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Template-assisted pyrolysis enables the synthesis of Fe-based carbonaceous materials with a defined

morphology and structure from iron–carbon precursors. However, conventional tangible templates are

costly and have limited applications, and their removal process is time-consuming and environmentally

harmful. Here, we employ an ultrafast heating technique (1 second to 1800 °C) using a carbothermal shock

reactor to treat iron–carbon precursors. The high-density volatile vapor generated during the rapid pyrolytic

carbonization of the precursor acts as a pore-forming agent, resulting in a porous carbon matrix. This high-

density vapor also restricts the growth area of iron-based nanoparticles, promoting them to form ultrafine

small sizes through confined synthesis. Finally, we successfully prepared the CTS–Fe–C-1800 hybrid

material containing a porous carbon matrix and iron carbide nanoparticles and tested its electrochemical

performance as a multifunctional electrode. As an electrode, the CTS–Fe–C-1800 supercapacitor (SC)

exhibits a high specific capacity of 425.5 F g−1 at 0.5 A g−1. Moreover, the CTS–Fe–C-1800 flexible micro-

supercapacitor (MSC), prepared using a PVA/KOH gel electrolyte and CTS–Fe–C-1800, demonstrates an

impressive energy density of 71.49 W h kg g−1 at 0.637 kW kg g−1. Additionally, when employed as an

anode electrode in a Li-ion battery (LIB), the CTS–Fe–C LIB maintains a capacity of 801.2 mA h g−1 after

1000 cycles at 1 A g−1, surpassing the performance of the majority of reported Fe–C anode electrodes.
1 Introduction

The rapid development of the global economy, alongside the
depletion of fossil fuels and worsening environmental pollu-
tion, has sparked considerable interest in sustainable and
renewable energy sources.1,2 Electrochemical energy storage
(EES) technology, including supercapacitors (SCs), lithium-ion
batteries (LIBs), Zn-ion batteries and potassium-ion batteries,
emerges as a promising solution to the power supply challenge
due to its notable energy density, power density, and cost-
effectiveness.3,4 Extensive research has been conducted to
investigate various energy storage materials, with iron-based
materials (such as Fe3O4, Fe2O3, Fe, and Fe3C) not only being
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widely used in the eld of catalysis,5–8 but also attracting
signicant attention in the eld of energy storage materials due
to their high theoretical capacity, wide electrochemical window,
low cost and abundance.9,10 However, their practical application
is hindered by inadequate electrochemical reactivity and cycling
stability. To overcome these challenges, integrating nano-
structured iron-based materials into porous carbonaceous
materials has demonstrated potential to enhance charge–
discharge kinetics and preserve electrode integrity.11,12 The
porous carbon substrate functions as a conductive matrix,
preventing nanoparticle aggregation and facilitating ion diffu-
sion and transportation.13,14 The small and highly dispersed NPs
will offer more active sites for the enhanced electrochemical
performance. This synergy improves ion-electron transport,15

enhances electrode/electrolyte contact,16 and alleviates stress to
accommodate volume expansion.17

Currently, mainstream methods for preparing iron-based
carbonaceous materials typically involve the pyrolysis of iron
salt impregnated carbon precursors.18,19 However, this approach
oen results in an uncontrolled morphology and structure of the
Fe-based nanoparticles (NPs) and porous carbon matrix, leading
to inevitable aggregation of iron crystalline nanoparticles and
a suboptimal pore structure in the carbon matrix. To overcome
this, template-assisted fabrication has been widely adopted to
precisely dene the morphology and structure of Fe-based NPs
J. Mater. Chem. A, 2025, 13, 7515–7528 | 7515
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and the porous carbonmatrix.20,21 Template-assisted connement
synthesis was adopted to fabricate small-sized and well-dened
Fe-based nanoparticles, employing templates to regulate the
morphologies and compositions of nanomaterials. For instance,
Fe ions can be conned within predened template structures
such as MOFs,22 carbon nanotubes,23 or polymer nanobers.24

Similarly, templates are employed to synthesize carbon materials
with controlled and abundant pores, including hard templates
(e.g., SiO2, Al2O3, and MgO)25 and so templates26 (e.g., cellulose,
MOFs, and F127), embedded in carbon precursors before
carbonization, followed by template removal to yield porous
carbon materials. Nonetheless, the utilization of these tangible
templates, such as nanoparticles, nanobers, and polymer
networks, poses several challenges. Firstly, these templates can be
expensive. Secondly, post-removal of templates to obtain porous
carbon materials is time-consuming and oen environmentally
harmful. Lastly, the distinct templating processes for Fe-based
NPs and porous carbon matrices necessitate different types of
templates, escalating experimental complexity. Consequently,
there is an urgent requirement to develop a simple and highly
efficient method for fabricating Fe–C hybrids with dened
nanostructures.

Here, we propose utilizing a pore-forming agent-volatile
vapor-during pyrolysis to achieve simultaneous pore forma-
tion in the carbon matrix and connement synthesis of Fe-
based nanoparticles (NPs). During the pyrolysis of carbon
precursors, a signicant amount of small molecule vapors are
generated, serving both as a pore-forming agent to create
porous architectures and as a means to inhibit the fusion of Fe-
based NPs, thus constraining their growth. However, traditional
pyrolysis processes in tube furnaces oen suffer from prolonged
heating, leading to pore closure. And the slow heating rate also
results in low vapor density, which is insufficient for effective
NP connement. To address these challenges, we employ the
ultrafast heating technique of the carbothermal shock reactor,
which achieves fast heating to 1800 °C in just 1 second. The
rapid carbonization preserves the morphology of porous struc-
tures in the carbon matrix, while sharp heating generates high-
density vapor steam instantaneously. This dense vapor steam
effectively segments the growth domains of Fe-based NPs,
conning them and promoting formation into ultrane and
small sizes. By combining these strategies, we aim to achieve
precise control over both the porous carbon matrix and the Fe-
based NPs, enhancing the performance of iron-based carbon
hybrid materials for energy storage applications. Consequently,
the CTS–Fe–C-1800 hybrid demonstrates promising electro-
chemical performances: as electrodes in SCs, it exhibits a good
specic capacity of 425.5 F g−1 at 0.5 A g−1 and an energy density
of 148.93 W h kg−1 at 1.061 kW kg−1; as an anode in LIBs, it
shows the highest capacity of 1485.6 mA h g−1 at 0.2 A g−1, with
specic capacity retention reaching 100% aer 600 cycles.

2 Experimental
2.1 Materials and synthesis

All chemical reagents utilized in this study were procured from
commercial suppliers and employed without further
7516 | J. Mater. Chem. A, 2025, 13, 7515–7528
purication. The graphite paper was purchased from Senxin
Huafeng Co., Ltd. Carbon felt was purchased from Shenzhen
Zhongke-Jingyan Technology Co., Ltd. Crocodile clips were
purchased from Shenzhen Haoyuan Shengtai Electronics Co.,
Ltd. Filter paper was purchased from GE Biotechnology
(Hangzhou) Co., Ltd. Iron(III) nitrate hydrate (Fe(NO3)3$9H2O)
was purchased from Sinopod Group Chemical Reagent Co., Ltd.
0.3 mm thick nickel foam was purchased from Guangdong
Canrd New Energy Technology Co., Ltd. Potassium hydroxide
(KOH, AR) was purchased from the Sinopharm group. Silver
paint and copper foil tape were purchased from Superior Tape
(Hangzhou) Co., Ltd. A polyethylene terephthalate (PET) lm
was purchased from Ruixin Plastic Industry Co., Ltd. Carbon
black and polyvinylidene uoride (PVDF) were purchased from
Hefei Kejing Material Technology Co., Ltd. N-Methyl-2-
pyrrolidone (NMP), poly(vinyl alcohol) (PVA) (MW = 185 000
g mol L−1, AR), lithium hexauorophosphate (LiPF6) (97%),
ethylene carbonate (EC) (97%), and diethyl carbonate (DEC)
(99%) were obtained from Shanghai Aladdin Bio-Chem Tech-
nology Co., Ltd.

2.1.1 Preparation of iron-impregnated lter paper (IIFP).
Initially, the lter paper was soaked in ethanol and subjected to
ultrasonic treatment at 50 Hz for 30 minutes. Aer washing
three times, the treated lter paper was dried in an oven at 60 °
C. Next, a solution containing 34.5 g of Fe(NO3)3$9H2O dis-
solved in deionized water was prepared and stirred until the
ferric nitrate was completely dissolved, resulting in
a 3.5 mol L−1 ferric nitrate solution. The dried lter paper was
immersed in the ferric nitrate solution at room temperature for
2 hours. Finally, excess iron nitrate solution was removed by
placing the lter paper on tissue paper, followed by drying in an
oven at 60 °C for 12 hours.

2.1.2 Preparation of CTS–Fe–C samples. The procedure
involved cutting the iron-impregnated lter paper (IIFP) into
a rectangular lm (2 cm × 1 cm) with a geometric area of 2 cm2.
The lm was then placed between two layers of carbon paper
and heated in the Carbothermal Shock (CTS) reactor at
temperatures of 1000 °C, 1400 °C, and 1800 °C, respectively, for
approximately 1 second. Aer CTS processing, the resulting
samples were named CTS–Fe–C-1000, CTS–Fe–C-1400, and
CTS–Fe–C-1800, respectively.

2.1.3 Preparation of TF–Fe–C samples. The above IIFP
rectangular lms were placed in a tube furnace (TF), heated to
800 °C at a heating rate of 5 °C min−1 under a nitrogen (N2)
atmosphere, and held for 2 hours to obtain the nal sample,
named TF–Fe–C.

2.1.4 Preparation of SCs and MSCs. The active material,
carbon black, and polyvinylidene uoride (PVDF) were mixed in
a mass ratio of 80 : 10 : 10. N-Methyl-2-pyrrolidone (NMP) was
then added, resulting in a homogeneous slurry aer thorough
mixing. In this mixture, the as-prepared samples served as the
active material, carbon black acted as the conductive agent,
PVDF functioned as the binder, and NMP was the solvent.
Subsequently, the slurry was applied to nickel foam with
a geometric area of 1 cm2 and dried at 80 °C overnight to
evaporate the solvent. Finally, the coated nickel foam was used
as the electrodes for the SCs.
This journal is © The Royal Society of Chemistry 2025
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In addition, the slurry prepared as described above can also
be used as an ink, which was printed onto the surface of a PET
lm by screen printing as interpolated electrodes for (micro-
supercapacitor) MSC assembly, and then dried under vacuum
at 60 °C. To facilitate the electrochemical measurement of
MSCs, we glued two pieces of copper foil to the end of the
interpolated electrodes, coated the connecting part of elec-
trodes and copper foil with silver paint, and then allowed it to
dry for 10 minutes. The tape is then placed tightly over the silver
paint to avoid direct contact with the electrolyte. The printed
electrodes were then coated with a gel-like polymer electrolyte
made of 1 mol L−1 KOH-PVA. For the preparation of gel elec-
trolytes, we followed the procedure reported in the literature.
Aer drying in the ambient atmosphere, solid coplanar MSCs
are formed and stored in a vacuum for further measurement.

2.1.5 Preparation of LIBs. First, the slurry (with the same
chemical composition as that used to prepare SC and solid-state
MSC electrodes) was coated onto the surface of copper foil. The
coated copper foil was then placed in a vacuum drying oven and
dried at 70 °C for 12 hours. Aer drying, the sample was cut into
circular sheets with a diameter of 12 mm to serve as the working
electrode. In a glove box lled with argon gas (with oxygen and
water contents below 0.1 ppm), lithium foil and Crade GF/D
were used as the counter electrode and separator, respectively.
The working electrode was then assembled into a coin cell
(CR2032) with 30 ml of electrolyte (1 M LiPF6 dissolved in
a mixture of EC and DEC in a 1 : 1 volume ratio).
2.2 Characterization of microstructures

The phase analysis of the as-prepared samples was performed
by X-ray powder diffraction (XRD) using Cu Ka radiation (Bruker
AXS, Germany). Microscope images were observed via eld
emission scanning electron microscopy (SEM, HITACHI
SU8010, Japan). The SEM system was operated at an acceler-
ating voltage of 20 kV and a working distance ranging from 8 to
15 mm. The size distribution of Fe-based nanoparticles (NPs)
was analyzed by selecting 100 randomly selected NPs from the
SEM images and processing the data using ImageJ soware. For
cross-sectional SEM characterization, the samples were cut
perpendicular to their plane, with the entire process conducted
in liquid nitrogen to achieve a relatively at cross-section.
Elemental composition analysis was conducted using an EDS
detector equipped with a HITACHI SU8010 SEM (Japan). A
transmission electron microscope (TEM, Tecnai G2 F20, FEI,
Netherlands) with an accelerating voltage of 80 kV was used to
observe the morphologies of the as-prepared samples. Raman
spectroscopy was conducted using a Bruker SENTERRA Raman
spectrometer (Germany). The valence states of the elements in
the as-prepared materials were analyzed by X-ray photoelectron
spectroscopy (XPS) using an ESCALab250 (UK). The Brunauer–
Emmett–Teller (BET) method and Barrett–Joyner–Halenda
(BJH) method were used to determine the specic surface area
and pore size distribution of the as-prepared materials using
a BSD-PM2 device (China). Nitrogen adsorption measurements
were conducted at 77 K, with all samples degassed for 2 hours at
350 °C prior to the measurements. Thermogravimetric (TG)
This journal is © The Royal Society of Chemistry 2025
measurements were conducted using a Netzsch STA2500
apparatus (Germany) with an airow of 20 mL min−1 and
a heating rate of 10 °C min−1. A LabRam HR Evolution Raman
microscope was used to obtain Raman spectra with a 532 nm
excitation laser at a power of 5 mW.
2.3 ReaxFF molecular dynamics (MD) simulation details

First of all, the model was built using the Materials Studio (MS)
2020 soware package (BIOVIA, USA). The Forcite Module was
used to optimize the molecular structure with COMPASSII as
the force eld. During the geometric optimization process, the
convergence thresholds for maximum energy change,
maximum force convergence threshold, and maximum
displacement convergence threshold are 0.001 kcal mol−1,
0.5 kcal mol−1 Å−1, and 0.015 Å, respectively, to release internal
stress in the system. In order to obtain a more optimized
structure, a 500 ps dynamic simulation was conducted under
the NVT ensemble with a step size of 1 fs at 298.15 K. DuringMD
simulations, electrostatic interactions are calculated using
Ewald, while van der Waals forces are calculated using atom
base. The precise Nose–Hoover temperature control mode and
Berendsen pressure control mode are used in the dynamic
process.

The procedure used for simulation of the polymer involved
minimization of each structure using low-temperature MD.
Next, all structures were equilibrated at different temperatures
(1000 °C, 1400 °C, and 1800 °C) using NVT-MD simulation
(using a Berendsen thermostat) and a time step of 0.05 fs with
the following exceptions: in ReaxFF simulation, the tempera-
ture of the model was increased from room temperature to 1000
°C in a time of 500 ps andmaintained at 1000 °C in a time of 500
ps, and then maintained at 1000 K for 50 ps. Aer the simula-
tion is completed, the amount of CO2 generated is counted as
a function of temperature. The bond order cutoff for molecule
recognition used in the analysis of all systems was 0.3 Å.
3 Results and discussion
3.1 Preparation and characterization

Ultrafast pyrolysis is achieved using the CTS reactor, con-
structed by tightly packing two joule-heating carbon papers
together, as illustrated in Fig. 1. The reactant is sandwiched
between the two carbon papers (Fig. S1†). By applying a high
density of current passing through the carbon papers, ultrafast
radiation heating is achieved between them, resulting in rapid
pyrolysis. As shown in Fig. 1, the CTS reactor reaches temper-
atures of approximately 1800 °C within 1 second (with an initial
input of approximately 410 mg, the yield obtained per experi-
ment was about 80 mg), accompanied by a noticeable and
intense ash of light (Movie S1†). To conceptually validate this
approach, we utilize a well-established example of pyrolyzing
iron-impregnated lter paper in our CTS reactor. Previous
literature studies indicate that iron-impregnated lter paper
can be pyrolyzed into iron–carbon hybrids in tube furnaces or
muffle furnaces,27 with potential applications in SCs and
LIBs.28,29 However, low Fe ion loading reduces the content of
J. Mater. Chem. A, 2025, 13, 7515–7528 | 7517
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Fig. 1 Schematic illustration of the CTS–Fe–C-1800 sample on the CTS reactor.
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electrochemically active Fe species, compromising perfor-
mance, while high Fe ion loading can lead to the aggregation of
iron-based nanoparticles, negatively affecting material proper-
ties. To address this, our work builds upon prior research by
adopting an optimal iron ion loading for the experiment.27 To
do this, commercial laboratory lter paper is soaked in an iron
nitrate solution for 4 hours to ensure absorption of iron ions.
Aer drying, the iron-impregnated lter paper is placed
between the two joule-heating carbon electrodes for subsequent
CTS pyrolysis.

Following pyrolysis in the CTS reactor at 1800 °C, the original
deep yellow iron-impregnated lter paper (IIFP) turns black
(Fig. S2†), indicating the carbonization of the lter paper,
referred to as CTS–Fe–C-1800. As depicted in Fig. 2a, CTS–Fe–C-
1800 maintains the original interconnected ber structures of
the lter paper (Fig. S3†), with the formation of numerous pore
(micropores and small mesopores) structures within the bers
(Fig. 2a–c). This is attributed to the predominant cellulose
composition of the lter paper. During cellulose pyrolysis,
volatile gases, including CO2 and CO are released.30 Further-
more, Fe (NO)3 decomposes to release NO2 and H2O gases.31,32

These volatile gases act as a pore-forming agent, creating voids
within the resulting carbon structure and thereby forming pore
structures in the carbon matrix. To emphasize the distinctive
features of ultrafast pyrolysis facilitated by the CTS reactor, we
conducted traditional slow pyrolysis of the same iron-
impregnated lter paper in a tube furnace (TF) under a N2

atmosphere for comparison. The obtained TF heating process
were obtained from previous literature studies,27 and the
resulting products were labeled as TF–Fe–C. While TF–Fe–C
also displays a porous brous structure (Fig. 2d), noticeable
differences in morphology between TF–Fe–C and CTS–Fe–C-
1800 are evident. Firstly, CTS–Fe–C-1800 exhibits a more
dispersed ber structure, contrasting sharply with the fused
7518 | J. Mater. Chem. A, 2025, 13, 7515–7528
ber structure observed in TF–Fe–C. This variation arises from
the distinct heating proles of the respective reactors. In the
tube furnace, characterized by a slow heating rate, cellulose
bers within the lter paper gradually melt and fuse at low
temperatures, followed by carbonization at elevated tempera-
tures.33 In contrast, the ultrafast heating rate of the CTS reactor
bypasses the low-temperature heating phase, facilitating direct
carbonization of the cellulose bers while maintaining the
original dispersed ber structure, as evidenced by SEM images
of the raw lter paper (Fig. S3†). Secondly, the surface
morphology of CTS–Fe–C-1800 bers displays pronounced
porosity, whereas TF–Fe–C surfaces appear dense and smooth
(Fig. 2e and f). This difference in surface characteristics can be
also attributed to the distinct heating rates employed in the two
methods. During cellulose pyrolysis, volatile compounds
undergo vaporization, resulting in pore formation within the
nal carbon products. However, in the tube furnace, the slow
heating rate promotes material fusion, leading to pore closure
before carbonization occurs. Conversely, the rapid heating
process in the CTS reactor preserves the porous structure,
thereby maximizing pore retention in the carbon products
(Fig. 2g).

Additionally, a notable distinction lies in the Fe-based
nanoparticles (NPs) embedded within the carbon matrix. In
the TF–Fe–C hybrid, NPs measuring approximately 180 nm
(calculation from Fig. 2e) in size were formed within the carbon
bers (Fig. 2h), whereas in the CTS–Fe–C hybrid, the resulting
NPs were much smaller (Fig. 2i), averaging around 15 nm
(calculation from Fig. 2b). The generation of small NPs can be
ascribed to the ultrafast pyrolysis process characterized by rapid
heating and cooling rates. Analogous to other non-equilibrium
fabrication methods like laser fabrication,34,35 microwave
fabrication,36 or ash joule heating,37 where reactions occur
within a very short timeframe, NP growth is effectively
This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a–c) Low and highmagnified SEM images of CTS–Fe–C-1800. (d–f) Low and highmagnified SEM images of TF–Fe–C. (g) Morphological
difference between CTS–Fe–C-1800 and TF–Fe–C. (h) NP size distribution diagram of TF–Fe–C. (i) NP size distribution diagram of CTS–Fe–C-
1800.
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constrained, leading to the formation of small and uniform
NPs. However, in our investigation, the formation of small NPs
was not solely attributed to the short reaction duration but also
involved the templating effect of volatile vapor during pyrolysis.
We observed that reducing the maximum temperature of the
CTS reactor to 1400 °C and 1000 °C resulted in the production of
CTS–Fe–C-1400 (Fig. 3a–c) and CTS–Fe–C-1000 (Fig. 3d–f)
products, respectively, featuring considerably larger NPs,
approximately 260 nm (calculation from Fig. 3a) and 490 nm
(calculation from Fig. 3d) in size. It is noteworthy that the
reaction still occurred within the short duration of 1 second
(Fig. S4†). In principle, when the reaction occurs rapidly, NP
growth is expected to be constrained, leading to the formation
of small and uniform NPs. However, the size of NPs in CTS–Fe–
C-1400 and CTS-Fe-1000 exceeded that of TF–Fe–C, fabricated
using the TF reactor.

This unusual experimental observation can be attributed to
the following reasons: in the traditional gradual pyrolysis
process in the TF, Fe(NO)3 begins to decompose into NO2 and
H2O at low temperatures,38 initiating the formation of Fe-based
nanocrystals, while cellulose remains uncarbonized. These
nanocrystals were adhered to the cellulose matrix, being
This journal is © The Royal Society of Chemistry 2025
stabilized and dispersed by it. As the temperature gradually
increases, the nanocrystals undergo Ostwald ripening, leading
to an increase in size and eventually forming large nano-
particles (NPs). In contrast, during the CTS pyrolysis process,
the temperature rapidly exceeds 1000 °C. At this high temper-
ature, the decomposition of Fe(NO)3 and the carbonization of
cellulose occur simultaneously, resulting in the immediate
generation of a signicant amount of volatile vapor. On the one
hand, the instant mass of volatile vapor creates a non-
equilibrium and chaotic reaction environment, potentially
facilitating the mixing and fusion of the Fe-based nanocrystals,
leading to the formation of larger NPs. On the other hand, the
volatile vapor acts as a pore-forming agent for creating voids
within the formed carbon matrix. These voids partition the
carbon matrix into separate domains, providing sites for NP
anchoring. The size of the NPs is constrained by the dimensions
of these isolated domains. Consequently, as more volatile vapor
is generated and more porous structures are formed, NPs are
conned to smaller sizes.

By increasing the reaction temperature in the CTS pyrolysis
process, a greater amount of volatile vapor is generated, as
evidenced by the observed mass loss during pyrolysis.
J. Mater. Chem. A, 2025, 13, 7515–7528 | 7519
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Fig. 3 (a and b) Low and highmagnified SEM images of CTS–Fe–C-1400. (c) NP size distribution diagram of CTS–Fe–C-1400. (d and e) Low and
high magnified SEM images of CTS–Fe–C-1000. (f) NP size distribution diagram of CTS–Fe–C-1000. (g and h) ReaxFF MD simulates the
generation of CO2 molecules during the formation of CTS–Fe–C-1800, CTS–Fe–C-1400 and CTS–Fe–C-1000. (i) N2 adsorption–desorption
isotherms of Fe–C samples. (j) Formation mechanism of CTS–Fe–C-1800.
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Specically, CTS–Fe–C-1800 exhibits the highest pyrolysis mass
loss (Fig. S5†), indicating the most signicant vapor generation.
Although direct observation of small molecule vapor generation
in situ is challenging, we conducted molecular dynamics (MD)
simulations to simulate the pyrolysis process within the CTS
reactor (Fig. 3g and h). To simplify the simulation process, we
incorporated only 10 cellulose molecules into the system and
examined the generation of total pyrolysis products generated
at different temperatures (1000 °C, 1400 °C, and 1800 °C)
(Fig. S6†). During the pyrolysis process, small molecule vapors
are produced. To simplify the analysis, CO2 was selected as
a representative molecule for the total small molecule vapor.
7520 | J. Mater. Chem. A, 2025, 13, 7515–7528
The amount of CO2 generated at different CTS pyrolysis
temperatures was quantied (Fig. 3h). The simulation results
show that the number of CO2 molecules increases with
increasing temperature, with a signicantly higher production
of CO2 at 1800 °C compared to 1000 °C and 1400 °C. This
suggests that more volatile vapors are generated with higher
temperature treatments, which aligns with our experimental
ndings. As a result of increased volatile vapor generation, the
porosity of the products increases, resulting in an increase in
their specic surface areas (Fig. 3i, j and Table S1†). BET anal-
ysis reveals that CTS–Fe–C-1800 exhibits the highest specic
surface area of 161.3 m2 g−1, whereas CTS–Fe–C-1400, CTS–Fe–
This journal is © The Royal Society of Chemistry 2025
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C-1000 and TF–Fe–C exhibit specic surface areas of 118.1 m2

g−1, 35 m2 g−1 and 5.8 m2 g−1, respectively. Moreover, SEM
images exhibit a signicantly more porous morphology in CTS–
Fe–C-1800 (Fig. 2c) compared to CTS–Fe–C-1400 and CTS–Fe–C-
1000. The pore structures in CTS–Fe–C-1800 are notably denser
and divide the carbon matrix into smaller domains. Within
each domain, small NPs are anchored, surrounded by a network
of pores within the carbon matrix, indicating that the size of
NPs is constrained by the surrounding pore structures (Fig. 2c).
These ndings collectively suggest that the ultrafast and high-
temperature heating of the CTS reactor enables volatile vapor
to act as a pore-forming agent, facilitating simultaneous pore
formation in the carbon matrix and connement synthesis of
Fe-based NPs. TEM images also showed signicantly smaller Fe-
based NPs in CTS–Fe–C-1800 (Fig. S7a†) compared to CTS–Fe–
C-1400 (Fig. S8a†) and CTS–Fe–C-1000 (Fig. S9a†).

To analyze the structures and compositions of the obtained
Fe–C hybrids, we employed X-ray diffraction (XRD). As shown in
Fig. 4a–c, the TF hybrids exhibit prominent XRD peaks at 2q =

26.8° and 42.2°, corresponding to the (002) and (400) planes of
Fig. 4 (a) XRD patterns of Fe–C samples. (b) XRD patterns and Rietveld re
of TF–Fe–C. (d) TG curves of Fe–C samples. (e and f) Raman spectra and
High-resolution XPS surveys of C 1s and Fe 2p, respectively.

This journal is © The Royal Society of Chemistry 2025
graphite and Fe3O4,39 respectively. For the CTS–Fe–C hybrids,
new XRD peaks at 2q = 38.0°, 43.8°, and 64.8° appeared,
attributed to the (210), (102), and (321) planes of Fe3C40 This
may result from the more severe reaction conditions in the CTS
reactor, where iron ions could directly react with the carbon
precursor to generate carbide.41,42 In CTS–Fe–C-1800, due to the
high temperature, almost all iron ions are transformed into
Fe3C. It should be noted here thar the 2q = 64.8° peak could
refer to the (321) plane of Fe3C or the (200) plane of metallic Fe.
To clarify the attribution of this XRD peak, we conducted
thermogravimetric (TG) analysis of these samples (Fig. 4d). If Fe
exists in these hybrids, there should be a slight weight increase
from 190 °C to 410 °C due to the oxidation reaction of metallic
Fe to Fe2O3.43 However, in the TG curves of these CTS–Fe–C
hybrids, no such weight increase is observable, indicating that
these peaks undoubtedly belong to Fe3C. The proportional
composition of different iron phases in the Fe–C composites
was ascertained through Rietveld renement of the XRD data
using Jade soware. Combined with the TG results, the
proportional composition of carbon, Fe3O4, and Fe3C in these
finement of CTS–Fe–C-1800. (c) XRD patterns and Rietveld refinement
ID/IG values of Fe–C samples. (g) XPS survey of Fe–C samples. (h and i)

J. Mater. Chem. A, 2025, 13, 7515–7528 | 7521
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Fe–C hybrids could be calculated, as shown in Fig. 4b, c and
S10, S11.† Details of the calculation can be found in the ESI.†
Moreover, there are other noticeable differences in these XRD
spectra. CTS–Fe–C hybrids exhibit an obvious graphitic peak at
2q = 26.8°, while TF–Fe–C did not show such a peak. This
suggests that the carbon composition in TF–Fe–C is amor-
phous. In CTS–Fe–C hybrids, due to non-equilibrium and
extreme reaction conditions, graphitization of the carbon
precursor is more likely to occur.

To further analyze the carbon materials, Raman spectros-
copy is a powerful tool. Raman spectroscopy analysis demon-
strates the consistent presence of the D band at 1351 cm−1

indicative of defective graphitic carbon and the G band at
1590 cm−1 representing sp2-hybridized carbon across all
samples (Fig. 4e).44 However, the TF–Fe–C sample exhibits
broader D and G peaks, suggesting a more amorphous carbon
structure.45,46 Additionally, a broad peak ranging from 2500 to
3000 cm−1, corresponding to the combination mode of D + D0,45

further supports the amorphous nature of carbon in TF–Fe–C.
In contrast, CTS–Fe–C hybrids display sharper D and G peaks,
indicating enhanced graphitization, consistent with XRD
results. Furthermore, the appearance of a small 2D band at
2695 cm−1 suggests the presence of few-layer graphene in these
samples. These ndings indicate the role of the CTS reactor in
providing intense and non-equilibrium reaction conditions,
which is conducive to improved graphitization. Moreover, the
higher temperatures in the CTS reactor led to an increased ID/IG
ratio (Fig. 4f), signifying higher defect generation due to the
increasing volatile vapor production during pyrolysis. These
defects may facilitate mass and ion transportation efficacy when
these materials are utilized as electrode materials.47

The bonding characteristics and elemental composition of
Fe–C hybrids are conrmed with X-ray photoelectron spectros-
copy (XPS) (Fig. 4g). The XPS spectra of C 1s revealed distinct
peaks at 284.4 eV, 285.2 eV, and 286.2 eV in the C 1s region,
corresponding to C–C, C]C, and C–O bonds, respectively
(Fig. 4h). Additionally, in the CTS–Fe–C hybrid, a discernible
Fe–C peak at 283.4 eV was observed, indicative of Fe3C forma-
tion. Notably, in the CTS–Fe–C-1800 sample, where the majority
of Fe ions existed in the Fe3C state, the Fe–C peak predomi-
nated. This observation was further corroborated by the Fe 2p
XPS spectra (Fig. 4i), where only the CTS–Fe–C-1800 sample
exhibited a signicantly dominant Fe–C peak at 708.9 eV and
719.1 eV. These ndings align closely with XRD results, which
conrmed the presence of Fe-based NPs in the Fe3C phase
within the CTS–Fe–C-1800 sample. Moreover, the composite
structure of the Fe–C hybrid materials was further investigated
using transmission electronmicroscopy (TEM). TEM imaging of
the CTS–Fe–C-1800 sample corroborated the uniform distribu-
tion of nanoparticles encapsulated within the carbon layer,
consistent with observations from SEM analysis (Fig. S7a†).
High-resolution TEM (HRTEM) analysis revealed lattice fringes
in the samples. Specically, in CTS–Fe–C-1800 (Fig. S7b and c†),
the carbon layer exhibited high crystallinity, displaying a lattice
spacing of 0.34 nm, corresponding to the (002) crystal face of
graphitic carbon (JCPDS #41-1487), while the lattice spacing of
0.24 nm and 0.21 nm in the nanoparticles corresponded to the
7522 | J. Mater. Chem. A, 2025, 13, 7515–7528
(210) and (102) crystal planes of Fe3C (JCPDS #35-0772),
respectively, conrming the presence of Fe3C nanoparticles.
Furthermore, TEM analysis of CTS–Fe–C-1400 (Fig. S8b and c†)
and CTS–Fe–C-1000 (Fig. S9b and c†) revealed lattice fringes
corresponding to graphitic carbon, Fe3C crystal faces, as well as
Fe3O4 (220) crystal faces (JCPDS #76-1849). Energy dispersive X-
ray spectroscopy (EDS) elemental maps obtained in STEMmode
illustrated the uniform distribution of Fe3C nanoparticles
within the carbon matrix (Fig. S12†).
3.2 Electrochemical properties

The characterization and analysis above indicate that the CTS–
Fe–C-1800 hybrid exhibits a large specic surface area, charac-
terized by abundant pore structures and small-sized NPs. This
morphology is advantageous for facilitating mass or ion trans-
portation when it was utilized as an electrode material.48

Moreover, the formation of Fe3C NPs enhances the electro-
chemical performance, making them suitable for applications
in SCs and LIB electrodes.40 Therefore, the potential of CTS–Fe–
C-1800 as an electrode material for SCs and LIBs was assessed,
along with other Fe–C hybrids for comparison. The electro-
chemical performance of sample-based SCs (Fig. 5a) was
compared using CV (Fig. 5b and S13†) curves and GCD (Fig. 5c
and S14†) curves ranging from −1.0 to 0 V in a three-electrode
structure with a 1 M KOH aqueous electrolyte. The CV areas
of the CTS–Fe–C-1800 SC are larger than those of CTS–Fe–C-
1400, CTS–Fe–C-1000 and TF–Fe–C SCs at a scan rate of 1–
20 mV s−1. Generally, the area of the CV curve is proportional to
the specic capacitance. Therefore, the CTS–Fe–C-1800 SC has
the largest capacitance compared to other samples. Then, the
discharge times of CTS–Fe–C-1800 SC are signicantly longer
than those of the other three samples at various current
densities. Undoubtedly, CTS–Fe–C-1800 SC (323.3 F g−1 or 6.5
mF at 1 A g−1, 148.9 W h kg−1 at 1.061 kW kg−1 or 0.046 mW h
cm−2 at 0.255 mW cm−2 via eqn (S1)–(S6)†) also exhibited the
highest specic capacity (Fig. 5d and S15†) and energy density
(Fig. S16†) compared to CTS–Fe–C-1400, CTS–Fe–C-1000 and
TF–Fe–C SCs. This performance is also comparable to that of
most reported Fe3C-based SCs (Table S2†). The better specic
capacitance and energy density of the CTS–Fe–C-1800 SC,
compared to CTS–Fe–C-1400, CTS–Fe–C-1000, and TF–Fe–C
SCs, can be attributed to the following factors. First, CTS–Fe–C-
1800 SC possesses a higher specic surface area compared to
CTS–Fe–C-1400, CTS–Fe–C-1000 and TF–Fe–C SCs, which
provides an increased number of active sites for charge
storage.48 Additionally, the CTS–Fe–C-1800 SC showed a higher
degree of graphitized carbon (Fig. 4f) than CTS–Fe–C-1400,
CTS–Fe–C-1000 and TF–Fe–C, therefore offering a more
conductive carbon matrix,40 which can be seen from the elec-
trochemical impedance spectroscopy (EIS) data. As shown in
Fig. 5e, the CTS–Fe–C-1800 SC shows the lowest series resis-
tance (Rs) value of 1.48 U, which facilitates more efficient charge
transfer.49

We further examined the charge storage mechanism of SCs
through CV curves. All SCs were tted based on the peak
oxidation currents at different scanning rates (Fig. S13†), and
This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Electrochemical performance of supercapacitors (SCs). (a) Schematic illustration of the three-electrode structure SC. (b) CV curves of Fe–
C SCs at a scan rate of 20 mV s−1. (c) GCD curves of Fe–C SCs at a current density of 0.5 A g−1. (d) Specific capacitance of Fe–C SCs at different
current densities. (e) Nyquist plots of Fe–C SCs. (f) The b values of Fe–C SCs. (g and h) Contribution percentages of the capacitive and diffusion-
controlled process at different scan rates of the CTS–Fe–C-1800 SC.
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the b values were determined to be 0.79 (TF–Fe–C SC), 0.81
(CTS–Fe–C-1000 SC), 0.86 (CTS–Fe–C-1400 SC), and 0.91 (CTS–
Fe–C-1800 SC) via eqn (S7) (Fig. 5f and S17†). These b values,
ranging between 0.5 and 1, indicate that all SCs exhibit both
diffusion and capacitance control during the electrochemical
process. Specically, the b value of the CTS–Fe–C-1800 SC is
closest to 1, suggesting that it predominantly exhibits pseudo-
capacitive behavior, with its electrochemical processes
primarily governed by capacitive control.50 We further quanti-
ed the capacitance contribution for all SCs using eqn (S8)† as
shown in Fig. 5g, h and S18.† In particular, the capacitance
control of CTS–Fe–C-1800 SC increases from 62% to 82% as the
scan rate increases from 1 mV s−1 to 20 mV s−1. Moreover, the
CTS–Fe–C-1800 SC consistently demonstrated a higher capaci-
tance control than the other samples across all scan rates,
aligning well with the b-value analysis. The high capacitance
control ratio of the CTS–Fe–C-1800 SC can be attributed to its
small and uniformly distributed Fe3C NPs.51
This journal is © The Royal Society of Chemistry 2025
The feasibility of fabricating exible MSCs using CTS–Fe–C-
1800 through screen printing was investigated. As shown in
Fig. 6a, the CTS–Fe–C-1800 ink was deposited onto a PET lm in
an interdigitated pattern, followed by the application of a PVA/
KOH gel electrolyte to create the MSC. The electrochemical
performance of the assembled CTS–Fe–C-1800 MSC was inves-
tigated by recording their CV and GCD curves. Notably, the peak
positions shied only slightly when the scan rate increased
from 1 to 20 mV s−1 (Fig. 6b), indicating the good reversibility of
the devices. The GCD curve and specic capacity of the MSC are
shown in Fig. 6c, d and S19,† which exhibits the highest specic
capacity of 204.2 F g−1 (3.8 mF cm−2) at a current density of
0.5 A g−1, and even at a current density of 6 A g−1, the MSC still
maintains a specic capacity of 115.2 A g−1 (2.1 mF cm−2). The
CV curves under various bending conditions (Fig. 6e and f)
demonstrated no signicant changes, conrming the device's
mechanical exibility and suitability for practical applications.
The Ragone plot in Fig. S20† illustrates the energy density and
power density of the MSC. The device exhibited an energy
J. Mater. Chem. A, 2025, 13, 7515–7528 | 7523
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density of 71.49 W h kg−1 at 0.637 kW kg−1 (0.02 mW cm−2 at
0.08 mW h cm−2). As depicted in Fig. S20a,† the energy density
of the device surpasses that of most reported Fe3C-based MSCs
(Table S3†). Furthermore, the long-term cycle stability of the
device was evaluated. As depicted in Fig. 6g, aer 180 h opera-
tion in oating mode, the capacity of the MSC remains at 187.3
F g−1, demonstrating its long-term cycle stability. Moreover, the
cycled CTS–Fe–C-1800 electrode was also analyzed using FESEM
Fig. 6 Electrochemical performance of micro-supercapacitors (MSCs).
curves of the CTS–Fe–C-1800MSC at different scan rates. (c) GCD curve
capacitance of the CTS–Fe–C-1800 MSC at different current densities.
MSC under bending angles from0° to 180° at 20mV s−1. (g) The specific c
of 20 mV s−1 for a single CTS–Fe–C-1800 MSC and multiple CTS–Fe–C
0.5 A g−1 for a single CTS–Fe–C-1800 MSC and multiple CTS–Fe–C-1
powered by three serially connected CTS–Fe–C-1800 MSCs.

7524 | J. Mater. Chem. A, 2025, 13, 7515–7528
(Fig. S21a and b†), HRTEM (Fig. S21c†), XRD (Fig. S22a†), and
XPS (Fig. S22b–d†). The results show that the structure of the
electrode remains stable, with no signicant changes in its
chemical composition or morphology. Additionally, three CTS–
Fe–C-1800 MSCs were connected in series, and the CV and GCD
curves of a single device and three devices connected in series
were obtained at the same current density, as depicted in Fig. 6h
and i. The capacitance of the series-connected devices
(a) Schematic illustration of CTS–Fe–C-1800 MSC preparation. (b) CV
s of the CTS–Fe–C-1800MSC at different current densities. (d) Specific
(e and f) CV curves and capacitance retention of the CTS–Fe–C-1800
apacitance as a function of the floating time. (h) CV curves at a scan rate
-1800 MSCs connected in series. (i) GCD curves at a current density of
800 MSCs connected in series. (j) Optical image of a green LED bulb

This journal is © The Royal Society of Chemistry 2025
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signicantly increases compared to the single device, and the
output voltage range expands from 0–1 V to 0–3 V. In the
bending state, the series-connected device can illuminate
a green LED (3.0 V) (Fig. 6j and Movie S2†). Therefore, the above
results indicate that the CTS–Fe–C-1800 MSC shows promise as
a component for exible power supplies for wearable and
portable devices.

The electrochemical performance of Fe–C hybrids as LIB
anode electrode materials was examined, as depicted in Fig. 7a.
The CV curves for the initial three cycles of the CTS–Fe–C-1800
Fig. 7 Lithium-ion storage performance. (a) Schematic illustration of t
recorded at 0.30 mV s−1. (c) CV curves of the CTS–Fe–C-1800 LIB at diff
performance of Fe–C LIBs at 0.2 A g−1. (f) The b values of Fe–C LIBs.
controlled process at different scan rates of the CTS–Fe–C-1800 LIB. (i

This journal is © The Royal Society of Chemistry 2025
LIB are shown in Fig. 7b. In the rst cycle, a sharp reduction
peak below 0.1 V is observed in the initial cathodic process,
attributed to the formation of a solid electrolyte interface (SEI)
layer. In the subsequent charge process, a broad peak at about
1.75 V appears in the rst anodic curve, representing the
reversible oxidation reactions of the partial SEI catalyzed by
Fe3C (Fig. S23†).52 From the second cycle, the cathodic peak at
0.5 V shis to approximately 0.7 V, and the anodic peak moves
slightly to a higher potential (approximately 1.9 V) as well.
Meanwhile, an apparent decrease in cathodic current is
he CTS–Fe–C-1800 LIB. (b) CV curves of the CTS–Fe–C-1800 LIB,
erent scan rates. (d) CV curves of Fe–C LIBs at 0.30 mV s−1. (e) Cycling
(g and h) Contribution percentages of the capacitive and diffusion-

) Nyquist plots of Fe–C LIBs. (j) Rate performance of Fe–C LIBs.

J. Mater. Chem. A, 2025, 13, 7515–7528 | 7525
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observed in the second CV curve compared with the rst one,
indicating specic capacity loss aer the rst discharge/charge
process due to SEI lm formation and an irreversible lithium
insertion reaction. From the second and third cycle, the CV
curves nearly overlap, indicating the reversibility and electro-
chemical stability of the anode made from CTS–Fe–C-1800. As
depicted in Fig. 7c, the peaks retain well-dened congurations
even with an increase in the scan rate from 0.05 mV−1 to
0.30 mV−1, demonstrating the good reversibility of the SEI.
Similar to the above results of the supercapacitor application,
the CTS–Fe–C-1800 LIB also exhibits a better performance than
CTS–Fe–C-1400, CTS–Fe–C-1000, and TF–Fe–C LIBs, due to the
smaller and more uniformly distributed Fe3C NPs and a more
porous carbon matrix. As shown in Fig. 7d and S24,† the CV
geometric area of the CTS–Fe–C-1800 LIB is signicantly
higher than that of CTS–Fe–C-1400, CTS–Fe–C-1000, and TF–
Fe–C LIBs.

The cycling performance of these LIBs at 0.2 A g−1 is tested
and shown in Fig. 7e. The CTS–Fe–C-1800 LIB demonstrates the
highest initial discharge specic capacity of 1639.2 mA h g−1.
Subsequently, the discharge specic capacity of all LIBs decays
faster initially and then increases slowly. This phenomenon is
attributed to the gradual release of additional Li ions stored in
the SEI layer during prolonged cycling, providing additional
specic capacity. During the cycling process, the CTS–Fe–C-
1800 LIB consistently exhibits the highest discharge specic
capacity, reaching a peak value of 1485.6 mA h g−1. Additionally,
the discharge specic capacity and coulombic efficiency can
still be maintained at 1241.6 mA h g−1 and 100.3%, respectively,
aer 600 cycles, signicantly outperforming CTS–Fe–C-1400
(862.6 mA h g−1 and 99.4%), CTS–Fe–C-1000 (710.4 mA h g−1

and 98.2%) and TF–Fe–C (532.4 mA h g−1 and 95.4%) LIBs. As
seen from Fig. S25,† the CTS–Fe–C-1800 LIB can still exhibit
a discharge specic capacity of 801.2 mA h g−1 aer 1000 cycles
at 1.0 A g−1. This value surpasses that reported in themajority of
previous literature studies, as illustrated in Table S4,† high-
lighting the good cycling stability of the CTS–Fe–C-1800 elec-
trode. To further investigate the CTS–Fe–C-1800 electrode,
a series of characterization studies were performed on the
cycled electrode. XRD (Fig. S26a†) and SEM (Fig. S27a and b†)
analyses demonstrated that the morphology and chemical
structure of the electrode remained essentially unchanged
before and aer cycling. Furthermore, XPS (Fig. S26b–d†)
analysis revealed the appearance of a CO3

2− peak in the C 1s
spectrum of the cycled electrode, attributed to Li2CO3, con-
rming the presence of a SEI lm.53 The SEI lm is also directly
observable in the TEM image (Fig. S27c†) of the cycled
electrode.

The electrochemical reaction kinetic properties of CTS LIBs
were further investigated based on the CV curves. The calcu-
lated b values corresponding to the anodic peaks of Fe–C LIBs
are 0.95 (CTS–Fe–C-1800 LIB), 0.91 (CTS–Fe–C-1400 LIB), 0.89
(CTS–Fe–C-1000 LIB) and 0.7 (TF–Fe–C) (Fig. 7f and S28†),
respectively. The results illustrate that the electrochemical
processes include both diffusion-controlled and capacitive-
controlled behaviors.54 According to Fig. 7g, h and S29,† the
percentage of the pseudocapacitance contribution of the CTS–
7526 | J. Mater. Chem. A, 2025, 13, 7515–7528
Fe–C-1800 LIB increases from 67.4% to 85.0% as the scan rate
increases from 1 mV s−1 to 20 mV s−1, which is higher than that
of the other samples. The prominent proportion of capacitive
behavior of the CTS–Fe–C-1800 LIB is due to to its ion-accessible
hierarchical pore structure and more active sites of Fe3C NPs,51

both of which facilitate ion diffusion. This is veried by the
smallest Rs values of the CTS–Fe–C-1800 LIB as shown in Fig. 7i.

Finally, the rate performance of the CTS–Fe–C-1800 LIB was
further investigated. As shown in Fig. 7j, the CTS–Fe–C-1800 LIB
exhibits higher discharge specic capacity than the remaining
LIBs at 0.1 A g−1, 0.2 A g−1, 0.4 A g−1, 0.6 A g−1, 0.8 A g−1,
1.0 A g−1, and 2.0 A g−1 current densities. Even at a high current
density of 2.0 A g−1, the CTS–Fe–C-1800 LIB can maintain
a discharge specic capacity of 756.8 mA h g−1. As a compar-
ison, the CTS–Fe–C-1400 LIB, CTS–Fe–C-1000 LIB and TF–Fe–C
LIB possess much lower discharge capacities of 598.7 mA h g−1,
466.5 mA h g−1, and 332.2 mA h g−1, respectively. When the
current density was changed to 0.1 A g−1, the discharge specic
capacity of the CTS–Fe–C-1800 LIB also recovers to
1466.3 mA h g−1. The good rate performance of the CTS–Fe–C-
1800 LIB could be attributed to the following factors: the
smaller and more uniformly distributed Fe3C NPs could
enhance the efficiency of lithium-ion intercalation and dein-
tercalation, and the porous carbon matrix helps relieve volume
expansion.49

4 Conclusions

In this work, using the carbothermal shock method (1 second to
1800 °C), the iron-cellulose precursor was successfully trans-
formed into a Fe-based carbon hybrid material, CTS–Fe–C-1800.
The Fe-based NPs in CTS–Fe–C-1800 are uniformly distributed
within a porous carbon matrix. The pyrolysis process of CTS
generates a signicant amount of organic small-molecule
vapors, which serves as pore-forming agent, converting cellu-
lose into a porous carbon matrix and preserving it. Simulta-
neously, the domain formed between the vapors precisely limits
the growth of the Fe-based NPs. MD simulation calculations
and mass loss data show that with increasing reaction
temperature, the generation of small molecule gases increases
signicantly. Consequently, CTS–Fe–C-1800 exhibits the high-
est pyrolysis mass loss, indicating the most signicant vapor
generation. BET analysis further veries this conclusion,
showing that CTS–Fe–C-1800 has the highest specic surface
area, indicating that it contains the highest number of pores
created by gas generation. SEM and TEM images directly show
that CTS–Fe–C-1800 exhibits the most porous morphology and
the smallest Fe-based NPs. Notably, all NPs are conned to
small domains divided by pores. XRD and Raman results reveal
that CTS–Fe–C-1800 exhibits a higher degree of graphitization
compared to CTS–Fe–C-1400 and CTS–Fe–C-1000. These char-
acteristics facilitate efficient mass and ion transport when it was
used as an electrode material. As a SC electrode, CTS–Fe–C-1800
exhibits a high specic capacity of 425.5 F g−1 at 0.5 A g−1. The
CTS–Fe–C-1800 exible MSC achieves an energy density of 71.49
W h kg−1 at a power density of 0.637 kW kg−1. Additionally, in
LIB applications, CTS–Fe–C-1800 maintains a high specic
This journal is © The Royal Society of Chemistry 2025
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capacity of 801.2 mA h g−1 aer 1000 cycles at a current density
of 1 A g−1.
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