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Developing materials with good electrochemical performance is critical in energy storage applications. One of the promising 
materials for these applications is reduced graphene oxide (rGO) based materials. Utilizing thiourea as a nitrogen (N) and 
sulfur (S) source, we present a simple hydrothermal approach for simultaneous doping of nitrogen and sulfur into the rGO 
hydrogel structure. The visual photograph shows the hydrogel form of the sample. XRD and Raman analysis shows the 
carbon structural changes during the reduction process. The presence of N and S atoms which spread evenly on the hydrogel 
structure, was confirmed by energy-dispersive x-ray (EDX) mapping. A cyclic voltammetry measurement at a current density 
of 0.5 A / g reveals that the NS-rGOH sample has a high specific capacity of 750 C / g. Even at a current density of 10 A / g, it 
can maintain outstanding charge-discharge stability, with 83.3 % of the initial capacity preserved after 1000 charge-discharge 
cycles. Moreover, EIS analysis reveals that the low charge transfer resistance and high ionic diffusivity of the rGO hydrogel 
sample lead to good electrochemical performance. NS doping into the rGOH structure improves the sample's electrochemical 
performance compared to the undoped sample.
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1. Introduction

The rapidly expanding market for electronic devices and 
electric vehicles necessitates much work to improve energy 
storage technologies [1, 2]. Supercapacitors have the 
advantage over lithium-ion batteries due to their long cycle 
life, fast rate performance, high power density, and excellent 
safety [3]. Two types of principles in supercapacitors that 
have been studied widely are electrostatic double-layer 
capacitance (EDLC) and pseudocapacitance mechanism 
[4, 5]. EDLC mechanism occurs due to electrolyte-charge 
being physically absorbed in the surface of a conductive 
electrode. In contrast, in the pseudocapacitance mechanism 
an electron transfer reaction occurs at the electrode 
surface [6]. Based on these two mechanisms, the surface 
property of materials has a significant impact on their 
electrochemical properties when used as electrodes of  
supercapacitors [7].

Carbon-based materials such as mesoporous carbon, 
activated carbon, carbon nanotubes (CNT), or graphene 

are commonly used as an electrode in supercapacitors 
or lithium-ion batteries [7 –12]. Amongst them, reduced 
graphene oxide (rGO) based materials have been widely 
studied due to their unique properties such as large surface 
area, high conductivity, and mechanical stability [11–14]. 
The current development of rGO-based EDLC has real 
capacitances in the 100–200 F / g range, much lower than the 
predicted theoretical value of 520  F / g [15]. Modifying the 
structure into hydrogel form can further improve the unique 
properties of rGO. Compared to powder form, rGO hydrogels 
have a larger surface area due to 3D porous structures, yet 
they do not aggregate significantly. The hydrothermal process 
reduces the functionalized graphene sheets by breaking 
oxygen-containing groups at high pressure and temperature, 
making it a viable strategy for large-scale graphene synthesis. 
The hydrothermal reduction process has various advantages 
over the chemical method, including ease of use, scalability, 
low defect content, and the ability to develop rGO in a more 
controlled fashion [16]. The structural stability and porosity 
of rGO hydrogel produced using the hydrothermal technique 
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make it suitable for energy storage applications [17]. Besides 
that, when the rGO hydrogel was applied as electrode's 
supercapacitors, the unique porous structure allowed for 
optimal electrolyte-electrode contact [18,19].

Sulfur, nitrogen, boron, fluorine, and other heteroatoms 
can be added to the rGO structure to alter its electrochemical 
characteristics [20 – 23]. Previous research shows that the 
addition of two heteroatoms simultaneously can be one of 
the strategy to improve the electrochemical performance of 
rGO in energy materials applications [24 – 26]. Due to the 
inclusion of pyrrole-N and pyridine-N, sulfone and sulfoxide 
group, nitrogen and sulfur (NS) co-doping on rGO leads 
to a distinctive electrical structure, defective morphology, 
and a sequence of redox faradic reactions [25]. As a result, 
the capacitive performance and surface wettability can be 
enhanced while charge transfer resistance can be suppressed 
[24 – 26].

This study uses a simple one-step hydrothermal technique 
to synthesize NS co-doped rGO hydrogel. The NS presence 
in the structure was characterized by Fourier Transform 
Infrared (FTIR) and scanning electron microscopy (SEM). 
The effect of two heteroatom doping inside the rGO structure 
results in different behavior in electrochemical properties. We 
use cyclic voltammetry (CV), galvanostatic charge-discharge 
(GCD) measurement, and Electrochemical Impedance 
Spectroscopy (EIS) to examine the electrochemical properties 
of the as-synthesized reduced graphene oxide materials.

2. Materials and experimental methods

2.1. Materials

Graphite flakes as the main precursor and thiourea 
(NH2‑CS-NH2) as NS doping sources were obtained from 
Loba Chemie Pvt. Ltd. The necessary materials for oxidation 
of graphite such as sodium nitrate (NaNO3), sulfuric 
acid (H2SO4) 98 %, potassium permanganate (KMnO4), 
hydrochloric acid (HCl) 37 %, and hydrogen peroxide (H2O2) 
30 % were obtained from Smart Lab Indonesia Co. Ltd.

2.2. Preparation of Graphene Oxide

Graphene Oxide was prepared using modified Hummer’s 
method from graphite flakes [27, 28]. In 500 mL Erlenmeyer 
Flask, 2.0 g of graphite flakes and 2.0 g NaNO3 and 90 mL 
concentrated H2SO4 were added and stirred while maintained 
at low temperature (0 – 5°C). Potassium permanganate 
(12.0 g) was slowly introduced into the suspension, kept the 
temperature under 15°C, and stirred for 4  hours. Distilled 
water (184.0 mL) was then added to the rest while mixing 
for 2  hours. Then the suspension was maintained at 98°C 
for 10 min before the decreasing temperature to 30°C until 
the color solution became brown. Further, 40.0 mL of H2O2 
and 200.0 mL of H2O were added and stirred for 1 h. It was 
then kept without stirring for 3 h until the slurry settled at 
the bottom to form a gel-like precipitate. The precipitate was 
washed by centrifugation using 10 % HCl and distilled water 
at 7000 rpm at 10 minutes. This action repeats several times 
until reaching pH 7. The remaining slurry was then vacuum 
dried at 60°C for 6 h to produce GO powder.

2.3. Synthesis of reduced graphene oxide

An rGO sample was prepared by hydrothermal process from 
GO suspension with a 5 mg / mL concentration while rGOH 
used 8 mg / L. For NS-rGOH synthesis, 15 mL GO suspension 
and thiourea (1.8 g) were mixed and sonicated for 2 hours. 
The suspension was then undergoing hydrothermal synthesis 
at 180°C using 20 mL Teflon-lined autoclave [25]. The 
hydrothermal process lasted for 24 hours before naturally 
cooling down to room temperature. The remaining slurry 
was filtered and washed using distilled water and vacuum 
dried at 60°C for 2 hours.

2.4. Characterization

The presence of the functional group in the synthesized 
sample was examined using Fourier Transform Infrared 
(FTIR, Thermo Scientific Nicolet Spectrophotometer) 
in the spectrum range 500 – 4000  cm−1. The solid-state 
crystallographic structure was determined by an X-ray 
diffractometer (XRD, Olympus BTX II Benchtop) using 
Co / Kα radiation. Defective morphology of the carbon 
structure in the sample was analyzed using Raman 
analysis (HORIBA  — The LabRAM HR Evolution Raman 
Microscopes) measured in the range of 1000 – 2000  cm−1 
using laser beam 532  nm and grating 1800  g / mm. The 
sample's morphologies and energy dispersive X-ray (EDX) 
spectra were verified using scanning electron microscopy 
(SEM) from Phenom ProX. The specific surface areas were 
investigated using Brunauer-Emmett-Teller technique (BET, 
JW-BK112, Surface Area Analyzer) during N2 adsorption-
desorption at 77 K.

2.5. Electrochemical measurement

The electrochemical performance of the synthesized samples 
was analyzed using a three-electrode system using Metrohm 
Autolab electrochemical instrument, with platinum serving 
as the counter electrode, and saturated calomel electrode 
(SCE) as the reference electrode. The working electrode 
was prepared by coating the sample ink into a glassy carbon 
electrode (0.07065 cm2 area). The sample ink was prepared 
using the method described by Le et al., which included 
blending 2  mg of synthesized rGO sample with 1  ml of 
isopropanol and drying it in the open air for 10 minutes. 
After that, add 3 liters of Nafion and dry for 10 minutes in 
the open air [29]. All three-electrode was immersed in an 
electrolyte solution (6M KOH). CV measurement was tested 
in range potential window −1.25 until 0.25 V with various 
scan rates from 5 to 100 mV / s. EIS analysis was done in the 
range of 0.01 Hz to 100 kHz using AC voltage of 5 mV.

3. Results and discussion

FTIR spectroscopy is a widely known method that can be 
used to determine the functional group in the structure 
of carbon material. The FTIR spectra of the prepared GO, 
rGO, rGOH, and NS-rGOH, as well as graphite, are shown 
in Fig. 1a. The GO spectra show the peaks appeared at 3423, 
1723, 1624, 1413, 1059 cm−1 which correspond to −OH, C=O 
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C=C, −C−OH, and −C−O− functional group, respectively. 
These appearances of oxide groups represent that the 
successful oxidation process of graphite. After the reduction 
process using hydrothermal synthesis, as shown by the rGO 
sample, the intensity descrease has been observed at 1723, 
1626, and 1059 cm−1, indicating the decomposition of the 
carboxyl group. The peak appearance at 1566 cm−1 confirmed 
the shifting of the C=C functional group of the sp2 carbon 
network, which is usually found in other reduced graphene 
oxide samples [12, 30]. Further FTIR analysis of NS-rGOH 
shows the appearance of shoulders assigned to nitrogen 
and sulfur functional groups. The spectra show peaks at 
3252, 1045, and 728 cm−1 corresponding to stretching N-H, 
bending C-N, and stretching C-S, respectively. This confirms 
that nitrogen and sulfur atom was successfully entered inside 
the rGO structure, which similar to the result of previous 
research [19, 24, 31].

The crystallographic and carbon structures of the 
synthesized rGO samples were identified using XRD 
and Raman analysis. The XRD patterns for graphite and 
as-synthesized samples are shown in Fig. 1b. Based on the 
XRD on (002) peak, the interlayer spacing of each sample 
was calculated using the Bragg equation [32, 33]. Graphite as 
starting material shows a diffraction peak at 26.58° with an 
interlayer spacing of 0.3351 nm. After the oxidation process, 
the graphitic peak shifts to the graphene oxide peak at 10.61°, 
increasing interlayer spacing to 0.8831  nm. This increase 
is because of layer stretching the penetration of oxygen 
compound in between graphite layer. After the hydrothermal 
reduction process, XRD patterns of rGO undergoing 
structural changes diffraction broad peak at 2θ = 25.17° with 
interlayer spacing about 0.3535  nm suggest that reduction 
was successful. The addition of thiourea resulted in a larger 
layer interspacing (0.3651 nm). The NS-rGOH sample has 
interlayer spacing higher than rGOH indicate that exfoliation 
and reduction were successful and stretching occurs on the 
structure because of doping nitrogen and sulfur. After the 
reduction process, the loss of oxygen atoms was filled by 
N and S atoms in the crystal structure, affecting interlayer 
spacing [31]. The larger interlayer spacing could be the 
effect of the insertion of the large atomic size of sulfur atoms 
(0.102 nm) compared to carbon atoms (0.077 nm) [24].

Fig. 1c shows raman spectra of the as-synthesized samples 
in the range of 1000  to 2000 cm−1. The spectra of graphite 

showed the D and G band peaks at 1344  and 1573  cm−1, 
respectively. D band represents a defect on graphite structure 
due to doping atom or changes of carbon sp2 to carbon sp3. 
G band represents sp2 carbon stretching vibration which is 
ordered graphitic structure on the carbon materials. Graphite 
samples show the ID / IG ratio about 0.152, which indicate that 
the graphite sample consists of a mainly ordered graphitic 
structure. The incorporation of the oxygen functional group 
on graphite lattice was confirmed by an increase in the 
intensity ratio from 0.152 to 0.944 for graphite and graphene 
oxide, respectively. The GO sample also shows broadening 
peaks on both the D and G bands compared to the graphite 
sample. This could be because of other defect structure 
presences in the GO sample. The successful reduction 
process is also shown by Raman spectra of rGO, which has a 
higher ID / IG value than the GO sample. There are significant 
differences between the ID / IG ratios of the as-synthesized 
samples. The hydrogel rGOH and NS-rGOH have a higher 
ID / IG than the rGO samples, which have a value of 1.019 
and 1.012, respectively. These indicate that the introduction 
of S and N into hydrogel rGO layers causes more structural 
defects. Table  S1 (Supplementary Material) presents the 
complete d-spacing and ID / IG ratio calculation result of each 
sample.

Clearly, from Fig.  2 a, the NS-rGO sample shows the 
hydrogel structure. As comparison, the digital photograph of 
all synthesized sample also presented in Fig. S1 (Supplementary 
Material). This might be related to the optimum thiourea 
concentration, resulting in structural bonding with a water 
molecule to make a stable hydrogel structure. The SEM 
image of hydrogel rGO (Fig. 2 b – c) shows an interconnected 
framework of nanosheets with a porous structure that can 
be seen in all samples. There is no observable change in 
the structure during the hydrothermal process of N and 
S doping. Fig.  S2 (Supplementary Material). shows the 
comparison of the SEM image of rGO samples. BET surface 
area measurement results are 22.6, 75.21, and 59.96  m2 / g 
for rGO, rGOH and NS-rGOH samples. The result indicates 
that the surface area increased from rGO to rGOH samples 
due to hydrogel formation. After thiourea addition, the 
morphology results in similar hydrogel morphology with 
rGOH. However, NS doping into the rGO hydrogel structure 
results in decreasing surface area. EDX elemental mapping 
analysis in Fig. 2 d – e suggest that mainly NS-rGOH samples 

		    a				                   b					         c
Fig.  1.  (Color online) FTIR spectra (a), XRD pattern (b) and Raman spectra (c) of the synthesized samples.



172

Nugroho et al. / Letters on Materials 12 (2), 2022 pp. 169-174

are composed of carbon (79.86  wt.%) with lower oxygen 
content (13.23 wt.%). This is common for reduced graphene 
oxide material having oxygen still attached to the graphene 
layer structure, as previously confirmed by FTIR analysis.

Furthermore, EDX data reveals that the sulfur and 
nitrogen weight content in NS-rGOH samples is 5.24 % and 
1.67 %, respectively. Fig. 2 f and g show the good distribution 
detection elemental mapping of nitrogen and sulfur in the 
NS-rGOH structure. Fig. 2 h shows EDX spectra that confirm 
each element's presence in the NS-rGOH structure.

Cyclic voltammetry analysis of the synthesized rGO 
sample is shown in Fig. 3 a. CV curves of rGO samples suggest 
the electrical double layer capacitance (EDLC) behavior [30]. 
Meanwhile, the CV curve for NS-rGOH shows two peaks at 
−0.4 and −0.15 V, corresponding to the pseudocapacitance 
behavior. At scan rate of 20 mV / s, NS-rGOH shows a larger 
CV area compared to the rGOH and rGO sample. From the 

calculation of the curve area, NS-rGOH has a capacitance of 
296.5 F / g, which is higher than rGO (115.1 F / g) and rGOH 
(118.4  F / g). This higher capacitance of NS-rGOH might 
be due to the redox peak shown at the CV curves, which 
means that a combination of EDLC and pseudocapacitance 
mechanism is responsible for the charge storage mechanism 
[25, 26]. The comparison of CV curve in various scan rates 
(Fig.  S3, Supplementary Material) shows that the shape is 
consistent through all scan rate measurements.

We perform the GCD method at various current density to 
determine the electrochemical behavior of the as-synthesized 
materials. At a higher current density of 5 A / g (Fig. 3 b), the 
specific capacity of NS-rGOH calculated from GCD curves 
is 285 C / g which is significantly greater than rGO (35 C / g) 
and rGOH (100  C / g). This suggests that the hydrogel 
structure, larger specific surface area, and the NS doping 
effect are beneficial to improving the capacity. This result 

		              а 				                  b 				                   c

		            d 				                  e 				                   f

		           g 						                 h
Fig.  2.  (Color online)  Digital photograph of NS-rGO hydrogel (a), SEM image of rGOH (b), NS-rGOH (c); and elemental mapping of 
NS-rGOH: carbon (d), oxygen (e), nitrogen (f), sulfur (g) and EDX spectra of NS-rGOH (h).
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is also consistent when measurement performs at various 
current densities from 0.5 – 20 A / g (Fig. S4, Supplementary 
Material). The higher the current density, the faster the 
charge-discharge time. With increasing current density, the 
specific capacity shows a decreasing trend. It can be clearly 
seen that even at the highest current density of 20 A / g, the 
NS-rGOH has the highest capacity (120  C / g) compared to 
the rGO (2 C / g) and rGOH (20 C / g). The hydrogel structure 
has contributed higher capacity than the pristine rGO sample, 
which correlated with a higher surface area. Fig. 3c shows the 
stability of NS-rGOH at 10 A / g for 1000 cycles. The specific 
capacity of NS-rGOH decreases as the number of cycles 
increases. The result indicates that the NS-rGOH sample can 
retain 83 % of the initial capacity even after 1000 cycles at a 
high current density (10  A / g). The comparison with other 
similar material also shows that our synthesized NS-rGO 
sample is comparable with similar graphene-based material 
in term of specific capacitance value as presented in Table S2 
(Supplementary Material).

Electrochemical impedance spectroscopy Nyquist plots 
(Fig.  3 d) demonstrate the low equivalent series resistance 
in the high-frequency band (Rs). These plots also represent 
that the electrode material with the smaller semicircle in 
the mid-high frequency region has a lower charge transfer 
resistance (Rct). The straight lines of NS-rGOH have good 
linearity and show a perfect capacitive characteristic at 
low frequencies regulated by diffusion. The resistance and 
diffusion phenomena can be evaluated using a corresponding 
equivalent circuit (inset Fig. 3 d). Simulated values of Rs and 
Rct for rGO are 31.54  and 88.38 ohms, respectively. While 
for hydrogel samples, the series resistance was decreased to 
22.75 ohms. The defect is due to NS doping on the structure, 
further lowering both resistance to 1.58  and 6.52 for Rs 

and Rct, respectively. The low charge transfer resistance of 
NS-rGOH is probably due to the polarization increase of 
the carbon surface caused by NS doping. The diffusion 
coefficient calculation from the circuit model fitting of EIS 
for supercapacitor has previously done by Thalji et al. [34]. 
The calculation is based on the Warburg coefficient as a fitting 
result of the circuit model of the EIS analysis. The calculated 
diffusion coefficient (Table 1) of NS-doped reduced graphene 
oxide exhibits a higher diffusion coefficient than the undoped 
reduced graphene oxide (rGO and rGOH). This value 
indicates that the diffusivity ion of the NS-rGOH sample has 
increased due to NS doping on the hydrogel structure. The 
lower resistance and the high diffusivity of NS rGOH could 
be the reason for better electrochemical performance.

From the above analysis, NS doping is likely to cause 
structural defects in the graphene lattice, giving these 
materials a distinct electronic structure, a large specific surface 
area, and a large number of the active site. When nitrogen 
and sulfur are co-doped into rGO, it has a unique electronic 
structure and defected morphological characteristics which to 
pseudocapacitance mechanism. Even though BET surface area 
of NS-rGOH is lower than rGOH, the more active area due to 
NS defect on the surface can lead to higher electrochemical 
properties of NS-rGOH. This phenomenon is also similar 
with previous research in rGO doping. Lee et al show that 

			         а							              b

			        c 							             d
Fig.  3.  (Color online) Cyclic Voltammetry curve at scan rate 20 mV / s (a), GCD measurement at 5 A / g (b), stability analysis (c), and EIS 
spectra of rGO, rGOH and NS-rGOH (d).

Table  1.  Resistance and diffusivity coefficient calculated from EIS 
spectra of rGO, rGOH and NS-rGOH using the corresponding 
equivalent circuit.

Sample Rs (ohm) Rct (ohm) DK+ (cm2/s)
rGO 31.54 88.38 4.14 ×10−14

rGOH 22.75 0.76 4.09 ×10−14

NS-rGOH 1.58 6.52 1.25 ×10−13
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the addition of B and N atom to the rGO structure led to the 
higher electrochemical properties even tough surface area is 
lower than the pristine rGO [35]. The pore size distributions of 
the synthesized rGO sample shown in Fig. S5 (Supplementary 
Material) show the different behavior of the pore distribution. 
The porous structure of NS-rGOH consisted of smaller porous 
structure compared to rGOH. The attachment of NS atom in 
the surface of rGO caused deterioration on the surface of rGO.

4. Conclusions

In conclusion, NS-rGOH was synthesized using a simple 
hydrothermal technique employing thiourea as a source 
of N, and S.  The produced NS-rGOH had high porous 
structures and high surface area, which are advantageous 
for charge movement and ionic diffusion. Moreover, the 
NS-rGOH structure contains atoms N and S, which can 
significantly improve its electrochemical performance. At 
a current density of 0.5 A / g, it has a high specific capacity 
of 750  C / g. Even at a density of 10  A / g, it exhibits good 
charge- discharges stability with 83.3 % of initial capacitance 
retention after 1000  cycles. Nitrogen and sulfur co-doped 
rGO with hydrogel structures is promising electrode material 
for high-rate performance supercapacitors.

Supplementary material. The online version of this paper 
contains supplementary material available free of charge at the 
journal's Web site (lettersonmaterials.com).
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