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BRIEFS:

A fast and continuous electrochemical method with melamine additives is able to
efficiently exfoliate graphite into high-quality graphene sheets. The hydrophilic force
facilitated exfoliation and protection, leading to high yield production of larger size

crystallinity of graphene sheets.

ABSTRACT:

Large-scale production of uniform and high-quality graphene is required for practical
applications of graphene. The electrochemical exfoliation method is considered as a

promising approach for the practical production of graphene. However, the relatively
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low production rate of graphene currently hinders its usage. Here, we demonstrate, for
the first time, a rapid and high-yield approach to exfoliate graphite into graphene sheets
via an electrochemical method with small molecular additives; where in this approach,
the use of melamine additives is able to efficiently exfoliate graphite into high-quality
graphene sheets. The exfoliation yield can increased upto 25 wt% with melamine
additives compared to electrochemical exfoliation without such additives in the
electrolyte. The proposed mechanism for this improvement in the yield is the melamine-
induced hydrophilic force from the basal plane; this force facilitates exfoliation and
provides in-situ protection of the graphene flake surface against further oxidation,
leading to high-yield production ofgraphene of larger crystallite size. The residual
melamine can be easily washed away by water after collection of the graphene. The
exfoliation with molecular additives exhibits higher uniformity(over 80% is graphene of
less than 3 layers), lower oxidation density(C/O ratio of 26.17), and low defect
level(D/G< 0.45), which are characteristics superior to those of reduced graphene
oxide(rGO) or of a previously reported approach of electrochemical exfoliated
graphene(EC-graphene). The continuous films obtained by the purified graphene
suspension exhibit a sheet resistance of 13.5 kOhm/sq at ~95% transmittance. A
graphene-based nanocomposite with PVB exhibits an electrical conductivity of 3.3x 107
S/m for the graphene loading fraction of 0.46 vol %. Moreover, the melamine
functionalized graphene sheets are readily dispersed in the aqueous solution during the
exfoliation process, allowing for production of graphene in a continuous process. The
continuous process for producing graphene was demonstrated, with a yield rate of 1.5

g/hr. The proposed method can produce high-crystallinity graphene in a fast and high-
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yield manner, which paves the path towards mass production of high-quality graphene

for a variety of applications.

INTRODUCTION:

Graphene, a two-dimensional single atomic layer carbon allotrope,” * has attracted
significant attention in recent years due to its unique and extraordinary material
properties, such as high carrier mobility(~200000 ¢cm?®/V.s)®, excellent mechanical
strength and elasticity, and superior thermal conductivity.4’ > The unique material
properties of graphene can potentially be used in a broad range of applications,
including frontier nanoelectronics®'’, functional nanocomposite'" %, energy storage'* '*
thermal managementsls, and ultrasensitive chemical/bio-sensors'®. However, realization
of these applications requires development of a cost-effective method for producing
graphene on an industrial scale. To date, many approaches exist for producing graphene,

18-20

including mechanical exfoliation ', chemical vapor deposition(CVD), epitaxial

22,23

growth,21 liquid phase exfoliation, chemical exfoliation of graphene oxide(GO) and

24, 25 ball—milling,26 as well as the intercalation and

reduced graphene oxide(rGO)
expansion of graphite.”’ For some specific applications that require production of large
quantities of high-quality graphene on a large scale and at low cost, the use of graphene
derived from bulk graphite is considered the most economical method. Among these
methods, the chemical exfoliation of GO/rGO and liquid-phase exfoliation are the two
main routes for producing large-scale graphene, using either the powder or solution
phase; the chemical exfoliation procedure is beneficial for subsequent chemical

functionalization and for adapting to a variety of fabrication tools, such as the frequently

used rod-coater and air brush technologies. In addition, the solution-phase procedure is

5
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now well developed for the applications of energy storage and nanocomposite materials.
Chemical exfoliation methods are based on the Hummers’ method,” in which graphite
is first oxidized and then exfoliated into mono-layered graphene oxide (GO) flakes,
followed by chemical or thermal reduction.”® * This procedure has the advantages of
low cost and the potential for scaling up to high volume production. However, the
oxidation process produces oxidized functional groups, which can severely damaging
the honeycomb lattice of graphene. Although the subsequent reduction procedures
remove most of these oxidized groups and partially restore the graphitic lattice, a higher
defect density remains after the procedure, and the GO sheets typically require a high-
temperature(900-1200°C)annealing step to further recover the graphitic structure.® %
Therefore, the time-consuming nature and the high operating temperature of this method
hinder the production of high-quality graphene. In the other hand, the liquid-phase
exfoliation technologies are based on extensive sonication of graphite in solvents, such
as dimethylformamide (DMF) and methylpyrrolidone (MNP), to weaken the van der
Waals forces between the graphite layers.”” * Although the obtained graphene is of high
quality, the low production yield of thin graphene layers and the limitation of the flake
size(<1pm?) hinder its commercial usage. Recent works regarding the modified liquid-
phase exfoliation approach using a high shear-rate exfoliation in solvent have shown the
capability to increase the production rate to ~5.3 g/h.**This scalable procedure to
produce ultra-low defect content graphene is beneficial for the industrial production of
graphene. However, such graphene sheets are a mixture of various layers, requiring an
additional step to separate and extract thin graphene sheets, which is time consuming.

Moreover, the small flake size (~300-800 nm in lateral size) due to the intensive blend




Page 5 of 29

Nanoscale

in grinder, hinders its usage on specific application such as transparent conductive film

and nanocomposite.

Recently, the electrochemical exfoliation approach has attracted much attention.*”
**This approach is of low cost, is scalable, and provides fast and easy processing and the
ability to produce high-quality graphene with an arrow distribution of layer numbers(>
60% belong to 2-3 L), as well as larger flake size (up to ~30 um).** The mechanism of
this approach is based on the intercalation of the graphite layers using various
intercalatants (e.g., SO4”) placed into the space between layers, followed by expansion
and subsequent exfoliation of graphene. The reported works involving electrochemical
exfoliation consider various types of electrolytes, such as ionic liquid and aqueous
acid(e.g., H,SO4, HNOs3, and H3;PO4) as well as inorganic salts(e.g., Na,SO4 or
K3S04),* to exfoliate graphite. Recent work by employing sulfonate salts as electrolyte
or additives, such as sodium dodecyl sulfate(SDS)*, sodium dodecyl benzene sulfonate
(SDBS) and cetyltrimethylammonium bromide (CTAB)*®, have demonstrated the
success for graphene exfoliation due to that the additives plays both role for stabilizing
surfactant and intercalant during the electrochemical exfoliation. Although the obtained
graphene exhibits superior electrical conductivity compared to rGO, the oxidized
functional groups cannot be further removed due to the acid functionalization of
graphene. Moreover, the electrochemical exfoliation approach suffers from a relatively
low production yield for each batch procedure, which is mainly attributed to its non-
continuous process and inefficient exfoliation procedure; this inefficient exfoliation is
partially due to the exfoliated graphene being segregated onto the graphite surface and

saturating the electrolyte activity during long-term processing, which degrades the
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electrochemical intercalation and exfoliation process. Thus far, most of the relevant
works in the literature lack a method to prevent the surface oxidation of graphene; as a
result, a high defect density cannot be avoided. Additionally, the process uses graphite-
bulk or graphite rods as raw materials; unlike graphite powder, the higher cost and lack
of ease of self-filling prevents the electrochemical exfoliation approach from achieving
the continuous production mode. Moreover, the electrolyte cannot stabilize the
exfoliated graphene during the process, thus hindering the continuous collection of as-
exfoliated graphene.

In this work, we demonstrate a conceptually continuous electrochemical method for the
exfoliation of graphite powder using a modified electrolyte with melamine additives.
The procedure enables an increase of the production yield to ~20 wt % with a lower
defect density. The melamine derivatives serve multiple purposes during this process.
First, the NH, groups of melamine exhibit extensive interaction with the graphene
surface, forming a hydrophilic force normal to the graphene basal plane, which
facilitates the exfoliation of graphite. Second, the as-exfoliated graphene is in-situ
encapsulated by the melamine molecular, preventing further oxidation from acid species,
thereby maintaining the high graphitic networks of graphene. Third, the melamine-
modified graphene exfoliated from graphite readily forms a stable dispersion, which
promotes subsequent collection and purification. Using this modified process, graphene
sheets with the highest C/O ratio of 26.1 (oxygen content of 3.68 atom %) and a large
crystalline size of 36.2 nm were obtained. A transparent conductive film made using
these graphene flakes exhibits a conductivity of 13.6 kOhm/sq (at T: 95.2 %), which is
superior to the conductivities of rGO and electrochemically exfoliated graphene films.®

The properties of high-efficiency production in a continuous manner of the melamine-
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modified method allow for an increase of the production yield as high as1.5 g/hr. The
graphene-based polymer composites(graphene/PVB) exhibited an electrical
conductivity of 3.3x 10° S/m at a loading fraction of 0.4 vol%. Overall, our findings not
only shed new light on the fast and continuous production of graphene but also provide
a new strategy to obtain excellent-quality graphene via molecule-assisted exfoliation
and in-situ encapsulation. This fast and cost-effective approach paves the way to

practical large-scale production of high-quality graphene.

RESULTS AND DISCUSSION

In this work, the electrochemical exfoliation of graphite was performed in an electrolyte
comprising sulfuric acid and various amounts of melamine additives. Figure la
illustrates the experimental setup, in which high-crystallinity bulk graphite was used as
the electrode and the source material for electrochemical exfoliation of graphene. Two
graphite electrodes were placed parallel to each other with a separation of 8 cm. The
electrolytes were based on aqueous acids(H,SO4 in DI water) with various melamine
additives(see supporting materials S1 for the details). For example, H,SO4 solution
(mixture of 6.5 g of 98% H,SO,4 were diluted in 100 mL of DI water) with melamine
additives of 20 mL/10 mL was used as the electrolyte. The static voltage bias was
ramped from 0 V to +20 V on the graphite electrode. As demonstrated in our previous
work,” the long-term operation of a single step voltage normally leads to highly
oxidized graphene sheets. To avoid long-term oxidation, the optimized procedure was
modified to apply the voltage for 5 min, and then the voltages were applied by
alternating between +20 V and -20 V, until the desired amount of graphene sheets was

obtained. Figure 1b shows the electrochemical exfoliation process after 5 min and 15
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min. When the graphite was subjected to static voltage, it began to expand and then
became dissociated. We noticed that the electrochemically exfoliated graphene with
melamine additives is highly efficient and the as-exfoliated graphene sheets can be
readily suspended in electrolyte solution(Figure 1c). The exfoliated products were
washed with a large amount of DI water until the pH value reached~7.0; they were then
collected using a 100 nm porous filter and dried. The amount of exfoliated graphene
with melamine additives was 20.3 wt% greater than that of the case without the
additives, indicating that melamine molecules can efficiently facilitate the exfoliation of
graphene from graphite. From the viewpoint of molecular functionalization, a plausible
mechanism is proposed to explain this phenomenon. Figure 2 schematically illustrates
the exfoliation mechanisms with and without melamine in the electrolyte. On one hand,
in the case of the electrolyte without melamine; when the graphite is subjected to static
bias, the sulfate ions(SO%) gradually intercalate into the graphite interlayer spacing and
directly functionalize the graphene basal plan, leading to severely oxidized graphene
sheets. On the other hand, for exfoliation using the electrolyte with melamine additives,
the melamine molecules were spontaneously absorbed on the graphite basal plane due to
the extensive interaction of their NH, groups and the n- 7 interaction between graphene
and melamine. During the exfoliation process, the sulfate ions began to intercalate into
the graphite, resulting in a hydrophilic force(normal to the basal plan) from the graphite
surface, thereby facilitating the exfoliation of the top graphene sheets from the graphite.
Moreover, the as-exfoliated sheets were in-situ encapsulated with melamine molecules,
thereby preventing further oxidation due to the acid species. By repeating such
mechanisms, the encapsulated graphene can be subsequently exfoliated from the

graphite and readily dispersed into the electrolyte due to the high solubility of melamine
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in water. The final product can be collected and purified with DI water and then dried
for further characterizations.

Figure 3a shows the morphology of the as-prepared graphene as determined by scanning
electron microscopy(SEM). The magnified image shown in Figure 3b reveals the clean
surface of graphene with winkle features, suggesting that the obtained graphene sheets
were thin and of high purity, without many contaminants. The results of energy-
dispersive X-ray spectroscopy(EDS) characterization (see supporting FigureS2 for
details) indicate that the amount of impurities is less than 1.2 %. Transmission electron
microscopy (TEM) was used to evaluate the crystalline quality of the as-prepared
graphene sheets and the graphene. Figure 3c shows the typical TEM image for the
exfoliated graphene sheet, which appears continuous and of uniform thickness over a
large area. The corresponding selected area electron diffraction pattern(SAED) exhibits
a typical hexagonal diffraction pattern, indicating the high crystalline quality of the
graphene sheet. Figure 4a shows a typical optical image for the obtained graphene sheet
on a clean SiO; substrate. The average lateral size of sheet was approximately 18 pm,
which is significantly larger than that of the graphene sheet obtained by shear or liquid-
phase exfoliation methods. The representative AFM image for a graphene sheet shows a
mean thickness of 1.76 nm (Figure 4c), indicating that the graphene sheets are a few
layers(<3 layers) in thickness. The thickness distribution was studied by statistical
analysis for 45 graphene sheets(Figure 4d), revealing that over 90% of the sheets were
less than 3.5 nm in thickness.

During the exfoliation procedure, the melamine molecules in-situ absorb onto the
graphene surface, which facilitates the exfoliation of graphite and promotes stabilization

of the as-exfoliated sheets in the electrolyte. Melamine was found to be readily washed
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away from the products by DI water. XPS characterization was used to confirm the
amount of contamination due to N atoms on graphene after being washed. Figure 5a
shows the correlation between N content and washing cycles, indicating the fact that the
N content was less than 0.96 at% when subjected to five cycles of flushes.

Figure 5b shows the Raman spectra for the starting material of bulk-graphite and the
exfoliated graphene sheet with and without melamine additives. Note that the selected
graphene sheets analyzed here were of a thinness lower than 1.8 nm by AFM
characterization (on SiO,/Si substrate). The indicated G peak (at ~1580 cm'l) and the
2D peak(at ~2700 cm™) are characteristics of the sp* C=C bonds (graphitization) in
graphene.”” ™’ The D peak(at ~1350 cm™) is related to non- sp”carbon bonding, such as
that of lattice disorder, structure defect, or functional group bonding.** *'The case
without melamine clearly shows a remarkably intensified D peak, indicating the
introduction of lattice disorder. Moreover, the G peak width is broadened, and its
shoulder D' peak(at ~1623 cm™) is pronounced, which is attributed to the intra-valley

resonance of phonon scattering,** indicating that the sp’ carbon bonding is likely due to

the oxygen functionalized groups in acid solution during the electrochemical exfoliation.

In contrast, the exfoliation with melamine additives shows a lower-intensity D' peak,
and the intensity ratio of the D and G peaks ((I(D)/I(G)) is ~0.20-0.54, which is much
smaller than that without melamine additives (~0.41-0.92)(Figure 5c) and reduced
GO(~1.1-1.5),” suggesting that the low defect density of graphene can be obtained with
the use of the additives of melamine. Moreover, the 2D/G ratio has been shown to be
related to the recovery degree of sp” C=C bonds. The 2D/G for the case of melamine
additives(~0.25) is higher than that with typical electrochemical exfoliation

process(~0.20) and is significantly higher than those of reduced GO, indicating the high
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degree graphitization of the carbon network. From Figure 5d, we estimated the
crystallite size (L,) and the distance (L;) between lattice defects of the graphene basal
plane.44'46 The L, varies inversely with the acquired (I(D)/I(G) from the Raman
spectrum: (I(D)/I(G)=C(A)/ L,, where C(L) is the constant related to the excitation
wavelength used in the Raman spectrum.**The estimated L, for the case with melamine
additives is 36.3 nm on average, which is higher than that of the case of the electrolyte
without melamine(16.4 nm) or the highly reduced GO(~1-4 nm)”?, and this value is
comparable to that of the high-quality noncovalently modified graphene obtained via
the ball-milling approach.**In addition, the L, for melamine(16.7 nm) is higher than that
without additives(11.1 nm), suggesting the low defect density and higher graphitization
of crystalline graphene. The XPS characterization data shown in Figure Se,f of the Cls
binding energy profile proves that there exist fewer oxygen-containing functional
groups(such as C-OH(285.2 eV), C=0(286.7 eV) and COOH(289.8¢V)) for the as-
prepared graphene with melamine, which is consistent with the aforementioned higher
crystalline size of graphene. The calculated C/O ratio of 26.7(i.e., oxygen content of 3.6
atomic %) for the case of melamine is significantly higher than that of electrolyte
without additives(15.98) and those reported for rGO and electrochemical exfoliated
graphene.n’ 34,47 Moreover, the XRD patterns on exfoliated graphene were characterized

as shown in Figure S4. It is clearly seen that a sharp and high intensity peak (002) at about
26° were observed for graphite(raw materials), indicating very high degree of crystallinity
with a derived interlayer spacing of 0.334 nm. On the other hand, the XRD pattern on the
exfoliated graphene shows a relative broad peak at about 25.7 °, indicating the high
crystallinity of exfoliated graphene with interlayer spacing of 0.345 nm. The result represent

the exfoliated graphene by this approach is of high quality.The observed highly crystalline

graphene obtained using the method with melamine additive is attributed to the
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aforementioned mechanism, where the insitu encapsulated graphene, by melamine
molecules during the electrochemical exfoliation process, prevents the further oxidation
from the acid species.

To confirm the graphitic structure in as-exfoliated graphene by melamine additive
electrolytes, the transparent conductive film(TC film) was made on a quartz substrate to
evaluate the electrical properties. In brief, the transparent graphene film was prepared
by a graphene suspension at a concentration of 0.2 mg/mL in DMF, followed by a self-
assembly and drying process, as reported in previous work.’* Figure 6a shows the
photograph and optical image of graphene film on a substrate, where the graphene
flakes are interconnected with intersheet junctions to form a percolation-type thin film.
The samples of various conditions for study here were selected to have an optical
transparency of ~ 95.2 % (at 550 nm) by this simple self-assembly approach. The
measured sheet resistance values for various thin films are shown in Figure 6b. The
sheet resistance for the thin film made from melamine-derived graphene is ~21.8 kQ/o,
which is clearly lower than that of the thin film obtained via a conventional
electrochemical exfoliation process(~138 kQ/o).** The observed properties are
consistent with the aforementioned arguments from the Raman scattering study and the
XPS analysis, where the melamine-derived graphene preserved its high graphitic
structure, which is beneficial for increasing electrical conduction. Moreover, the
graphene with AuCl; doping is considered to be stable and represents a promising
approach for lowering the electrical resistance of graphene due to the increase of the
hole carrier concentration.”® In this case, the sheet resistance of the AuCls-doped
graphene film can be further lowered to ~13.5 kQ/o while maintaining its high optical

transmittance(i.e., ~95%).
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For particular applications, graphene, with its combination of extraordinary material
properties and its ability to be blended into various polymers, can be used to create a
variety of graphene/polymer nanocomposites that exhibit favorable electrical, thermal,
and mechanical properties. For example, graphene sheets can create a percolated
pathway for electron transport in a composite, thus making graphene/polymer
composites electrically conductive.” However, the conductivity significantly depends
on the loading amount of graphene and the graphene flake size as well as the uniformity
of dispersion of graphenein the polymer matrix. The reported works using extensive
functionalization of graphene with oxidized groups(i.e., epoxide and hydroxyl groups in
rGO) greatly facilitate the dispersion of graphene in polymers. However, the extensive
functionalization significantly degrades the high conductivity nature of graphene, thus
lowering the electrical conductivity of the composite. In our works, the prepared
graphene with high electrical conductivity and moderate oxygen groups on the graphene
in-plane is a suitable candidate for the formation of nanocomposites of high electrical
conductivity. Figure 7 shows the graphene-based nanocomposite using a solvent-based
strategy to disperse graphene in polyvinyl butyral(PVB). PVB has the advantages of
mechanical elasticity, sound dampening property, and the ability to protect of interiors
from fading. However, PVB is an electrical insulator by nature. Here, we modify PVB
to be electrically conductive via the addition of graphene. The PVB and as-prepared
graphene can each be well dispersed in N-Methyl-2-pyrrolidone(NMP), and then, the
two mixtures can be blended to form a graphene/PVB suspension in NMP, as shown in
Figure 7a(see the experimental section for details). The nanocomposite film with a
thickness of ~60 um was obtained by casting, followed by drying. The electrical

conductivity of the film is 3.3x10° S/m, corresponding to the electrical percolation
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threshold, with a graphene volume fraction of 0.46 vol%. Figure 7c,d shows the SEM

images, where the graphene flakes were uniformly distributed and embedded in the matrix

polymer. The electrically conductive nanocomposites prepared with our high-quality
graphene can potentially be used for electromagnetic and anti-electrostatic coatings and

conductive paints or as functional materials for 3D printing.

Another issue for the current limitation of graphene fabricated using the
electrochemical exfoliation approach is the low production yield and the lack of the
ability to be implemented in the continuous process required for industry usage. As
mentioned in a previous section, the melamine additives in the electrochemical
exfoliation process result in a hydrophilic surface on graphene, allowing for the
exfoliated graphene sheets to be readily well dispersed in aqueous solution. Therefore,
our process can be further modified to be used in a continuous production setup. Figure
7a illustrates the experimental setup for this continuous production concept, where the
starting materials of bulk graphite are replaced by a piston-operated container filled with
natural graphite powder(~20 g). Note that there was a Nynon filter(75 mesh)
encapsulating the bottom of the container to ensure that the electrolyte is able to flow
through the filter and into the graphite powder. Figure 7b shows the evolution of this
process: first, the graphite powder was subjected to a static bias of 20 V for 10 min.
Next, the voltage bias was turned off, followed by the operation of the piston to
complete one cycle. The exfoliated graphene flakes were clearly extracted out through
the underlying filter from the container when the piston cycle was operated. After
continuous processing for 30 min, the graphene suspension was collected via filtration
and purification. Figure 7c shows the image of the obtained graphene powder and its
suspension in NMP solution. The production yield is estimated to be 1.5 g/hr, which is
comparable to that of most of the liquid-based exfoliated approaches; however, our
approach maintains a larger flake size(15~30 pm) than these previously reported

approaches. Table S2 compares our method with other reported approaches. The quality
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and production yield is an order of magnitude higher than that of rGO. The C/O ratio
and yield arecomparable to those of most of the liquid phase exfoliation approaches,
while the flake size is 100 times larger. These results demonstrate that the melamine
additives in a modified electrochemical exfoliation approach can be used in a
continuous process and for a high production rate of high-quality graphene, which paves

the way for industrial-scale graphene synthesis for various applications in the future.

CONCLUSIONS

In conclusion, a rapid and continuous electrochemical method with melamine
additives in the electrolyte was demonstrated to efficiently exfoliate graphite into high-
quality graphene sheets. The melamine-induced hydrophilic force from the basal plane
facilitates the exfoliation of graphene and provides insifu protection of the graphene
flake surface to avoid further oxidation, leading to high yield and larger crystallite size
of the graphene sheets. The obtained graphene sheets are of high quality, with a C/O
ratio of 26.1 and a crystalline size of 36.2 nm. The TC film composed of graphene
sheets exhibit a conductivity of ~13.5K ohm/sq at 95% transparency. The
graphene/PVB nanocomposite exhibits a conductivity of ~ 3.3x10™ S/m at matrices of
0.4 vol%. Moreover, for the first time, a continuous production setup, using graphite
powder as the starting material, was demonstrated to provide a production yield of ~ 1.5
g/hr, which is significantly higher than the yields reported for other electrochemical
exfoliation methods. This work provide a novel strategy to obtain high-quality, larger-
size graphene sheets using a continuous production approach, which addresses the
current issue of low yield of graphene production via the electrochemical exfoliation

approach.

EXPERIMENTAL SECTION
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Electrochemical Exfoliation process :

For the description of the basic setup for preparing graphene via the
electrochemical exfoliation method, please refer to our previous work.** In this present
method, bulk graphite and graphite powder(Chuetsu Graphite Works Co.,Ltd.; 20 mesh)
were used as the starting materials for producing graphene. The ionic solution was
prepared by taking 6.5g of sulfuric acid(Sigma-Aldrich; 98%) and diluting it in 100 mL
of DI water. To study the effect of melamine-assisted graphene exfoliation, 10~200 g of
melamine(Alfa Aesar; 99%) was added into the electrolyte. The electrochemical
exfoliation process was performed by applying an alternating DC bias of £20 V (the
current is ~3A) for 10 min on each electrode. The graphene sheets were collected by
vacuum filtration with a 100 nm filter and then washed with 5 cycles (total 3 L) of DI
water to remove the acid specious and melamine residuals. After drying, the graphene
powder was suspended in DMF or NMP and further dispersed in water-bath sonication
for 5 min. To remove the unwanted graphite particles produced during the exfoliation,
the suspension was subjected to centrifugation at 3000 rpm for 30 min. The upper
portion was extracted for subsequent characterization studies and to be used in
applications. Here, the production yield was estimated by the weight ratio of the
purified graphene powder to the consumed graphite. To screen out these un-reacted
graphite particles, the purified graphene powder was obtained using a process of
dispersion, centrifugation and freeze drying. The production rate was estimated by the

ratio of the amount of graphene powder to the processing time(g/hr).

Preparation of transparent conductive films:
Prior to graphene film deposition, the receiving quartz substrates were first cleaned with
a Piranha solution to make the surface hydrophilic. Approximately 500 pL of graphene

suspension with a concentration of 0.2 mg/mL in DMF was dropped onto the substrate
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surface, followed by dropping of 300ul of DI water. The thin graphene films were
observed to become self-assembled at the solution surface. Next, the sample was dried
in a fume hood overnight, followed by baking at 120°C for 1 hr to remove the residual
DMF. Regarding the AuCls;-doped graphene film, gold chloride powder(Sigma-Aldrich;
99%) was first dispersed in nitromethane(Alfa Aesar; 98%) to form a 30 mM
solution(0.182 g in 20 mL). The solution,200 uL in volume, was dropped onto the
graphene film and allowed to rest for 1 min, followed by spincoating at 3000 rpm to
remove the residual solution.

Preparations of graphene/PVB nanocomposite:

To prepare the graphene/PVB nanocomposite, 0.1 g of PVB powder was mixed with 5
ml of NMP solvent using a magnetic stirrer and kept at 80°C until the powder was
completely dissolved in the solvent. Next, the graphene suspension(1 mg/5 mL in NMP)
was added into the PVB/NMP solution, followed by water bath sonication of the
mixture for 30 min. The prepared mixture solution was then poured into a Petri-dish and
baked at 100°C in a vacuum oven for 3 hr. The graphene/PVB composite was then

peeled off the dish.

Characterization:

The AFM images were obtained using a Veeco Dimension-Icon system. Raman
scattering spectral analysis was performed using a Horiba HR 550 confocal Raman
microscope system (laser excitation wavelength = 532 nm; laser spot-size ~ 0.5 um).
The Raman scattering peak of Si at 520 cm ' was used as a reference for wavenumber
calibration. The UV-vis-NIR transmittance spectra were obtained using a

spectrophotometer(Hitachi). The chemical configurations were determined using an X-




Nanoscale

Page 18 of 29

18

ray photoelectron spectrometer (XPS, Phi V6000). The XPS measurements were
performed using a Mg Ko x-ray source for sample excitation. The energies were
calibrated relative to the C 1s peak to eliminate the charging of the sample during
analysis. The SEM imaging was performed using a JEOL-6330F instrument, and the
TEM observations were performed using a JEOL-2010F instrument with accelerating
voltage of 200kV. The electrical conductivity measurements were conducted using a

four-point-probe system(FPSR100).
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Figure 1. (a)Schematic illustration of the setup and image of the electrochemical

exfoliation of graphite. (b)(C) Images of the process evolution of electrochemical

exfoliation from graphite for the cases of the electrolyte with and without melamine

additives, respectively.
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Figure 2. The schematic illustration of the mechanisms for the electrochemical

exfoliation of graphite with/without melamine additives. For the case of melamine

additives, the as-exfoliated graphene sheets were insitu encapsulated with melamine

molecules, thereby preventing further oxidation from the acid species.
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Figure 3. (a) SEM image of the surface morphology for the exfoliated graphene sheets
from graphite with the use of melamine additives during electrochemical exfoliation. (b)
The magnified images of (a). (c) The TEM image of a graphene sheet. (d) The
diffraction pattern of the graphene sheet taken from (c), indicating one set of the typical

six-fold symmetric diffraction pattern of the graphene lattice.
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Figure 4. (a) The typical optical image of a graphene sheet on a SiO, substrate. (b) The
typical AFM image of an exfoliated thin graphene sheet. (¢) The corresponding AFM
height profile for a graphene sheet in (b) (~1.76 nm in thickness). (d) Histogram of the
statistical thickness analysis for the exfoliated graphene sheets of 47 randomly selected

sheets characterized using AFM measurements.
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Figure 5. (a) The correlation of nitrogen contamination and water flush cycling. (b) The

Raman

spectra for graphite and as-exfoliated graphene with and without melamine

additives. (c) Comparison of the Raman D/G and 2D/G ratios for the cases of the

electrolyte with and without melamine additives. (d) The estimated graphene crystallite

size (L,) and the distance between defects(L;) for the cases with and without melamine
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additives. (e) and(f) XPS Cls spectra for graphene without and with melamine additives,

respectively. The inset shows the corresponding C/O ratio.
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Figure 6 (a) The optical image of the graphene self-assembled percolation film. (b)
Statistical ensemble sheet resistance data for graphene films made from various
conditions. The data are selected for the graphene film with optical transmittance of

~95.2 % at 550 nm.
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Figure 7 (a) Images of the PVB and graphene in NMP suspensions as well as the
mixture of both solutions. (b) The prepared graphene/PVB composite film exhibits
electrically conductivity. The inset is the image for this composite film.(c) The SEM
image on graphene/PVB composite film. (d) The enlarged image indicating the

graphene sheets well dispersed and embedded in matrix polymer.
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Figure 8. Concept of the continuous production of graphene.(a) Illustration of the

scheme and image of the facility setup where the piston-operated cylinder was loaded

with graphite flake powders for the electrochemical exfoliation process. (b) The

evolution during the exfoliation process. After 10 min of processing, the applied voltage

was turned off. Next, piston cycling was performed to extract the exfoliated graphene

flakes. (c) The photo image of the obtained graphene powder and its suspension in NMP

solution.




