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A B S T R A C T

The increasing growth of electric vehicles and portable electronics has led to a surplus energy demand in recent 
decades. Lithium-sulfur (Li-S) batteries have garnered significant attention and are believed to be the most 
promising future for sustainable high energy supply. Despite their high theoretical capacity, polysulfide shuttling 
has been a thorny drawback for their experimental performance degradation. In this work, lichen (Parmotrema 
stuppeum), a unique species with a mutualistic symbiotic relationship with fungi and algae, was used as a biomass 
for carbon precursor to modify the glass fiber (GF) separator. The necessary 3-dimensional porous carbon 
structure and active surface functional groups are obtained without extra additives. The porous network asso
ciated with L-600 accompanies foam-like structures that are anticipated to filter up polysulfides and facilitate 
lithium ions transport in the electrode-electrolyte interface. Thereby, the porous architecture ensures physical 
sites and traps dissolved polysulfide intermediate compounds, holding them as potential active materials that can 
undergo catalytic reactions within the cathode side. The Li-S cell, accompanied by the modified separator (L- 
600), offered a high initial specific capacity of 1330 mAh g-1 at 0.2 C. Further, the Li-S cell offered a prolonged 
reversible capacity of 725 mAh g-1 after 200 cycles, with a capacity degradation rate of 0.22 % per cycle. Post- 
stability analysis of the Li-S separator confirms the effectiveness of the modified separator in mitigating poly
sulfide shuttling.

1. Introduction

Lithium-sulfur (Li-S) batteries, since their big breakthrough in 2009 
(mesoporous carbon composites for high capacity), have attracted wide 
attention towards the new era of energy storage devices [1–3]. Lithium 
is the lightest, least dense alkaline metal (about 0.534 g/cm³), with the 
highest tendency to lose its unpaired single electron in the outer shell, 
resulting in the electrochemical potential value of about − 3.04 V vs. 
SHE [4,5]. These properties resulted in delivering high energy density, 
and they became a valuable electrode for Li-ion batteries. The lithium 
was paired with several intercalation-type cathodes like LiCoO2, 
LiMn2O4, and LiFePO4 to increase the specific capacities [6]. However, 
the outcomes are insufficient to supply the demand of future needs. 
Therefore, Li-S batteries evolved as a potential energy-storing candidate 
due to their high energy density, improved safety, and economically 

viable raw materials [7].
Sulfur is the 16th most abundant and an electrochemically active 

element; it can readily accept up to two electrons per atom during the 
electrochemical process at ~2.10 V vs. Li/Li+. Unlike conventional 
insertion cathode materials, the critical aspect of sulfur is that it un
dergoes distinct compositional, morphological, and structural changes 
during charging and discharging cycling [8]. These changes are associ
ated with long-chain soluble higher-order lithium polysulfides and 
insoluble lower-order lithium polysulfides [9]. The reduction of 
higher-order polysulfides to lower-order is accompanied by a series of 
solid-liquid-solid phase changes during the conversion process [3,10]. 
Despite the researcher’s momentous progress on rechargeable Li-S bat
teries in the last decade, their commercialization has been a consider
able challenge due to poor cyclic stability, highly corrosive lithium, poor 
conductivity of sulfur, deformation of active material due to expansion, 
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and polysulfide shuttle effect [11].
Several studies reported the enhanced performance of Li-S batteries 

by modifying the sulfur cathode, additive-based electrolyte, lithium 
anode modification, and separator redesign [12]. But, commercial bat
tery separators such as single-layered polypropylene (PP), polyethylene 
(PE), and multi-layered PP/PE/PP fused composite separators and glass 
fiber (GF) are incapable of supporting polysulfide shuttling and wetta
bility [13]. Also, these separators are comparatively less ionic conduc
tive, and their pore size is immense, which cannot favor repeated cycles 
in Li-S batteries [14]. GF is the most generally used separator, as it is 
hydrophilic and highly capable of insulating the electrodes. However, 
commercial pristine GF separators could not capture the dissolved pol
ysulfides in the electrolyte, causing the shuttle effect. Modifying the 
surface of the separator is one fruitful method associated with coating 
functional layers, which can capture the polysulfides and readily sup
port ionic diffusion through the electrodes [15]. Furthermore, it reduces 
the loss of active material (sulfur), limits the volume expansion of the 
cathode, and suppresses dendrite formation in the lithium metal anode.

Different coating substances have been reported with unique fea
tures, such as carbon-based materials, polymers, transition metal oxides, 
sulfides, nitrides, phosphides, etc. [16–18]. The carbonaceous materials 
derived from biomass were employed in Li-S batteries due to their high 
conductivity, outstanding electrocatalytic properties, tunable porous 
structures, and good thermal stability [19,20]. Jiang et al. reported a 
honeycomb-like hierarchical porous carbon for separator modification 
from lotus seed-based biomass precursor. Zhu et al. reported an 
eco-friendly carbon aerogel obtained from a sweet potato for a 
separator-modified Li-S battery with a high initial capacity of 1387 mAh 
g-1 (0.2 C) and 1216 mAh g-1 (0.1 C), respectively [21,22]. Sultanvo 
et al. synthesized layered porous carbon with NiO-based nano
composites and achieved an initial specific capacity of 1519 mAh g-1 

(0.2 C) [8]. Nature-inspired architectures, such as hierarchical porous 
structures, fibrous networks, sponge-like structures, tubular structures, 
and honeycomb networks, attract more interest in designing and deco
rating commercial separators [23]. These architects mimic the efficient 
transport pathways and enable effective electrochemical performance 
through unique charge/discharge mechanisms [24]. Therefore, 
combining biomass-derived porous carbon and a commercialized sepa
rator is an effective and eco-friendly technique that can chemically and 
physically trap polysulfides by enabling a synergistic effect.

The algae-based biomass precursors are rich in amino acids, proteins, 
phospholipids, etc., which is favorable for synthesizing porous carbon 
associated with in-situ heteroatom functionalities [25,26]. Chlorella, 
Schizochytrium sp., and red algae-derived carbon materials have been 
successfully synthesized and used in separators to enhance the electro
chemical performance of Li-S batteries [27,28]. Chlorella-based bio
mass-derived porous activated carbon synthesized via NaHCO₃ 
activation has demonstrated effective lithium polysulfide (LiPS) trap
ping and dendrite suppression, improving cycling stability and reducing 
capacity fade. Similarly, Schizochytrium sp.-derived nitrogen-doped 
porous carbon microspheres have shown high sulfur loading capacity 
and excellent polysulfide confinement, leading to superior capacity 
retention and rate performance [29]. The use of carrageenan, a red 
algae-derived polysaccharide binder, has further enhanced separator 
performance by chemically binding to sulfur-active material and effec
tively trapping short-chain polysulfides, enabling a 69.1 % capacity 
retention after 1000 cycles at 4C [30]. These advancements highlight 
the potential of algae-derived carbon materials as cost-effective, 
renewable, and environmentally friendly solutions for mitigating the 
polysulfide shuttle effect and improving the long-term stability of Li-S 
batteries.

One such mutualistic symbiotic species is lichen, a composite or
ganism formed through a symbiotic association between a fungus and a 
photosynthetic partner (typically a green algae). Lichen-based carbon, 
derived from lichen biomass, has been explored as a potential material 
for supercapacitors [31]. The lichen-based extract is found to have 

plentiful functional groups with polysaccharides, secondary me 
tabolites, and organic acids, such as lichesterinic acid, protocetraric 
acid, protolichesterinic acid, fumarprotocetraric acid, etc., resulting in 
hydroxyl groups, silanol groups, and other electroactive species on the 
surface of porous carbon [32,33]. Importantly, these chemically acti
vated porous carbon structures can effectively trap the polysulfide spe
cies with their active functional groups on their surface, and these 
interlayers can improve the wettability at the separator electrolyte 
interface. Also, heteroatom functionalities such as N, O, and Si can 
initiate catalytic activities via strong chemical adsorption, thereby 
increasing the reversibility of polysulfide species for prolonged cycle 
life.

This work used biomass Lichen (Parmotrema stuppeum) as a carbon 
precursor to modify the commercial glass fiber (GF) separator. Parmo
trema stuppeum is a unique species with active functional groups asso
ciated with its natural chemical composition and sheet-like morphology, 
which is highly motivated to utilize these creatures as carbon precursors 
to achieve prominent sheet-like porous structures. As a result, the 3-D 
porous network synthesized from the lichens delivered a significant 
specific capacity of 1330 mAh g-1 and better cyclic stability. The ob
tained significant electrochemical performance is due to the porous 
network, complex functional groups, and high surface area associated 
with biomass-derived carbon. These fascinating features resulted in an 
effective polysulfide shuttling effect and enhanced catalytic activity in 
the cathode separator interface, thereby preventing dendrite formation, 
inducing polysulfide reversible reactions, and reducing the loss of active 
material utilization.

2. Experimental methods and materials

2.1. Preparation of biomass carbon

Lichens collected from the estate region in the hills of the Nilgiris 
district (11◦26′45.1″N and 76◦47′37.7″ E) are washed in de-ionized 
water, followed by soaking for 48 h. The washed sample is dried and 
calcined at three different temperatures of 500 ◦C, 600 ◦C, and 700 ◦C, at 
a heating rate of 5 ◦C per minute in a nitrogen atmosphere. After 
carbonization, the carbon is subjected to two phases of acid treatment 
with 5 M HCl and 1 M HCl, respectively. The acid-treated sample is 
washed with DI water several times for neutralization. The wet biomass 
carbon (BMC) is dried at 85 ◦C for 24 h, and the dried BMC is ground 
well. The samples synthesized at three different temperatures are 
labeled as L-X, where ‘L’ denotes the precursor Lichen and ‘X’ denotes its 
carbonization temperatures of 500, 600, and 700 ◦C, respectively.

2.2. Preparation of BMC-modified separator

A mixture of well-ground BMC carbon, conductive carbon (carbon 
black), and PVDF (polyvinylidene difluoride) is taken in the ratio of 
7:2:1. The mixture is allowed to disperse in the solvent N-Methyl-2- 
pyrrolidone (NMP). The solution is sonicated for 12 h. After sonication, 
the slurry is uniformly coated in the glass fiber (GF) separator using the 
drop-casting method. The surface-modified separator is dried in a vac
uum for 48 h. As a result, the homogenous L-X coated GF separator was 
obtained.

2.3. Electrode preparation

The CR-2032 coin cell is constructed to analyze the electrochemical 
characteristics of the modified GF seperators for Li-S battery applica
tions. The Li-S battery consists of a lithium metal anode, sulfur cathode, 
and commercial separator glass fibers (GF). Lithium metal is clipped to 
the cell diameter and taken as an anode material. A mixture of sulfur and 
conductive carbon (carbon black) is taken along with the solvent N- 
Methyl-2-pyrrolidone (NMP) [34]. The slurry is coated on the 
aluminium foil and taken as a cathode. The 2032-type coin cells were 
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assembled using the sulfur cathode, Li metal as the counter electrode 
(anode), and porous carbon-modified GF as the separator. The electro
lyte used was 1 M bis (trifluoromethyl sulfonamide) lithium (LiTFSI) and 
0.1 M lithium nitrate (LiNO3) in a mixture of 1,3-dioxolane (DOL) and 1, 
2-dimethoxyethane (DME) (1:1 by volume) [35].

2.4. Instrumentation

The as-prepared carbon powders were characterized using the 
Powder X-ray Diffractometer (XRD, Bruker D8 Advance) at a 0.02◦ step 
size in the 2θ = 10–80◦ FTIR analysis was conducted using a JASCO 
4100LE. Raman Spectral data were obtained using a JASCO NRS-5100 
series confocal Raman Microscope. The surface area was calculated 
using the Brunauer-Emmett-Teller (BET) method, and pore size distri
bution was determined using the Barrett-Joyner-Halenda (BJH) method. 
The X-ray photoelectron spectrometer (XPS Axis Ultra, Kratos Analyt
ical, UK) with monochromatized Al Kα (hν = 1486.6 eV) was utilized to 
determine the surface compositions of the prepared carbon. Morpho
logical analysis was conducted using FESEM with a CARL ZEISS–SIGMA 
300 microscope to determine the particle size and elemental composi
tion. The electrochemical analysis was conducted using a WonAtech 
battery analyzer in the potential range of 1.6 to 2.8 V vs. Li/Li+. The 
electrochemical impedance spectra (EIS) were measured from Biologic 
SP150 in the frequency range of 1 MHz to 10 mHz at an OCV with an 
amplitude of 10 mV.

3. Results and discussion

3.1. Physicochemical characterization

The X-ray diffraction patterns of as-prepared L-500, L-600, and L-700 
are shown in Fig. 1(a), whose broad peak centered around 18◦ to 25◦ and 
42◦ corresponds to (002) and (100) planes of carbon. Distinctly, well- 
defined prominent peaks over 26◦ attributed to graphitic platelets 
owing to the structure of sheet-like precursor (Lichens) [36]. In addition, 
the peak over 28◦ corresponds to Si nanoparticles being present natu
rally in the precursor as an in-situ chemical composite [37,38]. However, 
these silicon particles are known to enhance the electrochemical char
acteristics through catalytic behavior, which is an added advantage of 
employing lichens as biomass precursors. The empirical parameter 
(R-factor) was calculated for L-500, L-600, and L-700 as 2.12, 1.74, and 
1.80, respectively. Comparatively, a lower R-value of L-600 suggests 
that the degree of graphitization has increased compared to the other 
two samples. The Raman spectra were analyzed to validate the struc
tural defects in the carbon matrix and are given in Figure 1(b). The 
graphitic peak intensity (IG) at 1630 cm− 1 dominates over the defect 
band intensity (ID) at 1300 cm− 1 for all three samples. The D band is 
associated with the A1g phonon mode vibrations originating from 
disordered sp³-hybridized carbon regions. In contrast, the G band arises 

from the E2g phonon mode vibrations, characteristic of the graphitic 
sp²-hybridized carbon domains in crystalline graphene, as observed in 
first-order Raman scattering [39]. The ID/IG ratios of L-500, L-600, and 
L-700 are 0.96, 0.92, and 0.98, respectively. Comparatively, a lower 
ID/IG ratio of L-600 and a prominent 2D band at 2900 cm-1 suggest that 
graphitization has improved in the carbon matrix, which can enhance 
conductivity by improving electrolyte and ionic diffusion [40]. The 
unique structure observed suggests that 600 ◦C is an optimal tempera
ture where the balance between disorder and graphitization is achieved. 
The obtained FTIR spectra of L-500, L-600, and L-700 (Fig. 1(c)) were 
complex due to diverse functional groups on the activated carbon sur
face. The peak at 3436 cm-1 indicates the existence of a free and inter
molecular bonded silanol Si-OH group [41]. The peak observed at 2922 
cm-1 can be assigned to the C–H group, and the peak at 1377 cm-1 

represents the C–H bond group, and 1078 cm-1 represents the stretching 
of the C–O group [42]. These functional groups detected on the surface 
of the as-prepared biomass carbon samples can actively participate in 
the polysulfide trapping by inhibiting their migration and significantly 
reducing the shuttle effect [43].

The elemental composition was obtained from XPS analysis (Fig. 2
(a)), where the survey spectra of all three samples suggest the presence 
of carbon (C 1s) and oxygen (O 1s) at the binding energies of 285 and 
352 eV, respectively. In addition, a trace amount of nitrogen (N 1s) and 
silicon peak (Si 2p) was also observed at 398 and 100 eV, respectively 
[44]. From the core-level spectra of C 1 s (Fig. 2(b)), the major peak 
around 284.7 eV corresponds to C–C, and the peaks around 286.4 and 
288.4 eV correspond to C–O and C = O, respectively. From the 
deconvoluted spectra of O 1s (Fig. 2(c)), the peaks centered at 529.5, 
531.9, and 534.8 eV correspond to C–O (carboxyl group), -O-, and C =
O, respectively [45]. The nitrogen (N 1s) (Fig. 2(d)) and silicon (Si 2p) 
(Fig. 2(e)) functional groups were also found from the core level spectra 
with pyridinic-N, pyrrolic-N and graphitic-N at 399.9, 398.2 and 401.8 
eV, and Si-C bond at 102.5 eV respectively [46]. These additional 
functional groups present in L-600 can initiate catalytic reactions, 
increasing the cyclability of polysulfides in the separator and cathode 
interface [47]. Fig. 2(f) shows the N2 adsorption-desorption profile of 
the representative L-600 sample, suggesting that the type IV isotherm 
suggests a uniform and hierarchical porous network. In addition, the 
porous distribution was derived from the BET analysis as shown in the 
inset of Fig. 2(f), and the specific surface area of L-600 was found to be 
720 m2 g-1. The average pore size was distributed over 1 to 10 nm and 10 
to 50 nm, corresponding to micro- and macropores. Macropores facili
tate the permeation of the electrolyte and efficient lithium-ion transport. 
In contrast, the micropores provide many trapping sites for lithium 
polysulfides, inhibiting their migration between the electrodes [48]. 
Generally, lithium polysulfide species (Li₂Sₓ, where 4 ≤ x ≤ 8) typically 
have molecular dimensions in the range of ~0.5–1.5 nm. The micro
porous framework of L-600 is well-suited to trap these species physi
cally, thereby mitigating their diffusion and suppressing the shuttle 

Fig. 1. (a) XRD pattern, (b) Raman spectra, and (c) FTIR spectra of synthesized porous carbon (L-X).
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effect [49].
The morphology of prepared samples L-500, L-600, and L-700 is 

studied using FESEM images as shown in Fig. 3 (a-c), respectively. The 
uniform distribution of homogenous pores associated with L-600 will 
enhance electrochemical performance. The corresponding FESEM im
ages of L-600 at different magnifications are shown in Fig. 3 (d-f), 
picturing the carbon platelets with well-defined pores distributed over 
the surface, suggesting a foam-like 3-dimensional (3D) porous carbon 
network [50,51]. This 3D porous structure is particularly promising in 

improving capacity and rate performance, owing to the 3D inter
connected carbons providing an extensive interface with the electrolytes 
for ion interaction reactions [52]. Therefore, this unique morphology 
may prompt electrolyte penetration with enhanced wettability and ease 
of lithium-ion transfer in the electrode-electrolyte interface. In contrast, 
L-500 did not exhibit appreciable porosity, which may be attributed to 
the lower temperature for complete activation. On the other hand, L-700 
also shows well-defined porosity as L-600, suggesting that the sample 
was well activated at a temperature above 500 ◦C.

Fig. 2. (a) XPS survey spectra of l-X, the deconvoluted spectra of (b) carbon (C 1 s), (c) oxygen (O 1 s), (d) nitrogen (N 1 s), and (e) silicon (Si 2p) of l-600. (f) BET 
adsorption-desorption isotherm of l-600 (inset: pore size distribution plot).

Fig. 3. (a-c) FESEM images of L-500, 600, and 700 (d-f) L-600 at different magnifications.
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Furthermore, the high-resolution transmission electron microscopic 
(HRTEM) image, selected area electron diffraction (SAED) pattern, and 
Energy dispersive spectra (EDS) analyses of the lichen-derived carbon 
(L-600 sample) are shown in Fig. 4 (a-f), highlighting its nanostructured 
features and elemental composition. The low-magnification TEM images 
in Fig. 4 (a-c) at increasing magnifications (25,000 × to 100,000 ×) 
reveal a sheet-like morphology with loosely packed, interconnected 
carbonaceous layers. Fig. 4 (d-e) presents the HRTEM image, which 
clearly shows lattice fringes with interplanar spacings of 0.317 nm and 
0.247 nm, corresponding to the (111) plane of silicon (Si) and the (002) 
plane of graphitic carbon, respectively. This indicates the coexistence of 
both carbon and silicon domains, forming a naturally embedded Si and C 
composite. The SAED pattern in Fig. 4(f) further supports this, with 
diffraction rings indexed to the (002) and (111) planes, matching the 
crystalline reflections of graphitic carbon and silicon. The presence of 
these rings indicates partial crystallinity within the otherwise disordered 
carbon matrix. Finally, Figure S1 shows the energy-dispersive X-ray 
spectroscopy (EDS) spectrum, confirming the sample’s elemental 
composition. The strong peaks for C, O, and Si reaffirm the presence of 
carbonaceous content with embedded silicon nanoparticles. The Cu 
signal arises from the TEM grid. The observation of Si, supported by both 
XRD and EDS, suggests that silicon is inherently present in the lichen 
precursor, making the L-600 sample a unique in-situ Si–C composite. 
Therefore, from the combined physicochemical analysis of L-500, L-600, 
and L-700 samples, the L-600 sample is anticipated to offer significant 
electrochemical performance.

3.2. Electrochemical characterization

The electrochemistry of Li-S cells is initiated by performing cyclic 
voltammetry to study the oxidation and reduction reactions using l-500, 
l-600, and l-700 modified GF separators. The potential window was 
optimized as 1.6 to 2.8 V vs. Li/Li+ with 1.2 V of working voltage at a 
scan rate of 0.5 mV s-1, as shown in Fig. 5(a). The oxidation and 
reduction peaks of Li-S batteries with modified separators align perfectly 
with prominent reversibility. l-600 shows a much higher current than l- 
500 and l-700, with two prominent peaks in the cathodic reduction 
process attributed to the rapid conversion of higher-order polysulfides 
that are highly soluble (Li2Sx, 4 ≤ x ≤ 8) and slow reduction of insoluble 
lower-order polysulfides (Li2Sx, 2 ≤ x ≤ 4) produced from sulfur cathode 
centered at 2.3 V and 1.9 V respectively [53]. During anodic oxidation, 

the lower-order polysulfides are reformed to sulfur, evident from the 
highly intense anodic peak at 2.6 V vs. Li/Li+. The peak current is related 
to the kinetics of the reaction; a higher peak current suggests faster re
action kinetics. Comparatively, the broad peak of l-500 and l-700 in
dicates that the sample offers slightly sluggish kinetics. CV analysis 
shows that the l-600 sample can perform better due to the surface 
functional groups and uniform porous morphology.

Galvanostatic charge-discharge (GCD) analysis of the Li-S cell was 
carried out for all three samples coated with a GF separator at a current 
rate of 0.2 C, in the voltage window of 1.6 V to 2.8 V vs. Li/Li+as shown 
in Fig. 5(b) [54]. Typically, two continuous plateaus corresponding to 
the reduction of octahedral (S8) to higher order and lower order poly
sulfides were well defined as follows [55]. The initial short plateau at 2.3 
V vs. Li/Li+ corresponds to the higher-order polysulfides, and the 
comparatively long plateau at 2.05 vs. Li/Li+ is attributed to the for
mation of lower-order polysulfides. Similarly, the continuous plateau at 
oxidation suggests the uninterrupted conversion of lower-order poly
sulfides Li2S2/ Li2S into higher-order polysulfides, and finally, sulfur (S8) 
at the end of oxidation suggests a reversible reaction, which is in good 
agreement with the CV curve [56]. The performance of specific capacity 
is calculated from GCD analysis of L-500, L-600, and L-700 @ 0.2 C rate, 
and their capacity value was found to be 829 mAh g-1, 1300 mAh g-1, 
and 476 mAh g-1, respectively. Comparatively, L-600 shows better 
specific capacity owing to its uniform porosity and complex functional 
groups associated with the carbon matrix. In addition, the l-600 modi
fied separator attains a significant discharge-specific capacity in both 
the high-voltage region (QH) and low-voltage region (QL) compared to 
the l-500 and l-700 modified separators. The primary reason for the 
increased QH and QL is the relieved shuttle effect. The more negligible 
charge /discharge voltage difference of l-600 of ΔE=0.20 V expresses 
the reduced polarization. The comparative values of QH, QL, and ΔE are 
included in Table S1 [57]. Fig. 5(c) shows the stability analysis of l-500, 
l-600, and l-700 at a 0.2 C rate for 200 cycles. Among these, l-600 shows 
better stability with 65 % capacity retention after 100 cycles and 55 % 
retention after 200 cycles. In contrast, l-500 and l-700 samples offered 
poor stability with < 10 % and 47 % capacity retention after 200 cycles. 
The stability comparison of the l-600 @GF and pristine GF separator is 
shown in Figure S2. From Fig. 5(d), the CV curve of the initial five cycles 
for l-600 overlaps well with its anodic and cathodic peak difference of 
0.545 V, indicating good stability of redox reactions, and their location 
exhibits an extremely stable tendency with the increase in CV cycles. 

Fig. 4. (a-e) HR-TEM analysis of l-600 at different magnifications. (f) SAED pattern of l-600.
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l-600 effectively suppresses the diffusion of liquid intermediate products 
and loss of active materials, thus resulting in a high reversible specific 
capacity. To study the electrocatalytic activity of l-600, the diffusion rate 
of lithium-ion in Li-S battery with l-600 @ GF separator is measured by 
CV at different scan rates ranging from 0.1 to 0.5 mV s-1, as shown in 
Fig. 5(e). The peak current IA, IB, and IC change with increased scan rates, 
and their peak potential changes more obviously. The diffusion coeffi
cient of lithium-ion is calculated from the classical Randles- Sevick 
equation [58]: 

IP = 2.69 × 105n3/2A D1/2
Li v1/2CLi 

Here, IP refers to the peak current, v corresponds to the scanning rate, 
and DLi infers the diffusion coefficient of lithium (Li+) ions. According to 
the equation, the peak current Ip is directly proportional to the square 
root of both the scan rate (v) and lithium ion diffusion coefficent (DLi). 
The higher Ip / v1/2 ratio implies the higher DLi value, indicating more 
efficinet and faster lithium ion diffusion. The linear analysis of DLi for L- 
600 is shown in Fig. 5(f), and their values are found from their corre
sponding slopes as 0.177, 0181, and 0.190 for the peak A, B, and C, 
respectively. The slope values suggest a better ability of L-600 to pro
mote the diffusion of lithium ions, which can promote the redox process 

of lithium polysulfide to inhibit the shuttle effects.
The selective GCD profile of L-600 for 200 cycles @ 0.2 C is shown in 

Fig. 6(a). This suggests that the cell with L-600-coated GF offers good 
stability even after 200 cycles, with a 10 % capacity decrease from 100 
− 200 cycles. Two typical reduction plateaus centered at ~ 2.3 and 2.0 V 
correspond to an intricate series of disproportionation conversion re
actions, which is known to play a key role in the discharge-specific ca
pacity, resulting in slow reaction kinetics [59]. For better capacitive 
performance, it is essential to have comparatively higher high-voltage 
plateau capacity (QH) and low-voltage plateau capacity (QL), indi
cating high sulfur utilization and enhanced conversion kinetics with 
lower polarization rate (ΔE), which specifies better redox reaction ki
netics [60]. From Fig. 6(a), l-600 offers a higher QL than l-500 and l-700 
and also a lower polarization rate (ΔE), which ensures enhanced con
version kinetics of polysulfides and better redox reaction kinetics [61]. 
The typical charge-discharge plateau of l-500 and l-700 for selective 
cycles from stability is compared in Figure S3 (a,b).

Furthermore, the porous carbon-coated separators assembled Li-S 
cells are subjected to electrochemical impedance spectroscopy analysis 
to verify the superiority of L-600 @ GF over the other L-X coated GF 
separators. The Nyquist plots obtained at an open circuit potential for L- 
500, L-600, and L-700 are shown in Fig. 6(b). All three cell’s Nyquist 

Fig. 5. (a) Comparative CV curve of L-X (L-500, L-600, and L-700) @ 0.5 mV s-1, (b) Comparative GCD of L-X @ 0.2 C rate (1st cycle), (c) Cycling stability of L-X @ 
0.2 C for 200 cycles. CV curve of L-600 (d) @ 0.5 mV s-1 for five cycles and (e) different scan rates, respectively. (f) Linear fit of CV peak currents vs scan rate of L-600.

Fig. 6. (a) The selective GCD profile of L-600 for 200 cycles @ 0.2 C rate. (b) EIS spectra of L-X (inset: high-frequency region) and (c) rate capability of pristine GF 
and L-600@ GF separator at different C-rates.
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plots exhibited a similar complete semicircle at the high-frequency re
gion with an extended Warburg arm over the low-frequency region. RS 
refers to the solution or ohmic resistance, depending on the electrode- 
electrolyte interface. Rct corresponds to the charge transfer resistance, 
which is important in reflecting the reaction dynamics. The solution 
resistance (RS) was found to be 2.8, 4.6, 6.3 Ω, and its charge transfer 
resistance (Rct) was inferred as 85.2, 43.0, and 74.2 Ω, for L-500, L-600, 
and L-700, respectively. Comparatively, a lower Rct and Rs value of L- 
600 agreed with better performance and significant specific capacity. In 
addition, the Warburg region over the low-frequency region is almost 
parallel to the imaginary impedance axis, indicating the high Li ion 
diffusion in the electrode-electrolyte interface [62]. The comparative 
Nyquist plot of Ll-600@GF over pristine GF is shown in Figure S4. A rate 
capability study is carried out from 0.2C to 2C for L-600, as shown in 
Fig. 6(c), to investigate the capacity of Li-S cells to enable them in 
high-power applications. It is evident that the specific capacity steadily 
decreases with the increase in the current rate, ranging from 0.2 to 2 C. 
L-600 has a high initial discharge capacity of 1500 mAh g-1 at the scan 
rate of 0.2 C, which is double times higher than that of pristine GF. 
Gradually, L-600 cells possess discharge-specific capacities of 1300, 918, 
732, and 400 mAh g-1 at 0.2C, 0.5C, 1C, and 2C, respectively. When the 
rate was returned to 0.2C, the discharge capacity was 924 mAh g-1, 
revealing the better reversibility of L-600. The enhanced electro
chemical property of the L-600-coated separator over the pristine GF 
separator suggests the need for modification to reduce the polysulfide 
shuttling effect [63].

The polysulfide conversion process can be understood by analyzing 
the Galvanostatic Intermittent Titration Technique (GITT) response 
(Fig. 7 (a, d)) and reactive resistance trends during charge and 
discharge. The GITT was carried out at a 0.2 C current rate with a pulse 
of 10 min charge/discharge and 30 min rest. The obtained GITT for the 
L-600 modified separator in the Li-S battery is shown in Fig. 7(a). The 
voltage response during intermittent titration exhibits distinct plateaus 

corresponding to the multi-step conversion of sulfur species (S8 → Li2S6 
→ Li2S4 → Li2S2 → Li2S) [64]. The sharp voltage drops and subsequent 
recovery in the discharge phase are associated with Li2S nucleation and 
activation. Lithium polysulfides gradually convert into a highly insu
lating solid Li2S phase at a lower voltage, increasing the overpotential. 
During charging, Li2S activation occurs, but the slow dissolution kinetics 
cause a gradual increase in internal resistance. The Li-S cell with the 
modified separator delivers a discharge capacity of 825 mAh g-1 at 0.2 C 
(Fig. 7(b)), indicating efficient sulfur utilization. The state of charge 
(SOC) and state of discharge (SOD) were calculated based on the 
delivered capacity relative to the theoretical capacity of sulfur (1675 
mAh g-1). During charging (Fig. 7(c)), the reactive resistance decreases 
continuously upto 700 mAh g-1 (SOC = 0.418) before increasing. This 
suggests that in the early stages of charging, lower-order polysulfides 
(Li2S2/Li2S) dissolve into higher-order polysulfides (Li2S6, Li2S8), 
reducing resistance. However, beyond SOC = 0.418, the increase in 
resistance indicates that sulfur is being redeposited as a solid, slowing 
charge transfer kinetics. During discharge (Figure 7(c)), the reactive 
resistance remains stable at 0.8 Ω g up to 357 mAh g-1 (SOD = 0.213), 
suggesting a smooth conversion of sulfur (S₈) into higher-order poly
sulfides (Li2S8, Li2S6). Beyond this point, resistance increases signifi
cantly, reaching 4.9 Ω g at SOD = 0.423, which correlates with the 
formation of low-order polysulfides (Li2S2/Li2S) [65]. These species are 
less soluble and begin precipitating on the cathode, increasing polari
zation and reducing the electrochemical kinetics. The overall discharge 
process follows a stepwise reduction of sulfur into polysulfides, initially 
forming soluble Li2S8 and Li2S6, which then converted into insoluble 
Li2S2 and Li2S, causing an increase in resistance [66]. Conversely, solid 
Li2S is reoxidized to soluble polysulfides during charging, reducing 
resistance up to SOC = 0.418, after which sulfur deposition increases 
resistance. The observed resistance trends confirm the sequential poly
sulfide conversion during charge and discharge, highlighting the role of 
the modified separator in maintaining lower resistance during early 

Fig. 7. (a) GITT profile of L-600, the cell was allowed to relax for 30 min after every 10 min charge/discharge at @ 0.2 C rate. (b) GITT potential response as a 
function of specific capacity. (c) Comparative reactive resistance trend and (d) diffusion coefficient variation with specific capacity during charge and discharge. (e) 
Rate capability comparison of l-600@ GF separator for fast charging analysis at various charging rates (0.5 C to 5 C) with constant discharge at 0.5 C and (f) 
corresponding GCD profile.
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discharge. The rise in resistance beyond specific SOC and SOD values 
indicates Li2S precipitation during discharge and sulfur deposition 
during charging. A similar observation is also noticed in the SnS/porous 
carbon nanosheet-modified Celgard separator for Li-S batteries [58]. 
The average reactive resistance for the charging and discharging process 
is 1.12-ohm g and 2.27-ohm g. Fig. 7(d) presents the lithium-ion diffu
sion coefficients of the L-600 modified separator. The diffusion coeffi
cient trend during the whole discharge and charge process of the cell 
was calculated using Fick’s second law of diffusion, given below 

DLi+ =
4
πτ

(
mB Vm

MB S

)2(ΔEs

ΔEτ

)2 

Here, τ is the time duration for the current pulse, mB represents the 
active mass of the electrode, MB is the molar mass of the active material, 
and S corresponds to the area of the electrode in contact with the elec
trolyte. Vm symbolizes the molar volume of the sulfur cathode. ΔEs and 
ΔEτ are the changes in the constant current pulse and equilibrium po
tential. Fig. 7(d) presents the values of diffusion acquired during the 
charge and discharge of different potentials. The average diffusion 

coefficient during the charging and discharging process is 3.68 × 10–4 

cm2 s-1 and 6.48 × 10–6 cm2 s-1. During charging, lithium sulfide (Li2S) is 
converted back into soluble higher-order polysulfides (Li2S6, Li2S8), 
which are more mobile, resulting in a higher diffusion coefficient. In 
contrast, during discharging, the formation of insoluble Li2S2/Li2S near 
the cathode restricts ion transport, leading to a lower diffusion 
coefficient.

Practically, the critical challenge for enabling Li-S batteries in elec
tric vehicles targets its fast-charging ability. Charging time can be 
reduced by increasing the charging current, but it may simultaneously 
accelerate battery degradation. Therefore, the charging rate has a more 
significant effect on battery degradation than the discharge rate [67]. 
The optimized Li-S cell with L-600 modified separator is subjected to fast 
charging studies, and Fig. 7(e) shows the charge-discharge profile with 
various charging rates as 0.5C, 1C, 2C, 3C, 4C, and 5C with constant 
discharging at 0.5C. Fig. 7(f) shows the corresponding fast-charging 
specific capacity retention rate, which depicts better recyclability even 
when the charging rate (5C) is increased 10 times more than the dis
charging rate (0.5C). The enhanced Li-S battery performance of L-600 

Fig. 8. (a-d) FESEM images of l-600@GF separator after stability at different magnifications. (e) Selected complete area for elemental mapping, (f) combined 
elemental mapping along with (g) carbon (C), (h) nitrogen (N), (i) oxygen (O), (j) silicon (Si), and (k) sulfur (S) respectively. (l) FESEM-EDS spectrum (inset: 
elemental distribution ratio).
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coated GF over the L-500, L-700, and Pristine GF is credited to the 
uniform, unique 3D porous structure with complex functional groups 
associated with the carbon matrix, as discussed. The performance matrix 
of the L-600 modified separator for Li-S battery in terms of initial ca
pacity and capacity retention is compared with the recent literature and 
given in Table S2. Therefore, it is evident that the L-600 modified 
separator offers high specific capacity and capacitance retention, 
thereby promising to suppress the polysulfide shuttling and dendrite 
formation in the anode.

3.3. Post-Mortem study

Postmortem analyses were carried out to analyze the polysulfide 
shuttling effect of the L-600 modified separator after cycling. After 200 
cycles, the dismantled separator was subjected to FESEM analysis, and 
its surface morphology at different magnifications is shown in Fig. 8 (a- 
d), respectively. The deposited materials over the porous carbon region 
coated on the GF separator suggest a strong matrix to absorb, seize, and 
hold the polysulfides owing to electrochemical deposition at the end of 
charge/ discharge reactions [68]. An EDX inspection after cycling sta
bility exhibited elemental C, N, O, Si, and S on the separator, which is 
uniformly deposited over the L-600 modified separator matrix, as shown 
in Fig. 8 (e-k), respectively. This deposition over the GF-modified L-600, 
which faced the cathode, clearly exhibits absorption and interception 
properties of the porous carbon coating. Additionally, the sulfur signals 
in the corresponding EDX spectrum (Fig. 8(l)) show active sulfur ma
terials uniformly embedded over the carbon, providing that the porous 
regime effectively traps the soluble polysulfides and retains them as 
active material on the cathode side [69].

4. Conclusion

The physicochemical analysis states the uniqueness of lichen-derived 
carbon material attributed to naturally embedded silicon functional 
groups and a well-defined porous network that can play a vital role in 
polysulfide shuttling. In addition, the calcination temperature of lichen 
biomass was also optimized and found to be L-600, which offers 
graphitic nanostructures along with the complex functional groups 
observed through Raman, FTIR, and XPS analysis, respectively. Inter
estingly, the electrochemical performance of L-600 was consistent with 
the physicochemical analysis, with a high specific capacity of 1330 mAh 
g-1 at 0.2 C and a high reversible capacity of 725 mAh g-1 after 200 
cycles, with a degradation rate of 0.22 % per cycle. Notably, the sig
nificant performance is attributed to the diverse functional groups and 
three-dimensional porous networks associated with L-600 observed 
through BET and FESEM analysis. As a result, the Li-S cell mounted with 
a modified GF separator offers less Rs and Rct values with ideal battery 
performance. This remarkable performance is attributed to silicon in situ 
in the lichen biomass. The interconnected foam-like porous network and 
better graphitization in L-600 facilitated efficient electron/ion transport 
and effectively trapped lithium polysulfides, reducing the shuttle effect 
and enhancing cycling stability. Therefore, this work proposed an 
effective and eco-friendly method of modifying GF separators for future 
Li-S batteries with promising energy storage applications.
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