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ABSTRACT: In search of improved advanced energy storage
systems to meet our fast-growing energy demands for large-scale
applications, potassium−sulfur batteries (KSBs) provide an
essential alternative due to their high specific capacity apart from
the low cost and abundance of potassium and sulfur. However, the
insulating nature of sulfur, volume changes, and shuttle effect
impede the development of these batteries. Further, the binder,
carbon additives, and current collector used in the assembly of cells
in a conventional approach decrease the energy density of cells. To
overcome these challenges, we propose a binder-free and free-
standing carbonized bacterial cellulose (CBC) as a cathode host
that not only provides a conducting pathway but also has a porous
network that is resilient to volume change. To ensure the uniform loading of sulfur, CBC was dipped into the sulfur/carbon disulfide
solution, followed by melt diffusion at 160 °C to prepare a sulfur-infused CBC (S-CBC) cathode. This S-CBC cathode with an
interconnected fiber network delivers a significantly high reversible capacity of 1311 mA h g−1 at a current density of 50 mA g−1.
While connected for long-term cycling, the potassium sulfur cell delivers an initial reversible capacity of 475 mA h g−1 at 100 mA g−1.
Once the cell is stabilized after 80 cycles, it maintains a capacity of 123 mA h g−1 with a capacity retention of 86% after 500 cycles.
This enhanced electrochemical performance of flexible and free-standing S-CBC cathode is further analyzed using first-principles
calculations. Moreover, the efficacy of the S-CBC cathode is also tested under high sulfur loading (1.6 and 2.4 mg cm−2, respectively)
for the practical development of KSBs.
KEYWORDS: carbonized bacterial cellulose, binder free, free-standing and flexible cathode, first-principles calculation,
potassium-sulfur batteries

1. INTRODUCTION
The global demand for clean energy is ever increasing with
large-scale applications in electric vehicles and grid storage.
Currently used lithium-ion batteries (LIBs), due to their
limited energy density (∼200−220 W h kg−1), cannot meet
these requirements.1−3 Therefore, much attention has been
paid to exploring alternative next-generation energy storage
technologies over the past decade or so.4 Meanwhile, the
lithium-sulfur battery that uses a lithium anode coupled with a
sulfur cathode has emerged as an appealing candidate as it can
offer a high energy density of 2567 W h kg−1.5 However, the
limited availability and, therefore, the high cost of lithium
hinder their use in large-scale applications.6,7 On the contrary,
potassium, the eighth-most abundant metal in the earth’s crust,
has the potential to replace lithium as an anodic material.8

Potassium has a weaker Lewis acidity and offers a low standard
reduction potential (−2.93 V vs standard hydrogen electrode),
resulting in high ion mobility and conductivity. A sulfur
cathode with a very high capacity of 1675 mA h g−1, when

coupled with a potassium anode, can deliver a high theoretical
gravimetric energy density of 914 W h kg−1.9,10

However, in a typical potassium−sulfur battery (KSB), the
practical applications are restricted due to several issues. First,
the insulating nature of sulfur (5 × 10−15 S cm−1) and
potassium disulfide (K2S) results in the low utilization of active
sulfur.11 Second, the large size of potassium ions leads to a
massive volume variation (∼309%) in KSB and results in
electrode pulverization and deterioration.11 Third, the
dissolution of intermediate potassium polysulfides develops a
concentration gradient and diffuses to the anode, giving rise to
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the infamous shuttle effect, which causes anode corrosion, self-
discharge, limited cyclability, and low Coulombic efficiency.12

To circumvent these issues, several nanostructured carbona-
ceous materials such as microporous carbon,13 carbon
nanotubes (CNT)s,14 and so on have been used as a sulfur
host to improve the electrochemical performance in KSBs.
Zhao et al.15 synthesized a series of ordered mesoporous
carbon/sulfur composites as cathodes with different sulfur
amounts using a melt-diffusion process. The composite was
further coated with polyaniline to enhance conductivity. The
cell could retain a capacity of 329.3 mA h g−1 after 50 cycles at
50 mA g−1. Covalently confined sulfur was also used as a
modified cathode as another strategy to achieve enhanced and
stable performance with a capacity retention of up to 86%
(∼253 mA h g−1 after 300 cycles at 150 mA g−1).16 In yet
another report, iodine-doped sulfurized polyacrylonitrile was
used as a cathode delivering ∼700 mA h g−1 after 100 cycles at
the rate of 0.1 C with ∼74% capacity retention.17
However, these strategies may not serve the purpose of the

development of practical KSBs primarily for two reasons: (i)
sulfur loading is too low (<0.5 mg/cm2), and (ii) cell
fabrication includes electrochemical inactive species such as
binders (for proper adhesion of the electrode slurry to the
current collector), additives (to increase the conductivity), and
current collectors (for providing a conducting pathway). The
use of a binder, carbon additives, and current collector has
always been an issue because these components do not
participate directly in the electrochemical reaction and thus
increase the dead weight of the battery and lead to decreased
energy density. In this direction, Yuan et al.14 used CNT films
prepared by floating catalyst vapor deposition to form a self-
supported, binder-free cathode matrix. Sulfur (S) was
dispersed on CNT films, followed by a melt-diffusion strategy
to incorporate sulfur. The as-fabricated cell with S/CNT
composite exhibited a capacity of 135 mA h g−1 after 200
cycles with a capacity retention of 23.1%. Further, Yuan et al.18

used activated carbon cloth fiber (ACF) with different specific
surface areas as a binder-free matrix and mixed it with sulfur to
obtain an ACF@S composite cathode. The as-prepared ACF@
S cathode delivered a capacity of 157 mA h g−1 after 250 cycles
with a capacity retention of 50%.
In this work, for the first time to the best of our knowledge,

we present a flexible and free-standing mesoporous bacterial

cellulose-derived carbon as a cathode matrix to host sulfur,
which can be directly used with potassium foil as the counter
electrode without a binder. Bacterial cellulose (BC), a
biopolymer cultured using various grades of bacteria, is the
purest form of cellulose with a three-dimensional interwoven
nanofibrous structure.19−21 When pyrolyzed in the inert
atmosphere, it yields carbonized bacterial cellulose (CBC),
an interconnected assembly of CNF that enables the smooth
transaction of electrons to carry out the redox reaction with
sulfur. Moreover, the porous structure of CBC not only helps
to sustain the volume changes during potassiation/depot-
assiation but also enables higher sulfur loading for practical
purposes. For a uniform and higher sulfur loading, sulfur was
added to the carbon disulfide (CS2) solvent. CBC was soaked
into this solution before the melt diffusion, unlike the
conventional way of sulfur infusion in the solid powder form.
The electrochemical testing performed using a flexible and
free-standing CBC matrix to host sulfur (S-CBC) as a cathode
for KSB further reflects these benefits. The cyclic voltammo-
gram confirms the two-step reduction process of sulfur,
resulting in an impressive capacity of 1311 mA h g−1 at 50
mA g−1. Moreover, the cell retained 86% capacity even after
500 continuous charge/discharge cycles, reflecting the stable
performance of S-CBC.

2. MATERIALS AND METHODS
2.1. Materials. Dextrose, yeast extract, peptone, sodium

phosphate, and citric acid anhydrous were obtained from Sisco
Research Laboratories Pvt. Ltd., India. Sulfur, potassium cubes,
potassium trifluoromethanesulfonimide (KTFSI), and tetra ethylene
glycol dimethyl ether (TEGDME) were received from Sigma-Aldrich,
India. Carbon disulfide (CS2) was obtained from Alfa Aesar, India.
The glass microfiber filter separator was purchased from GE
Healthcare Life Sciences, India. All the chemicals were used as
received without further purification.
2.2. Preparation of BC. Bacterial cellulose was cultured using the

standard Hestrin and Schramm (HS) media. The HS media was
prepared by adding 20 g glucose, 5 g yeast extract, 5 g peptone, 3.4 g
sodium phosphate, and 1.14 g citric acid in 1 L of deionized (DI)
water.22 The pH of the media was maintained at 3.5. The prepared
media was autoclaved to kill the other microorganisms and avoid
contamination. 100 mL of autoclaved media was poured into a 15 mm
diameter glass Petri plate, followed by the addition of 3 mL bacterial
inoculum (acetobacter xylinum) with uniform dispersion inside a
laminar airflow cabinet. The Petri plate was sealed with parafilm to

Scheme 1. Schematic of the Synthesis Route for the S-CBC Cathode
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avoid excess oxygen. The sealed Petri plate was transferred to an
incubator maintained at 25 °C in static mode. After 14 days, thick
white pellicles were collected from the culture plate and washed in 0.5
M NaOH solution. The pellicles were washed thoroughly with DI
water for a few days until the pH reached the neutral level (7.0) and
were used for further experiments.22

2.3. Synthesis of CBC. The formed BC pellicles were freeze-dried
for 24 h before the carbonization to remove the associated water.
Freeze-dried BC pellicles were cut in rectangular shapes (2.5 × 6 cm)
and then transferred to a tubular furnace in a ceramic crucible while
maintaining an inert atmosphere using argon gas. The carbonization
was carried out in two steps.23 First, it was stabilized at 350 °C for 2 h
with a heating rate of 2 °C min−1, followed by the carbonization at
900 °C for 2 h with a heating rate of 5 °C min−1. After the natural
cooling of the furnace, the free-standing CBC was collected and used
to impregnate the sulfur, as discussed below.
2.4. Synthesis of Free-Standing S-CBC. CBC was roll-pressed

to a sheet-like structure and cut into 15 mm diameter by a punching
machine. The circular CBC was dipped into an appropriate amount of
S/CS2 solution for 2 h.

24 It was then taken out of the solution and left
in the ambient atmosphere for 2 h for the complete evaporation of
CS2. For thorough infiltration of sulfur in CBC, it was heated in a
sealed stainless-steel autoclave at 160 °C for 12 h. The as-prepared S-
CBC cathode could be used directly as a cathode in potassium−sulfur
batteries. We used different sulfur loadings to prepare S-CBC
cathodes: the lower loading was 0.6 mg cm−2, and the higher loading
was 1.6 and 2.4 mg cm−2. A detailed schematic for cathode
preparation is shown in Scheme 1.
2.5. Material Characterizations. The resulting samples (CBC

and S-CBC) were investigated structurally using the X-ray diffraction
(XRD) patterns recorded using Rigaku Smart Lab high-resolution
XRD with Cu Kα (λ = 0.154 nm) in 2θ ranges of 10° and 70°. Raman
spectrum was collected using a Jobin Yvon spectrometer to quantify a
graphitic and disordered structure, utilizing an HR 800 micro-Raman
laser (excitation wavelength of 594 nm). The morphology of CBC
and S-CBC was observed by a focused ion beam scanning electron
microscope (JIB-4700F), and elemental mapping was analyzed by
energy dispersive spectroscopy (EDAX). To quantify the amount of
sulfur in the composite, thermogravimetric analysis (TGA) was
performed on SDT Q600 V20.9 from room temperature to 900 °C in
a nitrogen atmosphere. Bruker TENSOR 37 was used to record
Fourier-transform infrared (FTIR) spectroscopy.
2.6. First-Principles Calculations. Density functional theory was

used to perform the first-principles calculations. Gaussian software
with B3LYP/6-31G theory level was used to perform the analysis. The
total binding energy of the reaction (ΔET) was computed as

=

=
[ + ]

E E E

E

E E

(K S interacted with different structures)

(pristine structure) (K S )

T product reactant

2 6

2 6

where ΔEproduct and ΔEreactant are the total ground state energy of the
product and reactant for a given reaction.25−28 K2S6 was chosen as a
representing molecule for soluble polysulfides.
2.7. Electrochemical Measurements. The flexible and binder-

free S-CBC cathode (active material) was adopted as an electrode.
Potassium foil was used as a reference/counter electrode, and
Whatman glass microfiber filters were used as a separator. The
electrolyte used was 3 M KTFSI in TEGDME. The amount of
electrolyte in each cell was 80 μL. The CR2032 coin-type cells were
assembled inside the glovebox maintained under an argon ambiance.
The cell was galvanostatically charged−discharged (GCD) between
0.8 and 3.0 V vs (K/K+) at various current densities on Biologic VSP
300. The cyclic voltammetry (CV) measurement was carried out in a
potential range of 0.8−3.0 V at a scan rate of 0.1 mV s−1.
Electrochemical impedance spectroscopy (EIS) data were obtained
with Biologic VSP 300 in a frequency range of 0.01 Hz to 1.0 MHz.
All the testing was performed at room temperature.

2.8. Symmetric Cell Measurements. CBC was used as both
reference and counter electrode for symmetric cell measurements. 80
μL of 3.0 M KTSFI in TEGDME solvent with and without the
addition of 0.5 M K2S6 (1:1 by v/v %) was used as the electrolyte.
The cell was swept in a voltage window of −1.0 to 1.0 V at a scan rate
of 25 mV s−1.

3. RESULTS AND DISCUSSION
3.1. Physiochemical Characterizations. The flexible and

free-standing S-CBC electrodes were prepared using an S/CS2
solution followed by melt diffusion, as discussed in the
previous section. The morphology of as-prepared CBC and S-
CBC was examined using FIB-SEM and is shown in Figure 1.

CBC consisted of an interconnected CNF and porous
structure (specific surface area: 541.3 m2 g−1, pore volume:
3.93 cm3 g−1),29 as shown in Figure 1a,b. The fibrous networks
were stacked layer by layer to form a three-dimensional
continuous architecture. This interconnected network pro-
vided a continuous linkage between the nanofibers, which is
beneficial for enhanced electron transport. S-CBC also showed
the CNF morphology with an interconnected network (Figure
1c,d). Even after melt diffusion, no sulfur aggregation could be
seen, proving its uniform distribution into the CBC. The
remaining volume void in the S-CBC provides free space and
helps accommodate the massive volume expansion during
potassiation and depotassiation. To confirm the elemental
composition and distribution, EDAX was performed and is
shown in Figures S1, S2. CBC revealed the presence of carbon
and oxygen (Figure S1), whereas S-CBC revealed the presence
of sulfur, carbon, and oxygen (Figure S2). Sulfur was evenly
distributed throughout the matrix, which is a potential benefit
for the efficient and high utilization of sulfur owing to
conductive pathways imparted by CNFs.
The XRD investigated the nature of carbon in CBC and

sulfur infused in S-CBC. The XRD patterns of CBC and S-
CBC are shown in Figure 2a. CBC showed a broad peak at ∼
24° corresponding to the (002) plane and ascribed to the
presence of amorphous carbon.30 However, after composite
preparation, the crystalline peaks of sulfur dominated over the
amorphous carbon. The diffraction patterns of S-CBC matched
precisely with the orthorhombic phase of sulfur (JCPDS: 08-
0247).31 Further, the diffraction pattern of the sulfur powder
was carried out to investigate any reduction occurring after the
composite preparation. The figure shows that the diffraction
patterns of sulfur and S-CBC match well; thus, it can be

Figure 1. FIB-SEM images of (a,b) CBC and (c,d) S-CBC.
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concluded that there is no phase change for sulfur after
composite preparation. Raman spectroscopy was carried out to
further analyze the carbon structure as XRD revealed the
dominance of sulfur, and thus, the carbon structure was not
observed in S-CBC (Figure 2b). Raman spectra of CBC and S-
CBC showed two different peaks positioned at 1343 and 1584
cm−1. The peak at 1343 cm−1 can be ascribed to the D-band,
which stands for the sp3 hybridized carbon (unsaturated
dangling bond) and non-continuous graphitic (disordered)
structure. However, the peak at 1584 cm−1 can be ascribed to
the G-band, which stands for sp2 hybridized carbon (saturated
bond) and long-range graphitic structure.32 To quantify the
degree of graphitization,33 the ID/IG ratio was calculated to
observe the dominance of graphitic or disordered structures.
The ID/IG ratio values were 1.00 and 1.03 for CBC and S-CBC,
respectively. It further reflects that the sulfur infusion is not
distorting the carbon structure.
The presence of a functional group in the cathode matrix

determines the interaction of polysulfides during the redox
reaction. FTIR analysis was performed to study the functional
groups in both CBC and S-CBC (Figure 2c). CBC revealed
the presence of −OH, C−H, C�O, C−C, and C−O
functional groups attached to the carbon skeleton.30 However,
after composite preparation, S-CBC revealed an additional
peak of ∼595 cm−1, which stands for S−S bridging.16 This
observation also supports the successful sulfur infusion in the
carbon skeleton. Identification of these functional groups is
further used to calculate the interaction of soluble polysulfide
(K2S6) to understand which functional group is more beneficial
for capturing soluble polysulfides. Additionally, capacity values
need to be evaluated based on sulfur infusion. Therefore, the

evaluation of sulfur content is a crucial step. For that, TGA was
performed in N2 atmosphere at a heating rate of 10 °C min−1,
illustrated in Figure 2d. The TGA profile of CBC showed some
weight loss beyond 250 °C, which can be associated with the
loss of the −OH functional group as revealed by FTIR
spectroscopy. Meanwhile, S-CBC showed a very stable
configuration up to 130 °C, which can be related to composite
heating at 160 °C (where the loss of the −OH group already
occurred). S-CBC showed a very steep loss after 155 °C, which
can be related to the loss of sulfur, and based on weight loss in
this regime, sulfur content was calculated as 40.6% by weight.
3.2. First-Principles Calculations. The presence of an

oxygen functional group may enhance the dipole moment (due
to the high electronegativity of the oxygen atom) and thus help
trap the soluble polysulfides. Therefore, first-principles
calculations were performed based on the functional group’s
analysis as per FTIR spectroscopy. The study compares the
enhancement in the interaction energy concerning the
functional groups. Graphene (Gr) is chosen as a control
structure, and functional groups are added to the graphene
structure. The optimized structures of graphene (Gr),
graphene with −OH (Gr_ OH), graphene with C−O (Gr_
C−O), graphene with C�O (Gr_ C�O), and K2S6 (as a
representing molecule for soluble polysulfides) are shown in
Figure 3a−e. The corresponding optimized energy of each
structure is shown in Figure S3. Figure 3f represents the
interaction energy calculation of Gr_ C�O with K2S6. After
interaction with Gr_ C�O, K2S6 showed distortion in its
structure that can be understood as an effect of strong
interaction. Therefore, the interaction energy with different
functionalities has been plotted in Figure 3g to understand

Figure 2. Physico-chemical characterizations: (a) XRD patterns, (b) Raman spectra, (c) FTIR spectra, and (d) TGA of CBC and S-CBC at a
heating rate of 10 °C min−1 in N2 atmosphere.
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which functional group is more helpful for trapping soluble
polysulfides. Figure 3g reveals the following order of
interaction energy: Gr−K2S6 < Gr_ C−O−K2S6, Gr_ OH−
K2S6 < Gr_ C�O−K2S6. Further, the dipole moment is
calculated to see the change in polarity with the attached
functional group (due to the presence of an electronegative
element), as shown in Figure 3h. The dipole moment follows
the increasing order of Gr < Gr_ C−O < Gr_ OH < K2S6 <
Gr_ C�O. The dipole moment of K2S6 is higher than that of
Gr, Gr_ C−O, and Gr_ OH optimized structures, reflecting
that it is a polar molecule, and a polar functional group is
beneficial for the interaction to minimize the shuttling behavior
of soluble polysulfides. Moreover, the dipole moment also
varies in the same order, reflecting that Gr_ C�O has the
highest dipole moment. This correlates with the condition that
the higher the dipole moment, the stronger the interaction.
Therefore, the presence of −C�O is more helpful in trapping
polysulfides than the other functional groups in the carbon
structure.
3.3. Electrochemical Characterizations. Detailed elec-

trochemical measurements were performed to understand and
quantify the redox behavior, charge−discharge capability, and
cyclic stability of the as-prepared free-standing S-CBC cathode.
First, CV was carried out in the potential window of 0.8−3.0 V
at a sweep rate of 0.1 mV s−1 and is illustrated in Figure 4a. CV
curves reveal the thermodynamic aspect of the electrochemical
reaction, and therefore, the reaction pathway can be traced.

The CV curve of S-CBC showed a two-step sulfur reduction
during the cathodic scan. These two peaks stand for the
reduction of elemental sulfur (S8) to long-chain potassium
polysulfides (K2Sn, 4 ≤ n ≤ 8) and consecutive reduction of
K2Sn to short-chain potassium polysulfides (K2Sm, 3 ≤ m ≤ 1).
Further, the two oxidation peaks are observed during the
anodic scan. These two peaks represent the oxidation of K2Sm
back to K2Sn, followed by oxidation to elemental sulfur (S8).

16

The presence of two peaks during the cathodic and anodic
scans reveals the reversibility of the redox reaction occurring in
the cell. The consecutive five cycles of CV curves almost
overlapped, indicating excellent reversibility of S-CBC. More-
over, a small peak located at 2.7 V can be ascribed to the
formation of the surface−bound complex, thiosulfate
(S2O32−).

8 The formation of this surface−bound complex
can be ascribed to the available functional groups (carbonyl
and hydroxyl) in the CBC matrix. Therefore, the interaction of
the polysulfides is higher in the presence of a functional group
compared to the bare carbon structure (discussed in first-
principles calculations).
While the CV demonstrates the thermodynamic behavior,

GCD quantifies the kinetic behavior of the material. Therefore,
GCD of S-CBC (with a sulfur loading of 0.6 mg cm−2) was
performed at 50 mA g−1 and is shown in Figure 4b. Assembled
KSBs deliver higher capacity in the sloping region, unlike LSBs,
whose capacity comes from the constant voltage region. The
GCD profile of S-CBC revealed similar attributes in various

Figure 3. Optimized structure of (a) graphene (Gr), (b) graphene with −OH (Gr_ OH), (c) graphene with C−O (Gr_ CO), (d) graphene with
C�O (Gr_ C�O), (e) K2S6, and (f) optimized interaction of Gr_ C�O with K2S6 (g) interaction energy of the different functional groups with
K2S6 and (h) variation of dipole moment with different functional groups Gr < Gr_ C−O < Gr_ OH < Gr_ C�O < K2S6.
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reports.14,18 The initial capacity of 1311 mA h g−1 was
achieved; however, a capacity of 785 mA h g−1 was delivered
after five cycles. This behavior can be related to the fact that in
the KSB system, initially, there will be structural trans-
formation, and thus, capacity degradation can be observed.
Later, the GCD was performed at 100 mA g−1, as seen in
Figure 4c, to assess the stability of the structure. In the
consecutive five cycles at 100 mA g−1, fewer capacity
fluctuations were observed, suggesting a stable structure’s
evolution. An initial capacity of 617 mA h g−1 was obtained,
which was reduced to 562 mA h g−1 after five cycles of GCD at
100 mA g−1.
The rate-capability plot illustrating the capacity values at

different current densities is shown in Figure 4d,e. The rate-
capability graph indicates that the capacity fluctuations were
maximum at 50 mA g−1; however, these were reduced with
increasing current density. A stable capacity value was obtained
at 100, 200, 500, and 1000 mA g−1, respectively. S-CBC

delivered a discharge capacity of 343, 184, and 113 mA h g−1 at
200, 500, and 1000 mA g−1, respectively. After cycling at
higher current rates, the cell was connected again to 50 mA
g−1. Interestingly, the cell did not show the fluctuation
observed at the initial stage and delivered a capacity of 595
mA h g−1, which shows the excellent reversibility of the S-CBC
cathode once the initial structural evolution was completed.
Overpotential is an evaluation of the polarization of the

electrode under a constant current charge−discharge. The
overpotential of S-CBC was calculated at various current
densities ranging from 50 to 1000 mA g−1, as shown in Figure
4f. The overpotential value at 50, 100, 200, 500, and 1000 mA
g−1 was 530, 690, 830, 1100, and 1024 mV, respectively. The
overpotential showed an increment with the current density. It
can be ascribed to the fact that an increase in current density
increases polarization.
To assess the electrochemical performance of a higher

sulfur-loading electrode (areal loading: 1.6 mg cm−2) for

Figure 4. Electrochemical characterizations of S-CBC with areal loading of 0.6 mg cm−2: (a) CV at 0.1 mV s−1; GCD profiles at (b) 50 mA g−1, (c)
100 mA g−1, and (d) different current densities; (e) rate-capability test; (f) overpotential at different current densities.
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practical application, the GCD profiles were performed at
different current densities. The GCD profile obtained at 50
and 100 mA g−1 are shown in Figure 5a,b. A similar
observation was repeated even with a high sulfur loading
electrode. The GCD profiles obtained at 50 mA g−1 showed
capacity degradation due to structural transformation and thus
decreased from 320 to 180 mA h g−1 after five cycles. When
the current was increased to 100 mA h g−1, the initial capacity
was 115 mA h g−1 and remained 74 mA h g−1 after five
consecutive cycles. The decrement in the capacity at 100 mA
g−1 is much lower than that at 50 mA g−1 due to the stabilized
structure of the cathode. This observation is in complete
agreement with the observation of GCD profiles obtained with
low sulfur loading (0.6 mg cm−2) electrodes.
Further, the GCD was carried out with 2.4 mg cm−2

electrodes to continue evaluating the material’s behavior
under high sulfur loading. The GCD profile obtained for the
initial five cycles is shown in Figure 5c. The profile nature
showed little change, which can be attributed to the feature
with a higher loading electrode. The cell delivered an initial
discharge capacity of 129 mA h g−1 with a coulombic efficiency
of 75.6%, which improved with further cycling and reached
100% after five cycles. The cyclic stability was continued for 30
cycles to observe the capacity decay trend under high sulfur
loading (Figure 5d). The charge−discharge capacity values
were retained for 30 continuous cycles. The capacity retention
was calculated based on the initial and final capacity obtained
and was 91%. This analysis reveals the efficacy of the S-CBC to
be cycled even at higher sulfur loading and thus makes it a
suitable candidate for the practical development of KSBs.
Furthermore, the interfacial properties were evaluated for

the S-CBC electrode using the EIS method, as shown in Figure
6a. The study was done before and after 100 cycles in a

frequency range of 0.01 Hz to 1 MHz. In both these cases, a
semicircular region can be seen in the medium- to high-
frequency regime and nearly a straight line in the low-
frequency region. The semicircular region corresponds to
charge transfer resistance (Rct), which indicates the redox
reaction taking place where the active material gets an electron
from the electrode and potassium ions from the electrolyte. On
the other hand, the straight line in the low-frequency region
corresponds to potassium ion diffusion resistance (Rw). S-CBC
offered a resistance value of 37.7 and 1357 Ω corresponding to
Rs and Rct, respectively. However, after cycling, the values
increased to 49.6 and 2472 Ω corresponding to Rs and Rct. S-
CBC showed an enhancement in the Rs and Rct after cycling. It
can be correlated to the deposition of the end discharge
product (K2S) on the S-CBC electrode. K2S is insulating in
nature and thus increases the Rct for S-CBC after cycling.
However, the cell operated even for continuous 500 cycles (as
shown in long-term cycling) primarily due to its ability to
accommodate more K2S in a porous matrix.
The first-principles calculation reveals the strong interaction

of K2S6 with CBC. Therefore, to get a better insight into the
interaction between CBC and K2S6, symmetric CV was
performed in a potential range of −1.0 to 1.0 V at a scan
rate of 25 mV s1 (Figure 6b). The CV profile shows that when
K2S6 was absent in the electrolyte, the current response
recorded was null. This indicates that the counter electrode in
the symmetric cell cannot contribute to the current. However,
when K2S6 was added to the electrolyte, the symmetric cell
showed a higher current response of 200 μA and an enhanced
area under the curve. It reflects that the surface reaction with
CBC occurs only in the presence of K2S6. This attributes to the
CBC cathode’s efficient adsorption and interaction of long-
chain potassium polysulfides.

Figure 5. Electrochemical performance with 1.6 mg cm−2 electrodes: (a) GCD at 50 mA g−1, (b) GCD at 100 mA g−1; electrochemical
performance with 2.4 mg cm−2 electrodes: (c) GCD at 50 mA g−1, (d) cyclic stability at 50 mA g−1.
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In addition, we also evaluated the cycle life of the fabricated
cell. Therefore, the long-term cyclic stability of the S-CBC
cathode was performed with a fresh cell at a current density of
100 mA g−1. The charge−discharge profiles of the selected
cycles are shown in Figure S4. During the first cycle, a high
capacity of 475 mA h g−1 was obtained; however, the capacity
was reduced after 50 cycles. It can be related to the structural
transformation occurring in the cathode, as discussed
previously. This transformation was observed for initial 80
cycles. Once the structural transformation was established, the
cell with S-CBC cathode showed a stable capacity up to 500
cycles. At the end of the 500th cycle, the cell delivered a
capacity of 143 mA h g−1. The capacity retention was

calculated after the stabilization and was found to be 86%. The
long-term stability profile is shown in Figure 6c.
To clearly spell out the superior electrochemical perform-

ance of the present work, the results are compared with the
existing literature based on the free-standing matrix as
presented in Figure 6d,e and Table S1. The comparison is
made for the cycle life, capacity retention, areal loading, and
capacity to fairly evaluate the performance of S-CBC over the
available literature. A careful observation suggests that despite
the high sulfur content in the cathode, which is an essential
consideration for the practical development of KSBs, we can
achieve a higher initial capacity in the present work compared
to the literature. Once the structure transformation occurred in
the initial cycles, much higher capacity retention, up to 86%,

Figure 6. (a) Nyquist plot for S-CBC cathode (before and after cycling); (b) CV curves of symmetric cells at 25 mV s−1; (c) long-term cycling at
100 mA g−1, comparison with the literature; (d) sulfur content; and (e) initial capacity at 50 mA g−1.
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was achieved. As CBC comprises an interconnected network of
CNF, it helps in reducing the pathway for electron trans-
actions. The porous morphology of CBC also enables buffering
of the volume changes during potassiation and depotassiation.
Moreover, the high electrolyte uptake enables the uniform
electrolyte−electrode interface; thus, the active sulfur can be
utilized more efficiently. These attributes can be considered to
be critical reasons for S-CBC’s enhanced electrochemical
properties over recently reported works in the literature.
To substantiate the effect of volume change upon

potassiation and depotassiation, the cycled electrode was
examined through FIB-SEM (Figure 7a,b). It may be observed

that the interconnected nanofibrous network remains intact
after cycling in the case of S-CBC, and deposition is seen on
the fibrous network. This deposited product can be ascribed to
the formation of the end-discharge product, K2S. It can be
noted that surfaces and spaces are still available to
accommodate discharge products in S-CBC produced during
further use (Figure 7b).

4. CONCLUSIONS
In summary, we demonstrated a facile way to prepare a BC-
derived CNF-based free-standing, flexible cathode that can
directly be used without any binder, additives, or current
collector. The sulfur infusion was carried out using an S/CS2
solution followed by a melt-diffusion to ensure a uniform and
higher loading. The potassium sulfur cell with the as-fabricated
(S-CBC) cathode delivered an initial reversible capacity of
1311 mA h g−1 at a current density of 50 mA g−1. Cyclic
stability was performed at 100 mA g−1 and showed a capacity
of 475 mA h g−1 with a capacity retention of 86% after 500
cycles. The electrochemical performance was also investigated
with a high sulfur loading cathode (1.6 and 2.4 mg cm−2) to
evaluate the potential of the S-CBC cathode for the practical
development of KSBs. Further, the first-principles calculation
improved our understanding of this enhanced electrochemical
performance by investigating the polysulfide’s interactions with
the cathode host matrix. This study clearly reveals the potential
of mesoporous CNF derived from a natural and sustainable
precursor, bacterial cellulose, for fabricating the cathode host
in realizing the stable and high performance of futuristic
potassium sulfur batteries.
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