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thermal exfoliation process for a simple, effective and low-cost mass production in which the
graphene sheets were produced by first ball milling of graphite with ammonium chloride and

followed by a thermal annealing at 800 °C in nitrogen gas. The few layered graphene sheets
show highly efficient selectivity and capacity for the absorption of from petroleum products to
organic solvents such as ethanol, cyclohexane and chloroform (up to 82, 42 and 98 times of its
own weight, respectively). The saturated few-layered graphene sheets can be cleaned for reuse
by simply burning in air. The low-cost strategy for mass production and easy recycling routes
demonstrate the great potential of few-layered graphene sheets for oil removal.

Introduction

Graphene is a single atom-thick sheet of graphite and arranged in a
tightly packed into a honeycomb two-dimensional (2D) lattice. Since
the discovery in 2004, it has rapidly become popular because of its
distinctive physical and chemical properties and potential applications
in flexible electronics,? transparent conductive electrodes,® nanoscale
electronic deviceds,* energy research and catalysis,® and composite
materials.® To date, many chemical approaches have been developed
for the synthesis of graphene, including chemical or thermal reduction
of graphene oxide (GO),” chemical vapour deposition (CVD)?,
epitaxial growth® and organic solvent dispersion method.*° Despite of
large-scale production of graphene materials have been realized
through chemical methods, these processes are labor intensive and
involve strong corrosive, volatile, or hazardous oxidizing
reagents.*Exfoliation method is another good option for prodiucing
graphene sheets with high structure quality. Han et al. reported that
monolayer graphene can be obtained through a mechanical exfoliation
method. Although the sheets have very high quality but production
yield is very low.'? Recently, liquid-phase exfoliation of natural
graphite has opened up a simple way to prepare graphene simply using
sonication of graphite powders in various solvents (such as N-methyl-
pyrrolidone and 1,2-dichlorobenzene) or surfactants solutions.'34
However, these methods have some fatal disadvantages: the amount
of exfoliated product is usually very low and limited relatively to the
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starting material; excessive sonication and centrifugation treatment
can damage the graphene structure; the dispersed graphene easily tend
to aggregate during drying process. On the other hand, ball milling
method has been envisaged to handle these problems but usually
results in poor purity and a mixture of a wide variety of graphitic
materials: single- and multi-layer graphene and un-exfoliated
graphite.’>2° Thus, the development of new facile and solid-phase
approaches for high-yield production of high quality graphene is
highly desired.

Herein we report a new exfoliation route for a simple, effective and
large scale production of few layered graphene sheets. This technique
is based on solid-exfoliation of graphite using ball milling method to
obtain high quality winkled and good selectivity toward few-layered
graphene sheets without involving any catalyst, template or solvent.
The difference in terms of selectivity versus previously reported routs
may originate from the use of a specific reactant (ammonium chloride)
that could intercalate efficiently between the graphite sheets and
strongly improve the exfoliation process. The few-layered graphene
sheets show excellent sorption performances for a wide range of oils
and organic solvents, with mass uptakes reaching 98xits own weight,
due to a combination of high winkle, 2D structure and porosity. In
addition, the saturated material can be cleaned by simply burning or

heating for recycling use.
Heat treatment '
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Results and discussion

Figure 1. Schematic of the synthetic process that involves milling of graphite with NH4Cl particles to form graphene-wrapped NH4CI
particles, followed by heating at 800 °C to achieve few-layered graphene sheets.
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The new exfoliation procedure is presented in Fig. 1. This
exfoliation process involves three stages: 1) the milling balls inside of
the milling cells rotating at a high speed of 700 rpm of generate
sufficient kinetic energy to overcome the van der Waals interactions
between adjacent graphite layers, and produce a large number of
nanosheets at the end of 5h of milling. 2) further milling leads to fully
graphene-wrapped NH4Cl particles. 3) thermal pyrolytic process of
the milled composite powder at 800 °C under flowing Nz for 1lh
produces winkled and few-layered graphene sheets as final product.
Importantly, the final graphene produced has a very high yield closed
to the amount of graphite precursor.
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Figure 2. (a) Representative XRD patterns of graphite with different
milling periods. The milling time dependence of (b) position and (c)
FWHMs of (002) diffraction peaks.

The XRD patterns of graphite for different milling periods after
heating are displayed in Fig. 2a. The pristine graphite shows a
characteristic peak centred at 20 = 26.6°, belonging to the (002)
interlayer reflection of graphite with a d value of 3.351A. The 20
position of (002) peak gradually shifts to the low degree with the
increase of ball milling time to 20h, as shown in Fig. 2b. The lamellar
stacking distance of graphite after 20h milling was estimated to be
3.41A on the basis of the very broad (002) peak centered at 26.12<
suggesting that the gradual exfoliation process from graphite to
graphene sheets. The XRD patterns show systematic changes in the
full width at half-maximum (FWHM) of (002) peak as a function of

the milling time (Fig. 2c). A significant increase of the FWHM of (002)

peak from 0.118<to 0.915<is observed during the first 5h of milling
and then slowly increases to 1.085<during extended milling to 15h.
The FWHM of the (002) peak does not change much during further
milling to 20h. The increase of FWHM indicates the reduced graphite
thickness, which agree well with TEM and AFM images.

Raman spectroscopy is an efficient non-destructive method to
characterize the thickness and quality of as- prepared graphene.
Representative Raman spectra of bulk graphite and graphene sheets
under different milling times in the frequency range of 1200-3300 cm"
L are shown in Fig. 3. Three prominent bands can be seen in the
spectrum of the pristine graphite, which are assigned to D, G, and 2D
bands, at the positions of around 1350, 1582, and 2718 cm™,
respectively.?! The D band is attributed to the breathing modes of sp?
rings and requires a defect for its activation i.e., vacancies, or grain
boundaries/edges.?? The G peak corresponds to the optical E2q phonon
at the Brillouin zone center. With increasing of the milling time, there
is a new Raman peak appears as a shoulder around 1630 cm* on the
G band, named D’ band. The high relative intensity of D and D’ bands
in the spectra after milled 1.5h indicate that the formation of graphene
after synthesis and a large amount of defects in graphene induced by
high-energy ball milling.?®2* In addition, the shape of 2D band and
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the intensity ratio of lo/le, are widely used to identify size of
graphene sheets. The intensity ratio of l2n/lc increases from 0.26 to
0.61 with increasing the milling time to 20h, as shown in Fig. 3,
indicating the reduced graphite thickness.
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Figure 3. Raman spectra of the graphite milled for different periods

and heating at 800 °C using a 514.5 nm line of an argon ion laser.
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Figure 4. SEM images and the corresponding magnification of
(a,b) pristine graphite, (c,d) milled for 5h after heating and (e,f)
millled for 20h and heating at 800 °C.

Representative scanning electron microscopy (SEM) images of as-
obtained samples are shown in Fig. 4. The pristine graphite samples
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Figure 5. TEM images of pristine graphite (a,b), and TEM and HRTEM images of graphite milled for (c,d) 5h, (e,f) 10h, (g,h) 15h, and
(i,j) 20h and heating at 800 °C. The insets show the number of layers highlighted by white arrows.

show many aggregation of thick flakes (in Fig. 4a). Compared with
the initial graphite, the sizes and thickness of graphite were obviously
reduced after ball milling for 5h and heating, as shown in Fig. 4b. The
fluffy and crumpled of free-standing few layered graphene are
observed with continuously milling to 20h after heating (in Fig. 4c,d).
The detailed morphologies and structures of the samples were further
studied by transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM). Compared to the initial graphite (Figure
5a, b), it is clearly observed that the exfoliated graphene sheets
became wrinkles and almost transparent under the electron beam
suggesting the formation of ultrathin graphene sheets after ball milling
5-20h and heating at 800 °C, as shown in Figure 5c, e, g, and i. The
detailed thickness of the exfoliated graphene sheets can be obtained
by examining the edges from their correspondence HRTEM images
Fig. 5d, f, h, and j. It can be seen clearly that more than 20, 6, 5 and
3 parallel fringes corresponding to more than 20, 6, 5 and 3 stacked
layers in the exfoliated samples after ball milling for 5, 10, 15 and 20h
and annealing at 800 °C, respectively, indicating the thickness of

This journal is © The Royal Society of Chemistry 2012

exfoliated graphene sheets gradually decrease with the increase of ball
milling time.

Atomic force microscopy (AFM) was then employed to further
analyse the thickness and fine structure of the graphene sheets. The
AFM images of graphene sheet obtained from graphite after 20h
milling and heating (in Fig. 6d) directly prove the presence of a layer
structure of sheets on a mica substrate with a uniform layer thickness
of about 0.8 nm. Thus, the number of layers deduced from the AFM
data is less than three, which is in good agreement with the HRTEM
observation (Fig. 5f). In addition, a series of graphene sheets produced
with different milling time were studied. As shown in Fig. 6, the
topographic heights are around 6.9, 2.4, 1.6, and 1.0 nm, for milling
time of 5, 10, 15, and 20h, respectively. This indicates that the heights
distribution of the graphene layers is from 22 to 3 layers. Therefore,
both HRTEM and AFM results reveal the exfoliation process as a
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Figure 6. High-magnification AFM image of graphite milled for different periods and heating at 800 °C. The height profiles showing

typical size and thickness of a single graphene.
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Figure 7. Absorption tests for few-layered graphene sheets. (a)
Oil removal from water surface. Left: 3.5 mL pump oil floating
on the surface of 20 mL water in a beaker. Middle: 15 mg of the
few-layered graphene sheets of milled 20h are added. The
graphene powders disperse selectively in the oil layer, while the
water remains clear. Right: removal of the graphene—oil slurry by
filtration, while the water remains clear. (b) Absorption capacities
for different organic liquids measured by direct weighing for
graphite and few-layered graphene sheets.

function with the increasing of the ball milling time, indicating the
thickness of graphene sheets can be controlled by ball milling time.

Qil spillages and organic solvents discharged from industries are
primary pollutants of water resources. A number of advanced
nanomaterials®>27 has been processed and showed excellent
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Figure 8. Photograph of dyed oil for oil absorption tests with few-
layed graphene. (b) Photograph of few-layed garaphene saturated
with oil after 2 min of absorption. (c) Photograph of collecting oil-
saturated graphene. (d) Photograph of burning oil-saturated
graphene in air for cleaning purpose. (e) Photograph of prepred
graphene after burning. (f) Photograph of the cleaned graphene for
second oil absorption test after 2 min, the insert shows the dyed oil
for retest.

absorption behaviours. Few-layered graphene sheets (after milling
20h and heating at 800 °C) exhibits excellent absorbencies for oils and
organic solvents. The evolvement of absorbing the pump oil is shown
in a series of photos in Fig. 7a. When the black graphene sheets meet
with yellow pump oil, the oil is absorbed immediately by the sheets.
The saturated sheets still float on clean water surface, which makes
them easy to be collected. In addition, the absorption of several classes
of organic solvents was evaluated in this study and the results are
shown in Fig.7b. The efficiency of absorption can be referred to as
weight gain (wt%) defined as the weight of absorbed substances per
unit weight of graphene sheets. The absorption capability of as-
obtained few-layered graphene sheets was generally >50x its own
weight. For instance, the absorption toward white oil, ethanol and
chloroform is close to 55 82> and 98 respectively, which is much
higher than pristine graphite as well as common absorbents and other
recently-reported nanomaterials and macrostructures, i.e. collagen
nanocomposites,? polyurethane and iron oxide
composites,?°graphene  hydrogels,®® and MnO2 nanowiress!,
Importantly, the absorbed oil or solvents could be removed from the
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thermally-stable graphene sorbent by direct combustion in air for
reuse in Fig. 8. The high absorption capacity of the few-layered
graphene sheets for oils and organic solvents is essentially due to their
large surface area 315 m?g (Fig. S1), two dimensional which
exacerbate interfacial interactions.?®3? The few-layered graphene
sheets (several micrometers wide and few nanometers thick) have a
large number of edges with unsaturated atoms after ball milling,
which are chemically more reactive than perfect graphite basal planes,
and act as absorption sites for organic molecules. Capillary forces also
act in the porous structure to increase the absorption capacity
compared to bulk graphite powders.3!

Conclusions

In summary, highly winkled and few-layered graphene sheets have
been synthesized using a ball milling process without the use of any
catalysis and ex situ template. The obtained few-layered graphene
sheets show high selective absorption and adsorption capacities for
oils and organic solvents. These winkled and few-layered graphene
sheets can be reused for environmental remediation through
regeneration upon burning in air. All these features make these few-
layered graphene sheets suitable for a wide range of applications in
water cleaning.

Experimental

Materials synthesis. In a typical synthesis experiment, graphite and
ammonium chloride (NH4Cl) powders with the mole ratios of 1:14
were loaded inside a steel milling container (Pulverisette 7, Fritsch).
The powder mixture was milled at a rotation speed of 700 rpm for
different times up to 20h at room temperature under nitrogen
atmosphere of 100 kPa. After ball milling, the mixture powders were
loaded into a quartz boat and then heated at a rate of 10 <C/min and
kept at 800<C for 1 h under a nitrogen gas flow. During the heating
treatment, the NH4Cl was decomposed to various gases and the
releasing gas bubbles left porous structure in final product. The
NHA4CI acted as fugitive templates resulting

Materials characterization. The crystallite structures were
determined by X-ray powder diffraction (XRD) (Panalytical X Pert
PRO system) using Cu Ko radiation. Raman measurement was
investigated using Renishaw Raman spectrometer with a laser
wavelength of 532 nm at room temperature. To avoid the
inhomogeneous distribution in samples, Raman spectra were
collected at three different dots for each sample. The morphologies of
the samples were characterized using a field emission scanning
electron microscope (SEM, Zeiss Supra 55 VP) and transmission
electron microscopy (TEM, JEOL 2100F) in high resolution mode
operating at 110kV. The AFM measurements were performed on a
Cypher atomic force microscope.
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