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Chemically modified graphite is an economical material with promising applications in its own right or as
an intermediate in the synthesis of graphene. However, because of its extreme chemical inertness, to date
only two methods—oxidation and fluorination—have been found which can modify graphite with high
yield and large throughput. Herein, we describe a third chemical approach for the synthesis of large
quantities of highly modified graphite which uses a microwave-sparks-assisted halogenation reaction. The
resulting graphite halide can easily be exfoliated into monolayer graphene in organic solvents. The structure
and electronic properties of the original graphene can be recovered after thermal annealing of the graphene
halide. Furthermore, the graphene halide can be further modified by a variety of organic functional groups.
Solution-processed field-effect transistors based on the graphene halides resulted in device performances
were comparable to, or even better than, that of graphene oxide.

raphene has attracted much attention in the last few years because of its outstanding electronic, mech-

anical, and thermal properties' . The fascinating properties of graphene make it suitable for applications

in many fields such as energy storage materials, polymer composites, and mechanical resonators*~**.
Early studies mainly focused on the production of high-quality pristine graphene, investigation of its unique
physical properties, and fabrication of prototype devices. It is generally believed that chemical functionalization of
graphene will open up a new pathway for an almost unlimited number of graphene-related materials, and provide
materials with unprecedented versatility for a range of applications, by taking advantage of their larger bandgap,
better solubility in large-scale solution processes and new functionalities. However, much less is known about the
chemical functionalization of pristine graphene, mainly due to the fact that it is much more chemically inert than
carbon nanotubes and fullerenes'’; this has posed a formidable experimental challenge, significantly limiting the
further development of graphene chemistry.

Chemically modified graphite is an economical material with promising applications in its own right or as
an intermediate in the synthesis of graphene. If modified graphene could be obtained from graphite in large
quantities it would be an attractive material for use in many composite materials or solution applications.
However, graphite is one of the most chemically inert materials known. Although several groups have
succeeded in modifying monolayer graphene with a low degree of conversion'®', to date only two meth-
ods—oxidation and fluorination—have been successfully employed to modify graphite in high yield'**°. But
these two methods both suffer from their own drawbacks. The functional groups on graphene oxide are a
mixture of different types, which are hard to substitute or fully remove from the surface of graphene, whilst
the fluorination reaction relies on special equipment available in a very limited number of laboratories
because of the high toxicity and corrosive nature of fluorine. Therefore developing a simple, reliable and
effective methodology for the functionalization of graphene, which can be carried out in ordinary laborat-
ories, remains a considerable challenge.

It is generally believed that, unlike fluorine, other halogens cannot react directly with graphite. Recently, Dai
and Liu’s groups reported the chlorination of monolayer graphene by plasma and photochemical methods,
respectively’”*®. However there has still been no report of the successful high degree chlorination of graphite,
although some graphite materials with either very low Cl or Br content or modified only on the surface have been
obtained®~*'. Here, we report a microwave-spark (MiW-S) assisted reaction that allows the direct production of
Cl- and Br-functionalized monolayer graphene sheets from graphite with high efficiency for the first time. The Cl
and Br atoms are covalently functionalized on the graphene sheets with a high Cl or Br atom percentage, up to
21% and 4% (44% and 21% by weight), respectively.
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Results

In a typical experiment (Figure la), expandable graphite and either
liquid chlorine or bromine were added to a flask which was immersed
in liquid nitrogen. The flask was irradiated in a microwave oven
(700 W, 2450 MHz) for 5 s. Graphite displays strong microwave
absorption because of its low resistance, with a dramatic temperature
increase (to 800-1500°C, as measured by an infrared thermometer)
accompanied by luminous sparks®~. At such high temperatures the
graphite expands to ~200 times its original volume and emits large
quantities of hot graphite flakes which can react directly with the
halogen. The resulting hot graphite halide became coated on the
inside surface of the flask (Figure 1b) thus being immediately
quenched to very low temperature, and avoiding thermal decom-
position (Figure S1). It has been reported that some materials can
be ionized to a plasma under MiW irradiation®. Therefore, we
suggest that the halogen may become slightly ionized under MiW
irradiation in our experiment, and that this may also favor the halo-
genation reaction. After the reaction, the sample was annealed at
150°C to evaporate the adsorbed halogen under a reduced pressure
of ~107° mbar. The MiW-S method is very different from the ordin-
ary microwave procedure which mostly relies on excitement of
molecular vibrations. If the graphite was first dispersed into small
sheets, which reduced the amount of sparks formed under sub-
sequent MiW irradiation, the halogen content was reduced to less
than 0.5%, showing that the sparks play a key role in the reaction. For
the chlorination reaction, the liquid state of Cl, was more efficient
than the gaseous state of Cl,—which only afforded a low CI atom
content of less than 2%. This is because the liquid Cl, can effectively
intercalate between the graphite layers, efficiently react with the
graphite sheets and help to rapidly cool the hot graphite chloride
product. Our method results in a G-Cl yield of ~10%, which could
potentially be improved to 50-80 % with further processing.

In contrast to hydrophilic graphene oxide (GO), the resulting
graphite halide cannot be dispersed in water. However, it was easily
dispersed in organic solvents, such as dimethylformamide (Figure 1c
and 1d) or dioxane, and became exfoliated into graphene chloride
(G-Cl) or graphene bromide (G-Br). The concentration of G-Cl was
as high as 0.5 mg/mL, and it was stable against reaggregation, dem-
onstrating its capability for use in solution-processing methods. The
concentration of G-Br was lower than that of G-Cl, which can be
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Figure 1| (a) Schematic illustration of the chlorination and bromination
processes. The halogen was first intercalated between the graphite layers.
With the assistance of MiW-S the halogen then reacted with the graphite
directly. In the solution-phase sonication step, the graphite halide was
exfoliated to single layer G-X. (b) Photographs of the graphite chloride
coated on the inside surface of the flask. (¢) Photograph of G—Cl dispersion
in DMF. (d) Photograph of G-Br dispersion in DMF.

ascribed to its lower degree of modification. Up on modification, p-
electron concentration and structural ordering decreased, accom-
panied with absorption decrease. Because modification degree of
G-Cl was much higher than G-Br, just similar with GO, the G-Cl
dispersion was yellow while G-Br dispersion was black. The accurate
thicknesses of the G-X sheets were determined by atomic force
microscopy (AFM). After measured one hundred flakes, the average
topographic heights of G-Cl and G-Br were around 1.2 nm and
1.5 nm, respectively (Figure 2a and 2b). These values are larger than
the thickness of a typical pristine monolayer of graphene (~0.8 nm),
and are indicative of a large amount of Cl/Br atoms attached on the
surface of the graphene layer. AFM measurements also indicated that
the most of the G-CI sheets were monolayers while only 5% of G-Br
sheets were monolayers. One hundred flakes were measured after
annealing at 600°C, the topographic heights of G-X were reduced to
0.8~0.9 nm showing that most of the halogen atoms had been
removed (Figure S2).

In order to characterize the morphology and crystal structure of
the G-X materials, transmission electron microscopy (TEM) and
selected area electron diffraction (SAED) were performed. TEM
images (Figures 2c and 2d) show the membranes on a lacey carbon
TEM grid. The G-X is transparent and exhibits a very stable nature
under irradiation by the electron beam. The sheets are rippled and
entangled with each other, similar to what is observed for monolayer
graphene nanosheets. The SAED pattern of G-Cl (the inset in
Figure 2c) shows diffraction rings and less resolved diffraction dots,
indicating that the crystallinity of the graphene sheet has been sig-
nificantly diminished by incorporation of the chlorine atoms. The
SAED pattern of G-Br (the inset in Figure 2d) shows well-defined
diffraction spots in a hexagonal pattern, showing that the crystallin-
ity of the G-Br is much better than that of G-Cl, although still less
than that of pristine graphene™.

Discussion

Because the halide groups in G-X should be capable of being replaced
by a variety of organic functional groups, the proportion of halogen
atoms covalently attached to graphene is very important in terms of

a b

Figure 2 | AFM images of graphene sheets on a SiO,/Si substrate.

(a) G-ClI, (b) G-Br, Bright—field TEM images of monolayer graphene and
the corresponding electron diffraction patterns. (¢) G-Cl, (d) G-Br. The
blue bar is 500 nm in all images.
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further application of these materials. The halogen content was
determined by X-ray photoelectron spectroscopy (XPS) and X-ray
energy dispersive spectrometry (EDS) (Figures S3-S5). In the wide
survey XPS spectra of G-Cl and G-Br (Figures 3a and 3b), the peaks
at 284.8 eV correspond to C 1s of sp” hybridized carbon. The obvious
Cl 2p peaks located at 200.5 eV (2ps,,) and 201.8 eV (2p;,,) can be
attributed to C-CI*, rather than likely possible contaminant species
(e.g., peaks for CI" would occur at ~198.0 eV and for ClO;™ at
206 eV)*. The Br peak located at 70.8 * 0.2 eV is also characteristic
of C-Br, rather than possible contaminant species (68.5 eV for Br-,
72.6 eV and higher values for BrO;", and 67.4 = 0.2 eV for Br,)*"*.
As a control, no Cl and Br peaks were detected in the expanded
graphite (Figure S6). The XPS data therefore confirm that the Cl
and Br atoms have been covalently functionalized on the graphene
sheets (Figures 3¢, 3d and S7). After considering the relevant atomic
sensitivity factors, semi-quantitative analysis of the higher resolution
data indicated a composition of 21 atom% (ca. 44 weight%) of Cl and
4 atom% (ca. 21 weight%) of Br in the respective samples®**'. G-CI
possesses a higher degree modification than G-Br because liquid Cl,
is more reactive than Br,.

It has been reported that ultraviolet (UV) radiation can remove
adsorbed gas molecules efficiently from reduced graphene oxide
films or carbon nanotube films*>*’. UV irradiation can therefore used
to confirm that the materials contain covalently bonded halide
groups rather than adsorbed Cl, or Br, molecules (Figures 3e and
3f). Both G-Cl and a graphene film containing adsorbed Cl, were
illuminated by 254 nm UV radiation The Cl, adsorbed in the gra-
phene film was completely removed when the film was exposed to
UV radiation for 20 minutes, while there was no noticeable change
for the G-Cl film. This provides clear evidence that the Cl atoms are
covalently bonded to the graphene sheets. G-Br showed the same
behavior. These observations confirm that the halogen atoms in G-
Cl and G-Br are connected to the graphene sheets via covalent C-X
bonds. The presence of the characteristic G-Cl and G-Br stretching
bands in the infrared (IR) spectra of the materials (Figure S8) pro-
vides additional confirmation of the covalent bonding in the G-X
materials.

Thermogravimetric analysis (TGA) provides still further evidence
for the covalent attachment of halogen atoms to the graphene sur-
face. Figure 3g shows the TGA results of expanded graphite, Cl,/Br,
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Figure 3 | Wide survey XPS spectra of the graphene. (a) G-Cl, (b) G-Br. High-resolution XPS spectra of the graphene. (c) G-Cl, (d) G-Br.

Deconvolution revealed the presence of C-C (~284.8 ¢V), C-O and C-Br (~286.2 eV), C=0 (~287.8 eV) and C-Cl (~286.2 eV) species in the films.
The insets show high-resolution XPS spectra of the peaks. (e) G—Cl (red), G—Cl after being irradiated by UV (blue), Cl, adsorbed on graphene (black), Cl,
adsorbed on graphene after being irradiated by UV (green). (f) G-Br (red), G-Br after being irradiated by UV (blue), Br, adsorbed on graphene (black),
Br, adsorbed on graphene after being irradiated by UV (green). (g) TGA traces of the graphene samples. (h) Raman spectra of G-Cl. (i) Raman spectra of
G—Br.
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Figure 4 \ (a) Schematic illustration of the fabrication of a G—Cl device. (b) Current—voltage (I3s— Vy,) characteristics of the same device annealed at
different temperatures. (c) Current—gate voltage (I3;— V) curves for a G-Cl device measured in air, after annealing at 600°C. (d) AFM image of a G-Br
FET device. (e) Current—gate voltage (I3;— V) curves for the device in (d). (f) SEM image of annealed G-Cl electrode arrays with different widths (the
black baris 500 nm). (g) Current—gate voltage (I3, — V) curves for a pentacene device with a graphene electrode. (h) Is;— Vg, characteristics at various Vj

for the device (g) in air.

adsorbed on pristine graphene and G-X samples. Samples were
heated from room temperature to 800°C under nitrogen and weight
losses were monitored. The onset of decomposition occurred at tem-
peratures (T4) of 366°C for G-Cl and 344°C for G-Br respectively
(Figure 3g and Figure S9), and can be attributed to the breaking of C-
Cl/C-Br bonds. Such high T4 values and the abrupt losses in weight
offer strong evidence that the Cl/Br atoms are covalently bonded to
the graphene, since the weight losses for the Cl,/Br,-adsorbed graph-
ite samples occurred gradually from ~50°C to ~250°C. In addition,
after annealing at 600°C, nearly all the Cl atoms were removed from
G-Cl since the Cl 2p peaks located at 200.5 eV (2ps/,) and 201.8 eV
(2py/2) almost disappeared from the XPS (as shown in Figure S10).

The Raman spectra of G-X were recorded using the 514 nm
excitation line (Figures 3h and 3i). The intensity of the D band in
the Raman spectra of graphene materials is an indication of the level
of defects. The obvious D peak located at 1359 cm™ in the Raman
spectrum of G-Cl (Figure 3h) indicates that during the chlorination
process, large quantities of covalent C-Cl bonds were formed in
graphene sheets, and thus a high degree of crystalline disorder was

generated by the transformation from sp” to sp® configuration. The D
peak (~1350 cm™) of G-Br (Figure 3i) is weaker than that of G-Cl,
possibly due to the lower degree of modification. In the spectrum of
G-Cl the overtone of the D peak, denoted the 2D peak, nearly van-
ished, and this is also evidence of a high degree of structural disorder.
Compared with the band for pristine graphene, the strong and sym-
metric 2D peak of G-Br was blue-shifted (8 cm™) and became
broader, consistent with the small extent of modification by Br.
The decrease in chlorine content on heating (see above) shows that
the structure of graphene chloride can be recovered by annealing at
high temperature. Consistent with this, the Raman spectrum of
annealed G-Cl shows a higher D/G intensity ratio than that for G-
Cl, which is indicative of the creation of numerous new graphitic
domains that are smaller in size than the ones present in exfoliated
G-Cl. The 2D peak in the Raman spectrum of thermally annealed G-
Cl is more obvious than the peak in the spectrum of G-Cl, which is
also evidence for the increased crystallinity after thermal annealing.

The structure recovery was accompanied by an improvement in
electronic properties. G-Cl-based field-effect transistors (FETs) were
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fabricated with a top-contact configuration. A thin film of about 1-
3 nm (1-3 layers) was spin-coated on a Si/SiO, substrate at room
temperature (Figure 4a). An n-type Si wafer with a SiO, layer of
300 nm was used as the gate, and gold source and drain contacts
(30 nm) were deposited on the G-Cl film through a shadow mask.
Figure 4b shows that the conductivity of the G-Cl film increased
significantly after annealing for 15 min at different temperatures in
vacuum. The pristine G-Cl thin film was an insulator while after
annealing at 600°C, the conductivity of the G-Cl thin film improved
dramatically (Figure 4b). Devices fabricated using a thermally
annealed G-Cl thin film show p-type behavior in air (Figure 4c
and S11). Due to the limited yield of G-Br samples, electron-beam
lithography was used to fabricate G-Br FET's (Figure 4d). Figure 4e
shows a typical current-voltage (I-V,) curve of a single layer G-Br
measured under ambient conditions (source-drain bias voltage
-1 V). The average two-dimensional resistivity (defined as RW/L,
where R is the resistance of the device and W and L are the width and
channel length, respectively, of the graphene sheets) of the graphene
sheets was less than 10 k€, which is close to the value for pristine
graphene and suggests the graphene sheets have good quality****. In
case of the modified graphene, foreign atoms and topological defects
(as indicated by the TEM images and Raman spectra discussed
above) are introduced into the graphene lattice, causing the observed
decrease in the conductivity.

When incorporated as the electrode in electronic devices, gra-
phene offers the advantages of low resistivity, high chemical stability,
and mechanical strength. The good solubility of G-Cl and its low cost
as a precursor for the fabrication of graphene electrodes fulfill the
requirements for the realization of large-area and economical
organic electronic devices such as organic FETSs, organic photovol-
taics or organic light-emitting diodes. We patterned G-Cl 45 nm
thin film electrode arrays by a solution-processed plasma etching
approach (Figures 4f and S12)*. After annealing at 600°C, the result-
ing graphene layer was deposited on the electrodes. The device char-
acteristics of a pentacene FET with the graphene electrode in bottom
contact geometry showed a mobility of 0.35 cm® V™' s* (Figures 4g
and 4h), which is higher than the corresponding values for an FET
with annealed GO electrodes and bottom contact Au electrodes
(0.2 cm® V™' st and 0.06 cm* V™' 577, respectively). The higher mobil-
ity of the former FET can ascribed to be suitable work function of
graphene (4.7-4.9 eV), which enables ohmic hole injection into
organic semiconductors with comparable HOMO energy levels, as
well as the excellent graphene/pentacene contact’. Therefore, when
an organic solvent process is required, G-Cl is undoubtedly more
attractive than GO as a graphene precursor.

It is well-known that organic chlorides are one of the most impor-
tant organic precursors in many organic chemical reactions, such as
substitution and metal-catalyzed cross coupling reactions. Therefore
G-X should also be an important versatile precursor and intermedi-
ate material, which could be further modified with a variety of
organic groups, in order to introduce new functionality or to fabric-
ate new composite materials. For example, the halogen atoms in G-X
could be substituted by laurylamine under conventional organic
reaction conditions (Figure 5a). The substitution can be confirmed
by XPS (Supporting Information, Figures S13 and S14). The Cl 2p
peaks located at 200.5 eV (2ps/,) and 201.8 eV (2p;/,) diminished
after the reaction. G-Br was more reactive than G-Cl, and the halide
groups could be nearly completely substituted by laurylamine. The
Br 3d peak located at 70.8 eV in the XPS of G-Br disappeared after
the reaction. A new peak located at 400.9 eV corresponding to N 1s
appeared. With mild sonication, the product could be redispersed in
DMEF forming a homogeneous G-N suspension. The accurate thick-
nesses of single sheets deposited on the Si/SiO, substrate were char-
acterized by AFM (Figures 5b and 5c). Due to the long aliphatic
chains, the thickness of remodified graphene sheets was around
2.6 nm, much thicker than for G-X.

Figure 5| (a) Schematic illustration of the substitution reaction of G-X.
AFM images of G-NHC,,H,5 formed by (b) reaction of G-Cl, and (c)
reaction of G-Br.

In conclusion, we have synthesized graphite chloride and bromide
with a high degree of halogen incorporation for the first time, with
the assistance of microwave sparks. The modified graphite could be
directly exfoliated into single layer graphene halide by sonication.
The structure and electronic properties of graphene could be recov-
ered after thermal annealing of the graphene halide. OFET's based on
these solution-processed G-Cl electrodes arrays show high mobili-
ties, even better than those using GO or gold electrodes. More impor-
tantly, the graphene halide could be further modified by other
organic functional groups. The chlorinated and brominated gra-
phene materials thus offer a novel pathway for the synthesis of a
wide spectrum of graphene derivatives suitable for numerous poten-
tial applications.

Methods

Materials. Acid-intercalated expandable graphite (particle size: 500 pm, the graphite
had been intercalated with sulfuric acid and nitric acid) was kindly provided by
Tianhe Inc. Cl, (99.99%) was purchased from Arkonic Gases & Chemicals Inc. Other
chemicals were purchased from Aldrich. The Br, was distilled after treatment with
H,SO,. The other reagents were used as received unless otherwise stated.

Chlorination of graphite. Expandable graphite (100 mg) was sealed in a vacuum
glass flask. The flask was equiped with a condenser pipe through which was circulated
ethanol at —60°C. Then 20 mL ofliquid Cl, was added into the vaccum flask. The vial
was irradiated in a microwave oven (Galanz, 700 W, 2450 MHz) for 5 s (whilst being
cooled by liquid nitrogen). After reaction, the Cl, was evaporated under vacuum. A
dark yellow solid was coated on the inside surface of the flask. Then the sample was
sonicated in a solution of NaHSOj; (~1 M in DMF), pure water, DMF and
tetrahydrofuran. Finally the sample was annealed at 150°C under a vacuum of
~10~* mbar to afford 10 mg of chlorinated graphite.

Bromination of graphite. Expandable graphite (100 mg) was sealed in a glass flask
and purged with high purity nitrogen for 2 h. Then 20 mL of Br, was added. After
1 h, the flask was irradiated in a microwave oven (Galanz, 700 W, 2450 MHz) for
60 s (whilst being cooled by liquid nitrogen). The irradiation process was repeated
five times. After the reaction, the Br, was evaporated under vacuum. Then the sample
was sonicated in a solution of NaHSO; (~1 M in DMF), pure water, DMF and
tetrahydrofuran. Finally, the sample was annealed at 150°C and under a pressure of
~107° mbar to yield 90 mg of brominated graphite.

G—Cl. A mixture of 30 mL of DMF and 1 mg of graphite chloride was sonicated in a
low power sonic bath for 1 min to form a homogeneous suspension. The suspension
was centrifuged at 2000 rpm for 15 min to separate the non-soluble material from the
solution. A suspension with predominantly single layer graphene sheets retained in
the supernatant was obtained.

G—Br. A mixture of 30 mL of DMF and 1 mg of graphite bromide was sonicated in a
low power sonic bath for 30 min to form a homogeneous suspension. The suspension
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was centrifuged at 2000 rpm for 15 min to separate the non-soluble material from the
solution. A suspension with single layer graphene sheets retained in the supernatant
was obtained.

G—N. A well dispersed suspension of G—Br in DMF (100 mL) was refluxed in the
presence of 0.5 g of laurylamine and 0.2 g of K,CO3, at 80°C for 3 h,ina N,
atmosphere. At the end of the reaction, the suspension was filtered through a 0.4 pm
polyvinylidene fluoride (PVDF) membrane, and then the product was washed with
250 mL of water and 200 mL of chloroform. The sample was dried in a quartz tube at
120°C under a vacuum of ~10~° mbar.

Characterization. The samples were characterized using SEM (Hitachi S—4800,
15 kV), X-ray EDS (fitted to the SEM), AFM (Multimode Nanoscope V), TEM
(JEM—2010, 200 kV), SAED (fitted to the TEM), Raman spectrometer (Lab Ram
HR800, with laser excitation at 514 nm), XPS (ESCA Lab220I-XL) and TGA
(EXSTAR 6000 TG/DTA 6300), and infrared thermometer (Raytek Raynger 3i).
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