding flat sheet of graphene on a glass slide. In a typical
assembly, graphene/Cu was spin coated with 3-5 wt% PMMA solution and Cu foil was etched as
described above. The PMMA/graphene film was rinsed in water bath and placed on a clean glass
plate. Then the film was pushed horizontally with clean glass slides to form a folded structure. All
glass plate and slides were thoroughly cleaned and treated with UV/O3z (PSD Pro Series UV-Ozone
System, Novascan) for 1 hr to increase the wetting property before use. The schematic drawing of
folding process is shown in Figure 20.

To remove PMMA, folded PMMA/graphene rope was heated beyond the thermal
decomposition temperature of PMMA (390 °C).2%151 First, PMMA/graphene rope was suspended
on a copper foil and placed in a quartz tube. Once the tube was evacuated (P ~ 50 mTorr),
PMMA/graphene rope was heated to 420 °C for 30 min in Ar (P > 1 Torr). The system was cooled

to room temperature, and graphene rope was stored in a plastic petri dish until further testing.
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Figure 20. Schematic of folding process for PMMA-Coated Graphene. Glass plates were treated

by UV/O, prior to wetting or graphene transfer onto plate. Wrinkles formed in the graphene sheet

during compression, and remained folded as the sheet was compressed further.

4.3.5 Characterization Methods

Graphene rope was characterized by field-emission Scanning Electron Microscopy (SEM)
using a Zeiss Sigma 500 VP SEM. Conductive silver paste (Silver Conductive Adhesive 503,
Electron Microscopy Sciences) was added over the non-conductive epoxy or crystal bond

adhesives to eliminate charging during the SEM imaging of graphene fibers.

4.3.6 Tensile Test Setup

Tensile measurements were collected using a custom-made tensile testing setup, shown
schematically in Figure 21. The setup employed a cantilever beam of known stiffness (882 N/m)
coupled with a capacitive displacement sensor (Physic Instrumente, D-510.010) to measure
applied force with an accuracy of +/- 25 uN. A newly fabricated graphene fiber, which still
anchored to the copper substrate where it was annealed, had one end of it raised into a droplet of
epoxy (Devcon No. 14250) on the tip of the cantilever via a three-axis stage (Aerotech MPS75SL-

V)—the epoxy was allowed 45 min to 1 hour to harden before testing. Sequential measurements
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on the same mounted graphene fiber were performed by lowering the newly broken end of the
graphene fiber into a pool of crystalbond mounting adhesive (Ted Pella 509-3) (heated to 150°C,
past its softening point). Ideally the samples would be aligned perfectly vertically, parallel to the
loading axis. In the case of the experiments done, this was generally not the case, further angle
details are provided in the results.

The experimental setup was positioned on a vibration isolation table (Kinetic systems

minus K) in ambient conditions (22 °C and 20-30% relative humidity).
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Figure 21. (A)Testing setup for contact tests depicting the three-axis motor-driven stage; (B) the
piezoelectric actuator; (C) the cantilever with bead of epoxy; (D) the capacitive sensor; (E) and the

corresponding controls; (F) graphene fiber mounted with beads of adhesive.

4.3.7 Uniaxial Tensile Test Procedure

Once the graphene fiber was mounted, as indicated above, and adhesives had hardened, the
three-axis motorized stage was lowered. This movement created a tensile load on the sample
which was registered by the cantilever beam/capacitive sensor. The loading occurs at rates (rp)
varying between 0.1 — 2 um/s until fracture, with data sampling at (1000 data points/sec). The
displacement of the stage was recorded along with the displacement and corresponding force of
the cantilever beam. The stage was lowered until fracture was observed. The broken samples were
preserved for later SEM imaging. After fracture, another test was carried out on the graphene fiber
still attached to the epoxy on the cantilever beam. The broken end was then lowered into liquid
crystalbond adhesive on the stage. Again, the crystalbond was allowed to harden completely before

applying any load to the sample. After each fracture, the new, shorter sample was reattached to a
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new pool of crystal bond adhesive on the stage, allowed to harden, and then pulled until fracture.

This process was repeated until the sample was too short to test again.

4.3.8 Data Collection

Data was collected on the stage displacement and the force exerted on the sample with
respect to time by using a National Instruments DAQ unit (NI USB-6009) and the LabView
development environment. Video and pictures were taken for each test with a digital microscope
(Dinolite AM4515ZTL). This setup allowed for strain data to be extracted from the video and
total mechanical failure to be observed. Such data was gathered several times for each sample over
the course of multiple tensile tests.

The mounted graphene fibers were typically set an angle (0-45° to vertical) due to
restrictions in fabrication and mounting. Any load in the rope where the sample is straight will be
along the axis of the rope. If it doesn’t break at the bends in the sample, then the entire load is
supported along the axis of the rope. Since we are only measuring vertical deflection (force), the
value we are getting should be an underestimate of the real force experienced by the rope, which
will also cause some horizontal deflection. Additionally, the fibers were usually slightly bent or
kinked along their axis. Therefore, displacements measured during testing are affected by both
the angle of setting and bends/kinks along the fiber axis. Force-Time plots was used (over F-AD
plot) to help display the data due to these issues. Stress-strain curves were generated by measuring
distances between reference points on the graphene fiber at instantaneous moments during the test

by digital imaging.
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4.4 Results

4.4.1 Tensile Tests of Graphene Fibers

The dimensions of the macro-scale graphene fibers were based upon the size of CVD
graphene sheet used to make them. In this sense, the length and cross-sectional area of the
graphene fibers could be controlled by using different sizes of CVD graphene sheets for
fabrication. SEM images of the graphene fiber after annealing to remove PMMA (Figure 22A-B),
and after tensile testing (Figure 22C-D). The typical nominal diameter of the fibers post-annealing
was between 15-80 um. The length of the graphene fibers (Lriver), after fabrication, was measured

with a digital microscope and were typically in the 0.1-2 cm range, Figure 23.
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Figure 22. SEM images of graphene fibers. (A) suspended graphene fiber after annealing on

copper substrate to remove PMMA. (B) magnified region of A, marked with arrow. Diameter (d)
= 20 um. (C) a graphene fiber, mounted in adhesive, after breakage during tensile testing.
Adhesive is coated in conductive silver paste for imaging. (D) magnified region of C, marked with

arrow, d = 30 pum.
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Figure 23. Digital microscope image of a graphene fiber mounted to piezoelectric stage and to

epoxy bead on cantilever.

In order to determine the E value of the graphene fiber (E=Ao/Ag), the F-time(t) plot
(Figure 24, Bottom) was transformed into a stress-strain (c-¢) curve. Strain (¢=AL/L) was
calculated by measuring AL as described in the methods. To calculate the stress (6=F/Sefr), Sett was
calculated by using the width (along the compression folding axis) of the CVD graphene sheet
used to form the fiber and thickness of graphene (0.335 nm). For a 1 cm wide CVD graphene sheet,
the ideal cross-sectional area is 3.35 pm?.

Uniaxial testing was performed for a series of graphene fibers with varying Sett and Lfiver.
For each fiber, tests were performed until fracture, with further consecutive tests performed on the
new broken segments. Figure 24 shows the tensile testing for graphene fiber with a cross-sectional
area of Ser=1.84 um? and Lriber=550 pm, this was the third consecutive tensile test performed on

the fiber.
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Figure 24. Tensile testing and failure of graphene fiber (Ser=1.84 pm?, r,=0.50 um/s) Top: Four
frames (1-4) of a graphene fiber tensile test. (1) Graphene fiber dimensions(t=166s, d=63.5 um,
Lfiber=550 um) after straigtening from bends/kinks in the structure (Position A); (2) Maximum
yield stress. (t=264 s, d=55.1 um, Lfier=576 um), (Position B); (3) Pre-fracture (t=464 s, d=47.4
um, Lsiber=612 pum), (Position C); (4) Post-fracture (t=520 s, d=51.4 pm, L=561 um). Bottom: F-
t plot of graphene fiber depicted in Top. A-B represents region in Figure 25 used for calculation
of E. C Points to the fracture initation of the graphene fiber. The maximum force at this point can
be used to calculate tensiel strength. Graphene fiber fractures in an unzipping pattern, which is
observed by video and by the gradual (rather than immediate) reduction to F=0 uN. (D) Region of

creep deformation on graphene fiber.
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Top of Figure 24 (1-4) depicts four time-stamped frames during the tensile testing. Frame
1, with initial starting diameter (Dsiner=63.5 um) and (Lfiber=550 pum), was taken most bends along
the axis were removed by the axial test movement, forming a more linear fiber. Changes in Dfiper
and Liiner from this point are a combination of further unbending and elastic or plastic deformation
along the fiber. Frame 2 is at the maximum vyield stress, where the with dimensions of Driber
changed by -4.9% and Lsiver by +15.5% by this point. Frame 3 is right before graphene fiber
fracture and breaking, when Driber is at its minimum (-14.0%) and Liper (+11.4%) at its maximum
during testing. Maximum stress, ob, calculated at this point is 2.6 GPa. The true stress is not quite
uniform throughout the fiber, and there is always some location, perhaps a nick or some other
defect at the surface, where the local stress is maximum. Frame 4 is after fracture, where the final
dimensions of Dsiner and Lsiner Were changed by -6.6% and +2.2% relatively—these changes after
fracture were constant, suggesting a similar amount of plastic deformation. Therefore, by
removing the plastic deformations from the maximum deformations during testing of the graphene
fibers, the total elastic axial changes are calculated to be 9.2% of initial Lsirer. The stress-strain
curve for this test is shown in Figure 25, with a measured E value of 61.85 GPa + 2.26 GPa.

Fracture initiation on the graphene fibers was observed to occur near maximum load,
whereby the propagation of the fracture across the width of the graphene correlated with a
plateauing of the measured force. The crack propagation occurred in an unzipping pattern, which
has been previously suggested to favor directional behavior along grain boundaries and defects.
Hwangbo et al. also reported that the fracture mechanics of graphene is influenced by the
surrounding environment, particularly atmospheric moisture.’® In this sense, the fracture

mechanics may be understood as a single-sheet parallel of stress-crack-corrosion (SCC).
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Figure 25. The uniaxial stress applied to the graphene fiber vs the strain (elongation). The fitted

line’s slope gives a Young’s modulus value of 61.48 GPa.
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4.4.2 Sequential Tensile Tests

Maximum tensile strength was calculated for each graphene fiber and resulting fragments
and were measured sequentially after each break. Three different graphene fibers, and
corresponding tensile strengths for the length of the initial fiber, and fragments, are shown in
Figure 26. A gradual increase of on was observed for sequential tensile measurements, where the
longest fiber had the lowest ob, and the shortest fragments had the largest ob. The enhanced oy, for
smaller fragments are most likely due to the combination of two effects: 1. Fragments are formed
when a larger fiber is broken through testing. The initiation of a fracture will most likely occur at
the fiber’s most critical defect. Therefore, the resulting fragments formed would logically have a
greater strength, since the most critical defect was removed during the formation of the fragments.
2. A smaller graphene fiber would be less likely to have a critical defect, which could lead to a

failure, present somewhere along its length.
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Figure 26. Tensile strength of three different graphene fibers (A, B, and C) as a function of fiber

fragment length. (A) Se=3.2um?. (B) Sef=2.8um?. (C) Sef=5.2um?.

74



4.4.3 Conclusions

We have measured the intrinsic strength and elasticity of CVD graphene fibers by uniaxial
tensile tests. The values of o, measured contained a large variation about the average 0.65 GPa +
0.59 GPa, a product of oy varying with sequential tensile tests. Typically, the o, measured on the
shortest fiber fragment after sequential tensile tests was in the range of 0.5-2.0GPa, with the largest
measured value being 2.6GPa. This is the largest intrinsic tensile strength reported for any
graphene, graphite, or CNT fiber on the macro scale. The average E value measured was 53.2 GPa
+ 0.59 GPa, comparable to other reported values for macro-scale CNTs.*® Furthermore, our data
suggests that the intrinsic strength of graphene fibers is a function of graphene length, which may

explain the large discrepancy of reported o, between nano- and macro- measurements for CNTSs.
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5.0 Outlook

In summary, my work provides substantial insight into the dynamics of airborne
contamination of REOs and graphitic surfaces. These results could have significant implications
on the fundamental understanding of surface-sensitive properties and applications on these and
other materials. The mechanical properties of novel macro-scale graphene fibers are also explored,
with future work planned toward the goal of measuring the intrinsic tensile strength and elastic
modulus of macro-scale graphene. This will be accomplished by further decoupling detrimental
graphene-graphene interactions, by using free-flow coatings, and enhancing mechanical properties

through the manipulation of grain sizes.
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Figure 27. XPS Spectra of as-received and treated CeO. samples. | Survey spectra, as wel | as

Carbon and Cerium spectra, are shown. a, As received; b, Annealed at 500 °C; ¢, Sample b stored

in ambient air for 24 hours; d, Sample b stored in UHV XPS chamber for 24 hours; e, Sample ¢

stored in ambient air for 2 weeks; f, Sample d stored in ambient air for 2 weeks.
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Appendix B

AFM Imaging. AFM images were taken with tapping mode in air using an Asylum
Research MFP-3D Atomic Force Microscope. Silicon HQ:NSC15/Al BS (325 kHz, 40 N/m)
probes were used and purchased from pmasch (NanoandMore, USA). All images were taken at a
scan rate of 0.50 Hz at 256 points per line. Each image required approximately 8 minutes to
collect. HOPG aging from 45 seconds to 2 hours after exfoliation was done under the instrument
cantilever holder to maintain the same scan area. HOPG aging beyond 2 hours took place inside
a glass vial resting on its side to prevent larger particulate matter from landing on the HOPG
surface. Surface morphology changes by VOC contamination during air exposure were not

detectable by AFM.
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Figure 28. HOPG aged 45 seconds.
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Figure 29. HOPG aged 2 hrs.
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Figure 30. HOPG aged 24 hours.
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Figure 31. Close up of step edges of the HOPG sample aged 24 hours.
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