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Materials and Methods
Sulfur electrode preparation, cell fabrication and testing
To prepare the working electrodes, micron and nano diameter sulfur (S) (Fig. S1, S2) powder (Sigma-Aldrich: 215236, 100 mesh, 149 µm) were mixed with conductive additives, i.e., Super C45 (diameter: 150-200 nm particle; BET surface area: 45 m2/g) from Timical Ltd. and graphene (BET surface area: 50 m2/g) from XG Sciences with various types of binder (S/Timical C65/graphene/binder = 5/3/1/1 wt%) to form a slurry, where PVDF binder was dissolved in (N-Methyl-2-pyrrolidone) NMP solvent, PVS and carrageenan was dissolved deionized water. Carrageenan (Sigma-Aldrich: 22049) and polyvinyl sulfate (Sigma-Aldrich: 271969, Mw: 170,000) is also purchased from Sigma-Aldrich. The nano-sulfur is purchased from US Research Nano Materials, Inc. The exact particle size is 47 nm as labelled. The calculated polymer thickness is around 3 nm on the surface of particles of the prepared electrode, which is calculated based on the surface area of sulfur particles, Super C45 and graphene is 0.02, 45 and 50 m2/g, respectively. The fabrication procedure of the electrodes presented in Fig. 3 and S4 is described as below: the solid and liquid weight ratio is set as 1/5 and ball milled overnight. The gap of the doctor blade is 1200 µm with a coating rate of 1cm/s. The slurry was coated onto Al foil through doctor blade and dried under 30 mbar dynamic vacuum overnight. The sulfur loading is 5.65 mg/cm2, 4.82 mg/cm2 and 4.34 mg/cm2 for 0.05 C (83.6 mA/g), 0.1 C (167.2 mA/g) and 0.3 C (501.6 mA/g) rate test, respectively. The dried electrode coating thickness varies from 200 to 150 µm. The electrode with a sulfur mass loading of 17 and 24.6 mg/cm2 is made through drop casting on hydrochloric acid modified nickel foam. Li-S batteries are assembled using 2325-type coin cell (both cell parts and crimper are purchased from National Research Council Canada) in an argon-filled glove box using a thin lithium foil (thickness: 178 m) as the counter electrode. The size of the sulfur electrode and counter-electrode lithium metal disk is ½ and 11/16 inch diameter, respectively. The lithium foil is purchased from FMC-Lithium Co. The separator is polypropylene film (Celgard 2400). The electrolyte used was a freshly prepared solution of lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) (1M) in 1:1 v/v 1,2-dimethoxyethane and 1,3-DOL containing LiNO3 (2 wt%) [1-2]. 16 µL/mg-S of electrolyte is added into each cell. The assembled cells were placed on the battery cycler channel (Maccor Inc.) at 30 °C for discharge (delithiation) and charge (lithiation) cycles. The cells were rest for 12 hours prior to variable C-rates test. The voltage window for cell test is between 1.8 V and 2.6 V. 
The porosity of the thick electrode is calculated to be around 44.3%. The calculation detail is copied here as below: Take the sulfur mass loading of 5.65 mgsulfur/cm2 electrode for example, the weight of the dried coating is 14.3 mg, which is composed of sulfur, super C45, graphene and binder.The weight ratio of each component is 5/3/1/1. The average dried coating thickness is 200 μm (Fig. S10). The electrode area is 1.27 cm2. The volume of the dried coating is 2.54×10-2 cm3.
The bulk density of each component: ρsulfur=2.07 g/cm3, ρsuper C45=0.56 g/cm3, ρgraphene=0.72 g/cm3, ρbinder=1.36 g/cm3.
Accordingly, the calculated volume of each component: Vsulfur=3.45×10-3 cm3, Vsuper C45=7.66×10-3 cm3, Vgraphene=1.98×10-3 cm3, Vbinder=1.05×10-3 cm3”
Considering the total volume is 2.54×10-2 cm3, the void volume is 11.26 μL.


X-ray Adsorption Spectroscopy
The operando sulfur K-edge X-ray absorption spectra (XAS) are measured at beamline 5.3.1 at the Advanced Light Source, Lawrence Berkeley National Laboratory [3]. This is a bend magnet beam line with photon energies ranging from 1000 to 13,000 eV. The operando sulfur K-edge XAS spectra were collected using total fluorescence yield mode and calibrated using elemental sulfur spectra assuming the white line to be at 2472.2 eV. All the XAS studies were carried under constant helium flow in the sample chamber. The XAS spectra were acquired continuously every 12 min. during the constant C/5 discharge/charge process. The cells used to perform operando XAS experiments were adapted from the 2325 coin cells: a 21 mm2 hole was drilled at the sulfur (cathode) side of the can using a programmable, high-power and high precision laser system; the hole was then sealed with polyimide film to avoid leaking and allow X-ray beam penetration. The size of the hole on sulfur electrode is 31.5 mm2. 
The ex situ XAS spectra were conducted with electron energy of 1.9 GeV and current of 500 mA at beamline 10.3.2. To prepare the samples for the ex situ test, 0.1 g of polymer binder was soaked in 5 mL lithium polysulfide (average composition: Li2S6 at 60 mmol/L) 1,3-dioxolane/1,2-dimethoxyethane (DOL/ DME 1/1 vol.%) solution for 24 hours. Afterwards, the resultant polymer was washed with DOL/DME repeated and attached onto the Cu foil and dried overnight at room temperature in the Ar filled glove box before transfer to the beamline chamber for testing. 
UV-visible Spectroscopy
The concentration of lithium sulfide (Li2S6) applied in the in situ UV-vis test is 3 mmol/L, in DOL/ DME (1:1 v/v). 0.5 g of polymer binder was soaked in 3 mmol/L lithium polysulfide in DOL/DME electrolyte in a UV quartz container. A continuous 72 spectra were collected through the Cary 5000 UV-Vis-NIR every 20 minutes during the 24-hour period. 
Imaging
Morphology of the electrode surface is characterized with a JEOL JSM-7500F field emission scanning electron microscope with an accelerating voltage of 15 kV using the high vacuum mode at room temperature. All electrodes are examined in different conditions, including fresh electrode, fully lithiated (in 10th cycle) and fully delithiated (in 10th cycle). The cycled electrodes were disassembled in glove box and flushed with dimethyl carbonate repeated to remove electrolyte residue. 
The distribution property of polymers is evaluated through both optical observation and Atomic Force Microscopy (AFM) (Agilent Technology 5100). Polymer binder films are coated through doctor blade method on Al foil. The film was air-dried overnight, and vacuum-dried over night before the optical microscopy and AFM study. The polymer film (dry thickness: 5µm) coating was achieved through doctor blade (gap: 50 µm) using a 5 wt% of polymer aqueous solution on Al foil.
Mechanical Test
Adhesion measurements (peel test) of the sulfur electrodes are performed on a Chatillon TCD225 series force measurement system. The Al side of the sulfur electrode is fixed parallel to the bottom sample holder. The adhesive 3M Scotch Magic tape was applied onto 1.27 cm2 area of the laminate side firmly. The entire attached area of the tape is peeled off at 90 angel to the sample holder at 17 cm/min constant rate. The pull force to peel off the tape was recorded during the peeling test. 



[image: Sulfur picture]
Fig. S1.
Sulfur powder used for this research. Sulfur particles are 100-mesh size.
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Fig. S2
SEM images of the 100 mesh sulfur particles with different magnification: (A) 50 (B) 100 (C) 300 (D) 1000 (E) 5000 (F)10000



[image: UV]
Fig. S3
UV-vis spectra of the polysulfide solutions when exposed to the different polymers. (A-C) The time-lapse full spectra of UV-vis absorbance for in situ UV-vis spectroscopy of PVDF, PVS and carrageenan in 3 mmol/L lithium polysulfide in DOL/DME solution. In all cases, the sulfate leaving group content in the polymer is more than the polysulfide uncleophiles. (D) Reaction kinetics based on the UV-vis absorbance spectra. PVDF has small physical absorption in the initial stage but reaches equilibrium in about 300 min. PVS has fast and large absorbance due to the initial fast chemical reactions. Carrageenan is slow but continuously react with polysulfide. The kinetics are qualitative, because there is no attempt to control the polymer powders particle size and morphology, which are important factors for reaction kinetics.  




[image: cycling]
Fig. S4
Cycling performance of carrageenan-based sulfur electrodes at various current densities at 30° C. The electrode sulfur loading and thickness varies. The thinner electrodes are used for higher current density cycling. 





Fig. S5.
Optical images of the 17.0 mg/cm2 micron-sulfur mass loading based electrode. The slurry is drop cast into the hydrochloric acid modified nickel foam.
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Fig. S6
Optical images for PVS and carrageenan polymer film coating on Al foil. PVS film surface is not as uniform as the surface of carrageenan film. Carrageenan has better film forming properties. 



[image: AFM]
Fig. S7
Atomic Force Microscopy (AFM) images of the polymer surface on aluminum foil for (A) carrageenan and (B) PVS. Carrageenan film tends to form smaller aggregate structure, whereas, PVS forms much larger aggregates. In composites electrodes, the carrageenan will have much uniform distribution with conductive additives compared to that of the PVS.


[image: SEM]
Fig. S8
SEM images of carrageenan based sulfur electrodes surfaces at different magnifications. (A-D) Fresh sulfur electrode. The 100 mesh size sulfur particles are used for fabricating electrode. The large sulfur particles are visible in the composite electrode. (E-H) First fully-discharged electrode, where Li2S uniformly deposited on the surface of the electrode. (I-L) Fully charged electrode after the first discharge. Most of the large sulfur particles disappear. The electrode forms uniform composite with the carrageenan polymers. However, some of the micron size particles still exist, but significantly smaller than the original particles. (Magnification: A, C, E, 1200; B, F, J, 2000; C, G, K, 5000; D, H, L, 10000). 




[image: SEM_FIB]
Fig. S9
Focused-Ion Beam (FIB) prepared electrode cross-section SEM images for carrageenan based sulfur electrodes. (A-C) Fresh electrode cross-section image shows extensive porosity. (D-F) Electrode after 1st discharge (lithiation) shows deposition of Li2S in the electrode pores. The existing large pores in the discharged electrode is due to the original large sulfur particle departure. The original sulfur particles dissolve and leave large pores behind. The FIB images demonstrate that the thick electrodes are fully lithiated/delithiated in deep.




[bookmark: _GoBack]Fig. S10
Cross section SEM images of the sulfur electrode with a sulfur mass loading of 5.65 mg/cm2 for carrageenan based electrode.
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Fig S1. a,b,c) The full spectra of UV-vis absorbance changes with time laps for In-situ UV-vis spectra of PVDF, PVS 
and carrageenan in 3 mmol/L lithium polysulfide in DOL/DME LITFSI electrolyte solution. In all cases, the polymer 
contents are more than the polysulfide. d) Reaction kinetics based on the UV-vis absorbance spectra. PVDF has 
small physical absorption in the initial stage but reaches equilibrium in about 300 min. PVS has fast and large 
absorbance due to the initial fast chemical reactions. Carrageenan is slow but continuously react with polysulfide. The 
kinetics are up to discussion since there is no attempt to control the polymer powders particle size and morphology, 
which are important factors for reaction kinetics.   
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Fig S2. Cycling performance of sulfur electrodes with carrageenan for various current densities at 30°C. The electrode 
sulfur loading and thickness varies. The thinner electrodes are used for higher current density cycling.  
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Fig S2. Cycling performance of sulfur electrodes with carrageenan for various current densities at 30°C. The electrode 
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Fig S3. Optical images for PVS and carrageenan coating on Al foil. PVS 
film surface is not as uniform as the surface of carrageenan film. 
Carrageenan has better film forming properties.  
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Fig S4. Atomic force microscopy (AFM) images of the polymer surface on aluminum foil for a) 
carrageenan and b) PVDF or PVS. Carrageenan film tends to form smaller aggregate structure, whereas, 
PVS forms much larger aggregate. In composites, we suspect, the carrageenan will have much uniform 
distribution with conductive additives compared to that of the PVS.  
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Fig S4. Atomic force microscopy (AFM) images of the polymer surface on aluminum foil for a) 

carrageenan and b) PVDF or PVS. Carrageenan film tends to form smaller aggregate structure, whereas, 

PVS forms much larger aggregate. In composites, we suspect, the carrageenan will have much uniform 

distribution with conductive additives compared to that of the PVS.  
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Fig S5. SEM images of sulfur electrodes surfaces with different magnification. a-d) Fresh sulfur electrode. The 
100 mesh (ave 100 um diameter) size sulfur particles are used for fabricating electrodes. The large sulfur 
particles are visible in the composite electrode. e-h) Fully first discharged electrode, where Li2S uniformly 
deposited on the surface of the electrode. i-l) Fully charged electrode after the first discharge. Most of the large 
sulfur particles disappeared and form uniform composite with the carrageenan polymers. However, some of the 
micron size particles still exist, but significantly smaller than the original particles. This maybe due to the large 
original size of the particles and its low conductivity.  This maybe the reason why we don’t get to utilize all the 
sulfur capacity.  (Magnification: a, c, e, 1200; b, f, j, 2000; c, g, k, 5000; d, h, l, 10000).  
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Fig S6. Focused ion beam (FIB) prepared electrode cross-section SEM images for carrageenan based 
fresh sulfur electrodes. a-c) Fresh electrode cross-section image shows extensive porosity.  d-f) 
Electrode after 1st lithiation shows deposition of Li2S in the electrode pores. The larger pores still exist 
maybe due to the large sulfur particles in the fresh electrode. The particles dissolve and leave larger 
pores behind.  
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