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8:00am  GR+NS+PS+SS-ThM1  Tailoring Graphene’s Properties
through Chemistry, J.T. Robinson, Naval Research Laboratory INVITED
Graphene’s unique electron transport properties have motivated intensive
research and development to mold it into the electronic material of the
future. However, graphene can be much more than an electrical switch. Its
high structural integrity and chemical flexibility enable extensive control of
its optical, mechanical, and electronic properties. The most scalable and
inexpensive route to modify these properties is chemical functionalization.
Consequently, chemically modified graphenes (CMGs) have emerged as a
system of materials whose many attractive properties complement and
extend those of unmodified graphene.

In this talk I will describe efforts at NRL to synthesize and characterize new
CMGs as well as first steps towards applications such as sensors and
nanomechanical resonators. To begin, | will discuss the interaction of small
molecules (CCl,, CS,, H,0 and acetone) with single-layer graphene under
steady-state  conditions using infrared  multiple-internal-reflection.
Adsorption-induced changes in the IR spectra suggest the formation of in-
plane strain, where we observe important differences arising between
species that form liquid-like layers under steady-state conditions and those
that do not. Second, | will discuss graphene oxide, a well known derivative
of graphene that has a rich ensemble of oxygen-based functional groups and
related defects. These defects are readily tunable through chemical or
thermal treatments and facilitate the formation of vapor and bio-sensors
with parts-per-billion and nanomolar sensitivities, respectively. Third, | will
discuss the stoichiometric addition of fluorine atoms to graphene and
describe their resulting properties. Experiments indicate fluorinated
graphene derivatives become highly resistive and optically transparent,
while DFT calculations show band gaps open depending on the fluorine
coverage and ordering. Finally, through combining these two material
systems, | will discuss the fabrication and performance of CMG-based
nanomechanical resonators. Through chemical modification, the frequency
of CMG-based resonators is tunable over 500% and their quality factors can
exceed 20,000 at room temperature.

8:40am GR+NS+PS+SS-ThM3 Water Splits Epitaxial Graphene on
Ru(0001) from Domain Boundaries, X. Feng, S. Maier, M. Salmeron,
Lawrence Berkeley National Laboratory

Epitaxial growth of graphene on metal substrates has recently been
demonstrated as a rational synthesis route for producing macroscopic
graphene domains and may hold the key to realizing the potential of large-
scale applications. However, the epitaxial graphene is generally
polycrystalline, with domain boundaries that may severely affect its
structure and properties. Here we report that water adsorption splits
epitaxial graphene on Ru(0001) and results in nanoscale graphene flakes at
temperatures as low as 90K. Scanning tunneling microscopy studies
indicated that the splitting starts primarily from domain boundaries
followed by water intercalation underneath graphene. The mechanism
proposed is that Ru-induced water dissociation provides hydroxyl species
that break the graphene starting at the dangling and stretched bonds at the
boundaries.

9:00am GR+NS+PS+SS-ThM4  Novel Strategies for the Chemical
Functionalization of Graphene: Towards Graphene/Molecular
Nanosheet Heretostructures, A. Turchanin, C.T. Nottbohm, Z. Zheng, M.
Schnietz, A. Beyer, University of Bielefeld, Germany, M. Heilemann, M.
Sauer, Julius-Maximilians-University Wirzburg, Germany, A. Golzh&user,
University of Bielefeld, Germany

Chemical functionalization of graphene is essential for implementations of
the 2D carbon sheets in various functional devices (e.g. chemical and
biochemical sensors, nanoelectromechanical components, etc.) and for
tuning their electrical properties. However, the functionalization is difficult
to achieve due to the chemical inertness of graphene sheets with high
structural quality. On the other hand, ultrathin (~1 nm) molecular
nanosheets made from self-assembled monolayers (SAMs) possess well-
defined chemical groups intrinsically. Moreover, due to the directionality of
the constituting molecules both faces of the free-standing nanosheets -Janus
nanomembranes- can be independently and specifically functionalized.
Simple mechanical stacking of the nanosheets allows fabricating ultrathin

layered structures with tunable physical and chemical properties. Upon
annealing these stacks are converted into graphene sheets with adjusted
thickness. The engineering of graphene/nanosheet heterostructures opens up
novel routes towards chemically functionalized graphene sheets for
functional applications. A potential of this approach will be discussed.

Z. Zheng, C.T. Nottbohm, A. Turchanin, H. Muzik, A. Beyer, M.
Heilemann, M. Sauer, A. Golzh&user, "Janus nanomembranes: A generic
platform for chemistry in two dimensions”, Angew. Chem. Int. Ed. 49
(2010) 8493-8497

C.T. Nottbohm, A. Turchanin, A. Beyer, R. Stosch, A. Golzhduser,
“Mechanically stacked 1 nm thick carbon nanosheets: 2D layered materials
with tunable optical, chemical, structural and electrical properties”, Small 7
(2011) 874-883

A. Turchanin, D. Weber, M. Bienfeld, C. Kisielowski, M. Fistul, K. Efetov,
R. Stosch, T. Weimann, J. Mayer, A. Golzhauser, “Conversion of self-
assembled monolayers into nanocrystalline graphene: structure and electric
transport”, ACS Nano 5 (2011) DOI: 10.1021/nn200297n

9:20am  GR+NS+PS+SS-ThM5  Biosensors Based on Chemically
Modified Graphene, R. Stine, J.T. Robinson, P.E. Sheehan, C.R.
Tamanaha, U.S. Naval Research Laboratory

The sensitive and specific detection of biomolecules without using a label is
a long-standing goal of the biosensors community. Several promising
advances of the past several years formed biological field effect transistors
(bioFETS) that have as the gate nanoscale materials such as nanowires and
carbon nanotubes. The nanoscale dimensions of these materials allow the
small charges associated with biomolecules to significantly change
conduction through the gate. These conduction changes can be correlated
with solution concentration to give precise readouts. While bioFETs are a
promising way forward, there are many processing difficulties associated
with these 1-D materials that inhibit large scale, reproducible fabrication of
devices. Here, we will discuss our efforts to develop biosensors based on 2-
D chemically modified graphene. These devices impart the sensitivity gains
seen from other nanoscale materials, but offer a configuration that is
amenable to processing techniques that are common in the semiconductor
industry. We will focus primarily on chemically modifying graphene for
attachment of biomolecular probes. Devices utilizing both graphene and
graphene oxide will be covered, and surface spectroscopic studies of the
material modification will be discussed. Successful results for the detection
of specific DNA hybridization will also be presented, with detection limits
that compare favorably with the best results reported from nanowire
bioFETs.

Acknowledgements: R.S. is an employee of Nova Research Inc.,
Alexandria, VA, USA. This project received support from the Defense
Threat Reduction Agency-Joint Science and Technology Office for
Chemical and Biological Defense.

9:40am GR+NS+PS+SS-ThM6 Controllable Defect Healing and N-
doping of Graphene by CO and NO Molecules, B. Wang, Vanderbilt
University, S.T. Pantelides, VVanderbilt University and ORNL

Point defects alter strongly the physical and chemical properties of
graphene, e.g. they degrade electrical transport and enhance chemical
reactivity. Defects could also be used to achieve graphene functionalization,
e.g. N atoms, as n-type dopant, can be introduced to obtain n-type graphene.
Thus, controllable defect healing and N-doping in graphene would be very
valuable for potential device applications. Here we report first-principles
molecular dynamic simulations that suggest a procedure for defect healing
and N-doping with fast dynamics and low thermal budget. Vacancies in
graphene can be healed by sequential exposure to CO and NO molecules. A
CO molecule gets adsorbed at a vacancy site and a NO molecule
subsequently removes the extra O by forming NO,, which desorbs quickly
resulting in a defect-free graphene sheet. Controllable N-doping can be
achieved by sequential vacancy creation (e.g. by electron or ion beam) and
subsequent exposure to NO molecules at room temperature. NO molecules
are trapped at vacancies and other NO molecules remove the extra O atoms
simultaneously, leaving N atoms incorporated in graphene. Both reactions
(healing and doping) are exothermic. We suggest that a combination of CO
and NO molecules can potentially provide simultaneous healing and
doping. Adjusting the ratio could fine-tune the N-doping level. The
proposed strategy introduces no extra defects and is promising for
graphene-based electronic materials in radiation environments. Finally, we
propose that NHj;, which is normally used in experiments to introduce N
atoms, may not be a good choice for N-doping since the dissociated H
atoms can be trapped at vacancies and act as impurities that increase the
resistivity of graphene.
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This work was supported by DTRA Grant No. HDTRA1-10-1-0016 and the
William A. and Nancy F. McMinn Endowment at Vanderbilt University.
The calculations were performed at ORNL’s Center for Computational
Sciences.

10:40am GR+NS+PS+SS-ThM9 Aptamer Modified Graphene Bio
Sensor, K. Maehashi, Y. Ohno, K. Matsumoto, Osaka University, Japan
Since graphene has high mobility and a large surface area, it is suitable for
the application of the high sensitive sensor. In the present paper, we have
first succeeded in the selective detection of the bio molecule such as IgE
using the aptamer modified graphene FET.

The graphene was formed using the conventional mechanical exfoliation
method on the SiO 2 /Si substrate. The source and drain electrode were
formed by the electron beam lithography and Ti/Au evaporation. The
silicon rubber pool was formed on the fabricated graphene FET, and
phosphoric buffer solution was poured into the silicon rubber pool. The
Ag/AgCI reference electrode was introduced into the phosphoric buffer
solution, which works as a top gate electrode for the graphene FET.

As a first step of the biosensor, three bio molecule such as Immunoglobulin
E(IgE), Streptavidin(SA), and Bovine serum albumin(BSA) were
introduced into the phosphoric buffer solution of pH of 6.8, and the change
of the drain current of the graphene FET was detected. In this case, the IgE
and SA shows the decrease of the drain current, while the BSA the increase
of the drain current. Because, in the phosphoric buffer solution of pH of 6.8,
IgE and SA are positively charged, while BSA negatively charged.
Therefore, the hole current of the graphene FET change the drain current
following the charge of the bio molecule. As a result, bare graphene FET
can detect the bio molecule following the charge of the molecule, but it
dose not have the selectivity

As a second step, in order to get the selective sensing of the bio molecule,
the surface of the graphene was modified by the IgE aptamer, which was
connected to graphene using the linker(1-pyrenebutanoic acid succinimidyl
ester). IgE aptamer was known to selectively couple to IgE. When the BSA
and SA were introduced into the phosphoric buffer solution on the aptamer
modified graphene FET, there occurred no change in the drain current,
while the IgE was introduced in the solution, the drastic decrease of the
drain current was observed. This means the BSA and SA do not couple to
IgE aptamer, and only IgE couple to the IgE aptamer on the grapehne FET.
Therefore, the selective sensing of the IgE was successfully carried out.

We have first succeeded in the selective sensing of IgE using the modified
graphene FET.

11:00am GR+NS+PS+SS-ThM10 A Molecular Dynamics Study of
Chemical Modification of Graphene Oxide Sheets, T. Liang, B. Devine,
S.R. Philllpot, S.B. Sinnott, University of Florida

Graphene, the single-layered graphite, has attracted tremendous attention
owing to its fascinating physical properties. One of the main obstacles in
this field is to find an efficient and consistent approach to produce graphene
sheets in large quantities. In addition to the mechanical exfoliation method,
many chemical approaches have been developed to synthesize graphene on
a large scale. The key intermediate product in these chemical approaches is
the graphene oxide sheets, which are often heavily oxygenated with
hydroxyl or epoxide functional groups on the surface and carbonyl or
carboxyl groups at the edge. However the energetic and kinetics associated
with graphene oxide sheets have not been elucidated in detail due to the
inherent chemical complexity of the system. Here, a new dynamic charge
empirical potential is presented that is used in classical molecular dynamics
simulations to elucidate the dynamics of graphene oxidation and the
resulting influence on their mechanical and structural properties. In
addition, the oxygenating and hydrogenating processes of defective
graphene sheets at room temperature in addition to elevated temperatures
are presented. The findings are compared to the results of first principles
density functional theory findings and to experimental data.

11:20am GR+NS+PS+SS-ThM11 Enhancing and Controlling the
Chemical Reactivity of Epitaxial Graphene via Growth Induced Strain,
J.E. Johns, Northwestern University, Md.Z. Hossain, Gunma University,
Japan, M.C. Hersam, Northwestern University

The high electrical and thermal conductivity of graphene, as well as its two
dimensional nature, has led to its rapid incorporation into any practical
applications including high frequency analog transistors and transparent
conductors. However, many other potential applications, such as excitonic
switches, psuedospin devices, or digital logic circuits, require covalent
chemical modification of graphene. Due to the chemical inertness of its pi
bonded network, previous methods for covalently modifying graphene have
required extreme, irreversible conditions including acidic treatments, high
energy radical polymerization, and ion beam implantation. Here we present
an alternative method for increasing the chemical reactivity of graphene by
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systematically altering the compressive strain of epitaxial graphene (EG) on
SiC(0001). Depending on its annealing history, EG has been shown to have
a compressive strain of 0% to 1% due to a mismatch of thermal expansion
coefficients with the underlying buffer layer and silicon carbide substrate.
Using differing thermal treatments, we show that the amount of strain in EG
can be tailored, as verified by characteristic peak shifts of the 2D Raman
band. The resulting chemical reactivity of the strained EG is studied at the
atomic-scale using ultra-high vacuum scanning tunneling microscopy
following reversible gas phase reactions of EG with oxygen and fluorine.
These results suggest a new method for controlling the electronic properties
of graphene, and provide fundamental insight into the nature of chemical
bonding on EG.

11:40am GR+NS+PS+SS-ThM12 Plasma-based Functionalization of
Graphene with Primary Amines for Biomaterials Applications, S.G.
Walton, M. Baraket, S.C. Hernandez, R. Stine, W.K. Lee, C.R. Tamanaha,
P.E. Sheehan, J.T. Robinson, C.E. Junkermeier, T.L. Reinecke, Naval
Research Laboratory (NRL)

Graphene, a sp?structured monolayer of carbon atoms, has attracted much
interest for its fundamental science and its potential in many device
applications. By tailoring its surface chemistry, material properties can be
regulated and thus broaden the number of potential applications. In this
work, we demonstrate that by chemically functionalizing graphene the
electrical properties and its interaction with adsorbates may be controlled.
Electron beam generated plasmas produced in ammonia-containing gas, is
used to controllably introduce nitrogen and primary amines. A study of the
chemical, electrical and structural properties of the chemically-modified
graphene at different functional group concentrations is discussed. In
addition, the use of amine-functionalized graphene as a bio-sensing
platform for DNA detection using a field-effect-transistor-based sensor is
demonstrated. This work is supported by the Office of the Naval Research.
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