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Abstract
We have demonstrated the production of thin films containing multilayer graphene-coated 
copper nanoparticles (MGCNs) by a commercial electrodeposition method. The MGCNs 
were produced by electrical wire explosion, an easily applied technique for creating hy-
brid metal nanoparticles. The nanoparticles had average diameters of 10–120 nm and quasi-
spherical morphologies. We made a complex-electrodeposited copper thin film (CETF) with 
a thickness of 4.8 µm by adding 300 ppm MGCNs to the electrolyte solution and performing 
electrodeposition. We measured the electric properties and performed corrosion testing of 
the CETF. Raman spectroscopy was used to measure the bonding characteristics and esti-
mate the number of layers in the graphene films. The resistivity of the bare-electrodeposited 
copper thin film (BETF) was 2.092 × 10–6 Ω·cm, and the resistivity of the CETF after the ad-
dition of 300 ppm MGCNs was decreased by 2% to ~2.049 × 10–6 Ω·cm. The corrosion resis-
tance of the BETF was 9.306 Ω, while that of the CETF was increased to 20.04 Ω. Therefore, 
the CETF with MGCNs can be used in interconnection circuits for printed circuit boards or 
semiconductor devices on the basis of its low resistivity and high corrosion resistance.
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1. Introduction

Electrodeposition recently has been widely used in various industries to coat metal sub-
strates with thin films of different metals. However, thin films of different deposited metals 
may require unique properties that the substrate metal lacks. Therefore, the electrodeposition 
of metallic coatings containing nanoparticles has been of increasing interest in connection to 
electrodeposition applications to improve metal layer properties. In particular, the unusual 
optical, thermal, chemical, and physical properties of metal nanoparticles can be tailored by 
controlling the particle sizes and shapes. 

Metallic nanoparticles and carbon-coated metal particles have been used extensively for 
various applications, such as energy storage materials, electrode pastes, printable inks, cata-
lysts, ferrofluids, and biosensors [1-5]. Previous studies have shown that nanoparticles with 
surfactants can be suspended in electrolytes by agitation and then deposited as composites 
onto metals by electrodeposition [6]. Moreover, the electrodeposition of metallic coatings 
containing nanoscale particles can increase micro-hardness and corrosion resistance, modify 
growth to form nanocrystalline metal deposits, and change the reduction potential of metal 
ions [6-9]. By electrodeposition, controlled amounts of such particles can be embedded in 
the electrochemically produced solid phase of a coating, allowing special properties to be 
realized [7].
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(Atotech Co., Germany). 304 stainless steel plates (Nilaco Co., 
Japan) with dimensions of 5 cm × 5 cm × 0.1 mm were used as 
cathodes and Pt grids were used as anodes. The cathodes were 
prepared by polishing with sandpaper to a grade of 1500. 

The current density for Cu plating was controlled at 1.5 A/
cm2 and electrodeposition was performed for 15 min at 25°C. 
The MGCNs were added to the Cu electrolyte solution at a con-
centration of ~300 ppm and then dispersed in the electrolyte so-
lution using ultrasonic agitation for 10 min. Before and during 
electrodeposition, the bath was agitated using a magnetic stirrer 
at 80 rpm. The bare-electrodeposited copper thin film (BETF) 
and the CETF containing 300 ppm MGCNs were both ~4.8 μm 
thick. 

Electrochemical impedance spectroscopy (EIS) is an effec-
tive technique for probing the features of chemically modified 
electrodes and for understanding electrochemical reaction rates 
and has been used in many studies [17]. The interfacial phenom-
ena are modeled by the Randles and Ershler electronic equiva-
lent circuit, as shown in Fig. 1a.

The faradaic impedance spectrum, known as a Nyquist plot, 
corresponds to the dependence of the imaginary resistance on 
the real resistance, and provides extensive information about the 
electric field interface and the electron transfer reaction. Nyquist 
plots commonly include a semicircle region lying on the axis 
followed by a straight line. The semicircle portion corresponds 
to the electron-transfer-limited process, while the straight line 
represents the diffusion-limited process. The Nyquist plot of the 
electrochemical system is shown in Fig. 1b [17].

The morphology and the size distribution of the MGCNs 
were characterized using high-resolution transmission electron 
microscopy with energy dispersive X-ray spectroscopy (HR-
TEM with EDX, JEM-3010; JEOL Co., Japan) and dynamic 
light scanning (DLS; Otsuka Electronics Co., Japan). Phase 
analysis and chemical bonding analysis of the MGCNs were 
performed using X-ray diffraction (XRD; D8 ADVANCE, Bruk-
er, USA), Raman spectral measurements with a laser excitation 
wavelength of 532 nm (Santerra, Bruker, USA), and X-ray pho-
toelectron spectroscopy (XPS; ESCA2000, VG Microtech, UK). 
The surface morphology of the CETF was studied using a field 
emission scanning electron microscope (FE-SEM; Jeol JSM-
700F, JEOL) with EDX. The resistivity of the electrodeposited 
Cu sheet was measured by a four-point probe (CMT-SR200N, 
AIT, Korea). Finally, chronoamperometry and EIS were per-
formed by a potentiostat/galvanostat (VSP, Bio-Logic, France) 
with a saturated calomel reference electrode for electrochemical 
characterization. 

Nanoscale metal powders often become oxidized because 
they have high surface energies. Therefore, metal nanoparticles 
can form thin coating oxide layers, which degrade the proper-
ties of the particles. However, the introduction of a carbon layer 
can preserve the unique properties of metal layers and particles. 
Various methods to form such carbon layers on nanoscale metal 
powders have been reported, including arc-discharge, ion-beam 
sputtering, high-temperature heat treatment, electric explosion, 
and chemical deposition [10,11]. The electrical wire explosion 
technique has been especially common in producing carbon 
film-coated metal nanoparticles. With this technique, a high cur-
rent is passed through a thin metal wire in air, ambient gases, or 
liquid media to create carbon-coated metal nanoparticles [12-
15]. The metal powders must be dispersible and safe for applica-
tion in devices for use in various industrial fields. 

We have demonstrated the production of a complex-elec-
trodeposited copper thin film (CETF) containing multilayer 
graphene-coated copper nanoparticles (MGCNs) by a typical 
electrodeposition method and determined the electrical and 
corrosion resistance properties of the films. We have also deter-
mined the growth mechanism of complex electrodeposition in a 
dispersion of metal nanoparticles in an electrolyte. Finally, we 
have verified the structure of the CEFT by experimental analy-
sis. 

2. Experimental

The MGCNs were fabricated by an electrical wire explosion 
process in a liquid medium of isopropyl alcohol (IPA) using 
copper (Cu) wire as a source material. In this electrical wire ex-
plosion setup, a thin Cu wire of 0.3 mm diameter was inserted 
between high-voltage and grounded electrodes, which were con-
nected to an air gap voltage switch, and charged by a 0.05-μF 
capacitor bank from a high-voltage power source. A Cu wire of 
12 mm length was exploded once and used in the experiment. 
A high voltage of 8.0 kV in 300 mL of the liquid solution was 
applied to the Cu wire for 90 explosions. We obtained MGCNs 
from the hybrid metal particles dispersed in the IPA by filtration. 
The separated MGCNs were cleaned several times in deionized 
water and dried for 30 min at 60°C in an oven [16]. 

Table 1 lists the composition and conditions used for the 
plating electrolyte. All solutions were commercially available 

Table 1. Composition and conditions of plating bath 

Chemical/parameter Concentration/condition

CuSO4·5H2O (mol/L) 0.79

H2SO4 (mol/L) 0.305

HCl (mol/L) 0.000874

MGCNs (ppm) 100–300

Current density (mA/cm2) 15

Magnetic stirring (rpm) 80

Temperature (°C) ~25

MGCNs, multilayer graphene-coated copper nanoparticles.

Fig. 1. (a) Schematic of circuit for corrosion resistance test. (b) Faradic 
impedance plot for corrosion resistance analysis on an electrochemical 
system. 
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size for 1 s (Fig. 4a). As the growth of the Cu thin film increases, 
an individual Cu particle nucleates for 5 s before forming a thin 
film for 10 s (Fig. 4b and c). These particles were analyzed by 
EDX, revealing that they were composed of Cu; however, we 
found no images of MGCNs embedded in the CETF. We created 
a CETF with a thickness of 4.8 µm in 15 min. Fig. 4d shows 
the surface morphology of the CETF. It is similar to that of the 
inserted image of the surface morphology of the BETF.

The XRD pattern of the MGCNs is shown in Fig. 5a. The 
XRD pattern of the MGCNs shows high-intensity peaks at 
43.36° (111), 50.52° (200), and 73.57° (220) corresponding to 
the crystal structure of face-centered cubic bulk Cu. The C peak 
of the MGCNs indicates that the low carbon solubility has a neg-
ligible effect on the Cu particles. Fig. 5b shows the wide-scan 
XPS spectrum for the MGCNs. The general spectrum shows a 
high-intensity peak at 284.4 eV (C 1s) and a low-intensity peak 
at 532.2 eV (O 1s). The two peaks at 932 eV (Cu 2p3/2) and 952 

3. Results and Discussion

Fig. 2a-c show transmission electron microscopy images of 
the MGCNs. These MGCNs were prepared in liquid IPA by 
the electrical wire explosion method, which created core-shell 
structured particles having Cu cores with multilayered graphene 
shells. In the case of the electrical explosion method, the en-
ergy applied to the wire caused it to vaporize within the IPA. 
The vaporized Cu then cooled rapidly to the temperature of the 
surrounding liquid media, resulting in condensation of Cu and 
crystallization of carbon from IPA molecular destruction onto 
the Cu particles. The MGCNs are formed with uniform spherical 
shapes of less than 40 nm diameter (Fig. 2a). Moreover, the mul-
tilayer graphene films are confirmed to be 3–5 layers thick, with 
a layer thickness of 0.34 nm each (Fig. 2b and c) [18-20]. Fig. 2d 
shows the Raman spectrum of the MGCNs. The peaks at 1348 
cm–1, 1586 cm–1, and 2440 cm–1 are the D, G, and 2D peaks, re-
spectively. The D and G peaks represent the graphene shoulder 
peaks. Next, the carbon surrounding the core was confirmed to 
be multi-layered graphene. The carbon layers form around the 
Cu particle at the time of the electrical explosion [21,22].

Fig. 3 shows the size distribution of the MGCNs, as deter-
mined using DLS. The MGCNs range from 83 nm to 270 nm 
in size with an average particle size of 107.4 nm. Although 
the MGCNs are shown to be less than 40 nm in Fig. 2, the 
DLS-measured particle size is larger. This different range in 
size can be explained by the aggregation of the MGCNs in 
solution [23-25].

Fig. 4 shows a FE-SEM surface image of the 300-ppm 
MGCNS-modified Cu thin film fabricated by the complex elec-
trodeposition method. The growth of the Cu thin film occurs by 
the uniform and individual nucleation of Cu particles of 40 nm 

Fig. 2. Transmission electron microscopy images of the multilayer gra-
phene-coated copper nanoparticles (MGCNs). (a) The size of the MGCNs is 
less than 40 nm. (b, c) The MGCNs were created using an electrical explo-
sion method and have a core-shell structure with multi-layer graphene 
films. It was confirmed that there were 3–5 layers of graphene and the 
thickness of one layer was 0.34 nm. (d) Raman spectrum of the MGCNs. 
Raman shifts at 1348 cm–1, 1586 cm–1, and 2440 cm–1 are the D, G, and 2D 
peaks, respectively.

Fig. 3. Particle size distribution for multilayer graphene-coated copper 
nanoparticles (MGCNs) by DLS. IPA, isopropyl alcohol.

Fig. 4. Field emission scanning electron microscope image of the plated 
Cu surface. The surface morphology of 300 ppm multilayer graphene-
coated copper nanoparticles added Cu complex-electrodeposited copper 
thin film (CETF) according to time are (a) 1 s, (b) 5 s, (c) 10 s, (d) 15 min, 
and (d) the surface morphology of the bare-electrodeposited copper thin 
film (BETF) inserted. 
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Scherrer formula, we determined the grain size [26].

 (1)

Here, Dp = average crystallite size, β = line broadening in 
radians, θ = Bragg angle, and λ = X-ray wavelength. The grain 
sizes of the BETF and MGCN-modified CETF are 37.81 nm and 
50.43 nm. As a result, the MGCN-modified CETF shows an in-
creased (111) peak intensity because of the increased grain size. 
Therefore, we suggest that this caused the improvement of the 
corrosion resistance and resistivity. However, this mechanism 
remains unclear, because nanomaterials have previously been 
shown to possess different properties and characteristics com-
pared to bulk materials. We propose that the MGCN-modified 
CETF has a lower resistivity and higher corrosion resistance be-
cause of the increased grain size in the complex bulk thin film 
and because of the anti-oxidation protection of the metal par-
ticles by the molecular barrier properties of the added graphene 
layers.

Finally, Fig. 8 shows a schematic illustration of the mecha-

eV (Cu 2p1/2) indicate the formation of Cu-O chemical bonds. 
Therefore, we can that some copper oxide materials are formed; 
the MGCNs dominantly contribute to the C peak. The data clear-
ly indicate that the graphene layer coating the Cu particles is 
protecting Cu from oxidation. 

Fig. 6 shows the resistivity and EIS of the BETF and the 
MGCNs-modified CETF. The electrical resistivity of the plated 
Cu thin films is calculated based on the sheet resistance and the 
film thickness. The sheet resistance was measured at nine points 
and the average value was used as the resistivity. Fig. 6a depicts 
the experimental (solid line) and simulated (dot line) EIS results 
under various conditions. Rs is shown in the Nyquist plot as the 
X-intercept. The diameter of the circle corresponds to the re-
sistance (R) of the combined Rct and Rs; larger-diameter circles 
indicate the films have superior corrosion resistance [17]. 

The corrosion behavior changes with the addition of MGCNs, 
as shown in Fig. 6a. This shows that corrosion is closely re-
lated to changes in the crystal structure and film morphology. 
Rct is increased from 9.306 Ω to 20.04 Ω, which decreases the 
corrosion current of the thin film; the corrosion rate of the thin 
film is therefore delayed with the addition of MGCNs. Fig. 6b 
shows the resistivity of the films. The samples showed resistiv-
ity of 2.09×10–6 Ω·cm for the BETF and 2.04×10–6 Ω·cm for the 
MGCN-modified CETF. In general, additives act as impurities, 
increasing the resistivity of films. However, the resistivity of the 
MGCN-modified CETF is demonstrated to decrease by ~2.5%. 
According to the corrosion resistance and resistivity results, this 
is associated with the change in crystal structure and surface 
morphology. 

Fig. 7 shows the XRD patterns of the BETF and 300-ppm 
MGCNs-modified CETF. The magnitude of the (111) peak is 
significantly increased by the addition of the MGCNs. Using the 

Fig. 5. (a) The X-ray diffraction patterns of the collected multilayer gra-
phene-coated copper nanoparticles (MGCNs) using a 514 nm laser line. (b) 
General X-ray photoelectron spectroscopy scan of the MGCNs. 

Fig. 6. Resistivity and corrosion resistance of the 300 ppm multilayer 
graphene-coated copper nanoparticle added Cu complex-electrodepos-
ited copper thin film (CETF) and base Cu electrodeposition thin film. BETF, 
bare-electrodeposited copper thin film.

Fig. 7. Results of X-ray diffraction of the bare copper film and the 300 
ppm multilayer graphene-coated copper nanoparticle added Cu com-
plex-electrodeposited copper thin film (CETF). BETF, bare-electrodeposit-
ed copper thin film.

Fig. 8. Schematic of growing mechanism of the complex plating in 
multilayer graphene-coated copper nanoparticle (MGCN) added electro-
lyte solution.
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