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Abstract. In this study, Buckypaper (BP) is fabricated by vacuum filtering method, used as a 

current collector for supercapacitors (SC). This BP is then directly printed with rGO-CuS hybrid 

nanomaterial ink onto its surface via a custom 3D printer. The structure of material components 

is characterized using transmission electron microscopy (TEM), energy-dispersive X-ray 

spectroscopy (EDS) and scanning electron microscopy (SEM). Also, electrochemical impedance 

spectroscopy (EIS), cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD) 

analyses are conducted to estimate the electrochemical performance. The results show that the 

fabricated SC electrode is of good quality with a specific capacitance of 680.9 F/g at a scan rate 

of 5 mV/s. Besides, the electrode also has characteristic redox peaks and a stability of 94.3 % 

after 6000 discharges at a current density of 25 A/g. 
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1. INTRODUCTION 

Sumio Iijima was the first scientist to discover carbon nanotubes (CNTs) materials and 

their structure in 1991 [1]. Since then, carbon nanotubes have gained remarkable research 

interest owing to their special mechanical - thermal - electrical properties and have an extensive 

range of potential applications in various sectors, such as aerospace, automobile, biomedical, 

defense, energy, etc. [2 - 4]. The Young’s modulus for individual MWCNTs of between 0.27 - 

0.95 TPa and strengths in the 11 - 63 GPa range were reported by Byrne and Gun’ko [5]. These 

make CNTs the strongest and stiffest materials on earth. However, carbon nanotubes are very 

tiny, with diameters as small as 1 nm and a few micrometers long. The nanoscale makes carbon 

nanotubes practically of little use for industrial purposes alone, so many methods have been 

developed to fabricate the macroscopic lattice of carbon nanotubes. Carbon nanotube lattices, 
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also known as Buckypaper, have been shown to have better mechanical, thermal and electrical 

properties than individual CNTs. To make Buckypaper, the CNTs dispersion is a necessary step. 

However, CNT agglomeration has always happened and is a problem that needs to be fixed [6]. 

The CNTs tend to aggregate and form clusters owing to high van der Waals force between the 

tubes (п-п stacking interaction), so the solubility in common solvents (e.g. H2O, alcohol, 

N,Ndimethylformamide (DMF), etc.) and the interaction between CNTs and other compounds 

such as polymeric matrix or molecules are very limited. Unfortunately, this aggregation results 

in inefficient stress transfer to individual nanotubes and tends to reduce the mechanical 

properties of modified membranes [7, 8]. 

Although CNTs in general and BP in particular are not completely new topics, they are still 

of interest to research by many scientists, especially in the field of energy storage [9-13]. Popov 

and his associates produced BP by filtering acidic suspensions of multiwalled CNTs (MWCNTs) 

through polyester membranes without using a binder [14]. The fabricated supercapacitor 

electrode had the best specific surface area of 66 m
2
/g and specific capacitance (Cs) of 25 F/g at 

a scan rate of 20 mV/s with 6 M KOH electrolyte. When CNTs were combined with activated 

carbon, CNT/AC gave a larger capacitance value of 135.2 F/g at a current density of 1.0 A/g 

[15]. The pure-carbon electrodes only have a double layer charge effect, so the theoretical 

capacitance value is not high. Therefore, the additional use of materials that contribute to the 

pseudo-capacitance effect through reversible oxidation-reduction reactions is necessary. Yi-

Hsuan Lai et al. incorporated NiO into CNT to make composite electrode materials in paper 

form. The hybrid paper electrode showed a high specific capacitance of 713.9 F/g at a scan rate 

of 2 mV/s [16]. In addition, conductive polymer materials such as polyaniline (PANi) and 

polypyrrole (PPy) have also been studied for different customized forms of BP [17, 18]. 

Our recent studies favor metal sulfide materials because they have high capacitance values 

up to thousands of F/g [19 - 22]. Therefore, in this study, we fabricated supercapacitor electrodes 

by directly printing of rGO-CuS nano-hybrid ink onto the BP surface. The BP construction 

process was calibrated with the goal of minimizing surfactants as well as binders. And it acted as 

a substrate or current collector. The analytical results show that the fabricated SC electrode is of 

good quality with a specific capacitance of 680.9 F/g at a scan rate of 5 mV/s and a stability of 

94.3 % after 6000 discharges at a current density of 25 A/g. 

2. MATERIALS AND EXPERIMENTAL 

2.1. Materials 

CNTs were synthesized by the Laboratory of Carbon 

Nanomaterials using chemical vapor deposition. Graphene oxide (GO) was synthesized by the 

Center for Advanced Materials Development using a modified Hummer method. 

 Copper (II) sulfate pentahydrate ≥ 98 % (CuSO4.5H2O), 1-Dodecanethiol (DDT) 98 %, 

oleylamine (OLA) 70 %, octadecene, nitrosonium tetraflouroborate (NOBF4), polyvinyl alcohol 

(PVA), sodium dodecyl sulfate (SDS), Triton X-100, ethanol, isopropanol, acetone, hexane, 

chloroform, and potassium hydroxide (KOH) were purchased from Sigma-Aldrich. All 

chemicals were used as received without further purification. 

2.2. Experimental 
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Figure 1 shows the schematic diagram of the rGO-CuS/Buckypaper supercapacitor 

electrode fabrication process. This process consists of three main stages: 

 

Figure 1. Schematic illustration of the rGO-CuS/Buckypaper electrode fabrication process. 

2.2.1. Preparation of MWCNT buckypaper 

MWCNT was fabricated by CVD method and the finished product was black fine powder. 

During heating at 80 °C, 100 mg of MWCNT was dispersed in 200 mL of double distilled water 

with simultaneous support of 2 mL of Triton X-100 surfactant by a magnetic stirrer. When the 

solution was relatively homogeneous, the suspension was ultrasonically vibrated for 2 h. Then, 

the solution was put into a vacuum filtration system to form a membrane with 0.45 µm nylon 

filter paper. This filtering process took several hours. The prepared bucky paper was naturally 

dried for 24 h. And it was washed with a mixture of acetone and isopropanol to remove the 

surfactant. Finally, the buckypaper was used as a conductive substrate for the supercapacitor 

printing process. 

2.2.2. Fabrication of rGO-copper sulfide ink 

Synthesis of CuS nanoparticles (NPs): CuS NPs were prepared using a modified thermal 

decomposition method as previously reported [23, 24]. In a typical synthesis, 7.5 g of 

CuSO4.5H2O, 4 mL of 1-DDT as a sulfur source and 2 mL of OLA as a surfactant were mixed 

with 30 mL of octadecene in a three-neck round bottom flask and evacuated at room temperature 

for 20 min. The mixture was continuously magnetically stirred while the temperature of the 

three-neck flask was raised to 100 ˚C and kept for 30 min. The reaction mixture was then heated 

to 200 ˚C for 60 min and to 240 
o
C for another 60 min. The solution was allowed to cool to room 

temperature. The CuS NPs were washed several times with a mixture of n-hexane and ethanol, 

then centrifuged at 12000 rpm for 3 min to obtain a black product. Finally, NOBF4 was used as 

an exchange ligand to modify the surface of CuS NPs in chloroform solution [24]. Currently, the 

CuS NPs have the ability to disperse in a polar and hydrophilic solvent such as water, alcohol, 

DMF, etc. 
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rGO-CuS ink: The graphene oxide (GO) synthesized using a modified Hummer method 

was calcined at 460 
o
C for 30 min to reduce GO [25]. The reduced graphene oxide (rGO) and 

SDS were dispersed in double distilled water at a concentration of 20 mg/mL. For good 

dispersion, the rGO/SDS ratio was about 5/3 [26]. The process of sequentially adding CuS 

nanoparticles with a concentration of 3 mg/mL and PVA as a binder with a concentration of 2 

mg/mL into the rGO suspension was carried out using continuous magnetic stirring and heating 

at 80 
o
C. When the rGO-CuS mixture was relatively homogeneous, it was ultrasonically vibrated 

for 2 h and stirred overnight. 

2.2.3. Inkjet printing of supercapacitor electrodes 

Buckypaper was spread flat on the printer’s heat bed at a temperature of 80 
o
C to make the 

printing conductive substrate. The electrode printing and fabrication process was carried out as 

in our previous publication [24]. The supercapacitor electrode was then heat treated at 300 
o
C 

under N2 gas conditions. 

2.3. Characterisations 

The morphology and the elemental composition of Buckypaper and printed rGO-CuS film 

were observed by scanning electron microscopy (SEM-EDX Jeol JSM-6510LV). The 

transmission electron microscopy (TEM, Jeol JEM-1010 microscope) was used to investigate 

the morphology of the synthesized CuS nanoparticles. 

The electrochemical properties of the printed rGO-CuS/BP electrodes were characterized 

by a Bio-Logic VSP-300 electrochemical station. A three-electrode electrochemical bath 

consisted of a standard calomel electrode (SCE) as a reference electrode (RE), a 1.5 cm × 1.7 cm 

platinum plate as a counter electrode (CE), the rGO-CuS/BP electrodes as working electrodes 

(WE) with an active surface area of 2 cm × 1 cm and 6 M KOH as an electrolyte. The electrode 

samples were immersed in the electrolyte solution for about 30 min, then the measurements such 

as cyclic voltammetry (CV), galvanostatic charge/discharge (GCD), and electrochemical 

impedance spectroscopy (EIS) were performed. Different CV scan rates of 5, 10, 20 and 50 

mV/s were applied over the voltage range from -1 V to -0.1 V. With the same potential range, 

the rGO-CuS/BP electrodes were charged/discharged by the GCD method with different current 

densities (1, 2, 4, 6 and 10 A/g). The electrochemical impedance spectroscopy (EIS) test was 

performed in the frequency range of 0.1 Hz - 200 kHz. Finally, the GCD process was repeated 

several times with a current density of 25 A/g to evaluate the durability of the                             

supercapacitor electrodes. 

3. RESULTS AND DISCUSSION 

3.1. Material characterization 

To play the role of the SC current collector, BP needs to have a relatively good mechanical 

strength. With the amount of MWCNT increased to 100 mg for a single vacuum filtration, the 

BP produced has an average thickness in the range of 200 - 300 µm (Fig. 2a). The carbon 

nanotubes are compressed by the vacuum pump causing them to squeeze together and 

intertwine. Figure 2b presents the SEM image of the Buckypaper’s surface. It shows that CNTs 

with a diameter much smaller than their length are spread out in many stacked layers. The Triton 

X-100 surfactant removed from good-length CNTs by a mixture of acetone and isopropanol will 

help achieve better conductivity. 
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Figure 2. (a) Buckypaper and (b) its SEM image. 

Once the conductive substrate was in place, ink preparation requires uniform dispersion of 

all its components. Nanoparticles of small and similar size will easily disperse evenly in the 

solution [20, 24]. TEM image and size distribution of CuS nanoparticles are shown in Fig. 3. 

According to the results of random diameter measurements of 266 CuS nanoparticles, the 

average diameter is 6.5 nm. Thus, the CuS nanoparticles synthesized by this organic solvent 

thermal decomposition method have a very small size and are relatively uniform. 

 

Figure 3. (a) TEM image and (b) size distribution of CuS. 

After the surface of the CuS nanoparticles was modified with NOBF4, they still had small 

size, so they were easily dispersed in aqueous solvents. The fabricated rGO-CuS ink is shown in 

Fig. 4a. The ink was then coated onto the BP paper with an area of 2 cm x 1 cm for the SC 

electrode sample (Fig. 4b). Thanks to the PVA polymer binder and the roughness of the 

Buckypaper, the printing process went smoothly with good adhesion. Figure 4c and Fig. 4d 

show SEM images of rGO-CuS electrode surface without heat treatment and with heat treatment 

at 300 °C under N2 gas conditions. For supercapacitor electrode without heat treatment, its 

surface is rich in SDS surfactant along with PVA binder. As for the calcined electrode, on its 

surface, graphene sheets and some clusters of particles clinging to the surface can be clearly 

seen. This can be explained by the fact that SDS and a part of PVA degrade at temperatures 

between 200 and 300 °C [27]. The initial amount of SDS present in the ink is relatively large 

with the rGO/SDS ratio of 5/3. Therefore, the calcination process at 300 °C under N2 gas 

conditions with suitable time will help remove the surfactants. And it is necessary to improve the 

conductivity as well as the contact ability of the electrode with the electrolyte solution. 
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Figure 4. (a) rGO-CuS ink, (b) rGO-CuS/BP SC electrode, (c) SEM image of the printing SC electrode 

without heat treatment and (d) with annealing at 300 
o
C under N2 gas condition. 

 

Figure 5. EDS analysis of rGO-CuS SC electrode. 

EDS allows the analysis of elements on the surface of the printed electrode. With a 

background of Bucky paper and graphene, the carbon content is the majority. Even so, the 

elements Cu and S also appear and have characteristic peaks in Fig. 5. The elemental 

compositions of SDS and PVA contain elements Na, S and O, so they are also present in this 

analysis. Thus, the CuS nanoparticles are distributed in rGO material with the goal of increasing 

the redox effect and electrochemical quality of the supercapacitor. 

3.2. Electrochemical measurements 

The EIS analysis was performed in order to evaluate the charge transport behavior of the 

printed rGO-CuS electrodes. All the ESR measurements were conducted in a frequency range of 
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0.1 Hz - 200 kHz. The results of the EIS analysis are represented as a Nyquist plot in Fig. 6a. It 

is composed of a high-frequency region (semicircles) and a low-frequency region (straight-

looping lines). The intersection of the high-frequency region with the Re(Z) axis represents the 

ESR of the electrochemical system, caused by the internal resistance of the electrode and the 

resistance of the electrode-electrolyte interface. According to the graph (Fig. 6a), the ESR has a 

value of about 1.5 Ω, which shows that the resistance of BP and rGO-CuS materials is not too 

high. The diameter of the semicircles indicates that the Faradaic charge-transfer resistance (Rct) 

of the electrode material has a value of about 0.2 Ω. Very low Rct indicates high ion exchange 

capacity and is favorable for reversible redox reactions. At low frequencies, the straight-looping 

lines show the diffusion resistance (Warburg resistance, W) of the electrolyte ions [24]. 

 
Figure 6. (a) EIS, (b) CV curves with various scan rates, (c) GCD curves with different current densities, 

(d) Percent capacitance retention after 6000 cycles of rGO-CuS SC electrode, and (e) CV curves of BP 

and rGO-CuS/BP SC electrode at scan rate of 20 mV/s. 

Figure 6b shows the CV curves of the rGO-CuS electrode at different scan rates of 5, 10, 20, 

and 50 mV/s. The specific capacitance (Cs) of the tested SC electrodes is calculated from the CV 

curves using the formula:  



 
 
Direct-priting fabrication and characterization of rGO-CuS Buckypaper electrode for supercapacitor 

 

59 

 

b

a

V

V

s

b a

i(V)dV
S

C
v m |V V | v m ΔV

 
    



    
 (1) 

where S is the area of the CV curve, v is the rate of change of potential over time, m is the mass 

of the rGO-CuS active material in the working electrode (if the vertical axis of the cv curve is 

the current density, m is ignored because the current density includes m), and ∆V is the working 

potential window (from -1 V to -0.1 V). 

The specific capacitance values obtained are 680.9, 575.0, 498.6 and 374.3 F/g at scan rates 

of 5, 10, 20 and 50 mV/s, respectively. The specific capacitance values are high, commensurate 

with many recent publications [28 - 30]. Besides, the pseudo-capacitance effect can be seen on 

the CV curves through the redox peaks. Since CuS NPs account for only about 15 % of the 

active material's weight, the redox peaks are not so dominant. The double-layer charge effect of 

rGO still contributes most of the capacitance value. 

Similar to the CV curves, the charging and discharging curves are also nonlinear lines (not 

straight lines) exhibiting the Faradaic effect (Fig. 6c). With a low current density of 1 A/g, the 

working time of the rGO-CuS electrode is up to 1000 seconds per cycle. And the electrode still 

responds well to current densities above 10 A/g. In Fig. 6d, the rGO-CuS/BP electrode was 

repeatedly charged and discharged for 6000 cycles at a current density of 25 A/g. After 6000 

duty cycles, the electrode still maintains 94.3 % of its original capacity. Thus, due to the 

combination with rGO, the electrode durability is improved compared to supercapacitor 

electrodes containing only metal sulfide materials [21, 29]. Besides the electrochemical results 

of the fabricated supercapacitor electrode, we also performed a comparison of the capacitance of 

MWCNT Buckypaper and the printed rGO-CuS electrode. The results show that BP only 

contributes to the double-layer capacitance, and this capacitance is much smaller than that of the 

rGO-CuS/buckypaper electrode (Fig. 6e). This is consistent with the relatively smooth and 

hydrophobic surface of BP. 

4. CONCLUSIONS 

Buckypaper has been successfully made by vacuum filtration with high solids content. At 

the same time, printing ink containing components of rGO and CuS nanoparticles has also been 

made suitable for printing technology. Thanks to the good dispersion of the ink and the heat 

treatment of the printed sample, a supercapacitor electrode with excellence electrochemical 

quality was produced. High capacitance value has been achieved at 680.9 F/g with a scan rate of 

5 mV/s. The pseudo-capacitive effect occurs in both CV and GCD processes. In particular, after 

6000 working cycles with an impressive current density of 25 A/g, the supercapacitor electrode 

still maintains a stability of 94.3 %. Thus, the technology of making rGO-NPs printing ink and 

Buckypaper could point us towards flexible supercapacitors and portable wearable devices. 
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