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Abstract

The advancement of the lithium-sulfur (Li-S) batteries is immensely impeded by two main challenges:
polysulfide shuttling between the electrodes and Li dendrite formation associated with the Li-metal anode.
To tackle these challenges, we synthesized a polydopamine coated bacterial cellulose (PDA@BC) separator
in a way to create physical and chemical traps for the shuttling polysulfides and to control the Li* flux.
While nanocellulose offers its dense network as a physical trap, the presence of polydopamine in the
separator offers polar functional groups which not only has a high binding energy towards the polysulfides
but also helps in redistribution of the Li* ions across it. The electrochemical and physiochemical results
suggest that the synthesized separator can have practical applicability owing to its superior performance
compared to a commercial separator. The Li-S batteries assembled with this separator showed a specific
discharge capacity of 1449 mAh g at 0.1C and 877 mAh g at 1C, and a capacity fade of 0.03% per cycle
over 650 cycles at 1C. Using a PDA@BC separator, a practical Li-S battery cell with S loading of 7.5 mg
cm? (and E/S ratio of 10 pLmg™', 82% S ratio) was also tested at 1C, which delivered a capacity of ~ 6

mAh cm? for 500 cycles.
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1. Introduction

Demands for electrified transportation and renewable energy require high-performance electrical
energy storage devices. Lithium-ion batteries are currently playing a dominant role among these devices,
but with limitations on cost, material availability, and low capacity. Towards next-generation battery
technology, a strong interest exists in developing Li-S batteries. A high theoretical capacity of 1675 mAh
¢! for sulfur, along with its earth abundance and low cost, justifies the effort in developing this battery
technology .

Besides the notorious dendrite challenge associated with the Li-metal anode, Li-S chemistry also suffers
from a lithium polysulfide (LiPS) shuttling problem. With a cyclic ring (cyclo-octasulfur) structure, sulfur
in the cathode undergoes stepwise reduction during discharge, forming long-chain and short-chain
polysulfides. The long-chain LiPS (Li,S«,4< x <8) can easily dissolve in the used ether-based electrolyte
and diffuses out of the cathode matrix to the anode side, where it reduces and then transports back to the
cathode. The resulting polysulfide shuttle effect leads to low Coulombic efficiency, anode corrosion, rapid
capacity decay, and fast battery failure, sabotaging the practical utilization of Li-S battery technology?* °.
To address this problem, studies mainly focus on the cathode material and structure design to physically

trap and chemically bind these soluble polysulfide species into a porous cathode matrix ** 3. In particular,
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various catalysts, such as transition metal compounds®'’, atomically distributed metals , and others'®'®,
are actively investigated to catalytically accelerate the multistep and liquid/solid phase redox conversions,
thus minimizing the LiPS shuttling. Other methods such as adopting electrolyte additives', inserting a

2023 "and functionalizing the battery separator®,

blocking interlayer between the cathode and the separator
have also been reported.

The primary function of the separator in a Li-based battery is to electrically isolate the active cathode
and anode materials but allow free transportation of Li* ions. A separator allowing active LiPS shuttling
between two electrodes does not fulfill its essential function. Therefore, modifying the separator to shut off

LiPS shuttling is a straightforward and attractive strategy. Blocking the LiPS pathway can be achieved via

pore size downscaling to a few nanometers that allow Li* transportation but not LiPS?. Another attractive
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method is to graft polar functional groups on the separator . Strong intermolecular forces can be
established between these functional groups and LiPS, confining them to the cathode side?® 3032,

A functional separator can also positively impact the Li-metal anode performance. With reduced LiPS
shuttling, the adverse effect of LiPS on the Li-metal surface is addressed. More importantly, by engineering
a separator with a uniform nanoscale pore distribution and functional chemical group distribution, the Li*
flux at the anode surface will be much more consistent and uniform than when a commercial separator is
used? 3335, The implementation of such a separator would provide a partial solution to the complex issue
of Li dendrite formation. This problem is closely associated with the local high density of Li* flux, which
is partly attributed to its nonuniform flux at the anode.

Commercial battery separators are extruded polyolefin films, which cannot address the challenges of
LiPS shuttling and Li-metal dendrite formation. Natural polymers and cellulose have gained traction in
developing multifunctional separators for Li-S3¢-*® and other battery technology®*-*4. This is particularly true
for bacteria cellulose (BC), which is superior to plant-derived celluloses because its higher purity and better
crystallinity vest it with much better mechanical, thermal, and chemical properties®.

Polydopamine (PDA) is another exciting biopolymer. With phenolic hydroxyl, ortho-quinone, amine,
and imine functional groups***’, PDA can strongly bind with many molecules, including LiPS*. Herein,
we report a biopolymer separator for Li-S and other Li-metal batteries based on polydopamine-
functionalized bacteria cellulose membrane. With BC submerged in a mild solution, dopamine is oxidized
and polymerized to form a thin PDA coating on the BC nanofibers. The resulting lithophilic PDA@BC
membrane with a uniform pore distribution can strongly bind LiPS and regulate Li* transportation, thus
helping address the two challenging problems of LiPS shuttling and Li dendrite formation in Li-S
chemistry. Our physicochemical and electrochemical studies revealed the excellence of PDA@BC as a
separator for Li-S batteries. Li-S cells using the PDA@BC separator demonstrate dramatically improved

performance with a specific capacity of 1449 mAh g at 0.1C and 877 mAh g at 1C.



2. Experiments

2.1 Materials

Tris-HCl  (99%), 1,3-dioxolane (DOL) (99%), dimethyl ether (DME) (99%), lithium
bis(trifluoromethanesulfonly)imide (LiTFSi) (99.95%) and lithium nitrate (LiNOs) (99.99%) were
purchased from Sigma Aldrich. Lithium sulfide (99.9%) (Li»S) was purchased from Fischer Scientific.

2.2 Synthesis of polydopamine-functionalized bacterial cellulose (PDA@BC) separators

30 g of BC sheet was impelled in 100 mL of DI water to form dispersed BC nanofiber suspension (Fig.
S1 in the Supplementary Information (SI)). Polydopamine hydrochloride (2 gL') and 10 mM tris-HCI
solution (pH=8) **3° were used for functionalizing the BC. It was added to the cellulose solution under
vigorous stirring and left for 24 hours in the air under a fume hood for PDA polymerization. The white
color of the solution turned brownish-black due to the PDA coating on the BC. This solution was used to
make a membrane via the vacuum filtration method. The formed film was washed with DI water to remove
any unreacted precursors. After this step, solvent exchange with ethanol removed water from the membrane.
It was peeled carefully from the filter paper and kept between two glass slides for vacuum drying at 120°C
for 12 hours. The separator was roller pressed at 80°C to reach a thickness of 30 um,

2.3 Separator Characterization

Differential scanning calorimetry (DSC) was performed for the BC-based and the commercial Celgard
2400 (C-2400) separators to study their thermal stability. Scanning electron microscopy (SEM) was
performed to characterize the sample's morphology. The chemical bonding information was revealed using
Fourier transform infrared spectroscopy (FT-IR). Further, the composition and chemical bonding
information of the separator was studied using an X-ray photoelectron spectroscope (XPS).

For evaluating Li* ion conductivity through the separator, the PDA@BC separator was soaked in the
electrolyte (1M LiTFSI in 1:1 DOL: DME vol. ratio, with 1 wt% LiNOs as the standard electrolyte used in
this work) and then sandwiched between two stainless steel spacers inside a coin cell. Electrochemical
impedance spectroscopy (EIS) was conducted on a Bio-logic workstation to measure the bulk resistance.
Li" ion conductivity was calculated using the equation 0 = L/RA, where L is the thickness of the
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separator, R is the measured bulk resistance, and A is the electrode area. Li-Li symmetric coin cells
(CR2032) were assembled with PDA@BC or C-2400 as the separator to measure their transference number,
t = L(V-LRo)/1(V-LRs), where I, and I are the initial and steady-state current obtained after 1000 s, V is
the applied potential, R, and R; are the resistance before and after DC polarization.

2.4. Battery assembly and electrochemical study

Freestanding sulfur cathodes were used. BC sheets were first hydrolyzed in DI water at 80°C for 2 days
until the sheets were fully saturated. These sheets were freeze-dried at -85°C and 0.72 mm Hg to remove
the water, which were further carbonized at 800°C in an argon environment for 2 hours. Discs with a
diameter of 10 mm were punched from these carbonized sheets onto which 0.25 M Li,Se catholyte was
added to form the freestanding sulfur cathodes during assembly.

Li-S coin cells (CR2032) were assembled using the freestanding cathodes, PDA@BC or C-2400 as the
separator, Li chips as the anode, and the above standard electrolyte. These cells were created with different
sulfur loadings of 5 mg cm™and 7.5 mg cm™ and their corresponding E/S ratios of 15 and 10 L mg™'. The
galvanostatic charge/discharge was performed between 1.7-2.8 V at different current rates. Cyclic
Voltammetry (CV, scan rate: 0.1-0.4 mV/s, voltage range: 1.7-2.8 V) and EIS (0.1 Hz-100 kHz with 10
mV AC voltage amplitude) were conducted on a Bio-logic workstation. Li-Li and Li-Cu cells were
assembled to study the impact of the separator on the Li plating-stripping behavior. All cells were tested

and recorded in a LANHE battery testing machine.

3. Results and Discussion

3.1. Polydopamine coated bacterial cellulose material properties.

The coating of PDA on BC fibers can be understood through the schematic in Fig. 1a. Dopamine has
an amine group (-NH), which undergoes oxidation in an alkaline environment to yield unstable
intermediates, as schematically shown in Fig. S2 in the SI. As a result, the structure undergoes cyclic
rearrangement, which causes the creation of multiple nucleophilic structures with aromatic nitrogen

groups®!. The delocalized electron density on these unstable intermediates drives the nucleophilic
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attachment of these oxidized dopamine molecules to the cellulose. To bind with cellulose, these
intermediaries go through the Michael Addition and Schiff Base reactions. In addition, the oxidized
dopamine self-polymerizes by joining and cross-linking with one another 3. The binding between PDA and
BC is also accelerated by the dehydration between catechol of PDA and hydroxyl groups of BC*. The
presence of amino and phenolic groups in these molecules leads to enhanced binding among them through
hydrogen bonding. Fig. S3 in SI reveals the formation of stable PDA coated BC nanofibers. XPS analysis

of the composite reveals the presence of N and O groups suggesting PDA coating on BC (Fig. S4 in SI).
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Figure 1. a) Schematic of PDA coating on BC. SEM Images of PDA@BC (b and ¢) and carbonized BC
(d). ) DSC curves, f) electrolyte uptake capability, and g) ion conductivity test for PDA@BC and C-2400

separators.

The formed PDA@BC separator was observed under SEM to reveal their surface morphology. Fig. 1b
and Fig. S5 in the SI show that the PDA coated cellulose nanofibers are cross-linked with each other
forming an interconnected network with distributed nanopores. Such a morphology can facilitate the
transportation of the Li* ions with a uniform flux 3. PDA@BC contains various functional groups, shown
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in the FTIR spectra (Fig. S6 in the SI). The presence of the N and O groups, being part of the indole/indoline
type derived structures from PDA, are shown by the intensity spectra between ~1500 and 1700 cm™'%*, The
intensity peak around ~1210 cm™ corresponds to the C-O stretching formed by dehydration of catechols
and hydroxyl groups, while peaks around ~900 and 800 cm™ refer to the C-H and C=C stretching from BC
and PDA%#. The spectra show a weak peak at ~3400 cm™ of -OH groups, suggesting that most hydroxyl
groups were dehydrated to C-O bonds>®. These results confirm the coating of PDA on BC via dehydration,
imine interaction, and hydrogen bonding. The cross-sectional SEM image (Fig. 1¢) confirms the formation
of a 30 um thick, porous separator. Fig. 1d shows the SEM images of a free-standing carbonized scaffold
derived from BC as the sulfur host. The spaced-out networks as seen in the image, provide mesoporous and
microporous spaces for S loading. This interconnected carbon nanofiber scaffold facilitates high sulfur
loading in the cell with ionically and electronically conductive pathways for the ionically and electronically
highly insulating sulfur and Li»S. Raman Spectra of carbonized BC (Fig. S7 in the SI) shows the defective
and disordered structure represented by D band at 1350 cm™! and the crystalline graphitic carbon represented
by G band at 1580 cm™! (In/Ig = 1). The presence of these defects increases accessible pore volume to trap
LiPS.

A porous separator should provide excellent isolation between the anode and cathode even at high
temperatures to prevent thermal runaway. As is known, the C-2400 separator will be molten at elevated
operation temperatures (>~100 °C), causing catastrophic battery failure. Separators with much-improved
temperature tolerance features will enhance battery safety. We tested the thermal stability of our PDA@BC
membrane in an oven along with the C-2400 from room temperature to 140°C. The PDA@BC membrane,
as shown in Fig. S8, retained its shape without any signs of deformation while the commercial separator
decomposed. Indeed, DSC measurements in Fig. 1e show that C-2400 has an endothermic decomposition
peak around 140°C, while it is about 340°C for our PDA@BC, suggesting the PDA@BC with much better
temperature tolerance. The high crystallinity of BC renders its intrinsic thermal stability, while the closed-
packed chains of polysaccharides in PDA@BC, due to their hydrogen bonding, further contribute to this
property ** 3% 57, Hence, using PDA@BC as a separator can ensure safe battery operation at higher
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temperatures. The biopolymer separator was also folded multiple times, after which its original shape was
regained, showing the excellent flexibility of the prepared PDA@BC membrane (Fig. S9 in the SI).

This porous separator should also be able to hold a specific volume of electrolyte to ensure facile
transport of Li" across the separator with a substantially small internal resistance in the battery. To measure
their electrolyte uptake capabilities, separators were submerged in the DOL-DME-based electrolyte, and
the mass change over an hour was recorded. Fig. 1f demonstrates the superior electrolyte uptake capabilities
of PDA@BC, with an initial accelerated absorption of up to 150%. We further measured the contact angle
to show the wetting nature of the separators. As shown in Fig. S10 in the SI, C-2400 has a contact angle of
26.5° after the initial resting time, as opposed to 0° of the PDA@BC separator. The presence of N- and O-
abundant sites in PDA@BC increases its surface energy due to which they have a strong affinity towards
the used electrolyte, and hence the electrolyte gets thoroughly soaked in it showing better wettability 8.

Cells were assembled with two stainless steel spacers as electrodes, a separator, and an electrolyte to
determine Li" ion conductivity across the separator. We conducted EIS measurements, and the Nyquist plot
for both separators is shown in Fig. 1g. The ionic conductivity across the separator was calculated to be
0.37 mS cm?! for PDA@BC, compared to 0.21 mS cm™ for C-2400. These excellent electrical
characteristics of PDA@BC can be accredited to its multiple functional groups and lithophilic nature that
offer facile diffusion pathways for Li* *°. PDA contains functional groups like amine and phenolic hydroxyl
groups, and these groups exhibit an affinity for Li-ions®’. But this affinity is not strong so that Li-ions
attached to these sites can be transferred through the conjugated m electrons in chains of PDA °' as shown
in Fig. S11. There is charge transfer interaction between the benzoquinone groups of one chain to the
catechol groups of other chain %, which also allows transportation of Li+ ions through the biopolymer as
well. To measure the Li* transference number, DC potential of 10 mV was applied to the cell, and their
current response was recorded for the specified time. The chronoamperometry and EIS graphs are shown
in Fig. S12 and S13 in the SI, and the related parameters are listed in Table S1. The transference number
for PDA@BC is ~0.74 compared to 0.65 for C-2400, suggesting that the former facilitates Li"
transportation. The porous structures of PDA@BC, along with its lithiophilic features, offer highly diffusive
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pathways enabling faster transportation of these charged ions. These results suggest that PDA@BC offers

ameliorated separator characteristics compared to the C-2400.

3.2. Cyclic voltammetry and electrochemical impedance spectroscopy studies

CV study of Li-S cells, in the potential window of 1.7-2.8 V, was conducted further to elucidate the
improved functionality by the PDA@BC separator. Fig. S14a in SI compares the CV curves for both
separators at a scan rate of 0.1 mV s'. The curves show reduction of S to Li,Sy (x>=4) and succeed to
Li,S/Li,S; occurring at potentials of 2.3 V and 1.98 V for PDA@BC, compared to 2.27 V and 1.95 V for
C-2400. The CV curves of Li-S batteries at increasing scan rates from 0.1 to 0.4 mV s with PDA@BC
(Fig. S14b) shows a more positive and negative shift in the anodic and cathodic peaks respectively
compared to C-2400 (Fig. S14c), hinting an improved reaction kinetics for Li-S cell ® with PDA@BC as
the separator. The polarization values at each scan rate are listed in Table S2 in the SI. For the redox peaks,

2 was linearly fitted using the equation Ip =

the peak current density I, and square root of scan rate v'
2.69 x 10°n3/24DY/2p1/2C, where n, A, and C represent the charge transfer number, the active electrode
geometric area, and the concentration of Li", respectively. As shown in Fig. S14d, the larger slope for the
PDA@BC cell indicates faster rate of Li" ion diffusion with the biopolymer membrane .

EIS measurements were done on freshly assembled Li-S coin cells to reveal the charge transfer
resistance (Re). Fig. S15a shows the Nyquist plot of the EIS spectra. The functional groups of N and O in
the membrane creates active sites on the separator allowing redistribution of the Li* ions, and a uniform
flux of Li" ions facilitates a lower resistance and higher diffusion %. These cells were subjected to EIS
measurements again after CV cycling to investigate any change in the electrochemical processes inside the
Li-S cells. The results are shown in Fig. S15b for PDA@BC and C-2400, respectively. These cells show a
resistive element due to the diffusion of ions across the SEI formed during the cell activation . The

reduction in Ry values post CV can be explained by increased activation sites, improved electrolyte

availability in the cathode, and increased diffusion pathways ©’.
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3.3. Lithium stripping and plating in Li/Li and Li/Cu cells

The separator in a battery controls the Li* flux distribution at the microscale, and this flux distribution

impacts the Li deposition and stripping. The unstable stripping of the Li* ions from the anode side during

discharge leads to the formation of whiskers and pits ®, deteriorating its long-time performance. The

formation of these irregularities can be studied by their corresponding overpotentials in a Li-Li symmetric

and Li-Cu asymmetric cell.
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Figure 2. Li-Li plating-stripping study of a) PDA@BC from 0.5 to 6 mAcm™2, b) PDA@BC and C-2400
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Galvanostatic cycling tests of Li-Li cells were carried out. Fig. 2a shows the plating-stripping behavior
of the PDA@BC cell under a constant capacity of 2 mAh cm™ but at different currents, with overpotentials
of 7,13, 27, 41 and 55 mV for a current of 0.5, 1, 2,4 and 6 mA cm™, respectively. Fig. 2b compares the
long plating-stripping behavior of PDA@BC and C-2400 at a current of 1 mA c¢m? and a capacity of 1
mAhem™. For the C-2400 cell, the potential flickered in each cycle, and the cell quickly reached a cutoff
potential of 300 mV after just 70 hours of cycling test. These observations suggest C-2400 failed to maintain
a stable Li plating and stripping process by curbing dendritic growth. PDA@BC, in comparison, shows
more than 400 hours of stable cycling with an almost invariable overpotential of 13 mV. Fig. 2¢ maps the
overpotentials measured in case of both stripping and plating behavior, from Fig. 2b, for each cycle. The
symmetric cells with C-2400 reports variable overpotentials in almost every cycle with a minimum
overpotential of 30 mV, clearly indicating the presence of irregular Li flux across it. The magnified voltage
time profiles at different cycles, shown in Fig. S16-17, confirm the same. We hypothesize that the nitrogen
based functional group present in the biopolymer membrane facilitates chemical interactions with the Li
ions % due to the delocalized electron density in the indole groups. These uniformly distributed functional
groups homogenize the Li ions across the membrane giving rise to stable and symmetric plating-stripping.

Li-Cu cells were also assembled to test the Li stripping and plating behavior under the two separators.
Lithium was plated on the copper electrode first at a constant discharge capacity of 2 mAh cm™, and it was
then plated back while maintaining a cutoff voltage of 1 V. Fig. 2d compares the plating-stripping in these
cells at 1 mAcm™. The cell with C-2400 separator has a cyclic capability of ~50 hours with unstable
stripping and plating behaviors leading to dendritic growth and, ultimately, membrane penetration leading
to its failure. Li-Cu cells with PDA@BC separator have a cyclic capacity of more than 180 hours. Voltage-
capacity curves for their second cycles are presented in Fig. 2e. Uniform removal and deposition of lithium
occurs at a lower overpotential, 19 mV, for the functionalized separator, whereas the C-2400 shows not
only non-uniform stripping and deposition characteristics but also higher polarization potentials suggesting
its inability to protect anode at higher discharge rates. To further demonstrate the effectiveness of using this
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biopolymer-based separator, the voltage-capacity profiles for its different cycles are shown for the Li-Cu
batteries assembled with PDA@BC separator in Fig. 2f, where there is an almost negligible increase in the
overpotentials. The coulombic efficiency derived from the Li-Cu study has a value of 98.9% after 80 cycles,
while there is quick fade observed for C-2400 (Fig. S18). The chemical interactions between the functional
groups and the Li ions help in its redistribution in the initial few hours of the first cycle of plating, leading
to its uniform deposition on the copper foil. These studies justify the use of PDA@BC addressing the

dendritic issues in the lithium-metal cells.

3.4. Polysulfides adsorption test

To meet the basic design requirements for a separator in a Li-S battery, waning the polysulfide (PS)
shuttling is a pivotal design consideration as it leads to continuous capacity degradation. Hence, PDA@BC
and C-2400 separators were tested for their adsorption ability towards LiPS by dipping in 0.1 mM Li,Se
solution. The chemical interaction of the LiPS with PDA@BC separator can be physically observed in Fig.
3a. The yellow color of the LiPS solution slowly faded away, in the vial with PDA@BC, to an almost clear
solution suggesting the adsorption of the LiPS from the solution, while the vial with C-2400 separator
retained the same color. The chemical configuration and interaction between the PDA@BC separator and
polysulfides were studied by X-ray photoelectron spectroscopy (XPS) before and after polysulfide
adsorption tests. In the wide XPS surveys (Fig. 3b), new peaks appeared at 57.1 eV and 168.7 eV
corresponded to the Li 1s and S 2p regions after polysulfide adsorption. In the high-resolution S 2p spectrum
(Fig. 3e), two nearby peaks at 161.8 eV and 163.3 eV correspond to terminal S and bridging S, respectively,
which indicates effective polysulfides trapping by the separator 7°. The peaks at 168.3 and 166.4 eV
correspond to polythionate and thiosulfate, respectively’. In the Li 1s spectrum (Fig. 3f), the peak at 54.6
eV "'corresponds to the Li—S bond of polysulfides, and the peak at 57.2 eV corresponds to newly formed
Li-O and Li-N? bonds between polysulfides and O, N-containing groups of the separator, which served
as lithophilic sites to form Li—O and Li—N bonds with polysulfides. This demonstration is further validated
by the presence of Li—O bonds (530.9 ¢V) in the O 1s spectrum (Fig. 3g) and Li—N bonds (401.9 eV) in the

13



N 1s spectrum(Fig. 3g) 7. Thus, polysulfides were found to be chemically trapped by the PDA@BC
separator by forming Li—O and Li—N bonds. This confirms our hypothesis that these functional groups not
only block the PS but also regulate the Li ion flow by forming these chemical bonds. A schematic of the
interaction between these groups is shown in Fig. 3i. The LiPS solutions after 48 hours of adsorption with
the separators were analyzed with UV spectroscopy. The concentration of the LiPS as seen in the
absorbance spectra in Fig. S19 is significantly higher in the solution obtained with C-2400 compared to
PDA@BC. This suggests that more polysulfides have been attached to the lithiophilic sites on the
PDA@BC separator. The PS diffusion test was also conducted in an H-cell setup with PS solution in one
arm and blank solution in the other, with the separator in between as shown in Fig. S20. Over the span of
48 hours, PDA@BC absorbs the polysulfides present in the solution rendering it transparent, while C-2400
shows the apparent diffusion of the PS. Hence, integrating the results of these experiments, we zero in on

the conclusion that the PDA@BC can effectively inhibit the PS shuttling.
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Figure 3. a) Optical photographs of LiPS solution in PDA@BC and C-2400 Separators. b) XPS survey
spectra of the PDA@BC separator before and after PS adsorption. ¢) N 1s and d) O 1s spectra of PDA@BC
before XPS adsorption. e€) O 1s, f) N 1s, g) S 2p and h) Li 1s spectra obtained from PDA@BC after PS

adsorption. i) Schematic representation of the PS trapping by a fiber of PDA@BC.

3.5. Lithium-sulfur battery cell performance
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Li-S coin cells were assembled with PDA@BC and C-2400 separators to conduct various
electrochemical studies. After the first discharge and charge cycle, the cell underwent an open circuit
potential (Voc) test. Under this condition, the decay of Voc, corresponding to capacity loss, is fueled by
various self-discharge mechanisms, of which LiPS shuttling is perhaps the most significant one in a Li-S
cell ™. Fig. 4a shows a dramatic voltage loss of ~ 60 mV for a typical C-2400 cell in 12 hours, while almost
no loss in the potential was observed for a PDA@BC cell. This suggests that under the no load condition,

the LiPS shuttling has largely been curbed by the PDA@BC biopolymer separator.
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Figure 4. a) Open circuit potential test of Li-S battery with PDA@BC and C-2400 separator. b) Voltage
profile and, ¢) Rate capability of Li-S Battery with PDA@BC at different current densities. Voltage profiles
of Li-S Batteries with PDA@BC and C-2400 at d) 0.1 and e)1C. f) Cyclic performance of Li-S with
PDA@BC and C-2400 at 5 mgem™ S loading and g) Areal capacity of the Li-S cells with PDA@BC as a

separator and having sulfur loadings of 5 and 7.5 mgem™?, respectively.
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The impact of this new separator on cell rate performance was further investigated. The assembled Li-
S cells were charged and discharged at different rates from 0.1 to 2 C and then back to 0.5C. The cell
showed a first cycle capacity of 1449 mAh g at 0.1C, which reduces to 877 mAh g' at 1C (Fig. 4b). We
observe that the separator allows capacity reversibility in the Li-S battery as it regains its capacity after
running at higher discharge rates (Fig. 4c). In contrast to this, the Li-S battery with C-2400 shows an initial
capacity of 1171 mAh g at 0.1C while having a significantly reduced capacity of ~600 mAh g at 1C (Fig.
S21). The charge-discharge profiles of Li-S battery with PDA@BC and C-2400 at 0.1 and 1C are shown in
Fig. 4d and e, respectively. There are two capacity-determining steps in a Li-S battery during discharge,
which are represented by Qu in Fig. 4d, referring to the higher capacity step in which sulfur reduces to long
chain soluble PS, and Q, the lower capacity step in which the long chain PS further reduce to insoluble
short chain PS . Shuttling of these soluble PS is effectively suppressed with the use of PDA@BC, as
indicated by higher values of Qi and Qr. The reduction of sulfur/polysulfides in these steps also occurs at
a lower potential for C-2400 compared to PDA@BC (~2.09V vs. 2.07V at 0.1C), and it reduces drastically
at a higher discharge rate for C-2400 (~1.9V at 1C). The disappearance of the discharge reduction peak at
a high discharge rate of 2C in the case of C-2400 suggests irreversible battery degradation. Hence, to
compare the performance of Li-S batteries with these separators at a high discharge rate, these cells were
cycled at 1C at 5 mg cm?, 75% S loading, with the first five cycles at 0.1C. Fig. 4f clearly justifies the use
of PDA@BC separator in Li-S battery against the commercially available one. It offers a specific capacity
of over 879 mAh g in the first cycle while fading to 707 mAh g after 650 cycles of runtime with an
average fade of 0.27 mAhg™" each cycle, while the latter has an initial specific capacity 592 mAh g while
fading to ~300 mAh g in 130 cycles and maintaining that over the next 200 cycles before its complete
failure. The Coulombic efficiency observed is very volatile in the case of C-2400, hinting at unstable
electrode reactions due to irregular diffusion of Li ions, while it is almost constant and always >~98.5%
with slight fluctuations for the biopolymer separator. The Li-S battery with PDA@BC was also tested at
1C with S loading of 7.5 mg cm™ (and E/S ratio of 10 pL mg™!, 82% S loading) to check for its cyclic
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performance under high loading conditions. Fig. S22 shows Li-S battery has an initial capacity of 747 mAh
¢! while reaching a maximum specific discharge capacity of 776 mAh g, maintaining a capacity of 630
mAh g after 400 cycles and fading to 498 mAh g in the next 150 cycles. The areal capacity at 1 C for
these S loadings is plotted in Fig. 4g, showing excellent capacity retention, having a first cycle capacity of

6.39 mAhcm™? and 3.7 mAhcm™ respectively.

3.6. Postmortem studies of the lithium anode and the polydopamine functionalized bacterial cellulose
separator.

The evolution of dendrites, pits, and other surface irregularities over the long cyclic performance will
suggest irregular stripping and plating from the Li anode caused by repeated SEI breakage due to
polysulfide corrosion. Hence, the Li-S cells with both these separators were disassembled after certain
cycles to observe the Li evolution and redeposition under SEM. The Li chips of Li-S cell with C-2400 after
100 and 200 cycles are shown in Fig. 5 al-a2 and b1-b2 at two different magnifications, respectively. The
change in morphology from a planar structure (Fig. S23) to grainy coarse deposits in the first 100 cycles to
highly irregular deposits, forming pits and extrusions on the surface in the next 100 cycles can be observed.
The Li surface from the Li-S cell with PDA@BC separator shows (Fig. 5 c1-c2) compact deposits on the
surface. These deposits undergo moderate surface degradation while remaining compact and uniform after
500 cycles as seen in Fig.5 d1-d2. Fig. 5 a2 and c2 compare Li deposits for C-2400 and PDA@BC after
100 cycles. The difference in the morphology of the deposits can be attributed to the controlled growth of
the Li facilitated by PDA@BC. The evolution of small uneven agglomerates from larger agglomerates
suggests the dendritic growth for C-2400 (Fig. 5 b2) which would lead to formation of dead Li and much
worse the cell failure eventually, while Fig. 5 d2 shows continued compact deposits reverberating the

reversible nature of the plating-stripping and the protection of the Li anode from corrosive polysulfides.
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Figure 5. SEM Images of cycled Li- metal anode: with C-2400 after al-a2) 100 and b1-b2) 200 cycles;

with PDA@BC after ¢1-¢2) 100 cycles and d1-d2) 500 cycles.

Hence, PDA@BC membrane can be successfully implemented in a Li-S battery to stop the PS shuttling.
However, with repeated cycling there is expected degradation in the Li-S battery caused by the repeated
SEI formation and its ultimate protrusions through the separators 7. The effect of this degradation on the
separator is studied with the help of a split cell. A Li-S cell with PDA@BC is assembled and disassembled
inside a glove box after 0, 50, 100 and finally 350 cycles to study this physical degradation in the separator.
This battery was run at 1C and after each assembly it was run at 0.1C for few cycles to facilitate SEI
formation. Fig. 6 a and b show the specific capacity of each cycle span and its corresponding optical image
of the separator which was taken after disassembly and washing of separator with DME at the end of the
cycle span. The blackish color of the separator slightly fades after 100 cycles, with the appearance of several
spots on the final separator. Since the black component is PDA, the stress generated in the cycling may
degrade the PDA@BC separator by PDA partially peeling off. It is clear from the figure that with more
cycles, the separator lost more PDA until the cell finally failed. Therefore, addressing the stability of

PDA@BC shall further improve the Li-S battery performance when this novel PDA@BC separator is used.
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Figure 6. a) Li-S battery performance at 1C with PDA@BC separator (dissembled at specified cycles in b.

After each disassembly they were run at 0.1C for 3 cycles) b) Optical images of PDA@BC separator

showing degradation after specified number of cycles.

Conclusion

In previous studies, bacterial cellulose (BC) membranes were utilized as separators in Li-S batteries,
yielding a capacity of around 600 mAh g! at a rate of 0.2 C after 200 charge-discharge cycles’®,
considerably lower than sulfur's theoretical capacity. To address this limitation, we combined BC with
polydopamine (PDA) to create a 30 um thick separator. This innovative approach effectively tackled issues
related to polysulfide shuttling and dendrite formation in Li-S batteries. The PDA-functionalized BC
membranes provided active sites for chemical entrapment of polysulfides, preventing their migration to the
anode. Once trapped, an electrostatic effect hindered further polysulfide diffusion. Additionally, some
functional groups in PDA@BC facilitated Li" ion migration, enhancing cation transference numbers.
Moreover, the uniform porous structure of PDA@BC ensured even Li" ion flux at the Li-metal anode,
preventing localized high flux density. This uniformity facilitated the consistent deposition and removal of
lithium, suppressing dendrite formation. These advancements led to Li-S batteries using the innovative

PDA@BC separator achieving a remarkable capacity of 1449 mAh g at 0.1C, with only 0.03% average
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decay per cycle at 1 C over 650 cycles. This outstanding performance was maintained even under high
sulfur loading conditions (5 mg cm?).

Due to its superior conductivity, transference number, wettability, and thermal resistance, PDA@BC
holds promise for practical Li-S batteries. Additionally, its applicability can be extended to sodium-sulfur

and potassium-sulfur electrochemistry.
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