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Abstract. Graphene-based material for instance graphene oxide (GO) and reduce graphene oxide
(rGO) emerge as unique frontier material that have been widely applied in various application
such as energy conversion, nanotechnology as well as oil and gas industry. It properties such as
high mechanical properties and enhance electrical conductor have made this material
outperforms existing frontier material thus features large-scale commercialization opportunity.
At present, electrochemical method has attracted much attention in synthesizing graphene-based
material (GO/rGO) due to its green technology (environmentally friendly process), low cost and
enhanced efficiency. Nevertheless, based on contemporary studies, different demand in GO/rGO
quality requires different parametric setup and characterization analyses subsequently provides
significant challenge to identify a standard design of electrochemical that can produce various
quality of GO/rGO. This inflexibility affects the progress of commercial scale-up thus entails a
systematic review related to various aspects of electrochemical studies for instance parametric
analysis, product/material characterization and applications. A parametric analysis includes
electrolyte concentration, type of electrolyte, temperature, synthesis time, cathode and anode
materials and voltage demand. While, for product characterization, several methods are
evaluated for instance Transmission electron microscopy (TEM) and Raman spectroscopy
(RAMAN). This review paper is beneficial to the researcher and industries as a rapid guideline
towards the flexible mass-production of GO/rGO via electrochemical method. Finally, future
research should be conducted on the flexible design of unit operation (i.e. reactor) to ensure
process feasibility.

1. Introduction

Graphene and graphene oxide (GO) is not notoriously known to the public but it is foreseen to be the
wonder material in 21st century just as plastic was considered crucial in the 20th century development.
This prevision is manifested by the potential of graphene-based materials for application in different
fields due to their unique physical and chemical properties such as its outstanding electronic,
mechanical, optical, and thermal properties. A GO and reduce-GO (rGO) are the main research branches
and exhibited as a great precursor to synthesis graphene with higher yield and lower synthesising costs.
GO is a material that consisted of a single monomolecular layer of graphite with various oxygen
contained functionalities, such as OH, C=0 and C-O-C groups. While, rGO is a graphene-like sheets by
removing the oxygen-containing groups with the recovery of a conjugated structure [1].

The presence of oxygen functionalities in GO makes GO easily disperse in water and organic solvents.
This advance property make GO have benefit as an additive on ceramic and polymer manufacturing
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process in enhancing their electrical and mechanical properties such as tensile strength, elasticity and
conductivity [2]. Furthermore, GO/rGO plays a significant role in energy storage and conversion due to
its efficient thermal and electrical conductor [3]. Several methods have been explored to determine the
best route to synthesis GO/rGO such as the Modified/Improved Hummers method [4-6], chemical vapor
deposition (CVD) [7, 8] and microwave irradiation system [9-11].

At present, electrochemical method has attracted much attention in synthesizing graphene-based
material (in this review, graphene based materials are described as graphene, GO and rGO and its
composites) due to its green technology (environmental friendly process), low cost and enhanced
efficiency. Nevertheless, based on contemporary studies, different demand in GO/rGO quality requires
different parametric setup and characterization analyses subsequently provides significant challenges to
identify a standard design of electrochemical process that can produce various quality of graphene-based
material without require huge process modification and extensive characterization studies. Similar
comment has been reported by Achee et al. [12], whereas production of graphene-based material features
lack of standardization.

This work focuses solely on the recent progress of graphene-based material from electrochemical
exfoliation method with the aim to find a measure for the aforementioned limitation/challenge. The
literatures analyses involve evaluation of curated articles from year 2010 until 2020, which encompasses
of various scientific and technical databases. Quality of graphene based material (product) is discussed
based on the optimal operating condition and characterization analyses. Finally, present work proposes
facile and flexible design of experiment to synthesis the graphene based material at rapid way.

2. Flexible operation of electrochemical exfoliation process

In electrochemical process, graphene-based material is synthesized via graphite conductivity by
stimulating the anions/molecules in the electrolyte into graphite subjected to the voltage/current biases,
in order to form a graphite intercalation compound. Electrolyzed water which produce oxygenated
material will oxidize the graphite intercalation compound to form GO/rGO. Electrochemical exfoliation
of GO/rGO from graphite involves two possible alternative routes such as single-step and two-step
electrochemical processes, which consists of anodic and cathodic graphite exfoliation mechanisms.
Many reviews have been done related to the electrochemical exfoliation process of graphene-based
material. Liu et al. [13] have reviewed existing articles related to GO synthesis in term of operating
condition of electrochemical exfoliation process, product quality and characterization studies. Their
review suggested to emphasize on the fundamental of graphite mechanism in exfoliation process to
obtain good quality of graphene-based material, to promote large-scale setup and to determine possible
application of graphene-based material in the emerging application. Lee et al.[14] summarized the
characterization analyses related to the prevailing synthesis methods of graphene/GO and its derivative
with the additional analyses including production cost and yield. Similarly, Le et al. [15] have conducted
a review study which combine similar scopes of work as in [13, 14]. Three different methods have been
discussed in their review paper, such as two-electrode, three-electrode and electrolyte exfoliation. These
trends evident a novelty of this short review article whereas to the best of author knowledge, there is no
study proposes a standard electrochemical exfoliation method to accommodate different industrial and
product demands. To narrow down the scope of this review, we only select studies involved with
platinum as the counter electrode, as tabulated in Table 1. Since platinum is known as a feasible and
flexible electrode that can accommodate different type of working electrode.

2.1 Single step electrochemical exfoliation process

Single step electrochemical method involves intercalation of electrolyte ion to produce graphene. Sharif
et al. [16] has successfully synthesized a monolayer and bilayer graphene via single-step exfoliation
(direct) mechanism. In their work, a minimum defect of as synthesized graphene with high temperature



RCOM & RCEnvE 2020 IOP Publishing
IOP Conf. Series: Materials Science and Engineering 1142 (2021) 012019 doi:10.1088/1757-899X/1142/1/012019

stability in air was produced by using ammonium sulphate as an electrolyte at a voltage of 10 V for 3 h
synthesis time. Chen et al. [17] used similar electrolyte solution at a voltage of 10 V with low
concentration (0.1 M) to produce graphene from pencil core. Other studies have shown that utilization
of ammonium sulphate as the electrolyte is able to produce a thin layer of graphene [17, 18]. Jibrael et
al. [19] used three different types of electrolyte solutions (sulfuric acid, nitric acid and distilled water)
at voltage of 10 V for 50 min to produce graphene powder. On the other hand, Aghamohammadi et al.
[20] used combination of hydrogen fluoride and titanium oxide to produce multi-layered graphene at a
voltage of 10 V. They observed that addition of titanium oxide may enhance the exfoliation rate as well
as promoting fluorination of graphene sheet as a composite material.

Prakoso et al. [21] produced graphene sheet via graphite extracted from spent Zn—C batteries. The
electrochemical exfoliation process was conducted at a voltage of 5 V in a poly (sodium 4-
styrenesulfonate) (PSS) solution. It was observed that they managed to produce high quality of graphene
flakes using battery waste. Wang et al. [22] synthesized low defect of graphene layer by using graphite
electrode coated with parafin. In their work, concentrated sodium hydroxide was used as the electrolyte
at voltage of 3 V under the confine space to promote exfolation and to prevent excessing expansion of
graphite. Similar concept was adapted by Achee et al. [12] where they demonstrated that utilization of
compressed graphite powder can promote continuous intercalation, expansion and exfoliation
simultaneously to ease the sytnhesis of graphene. In their work, high yield of graphene was successfully
been produced with large lateral size by using sulfuric acid as the electrolyte solution

A well-oxidized monolayer GO have been synthesized by [12, 23, 24] using high concentration of
sulphuric acid via exfoliation mechanism. In a different study, addition of surfactant into the electrolye
solution is able to produce GO via single step method. Nurhafizah et al. [25] managed to synthesis GO
by using a sodium dodecyl sulphate (SDS) surfactant at a voltage of 10 V for 24 h synthesis time. Their
as synthesized GO exhibited thinner sheet with wrinkles structures. Alternatively, different
concentration of SDS surfactant from 0.001 to 1.0 M was analysed by Md Disa et al. [26]. They
observed that the lowest GO production is given by the lowest concentration of SDS used which is 0.001
M. It can be seen, that only few studies have employed single-step electrochemical exfoliation process
to obtained GO/rGO. Where, synthesis of graphene is more favourable to use this method.

2.2 Two-step electrochemical exfoliation process

Two-step electrochemical exfoliation process represents the intercalation and oxidation/exfoliation
mechanisms in a sequential way. Chernysheva et al. [27] employed two-step mechanism to produce GO.
First stage involved an anodic intercalation of graphite anode in sulfuric acid followed by the
oxidation/exfoliation of the graphite in ammonium sulphate at a voltage of 10 V for 10 min. Shen et al.
[28] found an optimal condition of GO synthesis at voltage of 2 V during intercalation process and 20
V during oxidation stage. Both stages were using high concentration of sulphuric acid (95% and 65%)
at 10 min and 1 min synthesis time, respectively. Cao et al. [29] employed similar elctrolyte solutions
as in [28] at slightly lower voltage (10 V) to synthesis GO. Their two-step approach led to GO with a
high yield (> 70 wt %), good quality (> 90%, monolayer), and reasonable oxygen content (17.7 %).
High yield of GO using water electrolytic oxidation of graphite was conducted by Pei et al. [30]. Their
study used high concentrated of sulfuric acid without oxidant agent for intercalation process followed
by diluted sulfuric acid for oxidation process. It was observed that highly oxidized GO (C/O < 2) was
achieved only when the sulfuric acid concentration is in the range of 40 wt.% to 60 wt.%.

Contrary, Kumar et al. [31] used mixture of sulfuric acid and phosphoric acid for intercalation process
followed by the oxidation process using potassium permanganate. High quality of GO was obtained
based on their experimental condition at 6 h synthesis time with fix intercalation time at 4 min. Sahoo
et al. [24] applied different concentration of sulfuric acid at 1 cm gap between two electrodes positions.
Initial synthesis involved cathodic pretreatment of working electrode at a negative direct current (DC)
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of 10 V for 30 s followed by 3 V for 15 min to ensure the expansion of pyrolytic graphite electrode for
efficient intercalation process. Their result showed that low concentration of electrolyte (0.5 and 1.0 M
sulfuric acid) was capable to stimulate the rate of electrochemical oxidation reactions at the graphite-
electrolyte interface which exhibited more oxidation endowment in the product. This condition may
contribute to the highest GO yield as correlated by [26].

Other studies have evident that utilization of sulfuric acid, at low synthesizing temperature are able to
produce good quality of single/multilayer graphene/graphene based material [30, 32, 33]. For instance,
moderate number of GO powder was synthesized using voltage of 2 V for 10 min intercalation process,
followed by 60 s in the oxidation process (20 V). In their work, 65% sulfuric acid was used as an
electrolyte at room temperature [32]. At the aforementioned condition, the as synthesized GO powder
featured a single layer at 0.345 nm. A longer synthesizing time was conducted by Konwar et a. [33],
where they managed to produce a highly pure GO in 0.1 M sulfuric acid solution at room temperature
at constant potential of 3 V for 4 h. In a separate study, a monolayer of GO sheet with no defects or
oxidation-containing functional groups was obtained by Pei et al. [30]. In their study, a concentrated
sulfuric acid at 1.6 V (for 20 min) was used followed by the electrochemical reaction in 50% sulfuric
acid for 3 min (5 V). Table 1 summarizes the operational condition of electrochemical synthesis of
graphene based using platinum and counter electrode. Based on these two methods, it can be predicted
that propose standard design to synthesis graphene-based material is via two-step method at 10 V (< 15
min) and 2 V (< 5 min) for intercalation and oxidation processes, using moderate concentration of
sulfuric acid.

3. Characterization analysis of graphene based material

A GO's complex structure causes it difficult to suggest a standardize characterization method. For certain
applications, different characteristics of GO are more significant than in others. Such characteristics are
lateral scale, degree of oxidation, level of exfoliation, amount of moisture, categories of functional
groups and the existence of impurities from the oxidation phase. These involve stacking of the GO, the
lateral proportions of the GO, the functional groups found within/on the GO, and the degree of GO sheet
disorder. In characterization analyses, stacking spacing is identified by XRD, while lateral proportions
may be measured through methods such as FESEM, FETEM, AFM or optical microcopy, while
RAMAN, FTIR or XPS indicate the functional groups present.

In this review, four characterization analyses are reviewed which include FESEM, XRD, FTIR, FETEM
and RAMAN. These five characterization analyses are selected based on the frequency distribution
study shown in Figure 1. Based on the figure, it can be seen that the common analysis that used to
characterize graphene-based material (GO/rGO) are those four.

A crumpled sheets of GO was observed in FESEM analysis when using moderate to high concentration
of surfactant electrolyte (0.1 - 1.0 M) while, thick agglomeration of GO was exhibited when low
concentration (0.001 M) of surfactant was used [25]. In a different study, a highly-wrinkled of GO sheet
was formed under the moderate concentration of sulfuric acid (65%) [35], which corroborate with the
previous work done by [25]. Those structure indicates a deformation of the graphene layers due to the
linkage of the oxygenated functional groups. Contrary, a large silk veil morphology with slightly folded
edges and loose open structure was observed in GO composited with nanofibers when using 0.1
maniline and 1 M sulfuric acid mixed solution [34].

The XRD analysis is used to determine possible changes in the interlayer spacing. For instance, as
synthesized GO produced by [35] showed a peak in the range of 9 — 12° corresponding to the (001)
reflection plane. An intense and sharp peak at 26 = 11.66° was revealed which corresponds to the (001)
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reflection plane [34]. The presence of this characteristic peak exhibited a completely oxidized GO during
the electrochemical process.

Study conducted by Deiz-Pascual et al. [32] showed that C/O analysis was corroborate with the EDX
analysis, elemental and FTIR analysis which exhibited a homogeneous and good quality of GO sheets,
with a clear flake structure and lack of traces from the raw material. The darker areas in the FETEM
analysis illustrated a good level of exfoliation, where thickness will be increased when with the
increment of C/O ratio at decreasing of oxygen level. A TEM image for a mixed electrolyte solution
with the typical 6-fold symmetric diffraction patterns with strong spots indicated the crystalline nature
[16]. Similar TEM image pattern can be indicated in the study done by Chen et al. [18]. Where, both
GO layers were synthesized using mixed electrolyte. Pei et al. observed that TEM image has consistent
result with the AFM analysis [30]. It showed that about 46% of them are monolayer and about 86% are
no more than three layers, which are consistent with the AFM measurement results.

Based on Raman spectroscopy, superior quality of graphene-based material (GO/rGO
composite/derivative) can be exhibited at D, 2D and G peaks respectively. A typical D peaks can be
observed at about 1323 cm™'[31], 1354 cm '[35], 1360cm™'[34] and 1363 cm '[18] . Essentially, the D
band arises from breathing mode of the sp2 [16, 30] and attributed by defects or lattice disorders crystal
structure due to the binding of oxygen-functional groups [35]. On the other hand, 2D peak is indicated
at peak of 1600 cm™ [34] and 2650 cm™' [31] and usually attributed to second order phonon processes
[35]. While, a typical G peak usually at about 1580 cm™'[16, 36], 1586 cm™'[35], 1590 cm™' [18] and
2700 cm'[34]. It resembles to the in-plane vibration of sp2 carbon atoms [16] with vibrational mode
found in a graphite single crystal [37].

4. Conclusion and Outlook

This review paper could be used to conclude that electrochemical synthesis of GO is becoming a more
common synthesis route to obtain graphene based material. It was also evident that in modern material
science, graphene based material is a material that may be of significant use in the future since it can
apply in various applications. That being the case, the outlook of this review would be to somehow
create an idea for the common electrochemical setup for the synthesis of graphene-based material and
also to increase the possibility of making the electrochemical route an ideal one.
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Figure 1: Frequency distribution of characterization analyses of the graphene-based material
(GO/rGO) based on the curated articles in Table 1.
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