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CONSPECTUS

B ecause of graphene's anticipated applications in electronics and its thermal, mechanical, and optical properties, many

scientists and engineers are interested in this material. Graphene is an isolated layer of the z-stacked hexagonal allotrope of
carbon known as graphite. The interlayer cohesive energy of graphite, or exfoliation energy, that results from van der Waals
attractions over the interlayer spacing distance of 3.34 A (61 meV/C atom) is many times weaker than the intralayer covalent
bonding. Since graphene itself does not occur naturally, scientists and engineers are still learning how to isolate and manipulate
individual layers of graphene. Some researchers have relied on the physical separation of the sheets, a process that can sometimes
be as simple as peeling of sheets from crystalline graphite using Scotch tape. Other researchers have taken an ensemble approach,
where they exploit the chemical conversion of graphite to the individual layers. The typical intermediary state is graphite oxide,
which is often produced using strong oxidants under acidic conditions. Structurally, researchers hypothesize that acidic functional
groups functionalize the oxidized material at the edges and a network of epoxy groups cover the sp>-bonded carbon network. The
exfoliated material formed under these conditions can be used to form dispersions that are usually unstable. However, more
importantly, irreversible defects form in the basal plane during oxidation and remain even after reduction of graphite oxide back to
graphene-like material.

As part of our interest in the dissolution of carbon nanomaterials, we have explored the derivatization of graphite following the
same procedures that preserve the sp® bonding and the associated unique physical and electronic properties in the chemical
processing of single-walled carbon nanotubes. In this Account, we describe efficient routes to exfoliate graphite either into graphitic
nanoparticles or into graphene without resorting to oxidation. Our exfoliation process involves the intercalation of lithium into bulk
graphite to yield graphene sheets reduced by the lithium. We can alkylate the resulting graphite salt reductively using solubilizing
dodecyl groups. By probe microscopy, we show that these groups are attached covalently only at the graphitic edges.

1. Introduction

Graphene occupies a central position among the group of
carbon nanomaterials that are poised to occupy a signifi-
cant role in nanoscience and nanotechnology.' ~%* Gra-
phene is defined as individual or few-layer stacked sheets
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of sp*-hybridized carbon where the number of sheets does
not exceed 10.2* Beyond a single layer, it occurs in a stacked
hexagonal structure of graphite with an interlayer spacing
of 3.34 A, the van der Waals distance for sp*-bonded
carbon. The interlayer cohesive energy or exfoliation
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energy for pyrolytic graphite has been determined experi-
mentally as 61 meV/C atom.>?> A 1 nm square of graphene
contains about 38 carbon atoms, and the separation energy
of two 1 nm squares of graphene is greater than 2 eV.?®
Graphene itself does not occur naturally (although graphite
does), and prior work has relied on the physical separation of
the sheets under special conditions. The efficient exfoliation
of precursor materials is thus a major bartier in the synthesis
of soluble graphene.

Exfoliation has been achieved by either physical peeling
the top surface of pyrolytic graphite®® or by chemical ex-
foliation of the oxidation products of graphite (graphite
oxide).?” 29 Various reagents have been used to remove
the oxygen functionality from graphite oxide. Typical reduc-
ing agents are hydrazine and dihydrogen. Under these
conditions, the original crystalline structure of the graphene
basal plane is not completely restored as the graphene oxide
is heavily functionalized by chemical defects, such as holes,
that are introduced. These subsequent defects are not read-
ily healed, even upon annealing.

The use of intercalating agents provides an attrac-
tive way to exfoliate graphite while preserving the unique
propetties of a continuous graphene sheet. Graphite inter-
calation compounds are formed by the insertion of atomic or
molecular layers of a chemical species called the intercalant
between the layers of a graphite host material. These inter-
calants are commonly classified according to whether they
form donor or acceptor compounds.2* The most common
and most widely studied of the donor compounds are the
alkali metal compounds Li, K, Rb, and Cs.* As part of our
interest in the dissolution of carbon nanomaterials, we have
explored the derivatization of graphite, following proce-
dures that we developed previously for the chemical proces-
sing of single-walled carbon nanotubes.?® In this Account,
we describe the variety of conditions that we have used
to functionalize graphene by the addition of solubilizing
groups. In addition to thorough chemical characterization,
we also performed nanoscale characterization with scan-
ning probe microscopy to demonstrate purely edge functio-
nalization by such reactions.

30-33

2. Exfoliated Soluble Graphite

Our early studies were carried out with partially exfoliated
commercial graphite®® that was obtained as a dark gray
hydrophobic powder. Functionalization reactions were
achieved by adding lithium to a dispersion of the graphite
in liquid ammonia as illustrated in Scheme 1.
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SCHEME 1. Functionalization of Graphite by Dodecyl Radicals
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The intercalation of lithium* into the graphite leads to
negatively charged sheets of graphene that serve as a
source of electrons to form the dodecyl iodide radical anion.
The radical anion provides dodecyl radicals that form cova-
lent bonds to the graphene. Dodecyl radicals formed via this
strategy add readily to other carbon nanomaterials®>37-38
and serve as excellent solubilizing groups.

Covalent attachment of the dodecyl radicals to the gra-
phite can be demonstrated by Raman spectroscopy where
the D band observed at 1299 cm' is substantially en-
hanced as a result of the chemical disruption of the sp?
hybridized carbon atoms of the graphite. A weight loss of
24% was determined by thermogravimetric analysis (TGA),
indicating that one dodecyl group is present for every
40 graphitic carbon atoms. No significant increase in the

FIGURE 1. (a) AFM image showing different shapes of dodecylated
graphite nanoplatelets after spin coating onto mica from chloroform. (b)
Schematic representation of different shapes of a few layers of graphite
found by optical microscopy. (c, d, e) Different shapes of dodecylated
graphite structure found by AFM analyses. Allimages are reprinted from
ref 36 with permission from Elsevier.
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FIGURE 2. (a) STM image of dodecylated graphite nanoplatelets on Au(111) surface; bias voltage [V,] = —0.1 V; tunneling current [I] = 0.1 nA. The
bright feature shows multiple layers of graphene, and the inset is the high-pass filtered image. (b) Cross section of dodecylated graphite. Reprinted

from ref 36 with permission from Elsevier.

D band was observed upon exposure of the graphite to
lithium in liquid ammonia (without the iodide).

The sheet resistivity of the unfunctionalized graphite,
dodecylated graphite, and the material obtained after ther-
molysis was measured. The resistivity of the dodecylated
graphite (8.3 x 1073 Q cm) is, as expected, greater than that
of the starting material (2.1 x 10~ Q cm). This increase is
due to interruption of the graphite network by the covalently
bound dodecyl groups. A small increase of resistivity
(5.7 x 1073 Q cm) is observed after thermal removal of
the dodecyl groups, probably the result of defects created by
this process.

To characterize the soluble species by atomic force micro-
scopy (AFM), solutions were spin coated onto mica from
chloroform as shown in Figure 1a. The irregular, ragged
shapes of the nanoplatelets may reflect the conditions used
to prepare the graphite that served as the starting material.>®

More detailed images of the irregular graphite nanopla-
telets are shown in Figure 1b—e. The horizontal distance
of these sheets varies from 0.3 to 1.1 um with a height of
~3.5 nm (£0.2). Images with large holes (Figure 1c) and
folded edges (Figure 1c) were observed in several instances.
We have also used polarized light microscopy to image the
dispersions of dodecylated graphite (Figure 1b).

Scanning tunneling microscopy (STM) was employed to
accurately determine the height of the soluble graphite
nanoplatelets and to provide direct information about the
chemically modified surfaces. STM is an extremely use-
ful tool for the determination of the surface coverage of
functional groups and for visualization of the effect of
functionalization. An STM image and cross section of
the dodecylated graphite nanoplatelets are presented in
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FIGURE 3. Raman spectra of (a) raw graphite, (b) graphite functionalized
one time by dodecyl groups, and (c) graphite functionalized three times
by dodecyl groups.

Figure 2a and b, respectively. The height can be measured
as 3.5 nm, corresponding to approximately 10 layers of
graphene. By high-pass filtering of the original image, we
could observe that the top surface consists of a few small
graphene domains separated by single steps. We assume
that the van der Waals forces are simply too strong to allow
full exfoliation. It is interesting, however, that we are able to
achieve nearly complete debundling of carbon nanotubes
under similar conditions.>®

Powder X-ray diffraction (XRD) was used to determine the
bulk property of the functionalized material. The XRD pat-
tern of the starting material exhibits peaks corresponding to
planes (002) and (004) located at 26.56° and 54.64°, respec-
tively. The main peak (002) of dodecylated graphite is
broader and lower in intensity than the starting material.
Moreover, a small shift in the (002) peak position at 25.79°
illustrates larger interplanar d spacing of the dodecylated
material compared to the graphite. This is probably due to at-
tachment of the dodecyl groups to the surface of the graphite.
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FIGURE 4. TGA of graphite: (a) raw graphite, (b) graphite functionalized

one time by dodecyl groups, and (c) graphite functionalized three times
by dodecyl groups.

Section Analysis

FIGURE 5. Tapping mode AFM images of dodecylated graphene

(6 um x 6 um): (@) amplitude image showing topography of free-
standing functionalized graphene; (b) is identical to (a) but expresses the
Z-height in voltage; (c) corresponding section analysis (x-axis in um and
y-axis in nm), showing the height of dodecylated graphene is 0.8 to
1.0 nm and a diameter of ~1.0 to ~2.0 um.

After subtracting the instrumental peak broadening using
an NIST LaBg standard, the crystallite size is calculated from
the residual peak broadening for (002) and (004) plane. The
crystallite size is found to be ~19 nm for the commercial
graphite and ~3.5 nm (+0.2) for dodecylated material,
confirming the AFM and STM results. A glassy hump
observed in the 14—40° range in the diffraction pattern
indicates a reduction (~55%) in the crystallinity of the
dodecylated material compared to the starting material.

Similar experiments were carried with other samples of
graphite.>® A high level of exfoliation could be obtained
when Sigma Aldrich 282863 was reductively alkylated by
dodecyl groups. Raman spectra are illustrated in Figure 3
where the functionalization scheme was carried out
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SCHEME 2. Functionalization of Fluorinated Graphite by Dodecyl
Radicals
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once (Figure 3, spectrum b) followed by functionalization
of the same sample two additional times (Figure 3, spec-
trum ).

As seen in Figure 4, thermogravimetric analysis mirrors
the Raman spectra. Whereas the raw graphite shows only a
1.0% weight lost on heating to 1000 °C, the more highly
functionalized product exhibits a 33% weight loss after
heating to 1000 °C. This corresponds to about one func-
tional group per 49 carbon atoms.

The AFM images of the more highly functionalized gra-
phene are presented in Figure 5.

3. Soluble Graphite Nanoplatelets from Gra-
phite Fluoride

Soluble graphene layers can be formed when fluorinated
graphite®®*! is reacted with either alkyl lithium reagents*?
oris reductively alkylated by dodecyl groups.** Haddon and
his co-workers prepared soluble graphene layers in a one-
step synthesis by reacting graphite fluoride of various stoi-
chiometries with n-butyl or n-hexyl lithium. As expected, the
graphene functionalized by hexyl groups was more soluble
than the butylayed products. Dealkylation was observed to
occur upon annealing the bulk samples, thus restoring the
electronic properties of graphene.

We succeeded in preparing highly functionalized graphi-
tic nanoparticles by reductive alkylation of fluorinated gra-
phite (C;F;)*? as illustrated in Scheme 2. In accordance with
the earlier studies,*® the fluorinated graphite used for this
work exhibited strong IR-stretching absorptions between
1072 and 1342 cm™ ",

During the functionalization process the white fluori-
nated graphite turns black, indicating that dodecyl radicals
have replaced the fluorine groups. Electron transfer from
lithium to the fluorinated graphite would yield a transient
radical anion that would decompose rapidly leaving an
electron to reside on the graphene. Electron transfer to
the dodecyl iodide would provide the dodecyl radicals that
form a covalent bond to the graphene. A radical transfer
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mechanism has been observed previously when fluorinated
carbon nanotubes are alkylated reductively.**

The dodecylated graphite exhibits a prominent disorder
mode (D band) at 1290 cm~'. The D:G ratio is 2:1, indicating
a high level of functionalization as shown in Figure 6. Similar
results were reported by Haddon and co-workers for the
material obtained from the reaction of fluorinated graphite
with alkyl lithium reagents.**> A D:G ratio of 1:1 has been
reported for fluorinated carbon nanofibers.*>

The TGA weight loss of the degassed dodecylated gra-
phite is 40%, indicating that the functionalized material has
1 dodecyl group per 21 graphitic carbon atoms. This prob-
ably accounts for the high level of solubility in organic
solvents including CHCI;, CH,Cl,, DMF, DMSO, benzene,
and 1,2 4-trichlorobenzene. The solubility in CHCI; was
determined to be 1.2 g/L.

AFM images of the dodecylated graphite show irregular
graphite nanoplatelets, an example of which is displayed
in Figure 7. The horizontal distance varies between ~0.1
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FIGURE 6. Raman spectrum (780 nm excitation) of dodecylated
graphite.

and 0.5 um. The average height varies between ~2 and
12 nm with 50% of the functionalized platelets having a
thickness of 8 nm, indicative of ~23 graphene sheets per
nanoplatelet.

X-ray photoelectron spectroscopy (XPS) provides direct
evidence for replacement of the fluorine atoms by dodecyl
groups. XPS spectra corresponding to the region between
0 and 1100 eV of the starting graphite fluoride showed only
the presence of carbon and fluorine. The percentage of
fluorine in the graphite fluoride obtained from XPS com-
pares favorably with the earlier work*® where the ratio was
found to be (C;F;). Nearly all of the fluorine atoms are
displaced by the dodecyl functionalities during the reductive
alkylation.

4. Functionalization of Potassium Graphite

When potassium is melted over graphite under an atmo-
sphere of argon, a lamellar compound is formed by inter-
calation of potassium atoms between the graphene
sheets.**~>! The most common stoichiometry for this pyro-
phoric bronze powder is CgK.>*> Although many applica-
tions of this material have been reported,®* 7> it is some-
what surprising that CgK had not been used as a substrate for
the synthesis of soluble derivatives of graphite. Indeed, we
found that CgK can be used as a point of departure for the
synthesis of derivatized graphite nanoplatelets®® using the

SCHEME 3. Functionalization of Potassium Graphite by Dodecyl
Radicals
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FIGURE 7. AFM (0um x 10 um) amplitude image and section analysis (x-axis in um and y-axis in nm) of dodecylated-graphite spin coated onto freshly
cleaved mica from chloroform. Adapted from ref 43. Copyright 2008 American Chemical Society.
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FIGURE 8. High resolution TEM images of water-soluble PEGylated graphite. Adapted from ref 53. Copyright 2007 Wiley.

SCHEME 4. Preparation of Water-Soluble PEGylated Graphite

Br(CH,),COH

Potassium-Graphite (CgK) ————— KBr +

methodologies that have been described to functionalize
other carbon nanomatetrials.3>76-78

By treating freshly prepared CgK with 1-iodododecane in
liquid ammonia, a dodecylated graphitic product was
formed (Scheme 3). This material was found to be soluble
in several organic solvents including chloroform and 1,2,4-
trichlorobenzene.

Thermogravimetric analyses gave a weight loss of 15%,
corresponding to approximately one dodecyl group per 78
graphitic carbon atoms. A control experiment carried out
with CgK and ammonia led to a negligible increase in the
intensity of the D band. Thus, the addition of hydrogen
appears not to be a significant event.

The synthesis of a water-soluble product was achieved by
initial functionalization of the graphite surface using 5-bro-
movaleric acid followed by PEGylation using amine-termi-
nated poly(ethyleneglycol) (PEG) chains (Scheme 4). TGA
analysis gave a weight loss corresponding to one —(CH,) ;,CO-H
group per 61 graphitic carbons.

High-resolution transmission electron microscopy (TEM)
images recorded for the PEGylated graphite show 6—20
layer-induced long fringes that have formed as tangled
ribbons in a network-like structure as seen in Figure 8.
Whereas TEM images of unfunctionalized graphite will have
smooth sidewalls,”® the “bumps” along the sidewalls of the
graphitic structure are PEG groups,”® emphasizing the pro-
pensity for edge functionalization. The particles have an
average size of the order of 0.1 mm.

DCC. DMAP, DMSO/DMF

[Graphite [—(CH)4C02H ?
H,oN-PEG-OMe (MW = 5000 Da)

, @
[Graphlle]—(CH2)4C\
NH-PEG-OMe

The average height distribution of the functionalized
material determined by AFM is in good agreement with
the layers observed in TEM images. The statistical distribu-
tions from 50 nanoplatelets show that 70% have an average
height of 7—9 nm, whereas 30% have an average height of
2—4 nm. The horizontal distances across the nanoplatelets
of these functionalized materials vary between 0.1—1.4 mm.

5. Water-Soluble Graphene
Water-soluble graphene can be prepared as illustrated in
Scheme 5,8° a route similar to that demonstrated earlier for
carbon nanotubes®' where highly cohesive van der Waals
attractions® were overcome by sulfonation in oleum. Thus,
addition of benzoyl peroxide to a suspension of graphite in
benzene at 75—80 °C provides phenylated graphite that can
be exfoliated and sulfonated concomitantly by treatment
with oleum as illustrated in the scheme. The sodium sulfo-
nate was prepared by adding 1 M sodium hydroxide to the
exfoliated graphene. The salt was found to exhibit high
solubility in water (2.1 mg/mL). As the following analysis
will show, the functionalized exfoliated graphene is not only
highly soluble thanks to attachment of the sodium sulfonate
groups, but it is also relatively free of the basal plane defects
that typically result from removal of the oxygen function-
ality of graphite oxide (GO) compounds.

Raman spectra are presented in Figure 9. The D, G, and 2D
bands were recorded using 514.5 nm laser excitations. The
starting graphite powder (Figure 10a) exhibits weak D and
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FIGURE 9. Raman spectra of (a) graphite, (b) phenylated graphite, (c)
sulfonated graphene, and (d) sodium salt of sulfonated graphene.

2D bands that arise from defects. Functionalization of the
graphitic edges might account for the weak enhancement of
the D band. Sulfonation of the phenyl groups and the
resulting repulsive interaction between the —S03°" groups
leads to partial exfoliation as observed by the narrowing of
the 2D peak. Finally, when the sodium salt is formed, a high
degree of exfoliation is observed as demonstrated by the
sharp 2D peak. This is attributed to charge repulsion of the
SO;~ groups.3283

TGA analysis of the sulfonated graphene leads to a
weight loss of 18%, indicating that one functional group is
present for approximately 50 graphitic carbon atoms. This
level of functionalization is consistent with the enhance-
ment of the D band (Figure 9) and emphasizes the efficiency
of the functionalization process.

To examine the atomic-scale structure, exfoliated gra-
phene sheets of the sodium salt were deposited onto
Au(111) substrates and imaged by scanning tunneling
microscopy. The height of the graphitic nanostructures
ranged from less than 2 and up to 5 nm, which corresponds
to between 5 and 14 layers. Figure 10a and b corresponds to
topographs from two such nanoparticles. Cross sections
through each of these are displayed in Figure 10c, allowing
the extrapolation of the number of layers. A high-pass
filtered image of Figure 10b in panel (d) reveals the indivi-
dual domains of the different layers.

Upon close inspection, clear atomic resolution was ob-
served in several of the exfoliated sheets, one of which is
shown in Figure 11a. Even at this scale, any defects on the
terraces would be readily apparent in the STM images.?* The
corresponding height cross section displayed in Figure 11b
shows clear quantized steps between these terraces that
correspond well with expected interlayer spacing of bulk
graphite. Figure 11cis a high-resolution image of the pristine
atomic structure. Figure 11d is the corresponding 2-D Fourier
transform of this image that further confirms the hexagonal
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FIGURE 10. (a, b) STM images of exfoliated graphene on Au(111)
substrates: (a) Image size: (57.6 x 57.6 nm?), bias voltage [Vpiasl =

100 mV, tunneling current [i] = 0.1 nA. (b) (56 x 56 NM?), [Vpiasl =—200mV,
[l =1 nA. (9 Cross sections of (a) and (b). (d) High-pass filtered image of
(b) showing different domains and a single layer attached to multiple-
layered structure. Adapted from ref 80. Copyright 2011 American
Chemical Society.

graphitic lattice. This strongly supports the previous conclu-
sion that the functionalization is performed on the dangling
bonds at the edges without perturbing the sp? bonds of the
basal plane. It also explains the weak D band appearance in
the Raman spectra. The comparison of RMS edge roughness
measurement of the exfoliated graphite to that of highly
ordered bulk pyrolytic graphite shows higher roughness for
the exfoliated graphite due to the functional groups on the
edge. Under the same imaging conditions, the exfoliated
graphene edges in Figure 11a show a 40% higher roughness
compared to that of bulk graphite.

Stable solutions of the sodium salt in water are formed
after sonication for a few minutes. These solutions remained
stable for several months. The sheet resistance of bulk films
prepared by vacuum filtration using an anodizc membrane
(pore size ~ 20 nm) was determined using a four-point probe
fitted to a custom built attachment with Pt leads for film
testing. The sulfonated graphene (Scheme 5) gave an aver-
age value of 212 Q/sq, while the starting graphite gave
960 Q/sq. Thin film samples prepared from graphene oxide
give a sheet resistance of about 1.8 kQ/sq after annealing 2>2°
These measurements support our belief that chemical func-
tionalization under these conditions preserves the crystal-
line structure of the graphene basal planes. Materials
prepared from our water-soluble graphite will likely result
in much higher conductivity than previous methods.
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FIGURE 11. (a) Single layer of exfoliated graphene from lower left of (d)
showing defects on the edges. Imaging conditions: 33.7 x 33.7 nm?,
[Viiasl = =83 mV, [I] = 1.5 nA. (b) Cross section of (a) showing normal
layer spacing of graphite. (c) Atomic structure from the boxed area of (a).
Imaging conditions: 3.6 x 3.6 NM?, [Vpiasl = —83mV, [Il] =2.3 nA. (d) 2-D
Fourier transform of (c). Adapted from ref 80. Copyright 2011 American
Chemical Society.

SCHEME 5. Synthesis of Water-Soluble Graphene
75-80 °C . oleum
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For comparison, the value reported for graphene grownona
nickel surface by Kim et al. is ~280 ©/sq.2®
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6. Conclusions

While this Account includes only a small number of the
many possible chemical methods for producing graphene
nanoparticles from bulk graphite, the strategies presented
here focus on synthetic routes that bypass an oxidative
reaction of the material. The clear consequence of this is
that much of the functionalization is limited to edges of the
material and thus preserves the crystallinity of the basal
plane where many of the unique electronic and mechanical
properties of graphene are derived. This research is now at a
stage where these compounds can be applied to various
technologies, such as conductive coatings and carbon com-
posites, where their performance can be directly compared
with current materials.
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