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ABSTRACT Mass production of graphene with low cost and high
throughput is very important for practical applications of graphene
materials. The most promising approach to produce graphene with low
defect content at a large scale is exfoliation of graphite in an aqueous
solution of surfactants. Herein, we report a molecular design strategy to
develop surfactants by attaching ionic groups to an electron-deficient
st-conjugated unit with flexible alkyl spacers. The molecular design strategy
enables the surfactant molecules to interact strongly with both the
graphene sheets and the water molecules, greatly improving graphene

dispersion in water. As the result, a few-layered graphene concentration as
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high as 1.2—5.0 mg mL " is demonstrated with the surfactant, which is much higher than those (<0.1 mg mL~") obtained with normal aromatic or

nonaromatic surfactants. Moreover, the surfactant can be easily synthesized at large scale. The superior performance and convenient synthesis make the

surfactant very promising for mass production of graphene.
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wing to its two-dimensional struc-
ture, high surface area, and excel-
lent electrical, thermal, and me-

chanical properties, graphene has received
great attention for various promising appli-
cations in energy, composites, biotechnol-
ogy, and electronics.'~® Therefore, low-cost
mass production of graphene is essential to
meet the demands for the widespread ap-
plication of graphene materials.? Several
methods have been devised for graphene
preparation, including mechanical cleavage,’
epitaxial growth,” chemical vapor deposition
(CVD),2® graphene oxide reduction,’®'" and
liquid-phase graphite exfoliation.'?>”%> Be-
cause of the low yield and high cost, the
mechanical cleavage and the epitaxial
growth approaches are unsuitable for a
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large-scale production of graphene. Simi-
larly, the CVD method has multiple draw-
backs, such as low throughput yield and
high energy consumption, although it can
produce large-area graphene with low de-
fect content. Although the reduction of
graphene oxide can give reduced graphene
oxide (r-GO) at large scale, the high content
of defects in r-GO disrupts the graphene
lattice and often leads to graphene of poor
quality. Alternatively, the ultrasonication-
assisted exfoliation of graphite in solution
has been demonstrated to produce high-
quality graphene in large quantities.'* 2*
The graphite exfoliation can be carried out
either in organic solvents with proper sur-
face energies (e.g., N-methyl-2-pyrrolidone
(NMP) and N-dimethylformamide (DMF))'?
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Scheme 1. Schematic illustration for chemical structures of the naphthalene diimide (NDI) surfactants (top) and exfoliation
and stabilization of graphene by the surfactants in aqueous solution (bottom).

or in aqueous solution with surfactants.' In view of the
high cost, high boiling point, and high toxicity char-
acteristic of these organic solvents, we believe that
graphite exfoliation in an aqueous solution of surfac-
tants is more suitable for mass production of graphene.
However, this approach is still limited by the agglom-
eration of the exfoliated hydrophobic graphene sheets
in aqueous solution, leading to a low concentration of
graphene (typically, <0.1 mg mL~")."* Recently, great
efforts have been devoted to improve the dispersion
stability of the exfoliated graphene in aqueous solution
by using effective surfactants. Therefore, the develop-
ment of novel surfactants for graphene dispersion is of
paramount importance for the mass production and
practical application of graphene materials.

It is worthy to note that the surfactants reported
for graphene dispersion are always borrowed from
the field of single-walled carbon nanotube (SWCNT)
dispersions.'>~ 172527 However, the surfactants suit-
able for the dispersion of one-dimensional SWCNTs
with a curved surface may not always be suitable for
dispersing two-dimensional graphene with a flat sur-
face. According to Wenseleers et al., for instance, an
efficient SWCNT dispersion requires a stable micelle
structure of surfactants surrounding nanotubes with
a small diameter, but this principle is obviously not
applicable to the dispersion of graphene.?®?° Recently,
several large, ionic aromatic molecules have been
employed for ultrasonic exfoliation of graphene in
aqueous solution.'®~2* Besides their tedious synthesis
procedures, these aromatic surfactants show a limited
capability for dispersing graphene with a graphene
concentration always less than 0.1 mg mL™".

In this Article, we report a novel strategy to design
effective surfactants to greatly improve the dispersion
ability of graphene in aqueous solution. As shown in
Scheme 1, the surfactant molecules are featured with
ionic groups covalently attached to a large, electron-
deficient aromatic unit with flexible alkyl spacers. The
electron-deficient aromatic unit acts as the anchoring
unit for absorption of the surfactant molecule onto the
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graphene surface via w—m interaction, hydrophobic
force, and Coulomb attraction with the hydrophobic
electron-rich graphene surface.>**' The ionic groups
enable the surfactants and the graphene sheets to be
well dispersed in water. The presence of flexible alkyl
spacers between the anchoring unit and the ionic
groups ensures the two units function well indepen-
dently. The synergetic effect of these functional units
enables strong interactions of the surfactant molecules
with both graphene sheets and water molecules and,
hence, improves the dispersion of graphene in water.
As a result, ultrasonic exfoliation of pristine graphite in
an aqueous solution of the surfactants affords a gra-
phene dispersion with the few-layered graphene con-
centration as high as 1.2—5.0 mg mL™", which is much
higher than that (<0.1 mg mL™") of pristine graphite
exfoliation with other aromatic or nonaromatic sur-
factants.'’ ~2* In addition, the novel surfactants can be
synthesized in two steps with high yields and can be
easily scaled up. The excellent performance and con-
venient synthesis of the novel surfactants make them
very promising for the mass production of graphene.

RESULTS AND DISCUSSION

As can be seen in Scheme 1, the two rationally
designed naphthalene diimide surfactants N,N'-bis-
[2-(ethanoic acid sodium)]-1,4,5,8-naphthalene diimide
(NDI-1) and N,N'-bis[2-(ethanesulfonic acid sodium)]-
1,4,5,8-naphthalene diimide (NDI-2) contain ionic —
COONa groups or —SO3Na groups covalently bonded
to an NDI unit through ethylene spacers. Naphthalene
diimide is selected as the anchoring unit because of
its planar structure with a large, electron-deficient
s-system. Ethylene is used as the flexible spacer to link
the ionic groups with the anchor unit.

To evaluate our molecular design strategy, we cal-
culated the absorption free energies of several surfac-
tants on the graphene surface using periodic density
functional theory (DFT) calculations. The surfactants
include NDI-2, N,N'-bis(ethyl)-3-sulfonic acid sodium-
1,4,5,8-naphthalene diimide (NDI-0), 1-pyrenesulfonic
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acid sodium salt (PSA), and sodium dodecylbenzene-
sulfonate (SDBS). Their chemical structures and absorp-
tion free energies on the graphene surface are shown
in Table 1. SDBS is widely used for SWCNT dispersion,
and PSA is a well-known efficient surfactant to disperse
graphene. In comparison, NDI-2 and NDI-0 have larger
adsorption free energies than those of SDBS and
PSA, indicating the strong affinity of the naphthalene
diimide unit to the graphene surface. This may be attri-
buted to the large, electron-deficient s-conjugated
aromatic system of the naphthalene diimide unit. Fur-
thermore, the larger absorption free energy of NDI-2
compared with NDI-0 suggests the importance of the
ethylene spacer, which may diminish the steric effect
of bulky —SOsH groups and favor the adsorption of the
naphthalene diimide unit on the graphene surface. The
comparison of the absorption free energies of the
surfactants supports our molecular design strategy of
attaching ionic groups to large, electron-deficient aro-
matic units with flexible alkyl spacers.

The synthetic routes to NDI-1 and NDI-2 are shown in
Scheme 2, and the detailed synthesis procedures can
be found in the Materials and Methods. Their chemical
structures are verified by "H NMR, '*C NMR (Figures S1
and S2), and elemental analysis. Both NDI-1 and NDI-2
can be readily synthesized via two steps with overall
yields higher than 80%. No column chromatography is

TABLE 1. Absorption Free Energies of Four Surfactants
on the Graphene Surface Estimated by Periodic DFT
Calculations

Absorption free energy

Chemical structure on graphene surface

(eV)
0, (o)
'°33'M -1.074
N\ .
o Q [¢] S0s
o %
\_1 -0.610
[0) O (0]
SOy
580 -0.439
cHy(CHuoH—_Y-s0y -0.273

required for their purification during synthesis. Thus,
the synthesis of NDI-1 and NDI-2 can be easily scaled
up, which is highly desirable for low cost and mass
production of the surfactants and the exfoliated gra-
phene (Figure S3).

To test the dispersion capability of NDI-1 and NDI-2
surfactants, we carried out ultrasonication exfoliation
of pristine graphite in an aqueous solution of the
surfactants. Owing to the excess of pristine graphite,
centrifugation was performed to remove the unexfo-
liated graphite and poorly exfoliated graphite. After
centrifugation, the exfoliated graphene was kept in the
supernatant. The graphene concentration of the super-
natant is calculated based on its absorption spectrum
(see the Materials and Methods).'? As shown in Figure 1a,
at the optimal NDI-1 concentration of 4 mg mL™, a
graphene dispersion with a concentration of 1.2 mgmL™"
is obtained after sonication for 1 h and centrifugation at
5000 rpm for 30 min. The graphene concentration de-
pends on the centrifugation speed (Figure 1b). A lower
centrifugation speed leads to a higher graphene concen-
tration because larger graphene flakes are retained in the
supernatant.3? Graphene concentrations as high as 5.0
and 2.6 mg mL " are obtained with centrifugation speeds
of 1000 and 3000 rpm, respectively. With the increase of
the surfactant concentration, the graphene concentration
initially increased and then decreased, giving the optimal
surfactant concentration of 4 mg mL™! (Figure 1a). A
similar trend is also observed for the dependence of the
zeta potential on the surfactant concentration (Figure 2a),
indicating that the graphene sheets in the solution are
stabilized by the electrostatic repulsive interactions of
the ionic groups of the surfactant molecules. The initial
increase of the graphene concentration and zeta potential
with increasing surfactant concentration is due to the
more available surfactant molecules that can be adsorbed
on the graphene surface. Further increasing the surfactant
concentration beyond the optimal concentration re-
tarded dissociation of the ionic groups in the surfactant
molecules, leading to a decreased graphene concentra-
tion and zeta potential.>® The dispersion of graphene in
the aqueous solution of the surfactant is verified by the
Tyndall effect shown in Figure S4. The graphene disper-
sion in the NDI-1 solution is quite stable, as revealed by
an only 8% decrease in its absorbance even after storage
in ambient conditions for four months (Figure 2b). Com-
pared to NDI-2, NDI-1 exhibits a much better graphene

b P H N~ACOO0H paoc NaOH (aq)
d 0 -\- -\_C NDI-1
d Y DMF, 120 OC OOH r. .

NaOH (aq.) 2 %
HNNASOH ——— |\ ~SONa 4+ g 0 ——3» NDI-2
rt P { DMF, 120°C

Scheme 2. Synthetic routes of NDI-1 and NDI-2 surfactants.
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Figure 1. (a) Dependence of graphene concentration on the
surfactant concentration after centrifuging at 5000 rpm. (b)
Dependence of graphene concentration on centrifugation
speed for the supernatant after graphite exfoliation in
4 mg mL~" NDI-1 aqueous solution.
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Figure 2. (a) Dependence of zeta potential absolute value
of graphene sheets on the surfactant concentration after
centrifuging at 5000 rpm. (b) Dependence of the NDI-1-
stabilized graphene concentration on storage time.
dispersion capability, probably due to the higher solubility
of NDI-1 (78.0 mg mL™") than that of NDI-2 (5.2 mgmL ")
in water. In addition, owing to the simple synthesis
procedures, the surfactants could be prepared in large
quantity and the ultrasonic exfoliation of graphite could
be performed at large scale (Figure S3).

The observed graphene concentration of 1.2—
5.0 mg mL™" in NDI-1 aqueous solution is much higher
than those (<0.1 mg mL™") obtained by exfoliation of
pristine graphite with normal nonaromatic surfac-
tants or ionic aromatic molecules, such as sodium
cholate, pyrene derivatives, perylenebisimide-based
bolaamphiphile, and coronene tetracarboxylic acid 2~ 2*
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Figure 3. XRD patterns for pristine graphite and exfoliated
graphene.

Figure 4. TEM image (a) and SAED pattern (b) of an NDI-1-
stabilized few-layered graphene flake.
Moreover, the graphene concentration from exfolia-
tion of pristine graphite is even higher than those
(0.1-1 mg mL~") from exfoliation of expandable or
expanded graphite (H,SO4,/HNOj; intercalated graphite
with graphene sheets oxidized).'®3*3> The results in-
dicate that NDI-1 is a very effective surfactant to
promote the exfoliation of graphite and graphene
dispersion in water. The excellent performance of
NDI surfactants can be attributed to their unique
chemical structures, which enable strong interactions
with both graphene sheets and water molecules. The
large, electron-deficient s-conjugated NDI unit can
strongly adhere to the graphene surface through the
st—at interaction, hydrophobic force, and the Coulomb
attraction with the electron-rich graphene. The ionic
—COO ™ /—S03~ groups, generated from dissociation of
—COONa/—SO3Na units in water, lead to strong solva-
tion with water molecules and prevent the restacking
of graphene flakes. The flexible ethylene spacers be-
tween the ionic and NDI units enable the two func-
tional units to work independently with a synergetic
effect.3®

The graphene prepared by ultrasonic exfoliation in
the NDI-1 aqueous solution was characterized by X-ray
diffraction (XRD), transmission electron microscopy
(TEM), scanning electron microscopy (SEM), atomic
force microscopy (AFM), Raman spectroscopy, etc. As
shown in Figure 3, in contrast to the sharp diffraction
peak at 26.4° of graphite, the XRD pattern of the exfo-
liated graphene shows a broad and weak peak at 22.5°,
suggesting the efficient exfoliation of graphite.’
Figure 4a shows the TEM image of an NDI-1-stabilized
graphene flake, and the corresponding selected area
electron diffraction (SAED) pattern indicates the typical
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Figure 5. (a) AFM image (top) of the few-layered graphene
flakes deposited on a mica substrate. Bottom: Height profile
corresponding to the line shown in the AFM image. (b)
Thickness distribution of 50 graphene flakes in the inset
AFM image.

hexagonally arranged lattice of graphene (Figure 4b).
The intensity of spots in the second layer is stronger
than that in the inner layer, suggesting the presence of
the few-layered graphene.®® Figure 5a shows the AFM
image of graphene flakes deposited on a mica sub-
strate, indicating a typical lateral size of around one
micron and a thickness of about 1.6 nm. The typical
lateral size of graphene flakes in the SEM image
(Figure S6a) is in accordance with the results obtained
by AFM analysis. According to the thickness distribution
of 50 graphene flakes (Figure 5b), the majority of
graphene flakes have a thickness of 1.5—2.0 nm, in-
dicating the few-layered graphene flakes (Figure 5b).
About 6% of the graphene flakes are single-layered
with a thickness of about 1.0 nm.>® The particles in the
AFM images are attributed to the excess surfactants
that are not absorbed on the graphene surface. Pure
graphene without surfactant is obtained by filtration of
the few-layered graphene dispersion and carefully
washing the solid with deionized water and ethanol.
The absence of the surfactant is verified by the thermal
gravimetric analysis (TGA) curve of the few-layered
graphene (Figure S7). Figure 6 displays the Raman
spectra of graphite and the few-layered graphene with
excitation at 514 nm. The G band at about 1580 cm ™'
and the D band at about 1350 cm ™" are attributed to
the sp>-hybridized carbon bonds in the graphene
lattice and the edges/defects in the lattice, respec-
tively. The few-layered graphene flakes show a little
stronger D band compared with the pristine graphite,
indicating the presence of an edge and/or basal defect
induced by ultrasonication exfoliation.*® The featured
2D band at 2695 cm ™' and the larger intensity ratio of
the 2D band to the G band (/,p/lg) suggest the few-
layered graphene. Figure 7 displays the XPS spectra of
the few-layered graphene flakes, which show a pre-
dominate C=C peak at 284.5 eV. The weak signals for
the C—C band (285.3 eV), C—O band (286.0 eV), and
COOH band (288.9 eV) confirm the low content of
defects in the few-layered graphene. We prepared a
film of graphene flakes by vacuum filtration to mea-
sure the conductivity of the graphene flakes with the

ZHANG ET AL.

D
Graphene

Intensity (a.u.)

Graphite

800 1200 1600 2000 2400 2800
Raman shift (cm™)

Figure 6. Raman spectra of pristine graphite and few-
layered graphene.
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Figure 7. XPS full spectrum (a) and C 1s (b) spectrum of
few-layered graphene.

four-point probe technique. Figure S6b—d shows the
SEM images of the graphene film. The conductivity of
the few-layered graphene flakes is measured to be
4717 S m~', which is superior to that of graphene
prepared by the solution process.***' The high con-
ductivity value may be attributed to the low defect
content of the graphene flakes. The specific sur-
face area (SSA) of the few-layered graphene flakes
is calculated to be 53.57 m? g ' based on the N,
adsorption—desorption isotherm of graphene flakes
as shown in Figure S5. The small SSA value is due to the
agglomeration of the few-layered graphene flakes
after the removal of surfactants in the solid state.

CONCLUSION

In conclusion, novel rationally designed NDI surfac-
tants with ionic groups attached to the naphthalene
diimide unit through flexible alkyl spacers have been
developed for graphene dispersion in an aqueous
solution. The NDI surfactants exhibit an excellent ca-
pability to exfoliate graphite and disperse graphene in
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an aqueous solution, as revealed by the few-layered
graphene concentration as high as 5 mg mL™" after
centrifuging at 1000 rpm or 1.2 mg mL™" after cen-
trifuging at 5000 rpm. The superior performance of the
surfactants is attributed to their chemical structures,
which enable strong interactions with both graph-
ene sheets and water molecules. Therefore, the mo-
lecular design strategy, i.e., attaching ionic groups to

MATERIALS AND METHODS

Materials. Natural graphite powder was purchased from
Beijing Yuceda Trade Co., Ltd. (325 meshes) and used without
further treatment. 1,4,5,8-Naphthalenetetracarboxylic bisanhy-
dride (98%) was obtained from Sinopharm Chemical Reagent
Co., Ltd. S-Alanine (99%) and taurine (99%) were purchased
from Aladdin and used as received.

Characterizations. '"H NMR and '>C NMR spectra were re-
corded with a Bruker Avance 300 NMR spectrometer. TEM
images were obtained with a JEM-1011 (JEOL Co., Japan)
operated at an accelerating voltage of 100 kV. The samples
for TEM measurements were made by depositing a graphene
dispersion on carbon-coated copper grids (300 meshes), fol-
lowed by drying in air for 1 min. AFM in tapping model was
performed with an SPI 3800N Probe Station (Seiko Instruments
Inc., Japan). The sample for AFM measurement was prepared
by spin-coating the graphene dispersion (0.1 mg mL™") onto
a mica substrate at 2000 rpm for 1 min. SEM imaging was
performed on a Philips-FEI XL30 microscope at an accelerating
voltage of 20 kV. The sample of graphene flakes was prepared
by spin-coating the graphene dispersion (0.1 mg mL™") onto
a silica substrate at 2000 rpm for 1 min. Graphene film was
prepared by vacuum filtration of a few-layered graphene dis-
persion with a polyvinylidene fluoride membrane (pore size:
0.45 um), followed by careful washing with deionized water and
ethanol to remove the surfactant and drying under vacuum
at 120 °C for 3 h. The obtained graphene film and the used
graphene flakes are shown in the SEM images of Figure S6. The
XRD patterns of the pristine graphite and the graphene film
were collected on a Rigaku-D/max 2500 V X-ray diffractometer
with Cu Ko radiation. XPS measurement was carried out with
the graphene film using a VG Escalabmkll spectrometer (UK)
with an Al Ka irradiation source (1486.7 eV) operated at 15 kV
and 10 mA. Raman spectrum was recorded with the graphene
film using a Renishaw Raman microscope equipped with a
514 nm Ar ion laser. With the sheet resistance (Rs) of the
graphene film measured by a Keithley 2000 multimeter and
the thickness (t) estimated by an optical microscope (Leica
DMLP, Leica Microsystems Ltd., Germany), the conductivity
(p) of the graphene sample was calculated with the equation
p =R, x t. UV—vis absorption was recorded using a PerkinElmer
Lambda 35 UV—vis spectrometer. The thermal stability of
graphene was analyzed with a PerkinElmer-TGA 7 instrument
under nitrogen flow at a heating rate of 10 °C min™". Zeta
potential values were obtained using a Zetasizer analyzer
(Nano-ZS90, Malvern, France). During the measurement of
the zeta potential, graphene dispersions with different con-
centrations were diluted to nearly the same concentration.
The N, adsorption—desorption isotherm was acquired at 77 K
with a Micromeritics ASAP 2010 M instrument, and the specific
surface area was calculated by the Brunauer—Emmett—Teller
method.

Simulation Method. In the present work, periodic DFT calcula-
tions were carried out with the Vienna ab initio simulation
package (VASP). The exchange—correlation energies were dealt
with by the generalized gradient approximation (GGA) with the
function of Perdew and Wang (PW91), and electron—ion inter-
actions were described by the projected augmented wave
(PAW) method. We used a plane wave basis set with an energy
cutoff of 400 eV. Spin-polarized calculations were carried out.

ZHANG ET AL.

the electron-deficient w-conjugated unit via flexible
spacers, will be generally applicable to develop many
surfactants for producing and processing graphene in
solution. In addition, the NDI surfactants reported here
can be conveniently synthesized and easily scaled up
at low cost. Its superior performance and easy synthe-
sis are very desirable for the mass production of
graphene with high quality.

The TI'-point was chosen in the Brillouin zone integration for
a larger 10 x 10 supercell of graphene, which contains 200
carbon atoms. The slab supercell considered has been carefully
tested, and a 30 A vacuum along the c axis has been adopted
to ensure no reciprocal interaction between periodic images.
All the atoms of graphene were allowed to relax along with
the adsorbates, and the optimization was stopped when the
root-mean-square force on the atomic nuclei was less than
0.05 eV A", The adsorption energies (E,q) for all possible adsor-
bates were calculated according to

Ead = Egas — graphene — (Egas + Egraphene)

where Egas_graphenes Egass @Nd Egraphene are total energies of the
adsorbed species on graphene, the clean graphene surface, and
the corresponding gas-phase species, respectively.

Synthesis of NDI-1. A mixture of 1,4,5,8-naphthalenetetracar-
boxylic dianhyride (5.39 g, 20 mmol), #-alanine (5.29 g, 60 mmol),
and DMF (60 mL) was stirred at 120 °C for 10 h. After cooling to
room temperature, the precipitate was filtered off, washed
sequentially with water and methanol, and dried in a vacuum
to afford N,N'-bis[2-(ethanoic acid)]-1,4,5,8-naphthalene diimide
(1). Then an aqueous solution (80 mL) of 1 (3.50 g, 8.54 mmol)
was added dropwise into an aqueous NaOH solution (0.1 M,
170 mL, 0.17 mmol). After removing the solvent, the residue was
recrystallized in water/ethanol to afford the title compound.
Overall yield: 7.48 g (81.9%). "H NMR (300 MHz, D,0, 6, ppm):
843 (s, 4H), 4.28 (t, 4H), 2.54 (t, 4H). ">*C NMR (75 MHz, D,0, 6,
ppm): 179.65, 163.13, 130.83, 125.51, 125.17, 38.07, 35.23. Anal.
Calcd for CyoHq5N>OgNas: C, 52.88; H, 2.66; N, 6.17. Found: C,
52.90; H, 2.87; N, 6.04.

Synthesis of NDI-2. Aminoethanesulfonic acid (7.51 g, 60 mmol)
was neutralized with NaOH (2.40 g, 60 mmol) in aqueous
solution (200 mL) to afford aminoethanesulfonic sodium. Then
a mixture of aminoethanesulfonic sodium (8.82 g, 59.9 mmol)
and 1,4,58-naphthalenetetracarboxylic acid dianhydride
(7.94 g, 29.6 mmol) in DMF (250 mL) was stirred at 120 °C for
20 h. After cooling to room temperature, the precipitate was
filtered off and washed sequentially with DMF and ethanol.
Recrystallization in water/ethanol afforded the title compound
as a light yellow solid. Yield: 13.98 g (89.7%). "H NMR (300 MHz,
D,0, 9, ppm): 8.50 (s, 4H), 447 (t, 4H), 3.27 (t, 4H). '3C NMR
(75 MHz, D,0, 6, ppm): 164.09, 131.75, 126.52, 126.45, 48.71,
37.05. Anal. Calcd for CygH;,N,0405;:Nay: C, 41.17; H, 2.30; N,
5.32. Found: C, 41.06; H, 2.26; N, 5.19.

Ultrasonic Exfoliation of Graphite in the Surfactant Aqueous Solution.
Ultrasonic exfoliation of graphene was carried out using a
20 kHz, horn-type ultrasonic homogenizer (Scientz-IID, Ningbo
Xingzhi Biotechnology Co., Ltd.) with a 0.07 cm? titanium alloy
sonotrode tip. A mixture of the pristine graphite powder (0.5 g),
NDI surfactant of specific weight, and deionized water (5.0 mL)
was sonicated for 1 h in an ice—water bath. The mixture was
then centrifuged at 5000 rpm for 30 min. The graphene disper-
sion obtained with the optimal NDI-1 surfactant concentration
of 4mg mL~" and the centrifugation at 5000 rpm for 30 min was
used for all the characterizations.

Determination of Graphene Concentration Using Absorbance. The
absorption coefficient (R) of graphene at 660 nm was deter-
mined based on the exact concentration of a graphene disper-
sion and the absorbance at 660 nm. A graphene dispersion
(20 mL) was vacuum filtered with a preweighed membrane with
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a pore size of 0.45 um. The solid was thoroughly washed with
deionized water and ethanol to completely remove the surfac-
tant (the complete removal of the surfactant was confirmed
by TGA, shown in Figure S7). After drying, the membrane was
reweighed to give the deposited mass; thus the exact graph-
ene concentration (C) in the dispersion was obtained. For the
absorbance measurement, the same graphene dispersion was
first diluted by 20 times with deionized water. With the absor-
bance (A;) at 660 nm of the diluted dispersion measured with
UV—vis absorption spectroscopy, the absorbance of the original
graphene dispersion (A) was calculated with A = 20 x A;.
Therefore, according to the Lambert—Beer law A = RCL, where
L is the light path length, we calculated the R of graphene at
660 nm to be 1506 mL mg’1 m~". Then, the concentration of
graphene in each dispersion was determined by measuring
its absorbance at 660 nm and calculating with the Lambert—
Beer law.
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