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The electrical spark discharge method was used to prepare graphene copper nanocomposite (GNS-Cu)
colloids under normal temperature and pressure. Cu and graphite were mixed in deionized water at
a Cu: C mass ratio of 9:1 (99% purity), and the mixture was used to produce composite rods as the
electrodes for spark machining. An electrical discharge machine with five settings of pulse cycle turn-on
and turn-off times, namely 10-10, 30-30, 50-50, 70-70, and 90-90 ps, was used to prepare five
different types of GNS-Cu colloids. The ultraviolet-visible spectroscopy results revealed that the highest
absorbance (2.441) was observed when the turn-on and turn-off times were 30-30 ps, indicating that
this configuration was most efficient for preparing GNS-Cu colloids. Transmission electron microscopy
and X-ray diffraction analysis were also conducted to examine the surface characteristics and crystal
structure of GNS-Cu colloids. The transmission electron microscopy results revealed that Cu particles in
the GNS-Cu colloids were located within or on top of graphene sheets. The Cu particle size varied with
the discharge efficiency, and the lattice spacing of the Cu particles was approximately 0.218 nm. The
results of X-ray diffraction analysis revealed that no byproducts were formed from the preparation of
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1. Introduction

Graphene is a flat film comprising hexagonal lattices with
carbon atoms with sp” orbitals. Because of its high thermal
conductivity,' low resistivity, and favorable mechanical prop-
erties,> graphene is frequently applied in solar cells,* super-
capacitors,® or reinforcing materials for composites.®® Cu is
a common metal with high thermal conductivity,® electrical
conductivity,' and ductility. It is widely used to prepare nano-
particles for creating antibacterial agents.™*> Graphene and Cu
have similar properties, enabling the use of these materials in
combination to form composites. These composites can be
used as oil-based additives for friction reduction' or mixed with
epoxy resins to increase thermal conductivity." Therefore, gra-
phene and Cu are potential materials for practical applications
as thermal interface materials and adhesives.

Graphene-Cu nanocomposite (GNS-Cu) can be prepared
with chemical and physical methods; both are used in specific
fields. Chemical methods, coating graphene films on copper
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GNS-Cu colloids, which had complete crystal structures.

nanoparticles by chemical vapor deposition, improved its
mechanical properties and friction properties.” Electro-
chemical deposition of copper nanoparticles on graphene
nanosheets, electrodes on sensors for detecting glucose and
hydrogen peroxide, make the sensor have with good sensitivity
and stability." The graphene and copper nanoparticle
composites prepared by in situ chemical reduction are used as
electrodes for the detection of carbohydrate sensors, resulting
in better sensitivity of the sensors,'” are more common but also
more costly than physical methods. However, the use of
chemical agents can cause environmental pollution and harm
human health. Therefore, effectively reducing the pollution and
preparation costs associate with GNS-Cu synthesis is an essen-
tial topic. In this study, the electrical spark discharge method
(ESDM)*® was used to prepare GNS-Cu. The ESDM is an envi-
ronmentally friendly physical method that is highly efficient
with low costs and short preparation time. In this method,
a servo control system is used to maintain two electrodes at an
extremely short distance apart from one another,' and the duty
cycle of voltage pulses is changed rapidly to generate a spark
discharge that converts electrical energy to thermal energy.
When sufficient thermal energy is generated, the electrode
material melts and rapidly cools to form nanoparticles. ESDM is
widely applied in precision processing to increase the precision
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of the produced objects. The method can also be used to create
nanosized colloids.?** Five turn-on and turn-off time (To,—Togr)
settings were used to prepare GNS-Cu colloids. The quality of
the resulting products was preliminary determined using
ultraviolet-visible spectroscopy (UV-Vis). Next, the surface
characteristics of the highest-quality products were examined
using X-ray diffraction analysis (XRD) and transmission elec-
tron microscopy (TEM) to identify the optimal parameter
configuration.

2. Experimental principles and
methods
2.1 Experimental principles

An electrical discharge machine (EDM) was used to conduct the
ESDM and prepare GNS-Cu. Fig. 1 presents the components of
an EDM system, and Fig. 2 depicts the ESDM process for
preparing nanosized colloids. Prior to discharge (Fig. 2(a)), the

two electrodes were submerged in a dielectric fluid and
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Fig. 1 Illustration of the spark machining process.
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Fig. 2 Different stages of a spark machining process: (a) before
discharge, (b) discharge initiation, (c) ionization, (d) electrode melting,
(e) discharge termination, and (f) insulation recovery.
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maintained at a specific distance apart from each other. During
this stage, the system is insulated, no voltage is applied, and
neither gap voltage (Vgap) nor current (Iy,,) are generated. On
initiating the discharge process, the T,, period begins
(Fig. 2(b)). In this period, the servo control system is used to
adjust the distance between the two electrodes by maintaining
them at an extremely short distance apart from one another.
When the electric field strength on the electrode surface
surpasses the insulation capacity of the dielectric fluid, a large
number of electrons travel from the anode to cathode to form
an electrical arc that generates a high temperature, inducing
ionization (Fig. 2(c)). During this stage, electrons from the
anode impact neutral atoms in the dielectric fluid and ionize
them, forming cations. The electrons rapidly travel to the
cathode, inducing the ionization effect to reduce Vg, and
increase Ig,p. Next, melting occurs (Fig. 2(d)). Under continuous
ionization, the positive and negative ions continue to impact
the two electrodes and form a high-temperature electrical arc
between the electrodes. This process converts electrical energy
to thermal energy, and the instantly-generated high tempera-
ture melts the Cu metal on the electrode surface. Cu nano-
particles detached from the electrode surface are dispersed and
suspended in the dielectric fluid. The end of the discharge
process is the Toe period (Fig. 2(e)) during which voltage is no
longer applied to the two electrodes, V., and Ig,, become zero,
and the dielectric fluid returns to the insulating state. GNS-Cu
particles are cooled in the dielectric fluid, and a spark
machining cycle is completed. The dielectric fluid must
completely return to the insulating state (Fig. 3(f)) before the
next discharge processing cycle can begin. This process can be
used to create nanoparticles.

2.2 Experimental materials

Composite rods made of graphite and Cu were used as the
upper and lower electrodes. The purity of the graphite and Cu
used was 99%, and the Cu-C mass ratio of the composite rods
was 9 : 1. Because electricity is discharged from electrode tips,
the electrode diameter should be 1-2 mm. Graphite has a fragile

Fig. 3 Graphite—Cu composite rods.
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structure and low ductility; consequently, graphite-Cu
composite rods 1 to 2 mm in diameter are difficult to create;
they also break easily. To address this problem, graphite rods
with a diameter of 1 cm were first created. The rods were then
sharpened on one end by using a grinder to achieve the small
surface area required for discharge (Fig. 3). Because of its
excellent insulation properties, deionized water was used as the
dielectric fluid. The electrical conductivity of the water was 2.0

us em ™.

2.3 Experimental methods

An EDM was used to prepare GNS-Cu, and different To,—Tos
settings were adopted to identify the optimal parameter
configuration. Specifically, five T,,~-Tos settings were used,
namely 10-10, 30-30, 50-50, 70-70, and 90-90 ps. Table 1
presents the configuration of the other environmental param-
eters. The current segment was set to Level 3, and the high/low
voltage switch was not activated. The no-load voltage was 140 V.
The volume of dielectric fluid was 250 mL. The discharge time
was 2 min. The preparation process was conducted at normal
temperature and pressure. By using the above parameters, the
graphite copper rods of the upper and lower electrodes are
peeled off through the high-temperature spark discharge. This
will form a graphene-copper composite colloid.

To compare the quality of GNS-Cu colloids created with
different T,,—To¢ settings, a preliminary optics analysis at the
ultraviolet radiation range was conducted using a UV-Vis
analyzer (9423UVA1002E Helios Omega). The optimal param-
eter configuration was then determined based on the analysis
results. In general, absorbance values measured from UV-Vis
are used to derive sample concentrations; a high absorbance
value indicates a high concentration and therefore a successful
discharge process. Because absorbance is unitless, only the
absorbance values obtained from the same UV-Vis analyzer can
be used to calculate concentrations. In this study, the GNS-Cu
colloids prepared with the five T,,~To settings were analyzed
to determine the optimal parameter configuration, and XRD
(Empyrean) and TEM (HRTEM, JEM2100F) were performed for
subsequent analysis. XRD was used to analyze the crystal
structure, phase, and diffraction peaks of GNS-Cu, and the
analysis results were used to determine the colloid composi-
tion. TEM was performed to determine the particle size,
distribution, and lattice spacing. The XRD d-spacing data in the
International Centre for Diffraction Data database were refer-
enced to determine the particle phase.

Table 1 Configuration of environmental parameters

Graphite, 99.9%

Material Copper, 99.9%

Pulse cycle (Ton—Tog) 10-10, 30-30, 50-50, 70-70, 90-90 (us)

Current segment (IP) 3
Voltage (V) 140
Fluid (mL) DW, 250
Discharge time (min) 2
Temperature (°C) 25
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3. Results and discussion
3.1 UV-Vis results

This study adopted five T,,~Tog settings (10-10, 30-30, 50-50,
70-70, and 90-90 ps) to prepare the GNS-Cu with a discharge
time of 2 min. Fig. 4 presents the UV-Vis spectra of the colloids.
The results revealed that the characteristic peaks of the colloids
all appeared at 219 nm. Thus, changing the T,,—To setting did
not affect the optical properties of the product. Table 2 lists the
absorbance values of the colloids prepared for 10-10, 30-30, 50-
50, 70-70, and 90-90 ps, which were 2.171, 2.441, 2.329, 2.231,
and 1.873, respectively. In particular, the colloid prepared for
30-30 ps had the highest absorbance, indicating that this
discharge process was the most successful. Therefore, this
setting is the most suitable for GNS-Cu preparation.

3.2 XRD pattern results

Fig. 5 presents the XRD results, which revealed that the prepared
GNS-Cu had three crystal phases, namely C (00-041-148), Cu (00-
001-083), and CuO (01-089-2529). The Bragg angle and crystal
plane of graphite are 26° and (002), respectively. The Bragg angles
of Cu are 43°, 50°, and 74°, and its crystal planes are (111), (200),
and (220). The Bragg angles of CuO are 35° and 38°, and its crystal
planes are (—111) and (111). Because only these characteristics
were observed in the XRD spectrum, the prepared GNS-Cu was
verified to contain only the crystal structures of C, Cu, and CuO,
and no other byproducts were formed.

3.3 TEM image results

TEM was conducted to observe the particle size, shape, and
distribution using a nickel mesh with a discontinuous carbon

2.5+
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Fig. 4 UV-Vis spectra of the colloids prepared with different To,—Tof
settings.

Table 2 Absorbance values of the colloids prepared with different
Ton—Toff Settings

Ton—Tofr (11S) Absorbance
10-10 ps 2171
30-30 us 2.441
50-50 ps 2.329
70-70 us 2.231
90-90 us 1.873

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 XRD spectrum of the prepared GNS-Cu.

film as a carrier. The results revealed that the colloid samples
contained both C and Cu, which did not form compounds.
Fig. 6(a) presents the TEM image with a scale bar of 100 nm.
Irregularly-shaped translucent graphene sheets can be

0218 nm
Cu(111)

Fig. 6 TEM images of -GNS-Cu. Scale bars are (a) 100 nm, (b) 50 nm,
and (c) 10 nm.
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observed in this image. The black particles of varying size are
Cu nanoparticles. The diameter of the particles in the left
region of the image is larger because the discharge efficiency
was poorer. Fig. 6(b) presents a magnified image (scale bar of
50 nm) of the white square region in Fig. 6(a). The image
verifies that the Cu nanoparticle is located on top of the gra-
phene sheet; the particle size was determined to be approxi-
mately 50 nm. Fig. 6(c) presents the magnified image (scale bar
of 10 nm) of the white square region in Fig. 6(b). The black area
in the image is the copper nanoparticles; the lattice lines can
be clearly observed. The lattice spacing was measured as
0.218 nm.

Different To,—Togr settings were adopted to prepare GNS-Cu
through the ESDM and identify the optimal parameter config-
uration. The UV-Vis results verified that 30-30 ps yielded the
highest absorbance (2.441) and discharge efficiency. The XRD
results revealed that the prepared GNS-Cu colloid only had C,
Cu, and CuO crystal structures, and no byproducts were created.
TEM revealed that Cu particles were located on top of the
translucent graphene sheets. The Cu particle size varied with
the discharge efficiency. The actual measurement of the Cu
lattice spacing was 0.218 nm.

4. Conclusions

This study was the first to adopt ESDM and an EDM to prepare
GNS-Cu colloids at standard pressure and temperature without
using any dispersants or additional chemical reagents. The
optimal T,,-To¢ setting was identified using UV-Vis. The results
verified that ESDM is a low-cost, efficient, and green process for
GNS-Cu preparation. This study contributes to the relevant body
of knowledge in the following areas:

(1) ESDM can be used to prepare GNS-Cu at standard
temperature and pressure, and no dispersants or additional
chemical reagents are required. Compared with other methods,
ESDM causes less pollution and fewer negative effects on
human health. It is a rapid and green preparation process.

(2) UV-Vis verified that when T,,,—Tos was set to 30-30 ps, the
characteristic peak of the GNS-CU prepared with the ESDM
appeared at 219 nm and the absorbance was 2.441.

(3) The XRD results confirmed the presence of graphene, Cu,
and CuO crystal phases and Bragg angles in the prepared
colloid, verifying that the product indeed contained graphene
and Cu. However, the formulation of oxides during the process
was inevitable.

(4) TEM was conducted to observe the GNS-Cu microscop-
ically and to measure the lattice spacing, which was then
compared with that determined using the XRD. The results
revealed that the prepared colloids contained both graphene
and Cu nanoparticles. Irregular lattice lines were also
observed; these were caused by the interference between Cu
and graphite.
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