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ABSTRACT OF THE DISSERTATION
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Professor Richard B. Kaner, Chair

New techniques for rapid graphite oxide reduction are illustrated. By exposing graphite oxide to
a high intensity light, such as a camera flash, rapid deflagration and deoxygenation takes place.
The resulting graphitic material is a conductor, with two orders of magnitude higher surface area
than its insulating precursor. The technique has potential applications in micro patterning as well
as distributed ignition. Flashed graphite oxide is also dispersable in a variety of organic solvents,
making it compatible with polymer processing. Another synthetic route to graphene is through
solvothermal reduction of graphite oxide. Refluxing dispersions of graphite oxide in N-Methyl-
2-pyrrolidone yields charge stabilized colloidal dispersions of graphene. The mechanism of

reduction is thermal in nature, while charge stabilization is accomplished through



functionalization of graphene NMP moieties and surface energy matching of NMP to graphene

sheets.

Conductometric graphene/Pd(0) hydrogen sensors with increased sensitivity compared to pure
graphene is demonstrated. Pd(0) nanoparticles on graphene’s surface lower the adsorption energy

barrier for H, molecules and improve the surface chemisorption of H,.

An inexpensive, solid-state method for producing graphene based electronic materials is
presented. Utilizing an inexpensive LightScribe DVD drive to reduce graphene oxide to
graphene, patterning any design on a variety of substrates is demonstrated. Highly reduced laser
scribed graphene shows promise in applications such as supercapacitors, sensors and
electrocatalysts. Metal nanoparticles can be grown directly on the graphene surfaces using metal
salt precursors. Light initiated reactions enable formation of nanoparticles within seconds of
laser exposure. Such a universal approach to nanoparticle formation is suitable for applications

from supercapacitors to catalysis.

An investigation into barrier properties of graphene and graphene oxide films illustrate excellent
barrier characteristics of graphene oxide to all gases at STP conditions with rates of permeability
being directly related to the kinetic diameter of the gas. Due to the hydrophilic nature of
graphene oxide, it is highly susceptible to permeation of water through its layered structure.
Barrier properties of graphene to water illustrate at least 60 times lower rates of permeability per

unit of thickness.
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Chapter 2: Photothermal Deoxygenation of Graphite Oxide for Patterning and Distributed
Ignition Applications

Figure 2.1 (a) An image of a GO foam sample before exposure to a photographic flash. (b) A
scanning electron micrograph (SEM) shows the porous nature of the GO foam. (c) After
flashing, the GO foam ignites releasing CO, and H,O and leaving behind an exfoliated,
deoxygenated graphitic carbon. (d) An SEM image of the material shows exfoliated layers.

(inset) Under high magnification, the layers measure 10-20 nm in thickness. .........cccccceveeneenne. 14

Figure 2.2 (a) A picture of a 15 mg/ml GO foam sample after photoignition shows the
propagation of the reaction front from left to right. (b) GO foams flashed in air pyrolyze using
oxygen from the air to yield amorphous carbon at the edges as shown in the SEM image. (c) GO

foams flashed under argon have no access to atmospheric oxygen resulting in pure exfoliated

Figure 2.3 An SEM image of a low density (3.25 mg/cm’) GO foam sample shows the loose

network of thin GO platelets making up the StruCture..........ccoccueeevuieeriieeriieeerieeeieeceee e 18

Figure 2.4 Using a pulse energy meter the total integrated energy of the camera flash was plotted
as a function of distance from the flash with and without the UV filter built into the flash. The
energy was normalized per unit area to give the fluence (J/cm®) of the flash at a given distance.
Even though the total energy of the flash increased only marginally without the UV filter as
opposed to the flash with the filter, the energy required to ignite the GO foam was considerable

less without the UV filter. Since GO absorbs more heavily in the UV (g, = 231 nm) it is not
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surprising that by removing the UV filter from the flash, ignition of GO at lower energies can be
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Figure 2.5 (a) X-ray photoelectron spectroscopy (XPS) peak deconvolution of GO yields a C:O
ratio of 2.3:1. (b) After flashing the C:O ratio increases to 11.9:1 indicating substantial
deoxygenation. The residual functionalities left behind enable the deoxygenated carbon sheets to
be dispersed into a variety of polar aprotic organic solvents including: (1) n-methylpyrolidone
(NMP), (2) dimethylformamide (DMF), (3) tetrahydrofuran (THF), (4) nitromethane, and (5)

acetonitrile as shown in the photograph..........cccueiiiiiiiiiiiiiiieeee e 22

Figure 2.6 (a) An optical microscope image shows a GO film with a Cu transmission electron
microscopy (TEM) grid on top before flashing. (b) After flashing and removing the TEM mask,
the pattern of the TEM grid has been transferred to the GO film as seen in the optical microscope
images. (c) The deoxygenation and subsequent release of CO, and H,O blow the platelets of
deoxygenated carbon out from the surface as depicted in series of SEM images at progressively

higher MagnIfiCAIONS. ......cociiiiiiiiei ettt ettt e e 24

Figure 2.7 A series of photographs showing a GO foam sample before, during and after flash
ignition with the time interval labeled in milliseconds (ms). By placing a GO foam sample onto a
paper soaked with ethanol and flashing, the GO foam is capable of igniting the ethanol vapor as
depicted in the center photograph. After ignition, the deoxygenated GO sample can be seen

glowing red from the energy released during the reaction............ccecveerciieeriieeiniieeeniee e 27
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Chapter 3: A One-Step, Solvothermal Reduction Method for Producing Reduced Graphene
Oxide Dispersions in Organic Solvent
Figure 3.1. A schematic diagram shows the preparation and purification of solvothermally

reduced graphene oxide (SRGO) to create homogeneous colloidal dispersions of SRGO sheets.

Figure 3.2 (a) AFM image of SRGO sheets; (b) corresponding AFM height profile from (a)
indicates a 0.93 nm sheet thickness. (c) SEM images of SRGO sheets indicate well-dispersed

sheets after deposition on Si substrate; inset shows a highly magnified single sheet of SRGO...43

Figure 3.3. (a) SEM image of a cross-sectional area of the air-dried SRGO film. Inset shows
SRGO paper filtered on Anodisc alumina membrane, producing a shiny, black film with
metallic-like luster. (b) SEM image of SRGO paper sample annealed at 1000 °C for 12 h under
argon indicates that the SRGO paper retains layered structure after annealing. Inset shows SRGO

annealed paper gaining a silver/gray appearance after annealing..........c..ccceeeveevvveennieenceeencnnennne 44

Figure 3.4 (a) XRD of graphite (top), graphite oxide (middle), reduced graphite oxide (bottom).
(b) Thermal gravimetric analysis (TGA) plot shows a normalized remaining mass of graphite

oxide, graphite, and reduced graphite oxide heated under argon...........ccceeeveeerieerrieennieeseneeennne 46

Figure 3.5 (a) XPS Cls of GO paper and the corresponding deconvoluted peaks of GO are

shown. (b) XPS Cls of air-dried SRGO and the corresponding deconvoluted peaks.................. 50

Figure 3.6 Overlay plot of the normalized near-edge X-ray absorbance fine structure (NEXAFS)
spectra taken at the carbon K-edge for RGOs obtained through various treatments. Each

spectrum was taken at 20° incident grazing angle with respect to the X-ray beam. The peak at ~
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284.5 eV corresponds to the sp’ carbon 7 transition. Smaller peaks at 287.4 and 288.2 eV
correspond to oxygen defects. From the overlay, SRGO contains slightly more C—OH with a
smaller sp” content than HRGO. Annealing SRGO and HRGO at 1000 °C increases the intensity
of the mt* transition, indicating higher sp” content. After annealing, some —C=0 content does
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Chapter 4: Conductometric Sensor Based on Graphene with Palladium Nanoparticles

Figure 4.1 TEM image of Pd nanoparticles with an average size of 37 nm. The insert shows a

TEM image of Pd nanoparticles in bundles on top of a sheet of graphene...........cccceevvvvernnennne. 65

Figure 4.2 An XRD pattern of Pd(0) nanoparticles that matches up well with a reference Pd
pattern (blue lines). A small peak at 16° 20 is due to a small impurity of the precursor

INIALETTAL. .o eeeeeeeee ettt ettt et et e ettt e e e e e e e e et e e aeeee e et e et ——aeee et e aaaan——————aatetrrann—————————— 66

Figure 4.3 SEM images for graphene sheets with Pd nanoparticles taken on the surface of a

sensing device. The insert illustrates aggregated Pd nanoparticles on graphene surfaces............ 67

Figure 4.3 Raman spectra of graphene sheet(s) with (red) and without (blue) Pd nanoparticles

deposited on conductometric devices obtained using 532 nm laser excitation..........c..ccceeevveennee. 69

Figure 4.4 Dynamic responses (change in normalized resistance) of the developed
conductometric sensors towards different concentrations of H, at room temperature: (A)
graphene, (B) graphene/Pd. The device was placed in a computerized multi-channel gas
calibration system and five pulses (0.06%, 0.12%, 0.25%, 0.5% and 1%) of H, gas in synthetic

air were applied to the gas ChamDbBET.........cc.coviiiiiiiiiie e e 73



Chapter S: Patterning and Electronic Tuning of Laser Scribed Graphene for Flexible All-

Carbon Devices

Figure 5.1 Comparison between (a) a standard complex colored image of a man’s head filled
with circuits and (b) the same image reproduced by reducing graphite oxide at various levels,
which corresponds to a change in electrical properties (Copyright Lester Lefkowitz). A
correlation between laser intensity and sheet resistance is shown in (¢) where the sheet resistance
of LSG is controlled in two ways, by printing in grayscale color and/or by controlling the
number of times the film is irradiated with the 788 nm infrared laser. The log base graph clearly
shows the sheet resistance decreasing by orders of magnitude when different grayscale colors are
used, which is directly related to the laser intensity. In addition, the number of times the graphite
oxide film is irradiated with that specific grayscale color, for example, laser reduced once (black
squares), twice (red dots), or three time (blue triangles), also produces a significant decrease in

sheet resistance, which provides a second mode of controlling the electrical properties of

Figure 5.2 Scanning electron microscope (SEM) images of laser scribed graphene (LSG). a)
Top-view of GO before laser treatment (right) and after laser treating (left). Laser treating
GO film results in large domains of stacked laser scribed graphene. b) Cross-sectional view
of a freestanding film, which compares the expanded and exfoliated laser scribe graphene
film with that of graphite oxide film. An increase in film thickness is clearly visible for
laser scribed graphene. c) A higher magnification cross-sectional view. d) Selective area
magnification of LSG demonstrating the large open network, which results from the laser
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Figure 5.3 A transmission electron microscope (TEM) image of few layer laser scribed

graphene deposited on lacy carbon TEM grids. Scale bar =200 nm.........cccccieiriieiinnnnnnn.. 89

Figure 5.4 Raman and XPS comparisons between GO and hr-LSG. (a) Raman showing graphite
oxide (solid red line) exhibiting typical D, G, and amorphous 2D bands. The LSG (solid black
line) spectrum shows an increase in the D band due to an increase in edge planes after laser
irradiation as well as a shifted and diminished G band as a result of the enhanced crystallinity of
the LSG. The shift and presence of the 2D band indicates the synthesis of few-layer graphene.
(b) Overview of the XPS spectra confirms the decrease in the ratio of oxygen to carbon as a
result of laser irradiation of the graphite oxide film. By taking a closer look at the boxed area, it
is possible to compare the carbon—oxygen functionalities of (c) graphite oxide and (d) laser
scribed graphene. In contrast to graphite oxide, the LSG film shows a significant loss of C-O

functionalities, an increase in sp> carbons, and a significant increase in the m to 7* satellite

Figure 5.5 Powder X-ray Diffraction pattern of a) graphite, b) graphite oxide, and c) highly

reduced laser scribed raphene........c.ciiiueiiiiiiiiiiii e 92

Figure 5.3 (a) All-organic flexible set of interdigitated electrodes generated from highly reduced
laser scribed graphene (hr-LSG). (b) Same interdigitated electrodes transferred onto
polydimethylsiloxane (PDMS). (c) NO, detection using the same all-organic flexible
interdigitated electrodes. Here the sensor uses hr-LSG as the active electrodes and marginally

laser-reduced graphite oxide as the detecting media. The NO, concentration is 20 ppm in dry air
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Figure 5.4 Scanning electron microscopy (SEM) analysis of platinum nanoparticle growth on
LSG films. LSG is shown to be an excellent heterogeneous scaffold for the growth of platinum
nanoparticles by electrochemically reducing 1 mM K,PtCl, + 0.5 M H,SO, at —-0.25 V for (a) O s,
(b) 15 s, (c) 60 s, and (d) 120 s. The result is an increase in the size of the Pt nanoparticles as a
function of electrodeposition time. The insets in b—d show a magnified view of each set of
nanoparticles, with nanoparticles ranging from 10 to 50 nm after 15 s to 200-300 nm after 120 s.

INSEt SCALE DAIS = 100 IIN1e. . ieeiiieeieee ettt ettt e e e e e e e et eaaaeeeeeeeeeraeaaeneaeseeeseesannaeaeseeaeens 99

Figure 5.5 Electron transfer kinetics. Dependence of the peak current (i,) of [Fe(CN),>* redox
couple on the applied scan rate (v) for hr-LSG electrode. The peak currents were obtained from
the cyclic voltammograms of hr-LSG electrode in 5 mM K;[Fe(CN)]/K,[Fe(CN),] (1:1 molar
ratio) dissolved in 1.0 M KCl solution and run at scan rates of 0.01 to 0.4 V/s. The plot is linear

with a slope of 0.53 indicating a semi-infinite diffusion mechanism.........c...ccoccceveenicnnenncnn. 101

Figure 5.6 CV profiles of graphite oxide (GO), graphite, and hr-LSG electrodes in equimolar
mixture (5 mM) of K,[Fe(CN)]/K,[Fe(CN),] dissolved in 1.0 M KCI solution at a scan rate of 50
mV/s. The hr-LSG electrode approaches the behavior of a perfect reversible system with a peak-
to-peak potential of 59.5 mV at 10 mV/s, which is close to the theoretical Nerstian value of 59
mV. The hr-LSG shows high electron transfer rates, 105 times faster than graphite and even

higher than values reported for carbon nanotube electrodes and stacked graphene
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Chapter 6: Investigation of Barrier Properties of Graphene and Graphene Oxide on PET for

Electronic Encapsulation

Figure 6.1 A schematic drawing of a typical manometric setup. A pressure of approximately 50
psi is applied from a gas cylinder through the regulator (R) which can be monitored using a
pressure transducer (P), the gas is controlled through a high pressure valve (A) before it reaches
a permeation cell on the upstream (top) side of the membrane. The downstream side (bottom),
can be evacuated and has a mounted computerized vacuum transducer (P). When the desired
vacuum is reached, the downstream side is isolated from the vacuum pump by closing valves (B)
and (C). As the gas permeates through the membrane to the downstream volume (V,) and
collects in volume (V,) or (V,), it will cause the pressure rise, and the rate of the pressure rise can
be used to calculate the permeability of the membrane. The inset shows a schematic drawing of

the PErmMEation CEIL.......coiiiiiiiiiiiiiie ettt s e e s te e e beeeabaeeaseesnasaeensaeens 116

Figure 6.2 A photograph of the constructed gas permeation setup: A) permeation cell, B)
downstream volume, C) digital vacuum transducer, D) high pressure valve, E) high vacuum

valve, and F) high-pressure Sau@e.........ccuveviiieiiiieiiie ettt e e e sbee e sveeesavee e 117

Figure 6.3 A photograph illustrating the water permeation attachment connected to the upstream
side of the test cell. A valve (A) is connected on the bottom side of the test cell and on the top
side to a series of metal tubing (B) ending with a multiarm Pyrex connector (C). The multiarm
connector is also connected to the water container (D), a vacuum gauge (E), the liquid nitrogen

condenser (F), and the vacuum pump (G).....c.eeevuiieriiieeniieeiieeiee et 120
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Figure 6.4 A photograph of a graphene CVD setup: (A) & (B) Hydrogen and methane gas,
respectively; (C) mass flow controllers (MFCs); (D) power supply & regulator for MFCs; (E)

furnace with a 1.5 glass tube; and (F) vacuum pump..........cccceeeiieriieeniieenieeeieeceeeeeeeeeen 121

Figure 6.5 A schematic drawing of the vapor deposition setup. A helium tank is connected
through a bleed valve into a sealed container with hexamethyldisilazane (HMDS). When the
valve is open, the carrier gas (He) carries the HMDS into the pre-heated reaction chamber where
it is allowed to react with hydroxyl groups on the GO surface for 24 hours at 85 °C. After the
reaction is complete, the entire chamber is evacuated for 30 minutes and the sample is removed

for characterization and aNAlYSIS........cccviiriieiriiieiiiie ettt e et e e e e e e e aae e 124

Figure 6.6 A graph of O, permeation through uncoated PET, resulting in a permeability of 4.753

x 10” cm cm’*(STP) cm™ s emHg™'. The black bottom line is the leak rate of the system....... 127

Figure 6.7 Graph of helium gas permeating through NBS, SRM 1470; note that a steady-state

equilibrium is reached Within MINUEES.........cc.eiiriiiiiiieeieeeeeeee e 127

Figure 6.8 Graph of two plots of He permeability overlaid on top of each other indicating only a

2% deviation in sample to SAMPIE tESHING EITOT.......eerruvieriieeriieeriieerieeerreeerreeeireeeareesreeesnns 128

Figure 6.9 Graph of three plots of He permeability. The top (purple) graph indicaes 0.925 Barrer
permeability of uncoated PET to helium. Where as 1 Barrer is defined as 1x10™"° cm ¢cm’(STP)
cm” s cmHg'. The red plot is a permeability of 0.108 Barrer and coresponds to the sample of
PET coated with graphene oxide in the amount of 2.25 mg GO per 1 cm® of PET. The blue line is

a PET sample coated with 4.5 mg of GO per 1 cm”0f PET .........ccccocvevevevieieeieeeeeeeeveeeenann, 129

XiX



Figure 6.10 Plot of WVTR for PET and PET/GO, indicating a 21.4% improvement in barrier

properties over a standard PET film using only a 1.7 micron thick GO film...............c...c....... 132

Figure 6.11 A plot of water vapor transmission rate (WVTR) as a function of GO film thickness
from Table 6.1. The first value next to each datum point indicates the WVTR, while the second
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Chapter 1

Introduction to Graphene and Graphene Oxide

1.1 Thesis Overview

Graphene was first mentioned in the works of Phillip Wallace, who studied it as a
limiting case for theoretical work on graphite!!. However, it wasn't until 2004 when Geim and
Novoselov first isolated a single layer of graphene that the real story of graphene began'.
Graphene is a one atom thick layer of sp® hybridized carbon atoms, forming an infinite sheet. It
has a high thermal conductivity (~5000 W m™" K™'), Young's modulus of ~1 TPa, breaking
strength of 42 N m™, high conductivity at room temperature (10° S cm™) it also exhibits field
effect behavior, and high frequency operation.”” Such characteristics, along with nanometer
sized device possibility are placing graphene as the top candidate for the future of electronics and
composite materials alike. Although the expectations for graphene are high, before graphene can

be used in commercial applications it must be scaled up in a commercially feasible way.

Graphite oxide (GO) has first been isolated in 1859 by Brodie et al; since then, every 50
years a new synthetic approach to graphite oxide has been published®'". Graphite oxide is a
thermodynamically unstable, non-stoichiometric, water dispersable, product of oxidation of
graphite. The molecular formula of graphite oxide varies with synthetic procedures, and
purifications techniques used, but using the modified Hummers method the molecular formula of

GO has been determined to be: C;0,,s(OH), s(OK), ,s/'" The general model of graphite oxide
1



follows one proposed by Lerf and Klinowski, which suggests isolated domains of sp® carbon
surrounded by sp’ carbon bound to hydroxyl and epoxide group in the basal plane of graphite
and carboxylic groups on the peripheral on the sheets.'"” Oxygen moieties on graphite oxide
allow it to maintain stable water dispersion through charge stabilization. Since GO is
thermodynamically unstable, temperature increase in graphite oxide past 200 °C will lead to
deflagration, deoxygenation and partial reduction leading to reduced graphene oxide, with higher
temperature producing graphene. It has been reported in the literature that when nanomaterials
are exposed to a high intensity light, such as a camera flash, they undergo combustion (CNTs) or
oxidation (Si nanowires)"*'*. Both freeze-dried and cast films of GO react to camera flash by
deflagration and deoxygenation, resulting in graphene like foam.!"” Furthermore, graphite oxide
can be dispersed in ethanol fuel and when used in homogenous charge compression ignition
(HCCI) can be used to provide accurate ignition timing. The details and results of these

experiments are reported in Chapter 2.

One application where graphene high aspect ratio may be extremely advantageous is in
polymer nano composites. Polymer composites that utilize inorganic nano materials as fillers
have recently gained attention due to unique properties they provide. Increased fracture
toughness, decreased fatigue, increased glass transition point, are just a few metrics that are
enhanced and are of particular interest in numerous applications, such as aerospace, high
performance automotive and sports industries."® Up to recently, the bulk of nanocomposite
polymer research has been focused on clay silicates, such as montmorillonite."”” However, the
electrical and thermal conductivity of clay minerals are quite poor."® Which limits their use in
such applications as lightning strike protection. The solution can be found in fillers that provide

high conductivity through conjugated network, without sacrificing strength and structure of



silicates. The research has turned to carbon-based nanofillers, such as carbon black, expanded
graphite and carbon nanotubes (CNTs)"**"" Among these, CNTs have proven to be by far, the
most effective as conductive fillers owing to the excellent conductivity as well as ability to
functionalize the walls of the CNTs with excellent integration into the polymer matrix.***
However, high production cost of CNTs impeded their full integration in mass production of
CNT polymer nanocomposites. Graphene, synthesized through reduction of graphite oxide offers
an excellent alternative to CNTs. By using a high boiling point solvent like N-Methyl-2-
pyrrolidone (NMP) to reduce GO sheet, while keeping graphene sheet from agglomeration
through surface energy matching with a solvent, a stable dispersion of graphene sheets in polar
organic solvent can be achieved.” Chapter 3 of this dissertation presents a detailed approach for
synthethis of NMP reduced graphite oxide, using a solvothermal approach. Integration of

graphene nanoplatelets into a variety of organic solvents that are compatible with commercial

polymer and resin processing is also discussed.

Graphene has been used in the development of chemical, mass, and bio-sensors, with
demonstrated sensitivity to gas species including: nitrogen dioxide, nitrogen monoxide, ammonia,
hydrogen, carbon dioxide, carbon monoxide, nitrogen and oxygen.””’ However, routes that can
enhance graphene reactivity are still needed to achieve higher sensing performance and the
commercialization of such devices. Hydrogen sensitivity on graphene surface can be enhanced
through introduction of curvature in the sheet of graphene, such as deposition of metal
nanoparticles, which themselves enhance the reactivity®'. Chapter 4 of this dissertation shows a
graphene/Pd sensor that has surface enhanced Raman effect with an enhancement ratio of
approximately 5, due to the presence of Pd nanoparticles. The sensing response indicates that the

graphene/Pd sensor has a higher sensitivity compared to the pure graphene sensor.



Although scientific literature is filled with a variety of ways to produce device quality
graphene, most start with graphite oxide as a commercially scalable alternative to chemical vapor
deposition (CVD). Unfortunately, the oxygen containing functional group on the surface of
graphite oxide serve as defects in its electronic structure and hinder it insulating. Therefore
removal of the oxygen moieties and restoration of the conjugation network must be
accomplished before reduced graphene oxide can be used in an electronic device. Our previous
research has shown that graphite oxide is highly susceptible to high intensity light, such as one
found in a camera flash. However, the process is highly energetic and difficult to control.
Alternative solution is to use laser, such as one found inside a CD/DVD. Chapter 5 discusses our
findings where a film of graphite oxide drop cast onto the surface of a LightScribe DVD disc is
reduced to laser scribed graphene (LSG).”” In addition to the complete reduction, we show that
partial reduction is possible through control of laser’s focus/defocus mechanism by providing the
disc drive with a different computer image to raster on a CD. Furthermore, we show that the
process can be repeated on flexible substrates, such as poly ethylene terephthalate (PET) and

subsequent publication on the use of LSG in all carbon capacitors shows excellent results.”

Large aspect ratio materials like graphene can be used not only for polymer composite
reinforcement, but also as a barrier material. Owing to a small C-C bond distance in a benzene
ring, even a gas molecule of He (kinetic diameter of 2.6 A) would be hard pressed to squeeze
through an ideal graphene sheet. Additionally, graphene is extremely thin, only 3.34 A and
97.7% transparent to visible light. Using several layers of graphene it would be possible to
account for any defects in the graphene sheet by creating a tortious path for the gas to travel. In
Chapter 6 we investigate films of both the graphene oxide and graphene to helium and water

permeation using a custom-built permeability setup.



The final chapter of the dissertation investigates laser scribed graphene cascade reactions,
where a precursor graphite oxide is mixed with a precursor to a metal or metal oxide
nanoparticle, such as silver acetate. We show that in the process of reduction of GO and
formation of LSG, the exothermic energy is used to thermally reduce silver, palladium and nickel
acetates to Ag(0), Pd(0) and NiO. Preliminary experiments are also conducted on application the
resulting nanocomposites. We evaluate LSG/Pd(0) as a Suzuki-Miyaura coupling reaction

catalyst, and LSG/NiO in a supercapacitor application.
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Chapter 2

Photothermal Deoxygenation of Graphene Oxide for

Patterning and Distributed Ignition Applications

2.1 Introduction

A xenon discharge tube, such as is used to produce a photographic flash has been
reported to cause the ignition of carbon nanotubes, silicon nanowires and welding of nanofibers
of the conducting polymer polyaniline."” In these reactions, the high surface to volume ratio of
the nanomaterials being irradiated, coupled with the inability of the small structures to efficiently
dissipate the absorbed energy, leads to a rapid increase in temperature and subsequent ignition or
welding of the materials. Although heating materials through the use of light energy is not a new
phenomenon, achieving such a rapid and dramatic temperature change using only millisecond
pulses of light demonstrates a tangible and technologically significant capability that is unique to

nanoscale materials.¥

Graphene oxide (GO) is a deeply colored, water dispersible, oxidized form of graphene
obtained through the treatment of graphite powder with powerful oxidizing agents.”’ Although
GO has been known for over 150 years, only recently have scientists had access to the tools
necessary to properly analyze its atomically thin sheet structure. This has rekindled interest in

graphite oxide and has led to a number of recent discoveries, including: the stacking of GO
8



platelets to form paper-like materials of high modulus and strength.*” Many studies have
suggested that GO can be reduced to graphene-like carbon sheets by applying chemical reducing
agents or by using thermal treatments.”®'”' This has led to speculation that GO could find use as a
precursor in a bulk route to dispersible graphene sheets."'"’! Already, several groups have
succeeded in creating conducting polymer composites, transparent conducting films and simple
electronic devices based on reduced GO.'*** In addition to the chemical reduction of GO,
Aksay, et al. have reported the thermal deoxygenation of GO to create functionalized graphene
sheets upon rapid heating to 1100 °C under an inert atmosphere. *”-**! These organic solvent
dispersible sheets have enabled the direct creation of polymer composites, without the need for
surfactants.” Thermal deoxygenation of GO to form graphitic carbon dates back to the 1960’s
when Boehm and Scholz first reported on the ignition and deflagration of graphite oxides
prepared by different methods.”” Upon rapid heating to temperatures of ~200 °C, GO
decomposes to the most thermodynamically stable oxide of carbon, CO, Along with the

exothermic release of CO,, H,0 and CO also form as minor products.”"!

Due to the dramatic temperature increase (in excess of 1500 °C) that can be achieved
using millisecond pulses of light, carbon nanotubes have been considered as additives to rocket
fuels to attain distributed fuel ignition. If different parts of the fuel can be ignited simultaneously,
better control and stability along with lowered weight should be achievable.”*** Attempts aimed
at using CNTs for ignition applications, however, have failed, since the CNT combustion
requires outside oxygen. In fact, the CNTs themselves — like C¢, and carbon soot - play little role
in the ignition process, instead it is the iron nanoparticle catalyst used to grow them, along with
oxygen, that supports combustion.””*"! Even with sufficient catalyst, uniformly dispersing CNTs

into liquid fuels remains problematic. Here we report the discovery of the photothermally



initiated deflagration of GO that can take place even in an oxygen deficient environment. Since
GO readily disperses in alcohols and other polar organic solvents, preliminary results indicate
that with some chemical modification GO could be dispersed in fuels as well. This along with
the current interest in GO as a nanoscale platelet material gave us the impetus to investigate this

photothermally driven process further.

2.2  Experimental

221 Synthesis

Graphene oxide was synthesized using a modified Hummer’s method as reported
previously in Ref. [14]. Dispersions of GO were freeze-dried using an FTS systems Dura-Stop
uP Freeze-drying system. Dispersion concentrations of 30 mg/ml, 15 mg/ml, 7.5 mg/ml and 3.25
mg/ml were freeze-dried resulting in porous GO materials with densities of 30 mg/cm’, 15
mg/cm’ and 7.5 mg/cm’ and 3.25 mg/cm’, respectively. Figure 2.3 is an SEM image of the
lowest density 3.25 mg/cm’ sample showing the network of thin platelets. Film samples of GO
were obtained by filtration of a GO dispersion through a 0.22 pum Anapore™ filter for free-
standing films, and a 0.2 um Nylon Millipore™ filter for thin films that remained bound to the

filter membrane for stability.
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22.2 Characterization

X-ray diffraction (XRD) was carried out using a PANalytical XPert Pro diffractometer
with Cu Ka radiation (. = 1.5418 A). Before taking X-ray scans the GO was dried for 48 h under
vacuum at room temperature followed by 24 h under vacuum over P,O5 which acts as a drying
agent. Powder X-ray diffraction can be used to verify that the oxidation reaction has reached
completion since the introduction of oxygen moieties expands the interplanar galleries in
graphite from 3.34 A to ~6.9 A. Our graphite oxide exhibits a characteristic peak at 12.75
degrees 20 corresponding to the 002 interplanar spacing of 6.94 A, while the most intense peak
from the starting graphite at 26.4 degrees 20, corresponding to a d-spacing of 3.34 A, is
completely absent. The d-spacing of slightly >6.9 A for the synthesized GO indicates that despite

drying under vacuum for 24 h, some water has been absorbed by the GO.

The GO and reduced GO samples were inserted into the analysis chamber of a
ThermoVG ESCALAB 250, X-ray photoelectron spectrometer. Spectra were obtained by
irradiating the sample with a 320 um diameter spot of monochromated aluminum Ka X-rays at
1486.6 electron Volts (eV) under ultrahigh vacuum conditions. The analysis consisted of
acquiring 10-20 scans and signal averaging. The survey scans were acquired with a pass energy
of 80 eV, and the high resolution scans were acquired with a pass energy of 20 eV. Low pressure
gas adsorption isotherms were measured volumetrically on an Autosorb-1 analyzer
(Quantachrome Instruments). Conductivity data were obtained using a Jandel RM3-AR
resistivity tester using an applied current of 4.532 pA in combination with a 4-point probe head.
Optical microscope images were taken using a Zeiss AxioTech 100 reflected light microscope

with Zeiss AxioCam MRc camera.
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A liquid nitrogen bath (77 K) was used for N, and H, isotherm measurements. The N,,
H,, and He gases used were UHP grade. For measurement of the apparent surface areas (SLang),
the Langmuir method was applied using the adsorption branches of the N, isotherms assuming a
N, cross-sectional area of 16.2 A%molecule. The micropore volumes (Vp) were determined using
the Dubinin-Raduskavich (DR) transformed N, isotherms across the linear region of the low-

pressure data.

2.3 Results and Discussions

A random porous network of GO platelets is created by freeze-drying GO
dispersions. The porous structure results from the extraction of water without causing collapse of
the solid matrix of GO platelets due to capillary action, as would happen with conventional
evaporation. Creating dry, low-density networks of nanoscale GO platelets serves two purposes:
first, the surface to volume ratio of the platelets is increased providing maximum surface area for
energy absorption; second, thermally conductive pathways through which absorbed energy can
diffuse are reduced. The GO dispersions were comprised of platelets ranging in size from 100
nm — 5 pm in diameter with the majority of platelets around 500 nm in diameter as analyzed by
atomic force microscopy. The GO foam networks enable greater energy absorption and
confinement leading to dramatic temperature increases on exposure to a camera flash. Using
freeze-drying, porous GO foams can be made to densities down to 5 mg/cm’ before the structure
collapses under its own weight. Most of the GO foams used in this study had a density of 15

mg/cm’. Figure 2.1a is a photograph of a light-brown GO foam sample prepared by freeze drying
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a 15 mg/ml dispersion to achieve a density of 15 mg/cm’. Figure 2.1b shows an SEM micrograph
of the same sample magnified 1000x. In the SEM image, the GO platelets appear as crumpled
sheets ranging in diameter from 500 nm to 20 wm, that assemble to form a porous 3-dimensional
network. The mechanical integrity of the GO foams increase with increasing density. Foams with
a density of < 5 mg/cm’ typically collapsed easily and were difficult to handle. Foams with a
density ranging from 10 mg/cm’ to 20 mg/cm’ were robust but required careful handling, while
denser foams were quite sturdy much like a commercial silica aerogel. After flashing, the foams

lose their structural robustness, fall apart and are easily blown around by gusts of air.

Upon exposure to a photographic flash, the GO foam emits a popping sound most likely
attributable to a photoacoustic effect similar to the flashing of CNTs.”® A color change from
light brown to dark black can be seen immediately after exposure to the flash indicating
conversion to deoxygenated graphitic carbon. A photograph of the flashed GO foam is shown in
Figure 2.1c. The light brown spots around the periphery of the sample correspond to the
unreacted regions at the edges of the sample as a result of cooling and expansion of the foam as
the reaction front propagates. Figure 2.1d, shows an expanded structure much like that of
exfoliated graphite and comparable to recent reports on thermally reduced GO.””** The inset
picture of Figure 2.1d shows the flashed GO foam at 100,000x magnification. At this
magnification, the expanded nature of the flash deoxygenated graphitic platelets can be observed.
Using the scale bar as a gauge, the thickness of the thinnest expanded sheets can be seen to range

from 10-20 nm.
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Figure 2.1 (a) An image of a GO foam sample before exposure to a photographic flash. (b) A
scanning electron micrograph (SEM) shows the porous nature of the GO foam. (c) After
flashing, the GO foam ignites releasing CO, and H,O and leaving behind an exfoliated,
deoxygenated graphitic carbon. (d) An SEM image of the material shows exfoliated layers.

(inset) Under high magnification, the layers measure 10-20 nm in thickness.
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23.1  Graphene Oxide Foam Deflagration

Upon exposure of the GO foam samples to a flash of light, the ease of ignition and
reaction propagation was found to be heavily dependant on the density of the GO foam. Denser
GO foams (>30 mg/cm®) were typically more difficult to ignite requiring several flashes at close
range (<1 mm) in order to initiate a reaction. Once ignited, however, a reaction front propagates
through the GO foam structure releasing CO, and H,O as a result of the deflagration. Medium
density GO foams (25 - 10 mg/cm’) readily ignited and were dense enough to allow for the
propagation of the deflagration reaction. Figure 2.2a is a photograph of a 15 mg/cm’ GO foam
sample undergoing a progressive deflagration reaction to deoxygenated carbon. The light brown
area on the right side of the sample is unreacted GO. By analyzing a series of photographs taken
at 0.1 second intervals after ignition of the GO foam, the reaction front velocity through the

material was determined to be ~10 cm/sec.

GO foams could be flashed under an inert atmosphere, such as argon, or through the glass
walls of an evacuated flask. In both cases the GO foams ignited and the reaction propagated
through the bulk of the foam, demonstrating that the deflagration of GO does not require outside
oxygen to propagate. Figure 2.2b shows SEM images of GO foams flashed in an open
atmosphere and under argon (Figure 2.2¢). Unlike the samples flashed under argon, SEM images
of the open air flashed samples look as though they contain amorphous carbon at the edges
instead of the fine expanded structure found in the argon flashed samples. We attribute this
amorphous carbon to secondary burning of the newly formed graphitic carbon in atmospheric
oxygen after the removal of H,0O and CO, from the primary deflagration reaction. Lower density

GO foams (<5 mg/cm’), ignited easily but did not produce enough heat via deflagration to
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sustain a reaction front, and thus were not self-propagating. An SEM image of a low density

foam (3.25 mg/cm’), is shown in Figure 2.3.

2.3.2 Flash Characterization

The films were flashed using a Pro Master FA1000 being fired in “test” mode. The pulse
duration of the camera flash was on the order of milliseconds. The integrated pulse energy and
duration of the flash was measured using a Molectron Opti-mum4001, 4-channel joulemeter in
combination with a model J25 detector. UV-vis spectra were acquired on a Shimadzu UV-
3101PC, software used is Shimadzu UVProbe version 2.21. The absorbance wavelength
spectrum was scanned from 190 nm through 800 nm. The UV-vis spectrum of GO reveals a
broad peak in absorbance with a maximum centered around 230 nm trailing off at higher
wavelengths. Since most commercially available camera flashes utilize a UV filter to more
accurately simulate the color temperature of sunlight, we found that removal of the
polycarbonate UV filter allowed us to flash the GO foam samples from further away or through
thick glass. When flashing GO samples through glass, the glass tends to act as a thermal barrier
sheilding the samples from the heat developed by the Xe discharge tube. Since only the light
from the flash is allowed through, we believe the photo-ignition of GO to occur strictly as a
result of absorbed light energy being converted into heat by the GO, with no real contribution
from the heat of the Xe flash tube. The flash energy typically increased as the charging capacitor

in the photographic flash unit was allowed to charge for longer periods of time.
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Figure 2.2 (a) A picture of a 15 mg/ml GO foam sample after photoignition shows the
propagation of the reaction front from left to right. (b) GO foams flashed in air pyrolyze using
oxygen from the air to yield amorphous carbon at the edges as shown in the SEM image. (c) GO
foams flashed under argon have no access to atmospheric oxygen resulting in pure exfoliated

sample.
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Figure 2.3 An SEM image of a low density (3.25 mg/cm’) GO foam sample shows the loose

network of thin GO platelets making up the structure.
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By firing the flash immediately after the “test flash” button illuminated, greater
repeatability could be achieved. Five measurements were taken at each distance with a standard
deviation of less than 4%. Typical flash durations ranged from 1-2 milliseconds. Figure 2.4
shows a plot of the total integrated fluence (J/cm®) released by the flash as a function of distance
from the flash. The two lines in Figure 2.4 correspond to the flash energy with and without the
UV filter in place. The maximum ignition distance for a 15 mg/ml GO foam with and without the
UV filter in place was measured and is indicated in Figure 2.4. We found that although the total
energy increased only slightly at each distance by removing the UV filter, ignition of the GO
foam could be achieved at further distances — and therefore lower total energy — than when the
UV filter was in place. The GO foams typically ignited at a distance of ~1 mm with the UV
filter in place corresponding to a fluence of 250-300 mJ/cm’. After removing the UV filter, the
same GO foam could be ignited at a distance of 13-15 mm corresponding to < 200 mJ/cm*. We
speculate that since GO absorbs more heavily in the UV, more energy was being absorbed and
therefore converted into heat after removal of the UV filter allowing ignition at lower total
energy levels. Allowing the camera flash to charge for an extended period resulted in a higher

energy flash with typical fluence values of ~400 mJ/cm’.

233  Characterization of the Resulting Graphitic Carbon

X-ray powder diffraction of a compressed pellet of the reduced graphite oxide shows a
broad, low-intensity peak centered at 26.4° 20 indicating that after deflagration the product is, in

fact, graphitic in nature.””
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Figure 2.4 Using a pulse energy meter the total integrated energy of the camera flash was plotted
as a function of distance from the flash with and without the UV filter built into the flash. The
energy was normalized per unit area to give the fluence (J/cm®) of the flash at a given distance.
Even though the total energy of the flash increased only marginally without the UV filter as
opposed to the flash with the filter, the energy required to ignite the GO foam was considerable
less without the UV filter. Since GO absorbs more heavily in the UV (g,,, = 231 nm) it is not
surprising that by removing the UV filter from the flash, ignition of GO at lower energies can be

achieved.
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The broadness of the diffraction peak is most likely due to both the small crystalline domain
sizes of the graphitic planes and the turbostratic nature of the expanded sheets. The
deoxygenated carbon material that remains after photothermally induced deoxygenation was
analyzed for its carbon and oxygen content using X-ray photoelectron spectroscopy (XPS). The
carbon content increases from 68.7% in the GO starting material, to 92.1%, while the oxygen
content decreases from 29.3% to 7.7%. The remaining oxygen is most likely contained in
residual functionalities (-COOH, -OH, etc.) due to incomplete deoxygenation. Figure 2.5a and
2.5b show XPS spectra of GO before and after flashing, respectively. Upon flashing, the GO

foam undergoes an average mass loss of 70%, attributable to the formation of gaseous CO,.

As an interesting side note, repeated flashing of the expanded deoxygenated carbon
material results in continued photoacoustic popping sounds and a measurable reduction in mass
for each flash exposure. We speculate that the added energy from repeated flashing causes the
mostly reduced graphite oxide material to continue oxidizing to CO,. The deoxygenated carbon
obtained from flashing GO was found to be dispersible in several aprotic polar organic solvents
including: tetrahydrofuran (THF), dimethylformamide (DMF), n-methylpyrrolidone (NMP), and
dimethylsulfoxide (DMSO) as is shown in Figure 2.5¢c. Resistivity measurements taken on the
deoxygenated carbon resulted in a resistivity decrease from 9.98 x10* Q-cm before flashing to
2.23 Q-cm after photoinduced deoxygenation. The change in resistivity of over four orders of

magnitude is consistent with other forms of reduced GO obtained by thermal means."”*"

Due to the expanded nature of the flashed GO foams; they were analyzed for surface area
by measuring N, gas uptake using the Braunaur Emmett-Teller (BET) analysis method. Before

flashing, a GO foam with a density 15 mg/cm’ was measured to have a surface area of 6 m’/g.
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Figure 2.5 (a) X-ray photoelectron spectroscopy (XPS) peak deconvolution of GO yields a C:O
ratio of 2.3:1. (b) After flashing the C:O ratio increases to 11.9:1 indicating substantial
deoxygenation. The residual functionalities left behind enable the deoxygenated carbon sheets to
be dispersed into a variety of polar aprotic organic solvents including: (1) n-methylpyrolidone
(NMP), (2) dimethylformamide (DMF), (3) tetrahydrofuran (THF), (4) nitromethane, and (5)

acetonitrile as shown in the photograph.
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After flashing, the measured surface area yielded a range from 400 to 980 m*/g. We believe the
large range in values can be attributed to difficulties in determining the sample weight and
adsorbed water content. Exposure of the flashed, deoxygenated carbon to hydrogen was

performed, resulting in an uptake of 0.5 wt % at 77 K.

234  Flash Patterning

In addition to GO foam materials, it is possible to make GO films which can be
photothermally patterned. To accomplish this, thin GO films (< 1 pm in thickness) were created
by filtering a dilute GO dispersion through a 0.2 um Nylon Millipore™ filter. Figure 2.6a shows
optical microscope images of a copper transmission electron microscope (TEM) grid placed on
top of a GO film while still attached to the Nylon filter. Using the TEM grid as a mask, the GO
film was exposed to a flash at close range inducing deoxygenation to graphitic carbon. Figure
2.6b is an optical microscope image of the GO film after flashing. Looking at the image, defined
regions of black (exposed) and brown (masked) can clearly be seen mimicking the TEM grid
mask. SEM images of the masked film (Figure 2.6c) show how the exposed regions on the GO
film expand outward upon ignition by the flash. The release of CO, and H,O during deflagration

is likely the cause of the platelets pushing out from the surface of the film.
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200 pm

Figure 2.6 (a) An optical microscope image shows a GO film with a Cu transmission electron
microscopy (TEM) grid on top before flashing. (b) After flashing and removing the TEM mask,
the pattern of the TEM grid has been transferred to the GO film as seen in the optical microscope
images. (c) The deoxygenation and subsequent release of CO, and H,O blow the platelets of
deoxygenated carbon out from the surface as depicted in series of SEM images at progressively

higher magnifications.
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2.3.5 Distributed Ignition

Another promising application for photothermally initiated reactions is as an ignition
promoter for fuels. By dispersing GO platelets in a liquid fuel, it could be possible to initiate
ignition of the fuel using a flash of light as opposed to a traditional spark plug. Illumination of a
fuel/oxidizer mixture would enhance combustion by allowing ignition to occur at numerous
locations simultaneously. One of the major drawbacks of current electrical spark ignition is that
it is a single-point ignition source. Ideally, multiple ignition nucleation sites will allow for more
controllable, and therefore more efficient and reliable ignition and combustion. This is of critical
importance for applications such as liquid fueled rockets, where current ignition methods are
known to be plagued by several problems. Issues such as combustion instability and start-up
transients not only can cause severe damage, but also degradation in engine efficiency and an
increase in emissions of pollutants. It is thought that nearly 30% of the combustion instabilities
in rocket engines, leading to engine damage and possible loss of cargo and human life, can be
traced back to the nature of the propellant’s initial energy release process, as described by Harrje

and Reardon.””

The short-comings of the existing systems combined with intuitive engineering
advantages of low-energy, lightweight distributed ignition, has motivated previous attempts to
use single wall carbon nanotubes (SWNTSs) as photo-ignition enabling additives to fuels.”*** In
these experiments, the SWNTs were found to only ignite in the presence of ambient oxygen and

did not disperse well in the test fuels. Flashing of SWNTs is also heavily dependent on the Fe

catalyst concentration. In contrast, GO carries its own oxygen supply and is highly dispersible in
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fuels such as alcohol; therefore, GO may be a promising additive as an ignition promoter for

fuels.

In preliminary experiments, we have been able to successfully ignite ethanol fuels using
GO as a photothermal initiator. Figure 2.3a shows a photo of a GO foam sample placed on a
paper soaked with ethanol. Upon flashing (Figure 2.7b), the ethanol vapor readily combusts as a
result of the GO ignition. After the ethanol fuel is consumed, we can see the deoxygenated
carbon product glowing bright red as a result of the combustion reaction and the volume of the
sample increases due to exfoliation (Figure 2.7c¢). Pyrometer readings of this ignition process
indicate that by flashing GO achieves temperatures of 400-500 °C within a few ms. In our
experiments, were able to disperse GO platelets into ethanol and methanol with mild sonication.
The GO platelets did not disperse well in more aliphatic fuels such as kerosene. We speculate
that dispersibility of GO in organics could be facilitated with the use of surfactants without loss

of the photothermal function of GO platelets as an ignition promoter.

23.6 Homogeneous Charge Compression Ignition Engine.

Over the past decade, extraordinary efforts have been undertaken to both improve the fuel
efficiency of traditional gasoline engines and search for clean, renewable alternative fuels to
gasoline. One idea that has surfaced from this thrust is the notion of a homogeneous charge
compression ignition (HCCI) engine that combines the high efficiency of a diesel engine with the

low emissions of a spark ignition engine.
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Figure 2.7 A series of photographs showing a GO foam sample before, during and after flash
ignition with the time interval labeled in milliseconds (ms). By placing a GO foam sample onto a
paper soaked with ethanol and flashing, the GO foam is capable of igniting the ethanol vapor as
depicted in the center photograph. After ignition, the deoxygenated GO sample can be seen

glowing red from the energy released during the reaction.
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In a typical HCCI engine, fuel and air are mixed homogeneously like a spark ignition engine, but
ignition occurs by means of auto-ignition under high compression similar to a diesel engine."*”’
The high compression ratio of HCCI engines provides an efficiency increase of up to 15% over
traditional spark ignition engines.*'*' Currently, one of the major challenges facing HCCI
engines has been controlling the unpredictable compression-induced ignition process. By using
an ignition promoter such as GO, it could be possible to achieve distributed ignition in HCCI

engines, thus providing accurate ignition timing, resulting in the homogeneous detonation of fuel

and air.

24 Conclusions

Highly absorbing nanoparticulate materials are able to achieve a dramatic temperature
increase upon exposure to short pulses of moderate intensity light. These temperature increases
occur as a consequence of the high surface to volume ratio and low number of thermally
conducting pathways by which to dissipate absorbed light energy. One of the distinguishing
characteristics that sets photothermal ignition of GO apart from the flashing of other
nanomaterials, is that instead of merely igniting or melting a material, an exothermic
decomposition reaction occurs. The benefit of such a process is that the energy required for
ignition is not provided solely by the source of the flash as it would be with other nanomaterials.
This enables the use of lower power light sources and/or larger particles in order to achieve
ignition, since the combustion of the particles themselves adds energy to the system. In the

future, GO or other oxygen bearing, self-decomposing particles may make it possible to tune the
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photoignition behavior of a fuel to provide more controllable distributed ignition. In patterning
applications, the solubility differences between GO and deoxygenated graphitic carbon could be
used to quickly separate exposed and masked regions of a thin GO film. Using an organic
solvent, the broken-up flashed areas of a GO film could be washed away leaving the masked GO
portions intact. Subsequent thermal or chemical reduction of the patterned GO films to

conducting, reduced GO would make it possible to create highly conducting patterns.
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Chapter 3

A One-Step, Solvothermal Reduction Method for
Producing Reduced Graphene Oxide Dispersions in Organic

Solvents

3.1 Introduction

Graphene oxide (GO) is an atomically thin, water-dispersible platelet material, resulting
from the treatment of graphite with powerful oxidizing agents."* During oxidation, the graphene
sheets—of which the bulk graphite is composed—become functionalized with hydroxyl and
epoxide groups on their basal plane, while the edges are decorated with carbonyl and carboxyl
groups.” Several authors have reported the ability to reduce GO to graphene-like carbon sheets

B-17 which in

through the application of either thermal treatment'®® or chemical reducing agents,
turn led to speculation that GO could find use as a precursor in a bulk route to graphene
sheets."”'*"*1 Several groups have succeeded in creating conducting polymer composites,
transparent conducting films, and simple electronic devices based on reduced GO.'"?!! In

addition to the chemical reduction, Aksay et al. have reported the thermal deoxygenation of GO,

by rapidly heating samples up to 1100 °C in an inert atmosphere as a route to partially
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“functionalized” graphene sheets.””* These organic solvent-dispersible sheets have enabled the
direct creation of polymer composites without the need for surfactants.”” Recently, Chen et al.
have investigated the possibility of using isocyanate-modified graphite oxide as an acceptor
material in bulk heterojunction organic photovoltaic cell devices. ™ The device efficiency
reported was 1.1% for samples annealed at 160 °C, which is an order of magnitude improvement
from non-annealed devices. The authors explain this phenomenon as a loss of oxygen-containing
functional groups from isocyanate-treated graphite oxide and subsequent recovery of aromatic
regions. Unfortunately, the annealing temperature cannot exceed 160 °C, due to device
constraints, and most of the oxygen-containing functionalities are not removed before 200 °C,

potentially limiting the device efficiency.”!

Although several authors have reported organic dispersions of graphene-like materials,
most of these methods utilize strong reducing agents such as hydrazine to achieve high
conductivity.”**” The use of hydrazine could be problematic for the use of GO-derived graphitic
materials for a number of reasons: (1) Being a powerful reducing agent, hydrazine is corrosive
and highly flammable, thus posing a potential health hazard to personnel and an environmental
hazard for facilities that might produce hydrazine-reduced GO.P® These hazards could
significantly increase the cost of producing reduced graphite oxide (RGO)-based materials on an
industrial scale. (2) Trace amounts of hydrazine could be detrimental to some applications such
as organic solar cells, where reducing agents such as hydrazine could reduce solar cell donor
compounds like poly(3-hexylthiophene), thus increasing the complexity of photovoltaic cell
manufacturing.” (3) Eliminating hydrazine from the production process would ease the
integration of graphene dispersions into current manufacturing processes such as spray-on

coatings. Here we report a simple one-step solvothermal approach to synthesizing organically
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dispersible graphitic platelets from GO that is hydrazine-free.

Our solvothermal reduction method utilizes the high boiling point of N-methyl-2-
pyrrolidinone (NMP) in combination with the oxygen-scavenging properties of NMP at high
temperatures to deoxygenate GO.”**" This combination of thermal and chemical deoxygenation
yields C/O ratios for the resulting solvothermally reduced graphene oxide (SRGO) that are very
similar to those for the hydrazine-reduced GO. In addition to simply deoxygenating GO to
produce a more conducting graphitic material, NMP also serves as a dispersing agent for the
resulting SRGO sheets by forming strong NMP—-GO sheet interactions, thus allowing the sheets

to be dispersed in any NMP miscible solvents.

Applications that can take advantage of the suggested synthesis include bulk
heterojunction (BHJ) solar cells, where SRGO sheets can be mixed with P3HT and act as an
acceptor component of the BHJ photovoltaic cell. Papers obtained through filtration or casting of
layered SRGO platelets could potentially be used in place of copper as electromagnetic
interference (EMI) shielding materials for signal carrying cables. This is of particular importance
in aerospace applications where the lower density of carbon-based materials could lead to
significant weight savings over current copper braids. By switching to a carbon-based shielding
material, a weight saving of several hundred pounds could be achieved for satellite payloads and
several thousand pounds for commercial aircraft.”"! Given the current cost of launching payloads

into orbit (~$10 000 USD/1b), this could greatly impact the cost of future space launches.
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3.2  Experimental

3.2.1 Synthesis

In order to generate a stable colloid, a 0.05 wt % GO dispersion in water was sonicated at
50 °C for 60 min using a VWR Ultrasonic Cleaner (B2500A-DTH, 210W) and diluted 1:1 with
anhydrous 1-methyl-2-pyrrolidinone (NMP, ACS reagent grade 328634, Sigma-Aldrich). The
light brown dispersion obtained was then degassed for 60 min under vacuum to remove any
residual atmospheric oxygen present in the mixture. The solution was then purged with argon
and placed in a sand bath preheated to 240 °C. The temperature of 240 °C allowed us to reach
the reflux faster through rapid elimination of water. The mixture was then allowed to reflux at ~
205 °C, as monitored by a mercury thermometer, for 24 h under flowing argon, after which it
was filtered through an Anodisc alumina membrane filter (47 mm diameter, 0.2 um pore size,
Whatman, UK) and washed with pure NMP. The final product was centrifuged at 4500 rpm
using a Beckman-Coulter Allegra X-15R centrifuge, saving the supernatant. The supernatant was
filtered once again, rinsed with acetone, and allowed to dry on the filter paper under ambient
conditions, which will be referred to as the SRGO air-dried paper. Furthermore, several samples
of SRGO paper were enclosed in a tube furnace under a flow of helium gas and annealed at
temperatures of 250, 500, and 1000 °C. To make organic dispersions, SRGO paper was
sonicated at a 1 mg/mL ratio in the following organic solvents for 3 h at 50 °C:
dimethylsulfoxide (DMSQO), ethyl acetate, acetonitrile, ethanol, tetrahydrofuran (THF),

dimethylformamide (DMF), chloroform, acetone, toluene, and dichlorobenzene.
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3.2.2 Characterization

Atomic force microscopy (AFM) measurements were performed in tapping mode on a
Multimode atomic force microscope (Nanoscope Illa, Veeco Instruments) using a silicon tip.
Samples were prepared using a 1 mg/mL solution of SRGO in DMF, which was drop-cast onto a
freshly cleaned Si substrate and dried in the vacuum oven. Near-edge X-ray absorption
spectroscopy (NEXAFS) was taken at Beamline 8-2 Stanford Synchrotron Radiation Lighsource
in Menlo Park, CA. X-ray absorbance was measured using total electron yield (TEY)
measurement under ultrahigh vacuum conditions. All spectra were plotted by dividing incident

intensity (/) over TEY output. The spectra were normalized by subtracting a baseline average

just before the carbon K-edge and dividing by the integrated intensity of the carbon K-edge peak.

Scanning electron microscope (SEM) analysis was carried out on both the SRGO papers
and single sheets. For the cross-sectional analysis of the paper samples, the samples were
mounted on the SEM sample holder parallel to the electron beam. Imaging of single sheets of
SRGO and dispersions of SRGO were performed by depositing 1 mg/mL SRGO acetone onto a
freshly cleaned Si substrate and allowing the acetone to evaporate. X-ray diffraction (XRD)
characterization was performed using SRGO air-dried paper on zero background silicon
substrate in a Crystal Logic diffractometer with Ni-filtered Cu Ka radiation (A = 1.5418 A).
Thermal gravimetric analysis (TGA) of all samples was carried out under an argon gas and a
heating rate of 2 °C/min. Photoelectron spectroscopy (XPS) was performed by inserting samples
into the analysis chamber of a Thermo VG ESCALAB 250 spectrometer. Spectra were obtained

by irradiating each sample with a 320 um diameter spot of monochromated aluminum Ko X-rays

38



at 1486.6 eV under ultrahigh vacuum conditions. The analysis consisted of acquiring 3—12 scans
and signal averaging. The survey scans were acquired with a pass energy of 80 eV, and high-
resolution scans were acquired with a pass energy of 20 eV. Electrical measurements were
performed using a four-point probe measurement station (Jandel RM3-AR Test Meter with

Multiheight Probe attachment), and the average of three data points per sample was recorded.

33 Results and Discussions

3.3.1  Stability of Organic Dispersions

Filtering the SRGO dispersion yields a paper-like material that can be dispersed into
organic solvents (Figure 3.1). Stable colloidal dispersions can be achieved with
dimethylsulfoxide (DMSQO), ethyl acetate, acetonitrile, ethanol, tetrahydrofuran (THF),
dimethylformamide (DMF), chloroform, and acetone with minimal precipitation at 1 mg/mL
after 6 weeks. SRGO does not disperse in toluene or dichlorobenzene, but instead, flocculation
was observed shortly after sonicating for 3 h. The forces keeping the sheets dispersed in organic
solvents likely arise from the miscibility between NMP molecules, which form hydrogen bonds
to residual oxygen functionalities on SRGO sheets, and organic solvents. A previous report*’
indicates that NMP forms hydrogen bonds with the conducting polymer polyaniline; hence, we
suggest that a similar interaction takes place here. To test this hypothesis, we added a few drops

of hydrochloric acid solution to several organic solutions, among them NMP, DMF, and DMSO.

This resulted in agglomeration and precipitation of SRGO sheets. These experiments strongly
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suggest that hydrogen bonding between SRGO sheets and NMP is responsible for the stability of

the colloidal suspensions.

While hydrogen bonds can account for the stability of SRGO sheets in NMP, DMF, and
DMSO, it still does not offer a reason why synthesis carried out in DMF, DMSO, glycerol, and
hexamethylphosphoramide (HMPA) results in agglomerated sheets instead of colloidal
dispersions. However, note that all of these chemicals are high boiling point solvents and
refluxing at high temperatures is necessary to remove any water molecules bound through
hydrogen bonds to graphene oxide. In addition, all of the solvents provide means for hydrogen
bonding to various degrees, in order to prevent an agglomeration of the sheets in the absence of
water. We suspect the answer may be the fact that NMP, unlike other solvents listed above, has a
surface energy that closely matches that of graphene sheets allowing exfoliated sheets to stay in
dispersion.”’ NMP has also been suggested to cause cleavage of carbon—oxygen bonds in coals
when used under refluxing conditions.” In these reactions, a hydroperoxide is thought to be an
intermediate in the reaction of NMP and oxygen-yielding N-methylsuccinimide.*”’ In our
experiments, pure NMP changes color from clear to brown when refluxed under atmospheric
oxygen. We attribute the color change of NMP in the presence of oxygen to oligomer formation,
which has been reported previously.*”! Filtration of SRGO from the reaction mixture yields a
dark brown solution, indicating that oxygen is present in the mixture and oligomer formation has
occurred. It is unclear at this point what role the oligomer formation plays in the reduction of GO
or its ability to form colloidal dispersions of SRGO. Our experiments show that it is imperative
to use anhydrous and degassed NMP for the reaction with graphene oxide in order to prevent the

self-oligomerization of NMP.
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Figure 3.1. A schematic diagram shows the preparation and purification of solvothermally

reduced graphene oxide (SRGO) to create homogeneous colloidal dispersions of SRGO sheets.
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3.3.2  Evaluations of Films by Electron Microscopy

Atomic force microscopy (AFM) was used to analyze SRGO sheets cast onto a Si
substrate from a dispersion of SRGO platelets in DMF. Figure 3.2a shows an AFM image of
SRGO sheets deposited from a 1 mg/ml DMF dispersion onto a Si substrate. Figure 3.2b shows a
0.93 nm step height from the surface of the substrate to the sheet. The theoretical step height for
a single graphene sheet is 0.34 nm; however, this is only observed when sheets are removed from
HOPG or other highly crystalline graphite, by means such as peeling with cellophane tape.*"!
RGO obtained from hydrazine has been measured to have a step height in the range of 0.6 to 1.0
nm. We believe the sheets measured using AFM in Figure 3.2a to be single SRGO sheets;
however, AFM measurements alone do not provide conclusive evidence that single RGO sheets
are obtained using the solvothermal process. We speculate that the increased step height of
hydrazine RGO (HRGO) may be attributed to residual functionality on the surface of the sheet,
causing some corrugation in the surface of the sheet.””’ Figure 3.2¢ presents a SEM image of a 1
mg/ml acetone SRGO dispersion deposited onto a Si substrate. The image illustrates that the
SRGO sheets are distributed across the Si substrate. The inset in Figure 3.2c shows a closer view
of a single sheet as deposited onto the Si substrate. Figure 3.3a is an SEM image of the cross-
sectional area of a piece of air-dried SRGO paper obtained by filtration of an SRGO dispersion
in NMP that shows the layer structure of these materials. The inset image in Figure 3.3a is a
photograph of an SRGO paper exhibiting a shiny, black appearance with a metallic luster. SRGO
papers were thermally annealed at 1000 °C under an argon atmosphere to drive off any unreacted
contaminants. After annealing, we see that the layered structure is preserved (Figure 3.3b). This

demonstrates that the SRGO platelets are thermally stable in the absence of oxygen.

42



(A)

B) = |
5 H :
| |

0 10027 e o~

0.0 1:Height

Figure 3.2 (a) AFM image of SRGO sheets; (b) corresponding AFM height profile from (a)
indicates a 0.93 nm sheet thickness. (c) SEM images of SRGO sheets indicate well-dispersed

sheets after deposition on Si substrate; inset shows a highly magnified single sheet of SRGO.
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Figure 3.3. (a) SEM image of a cross-sectional area of the air-dried SRGO film. Inset shows
SRGO paper filtered on Anodisc alumina membrane, producing a shiny, black film with
metallic-like luster. (b) SEM image of SRGO paper sample annealed at 1000 °C for 12 h under
argon indicates that the SRGO paper retains layered structure after annealing. Inset shows SRGO

annealed paper gaining a silver/gray appearance after annealing.
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333 X-Ray and Gravimetric Analysis

An X-ray diffraction (XRD) pattern of the GO paper (Figure 3.4a, middle) exhibits a
single peak at 11.26° 20 corresponding to an interlayer d spacing of 7.85 A. This can be
attributed to the expansion of the 3.4 A spacing between typical graphene sheets to accommodate
the water molecules trapped between oxygen-containing functional groups on graphene oxide
sheets.”*! In contrast to the XRD pattern of GO paper samples, the XRD pattern of SRGO
(Figure 3.4a, bottom) does not have a peak at 11.26° 20 yet shows a broad peak at 26.24° 20
(3.39 A) well within experimental measurement error for a graphitic peak at 3.35 A (Figure 3 4a,
top). The width of the SRGO peak in the XRD pattern can be attributed to two factors: first, the
small sheet size (1 pum and below) and, second, a relatively short domain order or turbostratic
arrangement of SRGO stacked sheets, each of which broadens the XRD peak. In Figure 3.4b, a
thermogravimetric analysis (TGA) plot shows a loss of about 15 wt % before 100 °C, which can
be attributed to loss of water molecules from within the stacked graphene oxide sheets. A TGA
curve of the SRGO paper, in contrast, shows a smaller mass loss (6%) up to 200 °C, signifying
that a smaller amount of water or acetone molecules was trapped within the SRGO structure.
Furthermore, the TGA of the SRGO paper shows a mass loss of 20% from 200 to 525 °C,
followed by a flattening of the curve at higher temperatures. These preliminary findings suggest
the mass loss between 200 and 550 °C may be associated with strongly bound NMP and/or

NMP-derived functional group molecules.
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Figure 3.4 (a) XRD of graphite (top), graphite oxide (middle), reduced graphite oxide (bottom).
(b) Thermal gravimetric analysis (TGA) plot shows a normalized remaining mass of graphite

oxide, graphite, and reduced graphite oxide heated under argon.
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334 Conductivity Measurements

The four-point probe electrical conductivity of air-dried SRGO paper was measured to be
3.74 x 10> S/m as indicated in Table 3.1. On the basis of the TGA data, it is apparent that the
SRGO paper still retains a significant portion of NMP, which limits the electrical conductivity.
To remove any residual NMP (boiling point = ~203 °C) trapped within the paper samples, three
SRGO paper samples were annealed at ~250, 500, and 1000 °C for 12 h in a tube furnace under a
flow of helium gas. The samples developed a gray hue and even became lustrous silver as the
annealing temperature approached 1000 °C, yet still retained their layered structure, as can be
seen in Figure 3.3b. As we have previously suggested, NMP bonds strongly to carbon networks,
necessitating the higher temperatures to remove residual NMP. Previous reports indicate that
annealing to 500 °C has been shown to remove up to 95% of the residual NMP. However, by
annealing the sample to only 250 °C, we sought to eliminate NMP, without subjecting the
sample to significant thermal reduction. As shown in Table 3.1, the result is an order of a
magnitude rise in conductivity from 3.74 x 10* to 1.38 x 10° S/m. This phenomenon can be
explained by the interaction of NMP molecules with the surface of the sheets, thus preventing
good contact between adjacent sheets. Through the elimination of residual NMP, the contacts
between sheets are improved and conductivity increases. Further annealing to 500 °C
demonstrates that conductivity will continue to increase, but at a slower rate, reaching 5.33 x 10°
S/m. Annealing the sample to 1000 °C further increases the conductivity to 5.73 x 10" S/m,

which indicates that a considerable amount of graphitization has taken place.
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Table 3.1. Electrical Conductivities of solvothermally reduced graphite oxide (RGO) paper

samples prepared by various methods and their comparison to hydrazine RGO samples.

Drying conditions Conductivity (S/m)

Air dried 3.74 x 10?

Annealed at 250 °C 1.38x 10°
Solvothermal RGO

Annealed at 500 °C 533 x 10°

Annealed at 1000 °C 573 x 10*

Air dried 8.28 x 10°
Hydrazine RGO*

Annealed at 1000 °C 6.67 x 10*
GO boiled in HZO for 24 hours Air dried 1.00 x 10"
GO Air dried Insulator

* Reproduced from Li et al. "
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335 XPS Characterization

To further investigate the nature of SRGO, we employed X-ray photoelectron
spectroscopy (XPS) to analyze the elemental composition of both reduced and unreduced
graphene oxide paper. XPS analysis has been used in the past to determine atomic composition
and carbon to oxygen (C/O) ratios of GO and RGO. Reduction of GO to RGO is usually
indicated by an increase in the C/O ratio and, in the case of hydrazine reduction, uptake of some
nitrogen."® Figure 3.5 is a comparison of XPS spectra of GO to the SRGO paper, exhibiting a
decreased peak intensity for all oxygen-containing functional groups yet an increase in peak
intensity for the C—C bond.***" Additionally, SRGO exhibited a peak at 285.8 eV,
corresponding to a carbon—nitrogen bond. It is possible that SRGO sheets have attained a certain
amount of carbon—nitrogen bonds through functionalization during the refluxing in NMP.
Although the SRGO used for XPS analysis had been washed extensively using acetone, some
residual NMP could be present at the sheet surface, resulting in the presence of a C—N XPS peak.
The exact mechanism of this C—N bond formation is still being investigated, but prior reports

indicate that this is not a new phenomenon and has been observed previously.
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Figure 3.5 (a) XPS Cls of GO paper and the corresponding deconvoluted peaks of GO are

shown. (b) XPS Cls of air-dried SRGO and the corresponding deconvoluted peaks
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The results of the XPS analysis are listed in Table 3.2. The samples tested were obtained
by filtering dispersions of SRGO directly from NMP after the solvothermal reaction to obtain a
paper. The SRGO paper was then redispersed in acetone using sonication and filtered a second
time to remove impurities. In addition to the solvothermally reduced GO, we also tested GO that
had been reduced using the hydrazine reduction method previously reported by Li et al.!"”
Looking at Table 3.2, we see that the GO C/O ratio increases from 2.34 to 5.15 after thermal
reduction in NMP. Further annealing of SRGO papers at 1000 °C enhances the C/O ratio to 6.03.
Papers made from GO platelets that had been reduced using hydrazine exhibited a C/O ratio of
3.64. When the hydrazine RGO papers were annealed at 1000 °C, the C/O ratio reached up to
6.36. We attribute the higher C/O ratio of the SRGO versus the hydrazine RGO to the bound
functional groups at the surface of the SRGO platelets. When NMP is heated in the absence of
GO, the rings typically break open, forming oligomers. In the presence of GO, however, we
believe the opened NMP rings functionalize the GO basal planes, thus increasing the carbon
content—and C/O ratio—as measured by XPS. When SRGO and hydrazine RGO are annealed,
both reduction methods exhibited similar C/O ratios, with hydrazine RGO having a slightly
higher ratio over SRGO. If the basal planes in SRGO are in fact being functionalized by NMP,
annealing at 1000 °C could serve to drive off this functionality. The results of the XPS data along
with the electrical conductivity data indicate that, although the C/O ratio of SRGO is higher, the
increase is most likely due to functional groups decorating the surface of the GO sheets and not

an improved deoxygenation.
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Table 3.2. List of the Atomic Composition of Solvothermal Reduced Graphite Oxide (RGO) and

Hydrazine RGO As Measured by X-ray Photoelectron Spectroscopy (XPS)

Description Drying conditions C (0] N

(atomic %) | (atomic%) | (atomic %)

Solvothermal Air dried 804 15.6 4.0 5.15
RGO

Solvothermal Annealed at 1000 °C 83.2 13.8 3.0 6.03
RGO

Hydrazine RGO* Air dried 76.0 21.0 3.0 3.62
Hydrazine RGO* Annealed at 1000 °C 84.5 13.3 2.2 6.36
GO boiled in H,O Air dried 754 21.1 0.5 3.12
for 24 hrs

GO Air dried 69.3 29.3 1.1 2.34

* Reproduced from Li et al /'
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3.3.6 NEXAFS Analysis

Near-edge X-ray absorption fine structure (NEXAFS) spectroscopy of GO, SRGO, and
hydrazine RGO (HRGO) that had been annealed at 1000 °C was performed. Figure 3.6 shows an
overlay plot of the carbon K-edge NEXAFS spectra for the series of RGOs that were treated
using different means. At the very bottom of Figure 3.6 is the carbon K-edge NEXAFS spectrum
for pristine GO. The high peak at 284.5 eV corresponds to the 7w* — 1s transition associated with
sp” carbon content. For the series of spectra in Figure 3.6, all of the samples tested were
measured at a 20° grazing angle, incident to the incoming X-ray beam. Doing so aligns the
highly polarized st orbitals to the polarization of the X-ray beam, increasing the measured
intensity. Peaks at 287.4 and 288.2 eV correspond to —C—O and —C=0, respectively. In the case
of GO, the —C-0 peak is taken to represent the C—OH content. Finally, the broad peak located at
~292.7 eV corresponds to the 7% — 1s associated with sp’ content. Annealing carbonaceous
materials has been known for some time to increase the graphitic content. By annealing the
RGOs that had already been reduced by low-temperature thermal or chemical means, we hoped
to track changes in the GO crystallinity. From Figure 3.6, the sp peak appears to be much higher
in intensity for the annealed samples versus the non-annealed RGOs. In both cases, the annealed
samples show fewer oxygen defects due to C—O, as well. Comparing the hydrazine reduction to
the solvothermal reduction, it seems that hydrazine yields more sp” carbon with less C—O. The
reduction in oxygen defects could be due to the preferential attack of hydrazine to ether linkages

and epoxide groups present on the graphene oxide surface.
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Figure 3.6 Overlay plot of the normalized near-edge X-ray absorbance fine structure (NEXAFS)
spectra taken at the carbon K-edge for RGOs obtained through various treatments. Each
spectrum was taken at 20° incident grazing angle with respect to the X-ray beam. The peak at ~
284.5 eV corresponds to the sp’ carbon 7* transition. Smaller peaks at 287.4 and 288.2 eV
correspond to oxygen defects. From the overlay, SRGO contains slightly more C—OH with a
smaller sp” content than HRGO. Annealing SRGO and HRGO at 1000 °C increases the intensity
of the m* transition, indicating higher sp” content. After annealing, some —C=0 content does

remain.
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34 Conclusions

We have demonstrated a new method for thermally deoxygenating GO to create reduced
graphene oxide dispersions without the use of hydrazine as a reducing agent. We believe that the
deoxygenation of GO platelets takes place as the result of both thermal deoxygenation at 200 °C
along with a concomitant reaction of GO with NMP molecules.” As a result of the surface
functionalization, the solvothermally reduced GO platelets remain in a stable dispersion after the
reaction. This provides a simple, low-temperature method for reducing GO platelet. Filtration of
the SRGO platelets from the reactant NMP mixture removes excess NMP along with oligomer
contaminants that form during the reaction. The resulting SRGO material can be redispersed into
in a variety of polar organic solvents for potential applications in solar cells or polymer
nanocomposites, where traces of hydrazine may prove detrimental for mass production.
Filtration of organic SRGO dispersions yields paper materials with an initial conductivity of 3.74
x 10* S/m. With modest heating to 250 °C to remove entrapped solvent, the conductivity of the
SRGO paper increases to 1.38 x 10> S/m while preserving the low-temperature benefits of our
solvothermal method. Although this conductivity value is not quite as high as the 8.28 x 10’ S/m
measured for hydrazine-reduced GO, it may be still suitable for a variety of applications such as
EMI shielding of signal cables. In this role, SRGO papers could offer suitable shielding but at
lower weight than current copper braids; this is especially important in reducing weight in
satellites and aircraft. With additional chemical processing, such as oxidative intercalation, it is

expected that the conductivity of these SRGO-based papers could be increased even further.
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Chapter 4

A Conductometric Sensor Based on Graphene with

Pd Nanoparticles

4.1 Introduction

Graphene is the name given to a monolayer of sp>-bonded carbon atoms that tightly pack

[1-3]

into a two-dimensional lattice” ™, and is a basic building block for other graphitic materials such

as carbon nanotubes and fullerenes.”! Because of its single-atom-thick structure, graphene
possesses a zero electronic bandgap and exhibits exceptional charge carrier mobility at room
temperature.”’ Since graphene demonstrates excellent ballistic transport properties, it can be
utilized as the conducting channels in FET devices.”’ As a result, one of the current research
interests in graphene is the potential to replace silicon-based integrated circuit (IC) technology
which is rapidly approaching its theoretical limits, with graphene based ICs.”! In addition,

graphene has also been used in the development of chemical, mass, and bio-sensors'*”, with

[4-6, 10] [6]

demonstrated sensitivity to gas species including: nitrogen dioxide , nitrogen monoxide",

[4.8] [6] [6,8,11] [6,7]

ammonia'*®, hydrogen**, carbon dioxide'”, carbon monoxide , nitrogen'”’ and oxygen
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However, methodologies that can enhance graphene’s reactivity are still needed to achieve

higher sensing performance and the commercialization of such devices.

According to a study of hydrogen chemisorption on sp>-bonded carbon surfaces that was
conducted by Ruffieux, et al.'"”, the chemical binding of hydrogen to an sp’-bonded carbon
network requires a local re-hybridization from sp® to sp’ that has a large adsorption energy
barrier. Such an energy barrier can be lowered by the formation of surface defects and

[12]

curvatures- . The surface defects can be induced by attaching metal catalysts which also

enhance the reactivity of the material'”. Such a mechanism has been demonstrated by an

improvement in nitrogen doped carbon nanotube sensors using Pt/Ni metal composites."”

In this work, Pd nanoparticles are deposited on graphene sheets to enhance their sensing
performance towards hydrogen. Sheets of graphene were obtained through hydrazine reduction
of graphene oxide and subsequently deposited onto interdigitated transducers (IDTs); Pd
nanocomposites were prepared by drop-casting ethanol/Pd(0) nanoparticles from solution and
drying under vacuum. The material is characterized by transmission electron microscopy (TEM),
scanning electron microscopy (SEM), X-ray diffraction (XRD) and Raman spectroscopy. The
developed sensors are tested towards different concentrations of hydrogen gas. The sensing

performance of the graphene/Pd devices are compared with graphene devices.
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4.2  Experimental

421 Material Synthesis

Graphite oxide (GO) was prepared from graphite powder via a modified Hummer’s
method as reported previously.”’ Reduction of GO was performed in anhydrous hydrazine,
according to a previously published procedure.”! The quartz substrates were transferred into the
drybox and spin-coated with prepared graphene dispersions at 1500 rpm for 30 seconds. After
the deposition, the films were dried under vacuum for 24 hours to remove residual hydrazine.

For the preparation of Pd(0) nanoparticles, 6 mg of palladium chloride (PdCl,) was
dissolved in 20 ml of 95% ethanol and stirred for 24 hours to achieve a yellow-colored solution.
A Beckman-Coulter Allegra® X-15R was used at 4500 rpm for 30 min for centrifugation of the
solution, saving the supernatant. Using a 20 ml scintillation vial, 3 ml of the supernatant PdCl,
solution was diluted to 6 ml with Milli-Q water and cooled in an ice bath. The solution was then
heated in an oil bath at 90 °C for 1 hour, followed by reaction quenching immediately thereafter
by cooling the vial in an ice bath. Finally, the dispersion was diluted to 1/5 by a water-ethanol
mixture (95% ethanol:water = 1:1 in volume) and kept at -2 °C until needed. Graphene/Pd(0)
nanocomposites were prepared by drop-casting Pd(0) solution onto the graphene covered

substrates and drying the composites under vacuum.
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4.2.2 Materials Characterization

TEM images were taken using a Philips CM 120 under 120 kV accelerating voltage. The
Pd(0) nanoparticle samples were imaged on carbon film coated Cu TEM grids. Graphene and
graphene/Pd(0) composites were imaged using silicon dioxide/monoxide film covered Cu TEM
grids in the glove-box followed by evacuation over 24 hours to remove residual hydrazine. As
shown in Figure 4.1, most of the Pd nanoparticle bundles are observed at the locations with

wrinkles or defects.

XRD characterization was performed using a 100-fold scale-up of the synthesis
procedure. The Pd(0) nanoparticle dispersion was dried to yield gray powder and characterized
on a zero background silicon substrate in a Crystal Logic diffractometer with Ni-filtered Cu Ka
radiation (1 = 1.5418 A). The obtained pattern of the Pd(0) nanoparticles (Figure 4.2) exhibits
an excellent match with a reference Pd pattern, represented by the blue lines at 20 = 40°, 47°,
68°, 82° and 86°. An impurity peak is also found at 20 = 16°, this impurity is believed to be
caused by the scaling-up of the synthesis procedure since the dispersion experienced less time at

the necessary temperature and therefore not all of the palladium chloride was reduced.

Figure 4.3 illustrates the SEM images for graphene/Pd nanocomposites that were
deposited on the surface of the device. Similar to the images taken by TEM, bundles of Pd
nanoparticles, which were formed after the deposition of the material, were observed on the

surface of the graphene.
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Figure 4.5 TEM image of Pd nanoparticles with an average size of 37 nm. The insert shows a

TEM image of Pd nanoparticles in bundles on top of a sheet of graphene.
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Figure 4.6 An XRD pattern of Pd(0) nanoparticles that matches up well with a reference Pd

pattern (blue lines). A small peak at 16° 20 is due to a small impurity of the precursor material.
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Figure 4.3 SEM images for graphene sheets with Pd nanoparticles taken on the surface of a

sensing device. The insert illustrates aggregated Pd nanoparticles on graphene surfaces.
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423  Sensor Testing

The designed IDT consists of four pairs of finger-like metallic electrodes (50 nm Cr and
100 nm Au) with a spacing of 180 ym from each other. The IDTs were patterned onto quartz
substrates using standard photolithography procedures followed by chemical etching. After
graphene and graphene/Pd were deposited onto the IDTs, the devices were bonded with wires
and settled for gas sensing testing. A mass flow controlling system was employed to mix H, gas
(1%, balanced with synthetic air) and pure synthetic air to achieve different concentrations of H,
in the gas chamber. A multimeter was utilized to record the real time variation of the device

resistances as a function of the sensors’ responses.

4.3 Results and Discussions

In Figure 4.3 the Raman spectra of graphene sheets and graphene/Pd are presented. Both
spectra are dominated by a D band at approximately 1350 cm™ and a G band at approximately
1600 cm™. In addition, the 2D band and D + G combination mode are also observed at
approximately 2700 and 2950 cm, respectively. Such a Raman fingerprint indicates that the

sample is a combination of graphene and graphite oxide."* '
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Figure 4.7 Raman spectra of graphene sheet(s) with (red) and without (blue) Pd nanoparticles

deposited on conductometric devices obtained using 532 nm laser excitation.
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It is evident that Pd nanoparticles enhance the surface Raman scattering of graphene
sheets since more counts are received at the spectrum peaks in the presence of Pd nanoparticles.
The surface enhanced Raman scattering (SERS) effect is known to occur on surfaces with high
roughness and metallic nanostructures.>'* The SERS effect caused by metallic nanoparticles
can be explained by either charge transfer theory (an enhancement ratio of ~10°) and/or localized

electric field enhancement theory (an enhancement ratio of ~10%). !'">'®

An enhancement of the localized electric field is generally induced by surface plasmon
resonance which occurs when the metal has a small real part in its complex permittivity."® For
metals such as Pd, the real part of its complex permittivity is small, but the imaginary part is too
large to produce efficient enhancement."® Therefore, the observed SERS effect in our work,
which has an enhancement ratio of approximately 5, is believed to result from the electron
transfer between Pd nanoparticles and graphene sheets. Transfer of an electron from Pd
nanoparticles to graphene will change the potential in the graphene structure; when the electrons
tunnel back to the Pd nanoparticles, the graphene structure will in general be left in a

vibrationally excited state'® and SERS will occur.

According to the TEM analysis, the Pd nanoparticles either prefer moving to the defect
sites or directly cause such defects in graphene structures. In Raman spectra, an increase of the
I/l (integrated intensity ratio for the D band and G band) from ~1.05 to ~1.18 is observed when
Pd nanoparticles are present (as shown in Table 4.1); this suggests that a higher level of
structural disorder is induced by the Pd nanoparticles."” As a result, it is more likely that Pd

nanoparticles have caused such defects.
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Table 4.2 Peaks and their intensities of measured Raman spectra for graphene sheet(s) with and

without Pd nanoparticles.

Intensity | G band | Intensity

(em™)

(counts) (counts)

Intensity Intensity

(counts) (counts)

Graphene
/Pd 1347 5086 1600 4297
Graphene 1357 3482 1620 3314
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The dynamic responses of the graphene and graphene/Pd sensors towards different
concentrations of H, gas are shown in Figure 4.4. The normalized device resistances for both
sensors were utilized to illustrate their sensitivities, which are defined as:

Rga s
—_—, (Equation 4.1)

normalized
Rbas—line

where R, is the real time device resistance measured in gas chamber and R,,, ;. is the device

resistance measured when the sensor is stabilized in synthetic air. The testing was conducted at

room temperature to prevent any additional oxidization of the graphene structures.

The responses indicate that the graphene sensor has a sensitivity of approximately 0.12%
(resistance change) towards 0.06% H, gas, while the graphene/Pd sensor has a sensitivity of
approximately 0.2% towards the same concentration of H, gas. Such an improvement of device
sensitivity can be caused by a combination of two effects. First, Pd nanoparticles can induce a
higher level of graphene structural disorder and surface defects, which result in a lowered
adsorption energy barrier for H, molecules. Second, Pd nanoparticles have catalytic properties,
which help dissociate hydrogen molecules into atomic hydrogen and promote surface

chemisorption of hydrogen ™"
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Figure 4.8 Dynamic responses (change in normalized resistance) of the developed
conductometric sensors towards different concentrations of H, at room temperature: (A)
graphene, (B) graphene/Pd. The device was placed in a computerized multi-channel gas
calibration system and five pulses (0.06%, 0.12%, 0.25%, 0.5% and 1%) of H, gas in synthetic

air were applied to the gas chamber.
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44 Conclusions

In summary, graphene sheets with Pd nanoparticles were successfully synthesised and
employed for hydrogen gas sensing. The synthesised materials were characterized using TEM,
SEM, XRD and Raman spectroscopy. A surface enhanced Raman effect with an enhancement
ratio of approximately 5 was observed due to the presence of the Pd nanoparticles. Since Pd has
a large imaginary part in its complex permittivity and cannot produce efficient SERS, the
observed SERS is believed to be caused by charge transfer between Pd nanoparticles and
graphene. The Raman analysis also indicated an interaction between graphene and Pd
nanoparticles as evidenced by the increased /,/1; ratio, suggesting an increased level of structural
disorder. The sensing responses indicate that the graphene/Pd sensor has a higher sensitivity
compared to the graphene sensor. Such performance improvements can be attributed to a
combination of a lowered adsorption energy barrier for H, molecules induced by Pd
nanoparticles and improvement in the surface chemisorption of hydrogen molecules due to the

catalytic effect of the Pd nanoparticles.
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Chapter 5

Patterning and Electronic Tuning of Laser Scribed Graphene for

Flexible All-Carbon Devices

5.1 Introduction

In the pursuit of producing high-quality bulk graphene-based devices, a variety of
syntheses now incorporate graphite oxide (GO) as a precursor for the generation of large-scale
graphene-based materials.!"! This inexpensive method of producing large quantities of GO from
the oxidation of graphitic powders, in addition to its water dispersibility, has made GO an ideal
starting material. In particular, the water dispersibility of GO, which stems from the
electronegative oxygen species bonded to the carbon network,” has led, through exfoliation, to
the production of individual graphene oxide sheets.”! Unfortunately, the same oxygen species
that give GO its water-dispersible properties also create defects in its electronic structure, and as
a result, GO is an electrically insulating material."”' Therefore, the development of device grade
graphene-based films with superior electronic properties requires the removal of these oxygen
species, re-establishment of the conjugated carbon network, as well as a method for controllably

patterning electronic device features.”
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Methods for reducing graphite oxide have included chemical reduction via hydrazine,

hydrazine derivatives or other reducing agents,'”® high-temperature annealing under chemical

] [10, 11]

reducing gases and/or inert atmospheres,” solvothermal reduction, a combination of

chemical and thermal reduction methods,'® flash reduction,™ '

and most recently, laser
reduction of GO.'>"™ Although several of these methods have demonstrated relatively high-
quality reduction of graphite oxide, many have been limited by expensive equipment, high
annealing temperatures, and nitrogen impurities in the final product. In addition, large-scale film

patterning via an all-encompassing step for both reduction and patterning has proven difficult

and has typically been dependent on photomasks to provide the most basic of patterns.

Therefore, an inexpensive process that does not need reducing agents and expensive
equipment and is highly tunable is essential to produce high-quality graphene-based films at low
cost. The technique described here not only meets these stringent requirements but also provides
direct control over film conductivity and image patterning, creating flexible electronic devices in
a single-step process. The simple direct fabrication of laser scribed graphene (LSG) on flexible
substrates therefore simplifies the development of lightweight electronic devices. Here, an all-
organic NO, gas sensor, a fast redox-active electrode, and a scaffold for the direct growth of

platinum nanoparticles are demonstrated.
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5.2  Experimental

521 Graphite Oxide Films

Graphene oxide was synthesized using a modified Hummers method”™' with dispersions
of graphene oxide prepared according to the following concentrations: 3.7, 2.8, and 1.6 mg/mL.
Approximately, 16 mL of the respective graphite oxide solutions was drop-cast directly onto a
LightScribe-enabled CD/DVD media disk and allowed to dry for 24 h. Spin-coating was also a
technique that was used to make films of GO, but depending on the substrate used and the type
of experiment needed, drop-casting was typically the better choice for this work. In order to
increase the hydrophilicity of the substrate surface and obtain thin uniform films, the
LightScribe-enabled DVD substrates were pretreated with an oxygen plasma at 35 mW for 3
min. A thick film of polydimethylsiloxane (PDMS) was used to cover and protect the tracking
strip found at the center of the DVD disk from the oxygen plasma. The graphite oxide dispersion
was also drop-cast onto a thin substrate such as polyethylene terephthalate (PET), which was
resized to the same dimension as the DVD and affixed onto the CD/DVD surface for laser
treatment. Silver electrodes with dimensions of 1 mm x 3 mm with an inter-electrode spacing of
3 mm were deposited on the laser-reduced and non-laser-treated graphite oxide films and
subsequently divided into pairs. Two-point /-V measurements were carried out using a standard
probe station. Ten or more measurements were performed on different areas of each film to
ensure reproducibility. The film thicknesses were measured on a Dektak 6 profilometer. Sheet
resistance and conductivity values were calculated from two-point probe measurements and the

film thicknesses.
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The LSG morphology was monitored and imaged using an optical microscope (Zeiss
Axiotech 100) and a scanning electron microscope (JEOL 6700, Philips XL 30). XPS spectra
were recorded using a Kratos Axis Ultra DLD spectrometer. A Renishaw Raman spectrometer
with an excitation wavelength of 514 nm was employed to characterize the structural changes
between graphite oxide and laser scribed graphene. Sensor experiments were carried out as

described by Fowler et al.”®

5.2.2  Electrochemical Setup

All electrochemical experiments were performed with an electrochemical analyzer
VeraSTAT3 (Princeton Applied Research, USA). A three-electrode configuration was employed
for all of the measurements with a platinum foil counter electrode (6.25 cm?, Sigma-Aldrich) and
an Ag/AgCl, 3 M NaCl reference electrode (Bioanalytical Systems Inc., USA). The working
electrodes used were highly reduced-laser scribed graphene (hr-LSG), graphite oxide, or graphite

electrodes, all with a working surface area of 0.16 cm’.

Each hr-LSG electrode was made by cutting a PET sheet coated with hr-LSG into
rectangular pieces of the appropriate size. The ends were then lightly painted with conducting
silver paint to ensure good electrical contact. Part of the electrode was then covered with
polyimide (Kapton) tape so that only a working area of 0.16 cm® was allowed to be exposed to
the electrolyte. Finally, the electrode was connected to the potentiostat with an alligator clip.
Each graphite oxide electrode was prepared by a similar approach using graphite oxide coated

PET. Pencil lead obtained from Pentel Co. Ltd., Japan, and named Hi-polymer Super 50-HB was
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purchased from a local store and used as a graphite electrode. The “lead” had a total length of 6
cm and a diameter of 0.07 cm. The electrode was prepared by renewing its surface using
cellophane tape before its use. This procedure involves pressing the surface onto a cellophane
tape and removing the top few layers of graphite. After repeating several times, the electrode was
then cleaned in acetone to remove any adhesive. A projected surface of 0.16 cm® was obtained

by sealing part of the electrode with Kapton tape.

523 Electron Transfer Kinetics

The redox system that was used for the evaluation of the electron transfer kinetics was 5
mM K,[Fe(CN)(J/K,[Fe(CN)¢] (1:1 molar ratio) dissolved in 1.0 M KCI solution. To ensure a
stable electrochemical response, the electrodes were first cycled for at least five scans before
collecting the experimental data. The heterogeneous electron transfer rate constant (k') was
determined using a method developed by Nicholson, which relates the peak separation (AE}) to a

dimensionless kinetic parameter, 1, and consequently to k..’ according to the following

obs

equation:**

Do

ko= [ Domv (g)l (D—R)a/z Equation 5.1

where D, and D; are the diffusion coefficients of the oxidized and reduced species, respectively.
The other variables include v, the applied scan rate; n, the number of electrons transferred in the

reaction; F, the Faraday constant; R, the gas constant; 7, the absolute temperature; and o, the
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transfer coefficient. The diffusion coefficients of the oxidized and reduced species are typically
similar; therefore, the term (D,/D,)** ~ 1. A diffusion coefficient (D ) of 7.26 x 10° cm® s™' was

used for [Fe(CN)¢]*** in 1.0 M KC1.”"

524 Synthesis of Platinum Nanoparticles/hr-LSG Composites

Electrodeposition of Pt nanoparticles on hr-LSG electrodes was performed in a three-
electrode cell (described above) containing 1.0 mM K,PtCl; in 0.5 M H,SO, at a constant
potential of —0.25 V. To control the amount and size of the Pt nanoparticles, the deposition was

carried out for different periods of time.

53 Results and Discussions

5.3.1  Formation of hr-LSG Using LightScribe Drive

Here we show that LightScribe patterning technology can be used as an effective tool for
solid-state patterning and generation of laser scribed graphene. LightScribe is a commercially
available program that is used in conjunction with a DVD optical drive unit to pattern images on
any LightScribe-enabled CD/DVD disk.”” The program controls the 788 nm infrared laser
(maximum power output = 5 mW) inside an optical drive unit by periodically pulsing an
objective lens assembly, causing the laser to focus and defocus on an infrared active dye matrix
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found on the top side of a LightScribe-enabled CD/DVD disk. In order to control the objective
lens pulsing mechanism and hence the laser intensity, the LightScribe program uses a
computerized grayscale to generate different levels of contrast in the resulting pattern. Thus by
focusing the laser on a specific area of the dye matrix, it is possible to selectively pattern
complex images.”” Here we bypass the original dye matrix by depositing a thin layer of graphite
oxide on top of a DVD disk prior to the patterning process and use the LightScribe program to

effectively and controllably reduce and pattern graphite oxide films.

As an illustration of the diversity in image patterning that is possible, a complex image
formed by the direct laser reduction of graphite oxide is shown in Figure 5.1. An elaborate image
of a man’s head with circuits (Figure 5.1a) is directly patterned on a film of graphite oxide
(Figure 5.1b). Essentially, any part of the graphite oxide film that comes in direct contact with
the 788 nm infrared laser is effectively reduced, with the amount of reduction being controlled
by the laser intensity, a factor that is determined by the degree of laser focus and/or pulsing of
the objective lens assembly unit. The resulting image is an effective print of the original image,
but it is set in a series of gray and black colors, which is directly related to the laser intensities
that are used to generate the image. As expected, the darkest black areas indicate exposure to the
strongest laser intensities, while the lighter gray areas are only partially reduced. Since different
grayscale colors directly correlate with the laser’s intensity, it is possible to tune the electrical
properties of the generated LSG over 5 orders of magnitude in sheet resistance (£2/sq) by simply
changing the grayscale color used during the patterning process. In fact, there is a clear
relationship between sheet resistance, grayscale color, and the number of times the graphite
oxide film is laser irradiated, as illustrated in Figure 5.1c. Control over conductivity from a

completely insulating graphite oxide film, with typical sheet resistance values of >20 M€2/sq to a
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conducting highly reduced laser scribed graphene (hr-LSG) registering a sheet resistance value
of approximately 80 €2/sq, which translates to a conductivity of ~1650 S/m, is possible. This
method is sensitive enough to differentiate between visibly similar grayscale colors, as shown in
the graph, with the sheet resistance varying significantly with only a small change in grayscale.
In addition, the number of times a film is laser-treated results in a significant and controllable
change in sheet resistance. Each additional laser treatment lowers the sheet resistance, as seen in
Figure 5.1c, where a film is laser-reduced once (black squares), twice (red circles), and three
times (blue triangles) with respect to the grayscale. Therefore, the film’s sheet resistance is
tunable by controlling both the grayscale color used and the number of times the film is reduced

by the laser, a property that has so far been difficult to control through other methods.
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Figure 5.1 Comparison between (a) a standard complex colored image of a man’s head filled
with circuits and (b) the same image reproduced by reducing graphite oxide at various levels,
which corresponds to a change in electrical properties (Copyright Lester Lefkowitz). A
correlation between laser intensity and sheet resistance is shown in (¢) where the sheet resistance
of LSG is controlled in two ways, by printing in grayscale color and/or by controlling the
number of times the film is irradiated with the 788 nm infrared laser. The log base graph clearly
shows the sheet resistance decreasing by orders of magnitude when different grayscale colors are
used, which is directly related to the laser intensity. In addition, the number of times the graphite
oxide film is irradiated with that specific grayscale color, for example, laser reduced once (black

squares), twice (red dots), or three time (blue triangles), also produces a significant decrease in

sheet resistance, which provides a second mode of controlling the electrical properties of LSG.
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53.2  hr-LSG Magnified

Scanning electron microscopy (SEM) is used to understand the effects a low
energy infrared laser has on the structural properties of GO film by comparing the
morphological differences between highly reduced laser scribed graphene and un-treated
graphite oxide film. Figure 5.2a illustrates the infrared laser ’s effect on graphite oxide
film; prior to laser treatment, the GO film appears flat (right side of image) in contrast to
the aligned, stacked laser reduced graphite oxide that occurs immediately after contact
with the infrared laser (left-side of image). The image not only gives a clear definition
between laser scribed graphene and un-treated GO regions, but also demonstrates the
level of precision possible when using this method as a means to pattern and reduce
graphite oxide. The regions of stacked and reduced graphitic carbon, which result
from the laser treatment, can be further analyzed through cross-sectional SEM. The
cross-sectional view shown in Figure 5.2b is of a freestanding film of laser treated and
un-treated GO, which shows a significant difference between film thicknesses. In fact,
laser scribed graphene increases in thickness by approximately 10 times that of un-
treated GO film, as indicated by the blue brackets in Figure 5.2b. The increased
thickness stems from rapid degassing of gases generated and released during laser
treatment, similar to thermal shock, which effectively cause the reduced graphite oxide’s
expansion and exfoliation as these gases rapidly pass through the film. In addition, the
film does not suffer any detrimental effects even after several irradiation cycles, and the
film thickness remains consistent and stable even after several months in ambient

conditions. Figure 5.2c is a cross-sectional image of a single laser scribed graphene stack,
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which clearly shows a porous and expanded structure. By magnifying a selected area
within the stacked region in Figure 5 .2c, the thickness of the expanded sheets can be

calculated to be between 5-10 nm (Figure 5.2d).

Additionally, transmission electron microscopy (TEM) was taken of the expanded
and exfoliated laser scribed graphene film in order to fully characterize the film. As is
clearly visible by the highly transparent sheet shown in Figure 5.3, the laser irradiation of
graphite oxide results in the generation of large thin sheets of few-layer laser scribed
graphene, which is consistent with SEM analysis. Although irradiation from an
infrared laser is only marginally absorbed by graphite oxide, with enough power and
focus, it can cause sufficient thermal energy to efficiently reduce, deoxygenate, expand,

and exfoliate a graphite oxide film.
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Figure 5.2 Scanning electron microscope (SEM) images of laser scribed graphene (LSG). a)
Top-view of GO before laser treatment (right) and after laser treating (left). Laser
treating GO film results in large domains of stacked laser scribed graphene. b) Cross-
sectional view of a freestanding film, which compares the expanded and exfoliated laser
scribe graphene film with that of graphite oxide film. An increase in film thickness is
clearly visible for laser scribed graphene. c) A higher magnification cross-sectional
view. d) Selective area magnification of LSG demonstrating the large open network,

which results from the laser reduction process.
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Figure 5.3 A transmission electron microscope (TEM) image of few layer laser scribed

graphene deposited on lacy carbon TEM grids. Scale bar = 200 n
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533 Raman, XRD and XPS Analysis

Raman spectroscopy was used to characterize and compare the structural changes
induced by laser treating graphite oxide. As can be seen in Figure 5.4a, characteristic D, G, 2D,
and 3S peaks are observed in both graphite oxide and highly reduced laser scribed graphene
(hr-LSG). The presence of the D band in both spectra suggests that carbon sp’ centers still exist
after reduction.” The LSG spectrum shows a slight increase in the D band peak at ~1350 cm™;
this unexpected increase is due to a larger presence of structural edge defects and indicates an
overall increase in the amount of smaller graphene domains.”"! The result is consistent with
SEM analysis, where the generation of exfoliated accordion-like graphitic regions (Figure 5.2)
caused by the laser treatment creates a large amount of edges.”>*! However, the D band also
shows a significant overall peak narrowing, suggesting a decrease in the types of defects in the
laser scribed graphene. The G band experiences a narrowing and a decrease in peak intensity as
well as a peak shift from 1585 to 1579 cm’. These results are consistent with the re-
establishment of sp” carbons and a decrease in structural defects within the basal planes.”**!
The overall changes in the G band indicate a transition from an amorphous carbon state to a
more crystalline carbon state. In addition, a prominent and shifted 2D peak from 2730 to 2688
cm’ is seen after GO is treated with the infrared laser, indicating a considerable reduction of
the GO film and strongly points to the presence of few layer graphene.”®*” Finally, as a result
of lattice disorder, the combination of D—G generates an S3 second-order peak, which appears
at ~2927 cm’ and, as expected, diminishes with decreasing disorder after infrared laser
treatment.” The Raman analysis demonstrates the effectiveness of treating graphite oxide with

an infrared laser as a means to effectively and controllably produce few-layer hr-LSG.
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Figure 5.4 Raman and XPS comparisons between GO and hr-LSG. (a) Raman showing graphite
oxide (solid red line) exhibiting typical D, G, and amorphous 2D bands. The LSG (solid black
line) spectrum shows an increase in the D band due to an increase in edge planes after laser
irradiation as well as a shifted and diminished G band as a result of the enhanced crystallinity of
the LSG. The shift and presence of the 2D band indicates the synthesis of few-layer graphene.
(b) Overview of the XPS spectra confirms the decrease in the ratio of oxygen to carbon as a
result of laser irradiation of the graphite oxide film. By taking a closer look at the boxed area, it
is possible to compare the carbon—oxygen functionalities of (c) graphite oxide and (d) laser
scribed graphene. In contrast to graphite oxide, the LSG film shows a significant loss of C-O

functionalities, an increase in sp’ carbons, and a significant increase in the 7 to 7v* satellite peak.
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Figure 5.5 Powder X-ray Diffraction pattern of a) graphite, b) graphite oxide, and c) highly

reduced laser scribed graphene.
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A powder X-ray diffraction (XRD) pattern of highly reduced laser scribed
graphene is compared to both graphite and graphite oxide diffraction patterns (Figure
5.5). A typical XRD pattern for graphite, shown in Figure 5.5a, displays the characteristic
peak of 20 = 27.8° with a d-spacing of 3.20 A. An XRD pattern for graphite oxide, on the
other hand, exhibits a single peak at 20 = 10.76°, which corresponds to an interlayer d-
spacing of 8.22 A (Figure 5.5b). The increased d-spacing in graphite oxide is due to the
oxygen containing functional groups in graphene oxide sheets, which trap water
molecules between the basal planes and the sheets which then expand and separate.™
' The XRD pattern of hr-LSG shows the presence of both GO (10.76° 26) and a broad
graphitic peak at 25.97° 26 associated with a d-spacing of 3.43 A (Figure 5.5c). The GO
presence in LSG is expected since the laser has an optimum penetration depth, which will
result in the reduction of only the top portion of the film with the bottom layer being
unaffected by the laser. The small presence of GO is more prominent in thicker films, but
begins to diminish in thinner films. In addition, one can also observe a partially
obstructed peak at 26.66° 20, which shows a similar intensity to the broad 25.97° 260 peak.
Both of these peaks, considered graphitic peaks, and are associated with two different

lattice spacing between basal planes.

X-ray photoelectron spectroscopy (XPS) was employed to correlate the effects of laser
irradiation on the oxygen functionalities and to monitor the structural changes in the GO film.
Comparing the carbon to oxygen (C/O) ratios between graphite oxide and highly reduced laser
scribed graphene provides an effective measurement of the extent of reduction achieved using a
simple low-energy infrared laser. Figure 5.2b illustrates the significant disparity between the

C/O ratios before and after laser treatment of the graphite oxide films. Prior to laser reduction,
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typical graphite oxide films have a C/O ratio of approximately 2.6, corresponding to a
carbon/oxygen content of ~ 72 and 38%. On the other hand, the hr-LSG has an enhanced carbon
content of 96.5% and a diminished oxygen content of 3.5%, giving an overall C/O ratio of 27.8.
Since the laser reduction process takes place under ambient conditions, it is postulated that
some of the oxygen present in the hr-L.SG film is a result of the film having a static interaction

with oxygen found in the environment.

The Cls XPS spectrum of GO displays two broad peaks (Figure 5.2c), which can be
resolved into three different carbon components corresponding to the functional groups
typically found on the GO surface, in addition to a small 7 to 7v* peak at 290.4 eV.”" These
functional groups include carboxyl, sp’ carbons in the form of epoxide, and hydroxyl carbons,
which are associated with the following binding energies: approximately 288.1, 286.8, and
284.6 eV, respectively.”**! As expected, the large degree of oxidation in graphite oxide results
in the various oxygen components in the GO Cls XPS spectrum, in contrast to the highly
reduced laser scribed graphene spectrum, which shows a significant decrease in oxygen-
containing functional groups and an overall increase in the C—C sp* carbon peak (Figure 5.2d).
This points to an efficient deoxygenation process as well as the re-establishment of C=C bonds
in the carbon network. These results are consistent with the Raman analysis. Thus the infrared
laser is powerful enough to remove a majority of the oxygen functional groups, as is evident in
the LSG XPS spectrum, which only shows a small disorder peak and a peak at 287.6 eV. The
latter corresponds to the presence of sp’-type carbons, suggesting that a small amount of
carboxyl groups remain in the final product. In addition, the presence of a 7 to 7t* satellite peak
at ~ 290.7 eV is found, indicating that delocalized 7 conjugation is significantly stronger in the

highly reduced laser scribed graphene as this peak is miniscule in the graphite oxide XPS
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spectrum.”™ The appearance of the delocalized 7t peak is a clear indication that conjugation in
the GO film is restored during the laser reduction process and adds support that an sp® carbon
network has been re-established. The decreased intensity of the oxygen-containing functional
groups, the dominating C—C bond peak, and the presence of the delocalized m conjugation all

indicate that a low-energy infrared laser is an effective tool in the generation of hr-LSG.

54 hr-LSG Sensors

Having established that hr-LSG has effective s conjugation, it is possible to construct
devices to make use of the conducting material. Figure 5.3a shows a set of interdigitated
electrodes with dimensions of 6 mm x 6 mm, spaced at ~ 500 um, that are directly patterned
onto a thin film of graphite oxide. Prior to being patterned, the graphite oxide film was
deposited on a thin flexible substrate, polyethylene terephthalate (PET), in order to fabricate a
set of electrodes that are mechanically flexible. A green arrow points to the laser scribed
graphene region that makes up the black interdigitated electrodes, while a red arrow points to
the unreduced golden colored graphite oxide film. Since the electrodes are directly patterned
onto the GO film on a flexible substrate, the necessity for post-processing, such as transferring
the film to a new substrate, is unnecessary. Although, if desired, a peel and stick method could
be used to selectively lift-off the LSG with, for example, polydimethylsiloxane (PDMS) and
transfer it onto other types of substrates (Figure 5.3b). The simplicity of this method allows
substantial control over pattern dimensions, substrate selectivity, and even the electrical

properties of the LSG by controlling the laser intensity and thereby the amount of reduction.
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Figure 5.3 (a) All-organic flexible set of interdigitated electrodes generated from highly
reduced laser scribed graphene (hr-LSG). (b) Same interdigitated electrodes transferred onto
polydimethylsiloxane (PDMS). (c) NO, detection using the same all-organic flexible
interdigitated electrodes. Here the sensor uses hr-LSG as the active electrodes and marginally
laser-reduced graphite oxide as the detecting media. The NO, concentration is 20 ppm in dry air

gas.
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These interdigitated electrodes can in turn be used as an all-organic flexible gas sensor
for the detection of NO,. Figure 5.3c shows the sensor response for a patterned flexible set of
interdigitated LSG electrodes that are exposed to 20 ppm of NO, in dry air. This sensor was
fabricated by patterning hr-LSG as the active electrode and marginally reducing the area
between the electrodes to have a consistent sheet resistance of ~7775 €2/sq. In this way, it is
possible to bypass the use of metal electrodes and directly pattern both the electrode and the
sensing material on the flexible substrate simultaneously. The plot relates NO, gas exposure to
R/R,, where R, is the sheet resistance at the initial state and R is the resistance of the LSG film
after exposure to the gas. The film was exposed to NO, gas for 10 min followed immediately by
purging with air for another 10 min. This process was then repeated nine more times for a total
of 200 min. Even with a slightly lower sensitivity than more sophisticated and optimized
sensors, the un-optimized LSG sensor still shows good, reversible sensing for NO,, and its easy
fabrication makes it quite advantageous for these systems.”®>” Therefore, the LSG sensor for
NO, holds promise for improving the fabrication of all-organic flexible sensor devices at low

cost by using inexpensive starting materials directly patterned with an inexpensive laser.

55 Results and Discussions

The high conductivity and the increase in surface area resulting from the expanded LSG
make this material a viable candidate for use as a heterogeneous catalyst for metal
nanoparticles. In particular, the direct growth of platinum nanoparticles on LSG could aid in

the improvement of methanol-based fuel cells, which have shown enhanced device
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performance from large surface area and conducting carbon-based scaffolds.”® Here, we
demonstrate that hr-LSG is a viable scaffold for the controllable growth of Pt nanoparticles. By
electrochemically reducing 1 mM of K,PtCl, with 0.5 M H,SO, at -0.25 V for different
periods of time, it is possible to actively control the platinum particle size that is
electrodeposited on the hr-LSG film. Figure 5.4 shows scanning electron microscopy images
illustrating the growth of Pt nanoparticles with respect to electrodeposition times
corresponding to 0, 15, 60, and 120 s. As expected, there are no platinum particles present at 0
s of electrodeposition (Figure 5.4a), but small Pt nanoparticles are clearly visible after just 15 s
(Figure 5.4b) with nanoparticle sizes ranging from 10 to 50 nm (Figure 5.4b, inset). After 60 s
of electrodeposition, larger platinum nanoparticles grow with particle sizes averaging 100 to
150 nm (Figure 5.4c). Finally, after 120 s, 200 to 300 nm particles are found evenly distributed
across the surface of the LSG. The active growth of Pt nanoparticles at controllable diameters
on LSG could make it a potentially useful hybrid material for applications that require metal
nanoparticles, such as methanol fuel cells and gas phase catalysts.”***! These applications are

now being explored.
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Figure 5.4 Scanning electron microscopy (SEM) analysis of platinum nanoparticle growth on
LSG films. LSG is shown to be an excellent heterogeneous scaffold for the growth of platinum
nanoparticles by electrochemically reducing 1 mM K,PtCl, + 0.5 M H,SO, at -0.25 V for (a) 0
s, (b) 15s,(c) 60 s, and (d) 120 s. The result is an increase in the size of the Pt nanoparticles as
a function of electrodeposition time. The insets in b—d show a magnified view of each set of
nanoparticles, with nanoparticles ranging from 10 to 50 nm after 15 s to 200-300 nm after 120

s. Inset scale bars = 100 nm.
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5.6  Electrochemical Analysis of hr-LSG

It has been previously shown that the immobilization of carbon nanotubes (CNTs) on
glassy carbon electrodes will result in a thin porous CNTs film, which directly affects the
voltammetric behavior of the CNT modified electrodes.*” In a ferro/ferrocyanide redox
couple, the voltammetric current measured at the CN'T modified electrode will likely have two
types of contributions. The thin layer effect is a major type of contribution that stems from the
oxidation of ferrocyanide ions, which get trapped between the nanotubes. The other
contribution results from the semi-infinite diffusion of ferrocyanide towards the planar
electrode surface. Unfortunately, the mechanistic information is not easily de-convoluted and
requires knowledge of the film thickness. In our case, on the other hand, no thin layer effect is
observed since a plot of log,, of peak current versus log,, of the applied voltammetric scan rate
(Figure 5.5) is linear with a slope of 0.53 (the average of three measurements). A value that is
very close to the theoretical value calculated using the semi-infinite diffusion model as

governed by the Randles-Sevcik equation:'**!

3
ip = 0.3443AC; [P0 Equation 5.2

The fact that graphene-based modified electrodes have no thin layer effect is similar to previous

observations of other research groups.'*>*
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Figure 5.5 Electron transfer Kinetics. Dependence of the peak current (i,) of [Fe(CN)4]*"* redox
couple on the applied scan rate (v) for hr-L.SG electrode. The peak currents were obtained from
the cyclic voltammograms of hr-LSG electrode in 5 mM K,[Fe(CN),]/K,[Fe(CN),] (1:1 molar
ratio) dissolved in 1.0 M KCl solution and run at scan rates of 0.01 to 0.4 V/s. The plot is linear

with a slope of 0.53 indicating a semi-infinite diffusion mechanism.
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Carbon electrodes have attracted tremendous interest for various electrochemical
applications because of their wide potential window and good electrocatalytic activity for many
redox reactions."”** Given its high surface area and flexibility and the fact that it is an all-carbon
electrode, laser scribed graphene could revolutionize electrochemical systems by making
miniaturized and fully flexible devices. Here, understanding the electrochemical properties of
laser scribed graphene is highly beneficial to determine its potential for electrochemical
applications. Recently, graphene’s electrocatalytic properties have been demonstrated to stem, in
large part, from the efficient electron transfer at its edges rather than its basal planes. In fact, it
has been reported that graphene exhibits in certain systems electrocatalytic activity similar to that
of edge plane highly ordered pyrolytic graphite.”” In addition to having a highly expanded
network, hr-LSG also displays a large amount of edge planes (Figure 5.2), making it an ideal
system for studying the role of edge planes on the electrochemistry of graphene-based
nanomaterials. Here, we explore the electrochemical behavior associated with the electron
transfer of flexible hr-LSG electrodes using an [Fe(CN),]>"* couple as a redox probe. Figure 5.6
compares the CV profiles of GO, graphite, and hr-LSG electrodes in an equimolar mixture of 5
mM K;[Fe(CN)]J/K,[Fe(CN),] dissolved in 1.0 M KCI solution at a scan rate of 50 mV/s. Unlike
GO and graphite, the hr-LSG electrode approaches the behavior of a perfectly reversible system
with a low AE, (peak-to-peak potential separation) of 59.5 mV at a scan rate of 10 mV/s to 97.6
mV at a scan rate 400 mV/s. The low AE, values approach the calculated theoretical value of 59
mV. Given that AE, is directly related to the electron transfer rate constant (k,.), the low
experimental value of AE, indicates a very fast electron transfer rate.” The calculated k.,
values vary from 1.266 x 10 cm s for graphite and as expected increases for hr-LSG to 1.333 x

10° cm s™. In addition to the impressive increase in the electron transfer rate at the hr-LSG
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electrode (2 orders of magnitude faster than a graphite electrode), there is also substantial
electrochemical activity for the hr-LSG electrode as seen by an increase of ~ 268% in the
voltammetric peak current. These drastic improvements are attributed to the expanded
architecture of hr-LSG films, which provide large open areas for the effective diffusion of the

electroactive species and allow a better interfacial interaction with the LSG surface.

Additionally, it is surmised that the amount of edge-like surface per unit mass is thus
much higher than graphite and therefore contributes to the higher electron transfer rates as seen
here. Given the large number of exposed edge sites in hr-LLSG, it is not surprising to find that it
not only has a higher k" value than graphite, but also surpasses that of carbon-nanotube-based

electrodes”">* and that of stacked graphene nanofibers."”’
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Figure 5.6 CV profiles of graphite oxide (GO), graphite, and hr-LSG electrodes in equimolar
mixture (5 mM) of K,[Fe(CN)]/K,[Fe(CN),] dissolved in 1.0 M KCI solution at a scan rate of 50
mV/s. The hr-LSG electrode approaches the behavior of a perfect reversible system with a peak-
to-peak potential of 59.5 mV at 10 mV/s, which is close to the theoretical Nerstian value of 59
mV. The hr-LSG shows high electron transfer rates, 105 times faster than graphite and even
higher than values reported for carbon nanotube electrodes” and stacked graphene

nanofibers.>*
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Note that the hr-L.SG electrodes are fabricated on flexible PET substrates covered with
graphite oxide, which when laser-reduced serves as both the electrode and the current collector,
thus making this particular electrode not only lightweight and flexible but also inexpensive. In
addition, the low oxygen content in hr-LSG (~3.5%), as shown through XPS analysis, is quite
advantageous to the electrochemical activity seen here since a higher oxygen content at the edge
plane sites has been shown to limit and slow down the electron transfer of the ferri-/ferrocyanide
redox couple.”™ We believe this new process presents an interesting methodology for making
highly electroactive electrodes for potential applications in vapor sensing, biosensing,

electrocatalysis, and energy storage.

5.7 Conclusions

A new method has been presented for producing graphene-based materials that is not
only facile, inexpensive, and versatile but is a one-step “green” process for reducing and
patterning graphene films in the solid state. A simple low-energy, inexpensive infrared laser is
used as a powerful tool for the effective reduction and subsequent expansion and exfoliation and
fine patterning of graphite oxide. Aside from the ability to directly pattern and effectively
produce large areas of highly reduced laser scribed graphene films, this method is applicable to a
variety of other thin substrates and has the potential to simplify the manufacturing process of
devices made entirely from organic materials. A flexible all-organic gas sensor has been
fabricated directly by laser patterning of graphite oxide deposited on thin flexible PET. LSG is

also shown to be an effective scaffold for the successful growth and size control of Pt
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nanoparticles via a simple electrochemical process. Finally, a flexible hr-LSG electrode was
fabricated, which displays a textbook-like reversibility with an impressive increase of ~238% in
electrochemical activity when compared to graphite toward the electron transfer between the
ferri-/ferrocyanide redox couple. This proof-of-concept process has the potential to effectively
improve applications that would benefit from the high electrochemical activity demonstrated

here including batteries, sensors, and electrocatalyts.
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Chapter 6

Investigation of Barrier Properties of Graphene and Graphene

Oxide on PET for Electronic Encapsulation

6.1 Introduction

Optoelectronic devices, such as organic light-emitting diodes (OLEDs) and organic
photovoltaics (OPVs) are rapidly gaining momentum as the technologies of choice for future flat
panel displays and solar power generation, respectively. To achieve an operating lifetime in
excess of a few tens of hours, however, isolation of the OLED from atmospheric oxygen and
water vapor is necessary. On glass, this is typically accomplished with a glass or metal lid,
attached to the substrate using a bead of UV-cured epoxy, but rigid materials like glass and metal
inhibit flexibility, deemed advantageous and desirable for the future of OLED and OPV
devices.!"! Polymeric material have been shown to be successfully used for manufacturing both
OLED and OPV devices.”! However, the moisture sensitivity of OLEDs has thus far prevented
the realization of their full potential to form the basis for next-generation emissive displays on
lightweight or flexible plastics, due to the extremely rapid permeation of both water and oxygen

through all known plastic substrates.
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Conventional barrier film fabrication is carried out by costly, energy intensive
nanometer-thin film growth processes of amorphous oxides like SiO,N,, SiO,C,, Al,O;, or Zr,0,
on flexible plastic substrates by Chemical Vapor Deposition (CVD). PET, poly(ethylene
terephthalate), is a typical base film that’s used. A single sub-ten nanometer thick film of these
oxides can, theoretically, provide a hermetic barrier against water and oxygen gas. Practically,
there is no way to achieve such a film by current technology. Films are laden with defects such
as pinholes from process variances like substrate inhomogeneities and thermal gradients. To
compensate for these defects, repeating multilayers of oxide films/polymer films are deposited,
called dyads. Dyad stacking creates a tortuous path for gas molecules to migrate, effectively
rendering a flexible barrier showing a 1x10™ g/cm® day water vapor transmission rate (WVTR)"!
on a commercial scale. However, this is still not acceptable for flexible electronics. It’s been
suggested that a film with 1x107 g/cm® day will enable the practical use of flexible organic

electronics.™

Graphene is an atom thick, single layer of two-dimensional sp’*-hybridized carbon that
has attracted great interest since its discovery in 2004 due to its long-range m-conjugation, and
extraordinary thermal, mechanical, and electrical properties.” It attenuates 2.3% of visible light
per single sheet of graphene®'; however, it has been demonstrated that a single sheet of graphene
inhibits copper and silver corrosion and may be used as a flexible, transparent, virtually
impermeable barrier material on plastics.”” The goal of this project is to investigate graphene,
graphene oxide and their polymer composites as transparent gas barrier materials for electronic
applications, where water and oxygen permeation are detrimental to life and efficiency of the

devices.
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6.2  Experimental Setup

6.2.1 Graphite Oxide Films

Graphite oxide (GO) was synthesized using a previously published procedure.”
Dispersions of graphite oxide in water were synthesized by taking a 3 wt% GO slurry and
diluting it with water to make 100, 60, 30, 20, 10, 5, 2, 1 mg of GO in 20 ml of water. The
subsequent mixture was sonicated for 90 minutes at 50 °C to achieve complete graphite oxide
exfoliation. Graphite oxide dispersions were drop-cast onto 108 pm thick, transparency grade
PET (3M, PP2950), which was punched out into 3” circles by using a round punch hole
(McMaster-Carr, Los Angeles, CA). Film thicknesses were measured using a digital micrometer

with a precision of 1 pm (Mitutoyo, 293-348).

6.2.2 Gas Permeability System

A schematic of the permeability measuring system based on the manometric method for
measuring film permeability, also known as the constant volume method, is shown in Figure
6.1.”! Gas pressure is applied from a cylinder, through the regulator (Figure 6.1R) and can be
monitored using a digital pressure transducer (Figure 6.1P), the gas is connected or isolated from
the upstream (top side) of the permeation cell system through a high pressure valve (Figure
6.1A). Both the upstream and the downstream sides of the permeation cells are connected to a

high vacuum system, capable of reaching 1x10” Torr, through two high vacuum/pressure valves
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(Figure 6.1B) and (Figure 6.1C). The film sample is mounted in a custom stainless-steel pressure
cell with VCO vacuum fittings (Swagelok, CA) (Figure 6.1 inset). The test cell consists of two
blank Conflat flanges (Varian Associates), sealed together with a Viton o-ring. The interior of
the flanges are machined to contain the 3” sample, a bronze porous disk, and a Teflon aligning
disk stacked in that order. The upper flange is machined for an o-ring, which seals to the
upstream side of the membrane sample and defines the cross-sectional area for permeation. The
downstream side of the test cell is connected to a series of Conflat flanges comprising the
downstream volume. The downstream volume (Figure 6.1V,) is a known volume container
where the permeating gas will be collected and the rate of the gas permeation through the

membrane will be recorded, using a computerized vacuum transducer.
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Figure 6.1 A schematic drawing of a typical manometric setup. A pressure of approximately 50
psi is applied from a gas cylinder through the regulator (R) which can be monitored using a
pressure transducer (P), the gas is controlled through a high pressure valve (A) before it reaches
a permeation cell on the upstream (top) side of the membrane. The downstream side (bottom),
can be evacuated and has a mounted computerized vacuum transducer (P). When the desired
vacuum is reached, the downstream side is isolated from the vacuum pump by closing valves (B)
and (C). As the gas permeates through the membrane to the downstream volume (V,) and
collects in volume (V) or (V,), it will cause the pressure rise, and the rate of the pressure rise can
be used to calculate the permeability of the membrane. The inset shows a schematic drawing of

the permeation cell.
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Figure 6.2 A photograph of the constructed gas permeation setup: A) permeation cell, B)
downstream volume, C) digital vacuum transducer, D) high pressure valve, E) high vacuum

valve, and F) high-pressure gauge.
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In a typical experiment, both the upstream and downstream sides of the test cell are
evacuated for 24 hours to achieve a pressure of <1x10” Torr. Next, all vacuum valves are closed
and (dp,/dt),.,., the leak rate of the system, is calculated by letting the setup accumulate pressure
either through miniscule leaks in the seals or through off-gassing of the seals or the membrane
material. The leak rate should be as small as possible in order to get highly sensitive
measurements. A typical leak rate is approximately 3 mTorr/hr, but prolonged evacuation using a
diffusion pump can lower the leak rate down to 1 mTorr/hr. A system leak rate of 14 mTorr/hour
leads to a permeation sensitivity of 2x10™"° cc@STP conditions. After achieving the desirable
leak rate, the system is evacuated again for 24 hours, the vacuum valves are closed and the high-
pressure gas valve is open to pressurize the system on the upstream side to 50 psi. A test is run
until the rate of pressure rise over time becomes constant. By using the permeation rate and the
leak rate as given in Equation 6.1 below, we can calculate permeability of the membrane
knowing its thickness, the test temperature, and the upstream pressure and area of the film

available for transport.

P, = pZVA% [(%)SS — (%)leak] Equation 6.1

V,— Downstream volume (cm’)

A — Film area available for gas (cm?)

L — Film thickness (cm)

R — Gas constant: 0.278 cmHg cm’/cm’(STP) K
p,— Upstream pressure (cmHg)

T — Temperature (K)

dp dP .
(—1) & (—1) — Rates of pressure at steady-state and leak rate conditions (cmHg/s)
at /ss at Jieak
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6.2.3 WYVTR Permeability System

Measurements of water vapor transmission rates (WVTR) required certain modifications
to be performed to the gas permeation setup. The high pressure cylinder was replaced with a
water containing glass vessel (Figure 6.3D) connected inline to the upstream side of the setup
through a series of Pyrex glassware (Figure 6.3C) and stainless steel fittings, as shown in Figure
6.3. The water contaning glass container is equiped with a valve which allows us to seal it off
from the system when pulling vacuum on the upstream side. The water in the container was
degassed under vaccum prior to the permeation experiments. A typical procedure for a WVTR
measurement is as follows: Evacuate the downstream side of the permeation setup to 1x107 Torr,
while also evacuating the upstream side to 2.0x10” Torr. Then, both sides of the permeation cell
are isolated from the vacuum pump, and the valve is opened exposing the upstream side to the
water vapor. As soon as the water vapor can escape its container and fill in the vacuum between
the test cell and the vacuum pump, it creates a 100% humidity environment on the upstream side
with a pressure of about 8 to 10 Torr. The length of the experiment correlates with the
permeation properties of the membrane being tested, with thicker membranes often taking close

to a week to obtain accurate measurements.
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Figure 6.3 A photograph illustrating the water permeation attachment connected to the upstream
side of the test cell. A valve (A) is connected on the bottom side of the test cell and on the top
side to a series of metal tubing (B) ending with a multiarm Pyrex connector (C). The multiarm
connector is also connected to the water container (D), a vacuum gauge (E), the liquid nitrogen

condenser (F), and the vacuum pump (G).
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6.24 Synthesis of Graphene

Figure 6.4 A photograph of a graphene CVD setup: (A) & (B) Hydrogen and methane gas,
respectively; (C) mass flow controllers (MFCs); (D) power supply & regulator for MFCs; (E)

furnace with a 1.5 glass tube; and (F) vacuum pump.
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The system consists of a tube furnace (Figure 6.4E) into which a 1.5” quartz tube is
inserted. The left hand side of the tube is connected to a mass flow controller (Figure 6.4C)
which controls the overall pressure in the system, ideally set to 1000 mTorr. The pressure in the
CVD chamber is due to a combination of several gases: methane and hydrogen plus argon as a
carrier gas. The right hand side of the tube is connected to a needle valve that is used to adjust
the vacuum as obtained from a vacuum pump. In a typical graphene growth experiment, a copper
substrate (99.999% pure foil, Alfa-Aesar), with a 25 um thickness, is inserted inside a quartz
tube and annealed under flowing hydrogen for 10 min at 1000 °C to remove the oxide and to
increase the average copper grain size. After 10 minutes, methane is added to the mixture of
gasses and allowed to flow for 20 minutes. Finally, the furnace is rapidly cooled and the product
is a single layer of graphene grown on the copper surface. The size of the oven as well as the
glass tube are the limiting factors in the growth process; in principle, one can grow graphene as

large as desired, as long as one has a large enough instrument.

Graphene transfer onto a PET substrate is accomplished by spin-coating and soft-baking
poly(methyl methacrylate) (495 PMMA C9, Micro-Chem) onto the graphene-coated copper foil,
at 180 °C for 2 min. PMMA serves as a support and a protective layer for graphene after the
copper is etched away in an aqueous bath of FeCl,, H,O and concentrated HCI1 (3.5 g, 100 mL,
and 10 mL, respectively). A rigid support is used to transfer the graphene/PMMA into a bath of
de-ionized water, where it is rinsed for 30 min to remove any trace ion contaminates. Finally, the
graphene is scooped up onto a target substrate and gently blown dry under nitrogen gas. Care is
taken to avoid ripping the underlying graphene. A second PMMA layer is drop-cast onto the
initial soft-baked PMMA layer, which dissolves the support and relaxes the strain in the

underlying graphene film. Unlike previously described methods, the photo-resist was not cured,
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and instead each sample was directly soaked in acetone to remove the polymer support. The
graphene is finally annealed in an argon and hydrogen environment for 6 h at 300 °C to remove

any trace PMMA residue.

6.2.5 Setup for Hydrophobic Functionalization

Functionalization of GO was performed in a retrofitted vacuum oven as shown in Figure
6.5 below. The system consists of a vacuum oven into which the samples of GO/PET composites
were loaded. Using an attached diaphragm vacuum pump, atmospheric pressure inside the
vacuum oven was reduced to 1 Torr and the oven was heated to 85°C. After 15 minutes, the
vacuum pump was turned off and the valve on the He tank was opened to the carrier gas to
bubble through the hexamethyldisilazane (HMDS) and carry HMDS inside the oven through the

oven’s exhaust valve.
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Figure 6.5 A schematic drawing of the vapor deposition setup. A helium tank is connected
through a bleed valve into a sealed container with hexamethyldisilazane (HMDS). When the
valve is open, the carrier gas (He) carries the HMDS into the pre-heated reaction chamber where
it is allowed to react with hydroxyl groups on the GO surface for 24 hours at 85 °C. After the
reaction is complete, the entire chamber is evacuated for 30 minutes and the sample is removed

for characterization and analysis.
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6.3 Results and Discussion

6.3.1 Oxygen and Helium Permeability of SRM and PET

Our intitial testing was done on standard material with known gas permeability such as
National Bureau of Standards, Standard Research Material 1470 (NBS, SRM 1470) using helium
and oxygen as the permeating gasses. It was determined that the systematic error observed for
oxygen and helium was 20% and 29%, respectively. Testing of GO films was done on top of
transparency grade PET, since it is an affordable media and serves well as a testbed for testing
formulations and composites. Figure 6.6 shows that uncoated transparancy grade PET has an
oxygen permeability of 4.753 X 10" cm ¢cm’(STP) cm™ s cmHg™. This is based on a pressure
rise in the downstream volume of our manometric setup at a rate of 1.15 mTorr/hr. Since the leak
rate of the system is on the order of 1 - 3 mTorr/hr and the supporting substrate (PET) has a
permeation rate of 1.15 mTorr/hr, this indicates that any additional barrier coating of graphene or
GO on the surface of PET will inhibit the rate of permeability below the detection limit of our
instruments, possibly to the point where we would not be able to distinguish between the leak

rate and the permeation rate.

Gases with smaller kinetic diameter will have higher permeation rates. Helium, with a
kinetic diameter of 2.65 Angstroms (A), should have a higher permeation rate than oxygen (O,)
molecules, with a kinetic diameter of 3.46 A, and since the end goal of the project is to evaluate
water vapor permeability, which has a kinetic diameter of 2.65 A, we have chosen to go with

helium (He), diameter = 2.6 A, as the permeating gas. Helium permeation for NBS, SRM 1470 is
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shown in Figure 6.7. Testing multiple samples of uncoated PET to helium revelaed that the

system has less than a 2% deviation between samples of the same material (Figure 6.8).

6.3.2  Helium Permeability of GO/PET

We have also investigated thin films of GO coated on top of PET. In a typical procedure
a 3 wt% dispersion of GO is diluted to the desired concentration and sonicated for 1.5 hours at
50 °C to exfoliate individual graphene oxide sheets. Then the dispersion is drop-cast onto the
desired substrate and allowed to dry. Once the film has dried, it is loaded into the test cell with
the GO film facing the upstream side of the testing apparatus. Using this technique we can

achieve films of various thicknesses and transparencies.

Figure 6.9 shows overlaid plots of several permeation runs, consisting of GO coated PET
with various thicknesses of GO coatings. The graph indicates a 756% improvement in retarding
helium permeation for the red plot and as much as a 1252% reduction for the blue plot. The
difference in the plots is the amount of GO that was drop-cast onto the PET. The red plot sample
had 2.25 mg of GO drop-cast per 1 cm’ of substrate surface area; whereas, the sample in the blue
plot had 4.5 mg of GO/cm®of PET. At first sight there seems to be a linear dependance on
permeability of He and amount of GO per surface aea of PET; however, more data are needed to

draw such conclusions.
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Figure 6.6 A graph of O, permeation through uncoated PET, resulting in a permeability of 4.753

x 10”cm cm*(STP) cm™ s ecmHg™'. The black bottom line is the leak rate of the system.
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Figure 6.7 Graph of helium gas permeating through NBS, SRM 1470; note that a steady-state

equilibrium is reached within minutes.
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Figure 6.8 Graph of two plots of He permeability overlaid on top of each other indicating only a

2% deviation in sample to sample testing error.
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Figure 6.9 Graph of three plots of He permeability. The top (purple) graph indicaes 0.925 Barrer
permeability of uncoated PET to helium. Where as 1 Barrer is defined as 1x10™"° cm ¢cm’(STP)
cm” s cmHg'. The red plot is a permeability of 0.108 Barrer and coresponds to the sample of
PET coated with graphene oxide in the amount of 2.25 mg GO per 1 cm® of PET. The blue line is

a PET sample coated with 4.5 mg of GO per 1 cm®of PET.
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633 WVTR of GO/PET

We have also investigated the permeability of GO films to water vapor. Our initial testing
was carried out on uncoated PET as shown in Figure 6.10. An uncoated PET film has a water
vapor transport rate (WVTR) of 3.6 x 10" g/m* day. For comparison, the Mitsubishi supplied
material (PET) has a WVTR of 5.0 x 10" g/m* day, making transparency grade PET a great test
bed for rough measurements. Figure 6.10 also shows a second plot of PET covered with 1.7 um
of GO film. The resultant PET/GO composite yielded a WVTR of 2.9 x 10" g/m’* day or a 21.4%
improvement. By varying the thickness of the GO film on top of the PET, we were able to
produce a set of samples with varying degrees of WVTR improvement. As can be seen from
Table 6.1, the most dramatic change in WVTR occurs with just a 170 nm coating of GO; with
thicker GO film coatings, the WVTR improvement tapers off. This is better represented visually
by graphing WVTR vs. GO film thickness, as shown in Figure 6.11. In contrast to oxygen and
helim, the WVTR of GO indicates that GO has limited use as a water vapor barrier. The likely
reason for this is that GO is hygroscopic and inherently contains oxygen containing functional
groups on the basal plane of the sheets. The oxygen containing functional groups can hydrogen
bond to water molecules and may remain trapped within the GO layered structure even under a
high vacuum environment. If one side of the GO membrane is exposed to 100% humidity, while
the other side is kept under vacuum, the GO membrane can serve as a transport medium for
water vapor, absorbing water from one side and immediately releasing into the other side, while
water slowly propagates through the GO structure. In an effort to understand the rapid transport
of water through a GO/PET membrane, we have also investigated the surface of the GO film

after WVTR has been measured. Figure 6.12 shows an image from a scanning electron
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microscope (SEM), with the upstream side facing up in the image. The image clearly shows
pitting of the GO film. The pitting is thought to originate from water permeating through GO

defects in the film (Figure 6.12).

6.34  Hydrophobic Functionalization of GO

Hexamethyldisilazane (HMDS) is used industrially to render surfaces hydrophobic. It
reacts with surface hydroxyl groups according to the mechanism shown in Figure 6.13. Reaction
with surface hydroxyl groups is very slow at room temperature; however, the rate of the reaction
can be increased dramatically when heated to 85 °C. It is also known that graphite oxide is
thermodynamically unstable and will decompose and start losing surface water when heated.
Therefore, control samples of pure GO/PET annealed at 85 °C were made in addition to HMDS
treated samples of GO/PET. All samples were tested using ATR-IR and a contact angle
goniometer. The contact angle of a water droplet on the surface of untreated GO/PET was 27.8°.
Exposure of GO/PET to HMDS at a pressure of 300 Torr at 85 °C over a period of 24 hours
increases the contact angle to 53.9° (Figure 6.14). However, when the experiment was repeated
without the presence of HMDS, the contact angle recorded was 55.2°, which indicates that
factors other than HMDS are the primary driving force for an increase in contact angle. We also
discovered that heating GO/PET in a vacuum oven for 72 hours at 85 °C under an atmosphere of

1 Torr produced a contact angle of 70.5°.
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Figure 6.10 Plot of WVTR for PET and PET/GO, indicating a 21.4% improvement in barrier

properties over a standard PET film using only a 1.7 micron thick GO film.

Table 6.1 WVTR of PET and PET/GO Composites

GO film thickness WVTR Improvement

(um) (g/m’* day) (%)
17.00 0.1711 52.9%
10.20 0.2073 43.0%
5.10 0.2255 37.9%
3.40 0.2445 32.7%
1.70 0.2858 21.4%
0.85 0.2916 19.8%
0.34 0.3091 14.9%
0.17 0.3232 11.1%
0 0.3634 0%
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Figure 6.11 A plot of water vapor transmission rate (WVTR) as a function of GO film thickness

from Table 6.1. The first value next to each datum point indicates the WVTR, while the second

is the thickness of the GO film.

133



mag |Landing E| WD | det | tilt — 100 um
800 x| 5.00 keV | 7.7 mm |[ETD |45 ° —

Figure 6.12 A scanning electron microscope (SEM) image shows an interesting surface

morphology of the upstream side of the GO/PET membrane after WVTR testing. The pitting is

thought to originate from water permeating through GO defects in the film.
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At this point it is worth noting that the contact angle of graphite is close to 90° "%, while
the reported contact angle of GO is on average 30 - 50° "'l owing to the number of functional
groups on its surface and the amount of water intercalated between the sheets. It would appear
that thermal dehydration/deoxygenation is primarily responsible for a change in the contact

angle.

To further confirm out theories and about thermal processing and a change in contact
angle, we have analyzed the samples of GO using ATR-IR (Figure 6.15) and have found no
peaks corresponding to the reaction of HMDS with hydroxyl groups. If HMDS has bonded to
GO there would be new peaks at 1260 cm™ (Si-CH, symmetric deformation), 2800-3000 cm’
(C-H stretching vibration), and 1100 cm™ (Si-O asymmetrical stretching vibration); however,
either those peaks are buried behind overlapping peaks from GO or the reaction simply didn’t

occur for a number of possible reasons.

One solution to reveal overlapping peaks from ATR-IR is to use GO/PET as a
background in ATR-IR when analyzing HMDS treated samples. Additionally X-ray
photoelectron spectroscopy (XPS) is a highly sensative surface analysis instrument which can be
used to determine the presence of C-Si bond and both experiments have been planned for future
studies. An alternative chemical is a fluorinated chlorosilane, which may lead to better rates of

reaction and higher product thermodynamic stability.

Even though functionalization of GO using HMDS was unsuccessful, we have succeeded
in changing the contact angle of GO, which may provide us with an increase in retardation of
water permeation. By annealing GO films at higher temperature we may achieve a higher contact

angles, more hydrophobic surfaces, while still retaining the GO laminar structure.
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Figure 6.13 A mechanism for the reaction of HMDS with the surface functional groups on

graphite oxide (GO).

Figure 6.14 Photographs of contact angle measurements. From left to right: Untreated GO, 24 hr

annealed GO, 72 hr annealed GO.
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Figure 6.15 ATR-IR overlay spectra of GO treated under various conditions.
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63.5 WVTR of Graphene/PET

Using the method described above and previously published,? we have been able to
successflully grow a single layer of graphene on a 3 Cu substrate and have transferred it onto a
PET substrate as shown in Figure 6.16. As can be seen from Figure 6.16, when graphene is
transferred onto PET it can have significant defects as indicated by the blue arrow and brackets.
The diameter of the hole highlighted by the blue arrow is on the order of 7 mm. Even though the
sample is riddled with defects, we went ahead and performed a water permeation study on it and
found it was still able to improve, i.e. decrease the permeability of water by 10% or 0.3285 g/m’
day. To put this into perspective, PET coated with a single layer of graphene, 0.0034
micrometers thick, yielded the same water vapor transmission rate (WVTR) as a 60 times thicker
graphite oxide coating on a PET substrate; hence, graphene is an extremely good barrier for
water considering its thickness.

To address the number of defects introduced into graphene sheets during transfer, we
have also investigated a different transfer, which is a more direct route to produce graphene on a
polymer substrate. We have focused on a UV-curable polymer as the substrate of choice. First, a
liquid, polyurethane-based, UV-curable polymer was spin-coated onto the graphene grown on
copper to form a thin protective layer (Figure 6.19). Next, a much thicker layer was deposited
using either a doctor blade or drop-cast using the same or a different polymer, as the initial layer
already resides directly on the graphene. The staging of polymer deposition is necessary to
prevent any unwanted polymer sliding under the graphene or copper layer which would prevent
effective copper etching. The resulting Cu/polymer substrate can then be used directly to test the

effects of graphene on the WVTR as compared to the polymer control.
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Figure 6.16. Photograph of an octogonal shaped piece of PET with a 3” circular deposit of
atomically thin graphene. The layer is only 1 atom thick, but since it attenuates 2.3% of visible
light, it can be seen with the naked eye under certain contrast conditions. A quarter placed in the

top right corner is for size reference.
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Figure 6.17 3” Graphene film on top of a PET substrate, arrows and brackets indicates holes and

defects due to transfer.
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Figure 6.18 A plot of water vapor transmission rates as a function of graphene coated PET and

graphite oxide coated PET film thickness. The first value next to each datum point indicates the

WVTR, while the second is the thickness of the GO film.
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Figure 6.19 Schematic illustration of the new transfer method developed for moving CVD-

grown graphene to a polymer support, while maintaining good mechanical integrity.
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Figure 6.20 A drawing of the chemical formula for the UV-curable polymer used in this study.

The clear polymer solidifies and cures in under an hour producing a rigid support.
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We have experimented with the UV-curable polymer shown in Figure 6.20, which has
been provided by Dr. Jeff Gerbec (UCSB). Our initial experiments to characterize the film using
Raman spectroscopy were inconclusive since the Raman absorption of graphene and the
underlying substrate are quite similar (Figure 6.21). However, upon closer inspection of the UV-
cured polymer when used as a substrate to "fish out" the floating graphene on the surface of
water, we have been able to confirm that CVD graphene and UV-cured polymer have two
Raman peaks that can be used to identify graphene on the polymer. In particular, the graphene G
and 2D bands at ~1600 cm™ and ~2700 cm™, respectively, can be used as a fingerprint for

graphene on the polymeric material as can be clearly seen in Figure 6.21.

Several of the PET/bilayer graphene samples were tested at Illinois Instruments to
determine their WVTR. 3M transparency grade PET, tested as received has a WVTR of 4.4 g/m’
day, while bilayer graphene samples show 3 g/m* day; all samples were tested in duplicates as
shown in Figure 6.22. Our initial assessment suggested that the test may be flawed and water
permeates through the adhesive layer in the aluminum mask used to mount the samples in the
test cell. However, testing of the PET provided by Mitsubishi Plastics revealed a WVTR of 0.15
g/m* day, consistent with the 10" g/m* day value measured by Mitsubishi. These results indicate
that the adhesive on the aluminum mask is indeed doing its job and not an issue at the current
WVTR rates. We then turned to our graphene as a next possible culprit and wanted to investigate
the number of defect sites in a graphene layer before transfer takes place. What we have

discovered is that our graphene is not defect free as can be seen in Figure 6.23.
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Figure 6.21 Top: A photograph of the UV-cured polymer containing a single layer of graphene.
Bottom: Raman spectroscopy showing the high degree of overlap for peaks from the UV-cured
polymer and CVD-graphene. However, using the G and 2D bands of graphene at ~1600 cm™ and

~2700 cm™, respectively, we can confirm the presence of both graphene and the polymer.
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Figure 6.22 A plot of water vapor permeation rate (WVTR) through an uncoated ~100

micrometer PET sheet (left) and a WVTR of the same grade PET coated with bilayer graphene.
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A series of scanning electron microscope (SEM) images reveal that dramatic
fragmentation of the graphene sheet has occurred. A perfect sheet of graphene would show a
uniform dark gray image; however, all our images contain a light shade of gray trenches in the
graphene indicating the presence of the underlying copper substrate. Furthermore, where copper
shows through, there is always a presence of insulating nanoparticles. We believe that these
nanoparticles, ranging from 50 - 100 nm in size, are copper oxide. The source of this

contamination is an air leak in the system or residual chemical contamination.

In pursuit of measuring the WVTR of pristine graphene, we have modified the
permeation setup further to be able to measure domain sizes as small as a pinhole in graphene. In
the past, a sample with PET was to be coated with graphite oxide (GO) or graphene and
sandwiched between two steel plates with Viton o-rings making an airtight seal. The problem
with this setup is: 1) a large sample requirement (3”) and 2) as the Viton o-ring is compressed, it
expands its contact path with the material to be tested, potentially “rubbing away” at the material
to be tested and introducing defects radially at the O-ring sample interface. To circumvent both
of these problems we have implemented a new mounting system, in which two pieces of
aluminum foil are die cut to 3” in diameter, while the inside of the foil is die cut to a 1.5”
opening. Using a 5 min epoxy, we then coat the inside of both foils and sandwich the test sample
between the foils for 24 hours. The technique may allow us to test permeability through a sheet
as little as 500 pm in lateral dimensions, which is exciting since it is possible to grow single
grains of graphene on the order of 500 um, therefore enabling an understanding of the effects of

grain boundary defects on permeability.
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Figure 6.23 A series of photographs from a scanning electron microscope (SEM) of as-grown
graphene on Cu foil. Starting from a zoomed out 0.1 mm (top left) scale through a nanometer
scale we can observe fragmentation of a graphene sheet as well as decoration of graphene-free

regions with impurity nanoparticles.
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64 Conclusions

In summary, we have been able to achieve more than three orders of magnitude in
retardation of helium permeation across PET by coating it with a 17 um thick layer of graphite
oxide. Barrier properties of GO/PET to helium and other gases at STP may be simply controlled
by changing the thickness of the GO coating. Excellent barrier properties of graphite oxide may
stem from the intrinsic structure of this two-dimensional material. Unfortunately, the same
intrinsic properties that allow GO/PET to be such an excellent barrier to gases at STP, also
hinder its ability to stop water permeation, which occurs by simple water displacement of
molecules from one side to the other. We have also been able to show that graphene is at least a

60 times better barrier material when the thickness of the membrane is considered.
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Chapter 7

One-step Synthetic Approach to Graphene Metal/Metal Oxide

Nanocomposites for Supercapacitors and Catalysis Applications

7.1 Introduction

Graphene, a two-dimensional, sp> hybridized sheet of carbons with one atom thickness, is
the thinnest material in the universe."" Graphene has a theoretical surface area of 2630 m* ¢! and
a thermal conductivity of 5000 W m™ K. Graphene also exhibits the highest known electrical
conductivity at room temperature of 10° S/cm.”® The unique structure and properties of
graphene as well as fast paced developments in graphene research may offer great potential in
the fields of electronics, optoelectronics, and electrochemical applications.”'"" However, pure
graphene sheets are limited for many applications despite their excellent characteristics. For
example, the capacitance of graphene is limited by the electrochemical double-layer and is
relatively low. Therefore large-scale practical applications of graphene could benefit from

enhanced functionalities added to the pure graphene sheets.

Metal oxide nanoparticles are of great interest because of their unusual properties and
have been widely used to decorate CNTs to form a new class of composites. For instance MnO,
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nanoparticles display a high specific capacitance of 1029 F/g, but by themselves are insulating
and must be supported on a conducting substrate of suitable porosity and surface area. Similarly,
NiO, and Co,;0, exhibit high specific capacitance, but need a high surface area and highly
conducting support for supercapacitor applications. Noble metal nanoparticles are also of
particular interest, for instance, Pd(0) nanoparticles have been shown to be extremely efficient in
as a catalyst in Suzuki coupling reactions, while Ag(0) on graphene has been shown to useful for

surface enhanced Raman spectroscopy (SERS)!'> "

To address the challenges in graphene applications, it is possible to combine graphene
with a metal or metal oxide nanoparticle (NP), creating a hybrid graphene nanocomposite, with
enhanced properties. There are generally two routes one can take when making graphene/NPs
composites. The first approach relies on mixing graphite oxide in solution with the NP precursor
and followed by simultaneous reduction to form a graphene/NP nanocomposite. This is a one-
step approach that is both quick and efficient; however, due to non-homogeneous nucleation of
particles, wide particle distribution is usually achieved."*"! In the second approach, graphene
and NPs are prepared by reducing graphite oxide and metal precursors separately and then a
nanocomposite is made by combing the two."°"'® Compared to the one-step synthesis, the size
and distribution of the metal NPs can be precisely tailored to the desired specifications.
However, due to the loss of functional groups, graphene sheets readily aggregate in solution,
which leads to a non-uniform distribution of the nanoparticles on the surface of the graphene,
and loss of loading. Both methods also suffer from poor nanoparticle adhesion to the graphene

substrate since they synthesis is performed in solution.

Our group has demonstrated a light initiated, non-solution based approach to reduction of

graphene oxide using a laser to form laser scribed graphene (LSG)."” More recently Kim et al.,
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has demonstrated a proof-of-concept where graphite oxide was mixed with metal nanoparticle
precursors and initiated deflagration of graphite oxide by heating it with a soldering iron.”” Their
group reports excellent particle size distribution and adhesion to graphene, even after sonication.
Although the authors reported that their reactions were done in air as well as in a nitrogen glove
box, they strongly discourages reactions outside of the nitrogen glove box, as they are highly
energetic when initiated with a soldering iron. Here, we present a one-step synthetic approach to
graphene metal/metal oxide nanoparticle composites. Using a low-power infrared laser found
inside a LightScribe DVD drive, we were able to initiate reduction of graphite oxide mixed with
NP precursors. When the laser light hits the graphite oxide layer, reduction takes place, creating
laser scribed graphene (LSG), in the process, the energy released is used to drive a side reaction
reducing the NP precursor. To our knowledge this is the first report of a laser induced cascade

reaction.

7.2  Experimental

721 Solution Preparation

Graphite oxide (GO) was synthesized using a modified Hummers method. In order to
generate a stable GO colloidal dispersion, 3 wt.% slurry of GO was diluted with water to achieve
a 3 mg/ml concentration and sonicated at 50 °C for 60 min using a VWR Ultrasonic Cleaner
(B2500A-DTH, 210W). Stable dispersions of GO with silver acetate, CH;COOAg (85140,

Sigma-Aldrich), nickel (II) acetate tetrahydrate, Ni(OCOCH,),"4H,0O (72225, Sigma-Aldrich),
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manganese (II) acetate tetrahydrate, (CH,COO),Mn-4H,0O (221007, Sigma-Aldrich), copper(Il)
acetate monohydrate, Cu(CO,CH,),"H,O (217557, Sigma-Aldrich), palladium acetate, PA(OAc),
(205869, Sigma-Aldrich) and palladium trifluoroacetate, Pd(TFA), (299685, Sigma-Aldrich)
were made by first creating a dispersion of GO in water and then adding a concentrated solution
of metal salt to achieve resulting concentrations of 3 mg/ml GO and either 0.1 or 1 mg/ml metal
salts. Approximately 16 ml of GO with metal salt dispersions were drop-cast onto polyethylene
terephthalate (PET) (PP2950, 3M), which was fixed to the LightScribe DVD disc using a spray

adhesive glue (70-0050-1482-7, 3M).

7.2.2  Instrumental Analysis

XPS spectra were recorded using a Kratos Axis Ultra DLD spectrometer. TEM samples
of the graphene/nanoparticle composite were prepared by mechanically transferring some of the
laser-scribed material onto carbon-coated TEM grids. The TEM images and SAED patterns
were collected on a FEI Tecnai G2 TF20 TEM operated at 200 kV. The HRTEM and SAED
data were analyzed using EMMENU4 and ImageJ. The d-spacing values extracted from SAED

were calibrated with an aluminum standard. SEM was performed on FEI Nova 230.
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723 Electrochemical Measurements

Sandwich type devices made from NiO LSG electrode material with 6 M KOH
electrolyte and a polypropylene separator were tested for their electrochemical behavior using a
Biologic VMP3 potentiostat at room temperature. The voltage window used for all

measurements is -0.1 to 0.6 V.

724 Suzuki-Miyaura Coupling with LSG/Pd(0)

Digestion of LSG/Pd: 2.5 mg of graphene was weighed out in a 20 ml vial with 5 ml
concentrated nitric acid. The solution was covered and left heated at 100 °C until the whole
liquid volume of the vial became a homogeneous solution. Once the solution cooled, it was
transferred into a 25 mL volumetric flask. The flask was covered to the fill mark by adding 5%

nitric acid and then shaken. The solution was then poured into a plastic vial for ICP-OES testing.

Phenyl boronic acid (1.25 eq), sodium hydroxide (4 eq), and bromobenzene (1 eq) were
added to a round bottom flask. 5 mL of ethanol and 5 mL of water were then added to the flask.
10 mg (0.24% Pd) of the palladium/graphene composite was added next and the solution was put
into an oil bath at 80 °C. After the reaction, the solution was allowed to cool to room
temperature. The organic product was extracted by washing with (3 x 10 ml) dichloromethane.
The organic layers were then combined and dried over magnesium sulfate and dried using a

rotovap. Analysis of product was carried out by NMR.
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7.3 Results and Discussions

731 Mechanism of formation

When a 788 nm laser encounters the surface of graphite oxide it causes deflagration and
results in laser-scribed graphene (LSG)."” The reaction is self-propagating, and exothermic,
reaching temperatures in excess of 400 °C. The energy generated during deflagration can be used
to drive a side reaction such as the reduction of the metal nanoparticle precursor, homogeneously
dispersed in the graphite oxide film. Mixing graphite oxide with a salt such as a metal acetate
enables us to create dispersions of graphite oxide with metal acetate dispersed on an atomic
scale. The dispersions are stable for up to several months with no visible agglomerates formed in
metal salt concentrations up to 1 mg/ml. Higher concentrations of the nanoparticle precursor are
possible, but their long term stability is hindered. For instance, a concentration of 35 mg/ml of
metal salt in solution will result in flocculation of graphite oxide within a day. It is, however, still
possible to make higher loadings of LSG nanocomposites if solutions are used right away. We
have experimented with acetate salts of Manganese (II), Cobalt(Ill), Iron (III), Silver(l),
Palladium (II), Nickel (II), and Copper(II). After laser scribing, the products they formed on the
surface of LSG were identified as: MnO, Co,0,, Fe,0,, Ag(0), Pd(0), NiO, Cu,O respectively. It
is also possible to tailor the resulting oxides of the nanoparticles, based the ligands they are
attached to. For instance, reduction of manganese acetate leads to the formation of MnO, while
manganese nitrate will result in MnO,. Furthermore, if laser scribing were performed in an inert
vacuum or in a nitrogen rich environment, this would affect the resulting product as well. The
difference lies in the mechanism of thermal decomposition of these compounds and is beyond
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the scope of this paper. However, using this information one can tailor the LSG nanoparticle
composites to the desired application, with a possibility of using almost all elements in the

periodic table.

7.3.2 Analysis by Electron Microscopy

As can be seen in Figure 7.1, as the LightScribe laser moves across the surface of a
coated DVD disc, it creates trenches in the resulting LSG/NiO nanocomposite. The trenches are
the product of gases escaping from the laminar structure of graphite oxide. Localized heating,
generated during the GO deflagration reaction, fuels the thermal decomposition of nickel acetate
tetrahydrate surrounding the GO sheets resulting in nanoparticles (Figure 7.1, inset). The
concentration of nanoparticles appears to be homogeneous from one side of the trench to the
other; however, SEM analysis taken between trenches, and within sheets needs to be carried out
to confirm the presence of nanoparticles within the sheets as well. Comparable SEM images can
be observed for films of LSG with Ag and Pd nanoparticles — see Figure 7.2 and Figure 7.3,

respectively.
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Figure 7.1 Shows a 1,000x magnification scanning electron microscope (SEM) image of a laser-

scribed graphene (LSG) sample decorated with nickel oxide (NiO) nanoparticles. The inset

shows a 50,000x-magnified view of LSG covered with insulating NiO nanoparticles.
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Figure 7.2 A 5,000x magnified scanning electron microscope (SEM) image of laser scribed

graphene (LSG) decorated with Ag(0) nanoparticles. The inset shows a 50,000x-magnified view

of graphene covered with insulating NiO nanoparticles.
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Figure 7.3 A 10,000x magnified scanning electron microscope (SEM) image of a laser scribed

graphene (LSG) sample decorated with Pd(0) nanoparticles. The inset shows a 50,000x-

magnified view of graphene with homogeneously dispersed nanoparticles.
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Analysis of LSG/Ag nanocomposites by TEM reveals the presence of silver nanoparticles
throughout the LSG surface (Figure 7.4 - 7.5). Figure 7.6 shows a close-up view of nanoparticles
in close proximity to few layer graphene sheets. The lattice fringes are clearly visible in the
nanoparticles as well as in the graphene, indicating a high degree of crystallinity. Figure 7.7
shows a 10 nm Ag nanoparticle with lattice spacing of 0.23 nm, which matches the (111)
diffraction plane in the fcc lattice of silver. The average Ag(0) nanoparticle size in the
LSG/Ag(0) nanocomposite is 5-15 nm. TEM analysis of the LSG/Pd(0) nanocomposite revealed
a lower concentration of nanoparticles per area than is observed for Ag(0). This is presumably
due to the fact that palladium acetate has very low solubility in water; therefore, some of
palladium acetate may have precipitated out during nanocomposite processing. Figure 7.8, inset
also shows that the nanoparticles have a narrow size distribution based on evaluation of TEM
images, with an average of diameter of 12 nm (Figure 7.8). LSG/NiO nanocomposites also
exhibit sparsely populated NiO nanoparticles; however, the cause of this is unknown. Figure 7.9,
inset shows a NiO nanoparticle with an interplanar distance of 0.205 nm, corresponding to the

(200) reflection in the fcc lattice of a NiO crystal.
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Figure 7.4 A transmission electron microscope (TEM) image of Ag(0) nanoparticles on LSG.

The darker spots are agglomerates of smaller nanoparticles as seen in Figure 7.5.
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Figure 7.5 A transmission electron microscope (TEM) image of Ag(0) nanoparticles which

illustrates a narrow distribution in size of nanoparticles with an average diameter of 10 nm.
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Figure 7.6 A transmission electron microscope (TEM) image of 6-8 nm silver nanoparticles

(white arrows) next to few layer graphene sheet (red arrows).
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Figure 7.7 A) A TEM image of ~10 nm Ag nanoparticle in proximity to few layer
graphene. Ag nanoparticles clearly exhibit lattice fringes with a lattice spacing of 0.23 nm,
corresponding to a diffraction plane of (111) in Ag fcc lattice. Few layer graphene shows a
0.34 nm lattice spacing corresponding to the (002) plane in hcp lattice of graphite. B) The
corresponding fast Fourier transform (FFT) of a Ag nanoparticle. C) FFT of few layer

graphene next to the particle.

165



Figure 7.8 A) A TEM image of a Pd(0) nanoparticle (white arrow) on the surface of LSG (red

arrow). The inset provides a TEM image of a Pd(0) nanoparticle with an average size distribution

of 10 nm on few layer graphene.
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2\ 10.205 nm '8

W NGO (200)

Figure 7.9 TEM image of NiO nanoparticles on LSG. Similarly to Pd(0), the NiO nanoparticles
are sparsely populated on LSG, with an average distribution of 10 - 15 nm. The inset shows a
single nanoparticle with an interfringe distance of 0.205 nm, corresponding to the (200) lattice

planes in a NiO fcc lattice.
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733  Surface analysis using XPS

X-ray photoelectron spectroscopy (XPS) was used to investigate the effects of
nanoparticle formation on the quality of the LSG films and the oxidation states of the
nanoparticles. Figure 7.10A shows an XPS survey spectrum of an LSG/Ag(0) nanocomposite,
with three dominant peaks: C 1s at 284.8 eV, Ag 3d at 375 eV, and O 1s at 534 eV. Comparing
the carbon to oxygen (C/O) ratios between graphite oxide (GO) and laser scribed graphene
(LSG) provides an effective tool in asserting the degree of reduction that was achieved in the
presence of metal acetate salts with a low power infrared laser. We have previously reported that
LSG without metal nanoparticles has a C/O ratio of 27.6, with 96.5% C and 3.5% O.
Additionally, GO without the metal nanoparticle precursor has a C/O ratio of 1.89, which
corresponds to the atomic percent of C and O as 72% and 38%, respectively. Inspecting a C 1s
spectrum in Figure 7.10B reveals a C/O oxygen ratio of 20.60, corresponding to 94.56% C and
4.59% O. This is an increase in the overall atomic percent oxygen by 1.09%. The reason for the
increase in oxygen content is attributed to the addition of oxygen rich species, such as CO, CO,,
H,0 and CH,COOH, due to decomposition of the acetate ligand, but further studies are
necessary to confirm this hypothesis. Figure 7.10C presents an XPS spectra of the Ag 3d region
with a 1.54 atomic percent of Ag. Unfortunately, it is well known that the identification of the
valence states of silver from the their binding energy (BE) values is not easy because the states
are so closely spaced together. However, the TEM FFT of several areas in the LSG/Ag(0)

confirms that the only silver present is in the Ag(0) state.

An XPS survey of an LSG/Pd nanocomposite indicates three distinct peaks, assigned to C

Is, Pd 3d and O 1s. A closer inspection of the C 1s region indicates a higher prevalence of
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oxygen, 86.85% C and 12.50% O, which converts to 85.19% C and 5.51% O by weight. The
remaining 9.30% by weight is assigned to the Pd peak. Compared to LSG/Ag(0), palladium
nanocomposite contains 7.91% higher oxygen that is bound to carbon. The reason for the higher

oxygen content is unknown and is currently being investigated.

Laser scribing of graphite oxide mixed with nickel acetate tetrahydrate produced LSG
with a C/O ratio of 17.27, corresponding to the 93.1% C, and 5.39% O. The carbon to oxygen
ratio of the LSG/NiO nanocomposite is slightly below the C/O ratio of 20.60. The reasons for all
three metals having different C/O ratios could have to do with the catalytic ability of the metal or
the reaction pathway that the nanoparticle precursor undergoes under thermal decomposition.

The exact reason is currently being investigated.
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Figure 7.10 A) X-ray photoelectron spectroscopy (XPS) survey spectra of an LSG/Ag
nanocomposite. The graph shows the dominant intensity of the C Is peak followed by the Ag
3d and O 1s peak, which corresponds to 94.26% C, 1.15% Ag and 4.59% O respectively. B) A
close up of the C 1s spectra indicating highly reduced graphene. C) A closer view of the Ag

3d XPS region.
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nanocomposite. The graph shows the dominant intensity of the C 1s peak followed by the Pd 3d

and O 1s peaks, which correspond to 86.85% C, 0.64% Pd and 12.50% O, respectively. B) A

close up of the C 1s spectra, which indicates the presence of hydroxyl groups (286.65 eV). C) A

closer view of the Pd 3d XPS region, which shows the presence of Pd(0) and some PdO

impurity.
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Figure 7.11 A) X-ray photoelectron spectroscopy (XPS) survey spectra of an LSG/NiO
nanocomposite. The graph shows that the dominant peak is the C 1s followed by the O 1s and
the Ni 2p peak, which corresponds to 93.51%, 5.39% and 1.51%, respectively. B) A close up of

the C 1s spectra. C) A closer view of the Ni 2p XPS region, which shows the presence of NiO.
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74  Applications

741 LSG/NiO Supercapacitors

One application where LSG/NiO could be utilized immediately is in supercapacitors. As
previously shown by El-Kady et al. all-carbon LSG supercapacitors exhibit a gravimetric
capacitance of 275 F/g with an H,SO, electrolyte.”"! However, this value can be increased further
through the addition of metal oxides that have high pseudocapacitance. This area of research is
still ongoing, but preliminary findings indicate an aerial capacitance of 22 mF/cm® and a
gravimetric capacitance of 35 F/g. Cyclic voltammetry measured at 5 mV/s shows the reduction
and oxidation peaks of NiO in Figure 7.12. The reason for the lower capacitance is suspected to
be an incompatible electrolyte that doesn’t fully wet all the surfaces. Future experiments will be
repeated with 1 M H,SO, and other electrolytes, taking into account LSG without NPs as a

baseline.
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Figure 7.12 Evaluation of the performance of an LSG/NiO electrochemical capacitor in aqueous
6 M KOH solution. (A) Cyclic voltammetry of LSG/NiO at a scan rate of 5 mV/s. A semi-
rectangular CV shape is observed for the LSG/NiO-EC, indicating an efficient double-layer
formation. (B) Galvanostatic charge/discharge (CC) curves of an LSG/NiO-EC measured at a

current density of 5 A/g; sq/erectrode-
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74.2  LSG/Pd as a Suzuki-Coupling Catalyst

Another potential application for LSG/Pd(0) is catalysis. More specific, the Suzuki
reaction has used palladium nanoparticles for coupling aryl halides with boronic acids®®*' (Figure
7.13A). While a few authors have already reported use of Pd(0) for Suzuki coupling on
graphene/graphene oxide supports, the surface area of their reported material is well below our
LSG material **** Preliminary experiments have shown that upon reaction of boronic acid with
bromobenzene on the surface of an LSG/Pd(0) nanocomposite made from palladium
trifluoroacetate (Pd(TFA),), a 65% isolated yield of product was attained. By comparison when
using palladium acetate (Pd(OAc),), an isolated yield of 45% was achieved. Using inductively
coupled plasma optical emission spectroscopy (ICP-OES) we have measured Pd content as 0.7
wt.% in the LSG/Pd nanocomposites prepared from (Pd(OAc),) and 1.7 wt.% in the LSG/Pd
prepared from Pd(TFA),. Both bromobenzene and biphenyl are soluble in the organic phase.
NMR spectra of the bromobenzene precursor (Figure 7.13B) and biphenyl (Figure 7.13C and
7.14) show that the product is pure, with no trace of precursor. Therefore, we have concluded
that the conversion is 100%; however, our isolated yield is only 45% for acetate ligands and 65%
for trifluoroacetate palladium ligands. In order to investigate the loss of the biphenyl, we have
run the reaction with biphenyl alone instead of the precursors and discovered that 10% of the
biophenyl binds to the LSG support through m — m stacking. We expect that recycling the

catalyst would allow us to minimize the losses due to biphenyl it — 7 stacking.
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Figure 7.13 A) Reaction scheme for a Suzuki-Miayura coupling reaction. B) "H NMR spectra of

the biphenyl reaction product showing no trace of reaction precursor (C).
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Figure 7.14 A) Integrated '"H NMR spectra of the biphenyl reaction product. The inset shows a

labeled biphenyl with labels corresponding to the labeled peaks in a ratio of 2A:2B:C.
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7.5 Conclusions

In summary, we have been able to successfully use the process for making laser scribed
graphene (LSG) to create LSG/nanoparticle nanocomposites. We have illustrated that
nanocomposites can be tailored to the desired application by changing the precursor metal and
the ligand. The nanocomposites are made in air using a simple and inexpensive LightScribe drive
and now commercially available graphite oxide. Furthermore, we have illustrated that this
technology can be both suited for electronic applications such as supercapacitors, as well as for

pure chemical synthesis, such as Suzuki-Miyaura coupling reactions.
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