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ABSTRACT
This study used an electric discharge machine (EDM) to perform the electrical spark discharge method
(ESDM) to prepare a graphene colloid and a graphene-Ag colloid. The characteristic wavelengths of
graphene, and graphene-Ag are both 262 nm. They had the properties of high dispersion and are
unlikely to aggregate. The XRD patterns of graphene and graphene-Ag are typical carbon diffraction
peak angles and crystal orientations. Graphene-Ag in DW can increase the Raman signal intensity of
graphene. Regarding the graphene colloid and graphene-Ag colloid, their average sheet resistance
values are 0.0329 MΩ/sq and 0.00136 MΩ/sq, respectively. Moreover, when AgNPs composited with
graphene layers, the average sheet resistance is only 1/24 that of graphene layers, indicating that
graphene-Ag has superior conductivity.
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1.

Introduction
Graphene consists of a single layer of graphite.
Its structure is a two-dimensional thin film
honeycomb lattice formed with carbon atoms in
an sp2 hybrid orbital [1]. The thickness of
graphene is only one carbon atom. The thickness
of perfect one-layer graphene is 0.34 nm [2].
The distance of the C–C bond is 0.14 nm, which
is the thinnest among all existing materials. It is
a structurally stable and tough two-dimensional
material. The potential applications of graphene,
including integrated circuits (ICs)[3-4], super
capacitors[5-6],
transparent
conductive
electrodes[7-8], dye-sensitized solar cells[9-10],
thermal conductive materials[11-12], and
antibacterial applications[13-14].Graphene is a
type
of
semimetal
or
zero-band-gap
semiconductor. At room temperature, when
electron transport is measured, the results
indicate that graphene exhibits high electron
mobility, with a mobility rate of approximately
200,000 cm2·V-1·s-1. The resistivity that
corresponds to this value is 10−8 Ω·m, whereas
the resistivity of silver is 10−8 Ω·m. Because the
resistivity of graphene is slightly lower than
silver, this means that it has superior
conductivity to silver, making it the material
with the highest conductivity in existence [15].

EDM is an unconventional machining method.
It utilizes the ESDM to process conductive
materials. The principle is to convert electricity
into heat and use high energy to cut conductive
materials[16-17]. First, a conductive material is
placed between the upper electrode (the item that
conducts processing) and the lower electrode
(the item to be processed) and is soaked in a
dielectric fluid with high insulation performance
[18]. The dielectric fluid can be DW or an
insulating liquid. DC pulse voltage is applied
between the two electrodes to form an electric
field. Subsequently, the servo control system
pushes the upper electrode slowly toward the
lower electrode. The discharge state and distance
between the two electrodes are critical factors
affecting the machining quality. The heat
generated by the electric arc increases the
temperature of the electrode surface up to 6000–
10,000°C. The high temperature causes the
electrodes to melt and vaporize. Simultaneously,
minute particles peel from their surface. These
particles rapidly cool, condense, and spread in
the dielectric fluid. At this moment, the
discharge pulse stops. The surfaces of the two
electrodes return to being insulated, awaiting the
discharge pulse of the next cycle. Through the
aforementioned method, using periodic discharge,
1

conductive materials can be processed [19].

2.
Experimental system and method
2.1.
Experimental system
Figure 1 is a composition schematic of an
EDM. When creating nanocolloids, the
conductive materials prepared in advance are
loaded onto the electrodes, and the lower
electrode is connected to a DC power negative.
Corresponding parameters values are set on the
control panel to output different levels of
discharge pulse, current, power, and stability.
When the two electrodes are emerged in the
dielectric fluid to initiate discharge processing,
electrons in the dielectric fluid move from the
negative electrode to positive electrode. The
amount of metal consumed at the lower
electrode is greater than that at the upper
electrode; thus, the lower electrode is called the
processed end, whereas the upper electrode is
called the processing end. To ensure that tip of
the electrode surface discharges stably, the
lower and upper electrodes are usually made of
conductive materials with a wire diameter of 2
mm and 1 mm, respectively. The two electrodes
are placed in a dielectric fluid for the ESDM.
The prepared nanocolloids are stored in
scintillation counting vials. To prevent the
carbon depositing of the two electrodes during
the preparation process, which would cause a
short circuit, a magnetic stirrer is placed
underneath the storage container. The magnetic
stirrer rotates the stir bar in the storage container
so that the generated nanoparticles distribute in
the dielectric fluid evenly. Before the discharge
procedure begins, the upper and lower
electrodes must be aligned. This can be done
through adjusting the cross slide by rotating the
bidirectional wheel axle. Finally, the control
panel is used to set parameters, and the servo
control system is used to control the distance
between the two electrodes. An extremely small
distance can effectively form spark discharge,
enabling a smooth discharge process.

Figure 1. Schematic of EDM
EDM is a discharge process that involves the
generation of sparks [20]. Two electrodes are
kept in the dielectric fluid in an insulating state
before being provided with a DC pulse power
source. This forms a current channel between the
two electrodes, destroying the insulating state of
the dielectric fluid and generating sparks. Next,
the electric energy is converted to heat energy,
and the high temperature generated by the heat
energy melts the surface of the material of the
electrode. The material on the surface peels off,
cools, and forms nanoparticles. Finally, the
particles disperse in the dielectric fluid, which
returns to the insulating state. The EDM
discharge process is illustrated in Figure 2 and
explained below.
(a) Preparation for discharge: The upper and
lower electrodes of the electrode materials
are soaked in the dielectric fluid. The two
ends of the electrodes are connected to a DC
power source and are confirmed to be aiming
directly at each other. In this state, there is no
voltage or current, and the dielectric fluid is
in an insulating state.
(b) Discharge initiation: When the discharge
cycle begins, Ton begins and Vgap increases.
When the upper electrode slowly moves
toward the lower electrode until the distance
between the two are extremely small, the
electric field strength at the gap between the
two electrodes exceeds the dielectric strength
of the dielectric fluid. Electrons are injected
from the surface of the lower electrode into
the upper electrode. Molecules in the
dielectric fluid become ionized, and the gap
between the electrodes gradually establishes
a discharge channel.
2

with features and size suitable for discharge
processing. Graphite-silver electrode materials
are illustrated in Figure 4. Entire graphite of 99.9%
purity was used. During processing, silver was
added to burn into a chunk to generate a
graphite-silver rod with features and size suitable
for discharge processing.

(c) Ionization: When the insulating state in the
gap between the two electrodes is destroyed,
electrons depart from the lower electrode,
impact the neutral atoms in the dielectric
fluid between the electrodes, and excite
valence electrons at the most outer layer of
the atoms to form positive ions and free
electrons. At this time, electrons rapidly flow
to the upper electrode, conduct ionization
again, and form an ionization channel. Igap
increases and Vgap decreases.
(d) Melting: When discharge succeeds, Igap is
maintained at its maximum value. The
positive ions and free electrons keep
impacting the upper and lower electrodes.
When they impact the surface of the
electrodes, the kinetic energy instantly turns
into heat, forming a discharge spark. This
high heat melts and evaporates the surface of
the electrodes, and the metal electrode
surface peels off nanoparticles.
(e) End of discharge: Toff begins, and Vgap and
Igap decrease. When the pulse voltage and
pulse current enter the Toff state, electrodes
stop releasing electrons and the current starts
to reduce. The ionized channel rapidly
disappears. The nanoparticles that melted
and peeled off from the electrode surface are
suspended in the dielectric fluid. The gap
voltage and gap current reduce.

Figure 3. Graphite rod electrodes

Figure 4. Graphite-silver rod electrodes
2.3
Experimental Method
This study used EDM to prepare a graphene
colloid and a graphene-Ag colloid. The
environmental parameter settings for the
preparation are listed in Table 1. The dielectric
fluid used was DW and the amount was 150 mL.
Ton:Toff were set at 30:30 μs and the voltage was
set at 140 V. The current was set as the second
level. The discharge time for the graphene
colloid was 27 min. To fix the lower electrode in
a container, entire graphite of 99.9% purity was
processed into a shape that could be fixed in the
base of the lower electrode and then placed in the
container. The environmental parameter settings
for preparing the graphene-Ag colloid are listed
in Table 2. The dielectric fluid used was DW and
the amount was 150 mL. Ton:Toff were set at
30:30 μs and the voltage was set at 140 V. The
current was set as the second level. The
discharge time was 3.5 min. The proportion of
graphite and silver in the graphite-silver rod was
70% and 30%. The upper and lower electrodes of

Figure 2. The EDM discharge process: (a)
preparation for discharge, (b) discharge
initiation, (c) ionization, (d) melting, (e) end of
discharge
2.2
Dielectric fluid and material
The dielectric fluid used are DW. The
graphite electrode materials are presented in
Figure 3. The upper and lower electrodes both
used graphite rods, which were made from
entire graphite of 99.9% purity; through lathe
processing, the graphite was burned into a chunk
3

the EDM were both graphite-silver rods.
Table 1. Environmental Parameter Settings for
Preparing Graphene Colloid
Title
Parameter
Electrode
Graphite rod
Ton:Toff
30:30 μs
Current segment
2
Voltage
140 V
Dielectric fluid
DW
Volume of the dielectric fluid
150 mL
Discharge time
27 min
Temperature
25 ℃
Atmospheric pressure
1 atm

stability of graphene-Ag improved. In
summmary, the zeta potential of graphene-Ag is
greater than that of graphene, demonstrating that
graphene-Ag had superior suspension stability to
graphene, enabling its wider applicability.

Table 2. Environmental Parameter Settings for
Preparing Graphene-Ag Colloid
Title
Parameter
Electrode
Graphite-silver
rod
Ton:Toff
30:30 μs
Current segment
2
Voltage
140 V
Dielectric fluid
DW
Volume of the dielectric
150 mL
fluid
Discharge time
3.5 min
Temperature
25 ℃
Atmospheric pressure
1 atm

(a)

(b)
Figure 5. Zeta potential (a)graphene,
(b)graphene-Ag
3.2
Characteristic analysis
UV–Vis is used to analyze the optical
properties of graphene and graphene-Ag. The
analysis results are presented in Figure 6. The
figure shows that graphene had a clear
absorption peak that corresponded to the
wavelength at 262 nm, and its absorbance is
0.822. This is formed due to sp2 carbon atoms.
This absorbance peak is typical for the UV–Vis
spectra of graphene, verifying that graphene can
indeed be obtained from EDM. The absorption
peaks of graphene-Ag and graphene are very
close. The wavelength of the absorption peak of
graphene-Ag is also located at 262 nm, which is
identical to the characteristic wavelength of
graphene, and its absorbance is 0.803. As a result,
when the light source of a wolfram lamp passes
the sample, it cannot analyze the characteristic
wavelength of AgNPs. In summary, we verified
that using graphite rods and graphite-silver rods

3.
Results and Discussion
3.1
Suspension stability
The Zetasizer is used to analyze the
suspension stability of graphene and grapheneAg. The analysis results are presented as zeta
potential. The suspension stability analysis
results of graphene is presented in Figure 5(a).
The analysis results in Figure 5(a) reveal that the
zeta potential of graphene is −34.6 mV. The
absolute zeta potential value is greater than 30
mV, indicating that this colloid had favorable
suspension stability. The suspension stability
analysis results of graphene-Ag is presented in
Figure 5(b). Figure 5(b) reveals that the zeta
potential of graphene-Ag is −40.6 mV, meaning
that this colloid also had favorable suspension
stability. Because AgNP had an excellent
suspension ability, when AgNPs formed a
composite with graphene layers, the suspension
4

can prepare graphene and graphene-Ag,
respectively, through EDM. The preparation
time is short, and no additional chemical agents
are required.

Figure 7. XRD patterns of the graphene and
graphene-Ag
Raman is used to analyze the defects and
SERS of graphene and graphene-Ag, and the
analysis results are presented in Figure 8. The
figure shows that the Raman spectra of graphene
has two characteristic peaks (D-band and Gband). Their characteristic peaks correspond to
the wavenumbers of 1353 cm-1 and 1577 cm-1.
Using the D-band and G-band intensity ratio, we
calculated the intensity ratio of graphene as
0.994 (5910/5944). The Raman spectrum of the
graphene-Ag is special in that it has a very small
characteristic peak D-band and a very large Gband, meaning that the graphene-Ag is highly
graphitized and had few defects. The D-band and
G-band corresponded to the wavenumbers of
1353 cm-1 and 1575 cm-1, respectively. The
intensity ratio of graphene-Ag is 0.854
(10297/12050). According to the intensity ratio,
we learned that graphene had more defects
compared with graphene-Ag. This is because the
electrodes used to prepare graphene-Ag are
graphite-silver rods. Silver is a conductor and
has favorable conductivity, so its discharge
process is smooth and may peel more complete
graphene-Ag to be dispersed in DW. From the
figure, we could also determine the impact of
SERS on graphene and graphene-Ag. The Gband Raman signal intensity of graphene-Ag
substantially increased, verifying that using the
physical method of the ESDM to prepare
graphene-Ag in DW can increase the Raman
signal intensity of graphene.

Figure 6. UV–Vis spectra of the graphene and
graphene-Ag
XRD is used to analyze the crystal structures
of graphene and graphene-Ag. Figure 7 presents
the analysis results of the diffraction peak and
crystal structure. The figure reveals a diffraction
peak of graphene at the position where 2θ is
26.3°. The crystal orientation is (002). From the
figure 7, we observed another XRD pattern,
which is the graphene-Ag analysis result. The
figure 7 shows a clear diffraction peak, whose
2θ (degree) angle is located at 26.4°, and the
corresponding crystal orientation is (002).
Notably, in the graphene-Ag crystal, a
diffraction peak of silver is not observed,
meaning that the silver crystal is not detected. In
summary, Figure 7 reveals that when using two
different types of graphite rods and electrodes,
through EDM we are able to prepare carbonstructure colloids with comprehensive crystals
with an orientation of (002). Regarding the
diffraction peak intensity, because they are two
completely different materials and products, the
intensities of the two diffraction peaks can be
overlooked.
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(a)

Figure 8. Raman of the graphene and grapheneAg
TEM is used to analyze the surface properties
of graphene and graphene-Ag. Figure 9 presents
the TEM image of graphene. Figure 9(a)
illustrates clearly the stacking of graphene layers,
and we can identify the differences represented
by color. The peripheral had less graphene
stacked together, so the color is a light gray.
Thicker stacks of graphene layers are observed,
which exhibited a black color. From the Figure 9
(b), one can see the lattice line of part of the
graphene. This lattice line indicates the distance
between the graphene layers. In this sample,
after measurement, the inter-layer distance is
0.33 nm. Figure 10 presents the TEM image of
graphene-Ag. In the Figure 10 (a), numerous
round and dark small AgNPs are observed on
the graphene layers. The particles are embedded
in the graphene layers. The size distribution of
AgNPs is presented in Figure 10 (b). This
distribution graph is mainly from the AgNP size
in the TEM image of Figure 10 (a). The size of
small AgNPs is approximately 5 nm; they
account for almost half of the AgNPs. This
means that when using graphite-silver rods to
conduct ESDM processing, we could prepare
AgNPs of a very small size embedded in
graphene layers.

(b)
Figure 9. (a)TEM image of graphene, (b)
magnified image of graphene

(a)
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increased the possibility of the future application
of graphene-Ag to conductive matters, and also
met our original goal of not using chemical
methods but rather purely using EDM to prepare
this composite material.
Table 3. Sheet Resistance Values (MΩ/sq) of
Graphene and Graphene-Ag
Area No.
Graphene
Graphene-Ag
1
0.04
0.002
2
0.076
0.002
3
0.029
0.001
4
0.013
0.0006
5
0.03
0.001
6
0.03
0.001
7
0.036
0.001
8
0.02
0.001
9
0.027
0.001
10
0.028
0.003
Average
0.0329
0.00136
4.
Conclusions
This study proposed a method for preparing
graphene and graphene-Ag by using EDM. The

(b)
Figure 10. (a) TEM image of graphene-Ag, (b)
particle size distribution of the AgNPs.
3.3
Conductivity
Table 3 lists the conductivity test results of
graphene and graphene-Ag. The table lists the
sheet resistance of graphene and graphene-Ag
measured at 10 different areas on the films. For
graphene, the minimum, maximum, and average
sheet resistance values are 0.013 MΩ/sq, 0.076
MΩ/sq, and 0.0329 MΩ/sq, respectively. For
graphene-Ag, the minimum, maximum, and
average sheet resistance values are 0.0006
MΩ/sq, 0.003 MΩ/sq, and 0.00136 MΩ/sq,
respectively. The graphene colloid prepared
using the ESDM with graphite rods as electrodes
is prepared into coating samples. Its average
sheet resistance value is 0.0329 MΩ/sq,
verifying
that
under
this
preparation
environment, graphene flakes that peeled in DW
are conductive and had favorable dispersion.
Regarding the graphene-Ag colloid prepared
using graphite-silver as the electrode, its average
sheet resistance is 0.00136 MΩ/sq, which is
1/24 that of graphene, indicating that grapheneAg has superior conductivity and dispersion
compared with graphene. In short, we confirmed
that using EDM to conduct the ESDM and
prepare graphene colloid samples as well as
using the coating method to prepare coating
samples obtained graphene products with
conductivity. In addition, after mixing silver into
graphite to prepare the graphene-Ag colloid,
when AgNPs and graphene layers became a new
composite, the conductivity of graphene-Ag is
superior to graphene and rGO-Ag because Ag
has excellent conductivity. This substantially

ESDM is a physical preparation method. Compared
with chemical synthesis methods, this method is
simple, fast, and environmentally friendly. The

research results of this dissertation are as
follows:
1. The suspension stability test of graphene, and
graphene-Ag revealed that the absolute
values of their zeta potential are all greater
than 30 mV, indicating that the graphene
products prepared using the ESDM all had
favorable suspension stability. Favorable
suspension stability means there is a high
mutual repulsion force between graphene
layers and nanoparticles. The layers and
particles do not aggregate easily, so the
colloid can temporarily retain the properties
of the nanomaterial, which increases the
feasibility of using it in the industry in the
future.
2. Through the analysis of surface properties of
graphene products, we clearly observed that
the shape of graphene is in flakes, and the
AgNPs in graphene-Ag are composited on
the graphene layers, forming a new type of
graphene composite with different properties.
3. Regarding the conductivity analysis, the
7
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