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A B S T R A C T

Herein, we report the direct growth of manganese-doped iron sulfide (pyrrhotite) nanoplatelets on the carbon 
cloth (CC) fibers by a one-step hydrothermal method without the need for organic binders. Manganese-doped 
iron sulfide nanoplatelets on CC (MFS-CC) revealed surface enrichment of polysulfide species over sulfites, 
exhibited a variety of Mn2+/3+/4+, Fe3+/4+ surface species as well as unique FexMnyOzSn surface domains 
resulting in a multitude of electroactive sites, enhancing ion transport and an exceptional electrochemical per-
formance. As-prepared electrodes yielded a high specific capacitance of 206 F g− 1 at a scan rate of 10 mVs− 1. 
Moreover, once constructed, the electrodes were encapsulated with polyvinyl chloride (PVC) to ensure efficient 
operation for up to three months. As a result, the device demonstrated remarkable cyclic stability, enduring up to 
11,000 cycles without degradation. Finally, the assembled electrodes were integrated to form an asymmetric 
wearable supercapacitor, and this device effectively illuminated a green light emitting diode (LED) integrated 
into a hoodie, showcasing its potential for powering wearable electronics.

1. Introduction

Supercapacitors become an intriguing energy storage alternative to 
batteries due to their high-power density and fast charging capabilities. 
Supercapacitors’ potential is further amplified as potential energy 
storage devices for flexible and wearable devices. Lately, a growing 
emphasis has been on investigating flexible and wearable super-
capacitors. They are transforming the landscape of lightweight, portable 
energy storage systems, enabling the creation of smart textiles and 
powering an array of applications spanning from health monitoring 
devices to smart clothing and beyond. This is further supported by the 
ability to form supercapacitor materials on carbon cloths (CCs) to inte-
grate wearable supercapacitors with wearable electronic devices seam-
lessly. In recent years, curiosity has been piqued by rapidly developing 
wearable electronics, such as bio-monitoring gadgets, military gear, 
electrical sensors, wristwatches, eyeglass technologies, and displays 
[1–4]. Flexible supercapacitors have begun to be utilized extensively as 
a power supply for wearable electronics because of their high-power 

densities, long lifespans, fast charging/discharging capabilities, avail-
ability, and safety, in addition to lower cost and safe operation advan-
tage over Li-ion battery technologies [4–6]. However, low energy 
density fundamentally limits the range of applications of super-
capacitors in industry [7]. To meet higher standards of the energy 
density of future wearable devices, transition metal sulfides/oxides have 
been extensively researched as potential electrode materials for asym-
metric supercapacitors (ASCs) [8–10].

Bimetallic sulfides/oxides are now the material of choice due to the 
synergistic effect of two metal ions, which facilitates the faradaic redox 
process and enhances the electrochemical performance of super-
capacitors. Additionally, they are attractive as electrode materials 
because of their high specific charge capacity, numerous valence states, 
conductivity, and low cost [11–13]. In recent years, research efforts 
have also focused on alternative transition metal-based materials, 
mainly transition metal oxides with high specific capacitance values. 
They have been comprehensively analyzed in many studies and reviews 
[14–21]. However, with the introduction of bimetallic sulfides, notable 
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advancements in electrochemical activities have been achieved due to 
the smaller electronegativity of the sulfur atoms in the metal sulfides as 
opposed to oxide ions in metal oxide architectures, facilitating electron 
transfer processes in the former case [9,22].

Amidst bimetallic sulfides, nickel cobalt sulfide (NiCo2S4) has been 
investigated by Shen et al., and a specific capacitance of 877 F g− 1 was 
reported at a current density of 20 A g− 1 [23]. Zhang et al. fabricated 
flower-like copper cobalt sulfide (CuCo2S4) by hydrothermal method, 
accomplishing 908 F g− 1 at 30 mA cm− 2 [24]. Among various bimetallic 
sulfides, manganese cobalt sulfide (MnCo2S4) [25], iron‑cobalt sulfide 
(FeCo2S4) [26], and copper iron sulfide (CuFe2S2) [13] have also been 
investigated, and promising results have been reported. Additionally, Li 
et al. prepared manganese-iron sulfide (Mn0.6Fe0.4S) for application in 
Li-ion batteries, showcasing a capacity of 520 mAh g− 1 at a current 
density of 1 A g− 1 [27]. Although manganese (Mn) and iron (Fe) are 
promising materials in promoting redox processes due to their multiple 
valence states, affordability, and abundance compared to other transi-
tion metals, there has been a lack of research on the use of man-
ganese‑iron‑sulfur-based electrode materials, especially in the field of 
wearable supercapacitors. Besides, since the currently available bime-
tallic negative electrode structures that can be utilized for super-
capacitor applications are limited, and conventional negative electrodes 
still suffer from low conductivity, further studies are required to fulfill 
the requisites of future energy storage applications.

Synthesizing stable nanoscale iron sulfides poses inherent challenges 
due to the strong tendency of ferric ions to react with oxygen, potentially 
resulting in the formation of iron oxides during the synthetic processes 
[28]. Herein, we successfully demonstrate the synthesis of manganese- 
doped iron sulfide (pyrrhotite – named hereon as MFS) directly on CC, 
which yielded a binder-free, highly conductive, wearable, and flexible 
material as a potential negative electrode. The exceptional structure of 
the currently synthesized MFS-based negative electrode revealed surface 
enrichment of polysulfide species over sulfites, exhibited a variety of 
Mn2+/3+/4+, Fe3+/4+ surface species and unique FexMnyOzSn surface 
domains resulting in enhanced electrochemical performance. Further-
more, the straightforward hydrothermal method was chosen since it 
promotes the coupling of the active material with the entire 3D network 
of the textile, resulting in a significant surface area and eliminating the 
need for non-conductive binders by direct growth [13,29–31]. Also, we 
constructed a flexible and wearable device employing an exceptional 
encapsulation method, demonstrating remarkable performance after 3 
months of production. These findings contribute to the growing research 
on utilizing manganese‑iron‑sulfur-based negative electrode materials 
for advanced energy storage applications.

2. Experimental section

2.1. Fabrication of oxygen plasma-modified CC electrodes

Prior to the hydrothermal process, CC (hydrophobic carbon cloth, 
W1S1011, Carbon Energy, China) was sonicated in acetone, ethanol, 
and deionized water (DIW) for 15 min each and then dried. Oxygen- 
plasma treatment was applied on CC via a Femto Science Cute Plasma 
System for 5 min, and CCs were then used without further modification.

2.2. Direct growth of MFS, MS, and FS on CC

All chemicals were used as received without further purification. 
MFS nanoplatelets were decorated on CC by a one-pot hydrothermal 
approach. First, 5 mmol iron (II) chloride tetrahydrate (FeCl2.4H2O, ≥
99.0, Sigma-Aldrich), 5 mmol manganese (II) chloride tetrahydrate 
(MnCl2.4H2O, ≥ 99.0, Sigma-Aldrich), and 10 mmol thioacetamide 
(TAA, C2H5NS, Supelco) were dissolved in 30 mL isopropanol (IPA) and 
10 mL DIW. The solution was stirred vigorously at room temperature 
until complete dissolution. Afterward, the prepared solution was 
transferred into a Teflon-lined stainless steel autoclave with the oxygen 

plasma-modified CC. It was kept at 120 ◦C for 48 h to obtain MFS 
nanoplatelets on CC, washed with DIW, and named MFS-CC. The same 
procedure was applied to prepare MnS and FeS on CC. The resulting 
materials were called MS-CC and FS-CC. The mass loadings of MFS-CC 
and MS-CC were 1.12 mg/cm2 and 1.7 mg/cm2, respectively. The ob-
tained powders were centrifuged and washed with DIW and ethanol, 
followed by drying in an oven overnight at 80 ◦C for further 
characterization.

2.3. Materials characterization

Scanning electron microscopy (SEM) and energy-dispersive X-ray 
(EDX) mapping were carried out via an FEI QUANTA 400F Field Emis-
sion SEM. Transmission electron microscope (TEM) images and addi-
tional EDX spectra were acquired at an acceleration voltage of 300 kV 
using a Jeol JEM 2100F TEM system equipped with an EDX setup. A 
Rigaku D/Max-2000 X-ray diffractometer with Cu Kα radiation at a 
scanning rate of 1◦/min was employed to carry out X-ray diffraction 
(XRD) analysis. X-ray photoelectron spectroscopy (XPS) experiments 
were carried out with a SPECS HSA3500 hemispherical energy analyzer 
and a PHOIBOS 100 detector with an MCD-5. During the XPS data 
acquisition, a monochromatic Al-Kα X-ray excitation source (14 kV, 350 
W, 1486.6 eV) was employed, along with an electron flood gun for 
charge compensation. The pass energy value used in the high-resolution 
core level XPS spectra was 20 eV. Binding energy (B.E.) values of the XP 
spectra were shifted to the C1s line of the adventitious carbon at 284.6 
eV. XPS data analysis was conducted via the CasaXPS software, and 
background subtraction was performed using a Shirley background. 
Peak positions and peak areas were estimated via a weighted least- 
squares fitting method using 70 % Gaussian and 30 % Lorentzian peak 
line shapes. Surface elemental quantification was performed by 
employing Scofield’s relative sensitivity factors.

2.4. Electrochemical measurements

All electrochemical measurements were conducted in typical three 
electrode and full cell systems using a Biologic VMP3 Potentiostat/ 
Galvanostat setup. MFS-CC, saturated calomel electrode, and platinum 
sheet were used as working, reference, and counter electrodes, respec-
tively. All the measurements were made using 1.0 M potassium hy-
droxide (KOH(aq)) electrolyte solution. For the fabrication of the flexible 
devices and full cell measurements, carbon black (CB – Alfa Aesar, 
Acetylene Black 50 % compressed, 99.9 + %)/activated carbon (AC – 
Alfa Aesar Carbon, activated, − 20 + 40 mesh) mixture, N-methyl-2- 
pyrrolidone (NMP – Thermo Scientific Chemicals, ACS grade, 99.0 + %), 
and polyvinylidene fluoride (PVDF – Sigma Aldrich, Mw ≈ 180,000) 
were used at a ratio of 80:15:5 and sonicated for 45 min to prepare 
positive electrode. The obtained slurry was applied to the CC (1 × 2 cm2) 
with a brush and kept overnight at 100 ◦C in a vacuum oven, later given 
the name AC-CC. The active material loading was determined by 
measuring the weight change upon slurry application. A gel electrolyte 
based on cellulose was prepared by heating a combination of 4 g of 2- 
Hydroxyethyl cellulose (HEC - Sigma-Aldrich, Mw ≈ 90,000) and 60 
mL of deionized water until a transparent solution was obtained. At least 
2 h of stirring is practiced to obtain a clear gel. Once the gel cleared, 6 g 
of 10.0 M KOH(aq) was added dropwise, and the mixture was cooled to 
room temperature. After adding and stirring 0.2 g of glycerol, a 
disposable non-woven cloth was coated with a thin gel electrolyte layer 
and used as a separator. The electrodes were sealed with polyvinyl 
chloride (PVC) lamination, and untreated hydrophobic CC was used for 
the contacts. The designated device was named MFS-CC//AC-CC.

3. Results and discussion

A schematic illustration of the preparation process for the MFS-CC is 
provided in Fig. 1a. MFS nanoplatelets were directly grown on the fibers 
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of the CC using the hydrothermal method. CC cloths were subjected to 
oxygen plasma to make them hydrophilic prior to the hydrothermal 
reaction. This ensures the wetting of the reaction solution on the CC, 
ensuring the growth directly on the fibers. Relevant photos of the wet-
ting difference are given in Fig. S1. The same procedure was also con-
ducted to prepare manganese sulfide on CC without adding an iron 
precursor named manganese sulfide on carbon cloth (MS-CC) (detailed 
information can be found in the experimental section).

The morphology of the prepared MFS-CC was examined via SEM. 
Fig. 1b–d shows SEM images of the nanoplatelets grown on the CC ac-
quired with various magnifications. Oxygen-plasma treatment on CC led 
to a hydrophilic surface, thereby facilitating a relatively even coating of 
MFS across the fibers of the cloth. In the low-magnification SEM images 
(Fig. 1b–c), it can be seen that MFS nanoplatelets are more homoge-
neously decorated onto the fibers of the CC compared to MS nano-
platelets on MS-CC. It can also be observed that the growth on FS-CC, 
without the presence of Mn, is incomplete and not homogeneous 
(Fig. S2). This also indicates that the conformal growth on CC necessi-
tates introducing Mn to the FS-CC. This also indicates uniform and ho-
mogeneous growth on CC allowed by the introduction of Mn to the 

system. From this point on, we discontinued the fabrication of FS-CC due 
to our inability to achieve conformal growth on CC. The high- 
magnification image in Fig. 1d illustrates the 2D flake-like nano-
platelet morphology of the MFS overlayer on the CC surface, where the 
MFS nanoplatelets reveal a typical diameter of ca. 500 nm and a 
thickness of ca. 80 nm. Such homogeneously-packed nanoplatelet 
overlayers have been reported to aid ion migration into electrode ma-
terials and provide abundant electroactive sites for energy storage [32]. 
EDX maps of the synthesized materials (Fig. 1e–g) verified the existence 
of Fe, Mn, and S along the fibers of the carbon cloth. The EDX spectrum 
and elemental maps of the Cl and O are given in Fig. S3a–c. Remnant Cl 
from the reactants is visible in the spectrum. We believe that the Cl was 
mainly latched onto the CC, and gentle cleaning of the MFS-CC was 
insufficient to remove the remnants. The presence of the O was due to 
the partial surface oxidation of MFS’s, and well expected due to the 
nature of the hydrothermal reaction.

TEM analysis was conducted to examine the structure of the MFS 
powder further, and the resulting images are given in Fig. 2a. MFS 
particles grown on CC can be observed in Fig. 2a-i. Confirming the SEM 
images, Fig. 2a-ii clearly shows the structure’s sharp hexagonal edges. 

Fig. 1. (a) Schematic illustration of the growth procedure, (b–d) SEM images of the MFS-CC from low magnification to high magnification, (e) Fe, (f) Mn, and (g) S 
EDX-maps of MFS-CC.
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The selected area diffraction pattern (SAED) indicates the preferential 
orientation of the synthesized material (inset in Fig. 2a-ii). Planes 
detected in the SAED pattern are provided in this inset. Diffractions from 
(210), (200), (202), (420), and (302) can be detected. Analysis of high- 
resolution TEM (HRTEM) image in Fig. 2a-iii revealed the d-spacing 
values of 0.397, 0.298, and 0.251 nm corresponding to (101), (200), and 
(201) planes, respectively. The TEM-EDX spectrum in Fig. S4 further 
demonstrates the presence of the iron, sulfur, and manganese elements 
in the structure.

XRD patterns for MFS and MS powders are provided in Fig. 2b. Well- 
defined diffraction peaks indicate the crystalline character for both MFS 
and MS materials matching well with hexagonal pyrrhotite (FeS) 
structure (JCPDS card no. 17–0201) and hexagonal wurtzite MnS 
structure (JCPDS card no. 01–089-4090), respectively. Notably, the XRD 
pattern of the MFS sample reveals a strong match with the hexagonal 
pyrrhotite structure with the P63mc space group, with no trace of an 
impurity phase. This shows that the addition of Mn helps stabilize the 
pyrrhotite structure. Significantly, the XRD peak locations in the MFS 
nanoplatelets display a slight shift towards lower degrees, indicating the 
successful incorporation of Mn cations into the pyrrhotite host matrix. 
This shift occurs owing to increased space between crystal planes caused 
by the greater atomic radius of the dopant Mn than Fe, contributing to a 
reduction in the diffraction angle in line with the Bragg equation. 
Crucially, the absence of MnS peaks in the XRD pattern of MFS strongly 
suggests that Mn atoms have been successfully integrated into the FeS 

lattice rather than producing separate FeS and MnS domains [33].
The surface chemistry of MFS and MnS negative electrodes was 

examined in detail via XPS analysis (Fig. 3a–g). XPS survey spectra 
(Fig. S5) verified the presence of Fe, Mn, S, C, O, N, and Cl in all samples. 
It is likely that the C1s signal in XPS originates from TAA used in the 
synthesis and adventitious carbon (Figs. S6a, Fig. 3a), while Cl2s and 
Cl2p signals in XPS (Figs. S5) stem from metal chloride precursors used 
in the synthesis. N1s signal in XPS (Fig. S5) is also due to residual TAA 
used in the synthesis. The presence of a readily visible O1s signal in XPS 
(Figs. S6b) can be ascribed to the partial oxidation of the samples upon 
exposure to air. As will be discussed below, presumably some of these 
oxygen species are associated with the oxidation of polysulfides (Sn

2− ) 
forming sulfite (SO3

2− ) species (particularly in the case of MnS), as well 
as substitution of sulfide species with O2− species (particularly in the 
case of MFS).

Surface atom concentration values determined from XPS data are 
presented in Fig. 3a. It is apparent that the ratio of the sulfur atoms to the 
total number of metal atoms (i.e., S/M) on the surface is higher for MFS 
(S/M = 0.41) as compared to that of MnS (S/M = 0.37) suggesting the 
enrichment of sulfur species on the MFS sample. Furthermore, surface 
metal cation sites of the MFS sample are dominated by Fe species rather 
than Mn, evident by the Fe:Mn surface atom ratio of 0.7:0.3. This 
observation is in very good agreement with the current XRD data 
(Fig. 2), suggesting that the bulk crystal structure of the MFS system is 
predominantly comprised of hexagonal pyrrhotite (FeS) doped with Mn. 

Fig. 2. (a) TEM images of the MFS nanoplatelets with (i, ii, iii) different magnifications. Inset in (a-ii) shows the corresponding SAED pattern and corresponding (hkl) 
planes. (a-iii) shows the (b) XRD patterns of (b-i, b-iii) the as-synthesized materials with (b-ii) hexagonal pyrrhotite structure and (b-iv) hexagonal wurtzite structure.
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Fig. 3a also reveals that MnS sample contains noticeably higher amounts 
of surface N and Cl atoms (13.0 % and 24.9 %) than that of MFS (2.4 % 
and 8.7 %) indicating that the MnS sample surface contains substantially 
higher levels of unreacted TAA and MnCl2 residues, respectively. 
Furthermore, a significantly higher amount of surface O species (22.8 %) 

on MFS as opposed to MnS (9.5 %) is detected despite a relatively 
smaller extent of oxidized sulfur species (i.e., SO3

2− ) on MFS (Fig. 3b–c). 
This suggests that sulfides in the MFS structure are more prone to sub-
stitution with O2− species upon oxidation and exposure to air.

S2p XPS data for MnS and MFS (Fig. 3b–c) yield two broad features 

Fig. 3. (a) Surface atom concentration (%) values of MnS and MFS obtained from XPS data. (b-c) S2p, (d-e) Mn3s, (f) Mn2p XPS data for MnS and MFS. (g) Fe2p XPS 
data for MFS.
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corresponding to two different types of sulfur species, namely poly-
sulfides (Sn

2− ) and sulfites (SO3
2− ) [34,35]. Note that due to the small 

spin-orbit splitting of S2p signals, each of these broad signals given in 
Fig. 3b–c are comprised of two intrinsic peaks (i.e., a more intense S2p3/ 

2 signal appearing at a lower B.E. and a less intense S2p1/2 signal 
appearing at a higher B.E. value at same colors). Accordingly, S2p XPS 
spectrum of the MnS sample (Fig. 3b) reveals polysulfide features 
located at 163.5 (S2p3/2) and 164.7 eV (S2p1/2), as well as sulfite fea-
tures located at 168.2 (S2p3/2) and 169.3 eV (S2p1/2), respectively. 
Similar S2p features are also visible for the MFS sample (Fig. 3c) at 
163.4 eV (Sn

2− , S2p3/2), 164.6 eV (Sn
2− , S2p1/2), 168.0 eV (SO3

2− , S2p3/2), 
and 169.2 eV (SO3

2− , S2p1/2). It is worth mentioning that enrichment of 
the MFS surface with polysulfide species and immobilization of Sn

2−

species on the negative electrode surface can favor electrochemical 
performance. It was recently reported that polysulfide species bound to 
the electrode surface might limit the polysulfide diffusion, suppress the 
polysulfide dissolution, and thus enhance the charge transfer rate and 
boost the electrochemical performance [36].

Mn3s XPS spectra can be used to estimate the average oxidation state 
(AOS) of Mn species. Galakhov et al. [37] demonstrated that Mn3s 
splitting energies (i.e., Δ) varied rather linearly as a function of Mn AOS 
via the following relationship: AOS = 8.95–1.13Δ. Fig. 3d–e illustrates 
that Mn3s splitting values for MnS and MFS are 5.9 and 6.2 eV, corre-
sponding to Mn AOS values of +1.95 and + 2.30, respectively. This 
observation is in accordance with the previously discussed current 
findings suggesting that Mn sites of MFS are more prone to oxidation 
than that of MnS and the sulfide species in the MFS structure can be 
more readily substituted with O2− species. In other words, it is apparent 
that while MnS structure almost exclusively contains Mn2+ cations, MFS 
structure includes predominantly Mn2+ cations with a lesser but 
noticeable contribution from Mn3+/4+ sites. Prominent presence of 
Mn2+ states on MnS and MFS surfaces are also supported by the 

corresponding Mn2p XPS data (Fig. 3f) yielding a Mn2p3/2 signal at 
641.9 eV [38]. However, due to the closely spaced and highly convo-
luted nature of the Mn2p [38] and Fe2p [39] signals, no deconvolution 
attempts were on the Mn2p and Fe2p XPS data. Finally, Fe2p3/2 XPS 
signal of MFS shown in Fig. 3g revealing a maximum at 712.1 eV and the 
corresponding Fe3s splitting value of 6.4 eV shown in Fig. 3e are 
consistent with the predominant existence of Fe3+ sites in MFS with a 
possible minor contribution from Fe4+ sites [40].

In overall, currently presented detailed XPS results indicate that the 
superior electrochemical performance of the 2D-MFS nanoplatelets can 
be ascribed to: i) the enrichment of polysulfide species on the MFS 
surface, ii) existence of a variety of Mn2+/3+/4+, Fe3+/4+ surface species 
providing redox versatility, iii) presence of unique FexMnyOzSn surface 
domains, iv) smaller extent of surface sulfites, and v) a high Fe:Mn 
surface metal cation ratio of 0.7:0.3, as well as vi) a smaller extent of 
residual N and Cl atoms blocking the surface sites less than that of MnS. 
The MFS-CC samples were gently cleaned to avoid active material loss or 
CC damage. However, this process did not fully remove the residual N 
and Cl atoms. Consequently, MFS-CCs were used with these residues.

The electrochemical performance of the as-prepared electrodes was 
evaluated within three electrode setup using cyclic voltammetry (CV), 
galvanostatic charge-discharge (GCD), and potentiostatic impedance 
spectroscopy (PEIS) techniques. The electrolyte was 1.0 M potassium 
hydroxide (KOH(aq)), the reference electrode was saturated calomel 
electrode (SCE), and the counter electrode was platinum foil. Electro-
chemical characteristics of the MFS-CC in three-electrode configuration 
are provided in Fig. 4. The CV curves of the MFS-CC electrode in various 
sweep rates in a potential window of − 1.0 V to − 0.2 V are presented for 
comparison in Fig. 4a–b, respectively. Even at high scan rates, the per-
formance of MFS-CC electrodes preserved its unique shape, showcasing 
its ability to work at high-rate applications. The appearance of two 
different discharge curves in the GCD measurements in Fig. 4c further 

Fig. 4. Three electrode measurements (a) CV curves of MFS-CC electrode at low scan rates, (b) CV curves of MFS-CC electrode at high scan rates, (c) GCD curves of 
MFS-CC electrode, (d) CV curves of Bare-CC, MFS-CC, and MS-CC at a scan rate of 100 mV s− 1, (e) Cycling stability test for 20,000 cycles as shown by the capacitance 
retention plot with the corresponding CV profile from 1st cycle to 20000th cycle at the inset, (f) Nyquist plots of MFS-CC electrode with the inset showing enlarged 
high-frequency region.
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supported the existence of pseudocapacitive redox reactions, consistent 
with those seen in the CV curves. The charging reactions of the MFSs are 
believed to be as follows; 

4H2O+4e− ↔ 2H2 +4OH− (1) 

FexMnyOzSn +OH− ↔ FexMnyOzSn(OH)+ e− (2) 

FexMnyOzSn +mK+ +me− ↔ KmFexMnyOzSn (3) 

A possible hydrogen evolution reaction (HER) generates hydroxide- 
rich surface on the MFS electrodes (see Eq. (1)). This hydroxide-rich 
surface might result in the conversion of the surface domains of MFS 
into FexMnyOzSn(OH) (see Eq. (2)). Moreover, K+ ions might be inserted 
into the MFS structure independently from the formation of hydroxide, 
causing the formation of KmFexMnyOzSn species on the surface (see Eq. 
(3)) [41,42]. At a current density of 5 mA cm− 2, Coulombic efficiency 
was 91 %, which increased to 97 % at a current density of 30 mA cm− 2, 
indicating an excellent supercapacitive behavior. Gravimetric capaci-
tance values with changing scan rates are provided in Fig. S7, and a 
corresponding decrease in the specific capacitance was observed with 
increasing scan rates, aligning with the expectations. The maximum 
specific capacitance attained for the fabricated MFS-CC electrode was 
206 F g− 1 and 232 mF cm− 2 at a scan rate of 10 mV s− 1. The attained 
performance demonstrated a significant improvement in contrast to MS- 
CC, as clearly depicted in the comparative analysis shown in Fig. 4d. MS- 
CC did not show capacitive behavior (Figs. S8, S9), indicating the sig-
nificance of stabilized pyrrhotite phase due to Mn doping. The stability 
of the MFS-CC electrodes was also investigated through CV measure-
ment conducted for 20,000 cycles at a scan rate of 200 mV s− 1, results of 
which are provided in Fig. 4e. Capacitance retention initially decreased 
to 97 % followed by an increase to 103 % at the end of 20,000 cycles. 
The mechanism for the increase was elusive, as no drastic changes were 
observed in the CV graphs given in the inset in Fig. 4e. The enhancement 
might be due to improved pore accessibility during cycling and partial 
irreversible oxidation of the MFS. Since both the ionic and atomic radii 
of S are larger than those of O, this could reduce packing efficiency in the 
MFS lattice, potentially enhancing electrolyte access and contributing to 
improved performance. The PEIS measurements in Fig. 4f show a 
pseudocapacitive behavior with a wide semicircle in a wide frequency 
range with low impedance values. From the Bode impedance given in 
Fig. S10, the values of phase angle maxima were − 60◦ at a frequency of 
20 Hz, and drastically increased to values close to 0◦ at other fre-
quencies. This was also an indication of a pseudocapacitive behavior 
[43–45]. An electronic circuit model depending on the Nyquist curve 
and Bode plot was fitted and provided in Fig. S11. According to this 
model, two circuits containing constant phase element (CPE – Depicted 
with Q) was connected in parallel to Warburg impedance. The first CPE 
had a dimensionless exponent of 0.873, while the second had a modifier 
of 0.54. This further indicated a complex mechanism of double-layer 
capacitance and pseudocapacitance intertwined together, probably 
due to the 3D structure of CC and the nanoplatelet structure of MFSs. 
Firstly, the ultra-porous and nano-platelet structure of MFS-CC offered 
multiple electro-active sites (consistent with the presence of a variety of 
Mn2+/3+/4+ and Fe3+/4+ sites, surface enrichment with polysulfides, and 
FexMnyOzSn surface species), facilitating redox reactions [46]. Secondly, 
the direct growth of MFS on the fiber established multiple 3D networks 
for adequate electron transportation during the charge transfer process 
[47].

A full-cell configuration (MFS-CC//AC-CC) was designed employing 
MFS-CC and AC-CC electrodes as the negative and positive electrodes, 
respectively. Comparisons between the MFS-CC and AC-CC in three- 
electrode configurations are provided in Fig. S12. At a scan rate of 
200 mV s− 1, it is possible to see the enhanced energy storage of MFS-CC. 
MFS-CC//AC-CC asymmetric cells were prepared with a cellulose-based 
gel electrolyte for flexible and wearable device applications. Cellulose 
offers significant advantages when used to prepare gel electrolytes, 

mainly due to its superior water retention capabilities compared to 
widely used polyvinyl alcohol (PVA). Cellulose showcases exceptional 
hydrophilic properties, allowing it to effectively retain water within its 
gel-like structure [48]. This high water retention ability contributes to 
improved ionic conductivity and enhances the overall performance of 
the gel electrolyte [49]. Incorporating cellulose in gel electrolytes en-
sures prolonged moisture retention, providing a stable environment for 
ion transport and facilitating efficient electrochemical reactions [50]. 
Therefore, these advantages positioned cellulose as a prior gel- 
electrolyte choice to enhance the performance and longevity of the de-
vice. A non-woven disposable cloth as a separator was dipped into KOH- 
Hydroxyethyl-cellulose (HEC) gel electrolyte, then assembled with the 
MFS-CC and AC-CC to form a wearable supercapacitor cell. Photos and 
SEM images of the cloth are given in Fig. S13. These asymmetrical de-
vices were formed and encapsulated with PVC layers using hydrophobic 
CC strips as the electrical contacts. Hydrophobic contacts prevented the 
discharge of the gel electrolyte via wetting. Fig. 5a-i and ii shows optical 
images of enclosed MFS-CC//AC-CC asymmetric wearable super-
capacitor devices. Fig. 5a-iii illustrates the schematic assembly of the 
device. CV curves at various scan rates in the range of 0 V - 1.4 V can be 
seen in Fig. 5b. A maximum specific capacitance of 18.6 F g− 1 and 42.4 
mF cm− 2 was obtained at a scan rate of 10 mV s− 1. The loss in specific 
capacitance was partially due to the gel electrolyte and the partial loss of 
performance due to the ineffective use of the 3D structure of the textile. 
While the redox peaks revealed the pseudocapacitive character of the 
fabricated device, CV curves from lower to higher scan rates exhibit 
similar profiles without severe distortion, indicating the device’s 
excellent charge/discharge performance. Furthermore, the GCD test was 
carried out over a wide range of current densities (1–5 mA cm− 2) to 
clarify the electrochemical performance of the fabricated device. 
Resulting curves are provided in Fig. 5c. Particularly, at a current den-
sity of 1 mA cm− 2, two different charging slopes can be observed, which 
was attributed to the mechanism of MFS-CC. From the GCD curves, the 
specific energy density (E) and specific power density (P) of the device 
were also calculated. The maximum energy density and power density 
were found as 1.70 Wh kg− 1 and 163 W kg− 1, respectively. A Ragone 
plot was drawn and provided in Fig. S14, showcasing the ideal perfor-
mance of the MFS-CC//AC-CC wearable supercapacitor devices.

Fig. 5d shows the Nyquist plot of the wearable MFS-CC-based 
asymmetric supercapacitor device. The exceptional construction of the 
device was evidenced by the presence of minimal series resistance (~ 14 
Ω) observed in the semicircular region at high frequencies, signifying 
optimal performance. This desirable characteristic was attributed to the 
use of hydrophobic CC contacts and the gel electrolyte based on HEC. A 
small semi-circle at high frequencies indicated an interfacial resistance 
originating from the thickness and conductivity of the gel electrolyte of 
the textile-based separator. Moreover, linear behavior with a 45◦ angle 
observed in the low-frequency region of the Nyquist plot indicated the 
occurrence of Warburg diffusion, aligning with the anticipated pseu-
docapacitive behavior observed in three-electrode measurements and 
facilitated by the employed gel electrolyte. The capability and the 
durability of the device were significantly enhanced through the 
implementation of the encapsulation strategy coupled with PVC lami-
nation, showcasing an impressive total of 11,000 cycles as shown by the 
inset in Fig. 5e. More interestingly, device performance increased during 
the continuous usage of the cell. The initial specific capacitance at a scan 
rate of 200 mV s− 1 was 5.8 F g− 1, which was improved to 8.4 F g− 1 after 
the standard evaluation of the cell (including GCD and PEIS measure-
ments) and improved to 11.5 F g− 1 after 11,000 cycles. Relevant CV 
graphs are provided in Fig. 5f. The improvement was also seen in the 
three-electrode configuration, while the exact mechanism of this 
behavior is still not yet fully understood. We believe that the electro- 
activation process might cause the improvement in performance and 
long-term stability of MFS-CC//AC-CC upon increasing both the time 
and the number of cycles, which facilitates more soaking and activation 
of the 3D network of these materials with the gel electrolyte [51,52]. 
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The prepared wearable supercapacitor was also investigated after one 
month of storage to evaluate any potential effects on its performance. 
The capacitance value dropped to 8.8 F g− 1, which was still much higher 
than its initial state. Therefore, the unique strategy of PVC lamination on 
top of HEC-based electrolytes fulfilled the goal of long-term use. This 
makes MFS-CC-based wearable supercapacitors promising for future 
research and development for powering wearable electronics.

The viability of the self-powered wearable and flexible super-
capacitor was further evaluated by connecting them in series and par-
allel configurations. Fig. 6a–b shows the CV and GCD profiles of the 
single, two, and three asymmetric devices connected in series. The 
output of two and three devices connected in series demonstrated a 
broader potential window up to 4.2 V, as compared to a single device 
operating at 1.4 V. Similarly, when two or three devices were connected 
in series, increasing the voltage shortened the charge-discharge times 
proportionally (10 mA cm− 2). Fig. 6c shows a photograph of a green 
light-emitting diode (LED) powered by the serially connected devices. 
With these three serially connected cells, a green LED (50 mA current at 
2.8 V for maximum illumination) could be powered. Additionally, mixed 
serial and parallel connections were established, seamlessly scaling in 
accordance with the anticipated behavior (Fig. 6d–i). Four devices, 
assembled with a combination of series and parallel connections, were 
utilized to power the LED attached to a hoodie (Fig. 6d-ii and iii). These 
results verified that MFS-CC//AC-CC asymmetric wearable super-
capacitors can be interconnected in series or parallel to power diverse 
wearable electronic devices.

The most important aspect of a wearable supercapacitor is its ability 
to be bent without performance loss. Fig. 6e-i shows the CV profile of the 
MFS-CC//AC-CC wearable device under various bending configurations 
at a scan rate of 200 mV s− 1. Relevant photographs are given in Fig. 6e-ii 

and e-iii. The MFS-CC//AC-CC asymmetric wearable supercapacitor 
device has demonstrated notable mechanical stability, as illustrated by 
the CV curves. This stability was evident across both rolled and folded 
configurations, showing remarkably identical behavior. The device’s 
impressive flexibility and bendability characteristics were noteworthy, 
highlighting its potential utilization in wearable and flexible systems. 
Table S1 was tabulated to show that our work allows the fabrication of 
flexible and wearable supercapacitors by allowing the conformal coating 
of CC with Mn-stabilized FeS structure.

4. Conclusions

In conclusion, this study presents a promising method for the direct 
growth of manganese-doped iron sulfide nanoplatelets on carbon cloth 
fibers, creating homogeneously decorated MFS-CC electrodes. These 
electrodes exhibited remarkable electrochemical performances, deliv-
ering a maximum specific capacitance of 206 F g− 1 and exceptional 
operation for 11,000 cycles. Moreover, encapsulating these electrodes 
guarantees their efficient operation for an extended period of one 
month. The successful construction of a self-powered, flexible, and 
wearable supercapacitor that lights up a green LED when placed onto a 
hoodie illustrates the remarkable potential of the device for real-world 
flexible and wearable applications. This work marks a significant step 
in energy storage, paving the way for the fabrication of high- 
performance, flexible, and wearable electronics.
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Fig. 6. Assembly of MFS-CC based asymmetric wearable and flexible supercapacitors in different configurations and resulting applications (a) CV (at a scan rate of 
200 mV s− 1) and (b) GCD (at a current density of 10 mA cm− 2) measurements of wearable supercapacitor in different series configurations. (c) Photo of 3 serially 
connected supercapacitors lighting up a green LED (d-i) CV measurements of serial and parallel connections of the supercapacitors (d-ii, iii) Photos of green LED 
embedded in a hoodie with lights off and on. (e-i) CV measurements of the assembled device subjected to various bending applications. (e-ii, iii) Flexible and 
wearable device at two different bending scenarios. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.)
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