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Solution Plasma Exfoliation of Graphene Flakes from Graphite Electrodes
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ABSTRACT

Graphene flakes were successfully produced by a simple method named solution plasma process. The
plasma was generated between two carbon electrode tips which were immersed in distilled water. The
production approach is a continuous energy accumulation induced by focusing of plasma streamers on
the surface of electrodes. This focused energy makes thermal gradient zones where a proper energy
level is produced. Concisely, the energy is enough to extract graphene layers from the graphite
structure but not enough to break covalent C—C bonds within the graphene sheets. Optical emission
spectroscopy results showed the decomposition of carbon from the graphite electrodes with different
intensities of the carbon species. Transmission electron microscopy images confirmed hexagonal
honeycomb structure of the graphene flakes. Furthermore, broadening of the 2D band in the Raman

spectra revealed that the graphene flakes were disordered multilayers.

Keywords graphene flake — low temperature plasma — carbon exfoliation
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1. Introduction

Graphene, an allotrope of carbon whose structure is a single planar sheet of carbon atoms arrayed in a
honeycomb pattern, has attracted considerable interest from many researchers over the past decade.
Since Novoselov et al.! have introduced graphene exfoliation technique from graphite using a simple
duct tape (‘scotch tape’ or ‘peel-off” method) in 2004, its superior properties such as extremely high
mechanical strength?, large specific surface area® high transparency*> and high thermal conductivity®
have been intensively studied. Based on these properties, graphene is an alternative material for touch
screens, capacitors, fuel cells, batteries, sensors, transparent conductive films, high-frequency circuits,
toxic-removal materials, and flexible electronics.* 7’

In addition to the peel-off method, graphene was fabricated by chemical methods such as chemical
vapor deposition (CVD) and chemical exfoliation. The growth by CVD method provides graphene with
excellent electronic conductivity although the method has the disadvantage of potential contamination
on the surface by different organic compounds, which were commonly applied during the transfer on

the target substrate.!0-13

Graphene fabricated by chemical exfoliation satisfies the cost and mass
production requirements for industrial use,!*"1¢ especially in the application of printed electronic
devices due to its stability in solution.!”-!8 However, the material can barely be used in large area
electronic panels and the conductivity is low compared to that of the CVD-graphene because many
defects are produced during exfoliation process. !’

Nanocarbon allotropes as nanofibers and multiple- or single tubes are usually synthesized in low
temperature plasma, plasma assisted CVD, and arc discharges. Plasma-assisted growth and processing
of graphene in recent years offer the possibility to synthesize graphene at lower temperatures. The use
of plasma for graphene synthesis is quite challenging since it is necessary to simultaneously deliver
small amounts of precursors and enable fast and uniform nucleation, while avoiding any damage due to
ion bombardment.?-2] Magnetically enhanced arc discharge has been used for the production and
separation of graphene flakes and single wall nanotubes during one-step process.””

Another important physical approach to synthesize nanocarbon allotropes is the application of

electrical discharge in liquid where the carbon precursor can be either the electrode material or the
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liquid media. Carbon onions,?3 carbon nanohorns and nanotubes,”* 7 and metal nanoparticles covered
by carbon?3-2 were synthesized in plasma surrounded by a liquid.

Generally, Van der Waals forces between graphite layers are weak and significantly smaller than that
of covalent C—C chemical bonds in the planes. Thus in order to produce graphene from graphite, it is
important to control the energy during the process so that the Van der Waals force between the layers is
overcome but the molecular structure consisting of the covalent C—C bonds remains intact. The energy
of the conventional arc plasma exceeds the C—C bond energy and results in the destruction of both
interlayer bonding and molecular structure of the graphite. Low-energy plasma in liquid phase may
selectively overcome the Van der Waals force while maintaining the aromatic structure. Therefore
well-controlled plasma in liquid may exfoliate graphene from graphite electrode without creating many
defects in the structure. In this paper low-energy plasma in liquid termed solution plasma process (SPP)
was used for the graphite exfoliation.

SPP is a non-equilibrium, cold plasma that induces extremely rapid reactions by the present of
reactive chemical species, radicals, and UV radiation. SPP can be carried out at atmospheric pressure,
within the glow discharge limits, and it permits a good level of control to be exerted over the chemical
reactions.?0-3! The process has been reported as an innovative and simple method for the synthesis of
various nanoscale materials.>>-3¢ In this study, low-energy plasma in the liquid phase is the most

important characteristic that allow the synthesis of graphene flakes in water by the SPP exfoliation.

2. Experimental procedure

A schematic representation of the experimental setup is shown in Fig. 1. Graphite electrodes with
purity of 99.9999% (Nilaco Co. Ltd.) were used as carbon precursor. The tips of the electrodes were
cut in round-edge cone shape from 3 mm of the edge. The diameter of the electrodes was 3 mm and the
inter-electrode gap was 0.5 mm. The discharge was generated in a beaker between two graphite
electrodes using a bipolar pulsed power supply (MPS-R06K010-WP1-6CH; Kurita Co. Ltd.) operating
at a voltage from 1 to 2 kV, a frequency from 10 to 60 kHz, and a pulse width from 1 to 4 ps, in
distilled water with 0.06 pSem™ conductivity. Due to aggregation, the samples (carbon materials) were

resuspended in ethanol before carrying out the analysis.
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The obtained nanocarbon materials were measured by Raman spectroscopy. The samples were
prepared by blending with ethanol prior to drop on a silicon wafer. After the sample was dried, visible
Raman spectroscopy was conducted at room temperature using a 532.5 nm laser (NRS-1000; JASCO).
The laser power used for nanocarbon material analysis was 10 mW. Rayleigh scattering was eliminated
by a notch filter with 100 cm™ bandwidth. The Raman spectra were collected in different points within
an area of about 1 mm?.

The morphology and selected area electron diffraction (SAED) of the nanocarbon materials were
observed by transmission electron microscopy (TEM) (JEM-2500SE; JEOL) with 200 kV accelerating
voltage. Samples for the TEM analysis were prepared by placing a drop of ethanol containing the
carbon material on a holey Cu TEM grid. During TEM observation, the information of the suspended
carbon materials on the edge of the amorphous carbon film from the Cu grid was carefully collected.
The high resolution TEM (HRTEM) was performed by recording the images close to the Scherzer
defocus and the sample height was adjusted to keep the objects focused in the optimum lens current. A
beam current density of ~10 A cm” used for HRTEM observation using a CCD camera brings a
temperature increase for a few degrees. This amount of beam current was reported to have little
influence to the samples.3* The differences between carbon structure were obtained from the electron
energy loss spectroscopy (EELS) measurements of the carbon edge at 284 ¢V in HRTEM mode using a
Gatan Imaging Filtering device operated by Filter Control and Digital Micrograph software. The EELS
spectra were recorded with 0.2 eV per pixel and 2 mm aperture.

Time-averaged optical emission spectra (OES) of the discharge were observed with an optical
spectrometer (HR2000+CG-UV-NIR; Ocean Optics) through a 5 mm diameter quartz window in the
spectral range from 200 to 1100 nm and a resolution of 0.1 nm.3” The discharge voltage and current
were monitored using a high-voltage probe (P6015A; Tektronix) and a current probe (model 6595;
Pearson Electronics), respectively, on an oscilloscope (DS1202CA; RIGOL). During the synthesis, the

liquid temperature was measured with an alcohol thermometer.

3. Results and discussion

3.1 Nanocarbon structure and morphology analysis
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Fig. 2 shows a schematic graph of the structural changes of the nanocarbon materials in dependence
with the frequency and pulse width of the applied high voltage. Low energy discharges, which were
generated at low frequency and low pulse width led to the formation of graphene flakes, whereas high
energy discharges generated carbon onion structures. In the middle range, both graphene flakes and
carbon onions were observed. Study on various methods of graphite exfoliation in liquid phase, for
example, for graphene-ink preparation’®, and dispersion of graphene in water-surfactant solutions’
have shown that the defects in graphene sheets were related to the edges but not to the structural
changes as occurs in the SPP.

Typical TEM, HRTEM and SAED images are shown in Fig. 3(a)—(f). Spherical carbon onions are
shown in Fig. 3(a)—(c) and plain layered graphene flakes are shown in Fig. 3(d)—(f). The multiple
nested onion-like particles displayed in Fig. 3(a) have diameters from 2 to 16 nm. In the case of
graphene flakes, a large quantity was observed. However, most graphene flakes were disordered
multilayers (see Figure S1 in supplementary information) “0. Therefore, the estimation of the size
distribution and number of layers in the flakes could not be conducted here. In Fig. 3(c), the diffraction
image of the carbon onions looks like a ring pattern formed by many diffraction spots generated by
different crystal orientations. In contrast, in Fig. 3(f), the diffraction pattern of a suspended graphene
sheet shows distinct spots.

The EELS spectra of the carbon edge of the carbon onions and graphene flakes are correspondingly
shown in Fig. 3(g) and (h). The excitation of the carbon K-shell electron (1s) to empty antibonding 7*
and o* states is at ~285 eV and ~290 eV, respectively. In the case of the carbon onions the broad
transition 1s-o* indicates a higher degree of disorder in this material than that of graphene flakes. The
ratio between intensities of the absorption line 1s-n* and 1s-c* (r) is related with the relative amount of
sp’ and sp’ bonds in the material. *! From EELS spectra, r ratio was found to be smaller in the case of
the carbon onions than that of the graphene flakes, which indicates a higher disorder degree in carbon
bonds.

Raman scattering, which is often used for monitoring the structural changes of carbon materials,
provides additional information of the synthesized carbon in the SPP. Fig. 4(a), (b) and (c) show that
both spherical carbon onions, graphene flakes and graphite electrode display three prominent peaks at
~1350 cm™, 1580 cm ™ and 2720 cm™ known as D band, G band, and 2D band, respectively.*>43 In

Fig. 4(a), the D band of carbon onions is wider and much higher than that of graphene flakes, which
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indicates that the carbon onions contain more disordered sp’ carbon as well as defects.*> The G band
linewidth of the carbon onion is 58.6 cm™', which is wider than that of the graphene flakes where the
value is 18.6 cm™'. The spectrum of graphene flakes is similar to graphite electrode as presented in Fig.
4(c), which indicates that the graphene flakes were formed without destroying of carbon structure. The
ratio between the intensities of D band (/p) and G band (I;) was additionally calculated. The Ip/1s
ratios in carbon onion and graphene flakes were 0.75 and 0.16, respectively. Due to the defects and
disordered structure in carbon onion, the //I; ratio was higher. The distribution of the spectra collected
within an area of about 1 mm?® of graphene flakes is illustrated in Fig. 4(d)—(g). The analysis results
showed that a precise control of the lateral sizes and the thickness of the graphene sheets cannot be

obtained as was reported using a centrifugation procedure.***>

3.2 Plasma composition and parameters

Optical emission spectra and images of plasma during the synthesis of carbon onion and graphene
flakes are shown in the Fig. 5(a) and (b), respectively. The synthesis of the carbon onions resulted in
burning-like white colored plasma, accompanied with a lot of bursting bubbles and radiant heat which
were detected nearby the experimental beaker. In contrast, purple colored-plasma and small amount of
tiny bubbles were observed during the synthesis of graphene flakes.

In Fig. 5(a), the optical emission spectrum resembles typical arc plasma spectrum from blackbody
radiation punctuated by the emission of many excited carbon species such as C,, C, CO and CH at high
relative intensity. A large amount of carbon was generated from an erosion of electrodes before
reacting with H and O atoms produced from the water dissociation, and generating CO and CH radicals.
In the case of the graphene flakes production (Fig. 5 (b)), the peak at 247.8 nm corresponding to the
excited C atom radical has a spectral intensity much lower than that of in the case of the carbon onions
production. Other carbon radical peaks were not detected in the OES during the graphene flakes
synthesis. The only observed radicals were H, O, and C atoms. The difference in the relative intensities
indicated different contents of the gas bubbles surrounded by the solution and implied that gas bubbles
formed during the synthesis of the carbon onions predominantly consist of carbon vapor, carbon
monoxide, hydrogen and oxygen, whereas gas bubbles formed during the synthesis of the graphene

flakes mainly consists of water vapor, small amount of hydrogen and oxygen gases, as well as carbon
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monoxide. The electron excitation energy was estimated from the ratio of hydrogen emission
intensities of Ho and Hy, at wavelengths of 656.3 and 434.0 nm, respectively, and was found to be 0.6
and 1.4 eV in the case of plasma used for the graphene flakes and carbon onions synthesis, respectively
(Table 1).

From the spectrum shown in the Fig. 5(a), the temperature, 7, of the electrode tip was

calculated by using Wien’s law:

_2.898x10°
max T

where A is the wavelength corresponding to the maximum blackbody radiation distribution. In Fig.
5(a), Amax 18 ~630 nm and 7 was calculated to be 4600 K, which is higher than the melting point (3825
K) and the boiling point (4489 K) of graphite.*® The thermal energy of the gas in the vicinity of the
electrode is 0.025 and 0.39 eV in plasma used for the graphene flakes and carbon onions synthesis,
respectively. The surrounding water temperatures during the synthesis of carbon onions and graphene
flakes were 373 K and 303 K, respectively (Table 1).

The input energy into plasma can be calculated using the current and voltage waveforms (see Figure S2
in the supplementary information) of the relation as shown below:

W=VxIxt

where W, V, I and t represents the energy, voltage, current and time, respectively. The calculated input

energy per pulse in the case of the carbon onions formed at 60 kHz and 2 ps was 1.07 x 10 J and in

the case of the graphene flakes produced at 20 kHz and 2 ps was 1.17 x 107 J. For a fixed frequency,
the values of energies per second were 82.6 and 14.1 W for the formation of the carbon onions and
graphene flakes, respectively. Although the energy per pulse was almost the same, the input power
considerably differed for different carbon structures. The higher energy per second, which resulted in
carbon onions synthesis, can explain the Joule effect which determines the heating of the graphite tip

electrode and the blackbody radiation.

3.3 Synthesis mechanism

Based on these results and calculations, a synthesis mechanism of nanocarbon materials can be
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developed. This is described in the following paragraphs and is summarized in Fig. 6.

3.3.1 Plasma in water

Mechanism of the bubbles formation is schematically represented in Fig. 6 (a). The initial input
electrical energy is converted into thermal energy on the electrode surface, which heats water
molecules and leads to vaporization. The gas bubbles nucleate at atmospheric pressure and plasma is
generated inside the bubbles due to the high voltage applied between electrodes. Plasma is sustained
and becomes stabilized under the bipolar pulsed voltage which generates a bipolar pulsed current. It is
supposed that in the ionized gas a conduction channel is formed between electrodes by primary
streamers.

In basic terms, the shape of plasma can be classified as corona discharge, glow discharge, spark
discharge or arc discharge. In this experiment, spear-shaped electrodes were used, resulting in the
plasma shape being very close to corona discharge with a high potential gradient. Nevertheless, the
corona-shaped plasma was not dispersed and then streamers formed under atmospheric pressure due to
high voltage and close inter-electrode gap in relatively high molecular density. Plasma can hardly
progress to arc discharge using the bipolar power supply because of the short discharge time
determined by the pulse width from 1 to 4 ps, which created non-equilibrium plasma (i.e. the
temperature of the electrons is much higher than that of the ions). Thus, in this experiment plasma
starts from corona discharge at the beginning and progresses to spark discharge with an energy
accumulation at the side. The streamers formed inside the bubbles between the immersed electrodes in
water generate ions and radicals from atoms and molecules, which accelerate the chemical reactions.

In this plasma, the ions were not strictly thermal (meaning the gas temperature) since the electric
field during the plasma operation was about 20 kV cm ', due to a mean free path less than 1 um at
atmospheric pressure, which could result in average energies for ions of about 1 eV. The average

electron energy corresponding to this electric field is about 2 eV.*’

3.3.2 Carbon onions synthesis
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In the case of the synthesis of the carbon onions (Fig. 6 (b)), the measured temperature of the
electrode tip was 4600 K, which is higher than the melting and boiling points of graphite. Therefore, in
zone O1, graphite was vaporized and carbon atoms expand from the center of the bubble to the outer
regions due to the higher temperature. A small fraction of carbon atoms were sputtered from the
graphite electrode by fast ions from plasma. Zone O2 was the region where the carbon vapor quenches
because of the temperature gradient. The expanding carbon atoms gradually lost their energy and
recombined with each other. At this point, the final shape of the carbon atoms combined into spherical
onion because of the low surface energy. Zone O3 is the region where the remaining carbon atoms
come in contact with water vapor forming H, and CO. In plasma phase the fast electrons were
responsible for the C—C bond dissociation which required 6.5 eV energy, atomic, and molecular

excitation and ionization processes. %

3.3.3 Graphene flakes synthesis

Based on the study carried out by Schabel and Martins, the exfoliation energy of graphite sheets

was less than 1 eV.*” The ion energy around 1 eV was enough to produce graphite exfoliation*. In Fig.

6 (c), the gas bubbles for the graphene flakes formation were smaller and have a lower temperature
than that of the carbon onions formation due to lower input power. During the graphene flakes
formation, the dissociation of the C—C bond occurred in zone G1 on the electrode surface because of
the focused plasma energy despite the smaller amount of carbon vapor and the lower vapor pressure
compared with the onion case. In zone G2, the graphene flakes were exfoliated due to the temperature
gradient on the electrode surface, which implied that the energy in the zone was not sufficient to break
the covalent C—C bonds but was sufficient to overcome the Van der Waals forces and separate the
graphene layers. Zone G3 is the region where water vapor was transported from the bubble surface to
the bubble center and where H and OH radicals were generated from the dissociation of water
molecules in plasma. Dissociation, ionization, and excitation processes were produced by the fast
electrons present in the plasma gas phase. The necessary energy to get excited carbon atoms from the
electrode was about 12.5 eV because the exfoliation process needed 1 eV, the dissociation of the C—C
bond needed 6.5 eV, and the excitation of carbon atom from ground state 'P° to excited state 'S (See

50

supplementary information Table S) required about 5 eV.”" Although the photon energy in the SPP can

9
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be about 5-6 eV, the photon flux was small and a photoexfoliation process of the graphite was

negligible as compared with the exfoliation produced in plasma by ions and electrons.”!

4. Conclusion

In summary, we have synthesized two different types of nanocarbon from graphite electrode:
graphene flakes and carbon onions, by controlling the energy input from a bipolar pulsed power supply
during solution plasma process in water. The energy per pulse delivered in plasma was similar for both
carbon onions and graphene flakes synthesis. However, the power delivered in plasma was much
higher in the case of carbon onion synthesis. The main process to produce the carbon onions is carbon
vaporization due to Joule effect and carbon recombination assisted by plasma. In order to produce
graphene flakes, the graphite electrode was exfoliated in plasma. The diameter of the carbon onions
was ranged from 2 to 16 nm and the graphene flakes were hundreds of nanometers in size.
Unfortunately a precise control of the lateral sizes and the thickness of the graphene flakes was not
realized. The HRTEM, TEM, and EELS analysis confirmed the morphology and the structure of the
graphene flakes and carbon onions. The Raman spectra of the graphene flakes indicated that it was

disordered multilayers.
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Fig. 1. Experimental setup for the solution plasma processing.
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Fig. 2. Nanocarbon structural changes versus the experimental conditions measured from the
waveforms of the bipolar pulsed power supply. The symbols are as follows: G: graphene flakes; O:

onion structure; M: mixture of the carbon in both forms.
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Fig. 3. Morphology images and diffraction patterns observed by TEM, HRTEM and SAED. (a) TEM
image, (b) HRTEM image, and (c) SAED pattern of carbon onions synthesized at 60 kHz frequency
and 2 ps pulse width and (d) TEM image, (¢) HRTEM image, and (f) SAED pattern of graphene flakes
obtained at 20 kHz frequency and 2 ps pulse width. Carbon edge of the EELS spectra corresponding to
(g) carbon onions and (h) graphene flakes. The excitation of the carbon K-shell electron to empty

antibonding 7n* and ¢* states is at ~285 eV and ~290 eV, respectively. The carbon edge is at 284 eV.
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Fig. 4. Raman spectra of (a) carbon onion, (b) graphene flakes, and (c) graphite electrode on SiO,/Si

substrate measured a laser excitation wavelength at 532 nm. Statistical analysis of the Raman spectra of

the graphene flakes within an area of about 1 mm? of (d) G band, (e) 2D band position, (f) ratio Lp/Ig,

and (g) FWHM of the 2D band. The y-axis in the plots (d)-(g) represents the percentage of the total

number of measured spectra.
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Fig. 5. Optical emission spectra and images of plasma generated during the synthesis of (a) carbon
onion and (b) graphene flakes (Spectra identification is given in the Table S in the Supporting

Information). On the right upper corners, images of plasma are inserted.

18



RSC Advances

(a) Formation of bubble

N\ Plasma
\

) ====» C vapor or
Graphite flakes

~>
y \V7/ ——> H,0 vapor

GO

(b) Onion (c) Graphene

i ... Zone O3 Zone G3
g N Zone G2
Zone O2
t/ Zone G1
: s
w

— o

. 4800K I
T e—— 373K o 303K

Zone O1 : C vapor expansion Zone G1 : C-C bond decomposition

Zone O2 : C, + C,, — Onion Zone G2 : exfoliation of graphite

Zone O3 : H,0 +C — H, + CO Zone G3 : transfer of H,O vapor
H,O—-2H +0O H,O0—-2H +0O
H+C—CH

Fig. 6. (a) Proposed mechanisms for the bubble formation on the graphite electrodes discharged in

distilled water. Reaction zones according to temperature distributions during the synthesis of (b) carbon

onions and (c) graphene flakes.
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Table 1. Parameters of plasma derived from the experimental data.

RSC Advances

Parameter Graphene flakes Carbon onions
Electrode temperature T’ 300K 4600 K

0.025 eV 0.39eV
Electron excitation energy 6932 K 16306 K

0.6 eV 1.4 eV

Input energy in plasma

At 20 kHz and 2 ps

1.17x107 J

At 60 kHz and 2 ps

1.07x107 J

Power

14.1W

82.6 W
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