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Although emulsion applications of microscale graphene sheets have attracted much attention recently, nanoscale graphene
platelets, namely, graphene quantum dots (GQDs), have been rarely explored in interface science. In this work, we study the
interfacial behaviors and emulsion phase diagrams of hydrophobic-functionalized graphene quantum dots (C,3-GQDs). Distinctive
from pristine graphene quantum dots (p-GQDs), C,3-GQDs show several interesting surface-active properties including high
emulsification efficiency in stabilizing dodecane-in-water emulsions. We then utilize the C,3-GQDs as surfactants in miniemulsion
polymerization of styrene, achieving uniform and relatively small polystyrene nanospheres. The high emulsification efficiency, low
production cost, uniform morphology, intriguing photoluminescence, and extraordinary stability render C,3-GQDs an attractive

alternative in surfactant applications.

1. Introduction

In Pickering emulsions, the solid particles play a key role at
the interface of two immiscible phases to prevent the coa-
lescence by generating a mechanically robust monolayer [1].
This field received widespread scientific interests for develop-
ing stable Pickering emulsions/foam [2-4], double emulsions
[5-8], liquid marbles, and superhydrophobic barriers [9, 10].
As nanomanufacturing processes are getting mature and
well-controlled, more and more nanomaterials are adopted as
the stabilizers for Pickering emulsions, such as functionalized
silica, titania nanoparticles, zirconium phosphate, protein
microgel, clay, and polymer particles [11-21]. However, most
procedures are still relatively complicated and require costly
reagents for synthesizing the amphiphilic nanoparticles with
desired properties, resulting in limited applications.
Carbon-based nanoparticles have attracted much atten-
tion in the past decades owing to their low cytotoxicity, chem-
ical inertness, cost-effectiveness, and biocompatibility [22-
28]. Because it is also difficult to obtain the desired surface

properties, there were only few works reporting graphene-
based materials as surfactants [11, 29]. Recently, Yin et al.
demonstrated that graphene oxide (GO) nanosheets were
utilized in Pickering emulsion polymerization to form GO
coated polystyrene (PS) microspheres with a narrow range
of size distribution [30]. Although pristine GO nanosheets
could not stabilize the styrene droplets in aqueous phase
due to high hydrophilicity of GO, the hydrophobic modifi-
cation by adsorbing PS oligomers on GO surface led to the
nascent nuclei formation and continuous Pickering emulsion
polymerization successfully. In 2014, Kim et al. reported a
top-down method for synthesizing graphene quantum dots
(GQDs) as surfactants [11]. Pristine GQDs (p-GQDs) were
first studied and showed poor emulsification performance.
By thermally reducing the oxygen-containing groups on p-
GQDs, the hydrophobicity was improved and further enabled
the reduced GQDs (r-GQDs) to serve as the interface sta-
bilizer in toluene-in-water emulsions. However, due to the
limited hydrophobicity introduced by thermal reduction, the
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FIGURE 1: The schematic illustration of the formation of C,;-GQDs.

average size of Pickering emulsions stabilized by r-GQDs
was relatively large, and the size distribution of PS colloidal
particles was much broader than that of PS colloidal particles
stabilized by organic/polymer surfactant [31]. Therefore, it is
desirable to develop a highly efficient particle surfactant by
controlling the wettability of the amphiphilic GQDs.

An alternative method to improve hydrophobicity of
nanoparticles can be achieved by introducing hydrophobic
functional groups, such as alkane chain. In this study, we
developed a facile bottom-up approach to synthesize octade-
cyl grafted luminescent graphene quantum dots (C,5-GQDs)
surfactant with controllable wettability. The oleophilicity and
hydrophilicity of C,3-GQDs were balanced by controlling
the chemical condensation of hydrophobic alkane chain. As
a novel class of efficient particle stabilizers for Pickering
emulsions, C;3-GQDs demonstrated the ability to stabilize
dodecane-in-water emulsions and were employed to produce
PS/GQDs microspheres via miniemulsion polymerization
of styrene. The pristine graphene quantum dots (p-GQDs)
were also synthesized without octadecyl group grafting for
comparison.

2. Materials and Methods

2.1. Materials. All chemicals and solvents were used as
received without further purification unless otherwise stated.
Citric acid monohydrate (Sigma-Aldrich, USA), azobisisobu-
tyronitrile (AIBN, Sigma-Aldrich, USA), glycine (Fluka,
USA), octadecylamine (Acros, USA), styrene (Acros, USA),
and dodecane (Acros, USA) were used.

2.2. Synthesis of C,3-GQDs. Figurel shows the schematic
illustration of C,3-GQDs synthesis. First, 1.0 g of citric acid
monohydrate (4.8 mmol) was dissolved in 25 mL of ethanol,
followed by adding an ethanol solution containing 0.75g of
octadecylamine (2.8 mmol). The mixture was stirred for 1
hour, and the formed precipitate was filtered and washed with
ethanol several times. After drying in an oven at 65°C for 24
hours, the white solid product was mixed with 0.3 g of glycine
(4.0 mmol) and then transferred into a 20 mL glass vial and
calcinated in air at 200°C for 3 h. The dark solid residue was
further purified by column chromatography to remove
unreacted starting materials for obtaining C,3-GQDs. For

comparison, hydrophilic p-GQDs were prepared by a pre-
vious work [23]. Specifically, the citric acid was heated in
a 20mL glass vial in air at 200°C without the addition of
octadecylamine for comparison.

2.3. Contact Angle Measurement. Homogeneous C,3-GQDs
films were prepared by coating a few drops of C,3-GQDs
dispersion (0.18 wt%) onto precleaned glass plates, followed
by drying at 70°C for 4h. After cooling down to room
temperature, one drop of deionized water was placed onto the
surface and allowed to equilibrate for 20 s before making any
measurement. Homogeneous p-GQDs films were prepared
by the same procedure. A digital camera was used to record
the images and their contact angles were calculated by
PolyPro software package.

2.4. Preparation of C,3-GQDs Pickering Emulsions. To pre-
pare aqueous dispersion, the purified graphene quantum dots
were dissolved in 1 mL acetone followed by 20 mL deionized
water. Then, the acetone was removed at 65°C under a
reduced pressure. Finally, the C,;-GQDs dispersion was
centrifuged for 20 minutes at 4000 rpm to remove possible
aggregates. Part of the final dispersion was taken out to
determine concentration by drying at 75°C in an oven for 2
days. For Pickering emulsion formation, C;3-GQDs and p-
GQDs dispersions with the designed weight percentages were
brought into a glass vial, and then dodecane was slowly added
to the dispersion under sonication for 2 minutes.

2.5. Preparation of C,3-GQDs/PS Composites. First, prepare
0.9mL C,;4-GQDs aqueous solution (0.18wt%) in a 5mL
glass vial, and 0.1 mL styrene and 2 mg azobisisobutyronitrile
(AIBN) were then introduced. This mixture was manually
shaken for 30 seconds. Finally, the entire suspension of Cg-
GQDs/PS precursor was transferred into a 70°C oven for 4
hours, allowing for the full polymerization of styrene. The
products were washed with warm DI water (50°C) twice and
then dried using a freeze drier.

2.6. Characterization. The morphologies of C,3-GQDs and
C,3-GQDs/PS composites were characterized by transmis-
sion electron microscopy (TEM, JEM-2010, JEOL) operated
at an accelerating voltage of 200kV and field emission






