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Abstract

Using biomass materials as exfoliating agents talyce graphene is a promising strategy due to
their biocompatibility, reproducibility and sustability. However, it’s still a challenge to prepare
high-concentration graphene dispersion using bisnea$oliating agents. Here, we present a green
and facile method to prepare few layered graphem®sheets in agueous solution by one-pot ball
milling in the presence of protein, casein (CN)eTresults show that CN protein could be acted as
an efficient exfoliating and stabilizing agent, gucing water-soluble graphene nanosheets with a
concentration up to 2.14 mg t™ilAs CN protein contains both amino and carboxpugs, thus the
prepared graphene nanosheets decorated with CHipr@N-CN) show zwitterionically charged
character and thereby can be stably dispersed unadleracidic and alkaline conditions. Moreover,
the oven-dried GN-CN hybrid exhibits exceptionalispersibility in water with a concentration as
high as 100 mg il and even more. Benefiting from the zwitterioni@etter, GN-CN shows the
Pickering emulsion effect over a wide pH range. aAgroof of concept, the application of the
zwitterionic GN-CN as a Pickering emulsifier to page microcapsule phase change composite

material has been successfully demonstrated.

1. Introduction

As a result of the unparalleled physical propert@sl promising applications, graphene has
attracted tremendous attention since its discoire004" 2 Although the unique two-dimensional
(2D) structure gives it excellent mechanical stterigrl TPa), superior electrical (6000 SHnand
thermal conductivity (~5300 W TK™)*®, there are still many challenges to produce psatgs

graphene nanosheets in large quantities and acBkigteble applications. Typically, liquid-phase
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exfoliation by shear force or sonication is consedeto more suitable for preparing high-quality and
low-cost graphene on a large séafe According to previous studies, suitable orgaoivents' '
and some water dispersible stabiliZel&'® can serve as exfoliation media for exfoliating and
stabilizing graphene nanosheets. Compared withnargeolvents, stabilizer-assisted exfoliation in
agueous media is a green and promising way to peodighly dispersible graphene nanosheets. The
adsorbed stabilizers on graphene surface prevemtdtacking, making it a more stable dispersion.
Moreover, noncovalent functionalization betweerbiiiteers and graphene sheets endows graphene
interesting properties, which can broaden the apptins of grapheri&*®. However, it should be
pointed out that many stabilizers are synthesizgd chemical method, which are toxic,
environmentally unfriendly and non-renewable, amoh rcounter to the theme of sustainable
developmerif: 819

Recently, some natural materials, such as gumafabi cellulose nanocrysti@have been used
as intriguing liquid-phase exfoliating agents due their biocompatibility, renewability and
non-toxicity'® *"*2°?> The resultant graphene nanosheets decoratecbigithacromolecules via the
covalent or non-covalent interaction exhibit renadnlle stability, high yield and other interesting
performance, attributed to synergetic effects betwegraphene and the corresponding
biomacromolecules. As a typical biomacromolecutefgin exists widely in biology body of nature,
such as plants, animals and microorganisms. A tadies demonstrated that some specific proteins
are effective exfoliating agents for graphene anidero two-dimensional materials in agueous
solution$®*%. As an example, Guan et %ldemonstrated bovine serum albumin can be used to
exfoliate and stabilize graphene and other two-dsr@al nanomaterials. In another work, Ge et

al>* produced gelatin-adsorption graphene by sonicatiaelatin solutions. The resultant graphene
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significantly improves its compatibility with theelatin substrate and the mechanical properties of
their composites. However, the yield and conceomadf graphene prepared with the two proteins
are relatively low, so it is promising to explor@@w protein to prepare high-concentration graphene
dispersion with high efficiency.

Casein (CN) is a globular amphoteric protein withisoelectric point (IP) of pH 4.6, and it is
readily available from mif#'?”. Since the molecule contains both amino and catbgroups, CN
can be dispersed in both acidic and alkaline cardit which makes casein a zwitterionic protein.
Meanwhile, CN exhibits many specific propertiestsus excellent emulsification, stability and
adhesion due to its distinct amphiphilic structurkerefore, we speculated that such a protein with
both zwitterionic and amphiphilic structure mighe¢ lused to exfoliate graphite into graphene
nanosheets in the aqueous solution and endow thdtaet graphene nanosheets zwitterionic
character.

Herein, we presented the feasibility of CN-assistafbliation of graphene nanosheet by the
one-pot ball milling method. Aqueous dispersionsfeiv layered graphene nanosheets at high
concentration have been successfully prepared. nigs csurprise, the resultant GN-CN hybrid
exhibits an extraordinary redispersibility in watgth a high concentration (100 mg M Moreover,
the GN-CN is zwitterionic and shows doubly pH-resgige behavior due to the distinct chemical
structure of CN protein. Finally, GN-CN was usedstabilize Pickering emulsion over a wide pH
range and its application in the preparation ofrotapsule phase change material was studied.

2. Experimental Section
2.1.Materials

Natural graphite (325 mesh, 99.95% purity) was pased from Qingdao carbon Co. Ltd. CN
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powder was purchased from Hua 'an Biological Prtsd@o. LTD (Ningxia, China). Toluene was
purchased from Chemical Industry Co. LTD (Shanddigna). CCK-8 (Cell Counting Kit-8) was
purchased from Beyotime Biotechnology Co. Ltd (SJtem, China). Calcien AM and propidium
iodide (PI) were obtained from Solarbio life scier€o. Ltd (Beijing, China). Stearic acid (SA) was
obtained from Beilian Fine Chemicals Development d® (Tianjin, China).

2.2.Preparation of CN dispersion

CN dispersion was prepared by dissolving the CNdewn an alkaline solution. Typically, CN
powder (10 g) was suspended in deionized wateg)8&nd stirred at 400 rpm at 50 °C for 4 h. Then
25% ammonia (5 g) was added into the CN disperdter continuous stirring for 1 h to dissolve
the CN, the solution was cooled down to room temjoee to form a 10% CN aqueous dispersion.
Prior to use, it was diluted to a designated cotraéons using deionized water.

2.3.Preparation of graphene nanosheets decorated WittGGI-CN)

Natural graphite powder (3 g) was first added in &Meous dispersions with different concentration
(300 ml, 0.25 mg M9 mg mi*). Then the mixtures were ball milled at 185 rpm dertain time
(5-40 h) through a planetary ball mill machine (MFYXQM-2L) with the stainless steel grinding
chamber having a volume of 0.5 L and four sizestahless steel mill balls (2 mm, 5 mm, 8 mm and
10 mm in diameter). Unexfoliated graphite was reetbfirstly by centrifugation at 4000 rpm for 30
min to remove the bulk graphite, and then was degtd at 8000 rpm for 30 min to remove the

thick graphene sheets.
2.4.Preparation of wide pH-responsive Pickering emulsio

The Pickering emulsions were prepared by toluemaljéand GN-CN dispersions (9 mg i3 ml)

with different pH values. After mixing, the mixtwavere emulsified with a homogenizer at 6000
5
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rpm for 5 min at room temperature (RT). The pHhef GN-CN dispersions were adjusted by adding
0.5 M HCI or NaOH, and the resultant Pickering esiarls were observed and characterized after

standing for 24 h at RT.
2.5.Cytotoxicity evaluation of GN-CN dispersion

CCK-8 assays were performed to evaluate the cyimtgxof GN-CN dispersion. The procedure was
as follows: MLg cells were incubated in DMEM-12 wue medium for 24 h and then incubated in
GN-CN dispersions with different concentrationsteAfincubation for 24 h, the relative cell vialyilit
was checked by the CCK-8 assay. For live/dead stlining, cell viability was tested by
double-staining procedure using Calcien AM and liopn iodide (P1). In brief, after incubation for
24 h, cells were incubated with Calcien AM for 3thrat 37 °C. And then, cells were incubated with
Pl for 5 min at room temperature. After incubatitre samples were washed with phosphate buffer
saline (PBS) twice and photographed using a Le{€¢& EP5 confocal microscope. Cell viability was
calculated via the staining images, in which theegr and red fluorescence corresponded to the

viable cells staining with Calcien AM and the deadls staining with PI, respectively.
2.6.Preparation of composite microcapsule phase chaxagerials (mMPCMs)

The mPCMs was prepared by a Pickering emulsion adetfiypically, SA (1 g) was added to a series
of GN-CN dispersions (9 mg il 10 ml) with different pH values, followed by higgf the mixture

to 90 °C in an oil bath to allow the melting of SA. Thathe mixture was emulsified with a

homogenizer at 7000 rpm for 10 min to form an emunlsof SA microcapsule phase change
materials, which was encapsulated by GN-CN. Theiltiag emulsions were allowed to cool

naturally at RT for 24 h. To obtain the solid statBCMs, the pH of emulsions were adjusted to near
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the isoelectric point of CN to allow SA dropletscapsulated to settle. As-prepared solid mPCMs

was dried at 50C for a night.
2.7.Characterization

UV-vis absorption were recorded using a UV-vis spghotometer (Shimadzu UV-2550) in the
scanning range from 200 nm-800 nm. X-ray diffractio{RD) of graphene nanosheets were
characterized by an X-ray diffractometer (RIGAKUtibfla IV) using Cu K radiation § = 0.15406
nm). Raman measurements were performed with a Rafpacttrometer (InVia Series Laser
Confocal Micro, RENISHAW) using a 532 nm excitatitaser beam. Atomic force microscopy
(AFM) images were taken using a Dimension Icon (BER) with PeakForce Tapping mode.
Transmission Electron microscopy (TEM) analysesewperformed using a Tecnhai F20 (FEI).
Thermogravimetric analysis (TGA) was carried ouhgs Perkin Elmer TGA 6 (Perkin Elmer) with

a heating rate of 10 °C/min ranging from 30 to 8GQunder nitrogen atmosphere. The Zeta Potential
measurements were measured by a Dynamic LighteBicaft(NanoBrook Omni) at 25 °C. The CD
spectra were measured using a J-1500 CD Spectmorfd&&8CO). The fluorescence images of
cytotoxicity were photographed using a Leica TCS $Bnfocal microscope (Leica Microsystems,
Germany). The optical micrographs of the preparadigions on transparent glass slides were taken
using an ECLIPSE LV100N POL (Nikon). Differentiaanning calorimetry (DSC) was tested using
a Q20 (TA Instrument) at a heating and cooling cdt20 °C/min. The morphology of phase change

materials was observed using a Scanning Electrandgicope (JEOL SEM 6700).
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3. Results and discussion
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Figure 1. Schematic illustration of GN-CN preparation prace®) Mechanism of exfoliation and

stabilization of GN-CN sheets. (b) Ball milling ekation process of GN-CN in CN dispersion.

3.1. Preparation and Characterization of GN-CNealisipn

The preparation process is illustrated in Fig. itstFglobular amphoteric CN was dissolved in
deionized water by adding a certain mass of ammtmiabtain anionic charged CN dispersions
(COO-) with high dispersion stability. Afterwarddje mixture of CN dispersion (COO-) and
graphite was subjected to liquid-phase ball milli@yving to the hydrophobic interaction between
the CN molecular chains and the graphite shee¢sCiH molecules were tightly adsorbed on the
surface of the graphene sheets, resulting in tlmancharged graphene dispersion after ball ngllin
It's worth noting that as the pH value changes,gitaghene sheets become positively charged due to
the protonation of the amino group in the CN molecwhich will be confirmed in later.

Preparation conditions have a significant influerce the concentration of prepared graphene
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dispersions and exfoliation efficiency accordingptevious stud). Here, we studied the effects of
ball-milling time, CN concentration and pH of CNsgersion on graphene concentration and
exfoliation efficiency. UV-vis spectroscopy was dayed to evaluate the exfoliation efficiency. As
shown in Fig. Sla, b, the absorption intensityGt @m increases with ball milling time within 40 h,
indicating the increasing yield of graphene. Howgelanger ball milling time will damage the size
and quality of the exfoliated graphene accordinguo previous researth In addition, higher CN
concentration will result in higher graphene yigldhin a certain concentration range of CN (Fig.
Sic, d). The proportion of graphene in the prep&BdCN was estimated from TGA profile (Fig.
S2a). Fig. S2b shows that both graphene conceasriratid yield increase with the CN concentration
but at the expense of decreasing graphene/GN-Cbeotration ratio in the GN-CN dispersion. The
highest graphene concentration and yield are 2d.4nit and 21.4% respectively (Table S1), giving
CN a distinct advantage over other natural materdlich we will discuss in the following section.
We predict that too high concentration of CN wdtuce the concentration and yield of graphene due
to the increasing viscosity and CN aggregation. Stter the effect of ball milling time and CN
concentration comprehensively, the concentratioBfCN dispersion used in our experiments and
characterizations is both 1 mg hith 30 h ball-milling except for special instrians. In addition,
the dependence of absorption intensity at 264 nnpkdrof CN dispersion suggests that GN-CN
dispersion can be prepared successfully only ustteng acid and alkaline conditions in Fig. S3.
That may be attributed to the better protonatiorthef amino and carboxyl groups facilitate the
exfoliation and stabilization of GN-CN.

The UV-vis absorption spectrum for GN-CN dispersioas employed to study the conjugated

structure of the exfoliated graphene nanosheetshésvn in Fig. 2a, compare with the negligible
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absorption of CN, the UV-vis spectrum of GN-CN doits a strong absorption peak around 264 nm,
which is ascribed to the-n* transitions of aromatic C=C borfds The result demonstrates the
conjugated structure of GN-CN nanosheets. The XRiep of the GN-CN nanosheets didn’t show
the reflection peaks at 26.5° from bulk grapfite Fig. 2b, indicating that there is no stackirfg o
layers, i.e., graphite was exfoliated into graphearosheets successfully. It's worth noting that th
wide flat peak of GN-CN over a wide range (15-303y be attributed to the amorphous diffraction
of CN. From the Raman spectrum of graphite in Rig. we observed that graphite exhibits its
characteristic spectrum with a D band at 1348 c@ band at 1576 cfhand 2D band at 2706 ¢hi°.
The strong D band and D’ band at 1622cim the Raman spectrum of GN-CN suggest the defects
introduced during ball milling. Previous studiesdharoposed that the defects introduced in the
process of mechanical exfoliation are mainly atetiges of graphene rather than the basal pfane
252930 The layer number of graphene sheets was alsmastl by analyzing Raman spectra.
Compared with the graphite, the 2D band of GN-CNvmkhifts to lower frequency (15¢th
demonstrating the few layerd graphene nanoshee¢heisN-CN dispersiois Furthermore, related
research proposed that the ratio 8fl can be used to evaluate the number of graphenesldyés
calculated that thed/lg value is 0.59 for the GN-CN, corresponding to agpnately 5 layers or

less considering the aggregate of graphene sheets
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Figure 2. (a) UV-vis spectra of CN and GN-CN dispersion. Xkay diffraction patterns of starting
graphite, CN and GN-CN. (c) Raman spectra of GN-CN, and graphite. (d) AFM image of
GN-CN with CN protein on its surface. (e) TypicaENM image of few layered GN-CN. (f)

Selected-area electron diffraction (SAED) pattefrGN-CN.

The thickness and morphology of as-prepared GN-@keviurther characterized by atomic force
microscopy (AFM). Fig. 2d shows the thickness akpresentative GN-CN from the as-prepared
dispersion is about 2.05 nm, corresponding to Zy@rl graphene she&t® >* TEM image also
provides evidence of few layered graphene exfolmlmtas shown in Fig. 2e. The selected area
electron diffraction pattern (SAED) in Fig. 2f sh®wa typical hexagonal symmetry structure,
confirming the high crystallinity of the GN-CRI To find out more about the morphology of
graphene and show statistical distributions of sizé thickness of graphene, the GN-CN dispersion

was further centrifuged at 12500 rpm for 30 mirg #men the obtained sediment was re-dispersed in
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deionized water of pH=10. Several other typicapbene nanosheets with lateral size in the range of
tens of nanometers (Fig. S4) to tens of micromd(feig S5) were also identified. The lateral size
and thickness of 80 different graphene sheets vexi@mined and the statistical distribution
histograms were shown in Fig. S6. The large sizegplene sheets (lateral size larger tham
accounts for only 5% while the graphene sheets laittral size within 400 nm accounts for 84%.
Meanwhile, the thickness of graphene sheets islyndistributed below 8 nm, accounting for 88%.
These results indicate that the as-prepared GNgONaiinly of small size and large sized graphene
sheets are less abundant and can be negligible.

To characterize the stability of GN-CN dispersiom, measured the zeta potential of the GN-CN
dispersions prepared with different ball millingng and CN dispersion concentration by dynamic
light scattering. As shown in Fig. S7, almost b# tGN-CN dispersions exhibit zeta potentials below
-30 mV, indicating a certain amount of CN absorbadhe graphene nanosheets and formed a stable
dispersion. The CD spectra of original CN disparseamd GN-CN dispersion were measured to
determine whether the structure of CN was affeetiéer ball milling. The CD spectra in Fig. S8
show that CN and GN-CN dispersions prepared witifer@int CN concentration both exhibit
negative absorption peaks at 201 nm, suggestindgh@aecondary structure of CN was not damaged
and the CN remained stable. As a result, we coeclindt CN is an efficient exfoliating and
stabilizing agent for preparing few layered gragheanosheets.

To compare CN with other nature materials usedxédiating agents, the related information of
graphene exfoliated were summarized in Table SZplkBne concentration and yield are very
important evaluation indicators for liquid-phasedaodation of graphite. The results show that the

concentration and yield of graphene using CN aslieting agent are higher than most of other
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natural materials and all proteins (gelatin, HFBt @ovine serum albumin) listed in Table S2. In
addition, we find it difficult to achieve the exfaltion of single layered graphene by using natural
materials and the few, multilayers graphene anckthgraphite flake” are also a ubiquitous trend.
Therefore, high concentration and yield GN-CN wdifierent lateral size (from tens of nanometers
to tens of micrometers) and thickness (few to maiters) was successfully prepared.

The exfoliation mechanism of GN-CN can be explaibgdbinding energy of CN on graphene
layers. CN is an amphiphilic protein with distinftgdrophilic and hydrophobic regions, and will
result in a binding energy due to the hydrophohteraction between the hydrophobic part of CN
and graphene layers. According to previous repbrtee binding energies of different groups of
protein on graphene vary greatly. The peptide bandee amino acid sequence of the protein will
generate a strong binding energy on the grapheeetshwhich will make the peptide bond tightly
binding on the graphene surface, while the hydiappolar groups are exposed to the water. On the
contrary, the nonpolar benzene rings in phenyla®ixhibit an unstable binding on the surface of
graphene due to the weak binding energy. CN isharm consists of four types of CN monomers,
asi-casein ¢s-CN), asrcasein ¢s-CN), B-casein [-CN) and k-casein ¥-CN) and each CN
monomer has its own unique amino acids seqdéndée types and numbers of amino acids
contained in the four CN are summarized in Table\88 can calculate that the four CN contain a
total of 784 amino acids, of which only 27 are pHalanine. The resulting CN structure has a large
proportion of peptide bonds but a slight amountbehzene rings provided by phenylalanine.
Although the calculation is not accurate enoughswmtering the different proportions of the four
monomers in CN, we can qualitatively analyze thapprtion of the benzene rings and the peptide

bonds. Such a structure facilitates the tight igdof CN on the surface of graphene sheets and
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263 forms graphene nanosheets decorated with CN dbahgnilling, i.e. GN-CN.

a , _
Al RN S el s

=n

Zeta Potential / mV

pH<4 pH=4-5 pH>5

pH

264  Figure 3. (a) Photographs of GN-CN dispersions with differ@ht from 1.0 to 13.0. (b) Zeta
265  potential of GN-CN dispersions with a concentratafnl mg ml* as a function of pH values. (c)
266  Schematic illustration of GN-CN nanosheets’ pH-oesive behavior.

267

268  3.2. Zwitterionic character of GN-CN

269 CN is an amphoteric protein with both amino andoayl groups on each end of the molecule
270  chains. The special molecule structure endows tih w&n IP at around pH 4.6, at which the CN
271 dispersion is unstable due to the absence of ektatic repulsion. To determine whether the GN-CN
272 exhibits the similar properties, we studied théisitg of GN-CN dispersion at a series of pH values
273 Fig. 3a shows the stability of GN-CN dispersiongliffierent pH values. It's obvious that GN-CN

274  have aggregated at pH of near the IP of CN. Tdv&urtinderstand the stability and surface charge of
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GN-CN dispersion under different pH conditionsshswn in Fig. 3b, we studied the pH sensitivity
of zeta potential of GN-CN. When the pH is above tR of CN, carboxyl ionization on CN
molecules makes GN-CN negatively charged, the relstettic repulsion results in stable graphene
dispersions. We find that the GN-CN dispersion ki higher stability at pH=7-11 with zeta
potentials below -30 mV. Similarly, when the pHbislow IP, graphene is positively charged due to
amino protonation, and graphene will aggregatetdiube weak electrostatic repulsion when the pH
values is near the IP (pH=4-5). The change of petantial of GN-CN dispersion at acidic (pH=3)
and alkaline (pH=9) condition was also examinedr dkedays (Fig. S9). The small change of zeta
potential and a negligible level of sediment in tmonths indicate that GN-CN can remain stable
over two months. The above analyses indicate tieahave prepared a stable zwitterionic graphene

nanosheets with pH-responsive property.
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Figure 4. (a) Schematic illustration of the cast-drying GN-@ish was redispersed in water to form
a homogeneous graphene dispersion. (b) UV-vis speoct GN-CN in water at different
concentrations of 7, 9, 15, 30, 50, 100 mg' méspectively. (c) The plot of the absorbancerisity

versus the concentration.

3.3. Redispersibility of GN-CN

The redispersibility is of great significance faraghene, because solid state graphene is more
favorable to practical application due to its camieat storage and easy transportatiofio evaluate
the redispersibility of GN-CN, we dispersed the GN-film prepared by cast-drying into deionized
water at room temperature. Interestingly, the GN-©ibits high re-dispersion concentration and
fast dissolution rate simultaneously. As shown igL Ba, a small piece of cast-drying GN-CN film
was thrown into deionized water and stirred witllass rod, then a homogeneous and stable GN-CN

dispersion was formed. The redissolution processbmacompleted in a few minutes, which was
16
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recorded by a video shown in Video. S1.

To ascertain the maximum concentration of GN-CNrafé-dispersion, GN-CN dispersions with
different concentrations were prepared by addirggréain amount of cast-drying GN-CN to 3 ml
deionized water by sonication. To our surprise,dispersion concentration of GN-CN was up to 100
mg mi* and corresponding concentration of graphene i &y mI*. To the best of our knowledge,
it's the highest dispersible concentration for idyexfoliated graphene. As shown in Fig. 4b, UV-vis
spectra were measured for GN-CN dispersions wifferdnt concentration after redissolution. To
ensure the transmittance of the high concentrateghgne, all specimens were diluted with
deionized water to a factor of 100 before the fElsé plot of the absorbance intensity at 264 nra as
function of GN-CN concentration was shown in Fig. #he plot shows a good linear relationship
when the GN-CN concentrations were below 100 md. Ve found that when the GN-CN
concentration was above 100 mg“mthe complete dissolution of GN-CN became difficeNen
with long sonication time. The re-dispersion praopesf GN-CN is attributed to the excellent
solubility of CN in water at alkaline condition ari$ tight binding on graphene surface. When
GN-CN was dispersed in water, CN dissolved andzeshirapidly and overcomes ther interaction
between graphene sheets by electrostatic repulsgsulting in a stable GN-CN dispersion. We tried
to disperse the cast-drying GN-CN in different migasolvents by sonication but failed due to the
insolubility of CN in organic solvents. The resdikémonstrates the important role of CN in the

redispersibility of GN-CN.
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Figure 5. (a) Toluene-in-water emulsions prepared at diffepH values using 9 mg fIGN-CN
dispersion. The volume ratio of toluene to wate2:ik. (b) Optical microscopy images of emulsions

at the corresponding pH values. All scale barslafigum.

3.4. Pickering emulsion stabilized by GN-CN

As we all know, Pickering emulsion is a solid calll emulsion stabilized by solid particles with
moderate hydrophilicity and hydrophobicity. There a few reports on the double electric emulsifier
stabilizing Pickering emulsiof% . In order to study the potential of the zwitteiioGN-CN as
Pickering emulsifier, the mixtures of toluene and-GN dispersions with different pH values were
emulsified with a homogenizer. Toluene was usec lcause the-n interaction between the
benzene ring and graphene may facilitate produstaple emulsions with uniform size. Fig. 5a

shows the effect of pH of GN-CN dispersions on esion stability. Stable emulsions are obtained
18
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under both acidic (pH=2) and alkaline (pH=9) coiotis and the spherical droplets are uniform in
size with a diameter far less than 1Qth shown in Fig. 5b. However, the weak electrostatic
interaction of GN-CN leads to strong hydrophobiatypH near the IP of CN, which increases its
affinity to oil phase. As a result, the GN-CN aggates enter the toluene phase of the upper layer
and few emulsion droplets with uniform size of savdundreds of micrometers were observed in
Fig. 5b. The optical micrographs of emulsions owewide pH range are shown in Fig. S10,
indicating stable Pickering emulsions are obtaiogdr a wide pH range except near the IP (pH
4-4.6). Furthermore, the size distributions of esiarl droplets were counted shown in Fig. S11. The
result shows that more than 90% droplets of emudsiorepared at different pH values distribute
between 10 and 50m in size. The emulsions prepared at pH=4 and e @t counted because it’s
hard to find enough droplets.

In order to explain the excellent emulsificatiofeet of GN-CN, CN was used to emulsify toluene
as a control under the same conditions with GN-The optical microscopy images in Fig. S12
shows the similar emulsification effect of CN wiBN-CN. We speculate the excellent emulsifying
property may be attributed to the amphiphilic sinoe of CN and its tight binding to the graphene
surface, which endows graphene a similar amphglsiiaracter. Such an amphiphilic GN-CN is
very promising in emulsions field such as foodssngetics etc. Thus, it is necessary to evaluate
biocompatibility of GN-CN by cytotoxicity test. Theytotoxicity was evaluated by culturing MLg
cells with GN-CN dispersions for 24 h. The live/deeell staining assay shows excellent cell
viability and it's difficult to find significant dad cells (Fig. S13A). Furthermore, the CCK-8 assay
result shows high cell viability varies in a narreange of 93.6%-96.2% (Fig. S13B). The cell

viability remained >93% even at a GN-CN concentratof 40ug ml*, which is higher than that
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culture with graphene oxide and other grapheneliexéd by exfoliating agent$ *> The negligible

cytotoxicity indicates that GN-CN has full potehfiar the above mentioned emulsion applications.
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Figure 6. (a) Photographs of mPCMs emulsions emulsified ifi¢rdnt pH values after cooling
naturally at ambient temperature for 24h. (b) Py@phs of SA and different mPCMs on a hot plate
set 100C. (c) Optical microscopy images of SA-2 emulsia). Qptical microscopy images of (c)
after adding polarizer (e) DSC thermograms of SA aiPCMs. (f) TGA thermograms of SA and

mPCMs.

3.5. Microcapsule phase change materials (mPCMgaped by GN-CN

Microcapsule phase change materials were consigecgdising thermal energy storage materials
and possess high latent heat, high heat-transéer @and efficiency and exceptional shape stability
due to unique core-shell structtfté’ Graphene has been used as Pickering emulsifiprejoare

mPCMs due to the excellent electronic, thermal erigs and large surface at®%. However, most
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367 of graphene emulsifiers are obtained by physicabd®ion or chemical modification which may
368 involve complex preparation process and toxic retgeConsidering facile preparation and
369  environmental-friendly characteristics of GN-CN, wtidied the potential of preparing mPCMs
370 using GN-CN as Pickering emulsifier. To obtain mPE Mhe mixture of SA and GN-CN dispersion
371 with different pH values was emulsified with a hayeaizer at 90C.

372 Fig. 6a shows the appearance of mMPCMs emulsiorapepwith different GN-CN dispersions.
373  For example. SA-2 is the mPCMs prepared with GN-giigpersion of pH 2. It can be obviously
374 observed the difference in colour of the three mBG&hulsions. We put a drop of the SA-2
375 emulsion onto a slide and let it dry at room terapee for a while, then the morphology of SA-2
376  was observed by optical microscope shown in Fig.Tée SA capsules are spherical and the size is
377  about 10-2Qum. Owing to the evaporation of water during theimyyprocess, the SA capsules tend
378 to come together. To illustrate the capsule isriteecid microsphere, optical microscopy images of
379  SA-2 after adding polarizer was observed as showkig. 6d, the light sphere represents crystalline
380 structure of stearic acid. Moreover, the microsphiersurrounded by a membrane-like structures,
381 suggesting that SA was encapsulated by GN-CN amaeft the core-shell structure. For comparison,
382 the SA-7 and SA-10 exhibit irregular morphology whoin Fig. S14a, c. Interestingly, SA-10
383  exhibits a rod-like liquid crystal structure shown Fig. S14d. The reason may be that sodium
384  stearate was formed by the reaction of molten SAsadium hydroxide under alkaline conditions at
385 90 °C, then the interaction between sodium stearateGMeCN leads to the sodium stearate rod
386  structure coated with GN-CN. The morphology of mP{Was further confirmed by SEM shown in
387 Fig. S15.

388 Table 1. Thermal properties of SA and mPCMs
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AHn! 3G Tml D AH 1 I g Tl O

SA 196.2 58.63 194.5 49.27
SA-2 179.7 59.54 173.9 48.17
SA-7 174.5 59.15 167.8 48.54
SA-10 146.7 57.93 129.9 48.74

To investigate the thermal performance of mPCMs,tH values of the emulsions were adjusted
near the IP of CN. Then the sediments were collebie filtration and drying. Fig. 6b shows the
photograph of SA and mPCMs on a hot plate at°IDAt's clear that SA has completely melted and
the paper is soaked. SA-7 exhibits an obvious Igakauggesting the melted SA can't be trapped
effectively by GN-CN during the phase change precé$e irregular core-shell structure of SA-7
also explains this phenomenon. However, SA-2 ethibh excellent shape stability due to the
effective trapping of melting SA cores, which pretgeethe melted SA from leakage. It was strange
that SA-10 also didn’t show significant leakageafimay have a lot to do with its liquid crystal
structure and the formation mechanism of SA-10 rieetie further explored and discussed. In
addition, high latent heat is of great significabcenPCMs because it determines the energy storage
potential. Therefore, DSC thermograms of mPCMs wmesasured as shown in Fig. 6e. The
corresponding thermal properties data of SA and M&@ere listed in Table 1. The heat of melting
(4HmM) and the heat of crystallizationlc) of mMPCMs are both lower than neat SA, indicatimg
existence of GN-CN component. Certainly, a decrads&N-CN component will increase latent
heat but at the expense of shape stability. SAA27 &nd SA-10 exhibitHm of 91.6%, 88.9% and

74.8% of neat SA respectively, indicating SA-2 msses the highest latent. Meanwhile, the TGA
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profile shows the highest weight loss occurs toZMdicating the thinnest shell. It should be dote
that the significant decrease of latent heat ofl®Anay be attributed to graphene's inhibition of SA
crystallization due to the dispersion of graphearasheets in SA matfik We can conclude that an
mPCMs with high latent heat and regular core-s$telicture can be prepared at pH 2 using GN-CN

as Pickering emulsifier.

4. Conclusions

In summary, we have demonstrated a green, facidelamge-scale route to produce few layered
graphene nanosheets decorated and stabilized bysZly a ball milling method. Benefiting from
the strong hydrophobic interaction, CN can be usiéettive exfoliating and stabilizing agent. The
resultant GN-CN shows exceptional redispersibgity dispersible concentration can be up to 100
mg mi* and even higher. Meanwhile, the aqueous GN-CNedispn is stable under various pH
values except near the IP of CN due to the weakrelatic repulsion. Furthermore, the amphiphilic
structure gives GN-CN excellent emulsifying propeaind it can be used as a good Pickering
emulsion stabilizer over a wide pH values range, tiegligible cytotoxicity makes GN-CN a
potential candidate for emulsion applications indaand cosmetic fields. To explore the potential
application of the GN-CN, SA/graphene composite radapsule phase change material was
successfully prepared at pH 2 using a Pickeringlgion technology, which GN-CN serves as an
emulsion stabilizer. We presume that the novel lggap nanomaterial also can be used to prepare
graphene/casein composite gel by cross-linking @\ems through our preliminary attempt, or as

an optical or electronic sensor.
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