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individual layers (graphene), is of great

interest due to the exceptional me-
chanical strength,’ thermal conductivity,?
and electronic properties® characteristics
of graphene platelets. As a result, graphene
is attractive for a wide range of potential
applications in composites,* energy related
systems,” sensors,® and others.”® Graphene
is a promising material for replacing indium
tin oxide (ITO) in transparent conductive flat
panels.’® Currently, ITO is widely used as the
transparent electrode in flat panel displays,
because it has a relatively high electrical
conductivity and optical transmittance with
a very good stability to moisture and harsh
environmental conditions."’ However, in-
dium is expensive and has a limited reserve
in nature. In addition, ITO is not appropriate
for flexible display devices due to limitations
in its mechanical and optical properties.
Recently, Hong et al. have demonstrated
the feasibility for the use of large-area gra-
phene films as the transparent conductor in
flexible polymer film-based flat panel
electronics."® These graphene films were
grown on nickel (Ni)'® and copper (Cu)'*'3
substrates at 1000 °C under a reduced
pressure by chemical vapor deposition
(CVD) process and then transferred onto
polymer films. Unfortunately, these meth-
ods are not sufficiently cost and time effec-
tive to be commercially viable for mass
production.' To meet commercial de-
mands, new materials or processing meth-
ods would be essential. In this regard,
graphene oxide (GO) has been investigated
as a chemical alternative for mass produc-
tion of graphene films by solution-based
processes.'® However, GO has poor quality
and requires reduction, which has a limited

Exfoliation of graphite, including into
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ABSTRACT We report edge-selective functionalization of graphite (EFG) for the production of

large-area uniform graphene films by simply solution-casting EFG dispersions in dichloromethane on

silicon oxide substrates, followed by annealing. The resultant graphene films show ambipolar

transport properties with sheet resistances of 0.52—3.11 k€2/sq at 63 —90% optical transmittance.

EFG allows solution processing methods for the scalable production of electrically conductive,

optically transparent, and mechanically robust flexible graphene films for use in practice.

KEYWORDS: edge-selective functionalization - graphene film - solution processing -
annealing - sheet resistance - optical transmittance

conversion to reduced graphene oxide
(rGO).'® Hence, the original graphene struc-
ture from GO cannot be efficiently restored.

Here, we report the formation of large-
area, flexible, conductive, and transparent
graphene films via a simple solution casting
of exfoliated platelets from edge-selectively
functionalized graphite (EFG). The newly
developed edge-selective functionalization
method enabled us to achieve exfoliation of
“pristine” graphite into individual graphene
and few-layer graphene platelets in a scal-
able and simple manner."” For example,
most of the 4-substituted benzoic acids
can be used as “molecular wedges” and
covalently attached to the edge of graphite.
The edge groups on graphite are mainly
sp>-bonded C—H groups, a reactive site for
“direct” Friedel—Crafts acylation in polypho-
sphoric acid (PPA)/phosphorus pentoxide
(P20s).

RESULTS AND DISCUSSION

From the elemental analysis (Supporting
Information, Table S1), the possible avail-
able sp>—bonded C—H sites at the edges
could be calculated to be about one per
every 45 carbons. Hence, a sufficient number
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Figure 1. (a—d) Functionalization of 4-ethylbenzoic acid (EBA) onto the edge of “pristine” graphite in polyphosphoric acid
(PPA)/phosphorus pentoxide (P,0s) to produce edge-selectively functionalized graphite (EFG). P-graphite, P-EFG and [B]
stand for protonated graphite, protonated EFG, and base treatment, respectively. TGA thermograms obtained with a heating
rate of 10 °C/min (e) in air; (f) in nitrogen. In order to exclude kinetic effect, TGA thermograms obtained with a heating rate of
1 °C/min in air are presented in Supporting Information, Figure S3.

of “wedge” molecules necessary for exfoliation can be
attached around graphite by treating it with 4-ethyl-
benzoic acid (EBA) in the reaction medium PPA/P,05 at
130 °C (Figure 1a—c). The EFG was then completely
worked-up and analyzed (Figure 1d, see Methods,
Supporting Information, Figures S1 and S2a) prior to
dispersing in organic solvents.

Thermogravimetric analysis (TGA) was used to de-
termine the amount of EBA grafted onto the graphite.
As can be seen in Figure 1e, graphite is thermo-
oxidatively stable up to 650 °C in air, while the EFG
shows stepwise weight losses. We assign the first weight
loss at about 400 °C, which continues until about
720 °C, to the EBA moiety being thermally “stripped
off”. Hence, the degree of functionalization can be
quantified by the weight loss of EFG up to about
720 °C and it is approximately 15 wt %. The degree
of functionalization was 76.5% of the available sp?
bonded C—H sites. The temperature where the second
weight loss starts is approximately 850 °C, or 200 °C
higher than that of pristine graphite (650 °C), suggest-
ing that carbon cations, anions, and/or radicals gener-
ated during heating (charring) of the 4-ethylbenzoyl
(EB) moiety at the edges of EFG provide an in situ
carbon feedstock for “healing” inherent defects on
graphite and/or “edge-welding” (cross-linking) gra-
phene platelets.”® The high char yield (91 wt %) of
EFG at 720 °Cin a nitrogen atmosphere (Figure 1d) was
much higher than that in dry air (85 wt %), suggesting
that the formation of large-area graphene films could
be possible via solution casting and subsequent “edge-
welding” by thermal annealing at elevated tempera-
ture. To evaluate whether the “char” at the edges
blocks oxidants from accessing the interior of the
EFG, and hence keeps the graphitic plane structure
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intact, TGA thermograms were obtained with a ramp
rate of 1 °C/min (Supporting Information, Figure S3).
The thermograms for both graphite and EFG were very
similar to those obtained with a ramp rate of 10 °C/min
(see Figure 1e). Both samples had degradation tem-
peratures down-shifted approximately 180 °C and the
stepwise weight loss of mass in the EFG was evident
leaving almost the same amount of char yield (15 wt %)
at the plateau region at 540 °C. Hence, the higher
thermo-oxidative stability of EFG after charring of the
EBA moiety is not due to blocking of the oxidant
(kinetic effect). More importantly, the fact that there
is no weight loss around 100—200 °C, characteristic of
interlamellar water in graphite oxide due to its hygro-
scopic nature,'? strongly suggests that the graphite is
not oxidized during the edge-functionalization in a
mild PPA/P,05 medium.

The covalently linked edge groups provide steric
repulsion to open pristine graphite edges (Figure 2a)
and thus, the EFG in solid state should consist of many
stacks of graphene layers as schematically shown in
Figure 2b. The partially edge-delaminated EFG allows
efficient solvent penetration for the further exfoliation
of EFG into few-layer graphene platelets and graphene
in solution (Figure 2c). Wide-angle X-ray diffraction
(XRD) patterns (Supporting Information, Figure S4)
were applied to the same amount of pristine graphite,
PPA/P,0s-treated graphite, and EFG to estimate the
degree of exfoliation and functionalization of the basal
plane; the peak intensity of EFG in the solid state is 10%
of that of the precursor graphite with almost the same
peak location at 26.58° (0.333 A), indicating the effi-
cient dispersion in solvents through a kind of “unzip-
ping” mechanism schematically shown in Figure 2a—c
and without basal plane functionalization. In a control
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Figure 2. (a) Schematic presentation of pristine graphite. (b) Idealized structure of edge-functionalized graphite (EFG) in solid
state. (c) Idealized structure of EFG in dispersed solution. (d) SEM image of pristine graphite (50000x). (€) SEM image of EFG
(50000x) in solid state. Scale bars are 2 um. (f) EFG-dispersed solution in dichloromethane. (g) TEM image of EFG on holey
carbon grid. The thin EFG platelets are wrinkled and crumpled due to their flexibility. Scale bar is 200 nm. (h) TEM image of
“edge-on” view, suggestive of edge functionalization at higher magnification from square in panel a. Scale bar is 20 nm.

experiment, graphite was exposed to the same reac-
tion conditions used for the EFG synthesis in the
absence of EBA to test if the reaction medium PPA/
P,0s could damage (oxidize) graphite. XRD patterns
show that the peak intensity of PPA-treated graphite is
stronger than that of graphite with the same peak
location at 26.50° (0.334 A) (Supporting Information,
Figure S4). This implies that the PPA-treated graphite is
not chemically altered but has increased crystallinity by
selectively etching off of amorphous carbon attached
to the surface of graphite. Further evidence for the
structural integrity of the EFG basal plane region comes
from the elemental (EA, Supporting Information, Table
S1) and XPS (Figure S5) analyses, which revealed that
there was no additional oxygen content beyond the
value calculated on the basis of yield from the edge-
selective functionalization. Scanning electron micro-
scopy (SEM) of the precursor graphite powder shows
that its surfaces are “clean and smooth” (Figure 2d),
while the SEM image of bulk EFG in solid state shows
fuzzier surfaces (Figure 2e), indicating that the attach-
ment of EBA expanded the edge. Indeed, EFG is an
ideal precursor (Figure 2b) for further exfoliation into
scalable and high-quality individual graphene and few
layer graphene platelets (Figure 2c).

The exfoliation/dispersibility of EFG was tested at
room temperature in various solvents, namely water,
methanol, ethanol, acetic acid, toluene, N,N-dimethy-
lacetamide (DMAC), heptane, acetone, benzene, di-
chloromethane, tetrahydrofuran (THF), pyridine and
N-methyl-2-pyrrolidone (NMP) (Supporting Informa-
tion, Figure S2¢). It was found that the EFG could be
dispersed in all of these solvents, and among them the
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dispersions in dichloromethane yielded the highest
concentration at room temperature. Without physical
agitation of any kind (e.g., it is known that sonication of
certain types can damage the carbon framework?),
the EFG was readily exfoliated to achieve stable dis-
persions with concentrations as high as 0.8 mg/mL in
dichloromethane (Supporting Information, Figure S2c
and Movie). Mechanical (magnetic) stirring favored
more rapid dispersion. The amount of EFG dispersed
in each solvent was calculated as described in the
experimental section (see Methods). The maximum
concentration for a long-term (months) stable disper-
sion achieved is 8x higher than that reported for
dispersions of graphite (0.1 mg/mL) in NMP,?" which
was found to be stable only for days after sonication
(see below). Unlike aqueous dispersions of graphite
oxide (light yellow),?? the color of the EFG dispersion in
dichloromethane is dark brown due to high conjuga-
tion in the undamaged basal planes (Figure 2f and
Supporting Information, Figure S2d). Tyndall scattering
(red circle, Figure 2f) was observed with a hand-held
laser pointer, demonstrating formation of colloid. After
several months of standing in ambient condition,
the supernatant from the dichloromethane dispersion
at 0.8 mg/mL concentration remained visually un-
changed with no sedimentation evident to the eye.
On the other hand, the dispersion of graphite in NMP
was readily separated,?’ indicating that the dispersion
was not thermodynamically stable leaving an essen-
tially clear liquid after 1 day (Supporting Information,
Figure S2e). Molecular dynamics simulations suggest
that the good dispersibility is because the phenyl rings
on the EB groups are vertically aligned to the graphene
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Figure 3. (a) Schematic presentation of as-cast EFG film on SiO, surface. (b) Schematic presentation of heat-treated EFG
(HEFG) film on SiO; surface. (c) SEM image of as-cast EFG film drop-coated on SiO, surface from dichloromethane solution and
then dried. (d) SEM image obtained on the surface of HEFG film at 600 °C under argon atmosphere for 3 h. The peeled-off area
was scratched with a sharp metal tip, and this allowed discriminating the very smooth film from the SiO, surface substrate. (e)
Edge-on SEM image of peeled-off area of HEFG film. Scale bar is 300 nm. (f) SEM image of the fracture surface of HEFG film on
an SiO; surface. Scale bar is 300 nm. (g) TEM image of the surface of HEFG film. (h) TEM image focused on junction of HEFG at
high magnification. (i) Selected area electron diffraction (SAED) pattern of HEFG film.

plane, leading to a strong steric hindrance for reaggre-
gration of the dispersed graphene platelets (Supporting
Information, Figure S6 and detailed computation con-
ditions are described in the Methods section). Trans-
mission electron microscope (TEM) images show the
presence of graphene platelets (Figure 2g) with func-
tionalized edges (Figure 2h).

The SEM image of a solution-cast EFG film deposited
on silicon oxide (SiO,, 300 nm) surface from a diluted
solution in dichloromethane shows individualized EFG
platelets, as schematically illustrated in Supporting
Information, Figure S7a. The lateral width distribution
of EFG platelets (Figure S7b) was determined by an
image analyzer to be in the range of 0.2—2.2 um
(Figure S7¢); the average lateral size was approximately
1.0 um. AFM images of platelets, deposited from EFG
further diluted in dichloromethane on an SiO, surface,
were used to estimate thicknesses of the platelets
(Supporting Information, Figure S8). The maximum
heights of few-layer graphene platelets are in the
range of 1.2—5.0 nm. As a result of the edge functio-
nalization with EBA, the edge of EFG is not as sharp as
graphene obtained from micromechanical exfoliation®®
or of reduced graphene oxide (rGO) platelets.?’ To-
gether with Raman spectroscopy (Supporting Informa-
tion, Figure S9a) and confocal optical microscopy
image (Figure S9b), the object shown at the edge of
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the EFG platelet in Figure S8a is interpreted to be a few-
layer EFG with its edge higher than its interior due to
the presence of EB moieties at the edge.* The height
profiles of platelets indicate that the maximum thick-
ness of such platelets is less than 5 nm (Figure S8). The
average lateral width from many other AFM images is
~1.0 um. The width distribution from the AFM imaging
agrees with the SEM result (see Figure S7).

The concentrated EFG dispersion in dichloro-
methane was drop-coated on an SiO, surface. The
SEM image shows platelets on the surface over a large
area with many wrinkles (Figure 3c), as depicted in a
schematic illustration shown in Figure 3a. The as-cast
film shows high sheet resistance (~108 kQ/sq) likely
due to the edge groups at the boundaries between
platelets contributing high contact resistance. Upon
heat treatment at 600 °C in argon for 3 h, the edge EB
moieties could act as an in situ feedstock for carbon to
“weld” the graphene platelets thus forming a large-
area graphene film (Figure 3b, see also Supporting
Information, Figure S10). Indeed, the SEM image of the
heat-treated EFG (HEFG) film shows a uniform surface
(Figure 3d). This film was scratched with a sharp metal
(Figure 3d, see also Supporting Information, Figure
S10a). The thickness of the HEFG film was determined
to be 16 nm by SEM images (Figure 3e,f) and AFM
images using tapping mode (Supporting Information,
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Figure 4. (a) Photograph of HEFG film on SiO, surface; (b) photograph of PMMA spin-coated on HEFG (HEFG/PMMA) film by
spin coating; (c) freestanding HEFG/PMMA after SiO, surface eching; (d) 2 in. by 2 in. HEFG on PET (HEFG/PET) film; (e) optical
transmittance with respect to wavelength; (f) transmittance vs sheet resistance curve.

Figure S10c). Welded boundaries of HEFG could be
distinguished from the surface of HEFG thin film (red
circle, Figure 3g). The boundary of platelets, where
thermal welding was assumed to occur during heat-
treatment, can be clearly seen at high magnification
(Figure 3h). Selected area electron diffraction (SAED)
indicates that the HEFG film has high crystallinity
(Figure 3i). These results demonstrate that large-area
graphene films can be achieved by solution casting.
The 16 nm thick film had an average sheet resistance of
1.3 kQ/sq. This value is a few orders of magnitude
lower than that of the chemically rGO.*>*® The ob-
served reduction in sheet resistance through heating
the EFG film supports the concept of edge chemistry
“boundary welding” that is in a good agreement with
the TGA results (see Figure 1b,c).'®

Large-area graphene films were made with different
EFG concentrations in dichloromethane. These solu-
tions were drop-coated onto an SiO, surface and sub-
sequently heat-treated at 600 °C in argon for 3 h
(Figure 4a). To transfer the solution-cast HEFG films
onto other substrates, poly(methylmethaacrylate)
(PMMA) solution in tetrahydrofuran (THF) was spin
coated on such a HEFG film (Figure 4b). The SiO, layer
was etched off by floating on aqueous 1 M hydrofluoric
acid (HF) solution (Figure 4c). Then, the HEFG on PMMA
(HEFG/PMMA) film was transferred to poly(ethylene
terephthalate) (PET) film and the PMMA was washed
off by immersing in acetone to produce HEFG on PET
(HEFG/PET) (Figure 4d). Four different HEFG/PET films
with approximately 2 x 2 in. dimensions were tested,
though many larger HEFG films on various substrates
can be readily prepared through the similar procedure.

BAE ET AL.
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Figure 5. 1-V, curve of a field-effect transistor of HEFG film.
The measurement was carried out in vacuum and bias
voltage between source and drain electrodes was 0.1 V. The
inset is an optical microscopy image of the device with the
channel length of 4 um.

The optical transmittances and sheet resistances of the
films were measured by using UV—vis spectroscopy
and four-point probe, respectively. The optical trans-
mittances are in the range of 63—90% (Figure 4e) with
sheet resistances of 0.52—3.11 kQ/sq (Figure 4f).
Although these optoelectronic properties are still not
as good as those of the CVD grown graphene film,'?
solution casting has many advantages in processing
over the CVD process, indicating cost and scalability to
very large area. Figure 5 shows /—V characteristics of a
field-effect transistor of HEFG film that was transferred
onto an SiO,(300 nm)/Si wafer with prepatterned gold
electrodes. The film shows ambipolar behavior with a
Dirac point around —50 V.’

CONCLUSION

Edge-selectively functionalized graphite (EFG) with-
out damage to the basal plane can be produced with a
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simple one-pot reaction between graphite and 4-ethyl-
benzoic acid (EBA) in viscous PPA/P,Os under mild
conditions. The EFG could be dispersed in various
organic solvents. Among 13 different organic solvents
tested in this study, dichloromethane, THF, DMAc, and
NMP were good solvents for dispersing EFG and
this is attributed to high chemical affinity with these
solvents. The EFG was dispersed in dichloromethane
and exfoliated into EFG thin platelets. Edge-selective
functionalization provides a pathway to exfoliation of

METHODS

Materials. All reagents and solvents were purchased from
Aldrich Chemical Inc,, and used as received, unless otherwise
mentioned. 4-Ethylbenzoic acid as a reactive molecular wedge
was purified by recrystallization from heptanes (mp =112—113 °C).
Graphite (99.9% purity, stock no. 1250HT, CAS no. 7782-42-5, Lot no.
1250-100907) was obtained from Nanostructured & Amorphous
Materials Inc.,, USA, and used as received.

Instrumentations. Raman spectra were taken with He—Ne
laser (532 nm) as the excitation source by using combined
AFM and confocal Raman microscope (Alpha 300S, WITec,
Germany). Themogravimetric analysis (TGA) was conducted in
air and nitrogen atmospheres at a heating rate of 10 and 1 °C/min
using a TA Hi-Res TGA 2950 thermogravimetric analyzer. The
field emission scanning electron microscopy (FE-SEM) used in
this work was LEO 1530FE and FEI NanoSem 200. The field
emission transmission electron microscope (FE-TEM) employed
in this work was a FEl Tecnai G2 F30 S-Twin. The operating
voltage was 200 kV. The samples were prepared by dispersion in
N-methyl-2-pyrrolidone (NMP). X-ray photoelectron spectros-
copy (XPS) was performed with Thermo Fisher K-alpha. Ele-
mental analysis (EA) was conducted with Thermo Scientific
Flash 2000. Atomic force microscopy (AFM) analysis was con-
ducted with Veeco Multimode V. X-ray diffraction (XRD) pat-
terns were recorded with Rigaku D/Max2500/PC. The field-
effect transistor was fabricated by transferring the HEFG film
on prepatterned electrodes, which were defined on SiO,/Si
(300 nm thick SiO, layer on a highly doped p-type Si(100))
substrates by addressing Cr (5 nm)/Au (20 nm) electrodes by
using a conventional photolithography (photoresist: AZ7210).
The channel length was 4 um. |-V, curve of a field-effect
transistor was obtained by using a semiconductor analyzer
(Keithley 4200). The measurement was carried out in vacuum
and bias voltage of 0.1 V between source and drain electrodes.

Procedure for the Functionalization of Graphite with 4-Ethylbenzoic
Acid in Polyphosphoric Acid (PPA)/Phosphorus Pentoxide (P,0s). Graphite
was functionalized with 4-ethylbenzoic acid (EBA) in a 250 mL
resin flask equipped with a high-torque mechanical stirrer and
the nitrogen inlet and outlet. Into the flask, EBA (0.5 g, 16.65
mmol), graphite-powder (0.5 g), PPA (83% P,0s assay: 100.0 g)
and P,0s (25 g) were placed and stirred under dry nitrogen
purge at 130 °C for 72 h. The initial black mixture became lighter
and viscous as the functionalization onto graphite progressed.
At the end of the reaction, the color of the mixture turned dark
green, and water was added into the flask. The resulting tanned
brown precipitate was collected by suction filtration, Soxhlet-
extracted with water for 3 days to completely remove reaction
medium, and then with methanol for 3 more days to get rid of
unreacted EBA and low molar mass impurities. Finally, the
sample was freeze-dried under reduced pressure (0.5 mmHg)
at —120 °C for 72 h to give 0.58 g (60% yield) of tanned brown
powder (Supporting Information, Figure S2b). Anal. Calcd. for
Cy1.57H90: C, 97.17%; H, 1.02%; O, 1.81%. Found: C, 95.71%; H,
1.03%; O, 1.59%.

The amount of EFG dispersed in each solvent was calculated
as described as follows: (1) a given amount of EFG was dispersed
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graphite into few-layer graphene platelets without
damages on their basal plane for better performance.
Dispersed platelets were drop-coated to produce a
thin film that was then heat-treated at 600 °C
under argon atmosphere, yielding a uniformly welded
large-area graphene films with low sheet resistance
(0.52—3.11 kQ/sq) and comparable optical transmittance
(63—90%). The EFG approach is a scalable method for
the cost-effective production of high-quality graphene
films.

in the solvent with magnetic stirring; (2) the dispersion was
allowed to sediment overnight (12 h); (3) it was then centrifuged
and the centrifuged portion and supernatant were then sepa-
rated; (4) solvent was removed from the centrifuged portion;
(5) the residual solid from the centrifuged portion was weighed;
(6) the amount of exfoliated EFG in the supernatant was
estimated by subtracting the residual weight from the centri-
fuged portion from the original EFG weight added in the first step.

Computation. The Vienna Ab Initio Simulation Package (VASP)
with the Perdew—Burke—Ernzerhof version of the gradient-
corrected functional was used. The projector-augmented-wave
pseudopotential was employed for the atomic potential, and
the plane-wave basis set was used with the energy cutoff of
400 eV.®

Here, a graphene fragment is modeled by the zigzag-edged
graphene ribbon. The binding strength between dichloro-
methane solvent molecules and the ethyl-benzoyl terminal
groups was calculated as shown in Supporting Information,
Figure S6. The adsorption strength of the solvent molecules was
found to be 14.7 kJ/mol. During delamination, the van der Waals
interaction between neighboring layers in graphite competes with
the attraction force between the edge-functional groups and
solvent molecules. The van der Waals attraction between solvent
molecules and the surface of graphene also contributes to the
energetics of delamination.
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