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Abstract

The growing demand for efficient and sustainable energy-storage systems has intensified
efforts to develop materials capable of delivering both high power output and reliable
capacity retention. Conventional supercapacitors excel in rapid charge-discharge processes
and offer outstanding cycling durability; however, their inherently low energy density
limits large-scale use. In contrast, batteries provide high energy densities but typically
display slower power response and poorer rate capability. Consequently, hybrid storage
systems that merge capacitive and faradaic mechanisms have emerged as a compelling
strategy to overcome these shortcomings. In this study, a SrS/polyaniline (SrS/PANI)
nanocomposite was fabricated via hydrothermal synthesis and evaluated as an electrode
material for hybrid supercapacitor architectures. Structural and morphological charac-
terisation confirmed the formation of a nanoscale composite with well-integrated phases.
Electrochemical performance was first evaluated in a three-electrode half-cell configuration,
where the optimized SrS/PANI (50/50 wt%) electrode delivered a GCD-derived specific
capacity of 580 C g~ ! at 0.4 A g~ . The electrode was then assembled into an asymmetric
two-electrode device, which achieved an energy density of 18 Wh kg~!, a power density of
2980 W kg1, and 75% capacity retention after 1000 cycles. Overall, the findings indicate
that the SrS/PANI composite exhibits improved charge-storage behaviour arising from the
combined contribution of redox-active SrS and the conducting-polymer component PANI,
underscoring its promise for hybrid energy-storage applications.

Keywords: strontium sulfide; polyaniline; hybrid supercapacitor; nanocomposite electrode;
energy storage

1. Introduction

Energy security has become a central issue for both scientific and industrial communi-
ties, driven by accelerating climate change and global economic growth [1]. Rising concerns
over environmental degradation, increasing extraction costs, and the progressive depletion
of fossil resources further intensify the urgency for alternative solutions [2]. This situation
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underscores the need for energy technologies that are efficient, clean, and sustainable. Al-
though extensive research has focused on improving conventional systems, many practical
applications remain constrained by the limitations of Li-ion batteries and fuel cells [3].
Recently, interest in supercapacitors has grown dramatically [4]. Many researchers and
industries are interested in these devices due to their rapid charge-discharge rates, lengthy
life cycles (up to one million cycles for certain types), and outstanding power performance
compared to conventional batteries.

Supercapacitors, also known as ultracapacitors or electrochemical capacitors, store
electricity through two main mechanisms [5]. In electric double-layer capacitors (EDLCs),
capacitance arises from reversible ion adsorption/desorption at the electrode/electrolyte
interface without redox reactions, enabling extremely fast ion transport and, therefore,
very high charge—-discharge rates and power density. In pseudocapacitors, charge storage
predominantly occurs through fast surface redox reactions of electrode materials such
as conducting polymers or transition-metal oxides/sulfides [6]. Although conducting
polymers and metal oxides offer high theoretical capacitance, they generally do not conduct
electricity as well as carbon-based materials, and their performance degrades relatively
quickly after many cycles [7]. In contrast, pure EDLCs can be charged and discharged up
to a million times before losing significant capacity [8].

The energy density of commercial EDLCs is currently limited to 3-5 Wh/kg, which
is substantially lower than that of industrial lithium-ion batteries (100-275 Wh/kg) [9].
Therefore, the greatest challenge in the field of supercapacitor research is to increase specific
energy while sacrificing as little power density and cyclic stability as possible. Three of the
most common commercial energy storage methods in use today are conventional capacitors,
rechargeable batteries, and fuel cells [10]. The rapid development of new technologies
has dramatically increased global energy demand and raised serious concerns about the
rapid depletion of fossil fuels, which are predicted to run out in the near future [11]. More
consideration must therefore be given to sustainable and renewable energy sources. Still,
these resources require dependable and efficient energy storage devices (ESDs) to store and
deliver the harvested energy effectively [12].

In the past, various types of rechargeable batteries and supercapacitors have been
widely employed to construct such ESDs [13]. Different nanomaterials, including metal
oxides, sulfides, phosphates, phosphides, and hydroxides, are commonly used to fabricate
high-energy rechargeable batteries [14]. These materials provide exceptional energy density
and are promising for high-energy applications [15]. However, supercapacitors still lag
in delivering high specific energy despite their exceptional specific power and long-term
cyclic stability [16]. Regarding charge storage mechanisms, supercapacitors are divided into
electric double-layer capacitors (EDLCs) and pseudocapacitors (PCs) [17]. Carbonaceous
compounds such as activated carbon, carbon black, graphene, carbon nanotubes, and
carbon-derived carbides are the main electrode materials for EDLCs [18]. In the meantime,
conducting polymers, transition-metal oxides (RuO,, MnOjy, V5,05, Co304, IrO;), and metal
sulphides constitute the most common pseudocapacitor electrode materials.

Increasing the specific energy of these capacitors without compromising power density
or cyclic stability remains a significant experimental challenge [19]. In recent years, numer-
ous hybrid supercapacitors with enhanced energy density have been reported using battery-
grade and carbonaceous electrode combinations, including TiO, / /CDC, CopsMng55//AC,
VN@C//AC, TiOy/ /rGO, and Co3(POy),/ /AC. Transition metal oxides, metal-organic
frameworks (MOFs), phosphides, and nitrides remain the most widely studied active
materials in supercapacitor research. Although these materials exhibit notable electrochem-
ical performance, their practical application is often limited by relatively low electrical
conductivity and poor long-term stability.
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Transition metal sulfides (TMS), on the other hand, possess a range of redox-active
sites, nanocrystalline structures with various morphologies, lower electronegativity of
sulfur compared to oxygen, a more flexible crystal structure, higher electrical conductivity,
better mechanical and thermal stability, and generally higher charge-storage capacity than
corresponding oxides [20]. Because sulfur has lower electronegativity than oxygen, TMS
materials show improved ion transport and overall electrochemical performance [21].

Among various metal sulfide electrode materials, strontium-based sulfide materials
have recently shown particularly promising results. Adinaveen et al. previously fabricated
SrS-activated carbon composite electrodes and demonstrated outstanding device resilience,
excellent cyclic stability, and a high specific capacitance of 400 F/g at 3 mV/s. Igbal et al.
reported graphene oxide-assisted SrS electrodes that achieved an extraordinarily high
specific capacitance of 1831.14 F/g in a three-electrode configuration. These remarkable
values indicate that strontium sulfide and related alkali-earth metal sulfides may exhibit
exceptional conductivity, a large effective surface area, and very high efficiency, making
them highly suitable for both battery-type and supercapacitor applications [22].

A range of synthesis strategies, including hydrothermal, solvothermal, chemical
precipitation, and sonochemical techniques, are commonly used to produce these nano-
materials [23]. Among them, the sonochemical route exploits acoustic cavitation to trigger
and accelerate reaction processes [24]. The collapse of cavitation bubbles produces intense
local pressure and high-velocity inter-particle collisions, enabling effective control over
particle size, morphology, and dispersion [25]. This approach is attractive because it is
straightforward, rapid, and economical, often yielding uniformly distributed nanoparticles
with minimal agglomeration [26].

In the present work, strontium sulfide (SrS) and polyaniline (PANI)-incorporated SrS
composite electrode materials were successfully synthesized via a facile hydrothermal
approach. The crystal structure, elemental composition, and surface morphology of the
prepared samples were systematically investigated using X-ray diffraction (XRD), scanning
electron microscopy (SEM), and EDX. Electrochemical performance and charge-storage
mechanisms were first studied in three-electrode cells to identify the best-performing
material. The optimized electrode was then combined with a carbonaceous counter elec-
trode to assemble asymmetric two-electrode supercapacitor devices. The electrochemical
charge-storage behaviour of the fabricated electrodes was systematically characterised
using cyclic voltammetry, galvanostatic charge-discharge analysis, cycling stability testing,
and energy/power density evaluation in both three-electrode and two-electrode configura-
tions. Finally, specific energy, specific power, and cycling performance of the fabricated
devices were compared with recently reported values to highlight the advantages of the
hydrothermally prepared SrS-based electrodes for practical energy storage applications.

2. Materials and Methods
2.1. Materials

Strontium nitrate (Sr(NOs3),) and sodium sulfide (Na,S) were purchased from Merck
(Darmstadt, Germany). Aniline (C¢H5NHj,), ammonium persulfate (APS, (NH4)>5,03),
carbon black, polyvinylidene fluoride (PVDF), and N-methyl-2-pyrrolidone (NMP, 99.5%)
were supplied by Sigma-Aldrich (St. Louis, MO, USA). Nickel foam was obtained from
Urich New Tech Sdn. Bhd., Sungai Petani, Kedah, Malaysia. All chemicals were of analytical
grade and were used as received without further purification. Deionized water (DI water,
18.2 MQ)-cm at 25 °C) was used throughout the experiments.
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2.2. Preparation of Strontium Sulfide (SrS)

Strontium sulfide (SrS) was synthesized via a hydrothermal method, as illustrated in
Figure 1. In a typical procedure, strontium nitrate (Sr(NOs3),) was dissolved in 50 mL of
deionized (DI) water under constant magnetic stirring. Separately, sodium sulfide (Na,S)
was dissolved in another 50 mL of DI water and added dropwise to the Sr(NOj3), solution
at 30 °C while stirring continuously. The resulting mixture was transferred to a Teflon-lined
stainless-steel autoclave, sealed, and maintained at 180 °C for 16 h. After natural cooling to
room temperature, the white precipitate was collected by centrifugation at 6000 rpm for
15 min, washed several times with DI water and absolute ethanol to remove residual ions
and impurities, and dried in an oven at 100 °C for 12 h.

Colloidal
solution of
e sez:::l:?:es
nanomaterials

| with ethanol
and DI water

Sr(NO,), + Na,S.9H,0 — SrS +2NaNO, + 9H,0

Figure 1. Schematic illustration of the hydrothermal synthesis of SrS nanomaterials. The red arrows
indicate the sequential synthesis steps, including reagent mixing, stirring, hydrothermal treatment,
washing, drying, and grinding.

2.3. Preparation of Polyaniline (PANI) and SrS/PANI Composite Synthesis

Polyaniline (PANI) was prepared by chemical oxidative polymerization of aniline [27].
Two solvents were used: hydrochloric acid and a 30 mL solution containing 0.2 M APS.
The APS solution was added dropwise in small portions to the aniline mixture while
maintaining a constant low temperature. Continuous stirring was applied during the
preparation of the aniline solution. A dark-green precipitate appeared as the reaction
proceeded. The deep-green product was repeatedly washed with distilled deionized
water to remove any impurities and pollutants. Afterward, the SrS/PANI composite was
synthesized using the same polymerization procedure in the presence of SrS.

2.4. Electrode Manufacturing

Nickel foam was used as the current collector and substrate for electrochemical charac-
terization. The electrode slurry was prepared by mixing 75 wt% active material (SrS/PANI),
15 wt% acetylene black (conductive additive), and 10 wt% polyvinylidene fluoride (PVDF)
binder in N-methyl-2-pyrrolidone (NMP). The mixture was stirred continuously for 9 h
to obtain a homogeneous slurry. This slurry was then coated onto 1 cm? pieces of pre-
treated nickel foam. The coated electrodes were dried overnight at 90 °C in a vacuum
oven. The active material mass loading on the nickel foam was approximately 5.5 mg cm 2.
For the asymmetric supercapacitor device, SrS/PANI-coated nickel foam was used as

the positive electrode, and activated carbon (AC)-coated nickel foam as the negative elec-
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trode. A cellulose separator soaked in 3 M KOH aqueous electrolyte was placed between
the two electrodes to prevent short-circuiting. The full device was finally assembled in
a CR2032 coin-cell configuration.

2.5. Electrochemical Performance Evolution

Electrochemical testing was conducted in a three-electrode configuration, employing
Hg/HgO as the reference electrode and a platinum wire as the counter electrode [28].
The working electrode consisted of SrS or SrS/PANI coated on pretreated nickel foam, as
described in Section 2.4. A 3 M KOH aqueous solution served as the electrolyte for all
three-electrode measurements.

Multiple characterization techniques were applied to assess device performance.
Cyclic voltammetry (CV) was used to probe the redox behavior of the electrodes. At
the same time, the rate capability and charge-storage mechanism were assessed from the
CV and GCD profiles across multiple current densities. The energy-storage capability of
the fabricated electrodes was further evaluated through galvanostatic charge—discharge
(GCD) measurements.

2.6. Device Testing

An asymmetric supercapacitor (ASSC) was assembled using SrS/PANI as the positive
electrode and activated carbon (AC) as the negative electrode, both deposited on nickel
foam [29]. The electrodes were immersed in a 3.0 M KOH aqueous electrolyte. Cyclic
voltammetry (CV) measurements were performed over the potential range of 0-1.6 V, with
scan rates of 5-105 mV s~ 1. Galvanostatic charge-discharge (GCD) tests were carried out
over the same voltage range (0-1.6 V) at current densities between 1.5 and 6 A g~ to
assess charge-discharge behaviour with scan rates of 5-40 mV s~1. Specific capacitance (C)
for both the device and the three-electrode configuration was calculated using standard
relationships derived from CV and GCD data [30]:

I [vf
c= [ 1xvpv
mv Jvi
In the present situation, C denotes the assigned capacity and CV area, while v and
m denote the scan rate and active mass, respectively. The initial value (V; = 0 V) and the
final value (V¢ = 0.7 V) indicate the potential window. This equation may be used to get the
GCD of the specific capacity.

I x At

C=nav
Here, I is the applied current (A), At is the discharge time (s), m is the total active
mass of both electrodes (g), and AV is the potential window excluding the IR drop. For the
three-electrode configuration, the specific capacitance was calculated using the same equa-
tions. Still, m corresponds to the mass of the working electrode only, and AV is the operating
potential window of the working electrode. The energy density (E, Wh kg~!) and power
density (P, W kg 1) of the ASSC device were determined using the following relationships:

_Cs(av)
2 x 36

P Ed ><t3600

where AV is the operating potential window (V), and At is the discharge time (s).
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3. Results
3.1. Structural and Morphological Study

Figure 2 presents the X-ray diffraction (XRD) patterns of pristine SrS and the S5rS/PANI
composite. XRD analysis was used to examine the crystalline structure and phase charac-
teristics of the synthesized materials. The average crystallite size (D) was calculated using

the Scherrer equation:
D = KA/ Bcos 6

where K is the shape factor (typically 0.9), A is the X-ray wavelength (Cu K« = 0.15406 nm),
B is the full width at half maximum (FWHM) of the selected diffraction peak in radians,
and 6 is the Bragg angle. The crystallite-size calculation was performed using the most
intense and well-resolved SrS diffraction peak corresponding to the (200) plane at approx-
imately 20 = 30.7°. The peak-position, FWHM, and calculated crystallite-size values are
summarized in Table 1. The calculated crystallite sizes were 17.2 nm for pristine SrS and
16.5 nm for the SrS/PANI composite.

! S SrS i
: ﬁ ol!
! g —— SrS/Pani|:
- e
= :
P i
| N 1
- i
! .2 :
) i
- ‘
D 1
[ 1
- '
| p— :
E 2 1 a L 2 1 2 1 2 b 2 L i
f10 20 30 40 50 60 70
5 2 Theta (degree) :

Figure 2. XRD pattern of SrS and SrS/PANI

Table 1. Scherrer crystallite-size calculation parameters derived from the dominant SrS (200) diffrac-

tion peak.
Sample Selected Peak 20 (°) 0 (°) FWHM 3 (°) FWHM 3 (Rad) Crystallite Size D (nm)
Pristine SrS 30.70 15.35 0.50 0.00873 17.2
SrS/PANI 30.81 15.41 0.52 0.00908 16.5

The XRD pattern of pristine SrS exhibits characteristic diffraction peaks at 20 values
of approximately 25.0°, 30.7°, 34.0°, 44.1°, 50.9°, 52.7°, and 61.5°, corresponding to the
indexed SrS planes shown in Figure 2. After the formation of the SrS/PANI composite, the
main SrS diffraction peaks are retained, indicating that the crystalline structure of SrS is
largely preserved during the in situ polymerization process. Compared with pristine SrS,

https://doi.org/10.3390/micro6030063


https://doi.org/10.3390/micro6030063

Micro 2026, 6, 63

7 of 16

the SrS/PANI composite shows slight changes in peak intensity and a modest increase in

background intensity, which can be associated with the presence of the PANI phase. No

distinct crystalline peak of PANI is observed, suggesting that PANI is likely amorphous or

weakly crystalline, or that its contribution is masked by the stronger SrS diffraction peaks.

The surface morphology was further examined by scanning electron microscopy (SEM).

Figure 3a shows that pristine SrS consists of well-defined, faceted nanosized particles with

sharp edges and polyhedral morphology, with particle/agglomerate sizes mainly in the

range of 80-150 nm. In comparison, the SEM image of the SrS/PANI composite shown in

Figure 3b exhibits a rougher and more heterogeneous surface morphology. The original

faceted morphology of SrS appears partially covered by granular surface features, which can

be attributed to the formation of PANI during in situ polymerization. This morphological

change supports the successful preparation of the SrS/PANI composite.

>3 (C) 70,000
60,000 H
50,000 §

40,000 §

Counts/s

30,000
20,000 §

10,000

J

[__]SrS/PANI

0
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0.0 05 1.0 15 20 25 30 35 4.0 4.5

Energy (KeV)

Figure 3. (a,b): SEM images of SrS and SrS/PANL. (c¢) The EDX graph of the SrS/PANI composite.

The elemental composition and chemical purity of the synthesized SrS/PANI com-

posite were investigated using energy-dispersive X-ray spectroscopy (EDX). As presented

in Figure 3¢, the EDX spectrum exhibits characteristic signals corresponding to C, N, Sr,

and S elements, confirming the successful formation of the SrS/PANI hybrid structure. The

C and N peaks originate from the polyaniline (PANI) polymer chain, whereas the Sr and

S signals are attributed to the SrS inorganic phase. The Sr and S elements are identified

through their characteristic X-ray emission lines, where the Sr peaks mainly arise from the

Sr L-series transitions, while sulfur is typically detected through its S K« emission line.

The observed elemental signals confirm the coexistence of the inorganic SrS phase and the

organic conducting polymer matrix. No additional peaks associated with foreign elements

such as Cl, Na, Ca, Si, or other metallic impurities were detected. It should be noted that

hydrogen (H) is not observed in the EDX spectrum because EDX detectors are generally

unable to detect light elements with very low atomic numbers. The presence of both Sr and

S peaks with an approximately 1:1 atomic ratio (S5r:12.00 at.% and S:12.00 at.%) confirms

the formation of the SrS phase with the expected stoichiometric composition. Meanwhile,

the dominant carbon contribution (65.00 at.%) and nitrogen content (11.00 at.%) originate

from the PANI structure, indicating successful incorporation of the conducting polymer

component. The quantitative elemental analysis obtained from EDX is summarized in
Table 2. The composite consists of 44.35 wt.% Sr, 16.23 wt.% S, 32.93 wt.% C, and 6.49 wt.%
N, corresponding to 12.00, 12.00, 65.00, and 11.00 at.%, respectively. The obtained ele-
mental distribution confirms the successful formation of the SrS/PANI hybrid composite

and demonstrates the coexistence of the inorganic SrS phase with the organic conducting

polymer network.
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Table 2. Elemental composition of SrS/PANI composite obtained from EDX analysis.

Element Emission Line wt.% at.%
Strontium (Sr) Lo 44.35 12.00
Sulfur (S) Ko 16.23 12.00
Carbon (C) Ko 32.93 65.00
Nitrogen (N) Ko 6.49 11.00
Total — 100.00 100.00

3.2. Three-Electrode Assembly Measurement
3.2.1. Cyclic Voltammetry (CV)

The electrochemical behaviour of pristine SrS and SrS/PANI composite electrodes was
investigated using a three-electrode configuration. Cyclic voltammetry was performed in
3 M KOH aqueous electrolyte within a 0.6 V potential window for both pristine SrS and
SrS/PANI composite electrodes. The CV curves of the prepared electrodes are shown in
Figure 4 at scan rates ranging from 3 to 50 mV s~ 1.

1 1
i (3)60 F [—3mvis (b)lzo [ —3mV/s .
! L —5mVis | SrS 90 . —>5mvis  SrS/PAN \
! 40 _;g“‘ws L —10mVis :
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o~ L — 3omvs —~ 60 | 20 mV/s |
L E s E w0f —um |
I B —— I
: :E 0 :: 0 [ :
[ = 5 L !
1 : - I
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QO &) 60 -_ |
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Figure 4. (a) CV curves of pristine SrS at scan rates of 3—50 mV s~1; (b) CV curves of SrS/PANI
composite at scan rates of 3—50 mV s7L (o) comparative CV curves of SrS and SrS/PANI at 3 mV s L
(d) specific capacity as a function of scan rate for all electrode samples.

Distinct redox peaks are observed for the tested electrodes, indicating Faradaic charge-
storage behaviour associated with reversible redox reactions at the electrode—electrolyte
interface in the KOH electrolyte. The possible surface redox reactions of SrS in alkaline
KOH electrolyte can be expressed as follows:

51S+OH™ = SrS-OH + e~

SrS-OH + OH™ = 5rS-O + H,O + e~

https://doi.org/10.3390/micro6030063
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Overall:
SrS +20H™ = SrS-0O + H,O + 2e™

These reactions suggest that OH™ ions from the alkaline electrolyte participate in
reversible surface hydroxylation/oxidation of SrS during the charge—discharge process.
Therefore, the redox peaks observed in the CV curves can be associated with Faradaic
reactions occurring at the SrS/electrolyte interface.

With increasing scan rate, the redox peaks become more intense, suggesting a rapid
electrochemical response of the electrode materials. The SrS/PANI (50/50 wt%) composite
outperformed the other tested electrodes, delivering a CV-derived specific capacity of
192 C g~! at 3 mV s~!. For comparison, pristine SrS delivered a CV-derived specific
capacity of 127 C g~ ! at the same scan rate.

The charge-storage performance of the electrode is influenced by ion diffusion, elec-
trolyte accessibility, electrode—electrolyte contact, and charge-transfer behaviour. At higher
scan rates, the specific capacity decreases because the shorter interaction time limits ion
diffusion and complete utilization of the active material. The incorporation of PANI affects
the charge-storage response of SrS, and the optimized SrS/PANI (50/50 wt%) compos-
ite shows improved rate capability, maintaining a comparatively higher capacity even
at 50 mV s, as shown in Figure 4d. The CV curves of the SrS/PANI composite retain
their overall shape at higher scan rates, indicating acceptable rate capability and reversible
electrochemical behaviour.

The specific capacity of the electrode material was calculated using the follow-
ing equation:

1

Q = -
* 2om[Y I x Vdo

This equation represents the required capacity as Q, with the area under the curve,
the scan rate, and the active mass on nickel foam denoted in Figure 4d, which shows the
CV-derived specific capacity of each electrode as a function of scan rate. Pristine SrS and
the optimized SrS/PANI (50/50 wt%) composite exhibited CV-derived specific capacities
of 127 and 192 C g~ !, respectively, at 3 mV s~ 1.

The rate-capability comparison in Figure 4d shows that the SrS/PANI composite
retains a higher proportion of its capacity at elevated scan rates relative to pristine SrS,
indicating improved charge-storage performance.

3.2.2. Galvanostatic Charging and Discharging (GCD)

Galvanostatic charge—-discharge measurements were performed to further evaluate
the charge-storage behaviour, rate performance, and specific capacity of pristine SrS and
S5rS/PANI composite electrodes. The measurements were carried out in a three-electrode
configuration using 3 M KOH aqueous electrolyte, with Hg/HgO as the reference electrode.
The electrodes were tested within a constant potential window of 0.6 V at current densities
ranging from 0.4 t0 2.0 A g~ 1.

The GCD curves of pristine SrS and the SrS/PANI composite are shown in Figure 5.
The charge-discharge profiles exhibit non-linear behaviour, indicating the presence of
Faradaic redox reactions during the charge-storage process. This behaviour is consistent
with the redox peaks observed in the CV curves. Compared with pristine SrS, the SrS/PANI
(50/50 wt%) composite shows a longer discharge duration, suggesting improved charge-
storage capability. A noticeable IR drop is observed at the beginning of the discharge
process, particularly at higher current densities. This instantaneous voltage drop reflects
the internal resistance and polarization of the electrode system, including the electrolyte
resistance, intrinsic resistance of the electrode material, and contact resistance between the
active material and the nickel foam current collector. In general, a smaller IR drop indicates
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lower internal resistance and better charge-transfer behaviour, which is beneficial for rate
capability and power performance. The GCD profiles suggest that the SrS/PANI compos-
ite exhibits acceptable polarization behaviour during rapid charge—discharge operation,
supporting its improved rate performance compared with pristine SrS.
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Figure 5. (a,b) GCD of SrS and SrS/PANI. (¢) Comparison of GCD Curves. (d) GCD-specific
capacity comparison.

The discharge time is longer than the charge time in the GCD profiles, which can
be associated with the Faradaic/battery-type charge-storage behaviour of the SrS/PANI
electrode and the relatively slow ion-diffusion process during discharge. In addition,
electrode polarization and internal resistance, as reflected by the IR drop, can contribute to
the asymmetry between the charge and discharge branches. Although the 0-0.6 V potential
window was used consistently for the present GCD analysis, narrowing the potential
window to 0-0.5 V may reduce polarization and improve charge-discharge balance.

The specific capacity was also calculated from the discharge curves using the follow-

ing formula:
I x At

m

Qs:

where Q_s is the specific capacity, I is the discharge current, At is the discharge time, and
m is the active mass of the electrode material. The SrS/PANI (50/50 wt%) composite
delivered the highest GCD-derived specific capacity of 580 C g~ ! at 0.4 A g~!, compared
with 240 C g~ ! for pristine SrS under the same current density. As shown in Figure 5d, the
specific capacity of all electrodes decreases with increasing current density. This decrease
is mainly caused by the shorter discharge time at higher current density, which limits
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OH™ ion diffusion into the active electrode material and reduces the complete utilization
of available redox-active sites. In addition, the increased polarization and IR drop at
higher current density can further restrict charge transfer and lower the measured capacity.
Therefore, although the SrS/PANI composite maintains a higher specific capacity than
pristine SrS over the tested current-density range, the relatively rapid capacity decrease
indicates that further optimization of electrode conductivity, active-material dispersion,
and electrode/electrolyte interfacial contact is required to improve high-rate performance.

The improved electrochemical performance of the SrS/PANI composite is due to
the combined contribution of both components. SrS acts as the main redox-active
component and contributes to Faradaic charge storage through reversible reactions
with OH™ ions in the alkaline electrolyte. PANI, as a conducting-polymer component,
may assist electron transport and help maintain electrode integrity during repeated
charge-discharge processes.

3.2.3. Charge-Storage Kinetics (b-Value Analysis)

To quantitatively evaluate the charge-storage kinetics, the relationship between the
peak current (ip) and scan rate (v) was analysed using the power law:

. _ b
1p—av

which in logarithmic form becomes:

log(ip) = b-log(v) + log(a)

The b-value, obtained from the slope of log(ip) versus log(v), indicates the dominant
charge-storage mechanism: a value near 0.5 corresponds to a diffusion-controlled (battery-
type) process, whereas a value near 1.0 indicates a surface-controlled (capacitive) process.

Figure 6 shows the log(ip)-log(v) plots for the cathodic peaks of the SrS and SrS/PANI
electrodes. Linear fitting yielded b-values of approximately 0.68 for both electrodes
(R? > 0.99), indicating that charge storage proceeds through a combination of diffusion-
controlled and capacitive contributions rather than a single mechanism. These b-values
close to 0.7 confirm the mixed (hybrid) charge-storage behaviour, consistent with the non-
linear GCD profiles and the redox peaks observed in the CV curves. The similar b-values
for SrS and SrS/PANI indicate that incorporating PANI does not fundamentally change
the charge-storage mechanism but rather enhances the overall specific capacity and charge
transport, in agreement with the higher capacity measured for the composite.

b-value analysis (cathodic peak)

@ SrS/PANI (b =0.67, R = 0.998)
W SrS (b=0.68, R? =1.000)

log (peak current / mA)

0.6 0.8 1.0 1.2 1.4 1.6
log (scan rate / mV s1)

Figure 6. B-value analysis showing log (peak current) versus log (scan rate) for the cathodic peaks of
the SrS and SrS/PANI electrodes, with the corresponding b-values and R? obtained from linear fitting.
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3.3. Supercapattery Assembly

To demonstrate the potential applications of the produced material, an asymmetric
supercapacitor device was fabricated using a two-electrode configuration [31,32]. SrS/PANI
was used as the positive electrode material, while AC served as the negative electrode.
A permeable membrane separator was placed between the two electrodes [33]. A schematic
depiction of the device is shown in Figure 7a.

—5mV/s (c) 1.8
:Zsm:@s SrS/PANI//AC SrS/PANI/AC

[ ——35mV/s
—35mV/s
[ —45mV/s
| —55mVis
—65mV/s
l—75mV/s
—85mV/s
F——95mV/s
——105mV/s

Figure 7. (a) Schematic illustration of the asymmetric supercapattery device. (b) CV of activated
carbon and SrS/PANI at 5—105 mV/s. (c) Galvanic curves of the device.

The cyclic profile reveals how the device stores charge; in other words, AC contributes
to non-faradaic processes, while SrS provides faradaic reactions [34]. Furthermore, the
results confirm that the potential window of 0-1.6 V is stable and reliable for measuring
asymmetric SCs. As shown in Figure 7b, the cyclic voltammogram of the device was
recorded in a two-electrode cell at different scan rates (5-105 mV s~!). The family of
cyclic curves exhibits quasi-rectangular behavior, with a slight hump indicating the effect
of the battery-grade electrode material (Faradaic reactions) and the rectangular portion
highlighting the capacitive nature of AC (non-Faradaic reactions). These curves for the
SrS/PANI-based device similarly retain their shape up to 105 mV s~!, indicating a re-
spectable rate capability of the hybrid device.

To further explore the electrochemical performance of the produced device, galvano-
static investigations were carried out in a two-electrode configuration at various current
densities (Jd, 1.5-6 A gfl), as seen in Figure 7c. A 3 M KOH aqueous electrolyte was
used, and the device was operated within a constant potential window of 0-1.6 V. The
device’s GCD profile is nonlinear. As shown in the highlighted area, the triangular behavior
indicates a capacitive nature, while the tiny spikes in the galvanostatic profile indicate
redox activity. These findings demonstrate the existence of capacitive characteristics and
reversible faradaic reactions. The galvanostatic curves clearly show that the electric double
layer and redox processes contributed equally to the overall performance of the superca-
pacitor device.

To evaluate the cycling behaviour of the SrS/PANI//AC asymmetric device, 1000 con-
secutive charge—discharge cycles were performed, as shown in Figure 8a,b. The device
retained 75% of its initial specific capacity after 1000 cycles, while the Coulombic efficiency
remained approximately 90% during the cycling test. These results indicate acceptable
electrochemical reversibility within the tested cycling range. However, because the cy-
cling test was limited to 1000 cycles, an extended cycling test of 5000 cycles or more is
required to more rigorously evaluate the long-term durability of the SrS/PANI-based
asymmetric device.
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Figure 8. (a) Charge-discharge time measured for the device observed for 1000 cycles. (b) Stability
measurement of the device observed for 1000 cyclic charge-discharges. (c) Specific capacity of
SrS/PANI device calculated from GCD curve. (d) Plot exploring the energy density as a function of
power density.

The following relations have been used to evaluate specific energy and power:

_ Qs(av)
E= 2 x 3.6 @
Ed x 3600
I Y @

Here, At is the discharging time, and AV represents the potential window. Figure 8b
shows that the device achieved a Qs of 87 C/g at 6 A/g. Figure 8c shows the specific
capacity of the device as a function of current density, reaching 87 C/g at the highest
applied current density of 6 A g~!, with higher values obtained at lower current densities.
As shown in Figure 8d, the device achieved a power density of 2980 W/kg and an energy
density of 18 Wh/kg.

To contextualise the performance of the fabricated SrS/PANI//AC asymmetric device
within the current literature, Table 3 presents a direct comparison with recently reported
PANI-based composite supercapattery systems. The SrS/PANI device delivers a competi-
tive energy density of 18 Wh kg~! and a high power density of 2980 W kg~! using a simple
two-component, hydrothermally prepared electrode. While ternary and binder-free sys-
tems such as CuCoS-PANI and MnNbS-PANI achieve higher specific capacities due to
additional redox-active components and optimised morphologies, the present SrS/PANI
composite offers a simpler synthesis route, lower material cost, and a wide operating
voltage of 1.6 V. These results suggest that the SrS/PANI electrode is a promising low-cost
candidate for hybrid energy-storage applications, although extended cycling tests are still
required to fully assess its long-term durability.
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Table 3. Comparison of Electrochemical Performance of SrS/PANI and Related Metal Sulfide/PANI
Composite Asymmetric Supercapacitor Devices.

Specific Specific Energy Power
. ]jZlectrode . Synthesis Method  Electrolyte Capacity Capa'c1ty Density Density Cyd.".lg Ref.
(Positive//Negative) Electrode Device (Wh ke-1) (W kg-1) Stability
(Cg™Y (Cg™V 8 8
Hydrothermal + .
S 580 (GCD, 87 75%/ This
SrS/PANI//AC 0x1dajclve. 3 M KOH 04Ag ) 6Ag?) 18 2980 1000 cycles work
polymerization
Hydrothermal 1659
CuCoS-PANI/ /AC (binder-free, 3 M KOH 1 - 54 1150 - [35]
) (10Ag1)
Ni foam)
Hydrothermal + 98%/
NiMnS-PANT//AC chemical iMKoH 076 (three- 160 35.73 850 10,000 [36]
L electrode) 7Ag™)
polymerization cycles
Hydrothermal + Not 1366 79%/
MnNbS/PANI//AC blending reported 2A g’l) 118 262 2072 1000 cycles [37]
Hydrothermal + Not 85%/
PANI@NDS//PANI@AC polymerization reported 1050 1207 B ) 1000 cycles [38]

4. Conclusions

This study reports the successful synthesis of strontium sulfide (SrS) and SrS/
polyaniline (5rS/PANI) nanocomposites via a straightforward hydrothermal approach,
followed by a comprehensive electrochemical assessment for hybrid energy-storage appli-
cations. Structural, morphological, and elemental analyses verified the proper formation
of the composite and confirmed the effective incorporation of polyaniline with SrS par-
ticles. Electrochemical evaluation demonstrated a clear performance advantage for the
SrS/PANI composite over pristine SrS. The optimized SrS/PANI composite electrode exhib-
ited pronounced redox peaks, a CV-derived specific capacity of 192 C g~! at 3 mV s~!, and
a GCD-derived specific capacity of 580 C g~! at 0.4 A g~!. The assembled SrS/PANI//AC
asymmetric device delivered a device-level specific capacity of 87 C g~! at 6 A g~! and
retained 75% of its initial capacity after 1000 cycles. These enhancements are mainly associ-
ated with the redox-active nature of SrS and the incorporation of PANI as a conducting-
polymer component, which may support charge transport and structural stability during
repeated cycling. When configured as an asymmetric device using SrS/PANI as the positive
electrode and activated carbon as the negative electrode, the full cell delivered a wide oper-
ating voltage of 1.6 V, a specific capacity of 87 C g~!, an energy density of 18 Wh kg~!, and
a power density of 2980 W kg~ !, together with acceptable cycling durability over 1000 cy-
cles. Overall, the SrS/PANI nanocomposite emerges as a low-cost, high-performance
electrode candidate for next-generation hybrid supercapacitor (supercapattery) systems.
These findings provide a foundation for further optimization, scale-up studies, long-term
operation of environmental monitoring equipment, and durability investigations to ad-
vance the material toward practical energy-storage deployment. Future studies should
incorporate elemental mapping and advanced spectroscopic characterization to verify
the elemental distribution, composition, and possible interfacial interactions within the
SrS/PANI composite. In addition, extended cycling tests of 5000 cycles or more, together
with post-cycling structural and morphological analyses, are required to more rigorously
evaluate the long-term durability of the SrS/PANI-based asymmetric device.

Author Contributions: Y.P. (Yang Ping), writing—original draft preparation, investigation, software,
methodology; H.X., writing—original draft preparation, investigation, methodology; S.B., conceptu-
alization, supervision; M.Q.Z., writing—original draft preparation, software, formal analysis; Z.Z.,
writing—review and editing, visualization; J.Y., visualization; X.W., visualization, data curation;

https:/ /doi.org/10.3390 /micro6030063


https://doi.org/10.3390/micro6030063

Micro 2026, 6, 63 15 of 16

R.C,, visualization; Y.P. (Yinlong Pan), funding acquisition, project administration; H.Z., resources,
visualization. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Shenzhen Science and Technology Program
(No. KCXFZ20240903092407009), the Technology Research And Development Program of Pow-
erChina Eco-Environmental Group Co., Ltd. (No. ST-ZB-ZC-]Y-JS-2025-04, No. ST-WQ-ZC-JY-LGSW-
2024-06 (KYLGLG20247002)), and the Key Technology Research and Development Program of Power
Construction Corporation of China (No. DJ-ZDXM-2024-54).

Data Availability Statement: The data will be available upon request to the corresponding authors.

Conflicts of Interest: The authors declare that this study received funding from the Shenzhen
Science and Technology Program (No. KCXFZ20240903092407009) and the Key Technology Research
and Development Program of Power Construction Corporation of China (No. DJ-ZDXM-2024-54),
awarded to Dr. Yinlong Pan. Additional funding was provided by the Technology Research and
Development Program of Power China Eco-Environmental Group Co., Ltd. (No. ST-ZB-ZC-JY-JS-
2025-04 and No. ST-WQ-ZC-JY-LGSW-2024-06 (KYLGLG2024Z002)), awarded to Dr. Yang Ping.
Authors Yang Ping, Hao Xu, and Zhenzhou Zhang are employed by Power China Eco-Environmental
Group Co., Ltd. Authors Yinlong Pan and Heng Zhu are employed by Shenzhen Metasensing
Technology Co., Ltd. The remaining authors declare that the research was conducted in the absence
of any commercial or financial relationships that could be construed as a potential conflict of interest.
The funders had no involvement in the study design, data collection, data analysis, data interpretation,
writing of the manuscript, or the decision to submit the article for publication.

References

1.  Halina, Y.; Inha, Z,; Sati, R.S. Global Energy Security and International Economic Development. Poccust Teraermuu Ilepcnexmuber
Pazsumus 2020, 15, 184-195.

2. Singh, S. Energy crisis and climate change: Global concerns and their solutions. Energy Cris. Chall. Solut. 2021, 1-17. [CrossRef]

3. Etacheri, V.; Marom, R.; Elazari, R.; Salitra, G.; Aurbach, D. Challenges in the development of advanced Li-ion batteries: A review.
Energy Environ. Sci. 2011, 4, 3243-3262. [CrossRef]

4. Benzigar, M.R,; Dasireddy, V.D.B.C.; Guan, X.; Wu, T,; Liu, G. Advances on emerging materials for flexible supercapacitors:
Current trends and beyond. Adv. Funct. Mater. 2020, 30, 2002993. [CrossRef]

5. Volfkovich, Y.M. Electrochemical supercapacitors (a review). Russ. J. Electrochem. 2021, 57, 311-347. [CrossRef]

6.  Gharahcheshmeh, M.H.; Chowdhury, K. Fabrication methods, pseudocapacitance characteristics, and integration of conjugated
conducting polymers in electrochemical energy storage devices. Energy Adv. 2024, 3, 2668-2703. [CrossRef]

7. Tundwal, A.; Kumar, H.; Binoj, B.J.; Sharma, R.; Kumar, G.; Kumari, R.; Dhayal, A.; Yadav, A.; Singh, D.; Kumar, P. Developments
in conducting polymer-, metal oxide-, and carbon nanotube-based composite electrode materials for supercapacitors: A review.
RSC Adv. 2024, 14, 9406-9439. [CrossRef] [PubMed]

8. Simon, P.; Gogotsi, Y. Perspectives for electrochemical capacitors and related devices. Nat. Mater. 2020, 19, 1151-1163. [CrossRef]
[PubMed]

9.  Zhang, T; Zhang, F; Zhang, L.; Lu, Y;; Zhang, Y.; Yang, X.; Ma, Y,; Huang, Y. High energy density Li-ion capacitor assembled with
all graphene-based electrodes. Carbon 2015, 92, 106-118. [CrossRef]

10. Nadeem, F; Hussain, S.M.S,; Tiwari, PK.; Goswami, A.K,; Ustun, T.S. Comparative review of energy storage systems, their roles,
and impacts on future power systems. IEEE Access 2018, 7, 4555-4585.

11.  Abas, N.; Kalair, A.; Khan, N. Review of fossil fuels and future energy technologies. Futures 2015, 69, 31-49. [CrossRef]

12. Riaz, A.; Sarker, M.R.; Saad, M.H.M.; Mohamed, R. Review on comparison of different energy storage technologies used in
micro-energy harvesting, WSNs, low-cost microelectronic devices: Challenges and recommendations. Sensors 2021, 21, 5041.
[CrossRef] [PubMed]

13. Kularatna, N.; Gunawardane, K. Energy Storage Devices for Renewable Energy-Based Systems: Rechargeable Batteries and Supercapacitors;
Academic Press: Cambridge, MA, USA, 2021.

14. Mei, ]J.; Liao, T.; Kou, L.; Sun, Z. Two-dimensional metal oxide nanomaterials for next-generation rechargeable batteries. Adv.
Mater. 2017, 29, 1700176. [CrossRef] [PubMed]

15. Choi, C.; Ashby, D.S; Butts, D.M.; DeBlock, R.H.; Wei, Q.; Lau, J.; Dunn, B. Achieving high energy density and high power
density with pseudocapacitive materials. Nat. Rev. Mater. 2020, 5, 5-19.

16. Wu, Q.; He, T.; Zhang, Y.; Zhang, J.; Wang, Z.; Liu, Y.; Zhao, L.; Wu, Y.; Ran, F. Cyclic stability of supercapacitors: Materials,

energy storage mechanism, test methods, and device. ]. Mater. Chem. A 2021, 9, 24094-24147. [CrossRef]

https://doi.org/10.3390/micro6030063


https://doi.org/10.55529/jeimp12.1.7
https://doi.org/10.1039/c1ee01598b
https://doi.org/10.1002/adfm.202002993
https://doi.org/10.1134/s1023193521040108
https://doi.org/10.1039/d4ya00504j
https://doi.org/10.1039/d3ra08312h
https://www.ncbi.nlm.nih.gov/pubmed/38516158
https://doi.org/10.1038/s41563-020-0747-z
https://www.ncbi.nlm.nih.gov/pubmed/32747700
https://doi.org/10.1016/j.carbon.2015.03.032
https://doi.org/10.1016/j.futures.2015.03.003
https://doi.org/10.3390/s21155041
https://www.ncbi.nlm.nih.gov/pubmed/34372278
https://doi.org/10.1002/adma.201700176
https://www.ncbi.nlm.nih.gov/pubmed/28394441
https://doi.org/10.1039/d1ta06815f
https://doi.org/10.3390/micro6030063

Micro 2026, 6, 63 16 of 16

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Bejjanki, D.; Puttapati, S.K. Supercapacitor basics (EDLCs, pseudo, and hybrid). In Multidimensional Nanomaterials for Supercapaci-
tors: Next Generation Energy Storage; Bentham Science Publishers: Sharjah, United Arab Emirates, 2024; pp. 29-48.

Obreja, V.V. On the performance of supercapacitors with electrodes based on carbon nanotubes and carbon activated material—
A review. Phys. E Low-Dimens. Syst. Nanostruct. 2008, 40, 2596-2605. [CrossRef]

Wang, G.; Lu, Z.; Li, Y.; Li, L, Ji, H,; Feteira, A.; Zhou, D.; Wang, D.; Zhang, S.; Reaney, .M. Electroceramics for high-energy
density capacitors: Current status and future perspectives. Chem. Rev. 2021, 121, 6124-6172. [CrossRef] [PubMed]
Nsanzimana, ].M.V,; Cai, L.; Djire, A.; Pagot, G.; Mattana, P.; Vezzu, K.; Negro, E.; Xia, B.Y.; Di Noto, V. Tailoring Chemical
Microenvironment of Iron-Triad Electrocatalysts for Hydrogen Production by Water Electrolysis. Adv. Energy Mater. 2025,
15, 2501686. [CrossRef]

Wang, M.; Zhang, L.; He, Y.; Zhu, H. Recent advances in transition-metal-sulfide-based bifunctional electrocatalysts for overall
water splitting. J. Mater. Chem. A 2021, 9, 5320-5363. [CrossRef]

Salehabadi, A.; Enhessari, M.; Ahmad, M.L; Ismail, N.; Gupta, B.D. Metal Chalcogenide Biosensors: Fundamentals and Applications;
Elsevier: Amsterdam, The Netherlands, 2023.

Hachem, K.; Ansari, M.].; Saleh, R.O.; Kzar, H.H.; Al-Gazally, M.E.; Altimari, U.S.; Hussein, S.A.; Mohammed, H.T.; Hammid,
A.T,; Kianfar, E. Methods of chemical synthesis in the synthesis of nanomaterial and nanoparticles by the chemical deposition
method: A review. BioNanoScience 2022, 12, 1032-1057. [CrossRef]

Siddique, M.; Rashid, R.; Ali, A. Fundamentals of Acoustic Cavitation, Ultrasound-Assisted Processes, and Sonochemistry, in Modeling
and Simulation of Sono-Processes; Elsevier: Amsterdam, The Netherlands, 2025; pp. 3-17.

Tan, K.; Yeo, S. Velocity estimation of micro-particles driven by cavitation bubble collapses through controlled erosion experiments.
Int. J. Multiph. Flow 2020, 127,103271. [CrossRef]

Rajput, N. Methods of preparation of nanoparticles—A review. Int. ]. Adv. Eng. Technol. 2015, 7, 1806.

Abu-Thabit, N.Y. Chemical oxidative polymerization of polyaniline: A practical approach for preparation of smart conductive
textiles. J. Chem. Educ. 2016, 93, 1606-1611. [CrossRef]

Beati, A.A.G.F; Reis, RM,; Rocha, R.S.; Lanza, M.R.V. Development and evaluation of a pseudoreference Pt/ /Ag/AgCl electrode
for electrochemical systems. Ind. Eng. Chem. Res. 2012, 51, 5367-5371. [CrossRef]

Pazhamalai, P.; Krishnamoorthy, K.; Sahoo, S.; Mariappan, V.K.; Kim, S.-J. Copper tungsten sulfide anchored on Ni-foam as
a high-performance binder free negative electrode for asymmetric supercapacitor. Chem. Eng. J. 2019, 359, 409-418. [CrossRef]
Rahman, S.U.; Rose, P.; Surati, M.; Shah, A.U.H.A; Krewer, U.; Bilal, S. 3D Polyaniline nanofibers anchored on carbon paper for
high-performance and light-weight supercapacitors. Polymers 2020, 12, 2705. [CrossRef] [PubMed]

Yun, C.; Hwang, S. Analysis of the charging current in cyclic voltammetry and supercapacitor’s galvanostatic charging profile
based on a constant-phase element. ACS Omega 2020, 6, 367-373. [CrossRef] [PubMed]

Vandana, M.; Bijapur, K.; Soman, G.; Hegde, G. Recent advances in the development, design and mechanism of negative
electrodes for asymmetric supercapacitor applications. Crit. Rev. Solid State Mater. Sci. 2024, 49, 335-370. [CrossRef]
Burgmayer, P.; Murray, RW. An ion gate membrane: Electrochemical control of ion permeability through a membrane with
an embedded electrode. J. Am. Chem. Soc. 1982, 104, 6139-6140. [CrossRef]

Kumar, V,; Gupta, S.; Choubey, R.K.; Ahuja, R.; Kumar, S. Study of faradic and non-faradic behaviour in a compost-based
symmetric energy storage device. J. Indian Chem. Soc. 2025, 102, 101622. [CrossRef]

Hassan, H.; Igbal, M.W.; Alrobei, H.; Riasat, F.; Afzal, A.M.; Saeedi, A.M.; Albargi, H.B.; Rehmat, A. Synergistic CuCoS—-PANI
materials for binder-free electrodes in asymmetric supercapacitors and oxygen evolution. Nanoscale Adv. 2024, 6, 1507-1523.
[CrossRef] [PubMed]

Mindil, A.; Hassan, H.; Igbal, M.W.; Afzal, AM.; Amri, N.; Hadia, N. Enhancing energy storage capability of advanced
redox-based supercapacitors through PANI incorporation into NiMnS matrix. Mater. Chem. Phys. 2023, 306, 128077. [CrossRef]
Khan, R.; Afzal, A.M.; Hussain, Z.; Igbal, M.W.; Imran, M.; Waris, M.H.; Mumtaz, M.A.; Usman, M.; Wabaidur, S.M.; Al-Ammar,
E.A.; et al. MnNDbS/Polyaniline Composite-Based Electrode Material for High-Performance Energy Storage Hybrid Supercapacitor
device. Phys. Status Solidi A 2023, 220, 2300200. [CrossRef]

Afzal, AM,; Igbal, A ; Igbal, M.W.; Wabaidur, S.M.; Al-Ammar, E.A.; Mumtaz, S.; Choi, E.H.; Munnaf, S.A. High-Performance
and Stable Polyaniline@Niobium Sulfide Electrode for an Asymmetric Supercapacitor. Chem. Eng. Technol. 2024, 47, 485-493.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/micro6030063


https://doi.org/10.1016/j.physe.2007.09.044
https://doi.org/10.1021/acs.chemrev.0c01264
https://www.ncbi.nlm.nih.gov/pubmed/33909415
https://doi.org/10.1002/aenm.202501686
https://doi.org/10.1039/d0ta12152e
https://doi.org/10.1007/s12668-022-00996-w
https://doi.org/10.1016/j.ijmultiphaseflow.2020.103271
https://doi.org/10.1021/acs.jchemed.6b00060
https://doi.org/10.1021/ie2026025
https://doi.org/10.1016/j.cej.2018.11.153
https://doi.org/10.3390/polym12112705
https://www.ncbi.nlm.nih.gov/pubmed/33207726
https://doi.org/10.1021/acsomega.0c04702
https://www.ncbi.nlm.nih.gov/pubmed/33458488
https://doi.org/10.1080/10408436.2023.2202225
https://doi.org/10.1021/ja00386a061
https://doi.org/10.1016/j.jics.2025.101622
https://doi.org/10.1039/d3na01066j
https://www.ncbi.nlm.nih.gov/pubmed/38419879
https://doi.org/10.1016/j.matchemphys.2023.128077
https://doi.org/10.1002/pssa.202300200
https://doi.org/10.1002/ceat.202300168
https://doi.org/10.3390/micro6030063

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of Strontium Sulfide (SrS) 
	Preparation of Polyaniline (PANI) and SrS/PANI Composite Synthesis 
	Electrode Manufacturing 
	Electrochemical Performance Evolution 
	Device Testing 

	Results 
	Structural and Morphological Study 
	Three-Electrode Assembly Measurement 
	Cyclic Voltammetry (CV) 
	Galvanostatic Charging and Discharging (GCD) 
	Charge-Storage Kinetics (b-Value Analysis) 

	Supercapattery Assembly 

	Conclusions 
	References

