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ARTICLE INFO ABSTRACT

Keywords: The electrochemical exfoliation of graphite has attracted considerable attention as a method for large-scale,
Graphite rapid production of graphene and graphene oxide (GO). As exfoliation typically requires direct electrical contact,
Graphene and is limited by the shape and/or size of the starting graphite, treatment of small graphite particles and
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Bipolar electrochemistry

powders, the typical form available commercially, is extremely difficult. In this study, GO nanosheets were
successfully prepared from small graphite particles and powders by a bipolar electrochemical process. Graphite
samples were placed between two platinum feeder electrodes, and a constant current was applied between the
feeder electrodes using dilute sulfuric acid as the electrolyte. Optical microscopy, atomic force microscopy, X-ray
diffractometry, Raman spectroscopy, and X-ray photoelectron spectroscopy were employed to examine the
samples obtained after electrolysis. The results obtained from these analyses confirmed that anodic electro-
chemical exfoliation occurs in the graphite samples, and the exfoliated samples are basically highly crystalline
GO nanosheets with a low degree of oxidation (C/O = 3.6-5.3). This simple electrochemical method is ex-

tremely useful for preparing large amounts of graphene and GO from small particles of graphite.

1. Introduction

Graphene, a two-dimensional sheet material comprising hexagonal
close-packed carbon atoms bonded by sp? hybrid orbitals, exhibits su-
perior electrical, optical, magnetic, mechanical, and chemical proper-
ties. For these reasons graphene has attracted considerable attention in
physics, electronics, and materials science [1-3]. Although large pieces
of low-defect graphene are typically prepared by chemical vapor de-
position, large-scale production is difficult due to the need for ex-
pensive experimental equipment, high temperature conditions, and the
long reaction time. Meanwhile, one of the most promising graphene
analogues for practical applications is its oxidized form, graphene oxide
(GO), due to its unique, tunable chemical properties originating from
the presence of various functional groups on its surface [1-3]. GO can
be prepared by the top-down chemical exfoliation of graphite. How-
ever, the preparation of GO typically requires large amounts of a strong
acid and an oxidant, as well as having a long reaction time. Hence, it is
important to develop a simple process for the large-scale production of
GO.

The electrochemical exfoliation of graphite, induced by the elec-
trochemical intercalation of ions into the graphite layers [4-12], is
thought to be a feasible method for large-scale, rapid production.
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Although cathodic exfoliation typically produces largely non-oxidized,
low-defect graphene due to the reductive environment of the cathode,
expensive and hazardous electrolytes (e.g., Li* /propylene carbonate,
acetonitrile, and N-methyl-2-pyrrolidone) are required, as well as
having a long reaction time. On the other hand, anodic exfoliation ty-
pically results in GO due to the oxidative environment of the anode.
This has the advantage of using cost-effective electrolytes such as sul-
furic acid [6,7] and also has an extremely short reaction time (< 1h).
In addition, the degree of oxidation can be reduced by using appro-
priate electrolyte additives [13-15]. Hence, the anodic exfoliation of
graphite is an extremely attractive approach for the mass production of
GO with a tunable degree of oxidation.

As direct electrical contact is typically needed for an electro-
chemical process, it is extremely difficult to treat small graphite parti-
cles, flakes, and powders, the forms in which it is typically available
commercially. A no-contact electrochemical process that can easily
treat these types of graphite would be promising as a breakthrough
process. In the past decade, a wireless approach for electrode reactions
referred to as bipolar electrochemistry has attracted considerable at-
tention in materials science and dynamic systems [16-18]. A bipolar
electrode is an electrically conductive material that is placed between
two feeder electrodes in an electrolyte solution. On application of an
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external electric field to the two feeder electrodes, electrochemical re-
actions, i.e., oxidation and reduction, occur at the extremities (poles) of
the bipolar electrode without any direct electrical connection. In this
study, inspired by the concept of bipolar electrochemistry, the elec-
trochemical anodic oxidation and exfoliation of a small particle of
graphite and of graphite powder is carried out at a low voltage using
industrially utilized sulfuric acid as the electrolyte.

2. Materials and methods

A graphite plate purchased from Alfa Aesar was used as the starting
material. It was cut into a smaller plate (30 mm X 10 mm X 1 mm), a
particle (1mm X 1 mm X 1 mm), and powder (20-500pum), which
were subsequently used as bipolar electrodes. The bipolar electrodes
were degreased with acetone before use. Two platinum plates
(30mm X 30mm X 2mm) were used as the feeder electrodes. The
graphite plate was placed in a direction perpendicular to the feeder
electrodes. The graphite particle or powder was put into an insulating
mesh filter bag placed between the feeder electrodes. The distance
between the two feeder electrodes was adjusted to 20 mm. A constant
current of 2450 A m ™~ 2 was applied using a direct current (DC) power
supply (maximum voltage: 250 V) between the two feeder electrodes
using 1-500 mmol dm ™2 sulfuric acid as the electrolyte (volume:
0.5dm?). The initial temperature of the electrolyte was adjusted to
10 °C, the electrolyte was stirred using a magnetic stirrer at 300 rpm
during the process, and the electrolysis was carried out for 10-90 min.
After the process was complete, the product was collected, and washed
several times with deionized water and ethanol by vacuum filtration.
The obtained samples were characterized by optical microscopy
(BX51M, Olympus), X-ray diffractometry (Miniflex600, Rigaku), X-ray
photoelectron spectroscopy (XPS, JSP9030, JEOL), Raman spectroscopy
(T64000, Horiba Jobin Yvon Inc.), transmission electron microscopy
(JEM-2100, JEOL), and atomic force microscopy (SPM-9700HT,
Shimadzu). Detailed conditions for the XPS measurements and Raman
spectroscopy are given in the Supplementary Information.

3. Results and discussion

Prior to the treatment of the powder samples, the graphite plate was
tested to examine the effect of the electrolyte concentration on the
electrochemical exfoliation of graphite. The distance between the two
feeder electrodes was adjusted to 20 mm, the graphite plate was placed
in a direction perpendicular to the feeder electrodes, and a constant
current of 2450 A m~ 2 was applied between the two feeder electrodes
for 60 min using 1-500 mmol dm ™3 sulfuric acid as the electrolyte.
Fig. 1 shows the voltage-time (V-t) curves for the electrolysis. With an
electrolyte concentration of 1 mmoldm™3, the voltage increased ra-
pidly and reached the upper limit of the DC power supply (i.e., 250 V).
However, at an electrolyte concentration > 10 mmol dm ~3, the initial
increase in the voltage gradually reduced and attained a steady value,
and as the electrolyte concentration increased, the steady value of the
voltage decreased. The temperature of the electrolyte initially increased
and then attained a steady value after 10 min (Fig. S1 in the Supple-
mentary Information). This temperature change could be related to the
initial increase in the voltage. With an increase in the electrolyte con-
centration and a decrease in the steady voltage, the temperature in-
crease was suppressed (Fig. S1).

The weights of the initial sample of graphite (w;) and the exfoliated
product (w,) were measured, and the exfoliation ratio (w./w;), a simple
and rough indication of exfoliation progress, was calculated for each set
of conditions. The exfoliation ratio and average voltage during elec-
trolysis were plotted as a function of the electrolyte concentration
(Fig. 2). Also shown in Fig. 2 (inset) are photographs of the bipolar
electrode (the graphite plate) after electrolysis. The photographs re-
vealed that exfoliation is initiated at the edge of the graphite plate fa-
cing the cathode of the feeder electrode, i.e., the anodic pole of the
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Fig. 1. V-t curves for the constant current electrolysis using various sulfuric
acid concentrations. The current was applied between two Pt feeder electrodes,
and a graphite plate was used as the bipolar electrode.

bipolar electrode, while no exfoliation was observed at the edge of the
graphite plate facing the anode of the feeder electrode, i.e., the cathodic
pole of the bipolar electrode where hydrogen gas generation occurs.
The results show that exfoliation of the bipolar electrode occurs pre-
dominantly at the anodic site in this system. The amount of exfoliated
graphite depends on the electrolyte concentration. With an increase in
the electrolyte concentration, the exfoliation ratio increased, exhibiting
a local maximum at an electrolyte concentration of 10-20 mmol dm ~3,
and then decreased at electrolyte concentrations > 50 mmol dm ™3,
Fig. 3a shows the optical microscopy image of the sample electrolyzed
in the 20 mmol dm ~3 electrolyte that generated a high exfoliation ratio.
Several thin laminated flakes were observed, indicative of the delami-
nation of the graphite layer without a direct electrical connection.
Fig. 3b and ¢ shows TEM images of the laminated flakes. The extremely
thin sheets observed in the TEM images and the well-defined single
crystalline electron-diffraction pattern (inset of Fig. 3b) demonstrated
that they are crystalline graphene-like nanosheets. Figs. S2 and S3 in
the Supplementary Information show further characterization results:
The thin laminated flakes were GO nanosheets with a low degree of
oxidation. Further details will be given later. From the viewpoint of the
exfoliation ratio, the optimal electrolyte concentration was determined
to be 10-20 mmoldm ™2 in this experimental setup. Fig. S4 in the
Supplementary Information plots the exfoliation ratio, which approxi-
mately indicates the degree of exfoliation, against the electrolysis time
using 20 mmol dm ™3 sulfuric acid. The exfoliation ratio was propor-
tional to the electrolysis time, and the graphite plate completely dis-
appeared after 90 min. The exfoliated samples, comprising GO lami-
nated flakes, were analogous to the sample shown in Fig. 3.

The same treatment using 20 mmol dm ~2 sulfuric acid as the elec-
trolyte was applied to a graphite particle (1 mm X 1 mm X 1 mm) and
graphite powder (20-500 pm). To locate the samples between the two
feeder electrodes, each sample was placed in an insulating mesh filter
bag. Fig. 4a shows the photographs and V-t curves. The V-t curves for
both the particle and the powder showed similar behavior. The voltage
rapidly increased, gradually decreased, and then maintained a steady
value of ~60 V. After electrolysis for 30 min, the filter bag turned black
due to the dispersion of exfoliated material in the filter bag for both the
particle and the powder. After electrolysis for 30 min, the 1-mm square
particle had completely disappeared, indicating that exfoliation pro-
ceeds efficiently for 30 min. Fig. 4b shows the optical microscopy
images of the powder sample before and after electrolysis. Although the
powder comprises particles with diameters of 20-500 um (Fig. 4b, left),
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Fig. 2. Relationship between the exfoliation ratio and sulfuric acid concentration. In addition, the average voltage for each electrolysis shown in Fig. 1 was plotted.
Electrolysis was carried out for 60 min, and the photographs of the graphite plates after electrolysis are shown. (+) and (—) represent the poles of the feeder

electrodes.

the particles disappeared, and GO laminated flakes were observed after
electrolysis for 30 min (Fig. 4b, right). Fig. 4c shows the AFM images of
exfoliated GO. Although most of the flakes were 3-5-nm thick, thinner
flakes (thickness < 2nm) were also observed, possibly corresponding
to partial mono- or bi-layers of the GO sheet.

The theoretical potential difference between the anode and cathode
of bipolar electrodes [16,17] with a size of 1 mm or 20-500 um was
calculated to be 2.5V or 0.05-1.25V, respectively, for this experi-
mental setup (distance between the feeder electrodes: 20 mm; applied
steady voltage between feeder electrodes: ~60 V). This predicted vol-
tage is less than the previously reported values at which the electro-
chemical exfoliation of graphite occurs using sulfuric acid electrolyte
(3-10V) [6,7]. Nevertheless, the electrochemical exfoliation of a small
graphite particle and powder occurred in this experiment. This phe-
nomenon has not been clarified thus far; however, the following factors
could have a strong influence: (i) the water splitting reaction and active
ion migration occurring in the electrolyte; (ii) the electrophoretic force
received by graphite; (iii) the aggregation state of the graphite; and (iv)
changes in the electrical properties of graphite and exfoliated products
during electrolysis. Preliminarily, we have confirmed that a single
graphite particle smaller than 500 pm could not be exfoliated under
these conditions. Hence, the above possibilities option number (iii)
would have a great influence on the bipolar anodic electrochemical

exfoliation of the powder. Note that the above discussion is only a
tentative explanation. Clarification of the detailed mechanism should
be an important future study.

Fig. S2 in the Supplementary information shows the XRD patterns of
the graphite before electrolysis and the exfoliated samples produced
using the plate, particle, and powder. The intensity of the main XRD
peak corresponding to the graphite (002) plane drastically decreased
for all exfoliated samples, indicating that the intercalation of sulfate
ions and subsequent delamination occur successfully, regardless of the
shape and size of the sample. However, the XRD peak intensity for the
exfoliated product from the graphite plate was greater than those for
the particle and powder. This is possibly related to differences in the
way the samples were fixed between the two feeder electrodes. The
plate was simply hung by a clip, and the exfoliated sample was freely
suspended in the electrolyte. On the other hand, the particle and
powder were contained in the filter bag, together with the exfoliated
material. Hence, the exfoliated sample is additionally electrolyzed in
the filter bag, promoting additional exfoliation. Further characteriza-
tion by Raman spectroscopy and XPS (Fig. S3 in the Supplementary
Information) is basically consistent with the XRD results, indicating that
the exfoliated samples exhibit a disordered structure and oxygen spe-
cies (C/O = 3.61-5.25). Hence, all exfoliated samples, whether from
graphite plate, particle or powder, are shown to be GO nanosheets.

Fig. 3. (a) Optical microscopy image (b) low and (c) high magnification TEM images of the sample exfoliated using 20 mmol dm ~* sulfuric acid electrolyte. The inset
image of (b) is the electron diffraction pattern of the corresponding TEM image for an incident beam irradiation from the [001] zone axis.
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Fig. 4. (a) V-t curves for the constant current electrolysis using the 20 mmol dm ~ sulfuric acid electrolyte. A graphite particle and graphite powder contained in an
insulating mesh filter bag were used as the bipolar electrodes. Photographs before and after electrolysis are also shown. (b) Optical microscopy images of the graphite
powder before (left) and after (right) electrolysis. (¢) AFM images and line scan profiles of the graphite powder after electrolysis.

The bipolar electrolysis of graphite powder has been reported pre-
viously [19]. This involved the cathodic electrochemical intercalation
of tetrabutylammonium ions and subsequent mechanical high-shear
exfoliation. Notably, exfoliation required an extremely high voltage of
1100V, an organic electrolyte, and a specially designed experimental
setup equipped with a grounded cage comprising an interlock system
for safety. Furthermore, post treatment of the high-shear exfoliation
products was required. The anodic process developed here produces
exfoliated products using an extremely low voltage (~60 V), which is
20 times lower than that reported previously. Hence, this bipolar
anodic electrochemical exfoliation approach can be viewed as a
breakthrough process that could be adopted for the industrial mass
production of graphene and GO.

4. Conclusions

A bipolar electrochemical exfoliation method was developed to
exfoliate graphite in the form of small particles and powders. The
electrolysis conditions were first optimized using a graphite plate, and
then the process was applied to smaller graphite samples. The graphite
samples were placed between two Pt feeder electrodes, and a constant
current was applied using sulfuric acid as the electrolyte. Results ob-
tained from optical microscopy, XRD, Raman spectroscopy, and TEM
measurements revealed that GO nanosheets can be prepared from
graphite regardless of its size and shape. Our method produced ex-
foliated graphite products using a voltage 20 times lower than the va-
lues reported previously for bipolar electrolysis processes, demon-
strating immense potential for the large-scale production of graphene
materials.
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Appendix A. Supplementary data

Supplementary data to this article can be found online. Structure
analysis of GO prepared by modified Hummers' method was reported
previously [20,21]. Supplementary data to this article can be found
online at https://doi.org/10.1016/j.elecom.2019.06.001.
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