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Abstract: The design  of het-
eroatom-doped porous carbon ma-
terials integrated with metal oxide
nanostructures has emerged as an
efficient approach for improving the

C-BCLP

electrochemical performance of su-
percapacitors. A green and cost-ef-
fective method is reported for the
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A sustainable porous carbon electrode for

high-performance supercapacitors

nanofibers in the presence of FeCl, as the oxidizing agent. Subsequent carbonization under a nitrogen atmosphere results in the
formation of an N/S co-doped carbon framework decorated with Fe,O, nanoparticles, which is denoted C-BCLP. For comparis-

on, a control composite consisting of BC and PPy without LS was carbonized to produce C-BCP. X-ray diffraction patterns

confirms the synthesis of Fe,O, nanoparticles and the preservation of the fibrous carbon structure. Electron microscopy shows

that C-BCLP has a highly porous and conductive network with a homogeneous distribution of C, O, N, S and Fe elements. Be-

cause of the combined effects of hierarchical porosity, heteroatom doping, and Fe,O, incorporation, the C-BCLP electrode has

high specific capacitances of 338.3 Fg'at 1 A g'and 191.6 F g at 10 A g'. In addition, it has excellent cycling stability, re-

taining 99.1% of its initial capacitance after 10 000 charge-discharge cycles, outperforming the C-BCP electrode. The work
suggests a promising way to develop next-generation high-performance supercapacitors.
Key words: Bacterial cellulose; Hetero atom doping; Fe;O,; Porous carbon; Supercapacitor

The need for sustainable and efficient energy
storage devices has led to an extensive study of ad-
vanced electrode materials for supercapacitors. Super-
capacitors are promising devices for efficient energy
storage due to their rapid charge-discharge rates, high
power density, and long cycle life! ). However, the
low energy density of supercapacitors remains a signi-

ficant drawback, which can be controlled by the elec-
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trochemical properties of the electrode mater-
ials!”!. Therefore, it is important to design new elec-
trode materials with high electrical conductivity, large

surface area, and electroactivity to enhance the effi-
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ciency of supercapacitors.

Carbon nanomaterials such as activated carbon
materials, graphene, and carbon nanotubes have been
extensively used for supercapacitors due to their high
electrical conductivity and chemical stability! .
However, these materials have complex synthetic
routes and use nonrenewable sources, posing environ-
mental and economic issues. Recent studies have
shown that biomass-derived carbon materials have
great potential for use in supercapacitors because of
their renewability, porosity, and possibility of introdu-
cing heteroatoms during the carbonization process'” .
These properties allow for the production of hierarch-
ical porous carbon materials that can enhance the effi-
ciency of the electrolyte penetration and ion transport.

Among various biomass sources, bacterial cellu-
lose (BC) has shown great potential for use in super-
capacitors because of its 3D nanofibrous structure,
high purity, and mechanical strength!'”. After the car-
bonization of BC, a hierarchical structure of carbon-
ized BC (C-BC) can be formed, which has good elec-
trical conductivity and porosity. The structure of C-
BC has great potential for use in supercapacitors be-
cause of its hierarchical structure, which can allow ef-
ficient penetration of the electrolyte!' ', Although C-
BC has good porosity and structure, it has low elec-
trical conductivity and electroactivity, limiting its use
for supercapacitors''” '*). To further improve the elec-
trochemical performance of C-BC materials, various
heteroatom  doping  strategies  have  been
investigated' '), The incorporation of heteroatoms
such as nitrogen and sulfur into carbon materials has
shown great potential in enhancing the electrochemic-
al performance by changing the electronic structure
and increasing the surface polarity!”'". As men-
tioned earlier, sodium lignosulphonate (LS) is used as
the sulfur source and is doped into the BC matrix be-
fore carbonization to produce sulfur-doped carbon
materials (C-BCL)!'”. The C-BCL materials exhib-
ited improved electrochemical performance com-
pared with the pristine C-BC materials. Nevertheless,
further enhancement of the electrical conductivity and

electrochemical activity remains necessary to fully ex-
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ploit their energy-storage potential and achieve superi-
or electrochemical performance.

In recent studies, researchers have proposed an
effective way to further enhance the electrochemical
performance of biomass-derived carbon materials by
introducing heteroatoms and conductive polymer

(201, such

modification Conductive polymers as
polypyrrole (PPy) have shown excellent electrical
conductivity and redox activity and are used as nitro-
gen sources to produce nitrogen-doped carbon materi-
als during carbonization”". The incorporation of ni-
trogen and sulfur heteroatoms into the carbon materi-
als produce synergistic effects and further enhance

] Furthermore,

their electrochemical performance
the integration of transition metal oxides into conduct-
ive carbon matrices was also observed to increase the

1 Among the various

pseudocapacitive properties
transition metal oxides considered for pseudocapacit-
ive applications, magnetite (Fe,O,) was found to be a
promising material due to its various oxidation states,
low cost, environmental sustainability, and high theor-
etical capacitance’””. When integrated into conduct-
ive carbon matrices, Fe,O, nanoparticles were ob-
served to provide additional redox reactions while
maintaining structural stability”” ", Despite the vari-
ous developments in the pseudocapacitive properties
of carbon materials, the exploration of BC-derived
carbon materials that can effectively integrate poly-
mer-assisted heteroatom co-doping and metal oxide
pseudocapacitance is still in its early stages. In this re-
gard, the influence of polymer structural engineering
on the electrochemical properties of C-BC materials is
still to be investigated.

In this study, we propose a sustainable route to
nitrogen/sulfur co-enriched carbon/Fe,O, hybrid elec-
trodes (C-BCLP) based on a precursor of PPy-modi-
fied LS impregnated on BC. The hybrid materials, in
which LS is used as a sulfur source and PPy as a nitro-
gen-rich conductive polymer, show superior electro-
chemical activity. The hierarchical porosity of these
materials is favorable for electroactive sites. The addi-
tion of Fe,0O, to the hybrid systems increases the elec-

trical conductivity and aids in electron transport in the
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heteroatom-doped porous carbon system. The electro-
chemical performance of the hybrid materials sur-
passes that of previously reported carbon materials de-
rived from BC and BC-LS precursors. This enhanced
performance can be attributed to the synergistic ef-
fects of hierarchical porosity, heteroatom doping, and
improved electrical conductivity arising from the in-
corporation of Fe,O, nanoparticles. The physical and
electrochemical properties of such materials were
thoroughly examined for use in high-performance su-

percapacitors.

BC sheets were collected by culturing Glucon-
acetobacter hansenii PJK (G. hansenii PJK) bacteria,
supplied from the American Type Culture Collection
(ATCC 8246) and the National Collections of Indus-
trial and Marine Bacteria (NCIB). The bacterial cellu-
lose was produced using the method that was previ-
ously published. LS, pyrrole (Py) monomer, ferric
chloride (FeCl,), and other chemicals were obtained
from Sigma-Aldrich.

For the LS-functionalized
sample, BC films were soaked in a LS aqueous solu-
tion (1 mg mL™") and stirred for 12 h to enable the LS
adsorption onto the BC films. After adsorption, 50 mL

synthesis of the

of Py monomer (Py) solution (0.1 mol L™") was added
to the BC-LS mixture and stirred to ensure uniform
dispersion. Oxidative polymerization of Py was initi-
ated by the gradual addition of 50 mL of FeCl, solu-
tion (0.2 mol L"), which served as the oxidizing
agent. The reaction mixture was continuously stirred
for 6 h to enable homogenecous polymerization and
composite formation. The resulting composite was
thoroughly washed with deionized water and ethanol
to remove residual reactants and impurities, followed
by freeze-drying. The dried composite was then car-
bonized at 800 °C for 2 h under nitrogen atmosphere,
yielding an N/S co-doped carbon material embedded
with Fe,O, nanoparticles, denoted as C-BCLP. For
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comparison, a control sample was prepared following
the same procedure in the absence of LS. The result-
ing carbonized BC/PPy composite was designated as
C-BCP.

The crystal structures of the synthesized elec-
trode materials, namely, C-BCP and C-BCLP, were
characterized using X-Ray Diffraction (XRD) analys-
is on a Bruker D8 Advance X-Ray Diffractometer
equipped with Cu Ko radiation (4 = 1.54 A) to study
the phase composition and structural properties of the
materials after carbonization. The surface morpho-
logy and microstructures of the synthesized compos-
ites were characterized using Field Emission Scan-
ning Electron Microscopy (FE-SEM) (JEOL JSM-
7600F), which revealed detailed information about the
fibrous architecture of the carbon materials. Addition-
ally, the internal structures and nanomorphologies of
the synthesized composites, namely, C-BCP and C-
BCLP, were characterized using Transmission Elec-
tron Microscopy (TEM) (JEOL JEM-2100), which re-
vealed the fibrous architecture of the carbon materials
and the distribution of Fe,O, nanoparticles within the
carbon structures. The elemental composition and
chemical states of the elements in the composites were
characterized using X-Ray Photoelectron  Spectro-
scopy (XPS) (Thermo Scientific K-Alpha XPS sys-
tem), which revealed the presence of heteroatom dop-
ing of nitrogen and sulfur and the oxidation states of
iron in the carbon structures. The above-mentioned
of the synthesized composites,
namely, C-BCP and C-BCLP, have been carried out in
detail for the potential application of the materials as

characterizations

electrode materials in supercapacitor devices.

The electrochemical properties of the synthes-
ized C-BCP and C-BCLP electrodes were examined
using a three-electrode system with a potentiostat/gal-
vanostat. Commercially available Ni foam with a
thickness of 1.6 mm (MTI Corporation) was utilized
for the electrode preparation. Prior to electrode fabric-
ation, the Ni foam was cleaned by sequential ultrason-

ication in 1 mol L™ HCI solution, deionized (DI) wa-
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ter, and absolute ethanol for 10 min each to remove
surface impurities and contaminants. For the elec-
trode preparation, the Ni foam with dimensions of
2.5cm x 1 cm was utilized as the substrate. The ho-
mogeneous mixture of the active materials, i.e., C-
BCP or C-BCLP, polyvinylidene fluoride (PVDF) as
the binder, and carbon black as the conductive materi-
al in the ratio of 8 : 1 : 1 were dispersed in 0.6 mL of
NMP solution. The obtained homogeneous mixture
was then dropped over the Ni foam substrate with di-
mensions of 1 cm x 1 cm and dried at 80 °C for 9 h.
The average mass loading of the active material on the
electrodes was approximately 2 mg. The electrochem-
ical tests, including cyclic voltammetry (CV), gal-
vanostatic charge/discharge (GCD), and electrochem-
ical impedance spectroscopy (EIS), were performed
using a Bio-Logic SP-200 Potentiostat/Galvanostat
from Bio-Logic Science Instruments. These tests were
performed for the purpose of investigating the capacit-
ive behavior of the C-BCP and C-BCLP electrode ma-
terials for supercapacitor devices. The value of the
specific capacitance (C,), which is an important factor
of performance, was determined by the Eq. (1)

= (I X AD/(AV xm) (1)
where C, (F/g) based on potential window from —1.0
to 0 V. Several important factors were considered in
the equation including current density (/), discharge
time (At), potential window (AV), and weight of act-

ive material (m).

Scheme 1 represents the formation of C-BCLP

nanocomposite. Purified BC nanofibers were first im-

Add Lignosulphonic acid (LS) Add Pyrrole (Py)

/‘ Q FeCl,

Bacterial cellulose (BC) BC-LS BC-LS-Py

Ty

pregnated with a solution of pyrrole monomer, fol-
lowed by in situ oxidative polymerization of the
monomer by FeCl,, yielding a BC/PPy composite, in
which uniform coatings of PPy were formed on the
BC nanofibers””. For the LS-modified counterpart,
BC nanofibers were first impregnated with a solution
of LS and then reacted with a solution of Py monomer
in the presence of FeCl,, yielding a BC/LS/PPy com-
posite. The as-prepared precursors were then freeze-
dried to retain their nanofibrous structure, followed by
carbonization at 800 °C in nitrogen atmosphere for
2 h, during which significant structural changes oc-
curred. Specifically, in the course of carbonization,
the nanofibrous structure of BC nanofibers was re-
tained as a structural template, converting into a con-
ductive carbon structure. At the same time, PPy was
thermally decomposed into N-doped carbon materials,
in which nitrogen has different bonding states pyrrol-
ic, and graphitic nitrogen can improve electrical con-
ductivity. For the BC/LS/PPy counterpart, in the
course of thermal treatment, LS was thermally decom-
posed, introducing sulfur heteroatoms into the carbon
structure, as well as creating structural defects'”,
which can improve surface reactivity and adsorption
of ions in an electrolyte solution. Meanwhile, FeCl,
not only acted as an oxidizing agent for the polymer-
ization of Py but was also utilized as a metal source
for the synthesis of Fe,O, nanoparticles from Fe'*
ions, which were carbonized into the carbon frame-
work!”” " As such, the final product was C-BCP, an
N-doped porous carbon derived from BC-PPy, where-
as the other product, C-BCLP, was derived from BC-
LS-PPy and consisted of hierarchically porous N/S
co-doped carbon-Fe,O, composite. The combination
of the carbon framework derived from BC, het-

2.

Freeze dry

(-80 °C) Carbomzatlon —°i
800 °C
=
) -
——

BC-LS-PPy-Fe®*

N/S co-doped
porous-C embedded
with Fe,O, (C-BCLP)

BC-LS-PPy-Fe;0,

Scheme 1 Schematic illustration of the formation process of C-BCLP
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eroatom doping, and Fe,O, nanoparticles is expected
to enhance electron transport, provide additional Fara-
daic redox reactions, and allow for rapid ion transport.
As such, the electrochemical performance of the syn-
thesized C-BCP and C-BCLP materials was

amined for their application in supercapacitor elec-

ex-
trodes.

Initially, the formation of Fe,O, and the crystal-
line nature and phase of carbonized composite were
identified using XRD (Fig. 1). As observed from the
diffraction pattern, a broad and disordered diffraction
peak is observed at 20 = 24°-26°, corresponding to
the (002) plane of graphitic carbon!"!. This broad dif-
fraction peak is indicative of an amorphous/turbostrat-
ic carbon phase formed due to carbonization of PPy
and LS in BC. The low intensity and broad nature of
this diffraction peak suggest partial graphitization
with defects, which are advantageous for improving
accessibility of ions and providing electrochemically
active sites. Apart from the carbon feature, several
sharp diffraction peaks can be observed at 26 = 30.2°,
35.5°,43.2°, 57.1° and 62.8°. These diffraction peaks
can be indexed to the (220), (311), (400), (511) and
(440) crystal planes of cubic Fe,O,, respectively (JCP-
DS card No. 19-0629)"". The absence of impurity
peaks in the diffraction spectrum confirms the suc-
cessful in situ formation of pure Fe,O, during thermal
treatment. The sharpness and high intensities of the
diffraction peaks indicate that Fe,O, nanoparticles
have good crystallinity. This confirms that the co-
ordination of Fe’* ions during oxidative polymeriza-
tion effectively regulates the formation of Fe,O, nano-
crystals during carbonization. Notably, the co-exist-
ence of amorphous carbon and Fe,O, nanocrystals in
the diffraction spectrum confirms that a well-integ-
rated hybrid structure has been formed. The carbon
matrix not only maintains the fibrous structure of BC
but also acts as a conductive medium for efficient
electron transfer. The Fe,0, nanocrystals contribute to
additional improvement in the conductivity. The
structural configuration of the hybrid composite, as

confirmed by the XRD patterns, accounts for the ex-
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Fig. 1 XRD patterns of C-BCP and C-BCLP

cellent electrochemical performance of the composite

electrode.

The morphological evolution and elemental dis-
tribution of the composite materials were analyzed us-
ing SEM and EDS mapping (Fig. 2). As illustrated in
Fig. 2a, it is evident that the composite maintains its
inherent 3D interconnected nanofibrous structure of
BC signifying that the oxidative polymerization of Py
did not compromise the structural integrity of the bio-
mass host material. Instead, PPy uniformly coats the
cellulose nanofibers, creating a rough surface texture.
Element mappings (a-2 to a-5) of the composite indic-
ate a homogeneous distribution of carbon and oxygen
from the cellulose backbone and nitrogen from PPy,
signifying the successful synthesis of PPy. Addition-
ally, iron is present in the mapping, signifying co-
ordination with iron ions during the oxidative poly-
merization of pyrrole using FeCl;, which is essential
for metal oxide formation""),

After incorporating LS and carbonization, the
surface of the C-BCLP (BC-LS-PPy-Fe,0,) compos-
ite (Fig. 2b) is more textured and granular, with nano-
particles dispersed throughout the carbonized fibrous
network. Significantly, the fibrous morphology is very
well maintained, indicating that the precursor materi-
al is effective in stabilizing the framework even under
high-temperature conditions. Elemental mappings b-2
to b-6 show a carbon network with uniformly dis-
persed nitrogen and sulfur species, indicating success-
ful nitrogen and sulfur co-doping from PPy and LS,

respectively. Uniform iron distribution confirms that

New Carbon Materials
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Fig.2 SEM images of (a, a-1) C-BCP and (b, b-1) C-BCLP showing the fibrous porous carbon structure. (a-2 — a-5) EDS elemental mapping of C, O, N, and
Fe for C-BCP, (a-6) EDX spectrum for the confirmation of the elements. (b-2 — b-5) EDS mapping of C, O, N, and Fe for C-BCLP, (b-6) S elemental mapping,

and (b-7) EDX spectrum for the confirmation of the elements

iron is uniformly dispersed throughout the carbon net-
work without any signs of agglomeration, indicating
the formation of uniformly dispersed Fe,O, nano-
particles. EDS spectra of these mappings clearly show
the presence of C, O, N, S and Fe, indicating success-
ful construction of a carbon-metal oxide hybrid with
multiple heteroatoms. This homogeneous heteroatom
incorporation and nanoscale dispersion of Fe,O, con-
firm the critical role of the polymer-modified LS-BC
precursor in controlling interfacial coordination and
nucleation during carbonization. This integrated archi-
tecture should allow for enhanced electrical conduct-
ivity, site density of redox functionalities, and ion dif-
fusion through the porous material. Thus, the ob-
served morphology and elemental composition con-
firm the structural basis of the enhanced electrochem-
ical performance of the composite, where electric

double-layer capacitance from the conductive carbon
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phase is expected to complement pseudocapacitive
contributions from the N/S functionalities and Fe,O,
redox sites.

The microstructure of the synthesized C-BCLP
composite was characterized by TEM to observe the
internal structure of the composite. From the TEM im-
ages in Fig. 3(a & a-1), it is apparent that the compos-
ite has a porous structure consisting of a fibrous car-
bon structure resulting from the BC. This porous
structure is advantageous because it can conduct elec-
trical current while allowing the penetration of an
electrolyte” . From the high-magnification TEM im-
age in Fig. 3(a-2), it is apparent that the composite has
dark contrast nanoparticles. This indicates that the
composite has Fe,O, particles resulting from the
thermal conversion of Fe’". Obviously, the in situ
polymerization reaction that occurred in the compos-

ite was effective because it prevented aggregation of

New Carbon Materials
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Fig.3 TEM analysis of C-BCLP. (a—a-3) TEM images at different magnifications of the porous carbon structure obtained from bacterial cellulose with dis-

persed nanoparticles.(b) Elemental mapping images showing the uniform distribution of C, N, O, S and Fe elements in the carbon structure. (c) EDX spectrum

showing the presence of C, N, O, S and Fe elements in the C-BCLP composite material

the particles.

The well-defined structure of carbon observed
from the high-resolution TEM image in Fig. 3(a-3)
suggests that there are partially graphitized structures
in the C-BCLP composite, which would help in im-
proving electrical conductivity and facilitating faster
charge transfer during electrochemical reactions. The
elemental composition and distribution in the compos-
ite material have also been studied further with TEM-
EDS elemental mapping, which confirmed the uni-
form distribution of C, N, O, S and Fe in the C-BCLP
composite material. The nitrogen present in the com-
posite is from the carbonization of PPy, while sulfur is
introduced from LS during the thermal treatment. Iron
is present in the form of Fe,O, nanoparticles. In addi-
tion to this, the EDX spectrum shown in Fig. 3c
quantitatively confirms the elemental composition
present in the RGC composite material. The percent-
ages obtained from the EDX analysis are: C: 92.93%,
N: 3.00%, O: 2.98%, S: 0.21%, and Fe: 0.86%, re-
spectively. The elemental composition obtained from

the EDX analysis is consistent with the elemental

Vol. 41 | Issue 4 | Aug. 2026 |

composition obtained from the SEM-EDS mapping
and the surface chemical analysis obtained from X-ray
Photoelectron Spectroscopy (XPS) studies. Further-
more, the experimentally observed lattice fringes cor-
responding to an inter-planar distance of 0.253 nm re-
late to the (311) plane of the crystal structure of
Fe,O,, thus indicating that Fe,O, nanoparticles have
been formed successfully (Fig. 3 (a-3)). Therefore, it
is evident that, as concluded in the TEM images, the
C-BCLP composite is composed of a hierarchical por-
ous carbon structure with uniformly dispersed het-
eroatoms and Fe-based nanoparticles, forming an N/S
co-doped C-Fe,0, hybrid material. The structural fea-
tures of this material could improve its electrochemic-
al activity for high-performance supercapacitor elec-

trode applications.

XPS analysis was carried out to investigate the
surface chemistry of the formed C-BCLP composite.
High-resolution spectra of the C 1s, N 1s, Fe 2p and S
2p levels are shown in Fig. 4a. The survey spectrum

shows the presence of C, N, O, S and Fe. From the
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Fig. 4 (a) Survey XPS spectrum and high-resolution XPS spectra of (b) C Is, (c) N 1s, (d) Fe 2p and (e) S 2p binding energies of C-BCLP composite

results obtained from the analysis of the XPS survey,
it is evident that the C, O, N, S and Fe elements were
successfully incorporated in the synthesized C-BCLP
material. In the XPS survey scan, the predominant
peak observed with C 1s at 284.56 eV has an atomic
percent of 91.65%, which suggests that the prepared
material contains a high content of the carbon frame-
work that leads to the electric double-layer capacit-
ance properties as well as enhanced electrical con-
ductivity. The O 1s peak at 532.38 eV has an atomic

Vol. 41 | Issue 4 | Aug. 2026 | 1002

percent of 6.38%, indicating the presence of O atoms
in the material structure due to oxygen-containing
functional groups and surface adsorption. The N 1s
peak at 400.7 eV proves successful doping with nitro-
gen into the carbon framework. On the other hand, the
S 2p peak at 163.9 eV shows successful doping of sul-
fur into the carbon structure. Successful doping of N
and S heteroatoms enhances the surface wettability as
well as improves charge transfer characteristics. Be-
sides, the Fe 2p peak at 711.12 eV clearly demon-
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strates the presence of Fe,O, nanoparticles incorpor-
ated into the carbon matrix. Though the Fe atoms are
present in trace amounts (0.71%), the Fe,O, nano-
particles help in improving electrical conductivity.
This is consistent with the elemental composition ob-
served using SEM-EDS and TEM-EDS. This con-
firms the integration of the heteroatoms and iron ox-
ide. The high-resolution C 1s spectrum in Fig. 4b can
be deconvoluted to several peaks that correspond to
different C bonding environments. The dominant peak
at ~ 284.6 eV is associated with sp’-hybridized
C—C/C=C bonds in the graphitic network created by
the carbonization of bacterial cellulose and
polypyrrole. The secondary peak at ~ 285.6 eV is as-
sociated with C—N/C—O bonds that arise from nitro-
gen content in the carbon matrix from the carboniza-
tion of polypyrrole and from oxygen in the cellulose.
The third peak at ~ 286.7-287.2 eV is associated with
C=0 bonds, while the high-binding energy peak at
~ 288.5 eV is associated with O—C=0O bonds. The
C=0 and O—C=0 bonds can be associated with LS
and oxidized carbon. The presence of these oxygen-
and nitrogen-based functional groups can contribute to
an increased surface polarity and wettability of the
electrolyte. The N 1s XPS spectrum (Fig. 4c) shows
the successful incorporation of nitrogen species in the
carbon matrix. The major source is the carbonization
of PPy. The deconvoluted peaks correspond to Fe—N
bonding (~ 398.7-399.0 eV), pyrrolic-N (~ 400.1
eV), and a small peak for oxidized-N ( ~ 402-403 eV).
Pyrrolic-N is known to contribute to pseudocapacit-
ance due to the electrochemically active sites for re-
versible redox reactions. The presence of Fe-N bond-
ing indicates the potential for coordination interac-
tions between the nitrogen species and iron. This
could result in an improvement in electrical conduct-
ivity. The small peak for oxidized-N could be due to
the presence of oxygen in the biomass precursor. The
Fe 2p high-resolution spectrum (Fig. 4d) also verifies
that iron oxide species are present in the carbon mat-
rix. The binding energies of ~ 710.8 and ~ 724.5 eV
are related to Fe’* 2p,, and Fe*" 2p,,, whereas
~712.5 and ~ 726.1 eV are related to Fe’" 2p,, and

Vol. 41 | Issue 4 | Aug. 2026 |

Fe’* 2p, ,, respectively. In addition, a satellite peak ob-
served at ~ 719 eV is also related to the coexistence
of Fe’* and Fe’* species, which is a characteristic of
Fe,0, (magnetite). These observations are also veri-
fied by the XRD patterns, where Fe,O, crystalline
phases are formed. The presence of Fe** and Fe’* spe-
cies verifies that Fe,O, nanoparticles are formed dur-
ing the carbonization process. The S 2p spectrum
(Fig. 4e) again confirms the incorporation of sulfur
species derived from LS. The peaks at ~ 163.8 eV for
S 2p,, and ~ 165.0 eV for S 2p,,, are characteristic of
thiophene-like sulfur species, thus proving successful
sulfur doping into the carbon lattice' . Another peak
in the range of ~ 168-170 eV corresponds to oxidized
sulfur species, —SO,, which may arise from partial ox-
idation or thermal decomposition of LS during car-
bonization. The incorporation of sulfur into the car-
bon lattice may result in structural defects, thus en-
hancing electrical as well as electrochemical proper-
ties. It can be seen that the results are in good agree-
ment with those from structural and morphological
analysis carried out using XRD, SEM and TEM tech-
niques. The Fe*/Fe’" peak indicates the successful
synthesis of Fe,O, nanoparticles, as evidenced in
TEM images as dark contrast particles and in XRD
patterns as characteristic peaks for Fe,O, nano-
particles. In addition, the detection of nitrogen and
sulfur species indicates successful heteroatom doping
with species derived from PPy and LS, respectively,
as evidenced in elemental mapping carried out using
SEM-EDS and TEM-EDS. It is obvious that graphitic
carbon, heteroatom doping, and Fe,O, nanoparticles
are present in a hierarchically structured composite,
which is expected to have good electrical conductiv-
ity, a high number of electroactive sites, and good ion
transport properties. From the XPS results, it is clearly
shown that a hetero atom doped carbon-Fe,O, hybrid
material has been successfully synthesized. The
dopants of nitrogen and sulfur modify the electronic
structure of the carbon framework, whereas the Fe,O,
nanoparticles contribute additional faradaic redox re-
actions. The effect of the constituents is expected to
enhance the electrochemical properties of the C-BCLP
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electrode for high-performance supercapacitors.

The electrochemical properties of the prepared
electrodes of C-BCP and C-BCLP materials have
been investigated using CV, GCD, and EIS tech-
niques in a three-electrode system with 3 mol L™
KOH aqueous solution (Fig. 5). The electrochemical
properties of the prepared electrodes have been com-
pared with the electrochemical properties of the previ-
ously reported carbonized bacterial cellulose (C-BC)
and S-carbon materials prepared from LS-impreg-
nated BC.

The CV curves for the C-BCP and C-BCLP elec-
trodes recorded for various scan rates from 5 to 200
mV s ' display a quasi-rectangular shape with the
presence of redox peaks (Fig. 5a&b). This indicates
the presence of a hybrid electrochemical storage
mechanism involving electric double-layer capacit-
ance (EDLC) and pseudocapacitance. The other no-
ticeable point is that the CV curves of the C-BCLP
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electrode reveal a significantly greater area than that
of the C-BCP electrode at all scan rates. This reveals
that the electrochemical energy storage of the C-
BCLP electrode is superior to that of the C-BCP elec-
trode. The retention of the shape of the CV curve at a
higher scan rate implies that the process of ion diffu-
sion and electron transport inside the carbon skeleton
of hierarchical porosity occurs rapidly. In comparison
to our earlier-reported BC-based carbon and S-doped
carbon electrodes, the current electrode demonstrates
improved electrochemical behavior while retaining
mostly EDLC behavior owing to the predominance of
the porous carbon structure. The increased electrical
conductivity and electrochemical activity of the elec-
trode can be attributed to the presence of the N/S het-
eroatoms and uniform distribution of Fe,O, nano-
particles inside the carbon matrix""”*".

The results obtained from the GCD measure-
ments again proved the excellent capacitive perform-
ance of the C-BCLP electrode (Fig. 5d). The charge-
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Fig. 5 Representative electrochemical performance of the (a) C-BCP and (b) C-BCLP electrodes in 3 mol L™ KOH electrolyte: (a, b) cyclic voltammograms

recorded at various scan rates from 5 to 200 mV s~ within the potential window of —1.0 to 0 V versus Hg/HgO, and (c, d) galvanostatic charge-discharge curves

measured at different current densities from 1to 20 A g
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discharge curves show quasi-triangular shapes with
some deviations, implying the presence of both sur-
face-controlled capacitive and Faradaic redox reac-
tions. The C-BCLP electrode shows excellent capacit-
ive performance with a high specific capacitance
value of 338.3 F g at 1 A g, which is significantly
higher than that of the C-BCP electrode (2942 F g at
1 A g) (Fig. 6b). To compare the specific capacit-
ance value of the C-BCLP electrode, the specific ca-
pacitance value of the S-Carbon electrode obtained
from the previous study using LS-impregnated BC
was found to be 272.6 F g at 1 A g ', whereas the
undoped carbon electrode showed a specific capacit-
ance value of only 2153 F g ' at the same current

") The high electrochemical performance of

density
the current system can be attributed to heteroatom co-
doping with N and S, providing extra sites for reac-
tions, coupled with Fe,O, nanoparticles that enhance
the electrical conductivity of the carbon matrix.
Moreover, the capacitance of the C-BCLP elec-

trode is retained at 100 F g ' at a high current density
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of 20 A g, signifying the excellent rate capability of
the electrode. On the contrary, the capacitance of the
S-carbon electrode in the previous work decreased
from 272.6 to 153.8 F g' with increasing current
density from 1 to 10 A g '!""). Though sulfur doping in
the earlier work facilitated the accessibility of ions
and the presence of pseudocapacitance effects, the ca-
pacitance of the newly synthesized material is better
due to the presence of additional pathways for con-
ductivity from the PPy-derived carbon matrix and the
synergistic effects of the carbon and Fe,O, nano-
particles. The smaller IR drop for the C-BCLP elec-
trode is another indicator of the low internal resist-
ance and high electrical conductivity of the electrode
material.

To explore the charge transfer kinetics at the
electrodes, EIS measurements were performed. From
the Nyquist plots, it is found that the diameter of the
semicircle in the high-frequency region is smaller for
C-BCLP compared to C-BCP, which indicates that the

charge transfer resistance (R,) is lower for C-BCLP
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Fig. 6 Electrochemical performance of the C-BCP and C-BCLP electrodes in the electrolyte solution of 3 mol L™' KOH: (a) Nyquist plots from EIS spectra,
(b) specific capacitance vs. current density, and cycling stability curves of (c) C-BCP and (d) C-BCLP electrodes after 10 000 cycles at constant current density,

and the corresponding GCD curves of the last few cycles are presented in the insets
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(Fig. 6a). The values of R and R, for C-BCP are 0.27
and 1.12 Q, respectively, whereas for C-BCLP, these
values are lower at 0.23 and 0.55 Q, respectively. In
the case of our previously developed system, the R,
and R, values for the S-carbon electrode were 0.35 Q
and 1.45 Q, respectively, which were much lower
compared to the undoped carbon electrode (R, = 0.39
Q and R, = 2.58 Q)!"\. Notably, in the present C-
BCLP system, the charge transfer characteristics at the
electrode/electrolyte interface have been enhanced as
reflected by the higher slope in the low-frequency re-
gion of the Nyquist plot. This is because the Fe,O,
nanoparticles uniformly dispersed in the N/S co-doped
carbon matrix can facilitate the efficient charge trans-
portation and carbon-metal oxide coupling, thus en-
hancing the electrochemical kinetics of the electrode
material.

Cycling stability tests prove the excellent stabil-
ity of the C-BCLP electrode. The capacitance reten-
tion of the electrode is approximately 99% with 190.1
F g ' after 10 000 cycles at 10 A g ' (Fig. 6d), with ex-
cellent charge and discharge curves, whereas C-BCP
shows 94% retention with specific capacitance 95.7
Fg'at10 A g (Fig. 6¢). By comparison, the S-car-
bon electrode in the previous work only retained 86%
of capacitance after 5000 cycles at 6 A g ''""!. The
comparative electrochemical study proves that the
fabricated N-doped C/Fe,O, and N,S-doped C/Fe,O,
show better supercapacitive performance than other
Fe,O, electrode materials reported to date. The N,S-
doped C/Fe,0, electrode material showed an outstand-

ing specific capacitance of 338.3 F g 'at 1 A g ' along

with outstanding cycle stability after 10 000 cycles
with 190.1 A g' (99% retention capacity), surpassing
most of the Fe,O,/carbon electrode materials avail-
able in literature (Table 1). The improved electro-
chemical performance is due to the cooperative effect
of dual heteroatoms (N,S) doping and the carbon mat-
rix, leading to increased electrical conductivity, more
electroactive sites, and fast charge transfer reactions.
Thus, the findings suggest that the fabricated N,S-
doped C/Fe,O, could be considered an ideal electrode
material for supercapacitors. The excellent stability of
the electrode in the present work can be ascribed to
the excellent stability of the fibrous framework from
bacterial cellulose and the role of the polymer-de-
rived carbon matrix in immobilizing the Fe,O, nano-
particles and preventing their aggregation during the
charge and discharge processes.

Overall, these results clearly demonstrate the
progressive improvement in electrochemical perform-
ance that is facilitated through rational precursor
design. Whereas the incorporation of sulfur into the
earlier synthesized BC-based carbon helped to optim-
ize the interaction with the electrolyte as well as the
the PPy-incorporated LS-BC-

based carbon/Fe,O, composite further adds benefits

pseudocapacitance,

such as electrical conductivity and structural stability.
The hierarchical porosity, as well as the N/S doping,
of the carbon structure results in the creation of many
active centers that facilitate ion transport. This,
coupled with the introduction of Fe,O,, helps to op-
timize the charge transfer processes within the elec-

trode matrix.

Table 1 Comparison of the electrochemical performance parameters of previously studied Fe,O,/carbon composite electrode materials and the cur-

rently developed N-doped C/Fe,O, and N,S-doped C/Fe,0, electrodes for use in supercapacitors

Electrode material Electrolyte Voltage window/V Specific capacity/(F g") Cycle life (F/g) Ref.

Fe,0,/C 1 M Na,SO, -12-0 136at1 Ag" 115 after 1000 cyclesat2 A g [32]

Fe,0,-C core-shell microspheres 1 M KOH -1-05 1108at0.5A g 71.2 after 1500 cyclesat 1 A g”! [33]

Fe,0,-C PorousNanorods 2 M KOH -0.8-0.2 2854at1 Ag’ 220.5 after 5000 cyclesat2 A g [34]

C-coated Fe,0, 1 M Na,SO, -1.0-0 150at1.5Ag" — [35]

Porous Fe;O,/carbon composite 1M KOH -1.0-0 139at1 Ag" 4000 cycles [36]

C from BC 3 M KOH ~1.0-0 2153at1Ag" 5000 cycles [19]

S-doped carbon from BC 3 M KOH -1.0-0 2726at1 Ag’ 148.1 after 5000 cyclesat 6 A g’ [19]
N-doped C/Fe,0, 3 M KOH -1.0-0 2942at1Ag’ 95.7 after 10 000 cyclesat 10 Ag'  This work
N/S-doped C/Fe,0, 3 M KOH -1.0-0 3383at1Ag’ 190.1 after 10 000 cyclesat 10 A g™ This work

Note: M: mol L™
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A heteroatom-doped carbon/Fe;O, composite
was synthesized through the carbonization of a bac-
terial cellulose-lignosulphonate-polypyrrole precursor
in the presence of FeCl,. Structural analysis con-
firmed the formation of a hierarchical porous carbon
matrix with uniformly dispersed Fe,O, nanoparticles.
The presence of Fe,O, was verified by XRD analysis,
while SEM and TEM images showed the hierarchical
porous structure of the composite. Elemental map-
ping and XPS analyses further confirmed the homo-
geneous distribution of C, O, N, S, and Fe elemennts,
as well as the successful doping of N/S heteroatoms
into the material. The presence of Fe*" and Fe’* was
also confirmed. Due to the presence of both N/S
doped carbon and Fe,O, nanoparticles, the C-BCLP
material showed a high specific capacitance of
33833 Fg'at 1 A g ' and excellent electrochemical
stability by retaining 99% of the initial specific capa-
citance even after 10 000 cycles at 10 A g '. The ma-
terial also showed excellent rate performance. The
above results clearly confirm the biomass-derived
composite material as an electrode material for the

fabrication of supercapacitors.
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