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Abstract
The development of stable, high-density electrode materials for use in advanced electrochemical energy storage systems 
is of utmost importance. This study presents a simple one-step chemical precipitation approach for the fabrication of 
Bi₂(Se₀.8S₀.₂)₃@C, a sulfur-modified bismuth selenide solid solution coupled with amorphous carbon. The presence of 
crystalline bismuth selenosulfide was verified through structural investigation. Morphological analysis revealed a network 
of nanosheets embedded within a carbon matrix, facilitating enhanced charge transfer and providing abundant electro-
active sites. Electrochemical testing in a 3  M KOH electrolyte showed that the Bi₂(Se₀.₈S₀.₂)₃@C electrode achieved a 
specific capacitance of 950 F g⁻¹ at 1 A g⁻¹ and exhibited excellent cycling stability, retaining 98% of its capacitance after 
5000 cycles with nearly 100% efficiency. An asymmetric supercapacitor device, using activated carbon as the negative 
electrode and Bi₂(Se₀.8S₀.₂)₃@C as the positive electrode, delivered a maximum energy density of 65 Wh kg⁻¹ at 877 W 
kg⁻¹ and 35 Wh kg⁻¹ at 3117 W kg⁻¹. Furthermore, after just 20 s of charging, two ASC coin cells connected in series were 
able to power multiple LEDs for approximately 10 min, demonstrating excellent power delivery and rapid energy stor-
age capability. These results indicate that asymmetric supercapacitors based on sulfur-modified bismuth selenide–carbon 
composite electrodes can be highly effective. In addition, Bi₂(Se₀0.8 S₀.₂)₃@C shows enhanced photocatalytic performance 
with ~ 92% MB degradation, higher rate constant (0.0761 min⁻¹), and excellent stability over five cycles due to improved 
charge separation.
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A. Parveen1 · N. Surumbarkuzhali2 · D. Anitha Kumari3 · R. Kanimozhi4 · Arumugam Krishnan Arulmozhi5

1  Introduction

The increased energy demand all over the world puts 
requirements on energy storage systems like efficiency and 
environmental friendliness. There is a growing demand for 
storage systems that can rapidly deliver significant quanti-
ties of energy as the number of electric automobiles, portable 
electronics and sustainable energy sources increases. Thus, 
there is a need for sophisticated electrochemical energy 
storage systems to sustain the present technological facili-
ties and to provide a steady supply of energy [1–3]. Elec-
trochemical capacitors, fuel cells and batteries are the most 
investigated technologies nowadays. Conventional batteries 
may store large amounts of energy, but they often suffer from 
poor charging kinetics and low cycle life. Because of their 
rapid charge-discharge behavior, high power capability, and 
extended operational life, electrochemical capacitors, also 
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known as supercapacitors, hold great promise for future 
uses for energy storage [4–6].

In fact, supercapacitors store energy by two fundamental 
processes of electrostatic charge buildup and programmable 
surface redox reactions. These mechanisms are responsible 
for EDLC, pseudocapacitor, and hybrid supercapacitor [7]. 
Graphite, activated carbon, and carbon nanotubes are instances 
of carbonaceous substances which are frequently present in 
EDLC systems. Energy storage in these systems is due to the 
formation of an electrical double layer at the interface between 
the electrodes and electrolyte. EDLCs have a low energy den-
sity, which restricts their applications in large energy storage 
networks, but nonetheless demonstrate exceptional cycle 
stability and power efficiency. Instead, pseudocapacitors are 
based on electrochemically active chalcogenides, hydroxide 
compounds, and transition metal oxides that include fast Far-
adaic redox reactions. These materials can provide a higher 
energy density and a significantly larger capacitance because 
of their reversible charge storage behavior [8–10].

Transition metal chalcogenides with special electrical 
properties, layered structures and excellent electrochemical 
activity are promising candidates of pseudocapacitive mate-
rials. Bismuth-based chalcogenides have been extensively 
studied as anode materials due to their high theoretical charge 
storage ability, good electrical conductivity, and chemical 
stability [11, 12]. The compounds have the generic formula 
Bi2 × 3, where X = S, Se or Te. Bismuth selenide (Bi2Se3) is 
a layered semiconductor with a rhombohedral crystal form 
that consists of quintuple atomic layers bound by weak van 
der Waals contacts. Among several advantages, the design 
provides a larger surface area, improved accessibility of 
electrolyte ions and greater effectiveness of electrochemi-
cal reactions [13]. These features make Bi2Se3 an attrac-
tive candidate material for the electrodes of supercapacitor 
devices and have attracted a significant amount of research. 
Nanostructured Bi2Se3 materials have been reported to show 
promising capacitive performance due to the existence of 
electrochemically active sites and relatively high electrical 
conductivity [14]. Furthermore, Bi2Se3 has good electronic 
transport properties and a small band gap, indicating fast 
electron transportation and better electrochemical perfor-
mance as revealed by theoretical studies [15].

However, the actual usage of pure Bi2Se3 electrodes is 
hindered by a variety of problems. Some of these problems 
are related to the limited ion mobility in bulk particles, the 
structural accumulation during prolonged electrochemical 
cycling, and the relatively low electrical conductivity com-
pared to carbon materials. These limits may limit the total 
capacitance and rate capacity of the electrode material [16]. 
Because of its superior electrical conductivity, large specific 
surface area, and structural adaptability, Bi2Se3 and amor-
phous carbon are ideal materials for conductive purposes. 

This integration offers a possible solution to these issues. 
One method to enhance electron mobility and accelerate 
electrochemical reaction kinetics is to introduce amorphous 
carbon into the Bi2Se3 framework. This will generate a 
conductive perpetual matrix. In addition, the carbon matrix 
provides more active sites for charge storage, prevents the 
agglomeration of particles and improves the structural sta-
bility upon repeated cycling [17–20].

Bismuth-based chalcogenide (Bi2 × 3) is unique because to 
its layered structure, high theoretical capacity, and promising 
electrical properties. Bi2S3 nanosheets have been reported 
to achieve a specific capacitance of 272.9 Fg− 1 in microsu-
percapacitors [21] and to offer a specific capacitance of 457 
Fg− 1 by pseudocapacitive processes [22]. A well-known way 
to increase these properties is chalcogen alloying. It modi-
fies the electronic band structure, introduces active sites and 
enhances electrical conductivity by substituting sulphur with 
selenium or selenium with sulphur [23].

Herein, we present a new approach to improve elec-
trochemical characteristics of bismuth chalcogenide elec-
trodes using a combination of structural engineering and 
compositional tuning. The simple one-step precipitation 
approach was used to successfully embed the mixed chalco-
genide compound Bi2(Se0.8S0.2)3 into an amorphous carbon 
matrix. The carbon skeleton has a dual function, provid-
ing a persistent conductive pathway and impeding particle 
aggregation across multiple cycles. This material possesses 
abundant accessible electroactive sites and shortens the ion 
transport pathways by constructing a network of intercon-
nected nanosheets. The electrode has excellent cycling sta-
bility (~ 100% coulombic efficiency and 98% of the initial 
capacitance after 5000 cycles) and a high specific capac-
itance of 950 Fg− 1 at 1 Ag− 1. The fabricated asymmetric 
supercapacitor device additionally maintains 35 Wh kg⁻¹ at 
a higher power density of 3117 W kg⁻¹ and also an energy 
density of 65 Wh kg⁻¹ at a power density of 877 W kg⁻¹. 
Moreover, Bi2(Se0.8S0.2)3@C exhibits better photocatalytic 
activity with ~ 92% MB degradation, higher rate constant 
(0.0761 min− 1) and superior stability over five cycles owing 
to improved charge separation.

2  Experimental details

2.1  Materials

Bismuth nitrate pentahydrate (Bi(NO3)3.5H2O), thiourea 
(NH2CSNH2), potassium iodide (KI), potassium hydroxide 
(KOH), Acetic acid, selenium powder, hydrazine hydrate, 
ethanol, N-methyl-2-pyrrolidone (NMP), acetylene black 
and polyvinylidene difluoride (PVDF) were purchased from 
Sigma Aldrich and SD fine.
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2.2  Preparation of Bi₂(Se₀.₈S₀.₂)₃@C

To a transparent solution (Solution A), 0.485  g of 
Bi(NO3)3.5H2O was dissolved in 50 mL distilled water. 
The solution was heated to 120 °C with steady stirring to 
ensure thorough mixing. Solution B was prepared by dis-
solving the appropriate amount of thiourea with 0.34 g KI 
in 50 mL distilled water. Solution C was prepared by thor-
oughly dissolving selenium powder in hydrazine hydrate. 
Solution A was added dropwise to Solutions B and C with 
steady stirring. The method was maintained at 120 °C for 
5 h following addition of acetic acid to get the pH of the 
mixture to about 1-1.2. Following the reaction, the prod-
uct was collected by centrifugation and washed many times 
with distilled water and ethanol to eliminate the contami-
nants. Finally, the product was dried at 60 °C for 8 h to gen-
erate the Bi2(Se0.8S0.2)3@C composite. Figure 1. Schematic 
of synthesis procedure. Bi2(Se0.8S0.2)3@C is prepared via 
a specific process with a template. Bi3+ first interacts with 
iodide ions to create stacked BiOI nanosheets. Then, sele-
nium and sulfur source provide Se2− and S2− ions. These 
ions eventually substitute the O2

−/I− ions in the structure 
of BiOI to create Bi2(Se0.8S0.2)3@C while maintaining 
the sheet shape. Simultaneously, thiourea and hydrazine 
decomposition yields a thin carbon layer that uniformly 
coats the nanosheets. This can be summarized by the fol-
lowing chemical reaction.

Bi3+ + I− → BiOI
BiOI + Se2− + S2 → Bi2(Se0.8S0.2)3 + I− + O2−

Organic species → C (amorphous)
This pathway explains the preservation of morphology 

along with the formation of a conductive hybrid structure.

2.3  Electrode preparation

The electrode was prepared by mixing acetylene black, 
Bi2(Se0.8S0.2)3@C, and PVDF at a ratio of 80:10:10, respec-
tively. A homogeneous paste was prepared by dispersing 
8 mg of the active agent, 1 mg of carbon and 1 mg of binder 
in N-methyl-2-pyrrolidone (NMP). A clean stainless-steel 
substrate of ~ 1 cm− 2 was coated. The resulting slurry was 
oven-dried at 60  °C for 1  h to evaporate the solvent and 
assure the adequate adherence. Keep the active ingredient 
mass loading at 2-2.5 mgcm-2. In particular, the reported 
capacitance values are calculated exclusively on the basis of 
the mass of the active material and do not take into account 
the impact of the binder and conductive carbon.

2.4  Electrochemical measurements

Electrochemical workstations (CHI 660E, CH Instruments, 
USA) examined electrode materials’ electrochemical per-
formance. All investigations used a three-electrode cell with 
3  M KOH electrolyte. 2.3 Working electrode prep Sect.  
2.3 covers functioning electrode preparation. The refer-
ence electrode was Ag/AgCl and the counter electrode Pt 
wire. Electrode material redox behavior and charge storage 
mechanism were studied using cyclic voltammetry (CV) at 
scan speeds from 10 to 100 mVs-1 within a given potential 
range. Galvanostatic charge-discharge (GCD) investiga-
tions examined charge-discharge behavior, rate capabilities, 
and specific capacitance on the same potential window at 
current densities from 1 to 5 A g − 1. Using 5 mV amplitude 
electrochemical impedance spectroscopy (EIS) data from 
0.01 Hz to 100 kHz.

Fig. 1  Graphical illustration of the synthesis process of i₂(Se₀.₈S₀.₂)₃@C composites
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3  Results and discussion

3.1  XRD analysis

The crystal structure of Bi2(Se0.8S0.2)3@C material was deter-
mined by X-ray diffraction analysis. The pattern is seen in 
Fig. 2. The standard pattern (JCPDS No. 33–0214) indicates 
that all the reflections belong to the rhombohedral phase of 
Bi2Se3. The primary diffraction peaks are observed at 2θ val-
ues of 18.5°, 27.8°, 34.9°, 47.1°, 52.4°, 56.2°, and 65.4° which 
match to the planes (006), (101), (109), (118), (110), (015), 
and (205), respectively. No other reflections corresponding to 
unreacted elements or other phases like Bi₂S3 were detected, 
indicating the exceptional purity of the composite sample. 
No peaks of sulfur phases are observed in the solid solution 
which shows uniform distribution of sulfur ions over Se²- 
sites. In addition, due to the amorphous nature, there is no 
carbon in the pattern. Table 1 shows the structural properties.

3.2  TGA analysis

As illustrated by TGA analysis curve (Figure S1), the com-
posite Bi2(Se0.8S0.2)3@C displays only slight weight loss 
below 150  °C following the removal of surface-adsorbed 
water and residual solvents. Between 200 and 400  °C a 
large loss in mass occurs due to the loss of carbon and the 

remaining organic species. As the temperature rises, the 
curve gets more stable, indicating that the material has per-
fect stability.

3.3  Morphological analysis

SEM and TEM images of the Bi2(Se0.8S0.2)3@C compos-
ite samples are shown in Fig.  3(a-f). SEM scans at differ-
ent magnifications confirm that the material has a porous 
structure with randomly dispersed interconnecting layers of 
nanosheets (Fig. 3a–c). Nanosheets are 2D structures with a 
thickness of 20–40 nm and lateral dimensions of 200–500 nm. 
This arrangement is helpful for electrochemical systems, by 
increasing the available surface area and allowing electrolyte 
ions to penetrate into the porous matrix. Figure 3d is a trans-
mission electron micrograph showing other microstructural 
characteristics, including a carbonaceous matrices with thin, 
slightly bent nanosheets. The carbon part is tightly bound to 
the Bi₂(Se₀0.8 S₀0.2)₃ domains and the overlapping sheets can 
build a conductive network. This network can help to transport 
the charges and electrons in the electrochemical reactions.

Identification of these constituents confirms efficient 
incorporation of sulfur into the bismuth selenide matrix 
with retention of the carbon framework. Importantly, no fur-
ther peaks corresponding to other impurity elements were 
seen, indicating the exceptional purity of the synthesized 
composite. The particle size distribution seen in Fig. 3e sug-
gests that the nanosheets consist of nanocrystalline particles 
with an average size of about 20 nm. The incorporation of 
these nanoscale building units into the layered architecture 
leads to an increase in density of electrochemically active 
sites. This nanoscale feature, together with the porous and 
sheet-like structure, can improve the ion accessibility and 
charge storage capacity, therefore improving the overall 
electrochemical properties of the Bi2(Se0.8S0.2)3@C elec-
trode material.

3.4  Elemental composition analysis

Figure 4 depicts the distribution of elements in the 
Bi₂(Se₀.₆S₀.₂)₃@C sample. The homogeneous distribution of 
Bi, Se, and S throughout the structure suggests no appar-
ent separated phases. The overlapping of Se and S signals 
shows that sulphur is not a separate phase but a structural 
component of the lattice. The uniform distribution of the 
carbon signal in the material is another feature of a con-
tinuous amorphous coating. There is a high compositional 

Fig. 2  XRD pattern of Bi2(Se0.8S0.2)@C
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homogeneity since there are no places with centered 
components.

3.5  N2 adsorption desorption analysis

The distribution of pore diameters is shown in Fig-
ure S2 and the N₂ adsorption-desorption isotherm of the 
Bi2(Se0.8S0.2)3@C sample is shown in Figure S3. The 
adsorption curve is of type IV with a prominent H3 hyster-
esis loop, demonstrating the presence of mesopores arising 
from disordered sheet-like structures. The porosity is clearly 
visible with a specific surface area of about 145 m2g− 1. As 

can be seen from the pore size distribution, the pores are 
definitely mesoporous with an average pore width of about 
6.7  nm. This structure increases electrochemical perfor-
mance by permitting the electrolyte ions to access the inside 
of the material.

3.6  XPS analysis

The XPS analysis results for the Bi2(Se0.8S0.2)3@C sam-
ple are presented in Fig.  5. The survey scan confirms 
the lack of pollutants and shows only Bi, Se and C are 
present. The high resolution spectra of the Bi 4f area has 
two peaks at 159.1 eV and 164.4 eV representing the Bi 
4f7/2 and Bi 4f5/2, respectively, showing the presence of 
bismuth in + 3 oxidation state. The Se 3d spectra shows 
peaks at 54.6  eV and 58.5  eV corresponding to the Se 
3d₅/₂ and Se 3d₃/₂, respectively, which confirms the pres-
ence of selenium in the reduced Se²⁻ form in the lattice 
[24]. The C 1s peak at 283.8  eV is related to graphitic 
carbon, indicating the presence of conductive carbon 
layer [25]. These results confirm the successful fabrica-
tion of the composite where the carbon phase enables 
charge transfer and the chalcogenide structure acts as 
active sites for electrochemical processes.

Table 1  Physical Parameters Derived from XRD
Parameter Symbol Value
Crystal system - Rhombohedral
Space group - R–3m
Lattice parameter a (Å) and c (Å) ~ 4.12–4.14
Unit cell volume V (Å³) ~ 28.5–28.7
Crystallite size D (nm) ~ 420–425 ~ 15–30
Microstrain ε ~ 10⁻³
Dislocation density δ (nm⁻²) ~ 10⁻³–10⁻²

Fig. 3  (a-c) SEM images of Bi₂(Se₀.₈S₀.₂)₃@C with different magnifications, d) TEM image of Bi₂(Se₀.₈S₀.₂)₃@C, e) Particle size curve of 
Bi₂(Se₀.₈S₀.₂)₃@C
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3.7  Electrochemical analysis

3.7.1  Three electrode system

The electrochemical properties of Bi2(Se0.8S0.2)3@C elec-
trode were measured by CV and shown in Fig. 6. Figure 6a 
shows the operating three-electrode testing equipment and 
the steps for functional electrode fabrication and prepara-
tion for electrochemical measurements [26–28]. Figure 6b 
shows the CV curves of the Bi2(Se0.8S0.2)3@C electrode at 
different scan rates. These approximately rectangular curves 
do not have clear redox peaks, indicating that the charge 
storage mechanism tends to dominate by electric double-
layer capacitance (EDLC) and not faradaic processes [29]. 
The rectangular profile is maintained at high scan rates, 
indicative of the good electrochemical reversal and quick 
ion transport of the electrode architecture.

The charge storage kinetics were studied by applying 
the power-law equation (i = avb) to investigate the corre-
lation between the scan rate and the peak current. Fig-
ure 6c shows that the calculated b value was 0.85. The b 

value indicates that the charge storage process is mostly 
governed by surface capacitive processes rather than dif-
fusion-controlled mechanisms [30–32]. Figure 6d shows 
the quantitative difference between diffusion and the 
capacitive contribution. The data (Fig. 6d) reveal that at 
a scan rate of 10 mVs− 1, a surface-controlled capacitance 
accounts for ~ 63% of the overall charge storage behav-
iour, increasing to nearly 93% at 100 mVs− 1. The charge 
accumulation in the electrode is mainly due to fast surface 
reactions and the formation of an electric double layer, as 
the surface capacitive contribution increases dramatically 
at higher scan rates. This indicates the synergistic effect of 
the porous nanosheet building and conductive carbon net-
work design that facilitates quick ion adsorption and effi-
cient electron transport. Overall, our findings confirm the 
excellent surface-dominated capacitive properties of the 
Bi2(Se0.8S0.2)3@C electrode, which is promising for high-
rate electrochemical energy storage performance [33, 34]. 
The CV curve is separated using the Dunn approach as 
shown in Fig. 6(e). The shaded area represents the capaci-
tive (surface-controlled) contribution and the unshaded 
area is related to the diffusion-controlled process. The 

Fig. 4  Elemental mapping images of the Bi₂(Se₀.₈S₀.₂)₃@C composite (a) survey, (b) Bi, (c) Se, (d) S
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surface-controlled charge storage contributes > 93% to the 
total at scan rates of 10 and 100 mV s⁻¹, while the contri-
bution from diffusion decreases with increasing scan rate. 
This behaviour indicates that the nanosheet geometry and 
conductive carbon layer, which provide ion accessibility 
and electron mobility, enable the electrode to store charge 
predominantly via fast surface reactions. Electrochemical 
impedance behavior, rate capability, cycle stability, and 
GCD features of Bi2(Se0.8S0.2)3 and Bi2(Se0.8S0.2)3@C 
electrodes in 3 M KOH electrolyte are shown in Fig. 7. 
Figure  7a and b show the GCD curves. Moreover, 
Bi2(Se0.8S0.2)3@C composite demonstrates higher charge 
storage capacity compared to the pure Bi2(Se0.8S0.2)3@C 
electrode with much longer discharge times. This boost 
is ascribed to the introduction of the carbon framework 

thereby boosting the electrical conductivity and helps the 
effective electron transport in the electrode. The CV pat-
terns and a b-value of 0.85 show that the charge storage 
is mostly controlled by fast processes at or near the elec-
trode surface. The presence of minor plateau in the GCD 
curves could be an indication of fast and reversible redox 
processes occurring in the electrode material. Such prop-
erties are typical of pseudocapacitive systems where sur-
face adsorption and restricted ion transport are involved. 
Previous studies [35, 36] suggest that the electrode is 
mainly pseudocapacitive in nature with a minor contribu-
tion from the battery type activities. The Cs value was 
calculated with an integral-based technique to improve 
the accuracy. This allowed the required capacitance to be 
re-calculated by using the given formula.

Fig. 5  XPS of Bi₂(Se₀.₈S₀.₂)₃@C, (a) aurvey, (b) Bi 4f, (c) Se 3d, (d) C 1s
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C = 1m△V

ˆ
I dt

 
� (1)

where ΔV stands for the potential window and m for the 
mass of the active material [37]. The specific capacitance 
values calculated from GCD measurements at different 
current densities are shown in Fig.  7c. While the pristine 
Bi2(Se0.8S0.2) electrode shows lower capacitance values of 
495, 433, 345, 288 and 169 F g⁻¹ at the same testing con-
ditions. The Bi2(Se0.8S0.2)3@C electrode achieves higher 
specific capacitance of 950, 856, 701, 622 and 501 F g⁻¹ at 
current densities of 1, 2, 3, 4 and 5 A g⁻¹, respectively. The 
significant enhancement of the electrochemical character-
istics of the Bi₂(Se₀0.8  S₀.₂)₃@C electrode is attributed to 
the combined effects of the S/Se solid-solution lattice and 
the conductive amorphous carbon matrices. This synergistic 
aggregation benefits the ion transport at electrode-electro-
lyte interface and accelerates the charge transfer. The find-
ings of additional charge-discharge experiments to evaluate 
the long-term cycling stability of the electrodes are shown 
in Fig. 7d and e.

After long-time cycling, the pure Bi2(Se0.8S0.2)3electrode 
retains around 75% of its initial capacitance, whereas the 
Bi2(Se0.8S0.2)3@C composite exhibits outstanding structural 
integrity with retention of more than 98% of its original 
capacitance. The carbon matrix may effectively inhibit the 
structural degradation and maintain the electrode integrity 
during the continuous electrochemical cycling process, 
thereby improving the stability of the composite electrode. 
The Nyquist plot and equivalent circuit of the samples are 
shown in Fig. 7(f) and inset. In the high frequency domain 
of the Nyquist spectra, a semicircular arc corresponding to 
the charge transfer process is observed, while an inclined 
straight line corresponding to the ion diffusion behaviour 
is observed in the low frequency domain. The semicircle of 
Bi2(Se0.8S0.2)3@C composite is much smaller, which indi-
cates the improved electrical conductivity and the faster 
pathways of electron transport due to the conductive car-
bon layer. On the other hand, the pristine Bi2(Se0.8S0.2)3 
electrode shows a relatively larger semicircle indicating a 
higher interfacial resistance. The equivalent circuit fitting 
shows that Bi2(Se0.8S0.2)3@C electrode has less resistances 

Fig. 6  (a) A schematic depiction of the electrode preparation and the 
electrochemical setup, (b) CV curves of Bi₂(Se₀.₈S₀.₂)₃@C at differ-
ent scan rates, (c) A plot of Log(i) against log(v) derived from cyclic 
voltammetry data of the Bi₂(Se₀.₈S₀.₂)₃@C electrode to determine the b 

value, (d) A bar diagram showing the Surface-Diffusion contribution, 
(e) A color-shaded CV curve of Bi₂(Se₀.₈S₀.₂)₃@C illustrating capaci-
tive (shaded) and diffusion-controlled contributions using the Dunn 
method
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(Rs = 0.84 Ω and Rct = 2.13 Ω) compared to Bi2(Se0.8S0.2) 
electrode with Rs ≈ 1.21 Ω and Rct ≈ 4.86 Ω. The compos-
ite electrode shows improved capacitive performance with 
a CPE value of 5.8 × 10− 4 F as compared to 3.2 × 10− 4 F 
of Bi₂(Se₀.₆S₀.₂) suggesting a more favorable non-ideal 
capacitive response of the electrode surface. The Warburg 
impedance (ZW = 0.92 Ω s− 1/2) of the carbon-modified 
electrode was lower than that of the virgin material (1.67 
Ω s− 1/2), suggesting that the improved ion transport chan-
nels are available in the electrolyte.The use of carbon 
significantly enhances electrical conductivity and electro-
chemical reaction kinetics, which facilitates a faster ion 
transport and improved electrochemical performance of the 
Bi2(Se0.8S0.2)3@C electrode. It indicates lower charge trans-
fer resistance and lower diffusion impedance. Table 2 fur-
ther shows that the efficiency obtained in this work is better 
than the ones shown in earlier research [38–43].

3.7.2  Two electrode system

The asymmetric supercapacitor (ASC) device was produced 
with activated carbon (AC) as a negative electrode and 
Bi2(Se0.8S0.2)3@C as a positive electrode with alkaline KOH 
as an electrolyte (Fig. 8). Figure 8a depicts the architecture 

of the ASC system where the two-electrode energy stor-
age setup, the AC anode, the Bi2(Se0.8S0.2)3@C cathode, 
the electrolyte medium, and the separator are clearly vis-
ible. The approximately rectangular cyclic voltammetry 
curves obtained at different scan rates (Fig. 8b) suggest that 
the charge storage of the device is mostly dominated by 
the EDLC behavior of the porous AC electrode. The data 
suggest that the Bi₂(Se₀.₈S₀.₂)₃@C electrode can give extra 
surface redox activity. The CV curves at different scan rates 
are similar, indicating the high electrochemical reversibility 
at electrode-electrolyte interface, quick surface reactions 
and efficient ion transport. entering the active zones further 
within the electrode during rapid charge-discharge cycles. 
Further confirmation of the electrochemical behavior of 
activated carbon is obtained from CV, GCD and EIS studies 
(Figures S4– S6). The absence of distinguishable peaks in 
the CV curves obtained in the potential window from − 1.0 
to 0.0 V (Fig. 8b) indicates that electrostatic ion adsorption 
is the main charge storage process, as the curves present a 
rectangular shape. The charge-discharge curves are sym-
metrical and relatively linear, indicating stable and reversible 
cycle behaviour. The slope observed in the low-frequency 
region and the small intercept in the high-frequency region 
on the impedance plot are indicative of low resistance and 

Fig. 7  GCD profile of (a) Bi₂(Se₀.₈S₀.₂)₃. (b) Bi₂(Se₀.₈S₀.₂)₃@C, (c) Specific capacitances as a function of current density, Retention curve of (d) 
Bi₂(Se₀.₈S₀.₂)₃, (e) Bi₂(Se₀.₈S₀.₂)₃@C, (f) Nyquist plot of Bi₂(Se₀.₈S₀.₂)₃ and Bi₂(Se₀.₈S₀.₂)₃@C with equivalent circuit (inset)
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efficient ion conduction. These results confirm that the 
material behaves predominantly as an electric double-layer 
capacitor in the whole investigated potential range. The 
GCD curves at different current densities (Fig. 8c) present 
symmetric triangular forms with a slight decrease in voltage 
in the interior, which confirm the strong capacitive nature 
and high charge–discharge reversibility. Figure 8d shows the 
discharge profiles, where the specific capacitance values are 
~ 161, 72, 64, 50 and 28 F g-1 for current densities of 1, 2, 
3, 4 and 5 A g-1, respectively. The large drop in capacitance 
at high current density is ascribed to restricted penetration 
of electrolyte ions. The coulombic efficiency and cycle sta-
bility of the ASC device are shown in Fig. 8e. The device 
exhibits about 98.2% capacitance retention over long-term 

charge-discharge cycles, indicating the excellent structural 
stability and electrochemical stability of the electrode mate-
rials. Besides, the coulombic efficiency is about 102.3% that 
clearly indicates highly reversible charge storage mecha-
nisms with minor energy loss even after several cycles. The 
fitted equivalent circuit is shown in Fig. 8(f) together with 
the Nyquist plot of the finished ASC device. The figure illus-
trates charge transfer and ion diffusion processes as a straight 
line at low frequencies and a little arc in the high frequency 
range. The actual axis intercept is about 0.72 Ω which indi-
cates low internal resistance and this is the solution resistance 
(Rs). The semicircle reveals a charge transfer resistance (Rct) 
of about 1.85 Ω, indicating the interfacial processes are fast. 
The Warburg component (Zv) is about 0.65 Ω s1/2, indicat-
ing a steady ion flow. However, the CPE value is 6.1 × 10⁻⁴ F, 
which is adequate for the capacitive behavior. The device’s 
diffusion properties and low resistance show efficient elec-
trochemical performance. The Ragone plot of the fabricated 
asymmetric supercapacitor device Bi2(Se0.8S0.2)3@C//AC 
is shown in Fig. 9. The graph displays the relation between 
the power density and the energy density and gives essen-
tial information about the capability of energy storage of the 
device. The device has a current density of 1 A g− 1, an energy 
density of 65 Wh kg− 1 and a power density of 877 W kg− 1, 
indicating a promising future for efficient energy storage and 
distribution. The device exhibits excellent rate performance 
and fast electrochemical reactivity with a remarkable energy 

Table 2  Electrochemical comparison performance
Electrode Electrolyte Specific 

capaci-
tance 
(Fg− 1)

Retention (%)/
cycles

Ref.

Bi2S3 1 M KOH 748 92.5/5000  [38]
Bi2S3/Se 1 M Na2SO4 647 90/3000  [39]
Bi2Se3 1 M KOH 274 85.5/5000  [40]
Bi2Se3 1 M KOH 662 95/5000  [41]
Bi2S3 3 M KOH 1015 93/10,000  [42]
Bi2Se3@C 1 M KOH 569 90.5/3000  [43]
Bi₂(Se₀.₈S₀.₂)₃@C 3 M KOH 1098 98/5000 This 

work

Fig. 8  Graphical illustration of fabricated ASC (Bi₂(Se₀.₈S₀.₂)₃@C as 
positive and AC as negative), (b) CV curves of ASC with various scan 
rates, (c) GCD profile of ASC with various current density, (d) cs val-

ues with respect to current density, (e) retention and coulombic effi-
ciency plot of ASC, (f) Nyquist plot of ASC

 



1 3

Journal of Porous Materials

density of 35 Wh kg-1 and power density of 3117 W kg-1 at a 
current density of 5 A g-1.

These values surpass those documented in other studies, 
including Bi2S3 and Ce doped Co3O4 (498.9 W Kg-1 and 
0.5 Wh kg-1) [44], Bi2Se3//NiCo2S4 (800  W Kg-1 and 48 
Wh kg-1) [45], ZnS/Bi2Se3 (4990 W Kg-1 and 56 Wh kg-1) 
[46], Ni-Co-Mn phosphate@Ti3C2Tx (800 W Kg-1 and 22 
Wh kg-1) [47], and CoxMn3-x(PO4)2·nH2O (790  W Kg-1). 
Figure S7 TEM picture of Bi2(Se0.8S0.2)3@C following 
electrochemical cycling. Moreover, the material maintains 
its laminar structure after prolonged use, with a network of 
interconnected and consistently distributed thin layers. The 
absence of major cracking or dense aggregation in the struc-
ture under cycling conditions is encouraging. This structure, 
conserved with such care, allows ions to move smoothly 
and efficiently, and so improves the transfer of charge. The 
carbon phase enhances structural integrity by enhancing 
resistance to operating forces. The material is stable in the 
form of nanosheets, making it suitable for supercapacitor 
applications and providing continuous performance [48].

Figure 10 shows the working of the fabricated asymmetric 
supercapacitor (ASC) device consisting of two coin-type cells in 
series. With this configuration the device is able to power LEDs. 
The energy conserved for a just 20 s of charging is enough to 
light up multicoloured LEDs for a long time. Figures  9b–d 
demonstrate the energy storage and transfer to blue, violet and 
orange LEDs by the ASC device, rendering light visible for 

approximately 10 min. These LEDs work well, proving that the 
system is able to produce a suitable voltage with two batter-
ies in series. Violet, blue and orange LEDs required voltages 
of 3.1 to 3.4, 2.8 to 3.2 and 2.0 to 2.2, respectively. This shows 
that the ASC device is capable of powering tiny LEDs and con-
trolling small electrical components. Bi2(Se0.8S0.2)3@C//AC 
asymmetric supercapacitors can achieve efficient energy stor-
age, stable discharge and long-term lighting under fast charge. 
The arrangements indicate the possibilities of the energy storage 
device for portable gadgets and compact power supplies [49].

3.8  MB photocatalytic test

The photocatalytic activity of the produced compounds 
was measured by the degradation of methylene blue (MB) 
dye under visible light. Common visible light sources were 
a 300  W xenon or halogen lamp with a UV cutoff filter 
(λ > 420  nm). The concentration of the MB dye solution 
ranged between 5 and 20 mgL− 1. 10 mgL− 1 was the most 
common concentration for routine tests. Add 0.5–1.0 g L− 1 
(50 mg per 100 mL) of the photocatalyst in the dye solu-
tion and stir regularly. Before light irradiation, the catalyst 
surface and dye molecules were mixed by a magnetic stirrer 
for 30 min to reach adsorption–desorption equilibrium. Deg-
radation was induced by light irradiation and dye concentra-
tions were determined by UV–Vis absorption spectroscopy. 
Figure S8. UV–vis absorption spectra of MB in the presence 

Fig. 9  Ragone plot of the 
ASC device with comparsion 
performance
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of Bi2(Se0.8S0.2)3@C. The lowering of the magnitude of the 
characteristic absorption peak signifies slow dye degradation. 
The photocatalytic activity of Bi2(Se0.8S0.2)3@C composite 
is substantially higher than that of pure Bi2(Se0.8S0.2), as seen 
by the time degradation curve in Fig. S9. Under the same 
conditions, the degrading efficiency of Bi2(Se0.8S0.2)3@C is 
about 92%, but the degrading efficiency of Bi2(Se0.8S0.2)3 is 
only 56%. The performance enhancement is ascribed to the 
use of sulphur in the conductive carbon matrix that reduces 
electron-hole recombination and promotes effective charge 
separation. The results of further investigation of the reaction 
kinetics with a pseudo-first-order model are shown in Fig-
ure S10. The degradation rate constants of Bi2(Se0.8S0.2)3@C 
and Bi2(Se0.8S0.2)3@C are 0.0045 min− 1 and 0.0761 min− 1 
respectively. The enhancement of the kinetic performances 
is mainly attributed to the enhancements of the carbon net-
work in the electron transport channels and the expansion of 
the accessible active sites for the photocatalytic processes. 
Long-term stability and reusability of the Bi2(Se0.8S0.2)3@C 
photocatalyst were tested for five cycles, as shown in Figure 

S11. The composite is remarkably stable, losing only 2.5% 
of its original efficiency after five cycles. Over time, this 
minor degradation shows the material has outstanding resis-
tance to photocorrosion and structural stability.

4  Conclsuion

In brief, a composite material of sulphur-modified bis-
muth selenide and carbon, denoted as Bi2(Se0.8S0.2)3@C, 
was effectively prepared using a facile chemical pre-
cipitation method. The material exhibited good elec-
trochemical performance in supercapacitor tests. The 
morphological study showed the presence of nanosheet-
like structures uniformly scattered in a conductive car-
bon matrix. The structural study confirmed the creation 
of a bismuth selenosulfide solid-solution structure. The 
network structure provides a rapid electron transfer in 
electrochemical process and a high number of electro-
active sites. The Bi2(Se0.8S0.2)3@C electrode delivered a 

Fig. 10  Practical demonstra-
tion of the fabricated asym-
metric supercapacitor device. 
(a) Photograph of two coin-type 
Bi₂(Se₀.₈S₀.₂)₃@C//AC ASC cells 
connected in series, (b) blue 
LED illumination, (c) violet LED 
illumination, and (d) orange 
LED illumination powered by 
the charged device. The LEDs 
remain lit for nearly 10 min 
after a short charging period of 
approximately 20 s, confirming 
the efficient energy storage and 
power delivery capability of the 
ASC system.
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specific capacitance of 950 Fg− 1 at 1 Ag− 1, and exhibited 
excellent cycling stability, keeping over 98% of its initial 
capacitance after 5000 charge-discharge cycles. An asym-
metric supercapacitor with activated carbon as a negative 
electrode and Bi2(Se0.8S0.2)3@C as a positive electrode 
showed a good energy density of 65 Whkg− 1 at a power 
density of 877 W kg− 1 and 35 Whkg− 1 at 3117 W kg− 1, 
demonstrating a good compromise between energy and 
power density. Also, the practicality and fast energy stor-
age capabilities of the system was shown by driving many 
LEDs for around 10 min by two connected in series coin-
type ASC devices after about 20  s of charging. Further-
more, Bi2(Se0.8S0.2)3@C showed excellent photocatalytic 
performance with the degradation of MB approximately 
92%, higher rate constant (0.0761  min⁻¹) and good sta-
bility for five cycles due to the higher charge separation. 
The results indicate that the incorporation of sulphur into 
the bismuth selenide framework, along with the addition 
of conductive carbon, boosts the electrochemical activity 
and charge-transfer kinetics. 
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