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Chapter

Ultrasonic-Assisted Cathodic
Plasma Electrolysis Approach
for Producing of Graphene
Nanosheets

Nguyen Van Truong, Nguyen Quoc Dung, Nguyen Nhat Huy,
Pham Van Hao and Dang Van Thanh

Abstract

In this chapter, we review on the production of graphene by ultrasonic-assisted
cathodic plasma electrolysis approach which involves a combination process of
conventional electrolysis and plasma at ambient pressure and moderate temperature.
Firstly, we review on the techniques for electrochemical preparation of graphene.
Then, we briefly describe plasma electrolysis approach for producing of graphene. The
mechanism, advantages, and disadvantages of this technique are discussed in detail.

Keywords: ultrasonic assisted, graphene nanosheets, cathodic electrochemical
discharge, plasma, electrolysis

1. Introduction

Over the past decades, graphene is one of the hottest topics in many research
tields. Up to date, a numerous of possible technological applications using graphene
has been explored for energy, storage, optoelectronics, energy conversion, solar
cell, flexible devices, and photonics [1-3]. Graphene is currently prepared by two
typical top-down and bottom-up approaches with their advantages and drawbacks.
For instance, chemical vapor deposition, classified as a chemical method, is an
outstanding method because graphene can be obtained with high quality. However,
it needs specific substrates, high temperature and vacuum, and limited transfer
requirement while producing fewer quantities due to the slow process [4]. In terms
of top-down technique, the most commonly used Hummer’s method for graphite
chemical exfoliation requires concentrated acids and strong oxidants for pretreat-
ing and is then followed by a sonication step [5]. Unfortunately, this method has a
key bottleneck such as graphene structure containing many defects or functional
groups, being time-consuming, and harsh oxidation condition. Furthermore,
electrochemical exfoliation is emergently proven to be promising as a sustainable
and green method for large-scale graphene production since it provides a single step
and is user-friendly at moderate conditions [6].

Sonoelectrochemistry, an introduction of ultrasonic irradiation into electro-
chemical method, has become a potential approach for synthesizing nanomaterials
owing to its simple step and being environmentally friendly [7]. Fundamentally, the
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generation of cavitation bubbles is initiated by the propagation of pressure waves

in a fluid [8, 9], and the collapse of cavitation bubbles is rapidly happening (<ps) to
create local “hot spots” with high local pressure (e.g., 10,000 atm) and temperature
(e.g., up t0 10,000 K) [10]. During this process, highly reactive radicals of H and
OH- are engendered via homolysis of water as well as other surfactants or excited
state species [11]. Due to the fact that bulk graphite involves several graphene sheets
which are weakly bonded through van der Waals force, there is a great possibility
for taking the advantage of a tremendous energy to break this force in graphitic
structure. Although the electrochemical exfoliation [12, 13] and ultrasound-assisted
exfoliation [14, 15] are extensively employed for preparation of graphene and its
derivative, the review of ultrasound energy and cathodic electrochemical exfolia-
tion process for high-yield graphene production has not been explored yet.

In this part, the experimental conditions and contemporary information for
producing of graphene material are only considered, with a focus on combination
of electrochemical exfoliation and sonochemistry approaches. In the following
parts, we firstly present an overview of electrochemical exfoliation method, and the
new technique consisting of cathodic exfoliation and sonochemistry will then be
comprehensively discussed.

2. Electrochemical exfoliation

Electrochemical exfoliation is one of the top-down approaches using graphite
electrode as graphene precursor, which can be categorized into anodic and cathodic
methods based on the electric sign of the graphite electrode. Figure 1 displays
the schematics of cathodic and anodic exfoliation mechanism. In both methods,
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Figure 1.

Mechanism for exfoliation of graphite by cathodic and anodic methods [16].
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the oppositely charged intercalating ions and the co-intercalating molecules were
attracted when a charging process was generated at the working electrode [16].

2.1 Anodic exfoliation

In this method, layered carbon material is applied with a positive voltage,
which drives the intercalation of negative ions existing in the electrolytic solution.
Different solvents and electrolytes were employed for the exfoliation of graphene:

2.1.1 Acidic electrolytes

Using highly oriented pyrolytic graphite (HOPG) electrode, different protonic
acids such as HCI, HBr, and H,SO, were used for electrochemical exfoliation of
graphene [6]. Among the mentioned acids, H,SO, has proven to be an appropriate
electrolyte due to the highest efficiency; however, the graphene nanosheets were
produced with high defects/orders in their structure. In order to reduce this effect,
the electrolyte was prepared by adding of 98% H,SO, solution and 20% KOH solu-
tion into 10 ml water. The system was firstly applied with low voltage of +2.5 V for
1 min, and higher potential of switching between +10 and —10 V was then applied
until sufficient exfoliated material is obtained. During the process, the voltage
of +10 V activates the exfoliation and oxidizes the graphene flakes. The oxidized
graphene is then reduced when the voltage changed back to —10 V. Figure 2 sche-
matically illustrates the experimental setup, and the source of graphene acts as the
anode for electrochemical exfoliation.

In another work, H,SO,, H;PO,, and H,C,0, were used as acidic electrolytes
to synthesize graphene flakes using multiple electrochemical exfoliation (MEE)
methods [13]. The process of synthesis graphene flakes from spent graphite rod is

DC

Figure 2.
Experimental setup for exfoliation of graphite by electrochemical method.
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shown in Figure 3. In the electrochemical cell, the cathode platinum wire and the
anode graphite rod were put at the top and the bottom, respectively. Upon apply-
ing a constant current at 0.1 A, the color of the solution changes gradually to black
during the reaction time.

Several mild acids (i.e., phosphoric, sulfuric, oxalic, acetic, and formic acids)
were employed as electrolytes for exfoliation of graphite [13]. Meanwhile, no
observable exfoliation was detected in formic and acetic acids, possibly due to its
small anions (e.g., HCOO- and H;CCOO-), which results in delicate anion protec-
tion and weak expansion of graphite flakes due to ineffective intercalation of anion.
Oxalic acid electrolyte is finally considered as the best choice because of its fast
exfoliation and highly dispersed graphene in DI water. Furthermore, the product
was easily purified by heating the exfoliated material in air.

2.1.2 Base electrolytes

There has been rare publication in electrochemical exfoliation of graphite in
alkaline medium. A facile, environmentally friendly, and highly efficient exfolia-
tion process was introduced by graphite electrolysis in a weak alkaline solution
aqueous ammonium hydroxide (28-30 wt%) instead of acidic electrolyte or strong
alkaline solution [17]. The graphite electrode was firstly subjected to an anodization
treatment at 10 V for 30 min and subsequently treated by anodizationat 10 or 5V
for 90 min. The exfoliation can be explained by the intercalation of nitrogen gas
originating from the electrooxidation of ammonium hydroxide when electrolysis is
performed in the alkaline electrolyte.

2.1.3 Salt electrolytes
The formation of graphite intercalation compounds (GIC) was firstly done with

sulfuric acid [6]; however, sulfate ions were then realized to play a decisive role as
an intercalant because all neutral salts of (NH,4),SO., Na,SO., and K,SO, exhibited
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Figure 3.
Experimental setup and mechanism for production of graphene by multiple electrochemical exfoliations [13].
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pronounced exfoliation efficiency [12]. In addition, the superior activity of sulfate
ions can be explained by its lower reduction potential to produce SO, (i.e., +0.20 V).
In contrast, ClO,” and NO;™ ions have high reduction potentials of 1.42 and 0.96 V,
respectively, to generate Cl, and NO gases [12]. Therefore, it is suggested that graph-
ite sheets are exerted with large and sufficient forces to isolate weakly bonded graph-
ite layers from each other by SO, and O, gases generated in sulfate ion oxidation.

2.2 Surfactants

Due to very excellent intercalant role of sulfate anion, the organic derivatives of
sulfate ion-sulfonates such as poly(sodium-4-styrenesulfonate), sodium dodecyl
sulfate (SDS), and sodium dodecyl benzene sulfonate (SDBS) were also investi-
gated for graphite exfoliation [18-20], which play a dual role of a surfactant as well
as an intercalant. The additional advantage of using surfactants in the intercala-
tion and exfoliation process is the stable graphene suspension production because
surfactants can adsorb on the surface of produced graphene layers and prevent its
reassembling [20]. Figure 4 describes how SDS with a concentration of 0.1M works
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Figure 4.
Electrochemical method for graphene/SDS suspension production [20].
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during graphene intercalation from the anode of graphite and exfoliation from
cathode of SDS-intercalated graphite [20].

2.3 Cathodic exfoliation

The cathodic exfoliation process for graphene production has been introduced
by several groups [21-24]. In this approach, the positive ions in electrolytes are
intercalated into graphite interlayers by applying negative potential, which conse-
quently facilitates their exfoliation. This process is accomplished by using either
organic or aqueous solvents.

Wang et al. [21] used cathodic electrochemical exfoliation in liquid recharge-
able lithium-ion batteries to prepare few-layer graphene flakes. They indicated
that graphite interlayers can be intercalated by Li ions during the charging process.
Subsequently, the complex was exfoliated to few-layer graphene flakes by sonica-
tion as shown in Figure 5A. They used a potential of —15 + 5V as cathodic charge
in order to trigger off Li+ intercalation in graphite. The exfoliated graphene sheets
had very low defects as confirmed by a small Ip/I ratio of 0.1 with of two to three
layers of thickness and an average lateral size of 1-2 pm. Additionally, graphene
nanosheets were directly obtained from electrochemical cathodic exfoliation
under high negative voltages of 5-30 V using tetra-n-butylammonium (TBA) as
organic electrolyte [22]. Yang et al. [22] have demonstrated that at the initial stage,
the solvated TBA+ under highly negative voltage contributes to expand the layer
spacing induced by the intercalation. The exfoliated graphene nanosheets exhibited
high quality with the basal size of ~10 pm, three to six layers of thickness, and
0.34 nm of lattice spacing. In another example, a continuous of few-layer graphene
production was developed by Abdelkader group [23] with mechanism displayed
in Figure 5B. In their report, organic solvents and the electrolyte of lithium and
alkylammonium ions (triethylammonium, Et;NH") in dimethyl sulfoxide (DMSO)
were used. Interestingly, they found that not only lithium ions but also Et;NH" ions
can be intercalated to enhance exfoliation efficiency. Furthermore, this cathodic
exfoliation of graphite can avoid oxidation of graphite and decrease the defects,
where few-layer graphene with no any oxidation and lateral size of 1-20 pm was
produced without any sonication or centrifugation step, by using other kinds of
intercalation ion such as AICl,” and ALCI,".

Lei et al. [24] produced graphene from graphite cathode in AICl;/EMImCI
(1-ethyl-3-methylimidazolium chloride) ionic liquids using Al-ion battery. With
voltage of >2.0 V, few-layer graphene can be achieved by cathodic electrolysis. The
estimated mechanism for cathodic electrolytic exfoliation of graphite in ionic liquid
is displayed in Figure 5C.

With a new term of direct cathodic exfoliation of graphite by plasma electroly-
sis, Thanh and his collaborators introduced a facile and rapid method to produce
both graphite oxide and graphene nanosheets [25, 26]. Figure 6A shows the
schematic of the experiment for producing plasma-electrochemically exfoliated
graphene (PEEG) sheets, where high-purity graphite (HG) is employed for both
the cathode and anode. The cathode tip is set above the aqueous electrolyte, while
the anode is immersed in the electrolyte of KOH and (NH,4),SO, solution. A voltage
of 60 V is applied to the system by using a DC power when the tip of cathode is
immersed about 1 mm in the electrolytic solution. It is noticed that the cathode has
much smaller surface area contacting to the electrolyte than the anode. Asaresult, a
high electric field is generated at the submerged cathode tip and produces hydrogen
gas bubbles via hydrolysis of water. A plasma phenomenon around the cathode tip
is formed by the instant ionization of hydrogen caused by high electric field sur-
rounding the cathode tip.
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Figure 6.
(A) Experimental setup for plasma-electrochemically exfoliated graphene sheet production, (B) proposed
PEEG formation mechanism, and (C) TEM image and Raman spectra of PEEG [26].

The mechanism for exfoliation of graphene sheets from graphite cathodic rod
is displayed in Figure 6B, which attributed that the exfoliation process is cause by
hydrolyzed hydrogen bubbles produced at the cathode. The explosion of hydrogen
around the cathode tip expands its surface edge, which enables the insertion of
hydrogen molecules into the interlayer of the graphite sheets to form intercalated
graphite compounds. Simultaneously, the high temperature (e.g. ~2000°C) in
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instant time (e.g. nanosecond) on the cathode tip during the discharge process
gives thermo-mechanical stresses on the graphite surface, which produces graphene
nanosheets from graphite rod. On the other hand, graphene sheets can also be
yielded from graphite rod by the electrochemical reaction occurring at the anode in
a basic electrolyte medium. As a comparison, plasma-assisted electrochemical exfo-
liation process can produce graphene sheets with high efficiency of ~6 times faster
than the conventional electrochemical method at applied voltage of 10 V. The pro-
duced material is graphene sheets with high quality as presented in the TEM image
of Figure 6C. The structure transformation from graphite to graphene sheets can be
confirmed by Raman spectra (Figure 6C), where the weak D band peak located at
1353 cm ™" is more pronounced than that in the spectrum of HG. Moreover, the 2D
band peak of PEEG at 2706 cm ™ is shifted to lower frequency, while the intensity
of PEEG is higher than that of HG. This confirms the produced graphene structure
with ~2.5 pm in sheet lateral size and 2.5 nm in thickness. Interestingly, they also
produced graphite oxide by this method in 2013 [25].

3. Ultrasonic-assisted cathodic electrochemical discharge
exfoliation (UCEDE)

Cathodic plasma electrolysis, a combination of conventional electrolysis and
plasma processes under ambient condition, employs a voltage that is much higher
than that of traditional electrochemical method between two electrodes in an
aqueous solution. Surface of one electrode, active electrode (workpiece, regardless
of its role as anode or cathode), must be much smaller than that of the other. The
method can be separated into anodic and cathodic plasma electrolysis (CPE) based
on the opposition of applied voltage to the workpiece. Most of the researches have
focused on the anodic regime of plasma electrolysis while little on the cathodic one
[27]. CPE is principally based on the reaction or vaporization of electrolyte and the
electrical breaking of gaseous envelope, resulting in the formation of sparks around
the active electrode [27-29]. The comprehensive reviews of plasma electrolysis can
be found in some excellent reviews [15, 25, 26].

The cathodic process has been applied for producing nitride, carbon, and other
metals such as zinc, zinc-aluminum, molybdenum, and titanium-based coatings on
the metal substrate [27-31]. The nanocrystalline graphite films on titanium sub-
strate have been deposited by the cathodic plasma electrolysis from a predominant
ethanol liquid phase [32, 33]. In fact, each layer of graphene in the bulk graphite is
bound by weak van der Waals interactions to other two adjacent layers of hexago-
nally close-packed C atoms. Upon the impact on the surface as thermal extension
or ultrasonication, it is readily exfoliated into separated graphene nanosheets. As a
result, the plasma electrolysis phenomenon for production of graphene flakes and
its derivatives is believed to be caused by the breaking of graphene layers from its
bulk structure with weak van der Waals force.

Typically, using a mechanical mean such as ultrasonic after electrochemical
intercalation and expansion of graphite is essential. During ultrasonication with
pressure oscillations, the cavitation and shear forces, as well as the collapse of the
bubbles or voids on liquid, could activate both graphite intercalation and expansion,
which leads to a complete exfoliation. A new ultrasonic-assisted cathodic electro-
chemical discharge approach has been developed to exfoliate graphene nanosheets
from graphite rod by using a combination of ultrasonic energy and in situ plasma-
induced electrochemical exfoliation [15]. Without expensive ionic liquid or acidic
media, this method revealed broad benefits such as direct production of graphene
at ambient pressure and low temperature as well as a facile, environmentally
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friendly, and fast process. Figure 7 displays the experimental setup and an actual
figure for production of ultrasonic-assisted in situ plasma-induced electrochemical
exfoliation graphene (UPEEG).

The formation of plasma at high voltage of 60 V is initiated by the reduction to
from hydrogen gas at cathode (Eq. 1) and the oxidation to form oxygen at anode
(Eq. 2):

2H" +2¢ —» H, (1)

2H,0 > 0, +4H" + 4e (2)

At appropriate voltage, the electrolyte near graphite cathode is vaporized
because of the high electric field created by sharp point of cathode. This releases
vigorous hydrogen around the graphite cathode tip and forms plasma zone between
the cathode tip and the electrolytic solution.

Results from XPS and Raman analyses (Figure 8A-C) show the successful
production of graphene via this method. It is believed that the positive ions sur-
rounding the interface of electrolyte and HG tip could be speeded up directionally
toward the cathode surface to implode on expanded position and to instantly
exfoliate graphite at this point for graphene formation. In addition, the proposed
mechanism for UPEEG formation from graphite is related to the expansion of the
graphite tip in the plasma zone, where the graphene sheets were formed under
the ultrasonic-assisted condition (Figure 8D). The extremely high-temperature
outermost cathodic tip in the plasma zone leads to the expanding and cracking of
graphite surrounding with weakening van der Waals forces. In this case, the violent
fluctuation in the vapor plasma envelope and the cavitation from the sonication are

Figure 7.
Experimental setup for production of UPEEG: (1) cathode, (2) anode, (3) vapor plasma envelope,
(4) ultrasonic cleaner; inset is image of cathodic electrochemical discharge phenomenon [15].
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XPS Cis spectra of (A) HG and (B) UPEEG; (C) Raman spectra of HG and UPEEG; (D) proposed
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the main reasons for exfoliation of expanded layers. At first, the shear and shock
wave in ultrasonic exfoliating fluid and the thermal expanded or cracked surface

are engendered. Subsequently, the cavitation bubbles formed during sonication
prompted the disturbance and pulling at the expanded and cracked points in the
exfoliating fluid media. Next, the enlarged shear forces appear between neighboring
layers and weaken van der Waals forces between layers. Finally, the expanded posi-
tions of the adjacent layers are penetrated and intercalated by the hydrogen atoms or
ions, which consequently causes the breaking at these points and results in graphene
exfoliation. Due to its high porosity of graphite lattice under high diffusion temper-
ature, it can be diffused and intercalated by the hydrogen atoms. We think that this
facile method will pioneer and create new possibilities for production of graphene
sheets, graphite oxide, or doping graphene for a number of applications.

4, Conclusions

Sonoelectrochemical exfoliation of graphite is a potentially scalable way to achieve
high quality and high quantity of graphene production by using simple equipment
that is almost available in all chemistry laboratories. From the point of technology
view, the electrochemical exfoliation with the aid of ultrasonication is dual benefited
not only to easy-to-break van der Waals forces but also to the effective inhibition
of the agglomeration of produced graphene nanosheets. Moreover, the presence of
ultrasonication herein can accelerate and promote the exfoliation process.

In this chapter, we discussed on the synthesis of high-quality graphene by direct
ultrasonic-assisted cathodic electrochemical exfoliation process. Immense works
have been done in order to control and enhance the yield and oxidation degree
of graphene sheets. However, the yield of graphene sheets in a single layer is still
relatively limited and requires long periods of sonication time with massive heat
release into the environment. In the short run, the improvement and design optimi-
zation on reproducible protocol should be devoted to define the best condition for
sonoelectrochemical exfoliation method. Besides, one might seem very presumably
that the unreasonable reaction should be existed that taking into account for the
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formation and exfoliation of graphene nanosheets and their functional groups
containing oxygen on the surface. The mechanism is still in its infancy and should
be unveiled in the near future to pave the way for controlling of graphene produc-
tion and its derivatives. Therefore, we hope this chapter will contribute critical

insights for understanding the graphene synthesis and hence can open an alterna-
tive approach toward 2D materials in general and graphene material in specific.
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