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CONS P EC TU S

G raphene's unique physical and electrical properties (high tensile
strength, Young's modulus, electron mobility, and thermal

conductivity) have led to its nickname of “super carbon.” Graphene
research involves the study of several different physical forms of the
material: powders, flakes, ribbons, and sheets and others not yet
named or imagined. Within those forms, graphene can include a single
layer, two layers, or e10 sheets of sp2 carbon atoms. The chemistry
and applications available with graphene depend on both the physical
form of the graphene and the number of layers in the material.
Therefore the available permutations of graphene are numerous, and
we will discuss a subset of this work, covering some of our research on the synthesis and use of many of the different physical and
layered forms of graphene.

Initially, we worked with commercially available graphite, with which we extended diazonium chemistry developed to
functionalize single-walled carbon nanotubes to produce graphitic materials. These structures were soluble in common organic
solvents and were better dispersed in composites. We developed an improved synthesis of graphene oxide (GO) and explored how
the workup protocol for the synthesis of GO can change the electronic structure and chemical functionality of the GO product. We
also developed a method to remove graphene layers one-by-one from flakes. These powders and sheets of GO can serve as fluid
loss prevention additives in drilling fluids for the oil industry.

Graphene nanoribbons (GNRs) combine small width with long length, producing valuable electronic and physical properties.
We developed two complementary syntheses of GNRs from multiwalled carbon nanotubes: one simple oxidative method that
produces GNRs with some defects and one reductive method that produces GNRs that are less defective and more electrically
conductive. These GNRs can be used in low-loss, high permittivity composites, as conductive reinforcement coatings on Kevlar
fibers and in the fabrication of large area transparent electrodes.

Using solid carbon sources such as polymers, food, insects, and waste, we can grow monolayer and bilayer graphene directly
on metal catalysts, and carbon-sources containing nitrogen can produce nitrogen-doped graphene. The resulting graphene can be
transferred to other surfaces, such as metal grids, for potential use in transparent touch screens for applications in personal
electronics and large area photovoltaic devices. Because the transfer of graphene from one surface to another can lead to defects,
low yields, and higher costs, we have developed methods for growing graphene directly on the substrates of interest. We can also
produce patterned graphene to make GNRs or graphane/graphene superlattices within a single sheet. These superlattices could
have multiple functions for use in sensors and other devices.

This Account only touches upon this burgeoning area of materials chemistry, and the field will continue to expand as
researchers imagine new forms and applications of graphene.

Introduction
Graphene has been called “super carbon”1 for its intrinsic

strength of 130 GPa (extrapolated to graphite), Young's mod-

ulus of ∼1000 GPa, electron mobility of >200 000 cm2/(V s)

and thermal conductivity of >5000 W/(mK).1 Thousands of

graphene papers have been published in China, the United

States, and Europe between 2000 and 2012,1 demonstrat-

ing the intense interest in the material. Graphene is in the

early stages of commercial production, and scientists and

engineers continue to search for new processes that are
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industrially viable.2 Research on graphene has advanced to

the point that graphene is often being treated “as a reactant

rather than a product”.3 Our laboratory has joined in the

search for graphene synthesis routes and applications. We

have reviewed the synthesis and manipulation of gra-

phene4 alongwith the processes to produce graphene oxide

and related materials.5 A tutorial review of the chemical

syntheses of graphene nanoribbons developed in our

laboratory has also appeared.6 Here we review our work

with graphene powder, flakes, ribbons, and sheets, just a

few of its possible forms, and the applications we have

found for these materials. In categorizing the papers that

are covered in this Account, we approached the body of

work as materials chemists and divided the papers by the

major form of graphene that was used: powder, flakes,

ribbons, or sheets. Each form of graphene has comple-

mentary uses.

Synthesis, Functionalization, andApplications
of Graphite and Graphene Oxide
The progression from single-walled carbon nanotube chem-

istry to graphene chemistry began with an extension of the

diazonium functionalization protocols7 that had been devel-

oped for single-walled carbon nanotubes (SWCNTs)8 by

functionalizing chemically converted graphene (CCG), pro-

duced from sodiumdodecylbenzenesulfonate-wrapped gra-

phene oxide (GO, amaterial that is produced by oxidation of

graphite and exists as exfoliated sheets of carbon that are

heavily oxidized9) that had been reduced by hydrazine

to remove oxygen functional groups and make it more

conductive;10 CCG is therefore graphene that has been

synthesized via chemical reaction of a more oxidized or

less conjugated carbon material. The functionalized CCGs

were readily dispersed in N,N0-dimethylformamide (DMF), N,

N0-dimethylacetamide, and 1-methyl-2-pyrrolidinone (NMP) in

concentrations up to 1 mg/mL. The diazonium chemistry was

further utilized to functionalize thermally converted gra-

phene (TCG, produced by rapidly heating GO to 1000 �C to

remove most oxygen content11) that had been mechani-

cally exfoliated (ground using a mortar and pestle in an

ionic liquid to separate the graphene layers).11 The functio-

nalized TCGs had solubilities in DMF ranging from 0.45

to∼0.02mg/mL. The functionalized CCG and functionalized

TCG could then potentially be used in producing composites

where direct interactions between the additives and the

polymeric components are important for producing stronger

composite products.

Expanded graphite, which has a solubility of 0.97mg/mL

in chlorosulfonic acid, was functionalized in that solvent

using in situ diazonium chemistry.12 Because the sheets of

the expanded graphite were exfoliated by the functionaliza-

tion, it is referred to as chemically assisted exfoliated gra-

phene (CEG). The CEG was mainly edge functionalized with

4-bromophenyl addends, predominantly within 70 nm of

the edges, to produce CEG sheets with about 4�10 layers

that retain the pristine graphene structure in the interior

basal planes. Analysis of the small flakes by transmis-

sion electron microscopy indicated that >70% of them

had <5 layers and about 10% were monolayer.

The storage of hydrogen in carbon nanomaterials is of

great interest for future hydrogen-powered automobiles

and the use of functionalized SWCNTs fibers for that purpose

has been studied;13 the 3-D nanoengineered fibers physi-

sorb twice as much hydrogen per unit surface area as do

typical macroporous carbon materials. The lower cost of

graphene materials and the possibility of achieving higher

hydrogen storage capacities encouraged their examination

using a similar approach. TCG flakes were annealed at

1000 �C to remove most of the oxygen functionality, and

the product was dispersed in chlorosulfonic acid or oleum.14

In situ diazonium functionalization of TCG using amixture of

4-chloroaniline and 4,40-methylenedianiline or tert-butylaniline

alone produced two functionalized materials in which the

phenyl rings were also sulfonated by the solvent. The

hydrogen uptake of TCG was ∼1.0 wt % per 500 m2/g at

77K and2 bar, while the hydrogenuptake of functionalized-

TCGproductswas∼1.9wt%per 500m2/g at 77K and 2 bar,

a 2� improvement over prior nanocarbon material hydro-

gen uptakes.

Graphene is often comprised of several layers; the ability

to remove single layers in a predetermined manner is

important to the development of graphene materials for

applications in electronics. By sputtering of Zn onto the

surface of GO, CCG, chemical vapor deposition (CVD) gra-

phene, or mechanically cleaved graphene flakes, followed

by dissolution of the Zn with dilute acid, one graphene layer

of the flake is removed to leave the lower layers intact

(Figure 1).15 Based on the data produced, the sputtering

process damages the top graphene layer and the acid

treatment removes the damaged layer. Since the Zn layers

can be predesigned patterns, the process can be viewed as

single-atomic-layer resolution lithography that can produce

graphene-basedmaterials with specific numbers of layers in

specific places.
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The commonmethod for producingGO, Hummer'smeth-

od using KMnO4, NaNO3, and H2SO4, was improved by

eliminating the NaNO3, increasing the amount of KMnO4,

and using a 9:1 mixture of H2SO4/H3PO4.
16 The improved

method did not generate toxic gas, the temperature of the

reaction was more easily controlled, and more material was

produced that is more heavily oxidized. When the product

was reduced to CCG, it had electrical conductivity equivalent

to CCG produced by reduction of Hummer's GO.16

GO is one of a number of carbon nanomaterials that could

be transitioned to commercial products in energy-based

applications such as in drilling fluids for downhole oil

and gas production. Drilling fluids have a number of

functions, including carrying drill cuttings to the surface,

supporting the wellbore walls, protecting the underground

mixture of hydrocarbons and porous rocks or formations

from damage, and creation of a thin low-permeability cake

that protects permeable formations.17 Blockage of hydrocar-

bon flow paths or formation collapse can be caused by fluid

invasion into formations. Fluid-loss-control additives form

filter cakes on the wellbore walls to retard the loss of drilling

fluid into permeable formations.17 Graphite, large flake

FIGURE 1. (A) Schematic illustration of the method for layer-by-layer removal of graphene: (1) the bilayer graphene on top of a Si/SiO2 substrate;
(2) a patterned layer of zinc metal is sputtered atop the graphene; (3) the zinc is removed by aqueous HCl (0.02 M) in 3�5 min with simultaneous
removal of one graphene layer; (4) patterning of a second zinc stripe; (5) HCl treatment removes the second stripe of zinc plus the underlying carbon
layer. (B�D) Scanning electron microscopy (SEM) image of the same bilayer GO flake: (B) original, (C) after the first, and (D) after the second Zn/HCl
treatment. (E) SEM image of a monolayer GO flake patterned in the image of an owl. (F, G) SEM images of a continuous GO film patterned with
horizontal and vertical stripes in two consecutive Zn/HCl treatments. The lightest squares (an example is marked with “n� 2”), where the horizontal
andvertical stripesoverlap, represent areas exposed to two treatments. Areas exposed toone treatment (examples aremarkedwith “n�1”) arewith a
shade between the lightest and darkest squares. The darkest squares (examples are marked with “n”) represent the areas with the original untreated
GO film. Caption and Figure from ref 15.
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graphite (145 μm), and powdered graphite can be oxidized

by KMnO4 to make GO, large flake GO (LFGO), or pow-

dered GO (PGO), respectively. A 3:1 w/wmixture of LFGO/

PGO can be used in drilling fluid mixtures to control fluid

loss in the formation being drilled.17 SEM revealed that

LFGO flakes by themselves are extremely pliable and are

forced by high pressure to crumple and slide through

pores with diameters much smaller than the LFGO flake's

flattened size (Figure 2). It is thought that the PGO acts as

reinforcement of the cake-coating porous formation.17 As

seen in Figure 2B, when individual sheets of LFGO entered

pores that are much smaller than the diameter of the

flattened LFGO, the flakes crumple and fold into starfish

shapes, much like what would occur in a sheet of news-

paper forced into a small hole. Molecular modeling con-

firms and explains the extreme pliability of GO.

While the synthesis of GO is well-known, the detailed

chemical structure of the material is not; there are several

structural models that interpret the experimental data. The

models are different and do not agree as to the type and

number of functional groups present in conventional GO.18

A well-controlled study using organic solvents instead of

water to workup the reaction has now established that it is

not the type of graphite used or the oxidation protocol that

determines the final GO structure and properties but rather

the quenching and purification procedures (Figure 3).18 Pris-

tine GO is the material that is first produced under the

standard oxidation conditions. The introduction of water

into the workup procedure causes stepwise conversion of

tertiary alcohols into ketones, where the electrons lost by

the ionized hydrogen atoms are used to extend the con-

jugated areas. The ketones that terminate the large vacancy

defects are in equilibrium with their hydrated forms. The

changes in structure introduced by the workup with water

result in the final conventional GO product. The acidic prop-

erties of conventional GOsamples canbepartially explained

by the presence of incompletely hydrolyzed covalent sul-

fates; the presence of carboxylic acid groups cannot be ruled

out by the data in this study.18

Oxidation of MWCNTs to Graphene
Nanoribbons
Thin, elongated strips of graphene that possess straight

edges, graphene nanoribbons (GNRs), change from semi-

conductors to semimetals as their width is increased; hence

they represent a particularly versatile variety of graphene.

FIGURE 2. SEM images of (A) multiple LFGO flakes folded into starfish shapes and (B) a single such particle that entered into a 2.7 μm diameter pore
with 100 psi of applied pressure. Caption and Figure from ref 17. Copyright 2012 American Chemical Society.

FIGURE 3. Photographs of the light-colored GO samples.
(A) A photograph of dry GO worked up in trifluoroacetic acid. (B) A
photograph of the as-prepared aqueous solutions (top) of the following
GO samples (left to right): conventional GO, GOworked up inmethanol,
and GO worked up in trifluoroacetic acid. On the bottom: the same
solutions after 24 h. The concentration of the solutions was 0.5 mg/mL.
Note how dark the conventional GO solution is, while the solutions of
the GO worked up in nonaqueous conditions are much lighter but still
darken on aging and exposure to light. Darkening occurs as the flakes
become more conjugated. Figure partially reproduced from ref 18.
Copyright 2012 American Chemical Society.
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A solution-based oxidative process that produces a nearly

100% yield of GNRs (weight of carbon in and out) has been

developed that involves the treatment of multiwalled car-

bon nanotubes (MWCNTs) suspended in concentrated

H2SO4 with 5 wt equiv of KMnO4
19 to produce graphene

oxide nanoribbons (GONRs, Figure 4) that are then chemi-

cally reduced to GNRs. The GONRs are water-soluble. To

prevent reaggregation of the GNRs after the reduction, the

GONRswere suspended in sodiumdodecyl sulfate (SDS). The

conductivities of the GNRs (∼300 nm wide) were similar to

that obtained from other wide exfoliated or CVD GNRs.20

Mounting evidence suggests that unzipping is akin to split-

ting by intercalation of chemical species between MWCNT

layers. The SWCNTs, having no differing layers, seem to be

more resistant to this splitting. Subsequently an improved

optimizedmethod for producing GONRs fromMWCNTswas

developed.21 The GONRs have fewer defects or holes in the

basal plane, exemplified by their higher conductivity com-

pared with those originally made;19 GONRs < 100 nm were

produced, and the high aspect ratio was maintained. The

key to the improved procedure was the introduction of a

second, weaker acid into the system that apparently im-

proves the selectivity of the oxidation by in situ protection of

the vicinal diols formed on the basal place of the graphene

during the oxidation, thereby preventing their over oxida-

tion and subsequent hole generation.21

Diazonium functionalization chemistrywas again used to

solubilize a carbon nanomaterial, in this case the GNRs

produced through chemical reduction of GONRs in SDS.22

The reduction and functionalization reactions were done in

one flask to simplify the process. The successful functiona-

lization indicated that the GONRs were partially rearoma-

tized in the reduction to GNRs since the diazonium species

are expected to react only at sp2 carbons. The solubility of

the functionalized GNRs in DMF and NMP ranged from∼0.2

to ∼0.1 mg/mL. The GNR functionalizaton chemistry was

put to further use in fabricating thin films that were as-

sembled on SiOx/Si surfaces to fabricate bottom-gated

GNR thin-film transistors via a solution process that pro-

duced 20�80 bilayers of negatively or positively charged

GNR films.23 The bilayers were produced by a simple dip,

rinse, dry, and dip process, depositing the thin films on a

pretreated glass surface. The GNR thin film field-effect tran-

sistors demonstrated only p-type behavior. The conductivity

was better than GO-based devices but not as good as similar

devices made from mechanically cleaved, CVD, or epitaxi-

ally grown graphene.23 The kinetics of the diazonium func-

tionalization of GNRs, produced by chemical reduction of

GONRs followed by annealing at 900 �C, was measured by

probing the electrical properties of the GNRs fabricated into

devices.24 The diazonium functionialization was done after

the annealing. The high temperature of the anneal was

needed to remove the oxygen functionality that had been

introduced in the GONR synthesis. It was found that function-

alization with 4-nitrobenzene diazonium tetrafluoroborate

was quite fast, with >60% of the maximum change in

electrical properties observed in <5 min of grafting at room

temperature.

Monolayer nonfunctionalized GNRs fabricated into elec-

tronic devices25 demonstrated lower conductivity (∼35 S/cm)

and mobility of charge carriers (0.5�3 cm2/(V s)) than the

conductivity andmobility of pristine graphene, even though

theGNRs (madeby oxidation ofMWCNTs usingKMnO4) had

been chemically reduced and then annealed in Ar/H2 at

900 �C. The KMnO4 oxidation produces too many defects

and holes that are not healed by reduction and annealing.

Electron spin resonance investigation of GNRs that had been

produced by chemically reducing GONRs with hydrazine or

hydrogen indicated the presence of C-based free radical

centers that exhibited paramagnetic features,26 thus provid-

ing further support for the findings that chemical reduction

FIGURE4. (A) Schematic representationof the gradual unzippingof one
wall of a carbon nanotube by the action of KMnO4 in H2SO4 to form a
nanoribbon; oxygen atoms are not shown. (B) The proposed chemical
mechanism of nanotube unzipping. Figure reproduced in part from
ref 19.



2312 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 2307–2318 ’ 2013 ’ Vol. 46, No. 10

Graphene: Powder, Flakes, Ribbons, and Sheets James and Tour

processes do not remove all of the defects and holes from

GONRs. However, careful annealing of GONRs using three

consecutive timed high-temperature treatments does produce

larger intrinsic energy bandgaps in the resulting GNRs.27,28

Directmeasurementsweremadeof intrinsic energy bandgaps

of ∼50 meV in GNRs ∼100 nm wide. High-resolution TEM

and Raman spectroscopy, in combination with an absence of

hopping conductance and stochastic charging effects, sug-

gested low defect density.27

Pristine MWCNTs offer poor reinforcement in epoxy-

based composites due to shielding of the polymer matrix

from contact with the internal tubes by the outermost tubes,

poor wetting and interfacial adhesion, and intertube slip via

a sword-in-sheath type failure of the concentric nanotube

cylinders.29 The use of GNRs made via annealing of GONRs

at 1050 �C in epoxy composites29 produced a ∼30% in-

crease in Young's modulus at ∼0.3 wt % fraction compared

withMWCNTs. Theultimate tensile strength, also at∼0.3wt%

fraction, showed a ∼22% improvement compared with

MWCNTs. Thus GNRs can be used as high-performance

additives in composites with properties similar to those of

SWCNTs composites but at lower cost.

MWCNTs Split by Potassium Vapor To Form
Ribbons
It has been shown that the synthesis of GNRs through the

oxidation ofMWCNTsbyKMnO4 followedbyoneannealing

step producesmaterial that is relatively high in defects and is

not as conductive as graphene from mechanically cleaved

graphite. Thus, a route to more highly conductive GNRs was

sought, and it was found that splitting pristine MWCNTs

using potassium vapor produced GNRs that were free of

oxidized surfaces and could be prepared in large batches in

100%yield (Figure 5).30 TheGNRs produced frompotassium

splitting (K-GNRs) could be exfoliated in a subsequent treat-

ment in chlorosulfonic acid. The ∼7000 to ∼9000 S/cm

electrical conductivity of these low-defect K-GNRs was com-

parable to that of graphene from mechanically cleaved

graphite. Sodium vapor did not produce any splitting. The ori-

gins of the directionally selective splitting of the MWCNTs

were explored using computer modeling to present an

explanation for the unique role of potassium in this reac-

tion.30 The lower defect K-GNRs were used in the fabrication

of large area transparent electrodes31 by dispersing the

K-GNRs in either chlorosulfonic acid or aqueous SDS at a

concentration of 1 mg/mL. The dispersions were spray-

coated onto glass slides; spin-coating or blade coating did

not work as well. The slides with the chlorosulfonic acid

dispersed K-GNRs were immersed in hot ethanol (80 �C)
followed by a 1:1 vol/vol mixture of ethanol/water (80 �C,
5min) to remove the acid, while the films produced from the

aqueous SDS dispersions were immersed in 50% H2SO4 for

5 s followedby soaking in 1:1 vol/vol ethanol/water at 80 �C
for 1 h to remove the SDS; the washing procedure was

critical since the unwashed films from the aqueous SDS

dispersions were almost nonconductive.31 The films pro-

duced from the K-GNRs/chlorosulfonic acid dispersion were

10� more conductive than those produced from the

K-GNRs/aqueous SDS dispersion at the same transmittance.

SEM analysis indicated that the K-GNRs were more highly

aggregated in the SDS dispersions and that the K-GNRswere

more exfoliated in the films from the chlorosulfonic acid

dispersion. Therewas thus lower K-GNRcontact resistance in

the films from chlorosulfonic acid; the resistance was as low

as 800Ω/0 when the transmittance at 550 nm was 78%.31

The K-GNRs were used tomake low-loss, high-permittivity

composites32 for use in radio and microwave antennas and

other military applications, where low signal loss from the

composites covering the electronics is important. The

K-GNRs were suspended in chloroform, and the suspension

was mixed with a chloroform solution of NuSil part A two-

part elastomer. After horn-sonication of the K-GNR/NuSil A

mixture and removal of the solvent (simple mechanical

blending of the K-GNRs into the NuSil part A did not produce

adequate dispersion), part B of the NuSil was added, and the

two parts were manually stirred; after placing the mixture in

amold and degassing under vacuum to remove trapped air,

the elastomer was cured in a 100 �C oven for 2 h. By varying

the content of the conductive filler, the loss and permittivity

could be tuned to desirable values over a wide range,

producing composites useful for different applications. In

another application, SWCNTs, MWCNTs or K-GNRs were

coated onto Kevlar fibers33 by spray coating ortho-dichloro-

benzene dispersions of the nanomaterials onto polyur-

ethane-coated Kevlar fibers at 200 �C. The polyurethane

served as a binder for the nanomaterials; other polymer-

based binders such as epoxy did not work as well. The

SWCNT-coated Kevlar fiber had the highest conductivity

of 65 S/cm while the MWCNT-coated fiber's conductivity

was 9 S/cmand theK-GNR-coated fiber had a conductivity of

20 S/cm. The SWCNT-coated fiber had a knot efficiency

(calculated by dividing the breaking strength of a knotted

fiber by the breaking strength of the fiber without knotting)

of 23%, more than four times higher than that of carbon
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fibers, and it could be bent or dipped into water multiple

times without loss of conductivity.

Growth of Graphene Sheets from Solid
Carbon Sources
Graphene is a quite stable form of carbon as is shown by the

growth of graphene on a Cu catalyst film from simple carbon

sources such as poly(methyl methacrylate) (PMMA), fluo-

rene, and sucrose (Figure 6).34 The PMMA was deposited

on the Cu as a filmwhile fine powders of fluorene or sucrose

were used;monolayer graphenewas obtained byheating to

at least 800 �C, with a maximum temperature studied of

1000 �C. A reductive flow of H2/Ar gas at low pressure was

used both to reduce the starting materials and to sweep

away extruded C atoms and other byproducts. Under the

same conditions, few-layer graphene was also grown on a

Ni film while neither graphene nor amorphous carbon was

obtained on Si or SiO2 substrates. This demonstrates the

potential to grow patterned graphene from a thin film of

shaped metal catalyst deposited directly on SiO2/Si wafers

without postlithographic treatment, because PMMA-derived

graphene will not grow on the Si of SiO2 surfaces.34

FIGURE 5. (a) A schematic of potassium intercalation between the nanotube walls and sequential longitudinal splitting of the walls followed by
unraveling to a nanoribbon stack. The potassium atoms along the periphery of the ribbons are excluded for clarity. (b) A chemical schematic of
the splitting processes where ethanol is used to quench the aryl potassium edges; only a single layer is shown for clarity while the actual number
of K-GNR layers correlates with the number of concentric tubes in the MWCNT. (c) An overview of a large area showing complete conversion of
MWCNTs toK-GNRs. (d, e), Images of isolatedK-GNR stacks demonstrating characteristic high aspect ratios and predominantly parallel edges. Caption
and Figure reproduced from ref 30. Copyright 2011 American Chemical Society.
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A nitrogen doping agent, melamine (C3N6H6), could be

mixed with the PMMA and the mixture spin coated onto

the Cu surface to produce N-doped graphene under the

same temperature and gas flow conditions (except at atmo-

spheric pressure). The doped graphene had an N content of

2 to 3.5%. Nitrogen-doped graphene could also be grownby

using pyridine as the source of both the carbon and the

nitrogen in aCVDprocess.35 In all cases, the graphenehad to

be transferred from the catalyst surface to another surface

such as SiO2 or Si in order to use it to make devices. For

instance, graphene produced fromPMMAcanbe transferred

onto SiO2 on which a prior self-assembled monolayer (SAM)

had been deposited;36 the SAMs produce controlled dop-

ing of the graphene with little effect on its mobility, and

the assembly is more stable than conventional noncova-

lent dopants. Additionally, PMMA-derived graphene can

be transferred to a SiO2 device and the surface then

coated with poly(ethylene imine)/poly(ethylene glycol)

films, which produce a controlled ambipolar-to-unipolor

conversion.37

The PMMA-derived graphene can be transferred atop a

metal grid on glass or poly(ethylene terephthalate) to pro-

duce transparent films38 with sheet resistance as low as

3 Ω/0 and transmittance at ∼80%. At 90% transmittance,

the sheet resistance was ∼20 Ω/0. Both values are among

the best for transparent electrodematerials to date. Because

thematerials used are earth-abundant stable elements, their

potential usefulness for replacement of indium tin oxide

(ITO) in many applications is increased due to the cost

of ITO.38

Indeed, it has been found that graphene can be produced

from common carbon-containing materials such as food,

plastic, insects, and waste (Figure 7).39 The carbon source

materials, without prepurification, were placed on a Cu foil

that was then heated to 1050 �C under a H2/Ar flow. The

graphene grew on the backside of the Cu foil and the

FIGURE 6. (a) Monolayered graphene is derived from the solid PMMA films on Cu substrates at 800 �C or higher, up to 1000 �C. (b) Raman spectrum
(514 nmexcitation) of amonolayered graphene obtained at 1000 �C. (c) Room temperature Ids�VG curve on a graphene-based back-gate FET device.
The upper inset shows the Ids�Vds characteristics as a function of VG. VG changes from 0 V (bottom) to �40 V (top). The lower inset in panel c is the
SEM (JEOL-6500 microscope) image of this device where the graphene is perpendicular to the Pt leads. (d) SAED pattern of graphene. (e, f, g)
HRTEM images of graphene films. Black arrows in panel g indicate the Cu atoms. Caption and Figure from ref 34.
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nonvolatile pyrolyzed species remaining on the frontside of

the Cu foil were removed when the foil was etched away.

The backside of the foil with the graphene layer was coated

with PMMA before the Cu was etched away in order to

transfer the graphene to another surface. The monolayer

graphene that was produced was of high quality as deter-

mined by Raman spectroscopy, X-ray photoelectron spec-

troscopy (XPS), ultraviolet;visible spectroscopy, and TEM

analyses.39

The reader will note that transfer of the graphene sheet

from the surface on which it is grown to another surface is

necessary for the aforementioned applications. A process

that produces graphene that does not need to be transferred

to another surface would be useful in order to minimize

damage and reduce cost since each transfer takes time,

reduces yield, and increases the potential for error. Further

research has produced processes that do not require gra-

phene transfer. PMMA and high-impact polystyrene (gas-

phase CH4 can also be used as a carbon source) can be

deposited atop a 400-nm-thick layer of Ni on a SiO2 sub-

strate; heating to 1000 �C produces decomposition and dif-

fusion of the carbon sources through the Ni.40 Upon cooling

to room temperature, bilayer graphenewas formed between

the SiO2 substrate and the Ni, which can be subsequently

removed by an etchant to leave the graphene deposited

on the SiO2. Raman spectroscopy mapping indicated that

the graphene was high quality and bilayer coverage

was ∼70%. In a similar process, carbon sources such as

films of poly(2-phenylpropyl)methysiloxane, poly(methyl

methacrylate), polystyrene, andpoly(acrylonitrile-co-butadiene-

co-styrene) (the latter leading to N-doped bilayer graphene

due to its inherent nitrogen content) or from a self-

assembled monolayer of butyltriethoxysilane (atop a SiO2

layer) were deposited on insulating surfaces such as SiO2,

h-BN, Si3N4, and Al2O3.
41 Heating the assembly to 1000 �C

under low pressure and a reducing atmosphere produced

bilayer graphene between the Ni layer and the insulating

substrate. The Ni layer was removed by dissolution, afford-

ing the bilayer graphene directly on the insulator. Since no

transfer step was needed, loss and contamination of the

graphene was reduced.

Patterned Graphene Sheets
The controllable and reversiblemodification of properties in

graphene by patterning or chemical functionalization can

modulate the graphene's optical and electronic properties.

CVD graphene could be converted into GNRs directly on

device substrates by patterning the graphene with CuO

FIGURE7. (A) Diagramof the experimental apparatus for the growthof 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 �C under low pressure
with aH2/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
annealingat 1050 �C for 15min. Thepristinegraphenegrewon thebottomsideof theCu film (not shown). CaptionandFigure reproduced fromref 39.
Copyright 2011 American Chemical Society.
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nanowires.42 The CuOnanowires were spin-coated onto the

graphene from a liquid dispersion. Reactive ion etching was

used to remove the graphene not protected by the nano-

wires, and the nanowires were then dissolved in dilute

HCl. Depending on the duration of the plasma etching,

the fabricated GNR devices exhibited either standard ambi-

polar electric field effects or p-type transistor behaviors with

ON�OFF ratios >50.

The ability to controllably pattern graphane/graphene

superlattices within a single sheet of graphene has been

experimentally demonstrated (Figure 8) by reducing gra-

phene to graphane via hydrogenation of masked areas.43

By exchanging the sp3 C�Hbonds in graphanewith sp3 C�C

bonds through functionalization, sophisticated multifunc-

tional superlattices can be fabricated on both the macro-

scopic andmicroscopic scales. These patternswere visualized

using fluorescence quenching microscopy (FQM)44 tech-

niques and confirmed using Raman spectroscopy. By tuning

the extent of hydrogenation, the density of the sp3 C func-

tional groups on graphene's basal plane can be controlled

from 0.4% to 3.5%.43 With such a technique, which allows

for both spacial and density control of the functional groups,

a route to multifunctional specifically patterned recognition

sites might be realized across a single graphene sheet,

facilitating the development of graphene-based devices.

Conclusion
The synthesis, functionalization, and application of carbon

nanomaterials such as graphite, graphene, GO, GNRs, and

other products has rapidly advanced. Additionally, methods

have been found to produce graphene from simple and

inexpensive materials and to reduce the number of steps

needed to manipulate the carbon nanomaterals in order to

use them in applications. Graphene research across the

globe is quickly moving forward as researchers develop

new strategies in this exciting area of chemical research.45
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