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ABSTRACT

Microbial fuel cells (MFCs) are seen as a promising complementary technology
to alleviate the exponentially increasing worldwide energy demand. MFCs use bacteria to
extract energy from biomass, where choice of electrode materials has a strong impact on
energy extraction and efficiency. Graphene, a single monolayer of carbon with
exceptional electrical conductivity and high surface area, is seen as a promising material
with the potential of improving charge transfer and bacterial adhesion. To probe this
reactivity, a novel means of hydrogenation of graphene by electrochemistry is
demonstrated.

In this thesis, electrochemical hydrogenation of epitaxial graphene (EG),
graphene grown on silicon carbide (SiC), shows new pathways of carbon chemistries for
electrodes and hydrogen storage. The difficulty with reacting hydrogen with graphene is
the need for atomic hydrogen, as hydrogen gas, H2, does not react directly with carbon.
H+ ions in acidic electrolyte readily react with negatively biased graphene, revealing the
reactivity of graphene and forming localized insulator-like states. Incorporating hydrogen
into graphene, forming graphane, has also been shown as a means to create an engineered
bandgap in semi-metal graphene, from ~0-3.5eV, allowing for traditional device
architectures. This hydrogenation was shown to be thermally and electrochemically

reversible, ideal for batteries and fuel cells, and history dependent, impacting H loading.

vii



An electrochemical impedance model was developed for the electrochemical cell, with
reactivity of graphene shown to be strongly dependent on defect density, edges, grain
boundaries and point defects in the material, impacting the degree of hydrogenation.
Addition of metal catalysts was shown as a means to overcome electrochemical
hydrogenation defect dependence by lowering activation potential and offering additional
pathways for hydrogen to adsorb.

Lastly, the biocompatibility of bacteria on graphene was confirmed by
fluorescence confocal microscopy. Bacterial sensing by graphene demonstrated, with the
ability to monitor bacterial activity through changes in EG electrical conductivity,
allowing for its use as sensitive, real-time sensor for detecting biological activity. With
biocompatibility established, graphene, as well as other carbon materials can be

investigated by electrochemistry for optimization of MFCs.

viii



TABLE OF CONTENTS

3] =1 0] (07 1] PRSP ii
ACKNOWLEDGEMENTS ..1tttttteeestiiitttteeeeeeeesaasssssasesaaeeeassasssssssssaaaesasassssssssssaeeesssannssssssesees \Y;
N = S 1 27X o3 OSSR vii
IS 0 1 = I PSSR Xii
LIST OF FIGURES ...ttt ettt e e e sttt e e e e e e e e et e e e e e e e e e e s ba e e e aaeeeeenannnneees Xiil
LIST OF SYMBOLS......iititieiee e e e e e ettt e e e e e e e s et e e e e e e e e s s s a e e e e aeeeesssnsstaaaaraaeeeeassannenens XVii
LIST OF ABBREVIATIONS ....uviiiitieeeitteeestteeessteseasteaeasseesssesessssessssseessssessssesesssesssnsenesnsees Xix
CHAPTER L: INTRODUCTION. ... uttteiuttteesttteatteesseesesssesesssasesssssesssnseassnsessssssssssesesssesssesennes 1
1.1 BACKGROUND.......cutiittiieiieteiiteeastaeeasssesessseseassaaeassaeassseesnseeessaeeessseeesnsenessenens 2
1.2 MOTIVATION ..ttt ettt e ettt e et e e st e e et e e e ste e e s te e e e staeeestaeeenneaeesnnaeennneeeas 5
1.3: MAJOR CONTRIBUTION OF THIS THESIS ...cuvvteitiieeiiieesiiveessiieeesveeesnveeesnneeesnsneens 6
1.4: ORGANIZATION OF THESIS...ciutteeitieeesiieeesieeestteesstreesstnsessseeesssseessssnsesseesansenens 8
1.5: PUBLICATIONS AND PRESENTATIONS ....ceeiuviieirieeiieresitreessineeesneeesnseeesnnneessneens 9
CHAPTER 2: REACTIVITY OF GRAPHENE .......0eciittieeittteeiteeesireesstreesstnseassnsesssssesssssessnsneens 15
2.1 REACTIVITY OF GRAPHENE .......uttieitieeiieeesteeestteeasteeeasseaessssaeasnteeesnsseeaseeeanns 16
2.2: PHYSISORPTION ON GRAPHENE .....c.uvvieitieeiiieesitteessteeeesivaeesteaeesnseeesaseesnneee s 19
2.3: CHEMISORPTION ON GRAPHENE .......uvieititeitieesitteesstveeaetveeestvaeesnbaeesaeaesnneee s 21
2.4 GRAPHANE ... .ueteitiee ettt e e ettt e e ettt e e et e e st e e et e e s abe e e e be e e e aseeeeatteeeasbeeesareeesnneeeanns 22
2.4 GRAPHANE SYNTHESIS ...eeeutieeitieeesteeesiteeestae e s ette e e stta e s staaessneaeeassaeesnsneesnneeeanns 23



CHAPTER 3: ELECTROCHEMICAL HYDROGENATION OF EPITAXIAL GRAPHENE ................. 31

3.1: GROWTH OF GRAPHENE .........ccuttttiitteeeesssiistreseeesesssssssssssaessesssssnsnnsnssnsaeeessnnns 31
3.2: ELECTROCHEMICAL CELL DESIGN AND OPERATION .....uvvviiiieeeesiiiiriireneeeeeaanns 34
3.3 EXPERIMENTAL SETUP ..oeiiiiiiiitiiiiee e e e e e e sttt e e e e e e e sttt a e e e e e e s s snnnnnnnneaeeeaaans 35
3.4: CHARACTERIZATION OF GRAPHENE AND GRAPHANE ......cuvviieeeeiiiiiiirrereaeeeeanns 36
3.5: RAMAN SPECTROSCOPY OF HYDROGENATED GRAPHENE...........ccocivvviirreeeeananns 41
3.6: SURFACE MORPHOLOGY AFTER HYDROGENATION USING AFM ......ccccvvvveeen, 45
3.7: SCANNING TUNNELING SPECTROSCOPY OF GRAPHENE/GRAPHANE .................. 46
3.8: INVESTIGATION OF SUBSTRATE DEPENDENCE ON HYDROGENATION ................ 47

CHAPTER 4: METAL CATALYST ENHANCED HYDROGENATION OF EPITAXIAL GRAPHENE .52

4.1: FORMATION OF ALKANES FROM ALKENES VIA CATALYTIC METALS.......ccvvveeeee.. 52
4.2: CATALYSIS BY PLATINUM ...ooiiiiiiiiiiiiiiiee ettt 53
4.3 CATALYSIS BY GOLD ...tttiiiiiiieiiiiiiiiiiiieeeeessssiiisseeee e e e e s s ssiibneeea e e e e s s s snsnnnreeeeens 54
4.4: ENHANCED ELECTROCHEMISTRY BY CATALYTIC METALS ...cvvvviiiieeiiiiiiiiieneenn 55

4.6: ENHANCED HYDROGENATION BY E-BEAM EVAPORATION OF PT AND AU......... 58
4.7: SUMMARY OF METAL CATALYZED HYDROGENATION......cuviiiiiiieeeeiiiiiinnieneeens 64
CHAPTER 5: THERMAL AND ELECTROCHEMICAL HYDROGEN REMOVAL...........cccccvvvvennnnn. 69
5.1: DESORPTION OF HYDROGEN BY THERMAL ANNEAL .....uvviiiiiieeeiiiiiiiiieneeneennnns 69
5.2: ELECTROCHEMICAL REVERSAL OF HYDROGENATION ....uvviiiiieeeiiiiiiiniennaeenannns 71
CHAPTER 6: MECHANISM OF ELECTROCHEMICAL HYDROGENATION ....vvvvviieeeesiiiiiiieeneenns 78
6.1: ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY ....ccoiuiviiiiiieeeessiissnnnnnneeneeasanns 78
6.2: EIS EXPERIMENTAL SETUP ....uuttiiiiiiieeeessiiiitieeeseeessssssinsnaaaaaeeesssnssssssnnnasssesnnns 80



6.3 EIS OF ELECTROCHEMICAL CELL. . ieuiieeeeeeee et e e e e e e e e e e aenns 82

6.4: ELECTROCHEMICAL IMODEL .....cvviiiiiiiiieeeeiiiee ettt 85
6.5 EIS IMODEL ANALYSIS ...uttiiieeiiiiie ettt ettt ettt ettt e e ssbae et a e e nnnaeeas 88
6.6: SPECIFIC CAPACITANCE .....etiiiiitiieeeiiteee e e e ittea e e sttt a e e s ssbae e e e s snbbe e e e s anbbeaeesanbbeeas 92
5. 77 SUMMARY .....tiiieiiittiee e e ettt e e e ettt e e e skttt e e e e ate e e e e e bbbt e e e e anbbe e e e e anbbe e e e s anbbeaeeannnbeeas 92
CHAPTER 7: BIOSENSING APPLICATIONS OF EPITAXIAL GRAPHENE .........ccciiiiiiieaiiiiieaaanns 95

7.1: BACTERIA AND BIOFILM SENSING: BACKGROUND AND CURRENT METHODS.... 95

7.2: FABRICATION AND EXPERIMENTAL SETUP OF GRAPHENE BIOSENSOR............... 97

7.3: REAL TIME DETECTION OF BACTERIA BY CHANGES IN EG CONDUCTIVITY ...... 99

7.4: VERIFYING BIOCOMPATIBILITY BY OPTICAL AND CONFOCAL MICROSCOPY ... 102

7.5: SUMMARY OF GRAPHENE BIOSENSOR .....cccuvviiiiiiieeeessssiiiniieenee e e s s sniinnneeaeens 105
CHAPTER 8. CONCLUSION. ....ttttititeeeeeesaeiiteete e e e e e e e s sttt e e e e e e s s s asbbbbn e e e e e e e s s snnbbbneeeeeas 107
8.1 CONCLUSION. ....cciiitittiiitte e e e e ettt e e e e st e e e e e e e s s s bbbt e e e e e e e s bbb e e e aeeas 107
REFERENCES ....ttttttttte e st ettt e e ettt e e e e e s sttt et e e e e e s e e bbb ettt e e e e e s s nabb bbb e e e eeeeeanan 108

Xi



LIST OF TABLES

Table 3.1 Average parameters before and after hydrogenation............c.ccooevvveiiiinnennn. 48

Table 4.1 Average parameters showing enhanced reactivity after evaporation of metal
(072122 1| PR STRSRSSPR 60

Table 5.1 Thermal anneal of hydrogenated EG with nanocrystalline graphene as control71
Table 5.2 Raman Spectra Data from Hydrogen Cycling Experiment.............cccocvevvennne. 76

Table 6.1 Effective, Integrated and Specific Capacitance of Graphene Electrodes.......... 92

Xii



LIST OF FIGURES

Figure 1.1 Schematic of typical microbial fuel cell ..., 3
Figure 1.2 Potential losses in MFC. 1. Losses in bacteria electron transfer. 2. Losses in
solution resistance. 3. Losses at anode. 4. Losses at PEM. 5. Losses at cathode. Losses at
(=Yoo I =T 1ot A T o SRR 4
Figure 1.3 Diagram showing 2D graphene and other dimensional carbons....................... 5

Figure 2.1 E-k diagram of monolayer graphene, graphene nanoribbon and bilayer
0110 11T PSP SRPURRSRR 16

Figure 2.2 Diagram showing inert basal and reactive edge plane of graphene/graphite... 17

Figure 2.3 Graphene functionalization and Raman spectroscopy by Sharma et. al showing
layer dependent reactivity Of graphene..........ccveocvie e 19

Figure 2.4 Physisorbed species on graphene resulting in conductivity change .............. 20

Figure 2.5 Gas adsorption experiment by Daas et. al showing change in conductivity in
presence Of dONOI/ACCEPION GASES ... .ccuuiieiieeeirie et e ee et e s e e e e e e e s e e saee e 21

Figure 2.6 sp? to SP2 DONA traNSItION .........c.oveveieeeeeeeeeeeeeeeee e 22

Figure 2.7 Diagram of lattice changes from graphene functionalization with atomic
070 [T 1= o PSS OP PRSPPI 23

Figure 2.8 Raman spectra of pristine (Green), hydrogenated (Blue) and annealed (Red)
graphene, A on SiO, and B free Standing .........cccovvveeiiiieiiiie e 24

Figure 2.9 Graphane synthesis via reactive ion etching (RIE) plasma with Raman spectra
showing pristine graphene and hydrogenated graphene............ccceovveeiiie e, 25

Figure 2.10 Scanning tunneling microscopy images of A preferential hydrogenation at
low hydrogen dosage, B at high dosage showing no preferential sites and C thermal
anneal at 800°C removing hydrogen from the graphene lattice .............ccccovvvveeiiiinneenne 26

Figure 2.11 Experimental setup by Ryu et. al. of graphene formed by electron-induced
dissociation of HSQ with resulting Raman spectra and thermal anneal ......................... 26

Xiii



Figure 2.12 Raman spectra of graphene hydrogenated by electron irradiation of H,O
adsorbates on the surface and hydrogen desorption by 590°C thermal anneal ................ 27

Figure 3.1 Hot Wall RF reactor outside (left) and inside (right) of growth reactor showing
induction coils and graphite CruCible. ..o 32
Figure 3.2 Schematic of RF reactor INtErior ...........cooveiiieiiiiiie e 33
Figure 3.3 Sublimation of Si from SiC and subsequent graphitization forming graphene33

Figure 3.4 Pressure and temperature profile of typical EG growth ............cccooeviininee 34

Figure 3.5 Diagram of lattice changes from graphene hydrogenation with atomic
)70 o]0 =T o I TP RUP PR PP UPTPURPPRPROTS 35

Figure 3.6 | vs. t curve for electrochemical hydrogenation of graphane. About 1
monolayer of hydrogen was calculated from the total integrated charge for 2 monolayers
OF GIAPNEINE ..ottt bttt 37
Figure 3.7 Raman spectra of graphene before and after hydrogenation ...............c.......... 38

Figure 3.8 Fluorescence slope resulting from formation of hydrocarbon with chart of ......
)0 [T 1= g oo o] (=] o] AP OPRRTRR 39

Figure 3.9 Hydrogenation gradient observed with electrochemical hydrogenation of
EPItAXIAl GFrAPNENE ... 39

Figure 3.10 I(D)/I(G) ratio vs D-peak position of pristine EG, hydrogenated EG and
NANOCTYSLAIINE GraAPNENE .......veeeiiee et 42

Figure 3.11 D-peak position vs. normalized slope of pristine EG, hydrogenated EG and
NANOCTYSEAlING GraPNENE .......vvieieiee e e 43

Figure 3.12 Normalized slope vs. I1(D)/1(G) ratio of pristine EG, hydrogenated EG and

NANOCTYSEAIIINE GrAPNENE .......veee e 44
Figure 3.13 AFM of EG, hydrogenated EG and nanocrystalline graphene ..................... 46
Figure 3.14 STS of pristine EG and hydrogenated EG ...........cccccoevveiiiie i, 46

Figure 4.1 Comparison of traditional thermal chemical phase and electrochemical
hydrogenation. A) In thermal chemical phase 1) hydrogen gas is introduced into the
thermal chemical phase containing the alkene and the catalyst. 2) The H2 dissociates to
hydrogen ions due to the kinetics of the catalysts. 3) The kinetics of the catalysts allow
for alkenes to become reactive, activation of m-bonds and 4) chemisorb H away from the
catalyst resulting in 5) hydrocarbon bonds (synthesis of alkAnes). B) In electrochemical
hydrogenation, bias across the electrode, graphene, and counter electrode in solution,

Xiv



sulfuric acid, provide the kinetics required to isolate hydrogen ions from the solution and
the negative bias on the graphene allow for high density of hydrogen ions around
graphene electrode. Active m-bonds in graphene allow for hydrogen to be chemisorbed
similar to that in thermal chemical phase hydrogenation forming hydrocarbon bonds

(SYNLNESIS OF GrapPRANE). ..o 53
Figure 4.2 Typical Raman spectra of hydrogenation with and without chemically
deposited Pt NANOPAITICIES ...........ooviiiiiiiie e 57

Figure 4.3 AFM of epitaxial graphene without evaporated metals, after evaporated metal
deposition showing conformal evaporated metal and after electrochemical hydrogenation
showing clustering of nanoparticles revealing underlying EG layers suggesting lift off of
CAtAlYLIC MELAIS ... 59

Figure 4.4 Raman spectra of evaporated metal enhanced functionalized graphene
showing increase in 1(D)/I(G) ratio compared to functionalization on pristine graphene 60

Figure 4.5 Estimated hydrogen content (by Raman) after electrochemical hydrogenation
of ~2ML epitaxial graphene films on 6H SiC with and without precious metal (Pt or Au)
catalysts. The presence of both Au and Pt catalyst show increases in hydrogenation
beyond epitaxial graphene without catalyst..............cccoveiiie i 62

Figure 4.6 Diagram showing random distribution of hydrogen spillover and adsorption on
graphene from metal hydride formation and hydrogen adsorption on graphene from

possible interactions with electron/hole puddles and defects............cccccvveviieeviec e, 63
Figure 5.1 Raman spectra showing thermal anneal of hydrogenated EG ........................ 70
Figure 5.2 Potential sweep used in cyclic voltammetry over time ............cccceevvveevinenne, 72

Figure 5.3 Three terminal electrochemical cell with reference electrode to ensure
accuracy and repeatability of the measurement ............cccoeovve i 73

Figure 5.4 Cyclic voltagram of electrochemical cell with graphene as the working

BIBCEIOUE. ...ttt 74
Figure 5.5 Raman spectra of electrochemical cycling of hydrogen on EG...................... 75
Figure 6.1 Psuedo linear response to small excitation signal ..............cccccoceveiiineeiineee, 79
Figure 6.2 Raman, CV and EIS data of a smooth graphite disk. ...............ccccovvveiinnnnn, 82
Figure 6.3 Raman, CV and EIS data of C-face EG............cccoovviviiiiiiiiie e 83
Figure 6.4 Raman, CV and EIS data of Si-face EG ..........cccoovviviiiiiiiiie e 84
Figure 6.5 Raman, CV and EIS data of defective Si-face EG..........ccccccoviiiiiiiinnecnnn, 85

XV



Figure 6.6 Electrochemical Impedance Model for graphene electrochemical cell........... 86
Figure 6.7 Bode Plot of defective Si-face graphene with impedance model fit ............... 87
Figure 6.8 Full Nyquist plot of defective Si-face graphene with impedance model fit .... 87

Figure 6.9 High frequency Nyquist range of defective Si-face graphene with impedance
0100 [ I 1 SRR 88

Figure 6.10 Adsorption and charge transfer resistance extracted from EIS impedance
14100 [ SO RSTR 89

Figure 6.11 Warburg impedance normalized to a single graphene monolayer with
diagram of ion diffusion INtO graphene ...........ccceoiiiiiieiie e 90

Figure 6.12 Double layer capacitance normalized to a single graphene monolayer with
diagram of charges separated by small space on the order of angstroms......................... 90

Figure 6.13 Adsorption capacitance normalized to a single graphene monolayer with
diagram of adsorbed charges forming a pseudocapacitance.............ccccocovveeviveeesivieesinnnens 91

Figure 7.1 Illistrations of inoculation, growth and decay phase of bacteria on graphene .97
Figure 7.2 Schematic of graphene biosensor with graphene exposed to bacteria ............ 97
Figure 7.3 CDC Biofilm Reactor used to grow biofilm ..........cc.ccoooveiiiii e, 98

Figure 7.4 Real-time sensing of bacteria interaction with graphene sensor showing
immediate changes in electrical resistance after inoculation. ...............cccccceveevieeiinnn, 100

Figure 7.5 Growth of E. coli measured by changes in electrical resistance of epitaxial
GraPNENE DIOSENSON ... .viieiiie ettt e a e st a e et e e e bt e e e snee e e nraaeeaeeas 101

Figure 7.6 Gram stain of E.coli cells on glass slide and formation of E.coli biofilm on
ePItAXial GraPNENE .......vee e s 102

Figure 7.7 Confocal microscopy of bacteria growth on epitaxial graphene................... 104

XVi



ML

Er

E(0)

Eo

Rs

LIST OF SYMBOLS

Electron charge (1.6x10™° C)
Angstrom (10™°)

Number of graphene monolayers (ML)
Monolayers

Fermi energy

Sheet carrier density

Mobility (cm?/Vs)

Fluorescent slope

Normalized fluorescent slope
Potential (E) as a function of time (t)
Signal amplitude

Frequency

Time

Current (1) as a function of time (t)
Current amplitude

Phase

Impedance

Solution resistance

Cai_cee Double layer capacitance

Ret

Charge transfer resistance

Xvii



Rad
Cad
Re
Rcat
Cr

Ceat

Ng

Adsorption resistance
Adsorption capacitance
Resistance non-idealities
Resistance non-idealities

Capacitance non-idealities

Capacitance non-idealities.

Farad

Resistance

Wave vector
Boltzmann Constant

Defect density

Xviil



LIST OF ABBREVIATIONS

AFM L Atomic Force Microscopy
AAU et Gold
CIMP s Chemical Mechanical Polish
N T e Carbon Nanotube
CPE . e Constant Phase Element
GV e Cyclic Voltammetry
CVD s Chemical Vapor Deposition
DAPL .. 4',6-diamidino-2-phenylindole
Dl De-ionized
E-DBAM ... Electron Beam
B K et Energy-momentum
E G i Epitaxial Graphene
ElS Electrochemical Impedance Spectroscopy
ELISA. ..ot Enzyme-Linked Immunosorbent Assay
E P S s Extracellular Polymers
FT I e Fluorescein isothiocyanate
FTIR oo Fourier Transform Infrared Spectroscopy
FWHM ..o Full Width Half Maximum
[ Hydrogen lons
H SO0 e Sulfuric Acid
HCIO A e Perchloric Acid
HS O i Hydrogen silsesquioxane

XiX



R e et a e Infrared

MIFC e Microbial Fuel Cell
S s Silicon Carbide
PEM e Proton Exchange Membrane
PCR e Polymerase Chain Reaction
P e Platinum
STV Scanning Tunneling Microscopy
ST S Scanning Tunneling Spectroscopy
T e Trichloroethylene
UHV e Ultra High Vacuum
UV e Ultraviolet
KPS e X-ray Photoelectron Spectroscopy

XX



CHAPTER 1

INTRODUCTION

In this chapter, the motivations, background and objectives of this research, titled,
“Influence of Defects in Epitaxial Graphene: Towards Graphene Based Microbial
Fuel Cells” are presented. This work looks at the reactivity and biocompatibility of
graphene, towards the application of microbial fuel cells. Microbial fuel cells are seen as
a promising complementary technology to alleviate the exponentially increasing global
energy demand. MFCs use bacteria to extract energy from biomass, where choice of
electrode materials has a strong impact on energy extraction and efficiency. Graphene has
the potential of improving charge transfer with high surface area for improved bacterial
adhesion. To probe this reactivity, a novel means of hydrogenation of graphene by
electrochemistry is demonstrated. Incorporation of hydrogen into graphene transforms the
material into graphane, forming a bandgap in the material and transforming semi-metal
graphene into an insulator with further implications of hydrogen storage and atomic
device engineering. Finally, the biocompatibility of epitaxial graphene is demonstrated,
with the realization of a real-time bacteria sensor based on electrical resistance response.
Presented in this chapter are major contributions of this work, the organization of this

thesis and presentations and publications by the author.



1.1. BACKGROUND

Fossil fuels such as coal, oil and natural gas are unsustainable energy sources, further
pushing the need for renewable resources such as wind, solar, geothermal and obtaining
energy from biomass [1 2]. Biomass can be used to produce biofuels through direct
combustion, though this is not ideal as the efficiency is low at 30% and its combustion
results in higher carbon dioxide (CO;) emissions than fossil fuels [3]. The burning of
fossil fuels results in the emission of CO,, which causes environmental problems such as

global warming.

Microbial Fuel Cells (MFCs) use microorganisms to break down and use the energy
stored in biomass to generate electricity, which serves a dual purpose: power generation
and waste remediation [4-6]. The efficiency of MFCs to use the energy stored in biomass
has been shown to be greater than 90% [4,7] due to no thermal losses. MFCs are also able
to generate electricity with zero net carbon emission, and are an ideal alternative energy
source since biomass is a renewable resource. Currently, however, MFCs are limited by
their low power density and high cost compared to traditional energy sources, limiting

practical uses for this device [4].

MFCs consist of two electrodes, an anode and a cathode housed in separate
chambers separated by a proton exchange membrane (PEM) as shown in Figure 1.1 [4,8].
On the anode side, the anode, bacteria and biomass are held in an anaerobic or
oxygenless chamber. The bacteria oxidize the biomass, generating electrons and protons.
With the chamber being free of oxygen, the electrons are collected by the anode and sent

to the cathode by a resistance load outside the cell. The protons enter into the cathode’s



aerobic or oxygenful chamber by way of PEM where they combine with oxygen to form
harmless water. Electricity is generated by taking away much easier respiration pathways
for bacteria to unload electrons and protons gained from the biodegradation of biomass,
such as oxygen and other acceptors. This forces bacteria to share electrons and protons to

the anode and cathode respectively.

Ean< Ecat
AN\

external resistance

LA
"

o O

’ H*

Bioanode PEM Cathode

Figure 1.1. Schematic of typical microbial fuel cell

Before current can flow, activation overpotential or electron transfer overpotential
must be overcome. This overpotential depends greatly on the material of the electrodes as
well as the rate at which bacteria transfers electrons [8,9]. Increase in operating
temperature [10] as well as the presence of mediating [11] and catalytic compounds can
be used to overcome this overpotential. Other substantial losses occur in MFCs as shown

in Figure 1.2, such as the addition of internal resistances of the MFC [9].



Figure 1.2. Potential losses in MFC. 1. Losses in bacteria electron transfer. 2. Losses in
solution resistance. 3. Losses at anode. 4. Losses at PEM. 5. Losses at cathode. Losses at
electron reduction.

Power density and cost are the two limiting factors of MFCs, both of which are
governed by the materials used for electrodes [12]. For both anode and cathode
electrodes, carbon materials appear to be the ideal choice, comparing performance and
costs, as long as surface area is substantially large Currently, MFC’s performance is
governed by the low surface area of the electrodes, resulting in poor bacterial adhesion
and low power density. .For achieving high power density, a planer structure with high

surface area like graphene is an ideal material to minimize electrode distance and internal

resistance while maximizing bacterial adhesion and charge transfer.



1.2. MOTIVATION
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Figure 1.3: Diagram showing 2D graphene and other dimensional carbons

Graphene is a single atomic layer of carbon atoms arranged in a hexagonal lattice.
Another way to look at this 2D carbon is as the planer version of 1D carbon nanotubes
(CNT), OD Cgo buckyballs and a single layer of bulk 3D graphite [13] as shown in Figure
1.3. Because of this 2-dimensionality, graphene also has an exceptionally high surface
area of 2630 m” g™, due to every atom in the layer being exposed to the environment.
This is compared to bulk graphite which is much lower at <10 m* g™ and CNT at half the
surface area of graphene at 1315 m? g™[13]. Graphene also has high electrical and
thermal conductivity, high room temperature mobility (>15,000 cm?V s)[14], high

tensile strength due to the C-C bond, quasi-ballistic transport of carriers due to a linear



dispersion relation, where carriers move without mass in the material and low noise[14-
17], these phenomenal characteristics of graphene have made it an appealing material for

electrodes[18-23] ultra-sensitive sensors[24,25] and ultrafast logic switching [26].

To determine the reactivity of graphene as an electrode material in microbial fuel
cells, we make the transition from biochemical to electrochemical processes. Complex
biological systems are removed, so the purely electrochemical behaviors of the electrode
are observed. A dilute acidic solution is used to maintain the proton chemistries observed
in microbial fuel cells, where atomic hydrogen is attracted to a negatively biased
electrode. In this thesis we demonstrate that incorporation of hydrogen into the graphene
lattice is not only possible by electrochemistry but also electrochemically reversible,
giving possibilities of not only inducing a substantial bandgap in the material, as

supported by theory, but implications of graphene as a stable hydrogen storage medium.

1.3 MAJOR CONTRIBUTION OF THIS THESIS

The major contribution of this thesis are summarized as follows

)] Comprehensive literature review of the chemical and biological reactivity of
graphene. We explore work in molecular absorption/adsorption and sensing on
epitaxial graphene. Previous work in hydrogenation of graphene for hydrogen
storage applications and bandgap engineering is then explored in detail. As most
of these methods are in situ and require thermal annealing to desorb adsorbed
hydrogen, an ex situ electrochemical means was developed as a less expensive

and possibly reversible means of hydrogen incorporation into graphene.
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A home-built electrochemical cell was designed and built to test hypothesis of
hydrogen adsorption via electrochemistry. Positive hydrogen ions in dilute acidic
solution are attracted to negatively biased EG where they are adsorbed and form

C-H bonds with graphene.

Hydrogen adsorption by electrochemistry was proven by a detailed study using
Raman spectroscopy, Atomic Force Microscopy (AFM) and Scanning Tunneling
Spectroscopy (STS). Increases in sp® content, adsorption of hydrogen on the 7-
bonds of sp? bonded graphene, was observed by increases in D peak intensity in
the Raman spectra and a fluorescence background was observed in hydrogenated
material, which is only observed in hydrocarbons. Stress and strain caused by
changes in C-C bond length, from 1.42 A to 1.54 A, was observed not only by
peak shifts in the Raman spectra but strain in the graphene layer observed by
AFM. Evidence of localized states was also observed by STS, revealing that
hydrogenation is not continuous throughout the layer but in clusters. Possible

substrate/sample dependence was also observed.

To overcome this substrate/sample dependence, catalytic metals, Gold (Au) and

Platinum (Pt) were deposited on the surface to serve the following purposes:
) Decrease the activation energy required to form C-H bonds

i) Offer a different, easier pathway for hydrogen to react, where

hydrogen can dissociate and adsorb on graphene

Concentration of hydrogen adsorbed on graphene increased beyond that of

hydrogenated EG without catalyst. Samples with gold nanoparticles were shown



V)
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Vi)
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to have higher hydrogen adsorption than those with platinum nanoparticles
despite having lower catalytic activity than Pt by two orders of magnitude. This

could simply be due to nanoparticles adhesion or size during hydrogenation.

Hydrogen desorption from electrochemically hydrogenated samples was
demonstrated, proving hydrogenation of graphene over damage. Electrochemical
reversibility was shown, revealing history dependence and lattice strain after each

cycle as observed by Raman.

Mechanism of hydrogen adsorption of epitaxial graphene was observed to be
dependent on defects in EG as observed by cyclic voltammetry, electrochemical

impedance spectroscopy and Raman.

Impedance model of electrochemical cell was derived from EIS measurements.

Biocompatibility of epitaxial graphene demonstrated by fluorescence confocal
microscopy. EG bacteria sensor was fabricated with sensor responding
electrically in real-time with bacteria and biofilm growth via changes in material

resistance.

1.4 ORGANIZATION OF THESIS

The reactivity and biocompatibility of epitaxial graphene will be discussed over

the next six chapters, towards its application in microbial fuel cells. Theory and

comprehensive literature review of the chemical reactivity of graphene and the kinetics

behind molecule adsorption and sensing are presented in Chapter 2. Chapter 3

demonstrates a novel means of incorporating hydrogen into graphene electrochemically



where hydrogen ions, from an dilute acidic solution, are attracted to negatively biased
epitaxial graphene on semi-insulating SiC, forming a hydrocarbon . Chapter 4 expands on
this by enhancing hydrogen adsorption by adding catalytic metals to graphene to lower
the activation energy necessary to form C-H bonds as well as add additional sites for
hydrogen to adsorb and spillover onto graphene. Chapter 5 investigates reversibility of
electrochemical hydrogen adsorption by thermal anneal and demonstrates
electrochemical cycling of hydrogen by potential reversal. In Chapter 6, the mechanism
of electrochemical hydrogenation of graphene is investigated by cyclic voltammetry and
electrochemical impedance spectroscopy, demonstrating a clear dependence on defect
density of graphene with hydrogen adsorption and reactivity. In Chapter 7, the
biocompatibility of graphene is demonstrated in the form of a real-time bacteria bio-
sensor measuring the change in conductivity of graphene in response to bacterial activity.
Finally, chapter 8 summarizes the results observed in the dissertation and future prospects
for additional development graphene as an all-purpose platform for material tuning and

sensing.

1.5 PUBLICATIONS AND PRESENTATIONS

The following are publications and presentations resulting from research
conducted at the University of South Carolina in the area of graphene technology. Items

pertaining to research presented in this work are marked with (*) preceding

Publications (12 Journal [4 First Author], 4 conference papers [2 First Author])

1. *Kevin M. Daniels, A. Obe, B. K. Daas, J. Weidner, C. Williams, T. S.
Sudarshan, MVS Chandrashekhar,”Metal Catalyzed Electrochemical Formation
of Graphane” [Full Manuscript in Preparation]
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11.

*Kevin M. Daniels, S. Shetu, J. Staser, J. W. Weidner, C. Williams, T. S.
Sudarshan, MVS Chandrashekhar., “Mechanisms of Electrochemical
Hydrogenation of Epitaxial Graphene: Roles of Defects” [Full Manuscript in
Preparation]

*Kevin M. Daniels, N. Aich, K. P. Miller, B. K. Daas, N. Saleh, A. W. Decho, T.
S. Sudarshan, MVS Chandrashekhar “Real-Time Sensing of E.coli biofilm
Growth Using Epitaxial Graphene ”, Sensors, 2013 IEEE, pp. XX-XX (2013)

*Kevin M. Daniels, S. Shetu, J. Staser, J. W. Weidner, C. Williams, T. S.
Sudarshan, MVS Chandrashekhar.,, “Electrochemical Hydrogenation of
Dimensional Carbon” ECS Transactions. Vol. 58 (4). 439-445 (2013)

*Kevin M. Daniels, B. K. Daas, N. Srivastava, C. Williams, R. M. Feenstra, T. S.
Sudarshan, MVS Chandrashekhar “Evidences of electrochemical graphene
functionalization and substrate dependence by Raman and scanning tunneling
spectroscopies” Journal of Appl. Phys. Vol 111, 114306 (2012)

*Kevin M. Daniels, B. K. Daas, N. Srivastava, C. Williams, R. M. Feenstra, T. S.
Sudarshan, MVS Chandrashekhar “Evidence of Electrochemical Graphene
Functionalization by Raman Spectroscopy” Mater. Sci. Vol. 717-720 661-664
(2012)

C. Coletti, S. Forti, A. Principi, K.V. Emtsev, A.A. Zakharov, K.M. Daniels,
B.K. Daas, M.V.S. Chandrashekhar, T. Ouisse, D. Chaussende, A. H.

MacDonald, M. Polini, U. Starke, “Revealing the electronic band structure of
trilayer graphene on SiC” Phys. Rev. B 88, 155439 (2013)

S. S. Shetu, S. Omar, K. Daniels, B. Daas, J. Andrews, S. Ma, T. S. Sudarshan.,
“Si-adatom Kinetics in defect mediated growth of multilayer epitaxial graphene
films on 6H-SiC” accepted Journal of Applied Physics (2013)

B. K. Daas, K. M. Daniels, S. Shetu, T.S. Sudarshan, M.V.S. Chandrashekhar
“Epitaxial Graphene Growth on non polar SiC faces” Mater. Sci. Vol. 717-720
633-636 (2012)

B. K. Daas, W. K. Nomani, K. M. Daniels, T. S. Sudarshan, G. Koley and MVS
Chandrashekhar “Molecular Gas Adsorption Induced Carrier Transport Studies of

Epitaxial Graphene using Polariton Enhanced IR Reflection Spectroscopy*,
Mater. Sci. Vol. 717-720 665-668 (2012)

B. K. Daas, O. Sabih, S. Shetu, K. M. Daniels, S. Ma, T. S. Sudarshan, MVS
Chandrashekhar "Comparison of epitaxial graphene growth on polar and non-
polar 6H-SiC faces: On the growth of multilayer films" Journal of Crystal Growth
and Design. 12 Vol 7, 3379-3387 (2012)
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12. B. K. Daas, K. M. Daniels, T. S. Sudarshan and M.V.S. Chandrashekhar
“Polariton Enhanced IR Reflection Spectra of Epitaxial Graphene on SiC” Vir. J.
Nan. Sci. & Tech. Volume 25 Issue 1 (2012)

13.B. K. Daas, K. M. Daniels, T.S. Sudarshan and M.V.S. Chandrashekhar
“Polariton Enhanced IR Reflection Spectra of Epitaxial Graphene on SiC” Journal
of Appl. Phys. Vol. 110, Issue 11 ,113114 (2011)

14.J. L. Tedesco, G. G. Jernigan, J. C. Culbertson, J. K. Hite, Y. Yang, K. M.
Daniels, R. L. Myers-Ward, C. R. Eddy, Jr., J. A. Robinson, K. A. Trumbull, M.
T. Wetherington, P. M. Campbell, and D. K. Gaskill “Morphology
characterization of argon-mediated epitaxial graphene on C-face SiC” Appl. Phy.
Lett. 96, 222103 (2010)

15. D. J. Meyer, R. Bass, D. S. Katzer, D. A. Deen, S. C. Binary, K. M. Daniels, C.
R. Eddy Jr “Self-aligned ALD AIlOyx T-gate insulator for gate leakage current
suppression in SiNy passivated AlGaN/GaN HEMTs” Solid-State Electronics 54,
1098-1104 (2010)

Presentations (6 oral presentations, 2 poster presentations)

1. *Kevin M. Daniels, N. Aich, K. P. Miller, B. K. Daas, N. Saleh, A. W. Decho, T.
S. Sudarshan, MVS Chandrashekhar “Real-Time Sensing of E.coli biofilm
Growth Using Epitaxial Graphene 7, IEEE Sensors, Baltimore, MD (2013)

2. *Kevin M. Daniels, S. Shetu, J. Staser, J. W. Weidner, C. Williams, T. S.
Sudarshan, MVS Chandrashekhar, “Electrochemical Hydrogenation of
Dimensional Carbon”, 244™ ECS Meeting, San Francisco , CA (2013)

3. *Kevin M. Daniels, S. Shetu, J. Staser, J. W. Weidner, C. Williams, T. S.
Sudarshan, MVS Chandrashekhar, “History Dependence of Reversible
Electrochemical Hydrogenation of Epitaxial Graphene/SiC”, 244™ ECS Meeting,
San Francisco , CA (2013)

4. *Kevin M. Daniels, N. Aich, K. P. Miller, B. K. Daas, N. Saleh, A. W. Decho, T.
S. Sudarshan, MVS Chandrashekhar “Biological Sensing Applications of
Epitaxial Graphene”. Electronic Material Conference (2012)

5. *Kevin M. Daniels, B. K. Daas, N. Srivastava, C. Williams, R. M. Feenstra, T.S.
Sudarshan, MVS Chandrashekhar “Evidence of Electrochemical Graphene
Functionalization by Raman and Scanning Tunneling Spectroscopy ”, ICSCRM
Conference, Cleveland, OH (2011)

6. *Kevin M. Daniels, B. K. Daas, R. Zhang, J. Weidner, C. Williams, T.S.
Sudarshan, MVS Chandrashekhar “Electrochemical Graphane Conversion using
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E-beam Evaporated Metals for Catalytic Enhancement ” Electronic Material
conference, Santa Barbara, CA (2011)

7. *Kevin M. Daniels, B. K. Daas, R. Zhang, J. Weidner, C. Williams, T.S.
Sudarshan, MVS Chandrashekhar” Graphene to Graphane: Novel
Electrochemical Conversion and Possible Applications” Electronic Material
conference, Notre Dame (2010)

8. Kevin. M. Daniels, Z. Laney, F. Zhao, T. S. Sudarshan. “A Novel Etching

Technique for Crystallographic Study of SiC Materials” ISDRS, University of
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CHAPTER 2

REACTIVITY OF GRAPHENE

Graphene has a linear dispersion relation where the conduction and valance band
meet, as shown in the E-k diagram in Figure 2.1(i). Consequently, intrinsic graphene is a
semi-metal with zero/near zero bandgap [1]. Unlike semiconductors like silicon, which
require energy for carriers to jump from the valence to the conduction allowing logic
switches like transistors to turn off and stop conducting. Graphene always conducts due
to band to band tunneling resulting in very small on/off ratio, despite being capable of
reaching speeds up to 300GHz [2]. A low on/off ratio makes it increasingly difficult to
determine state changes [1]. Having a device always conducting is not only energy
inefficient but generates unnecessary heat for systems. With this a major issue with
graphene devices, researchers have investigated a few ways of creating a bandgap in

graphene.
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Figure 2.1: E-k diagram of monolayer graphene, graphene nanoribbon and bilayer
graphene

One method of creating a bandgap in graphene is the formation of graphene
nanoribbons. The bandgap is dependent on the width and crystallographic orientation of
the nanoribbion is formed due to carrier confinement, similar to carbon nanotubes. As
shown in Figure 2.1 (ii) the E-k diagram becomes parabolic with a bandgap of around
0.25eV [3]. Bilayer and trilayer graphene also create a bandgap as shown in Figure 2.1
(iii), which is formed by stain between the two layers (AB Bernel Stacking) [4]. With
strain being the key to opening a bandgap in the material, reacting graphene with atoms

and molecules to apply strain to the layer is investigated.
2.1: REACTIVITY OF GRAPHENE

In graphene and graphite, carbon atoms are sp® hybridized, which means that three
electrons form o-bonds with neighboring carbon atoms and the fourth bond, a wn-bond,

where electrons can freely travel. This accounts for graphene's high electrical

16



conductivity [1]. Graphene and graphite consist of two planes, basal plane which is
perpendicular to the m-bond network and edge plane consisting of dangling o-bonds as
shown in Figure 2.2. Unlike graphite, graphene has an exceptionally high surface area,
with the entire monolayer of carbon atoms exposed to chemical reactants. In the absence
of m- m interaction from other graphitic layers, graphene has the affinity for chemically
induced changes, of which are not stable in the presence of bulk due to necessary

deformation of the layer [5].

Basal Plane

N

m—)

Edge Plane

Figure 2.2: Diagram showing inert basal and reactive edge plane of graphene/graphite

Other potential factors influencing the reactivity: a) The presence of ripples and
curvature of the graphene surface in graphene [5,6], which are not present in graphite and
b) electron-hole puddles from surface impurities leading to local enhancement of

chemical reactivity in the basal plane. Defects could also be a major contributor for
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enhanced reactivity, as more dangling bonds, like those found on the edge plane of
graphene, present in these areas provide more sites for reactions to occur [7]. Finally,
varying the stacking of graphene from Bernal AB stacking (as in Si-Face growth) to

turbostratic (as in C-face growth) [8] could also influence reactivity.

Bulk graphite has been observed to be chemically inert compared to graphene.
Sharma et. al. demonstrated graphene’s enhanced chemical reactivity by functionalizing
it with 4-nitrobenzene diazonium tetrafluoroborate on a single monolayer, bi-layer and
bulk graphite as shown in Figure 2.3. This showed that a single monolayer of graphene is
not only more reactive than bulk graphite, but up to ten times more reactive than even a
bi-layer of graphene. The extent of the reactivity of graphene was quantified by an
increase in graphene’s Raman D peak (~1350 cm™) resulting in a higher 1(D)/1(G) ratio
after functionalization [7], where the G peak is graphene’s intrinsic G peak (1580 cm™)
and I(D) and I(G) refers to the amplitude of the D peak and G peak respectively. The D
peak corresponds to disorder while the G peak corresponds to lattice vibrations. Raman
spectroscopy of graphene and functionalized graphene will be covered in more detail in

Chapter 3.

The enhanced reactivity was attributed to substrate induced electron transfer
between the substrate and graphene, leading to a shift in the energetics of the graphene
layer compared to bulk graphite, and consequently affecting the reactivity. Since the
electrostatic screening length in graphene is ~1 monolayer (ML), only the first layer
exhibits this enhanced reactivity [7, 9]. This first monolayer experiences potential
fluctuations from external impurity charges while subsequent graphene layers are

electrically neutral, exhibiting the reactivity of bulk graphite. With the reactivity of
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graphene established, it is necessary to look at the two methods of interaction atoms and

molecules have with graphene, physisorption and chemisorption.
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Figure 2.3: Graphene functionalization and Raman spectroscopy by Sharma et. al
showing layer dependent reactivity of graphene [7]

2.2: PHYSISORPTION ON GRAPHENE

Physisorption involves basic attraction of atoms or molecules caused by van der
Waals forces where the binding energy is relatively weak compared to covalent bonds. In
this manner, molecules arrange themselves randomly and apply negligible strain on the

material. Graphene, being all surface, is an ideal candidate for the sensing of molecules.



Schedin et. al was able to show single molecule detection based on conductivity changes
in the presence of gas molecules [10]. This was due to graphene's high conductivity, low
noise, and few crystal defects allowing detection of molecules in concentrations as small
as 1ppb. These molecules act as donors/acceptors on graphene, showing significant

changes in carrier concentration as shown in Figure 2.4.

NO2, NH3,
K, OH, etc.

=)

p-corls‘gnt

Figure 2.4. Physisorbed species on graphene resulting in conductivity change

This was also shown by Daas et. al where FTIR reflection measurements on
epitaxial graphene were conducted in gas environments. NO, and NH3 were chosen as
electron accepting and electron donating respectively with N, chosen as a control due to
it being inert. He was able to observe conductivity changes as changes in reflectivity and

confirm doping of the EG layer as shown in Figure 2.5 [11].
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Figure 2.5: Gas adsorption experiment by Daas et. al showing change in conductivity in
presence of donor/acceptor gases [11]

Biomolecules are partly governed by van der Waals forces for adhesion to
surfaces within short distances to surfaces and are essentially charged macromolecules
[12]. Exposing graphene to these molecules, one would expect to see conductivity
changes within the material in the presence of even minute concentrations. Bacteria

sensing using this principle will be discussed later in Chapter 7.
2.3: CHEMISORPTION ON GRAPHENE

Unlike physisorption, chemisorption involves chemical reactions, changing the
electrical, chemical and optical properties of a material when ions/cations form covalent
bonds with atoms in a crystal. This happens in a periodic, rather than a random nature as

shown in physisorption and requires a certain input of energy in order to break bonds to
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generate energetic ions to attach to the crystal as well as energy to break created bond.
These ions bond to the conductive m-bonds in graphene, forming c-bonds and converting

material from sp? to sp*; semi-metal to insulator as shown in Figure 2.6 [1].

sp”+2p,

sp

—

Figure 2.6. sp? to sp> bond transition

There are a few atoms/molecules that have been used to chemically modify graphene,
both induces a wide bandgap into the material: one is fluorinated graphene F~ which is
formed by obtaining atomic F by decomposition of xenon diffluoride [13], and the other,

hydrogenated graphene, better known as graphane [5, 6, 14], where this work is focused.
2.4: GRAPHANE

Graphane was theoretically predicted in 2007 by Sofo by density functional
theory (DFT) calculations [15], demonstrating the most energetically favorable
configurations, the chair (3.5eV) and boat (3.7eV) , with the chair, shown in Figure 2.7,
being the most stable configuration[15]. Transforming from sp® to a sp® configuration the
C-C bond length of graphene was calculated to be 1.52A, which is larger than that of
pristine graphene at 1.42A and much closer to insulating diamond 1.53A. Since,

graphane has been synthesized by a number of means [5, 6, 14]. The difficulty with
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functionalizing graphene with hydrogen is the need for atomic hydrogen, since hydrogen

gas H, does not directly react with carbon.

Graphene Graphane

1.54 A c-C

Figure 2.7: Diagram of lattice changes from graphene functionalization with atomic
hydrogen

2.4.1: GRAPHANE SYNTHESIS

As H; does not react with carbon in its molecular state, techniques for generating
atomic hydrogen have been used for hydrogenating graphene. The first to demonstrate
this, Elias et al, hydrogenated exfoliated graphene on SiO, and free standing graphene by
generating atomic hydrogen by DC plasma. Low pressure hydrogen/argon mixture (10%
hydrogen) was ignited between two aluminum electrodes 30 cm away from discharge
zone for two hours. At this distance the chance of impact with energetic Ar” ions are
minimized and it is reasonable to assume only H® ions reach the sample. After

hydrogenation the samples were annealed at 450°C in Ar to remove bond hydrogen from

graphene [15].
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Figure 2.8. Raman spectra of pristine (Green), hydrogenated (Blue) and annealed (Red)
graphene, A on SiO; and B free standing [15]

After hydrogenation, a sharp D peak appeared, much narrower than that seen in
disordered carbon materials as shown in Figure 2.8. This further supports the formation
of sp® bonds. This peak was also shown to be much higher for free standing graphene
than graphene on SiO, as both sides were exposed to atomic hydrogen for free standing
as opposed to a single side on SiO,. Hall bars were fabricated on graphene showing a
mobility of 14000cm?Vs before hydrogenation and 10cm?Vs after hydrogenation
supporting the transition from semi-metal to insulator. After thermal, samples reverted
back to graphene with desorption of hydrogen and mobility recovered to 3500 cm™ [15].
Woijtaszek et al. observed similar changes in Raman spectroscopy hydrogenating
graphene by reactive ion etching (RIE) plasma from Ar/H, gas as shown in Figure 2.9

[16].
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Figure 2.9. Graphane synthesis via reactive ion etching (RIE) plasma with Raman spectra
showing pristine graphene and hydrogenated graphene [16]

Balog et al. employed a different approach by hydrogenating epitaxial graphene

grown on the Si-face of SiC by a 1600 K D-atom beam (hot hydrogen beam) for 5

seconds at a flux of 10'2-10" atoms/cm? [17]. In low dosages, hydrogenation was shown

to be preferentially adsorbed along the 6 x 6 modulation on the SiC surface as shown in

Figure 2.10. At high dosage, 90 second exposure, no preferential sites were observed.

Hydrogen desorption was observed by an 800°C thermal anneal.

Figure 2.10. Scanning tunneling microscopy images of A preferential hydrogenation at
low hydrogen dosage, B at high dosage showing no preferential sites and C thermal
anneal at 800°C removing hydrogen from the graphene lattice [17]
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Techniques implemented by other groups involve in situ development of atomic
hydrogen by plasma-assistance which can cause damage due to energetic ions [6] or hot
filaments [14], as the H-H bond in hydrogen gas requires high energy/temperature to
break [6]. Others have hydrogenated graphene by electron-induced dissociation of

hydrogen silsesquioxane (HSQ) [5].
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Figure 2.11: Experimental setup by Ryu et. al. of graphene formed by electron-induced
dissociation of HSQ with resulting Raman spectra and thermal anneal [5]

Atomic hydrogen is formed in situ by breaking the H-Si bond of HSQ by e-beam,
which diffuses to form covalent bonds with graphene. Large increase in D peak as
observed in previous hydrogenation techniques signifies the formation of sp® and the
formation of graphane, which was reversed by 200 °C thermal anneal as shown in Figure
2.11 with decrease in D peak [5]. Jones et. al hydrogenated exfoliated graphene from
highly ordered pyrolitic graphite (HOPG) using a similar e-beam irradiation technique,
but makes the claim that the few monolayers of H,O on the surface was sufficient in
producing graphene [18]. They observe, as shown in Figure 2.12, a narrow D peak with
full-width half max (FWHM) of 20cm™, which is an order of magnitude lower than that
observed with disordered or nanocrystalline carbon with comparable 1(D)/I(G) ratio.

Hydrogen desorption was possible by a 590°C thermal anneal.
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Figure 2.12. Raman spectra of graphene hydrogenated by electron irradiation of H,O
adsorbates on the surface and hydrogen desorption by 590°C thermal anneal [18]

From the literature review of graphane synthesis, confirmation of graphene
hydrogenation centers around Raman spectroscopy and hydrogen desorption by high
temperature thermal anneal. Formation of sp*bonds were evident by large increases in D-
peak position and deformation of the ideal graphene lattice, increases in C-C bond length
with formation of C-H bond, manifested in the Raman spectra as a D’ shoulder peak and
introduction of a D + D’ peak, or C-H peak. This process, in all cases, was shown to be
thermally reversible by a wide range of temperatures (200°C, 450°C, 590°C and 800°C).
Hydrogen desorption returns the material back to sp? bound carbon, with little residual
damage observed by the process. With the limitations of current techniques to form
graphane presented, notably the need for in situ synthesis under vacuum, an alternative,

ex situ electrochemical [19] means is demonstrated.
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CHAPTER 3

ELECTROCHEMICAL HYDROGENATION OF EPITAXIAL GRAPHENE

Electrochemistry offers the most controlled route to systematic hydrogenation, as
the extent of the hydrogenation of graphene can be precisely controlled by changing the
current level (or voltage) and time with the possibility of  hydrogenation
electrochemically reversible for further fine tuning. Such tunability is not easily
achievable using the other techniques described in Chapter 3. Furthermore, through
electrochemistry, reactions can be conducted at ambient conditions, opposed to in situ as
in other techniques. The convenience and controllability of electrochemical
hydrogenation of graphene therefore provides a more realistic approach for a tunable
bandgap in graphene and an ideal means for hydrogen storage. First, synthesis of

epitaxial graphene will be discussed.

3.1 GROWTH OF GRAPHENE

Graphene was thought to be impossible to isolate as a free standing layer until its
experimental discovery by mechanical exfoliation, "scotch tape method", from bulk
graphite by Giem and Novoselov in 2004 [1-4]. While exfoliated graphene yields high
quality graphene layers, low production yield and small sample sizes [5] have led to
groups to develop other ways of creating graphene, such as chemical exfoliation using

graphite oxide [6], chemical vapor deposition (CVVD) grown on single crystal copper, Cu
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(111) and nickel (Ni) by dissociation of organic precursors and epitaxial graphene grown
on silicon carbide (SiC) by sublimation of silicon and the subsequent graphitization of the
carbon atoms [7]. Epitaxial graphene, method used to grow graphene in the Clean Energy

Laboratory here at the University of South Carolina, will be discussed in greater detail.

3.1.1 USC GROWTH OF EPITAXIAL GRAPHENE AT USC

Figure 3.1 Hot Wall RF reactor outside (left) and inside (right) of growth reactor showing
induction coils and graphite crucible.

Epitaxial growth of graphene at USC is performed using a hot wall RF reactor,
shown in Figure 3.1, under ultra-high vacuum (UHV) and high temperature [8]. Thermal
gradients in the reactor are minimized by housing the sample in a graphite crucible which
is surrounded by graphite foam for further insulation as shown in Figure 3.2 [8]. The Si-C
bond breaks and Si sublimates from SiC under these conditions, leaving carbon atoms

behind to rearrange in a hexagonal lattice forming graphene as shown in Figure 3.3 [8].
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Figure 3.2 Schematic of RF reactor interior.

Epitaxial graphene is grown by thermal decomposition of 4H and 6H SiC
substrates under the conditions described above. This produces from a couple layers up to
>50 monolayers (ML) of graphene depending on growth condition, substrate and growth
face. Before growth, 10mm? samples were cleaned using trichloroethylene (TCE),
acetone and methanol. They were then rinsed with DI water to remove the solvents and

HF was used to remove the native oxide on the SiC.

Graphene

Figure 3.3 Sublimation of Si from SiC and subsequent graphitization forming graphene.
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The SiC is then placed in the graphite crucible and that is placed in the RF reactor
where it follows the growth parameters described in Figure 3.4. The system is pumped
down to a vacuum of <10°® Torr and baked out between 14-17 hours at 1000°C to remove
any oxygen present in the reactor, which adversely affects the growth of graphene. No
graphitization occurs during this step. The samples are only held at the growth
temperature 1300-1600°C for an hour, with slow ramp up and ramp down temperatures
to prevent thermal stress on the grown graphene layer(s). All of the starting graphene

samples in this work were grown in this manner.
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Figure 3.4 Pressure and temperature profile of typical EG growth.
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3.2: ELECTROCHEMICAL CELL DESIGN AND OPERATION
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Figure 3.5 Diagram of lattice changes from graphene hydrogenation with atomic
hydrogen

Atomic hydrogen was generated using a home-built electrochemical setup (Figure
3.5), with current applied though a 10% H,SO, acid solution. A 99.6% Pt wire and
exposed EG (approximately a 4mm diameter circular area) were used as the anode and
cathode, respectively. With this setup, H+ ions in the H,SO, electrolyte are attracted to
the exposed graphene. Under applied voltage, H+ cations are attracted to the negatively
charged graphene cathode electrostatically where they are reduced. If reduction does not

occur then no current would be observed. Oxidation occurs at the Pt anode during this
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process, and has been investigated and discussed in greater detail elsewhere [9, 10]. Thus,

in this investigation, we limit ourselves to the reduction of the graphene cathode.

3.3. EXPERIMENTAL SETUP

Three 6H SiC semi-insulating, nominally on-axis wafers axis ,~0.02°, 0.5° and
1.0° in the 11-20 direction and EG was grown as described in Chapter 1. Growth of
epitaxial graphene (EG) was done only on the Si-face with quality of EG growth verified
by Raman spectroscopy, atomic force microscopy (AFM) [11, 12]. EG layer thicknesses
were estimated by x-ray photoelectron spectroscopy, Raman spectroscopy [13] and
infrared transmission measurements [14]. All of the samples used in this study displayed
thicknesses of ~2-3ML, which was verified using XPS. Nanocrystalline graphene layers
grown on non-polar faces of SiC [7,8] were used as control samples for the hydrogenated

graphene on Si-face to distinguish hydrogenation from damage.

It is known that metal reduction occurs ~0.2V below the evolution of H; similar
to that seen with other metal hydrides [9, 10]. A voltage < 1.2V was used to prevent the
splitting of H,O which causes the formation of H, bubbles. By using a potential below
1.2V, chances of H+ reduction by H, evolution was eliminated. Thus, an EG reduction
anode/cathode voltage of ~1V was chosen, following similar reduction potentials shown
in metals below the H, evolution potential [15]. Using these conditions, hydrogenation
were performed until the current through the resulting material decreased <10nA from a
starting value of ~0.1pA independent of substrate with typical current (I) vs. time (t)
curve shown in Figure 3.6. In order to keep variables to a minimum, a set time of one

hour was used for all experiments.
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Figure 3.6 | vs. t curve for electrochemical hydrogenation of graphane. About 1 monolayer of
hydrogen was calculated from the total integrated charge for 2 monolayers of graphene

3.4. CHARACTERIZATION OF GRAPHENE AND GRAPHANE
3.4.1. RAMAN SPECTROSCOPY OF GRAPHENE AND GRAPHANE

Raman spectroscopy was performed using a micro-Raman setup with laser
excitation wavelength at 632nm and a spot size of ~2 um. The Raman system was
calibrated using the known Si peak at 520.7 cm™. Reference blank SiC substrate spectra
were scaled appropriately and subtracted from the EG/SIC spectra to show only the
graphene and hydrogenated graphene peaks [12,16]. All the spectra shown in this paper
are difference Raman spectra obtained in this manner. There are three peaks associated
with graphene: The D peak (~1345 cm™) corresponds to the disorder and diamond like

sp® content in the material, The G peak (~ 1595 cm™) corresponds to the in plane
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vibration of the graphene lattice and the 2D peak(~2650 cm™) due to double resonance

[16].
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Figure 3.7 Raman spectra of graphene before and after hydrogenation

Raman was used as an indication of hydrogenation by the behavior of the D, G

and 2D peaks, as well as a C-H bond peak or D+D’ peak introduced at ~2930 cm’

1

(Fig.10) [16]. A fluorescence background was also observed in the working area, which

is only observed in hydrocarbons. Such a fluorescence background was not observed in

the starting EG, and was used as a means for distinguishing hydrogenated graphene from

damage.
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3.4.1.1. FLUORESENCE OBSERVED IN RAMAN AFTER HYDROGENATION
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Figure 3.8 Fluorescence slope resulting from formation of hydrocarbon with chart of
hydrogen content

Hydrogenated graphene is a direct gap material [12], resulting in a fluorescence
background being seen in the Raman spectra. The presence of fluorescence could be due
to defect induced midgap states or band-to-band recombination, as certainty of which
mechanism is responsible is unclear. However, either mechanism indicates the presence
of a bandgap [17].This fluorescence background can be quantified by the fluorescence
slope, m, defined as the photoluminescence background present in samples as a result of
hydrogenation. Extraction of slope m from the Raman signature is performed by applying
a linear fit on the background of the spectra. This slope m is normalized against the
intensity of the G peak, 1(G) by m/I(G), which was used to measure H-content bonded to
carbon [12] in studies of hydrocarbons. This can also be used to measure what fraction of
sp® content is present in the material and therefore estimate of the extent of EG [12].
Based on these indications of hydrogenation, differences between substrates were

examined.
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3.4.1.2. GRADIENT AS OBSERVED BY RAMAN

As shown in Fig. 3.9, there was also a gradient associated with the conversion, where,
according to Raman, the center showed significant hydrogenation when compared to other
parts within the functionalized area. This gradient showed significant red shifting of the D
peak, 1349 to 1328 cm™, from just outside the conversion area to the center, as well as a
considerable red shift in the 2D peak from 2700 to 2626 cm™. The intensity of the D peak
also increases, and as a result, the D/G ratio also changes within the gradient, with the ratio
changing from 0.06 outside the conversion area to 1.35 at the center. This gradient in
functionalization could be caused by the graphene becoming electrically decoupled from the
substrate during the hydrogenation process [18], though it is most likely caused by the
meniscus formed in the electrochemical cell causing a gradient in the available hydrogen ions

on the surface.
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Figure 3.9 Hydrogenation gradient observed with electrochemical hydrogenation
of epitaxial graphene
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3.4.2 ATOMIC FORCE MICROSCOPY OF GRAPHENE/GRAPHANE

Atomic Force Microscopy (AFM) is used to characterize the surface morphology
of epitaxial graphene nondestructively via tapping mode, with resolution higher than that
of scanning electron microscopy. Epitaxial graphene grown on different faces and
orientations of SiC result in different surface morphology. As a result, the surface of EG
grown on Si-face of SiC, which is step flow mediated, appears as steps and EG grown on
C-face, which is defect mediated growth appears as giraffe stripes. The incorporation of
hydrogen in graphene changes the C-C bond length. There should be a noticeable change
in morphology observed by AFM as the lattice constant changes to accommodate the

incorporated hydrogen.

3.4.3. SCANNING TUNNELING SPECTROSCOPY OF GRAPHENE/GRAPHANE

Scanning Tunneling Spectroscopy (STS), an extension of Scanning Tunneling
Microscopy (STM), uses a Pt-Ir tip to obtain information on the electron states of a
sample, such as bandgap from dI/dV, or local dynamic conductance, by varying the bias
voltage between the sample and the tip. STS was performed on pristine and hydrogenated
EG to determine changes in bandgap. Pt-Ir tips were employed and cleaned thoroughly
by electron bombardment before use. For the spectroscopy measurements the method of
variable tip-sample separation was employed [19], typically using a ramp of 0.1 nm/V
and with broadening parameter of 1.0 V to compute the normalized conductance (the
results are only weakly dependent on these parameters). The conductance spectra were
acquired using a lock-in amplifier with 50 mV modulation at a frequency of typically 1

kHz.
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3.5. RAMAN SPECTROSCOPY OF HYDROGENATED GRAPHENE

As expected, there was a sharp increase in the D peak amplitude [20] of

functionalized graphene (Fig. 3.7). A red shift in the D peak, from 1350cm™ to 1330cm™, was

also observed, likely caused by the formation of sp* bonds [20, 14]. The G-peak FWHM also

broadens with functionalization further supporting the sp® hybridization of the graphene [20].

Another peak at ~2930cm™ was an indication of C-H bonds [22] (Fig. 3.7). A fluorescence

background, along with increased SiC substrate signal was also observed in the working area,

suggesting the presence of a bandgap in the material. Such a fluorescence background was

not observed in the starting EG, nor was it found in the nanocrystalline graphene on a/m

plane SiC.
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Figure 3.10 I(D)/I(G) ratio vs D-peak position of pristine EG, hydrogenated EG and

nanocrystalline graphene
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Figure 3.10 shows that I(D)/I(G) ratio has little effect on D-peak position in
unfuctionalized graphene and non-polar face grown graphene, while functionalized samples
are significantly red-shifted with respect to their pristine graphene state, with substantially
larger 1(D)/1(G) ratios. Despite having similarly high I(D)/1(G) ratios in the nanocrystalline a
and m plane samples, D peak positions in these samples stay within the ranges of Si-face
pristine graphene. Functionalization was further distinguished from damage by observing the
resulting m/I(G) in functionalized graphene (Fig 3.11) , which shows that not only has

functionalization occurred but also provides an estimate of the hydrogen content [22].
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Figure 3.11 D-peak position vs. normalized slope of pristine EG, hydrogenated EG and
nanocrystalline graphene

In Figure 3.11 when comparing the D-peak position and (m)/1(G), trends in the
hydrogenated graphene, pristine graphene and a and m plane were very different. Much

higher m/I(G) values and significantly red shifted D-peak in hydrogenated graphene
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distinguish it from pristine EG. Furthermore, the D-positions seen in nanocrystalline non-
polar growths have no dependence on m/I(G), a key difference between damage and
hydrogenation. Among hydrogenated samples, (m)/I(G) was shown to increase with
higher D-peak positions. This fluorescence background was used to approximate
hydrogen content to be as high as 30-50%, which is consist with the measured thickness
of 2-3ML for the sample set and the participation of approximately 1ML of hydrogen

during hydrogenation (Fig. 2) [12, 23].
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Figure 3.12 Normalized slope vs. 1(D)/1(G) ratio of pristine EG, hydrogenated EG and
nanocrystalline graphene

Figure 3.12 shows hydrogenated graphene (m)/I(G) increasing with rising
I(D)/I(G), showing a clear correlation of hydrogen content in hydrogenated graphene

with I(D)/1(G), which is now seen to arise not from disorder, but from hydrogenation.
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Despite 1(D)/1(G) similar to that of hydrogenated graphene, nanocrystalline graphene
shows no measurable fluorescence (m/I(G)<Sum, the noise threshold). As expected, this
trend is not seen in pristine EG or nanocrystalline growths as only hydrocarbons
fluoresce [12]. To summarize Figures 13.10-13.12, we show evidence of hydrogenation
of EG, by distinguishing the Raman signatures of hydrogenation in electrochemically

treated graphene from those of damage in nanocrystalline graphene.

3.6: SURFACE MORPHOLOGY AFTER HYDROGENATION USING ATOMIC

FORCE MICROSCOPY

Atomic force microscopy (tapping mode) was used to determine surface
morphology changes of pristine EG to hydrogenated EG. AFM images of Si -face EG
before hydrogenation show the steps which are common in EG growth on Si-face [7].
Post-hydrogenation morphologies show a slight increase in root-mean square (RMS)
roughness, from 0.6 to 1.0nm on Si-face. What is interesting about the hydrogenated
graphene surface is the appearance of raised streaks on the Si-face, which appear to
follow the step direction. The presence of these streaks were noticed on all hydrogenated
samples and suggests that a structural change has occurred in the EG such as sp®
hybridization caused by the hydrogen incorporation. I1(D)/I(G) ratio from Raman is not
only used to determine quality of graphene, but as a measure of grain size in
disordered/nanocrystalline graphene through the relation 4.4nm/(1(D)/1(G)) [12]. The
morphology of hydrogenated EG is dramatically different from that of nanocrystalline
EG, which shows small grains ~5-20nm in size, consistent with the Raman I(D)/I(G).
Such grains are not seen in hydrogenated graphene. Therefore, the I(D)/I(G) in

hydrogenated graphene must have a different origin.
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Figure 3.13 AFM of EG, hydrogenated EG and nanocrystalline graphene

3.7: SCANNING TUNNELING SPECTROSCOPY OF GRAPHENE AND

HYDROGENATED GRAPHENE
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Figure 3.14 STS of pristine EG and hydrogenated EG

Measurements were performed at the edge of the sample (corresponding to
pristine graphene) and at the center of the sample (corresponding to hydrogenated

graphene). For both spectra, the measured conductance at 0 V is nonzero, but relatively
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small, indicative of weakly metallic (semi-metallic) behavior. The main differences
between the spectrum from the pristine graphene and the spectrum from the hydrogenated
graphene is that the latter shows a distinct spectral peak at -0.4 V as well as a smaller
peak near +0.5 V. These differences are similar to those seen between graphene and the
6V3 x 6\3 “buffer layer” on SiC [19]. Thus it can be argued that, similar to the buffer
layer, the hydrogenated graphene has covalent bonds involving sp® hybrid states. It
should be mentioned that the spectra from the edge and center of the sample were
obtained with different probe tips; nevertheless, multiple tips were employed for
measurements at both positions and the differences shown in Figure 16 were reproducible

over the measurement set.
3.8: INVESTIGATION OF SUBSTRATE DEPENDENCE ON HYDROGENATION

Substrate dependence was investigated by taking sets of three or more samples
from each of the three wafers and functionalizing them using the described experiment. D
peak position, 1(D)/1(G) ratio and normalized fluorescence, slope (m)/ IG, were recorded
from the pristine EG, hydrogenated graphene as well as samples grown on the a and m
[8] planes of SiC which were used to show that the resulting “disorder” shown in the
hydrogenated graphene, which signifies hydrogenation, were significantly different than

that of damaged or nanocystalline graphite [12].

The average values for D-peak position, 1(D)/1(G) ratio and slope(m)/I(G) before
and after for each substrate as shown in Table 3.1. Despite being hydrogenated for the
same duration, significant differences can be seen in the degree of hydrogenation

between the substrates. Some possibilities for these differences could be the presence of
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point defects in EG originally from the starting SiC, the slight differences in offcut angle
in the 11-20 direction and/or quality of starting EG. It is suggested that hydrogenation
may be due at least partially to defects. Table 3.1 shows a clear correlation in 1(D)/I(G) of
starting graphene with that of hydrogenated graphene. There is no such correlation
between m/I(G) vs. I(D)/I(G) of EG, however, indicating that the substrate plays a role in
determining the degree of hydrogenation. With clear dependence on substrate, metals
were evaporated or chemically deposited in thin layers on various samples from SI3, in
an attempt to enhance hydrogenation and increase the hydrogen content incorporated into

the material.

Table 3.1: Average parameters before and after hydrogenation

D-peak | D-peak Slope Slope
Position | Position | I(D)/I(G) | (D)/I(G) | (M)/I(G) | (M)/I(G)
Before After ratio ratio Before After
Substrate | (cm™) | (cm™) | Before | After (cm) (cm)
SI (1 deg) 1348 1330 0.21 1.91 | 3.7 x10™" | 1.4 x10™
SI2 (on-
axis) 1344 1332 0.17 1.32 | 4.2x10™ | 1.9x107
SI3
(0.5deg) 1347 1328 0.13 0.82 | 3.7x10* | 4.9 x10™
a-Plane 1338 \ 0.79 w 8.8 x10” w
m-Plane 1340 %% 2.5 x10" %

An electrochemical process was developed with the goal of functionalizing
graphene grown on SiC substrates in the efforts of enabling a bandgap in the material.
This conversion was performed on EG grown on Si-face, 6H SiC substrates, with EG

I(D)/I(G) ratio of <0.2. Raman showed an increase in D peak amplitude, demonstrating
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surface functionalization; introduction of a peak at 2930cm™, indicating formation of C-H
bonds; and D and 2D peak shifts from pristine EG to functionalized graphene, indicating
likely sp* hybridization. Functionalized graphene showed Raman fluorescence unlike EG
and nanocrystalline graphene on a/m plane, supporting the presence of C-H bonds
inferred by the 2930cm™ peak. AFM showed a marked difference between the
morphology of nanocrystalline graphene and that of functionalized graphene, further
indicating that the Raman signatures described here are indicative of functionalization,
not damage. STS demonstrated the presence of localized sp® states, indicating that the
local structure of graphene has changed from its pristine sp form. Hydrogenation is
further supported by hydrogen desorption by thermal anneal and electrochemical reversal

which is shown in greater detail in Chapter 5.
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CHAPTER 4
METAL CATALYZED ELECTROCHEMICAL SYNTHESIS OF

HYDROCARBONS FROM EPITAXIAL GRAPHENE

4.1. FORMATION OF ALKANES FROM ALKENES VIA CATALYTIC METALS

Electrochemistry and other means of forming a C-H bond [1-7] are similar to the
hydrogenation of -bonds in alkenes forming alkanes in organic chemistry as shown in
Figure 4.1. Traditional hydrogenation of alkenes by molecular hydrogen gas to form
alkanes requires catalysis by precious transition metals, such as Pt, sometimes at high
temperatures and pressures [8, 9]. These catalytic transition metals decrease the
activation energy, and thus increase the rate of C-H bond formation. Platinum-group
transition metals offer a facile pathway for hydrogen to adsorb and dissociate, and the
resulting H atoms can then transfer directly to the alkenes adsorbed on the metal surface
[10]. Edges, corners and basal planes of all metals have different catalytic activity [11-
13]. As such, the effectiveness of these metals as catalysts depends directly on the size
and shape of the particles [11,14] Smaller particles result in more adsorption sites for

hydrogen to be adsorbed due to increase in surface area [11,12,14].
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A) Pt, Au, +100°C-500°C, H pressure &
or +( ene ) ) ( e )

presented]

B) Pt, Au, electrochemistry !

Figure 4.1. Comparison of traditional thermal chemical phase and electrochemical
hydrogenation. A) In thermal chemical phase 1) hydrogen gas is introduced into the
thermal chemical phase containing the alkene and the catalyst. 2) The H, dissociates to
hydrogen ions due to the kinetics of the catalysts. 3) The kinetics of the catalysts allow
for alkenes to become reactive, activation of m-bonds and 4) chemisorb H away from the
catalyst resulting in 5) hydrocarbon bonds (synthesis of alkAnes). B) In electrochemical
hydrogenation, bias across the electrode, graphene, and counter electrode in solution,
sulfuric acid, provide the kinetics required to isolate hydrogen ions from the solution and
the negative bias on the graphene allow for high density of hydrogen ions around
graphene electrode. Active m-bonds in graphene allow for hydrogen to be chemisorbed
similar to that in thermal chemical phase hydrogenation forming hydrocarbon bonds
(synthesis of graphAne).

4.2. CATALYSIS BY PLATINUM

Despite its high cost, platinum is one of the most commonly used catalysts for
hydrogenation of carbon [12, 15]. Reducing the size of the Pt nano-clusters reduces cost
and results in higher catalytic activity with more atoms exposed to reactants [11]. From
an electronic point of view, the catalytic activity of Pt is governed by its electron
configuration. Metals in Group VIII, with the smallest number of vacant d-orbitals, can
accept electrons from reactants and form, in this case, metal-hydride bonds that can easily
be broken compared to other metal groups, making it a superior catalyst [17]. As Pt easily
forms bonds with most molecules, adsorption selectivity is an issue in systems with
multiple species, and hydrogen is not the only adsorbed species, resulting in undesired

products [18].
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4.3. CATALYSIS BY GOLD

Bulk gold (i.e., large Au particles) has been shown to be much less active (by two
orders of magnitude) in dissociating hydrogen, due to the Au(111l) surface being
intrinsically inactive for this reaction [11,15]. In small clusters, however, Au has
demonstrated reactivity to hydrogen in edge Au(200) and corner Au(311) [14, 15, and
16]. With decreasing particle size, Au shows tunable hydrogenation with increasing edge
and corner sites compared to bulk Au [11, 14, and 15]. The H; dissociation rate on Au is
limited by the inability of molecular hydrogen to adsorb. However, when Au is readily
supplied with H atoms or ions from other transition metal spillover or acidic solutions,

respectively, hydrogen atoms easily chemisorb on Au [33,34].

In electrochemical hydrogenation, a high density of H* is isolated from the
solvent and attracted to the negatively biased EG electrode where they react with the
highly reactive n-bonds to form C-H bonds. Indeed, hydrogen adsorption and reaction
with EG has been shown to be possible even without the need of precious transition
metals present. Since EG is negatively biased, only hydrogen ions, which are positively
charged, are attracted to the surface, excluding any possibility for adsorption of other

functional groups.

Electrochemistry offers the most controlled route to systematic functionalization,
as the extent of the hydrogenation of graphene can be precisely controlled by changing
the current level (or voltage) and time. This raises the possibility of reversible
electrochemical functionalization for further fine tuning of graphane production Such

tunability is not easily achievable using the other techniques described above.
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Furthermore, through electrochemistry, reactions can be conducted at ambient conditions,
as opposed to other techniques for graphane synthesis such as hydrogenation by in situ
plasma discharge [4, 35, 36], hot tungsten filament [5] and e-beam disassociation from
adsorbents [3, 37, 38]. The convenience and controllability of electrochemical
hydrogenation of graphene provides a realistic approach for a tunable bandgap in
graphene, though an observed dependence on the underlying SiC substrate using this

technique has been previously shown [6].
4.4. ENHANCED ELECTROCHEMISTRY BY CATALYTIC METALS

As precious metals are used to increase hydrogenation of alkenes in traditional
thermal catalytic hydrogenation, deposition of catalytic transition metals on EG should
increase electrochemical hydrogenation, verifying that indeed hydrogen is adsorbed using
this method. With most work on hydrogenation being performed on carbon and oxides
[13, 16] the observed chemistries on carbon/semiconductor scaffolds could vary. In this
study, enhanced electrochemical Graphene was grown as described in Chapter 2. In order
to see the effect of these catalytic transition metals on the functionalization of graphene,
six (6) 10 x 10mm? 6H SiC semi-insulating samples were chosen from the same wafer
used in Chapter 3, SI3, a nominally on-axis wafer, 0.5° in the 11-20 direction. Using EG,
chemically derived Pt nanoparticles were formed on the graphene sample by deposition
from an aqueous H,PtCls solution, drying in vacuum, and treatment with hydrogen at
200°C [30]. Using the set of six EG samples, 20 nm of either Pt or Au were evaporated
on the EG surface by E-beam evaporation to act as catalysts and enhance to reactivity of
graphene in a more controlled manner. The e-beam evaporator was pumped down to

>1x10° at a rate of 2 A/second. An atomic force microscopy (AFM) analysis was

54



performed determine the surface morphology changes of EG with catalytic metals and the
functionalized EG. The images were acquired in tapping mode at a scan rate of 0.6 Hz

overa 2.5 umz area.

4.5. ENHANCED HYDROGENATION BY  AQUEOUS PLATINUM

NANOPARTICLES

The Raman spectra of the functionalized Pt nanoparticle catalyzed graphene
(Figure 4.2) revealed a very large 1(D)/I(G) ratio <5 and a narrow FWHM of 33 cm™
FWHM, showing an extremely high sp® content present in the material. The sharpness of
the peak indicates the lack of damage to the graphene surface. The D and 2D peak red
shifted, likely caused by the formation of sp® bonds. The G and 2D peak full width half
maximum (FWHM) broadens, further supporting the sp* hybridization of graphene and
the C-H bond peak at ~2930 cm™ further supports successful functionalization. A very
prominent D' prime shoulder peak on the G peak indicating distortion of the ideal
graphene lattice further suggested that changes in the C-C bond length have taken place.
Higher current was observed in the I vs. t curves during functionalization, which is
directly observed in the increased levels of I(D)/I(G) and fluorescence slope. A hydrogen
content of 43% was extracted from the fluorescence background. While this method is
promising, it lacks reproducibility and uniformity due to changes in conductivity and
reactivity of graphene due to the aqueous nature and clustering of the nanoparticles
causing a large variability between the four samples hydrogenated. 50% of samples
showed little to no hydrogenation, increase in sp® content, based on I(D)/I(G) ratio,

increasing to 0.17 and 0.44 from starting 1(D)/1(G) ratio of 0.14. This is compared to the
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50% of samples that showed prominent increases in sp® content with increases in

I(D)/1(G) ratio of 1.1 and the result shown in Figure 4.2 of 5.

— D-peak red -shifts 1340 -1330.
g 5000 - / Increase inD  -peak intensity.
c
: —
Q‘ 4000 Small FWHM in D peak
; D peak FWHM 33 cm™
3000
~ D" shoulder becomes prominent [32]
> -indicates distortion of ideal graphene lattice
@ 2000
c 2D peak broadens Peak at ~2930 indicative of C  -H bond
~ 1000 After Functionalization
c

.
qu N

Before Functionalization

1 1 1
1500 2000 2500 3000
W avenumber (cm™)

Figure 4.2 Typical Raman spectra of hydrogenation with and without chemically
deposited Pt nanoparticles

Raman confirmed that no damage occurred to the graphene during deposition and
that the material was electrochemically functionalized successfully. However, a more
controlled, non-aqueous deposition of catalytic metals was needed to make this
functionalization more reproducible, since aqueous based solutions can change the
doping of graphene. Similar to water reactions observed with single wall carbon
nanotubes (SWCNT), water results in p-type doping of graphene, changing its

conductivity, and ultimately affecting reactivity reliability [31].

4.6. ENHANCED HYDROGENATION BY ELECTRON BEAM EVAPORATION OF

PLATINUM AND GOLD NANOPARTICLES

To better control the deposition of metal and increase reproducibility, 20 nm of

either Pt or Au were e-beam evaporated on the graphene surface. Raman spectroscopy
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was used to confirm no changes to the material quality of the EG had occurred after
evaporation of metals. Figure 4.3 shows the AFM images, 2.5x2.5um scale, of pristine
graphene, as well as Pt- and Au-coated graphene before and after functionalization.
Before metal deposition, the steps associated with graphene growth on Si-face SiC are
shown with an average RMS roughness of 0.4 nm. After metal deposition the RMS
roughness increases to an average of 0.6 nm for Pt and 3.7 nm for Au and the graphene
steps observed before metal deposition are not visible. The evaporated metals appear to

be well dispersed according to AFM of these films before electrochemical hydrogenation.

However, after hydrogenation the metal particles appear to agglomerate together,
exposing the underlying steps of the graphene surface. These metals also appear to
partially lift off during functionalization, more so with evaporated Pt than with Au,
according to AFM with RMS roughness of 4.2nm and 2.6nm for Au and Pt respectively
with areas in the Pt deposited sample showing the underlying graphene with an RMS
roughness of 0.4 nm. This could change the concentration and overall geometry of the
catalyst, affecting reactivity. Despite the lower reactivity of Au, the enhanced
hydrogenation seen with this metal could simply be more metal remaining during
electrochemical hydrogenation and more hydrogen adsorbing due to the higher
concentration of adsorption sites compared to Pt. The adhesion of metal to graphene
needs to be investigated as changes in geometry during functionalization could affect the

reactivity and overall effectiveness of the catalytic metal.
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Pristine EG EG w/M Functionalized EG w/M

M=Au

M=Pt

Figure 4.3 AFM of epitaxial graphene without evaporated metals, after evaporated metal

deposition showing conformal evaporated metal and after electrochemical hydrogenation

showing clustering of nanoparticles revealing underlying EG layers suggesting lift off of
catalytic metals

Functionalization of metal catalyzed EG revealed increases in functionalization
as evident by marked increases in I(D)/I(G) ratio, shifts in D, G and 2D peaks (lines
represent peak position of unfunctionalized EG) and emergence of C-H peaks for typical

Au and Pt enhanced EG. These data are shown in Figure 4.4 and Table 4.1.
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Figure 4.4 Raman spectra of evaporated metal enhanced functionalized graphene
showing increase in 1(D)/I(G) ratio compared to functionalization on pristine graphene

Table 4.1: Average parameters showing enhanced reactivity after evaporation of metal

catalysis
(D) I(G)| (D) I(G) Slope  |Calculated
D Position | D Position | Ratio Ratio [Slope (M)/I(G)| (m)/I(G) | H content
Substrate |Before (cm™)|After cm™)| Before | After | Before(um) | After (um)
S13(0.5°) 1347 1328 0.13 0.82  |Unmeasureable 4.9 33+0.5
SI13 Pt Avg 1342 1330 0.22 1.05  |Unmeasureable 7.9 37+1.1
SI13 Au Avg 1364 1330 0.09 1.24  |Unmeasureable 17.7 42.442.3
S13 Pt Nano
IAvg* 1340 1330 0.14 1.7 Unmeasureable 9.1 38+4.8

*Average offset by outlier

Figure 4.5 shows hydrogen content (%) vs. hydrogen cluster density, where

hydrogen content % is extracted from Figure 4.3, hydrogen content (%) vs. normalized
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slope of Marchon et al. [29]and hydrogen cluster density calculated as a function of
I((D)/I(G) ratio, of the six samples after hydrogenation. The samples before
hydrogenation, which are also represented on the graph as starting pristine epitaxial
graphene, are of good quality. The I(D)/1(G) <0.22 and fluorescence background (m/I(G)
<5) below the noise threshold of the Raman spectra indicate zero H-content. Samples
functionalized with no catalyst showed an increase in the 1(D)/1(G) ratio and an increase
in fluorescence background greater than the noise threshold indicating an increase in sp*
content as well as hydrogen content. The average hydrogen cluster density observed, 0.7-
1.6x10™, is similar to the average electron/hole puddle density from charge impurities
(~1-3x10™) [39,40] and defect density (~10*°) [41] suggesting that these sites may play a

role in hydrogen adsorption on epitaxial graphene.
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Figure 4.5 Estimated hydrogen content (by Raman) after electrochemical
hydrogenation of ~2ML epitaxial graphene films on 6H SiC with and without
precious metal (Pt or Au) catalysts. The presence of both Au and Pt catalyst show
increases in hydrogenation beyond epitaxial graphene without catalyst.

From the Raman spectra, the hydrogen cluster size, region of the graphene
functionalized with hydrogen, was estimated to be ~28.5nm with ~10* hydrogen atoms
per cluster as shown in Figure 4.6. The intrinsic electron/hole puddle density of graphene,
10" cm?, was shown to be around the observed hydrogen cluster density, ~10™,
suggesting impurities and ripples present in the graphene lattice play a role in
hydrogenation. Space between hydrogenated clusters was calculated to be <30nm,

decreasing with decreasing density of hydrogenated clusters.
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Metal hydride bond formation
Spillover of H from catalytic metal to graphene

Hydrogen Cluster ~¥10* H-atoms/cluster

Average size of Hydrogen Clusters ™ 30nm

Cluster density 10'* cm2 ~Electron/Hole Puddle Density 10'* cm™

Figure 4.6 Diagram showing random distribution of hydrogen spillover and adsorption on
graphene from metal hydride formation and hydrogen adsorption on graphene from
possible interactions with electron/hole puddles and defects.

Functionalization with catalytic metals show improvements in hydrogenation with
increases in fluorescence and 1(D)/I(G) ratio compared to epitaxial graphene without
catalyst. Counter to what the literature suggests [11], hydrogen content on average was
shown to be higher in Au enhanced hydrogenation than Pt some reasons Au would

perform better than Pt:

1) Cluster density geometry favoring Au more than Pt with the presence of more
edges in metal clusters allowing for greater hydrogenation [11, 12, 15, and
16].

2) Au has shown to have much greater selectivity to adsorbed species than Pt,

particularly with H [18,19]
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3) Observed lift of catalyzed metal after electrochemical hydrogenation as shown

by AFM in Figure 4.3.
Despite this, the different dispersions observed of Pt and Au as shown by AFM makes it
impossible to determine if these effects are directly involved in observed enhanced

hydrogenation in graphene.

4.7. SUMMARY OF METAL CATALYZED HYDROGENATION

The present study shows enhanced electrochemical hydrogenation of epitaxial
graphene by chemically deposited and evaporated metals to reduce activation energy and
improve hydrogen incorporation in graphene. The introduction of catalytic metals has
shown to improve electrochemical functionalization with H-content as much as 42% seen
with aqueous Pt nanoparticles and evaporated Au. This opens up potential for composite
carbon on semiconductor scaffolds, as well as contact in fuel cells for electricity
generation. Contrary to what is typically observed in literature, gold on EG demonstrated
higher catalytic activity than platinum. One possible reason for the difference in
hydrogen incorporation could be due to the weak adsorption gold has with hydrogen,
allowing it to be adsorbed by graphene much easier than strongly adsorbed hydrogen on
platinum. How well the metals adhere to the EG surface throughout functionalization,
particle size, as well as the geometry of the metal on graphene can also have an effect on

catalytic activity.
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CHAPTER 5

THERMAL AND ELECTROCHEMICAL HYDROGEN REMOVAL

While these Raman signatures are compelling evidence of successful
hydrogenation, they can also be interpreted on the basis of lattice damage, which would
provide similar changes in the Raman spectrum [1]. Therefore, to provide further
evidence apart from substrate dependence, a reversal of hydrogenation back to EG was
performed by high temperature thermal anneal [2-6]. This reversal is possible due to low
bonding energy of only 0.4eV per bonded hydrogen, allowing for hydrogenation of
graphene to be thermally reversible [7]. For proof of concept, thermal anneal was

performed on hydrogenated samples to remove hydrogen.

5.1: DESORPTION OF HYDROGEN BY THERMAL ANNEAL

Hydrogenated graphene was annealed in vacuum for at 1000°C. The Raman
spectra of the area (Fig.5.1) after reversal clearly shows the disappearance of the C-H
peak at ~2930cm-1 indicating desorption of hydrogen in the material. After the 4 hour
anneal, however, an 1(D)/I(G) ratio of ~ 1 indicated that the material remained partially
hydrogenated. With hydrogen still present, a 50 hour anneal was performed to ensure that

hydrogen was desorbed from graphene.
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Figure 5.1 Raman spectra showing thermal anneal of hydrogenated EG

After the 50 hour anneal, the D peak shifted back to pre-conversion state at 1340
cm™ and the fluorescence background was no longer present. While the D and 2D peaks
shifted back to pre-conversion positions and the G-peak FWHM decreased, the resulting
I(D)/I(G) ratio of 0.4, up from the starting EG at 0.1, was most likely caused by the strain
induced during the hydrogenation and reversal [1]. This strain has its origin in the
difference in atomic structure between graphene and hydrogenated graphene as discussed
previously [6]. Unfunctionalized EG samples grown on Si-face, a and m planes, with
varying I(D)/I(G) ratios were also annealed to eliminate the possibility of thermal
“healing” of disorder. They were subjected to a similar 72 hour thermal anneal at 1000°C.
As shown in Table 5.1, I(D)/I(G) ratio before and after anneals were identical in

unfunctionalized EG but substantially reduced in hydrogenated graphene. This clearly
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shows that the decrease in I(D)/I(G) is due to the desorption of hydrogen (or other

functional groups) in hydrogenated graphene, and not by self-healing of disorder.

Table 5.1: Thermal anneal of hydrogenated EG with nanocrystalline graphene as control

After Electrochemical After Thermal

Pristine EG Hydrogenation 1(D)/1(G) Anneal I(D)/I(G)

Sample I(D)/I(G) Ratio Ratio Ratio
Si-face EG
(Funct.) 0.21 1.85 0.44

m-Plane

EG 0.71 0.71

5.2: ELECTROCHEMICAL REVERSAL OF HYDROGENATION

While thermal reversibility does distinguish hydrogenation from damage, it
doesn’t, however, offer a practical means for hydrogen desorption in applications such as
hydrogen storage. For microbial fuel cells and solid state hydrogen storage, graphene
must be able to bond and release hydrogen at much lower temperatures (>100 °C) to be
energy efficient. Other means of graphene hydrogenation shown in Chapter 2 offer only

one way hydrogenation, with thermal anneal needed to remove the hydrogen incorporated
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[2-6]. Hydrogen desorption by potential reversal of the electrochemical cell is shown,
demonstrating a practical means for hydrogen desorption, with application to carbon-

hydride batteries.

5.21 CYCLIC VOLTAMMETRY

Figure 5.2 Potential sweep used in cyclic voltammetry over time

Cyclic voltammetry (CV) is an electrochemical technique where the energy
potential of the working electrode is swept, as shown in Figure 5.2 and the resulting
current is measured. In doing so, the potential(s) of oxidation and reduction are displayed
as extrema points on a cyclic voltammogram as. The voltammogram gives information
on oxidation and reduction, electron transfer mechanisms as well as adsorption processes

between the working electrode and the analyte [8].

71



5.2.2 EXPERIMENTAL SETUP
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Figure 5.3 Three terminal electrochemical cell with reference electrode to ensure
accuracy and repeatability of the measurement

To ensure accurate oxidation and reduction potentials, the electrochemical cell
was upgraded to a three terminal system as shown in Figure 5.3, with the addition of a
reference electrode and the use of a potentiostat. . A potentiostat (Series GTM 300,
Gamry Instruments, Warminster, PA, USA) was used for potential holds and CV
measurements. With the use of H,SO, electrolyte, a mercury/mercurous sulfate
(Hg/HgSO,) reference electrode in saturated potassium sulfate (K,SO,), 0.64V versus

normal hydrogen electrode, was used as dilute and concentrated H,SO,4 does not react

with Hg.
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5.22 DEMONSTRATION OF HYDROGEN DESOPRITON BY POTENTAL

REVERSAL
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Figure 5.4 Cyclic voltagram of electrochemical cell with graphene as the working
electrode.

In the electrochemical hydrogen reversal experiment oxidation (0.217 V vs.
Hg/HgSO,4 [0.64 vs. NHE]) and reduction (-0.212 V vs. Hg/HgSO, [0.64 V vs. NHE])
potentials were obtained by CV as shown in Figure 5.4. Using these potentials, samples
were first held above the hydrogen loading potential observed from CV at -0.3V versus
reference to ensure hydrogenation, confirmed with Raman. Through Raman, as shown in
Figure 5.5, an increase in I(D)/I(G), from 0.15 to 0.37 and blue shifts in peak positions
was observed after the first hydrogenation. A small fluorescence background was also
observed after functionalization. The samples were then held above the hydrogen

unloading potential at 0.3V and checked again, Raman confirming removal of hydrogen.

Dehydrogenation of graphene showed decrease in 1(D)/I(G), 0.167 close to that of

pristine EG at 0.146, though G and 2D peaks were significantly blue shifted beyond
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pristine EG suggesting bonding with another functional group. This is further supported
by the addition of a fluorescence differing from that observed with hydrogenated EG and
similar to spectra observed with graphene oxide. Sulfur groups from the acid are believed
to be responsible for this behavior, as SO, ions are known to passivate C-surfaces in
hydrocarbon polymers. The 2" hydrogenation of the sample supports this claim with
increase in 1(D)/1(G) to 0.326, less than that of the first hydrogenation, suggesting energy
was required to remove functional groups from the oxidation cycle before hydrogenation

of the sample could take place.
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Figure 5.5 Raman spectra of electrochemical cycling of hydrogen on EG.

Detailed values obtained with Raman are shown in Table 5.2. G peak width was
observed to increase after each cycle, suggesting damage/strain in the lattice caused by
the changing C-C bond length after each cycle. Changes in I(D)/I(G) ratio shows clear

hydrogen adsorption and desorption with a decrease in functionalization shown after
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hydrogen unloading due to the addition of non-hydrogen functional groups. These results
show that graphene hydrogenation is reversible electrochemically and history dependent.
This process demonstrates a new pathway to hydrocarbon bond formation for synthesis of

advanced organic/inorganic carbon-based compounds.

TABLE 5.2. Raman Spectra Data from Hydrogen Cycling Experiment

D peak | G peak | 2D peak D peak | G peak | 2D peak
Cycles position | position | position | I(D)/I(G) | width | width width
(em®) | (emY) | (cm™) (cm™) | (em™) | (ecm™)
Pristine EG 1339 | 1593 2671 0.15 41.8 18.7 67.1
1™ H- 1335 | 1591 2663 0.37 25.3 21.9 63.3
Loading
H- Unloading | 1345 | 1604 2705 0.17 86.2 22.8 83.7
2" H- 1339 | 1590 2669 0.33 45.6 26.6 81.3
Loading
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CHAPTER 6
MECHANISM OF ELECTROCHEMCAL HYDROGENATION

In this chapter, we investigate mechanisms of hydrogenation as observed by
cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). Through
observations in hydrogen adsorption, the reactivity of carbon electrodes can be better
understood. Degree of hydrogenation was suspected to be either dependent on the
underlying SiC, more specifically on the off-cut angle in the 11-20 direction, or on the
quality of starting EG, where hydrogenation may be due at least partially to defects [1].
To further understand this dependence, the electrochemical characteristics of these
electrodes are studied. To test the electrochemical characteristics of the graphene
electrodes and further understand the nature of graphene for its use as an electrode
material, Raman spectroscopy, cyclic voltammetry and electrochemical impedance

spectroscopy will be used.

6.1. ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY

Electrochemical Impedance Spectroscopy (EIS) uses the frequency response of an
electrochemical system to obtain detailed information on the kinetics of electrochemical
cells, or in our case, the kinetics and reactivity of hydrogen on graphene. Electrochemical
cells are not linear so in this technique we input a small AC signal with the form

E(t) = Eycos(2mft) (1)
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,where E(t) is the potential as a function of time, E, is the signal amplitude and f is the
frequency, is applied to an electrochemical cell and the output is measured. By imputing
a small enough signal, as shown in Figure 6.1, the electrochemical system can become
pseudo-linear with linear output,

I(t) = Iycos(2nft — @) (2)
that changes amplitude, lo, and phase, ¢.

Current

Voltage

Figure 6.1 Psuedo linear response to small excitation signal
With input and output known, we treat the cell as transfer function, with each
component used in the model signifying some physical electrochemical behavior

occurring in the cell (i.e. adsorption or diffusion of ions). This impedance is represented

by
E(t) Eqcos(2mft) cos(2mft)
Z(t) === =Zy————~ ©)
I1(t) Ipcos(2mft—0) cos(2mft—0)
which can be expressed as a complex function using Euler’s formula resulting in
Z =§=Zo(cos®+i5in®) (4)
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composed of real and imaginary impedance. From this expression, a Nyquist plot can be
made from the real and imaginary parts of the impedance, giving information on

electrochemical processes happening in the cell.

EIS is used to not only acquire information regarding the electrolyte/electrode
interface but Kkinetics and reactions that take place with the electrode [2].The input
frequency is swept to observe the diffusion and adsorption processes that occur within the
cell, with conduction and reactions occurring at higher frequencies and diffusion oc-
curring at lower frequencies. EIS data is analyzed by fitting to an equivalent circuit
model. To be useful, an accurate model must be built with bearings to the physical
electrochemistry of the system. The equivalent circuit model is generally made up of
elements such as capacitors and resistors with the exception of a few elements such as
constant phase element (CPE) and Warburg (W) elements used to model surface
roughness/non uniform surface reaction sites and diffusion in the electrode [3]. To
determine the material dependence on electrochemical hydrogenation four different EG
samples (Si-face EG [~2ML], C-face EG [~10ML], M-plane EG [~25ML] and defective
Si-face EG [>50ML]) and a smooth graphite disk [>500ML] were characterized by

Raman spectroscopy, CV and EIS.
6.2. EIS EXPERIMENTAL SETUP

Growth of EG was prepared by thermal decomposition of Si from SiC from
different substrates in vacuo , <10® Torr, using an RF furnace previously described in

more detail [30]. 10 x 10mm? 6H SiC semi-insulating samples were chemical-mechanical
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polished (CMP) and thoroughly cleaned using standard RCA clean (Trichloroethylene

[TCE], acetone, methanol) and HF to remove any native oxide.

Raman spectroscopy was used to determine the defect density of grown EG.
Raman was performed using a micro-Raman setup with laser excitation wavelength at
632nm and a spot size of ~2 um. The Raman system was calibrated using the known Si
peak at 520.7 cm™. Reference blank SiC substrate spectra were scaled appropriately and
subtracted from the EG/SIC spectra to show only the graphene peaks [4]. Defect density
of each sample was calculated using the relation np (cm?)=(1.8 x 10%/(0.*)*(1(D)/I(G)),
where A is the excitation wavelength of the Raman and I(D)/I(G) is the ratio between the

peak intensity of the D and G peak [5].

Electrochemical measurements were carried out in 1.84 M HCIO,4 using a three
electrode home-built electrochemical cell where a 99.6% Pt wire and exposed EG
(approximately a 4mm diameter circular area) were used as the anode and cathode,
respectively with a Ag/AgCl reference (0.198 V vs. NHE) electrode. A potentiostat
(Series GTM 300, Gamry Instruments, Warminster, PA, USA) was used for CV and EIS
measurements. CV was performed to determine oxidation and reduction potentials at a
scan rate of 50mV s™. Spectra from EIS were measured over frequencies ranging from
300 kHz down to 0.1 Hz as a function of time and potential with a perturbation signal of
10 mV. Since system stability is important for obtain accurate data, impedance
measurements were taken after reaching a system steady state after holding the potential

constant.
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6.3. EIS OF ELECTROCHEMICAL CELL

Figures 6.2-6.5 show CV and EIS data obtained from various carbon materials,
bulk graphite, C-face graphene, Si-face graphene and defective Si-face graphene.
Oxidation and hydrogenation peaks observed in the CV of the graphite disk, Figure 6.2,
were not well defined, most likely due to layer inaccessibility to the solution and
subsequent hydrogen ions. Defects in the material could mediate this high diffusion,
supplying sites for hydrogen to easily penetrate. To test this hypothesis further, we look

at a sample with very low defect density.
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Figure 6.2. Raman, CV and EIS data of a smooth graphite disk.

C-face EG, Figure 6.3, showed an absence of hydrogenation peak most likely due
to the lack of point defects in the material as 1(D)/I(G)~0. This suggests that grain
boundaries in the material are not as electrochemically active as vacancies as previously

thought and that functionalization is dependent instead on the presences of point defects
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in the material. This is further supported by a straight line in the high frequency regime in
the EIS nyquist plot showing surface adsorption of hydrogen to the graphene electrode
but little charge transfer, or C-H bonding, similarly observed with closed carbon
nanotubes [6]. The large charge transfer resistance observed in EIS showed the system as
being kinetically slow, likely due to inaccessibility of hydrogen ions through the
chemically unreactive basal plane of graphene The Nyquist plot supports this, showing

little charge transfer in the high frequency regime.
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Figure 6.3. Raman, CV and EIS data of C-face EG.

Si-face EG, Figure 6.4, showed a sharp hydrogenation peak most likely due to
point defects present in the material, 1(D)/I(G)~0.08. This is further supported by the
plateau observed in the high frequency regime in the EIS Nyquist plot showing charge
transfer to the graphene electrode. The large charge transfer resistance shown in the EIS

however, shows the system is kinetically slow.
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Figure 6.4. Raman, CV and EIS data of Si-face EG.

Defective Si-face EG, Figure 6.5, further supports dependence on the presence of

defects present in the material, as the system revealed a semicircle in the high frequency

regime. The diameter of the semicircle revealed a kinetically fast system with ample sites

for hydrogen to diffuse and adsorb within the graphene lattice. This data suggests that

there may not be a substrate to substrate dependence in electrochemical functionalization

but a dependence on the quality of the EG film grown on it, with more defective EG ideal

for electrochemical hydrogenation. To obtain quantitative information regarding the EIS

data, an electrochemical model was designed to accurately model the resistive and

Ca

pacitive nature of the electrochemical cell.
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Figure 6.5. Raman, CV and EIS data of defective Si-face EG.

6.4. ELECTROCHEMICAL MODEL

Based on oxidation and reduction points observed in CV, we suspect hydrogen to
be the only adsorbed species in the system. For a single adsorbed species, in our case
hydrogen, we modeled the electrochemical cell from the equivalent circuit for the case of

one adsorbed species [7]. A Warburg element was added to take into account diffusion of

ions in the electrolyte through the graphene lattice.
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Figure 6.6 Electrochemical Impedance Model for graphene electrochemical cell

In the electrochemical impedance model in Figure 6.6 Rs represents the solution
resistance; Cqi_cpe is the double layer capacitance as a constant phase element to account
for surface roughness and nonuniform distribution of reaction sites in the electrode; R is
the charge transfer resistance; W is the Warburg element; Rqq is the resistance formed by
adsorbed species on the working electrode; C,g represents the adsorption
pseudocapacitance of the adsorbed species; Ry, Reat, Cr, Ccat represent non-idealities in the
electrochemical cell manifested as additional time constants in the electrochemical
reaction [8]. As shown in Figure 6.7, 6.8 and 6.9, the bode plot and Nyquist plot agrees

with this model.
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Figure 6.7 Bode Plot of defective Si-face graphene with impedance model fit
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Figure 6.8 Full Nyquist plot of defective Si-face graphene with impedance model fit
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Figure 6.9 High frequency Nyquist range of defective Si-face graphene with impedance
model fit

6.5. EIS MODEL ANALYSIS

The resulting charge transfer and adsorption resistance obtained from the EIS
model fit was plotted as a function of electrode defect density, Figure 6.10. A dependence
on charge transfer and adsorption and defect density is established, with increasing defect
density resulting in decreases in both resistances. This can be attributed to better ion
diffusion through defects over pristine EG resulting in additional sites for hydrogen to

adsorb and form C-H bonds as compared to the inert basal plane of EG.
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Figure 6.10 Adsorption and charge transfer resistance extracted from EIS impedance
model

This hypothesis is further supported by increases in Warburg impedance
suggesting higher diffusion in more defective electrodes in Figure 6.11. Additional
adsorption sites for hydrogen are supported by increases in double layer capacitance with
increasing defect density as shown in Figure 6.12. With more ions on the electrode as
shown with the Warburg and double layer capacitance, one would expect the resulting

adsorption capacitance to also increase with defect density.
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The pseudocapacitance represents the capacitance formed by adsorption of ions
on the electrode surface. As shown in Figure 6.13, an increase in adsorption capacitance
is observed at a small increase in defect density. When defect density is increased further,
pseudocapacitance decreases exponentially. This is caused by an increase in internal
surface area greater than the external surface area, where defects at as micropores
allowing ions access to underlying monolayers of graphene. This, however, results in an
increased contribution from double layer capacitance as observed in Figure 6.12[9]. To
see this effect further, total capacitance of the electrochemical cell, capacitance derived

from CV and specific capacitance was calculated.
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Figure 6.13 Adsorption capacitance normalized to a single graphene monolayer with
diagram of adsorbed charges forming a pseudocapacitance
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6.6. SPECIFIC CAPACITANCE

Specific capacitance, or capacitance per unit weight, was calculated by integrating
under the curve obtained from cyclic voltammetry for each electrode, then dividing by
the scan rate and the electrode weight [10]. Since graphene is grown on an insulating SiC
substrate, only the weight of the graphene is considered. Capacitance obtained from
cyclic voltammetry was found to be in close agreement with the effective capacitance of
the electrodes obtained from fits of the EIS model data for electrode. As observed in
Table 6.1, specific capacitance increases with increasing defect density, further evidence
that graphene’s performance as an electrode and the degree of hydrogenation

electrochemically are dependent on defect density.

Table 6.1. Effective, Integrated and Specific Capacitance of Graphene Electrodes

Defect Density [Effective Capacitance |Integrated Capacitance |[Specific Capacitance

(cm-2) [EIS] (F) [cv] (F) (F/g) ~# of ML
C face 1.1x102 1.3x105 9.4x10F6 142 10
Si face 9.0x10° 1.1x105 9.5x10F6 504 2
M plane 5.8x1010 1.2x105 9.7x103 926 25
Defective
Si face 1.9x1011 3.3x104 3.7x104 1510 50
6.7. SUMMARY

The hydrogen adsorption and electrochemical properties of epitaxial graphene (EG)
grown on silicon carbide (SiC) were shown. According to CV and EIS, electrochemical
activity is dependent on the defect density of EG suggesting a dependence on point
defects in the material for successful hydrogenation. Defects in graphene mediate charge
transfer by increasing diffusion of hydrogen ions through graphene hydrogen adsorption

by supplying sites for hydrogen to easily penetrate the graphene lattice resulting in high
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diffusion of hydrogen ions while providing sites for hydrogen to easily adsorb as shown
by an increase in capacitance and decrease in charge transfer and adsorption resistances
with increasing defect density in the electrodes. Charge transfer is associated with
increased diffusion of hydrogen ions though defects in epitaxial graphene through
pristine graphene and is further supported by the decrease in psuedocapacitance as
concentration of ions inside the graphene layers exceed ions adsorbed on the graphene
surface. Engineering defects EG layers presents a new pathway to the formation of

hydrocarbons and its use in supercapacitors, batteries and fuel cell electrodes.
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CHAPTER 7

BIOSENSING APPLICATIONS OF EPITAXIAL GRAPHENE

7.1 BACTERIA AND BIOFILM SENSING: BACKGROUND AND CURRENT METHODS

Bacterial pathogens, ~lum in size, are found in a variety of places in our
environment, from bodies of water we drink to the soil we grow crops and raise livestock.
We carry over 150 different types of bacteria with us on and in our person, though for the
most part they are beneficial. With that being said there are a number of strains of
bacteria that can cause illness and some that are fatal. For instance the O157:H7 strain of
E. coli can produce large amounts of toxins in the intestines that can cause death [1].
Even in small quantities of these types of bacteria, serious damage can still occur, further
supporting the need for fast, sensitive and selective testing. Bacteria are detectable by
their distinctive sequences of nucleic acid. To detect these pathogens, the standard
method is colony counting. But with the time of 72 hours to positively confirm pathogen,

other methods have been developed [1].

Enzyme-Linked Immunosorbent Assay (ELISA) is just one type of
immunological based detection that uses antigen-antibody bindings as its method of
pathogen recognition. The shortcoming of all immuno forms of detection is the need to
completely understand antibody/pathogen reaction to ensure the correct pathogen is

detected. This not only is an issue for unknown pathogens but if the pathogen has a low
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affinity to the antibody then it also suffers from low sensitivity. Another issue is the
inability to detect pathogens in real-time when it is present in low concentrations, further
delaying detection time. When detecting low concentrations, down to the single cell of a

pathogen using traditional techniques, polymerase chain reaction is ideal [2, 3].

Polymerase Chain Reaction (PCR) is a type of nucleic acid amplification that
detects a single copy of a targeted DNA sequence and amplifies it. By amplifying the
DNA of a targeted pathogen, false-positives are greatly reduced. PCR is also less time
consuming only taking from 5 to 24 hours to produce detectable results. The problem
arises that dead and live cells have DNA that is always present meaning in typical PCR it
is not possible to discern the difference between the two [2]. While PCR has sped up
testing time tremendously it suffers from the complexity of the test, which require skilled
workers further adding to its expense. With the traditional methods of detection
complicated and/or time consuming, a real-time biosensor with the ability to monitor

bacterial activity through changes in electrical resistance of epitaxial graphene (EG).

The high surface area of EG allow for its usage as a sensitive, real-time technique
for sensing bacterial activity without the need of taking bacteria cultures or using
standard laboratory techniques such as ELISA and PCR, all requiring time and skilled
workers. Similar with molecule sensing, graphene has shown specific n- @ and non-
specific hydrophobicity induced interactions with biological relevant macromolecules
[4,5,6]. The high parallel conductivity of graphene as well as its strong physicochemical
interactions with biomacromolecules allows for monitoring activity bacterium, and its
secreted matrix of mucilaginous extracellular polymers (EPS), as bacteria typically form

what is known as a biofilm, a form of protection mode of growth for bacteria that can
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form on biotic surfaces, organic life, and abiotic surfaces such as epitaxial graphene as

shown in Figure 7.1 [7].

Inoculation Bacteria Growth/Biofilm Formation  Bacteria Death/Starvation

Pees

Figure 7.1 Illistrations of inoculation, growth and decay phase of bacteria on graphene

In the initial inoculation phase free-floating bacteria are governed by weak van der
Waals forces, where adhesion to the surface is temporary. In this phase the conductivity of
the graphene should change suddenly as cells attach and detach from the surface. As the
bacteria grow adhesion becomes permanent and colonies start forming on the surface.
From these colonies cells disperse and biofilm is formed. As cells disperse graphene
conductivity should change before reaching a saturation point, where the biofilm fully
covers the sample. As bacteria die, from antibacterial treatment of contaminated water for

example, conductivity observed should return to pre-inoculation values.

7.2 FABRICATION AND EXPERIMENTAL SETUP OF GRAPHENE BIOSENSOR

Biofilm ~
Wax C | | C Wax

Figure 7.2 Schematic of graphene biosensor with graphene exposed to bacteria.

96



On-axis, semi-insulating, 6H-SiC substrate was used to form EG on the silicon
face at ~1400°C in vacuum. A slide containing a 1cm x 1cm piece of EG with two copper
contacts was sealed leaving approximately 0.5cm x 0.5cm of EG exposed, as shown in
Figure 7.2, to be placed in the aqueous media. The organism used in this initial
experiment was Escherichia coli strain 25922. The surface charge of the bacteria was

measured at -36.27+4.95mV using a Brookhaven ZetaPALS electrophoresis technique.

Figure 7.3 CDC Biofilm Reactor used to grow biofilm

The reactor used to grow the biofilm is a CDC Biofilm Reactor made by
BioSurface Technologies Corporation (Bozeman, MT) as shown in Figure 7.3. The
reactor was stirred 400 rpm in room temperature with a flow rate of 0.1 mL/min. The
media used was "K12 Growth Medium" which consisted of 37 g/L EC Media (EMD

Chemicals, Gibbstown, NJ), in deionized water. Resistance of EG was measured prior to
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inoculation in media to exclude media contributions to change in conductivity. The
system was then inoculated with ~3 mL of E. coli and resistance measured for 7 days

throughout the growth of the biofilm.

Optical microscopy used to verify biocompatibility of bacterial on EG. Raman
spectroscopy was performed using a micro-Raman setup with laser excitation wavelength
at 632nm and a spot size of ~2 um to verify quality of EG before and after biofilm
growth. The Raman system was calibrated using the known Si peak at 520.7 cm™.
Reference blank SiC substrate spectra were scaled appropriately and subtracted from the
EG/SIC spectra to show only graphene phonon peaks. Confocal microscopy was used to
observe the number of live and dead cells throughout the growth of the biofilm on EG
using fluorescent dies and laser excitation wavelength of 488, with intact membranes

displaying green fluorescence and bacteria with ruptured membranes fluorescing red.

7.3 REAL TIME DETECTION OF BACTERIA BY CHANGES IN EG CONDUCTIVITY

The graphene sensor was placed into the growth media without bacteria to exclude
its contribution to changes in conductivity. Electrical resistance was unchanged after
placing it in media with a baseline of 2.3kQ measured across the graphene layer prior to
inoculation. The system was then inoculated with ~3mL of E. coli with the sensor
showing an immediate response to the presence of bacteria after inoculation, picking up
minute traces of the pathogen prior to the formation of a biofilm, showing an 8% increase

in electrical resistance in less than 5 minutes as shown in Figure 7.4.
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Figure7.4 Real-time sensing of bacteria interaction with graphene sensor showing
immediate changes in electrical resistance after inoculation.

Once a biofilm is formed, graphene furthers its ability to track the growth of
bacteria with increases in electrical resistances correlating directly with the growing
presence of bacteria. Graphene resistance increased before leveling off corresponding to
the saturation growth phase of the bacteria as shown in Figure 7.5. The major contributor
of this conductivity change is changes in doping of graphene due to cellular interactions.
Localized changes in pH caused by clumps of cells and the waste they produce (acetic

acid) in the biofilm are also a contributor to changes in conductivity.
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Figure 7.5 Growth of E. coli measured by changes in electrical resistance of epitaxial
graphene biosensor.

As the growth of the E.coli became limited by the size of growth reactor and
limited food supply, starvation and death of bacteria occurred. In death E.coli is no
longer able to significantly contribute to the conductivity of graphene in death as shown
in Figure 4, with a steady decline in electrical resistivity back to pre-inoculation values.
Decrease in electrical resistance was directly correlated to substantial death of bacteria on
the sensor confirmed by confocal microscopy as shown in Figure 7.7. The electrical

resistance of graphene change directly with bacterial activity on the surface,
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demonstrating its use as a sensitive, real-time sensor to the presence of bacteria and its

metabolic processes.

7.4 VERIFYING BIOCOMPATABILITY BY OPTICAL AND CONFOCAL MICROSCOPY

o s

40x E. coli gram stain on glass slide 40x E. coli biofilm on epitaxial graphene

Formation of Biofilm
on graphene confirmed

Figure 7.6 Gram stain of E.coli cells on glass slide and formation of E.coli biofilm on
epitaxial graphene

Formation of E.coli biofilm on epitaxial graphene was verified with optical
microscopy showing gram stained biofilm formation on EG surface as shown in Figure
7.6. To demonstrate bacteria biocompatibility with graphene, bacteria was stained with
fluorochromes, a fluorescent die that absorbs photons in the UV spectra (200-800nm) and
releases photons after light excitation, and observed with a confocal microscope. As
shown in Figure 7.7, E.coli was stained with fluorescein isothiocyanate (FITC), green for

living cells and 4',6-diamidino-2-phenylindole (DAPI) , red for dead cells.
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Initial formation of biofilm is observed 24 hours after inoculation corresponding
directly to the initial increase in electrical resistance. Dead cells are observed in what
appears to be a tear in the graphene layers suggesting toxicity at sharp edges as seen with
carbon nanotubes (CNTs). As the biofilm becomes more uniform as shown 144 hours
after inoculation, edges appear to not have any effect on the formation of the biofilm.
This is apparent by the increase in electrical resistance observed in Figure 7.5. Cell death
that was attributed to the decrease in electrical resistance to pre-inoculation was

confrmed by mass cell death observed by confocal microscopy.
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Figure 7.7 Confocal microscopy of bacteria growth on epitaxial graphene




7.5 SUMMARY OF GRAPHENE BIOSENSOR

It may be possible to differentiate different rates of change in electrical resistance
with different types of bacteria and surface charges, leading to the possibility of a bio-
detector capable of differentiating pathogen type simply by changes in conductivity of the
graphene. Efforts of treating the water source could also be monitored using this sensor
as death of bacteria can be monitored by decreasing of electrical resistance and could be
used as a guide as to whether water treatment is effective as well as when it is safe to
drink. This sensor has demonstrated the ability to monitor bacterial activity through the
measurement of graphene electrical resistance, which is not possible in bulk graphite and

allows for its usage as a sensitive, real-time technique for sensing bacterial activity.
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CHAPTER 8

CONCLUSION

The research presented in this dissertation focuses on the reactivity and
biocompatibility of graphene, towards the application of microbial fuel cells. Though this
work, chemical and biological reactivity of graphene were reviewed. We explored work
in molecular absorption/adsorption and sensing on epitaxial graphene. Previous work in
hydrogenation of graphene for hydrogen storage applications and bandgap engineering is
then explored in detail. As most of these methods are in situ and require thermal
annealing to desorb adsorbed hydrogen, an ex situ electrochemical means was developed
as a less expensive and possibly reversible means of hydrogen incorporation into

graphene.

A home-built electrochemical cell was designed and built to test hypothesis of
hydrogen adsorption via electrochemistry. Positive hydrogen ions in dilute acidic solution
are attracted to negatively biased EG where they are adsorbed and form C-H bonds with
graphene. Hydrogen adsorption by electrochemistry was proven by a detailed study using
Raman spectroscopy, Atomic Force Microscopy (AFM) and Scanning Tunneling
Spectroscopy (STS). Increases in sp® content, adsorption of hydrogen on the n-bonds of
sp? bonded graphene, was observed by increases in D peak intensity in the Raman spectra
and a fluorescence background was observed in hydrogenated material, which is only

observed in hydrocarbons. Stress and strain caused by changes in C-C bond length, from
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1.42 A'to 1.54 A, was observed not only by peak shifts in the Raman spectra but strain in
the graphene layer observed by AFM. Evidence of localized states was also observed by
STS, revealing that hydrogenation is not continuous throughout the layer but in clusters.

Possible substrate/sample dependence was also observed.

To overcome this substrate/sample dependence, catalytic metals, Gold (Au) and
Platinum (Pt) were deposited on the surface and concentration of hydrogen adsorbed on
graphene increased beyond that of hydrogenated EG without catalyst as catalytic metals
lower activation energy and offer additional pathways for hydrogen to adsorb. Samples
with gold nanoparticles were shown to have higher hydrogen adsorption than those with
platinum nanoparticles despite having lower catalytic activity than Pt by two orders of
magnitude. This could simply be due to nanoparticles adhesion or size during

hydrogenation.

Hydrogen desorption from electrochemically hydrogenated samples was
demonstrated, proving hydrogenation of graphene over damage. Electrochemical
reversibility was shown, revealing history dependence and lattice strain after each cycle
as observed by Raman. Mechanism of hydrogen adsorption of epitaxial graphene was
observed to be dependent on defects in EG as observed by cyclic voltammetry,
electrochemical impedance spectroscopy and Raman and an impedance model of the

electrochemical cell was derived from EIS measurements.

Lastly, biocompatibility of epitaxial graphene was demonstrated by fluorescence

confocal microscopy. EG bacteria sensor was fabricated with sensor responding
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electrically in real-time with bacteria and biofilm growth via changes in material

resistance.
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