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Abstract: Among the several methods of producing graphene, the liquid-phase exfoliation of graphite
is attractive because of a simple and easy procedure, being expected for mass production. The
dispersibility of graphene can be improved by adding a dispersant molecule that interacts with
graphene, but the appropriate molecular design has not been proposed. In this study, we focused on
aromatic compounds with alkyl chains as dispersing agents. We synthesized a series of alkyl aromatic
compounds and evaluated their performance as a dispersant for graphene. The results suggest that
the alkyl chain length and solubility in the solvent play a vital role in graphene dispersion.
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1. Introduction

Graphene, a two-dimensional material composed of honeycomb-shaped sp? carbons, was isolated
in 2004 [1]. Due to its excellent properties, such as electrical conductivity [2], thermal conductivity [3],
and mechanical strength [4], graphene has attracted significant attention. Various applications, such
as sensors [5], batteries [6], inks [7], transparent electrodes [8], and others have been extensively
investigated. Preparation methods of graphene are roughly divided into two types. One is the
bottom-up approach, such as chemical vapor deposition and organic synthesis methods that correspond
to assembling atoms or molecules. Chemical vapor deposition can produce large-area graphene,
but the method requires expensive substrates, high temperatures, and low pressures [9], making the
process less cost-effective. The other is a top-down approach, which includes mechanical exfoliation
and oxidative exfoliation, followed by reduction, and ultrasonic exfoliation. The mechanical exfoliation
of graphite with scotch tape is quite simple, and high-quality graphene can be obtained. However,
the size of the obtained graphene is small (several pm) and cannot be controlled; therefore, mechanical
exfoliation is not suitable for the industrial-scale production of graphene [10]. The oxidative-reduction
method is capable of synthesizing graphene in large quantities with high yield, but the need for
harmful oxidant, and the formation of defects during the processes are problems that have yet to be
solved [11-14]. Ultrasonic irradiation is attractive among these methods because it does not require any
harmful chemicals and provides relatively high-quality graphene as dispersion [15-17]. In this method,
graphite is exfoliated to graphene by irradiating ultrasonic in a solvent, and then graphene dispersion
can be obtained. Previous studies have shown that N-methylpyrrolidone (NMP) or dimethylformamide
(DME), which have similar surface energies to graphene, are suitable solvents [18]. However, the use of
these solvents has not yet met the requirements for practical application; for example, the concentration
of graphene is generally low. In order to improve the concentration of graphene in a solvent, adding
molecules that interact with graphene has been investigated, which enabled graphene to be dispersed
in a high concentration, even in solvents other than NMP and DMF [19,20]. A guideline for designing
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a molecule that can act as a dispersant is as follows; the interaction between the molecule and graphene
is stronger than that between the solvent and graphene [21]. Previously, Samori et al. reported that
octylbenzene can disperse graphene efficiently, despite its simple structure [22]. Octylbenzene is a type
of alkylbenzene; however, in their research, other molecules were not investigated. It has been under the
argument that the alkyl chain [23-27] or aromatic moiety [28-36] contributes to the graphene dispersion.
To make clear the role of the alkyl chain and the aromatic moiety of the dispersant, we synthesized
a series of alkylbenzenes and evaluated their graphene dispersing abilities. Butylbenzene, octylbenzene,
and hexadecylbenzene were prepared to compare the effect of the length of the alkyl chain for graphene
dispersion. Besides, octylnaphthalene and octylphenanthrene were prepared as dispersants having
different aromatic ring structures. 1,4-Dioctylbenzene and 1,3,5-trioctylbenzene were prepared to
compare the effect of the number of alkyl chains. Using these molecules, we optimized alkyl chains,
aromatic rings, and the number of alkyl chains on a graphene dispersant. Finally, we analyzed the
morphology of graphene obtained by using the best dispersant in our research. Our results will
contribute to designing and creating new molecules with a high graphene dispersing ability for the
mass production of graphene.

2. Materials and Methods

2.1. Materials

Natural flake graphite (Z5F) was purchased from Ito graphite Co. Itd. (Mie, Japan) NMP was
purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan), then used without further
purification. Butylbenzene, octylbenzene, hexadecylbenzene, octylnaphthalene, octylphenanthrene,
1,4-dioctylbenzene, and 1,3,5-trioctylbenzene were synthesized following the reported procedures [37,38].
Details are described in the supporting information.

A laser Raman spectrophotometer (NRS-5100NPS manufactured by JASCO Corporation, Tokyo,
Japan) was used to compare graphite and exfoliated graphene, and to examine the defect density
of dispersed graphene. Raman scattering was carried out using a single monochromator with
a diode-pumped single-frequency laser and a Peltier cooled Charge Coupled Device (CCD) camera
(NRS5100 manufactured by JASCO Corporation, Tokyo, Japan). Wavelength and power of the laser
were 532 nm and 5.7 mW, respectively. The polarized incident beam was focused onto the sample’s
surface by the objective lens (x100). The spectral resolution was 1.8 cm~!. A scanning electron
microscope (s-5200, manufactured by Hitachi High-Technologies Corporation, Tokyo, Japan) was used
to measure the size of the flakes of graphite and exfoliated graphene. Samples were prepared by adding
5 puL of as-prepared graphene dispersion and 1 mL of chloroform to a microtube, mildly irradiating
ultrasonic waves to homogenize the dispersion, dropping it on a Si substrate, and vacuum-drying at
50 °C for 1 day before SEM measurement. The measurements were made under a voltage of 20 kV.
A scanning probe microscope (SPM-9700, manufactured by Shimadzu Corporation, Kyoto, Japan)
was used to measure the size and thickness of the exfoliated graphene. The sample was prepared by
adding 10 uL of the as-prepared graphene dispersion and 1 mL of chloroform to a microtube, mildly
irradiating ultrasonic waves to homogenize the dispersion, dropping it on a mica substrate, and drying
at 50 °C for 1 day under vacuum. Atomic Force Microscope (AFM) measurement was performed in
dynamic mode using 10 pm cantilever.

The structure of molecules was determined by 'H nuclear magnetic resonance (‘H-NMR) using
a Varian NMR System 400 MHz using CDCl; as a solvent.

2.2. Exfoliation of Graphite and Evaluation of Graphene Dispersion

The dispersing conditions were determined following the previous report [22]; the dispersing
agent was added to the solvent so that the volume ratio became 15% (dispersing agent 1.5 mL, NMP
8.5 mL), and 100 mg of graphite was added. Using an ultrasonic irradiation device (BILON150-Y,
manufactured by Shanghai Bilon Instrument Co., Ltd, Shanghai, China) with an output of 250 W, pulse:
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irradiation 1 s/stop 1 s. The sonication was performed while cooling with ice water for 6 h. Thereafter,
in order to remove non-exfoliated graphite, centrifugation was performed at 6000 rpm for 30 min
(LC-200 manufactured by Tomy Seiko Co., Ltd., Tokyo, Japan), and the supernatant (3 mL) was taken
as a graphene dispersion. The concentration of graphene was determined by UV-Vis spectroscopy
(V750 manufactured by JASCO Corporation, Tokyo, Japan) using a glass cell, which is shown in the
supporting information.

2.3. Recovery and Reuse of Dispersants

The graphene dispersion prepared with 1,4-dioctylbenzene as dispersant was vacuum-filtered,
and washed with water and hexane to remove NMP and the dispersant from graphene. The organic
phase was dried over magnesium sulfate and the solvent was removed in vacuo. The recovered
compound was analyzed by '"H NMR (Figure S5).

3. Results and Discussion

3.1. Evaluation of Graphene Dispersant

Initially, the exfoliation of graphite was performed without using any dispersant in NMP to give
22 pug/mL graphene dispersion (Table 1, Entry 1). Octylbenzene, which was reported previously [22],
provided a graphene dispersion of 101 pug/mL (Table 1, Entry 2). When a shorter and longer alkyl
chain was introduced in the dispersant structure, a graphene dispersion of 92 pg/mL and 128 pg/mL
were obtained, respectively (Table 1, Entries 3 and 4). These results suggest that the longer alkyl
chain is more efficiently exfoliate graphite and disperse graphene in the solvent. A similar result was
reported using carboxylic acids as dispersants; as a result, the concentration of graphene increased
as the number of carbon atoms in the carboxylic acid increased to 30 [23]. However, in our research,
when the graphene dispersion using hexadecylbenzene was allowed to stand for several days, phase
separation and aggregation of graphene was observed (Figure 54). The reason for this phenomenon
would be that the dispersant molecule with a long alkyl chain and aromatic ring was hardly dissolved
in the solvent (NMP). Then, graphene moved to the dispersant phase that strongly interacts with the
graphene. Such phase separation may be caused by the lower affinity of the benzene ring for the
solvent, because alkyl carboxylic acid did not show such separation [23].

Next, graphite was subjected to liquid-phase exfoliation using aromatic compounds with different
numbers of aromatic rings. Octylnaphtharene and octylphenanthrene produced a graphene dispersion
of 35 pg/mL and 10 pg/mL, respectively (Table 1, Entries 5 and 6). Aromatic compounds have been used
as dispersants for graphene, because they have strong affinity through 7—m interaction. In fact, many
dispersants having a pyrene or perylene structure have been reported [28,35], and it was expected that
the larger the aromatic ring, the stronger the interaction with graphene, and the better the dispersibility
will be obtained. However, in our system, aromatic rings did not contribute to the dispersion. As the
number of aromatic rings increased, the dispersibility decreased, and when octylphenanthrene was
used (Table 1, Entry 6), the dispersibility was lower than without dispersant (Table 1, Entry 1). This
result suggests that—not only the interaction between graphene and the dispersant—but also the
affinity between the solvent and the dispersant is important for the dispersion of graphene. Based
on this assumption, we expected that the degree of dispersion could be improved by introducing
multiple alkyl chains to one aromatic ring. To confirm the effect of the number of alkyl chains,
1,4-dioctylbenzene and 1,3,5-trioctylbenzene were synthesized as dispersants, and their performance
for graphene dispersion was evaluated. When 1,4-dioctylbenzene was used, 306 ug/mL graphene
dispersion was obtained (Table 1, Entry 6). This value was about three times higher than that of
octylbenzene. The 1,3,5-trioctylbenzene was expected to work as a better dispersant, but it was not
dissolved in NMP, and we could not evaluate its performance (Table 1, Entry 7). From the above
results, the longer and larger numbers of alkyl chains are more suitable for graphene dispersion; the
interaction with solvents should also be considered. On the other hand, the aromatic ring does not
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need to be large, and a benzene ring is sufficient. In other words, to get better graphene dispersion,
the balance between the length and numbers of the alkyl chain and the size of the aromatic ring need
to be optimized.

Table 1. Relationship between dispersant structure and the concentration of grapheme 2.

Entry Dispersant Concentration of Graphene

1 None 22 pg/mL

2 Octylbenzene ©/\/W\ 92 ug/mL
3 Butylbenzene ©/\/\ 101 pg/mL

4 Hexadecylbenzene ©/\/\/\/\/\/\/\/ (128 ug/mL) b

5 Octylnaphthalene 35 pug/mL

6 Octylphenanthrene OOO 10 pg/mL

7 1,4-Dioctylbenzene \/\/\/\/Q/VW 306 pg/mL

o]

1,3,5-Trioctylbenzene -

2 Graphite (100 mg), dispersant (1.5 mL), and N-methylpyrrolidone (NMP) (8.5 mL) was mixed and sonicated for
6 h. Then the mixture was centrifuged (6000 rpm for 30 min). P Phase separation occurred after several days. ¢ The
dispersant was not dissolved in the solvent.

3.2. Structure and Morphology Analysis

We then characterized graphene exfoliated with 1,4-dioctylbenzene, which is the most effective
dispersant. Graphene exfoliated with octylbenzene, which is a reported dispersant, was used
for comparison. Initially, size analysis was performed by using electron scanning microscopy
(SEM). The graphite before exfoliation had a size distribution of about 2 to 5 um, and stacked
morphology (Figure S1). Graphene sheets of several tens of nm were observed when octylbenzene
or 1,4-dioctylbenzene was used as a dispersant (Figure 1a,b). The reduction of the flake size may be
caused by the sonication process, cleaving the carbon frameworks. Since there was no significant
difference in the flake size between 1,4-dioctylbenzene and octylbenzene, the graphene sheet size
was hardly affected by the alkyl chain of the dispersant. This result is conflicting, to when graphite
was dispersed in water using dispersants having different alkyl chains, in which a longer alkyl chain
resulted in larger sized graphene [25]. The reason for the contradiction between our result and the
previous report is unclear at this moment. Still, we consider that the dispersion and stabilization
mechanism is different when different solvents and different dispersant structures are employed. Next,
the atomic force microscope (AFM) measurement was performed to understand the thickness and
size of the exfoliated graphene. Graphene obtained using octylbenzene and 1,4-dioctylbenzene both
had a size of about 100 nm and a thickness of about 1 nm (Figure 1c,d). As in the results of the
SEM measurements, graphene sheets with similar size distributions were observed, regardless of the
structure of the dispersant. Considering the thickness of single-layer graphene is 0.335 nm [39], and
the dispersants are attached on the graphene surface, our graphene sheets are 1-2 layers. Based on the
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morphological analysis by SEM and AFM, the dispersant designed with different alkyl chains, such as
octylbenzene and 1,4-dioctylbenzene, did not affect the size and thickness of graphene.
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Figure 1. SEM images of graphene dispersed by (a) octylbenzene and (b) 1,4-dioctylbenzene, and AFM
images of graphene dispersed by (c) octylbenzene and (d) 1,4-dioctylbenzene.

Raman spectra were measured to examine defects of graphene. Compared to graphite before
exfoliation, graphene sheets obtained with octylbenzene and 1.4-dioctylbenzene showed a stronger D
band. The D band was attributed to the defect structure and edge of graphene [40], and the ratio of the D
band to G band, Ip/Ig, was 0.33 for graphite before exfoliation. The Ip/I; values of octylbenzene-derived
graphene and 1,4-dioctylbenzene-derived graphene were 1.13 and 1.26, respectively (Figure 2). The D
bands were derived from edges and holes (defects) formed during the cleaving process. Since the
size of graphene obtained from octylbenzene and 1,4-dioctylbenzene was almost the same, the effect
of edges for the D band should be the same. Nevertheless, 1,4-dioctylbenzene had a larger D band,
indicating that this dispersant created more defects in the basal plane of graphene. The 2D band is
related to the disorder of the graphene structure [40]. Graphite with many graphene layers has an
asymmetric peak; in contrast, the graphene with fewer layers shows a symmetric and sharp peak [40].
The 2D band of graphite before exfoliation was asymmetric, whereas the graphene obtained using
octylbenzene and 1,4-dioctylbenzene showed symmetric 2D bands. In addition, a shoulder-like peak
(D" band) appears at a position close to the G band of graphene [41]. In our Raman measurements,
no D’ band was found in graphite, but observed in exfoliated graphene. This also proved that the
graphene sheets obtained using the alkylbenzene dispersants are sufficiently exfoliated.

3.3. Recovery and Reuse of Dispersants

The graphene dispersion was filtered to separate graphene from solvent and dispersant. The
filtered graphene film was washed with hexane to remove residual dispersant. As a result, 97% of the
used dispersant was recovered. Besides, structural analysis by 'H NMR of the recovered dispersant
showed that no structural change by the dispersing and separation procedures (Figure S5). Some of
the reported dispersants interact strongly with graphene and can remain on its surface [21], affecting
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the properties of the graphene. The 1,4-dioctylbenzebe developed in this study can disperse graphene
at a high concentration, while it can easily be removed from graphene, enabling recovery and reuse.
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Figure 2. Raman spectra of (a) graphite and graphene dispersed by (b) octylbenzene and
(c) 1,4-dioctylbenzene.

4. Conclusions

In this study, we examined how the structure of the dispersant affected the dispersibility of
graphene and succeeded in establishing a guideline for creating a new high-performance dispersant.
The 1,4-dioctylbenzene resulted in a graphene dispersion at a concentration three times higher than
that of a conventional alkylbenzene dispersant. It was found that the performance of the graphene
dispersant greatly depended on the structures of the alkyl chain and the aromatic ring. Namely, as the
length and the number of alkyl chains in the dispersing agent increased, the dispersibility of graphene
increased. However, if the length and number are too large, the dispersing agent became insoluble in
the solvent, then it could not work. In other words, when designing a dispersant, it is necessary to
consider not only the interaction with graphene but also the affinity for a solvent, and precise molecular
design is required. As a result of evaluating the size and thickness of the exfoliated graphene by SEM
and AFM, it was found that graphite was exfoliated into one or two layers of graphene. Graphene
size hardly changed, irrespective of the length of the alkyl chain of the dispersant. On the other hand,
graphene obtained by using a dispersant with high dispersibility (1,4-dioctylbenzene) showed larger
amounts of defects, determined by Raman analysis.

The dispersant was not decomposed under graphite exfoliation procedures, could be easily
extracted from graphene using hexane, and could be recovered in a high recovery rate. This means that
the graphene prepared by this method did not contain a dispersant, and may solve the problem of the
contamination of the dispersant, which has been a problem in the conventional graphene dispersion.
The graphene obtained in this study still has many defects and small size. The development of
a graphene dispersant that solves these problems is strongly required. Based on the findings obtained
in this study, we want to produce high-quality graphene and apply it to electronic devices.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9717/8/2/238/s1,
Figure S1: SEM image of natural flake graphite used in this research, Figure S2: UV-Vis spectra of 5 different
concentrations of graphene dispersion, Figure S3: Calibration curve of absorbance of graphene at 800 nm, Figure S4:
Dispersion using hexadecylbenzene immediately after sonication (left) and several days after (right), Figure S5:

H NMR spectrum of 1,4-dioctylbenzene after recovery.
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