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Abstract 

A self-standing, durable, and flexible CuS/reduced graphene oxide (rGO) composite paper electrode was synthesized through a facile 
electrochemical deposition of CuS on the surface of the rGO paper. CuS/rGO composite paper electrode was characterized by using X-
ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), scanning electron microscopy (SEM), and Raman spectroscopy. The 
morphological characterization displayed that the surface of the rGO paper electrode was covered with ball-like CuS structures. 
Microstructures of rGO and CuS/rGO papers and the intensity of surface defects were compared with Raman spectra. Electrochemical 
studies exhibited that as-prepared flexible CuS/rGO composite paper electrode has very high electrochemical activity. 
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1. Introduction

Graphene papers are generally used to obtain flexible 
electrodes [1-3]. These materials, due to possessing 
cuttable, rollable, and shapeable features, have 
attracted more interest in many areas such as 
hydrogen-oxygen evolution reactions [4], lithium-ion 
batteries [5], supercapacitors [6], and sensors [7-9]. 
Recent studies have shown that flexible graphene 
papers display excellent chemical, mechanical, and 
physical features such as high mechanical strength, 
high electrical conductivity, chemical stability, and 
flexibility [10,11]. 

Graphene papers can be modified with various 
materials to prepare composite graphene-based 
papers, resulting in improving mechanical, electrical, 
and chemical properties of the graphene-based 
papers [12,13]. In this regard, modification of the 
graphene surfaces with semiconductor metal 
chalcogenides attracts attention in recent years 
[14,15]. 

Among the different semiconductors, the covellite 
phase copper monosulfide (CuS) is the most 
important metal chalcogenide, which is of great 
interest with its modern applications ranging from 
biomedical to industrial and its structural, optical, 
and surface properties, which are very different from 

the bulk material due to its superior chemical and 
physical properties. CuS is a non-toxic p-type 
semiconductor having a direct band gap [14]. The 
importance of CuS in semiconductor materials is high 
conductivity, excellent metallic properties, and 
convertibility to superconductors at about 1.6K [16]. 
CuS nanostructures have been synthesized by 
various methods such as chemical co-precipitation 
method [17], hydrothermal or solvothermal methods 
[18,19], solid-state reaction method [20] and 
sonoelectrochemical method [21] over the years. 

In this study, CuS structures synthesized through 
a simple hydrothermal method were coated on the 
rGO paper electrode surface by using the 
electrochemical technique. The morphological and 
structural analysis of CuS/rGO composite paper was 
characterized by using XPS, XRD, SEM, and Raman 
spectroscopy, and the electrochemical performance 
of this composite paper was investigated by using CV 
and EIS techniques. The results of the 
characterization studies showed that self-standing 
CuS/rGO composite paper was successfully prepared 
and its electrochemical activity was high enough to 
be used as an electrode 
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2. Experimental section 

  Preparation of rGO paper 
Modified Hummer's method was used to synthesize 
GO [22]. 100 mL of the GO (1.0 mg mL−1) suspension 
was filtrated through a nucleopore polycarbonate 
membrane filter (Whatman; Ø=47 mm; pore size, 0.2 
μm) by using ultrafiltration vacuum cell. To obtain 
GO paper, this process is followed by washing, air 
drying, and peeling off from the filter. GO paper was 
immersed in a HI solution for 1 h to fabricated rGO 
paper. The rGO paper was washed with copious 
ethanol and distilled water and dried in air. This 
conductive rGO paper, prepared with a radius of 
approximately 47 mm each time, was cut into a strip 
shape (25 mm x 5 mm) and directly used as an 
electrode in the electrochemical studies. 

 Synthesis of CuS crystals  
Copper (II) sulfate pentahydrate (CuSO4⋅5H2O) and 
sodium sulfide nonahydrate (Na2S⋅9H2O) were used 
as precursors and L-cysteine (C3H7NO2S) was used as 
a surface ligand [23]. The distilled water as the 
solvent was used to prepare all solutions. 5 ml of 0.1 
M CuSO4⋅5H2O and 20 mL of 0.1 M C3H7NO2S were 
mixed. The pH of the solution was adjusted to 11 with 
2 M NaOH. 5.0 ml of 0.1 M Na2S⋅9H2O was added to 
this solution. The mixture was then refluxed and 
stirred at 95°C. The solution heated for 4 h before it 
was cooled down to room temperature. The formed 
precipitates were collected and washed with ethanol 
several times before it was dried at 60°C in the air 
[23].  

  Electrochemical fabrication of CuS/rGO 
composite paper 
CuS dispersion was prepared through the ultrasonic 
treatment of the mixture of CuS powder, and 0.1 M 
NaNO3 containing dimethylformamide (DMF: 
C3H7NO) and 0.05 M NaOH solutions. The 
electrodeposition of CuS on the surface of rGO paper 
was performed by applying cyclic voltammetry from 
0 to -1200 mV potentials in a suspension of 5 mM CuS. 
The obtained paper was denoted as CuS/rGO.  

  Characterization 
Scanning electron microscopy (SEM) images were 
performed by using SEM, ZEISS SIGMA 300 for the 
morphological investigations, equipped to the 
elemental analysis by energy-dispersive X-ray 
spectroscopy (EDS). The surface chemical 
composition was studied by X-ray photoelectron 
spectroscopy (XPS) using Spect-Flex with standart Al 

X-ray source. Material characterization was acquired 
using the Rigaku TTR III X-ray diffractometer (XRD) 
with monochromatized Cu Kα radiation (λ=1.5406 
Å). A micro-Raman spectrometer (WITech alpha 
300R) was used to record Raman spectra under 
atmospheric conditions.  

 Electrochemical performance of composite 
paper electrode 
In the three-electrode system, a strip of rGO paper 
was directly used as the working electrode, platinum 
wire and Ag/AgCl (saturated KCl) (BASi) electrode 
were used as counter and reference electrodes, 
respectively. Cyclic voltammetry (CV), and 
electrochemical impedance spectroscopy (EIS) tests 
were performed with Gamry (600 +) potentiostat 
system. The EIS were investigated over the frequency 
range from 0.1 to 1x105 Hz at the open circuit 
potential by using an AC voltage of 5 mV. 

3. Results and discussion 

The schematic of the fabrication of flexible CuS/rGO 
composite paper was shown in Fig. 1.  rGO paper was 
prepared in two steps. Firstly, GO dispersion was 
filtrated through a simple vacuum filtration system to 
obtain GO paper. Then, GO paper was chemically 
reduced by immersing it into HI solution to provide 
conductivity and converted to rGO paper. This rGO 
paper was cut into a rectangular strip and directly 
used as a working electrode in the electrochemical 
system. rGO paper electrode surface was 
electrochemically coated with the CuS structure in 
the solution containing CuS, thus self-standing and 
flexible CuS/rGO paper electrode was successfully 
prepared in this way (Fig. 1). 

 
Figure 1. Schematic of the fabrication of flexible CuS/rGO 
composite paper. 

SEM technique was used for the morphological 
characterization of the prepared rGO and CuS/rGO 
paper electrodes. SEM image of rGO paper was 
presented in Fig. 2a. The characteristic wrinkled 
structure of graphene was observed on the surface of 
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rGO paper (Fig. 2.a). SEM images of CuS/rGO paper 
(Fig. 2b and c) exhibited that porous ball-like 
structures of CuS covered the surface of rGO paper. 

 
Figure 2. SEM images of (a) rGO paper, (b, c) CuS/rGO composite 
paper at different magnifications. (d) EDS spectra of CuS/rGO 
composite paper. 

EDS profiles for surface structure analysis of 
CuS/rGO composite paper was shown in Fig. 2d. It 
was found that CuS/rGO composite paper contains C 
(47.06%), O (20.09%), Cu (12.96%), and S (18.91%), 
which attributed that the composite structure was 
successfully fabricated. 

 
Figure 3. XPS spectra of CuS/rGO composite paper material: (a) 
survey, (b) O 1s, (c) C 1s, (d) Cu 2p, and (e) S 2p. 

XPS method was used for chemical structure 
analysis of as-prepared flexible CuS/rGO composite 
paper. In the XPS spectrum (Fig. 3a) demonstrated 

that the CuS/rGO composite paper contains 45.37% C, 
23.26% O, 17.25% Cu, and 20.35 % S atoms. The O 1s 
peak of CuS/rGO exhibited the presence of three 
types of O bonds, C=O, C-OH, and HO-C=O (Fig. 3b), 
while C 1s peak of CuS/rGO showed four types of C 
bonds, C=C, C-H, C-O, and O-C=O (Fig. 3c). In the Cu 
2p high-resolution XPS spectrum of CuS/rGO (Fig. 
3d), the binding energy peaks at 932 and 950 eV are 
corresponding to Cu 2p3/2 and Cu 2p1/2 [24]. S 2p3/2 and 
S 2p1/2 peaks formed at 162.5 eV and 167.5 eV 
attributed to the presence of S at the CuS/rGO paper 
(Fig. 3e) [16]. XPS results displayed that the designed 
composite paper was successfully fabricated in the 
desired composition. 

 
Figure 4. (a) XRD patterns, (b) Raman spectra of rGO, and 
CuS/rGO papers. 

The XRD spectra of rGO and CuS/rGO papers were 
shown in Fig. 4a. In the XRD data of rGO paper, the 
diffraction peak (JCPDS 41-1487) corresponding to 
the characteristic rGO (002) crystal structure was 
observed at 24.8°. XRD spectrum of CuS/rGO paper, 
showed the peaks at about 29.5°, and 49.8°, 
corresponding to (101) and (107) structure of CuS, 
respectively (JCPDS 79-2321) [25]. Observation of the 
diffraction peaks of both rGO and CuS for CuS/rGO 
composite paper exhibited that this flexible 
composite paper was successfully prepared. 
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The Raman spectra of rGO and CuS/rGO 
composite papers were presented in Fig. 4b. Raman 
spectra of rGO paper showed G band, corresponding 
to E2g geometry of two dimensional hexagonal C=C 
sp2 structure, at 1610 cm-1. Besides, the D band was 
observed at 1365 cm-1, resulting from defects of the 
graphene layers [4,9]. Raman spectrum of CuS/rGO 
composite paper showed peaks corresponding to 
CuS structure in the range of 200 to 1000 cm-1 in 
addition to D and G bands, attributing that the CuS 
structure deposited onto the rGO paper surface. The 
intensity of the D and G bands (ID/IG) is used to 
determine the surface defects of graphene-based 
papers. The ID/IG ratios of the rGO and CuS/rGO 
composite papers were calculated as 1.72 and 1.32, 
respectively. The ID/IG ratio of CuS/rGO composite 
paper is lower than that of rGO paper. This may be 
attributed to the deposition of CuS structures on 
surface defects of rGO paper. 

CV measurements in the electrochemical solution 
containing Fe(CN)63-/4- redox pair were carried out to 
compare the electrochemical performance of rGO 
paper and CuS/rGO (Fig. 5a). ΔEp values of rGO and 
CuS/rGO papers were observed as 360 and 150 mV, 
respectively. In Fig. 5a, the peak current density of the 
CuS/rGO composite paper was about 2 times higher 
than the rGO paper. These results displayed that self-
standing and flexible CuS/rGO composite paper has 
a quite high electrochemical activity. 

For electrochemical studies, EIS is used to 
investigate the electron transfer mechanism in the 
electrode-solution interface. The Nyquist curves for 
rGO paper and CuS/rGO composite paper were 
presented in Fig. 5b. As seen from Fig.5b inset, the 
Nyquist curves were fitted according to the electrical 
circuit and electron transfer resistances (Rp) at the 
interface were determined for the paper electrodes. 
The smaller the Rp value, the easier the electron-
transfer. Rp values of rGO paper and CuS/rGO 
composite paper were calculated as 125 and 78 Ω, 
respectively. The results showed that electron 
transfer over CuS/rGO composite paper would be 
easier compared to rGO paper. The cut-off point of 
the Z're-axis in the Nyguist curves is related to the 
solution resistance (Ru). Ru values of both paper 
electrodes were found to be very close since the same 
electrochemical solution was used [26].  

Fig. 6 demonstrated the N2 adsorption-desorption 
isotherms and pore size distributions of rGO and 
CuS/rGO papers at 77K. It was determined that due 
to CuS structure on rGO surface, CuS/rGO exhibited 
a typical hysteresis cycle, which was resulting in a 
large number of mesoporous pore [27,28]. Isotherm 

curves were compatible with the Brunauer-Emmett-
Teller (BET) model. 

 
Figure 5. (a) CV curves, (b) Nyquist plots of rGO and CuS/rGO 
paper electrodes in a solution containing 10 mM K3Fe(CN)6, 10 mM 
K4Fe(CN)6 and 0.1 M KNO3. Inset: The equivalent circuit model. 
Frequency range: 0.1-105 Hz. 

 
Figure 6. (a) N2 adsorption-desorption isotherms of rGO, and 
CuS/rGO papers. Inset: BJH pore size distributions of CuS/rGO 
paper. 

BET surface areas and Barrett-Joyner-Halenda (BJH) 
pore size distributions [29] of rGO and CuS/rGO 
papers were shown in Table 1. The surface area of the 
rGO and CuS/rGO papers was calculated as 40 and 62 
m2 g-1, respectively (Table 1). Table 1 exhibited that 
CuS/rGO composite paper has a large surface area 
and high pore size, compared to rGO paper. This 
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porous property of flexible composite paper can 
provide an effective surface area for electrochemical 
studies [30].  

Table 1. BET surface area and average pore size of rGO and 
CuS/rGO papers. 

4. Conclusion 

CuS structures synthesized through a simple 
hydrothermal method were electrochemically coated 
onto the surface of rGO paper to prepare flexible and 
self-standing CuS/rGO composite paper. In the 
morphological characterization of CuS/rGO 
composite paper, it was observed that the surface of 
the rGO was covered homogeneously with ball-like 
CuS structures. Structural analysis performed with 
XPS, XRD, and Raman techniques showed that the 
flexible CuS/rGO paper electrode was successfully 
prepared in the desired composition. Electrochemical 
studies demonstrated that the electrochemical 
activity of flexible CuS/rGO composite paper is high 
enough to be used as an electrode. 
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