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In this work, we illustrate a facile and economical strategy for the bulk production of aqueous few
layer graphene (FLG) dispersions via a simple grinding method. The as-prepared FLG suspensions can
be cast on various substrates through facile dip coating. The environmentally friendly one-step
procedure can produce graphene-based surface easily without additional reduction reaction. Here, we
also prepare the FLG-based sponges with both superhydrophobic and superoleophilic properties. The
FLG-sponges have been demonstrated as efficient absorbents for a broad range of oils and organic
chemicals with high selectivity and excellent recyclability. The FLG-sponges deliver an absorption
capacity as high as 153 g g-1 for the chloroform. The results indicate that the FLG sponges may

potentially be useful as next-generation oil adsorbent materials.

1. Introduction

Recently, the world is facing a serious environmental crisis due to the waste of water resource and
industrial pollutions such as oil spill and chemical leakage. With the awareness of environmental
protection, the technological developments for water recycling, removal of oil spill and organic
contaminants have become increasingly important. Oil sorbent materials such as porous polymers,’

17 and other

inorganic based materials’”, carbon nanotube or other carbon-based composites
composites'*?' have been developed to meet the demand of water purification and cleanup of oil
pollution. These proposed materials, however, have some drawback including low absorption capacity,

poor selectivity and environmental incompatibility. Moreover, these materials are expansive and

prepared from complicated process leading to the limitation of practical application

To address this issue, the graphene-based materials have been proposed. The oil absorbent based on
commercial sponges coated with graphene oxide (GO) have been successfully prepared through dip
coating method.””*’ Although the GO is hydrophilic, its hydrophobic property still can be recovered via
reduction process to form reduced graphene oxide (rGO).”* The rGO based absorbents reveal high
absorbency, selectivity and recyclability. Unfortunately, in most cases, the reduction process cannot

completely transform the GO into rGO. Therefore, trace amount of hydrophilic oxygen-containing
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groups still remain in rGO. This not only limits the hydrophobic property of the resulting rGO, but also
influences its selectivity, significantly. Moreover the complicated reduction processes are unfavorable
for industrial application. The drawback of GO-derived absorbent has been overcome by growing three
dimensional (3D) graphene using chemical vapor deposition (CVD).” The defect-free 3D graphene can
selectively remove oils and organic solvents from water owing to its superhydrophobic and
superoleophilic properties. However, the CVD-grown approach is time and energy-consuming and

difficult to scale up for practical use.

Recently, the multilayer graphene (MLG, 50-100 nm) has been commercial available. These
products are prepared through scalable, facile and economical approaches such as electrochemical,”""'

3233 or mechanical exfoliation.”* The commercial MLG without structural and chemical

liquid-phase
defects reveals excellent optoelectronic and thermal properties. However, the large bulk density of
MLG makes it easily precipitate out in a solution. Therefore, it also suffers from poor processability
and mechanical property due to its unfuctionalized, graphite-like structure. In this study, we used a wet
grinding method to disperse the MLG. During the surfactant-assisted grinding process, MLG
underwent further exfoliation and miniaturization in submicron scale to form a stable dispersed
solution containing FLG. The ground FLG with great processability can be easily cast on various
substrates through solution process. We also fabricate the MLG-based absorbent using commercial
melamine sponge as frame. The as-prepared absorbent exhibits excellent superhydrophobic and
superoleophilic proterties with high absorption capacity and recyclability for a wide range of organic

compounds. It is believed that the FLG-based absorbent will have great potential for large-scale oil-

water separation.

2. Experimental Section

2.1 Preparation of FLG dispersions::

MLG (P-ML20) was purchased from Enerage Inc. The thickness of MLG are ranged between
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50~100 nm. High-energy ball milling was performed at room temperature using a batch-type grinder
(JBM-B035).”” The total milling duration was 360 min; the concentration of MLG was 5.0 wt%. The
grinding procedure was performed in isopropyl alcohol containing 0.1 wt% sodium dodecyl sulfate
(SDS). The MLG solution was ground under 2000 rpm with ZrO, (200 nm) as milling ball for 3 hr.
Consequently, the resultant MLG solution was further ground with smaller ZrO, (100 nm) to enhance
the dispersability of FLG. After high-energy grinding, the FLG suspensions can be diluted to any

concentration without precipitation.
2.2 Preparation of FLG-based absorbents

The commercial melamine sponge was cut into blocks (2 x 2 cm?) and ultrasonically cleaned in
ethanol. Then, the blocks were rinsed with distilled water and dried at 70 °C. The as-dried sponge was
then dipped into the ground FLG solution, and finally dried in the vaccum oven at 100 °C. The FLG can
be physically coated on the sponge due to the strong van der Waals interaction and mechanical
flexibility of FLG. Finally, the treated sponge was immersed into a dilute toluene solution which
contains PDMS followed by drying at 120 °C overnight to enhance the adhesion between the FLG and

the sponge.
2.3 Characterization

Zeta potentials were measured using a particle size analyzer (Brookhaven 90 Plus Sn11408). XRD
was performed using a Philips X Pert/MPD apparatus. The surface morphologies of the FLG films were
investigated using AFM (Digital Instrument NS 3a controller equipped with a D3100 stage) and SEM
(Hitachi S-4700). The absorption capacities (k) of FLG-based sponges for various organic solvents were
measured. A weighed amount of FLG sponge was put into a flask containing of organic solvent and
allows to absorb for 5 min. Then k can be calculated through the definition, A=(Wawrated absorption-

Winitial)/ Winitial-

3. Results and Discussion
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The SEM images of the commercial MLG are shown in Fig. 1. It can be observed that the
commercial products contain a large amount of graphene flasks with a curled morphology consisting of
a wrinkled paper-like structure. The images reveal that the MLGs have a size of several tens of microns
and they are stack from several graphene sheets (around 50-100 nm). Due to its large size and thickness,
the MLG is difficulty to be dispersed in common organic solvents and cast on various substrates. With
this regard, in this study, we performed the wet grinding method to treat the MLG. During the grinding
process, the MLG experiences further exfoliation to form the FLG. Moreover, the size can also be

reduced which can enhance its dispersability.

The TEM images of the MLG before and after grinding are shown in Fig.2. Compared with the
ground sample (FLG), the MLG reveal a much dark TEM image. This is due to its stacked multilayer
leading to the electron non-transparency. In contrast, the FLG reveals a very transparent image
indicating that the thickness of MLG has been successfully reduced after grinding process. Moreover,
after grinding procedure, the size of MLG also significantly decreases from several tens of micros to
200~500 nm. The crystallinity of the MLG, FLG and graphite was also measured by XRD analysis. As
shown in Fig. 2c, it can be seen all the samples exhibit a characteristic peak (002) at 26.8°. However, the
FLG show a much weak intensity compared with that of MLG and graphite. The full widths at half
maximum (FWHM) of MLG and FLG obtained from XRD spectra is shown in the Supporting
Information. Compared with MLG, the larger FWHM of FLG is contributed from the further
exfoliation and miniaturization during the grinding treatment. In general, the FLG should be more highly
charged and, therefore, possess enhanced dispersibility compared with the MLG owe to its higher degree
of exfoliation and smaller size.”® To investigate the correlation between the surface charge of the FLG
and the grinding time, we measured the zeta potential of the FLG solution with different grinding time.
As shown in Fig. 2d, there is a trend towards more negative zeta potential values as the grinding time is
increased. This suggests that the grinding process miniaturizes and exfoliates the MLG leading to higher
edge-to-area ratio, which increases their charge density and repulsive electrostatic force. Moreover, the

surfactant (SDS) also can wrap the FLG which changes the FLG’s surface chemistry leading to more
5
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negative zeta potential and better dispersion. This phenomenon is similar to the zeta-potential variation

°73% The inset to Fig. 2d provides images of the FLG solutions

of surfactant-wrapped carbon nanotubes.
after various grinding times. It can be found that the FLG can disperse very well. However, the MLG
without grinding treatment tends to precipitate easily. The FLG colloids can maintain its stability
without precipitation over 3 months. It is well known that the colloidal stability of graphene is
determined by the competition between repulsive electrostatic interaction and attraction, face-to-face
van der Waals interaction of overlapping sheets.””*” We believe that the better colloidal stability of FLG

after grinding is contributed from the combination of increased electrostatic repulsion and reduced

overlapping area due to the further exfoliation and miniaturization.

Absorption spectroscopy can be used to further shed light on the dispersability of the FLG
colloidals. The absorption spectra are acquired by a UV-vis spectrometer with a wavelength of 200-800
nm at different concentrations of FLG from 0.01 to 0.25 wt% as shown in Fig. 3a. All the spectra reveal
an absorption peak located at 265 nm which is originated from the electronic m—n* transition of C=C
bounds.”" A linear relationship can be seen in the inset of Fig. 3a and follows the Lambert-Beer law
well,”” suggesting that the FLG can form an uniform and stable colloidal after grinding. Fig. 3b shows
the Raman spectrum of the as-prepared FLG. The characteristic peaks located at 1340, 1577 and 2695
cm” corresponding to the D, G and 2D bands are observed. These characteristic peaks are associated
with the disorder sp’-hybridized carbon, E», vibrational mode of sp”-bonded carbon and second-order
vibration caused by the scattering of phonons, respectively.’” ** The inset of Fig. 3b reveals the XPS
spectrum of FLG. It is seen that the Cls spectrum of FLG exhibits a sharp peak characteristic of single-
phase pristine graphene flakes, suggesting the absence of oxygen-contained group within FLG. The XPS
and Raman spectra for graphite and MLG are also shown in the Supporting Information. To monitor the
thickness and size of the FLG, we also utilized the AFM to analyze the FLG cast on a silicon wafer. The
typical AFM image of FLG is shown in Fig. 3c. The AFM and its corresponding surface profile for

MLG is also shown in the Supporting Information. The uniformly distributed individual FLG sheets
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with grain size ranged from 50 to 700 nm indicating the FLG is well-dispersed in the solution. Moreover,
the thickness of FLG distributed from 3 to 11.5 nm with an average thickness of 7.7 nm is obtained
through taking 100 FLGs into calculation as shown in Fig. 3d and 3e. The AFM observations further

reveal that the MLG indeed experiences exfoliation and miniaturization during the grinding process

The porous structure of the melamine sponge, MLG-sponge and FLG-sponge was observed by
SEM and is shown in Fig. 4. It can be seen that the sponge reveals three-dimensional, fiber-like structure
with pore size ranged from 70-250 um. The surface of hierarchical structure is very smooth and the
diameter is found to be 7 um. The images of MLG-sponge are shown in Fig. 4c and 4d. It can be clearly
seen that the MLG cannot deposited on the surface of the fiber-like structure due to its too large size
(several tens of micros, Fig. 1). The MLG only can stack in the pore formed by the three-dimensional
structure after dip coating. In contrast, the FLG can be successfully deposited on the surface of the fiber-
like surface (Fig. 4e and 4f). The FLG can be physically coated onto the sponge surface because of its
mechanical flexibility and the van der Waals force between the sponge and FLG. The fiber-like
structure shows a much rough surface with great surface coverage after FLG coating. This is contributed
from the miniaturization and exfoliation during the grinding process. The small size and thickness of
FLG can enhance its flexibility. As a result, the FLG can fold easily on various substrates with different
shape.

To determine the hydrophobicity of the modified-sponge, the contact angle was measured. The
relationship between coating times and water contact angle has been investigated, as shown in Fig. 5. As
the coating time increases, the contact angle can also increase from 92.6° (one time) to 143.5° (three
times) and the water droplet maintain a spherical shape as shown in Fig. 5. In contrast, a drop of water
completely spread out and was infused into the bare sponge as shown in Fig. 5e (the water was dyed
with methylene blue). Moreover, the FLG-sponge can immediately absorb lubricating oil and no contact
angle can be measured. These results indicates that the FLG-sponge is superhydrophobic and oleophilic.

The strong hydrophobicity is attributed from the combination of natural hydrophobic characteristic of
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graphene and the surface roughness caused by the dual effect of wrinkled and folded FLG and
hierarchical structure of the sponge. For the coating time larger than three times, the contact angle is
unchanged, suggesting the surface of sponge has been covered by FLG completely. It is worthy to
mention that the MLG-sponge cannot reveal the superhydrophobic and oleophilic property even though
the coating times has been over ten. Furthermore, the color of the MLG-sponge is much lighter than that
of FLG-sponge, as shown in Fig. 5f. This indicates that the MLG cannot be efficiently deposited on the
sponge surface owe to its large volume and thick morphology.

The TGA analysis was performed to monitor the amount of the carbon-based materials deposited
on the sponge surface. The weight loss for FLG occurred before 300 °C probably results from the
evaporation of moisture and decomposition of SDS. As shown in Fig. 6, for the TGA curves of pure and
modified sponges are similar and have a rapid weight loss for the temperature higher than 400 °C. This
suggests the deposited amount of graphene is too small to influence the decomposition behavior.
However, a slight difference for the total weight loss still can be observed. The residual weights of the
sponge, MLG-sponge and FLG-sponge are 1.83, 6.05 and 10.08 wt%, respectively. These results further
support the FLG can be more easily deposited on the sponge surface due to its favorable morphology.

For the practical application in oil-spill cleanups, the flotation of sponge on the top of water surface
is crucial. As shown in Fig. 7a, the FLG-sponge can float on the surface of water. Even though we
immerse the FLG-sponge in water with external force, the FLG-sponge can immediately float on the
water surface after releasing the external force. Moreover, the mirror-like reflection can be found in the
immersed part of FLG-sponge (Fig. 7b), due to the formation of an entrapped air between the FLG-
sponge and the surrounding water. This phenomenon is referred to the so-called non-wetting Cassie—

Baxter surfaces.*”*°

However, the untreated sponge submerged in the water within 3s (also see Movie
S1). To demonstrate the separation ability, we put the FLG-sponge in a stable water/oil emulsions as
depicted in Fig. 7c. To our surprise, the emulsified oil/water mixtures were well-separated and

efficiently collected within the FLG-sponge after shaking the mixture for 5s (also see Movie S2). The

water/oil emulsion before and after separating with FLG-sponge was further analyzed by an optical

8
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microscope (Fig. 7d and 7e). It can be seen that all the oil microemulsions are absorbed by the FLG-
sponge, indicating this technology can be used to collect the expansive chemical for the water/oil
emulsions. As exhibited in Fig. 7f, the removal of the oil on the water surface was also tested. When the
FLG-sponge is brought into contact with a layer of motor oil (CPC Corp.), it absorbs the oil completely
within 3s (also see Movie S3). This clearly indicates its potential use for the facile removal of oil
spillage and chemical leakage. Various organic solvents were used to further evaluate the absorption
capacity and selectivity of the FLG-sponge. As shown in Fig. 7g, the absorption capacities of the FLG-
sponge for a wide variety of organic solvents range from 57 to 153 times their weight. The variation of
the capacity is caused by the density of oils and organic compounds. Compared with the nanowire
membranes (<20 times)” and micro-porous polymer (<33 times)," the FLG-sponge can deliver much
higher absorbance capacity. The recyclability of the FLG-sponge was also tested to evaluate its
oil/chemical cleanup application. Fig.7h shows the recyclable use of the FLG-sponge for removal of
chloroform, ethanol and pump oil. It can be seen that no obvious change was found after 20 cycles,

indicating the excellent recycling performance.

4. Conclusion

In summary, we have developed a novel approach to prepare the stable, well-dispersed FLG
colloidal. This facile, inexpensive and efficient method is easy to scale up for practical use. By dip
coating with sponge, the FLG-sponges reveal superhydrophobic and superoleophilic properties. The
FLG-sponges are ready to use for oil adsorption with high capacity and selectivity and oil loading have
been demonstrated without producing any additional pollution. The FLG-sponges can be recycled and
repeatably use via a simple method of distillation or squeezing. We believe that the modified-sponge is a
promising candidate for large-scale removal of oil or organic solvent spills, recovery of chemicals and

barrier separation.
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FIGURE CAPTIONS

Figure 1. The SEM images of the MLG. The MLG reveals a size of several tens of microns and stacked
from several graphene sheets.

Figure 2. FLG prepared from grinding process. (a) TEM image of the MLG sample without grinding
treatment; (b) TEM image of the FLG with grinding for 300 min; (c) XRD patterns of the graphite,
MLG and FLG; (d) Zeta-potential measurment of FLG with differnet grinding times. (Inset: Images of
the FLG solutions after various grinding times). The MLG can experience further exfoliation during
brinding treatment, resulting in stable colloidal dispersion over 3 months without precipitation.

Figure 3. Characterization of the as-prepared FLG. (a) UV-vis spectra of FLG dispersion at different
concentrations. Inset is a plot of absorption intensity versus FLG concentration; (b) Raman spectra of
MLG and FLG. Inset is XPS spectrum of FLG; (c) a typical AFM image of FLGs on SiO; substrate.
Scale bar: 5 [lm; (d) AFM image of a single FLG with smooth planar structure. Scale bar: 250 nm; (e)
thickness distribution of 100 FLG sheets. The thickness and sheet size of MLG can be reduced
significantly during the grinding process leading to well-dispersed FLG solution.

Figure 4. The typical SEM images of the pure and modified sponges with different magnification. (a, b)
pure sponge; (¢, d) MLG-sponge and (e, f) FLG-sponge. Inset is the higher magnification SEM image. It

can be seen that the FLG reveal a better mechanical flexibility due to its favorable morphology.

10
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Therefore, it can be easily deposited on the surface of the sponge through the strong van der Waals
interactions between the sponge and FLG.
Figure 5. Superhydrophobic property of FLG-sponge. Optical image of water droplet on FLG-sponge
with different coating time. (a) one time; (b) two times; (c) three times; (d) relationship between coating
time and contact angle of the FLG-sponge; () photograph of a water droplet on the surface of (e) FLG-
sponge (black color) and pure sponge (white color); (f) MLG-sponge (gray color) and FLG-sponge. The
water has been dyed with methylene blue. It can be seen that the water droplet can be supported and
maintain a quasi-sphere shape on the surface of FLG-sponge, indicating its superhydrophobic property.
However, the water droplets were immediately absorbed by the pure sponge and MLG-sponge.
Figure 6. The TGA curves of bare sponge, FLG-sponge, MLG-sponge and FLG powder. The residual
weight of FLG-sponge is larger than that of MLG-sponge after heating at 900 °C, suggesting that the
physically adhesive amount of graphene is larger. This is contributed form the better mechanical
flexibility and smaller size of FLG compared with that of MLG.
Figure 7. The oil asorption performance of FLG-sponge. (a) photograph of bare sponge and FLG-
sponge after being placed on water; (b) mirror-reflection can be observed when the FLG-spongewas
immersed into water, which is a convictive and direct evidence for proving the hydrophobicity of FLG-
sponge; (c) photographs of the water/toluene emulsion before and after separation; (d) the optical
microscope images of the water/toluene emulsion before and (e) after separation; (f) snapshots of the
removal process of motor oil by using FLG-sponge; (g) absorption capacity of the FLG-sponge on
various organic liquids and oils. &k here is defined as A=(W atrated absorption- Winitial)/ Winitiat. (h) absorption

recyclability of the FLG-sponge for chloroform, ethanol and pump oil.
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Figure 1. The SEM images of the MLG. The MLG reveals a size of several tens of microns and stacked

from several graphene sheets.
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Figure 2. FLG prepared from grinding process. (a) TEM image of the MLG sample without grinding
treatment; (b) TEM image of the FLG with grinding for 300 min; (c) XRD patterns of the graphite,
MLG and FLG; (d) Zeta-potential measurment of FLG with differnet grinding times. (Inset: Images of
the FLG solutions after various grinding times). The MLG can experience further exfoliation during

brinding treatment, resulting in stable colloidal dispersion over 3 months without precipitation.
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Figure 3. Characterization of the as-prepared FLG. (a) UV-vis spectra of FLG dispersion at different
concentrations. Inset is a plot of absorption intensity versus FLG concentration; (b) Raman spectra of
MLG and FLG. Inset is XPS spectrum of FLG; (c) a typical AFM image of FLGs on SiO, substrate.
Scale bar: 5 um; (d) AFM image of a single FLG with smooth planar structure. Scale bar: 250 nm; (e)
thickness distribution of 100 FLG sheets. The thickness and sheet size of MLG can be reduced
significantly during the grinding process leading to well-dispersed FLG solution.
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Figure 4. The typical SEM images of the pure and modified sponges with different magnification. (a, b)
pure sponge; (c, d) MLG-sponge and (e, f) FLG-sponge. Inset is the higher magnification SEM image. It
can be seen that the FLG reveal a better mechanical flexibility due to its favorable morphology.
Therefore, it can be easily deposited on the surface of the sponge through the strong van der Waals

interactions between the sponge and FLG.
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Figure 5. Superhydrophobic property of FLG-sponge. Optical image of water droplet on FLG-sponge
with different coating time. (a) one time; (b) two times; (c) three times; (d) relationship between coating
time and contact angle of the FLG-sponge; () photograph of a water droplet on the surface of (e) FLG-
sponge (black color) and pure sponge (white color); (f) MLG-sponge (gray color) and FLG-sponge. The
water has been dyed with methylene blue. It can be seen that the water droplet can be supported and
maintain a quasi-sphere shape on the surface of FLG-sponge, indicating its superhydrophobic property.

However, the water droplets were immediately absorbed by the pure sponge and MLG-sponge.
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Figure 6. The TGA curves of bare sponge, FLG-sponge, MLG-sponge and FLG powder. The residual
weight of FLG-sponge is larger than that of MLG-sponge after heating at 900 °C, suggesting that the

physically adhesive amount of graphene is larger. This is contributed form the better mechanical

flexibility and smaller size of FLG compared with that of MLG.
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Figure 7. The oil asorption performance of FLG-sponge. (a) photograph of bare sponge and FLG-
sponge after being placed on water; (b) mirror-reflection can be observed when the FLG-spongewas
immersed into water, which is a convictive and direct evidence for proving the hydrophobicity of FLG-
sponge; (c¢) photographs of the water/toluene emulsion before and after separation; (d) the optical
microscope images of the water/toluene emulsion before and (e) after separation; (f) snapshots of the
removal process of motor oil by using FLG-sponge; (g) absorption capacity of the FLG-sponge on
various organic liquids and oils. & here is defined as A=(W saturated absorption- Winitial)/ Winitial. (h) absorption

recyclability of the FLG-sponge for chloroform, ethanol and pump oil.
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