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Abstract

Sulfur is one of the promising next-generation cathodes owing to its light weight, abundance, cost, and 

above all extremely high theoretical capacity. However, the chemistry suffers from critical issues viz., poor 

sulfur conductivity, polysulfide shuttling, and lithium dendrite growth. Here, through the use of a tailored 

separator, comprising of graphene-polydopamine coat on a standard Celgard polypropylene separator, all 

the issues were tackled simultaneously. Functionalized separator acted as a barricade for polysulfide from 

shuttling by adsorbing them preferably due to their favorable interactions with functional groups of 

polydopamine on the surface and outperformed the pristine separator. At –25, 0, 25, 40, and 50 �, the cells 

yielded about 170, 350, 580, 360, and 550 mAh g–1 capacity, respectively. The system delivered 100 cycles 

at 50 � followed by 300 cycles at 40 �. The capacity retention of 95% at 0.5C was reported after being 

exposed to high rates of 3C and 4C. A similar stable performance was observed with single-layered pouch 

cells. High-performance Li-S batteries proposed here can be valuable to a variety of applications like 

defense, transportation, and space explorations, where drastic conditions affect the battery functionalities, 

in the coming times ahead.

Keywords: Li-S batteries, low temperature, tailored separator, polydopamine
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1. Introduction 

Lithium-ion batteries (LIBs) are one of the technologies that have revolutionized human life 

beyond imagination.[1, 2] We have become heavily dependent on them for our day-to-day affairs. 

LIBs have been incorporated into portable consumer appliances, defense applications, and electric 

vehicles (EVs).[3] In LIBs, various high theoretical specific capacity anode materials like silicon 

(3596 mAh g–1),[4] tin (993 mAh g–1), antimony (660 mAh g–1), carbon (372 mAh g–1),[5] and their 

composites have been extensively developed in the past thirty years. Subsequently, promising 

cathode materials like LiCoO2, LiMnxNiyCozO2  (x+y+z = 1), LiFePO4, LiMn2O4 have been 

used.[6] However, the practical specific capacities of these cathodes are < 250 mAh g–1,[7] and hence 

thicker cathodes are required to match with the anodes’ capacities. Thicker cathode comes with 

several issues of capacity fade due to high overpotentials during cycling, high impedance for 

electrons, higher current densities on separators (causing more overpotentials), potential lithium 

plating, and impedes the mass transfer of Li+ ions.[8, 9] Also, LIBs cannot cope with the ever-

increasing demand for more power and energy-consuming applications like energy grids, electric 

vehicles (EVs), wearable electronics, etc.[10] This would require a significant increment in the 

energy density, capacity, and reduction in the cost of raw materials of the system. In this scenario, 

sulfur can be used as one of the alternative cathodes in the lithium-ion shuttling system for high-

power applications.[3] 

Sulfur is the lightest cathode, and has attractive properties viz., the high theoretical specific 

capacity of 1672 mAh g–1, high energy density (2600 Wh kg–1), abundant, and inexpensive (~$50 

per metric ton).[11] Other advantages of transitioning from conventional insertion cathodes to sulfur 

apart from high capacity are eco-friendly nature and improved safety from the lower operational 

voltage (2.15 V vs Li/Li+). Sulfur would have a crucial role to play for advanced next-generation 

batteries.[12] Sulfur chemistry is quite old, about 50 years back it was used as primary batteries, 

and since the last decade has garnered attention as an inexpensive alternative to rechargeable Li+ 

ion technologies. There are a few critical issues to be dealt with before the goal can be realized 

viz., the electrically insulative nature of sulfur (5×10-30 S cm–1 at 25 �), volume expansion effects, 

polysulfide shuttling effect, and dendritic growth of metallic lithium.[3, 12-14] Low conductivity of 

sulfur generates inadequate electrochemical contact of active material, increased internal battery 

resistance, and subsequently, large polarization. Octasulfur (cyclo-S8) undergoes morphological 
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and structural transformations during the redox process to form insoluble, and poor ionic 

conductive short-chain polysulfides i.e., Li2S & Li2S2, and soluble long-chain polysulfides i.e., 

Li2SX (8 Q X Q 3) in liquid electrolyte. The insoluble polysulfides on the sulfur surface prevent 

further reduction in discharging process and the soluble polysulfides shuttle across the separator. 

These unwanted characteristics lead to inefficient active material utilization, poor safety assurance, 

poor system energy efficiency, and drastically low cycle life.[15-18] 

To tackle the conductivity issue of sulfur and polysulfide shuttling effect, the following approaches 

have been taken a) impregnation of sulfur in mesoporous materials like carbon;[19-21] b) using metal 

sulfides or oxides, which form bonds with polysulfides;[22-25] c) coating sulfur with conductive 

polymers;[26]  d) using metallic organic frameworks or covalent organic frameworks;[27-29] e) 

inverse vulcanization using sulfur as the main chain;[30, 31] f) fabricate cathode comprising of 

SeS.[32, 33] However, some of these approaches, lead to lowering of the energy density of the 

system, involve complex fabrication steps or raw materials are expensive. To address the issue of 

lithium metal dendrites growth, exotic electrode coatings, electrolytic additives, and special 

shutdown separators are used.[34-36] Nevertheless, the specified approaches impede cell 

performance in line with high-cost procedures. Therefore, an alternative commercially viable 

approach is modifying the polypropylene (PP) separator, as it can easily resolve the coulombic 

efficiency issue of Li-metal batteries, and cycle performance at critical temperatures.[37, 38]

Herein, we report the proposed hypothesis that, the use of surface tailored separator for sulfur-

carbon (SC) cathode for trapping polysulfide, curbing dendrites growth, and mitigating their 

propagation. In previous studies, it has been reported that polydopamine (PDA) coated separators 

have better ionic conductivity and wettability and positively affect electrochemical 

performance.[39, 40] Then the graphene coating on the PDA-coated separator supports 

accommodating volume expansion of SC electrode during cycling as well as enhancing local 

electrical conductivity. The tailored separator acted as a barrier in preventing the shuttling of 

polysulfide by adsorbing them preferentially due to the unique characteristic of the hydrophilic 

nature of the separator. 
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X-ray diffraction, Raman spectroscopy, BET adsorption, and DLS particle size distribution was 

performed on the carbon-sulfur composite material to study the phase purity, crystallinity, porosity 

and surface area, and particle size distribution, respectively. To understand the effect of 

temperature on the ionic conductivity of the electrolyte, it was analyzed on Autolab Microcell HC 

with TSC1600 cell.  Figure 2A shows the XRD pattern of SC composite. In comparison with 

JCPDS # 83-2283, the crystal structure of the sulfur appears to be Fddd orthorhombic with major 

characteristic peaks appearing at 23.06°, 25.86°, and 27.72°.[41, 42] Raman spectra of the SC 

composite and elemental sulfur are shown in Fig. 2B. For elemental sulfur, characteristic bands 

are observed at 155, 220, and 474 cm–1. For SC composite, there are characteristic bands seen at 

1324 and 1592 cm–1, which are occurring from the resonance of D-band and G-band stretching of 

carbon.[43] The features of sulfur are suppressed by the bands of carbon with a slight bulge being 

noticed in the lower range of wavenumber. The XRD pattern and Raman spectrum of graphene 

used for tailored separator are shown in Figure S1. 

Figure 2C shows nitrogen adsorption isotherms for SC composite and it represents a mixed type I 

and II isotherms based on the relative pressure (P/P0). At high P/P0, the majority volume is 

adsorbed indicating macroporous or non-porous structure. In the low and intermediate P/P0 range, 

the adsorption is due to the microporous structure of C-65 and the outer mesoporous surface, 

respectively. The Brunauer–Emmett–Teller (BET) surface area of the SC composite was found to 

be 11.35 m2 g–1. From the pore size distribution, the composite exhibits micropores (<2 nm), 

mesopores (2–5 nm), and medium coarse mesopores (>10 nm) distribution (Fig. 2D). This suggests 

that there might be pore accumulation occurrence in the composite. The hand-milled SC composite 

was characterized by NanoBrook 90Plus PALS analyzer, where the sample was dispersed in 

ethanol and sonicated to break the aggregates. The d90 value of the SC composite is 131 nm as 

illustrated in Fig. 2E. 

As Li-S chemistry requires a combination of specific solvent(s), lithium salt(s), and additives(s) to 

function in operating voltage range while having stability with pure lithium metal, we prepared an 

in-house electrolyte with 1M LiTFSI in 1:1 (v/v) DOL:DME with 1 wt% LiNO3. To characterize 

this electrolyte, conductivity at various temperatures was measured to calculate Arrhenius 

parameters and compared with other electrolytes reported in the literature. Autolab Microcell HC 

has the ability of a typical potentiostat and combines a temperature-controlled chamber with a cell. 

Measurement of EIS at OCV with frequency in the range of 1 MHz to 1 Hz at various temperatures 
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was done. Conductivity calculations are based on the charge transfer resistance. The EIS at room 

temperature and Arrhenius plot are shown below in Fig. 2F. A linear fitting provides the slope, 

which is equal to the ratio of activation energy and gas constant. Based on our experiment, 

activation energy is 0.073 eV, and this is comparable to values available in the literature.[44] Hence, 

the control experiment is comparable to other studies.
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Figure 2: A: XRD patterns of SC, Sulfur; B: Raman Spectra of SC composite, and sulfur; C: Adsorption isotherm for 
SC composite; D: Pore size distribution of SC composite, E: PALS Particle size distribution for the SC composite; 
and F: Conductivity of the electrolyte at different temperatures. 
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Figure 3 shows the electrochemical performance of the SC cathode with a tailored separator and 

with a pristine separator at room temperature, 25 �. The cyclic voltammetry of SC cathode in the 

presence of a pristine and tailored separator are depicted in Fig. S2, and Fig. 3A, respectively. 

Though the anodic process of the Li extraction is simple and is analogous to other carbon-based 

cathodes, however, the cathodic process is divided into multiple redox steps for the Li insertion. 

Two reduction peaks are observed around 2.04V and 2.3V. In Fig. 3A, overlapping oxidation peaks 

are observed between 2.33 and 2.55 V. To analyze the interfacial behaviors of each sulfur 

electrode, electrochemical impedance spectroscopy (EIS) studies were carried out. The Ohmic 

resistance (Rs) of pristine (Fig. S3), and tailored separators (Fig. 3B) showed values of 5.1 V" and 

2.5 V" respectively. The charge transfer resistance (Rct) of each cell exhibited different values. The 

pristine separator cell showed a higher charge transfer resistance (22.3 VB" compared with the 

tailored separator cell (12.8 VB" indicating that the electrical conductivity of the cathode is 

enhanced by the presence of graphene-PDA coated separator.[45] Also, tailored separator cells 

showed a prominent Warburg diffusion element as compared to pristine separator cells. 

Figure 3C demonstrates rate studies of SC cathode showing the specific capacities. Multi-rate 

galvanostatic cycling is exhibited at different rates between 0.1C and 4C. As can be seen in Fig. 

3C, the capacity retention for 0.5C was ~ 93%. The tailored separator exhibited capacities of 925, 

833, 644, 480, 326, 260, and 220 mAh g-1 at increasing C rates. Capacity retention for 0.5C rate 

was ~95%. Conversion-type cathode materials are less suited for fast charging applications and 

therefore, stellar performance is not observed above 2C.[46] A similar deterioration of capacity 

during fast charging is observed with a pristine separator (Figure S4). Figure 3D and Figure S5 

show the charge-discharge voltage characteristics of SC composite with tailored separator, and 

pristine separator at 0.5C rate, respectively. Two discharge plateaus are observed at 2.38 V and 

2.06 V, which are congruent to the cathodic peaks seen in CV. At 0.5C rate, the tailored separator 

exhibited a high charge-discharge capacity of 677/687 mAh g-1 compared to the cell with 663/713 

mAh g-1 of the pristine separator, shown in Fig. 3E. This drastic difference in the performance of 

cells by change in separators may be due to the formation of polysulfides pre-cycling, as a dark 

yellowish colored ring is observed around the SC composite electrode. The presence of graphene 

and polydopamine in the tailored separator prevents the polysulfides from shuttling across the 

separator by the physical adsorption phenomenon. Dopamine contains amine and catechol groups, 

which generate a hydrophilic environment on the surface of the PP separator and improves its 
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wettability (Figure S6), uptake, and conductivity.[47] The hydrophilic surface allows for the facile 

coating of graphene with Na-CMC binder on the PDA-coated PP separator. This hydrophilic 

natured graphene-PDA layer can successfully adsorb the polar polysulfides (typically long-chain 

polysulfides).[48] The layer prevents the diffusion of polysulfides and also acts as a buffer to 

accommodate volume changes in the SC cathode. The coating of PDA on the PP separator blocks 

the channels on it, which in conventional separator provides the pathway for polysulfide 

dispersion. Figure S7 shows the top view of PDA coated PP separator. Furthermore, the effect of 

a tailored separator on the suppression of polysulfide diffusion is demonstrated in Figure S8.
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Figure 3: Electrochemical performance of Li-S cell. A: Cyclic voltammetry of Li-S cell with tailored separator at 25 

�; B: EIS of Li-S cell with tailored separator; C: Rate studies exhibiting performance at 0.1C, 0.2C, 0.5C, 1C, 2C, 

3C, and 4C at 25 �; D: Voltage characteristics of Li-S cells; and E: Cycling performance at 0.5C at 25 �.

Energy-dense batteries would be expected to play important role in performance-critical 

applications. Conventional LIBs present tough challenges viz., low capacity, massive overpotential, 

and rate capabilities at low temperatures. In such cases, Li-S batteries could play a major role as the 

primary reason why the batteries perform poorly at low temperatures is due to electrolyte and the 

co-solvents of Li-S batteries viz., DME and DOL have substantially low freezing points of –58 � and 

–95 �, respectively. This allows for the conduction of lithium ions at such low temperatures. As 

can be seen from Fig. 2F, the conductivity of electrolyte at –25 � is >5 mS cm–1. A startling 

performance was observed for cells at 0 � for the tailored separator, as shown in Fig. 4A, with the 

voltage characteristics resembling that of 25 � performance. The two distinct discharge plateaus 

were observed at 2.38 V and 2.02 V. Short-chain polysulfides contribute to the majority of the 

capacity for Li-S system, and it can be observed that as the temperature drops down, the formation 

of short-chain polysulfides is suppressed resulting in lower specific capacity than 25 �. However, 

the cyclability of the tailored separator at 0.5C exhibits a stable cycling performance with an 

average capacity of about 392 mAh g-1 for 200 cycles. The performance of SC cathode at –25 � 

was phenomenal at C/25 rate. Figure 4C demonstrates the voltage profile at –25 �, wherein there 

is drastic transformation compared to the at 25 � and 0 �. This visible stunted suppression of the 

second plateau region occurs due to aggregation behavior and degree of coordination of dominant 

electroactive polysulfide species Li2S4. This behavior at –25 � causes the clustering of aggregates 

in the electrolyte and inhibits the further conversion of the polysulfides. Another possible 

explanation for this behavior at low temperatures may arise from the electrostatic interaction of 

Li+ cation with salt anion and polysulfides. The affinity of Li+ towards polysulfides leads to the 

networking of Li+–Sx
–2 and thus promotes clustering. Strong coordinating lithium salts can help 

support Li2S4 conversion to Li2S and mitigate the clustering effect.[49] Nonetheless, a specific 

capacity of about 170 mAh g–1 was obtained with >99% coulombic efficiency at –25 � (shown in 

Fig. 4D), which is still higher than extractable from conventional LIBs. The presence of a tailored 

separator apart from blocking the diffusion process, reinforced in achieving a high coulombic 

efficiency. In general, there is huge potential in empowering the Li-S battery for critical low-

temperature conditions.
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Figure 4: Electrochemical performance of Li-S cell at zero and negative temperatures. A: Voltage characteristics of 

Li-S cells at 0 �; and B: Cycling performance at 0.5C at 0 �; C: Voltage characteristics of Li-S cells at –25 �; and 

D: Cycling performance at 0.5C at –25 �

High operating temperature for Li-S batteries promotes high polysulfide shuttling due to enhanced 

diffusion and kinetics parameters that lead to poor life cycles. These limitations have restricted the 

realization of Li-S batteries for temperature-critical applications. However, the presence of the 

tailored separator should suppress the shuttling effect even at higher temperatures. To test the 

hypothesis, the cells were operated at 50 � for 100 cycles, and then the temperature was reduced 

to 40 �. The electrochemical performance of the system with the tailored separator is shown in 

Fig. 5.  At elevated temperature, charge transfer resistance decreases, which can be seen in Fig. 

5A, where Rs was observed to be 5.35 V and Rct was 4.65 V� After 100 cycles, at 40 �, RS and 

RCT were observed to be about 6.25 V and 5.99 V" respectively. The dual semicircle of Rct may 

occur from PDA reducing the pore size and leading to little hindrance to ions while neighboring 
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graphene enhances electronic conductivity. The voltage profile of the SC cathode as seen in Fig. 

5B, resembles the ones observed for 25 � and 0 �. The two plateaus during the discharge process 

were seen at 2.31 V and 2.06 V. Due to the faster kinetics, there is a slight reduction in the 

polarization compared to 25 � and 0 �. On subsequent cycling, the polarization reduces even 

further at 40 �. The galvanostatic cycling demonstrated stable cycling at 50 � followed by 40 � 

(Fig. 5C). At 50 � the SC cathode provided the initial capacity of 604 mAh g–1 and 499 mAh g–1 

after 100 cycles. The coulombic efficiency was slightly lower than 99% indicating either side 

reactions occurrence or a minor polysulfide shuttle effect. After 100 cycles, the capacity went to 

400 mAh g–1 possibly due to enhanced kinetics at elevated temperature causing more polysulfide 

generations with ~79% capacity retention after 300 cycles. The coulombic efficiency was 

maintained at >98.5%

Evaluating the performance of energy material in larger configuration cells viz., pouch cell is a 

stepping stone towards the realization for potential applications. Pouch cells have challenges in 

terms of larger areal capacity, which causes severe shuttling of polysulfides, and large areal current 

on the Li anode that leads to dendrite growth. Both these are detrimental to the practical realization 

of the Li-S batteries. The presence of tailored separator aids in suppressing PS and uniformly 

distributing large areal current on Li anode. Figure 5D shows the performance of Li-S pouch cell, 

which delivered an average capacity of 541 mAh g–1 with coulombic efficiency >98%.
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3. Conclusion

A tailored separator consisting of graphene–polydopamine coated on polypropylene was used to 

enhance the performance of Li-S batteries consisting of SC composite cathode and Li anode. The 

separator served multipurpose viz., blocked pathways for polysulfides shuttling with their 

preferential adsorption at graphene-PDA layer, enhanced electrical conductivity of SC cathode, 

and prevented the growth of dendrites by a uniform distribution of the areal current applied. The 

three critical issues of Li-S batteries were tackled using this approach. The electrochemical 

performance of the system was studied at –25 �, 0 �, 25 �, 40 �, and 50 � and achieved stable 

cycling with specific capacity 170, 392, 580, 360, and 550 mAh g–1, respectively. The presence of 

the tailored separator helped achieve stable 400 cycles at high temperatures when diffusion and 

kinetics are enhanced. The system had capacity retention of ~95% at 0.5C after exposure to high 

rates of 4C. Single-layered pouch cell delivered a capacity of 541 mAh g–1 at 0.5C. This strategic 

and promising approach will help in the advancement toward the commercialization of Li-S 

batteries.

4. Experimental Section

4.1 Preparation of CCS: Sulfur powder (Sigma Aldrich), carbon black (Timken Co.), PVdF HSV900 (Arkema) were 

taken in a ratio of 60:30:10. The sulfur powder was hand-milled with carbon black for 1 h. The mixture was then 

mixed with 10% w/w HSV900 binder in N-methyl pyrrolidone solvent. The slurry was mixed in Thinky planetary 

mixed for 40 mins at 2000 rpm. To achieve the desired loading, an appropriate wet gap was chosen, and the slurry 

was cast on the carbon-coated aluminum current collector. The laminate was dried in fumehood for 30 minutes and 

then in a vacuum oven at 50 � for 3 h. The dried laminate was calendered for desired porosity of 35-40% and then 

punched into the electrode discs. The loading weight of the electrodes was ~3 mg cmW�.

4.2 Preparation of PDA-tailored separator: The surface functionalization of the pristine separator was completed by 

submerging it into the dopamine solution (10 × 10W> m), which was prepared from Tris-buffer solution (pH 8.5) and 

methanol, similar to previous literature.[39, 40] After 5 h, the treated separator was removed from the solution, and 

washed with sufficient deionized water. The tailored separator was dried in the vacuum oven at 50 °C for 20h.

4.3 Preparation of Graphene Layer Deposited PDA-Separator (PDA/ Gr-CMC Separator): As to the preparation of 

aqueous slurry for graphene coating, 90 mg graphene nanosheet powder (graphene-supermarket, lateral particle 

thickness size of Q 7 X� with an average flake thickness of 60 nm and specific surface area of Q 40 m2/g) and 10 mg 

CMC binder (sigma Aldrich) were dispersed in DI water by a planetary mixer (Thinky). The prepared graphene-CMC 

(Gr-CMC) slurry was thinly cast onto the PDA-separator and then dried in the vacuum oven at 50 °C for 20 h. number
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4.4 Preparation of single-layered pouch cells: The electrodes dimensions were 6.6 × 3.8 cm2 with areal loading of ~2 

mg cm–2. The separator dimensions were 6.9 × 4.2 cm2. The electrolyte quantity added was ~20 X5 mg–1. The tailored 

separator with graphene-PDA faced SC composite cathode. The total capacity of the single-layered pouch cell was 

~20 mAh. Pouch cells were prepared in dry-room with humidity <1%, temperature ~18 �, and dew point temperature 

set at –40 �.

4.5 Electrochemical Characterization: After the laminate is dried, circular electrodes of 14.9 mm diameter were 

punched and stored under vacuum before assembling CR2032 coin cells (MTI Corporation) to study the 

electrochemical behavior. The cell construction was done in inert conditions inside the glovebox, which is filled with 

99.998% argon having O2 and H2O concentration <1 ppm. Cells comprised of the SC cathode, electrolyte, Celgrad® 

2500 separator, and Li anode. The electrolyte consisted of 1% w/w LiNO3 in 1 M LiTFSI dissolved in 1:1 DOL/DME 

solution. Using Arbin cycler, galvanostatic cycling was performed within the voltage range of 1.7 – 2.8 V and the 

current rate of 0.1C, 0.2C, 0.5 C, 1C, 2C, and 4C. To determine the cycle stability of the SC composite, a constant 

current rate of 0.5C was applied. The specific capacities were determined from the active ingredient weight of the 

electrodes (the weight of HSV900 PVdF binder and carbon black C65 were excluded). Gamry-600 reference system 

was used for performing cyclic voltammetry and electrochemical impedance spectroscopy. CV was measured at a 

scanning rate of 0.2 mV sW from 1.7 V to 2.8 V, while EIS measurements after cell construction was recorded through 

10 mV amplitude AC voltage perturbation operated over the frequency range 1 MHz – 0.01 Hz. All the potentials 

mentioned are versus Li+/Li.
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