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Abstract
Herein, we report the utilization of nitrogen and sulfur dual heteroatoms co-doped activated carbon (NSAC) by hydrothermal 
method for electrochemical supercapacitors. Various NSACs were made by using a fixed amount of activated carbon and 
changing the amounts of thioacetamide. From NSAC electrodes, the coin cell configuration was fabricated and the overall 
electrochemical conduct was evaluated by using cyclic voltammetry, galvanostatic charge-discharge, cycle life, and elec-
trochemical impedance methodologies. The outcomes manifest that co-doping sulfur and nitrogen into the AC improves 
the electrochemical performance. In comparison to pure activated carbon, the optimized NSAC produced a higher specific 
capacitance value of 417 F  g−1 at 0.7 A  g−1 and also demonstrated outstanding charge-discharge cycling stability at 7 mA (5 
A  g−1), maintaining 76% of its opening capacitance after 60,000 cycles in the CR2032 device configuration. The impedance 
studies phase angle value of 85° has added evidence of the NSAC’s good capacitor performance. Thus, we believe this work 
is suitable for practical applications for energy storage devices.

Keywords Activated carbon · Hydrothermal synthesis · Heteroatom-doped carbon · Supercapacitor · Self-discharge · 
Leakage current

1 Introduction

In recent years, human civilization has regularly encountered 
expanding energy needs and environmental pollution that are 
a result of global changes. In order to mitigate issues like air 
pollution, acid rain, and the greenhouse effect, it is imperative 
to build cutting-edge, eco-friendly renewable energy storage 
systems and rely less on fossil fuels [1–4]. The coming years 
of energy calamity due to the depletion of fossil fuels are 
urgently sound for the economic, effectual, and sustainable 
energy conversion and energy storage technologies to face the 

Highlights  
• Hydrothermal strategy for heteroatom-doped activated carbon.
• Fabrication of symmetric supercapacitor cell using coin cell 
device assembly.
• NSAC exhibits an excellent capacitance, energy density, and 
power density of 336 F  g−1, 57 W h  kg−1, and 5500 W  kg−1 at 5 A 
 g−1.
• Symmetric coin cell device exhibits an excellent energy density 
of 70 W h  kg−1.
• Exceptional capacity retention of more than 76% was achieved 
after more than 60,000 cycles at 5 A  g−1.
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matter of escalating energy requirements. When considering 
the various options for storing energy, supercapacitors, which 
have a higher power density and are more environmentally 
friendly than secondary batteries, are widely used in a variety 
of manufacturing processes, battery-powered hybrids, and 
portable electronics [5]. Supercapacitors are energy storage 
devices and are separated into two major categories based 
on the operation of energy storage, electric double layer 
capacitors (EDLC) engaging carbon-based materials and 
pseudocapacitors (PC) employing conducting polymers 
and metal oxides active electrode materials [6]. EDLC 
is the most dominating charge storage mechanism in the 
case of supercapacitors which occurs over the surface of 
the electrode material. Thus, high activity and wettability 
of the electrode material are badly demanded. PCs have 
high capacitances associated with faradic redox processes; 
however, they suffer from a slow charge-discharge rate and 
poor cycling stability. Because in PCs, the redox reactions are 
not fully reversible and also suffer from material degradation 
due to the expansion-contraction of the electrodes, poor 
electrical conductivity, and high cost, limiting their further 
applications [7]. Compared with PCs, EDLCs have superior 
cycling stability and lower cost. Thus, carbon-containing 
materials (activated carbons, carbon nanotubes, carbon fibers, 
and graphene) are utilized as active electrodes for EDLC 
applications due to their high electrical conductivity, large 
surface area, strong chemical stability, and availability [6, 
8, 9].

Nanocarbon materials have been used for several applica-
tions such as sensing, catalysis, energy storage, and water 
purification due to their extraordinary physico–chemical 
properties. Among several nanocarbons, activated carbon 
(AC) is one of the most exploited materials for the above-
mentioned applications. The recent struggles in the develop-
ment and research of electrochemical supercapacitors are 
mostly focused on accomplishing high-specific energy and 
power with prolonged life. However, for industrialization, 
low-cost electrode materials are highly demanded, wherein 
activated carbon fits well. In order to use carbon materi-
als for practical energy storage applications, they have been 
doped with heteroatoms such as nitrogen (N) and sulfur (S); 
as a result, such materials delivered improved electrochem-
ical performance. Additionally, a few reports mentioning 
carbon doping with boron, oxygen, phosphorus, etc. are 
also regularly found. Heteroatoms eliminate the electroneu-
trality of carbon materials because their heteroatoms have 
lower (B, P) or higher (N, O) electronegativity than carbon 
[10] and pseudocapacitance effect originating from electron 
donor/acceptor properties of heteroatoms [11]. On the other 
hand, the substitutional doping of nitrogen has been popular 
because of important changes in the hardness and chemical 
reactivity of carbon materials which is theoretically pre-
dicted and experimentally observed [12]. The π-system of 

the C lattice and N lone-pair conjugation can significantly 
affect or advance the physicochemical properties of the ACs, 
such as the basicity, catalytic activity, conductivity, and oxi-
dative stability [13]. The increased capacitance brought on 
by N-doping was thought to be mostly caused by nitrogen 
functions, especially N, which exhibits pseudocapacitive 
behavior and an electron donor propensity [14]. Despite 
that, it is intriguing to understand that co-doping can lift up 
the performance of the electrode materials in comparison 
with single heteroatom-doped electrode materials. Addition-
ally, co-doping can produce several positive effects such as 
improvement in conductivity and surface area of the elec-
trode material. As a result, electrochemical charge storage 
properties can be boosted; thus, in recent days, efforts have 
been concentrated on the utilization of multi-heteroatom 
doping [15]. Through redox processes, heteroatoms other 
than N, such as B, P, or S atoms, also contribute to the 
amplification of capacitance in carbon-based materials. Due 
to the N- and S-dopant’s synergistic interaction and possible 
easier polarizability, sulfur, in particular, is of great inter-
est. Recent research has concentrated on using sulfur-doped 
carbons in supercapacitors [16]. Because sulfur transforms 
the charge on nearby carbon atoms to a more positive state 
in sulfuric acid, the efficiency of charge storage in micro-
scopic pores via EDLC is improved. S-doped carbons were 
demonstrated; photoactivity and potential cycling have been 
found to greatly enhance the capacitance in both neutral and 
acidic electrolytes [16–19]. The objective of this work is 
to enhance the electrochemical capacitive performance of 
AC by incorporating hetero atoms (nitrogen and sulfur dop-
ing) into it. Nitrogen and sulfur co-doped activated carbons 
(NSACs) offer uniform distribution and controlled incorpo-
ration of heteroatoms all over the material compared to the 
post-treatment methods which are laborious and complex.

2  Experimental

2.1  Materials and instrumentation

Activated carbon (purchased from Merck), thioacetamide 
 (C2H5NS), sulfuric acid  (H2SO4) [Rankem, India], Super-P 
carbon black, and PVDF. All the reactions were carried out 
with distilled water.

FT-IR spectra of carbon samples carried with KBr pellet 
method by FT-IR spectrometer (Thermo Nicolet Nexus 670, 
USA). A Hitachi S-4300 SE/N field emission scanning elec-
tron microscope (FESEM) (Hitachi, Tokyo, Japan) running 
at 20 kV was used to conduct morphology analyses on the 
carbon samples. The elemental analysis (C, H, N, and S) was 
performed by the instrument (Vario Micro Cube Elementar, 
Germany). Micro-Raman spectra were carried out with a 
17 mW internal He-Ne (Helium-Neon) laser source with an 

1168



Emergent Materials (2023) 6:1167–1176

1 3

excitation wavelength of 632.8 nm at room temperature, which 
is built into the Horiba Jobin-Yvon Lab Ram HR spectrometer. 
At room temperature, supercapacitor cells were used for all 
electrochemical tests. Using a ZIVE MP5 multichannel elec-
trochemical workstation, cyclic voltammetry and galvanostatic 
charge-discharge cycle life studies were performed (WonAT-
ech Co., Ltd., Korea). A supercapacitor cell was used for the 
electrochemical impedance spectroscopy (EIS) measurement 
with an IM6ex (Zahner-Elektrik, Germany) at a DC bias of 0 
V and a sinusoidal signal with an amplitude of 10 mV span-
ning the frequency range of 40 kHz to 10 mHz.

2.2  Synthesis of nitrogen and sulfur‑doped 
activated carbons

Three various N- and S-doped activated carbons were prepared 
by hydrothermal synthesis using fixed amounts of activated 
carbon (AC) and various amounts of thioacetamide  (C2H5NS). 
A typical technique involved dispersing 0.3 g of AC in 100 ml 
of water using a sonicator for 30 min, followed by the addition 
of a certain quantity of  C2H5NS dissolved in 60 ml of water 
and a 5-min stirring period. The resulting mixture was shifted 
into a stainless steel autoclave with a volume of 250 mL, and 
it was hydrothermally treated at 180 °C overnight. After that, 
we allowed cooling naturally to ambient temperature to collect 
the resultant black product after cleaning with distilled water 
and acetone to get rid of any remaining unreacted substances. 
The sample was then dried for additional characterization in an 
oven at 60 °C. Compared to the AC, an excessive amount of 
 C2H5NS was added to the experiment. The  C2H5NS to activated 
carbon ratios were 2.5, 5, and 10. The related activated carbons 
with nitrogen and sulfur doping were designated as NSAC-1, 
NSAC-2, and NSAC-3, respectively. The pristine sample of 
activated carbon (where  C2H5NS was not used) is named as 
hydrothermal-treated activated carbon (HTAC).

2.3  Construction supercapacitor cell

Coin cell (CR2032) supercapacitor was built with two work-
ing electrodes of equal mass separated by an AGM separator 
in an electrolyte of 1 M  H2SO4. The working electrode is 
prepared by a 3 mg carbon sample composed of 70 wt.% 
active material (2.1 mg), 5 wt. % Super-P carbon black (0.15 
mg), and 25 wt.% PVDF binder (0.75 mg) by applying pres-
sure of 120 kg  cm2 to carbon samples placed on stainless 
steel mesh (316 grade); working electrodes were created.

3  Results and discussion

The intention of this research is to enhance the superca-
pacitor’s carbon electrode’s performance through the doping 
of heteroatoms. Three different samples of carbon powder 

doped with heteroatoms were prepared by reacting activated 
carbon with various amounts of  C2H5NS for optimization in 
the autoclave.

Herein, thioacetamide is the nitrogen and sulfur heter-
oatoms precursor. The CHNS elemental analysis exhibited 
the presence of 3.09, 5.23, and 8.17 wt. % N and 3.06, 4.73, 
and 5.19 wt. % S for NSAC-1, NSAC-2, and NSAC-3 sam-
ples correspondingly. These heteroatoms can significantly 
increase the surface activity when they can tune the physical 
and chemical properties of carbon atoms such as increment 
in the conductivity and enhanced capacitance due to the con-
jugation between the π-system of the carbon framework and 
the lone-pair electrons of heteroatoms. For further confirma-
tion of the elemental (i.e., nitrogen and sulfur especially) and 
compositional analysis, we have carried out X-ray photoelec-
tron spectroscopy (XPS) studies.

Figure 1 demonstrates core level XPS spectra of the 
HTAC (Fig. 1a–c) and NSAC-2 (Fig. 1d–f) samples. The 
C 1s peak at 284.5 eV was present for both the samples, as 
illustrated in Fig. 1a (HTAC) and Fig. 1c (NSAC-2) which 
was attributed to the  sp2 hybridized carbon atom (peak  C1). 
Additionally, two other peaks were observed at binding ener-
gies from 285.0 to 291.0 eV, which were assigned to oxygen 
and/or sulfur-nitrogen-bound carbon atoms (peaks  C2 and 
 C3). In HTAC samples, the absence of sulfur and nitrogen 
was seen (Fig. 1b,c). The nitrogen doping in NSAC-2 sam-
ples (Fig. 1e) was confirmed, and four peaks  (N1 to  N4) were 
fitted during the deconvolution. The occurrence of pyridinic, 
pyrrolic, and quaternary nitrogen atoms within the carbon 
framework may give rise to such peaks [20]. The core level 
XPS spectra of sulfur 2P of NSAC-2 samples (Fig. 1f) con-
firm S-doping. The deconvolution  (S3 and  S4) suggested that 
oxidized S species, such as sulfate and sulfonate functional 
groups, lead to a peak at 168.8–172 eV. On the other hand, 
spin-orbit splitting of S atoms  (S1 and  S2) was noted within 
the range of 163–166 eV due to the formation of S domi-
nated in the carbon framework [21].

The XRD patterns (Fig. 2a) seen in both HTAC and 
NSAC samples demonstrate broad diffraction peaks which 
reveals a predominantly amorphous structure. Previously, it 
has been proven that such an amorphous nature is attributed 
to high surface area and can provide excellent electrochemi-
cal properties. However, two distinct diffraction peaks were 
observed at 23.2° and 44.3° in each sample corresponding 
to the disordered carbon (001) and (100) crystalline planes, 
which were in accordance with JCPDS No. 41-1487 [22]. 
FT-IR analysis verified the functional groups on the pre-
pared carbon samples (Fig. 2b). The -O-H and -N-H stretch-
ing vibration modes were connected to the broad bands at 
about 3450  cm−1. The C-H bond is represented by the weak 
band at roughly 2920  cm−1, and the characteristic absorb-
ance of C-H bonds is represented by the band at about 1600 
 cm−1. The presence of the C-N stretching vibration may be 
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inferred from the peaks at about 1130  cm−1. The increase 
in the intensity of the band at 1125  cm−1 is remarkable; as 
in this spectral region, the υ(C = S) and υ(S = 0) vibrations 

occur. The wide peak of 1100  cm−1 is linked to the vibration 
of C-N stretching. With an increase in sulfur content, the 
water absorption band around 1650–1885  cm−1 of carbons 

Fig. 1  Core level XPS spectra of the HTAC (a–c) and NSAC-2 (d–f) samples: (a, d) carbon 1S, (b, e) nitrogen 1S, and (c, f) sulfur 2P

Fig. 2  (a) XRD, (b) FT-IR, (c) TGA profiles, and (d–g) TEM images of HTAC, NSAC-1, NSAC-2, and NSAC-3 samples
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becomes stronger, possibly due to an increase in polarity in 
the carbon backbone. Therefore, the FT-IR analysis confirms 
that N-H, C-N, and S=O species exist in the carbon samples. 
In a nutshell, we have succeeded in co-doping nitrogen and 
sulfur in AC.

In order to study the thermal stability of all doped and 
undoped carbon samples, thermal gravimetric analysis 
(TGA) was carried out in an inert atmosphere (Fig. 2c). The 
TGA curves of NSAC-2 and NSAC-1 show more thermal 
stability compared to HTAC and NSAC-3 due to hetero atom 
doping. However, NSAC-3 is showing less thermal stability, 
which might be the destruction of the carbon sample and 
a sharp weight loss from 200 to 600 °C (Fig. 2c). During 
higher temperatures, the escape of H and O atoms leads to 
the removal of  H2O,  CO2, and CO which might be the reason 
behind such weight loss in NSAC-3. Transmission electron 
microscopy (TEM) images of carbon samples (Fig. 2d–g) 
show a laminar or plate-like structure which is the charac-
teristic feature of activated carbon. A careful observation 
at the corners of nanostructures confirms the stacking of 
nanosheets. Many plate-like structures were overlapped or 
stacked over each other and had sizes around 200 to 300 
nm. As per most of the previous reports, activated carbon 
produced by various methods demonstrated layered-like 
nanosheet morphology [23, 24]. Moreover, it is well known 
that such kind of nanostructure can bring out the high-
specific surface area via large pore volume leading to huge 
space for infiltration of the electrolyte ions.

CV and GCD tests for HTAC, NSAC-1, NSAC-2, and 
NSAC-3 electrodes in symmetric coin cell device configu-
ration were carried out to examine the impact of N and S 
heteroatoms on AC electrode material for supercapacitors. 
In Fig. 3a, cyclic voltammograms of these samples were 
displayed at 10 mV  s−1, and it shows nearly rectangular-like 
CV curves and high symmetry, demonstrating the electrode 
material’s good capacitive performance, i.e., EDLC. The 
specific capacitance from a cyclic voltammogram (CV-Cs) 
concerning one electrode was calculated using the integra-
tion method with the help of IVMAN software using the 
formula: CV-Cs=(Q × 1000)(∆V × m)−1, where Q is the total 
voltammetric charge storage, ΔV is the operating voltage 
range, and m is the mass of the active material in one elec-
trode. The obtained specific capacitance values of HTAC, 
NSAC-1, NSAC-2, and NSAC-3 samples were 135 F  g−1, 
274 F  g−1, 321 F  g−1, and 207 F  g−1, respectively. Among 
all the 4 samples, NSAC-2 is showing highest capacitance 
value (321 F  g−1 at 10 mV  s−1). It can be seen that the 
NSAC-2 offers a superior specific capacitance. Addition-
ally, CV curves of the optimized NSAC-2 were displayed in 
(Fig. 3b) at varied sweep rates, and it shows the voltammo-
gram’s slight departure from rectangular shape, suggesting 
that the pseudo capacitive process caused by the presence 
of heteroatoms is linked to the EDLC process. For NSAC-2 

material, CV was recorded at various scan rates from 1 
mV/s, 5 mV/s, 10 mV/s, 20 mV/s, 30 mV/s, 40 mV/s, 50 
mV/s, and 100 mV/s, and their CV-Cs were found to be 366 
F/g, 337 F/g, 321 F/g, 261 F/g, 242 F/g, 226 F/g, 213 F/g, 
and 165 F/g, respectively (Fig. 3b). The curves’ forms are 
nearly rectangular and devoid of noticeable aberrations as 
intended. Additionally, the curves’ shapes did not change as 
scan rates increased. This gadget is found to have high rates 
of charge and discharge in addition to having lower resist-
ance to an analogous series.

Galvanostatic charge-discharge (GCD) experiment was 
carried out for the HTAC, NSAC-1, NSAC-2, and NSAC-3 
samples in a two-electrode setup at various current densities, 
with the associated capacitance values displayed in Fig. 3c. 
Specific capacitance calculated from charging-discharg-
ing (CD-Cs) of the electrode material CD-Cs=(2 × i × ∆t)
(∆V × m)−1, where I is the constant discharge current, ∆t is 
the discharging time, ∆V is the operational voltage window, 
and m is the weight of the active material in one electrode. 
The obtained CD-Cs values of HTAC, NSAC-1, NSAC-2, 
and NSAC-3 samples were 142 F  g−1, 369 F  g−1, 417 F  g−1, 
and 277 F  g−1, respectively, at 0.7 A  g−1, wherein, among 
all the samples, NSAC-2 was superior. In order to poise the 
strong electronic attraction provided by the nitrogen and sul-
fur atoms, the carbon atoms obtain higher positive charge 
densities, which enhances the wettability of the nanocarbon 
(activated carbon) [25]. In the same manner, in our case, 
the addition of N and S to NSAC-1, NSAC-2, and NSAC-3 
increases the wettability of the electrodes. Such a scenario 
provides strong interaction between electrolyte ions and 
doped AC electrode material as compared to HTAC. In other 
words, the higher wettability of NSAC-2 results in enhance-
ment in the electrochemical performance originating due to 
higher surface activities (EDLC).

NSAC-2 electrode discharge curves at a current density 
of 0.7 A  g−1, 1.4 A  g−1, 3.5 A  g−1, and 5 A  g−1 were shown 
in Fig. 3d (Table 1), which were lower in internal resistance 
(IR drop); thus, it was a sign of a good supercapacitor. With 
an increase in current density, the NSAC-2 CD-Cs dimin-
ish, which can be attributed to inadequate time to interrelate 
electrolyte ions with nanostructures [26, 27].

The specific capacitance was increased in CV-Cs and 
CD-Cs from HTAC to all NSAC samples because of the 
merger of N, S hetero atoms into the AC which leads to 
improvement in the overall conductivity and surface area. 
Figure 4 demonstrates the comparison of specific capaci-
tance values from CV (CV-Cs) and GCD (CD-Cs) curves; 
both results are consistent in all samples. However, the 
comparison between all NSAC samples suggested that the 
specific capacitance was maximum for NSAC-2. Varia-
tion in the surface area is the main reason behind the dis-
crepancy. The surface area was found to be increased from 
NSAC-1 to NSAC-2 and further decreased for NSAC-3, 
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whose values were mentioned in Supplementary Figs. S1 
and S2 and Table S1. The large pore distribution and pore 
size of NSAC-2 provides higher electroactive sites for 

charge storage, resulting in superior electrochemical perfor-
mance. The specific surface area of NSAC-3 was decreased 
because of the increased amount of thioacetamide which 
might destruct the carbon skeleton. With the increase in the 
N/S ratio, the mesoporosity content in the prepared sample 
increases, which, in turn, increases the specific capacitance 
as compared to the pristine activated sample. However, at the 
highest N/S ratio, i.e., NSAC-3, the surface area, pore size, 
and pore volume decrease than NSAC-2, which results in 
the reduction in electroactive sites. Finally, low capacitance 
resulted in NSAC-3 [28]. Generally, capacitive behavior 
improves with the specific surface area via enormous pore 
volume leading to huge space for infiltration of the electro-
lyte ions. NSAC-based symmetric coin cell supercapacitor 

Fig. 3  Electrochemical features of all doped and undoped nanocar-
bon (activated carbon) samples (a) at a scan rate of 10 mV  s−1; CV 
curves of the HTAC, NSAC-1, NSAC-2, and NSAC-3 samples in 1 M 
 H2SO4 solution. (b) CV curves at various sweep rates of the NSAC-2 

in 1 M  H2SO4 solution (c) at an applied current of 1mA; GCD curves 
of the HTAC, NSAC-1, NSAC-2, and NSAC-3 samples in 1 M 
 H2SO4 solution and (d) GCD curves at various applied currents of the 
NSAC-2 in 1 M  H2SO4 solution

Table 1  CD-Cs, energy, and power density of NSAC-2 electrode 
material

Applied 
current 
(mA)

Current 
density (A 
 g−1)

Capaci-
tance (F 
 g−1)

Energy 
density (W h 
 Kg−1)

Power 
density (W 
 Kg−1)

1 0.71 417 70 786
2 1.42 405 68 1571
5 3.5 390 65 3929
7 5 336 57 5500
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device has the maximum energy density of 70 Wh  kg−1 and 
the highest power density of 786 W  kg−1, as seen in the 
Ragone plots in Supplementary Fig. S3. The energy density 
may be kept at 57 Wh  kg−1, while the power density can be 
kept at 5500 W  kg−1. These values are comparable to those 
of a symmetric all-solid-state supercapacitor based on N,S-
co-doped carbon nanofibers (16.35 Wh  kg−1 at 147.15 W 
 kg−1) [29] and porous carbon generated from MOF (17.37 
Wh  kg−1 at 449.9 W  kg−1) [30] and greater than those of 
other heteroatom-doped porous carbon materials [29–36].

Furthermore, to check the device applicability of NSAC-2 
of the CR2032 coin cell, the cyclic stability of the device 
was tested. The cycle stability of the NSAC-2 symmetric 
supercapacitor was illustrated in Fig. 5a. The capacitance 
decay is 20% within 100 cycles; after 200 charge/discharge 

cycles at a current density of 5 A  g−1, it was stabilized at 
76% retention and that was maintained up to 60,000 cycles. 
The sudden decay within 200 cycles may be due to the peel-
off of the active materials, as some particles were observed 
in the electrolyte solution [37].

The self-discharge study (SDS) is an important factor of 
supercapacitors for energy preservation [38]. The SDS pat-
terns for the HTAC, NSAC-1, NSAC-2, and NSAC-3 elec-
trodes were demonstrated in Fig. 5b. For the SDS, with a 
2 mA current density, the device was charged up to 1.1 V 
(i.e., its operating voltage), and then, the open circuit voltage 
(OCV) of the device was measured by considering the func-
tion of time. The OCV of the NSAC-2 device reached 0.625 
V (58.6% of the applied voltage is retained after 1 day), 
which indicates that the superior performance of NSAC-2 is 
better than the previously reported results [39–41]. NSAC-1 
device reached 0.03 V, NSAC-3 device reached 0.003 V 
after 24 h, and AC device reached 0.001 V within 1 h, as 
shown in Fig. 6b.

The EIS analysis is further evidenced to study the mech-
anism of charge storage. The HTAC and NSAC samples’ 
frequency-dependent behavior is tested from 40 kHz to 10 
mHz at 0.7 V, and the resulting Nyquist plots are displayed 
in Fig. 6a. In the high-frequency range, it is made up of 
a single semicircle, while in the low-frequency region, it 
is made up of a vertical line. The comparable circuits are 
derived from the simulation of the experimental data using 
Zman software and are displayed as an inset in Fig. 6a. The 
semicircle occurs due to high frequency, which gives inter-
cept on the real axis known as series resistance (Rs) infor-
mation. For HTAC, NSAC-1, NSAC-2, and NSAC-3, the 
values of Rs are 0.11 Ω, 0.095 Ω, 0.079 Ω, and 0.068 Ω, 
respectively. The semicircle’s diameter can be used to cal-
culate the charge transfer resistance (Rct), which is linked 

Fig. 4  Comparison between CV- and GCD-specific capacitance val-
ues of the HTAC, NSAC-1, NSAC-2, and NSAC-3 electrodes

Fig. 5  (a) Cycle life diagram of NSAC-2 supercapacitor cell in solution (1 M  H2SO4) measured at applied current density of 5 A  g−1. (b) Self-
discharge curves of the HTAC, NSAC-1, NSAC-2, and NSAC-3 samples
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to the system’s charge transfer barriers. The “ion transfer 
barrier” between the electrolyte and capacitive material as 
well as the “electron transfer barrier” between the capaci-
tive material and the current collector are the barriers. The 
reduction in Rs and Rct values revealed the increment in the 
overall conductivity of the electrode material. The doping in 
AC was confirmed by the aforementioned characterizations 
like XPS and FT-IR. Furthermore, its constructive effect on 
the enhancement of electrochemical activity was confirmed 
in this section. Due to variations in relaxation times, poros-
ity, electrode type, and dynamic disorder, the presence of 
CPE1 and CPE2 (constant phase elements aroused due to 
double-layer capacitive and pseudocapacitive) suggests that 
the double-layer element exhibits less-than-ideal capacitor 
behavior. In the current study, values of CPE1 and CPE2 are 
discovered to be 2.14 F  g−1, 2.21 F  g−1, 2.14 F  g−1 and 220 
F  g−1, 425 F  g−1, 458 F  g−1, 309 F  g−1 for HTAC, NSAC-1, 
NSAC-2, and NSAC-3 correspondingly, with corresponding 
“n” values of 0.70 and 0.93, 0.73 and 0.96, 0.76 and 0.96, 
and 0.76 and 0.94 (n =1 represents pure capacitive nature) 
for HTAC, NSAC-1, NSAC-2, and NSAC-3, respectively. 
From the results, we can say that both the constant phase 
elements of the carbon materials act similarly to capacitors. 
The time constant (t) of the carbon materials was calcu-
lated using the formula: t = (2⫪f*)−1. The time constant is 
determined from the maximum (midpoint) of the semicircle 
of the Nyquist plot and is found to be 1.48 ms, 1.18 ms, 
0.75 ms, and 0.95 ms for HTAC, NSAC-1, NSAC-2, and 
NSAC-3, respectively. A lower time constant value means a 
faster charge-discharge phenomenon in the electrode materi-
als [42–44]. When the semicircle transforms into a vertical 
line at a frequency known as knee frequency, the electrode’s 
capacitive property will be leading. At frequencies higher 

than the knee frequency, the stored energy is partially inac-
cessible for any capacitive substance [45]. Simply, the fre-
quency where the capacitive behavior starts in the Nyquist 
plot is the knee frequency. The knee frequency values for 
HTAC, NSAC-1, NSAC-2, and NSAC-3 are 5.93 Hz, 8.12 
Hz, 11.0 Hz, and 4.27 Hz, respectively, indicating capacitive 
properties of NSAC-2 can be achieved at higher frequencies 
than NSAC-1, HTAC, and NSAC-3. Bode plots of carbon 
samples are shown in Fig. 6b. The phase angle values of 
HTAC, NSAC-1, NSAC-2, and NSAC-3 obtained from the 
bode diagram are 81°, 85°, 85°, and 84°, respectively, which 
are nearby to that of an ideal capacitor 90°. In a nutshell, 
nitrogen and sulfur co-doped AC expressively increased 
the surface activity and enhanced double-layer capacitance 
due to the conjugation between the π-system of the carbon 
framework and the lone-pair electrons of heteroatoms. The 
above statement is supported by the EIS studies, bode plot, 
and the increment in the specific capacitance values (as seen 
in CV and GCD).

4  Conclusion

In summary, we hydrothermally produced N, S-co-doped 
activated carbons. A coin cell device setup was used to 
examine the prepared samples for their electrochemical 
characteristics. The optimized sample of the symmetrical 
solid-state capacitor we made has a specific capacitance of 
405 F  g−1 at 1.4 A  g−1 and an energy density of 68 Wh  kg−1 
and a power density of 1571 W  kg−1. Furthermore, even at 
5 A  g−1, the activated carbon has an excellent long cycling 
life, losing only 24% of its opening capacitance after 60,000 
cycles. High surface area, numerous micropores, porous 

Fig. 6  (a) Nyquist plot (inset showing the circuit diagram) and (b) phase angle versus frequency of HTAC, NSAC-1, NSAC-2, and NSAC-3 
electrodes (frequency 40 kHz–10 mHz at 0.7 V)
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hierarchical structure, and high N and S content all contrib-
ute to the resulting material’s good capacitive performance.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s42247- 023- 00503-1.
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