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Nucleophilic Substitution Between Polysulfides and Binders

Unexpectedly Stabilizing Lithium Sulfur Battery
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Lawrence Berkeley National Laboratory, Berkeley, California 94720, United States of
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Wuhan Univerisity of Technology, Wuhan 430070, China.
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Abstract: Polysulfide shuttling has been the primary cause of failure in lithium-sulfur (Li-S)
battery cycling. Here, we demonstrate an uncleophilic substitution reaction between
polysulfides and binder functional groups can unexpectedly immobilizes the polysulfides. The
substitution reaction is verified by UV-visible spectra and X-ray photoelectron spectra. The
immobilization of polysulfide is in situ monitored by synchrotron based sulfur K-edge X-ray
absorption spectra. The resulting electrodes exhibite initial capacity up to 20.4 mAh/cny,
corresponding to 1199.1 mAh/g based on a micron-sulfur mass loading of 17.0 mg/cme. The
micron size sulfur transformed into nano layer coating on the cathode binder during cycling.
Directly usage of nano-size sulfur promotes higher capacity of 33.7 mAh/cm, which is the
highest areal capacity reported in Li-S battery. This enhance performance is due to the reduced

shuttle effect by covalently binding of the polysulfide with the polymer binder.



1. Introduction

Over the past decades, a strong demand for low-cost and high-energy-density rechargeable
batteries has spurred lithium-sulfur (Li-S) rechargeable battery research. Rechargeable Li-S
batteries have great commercial potential for two reasons. First, sulfur is an abundant and
low-cost material. Second, the Gibbs energy of the lithium (Li) and S reaction is
approximately 2,600 Wh/kg, assuming the complete reaction of Li with sulfur to form Li.S,
more than five times the theoretical energy of transition metal oxide cathode materials and
graphite coupling. With these advantages, Li-S batteries could be both high energy density
and low cost, satisfying demand in both stationary energy storage and transportation
application. *» Despite its advantages, the use of rechargeable Li-S batteries is still very
limited. Obstacles include the low conductivity of sulfur and the loss of sulfur cathode
material as a result of polysulfide dissolution, which causes a shuttle effect and significant
capacity fading. = Theoretically, the octasulfur (cyclo-S,) is reduced by steps to solid Li.S
during lithiation in the sulfur cathode. During this process, electrolyte soluble LiS, are
generated when the x value ranges from 8 to 4. The soluble lithium polysulfides diffuse
through the electrolyte and further reduced at the lithium metal side to form low-order of
polysulfide. The partially reduced and soluble polysulfides can diffuse back to the sulfur
electrode side, which are oxidized to higher-order of polysulfides at the cathode side during
the delithiation process.” This shuttle effect, together with low conductivity, leads to poor
sulfur utilization and fast-capacity fade, which have hindered widespread use of rechargeable
Li-S batteries. =

Efforts to trap the shuttling polysulfides have mainly focused on meso/nano-carbon matrix
as summarized by Liu et al., = formation of sulfur composites initiated by Wang et al. = and
metal oxide/sulfide hosts reviewed by Mai et al.>» Since divinyloxyhydroxyolysulphides was
first developed by T.A. Skotheim et al. as an alternative binder solution for Li-S batteries,
polymers including gelatin,»» polyethylene oxide,” polyacrylic acid,” carboxyl methyl
cellulose, polyvinylpyrrolidone=, gum arabic binder, ® carbonyl-f3-cyclodextrin= and
polyamidoamine dendrimer* were identified as promising binders to address the issue.
Besides the better dispersion and distribution properties of the emerging binders, as revealed

by Cui et al.,” the existence of carbonyl groups in the emerging binders play a pivotal role in
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the improved cycle performance. The electron-rich oxygen with lone pairs is favourable to
form lithium-oxygen (Li-O) bond with lithium polysulfides. The contribution of carbonyl
groups and surface modification effect was also evidenced by our group through poly (9, 9-
dioctylfluorene-co-fluorenone-co-methylbenzoic ester) (PFM) binder. =

An alternative method to provide strong binding with polysulfide is through a covalent
bond between the electrode and sulfur species. A nucleophilic substitution reaction between
the dissolved polysulfides and leaving groups on the polymer binder can fix the polysufides
on to the electrode via the newly formed C-S covalent bond. A number of factors govern
reactivity in a nucleophilic reaction: the ability of both the nucleophile and the leaving group
to polarize, the stability of the leaving group, and the interaction between the nucleophile and
leaving group . To capture the polysulfide in a timely manner, the choice of leaving group is
critical. A good leaving group must be able to stabilize a large negative charge in both the
transition state and the product stage. A good measure of anion stability is the pK, of an
anion’s conjugate acid, with the lower pK, being associated with a better leaving group .
Considering the unique requirements of the Li-S batteries, the leaving group also must not
introduce reactive species into the system. Based on these requirements, the sulfate leaving
group is adopted. (Fig. 1A).>» Synthetic poly(vinyl sulfate) potassium salt (PVS), a commonly
used synthetic polymer, has a sulfate rich chemical structure that can be well controlled and
would be an ideal polymer to form a composite. However, the binding strength of PVS is
inadequate when used as a binder to form a composite electrode. In contrast, carrageenan, a
material derived from polysaccharides in seaweed v, has desirable features for binders such as
aqueous solubility, high adhesiveness, variable concentrations of sulfate leaving groups,
biodegradability, and nontoxicity. The density of sulfate groups on carrageenan controls the
gelation process * and the extended hydroxyl groups are indigent to the polysaccharide
structure, providing an extended interaction with the surrounding polar aqueous
environments. Nature has inadvertently designed carrageenan to be an ideal material for sulfur
electrode binder applications. It not only possesses the sulfate leaving groups to capture
sulfides, but also has rich hydroxyl groups for adhesion to form stable conductive networks
with carbon black conductive additives and interaction with polar electrolyte. Carrageenan

has much greater adhesion and sulfate functionality as a leaving group. Carrageenan should
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have an even better chemical reactivity with polysulfide than PVS, due to some of the sulfate
groups on the primary carbon sites.

2 Results and discussion

2.1  Nucleophilic substitution reaction in the electrode.

In this research, initial efforts are focused on PVS with a sulfate leaving group and
polyethylene type backbone». Ultraviolet-visible spectroscopy (UV-vis) is conducted to
confirm the polysulfide immobilization capability of the polymers as shown in Fig. 1. The 0.1
g polymer is soaked in the 1-mL 3-mmol/L long-chain lithium polysulfide (average formula
LiS,) in 1,3-dioxolane (DOL)/ 1,2-dimethoxyethane (DME) solution for 24 hours to track the
polysulfide substitution evolution. This design allows polysulfide to continuously be captured
by the electrode via a chemical substitution reaction. Li polysulfide is a strong nucleophile =,
which can attack active carbon (C) sites attached to good leaving groups. This nucleophilic
substitution reaction results in the formation of a new C-S bond with the departure of the
leaving group. PVS is a liner polymer with sulfate functional groups, which is a very good
leaving group during a nucleophilic substitution reaction with polysulfide “+ (Fig. 1A). The in

situ spectra indicate that Li.S, species produce characteristic peaks in around 430 nm (Fig.
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Fig. 1. The polymers with chemical leaving groups can react with polysulfide. (A) Molecular
structures of PVS and natural product of carrageenan and their replacement reactions with
polysulfide to form immobilized polysulfides on the polymer backbones. (B) Visual effects of
the polysulfide solution exposed to different binders over 24 hrs. (C,D,E) The time-lapsed
UV-vis absorbance of in situ UV-vis spectra of PVS, PVDF and carrageenan in 3 mmol/L Li
polysulfide in DOL/DME solution. (F) UV-vis absorbance changes with time of the three
polymer binders.




1 C, D, E).* The full spectra and reaction kinetics are demonstrated in Fig. S3. A significant
polysulfide concentration decrease is recorded for the solution exposed to PVS polymer
within 3 hours. In contrast, the absorption signals for polysulfide solution exposed to PVDF
hold constant, indicating limited substitution of PVDF with polysulfide over 24 hours. When
the PVS polymer is exposed to the electrolyte with polysulfide, the nucleophilic attack of the
polysulfide to the PVS causes the instant formation of the oligosulfide crosslink PVS network
structure, leading to the rapid depletion of polysulfide in the electrolyte phase. Fig. 1B and 1C
show the rapid removal of polysulfide in the electrolyte, as the UV visible spectra of the
electrolyte solution show rapid dwindling of the polysulfide absorption peak when exposed to
the PVS polymer. In comparison, PVDF does not have good leaving group, “ therefore
polysulfide stays in the electrolyte as shown in Fig. 1B and D. Fig. 1B shows the visual color
changes after the introduction of PVS into the polysulfide-containing electrolyte. The reaction
between polysulfide and the functional PVS polymer is confirmed not only by the decrease of
polysulfide concentration in the presence of PVS, but also by the formation of S-S and C-S
bonds in the PVS polymer through the appearing peak located at 2472.7 and 2473.7
respectively, in the synchrotron-based sulfur K-edge X-ray absorption spectra (XAS) « (Fig.
2A). The spectra clearly confirm the formation of the C-S bonds and the presence of the S-S
bonds in the PVS polymer when exposed to the polysulfide containing electrolyte.

However, PVS does not form a mechanically robust polymer composite laminate with
carbon black and sulfur particles. The electrode made with PVS lacks mechanical strength, a
major drawback for a composite electrode (Fig. 2B). From a more practical standpoint, a
polymer with improved adhesion to form conductive network structures would be more
desirable, in addition to a polymer that can in situ react with polysulfide. Carrageenan is a
natural polymer with sulfate groups, and polyol functional groups, which are ideal for
adhesions . As a natural product, carrageenan is water-soluble; all electrode processing can
be done in aqueous media. Although carrageenan has a more complex structure than that of
the PVS, similar in situ grafting and crosslinking reactions can occur between the polysulfide
and carrageenan polymer (Fig.1A, B, E, F). As expected, the absorption intensity of the
polysulfide solution decreased (Fig. 1E) when the polysulfide solution is exposed to the

carrageenan polymer, corresponding to the substitution reaction of sulfate groups with
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dissolved polysulfide to form grafted polysulfide on the carrageenan polymers. The signature
dark yellow color of polysulfide solution transforms to clear solution when the powder of
carrageenan is added into the solution (Fig. 1B). The plots in Fig. 1F show rapid consumption
of polysulfide using both PVS and carrageenan, but the concentration of polysulfide stays at a
high level when PVDF is added to the polysulfide solution and after extended exposure times.
Although PVS shows fast polysulfide capturing in Fig. 1F when polymer powders are used,
the actual rate of capture in the electrode for both polymers would depend on the morphology
and distribution of the polymer binder. The morphology and distribution of the polymer

binder will be discussed after the cycling performance.
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Fig. 2. Advanced spectroscopic characterization of the C-S bond formations of the polymer
binders, and the binder adhesion strength. (A) Sulfur K-edge XAS spectra of the PVS film
after exposure to the polysulfide solution show the formation of C-S and S-S bond. The inset
curve is the enlargement of the main curve, where the bonds of C-S and S-S overlapped. The
bottom blue and red shadows are mathematically fit of C-S and S-S bond, respectively. (B)
Adhesion strength of the composite electrodes evaluation through peel test. (C) Sulfur K-edge
XAS of carrageenan film before and after exposure to polysulfide solution. The C-S and S-S
bonds appear after the exposure. (D) XPS for carrageenan film before and after exposure to
polysulfide solution. In both PVS and carrageenan cases, the XAS spectra and XPS confirm
the formation of C-S bonds between the polymer binders and polysulfide.

As demonstrated by UV-vis spectroscopic experiments, the reaction of polysulfide
with either PVS or carrageenan results in the fixation of the polysulfide. When polysulfide

reacts with polymers, it acts as a crosslink agent to form network polymers . Further
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reduction of grafted polysulfide leads to the breaking of the S-S bonds and the formation of
insoluble short chain Li.S, (n < 4) “. To study the chemical bondage after immobilization, we
applied synchrotron-based S K-edge absorption spectra (XAS) and X-ray photoelectron
spectra (XPS) to monitor the formation of C-S chemical bonds in polymers after nucleophilic
substitution as shown in Fig. 2. S-S and C-S bonds, corresponding to 2472.7 and 2473.7 eV
», are observed in PVS thin film exposed to polysulfide as shown in Fig. 2A. A detailed
investigation is conducted of the carrageenan polymer before and after exposure to the
polysulfide solution (Fig. 2C, D). The total fluorescence yield (TFY) spectra of PVS and
carrageenan all have a prominent peak at 2482.5 eV, which is attributed to the R-OSO.;So* .
This XAS feature remains the same in regards to the peak position and intensity before and
after exposure, which indicates the R-OSO; specie exist before and after the polysulfide
grafting. The emerging peak at 2472.7 and 2473.7 eV after the film exposure to the
polysulfide solution confirms the existence of S-S and formation of C-S bond in the bulk
material. One may notice that the peak intensity of S-S and C-S is much lower than that of R-
OSO:., which is an intrinsic character of the XAS. The white line intensity depends on matrix
elements and occupancy of any bound final states «<. The rising edge XAS visible as the
features at 2472.7 (S-S) and 2473.7 eV (C-S) is the low valent sulfur, while the high valent
sulfur (R-OSO;,) XAS maximizes near 2483.5 eV . The relative weight comparison of S-S
and C-S vs. R-OSO: can be reflected more accurately in the XPS that investigate the chemical
bondage for carrageenan in Fig. 2D. A new peak at 163.2 eV ascribed to the C-S bond
appears after nucleophilic reaction. In the Li-S battery with sulfate rich binders, this reaction,
i.e., the formation of C-S bond, is electrochemically initiated during the first few cycles when
polysulfide forms. Polysulfide is captured in the S electrode to alleviate the polysulfide
dissolution and shuttle effect. The advantages of this approach are two-fold. First, the sulfate
rich polymers are able to immobilize the polysulfide dissolved in the electrolyte; second,
since the polymer binds conductive carbon to form a conductive network, the immobilized
polysulfide is within the electron tunneling distances of the conductive network. Therefore,
this approach could lead to higher loading of sulfur electrode and significantly improved
cycling stability

22 Battery Performance



To in situ verify polysulfide immobilization capability during Li-S battery operation, the
polymers were assembled into coin cells as S cathode binders. In designing the polymeric

electrode, both nano- and micron-size sulfur particles are applied as active material along with
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Fig. 3. Li-S battery testing results of micron-S electrodes made with different polymers. (A,B)
Cycling performance of high-loading sulfur electrodes based on PVDF, PVS, carrageenan at
0.05C. The sulfur loadings of the electrode are around 5-10 mg, and the thickness around 200

um. (C) Coulombic efficiencies varies. PVDF shows worst efficiency at the early cycles due
to excessive polysulfide shuttles. PVS has very good coulombic efficiency due to the initial
fast reaction of PVS with polysulfide. Carrageenan gives consistently good cycling efficiency.
(D) discharge/charge voltage profiles between 1.8-2.6 V at 10" cycles. The two-plateau
discharge behavior shows the formation of long chain polysulfide in the charge state.

the polymer binder and conductive carbon additives. The electron conductive matrix is
formed by the percolated carbon conductive additive particles held together by polymer
binders. The polymer thickness is around 3 nm (calculated) on the surface of the conductive
particles, which is well within the electron-tunneling limit .

The galvanostatic cycling profiles are shown in Fig. 3. In contrast to PVDF, the
electrodes achieved remarkable performance with PVS and carrageenan polymer binders.
The relative ratio between sulfur and liquid affects the cycling stability of Li-S batteries.*
Increase the amount of electrolyte tends to improve sulfur electrode performance by

improving the Li-ion and the polysulfides mobility. However these increased motilities

negatively affect the lithium metal electrode. The optimum ratio between solid sulfur and
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liquid electrolyte was identified to be 50 g L (20 pL/mg-s).*» This optimum highly depends
on sulfur loading, and electrode materials choice. In our work, high loading of sulfur is used
in the electrode, 16 uL/mg-s generate best results, and has been consistently used in this
study. The carrageenan binder electrode achieved a first discharge capacity of 8.8 mAh/cm.
The capacity was maintained at approximately 6 mAh/cm’ for more than 140 cycles,
corresponding to a specific capacity of approximately 700 mAh/g (Fig. 3A, B; Fig. S4).
Electrode thickness was 200 ym. The capacity revival after around 40 cycles is due to the
electrolyte uptake. The penetration of electrolyte in the thick electrode is a slow process.
After full wetting around 40 cycles, the ionic conductivity reaches a maximum, in turn
improves capacity. In comparison, cells using PVDF binder suffered from rapid capacity
decay, showing capacity retention of 31% after 100 cycles. The PVS also gave initial good
performance. The specific capacity using the PVS binder was 100 mAh/g higher than
carrageenan, initially. However, due to the poor adhesion strength of PVS with the carbon
conductive additive, the capacity decayed faster than the test using carrageenan binder,
although performance was still better than tests using PVDF.« The average coulombic
efficiency of the carrageenan electrodes is more than 98% over 100 cycles, the best among
the three binders tested (Fig. 3C).

The number of nucleophilic substitution reaction sites in each carrageenan repeating unit
is 3 according to Fig. 1A. To trap all the sulfur in the electrode in the form of C-S,Li, the
weight ratio of sulfur to binder should be around 5/4. Since the polymer does not contribute
to capacity, the ratio of sulfur to binder is fixed at 5/1 to achieve higher capacity in the
electrode. The nucleophilic substitution reaction is irreversible to form a permanent chemical
bond between the carbon and sulfur (C-S). There is an irreversible sulfur species loss due to
the formation of C-S bond, depending on the ratio of sulfur to binder materials. The
irreversible capacity loss of active sulfur is calculated to be only 1.5 wt% at the sulfur to
carrageenan binder ratio of 5/1, assuming all the sulfate groups are substituted by the LiS,,
and the attached segment is C-S,Li. The segment can still be reduced to LiS, except the S
directly connected to the C. It will reduce to C-SLi form. Only 3 wt% of sulfur is attached to
the binder in the C-S form. However, this attached C-S species is uniformly distributed in the

binder. The consumption of sulfur species by forming the C-S bond is small. During
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discharge, more low-order of polysulfide will be formed and may not bind with the polymer,
therefore their diffusion into electrolyte is possible. However the C-SLi sites provide anchor
points on the cathode for the high order of polysulfide to attach when the polysulfide is at the
maximum possibility to dissolve. These C-SLi sites can also provide a precipitation points
for the discharged Li.S species.*

As shown in Figure 3D, two well-defined discharge plateaus are observed, which are
assigned to the multistep reduction mechanism of elemental sulfur. The first plateau,
centered at around 2.3 V is generally attributed to the reduction of neutral sulfur species and
formation of S;. The later plateau is ascribed to the further reduction of higher polysulfides
(Li.S,, 4 < n < 8) to the lower polysulfides (LiS,, n < 3) =. This double plateau behavior of
both PVS- and carrageenan-based electrodes shows the formation of S.-, and other longer
chain (n > 8) sulfur species in every cycle even though the sulfur is bonded with polymer
backbones. The sulfur electrode behavior is distinctively different from pre-synthesized
carbon sulfur composite materials > <. Fig. S4 displays the rate performance for the
carrageenan-based electrode. Even at a higher current density of 0.55 A/g (or C/3), the
electrode was able to maintain a capacity of 3 mAh/cm’ for more than 100 cycles.

According to the study by Yuriy et al.,» the delithiation shuttle factor can be described in
the following equation:

ksqulStotatll _
EstnlSuocall _ g,
d

kg is the shuttle constant, q is the high plateau sulfur specific capacity, [Sioeqi] 1 the total

sulfur concentration, I; is the delithiation current, f; is the delithiation-shuttle factor. At
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Fig. 4. Electrochemical performance of carrageenan based micro- and nano-sulfur electrodes.
A,B) Reversible capacity of 17.0 mg/cm® micon-sulfur mass loading electrodes based on
carrageenan at 0.01C. C) Coulombic efficiency of the carrageenan based micro-sulfur
electrode. D) The initial capacity voltage profile of carrageenan based nano-sulfur electrode
with the sulfur mass loading of 24.6 mg/cm’.

ksqulStotar]/14<1, when the shuttle constant is low or the charge current is high enough, the
cell could be fully delithiated, showing a sharp voltage increase. Rather, at kyqy[Stotarl/1a>1,
the cell never reaches complete delithiation and shows a voltage leveling. Hence, to further
demonstrate the low shuttle constant of carrageenan based sulfur electrodes, the mass loading
of sulfur was further increased to 17.0 mg/cm” and cycled at an even low current density of
0.01C. As plotted in Fig. 4A and B, the initial delithiation capacity is 1199.1 mAh/g, equals to
20.4 mAh/cm®. The capacity was stabilized at 940 mAh/g and 16 mAh/cm” in the following
cycles. The comparison between various polymers binder indicates that the shuttle constant
for carrageenan based cell is curtailed and controlled even at such a high sulfur concentration

and low charge current. Besides, sulfur particle size effect is also investigated as shown in Fig

4D. A further increase of the areal capacity of 33.7 mAh/cm® is achieved based on 24.6

11



mg/cm” nano-sulfur mass loading electrode. The calculated sulfur utilization is 81.8% based
on the specific capacity of 1368.5 mAh/cm’. The smaller particle size facilitate more effective
contact point between the polymers and sulfur elements.

To summarize the benefits of the nucleophilic reaction during cycling, the whole
process is described as below: large sulfur particles gradually form polysulfide via both
electrochemical as well as chemical process. The long-chain polysulfide will instantaneously
react with the polymer binders in the electrode via a nucleophilic substitution reaction
mechanism to form an immobilized/grafted/crosslink polysulfide and polymer network.
Therefore, this nucleophilic substitution reaction process is electrochemically activated. This
grafted polysulfide is part of the polymer binders, so much closer to the conductive network.
The grafted polysulfide can continuously react in the charging process to form non-soluble
short-chain polysulfide, which distributes within the conductive network. Upon charging
(delithiation), the long-chain polysulfide re-forms. However, now the C-S bond is stable %>
in the polysulfide reduction and oxidation process, providing anchor points for sulfide
grafting and immobilization. This novel chemistry process addresses the challenge of
polysulfide dissolution and the shuttle effect, and eventually solves the polysulfide dissolution
issue. Other types of functional polymers with the potential to have nucleophilic reaction with
polysulfide can be further identified and applied based on the same principal.

In addition to chemical binding and adhesion strength, polymer distribution uniformity
is also very important. Both optical image and atomic force microscopy (AFM) are used to
study the surface uniformity of the drop-cast polymer films (Fig. S6, S7). The surface of PVS
is much rougher than that of carrageenan in the optical image. In the AFM surface images, the
carrageenan film shows much smaller surface aggregation than that of the PVS (Fig. S6). This
film roughness may translate to uneven distribution of binder in the composite electrode,
hindering electron mobility in the PVS composite [**). The microscopic images by SEM of

composite electrodes made with carrageenan are shown in Fig. S7 and S8. The micron-size
12



sulfur particles are transformed and redistributed evenly in the composite electrode after the

first charging process.

To evaluate the electrode morphology evolution during the cycling process, scanning
electron microscopies (SEM) are taken of the non-cycled electrode vs. the cycled electrode at
different state of charges (Fig. S8 and S9). When the cells are disassembled at a fully
discharged state, no delamination of the electrode and none of the polysulfide deep yellow
color in the electrolyte were found. The micron-size large sulfur particles disappear. A
homogeneous Li.S accumulation in the electrode pores is visible, indicating good conductivity
of the electrode and uniform LiS deposition due to grafting of polysulfide on the polymer
binder. Moreover, in charge state, the electrode returns to its highly porous state and the
micron-size sulfur particles do not reappear. The sulfur deposition is uniformly distributed
onto the grafted polymers. These results show an innovative polymer chemistry approach
successfully applied to solve the lithium polysulfide shuttle effect using a nucleophilic
substitution reaction of C-S bond formation to graft long-chain polysulfide to the polymer
binder. Polysulfide grafting prevents the shuttle effect and stabilizes capacity.

2.3 Operando Li-S system observation.

In the material level, nucleophilic substitution reaction is very effective in
immobilizing polysulfide in the polymer network. In the system level, Li-S cell performance
also confirms the effectiveness of this reactive polymer approach. In addition, the operando
synchrotron-based XAS experiments are designed to monitor the polysulfide formation and
capturing using both carrageenan polymers and a non-reactive PVDF polymer. This operando
test allows further understanding of the polymer binder reactivity to polysulfide activities in a
real operational cell.

The operando cell setup and measurement are illustrated in Fig. SA. A series of coin cells
with a polyimide film-sealed window on the sulfur electrode side are designed for X-ray

penetration. The operando XAS spectra are collected using total fluorescence yield (TFY)
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Fig. 5. Operando XAS measurements of Li-S cell. (A) Schematic of the in situ XAS
measurement set-up. The inlet photo is the actual customer build instrumentation for this
experiment. (B,C) The S K-edge XAS spectra evolution of the electrolyte with voltage scan.
The purple highlighted peaks are polysulfide adsorption peaks, which evolve during first
discharge. PVDF binder based Li-S cell shows the dramatic increase of polysulfide
concentration in the electrolyte during the first lithiation process. The carrageenan binder
based Li-S cell shows much slow concentration built up of polysulfide. D) The relative
polysulfide concentration changes with discharge shows the superiority of carrageenan binder
in immobilizing polysulfide.

mode and calibrated using elemental sulfur spectra assuming the white line to be at 2472.2 eV
w. The cells are continually galvanostatically discharged from the initial 2.6V to 1.8V at a C-
rate equivalent to C/5, while monitoring the fluorescence spectra. The peak area at 2480.0 eV
@ is proportional to the concentration of the LiTFSI in the electrolyte. Since the LiTFSI
concentration does not change much, it absorbance is defined as a unit to calculate the relative
concentration of polysulfide. Therefore, the contribution of dissolved LiS,, elemental sulfur,
and other polysulfide species are recorded in TFY and compared with intensity of LiTFSI.
When an inert PVDF polymer binder is used, the polysulfide concentration increases rapidly
starting around 2 V, when the discharge starts. The concentration reaches a high plateau

quickly and stays at high concentration throughout the end of the discharge process (to 1.8 V).

This polysulfide dissolution is consistent with previous literature.
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However, when a reactive carrageenan polymer binder is used, the reaction between the
polysulfide and carrageenan polymer effectively immobilize the polysulfide within the
cathode electrode; the concentration of polysulfide is very low throughout the discharge
process to the sulfur electrode (Fig. 5C). A very slow concentration build up of polysulfide in
the electrolyte is observed in the case of the carrageenan-based sulfur electrode, although both
carrageenan- and PVDF-based electrodes have the same composition. As shown in Fig. 5D,
the concentration of sulfur species in the electrolyte for carrageenan-based sulfur electrode
stays very low, compared to that of the PVDF-based electrode during the voltage scan at

extended time period.

The operando experiments further confirm what is observed in the polysulfide
reaction with polymer: fast polysulfide nucleophilic substitution reactions with the leaving
groups on the polymers binder. The effective immobilization of polysulfide in the electrode
resulting in crosslink structure provides superb prevention of polysulfide dissolution. This
chemical reaction initiates by the first electrochemical discharge without generating adverse

species to the Li-S chemistry.

3.  Conclusions

A radically different approach is developed and demonstrated in this research: instead of the
popular sulfur confinement and physical absorption approach, this work relies on a
multifunctional reactive polymer as a grafting agent and binder for its success. The project
team started with a chemically designed and synthesized PVS polymer, and then moved to a
nature-inspired aqueous-based carrageenan polymer with designed functional groups and
improved adhesion. The polymer forms a conductive network with carbon black, but also
reacts with polysulfide to form sulfur-grafted polymer when first used in a Li-S battery. These
carrageenan polymer binders can continuously react with any polysulfide when it breaks free
into the electrode during the operation of the battery. The polysulfide concentration remains
very low in the electrolyte during the operation. The process immobilizes the polysulfide to

prevent dissolution, but also crosslinks the polymer binder to potentially provide additional
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mechanical stability of the conductive network. It also brings the sulfide closer to the charge

transfer sites.

This approach is simple, effective and initiated at the first discharge of the battery. No
additional processing is required for the sulfur, and the binder is a water-soluble natural
product that is already used as a food additive. In the current stage, Li-S batteries still require
lithium metal electrode stabilization for the long and safe use of the battery. However, this
approach opens up new horizons for sulfur electrodes. Currently the lithium-ion slurry process
is used to make the sulfur electrode, but this research may lead to using classic low-cost
polymer extrusion process to make the sulfur electrode with high polymer content and using a
stamping process to make ion transport channels in sulfur electrodes. The polymer binder is
no longer an inactive species as in lithium ion cells, but it is active in retaining sulfur, hence
retaining capacity. Introducing high content of polymer binders will further stabilize capacity
by depressing sulfur dissolution, but with a resulting lower energy-density. However, the
lower cost materials and processes will more than compensate for the sacrifices in energy-
density. Therefore, this type of sulfur battery may be able to find wide applications in
stationary storage applications that are cost sensitive but can tolerate reduced energy-density
for battery life performance.
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