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Abstract
Graphene Chemistry: synthesis and modulation

by

Zhengzong Sun
This thesis investigates the chemistry of graphene from its basic synthesis to
further modulation of its structure, geometry and surface chemical functional
groups. A series of wet chemistry and dry chemistry experiments were performed.
The wet chemistry includes the diazonium salt functionalization, graphene
oxidation and reduction, nanotube unzipping chemistry, graphite intercalation and
exfoliation. The dry chemistry includes chemical vapor deposition and solid carbon
source synthesis of graphene, the control of domain size and stacking order,
graphene hydrogenation and lithographically patterned graphene superlattices.
With all these chemical approaches, graphene's electrical and optical properties,
solubility in organic solvents, crystallography, and chemical reactivity were
carefully investigated and discussed. In addition to the fundamental chemistry of
graphene, the bio- and environmental impact of this new material was also taken
into consideration and investigated.
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Chapter 1

INTRODUCTION

1.1. Introduction
Graphene can be viewed as less than 10 layers of graphitel. Hence,
monolayer graphene is single-atom-thick sheet of sp 2-carbon atoms, while bilayer
graphene is two sheets. Since graphene has a structure analogous to benzene and
polycyclic aromatic hydrocarbons (PAHs), the chemistries of the compounds can be
thought to be similar. Breaking and formation of conjugated sp2 C-C bonds (basal
plane) or sp 2 C-H bonds (edge) are important in this chemistry. To synthesize
graphene, various forms of carbon are transformed into the monolayer hexagonal
symmetrical conjugated sp2 structure. To chemically modify graphene, these sp 2
bonds are broken and new bonds are made to exogenic functional groups. However,
modification of the flat, rigid structure of graphene is challenging, because of the
necessity for overcoming the high energy barriers associated with intralayer
conjugation and interlayer Van de Walls forces, thereby usually requiring high
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temperature or energetic species to complete the reactions. Under moderate
reaction conditions, the yields of the reactions are usually low. For such reasons,
new synthetic procedures are needed to optimize graphene's structures and
manipulate its properties.
In this thesis we will focus on graphene chemistry that is targeted to produce
specific sizes, geometries, bandgaps, doping levels and/or functionalized addends,
all modifications that could be applied to the production of graphene-based
electronic and optical devices. Other direct applications, such as chemistry to
produce graphene-based composite materials and graphene-based nanomedicine
products will not be covered in detail in this thesis.

1.2. Synthesis of Graphene
Generally, a material's electrical and optical properties are closely related to
its size and dimensions. This is particularly reflected in the dimension control of
graphene, both vertically and laterally (Fig. 1.1). Zero bandgap semimetal graphene
was first discovered by mechanically reducing the thickness from 3D bulk graphite
to a 2D single layer sheet2• Soon after this, researchers found that graphene's
bandgap could be opened through gating bilayer graphene or shrinking its lateral
size to sub-10 nm narrow ribbons3· 4 . However, for most of these early studies, the
availability of mechanically exfoliated graphene sheets was limited due to the
extremely low yield; in addition, there was no control over graphene's spatial
structure. Since it is a mechanical process, there is no chemical method for
optimizing the synthesis of mechanically exfoliated graphene. Therefore, for a short
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time, graphene represented a precious material that was only available in picogram
quantities. Chemically oxidization and exfoliation of graphene oxide and its
reduction process produced a large quantity of graphene sheets called chemically
converted graphene (CCG), which increased the yield dramatically compared to the
mechanically exfoliated methodS- 7 . But this technique has its own drawbacks. The
harsh oxidization process interrupts the conjugation of graphene, thus requiring
additional chemical steps to convert the graphene oxide back to its pristine form,
which is never completely attainables. More than that, it is difficult to increase the
sheet size and control the geometry of the CCG to produce materials with varied
thicknesses and well-defined lateral structures as described in Fig. 1.
A

B
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Fig. 1.1 The manipulation of the geometry of graphene. Vertical control of

graphene from (A) few-layer graphene, (B) bilayer graphene to (C) monolayer
graphene. Lateral control of graphene from (D) plane sheet, (E) graphene mesh to (F)
graphene ribbons.
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1.2.1. Monolayer Large-Size Graphene

Monolayer large-size graphene could be used to make electronic devices such
as field effect transistors (FETs) through top-down lithographic approaches9. Also,
large size graphene could replace indium-tin-oxide (ITO) for transparent conductive
electrodes used in touch screen electronics; however, the graphene will likely have
to be used in concert with a metallic grid to rival the low resistance and
transparency of ITQlO,ll. Mechanically exfoliated graphene was generally produced
only in micron-size sheets, which makes it impossible to use for wafer-size device
manufacture 2• Fortunately, the ability to make larger sheets of graphene has been
improved using different methods, shown in Fig. 1.2. Sublimation of Si from SiC was
developed to make wafer size graphene, growing epitaxial graphene layers directly
atop the SiC substrates 12. In Fig. 1.2A, the outer hexagonal patterns in the lowenergy electron diffraction (LEED) suggest the crystalline structure of the epitaxial
graphene. The atomic force microscopy (AFM) image characterizes the continuous
surface morphology of graphene film after growth (Fig. 1.28). Although, this method
grows large sheets of graphene film directly atop the insulating substrate without
the need to transfer to another substrate, the SiC wafer is relatively expensive.
Moreover, the growth is performed at a high processing temperature ( -1400 °C)
under ultra high vacuum, thereby increasing the cost of energy used in the process.
The high temperature can also cause dopant migration or depletion in the silicon
wafer; therefore, if there is the desire for embedded electronics in the silicon layer, a
subsequent dopant injection would be required. Because there is relatively low
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single layer coverage, this technique needs optimization before mass production can
begin 13 .
The chemical vapor deposition (CVD) method uses gaseous carbon sources
such as CH4 or CzHz to deposit mono- or a few-layer graphene films atop transition
metal catalysts, such as Ni, Cu and Ru10,14·16. For varied metal substrates, monolayer
graphene has been synthesized and optimized with different coverage. By using a
single crystal metal surface, single crystal graphene is obtained 17. According to
these reports, Cu has produced the largest continuous high quality graphene films
due to its unique surface catalytic mechanism, which yields graphene with
monolayer coverage over 95% of the surface and crystal sizes as large as hundreds
of micronsta. In the first work that reported using Cu as the catalyst to grow
graphenels, shown in Fig. 1.2C and 2D, wafer-size graphene could be obtained and
transferred to both SiOz wafers and other transparent substrates, paving the way for
graphene-based electronics and optics applications. Other than gaseous carbon
sources, solid carbon sources such as poly(methyl methacrylate) (PMMA) also
produce monolayer graphene films atop metal surfaces (Fig. 1.2E). An additional
benefit of this method is that it operates at lower growth temperatures from 800 to
1000 oc and produces high quality graphene films19. However, both the CVD and the
solid carbon source methods need an additional transfer step from the metal
substrates to the substrate of choice before fabrication of the electronic device can
be completed. The wet etching and physical transferring steps produce inevitable
problems due to damage of the graphene; the electronic properties of the
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transferred graphene are degraded, scattering impurities can be introduced and
surface folding or breaking of the graphene can occur.

B

c

0
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1 em
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PMMNCu/ SiO:ISi

Graphene/Cu/SiO;/Si

Fig. 1.2 Wafer-size graphene synthesis for epitaxial graphene, CVD graphene

and solid carbon sources graphene. (A) LEED pattern (71 eV) of epitaxial graphene
and (B) AFM image of epitaxial graphene, showing extended terraces. (C and D)
Centimeters of CVD graphene films transferred onto a SiOz/Si substrate and a glass
plate, respectively. (E) Scheme for monolayer graphene derived from solid PMMA
films on Cu substrates by heating in an Hz/ Ar atmosphere at 800 oc or higher (up to
1,000 °C). (Reprinted from refs 12, 15 and 19.)
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Even with these different synthetic methods, the challenge to produce largesize monolayer graphene remains. One step that can be optimized is to find a
cleaner transfer of the graphene to another substrate and this has been done using
other polymers; alternately, a transfer-free method could be developed20,21. The
production of graphene with large domain size is also important. Graphene that is
grown on polycrystalline Cu has hundreds of micro-domain sizes, still far away from
wafer-size single crystals 1B. If a process could be developed that produced a larger
domain size, performance differences between graphene-based devices would be
minimized, a requirement for industrial mass production of graphene-based
electronics.

1.2.2. Graphene Ribbons and Meshes
Graphene is known as a zero-bandgap material. However, to be usable in the
existing semiconductor industry, a tunable bandgap is desirable. Theoretical and
experimental data has suggested that a bandgap could be opened in graphene
ribbons with a sub-10 nm width4. Similar to the discovery of graphene, the first
synthesis of graphene nanoribbons (GNRs) was accomplished through mechanical
exfoliation in solution, with an extremely low yield. 4 The synthesis of GNRs became
higher yielding after carbon nanotubes (CNT) were used as precursors 22·23. By
treatment in concentrated sulfuric acid, followed by with 500 wt% KMn04 for 1 h at
room temperature (22 °C) and 1 hat 55-70 °C, the CNTs (both single-wall CNT and
multi-wall CNT) are longitudinally unzipped22. The oxidation process produces
graphene oxide nanoribbons (Fig. 1.3A) in large amounts. By using a
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complementary process of metal intercalation (Fig. 1.38), GNRs without surface
oxidation can be synthesized and dispersed in solution in large lab batches22; the
potassium intercalation and splitting involves no harsh oxidation conditions,
thereby only forming GNRs with their conjugation largely intact24. Both of the
methods for synthesizing graphene oxide nanoribbons and GNRs produce the
products in much higher yield than the original mechanical exfoliation method. In
addition, the bulk production and the high solubility of the graphene oxide
nanoribbons and GNRs in solution promise a lower cost of mass production of
transparent electrodes, composite additives and even drug delivery vehicleszs.
Another route using CNTs as the precursors to make GNRs was developed by Dai, H.

et al. using a polymer (PMMA) mask and controlled 0 plasma etching to fabricate
GNRs directly atop SiOz/Si wafers 23. With the GNR-FET electrical measurement, the
sub 10 nm nanoribbons show quantum-confined semiconducting characteristics
with an Ion/loffratio of> 10 as predicted 23. Other than using CNT precursors, wafersized graphene can be thinned to sub-10-nm widths to open the bandgap.
Conventional lithographic methods are limited by the wavelength of the light and
the resolution of the photoresist, making it difficult to make sub-10 nm graphene
structures. Therefore, unconventional lithographic methods are used to make these
confined structures. With nanowires as a physical mask in oxygen plasma etching,
GNRs were successfully fabricated and tested on dielectric substrates 26. However,
each individual GNR must be located using an SEM and then fabricated into a device,
which makes mass production of devices very difficult. To solve this problem, a

t
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process using anisotropic hydrogen plasma etching to synthesize oriented arrays of
GNRs, preferentially producing zigzag-edged ribbons, was recently disclosed27.

A

B

c
Br

~ 2~C
Br

1

Fig. 1.3 Graphene nanoribbons. (A) Oxidation and (B) reduction approaches
to unzip CNTs into GNRs. (C) Bottom-up synthesis of GNRs from precursor 1 to
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straight GNR. STM images taken (D) after surface-assisted C-C coupling at 200 oc,
showing a polyanthrylene chain and (E) after the final cyclodehydrogenation step at
400 °C, showing a straight GNRs structure. (Reprinted from refs 22, 24 and 30.)

The production of graphene nanomeshes is another promising approach to
confine the graphene geometry and open the bandgap without the need for tedious
microscopy. Large-size graphene nanomeshes have been synthesized using selfassembled colloid spheres and a deposited metal mask to fill the space between the
spheres. After removing both the colloid spheres and the graphene underneath the
spheres, only the graphene mesh under the metal mask was retained 28 • The width of
the graphene mesh structure was manipulated by changing the diameter of the
colloid spheres or with reactive ion etching (RIE)29. In addition, using the organic
synthetic

strategy

of surface-assisted

C-C

coupling

(at

200

°C)

and

cyclodehydrogenation (at 400 oq (Fig. 1.3C), a variety of GNRs have been
synthesized using a bottom-up approach30. STM characterization confirmed the
width (<3 nm) and length (<100 nm) of the ribbons derived from bianthryl
monomers (Fig. 1.3D and E). Using these techniques, the lateral geometry of
graphene is well defined and optimized.

1.2.3. Graphene Thickness Control
Graphene with one or two layers (mono- and bilayer) are of the most interest
to the community. Since the electrical properties of graphene are closely related to
its thickness, controlling the thickness is as important as controlling the width.
Bilayer graphene has a tunable band gap, while monolayer graphene does not3 1. In
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addition, the stacking order and coupling between the graphene layers also affects
the electrical properties of the materia!3. It would be possible to use CVOsynthesized monolayer graphene as building block to produce the required
thickness through layer-by-layer transfer and stacking3 2 • However, without better
orientation techniques, this process would not produce AB (Bernal) stacked
graphene due to the random orientation between the two transferred layers. With
better control of the CVO system and solid carbon graphene growth, bilayer
graphene can be grown directly atop metal substrates19,33,34. Typically, bilayer
graphene is grown by feeding the growth system a higher rate of carbon or a lower
rate of reduction gases (Hz). The exact growth conditions vary from one system to
the next due to process differences. In Fig. 1.4A, CVO bilayer graphene could be
grown atop Cu substrates through deposition33. The presence of bilayer graphene
can be confirmed using both Raman spectroscopy and UV-visible spectroscopy
transmittance (Fig. 1.4B and C). For bilayer Raman spectra, the 20 peak (-2700 cm1) can be deconvoluted into 4 separated Lorentz peaks and the G peak ( -1580 cm- 1)
is about 0.8 of the 20 peak. In the UV-visible absorption spectrum, bilayer graphene
displays a transmittance of- 94% at 550 nm wavelength, compared to the 97% for
monolayer graphene 19. In selected area electron diffraction (SAEO) patterns of
Bernal bilayer graphene, the intensity ratio of the outer peaks from the {1-210}
planes is approximately twice that of the inner peaks from {1-100}33, 34.

12

0.12
c

268 nm, 0.109

0.10

0

~
0.08
I...
0

.2
<(

0.06
0.04

1,400 1,600

2 ,600 2 ,800

0.02 +--~---.---~----,---.------,
400
600
800
200

Raman shift (cm-1 )

D

1

Bilayer graphene

Wavelength (nm)

2

3

__....

__....

Patterning
1st Zn stripe

HCI
treatment

~

~

Patterning
2 nd Zn stripe

HCI
treatment

Fig. 1.4 Graphene thickness: bottom-up and top-down strategies. (A) CVD

method to grow bilayer Bernal graphene. (B) Raman spectra of few-layer, bilayer,
and monolayer graphene derived from PMMA and (C) the UV-visible absorption
spectra of monolayer graphene and bilayer graphene derived from PMMA. (D)
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Schematic illustration of the layer-by-layer graphene removal method. (Reprinted
from refs 19, 33 and 35.)
Most recently, starting with a multilayer graphene film, the desired graphene
thickness can be obtained through a top-down layer-by-layer removal technique, a
vertical lithographic method shown in Fig. 1.4035. In this method, only one layer at a
time is removed from multilayer graphene or graphene oxide flakes by covering
them with a sputtered Zn layer, followed by HCl etching. The technique provides a
vertical resolution of one carbon atom thick, about 0.34 nm based on the interlayer
graphene spacing. Contrary to the method using monolayer graphene as the
building unit to produce stacks of non-Bernal graphene, the layer-by-layer removal
technique does not change the crystalline orientation, therefore producing the same
stacking order as the originate graphite. With the lateral lithography and layer-bylayer removal techniques, there are now methods to manipulate the width and
thickness of graphene, with high resolution in both the lateral and vertical
dimensions.

1.3. Doping
In the semiconductor industry, not only is the bandgap important, but the
type of charge carriers present in the substrate are essential to the electrical
characteristics of the device. Pristine graphene displays ambipolar behavior in its
FET devices with a neutrality point at zero 2 • For silicon, the dopants (usually
phosphorus or boron atoms) provide an excess of electrons or holes as the charge
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carriers, producing both n-type and p-type semiconductors. Similarly, substitution
of carbon atoms in the structure of graphene with heteroatoms could produce a
material with either electrons or holes, exhibiting both n-type and p-type behaviors.
Since graphene with p-type behavior is easily made by the adsorption of small
molecules such as water from the air, n-type graphene is of the most interest
because it is more difficult to make 36. Several methods have been used to synthesize
nitrogen doped graphene. For example, during the CVD process, ammonia gas or Ncontaining molecules such as melamine can be introduced into the growth
system3 7,19. Indeed, N-doped monolayer graphene has been fabricated using this
method and the graphene FET devices exhibited typical n-type behavior. Due to the
intrinsic properties of C-N bonding, the N atomic concentration in monolayer doped
graphene is- 2% and it appears to be self-limiting19. Making graphene with higher
N content remains a challenge. Other than direct growth, chemical treatment of
pristine graphene films has also produced N-doped graphene. For example,
annealing reduced graphene oxide in ammonia gas atmosphere will produce Ndoped graphene flakes3B. Wafer-size N-doped graphene can also be prepared by
exposure of the pristine graphene to ammonium plasma3 9. Electrical annealing of
GNRs in ammonia gas will edge dope the GNRs and change their electronic
properties to n-type behavior4o. The chemical environment of the N in the graphene
lattices can be determined using XPS. For graphitic-type N, the N1s peak is located at
401.1 eV. The pyridinic-type N are also found in this N-doped graphene, which has
an N1s peak around 398.2 eV (Fig. 1.5A and 1.SB) 38 . Other than N doping,
heteroatoms such as B, P and Si are also promising candidates for graphene lattice
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substitution, but have never been successfully delivered as monolayer doped
graphene.
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Fig. 1.5 Graphene doping and hybrids structures. Characteristics of nitrogen-

doped graphene: (A) N1s Peak in the high resolution XPS spectrum fitted into a
lower energy peak (398.2 eV) and a higher energy peak (401.1 eV). (B) Schematic
representation of chemical environment of the nitrogen atoms in the N-doped
graphene. The 401.1 eV peak represents "graphitic" N and the 398.2 eV peak
corresponds to "pyridinic" N. Characteristics of h-BNC film (C) K-shell excitations of
B, C and N are revealed from the core EELS spectra and (D) atomic model of the
hybridized h-BN and graphene domains. Raman mapping of 12c and 13C hybrid CVD
graphene produced on (E) Cu with surface catalyst mechanism and (F) Ni with
precipitation mechanism. Insets are the atomic models for the 12 C and nc hybrid
structures. (Reprinted from refs 38, 41 and 42.)
There are other two unusual doping methods that substitute carbon atoms
without breaking the structure of pristine graphene. The first is the h-BCN hybrid
films, discovered by Ajayan41 . By simultaneously supplying a CVD system with C and
BN sources (methane and ammonia borane, respectively), the 20 monolayer h-BCN
hybrid film was grown atop a Cu foil. In this new material, the presence of boron and
nitrogen atoms are confirmed by the electron energy loss spectroscopy (EELS); the
carbon atoms of graphene are replaced with continuous h-BN patches (Fig. l.SC and
SD). Since the composition of the BN and C phases could be tuned, the hybrid film's
'

electrical behavior can be distinguished from pure graphene films 41 . Unique
electronic properties are expected if the BN-graphene patterns can be controlled
rather than containing randomly distributed domains. The other method for special
doping is the 13C replacement of 12c during CVD graphene growth42. Because the
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same vibration modes of 13C and 12C atoms appear as different peaks in their Raman
spectrum, this "doped" material is used to interpolate the CVD growth mechanism
with alternate carbon isotope growth. With the Raman mapping of different carbon
isotopes in Fig. l.SE and F, graphene growth on Ni and Cu displays different growth
mechanisms: Cu shows a surface catalytic mechanism while Ni exhibits a
precipitation mechanism for the growth of graphene42.

1.4. Surface Covalent Functionalization
Graphene is a chemically inert material, stable in air up to 200 °C43, therefore
it needs relatively high energetic species to break its sp 2 bonds and initiate
functionalization reactions. Atomic H generated with a hot tungsten filament has
enough reactivity to reduce the graphene to graphane (Fig. 1.6A) 44. The first
successful hydrogenation was performed on mechanically exfoliated graphene and
the success of the hydrogenation was confirmed by comparing both electrical
measurements and SAED patterns of the graphane to those for graphene45 . Typical
hydrogenated graphene shows a p-type behavior according to its electrical tests
with an insulator transition. Specifically, for patterned hydrogenation of graphene
on Ir(111) substrate, a bandgap opening around the Fermi level of at least 450 meV
was observed46. However, with more reactive H plasma, graphene was etched with
zigzag preferred edges27.
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Fig. 1.6 Covalent chemistry to functionalize graphene basal plane and edges.

(A) Scheme of graphene hydrogenation. (B) Atomic model of graphene oxide with a
((green" conductive graphene pathway. Red spheres represent oxygen atoms. (C)
Soluble graphene flakes with an edge aryl functionality derived from diazonium
functionalization of graphite followed by solution exfoliation. (D) Azide reaction on
graphene. (Reprinted from refs 44, 49 and 52.)
Aryl diazonium salts are one of the moderately reactive species used to
covalently functionalize graphene. The functionalization reaction is thought to
proceed through a free radical mechanism. Graphene substrates originating from
different chemical processes have varied reactivity toward aryl diazonium salts. For
example, CCG, which is made from reducing graphene oxide, shows very high
reactivity to the diazonium salts, with both the basal plane and the edges becoming
functionalized 47 . Epitaxial graphene grown from SiC is also efficiently surface
grafted by functionality using diazonium salts 4 8. However, the diazonium reaction
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with graphite or mechanically exfoliated graphene

shows preferentially edge

reactivity49·so. Soluble graphene could be obtained through the exfoliation from
such edge functionalized graphite (Fig. 1.6C). The kinetics of the functionalization on
CCG with diazonium salts was investigated by tracking the changes in electrical

properties of graphene-based FET devices and the results showed that the reaction
was 60% complete in the first 5 minst. Azide chemistry is another functionalization
approach similar to diazonium chemistry (Fig. 1.6D). The reactive intermediates are
nitrenes formed from themolysis or photolysis of azidessz.
Strain and topological defects affect the covalent reactivity of graphenes3,54.
The ideal graphene structure is a flat single crystal with no defects, which would be
uniformly reactive everywhere on the sheet except at its edges. However, in
synthesized graphene sheets, ripples and topological defects exist, which affect its
chemical reactivity. It was found that the strained and defective graphene spots are
more reactive than the domains located in a perfect, flat basal planes3,s4. This is
consistent with the results found in the diazonium reaction with different graphene
substrates.
The oxidation of graphene using Hummer's method (KMn04, NaN03, HzS04)
represents a non-controllable way to covalently functionalized the basal plane of
graphene since GO is cut into small pieces with potential topological holes on its
surface. Most recently, methods have been developed to optimize the synthesis of
GO and graphene oxide nanoribbons with much lower defects5 5,56. This optimized
method excludes the NaN03 and increases the amount of KMn04, and is performed
in a 9:1 mixture of HzS04/H3P04. The electrical and TEM measurement suggest that

----------------
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the basal plane of the GO is less disrupted than when using Hummer's method, and
the yield in the optimized reaction is much higher.

1.5. Future Challenges
Even though the field of graphene research is still in its early stages, a
blooming and active branch of chemistry and techniques have been developed with
the number of publications growing rapidly in the past few yearss7. The remaining
scientific goals for this material are no longer, How it can be synthesized? Or, can its
electronic properties be predicted? Instead, chemists are being called to make
"purer or hybrid" large crystalline graphene sheets; to optimize the transfer
technique to the active substrate after synthesis (or avoid transfers altogether); to
manipulate this large single molecule's physical shapes and properties; and finally
to make commercial products that work faster, more efficiently, save energy or
transfer energy. As one of the few nanomaterials that bridge the low dimensional
and the 3D worlds, graphene offers chemists unique challenges and opportunities to
broaden the application of chemical techniques to a new material domain.
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Chapter 2

SOLUBLE GRAPHENE THROUGH EDGESELECTIVE FUNCTIONALIZATION

2.1. Introduction
Graphene is defined as sheets of sp 2-hybridized carbon, where the number of
stacked sheets is <10 1. The production of chemically converted graphene from the
reduction of graphene oxide is a convenient method to produce large amounts of
grapheneZ-4, however, even with efficient reducing agents such as hydrazine or Hz,
and annealing at high temperature, the original crystalline structure of graphene is
not restored. Graphene oxide is heavily functionalized with many permanent
chemical defects, such as holes introduced into the basal plane. These holes are not
readily healed even upon annealing. Micromechanically cleaved graphene affords
crystalline single sheets of graphene using highly ordered pyrolytic graphite and
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29.
adhesive tapes. While this method opened an avenue for many fundamental studies,
it is likely impossible to scale for the production of larger quantities.
The exfoliation of graphene in the liquid phase, by continuously sonicating
graphite in a high surface-tension organic solvent6, 7, is another route to obtain
mono- or few-layered sheets of graphene that are suspended in a dark mixture.
However, the suspended graphene sheets tend to aggregate due to the lack of
stabilizing groups such as surfactants or polymers to reduce interlayer attractionss.
Because of significant

TI-lt

interactions, unlike graphene oxide and chemically

converted graphene, liquid phase exfoliated graphene cannot be stabilized as a
concentrated mixture.
Chemical vapor deposition (CVD) techniques have been used to grow thin
and highly crystalline graphitic layers atop catalysts9,lo. At elevated temperatures,
methane or other volatile carbon precursors are decomposed on metal catalysts,
such as Ni or Cu, in a reductive atmosphere to produce graphene 11 . Epitaxial growth
by annealing SiC at temperatures as high as 2000

oc

produces graphene that is

deposited directly on the SiC wafer12-14. This method is referred to as chemical solid
deposition (CSD) since the precursor is a solid rather than a gas. While these
growth methods, coupled with patterning, will likely be among the dominant growth
methods for future wafer-size high performance graphene electronics, generating
bulk scales of few-layered graphene for other materials applications will be
problematic using the CVD and CSD approaches.
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Recently, chemically converted graphene was successfully functionalized
using diazonium salts and the product showed improved solubility in polar aprotic
organic solvents compared to unfunctionalized chemically converted graphene 1s. In
this chapter, thermally expanded graphite is predominantly edge-functionalized
with 4-bromophenyl groups using in situ formation of the corresponding diazonium
salt from 4-bromoaniline. Mild sonication in N,N' -dimethylformamide (DMF) then
exfoliates thin chemically-assisted exfoliated graphene (CEG) sheets from the bulk
functionalized graphite. CEG is more soluble than pristine graphene in DMF. In
addition, more than 70% of the CEG flakes have less than 5 layers. The edge
functional groups are detected by elemental mapping using energy filtered
transmission electron microscopy (EFTEM). By taking advantage of the edgeselective functionalization, and low basal plane disruption, a bulk preparation of
soluble yet more conductive graphene has been demonstrated.

2.2. Protocol for Chemical-Assisted Exfoliation

Br- Q -NHz

sonicate for 1 h

NaN0 2 , AIBN
CIS0 3 H

centrifuge for 1 h

80- 90 °C, 1 h
Expanded Graphite

Functionalized Expanded Graphite

Chem ically-Assisted Exfo li ~ ted
Graphene
'
(CEG)

Scheme 2.1 Production of chemically-assisted exfoliated graphene (CEG)
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Scheme 2.1 shows the experimental procedure for making CEG. Expanded
graphite was first dispersed in chlorosulfonic acid, showing a relatively high
solubility of 0.97 mgjmL. The diazonium salt was formed in situ from 4bromoaniline in the presence of sodium nitrite and a catalytic amount of
azobisisobutyronitrile (AIBN) and 4-bromophenyl groups were grafted mainly on
the exposed edges of the expanded graphite flakes to produce functionalized
expanded graphite. Because the diazonium salt of 4-bromoaniline is a relatively
bulky molecule, it does not penetrate and react to the same degree with all of the
graphene surfaces. In addition, the edges of the expanded graphite are more
accessible than the interior basal plane surfaces that are stacked with strong n-n
interactions. After 1 h of bath sonication of the functionalized expanded graphite
flakes in DMF and 1 h of centrifugation at 3200 rpm, the CEG was collected from the
supernatant. The functionalized CEG was much more soluble in DMF than the
expanded graphite, as shown in Fig. 2.1.

32:

Fig. 2.1 CEG structure (gray: C atoms; red: Br atoms; white: H atoms). The

inset shows the expanded graphite control supernatant (right vial) and the CEG
supernatant (left vial) after both had been treated by sonication and centrifugation
in DMF.
As shown in the inset to Fig. 2.1, expanded graphite and CEG were sonicated
separately (ultrasonic cleaner Cole-Parmer model 08849-00) for 1 h in DMF,
followed by centrifugation for 1 h at 3200 rpm (Adams Analytical centrifuge CT3201) and the supernatant was decanted from the solid. The supernatant on the
right in the inset to Fig. 2.1 is the expanded graphite control while the vial on the left
holds the CEG supernatant; it has a much darker color and has remained stable for
more than 3 months, indicating that the CEG is soluble in DMF while expanded
graphite is poorly, if at all, soluble. The presumed CEG structure is shown in Fig. 2.1
with functional groups around the edges.

2.3. Functionality and Quality of Graphene Films
The CEG was analyzed by X-ray photoelectron spectroscopy (XPS), as shown
in Fig. 2.2. The XPS spectrum had a Br 3d peak at 71 eV; unlike 4-bromophenyl
diazonium functionalized chemically converted graphite (3.2% Br)1 5, much less
bromine was detected in the CEG (0.4%). Also, the sharp and symmetric C 1s peak at
285 eV confirmed the presence of a graphitic structure with minimal oxidation,
indicating that a large number of crystalline domains remained after the reaction.
Energy dispersive X-ray spectroscopy (EDX) was used as a supplemental technique
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to investigate the Br concentration on single-sheet CEG flakes. The Br concentration
varied from 0.56% to 0.6 7%, values that are comparable to the values obtained by
XPS.
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Fig. 2.2 XPS analysis of CEG. (a) High resolution C 1s peak (black) is fitted

with C-C peak at 284.5 eV(green) and C-0 or C-Br peak at 256 eV (purple). (b) Br
3d peak. XPS was carried out on a PHI Quantera SXM Scanning X-ray Microprobe
with a base pressure of 5

x

10-9 Torr, with an AI cathode as the X-ray source set at

100 Wand a pass energy of 140.00 eV (survey scan) and 26.00 eV (high-resolution
scan), 45° takeoff angle, and a 100 11m beam size.
The crystalline structure of the CEG was confirmed by normal-incidence
selected area electron diffraction (SAED) labeled with the Miller-Bravais (hkiTJ
indices, as shown in Fig. 2.3. Fig. 2.3a shows a clear hexagonal electron diffraction
pattern taken from a single-layer CEG. For single-layer graphene, the {2110} spots
appear to be less intense relative to the {1100} spots s. The SAED of two stacked CEG
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layers with a twist angle between the layers is shown in Fig. 2.3b. All CEG samples
show a typical AB stacking structure.

Fig. 2.3 Selected area electron diffraction (TEM) of (a) a single layer of CEG,

and (b) two single-layer CEG flakes stacked with a slight twist angle. The ratios of
the intensities of the {2110} and {1100} diffraction peaks are <1, which is a
signature of graphene.
Analysis by high resolution transmission electron microscopy (HRTEM, JEOL
2100F field emission gun transmission electron microscope) was used to estimate
the thickness of the CEG by focusing the HRTEM on the edge of the sheets. In Fig. 2.4,
all four samples have fewer than 10 layers, which is consistent with the definition of
graphene, where <10 layers is termed ((graphene"

1.

Single-layer graphene must be

imaged carefully since electron irradiation can easily generate defects (sp 3 C) in the
graphene sheet 16. The treated fast Fourier transform (FFT) HRTEM image (Fig. 2.4e)
displays the lattice structure of a fou r-layer CEG overlaid with a polycyclic aromatic
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hydrocarbon model. CEG has fewer defects than graphene oxide and chemically
converted graphene 17, and thus the polycyclic

a~omatic

hydrocarbon model is a

viable simulation of the structure. Crystalline graphene edges can be assigned as
having either zigzag or armchair configurations 1 8, 1 9. Energetically, zigzag edges are
more stable than armchair edges 18. Therefore, the reactivity sequence of edge C
atoms should be: dangling C > armchair C > zigzag C. The edge structure was also
simulated and overlaid on the image. As shown in Fig. 2.4e, the white and black lines
represent zigzag and armchair directions, respectively. The real edges are marked
with red and green lines. However, based on the HRTEM results, the CEG edges
analyzed are neither strictly zigzag nor armchair, except for a few small zigzag
fragments.

Fig. 2.4 HRTEM of the edges of various CEG samples. (a) Single-layer CEG; (b)

two-layer CEG; (c) three-layer CEG; (d) six-layer CEG; (e) simulated four-layer CEG
edge (inset is the FFT) overlaid on an HRTEM; the white line is the zigzag direction
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while the black line shows the armchair direction. The red and green lines indicate
the direction of real edges.
There are several reasons for problems with the graphene edge simulation.
First, the simulated edge may not be the real edge of the CEG, since functional
groups and heteroatoms attached directly to the edges would blur the graphene
boundary. It is difficult to differentiate functional groups from the graphene
backbone by ordinary HRTEM. Secondly, defects and functional groups on graphene
determine its surface profile. Vacancies and sp3 bonds interrupt the conjugation and
make the graphene surface buckle over short ranges. This is different from longrange roughness due to the intrinsic flexibility of single graphene sheets 2 o, which
can be overcome by tilting and focusing on a small area. Lastly, short-range surface
fluctuation, especially curvature around the edge, will change the direction of the
edge line and make its edge structure unpredictable. Single- and few-layer graphene
sheets are sensitive to their chemical and physical environment, and form ripples on
the nm-scale. However, the simulated model is ideally flat and does not take into
account the effects of rippling on the edge configuration. As shown in Fig. 2.4e, the
edge of the graphene sheet is pointing out of the plane and appears to be rippled.
The Raman spectrum of the expanded graphite, as shown in Fig. 2.5a, has a
weak 0 band around 1375 cm- 1 and relatively strong G and 20 bands at 1585 and
2700 cm-1, respectively.

The 0 band could be ascribed to defects induced by

thermal expansion and edge functionalization 21 . After the diazonium reaction, the G
and 20 peaks in the spectrum of bulk CEG films (Fig. 2.5b) kept their intensity and
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shape, which indicates that the quality of graphene was largely preserved. The D
band increased slightly in size, presumably because the CEG contained more
functional groups than the expanded graphite. Compared to graphene oxide or
chemically converted graphene, which have larger DfG ratios

15 ,

the CEG has a

relatively small DfG ratio of ""'0.1. This is consistent with the XPS results in
suggesting that the CEG was lightly functionalized.
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Fig. 2.5 (a) Raman spectrum of the expanded graphite before functionalization; (b)
Raman spectrum of bulk CEG films. Spectra were obtained on a Renishaw Raman
Scope at 514 nm Arion laser excitation at a laser power of 5% on a dry solid sample.
The electrical properties were measured on a CEG device built by e-beam
lithography (GEOL 6500) using a Pt two-probe method. The sheet resistance was
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about 560 .Qjsq (see Fig.2.6). The high conductivity shown by the CEG device was
indicative of a material with few defects in the basal plane s - 10.
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Fig. 2.6 1/V curve (left) of a CEG flake between two Pt electrodes (S= source;
D= drain) that was made bye-beam lithography and the height profile (right) along
the edge of the flake. Inset is the SEM image of the structure. Scale bar is 1

~m.

The

sheet resistance (Rs) is about 560 .Qjsq. The 1/V data was obtained using an Agilent
4155C semiconductor parameter analyzer at room temperature under vacuum (10-6
Torr). The thickness of the flake is about 7. 7 nm.

2.4. Edge Selectivity of Functionalization
One multi-layered expanded graphite flake has only two exposed faces.
Except for their edges, functionalization of the faces of the inner sheets is retarded
since the reagents cannot readily gain access to the spaces between the sheets. That
the CEG sheets have more functional groups around their edges can be confirmed by
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electron energy loss spectroscopy (EELS). Using elemental mapping under the
energy filtered TEM (EFTEM) mode, the distribution of Br substituents can be
directly obtained from the TEM image. Fig. 2.7a shows the zero loss TEM image of
CEG. Fig.s 2.7b and 6c are the mapping of the C (Kedge at 284 eV) and Br (M4s edge
at 69 eV) elements present in the CEG flake. Therefore, based on the EFTEM images,
the 4-bromophenyl functional groups are, in large part, bonded within ,. . , 70 nm of
the edges of the CEG. It is this region that produces most of the Raman D signal

22 .

Because the thermal expansion process opens the expanded graphite edges to a
certain extent, the functionalization reagents penetrate into that limited depth and
graft on those near-edge planes. The edge selectivity is directly related to the
degree of exposure of the interior basal planes to the functionalization reagent.

Fig. 2.7 EFTEM of CEG flakes: (a) zero loss image, (b) C mapping (C Kedge

at 284 eV), and (c) Br mapping (Br M45 edge at 69 eV). Scale bars are 100 nm. Note
the elemental highlights near the edges. Br is only observed within --70 nm of the
edge.
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2.5. Efficiency of Chemically-Assisted Exfoliation
The solubility of graphene could be increased by adding an external stabilizer.
For example, 0.015 mgjmL expanded graphite can be dispersed in DMF with excess
tetrabutylammonium hydroxide (TBAH) 2 3. For CEG, with only a few functional
groups on the edge, its solubility varies from 0.01 to 0.02 mgjmL in DMF, without
the need for exogenous stabilizers. Due to graphene's large surface area and flexible
planes, when large flakes were prepared for TEM by pi petting the CEG solution onto
a 300 mesh lacey carbon grid, the flakes stacked or folded. Therefore, the TEM
analysis was performed only on small flakes to estimate the number of layers per
flakes. The TEM-generated histogram (Fig. 2.8) shows that> 70% of flakes have< 5
layers and about 10o/o are single-sheet. This is comparable with the liquid phase
exfoliation method

24,

which reported > 63% of flakes with 1-5 layers.
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Fig. 2.8 Histogram of number of layers per CEG flakes counted by TEM over a

commonly characteristic domain of study.

2.6. Morphology of CEG
The CEG sample was deposited directly on a lacey carbon TEM grid for SEM
analysis. According to the SEM data (Fig. 2.9), the CEG flakes usually have a size
around 1 IJ.m. Some larger flakes could be visualized under an optical microscope on
a 300 nm-thick layer of SiOz atop a Si wafer (Fig. 2.10). These flakes were noted in
the final solution even after centrifugation. They are likely to have more functional
groups that stabilize them in the DMF. The thickness of the CEG flakes was
measured by atomic force microscopy (AFM, Digital Instruments Nanoscope III A, in
tapping mode). Fig. 2.11 shows a height mode scan of a CEG solution spin-coated on
mica. With a height of 1.7 nm in Fig. 2.11a and 1.4 nm in Fig. 2.11b, the CEG shows a
thickness of 1 to 2 layers, which corresponds well to the TEM measurements.
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Fig. 2.9 SEM image of CEG flake atop a lacey carbon grid. Scale bar is 250 nm.

a

1

Fig. 2.10 Optical microscope image of CEG flakes (a) on glass slide (b) on
300-nm-SiOz film atop Si wafer.
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Fig.2.11 AFM of CEG on mica. (a) The edge of the image is 4 11m and the

vertical distance marked is 1. 7 nm; (b) the edge of the image is 2.5 Jlm and the
vertical distance is 1.4 nm. The bottom plots show the height profiles along the
black imaged lines above.

2. 7. Conclusions
Expanded graphite can be converted via functionalization to CEG that is
stable in DMF solvent without any added stabilizer. As established by EFTEM
elemental mapping, these CEG sheets have functional groups predominantly bonded
within 70 nm of the edges and retain the pristine graphene structure in the interior
basal planes. Because of CEG's unique structure, its solubility is higher than that of
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pure graphene, but CEG has no need for the addition of surfactants to increase its
solubility. The microscopy data indicates that more than 70% of the CEG flakes are<
5 layers thick. In addition, the CEG preparation method is simpler than the multistep method needed for preparing graphene oxide followed by reduction to
chemically converted graphene. The process for preparing CEG is a promising
method to achieve a high yield of soluble graphene.
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Chapter 3

OXIDATION, UNZIPPING,
INTERCALATION AND EXFOLIATION
CHEMISTRY

3.1. Introduction
Diazonium chemistry can functionalize graphene edges and enhance its
solubility!, while other wet chemistry such as oxidation, unzipping, intercalation
and exfoliation are also promising protocols to functionalize and process this unique
material, which is especially useful for the bulk production of graphene. With this
purpose, the functionalization and processing of different forms of carbon materials
such as MWCNTs, SWCNTs, carbon black and graphite flakes were investigated
using these chemical procedures. The final products' properties were carefully
studied with different microscopic techniques.
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3.2. Carbon Black Oxidation
One of the most common carbon nanomaterials is carbon black, which is
widely used as a pigment and reinforcement in rubber and plastic products 2• Carbon
black can have a wide size distribution, which has been optimized and selected by
industry based on the application. Two different carbon black samples from CABOT
were investigated, Vulcan 9A32 (24-33 nm) and Sterling NS1 N762 (70-96 nm).
Inspired by the graphene oxide chemistry3, 4, we sought to make nanoparticles of
oxidized carbon from these nano-sized carbon particles, which hold great promises
for nanomedicine applicationss. The oxidized carbon blacks (OCB) were made using
the same procedures as that we used to make graphene oxides 3· 4 • Compared to
graphite oxide, which is oxidized and exfoliated from graphite flakes, only the
outside surface of carbon black could oxidized, while its core remains pristine (Fig.
3.1). No exfoliation is observed for OCB. These harsh oxidations modify carbon
black's surface properties by adding carboxylic groups. These carboxylic groups
could serve as an "anchor" which could bridge with other functional groups. The
functionalized radius is obvious under TEM and labeled with red lines (Fig. 3.1).
Around 3-4 nm of the carbon black surface becomes more amorphous than its
inner sphere, suggesting that abundant functional groups such as carboxylic,
epoxide and hydroxyl groups accumulate on it. The surface elemental analysis using
XPS allows us to determine the oxygen atomic concentration of -35.5%. The
Staudenmaier method has a higher carbon black oxidation level of -40% oxygen.
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Modified Hum 111ers m etl1od
H2S04 . KMn04
carbon black

HOOC ./

90° C, 2h

Fig. 3.1 Carbon black oxidation using a modified Hummers' method6. (a)
Original carbon black with 1 or 2 layers of surface disruption. (b) Oxidized carbon
black with ,..., 4 nm of surface disruption.

3.3. Graphene Nanoribbon Unzipping
Besides carbon black, we also found that bulk CNTs dispersed in
concentrated sulfuric acid (HzS04) can be longitudinally unzipped into graphene
oxide nanoribbons (GONRs) using the modified Hummers' method 6. The bulk
production of the GONRs is confirmed by SEM in Fig. 3.2.
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0

Modified Hummers' method
H2 S04

KM n 0~4

55°C

ooc

H

MWC Ts

Fig. 3.2 SEM of GONRs produced by modified Hummers' method.
Using this unzipping protocol on CNT device structures, a direct on-chip
conversion of the tube into a ribbon-based device was achieved. To produce the CNT
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devices here, we used commercial multiwalled CNTs (MWCNTs) from Mitsui & Co.,
Ltd. as the source material (Endo's method, Lot No. 05072001K28). The MWCNTs
were first ultrasonically dispersed into chloroform (CH3Cl), and then the dispersion
was spin-coated onto 200-nm oxide/silicon substrates. Through this method, the
MWCNTs can be assembled on the substrates as individuals. We then fabricated
devices bye-beam lithography atop the isolated MWCNTs using platinum (Pt) films.
The electrode-bound MWCNTs were then prepared for oxidative unzipping. In a
typical protocol, concentrated HzS04 (10 mL) in a bottle was placed in an oil bath at
55 °C, and then KMn04 (100 mg, 0.63 mmol) was added. After the mixture was
stirred to produce a solution, the fabricated MWCNT devices were immersed in the
solution. Following the 90 min reaction, the devices were removed and rinsed with
deionized (DI) water and dried in a gentle nitrogen gas flow.
It has been shown that graphene oxide (GO) starts losing oxygen when
heated to about 200 °C; heat can therefore be used to reduce GONRs to nanoribbons
(NRs). To reduce the unzipped devices, we heated the samples at 350

oc

for 6 h

under H2 and Ar. The morphologies of the devices were characterized with SEM
(GEOL 6500) and AFM (Digital Instruments Nanoscope III A, in tapping mode).
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Fig. 3.3 Morphology analysis of a typical device. (a) SEM image of a MWCNT-

based device before oxidative unzipp ing. The inset is a magnified SEM image of the
MWCNT, indicating the diameter of the MWCNT is about 70 nm. (b) SEM image of

the same device after oxidative unzipping to form the nanoribbon structures. (c)
AFM image of the portion of the nanoribbons in the red box in b. (d) Height profile
along the line shown in c, indicating that the thickness of the nanoribbon is 0. 9 nm
and therefore most likely single-layered.
Fig. 3.3a shows a SEM image of a typical MWCNT device. And Fig. 3.3b is the
SEM image of the same device as in Fig. 3.3a after reaction with KMn04. It is obvious
that treatment has changed the device. Whereas before treatment the MWCNT
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between the two electrodes was tens of nm in width, after the treatment it was
hundreds of nm in width. At either end nearest the electrodes the MWCNTs partially
or wholly retained their structure, similar to a ribbon that has had both ends closed
into cylinders. The portions of the MWCNTs under the Pt electrodes were protected
from unzipping, preserving the electrical contact between the electrodes and the
MWCNTs. It is difficult to microscopically assess whether the smallest diameter part
of the MWCNT had unzipped along the entire channel length or whether the imaged
line in Fig. 3.3b is part of a stacked-ribbon edge; however, the large excess of KMn04
and the extended time of the reaction would suggest that the smaller diameter, and
hence more oxidatively reactive portion of the MWCNT, would also be converted
into a nanoribbon. As seen in Fig. 3.3b, the unzipped MWCNT is comprised of
undulating flattened structures. In the portion indicated by the red square, there are
two narrow nanoribbons attached to the main nanostructure. Atomic force
microscopy (AFM) in tapping mode was used to characterize the area in the box, and,
as shown in Fig. 3.3c and d, the thickness ofthe nanoribbon is 0.9 nm. This thickness
is close to the reported theoretical and experimental values for the thickness of
single-layer GQ7, s, and in further accordance with previous evidence from this
oxidative protocol showing the formation of GONRs from MWCNTs 6 •
Fig. 3.4 shows the los-Voscurves of a typical device at different stages. As
shown in Fig. 3.3, the sections of the MWCNTs under the electrodes in the device are
protected from unzipping, so that the contact between the electrodes and the
nanostructure should not be changed. Thus, the changes in the electrical properties
of the devices are due mainly to modifications of the MWCNTs between the two
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electrodes. The MWCNT -based device shows excellent metal conductivity before
unzipping and good Ohmic contact between the MWCNT and Pt electrodes. At 1 V,
the current through the device increases to 200 11A (Fig. 3.4a). The GONR device
exhibits relatively poor conductivity, decreasing almost 4 orders of magnitude
compared to that before unzipping (Fig. 3.4b ). The thermal treatment improves the
conductivity of the device (Fig. 3.4c) to about 1 order of magnitude less than that of
the MWCNT device in Fig. 3.4a.

0
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0.

fl)

o.
..0

0

Fig. 3.4 Electrical characteristics of the device from Fig. 3.3 at different

stages. (a) As-prepared MWCNT device. (b) After treatment with KMn04 to produce
the NRs device. (c) GONR in the device after thermal treatment.
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3.4. SWCNTs Unzipping
Following the same unzipping protocol, SWCNTs instead of MWCNTs were
used to make graphene nanoribbons. The obtained ribbons are narrow, entangled
with each other and heavily oxidized, which makes it a challenge to image them.
SWCNTs before oxidation in TEM (Fig. 3.5) display the straight-wall structures of
the tubes. After the unzipping processing, the wall structures of the SWCNTs are
completely destroyed as seen in Fig. 3.6, while leaving a "ribbon-like" pathway on
the TEM grid when changing the focus. Considering that the width of the
nanoribbons after unzipping becomes wider than its precursor tubes, the "ribbon"
structures shown in Fig. 3.6 are consistent with the unzipping theory. However, the
exact edge structures (zigzag or armchair) of the graphene ribbons could not be
distinguished due to the heavy oxidation.
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Fig. 3.5 TEM images of SWCNTs precursors before unzipping.
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Fig. 3.6 TEM images of SWCNTs-derived

Scale bar is 10 nm.

~~ribbon"

structures after unzipping.
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3.5. FeCI3 Intercalation and Exfoliation
Graphite can be intercalated and exfoliated into graphene flakes, which is a
promising and relatively inexpensive method to produce graphene on a large scale 9 .
An n-staged graphite intercalated compound (GIC) is defined in Fig. 3. 7. In a typical
experiment, FeCh.intercalated graphite flakes can be obtained by baking the
graphite flakes and anhydrous FeCh in a sealed vacuum tube (10- 2 Torr) at 200
for 5 h and at 300

oc

oc for 1 d. A mild Oz content is useful to oxidize FeCh into Fez0 3

and release some Clz gas into the system, which is essential to initiate the
intercalation 10 . Without the Clz gas, the only weight uptake is achieved and staging is
inhibited 1 0. The structure of the final GIC material could be determined by the Bragg
equation with X-ray diffraction (XRD) because the repeated distance along the c
direction changes from co (graphite) to Ic (GIC) (Fig. 3. 7).

n x graphene

Intercalatant

lJ -J

Co

ci

.

/
.
lc

.

=(n-1) Co+ ds =.A/2sin9

001

ds : intercalate sandwich distance
c0 : graphite interlayer distance
Ic : repeat distance
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Fig. 3.7 Scheme of n-staged GIC. The repeated distance (Ic) is determined by

the Bragg equation in XRD and it is the total thickness of both n-layer graphene ((nl)co) and the intercalatant spacing (ds).
In the XRD of FeCb GIC, except for the graphite (002) peak at 26.8°, there are
three new peaks shown at 9.5°, 19° and 28.5° (Fig. 3.8). This proves the successful
intercalation of the FeCb. In order to further exfoliate the GIC material into
graphene, an additional exfoliation step is needed: the ClSOH3 dispersed GIC
material was exfoliated by adding HzOz (see section 3.6 materials and methods). Oz
gas forms during this process and is trapped between graphene layers, separating
them from collapsing. The product's XRD has two peaks, the graphite peak at 26.8°
and an un-indexed peak at 9.8°, suggesting successful exfoliation.
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Fig. 3.8 FeCb GIC exfoliation. (A) The reaction of ClS03H and H20 2. (B) FeCb

GIC was dispersed in ClS03H and further exfoliated with 0 2 gas generated by adding
H20 2 to ClS03H. (C) The XRD spectra before (FeCb GIC) and after the exfoliation
(szz-II-3a).
In the SEM in Fig. 3.9, the final product appears to be expanded after the
exfoliation process and individual corrugated flakes were observed that are
different from the original graphite flakes. The thickness of these flakes was

63
measured with TEM and most of their edges are less than 10 layers (Fig. 3.10),
suggesting a good quality graphene.
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Fig.

3.9

SEM

of

graphene
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exfoliated

from

FeCb

GIC.

Fig. 3.10 TEM of graphene flakes exfoliated from FeCb GIC. The number of

layers at the edge is less than 10 layers.

3.6. Materials and Methods
Modified Hummers' method. The starting carbon nanomaterials (carbon

black, MWCNTs or SWCNTs) were suspended in concentrated sulphuric acid (H 2S04)
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for a period of 1-12 h and then treated with 500 wt% (relative to carbon weight)
potassium permanganate (KMn04). The reaction mixture was stirred at room
temperature for 1 hand then heated to 55-70

oc for an additional 1 h (for carbon

black, the temperature is 90 °C). It should be noted that this procedure is explosive.
All experiments should be done behind a shield. When all of the KMn04 had been
consumed, the reaction mixture was quenched by pouring over ice ( -1000 wt%
relative to reaction mixture) containing a small amount of 30% hydrogen peroxide
(HzOz). The solution was filtered over a polytetrafluoroethylene (PTFE) membrane
(0.2 11m pore size), and the remaining solid was washed with HCl (5% in water)
followed by ethanol/ ether

FeCb intercalation and exfoliation. 0.5 g graphite and 5 g anhydrous FeCb
were sealed at the two ends of a vacuum tube (10-2 Torr) without mixing. The tube
was heated to 200

oc for 5 h and 300 oc for 1 d. After this, the intercalated graphite

powders were collected and dispersed in ClS03H (25 mL) and stirred for 2 d at room
temperature. Then the reaction mixture was quenched in an ice bath by adding HzOz
(30% aqueous) drop by drop until no bubbles were evolved (-30 mL HzOz). The
solution was filtered over a polytetrafluoroethylene (PTFE) membrane (0.2 11m pore
size), and the remaining solid was washed with HCl (5% in water) followed by
ethanol/ ether.
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3.7. Conclusion
Oxidation, unzipping, intercalation and exfoliation chemistry plays a critical
role in the processing of carbon materials. Different forms of carbon nanomaterials
were processed with such chemistries, producing various results. Unlike graphite
and carbon nanotubes, carbon black is more oxidation-resistant because exfoliation
is more difficult, therefore, only the near-outer surface could be oxidized. SWCNTs
could be unzipped with the modified Hummers' protocol; however, the edges
structure could not be preserved due to the oxidation interruptions. A less
aggressive unzipping method could be less destructive to these elegant slim
structures. GIC is a promising starting material to produce n-layer graphene. The
technique to preserve separated graphene flakes in solution without surface
functionalization is still the most challenging problem to be overcome.

Author Contributions:

Z. S. did all the wet chemistry and performed the TEM, SEM and XRD
characterizations. Zengxing Zhang performed the device fabrication and electrical
measurement of Part 3.3 Graphene nanoribbon unzipping.
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Chapter 4

DOMAIN SIZE AND STACKING ORDER
OFGRAPHENE

4.1. Introduction
CVD prepared graphene has been produced on different metal substrates,
including Ni and Cu

l-3.

Compared to the micron-sized exfoliated graphene produced

from wet-chemical methods\ the size of CVD-derived graphene films have been
greatly

improved,

ranging

up

to

several

inchess,

favoring

wafer-scale

optoelectronics production. One of the central challenges for the CVD synthesis
method is how to assess and improve the quality of the graphene films produced.
The quality means several specific aspects for graphene and is directly reflected in
its physical properties.
For monolayer graphene, its quality includes the defect concentration, which
can be monitored by Raman spectroscopy6, and the domain size, which can be
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mapped with dark field transmission electron microscopy (DF-TEM) or selected
area electron diffraction (SAED) patterns 7. For graphene with more than one layer,
the stacking order also needs to be considered, because the stacking orders affect
the symmetry and coupling between graphene layers, thereby affecting the
graphene films' electronic structure under biased electrical fields. Fully decoupled
graphene stacks behave as individual monolayer in both electrical and
spectroscopic aspects9. Other than intrinsic qualities, adventitious contamination is
always a big problem for graphene, which prevents it from its theoretical high
performance. This adventitious effect will be discussed in Chapter 8.

4.2. Graphene Domains
Graphene in its purest form would be a 2D single crysta11o-12. Such structural
perfection would produce a material with extraordinary electrical and physical
properties that could be harnessed to enable exceptional advances in technology.
However, real-world graphene films are dominated by polycrystalline domains 1-3.
The multi-domains are knitted together with randomly oriented topological defects
(grain boundaries), where the efficiency of electrical transport falls dramatically13· 14.
This anisotropic structure also induces variable electrical properties across
misaligned domains, which is one of the largest obstacles for its use in graphenebased electronic devices 15-17. Therefore, fewer defects and larger domain size are
favorable qualities to strive for in high quality graphene growth. Single crystalline
graphene has been claimed to have been grown on clean-cut single-crystals Ni(111)
and Ru(0001) surfaces1B, 19, however, the domain sizes were not measured. In
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addition, the process could be difficult to scale-up because of the expensive singlecrystalline metal substrates. Here, we have investigated the domain sizes of
different graphene films. Single crystalline graphene with a tested domain size as
large as 1.25 mm was grown from polycrystalline Cu substrates. The conditions for
growth were optimized and a mechanism for growth of large single-crystalline
graphene under these conditions is proposed.
A variety of methods to grow graphene with fewer defects and higher quality
have been studied20-22. The defects in graphene have different dimensions. In
monolayered graphene, there are point defects (zero-D defects), grain boundaries
(1-D defects) and holes (2-D defects). For bilayered graphene and few-layered
graphene, interlayer stacking faults (3-D defects) could exist. Among all these
defects, only grain boundaries are related to the domain size. In both spectroscopic
and microscopic analytical methods, the domain size of graphene is not easily
determined.
Raman spectroscopy could be a powerful tool to evaluate the defect
concentration in graphene, especially the ratio of sp3-hybridized and sp 2-hybridized
carbon through Io/IG ratio 23 . However, the dimension of the defects cannot be
determined from Raman spectroscopy since all of the defect information would be
combined into one Raman peak (D peak at 1350 cm- 1) and cannot be separated
through peak deconvolution. Therefore, Raman is neither a qualitative nor a
quantitative analytical technique to assess graphene's domain size, or the
concentration of the grain boundaries.
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Lateral size
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Fig. 4.1 Graphene's lateral size evolution: em, 11m to nm. Graphene
images with featured lateral size are correlated below. (A) A em-sized CVD graphene
film transferred to a glass slide. (B) SEM image of graphene grown on a Ni substrate.
The terrace structures are the polycrystalline Ni domains. Graphene's thickness
variation is indicated by the different contrasts of the layers. The scale bar is 10 Jlm.
(C) SEM image of graphene grown on a Cu substrate with no step morphology or
contrast variation. The scale bar is 10 Jlm. (D) HRTEM image of CVD graphene's
hexagonal lattice structure. The scale bar is 1 nm.

72
Graphene films with large lateral size do not necessarily have large domain
size. CVD-derived graphene (CVDG) films can be centimeters in lateral size (Fig.
4.1A). This continuous, covalently bonded carbon matrix is a single molecule.
However, continuity alone is insufficient for a single crystal. Amorphous and
polycrystalline carbon films can also have continuous morphology. Besides the
continuity, a single-crystalline material has to be coherent in symmetry with no
grain boundaries. Based on Fig. 4.1A, it is difficult to assess whether the CVDG film is
actually single-crystalline or polycrystalline. With a scanning electron microscope
(SEM), graphene can be analyzed with IJ.m-sized resolution. Certainly, higher
magnification provides more information about the morphology of graphene and
the metal substrates. Fig. 4.1B and 4.1C are SEM images of graphene grown on Ni
and Cu substrates, respectively. The Ni substrate surface displayed terrace-like
morphology after the CVD growth, while no obvious grain boundaries were
observed for the CVD graphene on Cu of the same lateral size. Since graphene is a
single-atom thick, and extremely flexible, its surface profile generally conforms to
the metal substrate's morphology24• Therefore, based on the SEM images, it is hard
to distinguish graphene's intrinsic ripples from its grain boundaries. However, the
domain size of the underlying metal substrates could be estimated. Cu has a larger
domain size than Ni, favoring the single-crystalline growth of graphene. But the
resolution of SEM is insufficient to unveil graphene's crystalline structure: neither
the symmetry nor the grain boundaries. High resolution microscopic techniques
such as transmission electron microscopy (TEM) and scanning tunneling
microscopy (STM) can be used to investigate the graphene crystalline structure with
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enormous precision. Even point defects and grain boundaries can be individually
imaged 25· 26. Fig. 4.1D is a high resolution transmission electron microscopy (HRTEM)
image taken of CVDG grown from Ni substrate, which clearly shows graphene's
honeycomb crystalline structure. However, with HRTEM single frame's size of only
several nm, it is very difficult to assess the crystallography of an entire CVDG film
using HRTEM.
4.2.1. SAED Mapping of Graphene Domains

SAED can quickly and unambiguously determine graphene's crystallography.
It has been used to determine the single crystallography for different lD nanomaterial, including inorganic nanowires, nanotubes and nanoribbons27-29 and small
graphene single crystals!. However, it has never been applied to large 2D nanomateriallike millimeter-sized graphene. With the same concept behind, for a singlecrystalline material, there is only one SAED pattern due to the crystal's coherent
symmetry. Polycrystalline materials usually have more than one SAED pattern, with
a tilted angle because of the misaligned domains. If the domain number is large
enough, the overlapping patterns would appear as circles with no specific
orientation, which is the characteristic topology of a polycrystalline material.
However, a single SAED pattern analysis only covers an area of 11m-sized graphene.
In order to assess a large piece of graphene, SAED patterns were taken randomly
across the entire film and the data were overlaid. If the entire graphene film shares
the same SAED pattern, it is single-crystalline graphene. Otherwise, it is
polycrystalline.With this SAED mapping, the investigation of graphene's domain size
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becomes feasible. Large-area graphene films were grown on Ni and Cu substrates
via different CVD methods (4-6). The graphene films were then wet-transferred onto
a c-flat TEM grid (Protochips, Inc.) for further characterization. The thickness of the
graphene was estimated with TEM by imaging the edges. For graphene grown from
Ni, few-layer edges were observed (< 10 layers). For graphene grown from Cu, only
mono- and bi-layer edges were observed and confirmed with Raman mapping with
an fzo/ IG ratio < 1.0 (Fig. 4.2). The thickness of different kind of graphene
corresponds well with other reports (4-6). The typical TEM images of such films are
shown in Fig. 4.3. Under low magnification, monolayer graphene film is transparent
under the electron beam. Only ripples or folding could be observed. Few-layered
graphene grown from Ni is strong enough to be supported directly on lacey carbon
TEM grid (Ted Pella, Inc.) and is easily observed under SEM (Fig 4.4).
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0.5
0.2
Fig. 4.2 Raman mapping of lzo/ lG ratio of a typical graphene film grown on Cu.

More than 95% of the film has a mono-, bi-layer coverage.
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Fig. 4.3 Monolayer graphene film grown from Cu on c-flat TEM grid

(Protochips, Inc.). The graphene film is invisible under low magnification in (a), (b)
and (c). At higher magnification, only the ripples and contaminations on graphene
could be observed in (d).
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Fig. 4.4 SEM image of few-layered graphene film grown from Ni on lacey

carbon TEM grid.
Fig. 4.5A is the SAED mapping of CVDG from Ni. Each SAED pattern was
labeled by its position in the TEM, marked by its X, Y coordinates. Similar SAED
patterns share the same color, indicated that they are from a single domain.
According to this SAED map, the average domain size of the CVDG grown from a Ni
substrate is less than 10

~m.

All of the SAED patterns were overlaid to produce a

combined pattern (Fig. 4.5B). The spread of the spectral images indicates that there
is no preferred angle between adjacent domains, which is strong evidence that the
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domains grew independently until they met at the grain boundaries3o, 31. Despite the
fact that, in each SAED acquisition area, this CVD graphene had a single-crystalline
signature, the film as a whole was polycrystalline.
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Fig. 4.5 Domain size of CVD graphene grown from Ni. (A) SAED mapping
of CVD graphene from Ni. Different domains are labeled with different colors. Each
domain has only one diffraction pattern. Related SAED patterns are above or below
the central map. The SAED positions are marked on the central map. The graphene
structure in the background is a cartoon and is not to scale. (B) Overlaying of all
SAED patterns from the graphene film. There is no correlation between the colors in
(A) and (B).
The CVDG grown from Cu had much more coherent SAED maps than the
graphene grown from Ni. No divided domains were observed as shown in Fig. 4.6A.
All of the SAED patterns have precisely the same orientation, indicating a singlecrystalline lattice structure of CVDG (Fig. 4.6B). Based on the data in Fig. 4.6A, this
graphene film has a single domain size as large as 1.25 mm, across the entire
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graphene film suspended on the TEM grid. The slight offset in the SAED patterns is
due to the intrinsic corrugation in the graphene film or accidental folding during the
transfer.
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Fig. 4.6 Domain size of CVD graphene grown from Cu. (A) SAED mapping of CVD
graphene from Cu. A single domain was observed with only one set of SAED patterns
across the 1.25 mm-sized film. The SAED positions are marked on the map. The
graphene structure in the background is a cartoon and is not to scale. (B) Overlaying
of all SAED patterns from the graphene film.
Graphene made from poly(methyl methacrylate) (PG) on Cu substrates also
had a large single domain size (see Fig. 4.7) 32 . Although the SAED analysis positions
were randomly chosen, due to the limitations of the wet transfer technique, some
areas of the graphene film were br oken or wrapped together. All of the SAED
analysis points avoided these areas. For statistical purposes, 24 SAED patterns were
recorded separately at different positions on this graphene film, as shown in Fig. 4.8.

81
The lateral size of the graphene single crystal is as large as 1.25 mm and it could be
overestimated only when sub-domains with exactly aligned orientation or graphene
twins exist (see Fig. 4.9).
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Fig. 4.7 Domain size of PG grown from Cu. (A) SAED patterns and overlayed

SAED patterns from different position. (B) SAED map of PG.
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Fig. 4.8 Statistic SAED patterns (24 different positions) were acquired on

monolayer graphene film, CVD grown from Cu and suspended on TEM grid.
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Fig. 4.9 Simulated grain boundaries with typical (a) mis-aligned domains and

(b) aligned domains or graphene twins.
It is challenging to image the GBs of the CVD graphene directly using HRTEM,
as they normally are covered with small molecules or residual PMMA contamination
introduced during the wet transferring procedures. However, with SAED and FFT
patterns, it is possible to locate the GBs within sub-10 nm areas. As shown in Fig
4.10, two distinctive FFT patterns were observed on either side of the GBs. Right
atop the GBs, the FFT characteristics displayed combination patterns from both
domains.
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Fig. 4.10 (a) SAED pattern of two adjacent domains (ori GB). (b) GB located
through FFT patterns in HRTEM image. Two distinct FFT patterns are divided by the
GB. The GB's location can be narrowed to within a sub-10 nm band (green), where
the FFT pattern shows a combination of the FFT from both graphene gains. The
atomic resolution of the GB is obscure due to the coverage of the surface with small
molecules of contamination introduced during the wet transferring procedure.

4.2.2. Graphene-Directed Crystal Facet Flipping and the Mechanism of
Growing Single-Crystalline Graphene from Polycrystalline Substrates
X-ray diffraction (XRD) was used to investigate crystallographic changes in
the metal substrates. To our knowledge, XRD has been rarely used in early graphene
studies. One reason is that there is only one reflection plane for single-layered
graphene, which gives no constructive interference according to Bragg's diffraction
law (Fig. 4.11). However, the XRD does contain the crystallographic information of
the underlying catalyst, which is related to the formation of the graphene.
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Fig. 4.11 XRD of the graphite (002) peak aquired from different CVDG

samples. The spectra of the CVDG grown atop Ni (top) and Cu (bottom). On Ni, a
stack comprised of a few graphene layers accounts for the broadened (002) peak at
26.8°. No (002) peak appears in single-layered graphene on Cu.

Fig. 4.12 shows the XRD spectra of the Cu substrates before and after the
graphene growth. The fresh Cu foil has a (200) facet facing the incident X-ray before
growth suggesting a strong (200) preferred orientation.. Meanwhile, it is
polycrystalline material according to its SEM image (Fig. 4.13). The gain structure of
the Cu foil has also been investigated by SEM by other groups3, s. After the graphene
growth, the (111) peak becomes the most prominent peak in the XRD spectrum,
suggesting phase transition of the Cu crystal facet. Considering that in most cases
the growth temperature (1000

o

C) is so close to Cu's melting point (1085

o

C), and

any impurities (carbon sources) can lower the melting point, the Cu foil might
partially melt starting from its surface33. The surface melting is also related to the
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crystal phase transition of Cu. Because the phase transition occurs from surface to
bulk, some center parts of the Cu foil might still be (200), which can be detected by
XRD as a small peak. Bulk melting was not involved in the process.
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Fig. 4.12 Crystallography of the catalyst substrates before and after
graphene growth. (A) XRD pattern of the Cu film before graphene growth (black),
after PG growth (red) and after CVDG growth (green). After graphene growth, the
(200) peak in Cu was shorter and the (111) peak becomes the primary peak. The
corresponding lattice structures of the Cu(111) plane and Cu(200) plane are shown
above the XRD spectrum. (B) XRD pattern of the Ni substrate (500 nm Ni deposited
on 200 nm SiOz/Si wafer) before (red) and after CVDG growth (green). Both the
(111) and (200) peaks were more pronounced after the graphene growth. The
corresponding lattice structures of the Ni(111) plane and Ni(200) planes are shown
above the spectrum.
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Fig. 4.13 SEM images of Cu's polycrystalline domains. (A) Before the CVD

growth, preferred orientation of Cu (200) facets with a rotational disorder. (B) After
the CVD growth, preferred orientaion of Cu (111) facets with a rotaional disorder.
The Cu films were treated with the echant for 5,....10 s before aquiring the SEM
images.
According to the vapor-liquid-solid (VLS) mechanism, which explains the
formation of single crystal Si nanowire3 4, large crystalline graphene could grow
from the Cu's liquid surface. Since liquid Cu has no grain boundaries, ufloating"
graphene

films

could

form

larger,

single-crystalline

domains

during the

thermodynamically driven process. As large graphene crystals keep growing, they
might consume small crystals to produce graphene with no GBs after the
coalescence. To merge two larger crystals, more energy and longer time is needed.
When the energy barrier is too high to be overcome, polycrystalline graphene forms.
Once the Cu surface is covered with graphene, the carbon atoms in the gas stop
penetrating into Cu and the graphene growth is limited in 1 or few layers 3. It is
thought that the solubility of carbon in Cu is negligible 3, the soluble carbon atoms,
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together with other impurities, lower the Cu's surface melting point and the phase
transition temperature dramatically. In a separate experiment, annealing Cu
without any carbon sources at 1000

a

C does not alter the crystal orientation (Fig.

4.14), confirming the key role of CVD carbon sources in Cu's surface melting and
recrystallization.
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Fig. 4.14 XRD of the annealed Cu foil at 1000 oc for 30 min with a Hz flow

rate of 50 seem under low pressure. Potential carbon sources (both gas phase and
solid phase) were carefully purged from the chamber before the annealing.
To achieve the best lattice match between the graphene honeycomb
structure and the Cu(111) plane, it could be more energetically favorable for the
mobile Cu atoms to recrystallize along the (111) direction, with lower interfacial
energy.
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Temperature-dependent experiments illustrate that the carbon sources in
the CVDG growth lowers Cu's phase transition temperature to 900--950

o

C (Fig.

4.15). It might vary with the amount of carbon sources or impurities in the CVD
system.
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30 min with a Hz flow rate of SO seem under low pressure (1 Torr) at

different temperatures: (A) 800 °C, (B) 900

oc and (C) 950 oc.

According to this proposed mechanism, the surface liquification of the Cu
could produce a smooth surface with no grain boundaries, leading to the formation
of single-crystalline graphene. The carbon lowers Cu's melting point, meanwhile, the
graphene lattice works as crystallization seeds for Cu and facilitates its
recrystallization along (111) facet. However, in the CVD process, several factors
might affect the graphene's growth and its domain size. Not all graphene grown on
Cu has a single-crystalline structure. Even when grown from the same Cu substrate,
graphene's domain size is variable. In order to achieve a single crystalline graphene,
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the growth conditions have to be optimized. According to our experimental results
and proposed mechanism, higher temperature (1050

o

C) and longer (60 min)

growth periods provide the energy and time to fully flip Cu's facets and ripen the
graphene crystals atop the surface. A higher Hz flow rate (> 300 seem) also favors
large single crystals formation. Other CVD factors that might affect the growth are
still under investigation.
Compared to Cu, no crystal facet flipping was observed in graphene atop Ni.
In Fig. 4.12B, the original Ni (500-nm thermally evaporated film on SiOz/Si wafer)
shows broad peaks, indicating the Ni film is composed of numerous micro-crystals.
After the growth, both the (111) and (200) peaks are more pronounced, as the
crystal size grows. Although the (111) facet of Ni matches best with the graphene's
lattice structure, no favorable facet is observed on Ni after the growth by XRD. This
is probably because Ni has a much higher melting point (1453 oC) than Cu, thus
requiring a higher temperature to complete the recrystallization. Besides, at
temperature close to Ni's melting point, it becomes more challenging to limit the
graphene's thickness because carbon is much more soluble in Ni at higher
temperature. Tilted domains and the step structure in Ni limit the epitaxial singlecrystalline graphene formation 27 • The different graphene growth mechanism on Cu
and Ni was also investigated by 13C isotope labeling by Li. et aJ31.

4.2.3. The Domain Size Affects the Electrical Transport
The domain size is also reflected in graphene's electrical transport behavior.
Larger domain size corresponds to smaller intrinsic sheet resistance (4-probe
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method). Following the SAED mapping described above, three CVDG samples with
different domain sizes (grown from Cu under same conditions) were assessed as
monolayer films atop SiOz. The sample with the largest domain size, > 1.25 mm, has
the lowest sheet resistance of 700 f!/o . For the sample with a domain size of- 100
jlm, the sheet resistance was - 2400 f!/o . The graphene with the smallest domain
size, 10 jlm, has the largest sheet resistance of - 2 Mf!/o . The domain size
determines graphene's intrinsic electrical transport properties. However, extrinsic
factors might also affect graphene's electrical transport. For example, substrate
trapped scattering centers are known to decrease the mobility in graphene3s.
Chemical doping might manipulate graphene's conductivity36. For these reasons,
correlation between the domain size and the sheet resistance might not be linear. By
eliminating those extrinsic defects, and the intrinsic defects described here, it may
be possible to push graphene's properties to their theoretical limits. The yield of
mm-sized single crystal graphene is still low according to our most recent
experiments, which is only about 5% in all CVD graphene grown. Substrates might
play a key role for such large domain graphene formation. It is also sensitive to CVD
system conditions. Further experiments are undergoing to increase the yield of the
high-quality graphene.

4.3. Stacked Graphene Synthesis with Precise Thickness Control
A few-layer graphene, with Bernal stacked order, is of particular interests to
the graphene community because of its unique tunable electronic band structures 8• 9 .
A way to continuously tune the thickness of graphene from 1 to 10 layers would be

92

ideal to supply chemists and physicists with the complete graphene catalog. Also,
exploring the stacking mechanism between graphene layers will help researchers to
obtain better understanding of Cu-surface growth mechanism.
In exploring the parameters of CVD growth, different metal catalysts were
tried in order to obtain monolayer graphene1·3. Since the report of Cu-based CVD
graphene synthesis 3; graphene research groups have been focusing on optimizing
the use of this material. Unfortunately, CVD systems vary from one to the other.
Parameters variables that can control graphene growth include the vacuum
pressure in the system, flow rate, growth pressure (partial pressure for both growth
gas and carry gas), growth temperature, cooling rate and so on37·40. These
parameters were analyzed in separate papers, but have not been analyzed
systematically nor were the varying parameter effects studied in concert. Here we
summarize the growth conditions from different growth systems with various
graphene samples. After analysis, what appears to be the controlling parameter for
graphene thickness was determined and a comprehensive growth map is
summarized with the various growth partial pressures (both carbon sources and Hz
gas) being expressed in detail. With this optimization, a series of Bernal stacked
graphene films with precise thickness control has been synthesized.

4.3.1. Reported Graphene Growth Conditions
Table 4.1 summarizes the reported CVD growth conditions for monolayer,
bilayer and multilayer graphene. Some of them are using flow rate (seem) of Hz and
CH4 and the total growth pressure to mark the growth conditions, which were
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converted into partial pressure in Table 4.1. From these preliminary growth data,
the following hypothesis could be developed:
(1) Bi- and multilayer graphene form under higher partial pressure of CH4 and lower
or zero Hz partial pressure.
(2) When the temperature is above 1000

oc, it has little affect on the thickness of the

graphene.
(3) Monolayer graphene forms under lower CH4 partial pressure, whereas the total
growth pressure can be low pressure CVD (LPCVD) or atmospheric pressure
CVD (APCVD).

Table 4.1 Graphene growth summary from other literature.
Samples

Growth
pressure

Growth
Temp

(Torr)
760

1050

"2
pressure

pressure

(Torr)

(Torr)

24.5

0.006

CH4

Notes

Monolayer
Single
crystal

760

1000

76

0.068

Monolayer
noD peak

760

1000

76

3

Multilayer
noD peak

760

1000

707.25

62.75

Multilayer
With D
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peak
539

0.2

1035

0.04

0.16

Monolayer
noD peak

640

0.45

1000

0

0.45

Bilayer
WithD
peak

4.3.2. Precise Control of Graphene Thickness in a CVD System

These listed data in Table 4.1 are reported from different research groups,
which have considerably large deviation. In order to confirm our hypothesis and to
generate a comprehensive map to control the thickness control of graphene growth,
a series of CVD experiments with continuous tuning of the partial pressure of
growth gases were performed.
As shown in Table 4.2, in our own CVD system, an optimized growth
condition for monolayer graphene was chosen as the first data point of the series,
Sample 1. The flow rates of H2 and CH4 were 300 seem and 9 seem, respectively.
These two flow rate were kept the same throughout the rest of the samples in this
series. A needle valve was used to precisely manipulate the pumping rate, which
controls the total pressure of the CVD system, thereby controlling the growth partial
pressure. The pressure ratio between H2 and CH4 is fixed was -28, while the total
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pressure was tuned from 5.8 to 7 40 Torr, ranging from a low pressure growth
condition to an almost atmospheric pressure growth condition.

Table 4.2 Growth conditions in CVD system.
Sample

Growth
pressure

Growth
Temp

H2
pressure

CH4
pressure

(Torr)

(oC)

(Torr)

(Torr)

1

5.8

1000

5.6

0.2

Monolayer

2

11.6

1000

11.2

0.4

Monolayer

3

23.2

1000

22.4

0.8

Monolayer

4

46.4

1000

44.8

1.6

Monolayer

5

93.3

1000

89.5

3.6--3.8

Bilayer

6

139.2

1000

134.4

4.8

2-3 layer

7

185.6

1000

179.2

6.4

2-3 layer

8

277.6

1000

268.8

9.6

4-layer

9

370

1000

358.4

12.8

>S-layer

10

555

1000

537.6

19.2

>10 layer

11

740

1000

716.8

25.6

> 10 layer

Notes
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The graphene films were grown and transferred onto different substrates
using the method described previously3 2 , the thickness of the graphene films was
subsequently investigated with UV, Raman and HRTEM. UV was used to assess large
area (em-scale) thin films absorption for graphene at 550 nm. However, the detailed
uniformity of the thin film cannot be revealed due to its limited spatial resolution.
Raman is a powerful tool to determine both the quality and the thickness of
graphene film over a micron-sized area according to its laser spot size. Using Raman
mapping, --100 x 100 11m sized graphene can be confirmed with both the thickness
and the uniformity in micron-scale. HRTEM brought the characterization down to
nanometer level, where it is a straightforward method to counting the thickness of
graphene directly at its edges.
Optical images of this series of samples on glass slides are shown in Fig. 4.16.
The graphene films become darker as the sample's growth pressure increases,
suggesting that thicker films were grown with higher growth partial pressure of CH4.
This is also confirmed by their UV absorption data acquired at 550 nm.

3

4

5

7

9

10

Fig. 4.16 Optical photograph of graphene films transferred onto glass
substrates. The arrow direction starts from monolayer graphene to multilayer
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graphene with its CH4 partial pressure increasing from 0.2 to 12.8 Torr. Samples
numbers correlate with the number in Table 4.2.
When the partial pressure of CH4 was below 1.6 Torr, only monolayer
graphene films would grow, with a UV absorption of-- 2.0%. This was confirmed by
the Raman spectra in Fig. 4.17. At 1.6 Torr, bi-layer graphene starts to form. Sample
4 is a hybrid of mono- and bilayer graphene film according to its UV absorption of
--3o/o and its optical image. When the partial pressure of CH4 is between 3.2 and 3.8
Torr, the graphene films display a uniform bilayer characteristic over randomly

chosen spots. Thicker graphene films (3 to 10 layer) are also synthesized (samples 6
to 11) as the Raman spectra have a continuous evolution in Fig. 4.17 A. The G peak at
--1585 cm· 1 becomes more pronounced and the 2D peak-- 2700 cm·1 broadens and
blueshifts, suggesting a thicker graphene films' Raman signature. The exact 2D peak
positions are recorded in Fig. 4.17B. The blueshift starts from 2690 cm-1
(monolayer) and rises to 2717 cm-1 (>10-layer), which is consistent with the results
from mechanical exfoliated graphene23.
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Fig. 4.17 Raman characterization of graphene films. (A) Raman evolution of

graphene grown with increased CH4 pressure. (B) 2D peak position of Raman
spectra in (A).
The Raman mappings in Fig. 4.18 were acquired from samples 1, 5 and 8,
respectively. Fig. 4.18A shows that more than 90% of the graphene film is
monolayer with a G/2D intensity ratio below 0.5. In sample 5, no monolayer Raman
spectrum is observed on any pixel of the Fig .. More than 85% of the film has a Gj2D
ratio of 0.85±0.1, suggesting a bilayer graphene. For sample 8, only 5 of 196 spectra
in the map have a bilayer signature. More than 80o/o of the film has a Gj2D ratio of
1.4±0.1. According to its UV absorption at 550 nm of --8.5o/o, this graphene is a
tetralayer graphene film.

0.66
0.60

1.4

0.55

1.1

0.50
0.45
0.40
0.35
0.32

1.8

1.2
1.0
0.9
0.8
0.7
0.6
0.5

1.6
1.5
1.4
1.3
1.2
1.1
1.0
0.9

Fig. 4.18 Raman mapping of (A) Sample 1(monolayer), (B) Sample 5 (bilayer)

and (C) Sample 8 (tetralayer).
SAED patterns and HRTEM spectra are complementary techniques to further
analyze graphene's thickness, and its stacking order. Fig. 4.19 shows the
representative diffraction pattern from Sample 1, with the (1-210) and (1-100)
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intensity ratio of --1 , which is characteristic of a monolayer graphene. The edge in
HRTEM also confirms this.
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Fig. 4.19 SAED (A and B) and TEM (C) characterization of mono-layer
graphene.
Bilayer graphene was prepared from Sample 5 and imaged with SAED and
HRTEM in Fig. 4.20. The diffraction intensity of (1-210) is about 3

x

of that of (1-

100), which is a typical bilayer graphene. The randomly chosen edge in Fig. 4.19C
confirms this bilayer graphene.

100
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-:::J

1-210..,.,.
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ca

~
~
t/J H-----+-__._
c
Cl,)

c

c

Fig. 4.20 SAED (A and B) and TEM (C) characterization of bilayer graphene.
Tetralayer graphene (Sample 8) was transferred and investigated in the
same way as the other two samples. In its typical diffraction pattern, the (1-210)
diffraction spot is about 4 x of the intensity of the (1-100). This intensity contrast
between (1-210) and (1-100) is larger than bilayer graphene, suggesting a thicker
graphene film. Most of the edges are tetralayer (Fig. 4.21). More interestingly, the
diffraction patterns in Fig. 4.20 and 4.21, show only one set of patterns, suggesting
the graphene films are Bernal stacked. These various thickness Bernal-stacked
graphene films are expected to have the strongest electrical coupling between layers.
Because of the coupling, their electronic band structures are different from each
other, which is quite useful in optoelectronic applications.
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A

1-100

1-210

c

Fig. 4.21 SAED (A and B) and TEM (C) characterization of 4-layer graphene.
In the HRTEM image of sample 10 (Fig. 4.22), the thickness of graphene could
be over 10 layers, which is the limit of the graphene definition.

Fig. 4.22 Graphite films with graphene stacking over 10 layers (sample 10).
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In conclusion, Bernal stacked graphene films with a thickness from 2 to 10
layers could be precisely synthesized through tuning the partial pressure of the
growth gases, especially the pressure of CH4 within traditional CVD systems. This is
fundamentally different from non-Bernal stacked graphene, which behaves like
individual monolayer.41
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stacked graphene synthesis with precise thickness control.
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Chapter 5

GRAPHENE FROM SOLID CARBON
SOURCES

5.1. Introduction
After being first obtained as a transferable one-atomic-thick material in 2004,
graphene and its growth quickly caught the attention of physicists, chemists and
material scientists 1-4. Much of the research has focused on obtaining large sheets of
monolayered or bilayered graphene. This has been recently achieved by chemical
vapor deposition (CVD) of CH4 or CzHz gases on Cu or Ni substratess- 7• However,
CVD is limited to the use of gaseous raw materials, making it difficult to apply the
technology to a wider variety of feedstock. In this chapter, we demonstrate that
large area, high-quality graphene with controllable thickness can be grown from
different solid carbon sources such as polymer films or small molecules, at
temperatures as low as 800

oc. Both pristine graphene and doped graphene were
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grown with this one-step process using the same experimental set-up. Furthermore,
graphene was grown from impure sources such as food, wastes and insects. This
self-purifying process turns the carbon elements in negative or low value feedstock
into high quality graphene. Finally, a transfer-free technique is also explored with
this solid carbon source growth.
With its extraordinary electronic and mechanical properties, graphene is
showing promise in a plethora of applications 7-13. In Chapter 1-4, different
approaches to obtain graphene have been discussed. From the original mechanical
peeling method of highly oriented pyrolytic graphite (HOPG) 1, the liquid exfoliation
and reduction of graphene oxide methods14, 1s, to Si sublimation from SiC, growth
from amorphous carbon and CVD methods, the size, thickness and quality of the
produced graphene is approaching industrially useful specificationsS-7, 16, 17.
However, intrinsic graphene is a zero band gap material which shows a weak
ambipolar behavior. These graphene based transistors show small ON/OFF ratios,
therefore they are too metallic for many designed electronics applications 18. In
order to modify the Fermi level of graphene and manipulate its electronic and
optical

properties,

doping the graphene

matrix with

heteroatoms

straightforward way to make ann-type, p-type or hybrid doped graphene19-22.

is

a
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5.2. PMMA Derived Graphene and Graphene from Other Solid
Carbon Sources
In the section, the growth of monolayered pristine graphene from solid
carbon sources atop metal catalysts is demonstrated as shown in Fig. 5.1a. The first
solid carbon source used was a spin-coated poly( methyl methacrylate) (PMMA) thin
film ( -100 nm) and the metal catalyst substrate was a Cu film. At a range as low as
800

oc or as high as

1000

oc

(tested limit) for 10 min, with a reductive gas flow

(Hz/Ar) and under low pressure conditions, a single uniform layer of graphene was
formed on the substrate. The graphene material thus produced was successfully
transferred to different substrates for further characterization.
The Raman spectrum of this monolayered PMMA-derived graphene (PG) is
shown in Fig. 5.1b and the spectrum is characteristic of >10 locations recorded over
1 cm 2 of the sample. The two most pronounced peaks in this spectrum are the G
peak at 1580 cm- 1 and the 2D peak at 2690 em -1. The lzo/ IG intensity ratio is about 4
and the full width at half maximum (FWHM) of the 2D peak is about 30 cm- 1,
indicating that the graphene is mono layered. The D peak (- 1350 cm- 1) is in the
noise level for PG, indicating the presence offew sp3 carbon atoms or defects23.
The electrical properties of the PG were evaluated with back-gated graphenebased field-effect transistor (FET) devices atop a 200 nm thick SiOz dielectric.
Typical data for the FET devices is shown in Fig. 1c. For this particular device, the
estimated carrier (hole) mobility is -410 cm2V- 1s-1 at room temperature and the
ON/OFF ratio is -2, which is expected in graphene-based FET devices of this size 20 .
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Although the graphene was pristine without any doping atoms, it still shows a weak
p-type behavior with the Dirac point (DP) moved to positive gate voltage, probably
arising from the physisorption of small molecules such as Hzos. Placing these
graphene FETs under high vacuum (lo-s Torr) for several days moves the DP to zero
(Fig. 5.2), confirming that the weak p-type behavior was due to physisorption of
volatile moleculess.
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Fig. 5.1 Synthetic protocol, spectroscopic analysis and electrical
properties of PG. (a) Monolayered PG is derived from the solid PMMA films on Cu

111

substrates at 800

oc

or higher, up to 1000

oc.

excitation) of a monolayered PG obtained at 1000

(b) Raman spectrum (514 nm

oc.

(c) Room temperature lds-Vc

curve on a PG-based back-gate FET device. The upper inset shows the Ids- Vds
characteristics as a function of Vc. Vc changes from 0 V (bottom) to -40 V (top). The
lower inset in (c) is the SEM (JEOL-6500 microscope) image of this device where the
PG is perpendicular to the Pt leads. (d) SAED pattern of PG. (e, f and g) HRTEM
images of PG films. Black arrows in (g) indicate the Cu atoms.
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Fig. 5.2 Additional FETs after prolonged evacuation. Two representative
pristine graphene FETs atop 200 nm SiOz with highly doped p++ Si back gate
measured after storage at 10-6 Torr for 7 days. Under vacuum, the Dirac point
recovers from positive gate voltages and stabilizes at zero as surface adsorbents are
removed. Mobilities of ""400 cm 2 V-1 s-1 at room temperature were achieved.
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Transmission electron microscopy (TEM) images of the pristine PG and its
diffraction pattern are shown in Fig. 5.1d-g. The selected area electron diffraction
(SAED) pattern in Fig. 5.1d displays the typical hexagonal crystalline structure of
graphene. The layer count on the edges of the images indicates the thickness of the
PG. The PG edges in Fig. 5.1e-g were randomly imaged under TEM and most were
monolayered or bilayered PG, which corroborates with the Raman data. Although
most of the PG surface was continuous and crystalline according to its diffraction
pattern, there there is adsorbed PMMA resulting from the transfer step. Metal atoms
or ions were also found to be trapped on the PG surface (see black arrows in Fig.
5.1g) and became charge impurities, which should increase the charge density but
decrease the mobility of the PG24. Similar phenomena have been observed with
CVD-generated graphenes-7. AFM was used to characterize the surface profile of PG
on a SiOz/Si substrate. In Fig. 5.3, the thickness of the PG is about 0. 7 nm, which
confirms the monolayer nature of this material. However, limited by the wettransfer technique, graphene's intrinsic corrugation is still obvious in the AFM
image.
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Fig. 5.3

I AFM Characterization of PG. AFM image (left) and the height

profile (right) of a monolayer PG on a SiOz/Si substrate. Step 1 (red) is the SiOz/Si
substrate; step 2 (green) is the graphene edge. Step height is -- 0.7 nm, suggesting
the thickness of PG. Scale bar in AFM is 1

~m.
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Fig. 5.4 Controllable growth for pristine graphene films. (a) Difference in
Raman spectra from PG samples with controllable thicknesses derived from
different flow rates of Hz. (b) The ultraviolet-visible (UV) absorption spectra of
monolayered graphene and bilayered graphene. The UV transmittance (To/o) of the
corresponding PG is measured at 550 nm. (c) Raman spectra of graphene derived
from sucrose, fluorene and PMMA. (d) HRTEM picture of PG grown on aNi film. The
PG was 3-5 layers at the edges.
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Graphene's electronic properties are strongly associated with its thicknesszs.
Therefore, it would be useful to be able to control the thickness when producing the
graphene by tuning the growth parameters. We have found that PG's thickness can
be controlled from monolayer, to bilayer to a few layers by changing the Ar and Hz
gas flow rate. Typical thicknesses were evaluated by Raman spectroscopy (Fig. 5.4a)
and UV transmittance (Fig. 5.4b) of the graphene. At 1000

oc, a bilayered PG was

obtained when the Ar flow rate was 500 seem and the Hz flow rate was 10 seem.
When the Ar flow rate was 500 seem and the Hz flow rate was 3-5 seem, few-layered
PG formed. When the Hz flow rate increased to 50 seem or higher, only monolayered
graphene was formed on the Cu substrate. Monolayered graphene showed a
transmittance of97.1% (Fig. 5.4b). It had a sheet resistance (Rs) of 1200 .Qjsq by the
4-probe method, which makes it a transparent electrode material of interest. The
bilayered graphene's transmittance is 94.3%, which shows linear enhancement in
the UV absorption. The few-layered PG sheet in Fig. 5.4a has a transmittance of 83%
at 550 nm, which can be estimated as a 6-layered PG. Both the shape and the
positions of the 2D peak are significantly different from monolayered graphene to
bilayered graphene and few-layered graphene (Fig. 5.5). For monolayered graphene,
the 2D peak can be fitted with single sharp Lorentz peak. The observed 2D splitting
in bilayered and few-layered graphene can be assigned to the electronic band
splitting caused by the interaction of the PG planesZ3. The Raman mapping of the G
to 2D peak ratio illustrates the uniformity of the graphene films over 70-75 J.lmz
areas investigated (Fig. 5.6). For monolayered graphene, more than 95% of the film
has this signature with lG/ /zo< 0.4. The bilayered graphene has more than 85%
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coverage, with an IG/lzo- 0.8. Hz acts as both the reducing reagent and the carrier
gas to remove C atoms that are extruded from the decomposing PMMA during
growth. A slower Hz flow leaves more C sources for the growth of multilayered
graphene. Due to the low concentration and solubility of the carbon source in Cu,
traditional CVD-grown graphene on Cu usually terminates as a monolayer. In this
experiment, highly concentrated and uniformly dispersed carbon sources favor
multilayered graphene when the Hz flow is low. The higher order layers might form
through graphitization directly atop the first layer, which blocks the contact of the
carbon sources with the metal catalyst. Some metal catalysts, such as Ni, are known
to reverse graphene growth by converting graphene to hydrocarbon products,
therefore cutting graphene along specific directionsZ 6 • This reverse reaction does
not appear to occur on the PG which is atop the Cu.
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Fig. 5.5 Fitted Rama n Spectra. Raman 2D peak fittings of different layered
PGs; monolayered PG's 2D band was fitted with a single Lorentz peak. Bilayered and
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few-layered graphene 2D bands were split into 4 components: ZD1s, ZD1A, ZD2A, ZD2s
(green peaks, from left to right) 2 . Solid lines are the original data. Square points are
the fitting curves.
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Fig. 5.6 Raman spectral mapping. Two-dimensional Raman (514 nm)
mapping of (a) monolayered graphene film (70
graphene film (75

x

x

75 11m 2 ) and (b) bilayered

75 11m2). The color gradient bar to the right of each map

represents the G/2D peak ratio. The green and black areas in (a) are monolayer
graphene with an Ic/ho <0.4, suggesting at least 95% monolayer coverage 3 . The
blue area in (b) represents bilayered graphene with an Ic/ ho "'0.8. More than 85%
in (b) is bilayered PG. The lateral scale bars are 20 11m.
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ratio less than 0.1. For PG grown at 750

oc,

the D/G ratio is greater than 0.35.

Therefore, 800 oc is the low temperature limit for high quality PG growth.
High quality monolayered PG was obtained at 800

oc by this method, lower

than the original report for CVD growth temperature on Cu6 (Fig. 5.7). For the
semiconductor industry, the lower processing temperature used is favorable
because temperatures as high as 1000 °C would be problematic in the fabrication of
the multi-layered stacks of heterogenous materials. Therefore, in addition to
changing the Ar /Hz flow rate, the graphene growth process was conducted using
different temperatures. The quality of the graphene films was monitored by the DfG
peak ratio from Raman spectroscopic analysis. The DfG ratio for graphene sheets
obtained at 800
800

oc is less than 0.1. At 750 °C, the D/G peak ratio was -0.35; hence

oc is the lower limit for high quality graphene from PMMA. We used other solid

carbon sources including fluorene (C13H1o) and sucrose (C1zHzzOn) to grow
monolayered graphene on Cu catalyst under the same growth conditions as was
used for the PG. Because these precursors are powders not films, 10 mg of each as a
finely grinded powder was placed directly on a 1 cm 2 Cu foil. After subjecting the
powder-coated Cu films to the same reaction conditions as used for PG, Raman
spectra indicated that all of the solid carbon sources have been transformed into
monolayered graphene with no D peak observed (Fig. 5.4c). Although these solid
carbon precursors contain potential topological defect generators (the five-member
ring in fluorene) or high concentration of heteroatoms (oxygen), they produce high
quality pristine graphene. It is possible that at elevated temperatures under vacuum,
C has a higher affinity for the metal catalyst surface than the heteroatoms; atom

----------

----------------------------
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rearrangement occurs and most of the topological defects are self-healed as the
graphene is formed.
Other substrates such as Ni, Si<100> with native oxide and 200-nm thick SiOz
thermally grown were also tested to determine if they would grow graphene when
coated with PMMA. Fig. 5.4d is the HR:rEM image of PG grown on a Ni catalyst,
which clearly illustrates the few-layered structure around the edges of PG. The
Raman spectra in Fig. 5.8 confirm that Ni is an efficient catalytic substrate to convert
PMMA into highly crystalline graphene materials with noD peak around 1350 cm-1.
Under the same growth conditions, neither graphene nor amorphous carbon were
obtained on Si or SiOz substrates according to the Raman spectroscopic analysis of
the surface after the reaction. This demonstrates the potential to grow patterned
graphene from a thin film of shaped Ni or Cu deposited directly on SiOz/Si wafers
without post lithographic treatment since PG will not grow on the Si or SiOz surfaces.
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5.3. Doped Graphene Growth from Solid Carbon Sources
Pristine graphene can show weak p-type or n-type behavior due to
physisorption of small molecules such as HzO or NH3B. However, this chemical
doping effect induced by physisorption is labile because it can be easily desorbed
under heat or vacuum. Therefore, intrinsically nitrogen-doped (N-doped) graphene
is more challenging to make compared to pristine graphene. Intrinsically N-doped
graphene has been obtained by two methods: introducing a doping gas (NH3) into
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the CVD systems during the graphene growth 2 0 or treatment of synthesized
graphene or graphene oxide with NH3 by annealing or plasma19, 27, 2s. Here, by using
the solid carbon sources and solid doping reagents, doped graphene can be grown in
one step without any changes to the CVD system.
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Fig. 5.9 Spectroscopic analysis and electrical properties of PG and Ndoped PG. (a) XPS analysis from the Cls peak of PG (black) and N-doped PG (red);
the shoulder can be assigned to the C-N bond. (b) XPS analysis of the Nls peak
(black line) and its peak fitting (square points) of N-doped PG. The atomic

124
concentration of N for this sample is about 2% (C is 98%). No N1s peak was
observed for PG. (c) Raman spectra for PG and N-doped PG. (d) Room temperature,
lds-VG curves with n-type behavior obtained from three different N-doped graphene-

based back-gate FET devices.
A doping reagent melamine (C3N6H6) was mixed with PMMA and spin-coated
onto the Cu surface. In order to keep the nitrogen-atom concentration in the
systems, we use conditions similar to the PG growth except that the growth was
done under atmospheric pressure. The prepared polymer films were successfully
converted into N-doped graphene, with anN content of 2-3.5%. The XPS data (Fig.
5.9a) shows the difference of the C1s peaks between PG and N-doped PG. The
shoulder around 287 eV can be assigned to the C-N bonding. The N1s peak of Ndoped PG indicates that only one type of N is present, at 399.8 eV, corresponding to
graphitic N in graphene. Although high-temperature (1,000 oq growth favors
quaternary N in the N-doped graphene film2B, our assignment of 399.8 eV (N 1s) for
monolayer N-doped graphene is different from the Li et a/. 28 assignment, because
their assignment of 401 eV (N 1s) is for thick N-doped graphene films. In our
experiments, when we used poly( ethylene imine) as a growth source, multilayer Ndoped graphene was attained and similarly gave 401.2 eV (N 1s) as the assignment
Therefore, either there is a difference between the thick film assignments of Li et
af.ZB and our assignment of monolayer N-doped graphene on SiOz substrates, or the
N signals in our material are more pyridinic and/ or pyrrolic in content. This new
N1s peak also has a 1-2 eV shift from that in melamine, which has N 1s in the ring at
397.8 eV and N 1s external to the ring at 398.7 eV. The new N1s peak suggests that
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the Nls signal does not come from the melamine but that theN atoms are uniformly
bound into the graphene structure. The D peak of this material is always present in
the Raman spectra because the heteroatoms break the graphene symmetry and
thereby introduce defects that are detected by Raman analysis (Fig. 5.9c). The D'
peak is also found in doped graphene materials obtained by the other doping
methods 21• 27 • The 2D peak position and lzo/IG intensity ratio reveals that this Ndoped PG is monolayered graphene. Compared to PG, the lzo/ IG decreased from 4 to
2, implying a successful doping according to the electrostatically gated Raman
results 29 .
Doping effects were also demonstrated by N-doped PG-based FETs. Thentype behavior shown in Fig. 5.9d, with the DP shifted to negative gate voltage, is
consistently observed for devices on the same piece of N-doped PG. After keeping
theN-doped PG-based FET devices under vacuum (10-6 Torr) for 24 h, their DP did
not move to zero, indicative of the covalent bonding between carbon and nitrogen
rather than just physisorption; the dopant N atoms donate free electrons to
graphene. Meanwhile, theN-doped graphene's mobility calculated from theN-doped
FETs was about 1 order of magnitude lower than in PG 20 • Due to the broken
symmetry of theN-doped graphene's lattice structure, theN atoms act as scattering
centers that suppress its mobility25. Patterned hydrogenation on graphene already
shows its band gap opening3o. Similarly, if the doping atoms are periodically
dispersed in graphene's matrix, they can not only tune the Fermi level of graphene,
but tailor its band gap. However, in the present N-doped graphene, the ON/OFF
ratio does not increase, which suggests that the N atoms are randomly incorporated
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into the graphene matrix. In order to manipulate both the Fermi level and the band
gap of graphene, patterned doping has to be achieved3o.
In the first part of this chapter, we have demonstrated a one-step method for
the controllable growth of both pristine graphene and doped graphene using solid
carbon sources. This stands as a complementary method to CVD growth while
permitting growth at lower temperature.

5.4. Graphene Growth from Food, Insects and Waste
The carbon source for graphene growth can be a gas, such as methane or
acetylene, or solid carbon sources, such as poly(methyl methacrylate) (PMMA) or
sucrose 31 . All of these carbon sources are purified chemicals.
In this section, we will demonstrate that much less expensive carbon sources,
such as food, insects and waste, can also be used without purification to grow highquality monolayer graphene directly on the backside of Cu foils under the Hz/Ar
flow. For food, a Girl Scout cookie and chocolate were investigated. For waste with
low or negative monetary value, we used bulk polystyrene plastic, a common solid
waste, blades of grass and dog feces. For insects, another often negative value

carbon source, a cockroach leg was used. Growing high-quality graphene from these
carbon sources opens a new way to convert the waste carbon into a high-valueadded product, as graphene is one of the most expensive materials in the world32.
We propose a possible purification and growth mechanism. The graphene forms as
the solid carbon sources decompose and diffuse to the backside of the Cu foil,
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leaving the other elemental residues on the original side. Using this procedure, only
high quality pristine graphene with few defects and -97% transparency was grown
on the backside of the Cu foil, as confirmed by Raman and UV-Vis spectroscopy. No
heteroatoms were detected in the monolayer graphene according by X-ray
photoelectron spectroscopy (XPS), suggesting its pristine nature. Analysis by
selected area diffraction pattern (SAED) in transmission electron microscopy (TEM)
confirms the hexagonal lattice structure of the graphene.
In a typical growth experiment, as shown in Fig. 5.10A, 10 mg of the dry
carbon source was placed atop a Cu foil, and the foil was introduced into a 1050

oc

tube furnace. The sample was annealed for 15 min under low pressure with Hz and
Ar at a flow rate of 100 cm3 STP min- 1 and 500 cm3 STP min-1, respectively. For the
grass and dog feces, the samples were heated in a 65

oc vacuum (102 Torr) oven for

10 h to remove excess moisture. The experimental setup and procedures are similar
to the method used to grow PMMA-derived graphene31. The main difference in this
work is that the high quality monolayer graphene only forms on the backside of Cu
foil, while the PMMA-derived graphene grows on both sides of the Cu foil. In Fig.
5.10B, photographic images of different growth stages are shown and black residue
is present after the growth in Fig. 5.10Bc. Based on the experimental evidence
during the growth, most of the carbon segments from the decomposition of the
solids are carried away as gases by the Hz I Ar flow.
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Fig. 5.10 (A) Diagram of the experimental apparatus for the growth of

graphene from food, insects or waste in a tube furnace. On the left, the Cu foil with
the carbon source contained in a quartz boat is placed at the hot zone of a tube
furnace. The growth is performed at 1050

oc

under low pressure with a

Hz/Ar gas

flow. On the right is a cross view that represents the formation of pristine graphene
on the backside of the Cu substrate. (B) Growth of graphene from a cockroach leg. (a)
One roach leg on top of the Cu foil. (b) The roach leg under vacuum. (c) The residue
from the roach leg after annealing at 1050

oc

for 15 min. The pristine graphene

grew on the bottom side of the Cu film (not shown).
Since the carbon sources contain non-carbon elements, non-volatile residue
may remain on the Cu foil after annealing. Fig. 5.11 shows SEM images of both sides
of the Cu foil after a growth experiment. On the original frontside, many residual
particles were found, as shown in Fig. 5.11A, while almost no particles were
observed on the backside of the Cu foil where the graphene is formed (Fig. 5.11B).
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Fig. 5.11 SEM images of the Cu foil after growth of graphene from a Girl
Scout cookie. (A) The original frontside of the Cu foil; there was a large quantity of
particle residue after the pyrolysis of the cookie. (B) The backside of the Cu foil.
However, since the quartz boat has a semicircular shape, the slightly bent Cu
foil is supported by the quartz boat and a portion of the carbon source diffused to
the backside of the Cu foil, forming a monolayer graphene film. It is not known
whether the diffusion is through the Cu foil or via the edges. As a comparison
experiment, if the solid carbon sources were placed 5 em ahead of the Cu substrate
(but still in the quartz boat) and both were introduced into the hot furnace at the
same time, only amorphous carbon formed on both sides of the Cu foil; the
representive Raman spectrum of the film displays a large D peak as shown in Fig.
5.12.
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Fig. 5.12 Representative Raman spectrum of amorphous carbon grown on
the backside of Cu foil when the Girl Scout cookie fragments were placed 5 em ahead
of the Cu foil in the tube furnace.
After the monolayer graphene samples on the backside of the Cu foil were
transferred onto a 100 nm SiOz/Si wafer using standard protocols31, the product
was analyzed using Raman spectroscopy at 514 nm laser excitation. As shown in Fig.
5.13, all of the graphene samples grown have small or no D peaks in their Raman
spectra, an indication of few graphene defects23. The large 2D/G ratio suggests that
it is high quality monolayer graphene. The exact G and 2D peak positions and their
full-width at half-maximum (FWHM) for each spectrum were measured and are
summarized in Table 5.1; the results are similar to the reported data3 3. The G and
2D peaks are located at 1585.5-1591.4 cm· 1 and 2682.6-2693.9 cm- 1, respectively.
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The FWHM of the G peak and 2D peak are 14.1-16.3 cm-1 and 32.0-35.1 cm-1,
respectively.
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Fig. 5.13 Raman spectra of monolayer graphene from six different carbon
sources. The Raman spectra graphene were derived from (A) Girl Scout cookie; (B)
chocolate; (C) grass; (D) plastic (polystyrene Petri dish); (E) dog feces and (F) a
cockroach leg. There was only a trace D peak in some of the spectra, and the 2D to G
peak intensity ratios were -- 4, indicating monolayer graphene.

Table 5.1 The wavelength number of the G and 2D peak, and their FWHM for
graphene samples derived from six different carbon sources.
Carbon
G peak (cm-1)

G peak FWHM ( cm-1)

20 peak (cm-1)

20 peak FWHM (cm-1)

Cookie

1585.5

14.1

2682.6

32.0

Chocolate

1591.4

15.9

2693.9

32.6

Grass

1585.7

16.0

2692.1

33.1

Plastic

1587.7

15.8

2685.7

34.8

Dog feces

1589.6

16.3

2689.7

35.1

Roach

1588.4

14.6

2687.4

33.5

Source

In order to investigate the uniformity of the graphene film, a Raman mapping
over a 100x100

~m2

area (graphene derived from dog feces) was acquired. Over 95%

of the scanned area had a signature of ho/k > 1.8 and Io/k < 0.1, which further
demonstrated the high quality of the monolayer graphene, as shown in Fig. 5.14.
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Fig. 5.14 Raman spectra mapping of graphene from dog feces. The scanning

was performed at every 5 11m over an area of 100 11m

x

100 IJ.m. (A) Raman spectral

mapping of 2D/G ratio, over 95o/o of the scanning area has the signature of bD/Ic >
1.8. (B) Raman spectral mapping of DjG ratio; note that over 95°/o of the scanning
area has the signature of ID/Ic < 0.1. This is confirmation of high-quality monolayer
graphene.
XPS analysis of the graphene films was performed to confirm the elemental
composition and the chemical environment of the C atoms. In Fig. 5.15, only a sharp
peak at 284.5 eV with an asymmetric tailing towards high bonding energy is
observed for C1s peak, suggesting a sp2 graphitic peak3 4 -36. The FWHM was ,...., 1.1 eV
for each C1s peak. Although the raw carbon sources contain other elements such as
oxygen, nitrogen, iron, sulfur, or phosphorus, the obtained graphene consisted of
carbon, with none of these other elements found in the XPS survey spectra,
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In the growth system, the Hz gas might act as both a reducing reagent and a
carrier gas. Since carbon is the most abundant element in these materials and
graphene is the most thermodynamically stable form of carbon3 7, only pristine
graphene forms on the Cu. According to the C-C bond length (0.142 nm) in the
hexagonal lattice of graphene 3B, the surface area of one side of a monolayer of
graphene is about 1315 m2fg39. Theoretically, it only takes 228 ng of carbon to
cover one side of a 2 em

x 3

em Cu foil with monolayer graphene. In our growth

system, the size of the graphene is ultimately limited by the size of the tube furnace,
which limits the size of the Cu substrate that can be used. With a larger furnace,
larger-sized graphene could be produced with 10 mg of the carbon source.
Therefore, the limiting reagent in this work is the Cu foil, though scrolled Cu foil
could provide enhanced surface areas.
All the graphene films were transferred to a quartz slides before UV-Vis
analysis. In the spectra, each graphene film exhibits a peak at 268 nm, a typical
TI---+TI*

transition for the aromatic C-C bond in graphene40,41, and the typical (2.4% ±

0.1%) absorption at 550 nm corresponding to the monolayer nature of
graphene,31,42 as shown in Fig. 5.16. In the photographic images, the graphene films
on quartz slides are unifom and transparent. Also, the sheet resistance (Rs) of the
graphene was in the range of 1.5 - 3.0 kfi/square by the four-probe method.
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0.1 %). On the right top of each spectrum is the photographic image of the
monolayer graphene film of --1 em

x

1 em in size on a 1-mm-thick quartz slide,

labeled with a dashed square.
TEM images and the selected area electron diffraction (SAED) pattern were
taken to determine the crystal structure of a representative graphene sample
derived from the cookie. The graphene was transferred to a c-flat TEM grid
(Protochips), where most of the area of the graphene was determined to be
crystalline by its hexagonal diffraction pattern (Fig. 5.17 A) and was continuous as
shown in Fig. 5.17B. A randomly chosen monolayer edge of the graphene was
imaged in Fig. SC. The thickness of the graphene corresponds to monolayer
graphene, corroborating the UV-Vis spectra and Raman data. The dark spots in the
image in Fig. 5.17C might arise from the PMMA residues introduced during the
etching and transferring step31.

A

Fig. 5.17 Diffraction pattern and TEM images of the cookie-derived graphene.

(A) SAED pattern, (B) suspended graphene film on a 1

~m

diameter hole and (C) the

edge of monolayer graphene.
In this part, We have demonstrated a general method to grow high-quality
graphene from various raw carbon materials at 1050°C under vacuum and Hz/ Ar
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flow. The carbon sources were foods (cookie and chocolate), waste (grass, plastic,
dog feces) and insect-derived. With this technique, many kinds of solid materials
that contain carbon can potentially be used without purification as the feedstocks to
produce high-quality graphene without pre-purification. Furthermore, through this
method, low-valued foods and negative-valued solid wastes are successfully
transformed into high-valued graphene which brings new solutions for recycling of
carbon from impure sources.

5.5. Transfer-Free Method to Grow Graphene from Solid Carbon
Sources
Another promising aspect using solid carbon sources to grow graphene is
that the solid carbon feedstock can be embedded between metal catalysts and
insulating substrates, therefore, a transfer-free method could be developed. In this
section, we will discuss a general transfer-free method to directly grow large areas
of uniform bilayer graphene on insulating substrates (SiOz, h-BN, Si3N4 and Ah03)
from solid carbon sources such as films of poly(2-phenylpropyl)methysiloxane
(PPMS),

poly(methyl

methacrylate)

(PMMA),

polystyrene

(PS),

and

poly(acrylonitrile-co-butadiene-co-styrene) (ABS), the latter leading to N-doped
bilayer graphene due to its inherent nitrogen content. Or, the carbon feeds can be
prepared from a self-assembled monolayer (SAM) of butyltriethoxysilane atop a
SiOz layer. The carbon feedstocks were deposited on the insulating substrates and
then caped with a layer of nickel. At 1000 °C, under low pressure and a reducing
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atmosphere, the carbon source was transformed into a bilayer graphene film on the
insulating substrates. The Ni layer was removed by dissolution affording the bilayer
graphene directly on the insulator with no traces of polymer left from a transfer
step.
In the present work, the scheme of direct growth of bilayer graphene on
insulating substrates is shown in Fig.5.18a. Here, SiOz (500 nm)/Si++ and PPMS were
used as the insulating substrate and the carbon source, respectively. The SiOz/Si++
wafer was cleaned with oxygen-plasma and piranha solution (4:1 sulfuric
acid:hydrogen peroxide). Then, a PPMS film (- 4 nm thick) was deposited on the
SiOz by spin-coating 200 IlL of PPMS solution in toluene (0.1 wt %) at 8000 rpm for
2 min. A 500-nm Ni film was deposited on top of the PPMS film using a thermal
evaporator (Edwards Auto 306); the Ni was used as the metal catalyst for graphene
formation. At a temperature of 1,000

oc for 7 to 20 min, with a reductive gas flow

(Hz /Ar) and under low pressure conditions (- 7 Torr), a 1-cm2 homogeneous
bilayer of graphene was synthesized between the insulating substrate and the Ni
film. Marble's reagent was used to dissolve the Ni layer. The end result was that
bilayer graphene was directly synthesized on the insulating surface, eliminating the
transfer process. Instead of using a polymer film, a SAM of butyltriethoxysilane was
made on the SiOz. Using the same Ni deposition and growth conditions, a bilayer of
graphene was formed.
Raman spectroscopy was used to identify the number of layers and to
evaluate the quality and uniformity of graphene derived from PPMS on a SiOz/Si++
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substrate. Fig. 5.18b shows the Raman spectrum of the PPMS-derived graphene,
which is characteristic of 10 locations recorded over 0.5 cm 2 of the sample. The two
most pronounced peaks in the spectrum are the G peak at -1,580 cm- 1 and the 2D
peak at -2,700 cm-1. The full-width-at-half maximum (FWHM) of 2D peak and the

IG/Izo peak intensity ratio for bilayer graphene are significantly different from
monolayer graphene and few-layer graphene (Fig. 5.19)23. 43.44. Fig. 5.18b shows that
the FWHM of the 2D peak is about SO cm- 1and the intensities of the G peak and 2D
peak are comparable. Furthermore, the 2D peak in Fig. 5.18b displays an
asymmetric lineshape and can be well-fitted by four components: 2D1s, 2D1A. 2DzA.
2Dzs (Fig. 5.18c, yellow peaks, from left to right), individually with FWHM of 30 to
35 em- 1. This data indicates that the PPMS-derived graphene is indeed bilayered43M.
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Fig. 5.18 Synthetic protocol and spectroscopic analysis of bilayer graphene. a,
Bilayer graphene is derived from polymers or SAMs on SiOz/Si substrates by
annealing the sample in an Hz/ Ar atmosphere at 1,000

oc

for 15 min. b, Raman

spectrum (514 nm excitation) of bilayer graphene derived from PPMS. See text for
details. c, Bilayered 2D peaks were split into four components: 2D1s, 2D1A, 2DzA,
2D 28 (yellow peaks, from left to right) 4 3.44. d-e, Two-dimensional Raman (514 nm)
mapping of the bilayer graphene film (112

x

112

~m 2 ).

The color gradient bar to the
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right of each map represents the D/G peak ratio (d) or G/20 peak ratio (e) showing
--90o/o bilayer coverage. The scale bars in d and e are 20

~m.
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Fig. 5.19 I Raman spectra of graphene derived from PPMS. Black curve is the

Raman spectra of single-layer region with less 3o/o coverage shown in Fig.5.18e. Red
curve is the Raman spectra of bilayer region with around 90o/o coverage shown in
Fig.S.l8e. Blue curve is the Raman spectra of few-layer region with around 7o/o shown in
Fig.5.18e.
The D peak (1,350 cm- 1) corresponds to defects in the graphene film.
Fig.5.18b shows that the D peak is very low (Io/IG < 0.1), indicating few defects in
the PPMS-derived graphene. The quality of PPMS-derived graphene over the large
area was demonstrated by Raman mappings of the D to G peak ratio (Fig. 5.18d).
Areas of 112 x112

~m2

were investigated. In the green and black regions (Fig.

5.18d), the D/G peak ratio is below 0.1, suggesting that high-quality graphene
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covers - 95% of the surface 31 . The quality of PPMS-derived graphene was further
confirmed by the low sheet resistance of the graphene film, which is - 2,000 .n sq·l
by the four-probe method3 1. The uniformity and the coverage of PPMS-derived
bilayer graphene were illustrated by the Raman mappings of the G to 20 peak ratio
(Fig 5.18e). Again, an area of 112

x

112 11m 2 was investigated and the bilayer region

was identified by areas IG/Izo valued of - 143,44. The blue region in Fig. 5.18e is
bilayer graphene, suggesting bilayer coverage of- 90%.
Although, the PPMS-derived graphene does not need to be transferred to
another substrate in order to be used in most applications, the graphene film was
peeled from the SiOz/Si++ substrates using buffered oxide etch (BOE) for
transmission electron microscopy (TEM) measurements. TEM images of the pristine
PPMS-derived graphene and its diffraction pattern are shown in Fig. 5.20 The
suspended graphene films on the TEM grids are continuous over a large area as seen
under low-resolution TEM (Fig. 5.20a and 5.20b). The selected area electron
diffraction (SAED) pattern in Fig. 5.20c displays the typical hexagonal crystalline
structure of graphene. A

so

rotation is found between the two layers, suggesting

non-AA or AB-stacked bilayer graphene films. The diffraction analysis shows that
most of the area of the bilayer film is non-Bernal (non-AB) stacked graphene (Fig.
5.20c). The layer count on the edges indicates the thickness of this PMMA-derived
graphene. The edge in Fig. 5.20d is randomly imaged under TEM and most is bilayer
graphene, which corroborates the Raman data and further confirms the bilayer
nature of this material.
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Fig. 5.20 TEM analysis of PPMS-derived bilayer graphene. a-b, Low-

resolution TEM images showing bilayer graphene films suspended on a TEM grid. c,
Hexagonal SAED pattern of the bilayer graphene with a rotation in stacking of

so

between the two layers. d, HRTEM picture of PPMS-derived graphene edges. The
PPMS-derived graphene was 2 layers thick at random exposed edges.
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Only a small portion (3-5°/o) appears to be Bernal (AB) stacked (Fig. 5.21). 4 5,
46

This is quite promising if we could increase the yield of Bernal bilayer graphene in

our future work.

Fig. 5.21 Hexagonal SAED pattern of bernal stacked graphene.
The electrical properties of the obtained graphene were evaluated with backgated graphene-based field-effect transistor (FET) devices on a 500-nm-thick SiOz
dielectric. The drain-source current was modulated by applying a back gate voltage.
Standard electron-beam lithography and lift-off processes were used to define the
source and drain electrodes (30-nm-thick Au) in the graphene devices. Graphene
stripes (10 11m wide) were further defined by oxygen-plasma etching. Fig. 5.22a and
b show the schematic and the SEM image of the as-made device.
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a

b

Fig. 5.22 The Scheme and SEM Image for PPMS-derived bilayer
graphene-based device. Fig. 5.22a shows a schematic of the graphene device. Fig.
5.22b is the SEM images of the as-made device and the scale bar is 10 11-m.
Typical data for the FET devices are shown in Fig. 5.23a. The PPMS-derived
graphene FET shows an am bipolar behavior, which is similar to that of CVD-grown
graphene.6 For this particular device, the carr ier (hole) mobility estimated from the
slope of the conductivity variation with respect to the gate voltage is ,--.; 220 cm 2 V-1 s1

at the room temperature. In the experiments, more than five devices were made,

with the mobilities of approximately 220, 180, 150, 130 and 120 cm 2 V- 1 s-1 at room
temperature.
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Fig. 5.23 Electrical properties of PPMS-derived graphene and spectroscopic

analysis of graphene from different carbon sources and different substrates. a, Room
temperature los-VG curve from a PPMS-derived bilayer graphene-based back-gated
FET device. los, drain-source current; VG, gate voltage; Vos, drain-source voltage. b,
Difference in Raman speGtra from PMMS-derived bilayer graphene samples
prepared from different thicknesses of the starting PPMS film. c, Raman spectra of
graphene derived from PS, PMMA, ABS and the SAM made from butyltriethoxysilane.
d. Raman spectra of graphene derived from PPMS on h-BN, SbN4 and Alz03
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(sapphire). The baseline has been subtracted from the Raman spectrum of graphene
synthesized on h-BN.
The top Ni surface was analyzed after the reaction and it indeed had its own
graphene layer, and it often appeared by Raman analysis to be a bilayer, though the
signal is more difficult to analyze when on metal. Hence, some carbon below the Ni
had diffused through the 500-nm-thick Ni film and formed a top graphene bilayer
(Fig. 5.24).
Annealing

Fast C o o l ; /

Graphene

Fig. 5.24 The scheme for the proposed growth mechanism of PPMSderived bilayer graphene. As shown in the Fig., PPMS film decomposed and
dissolved into the Ni film during the annealing process (1000 °C). When the sample
was removed from the hot-zone of the furnace and cooled to room temperature, the
part of that carbon that dissolved in the bulk metal precipitated from the both sides
of the Ni to form graphene on both the top and the bottom of the Ni layer.
In one case, we treated the top bilayer graphene film with UV-ozone
(directed at the top-surface of the Ni), thereby destroying the top-bilayer graphene
as verified by Raman analysis (Fig. 5.25). After Ni dissolution, the bottom graphene
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bilayer was pristine. Hence, this excludes the possibility that the graphene on top of
the Ni drops to the bottom surface after the Ni dissolution.
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Fig. 5.2 5 Raman spectra analysis of PPMS-derived bilayer graphene on
SiOz/Si++. After annealing Ni/PPMS/SiOz/Si++ at 1000

oc with Hz/ Ar for 15 min, the

top surface of Ni was characterized by Raman spectra (Fig. 5.25b ). Fig. 5.25b
suggests that graphene was also grown on the top surface of Ni. After placing the
sample in UV-Ozone for 15 min, the graphene on the top surface of Ni was badly
damaged by UV-Ozone (Fig. 5.25c). Then the Ni was removed by etchant, and highquality bilayer graphene was still obtained on SiOz /Si++ (Fig. 5.25d). Thus, the
following conclusions can be made from the above experiments: (1) graphene was
grown on the both sides of the Ni-film due to the diffusion of C at the high
temperature; (2) the graphene that formed on the SiOz/Si++ was from the bottom
side of the Ni-film. All of the three Raman spectra are characteristic of 10 locations
recorded over 0.5 cm 2 of the samples.
We propose a limited carbon source precipitation process for the growth
mechanism of the polymer and SAM-derived bilayer graphene. In the CVD method,
the thickness of graphene is difficult to control when using Ni as the substrate due to

150
the continuous supply of carbon and the high solubility of carbon in Ni 5, 7. In our
present method, the amount of feed carbon is limited and fixed between the
insulating substrate and the Ni film at the start of the experiment. The amount of
carbon in the 4-nm-thick PPMS film corresponds to

~

20% of the saturated carbon

concentration in a 500-nm-thick Ni-film at 1000 °C47. As illustrated in Fig. 5.25, the
4-nm-thick PPMS film decomposed and dissolved into the Ni film during the
annealing process. When the sample was removed from the hot-zone of the furnace
and rapidly cooled, graphene films precipitated from the Ni. The sub-saturated
carbon concentration in the Ni film facilitates the growth of bilayer graphene rather
than few-layer graphene48.
According to the above proposed mechanism, the amount of carbon in PPMS
films will affect the graphene growth. Indeed, we controlled the thicknesses of PPMS
films by adjusting the concentrations of PPMS-film-forming solutions; the
thicknesses of PPMS films were determined by ellipsometry. A 200 1..1.L sample with a
concentration of 0.025, 0.1, 0.5 and 1 wt% of PPMS in toluene yielded thicknesses of
approximately 1.5, 4, 10 and 20-nm-PPMS films, respectively, at spin-coat rates of
8,000 rpm. Fig. 5.23b shows that 4-nm-thick PPMS film was the optimal thickness

for the growth of high-quality bilayer graphene (the red curve in Fig. 5.23b ). When
the thickness of PPMS film was 1.5 nm, the amount of carbon in the related PPMSfilm is apparently not enough for the formation of graphene (Fig. 5.23b ). Too much
carbon caused the growth of multilayer graphene with increased defects.
Interestingly, the amount of carbon in - 4-nm-thick film of PPMS is very similar to
the amount of carbon in four layers of graphene where there is a bilayer below the
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Ni and an approximate bilayer above the Ni (Fig 5.25). When this amount of carbon
is exceeded, multilayers and amorphous carbons are formed. When the amount of
carbon is insufficient, discontinuous graphene films are formed (Fig. 5.23b).
The optimized reaction temperature was 1000 °C. A lower temperature
(950 °C) leads to a larger D-peak in the Raman spectrum (Fig. 5.26a), meaning more
defects in the obtained graphene. The highest temperature studied was 1080

oc, at

which bilayer graphene with a low D peak was still obtained (Fig. 5.26b).
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Fig. 5.26 Raman spectra analysis of PPMS-derived bilayer graphene. (a)
Bilayer graphene grown on SiOz/Si++ at 950 °C. (b) Bilayer graphene grown on
SiOz/Si++ at 1080 °C.
For the SAM, we used butyltriethoxysilane as the precursor to make a carbon
layer on SiOz. Fig. 5.23c shows that the SAM was successfully transformed into
bilayer graphene. The sheet resistance was similar to that of PPMS-derived
graphene at - 2,000

n sq·l.

Copper was also used as the catalyst for the direct

growth of graphene on insulating substrates. Fig. 5.27 shows that copper
transformed a 4-nm-thick PPMS film into amorphous carbon while the SAM was
transformed into multilayer graphene with a large D peak. The growth of graphene

---------------
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on Cu is due to surface catalysis rather than precipitation of carbon from the bulk
metal as occurs in Ni6.
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Fig. 5.27 Raman spectra analysis of graphene using copper as catalysts.
a, When a 4-nm PPMS film was deposited between Si02/Si and a copper film (500
nm), and other conditions were the same as those for using Ni as the catalyst,
amphorous carbon was produced rather than graphene. b, When the SAM derived
from butyltriethoxysilane was used as the carbon source, multilayer graphene was
obtained.
Other polymers, PS, PMMA and ABS, were used as carbon feed sources for the
direct growth of graphene on insulating substrates. We selected Si02/Si++ (500 nm
Si02) as the substrate and the reaction conditions were the same as those used for
the PPMS-derived graphene. The Raman spectra in Fig. 5.23c indicated that all these
carbon sources were transformed into bilayer graphene when their thicknesses
were fixed at - 4 nm. For PMMA and ABS, the Raman spectrum of the obtained
graphene showed slightly larger D peaks (Fig. 5.23c). In ABS, where N-doped bilayer
graphene is obtained, a larger D peak is expected due to the broken lattice
symmetry31. The sheet resistance for PMMA-derived graphene was - 3,000

n sq-1
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and the sheet resistance for ABS-derived graphene was --- 5,000 .0. sq-1, larger than
that of PPMS-derived graphene. The X-ray photoemission spectroscopy (XPS)
characterization of ABS-derived graphene demonstrates that ABS films were
converted into N-doped graphene, with an N content of 2 o/o (Fig. 5.28). For PSderived graphene, the low-D peak demonstrates the high quality of the obtained
graphene film. Its sheet resistance is --- 2,000 .0. sq-1, similar to that of the PPMSderived graphene. This can be further understood in that PS only contains carbon
and hydrogen.
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Fig. 5.28 XPS analysis of ABS-derived graphene. Fig. 5.28a shows the N 1s
peaks in ABS-derived graphene, demonstrating two types of N and corresponding to
pyridinic N (398.8 eV) and quaternary N (401.1 eV) in graphene 7. TheN 1s peaks in
Fig. 5.28a have obvious shifts from that of R-CN (399.1 eV, Fig. 5.28b) in ABS (--- 3%
N content), suggesting theN 1s signals do come from graphene instead of ABS.
Using similar conditions, bilayer graphene was also synthesized on several
other insulating substrates, thereby underscoring the universality of this direct
bilayer graphene growth. The conditions were kept the same as those used for
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graphene growth on SiOz substrates except for replacing the insulating substrates
with hexagonal boron nitride (h-BN), SbN4 or Alz03 (sapphire). Large area h-BN was
synthesized by CVD of ammonia borane on copper49 and then transferred onto the
SiOz/Si. After annealing Ni/PPMS/h-BN/SiOz/Si at 1000

oc

for 15 min and

dissolving Ni, Raman spectra of the film had G peak and 2D peak signals with
comparable intensities, demonstrating the successful synthesis of bilayer graphene
on h-BN (Fig. 5.23d). While pure h-BN is non-conductive49, the sheet resistance of
the obtained graphenefh-BN hybrid film was - 2,000

n sq- 1, measured by the four-

probe method. Graphene films were also synthesized on SbN4 or Alz03 as shown in
Fig 5.23d. The sheet resistances of the graphene films on these substrates were both
-2,000 n sq- 1.

In this section, following the same protocol of solid carbon source growth, we
have developed a general route for the direct synthesis of large-size and
homogeneous bilayer graphene on various insulating substrates. This method is a
new controllable transfer-free route based on the solid carbon sources growth
technique, which opens the pathway for scalable bilayer graphene growth with
direct compatibility to device construction.
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Chapter 6

HYBRID SUPERLATTICES IN
GRAPH ENE

6.1. Introduction
The controllable and reversible modification of properties in graphene by
chemical functionalization can modulate the graphene's optical and electronic
propertiesl-3.

In this chapter, we experimentally demonstrate the ability to

controllably pattern graphanejgraphene superlattices within a single sheet of
graphene. By exchanging the sp3 C-H bonds in graphane with sp3 C-C bonds through
functionalization, sophisticated multifunctional superlattices can be fabricated on
both the macroscopic and microscopic scales. These patterns are visualized using
fluorescence quenching microscopy techniques4 and confirmed using Raman
spectroscopy.

By tuning the extent of hydrogenation, the density of the sp 3 C

functional groups on graphene's basal plane can be controlled from 0.4% to 3.5%
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with this two-step method. Using such a technique, which allows for both spacial
and density control of the functional groups, a route to multifunctional electrical
circuits 5 and chemical-sensors6 might be realized across a single graphene sheet,
facilitating the development of graphene-based devices.
Graphene has emerged as a remarkable material for diverse electronics
applications due to the large-scale synthetic routes to produce it in monolayer form,
its extraordinary carrier mobility and conductivity, and its versatility for band
structure engineeringl,7-16. Controllably tailoring graphene's electronic structure
with selective synthetic methods could better shape this 2D semimetal material for
use in different applications. It is known that physisorption of graphene with
chemical species can temporarily alter its electrical properties; however adsorbents
are too volatile for long-term usage 17. With stronger binding energy and electronic
coupling, covalent functionalization can permanently change the electronic
structure of graphene. Hydrogenation is one straight-forward route to render
graphene, which has a bandgap of zero, into a wide-gap semiconductor, and recent
studies have indicated that this method is controllable and reversible 1·2 • However,
hydrogenation produces a single type of functional group, a sp3 C-H bond, which
may prevent the material from being useful in more complicated applications. To
convert the proton into more diverse chemical substituents, an additional chemical
step, functionalization using a diazonium salt reaction, is demonstrated here.
Reaction of diazonium salts with mechanically cleaved graphene was found to be
selective to the edges and defects rather than the pristine basal plane1B,l9. However,
for electronic applications of graphene, there is a need for more uniformity in
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grafting functionality to the surface. Here, using the hydrogenated graphene as the
activated precursor, C-H bonds are effectively exchanged with C-C bonds through
diazonium salt functionalization, which controllably endows this material with a
new spectrum of chemical and electrical properties.
Furthermore, superlattices formed with built-in multifunctional regions in
desired templates could yield characteristics necessary for the development of
applications

in,

metamaterials3,6,zo.

for

example,

chemical

sensors,

thermoelectrics

and

In many cases, to produce materials relevant for these

applications requires controlled attachment of complex molecules into patterns 21.
Alternatively, the ability to take a single template, such as graphene, and use existing
processes such as lithographic patterning to create such structures on a molecular
level, facilitates a route toward the rapid development of such desired architectures.
The ability to produce large-scale graphene transferable to varied host surfaces also
makes graphene an excellent template for the development of well-established topdown patterning approaches for device fabrication. Recent theoretical studies have
emphasized the viability of this route for making quantum dots from patterned
interfaces of hydrogenated and pristine graphene2 2, and we extend this idea to
large-scale patterning of multifunctional domains on graphene.
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6.2. GraphanejGraphene Superlattice and FQM

A

1

Mask
Graphene
Patterning

Hydrogenation

Spin-coating
dye layer

FQM

Substrate

4

c
-

200fJ!ll

Fig. 6.1 Graphanejgraphene superlattices fabrication and imaging. (A)

Schematic illustration to fabricating the graphanejgraphene superlattices and
subsequent FQM imaging. (8 to D) FQM imaging of the graphene with different
graphanejgraphene patterns.
The typical process to pattern hydrogenated graphene domains and the
subsequent imaging using fluorescence quenching microscopy (FQM) is illustrated
in Fig. 6.1A. First, large-area graphene, grown from Cu substrates by CVD or solid
carbon methods, were transferred to an insulating substrate such as quartz or
SiOz/Si, using the PMMA protection procedure as described 11•12 . Following this,
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conventional photolithography was employed with a photoresist mask to define
patterns atop the graphene films. Next, the exposed area of graphene was
hydrogenated using atomic hydrogen generated by a tungsten hot filament at low Hz
pressure (10 to 20 Torr). The sample takes 2 h to be hydrogenated thoroughly at 10

oc.

This procedure was found to be effective for controlled hydrogenation,

minimizing graphene etching that originates at defects or edges23. Finally, the
photoresist mask was removed to yield a conductive graphene sheet patterned with
domains of insulating graphane-containing regions. Although the fabrication of the
graphanejgraphene superlattices, as we demonstrate here, was largely reliant on
conventional techniques, the challenge is determining a straight-forward and rapid
method for imaging the product of the process, namely the substructure of the
graphenejgraphene hybrid material. Therefore, the FQM technique 4·24, discovered
by Treossi, E. et al., was used to image the existing hybrid patterns. According to the
excited-state energy transfer mechanism, graphene may serve as an acceptor to
quench the fluorescence of a thin spin-coated dye layer (0.02 % rhodamine B mixed
with 5% PMMA in acetone) 4. Because graphene and its functionalized form are
different in their conjugation, the differential quenching ability of the hybrid
graphanejgraphene pattern can be readily observed using FQM 4. Using the
technique illustrated in Fig. 6.1A, graphanejgraphene patterns have been made with
photolithography, hydrogenation, and then imaged with FQM as shown in Fig. 6.1B
to D.
It should be noted that in all cases conventional photolithography was used,

which is only capable of accuracy down to length scales of - 1

~m

in our laboratory
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(Fig. 6.2). However, well-defined structures that can be achieved using more
advanced lithographic techniques can extend this technique to finer patterningzs. In
the photos, all of the dark areas are pristine graphene, which more efficiently
quenches the fluorescence of the thin top dye layer. The bright areas are graphane;
its fluorescence quenching ability is much weaker than in graphene due to the loss
of conjugation in the former. This verifies that the formation of insulating domains
on a conductive graphene sheet can be readily achieved (Fig. 6.2D).

Fig. 6.2 FQM imaging of the graphanejgraphene heterostructure. (A) Optical

microscopy image of graphanejgraphene pattern. (B) FQM image of the
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graphanefgraphene pattern at the same area as (A). (C) Overlap image of optical
microscopy image (A) and FQM image (B). Scale bars are 50 jlm. (D) Schematic
mechanism of FQM. The dye molecules (Rhodamine B) situated on graphene surface
quenches its fluorescence, whereas the ones on graphane emit the fluorescence light.
Typical atomic models of graphane and graphane/graphene superlattices are
shown in Fig. 6.3A and 6.38. Although, in our cases, full hydrogenation is not
achieved due to the substrate hindering effect; the hydrogenated section has more
sp 3 carbon characteristics than does the pristine section, as seen by the pronounced
D peak in the Raman spectrum. The Raman spectra displayed in Fig. 6.3C
correspond well with those reported for single-layer graphene before and after
hydrogenation2. With extended hydrogenation time, more sp 3 C characteristics or
higher D peaks were observed. In Raman spectra of pristine monolayer graphene,
the D peak (1350 cm-1) is much lower than the G peak (1580 cm-1), and the 20 peak
(2685 cm-1) is about 4 times more intense than the G peak. After 180 min of
hydrogenation, the D peak is almost as high as the G peak. An additional D' peak
(1620 cm-1) is detected on the shoulder of the G peak and the 20 peak is suppressed
due to the chemical functionalization.
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Fig. 6.3 Molecular models of graphane and graphanejgraphene superlattices

and corresponding Raman spectra of experimental products. (A) Fully hydrogenated
graphene structure. (B) Graphanejgraphene superlattices structures. (C) Raman
spectra of graphene and graphane with extended hydrogenation time. The D peak
increases as the hydrogenation time increases from 0 min (bottom) to 180 min (top).
The D peak intensity was also recorded as a 2-dimensional map to confirm
the formation of a graphenejgraphane patterns in Fig. 6.4. However, compared to
FQM that only takes a few seconds to image a large area of the sample, Raman
mapping is relatively time-consuming (7 h for 50

x

50

~m 2

area in Fig. 6.4) with a

resolution limited by the laser spot size of the Raman instrument.
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Raman mapping: graphane/graphene patterns. 50

graphene

Fig.

6.4
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graphanejgraphene superstructures overlaid with its bright field image. Scale bar is
20

jlffi.

Graphene area is marked using dark color while graphane using light color.

Representative graphene (left) and graphane (right) spectra at specific spots are
displayed above the microscopic image.
Four-probe electrical measurements before and after the hydrogenation
demonstrate a gradual transformation from semimetallic graphene to nearinsulating graphane-like material. After annealing at S20

oc for 30 min under high

vacuum (10-6- 10-7 Torr), the graphane is partially converted back to graphene
based on the partial recovery of its conductivity (Fig. 6.S). This provides additional
evidence that insulating graphane domains formed from a conductive graphene
template 2 .

170

1E-4

Pristine graphene
Partially hydrogenated graphene
-Hydrogenated graphene
Reversed Graphene

~ 1E-5

..._..

..,
c::

~ 1E-6

a..

::l

0

1E-7

0.0

0.5

1.0

Voltage (V)
Fig.6.5 Four-probe electrical measurements of graphene (blue), partially
hydrogenated graphene (violet), hydrogenated graphene (black) and reversed
graphene (green) made by heating the hydrogenated graphene to 520

oc for 30 min

under high vacuum (10-6 - 10-7 Torr). The bumps in the black curve are
instrumental noise due to instrument limitation and the log plot enhancement.

6.3. Hybrid Superlattice Through Diazonium Reaction
With this graphanejgraphene superlattice in hand, the material can be
additionally functionalized using diazonium salts. The diazonium salt reaction with
the graphanejgraphene intermediate is most likely to go through a free radical
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mechanism, as had been proposed for the diazonium functionalization of a hydrogen
passivated Si surface 26. As shown in Fig. 6.6, in this case we propose a spontaneous
electron transfer from the surface of the graphanefgraphene substrate to the
diazonium salt, generating an aryl radical upon loss of Nz and a graphanefgraphene
radical cation. A proton is eliminated from the graphanefgraphene to form HBF4
and a graphanefgraphene radical. Within a common solvent shell, the free aryl
radicals attack the surface near the sp3 C-H bond sites to form the new covalent sp 3
C-C bonds.
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Fig. 6.6 A proposed mechanism of spontaneous diazonium activation by a

hydrogenated graphene surface. Only two regioisomers are shown in the final
product, though others are possible.
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Thermodynamically, pristine graphene is inert to many organic reactions
except at structurally reactive spots with relatively high chemical potential, which
make these latter sites more reactive. For example, the edges, strain sites (ripples)
and the Stone-Wale defects are more reactive than the crystalline basal planes of
graphene based on experimental and theoretical studies19,28,29. Nevertheless,
hydrogenation functionalizes the basal plane of graphene in a controllable, uniform
and reversible manner. Here we show that hydrogenation also activates the basal
plane toward diazonium functionalization. Similar to aryl radicals in the diazonium
reaction, the atomic H works as a free radical (H• ). This H-radical generated by the
hot tungsten filament overcomes the high energy barrier to break the sp 2 bond in
graphene and it thereby forms a new sp3 bond. Fig. 6. 7 displays the reaction energy
scheme for both the direct diazonium reaction (addition reaction, sp 2 bond to sp 3
bond) and the diazonium reaction after hydrogenation (substitution reaction, sp 3
bond to sp3 bond).
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Reaction Coordinate

Reaction Coordinate

Fig. 6. 7 Proposed reaction energy diagram of diazonium salt reaction with

graphene (top) and diazonium salt reaction with hydrogenated graphene (bottom).
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Fig. 6.8 Controllable exchange of sp3 C-H bonds with sp 3 C-C bonds using 4-

bromophenyldiazonium tetrafluoroborate and its spectroscopic analysis. (A)
Schematic illustration of the fabrication of sp3 C-C exchanged superlattices and
subsequent FQM imaging. (B) TEM image of diazonium functionalized graphene film
covering a TEM grid with four suspended areas shown. (C) SAED pattern of
diazonium functionalized graphene.

(D to F)

FQM images of diazonium

functionalized graphene superlattices. The dye molecules used in FQM are
rhodamine B in (D), FITC in (E) and fluorescein sodium in (F). The scale bars are SO
~m.

(G) XPS of samples containing different percentages of 4-bromophenylene

functionality by tuning the hydrogenation process. The bromine content could be
controlled from 0 to 3.5%.
The diazonium functionalized graphene film was lifted off from a SiOz/Si
wafer and transferred onto a c-flat TEM grid (Protochips) with the PMMA protection
method 12 • The etchant used here is buffered oxide etchant (J. T. Baker, Buffered
Oxide Etch 6:1). In Fig. 6.8B and C, the TEM image and selected area electron
diffraction (SAED) pattern prove that the graphene sample is maintained after the
chemical process of hydrogenation and diazonium reaction. FQM was used to image
the same diazonium functionalized graphene superlattices with different dye
molecules, such as rhodamine B, fluorescein isothiocyanate (FITC), and fluorescein
sodium in Fig. 6.8D to F, respectively. The diazonium functionality introduced was
determined by analysis of the bromine content of the functionalized product using
X-ray photoelectron spectroscopy (XPS); the Br content was due to the 4bromophenyldiazonium tetrafluoroborate used in the functionalization. As shown in
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Fig. 6.8G, under the same reaction conditions, pristine graphene has only 0.4%
bromine content after functionalization with the diazonium salt, while graphane has
bromine content > 1 o/o. The more graphane that is present in the sample, the more
bromophenyl-functionalization that is introduced. The sample with the most
graphane had a bromine content of 3.5%, which is approximately one new sp 3 C-C
bond in every 21.5 C atoms in the graphane domains.
With this two-step functionalization method, graphene's basal surface can be
controllably grafted with Br content from 0.4% to 3.5%, with a lithographically
defined spacial resolution. Furthermore, to visualize the patterns, we used FQM,
which, when combined with Raman spectroscopy, provides the necessary analytical
tools to characterize the heterostructures. The two-step controlled covalent
functionalization process described here permits modulation of the electronic
properties of graphene's basal planes and could hold promise for optoelectronic and
sensor devices based upon this exciting new material.

6.4. Experimental Summary
6.4.1. Graphane/Graphene Superlattices Fabrication
Graphene films were grown on 25-flm thick Cu foils (99.8%, Alfa Aesar, item
No. 13382) and transferred onto various substrates, such as glass, quartz, and 100
nm SiOz/Si, according to the methods reported 1•
fabricated

using a

2.

photoresist (Microposit S1813)

Graphene patterns were
mask in a standard

photolithography process or a PMMA mask in an e-beam lithography process.

178
Hydrogenation was performed in a vacuum system equipped with a hot tungsten
filament (diameter

=0.25 mm, 99.95%, Alfa Aesar) which splits the Hz gas into H

atoms. Before the hydrogenation, the graphene samples (or graphene patterns)
were heated in vacuum (1Q-6 Torr) at 400 oc (200 oc with polymer defined patterns)
for 15 min to remove physisorbed polymers and other contaminants which might
block the hydrogenation of the graphene surface. SO seem Hz was then introduced
into the system and the pressure was controlled at - 10 Torr using a valve
connected to the vacuum pump. The filament current was slowly increased to- 13
A and the total power was maintained at - 60-65 W. The graphene samples were
placed - 2 em from hot filament for various times (15 min, 30 min, 1 h, 2 h or 3 h) to
produce different levels of hydrogenation. The FQM patterns samples were made
from the superlattices that had been hydrogenated for 2 h. After the hydrogenation,
the polymer masks were removed by rinsing with 10 mL acetone 3x.
6.4.2. FQM Imaging the Graphane/Graphene Superlattices
A thin layer of dye (0.02 wt% Rhodamine B, FITC or fluorescein sodium,
mixed with 5 wt% PMMA acetone solution) was deposited onto the superlattice
sample surfaces by spin-coating at 5000 rmp for 1 min (Headway Research, Inc.).
The samples were imaged under a fluorescence microscope (Zeiss Axioplan 2
imaging Optical Microscope). It was equipped with a Mercury Arc lamp (HBO 100 W)
and in combination with a set of filters, coordinates the excitation and emission
wavelengths corresponding to a particular fluorophore. In this work, Texas of Red
(Ex: 555, 595/ Em: 615 nm) and Cy3 (Ex: 514, 554 I Em: 566, 615 nm) channels
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were used for rhodamine B, and FITC (Ex: 493/ Em: 517 nm) channel was used for
FITC and fluoroscein sodium. Images were recorded and processed at room
temperature using a Photometries Cool Snap HQ camera and MetaMorph software.
The objectives used were lOX, 20X, and 40X in air; 63X and 100X in oil. The
diazonium functionalized graphanejgraphene superlattices have the same contrast
as the unfunctionalized precursors, namely the graphane-graphene superlattices.

6.4.3. Diazonium Functionalization of Hydrogenated Graphene
In the diazonium functionalization experiments, the substrates (graphene
hydrogenated for varied times of 0, 15, 30, 60, 120 to 180 min) were placed in a Nzpurged,

freshly

prepared

1

mg/1

mL

diazonium

salt

solution

(4-

bromobenzenediazonium tetrafluoroborate in CH3CN) in the dark at room
temperature for 20 h. The reactions could also be performed under UV light (254
nm) in 2 h. After the diazonium reaction, the samples were rinsed in CH3CN 3x to
thoroughly remove any physisorbed diazonium salt residue and they were then
dried using a flow ofNz before further characterization.
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graphene-based superlattices, performed the spectroscopic characterizations and
analysis. Cary L. Pint performed the hydrogenation reactions and electrical
measurement. Chenguang Zhang optimized the hydrogenation conditions. Daniela C.
Marcano performed the FQM characterization. Gedeng Ruan prepared the graphene
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Chapter 7

MANIPULATION OF GRAPHENE'S
ELECTRONIC PROPERTIES THROUGH
PLACEMENT ON SELF-ASSEMBLED
MONOLAYERS

7.1. Introduction
In previous chapters, doped graphene was synthesized through direct
substitution of C atoms with heteroatoms such as N, which endows graphene with
n-type behavior. In this chapter, non-substitutional doping of graphene is
investigated through assembly chemistry. Normally, physical absorbed dopants are
volatile, therefore could not consistently manipulate the electronic structure of
graphene. In order to overcome this, self-assembled monolayers (SAMs) of
aminopropyl-,

ammoniumpropyl-,

butyl-,

and

1H,1H,2H,2H-

perfluorooctyltriethoxysilanes were covalently deposited in-between graphene and
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the Si02 substrate. A controlled doping of graphene was realized with a threshold
voltage ranging from -18 V to 30 V. In addition, the SAMs are covalently bonded to
the Si02 surface rather than the graphene surface, thereby producing minimal
effects on the mobility of the graphene. Finally, it is more stable than conventional
non-covalent dopants.
Since its first isolation in 2004, graphene, has attracted enormous attention
for its excellent electronic propertiesl- 4. In particular, its extremely high mobility
and potential for use in top-down fabrication of electronic devices has made it a
promising candidate for high frequency transistors 5-6. Pristine graphene exhibits a
standard ambipolar behavior with a zero neutrality point in field-effect transistors
(FETs) on standard Si02 substrates, and the ambipolar properties limit its
electronics applications. In this regard, many efforts have been made to modify the
electronic structure of graphene to make n- and p-type FETs7-17. Present doping
methods either suppress graphene's mobility or are not stable long-term 9-17 .
Thereafter, for both pristine graphene and doped graphene, different methods to
produce high quality, monolayer graphene films have been disclosed 17-19 . Similar to
the use of silicon in the semiconductor industry, doping and controlling the
electrical structure of graphene has become important if it is to be used in place of
or in addition to silicon. Direct substitution with boron and nitrogen in the graphene
lattice can lead to p- and n-type doping, respectively14-17 . However heteroatom
substitutions break the symmetrical structure of the graphene lattice and lead to a
10-100-fold decrease in graphene's carrier motilities 14-17 . Other methods include
physically or chemically doping graphene with small molecules 10-13. Physically
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adsorbed molecules are not stable and are easily desorbed under vacuum or heat,
while chemically functionalization suppresses the mobility of graphene due to the
newly formed sp3 C-C bonds.
The transport behaviors of graphene transistors can be significantly affected
by the substrates used in making the devices. It is known that graphene FET devices
on SiOz substrates have lower carrier mobility than suspended devices or devices on
boron nitride substrates20· 21 . In both cases, the research was focused on graphene's
mobility. The use of self-assembled monolayers (SAMs) is a technique well-known
for modification of surfaces including SiOzZZ-31. The use of SAMs has made a
significant impact on the electrical properties of organic thin film transistors (TFTs)
and single-walled carbon nanotube (SWCNT) field effect transistors.ZZ- 26 However,
limited research has been done to provide controllable doping, both n-type and ptype, in graphene FET devices by functionalizing the SiOz substrates with SAMs 28 .
In this chapter, the electrical transport behavior of graphene transistors was
investigated after the modification of the SiOz substrates with alkyltriethoxysilanebased SAMs. The threshhold voltage shift (Vth), which directly corresponds to the
neutrality point in graphene FET devices, can be systematically controlled. Both ntype and p-type FET behaviors have been demonstrated through this technique.
Additionally, the SAM-induced doping has a limited impact on graphene's mobility
and the SAMs remain stable even in vacuum.
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7.2. Pristine Graphene
Before we investigate the doping effect of graphene, its pristine form has to
be confirmed. If the graphene is already doped, either substitutionally or unsubstitutionally, its electronic behavior will be too complex to be predicted. In our
study, the graphene film was grown using a solid carbon source 17 . That it was

monolayer graphene was confirmed by both Raman spectroscopy and high
resolution transmission electron microscopy (HRTEM) (Fig. 7.1a, b). The sharp 20
peak in the Raman spectrum at 2690 cm-1 has a full width half maximum (FWHM) of
- 30 cm- 1 and the lzo/IG ratio is about 3, hence indicative of a typical monolayer
graphene. The hexagonal fast Fourier transform (FFT) pattern for the HRTEM image
suggests the graphene film is highly crystalline with few defects, a finding which
correlates with the presence of the small D peak (1350 cm-1) in the Raman spectrum.
A highly doped Si substrate (p = 0.005 Ohm-em) capped with a 100 nm thick SiOz
layer was used for the back gated graphene FETs and a SEM of the as-made device is
shown in Fig. 7.1c. The source and drain electrodes (30 nm thick Pt) were defined
by conventional electron-beam lithography and lift-off processes on the graphene
devices. Graphene stripes (5 11m wide) were further defined by oxygen-plasma
etching. Fig.7.1d shows the lcts/Vg curve of the control sample, which exhibits a weak
p-type behavior due to the unintentional doping induced by water, oxygen or other
species adsorbed from the atmosphere.
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Fig. 7.1 Characterisitics of pristine graphene. (a) Raman spectrum (laser 514

nm) of a monolayer graphene film t ransferred on a SiOz/Si substrate. (b) HRTEM
images of a suspended graphene film onto a TEM grid. Inset is the hexagonal FFT
pattern of the image, which indicates the single-crystalline structure of the graphene.
(c) SEM image of a graphene-based FET device (4

~m x

5

~m

(L

x

W)) atop a 100 nm

SiOz/Si wafer with 30 nm Pt as the source and drain electrodes. (d) The FET /- V
curve of pristine graphene on untreated SiOz/Si substrate (/ds =100 m V).
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7 .3. SAMs on Si02 Substrate
Three alkyltriethoxysilane compounds were used to prepare SAMs on the
SiOz

and

four

different

alkyltriethoxylsilanes

used

perfluorooctyltriethoxysilane,

SAM
to

films

were

prepare

(F-SAMs);

the

ultimately
SAMs

were:

butyltriethoxysilane,

prepared.

The

1H,1H,2H,2H(CH3-SAMs);

3-

aminopropyltriethoxysilane (HzN-SAMs); and the protonated form produced from
the HzN-SAMs, H3N+-SAMs. The detailed processes to prepare and characterize the
SAMs films on SiOz are listed below.
SiOz substrate cleaning. Prior to the transferring of graphene, the SiOz

surface underwent a hydrophilic treatment by oxygen-plasma etching for 10 min
followed by immersion in piranha solution (3:1 sulfuric acid to hydrogen peroxide)
for 30 min. SiOz surfaces were thoroughly cleaned with DI water and were dried by
nitrogen flow.
HzN-SAMs. The process was as follows: (1) the cleaned silicon wafers were
placed in sealed vials, which were backfilled with nitrogen through a septum; (2) the
3-aminopropyltriethoxysilane (1 mL) was added to the sealed vials followed by the
addition of anhydrous toluene (2 mL) to form a 33% solution of 3aminopropyltriethoxysilane in toluene by volume; (3) the silicon wafers were kept
in the vials for 1 hat 75 °C; (3) the silicon wafers functionalized with the HzN-SAMs
were washed with toluene, followed by methanol and DI water; (4) the
functionalized silicon wafers were immersed in DI water for 24 h at room
temperature to complete the hydrolysis of residual ethoxy groups; (5) the
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functionalized silicon wafers were placed in aqueous NaOH (-0.01 mM) at pH 9 for
30 s to remove any adsorbed COz; (6) the functionalized wafers were further
cleaned by rinsing with DI water; and (7) the functionalized wafers were dried with
nitrogen.
H3N+-SAMs. The protonated SAMs were prepared by submersion of the HzN-

SAMs in 1 M HzS04 solution for 24 h followed by rinsing with DI water.
F-SAMs and CH3-SAMs. The process for functionalizing the silicon wafers

with F-or CH3-SAMs was similar, as follows: (1) the cleaned wafers were placed in a
65 cm 3 vessel with a glass container filled with ca. 0.2 cm 3 of 1H,1H,2H,2Hperfluorooctyltriethoxysilane or butyltriethoxysilane; (2) the vessel was sealed with
a cap and heated in an oven at 120 oc for 2 h; (3) after cooling to room temperature,
the functionalized wafers were removed from the deposition chamber and were
washed with toluene, followed by methanol and DI water; and (4) the functionalized
wafers were dried with nitrogen.
In Fig. 7.2, both XPS and water contact angle measurements support the
conclusion that the SAMs were successfully prepared on SiOz. Fig. 7.2a and 7.2b
demonstrates the F1s and C1s high-resolution spectra of the F- and CH3-SAMs,
respectively, which agree well with the reported values 27 • Fig. 7.2c displays the N1s
high-resolution spectra for the HzN-SAMs. The N1s peak in Fig. 7.2c can be fitted
with two components centered at 399.1 (90%) and 401.5 eV (10%), which can be
assigned to the free amine (HzN-) and the ammonia cation (H3N-+), respectively.3 1
The H3N+-SAMs were obtained through protonation of the HzN-SAMs with 1.0 M
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sulfuric acid for 24 h. The H3N+-SAMs XPS spectrum (Fig. 7.2d) displays a large
contribution of the ammonia cation (90%) and only a small portion of the free
amine (10%).
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Fig. 7.2 Characteristics of SAM films. (a) XPS analysis from the F1s peak (688

eV) and the water contact angle of F-SAMs film (102°). (b) XPS analysis of the C1s
peak (284.5 eV) and the water contact angle ofCH3-SAMs film (78°). (c) XPS analysis
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from the N1s peak (398.8 eV) and the water contact angle of HzN-SAMs film (58°).
(d) XPS analysis of the N1s peak (401.8 eV) and the water contact angle of H3N +_
SAMs film (17°). No F1s, C1s or N1s peaks were observed for the untreated
substrate.
The thicknesses of the SAM films were determined by ellipsometry and the
values are listed in Table 7.1. All four SAM films showed an average thickness "' 1
nm, implying a monolayer level coverage22-23,27.
Table 7.1. Summary of Characterization Data on SAMs in the Study

HzN

End group
SAMs thickness (A)

Water contact angle

Present results

11.1

6.2

10

11

Calculated results

10.627

5.323

5.522

nja

Present Results

102

78

58

17

Reported results

10527

7523

6029

nja

7 .4. Doping from Modified Substrates
After forming the SAMs, graphene films

were transferred

to the

SAMs/SiOz/Si substrates and made into FET devices. Fig. 7.3 shows a schematic
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structure of the completed devices, where the SAM layers are in-between the
graphene and SiOz and directly bonded to the SiOz substrates.
F-SAMs

"\~'·

' {'!

~~me

,',

. "

Si02
Si++

Fig. 7.3. Schematic diagram of the graphene FET devices fabricated in this study.

To determine the doping effects of the SAMs, the transport properties of the
graphene FETs on different SAMs were measured in vacuum (Fig. 7.4). For the
graphene FET device made atop F-SAMs, the most positive Vth shift was observed (-+30 V, Fig. 4a), while only -- -8 V Vth shift (Fig. 7.4b) was observed for the device

made on CH3-SAMs, indicating butyl groups lead to a weak n-doping effect in the
graphene FET devices. For the device fabricated on HzN-SAMs, the Vth is
downshifted to -- -18 V (Fig. 7.4c), suggesting that aminopropyl SAMs have a
relative strong n-doping in the graphene FET device. Compared to HzN-SAMs, the
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opposite doping effect is shown in Fig. 7.4d on H3N+-SAMs supported devices, with a
Vth upshifted to ,. . ., +20 V. With the four different SAMs, a wide range of Vth values
have been obtained, from -18 V (H2N-SAMs, n-doping) to +30 V (F-SAMs, p-doping).
For each SAM films, more than five devices were fabricated and similar results were
observed for each set (standard deviation< 3).
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Fig. 7.4 . lds/Vg characteristics of graphene based FET devices on different

SAMs. Room temperature lcts-Vg curves of the FET devices fabricated on (a) F-SAMs,
(b) CH3-SAMs, (c) H2N-SAMs and (d) H3N+-SAMs at Vcts = 100 mV.
The observed systematic doping can be explained by built-in electric dipoles
and the charge transfer between SAMs and the graphene channels. The dipole
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alignment of the SAM molecules is thought to produce a built-in electric field and
modify the carrier density of organic field-effect transistors22, 24. The theoretical
model works well in explaining CH3- and F-SAMs induced doping in graphene
transistors. The dipoles of molecules similar to F-SAMs and CH3-SAMs have been
calculated by Kobayashi et al. using density function theory (OFT) 22. The dipole
moments along the molecular axes were computed as -2.202 and 0.831 Debye for FSAM and CH3-SAM, respectively. The built-in electric field inside the SAMs can be
estimated by E = N (Ill dE Eo) 22 ,3 2, where N is the molecular density, d is the length of
the SAM molecule, £ is the effective dielectric constant inside the SAM molecules and
Eo is the permittivity of free space. For the SAMs in this study, N is about 1- 2

x

101 4

cm- 2, dF-SAMs is 1.1 nm, dcH3-SAMs is 0.6 nm and £is between 2 and 3 22 . According to
the above formula, the calculated electric fields inside the SAMS are EF-SAMs =-(2.5 to
7.4) MV fern and EcH3-SAMs = 0.94 to 2.8 MV fern. To produce the same electric field by
applying a voltage across the 100-nm-thick Si02 gate insulator, a gate voltage of 25 7 4 V for F-SAMs and -(9.4 to 28) V for CH3-SAMs is necessary, which agrees well
with the shifts in electrical transport characteristics observed in our devices (Table
7.2).

Table 7.2. Threshold Voltage Vth and Field-Effect Mobility ll Determined in the Study
Untreated

vth (V)

-18

-8

4

20

30

ll (cm 2V- 1s- 1)

661

460

449

363

450
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However, since the amine group bears a lone pair of electrons and the
ammonium group is positive charged, HzN-SAMs and H3N+-SAMs induced doping in
graphene transistors cannot be understood simply by using the built-in electric field
model. Dai et. al. have discussed the possible charge transfer mechanism between
carbon nanotubes and aminopropyltriethoxysilane molecules3s. A charge transfer
mechanism was also proposed to explain small molecule-induced doping33. The
amine group in HzN-SAMs can donate its lone pair to graphene's channel, increasing
electron carrier density and inducing n-doping. In H3N+-SAMs, the lone pairs are
occupied by H+. The ammonium cations in H3N+-SAMs are positively charged, which
is anticipated to withdraw electrons from graphene channel, decreasing electron
carrier density and inducing hole doping.
In order to define the impact of the SAMs on graphene's mobility, field-effect
mobilities were extracted from the lds/Vg curves using the following formula:
[(~Ids/Vds)(L/W)]/Cox~Vg 34 .

1..1.

=

The calculated data are summarized in Table 7.2. Of

particular interest, the carrier mobilities of transistors on SAMs are of the same
order of magnitude as transistors fabricated on untreated SiOz substrates. SAM
doping arises from electric dipoles and charge transfer which do not introduce more
scattering centers into the graphene lattice than into the bare SiOz substrates,
therefore having limited effects on the mobilities. In addition, unlike small molecule
doping that is caused by physisorption on the graphene planel0-13, SAMs are
covalently attached to the SiOz surface and cannot be cleaved even in vacuum. Two
SAM doping cases, HzN-SAMs and F-SAMs were tested under vacuum. After keeping
the samples under vacuum (lQ-6 Torr) for 7 d, only a small positive threshold
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voltage shift was observed in comparison with that obtained after keeping the
samples under vacuum (10-6 Torr) for 3 d, which was attributed to the desorption of
species adsorbed from the prolonged evauation 17•

7.5. Conclusion
In conclusion, producing stable doping and high mobility is a problem for
graphene-based electronics. For such an electrically sensitive material, modulating
electrical characteristics of the substrate controls the electrical characteristics of the
device. By adapting the SAM techniques, systematic modulation of graphene's
electronic properties becomes available without affecting its mobility. A wide
doping range has been achieved with hundreds of SAMs hitherto unexplored. This
technique provides a simple solution for the development of more controllable
graphene devices.
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Chapter 8

GRAPHENE BIOCOMPATIBILITY

8.1. Introduction
Graphene oxides (GOs) are layered, oxygenated graphene sheets with
epoxide, carboxyl and hydroxyl groups on their basal planes and edges. Although
traditionally seen as a precursor to large-scale graphene synthesis 1, GO has recently
received more attention for its other possible uses2,3. GOs are being promoted as
useful compounds for incorporation into polymers, ceramics and metals 4-9, as novel
forms of thin film electronic materialsl0-13, as potential chemotherapeutic delivery
vehicles 14,1S, as antibiotics16, for hydrogen storage compositions17 and for enhanced
oil recovery1B,19; the latter being where larger volumes would enter the
environment. Given the wide-ranging applications for this material, it is likely to
enter into large-scale production1B,19. Inevitably, this will lead to the introduction of
GO into environmental systems and interfere with the existing ecosystem. Thus, it is
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important to understand whether there is a natural and rapid route for its
conversion to graphite, the layered stacks of graphene that can form after the
reduction of GO. Graphite is a naturally occurring mineral that is already used
abundantly and poses no threat to the environment. Towards this end, we have
conducted laboratory studies to assess the interactions between GO and model
environmental microbes from the genus Shewanella.
Shewanella comprise a group of heterotrophic, facultative anaerobes. They

have been found in a wide variety of environments including lake and marine
sediments, estuaries, hydrothermal vents, various fish species, oil brines, ocean
water, and spoiled foods 2o. These microbes have the ability to use a large array of
organic and inorganic compounds as terminal electron acceptors in their
respiratory pathway. In addition to oxygen, other electron acceptors available to
Shewanella include arsenate, chromium oxides, uranium oxides, dimethylsulfoxide,

trimethylsulfoxide, iron oxides, manganese oxides, nitrates and silver oxide21, 22.
With respect to toxic metals such as chromium and uranium, Shewanella are able to
remove them from solution by reducing them to their insoluble form21. These
bacteria are known as exoelectrogens 16 because some of these compounds, such as
iron oxide, are solids, requiring the bacteria to engage in extracellular electron
transfer (EET) 20,21,23.
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8.2. Reduction of Graphene Oxide via Bacterial Respiration
The ability of these organisms to use solids as terminal electron acceptors,
their capacity to immobilize toxic metals and their environmental ubiquity makes
them good candidates to study how microbes might interact with graphitic
nanomaterials. Here we present that graphene oxide (GO) can act as a terminal
electron acceptor for heterotrophic, metal-reducing, environmental bacteria. The
conductance and physical characteristics of bacterially converted graphene (BCG)
are comparable to other forms of chemically converted graphene (CCG). Electron
transfer to GO is mediated by cytochromes MtrA, MtrB and MtrC/OmcA, while
mutants lacking CymA, another cytochrome associated with extracellular electron
transfer, retain the ability to reduce GO. Our results demonstrate that
biodegradation of GO can occur under ambient conditions and at rapid timescales.
The capacity of microbes to degrade GO, restoring it to the naturally occurring
ubiquitous

graphite

mineral

form,

presents

a

positive

bioremediation. This capability also provides an

prospect for

opportunity for

its

further

investigation into the application of environmental bacteria in the area of green
nanochemistries.
Table 8.1. Bacterial Strains Used in This Study

1

Strain

Origin

Shewanella oneidensis MR-1

Lake Oneida, New York
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1Shewanella

1

1

putrefaciens CN32

Uranium Mine, New Mexico

Shewanella amazonensis SB2B

Amazon River Delta

Shewanella putrefaciens W3-18-1

Pacific Ocean Marine Sediments

2Shewanella baltica 1073ST

Oil-brine, Japan

1

Bacterial

strains

provided

by

the

Shewanella

Federation

(www.shewanella.org); 2 Strain provided by Dr. Masataka Satomi, National Research
Institute of Fisheries Science (http: 1/nrifs.fra.affrc.go.jp /) .
Five strains from this genus were used, representing a variety of ecological
habitats (Table 8.1). Reduction was evident at 24 h due to the precipitation of
graphene from solution (Fig. 8.1); however, the incubations were allowed to
continue for approximately 72 h.
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Fig. 8.1. Microbial reduction of GO occurs under ambient conditions. Digital
photographs of anaerobic serum bottles containing different strains of Shewanella
and GO (10 mL solution). 1

= blank

= MR-1; 2 = CN32; 3 = SB2B; 4 = W3-18-1; 5 = 10735t; 6

control. The top panel shows the condition of GO after 24 h, while the

bottom panel shows conditions after 72 h. The changes in color and solubility of the
material in bottles 1 through 5 indicate extensive reduction of GO by bacteria as the
initially soluble GO solution forms graphene precipitates upon reduction. Each
bottle was photographed individually with a Nikon D40 SLR camera (set to manual
focus) under natural lighting, and subsequently combined into one Fig ..
X-ray photoelectron spectroscopy (XPS) was used to characterize the GOs
before and after incubation with bacteria. The C 1s XPS spectra for GO had peaks at
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287 and 288 eV for the C-OH and C=O bonds, respectively. The C-C bond at 284.5 eV

was much less prominent. Analysis of these peak intensities indicated that the
biologically mediated reduction of GO was extensive (Fig. 8.2).
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Fig. 8.2. Reduction of GO by bacteria is extensive as observed by XPS. Panels

A and B display XPS spectra for BCG produced by various strains of Shewanella. GO
and CCG are shown in panel A for reference. Panel C displays results from reduction
experiments using mutant strains of S. oneidensis MR-1. The results in panels A and
B demonstrate that in all cases of GO respiration, loss of oxygen is pronounced. The
percentage of C-C bonds increases from approximately 28o/o in GO to 90-95% in the
bacterial products. Panel C shows results for deletion mutants of c-cytochromes
associated with metal reduction in S. oneidensis MR-1. Spectra indicate that MtrA is
essential for GO reduction, while CymA is not.
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As reported previously2 4, after chemical reduction the C-OH and C=O peaks
decrease in intensity, and the strongest signal comes from the C-C bond. After
incubation with bacteria, this was also the case; as much as 95% of the carbon in the
biologically converted graphene (BCG) was in the reduced state and there was no
indication of any epoxy or carboxyl groups in the reacted samples (Fig. 8.2, Table
8.2). Not all of the strains tested reduced GO to the same extent (Table 8.2). This
variability may be due to the rate at which the GO was reduced, or to the possibility
that the test conditions were not optimal for some strains. Work using other solidphase terminal electron acceptors has shown that Shewanella exhibit different rates
or respiration 25 , and the rates and extent of reduction can vary as a function of
medium composition 26 . Among a number of strains, the peak at 287 eV was reduced
to a shoulder in the C-C peak, indicating that although reduction did occur, some
hydroxyl groups still remained in these samples.

Table 8.2. Fraction of Reduced Carbon in BCG
o/oC-C
GO

28

CCGa

83

S. oneidensis MR-1

56

S.

putrefaciens

91

S.

amazonensis

75

CN32

SB2B
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S. sp. W3-18-1

>95

S. baltica 10735T

54

S.

oneidensis

31

oneidensis

40

oneidensis

55

oneidensis

81

MtrA

s.
MtrB
S.
MtrC/OmcA
S.
CymA

achemically converted graphene
Observation with transmission electron microscopy (TEM) indicated that the
BCG samples had single-layer thickness (Fig. 8.3). The reduced graphene oxide
preserves the hexagonal lattice structure from its mother material.
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Fig. 8.3. TEM image of bacterially converted graphene. A) Single-layered BCG

flakes; B) single-layered BCG edge. The inset in IB' is the selected area diffraction
pattern (SAED) of BCG, showing the material's hexagonal crystalline structure.
S. oneidensis MR-1 was incubated with GO thin films in order to test the
capacity of bacteria to reduce GO films deposited on a substrate. The conductance of
BCG was observed to increase by 103-10 4 over the starting GO material (Fig. 8.4).
This is comparable to the conductance of chemically converted graphene (CCG)
obtained from chemical reduction of G0 1•27 . Although work done with S. putrefaciens
CN32 showed no significant difference in conductance when compared with MR-1,
the variation in conductance of BCG as a function of bacterial strain is currently
under investigation.
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Fig. 8.4. Conductance plots taken of GO films before and after incubation

with bacteria demonstrate a decrease in film resistance of up to 10 4 . Black

= before;
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red

= after. Reduction is apparent via the darkening in film color (inset where the

film is underneath the four electrodes and the before is on the bottom and the after
is on the top). The inset was photographed as described in Fig. 8.1.
EET by S. oneidensis MR-1 has been attributed to a group of periplasmic
(MtrA) outer-membrane (MtrB and MtrC) and inner-membrane (CymA) multihaem
c-type cytochromes that are common to all Shewanella capable of metal reduction 23 •
In order to determine their role in reduction of GO, strains of MR-1 deficient in each
of these proteins were incubated with GO as the terminal electron acceptor. While

cymA mutants retained the ability to reduce GO, reduction of GO was greatly
inhibited by the loss of the mtrA gene, but not as inhibited in

mtrB and

mtrCj omcA mutants (Fig. 8.2C, Table 8.2).
While the CymA protein has been shown to be involved in anaerobic
respirationzs, the present work indicates that it is not required for GO reduction.
Taken together, these results suggest that in the case of GO reduction, electrons flow
from the inner-membrane quinone pool to the periplasmic MtrA protein via a route
not involving CymA, and that while MtrB and MtrC/OmcA are involved in GO
reduction, other outer-membrane proteins may play a role as well (Fig. 8.2C, Fig.
8.5). Additionally, the extent of GO reduction is variable among the tested strains
(Figs. 8.1 and 8.2). The Shewanella genome encodes 42 putative c-type cytochromes
located throughout the inner-membrane, periplasm and outer-membrane 29. Further
work is needed to understand the EET network used by various Shewanella in GO
reduction.

213

Fig. 8.5. MtrA mediates electron transfer from the inner membrane to the

outer membrane in the case of GO reduction. MtrA, MtrB, MtrC and CymA are known
to be involved in the reduction of solid materials such as iron oxide and manganese
oxide. Work presented here indicates that in the case of GO reduction, Shewanel/a
does not use CymA to mediate electron flow from the quinone pool to the
periplasmic cytochrome, MtrA. Additionally, other outermembrane cytochromes
may be involed in GO reduction.
This study determined the capability of microbes to process functionalized
graphene compounds. These results raise not only the possibility of using
environmental bacteria to process graphitic nanomaterials for the purpose of
bioremediation, but also the potential of using bacteria such as Shewanella in green
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chemistry approaches to materials synthesis. The development of green chemistries
has taken on greater prominence3o, and recent work highlights the attempt to
produce graphene using fewer contaminants27,31. Exoelectrogens provide the
opportunity to investigate how redox-active enzymes might be employed in these
efforts. Finally, the results here show promise for some graphitic nanotechnologies
to be environmentally benign.

8.3. Materials and Methods
Bacterial cultures. Bacteria were inoculated from frozen stocks into LuriaBertani (LB) broth and grown overnight at room temperature, shaking at
approximately 125 rpm. The overnight cultures were washed in saline solution to
remove all traces of LB. Bacteria were inoculated into serum bottles containing 10
mL of Shewanella Federation defined medium, with lactate, and 2 mg of GO. Prior to
inoculation, the serum bottles (containing medium and GO) were gassed with ultrapure Nz to remove traces of oxygen. Final cell concentrations were approximately
10a cells/mL. The samples were done in triplicate and incubated in the dark, at
room temperature. Mutant strains were prepared in the same fashion as the wild
type strains. Negative controls contained all the elements described above, but
without bacteria.

Graphene oxide preparation and characterization of bacterially
converted graphene. GO was prepared from graphite powder using the method of
Hummers and Offeman.32 The samples, including controls, were collected and
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washed using the following sequence: 18 M

water (Millipore Milli-Q Gradient),

followed by a 3-5 min wash in 80% ethanol, followed by 18 M
a 3-5 min. wash in 1 N HCI, followed by 18 M

water, followed by

water. The samples were then air-

dried and analyzed with XPS. Analysis was carried out on a PHI Quantera SXM
Scanning X-ray Microprobe with a base pressure of 5

x

10-9 Torr. The X-ray source

was an AI cathode ray, set at 100 Wand a pass energy of 140.00 eV (survey scan)
and 26.00 eV (high-resolution scan) takeoff angle was 45°, and beam size was 100
1.1.m. Quantification of carbon functional groups was based on Yang et aJ.33, and is
summarized as follows: the C1s peak was fitted into 4 peaks. The sp2 C-C peak was
assigned at 284.5 eV. Chemical shifts of +1.5, +2.5 and +4.0 eV were assigned to COH, C=O, and O=C-OH functional groups, respectively. Additionally,

epox~de

groups

(C-O-C) were assumed to have a C1s binding energy similar to C-OH34.

GO thin films and conductivity measurements. To test the conductivity of
BCG, 3 mL of GOaq (0.5 mgjmL HzO) was sprayed onto a glass slide. Immediately

after application to each slide, the material was dried and annealed on a hot plate at
100 °C. Au was then sputtered into the edges of the slide, atop the GO, to a thickness
of 10 nm. The conductance of the GO was determined.

The slides were then

incubated anaerobically with strain MR-1 for approximately 72 h. After incubation,
the slides were collected, washed gently with 18 M

water to remove as much

biomass as possible and dried thoroughly. The conductance of the BCG was then
determined. Conductance was measured with a 2-point probe at room temperature

--------------------------
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using an Agilent 4155C semiconductor parameter analyzer under vacuum (10-6
Torr).

8.4. Graphene Bioprocessing and Biodegradation
The former sections discussed the bioprocessing of the GO, which suggests
that the GO is non-toxic to the Shewanella bacteria and can be reduced to graphene
through an extracellular electron transfer (EEF) route. In order to investigate the
biocompatibility of graphene, CVD monolayer graphene transferred onto glass slides
were chosen as substrates for bacteria and fungi incubation. Shewanella bacteria
and Phanerochaete chrysosporium fungi were incubated on the graphene surface
for 2 weeks. Fluorescence quenching microscopy (FQM) mapping was used to
evaluate the graphene films after the 2 weeks of bioprocessing. The incubation
details were the same as those described in part 8.3. As shown in Fig. 8.6, a
graphene film can quench the fluorescence of the dye molecules, while bacteria,
fungi and glass slides without graphene coverage will emit fluorescence. For fungi
processed graphene in Fig. 8.6a and b, part of the graphene are gone, either because
of biodegradation or bio-exfoliation. Considering fungi cells are moving on the
graphene surface, the missing graphene could be consumed or metabolized by the
fungi. For bacteria processed graphene in Fig. 8.6c and d, a large number of bacteria
are found on the graphene surface, suggesting the CVD graphene is non-toxic to this
bacteria strain. However, no missing graphene film was detected in the FQM image.
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Biodegradation could happen when the bacteria are immobilized on graphene
surfaces, where the degraded graphene films are hidden underneath the bacteria.

Fig. 8.6 FQM and optical image of fungi processed graphene films (A) and (B),

bacteria processed graphene film (C) and (D). (B) and (D) are optical images
overlaid with FQM images.
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8.5. Perspective of Biodegradation of Carbon Nanomaterials
Graphite is a natural mineral. It has already been widely used by human and
it appears to be benign. Its nano-relatives, such as graphene, graphene oxide and
CNTs might be thought to inherent part of these characteristics. However,
biochemically, these new materials have not been thoroughly investigated and
evaluated since they just joined the families of carbon allotropes a short time ago.
Our studies show that graphene and GO are non-toxic to both Shewanella bacteria
and Phanerochaete chrysosporium fungi. In addition, the fungi show some
capability to process the graphene films and consume them either by metabolization
or physical damage. In order to explore the exact mechanism, carbon isotope
labeling experiment is needed in the future.
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