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Abstract

Bifunctional polymer binders featured with bothosty binding and superior polysulfide
trapping properties are highly desired for the ifadiron of sulfur cathodes with suppressed
polysulfide shuttling in Li-S batteries. In thisgea, we have explored the potential of a
guaternary ammonium cationic polymer, polydiallgh@thylammonium (PDADMA-X; X =

T, B, P, and Cl) with different counter anions (TE8F;, Pk, and CI, respectively) as the
bifunctional binder. We have also revealed the @tsreffects of the counter anion on the
performance of the cationic polymer binder. PDADMA- containing the former three
weakly associating anions have been demonstratgloiw polysulfide adsorption capability.

In particular, PDADMA-T having the largest, leasttaracting TFSI anion shows the



optimum performance, with strong binding strengtid ahe best polysulfide adsorption
capability. Relative to commercial PVDF and PDADNKSs of other counter anions, it
offers sulfur cathodes with lowered polarizationgher discharge capacity, significantly
better capacity retention, and improved cyclind#ity. With its convenient synthesis from
commercially available PDADMA-CI, cationic PDADMA-THaving the TFSlanion is a

promising bifunctioal binder for sulfur cathodespiractical Li-sulfur batteries.

Key words: lithium-sulfur battery, binders, cathodes, caittgoolymers, counter anions.

1. Introduction

Lithium—sulfur (Li-S) batteries as a post-lithiuoni technology have recently drawn
enormous research interest due to sulfur's higbrétal specific capacity (1672 mAR')g

and high energy density (2600 Wh ®g as well as its low cost and environmental
friendliness [1-6]. Despite these highly desirabdatures, the Li—S battery technology
suffers from several technical restrictions thatdeir its practical application. The dissolution
of lithium polysulfides in Li—-S batteries cause< tlong-known “polysulfide shuttling”

between the electrodes, which leads to reducedn@mtuefficiency, loss of active material,
drastic capacity fade, high self-discharge, The poor electrical conductivity of elemental
sulfur and lithium sulfides, and volume expansiésufur during cycling are also the factors
hindering the commercialization of Li—S batteries-§]. To resolve these challenges,

numerous elegant strategies have been developé&il [test efforts have been focused on



designing carbon-based sulfur hosts (such as noobog/mesoporous carbons [7-14],
hollow carbon nanospheres [15-18], graphenes []9-€drbon nanotubes [22,23] and
nanofibers [24,25], etc.), polar polysulfide-trappicathode additives (such as graphene
oxide [26,27], heteroatom-doped carbons [28,29]tamexides [30,31], metal-organic
frameworks [32] gtc.), or polysulfide barriers [33—38]. These inveatigns demonstrate the
successful suppression of “polysulfide shuttlingidahe enhanced battery performance by
entrapping polysulfides within the sulfur cathodea physical confinement or chemical

interactions.

Polymer binder is an important element in battebgsmaintaining both the electronic and
mechanical integrity of the battery electrodesisitrequired to strongly bind the active
material and conducting carbon additives togettgairest the volume expansion to the
current collector through mechanical adhesion. Ghoused only at small quantities (about
10 wt% of the total electrode materials), its sietecaffects battery performance significantly
[39]. Conventional polymer binders for Li—S batési such as poly(vinylidenedifluoride)
(PVDF), solely serve the single binding role whilghout the desired affinity to or trapping
of the intermediate polysulfide species to amet®rgolysulfide shuttling”. Developing
bifunctional cost-effective polymer binders endowedth the additional capability of
trapping polysulfide species and preventing thass|from the sulfur cathodes is a new trend

for Li—S batteries of improved capacity retention.

Several bifunctional polymer binders have beenmntigeeported for Li—S batteries, showing



the valuable capability of trapping/absorbing palfides. These include
poly(vinylpyrrolidone) (PVP) [40-43], modified natl 3-cyclodextrins [44,45], natural gum
Arabic [46], polyamidoamine dendrimers [47], andss-linked polyethyleneimine [48]. As a
common feature, these bifunctional binders all psssabundant polar groups (such as
carboxyl, amine, imine, and hydroxyl) of strongirtly towards the polysulfide species and

render Li—S batteries of significantly improved foemance relative to conventional binders.

In this work, we investigate a range of quaterrarynonium-containing cationic polymers,
polydiallyldimethylammonium bearing different coant anions
[bis(trifluoromethane)solfonimide (TF3) tetrafluoroborate (Bf) and hexafluorophosphate
(PR), choride (CI); termed correspondingly as PDADMA-X, with X = B, P, and CI
standing for TFS| BF,, PR and CI anions, respectively] as binders for Li-S batterie
These PDADMA-X polymers bearing other counter asiaman be easily obtained from
commercially available, cheap PDADMA-CI having alarilde counter anion by anion
exchange. Containing abundant quaternary ammonations (one in each repeat unit), these
cationic polymers are reasoned to show strong ioniéractions with the polysulfide anions
in lithium polysulfides and thus facilitate theppang of polysulfides to render Li—-S batteries
of improved performance. Quaternary ammonium salefrabutylammonium triflate
(NBusSO;CR;) and  N-methyl-N-butylpyrrolidinium  bis(trifluorontieanesulfonyl)imide
(PYR14TFSI), have been demonstrated, when intratlirde the electrolyte, to stabilize the
polysulfide anions through a chemical interactioithwa significant improvement in the

capacity retention of a Li—S cell [49]. Polymer téms bearing quaternary ammonium cations



have been previously reported to stabilize polydef and improve cyclic performance of
Li-S batteries. Songt al. demonstrated that the modification of graphenaessulfur
composites with cetyltrimethylammonium bromide (aatgrnary ammonium-containing
surfactant) significantly improved battery cyclingerformance owing to the strong
interactions between CTAB and polysulfide speci@§].[ Zeng et al. modified the
B-cyclodextrin binder by introducing quaternary anmimon cations, rendering significant
improvements in cyclic performance and rate capgbdf the cathodes [45]. In both
examples, the cathode systems were quite complex tduthe presence of GO or
[-cyclodextrin that contain various polysulfide-atiting functionalities in addition to the
cations. Because of the complication, the exaet oblthe quaternary ammonium cations has
not been specified. This has intrigued us to ingast the use of PDADMA-X as the
potential bifunctional binders, since they contpurely quaternary cations while with no
other complicating functionalities. Their effect® ohe cathode performance have been
systematically investigated, with a comparison maith PDADMA-CI and conventional
PVDF. Meanwhile, the effects of their counter asiam their cathode performance have also

been revealed.

2. Experimental

2.1. Materials

All chemicals, including sulfur powders (100 mesdrtjle size, Aldrich), Super-P carbon



black (IMERYS Graphite & Carbon, Belgium), poly(videne fluoride) (PVDF, Mw
~534,000 g/mol, Aldrich), bis(trifluoromethane)sutfmide lithium salt (LITFSI, 99.95%,
Aldrich), 1-methyl-2-pyrrolidone (NMP, reagent Pfu89%, Sigama-Aldrich), lithium nitrite
(LINO3, reagent PIf§ Aldrich), poly(diallyldimethylammonium chlorideDADMA-CI,
high molecular weight, 20 wt.% in water, Aldrich),3-dioxolane (DOL, 99%, Aldrich),
1,2-dimethoxyethane (DME, anhydrous, 99.5%, Aldri@uper- Hydride® solution (1.0 M
lithium triethylborohydride in tetrahydrofuran, Aldh), sodium tetrafluoroborate (NaBF
98%, Aldrich), potassium hexafluorophosphate (KFB%, Aldrich) were used as received
without further purification, except that LITFSI walried under vacuum for over 12 h at
room temperature, and DME and DOL were dried aondedtover a 4 A molecular sieve.
Other solvents, including methanol (>99%), tetrabfuran (THF, HPLC grade, >99%),
toluene (HPLC grade), etc., were obtained from étisBcientific and were also dried and

stored over 4 A molecular sieves.

2.2. Preparation of PDADMA-X Bearing Different Counter Anions (TFS", BF4, and PFg)

The agueous PDADMA-CI solution was first freezeadrifor over 120 h, rendering bulk
white solid of PDADMA-CI. The solid was further dd under vacuum at 80 °C for 12 h. To
prepare the anion exchanged PDADMA-X’s, 1.0 mmdPBADMA-CI and 1.1 mmol of the
corresponding salt (LITFSI, NaBFKPF;, respectively) bearing the desired counter anion
were separately dissolved in 40 mL methanol. Subsetty, the as-prepared PDADMA-CI

solution in methanol was added drop by drop int® $hlt solution under rapid agitation,



rendering the immediate precipitation of the argxchanged polymer. The white polymer
suspension was subsequently centrifuged and thdtales anion-exchanged polymer was
washed with an excessive amount of methanol thmeest followed by drying under vacuum

at 80 °C for 12 h.

2.3. Polysulfide Adsorption Test

A lithium polysulfide standard k5, was prepared by modifying a literature proced®@®.[
In an argon-filled glove box, sulfur was dissohindSuper-Hydrid& solution (1.0 M lithium
triethylborohydride in THF), with a Li to S moleti@of 1:2. The resulting solution was dried
under vacuum, followed by a final wash with hexand centrifugation to isolate the yellow

precipitate, LiS, (see the insert iRig. 2(a)).

Adsorption of LpS, with the five different binders was undertaken tao different
binder/L,S; mass ratios of 12.5:1 and 1:1. Typically, the kindt a known mass was added
into a known volume of LB, solution (concentration, 0.4 mg mMLin mixed DME-DOL
solvent (volume ratio, 1:1). The supernatant sofutiwas monitored with UV-vis
spectroscopy (Varian Cary 100). Typically, 40 mgeaich binder was added into 8 mL of
Li»S, solution in DME-DOL,; containing 3.2 mg 43,), where the mass ratio of the binder to
Li2S, is 12.5:1. UV-vis measurement was carried out len dupernatant solution after a

prescribed time to monitor the adsorption.



To obtain spectroscopic evidence confirming theogut®on of LbS,, x-ray photoelectron
spectroscopy (XPS) measurements of PDADMA-T coingirthe adsorbed b$;, pure
PDADMA-T and pure LiS; were undertaken on a Thermo Scientific Theta Pr&B&
spectrometer (Thermo Fisher). A monochromatic &lXray source was used, with a spot
area 40Qum. The samples were run in a standard mode, il@angle collected (60° angular

acceptance) for the survey spectra, and for themegpectra.

2.4. Electrode Fabrication

The sulfur/carbon composite was prepared by griqndiemental sulfur and super-P at a mass
ratio of 3:1 in a mortar, and followed with melfusion at 155 °C for 12 h in a sealed glass
tube. The sulfur content in the resulting composta4.7 wt% as per thermogravimetric
analysis (TA Instruments Q50 TGA at a heating odté0 °C min'). The slurries for sulfur
electrodes were prepared by adding a known mad3 i@g) of S/C composite into the
solution containing the prescribed mass of the dnif@ DADMA-X or PVDF; 50 mg) and
super-P carbon black (50 mg) in NMP (for all birdexxcept PDADMA-CI; 3 mL) or
methanol (for PDADMA-CI; 3 mL) to achieve a final@@binder ratio of 60:30:10, followed
with thorough mixing with a mechanical stirrer. &l®des were prepared by evenly
depositing a known volume (16 or 48 uL) of eachrglwn carbon-coated aluminum foil
(0.018 mm in thickness, 1.32 éim area) as the current collector. The sulfur ingdor all
electrodes was all controlled @ 1.0 or 3.0 mg cfi. The electrodes were dried in an oven

at 65 °C for 5 h, then in a vacuum oven at 50 ?@ po use.



2.5. Electrochemical Testing

Electrochemical performances of the sulfur eledsog@repared with the different binders
were tested in CR2032-type coin cells. All thes@lere assembled in an Ar-filled glove box.
The electrolyte employed contained 1.0 M LiTFShibinary solvent of DOL and DME (1:1
in volume) with 2 wt% LINQ as additive. An electrolyte volume cd. 20 uL or 35uL was
employed for electrodes with sulfur loading of &d 3.0 mg cff, respectively. Lithium
metal foil was used as the negative electrode,veasl physically separated from the sulfur
cathode with two sheets of Celgard 2500 separafbhe cells were tested through
galvanostatic charge/discharge (GCD) cycling anrdemperature on a LAND CT2001A
battery testing system. Current density and spec#ipacity were calculated based on the

mass of sulfur active material.

Cyclic voltammetry (CV) measurements of the celésevall recorded on a Metrohm Autolab
PGSTAT128N electrochemical work station in the ag# range of 1.5-3.0 ¥&. Li*/Li at a
scan rate of 0.1 mV’s Electrochemical impedance spectroscopy (EIS, dhetr Autolab
PGSTAT128) measurement was carried out from 10 noHZ00 kHz at room temperature

with a potentiostatic signal amplitude of 5 mV.

3. Results and discussion



3.1 Polysulfide Adsorption with PDADMA-X

A PDADMA-CI-resembling cationic copolymer polyelealyte bearing the same quaternary
ammonium ion with chloride counter ion, poly(acryide-co-diallyldimethylammonium
chloride) (AMAC), has been previously used by Zhasghe binder for Li-S batteries [50].
Due to its nonsolubility in organic solvents, AMA&as reported to form the stable void
structure in the sulfur cathode during battery ieyg;l rendering significantly higher capacity
and better-maintained capacity retention comparedthte cathodes fabricated with
poly(ethylene oxide) as the binder. But AMAC havthg chloride counter ion causes severe
corrosion of the aluminum current collector. No ysuilfide trapping capability was
demonstrated with AMAC therein, despite our reasgnof possible ionic interactions
between its quaternary ammonium cations and thgsplbide anions in lithium polysulfide
species. This should result from too strong iomiteractions between the cation and the
chloride counter ion, which prevents the anion exge with polysulfide for trapping. We
hypothesize that replacing the chloride anion inABPMA-CI with weakly interacting
counter anions (such as TFSIBF,, and PE [51]) should facilitate the possible
adsorption/trapping of polysulfide species by anéxehange (seEigure 1(b)), which will
subsequently help suppress polysulfide shuttlindy iamprove battery capacity retention. We
have thus prepared the range of PDADMA-X (X = TES8IF,, and PE) polymers bearing
the different counter anions from PDADMA-CI by simpgonvenient anion exchange. The

repeat unit structures of the polymers are predenteigure 1(a).
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(Figure 1)

To verify our hypothesis, we have first studied tinéeractions between a polysulfide
standard, LiS,, and the various PDADMA-X polymers, by investigati polysulfide
adsorption on the polymers. To a%j solution in DOL/DME was added each individual
polymer, with the same polymerid, mass ratio of 12.5:1. Parallel experiments wese al
undertaken with PVDF and PDADMA-CI, respectivelgr fthe purpose of comparison.
Figure 2(a) shows the color changes of the3. solutions after exposure to the various
polymers for 5 min and 24 h, respectively, relativehe grass green blank,8&i solution.
The colors of the two solutions exposed to PDADMAamd PDADMA-P are quickly
lightened within just 5 min, indicating the fastsadption of the polysulfide species with
these two polymers. On the contrary, no obviousrcohanges are observed for the other
solutions after 5 min. After 20 h, the two solusoexposed to PDADMA-T and PDADMA-P
have become completely colorless, and the one exptés PDADMA-B also has a
significantly lightened color. Meanwhile, the ongily white colored polymer solids in these
solutions have turned brown. These phenomena ocorifie effective adsorption of the
polysulfide species with the three polymers comtgnveakly interacting counter anions.
However, negligible color changes can be seen \hth other solutions exposed to
PDADMA-CI and PVDF, respectively, confirming thadtety do not have the affinity toward
polysulfides. The ability of the three PDADMA-X pohers in adsorbing b$, is further
demonstrated witlex situ UV-vis spectroscopyigure 2(c) compares the UV-vis spectra of

the various solutions after exposure for 24 h. Whib change is observed in the spectra of
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solutions exposed to PDADMA-CI and PVDF relativetie blank solution, much lowered
absorbance spectra (within 270-500 nm) are fourid thie solutions exposed to the other
three polymers. In particular, according to theuans of the UV-vis spectra, we can reason
that the polysulfide-adsorbing capability of theredn polymers increases in the order,
PDADMA-CI (PVDF) << PDADMA-B < PDADMA-P < PDADMA-T. This agrees well
with the increasing radii of Cl(2.70 A), BR~ (3.44 A), Pk (3.60 A), and TFSI(4.39 A)
following the order [52], confirming that increagiranion size reduces the cation-anion
interactions and subsequently improves the polgildsorption capability of the cationic
polymers. Having too strong cation-anion interattiBDADMA-CI is completely ineffective

for the adsorption of polysulfide species as comdéid herein.

(Figure 2)

We have also investigated the polysulfide adsonptad a reduced polymer loading
(polymer/LbS, mass ratio of 1:1¥igure 2(b) shows the solutions after exposure to different
polymers for 2 h; Figure 2(d) compares their UVsjectra. While the color changes of the
solutions are not as clear as kigure 2(a), the three polymer solids (PDADMA-B,
PDADMA-P, PDADMA-T) have become brown-colored, comiing their adsorption of the
polysulfide. This is also confirmed from the appabty lowered UV-vis spectra (within 350—
500 nm) of the solutions relative to the blank #olu (seeFigure 2(d)), despite the
significantly reduced polymer loading. Meanwhilee tsame order of polysulfide adsorption

capability of the polymers can be found frémgure 2(d). These adsorption experiments thus

12



offer the solid evidence confirming the capabilify PDADMA-X in adsorbing polysulfide
with PDADMA-T being the best one. PDADMA-X's (X =,BP, and T) have thus been

subsequently investigated as the binder for th& lbatteries.

To obtain spectroscopic evidence confirming theranttion between lithium polysulfide and
PDADMA-T, XPS characterization of PDADMA-T contang the adsorbed i$; was
undertaken, along with pure PDADMA-T and:$j for comparison. Figure 3 compares their
XPS spectra. A broad peak with multiple deconvalutenstituting peaks in the range of
160-165 eV is seen in the,Spectrum of LIS, (Figure 3(a)), arising from its polysulfide
anion. In particular, the constituting peaks cesdeait 161.1 eV and 163.4 eV in,Spectra)
can be ascribed to the terminal {$ and bridging sulfur (&) atoms of Li-S-S-S-S-Li,
respectively, where the sulfur atoms at both era®ta formal charge of (-1) while those in
the middle bear a formal charge of (0), as prewjossown by Nazaet al. and Yoonet al.
[53,54]. PDADMA-T with adsorbed L5, also shows the broad polysulfide pe&kg(re
3(b)), while it is absent in the spectrum of pure PDABN (Figure 3(c)). In addition, a
small shift ofAE = 0.2 eV to a lower binding energy is observedrahe capture of k5, by
PDADMA-T, which can be attributed to the electrofigse nature of tetralkyl ammonium
ions on PDADMA-T, which forces electrons away frtime terminal sulfur [55,56], resulting
in a slight decrease in the binding energy. Coordmgly, the binding energy of lithium
atom in LbS, in Figure 3(d—f) increases from 55.1 eV to 55.4 eV upon adsorppossibly,
due to the strengthened interaction resulting fribia increased polarity of polysulfide.

Owing to the electropositive nature, the bindingrgy of nitrogen atom in PDADMA-T also

13



shifts to higher values (from 401.1 eV to 402.5 &dm 397.9 eV to 399.4 eV, sé@gure
3(g—-i)) after the adsorption of £$,. The XPS evidence thus confirms the adsorption of

lithium polysulfide on PDADMA-T and their interaotis.

(Figure 3)

3.2 Evaluation of Binding Srength

As a binder, binding strength is an important patemto a binder [39,45]. The binding
strengths of PDADMA-X have been evaluated, wittomparison made to PVDF. Electrodes
were prepared from a melt-infused sulfur/Super Ppmsite with different polymers as the
binder (sulfur: Super P: binder = 60:30:10 in mad® for all cathodes in this studyigure
4(a) shows the images of representative fresh-madéredlss. All electrodes show visually
smooth rather uniform surface, except the one nwéatte PDADMA-CI that shows rough
non-uniform surface with the presence of light-cetbdomains having higher PDADMA-CI
content. Meanwhile, pitting corrosion of the aluomm current collector was observed in all
the electrodes made with PDADMA-CI due to its ceive chloride ion, as reported by
Zhang, when using the similar cationic copolymetyglectrolyte AMAC [50]. On the
contrary, no corrosion of the aluminum current ecibr was seen when PVDF or the

anion-exchanged PDADMA-X’s was used.

(Figure 4)
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The different electrodes were soaked in the elbt&osolution (1 M LITFSI in mixed
DME/DOL solution) in a sealed vial for 2 weeks. &ftone week of soaking at room
temperature, the electrolyte solution was heated®30°C and kept for 30 min, then
maintained at room temperature for another weele Bimding strength is evaluated by
comparing the amount of visible black particled teel off from the electrodes [5Higure
4(b) shows the resulting electrolyte solutions usedsfmaking the different electrodes. One
can see that fine suspended black particles aseprén almost all solutions. However, the
solutions for soaking electrodes fabricated withABIMA-ClI and PDADMA-P contain
obviously much more fine particles than the othelutsons. This indicates that PVDF,
PDADMA-T, and PDADMA-B have better binding perforre than PDADMA-CI and
PDADMA-P. In the case with PDADMA-CI, the relatiyepoorer binding performance may
result from the non-uniform distribution of the cposite materials on the electrodes. On the
contrary, with PDADMA-P, the result suggests itatigely weaker binding strength to retain

the mechanical integrity of the electrodes.

3.3 Cyclic Voltammetry (CV) Tests

CV (voltage range: 1.5-3.0 V at 0.1 mV)dests were undertaken on the cathodes fabricated
with the five different polymers (sulfur loadingrgsty: 1.0 mg crif). Figure 5(a)—(e)shows
the first 10 cycles of CV curves of the cathodelé.GV curves consist of one oxidation peak

and two reduction peaks characteristic of the swaithodes. No additional peaks are found,
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indicating that all the polymer binders are stablithin the voltage range and do not
participate in the reduction/oxidation processudfus [45]. For all cathodes, the positions of
reduction peaks in the®ilcycle deviate significantly from those of the &nlling 9 scans,
which indicate the activation of cathodes during fff cycle. From the ¥ scan, the peak
positions of all cathodes except that with PDADMAsppear stable, with the oxidation peak
at 2.5 V and two reduction peaks centered at 2B 2260 V, respectively. While the first
reduction peak at 2.3 V represents the reductioeleiental sulfur to soluble high-order
Li»S (4 < x < 8), the second reduction peak at 2.0 V corresptmtiseir further reduction to
lower order polysulfide LS (x < 4) and finally to LiS. In the anodic scans, the oxidation

peak is attributed to the gradual conversion gElback to elemental sulfur.

The cathode fabricated with PDADMA-P shows a slighit distinct left shift (2.30 to 2.27 V
and 2.00 to 1.98 V, respectively) of both reductpmaks from the ™ to 10" cycle, along
with a concomitant broadening and slight right tsbffthe oxidation peak (from 2.51 to 2.55
V) (seeFigure 5(d)). This indicates the gradual increase of polaieratipon the dynamic
volume change during cycling. A similar, but mucleaker trend is also noticed with the
cathode fabricated with PDADMA-CI (séagure 5(b)). The slight increased polarization is
also indicative of the inferior binding performanoé PDADMA-P and PDADMA-CI as
shown above, which leads to a gradual deterioraitiothe electrical contact within the
cathode upon dynamic volume change during cyclingthe contrary, the well-retained peak
positions with the other cathodes (with PDADMA-TDARDMA-B, and PVDF) suggest the

better binding performance of the other polymemsrasg the volume change.

16



(Figure 5)

Distinct differences in the capacity stability argahe cathodes can also be noted from their
CV curves. The cathode fabricated with PVDF showgsiicant decreases in the current for
all the redox peaks (more obviously seen with #duction peak at 2.0 V and the oxidation
peak due to their higher intensities) froff & 10" cycle (seeFigure 5(a)), indicating the
significant capacity decay with PVDF due to polysid loss. The one fabricated with
PDADMA-CI instead shows a current decrease in thduction peak at 2.3 V and
simultaneously a significant current increase i dther reduction peak at 2.0 V from tH8 2
to 10" cycle. While the former decrease indicates thelgahloss of soluble polysulfides
from the cathode due to the incapability of PDADNIA-for their capturing, the latter
increase possibly indicates the rather poor digtioin of insoluble LiS, and LbS due to the
non-uniform distribution of the carbon-sulfur consges on the electrode. These may

contribute to the low sulfur utilization in the batle with PDADMA-CI.

On the contrary, those fabricated with PDADMA-T aRBADMA-B, respectively, show
much more stable CV curves, with only minor chanigethe current for all the peaks over
cycling (Figure 5(c) and (d)). Though showing slight peak shifts illustratedwad, the two
reduction peaks of the cathode fabricated with P¥BEP also have relatively stable
current upon cycling. These confirm the improvegamdty retention with the use of

PDADMA-T, PDADMA-B, and PDADMA-P having the capaityl for polysulfide

17



adsorption, which helps suppress polysulfide simgttlin particular, among all cathodes, the
one fabricated with PDADMA-T shows the best-retdicapacity with negligible changes in
the current for all redox peaks, confirming theemsible charge-discharge process. This is in

good agreement with its best polysulfide adsorptiapability demonstrated above.

In addition, Figure 5(f) compares the fDcycle CV curves of the various cathodes. The
cathodes made with PDADMA-T and PDADMA-B show musharper and narrower
oxidation peak compared to the others. Meanwhile, dne made with PDADMA-T also
shows the narrowest reduction peaks, with the sstalpolarization of 0.46 V observed
among all the cathodes. These results suggest,beitee homogeneous dispersion of finer
sulfur composite particulates for redox reactionshhwDADMA-T, besides its polysulfide

trapping capability.

3.4 Galvanostatic Charge-Discharge Tests

Galvanostatic charge-discharge tests within a geltange of 1.5-3.0 V were undertaken on
the various cathodes having a sulfur density of rh@ cm®. Figure 6 shows the rate
performance of the various cathodes tested atasuorg currents ranging from 0.2C to 3C
(1C = 1672 mA §) with 10 cycles at each current, followed withcy@les back at 0.2 C. For
all cathodes, a consistent capacity reduction seofed with the gradual current increase
from 0.2C to 3C, along with the capacity recoveppm the switch of the current back to

0.2C. Among all cathodes, the one made with PDAD®IAshows the lowest capacity at all
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currents (e.g., reversible capacity of onfy 550 mA h g at 0.2C relative to the values of
815-860 mA h g found with the others) though with reasonable ciipaetention upon the
current increase. This suggests the poorest aufiization in the case with PDADMA-CI. It

is reasoned to result from non-uniform distributioihlarger sulfur composite particulates
across the electrode as seen fréigure 4(a), leading to deteriorated electrical contact
between the sulfur active material and the curcetiector. Meanwhile, the pitting corrosion
of the current collector by PDADMA-CI is also reasd to deteriorate the electric contact
within the cathode. For the cathodes made with PBIABT, PDADMA-B, and PVDF,
similar capacity and capacity retention with natidigtive differences are observed, with the
typical reversible capacity values of 840, 740, 6880, and 360 mA h'at 0.2C, 0.5C, 1C,
2C, and 3C, respectively. However, the cathode nveitte PDADMA-P shows relatively
poorer rate performances compared to others. ithiles similar capacity values as others at
relatively low currents (0.2C, 0.5C, and 1C), itpacity values at enhanced currents (455
and 300 mA h g at 2C and 3C, respectively) are appreciably losempared to the
corresponding values of others. This suggests ¢eridrated electric contact and increased
resistance within the cathode made with PDADMA-Righ currents, which is consistent

with its relatively poorer binding strength seeimad

(Figure 6)

Figure 7(a) compares the cycling performances of the cath¢sldfur loading density: 1.0

mg cm?) within 1.5-3.0 V for 65 cycles at 0.2C. This \age window for cycling is much
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broader than those typically used (e.g., 1.7-2@ ¥ven narrower) for sulfur cathodes. It is
intentionally chosen herein to evaluate the cyclipgrformances under more severe
conditions involving more thorough redox reactioBigure 7(b) compares their 8dcycle
charge-discharge voltage profiles. Consistent withredox peaks seen in their CV curves,
all cathodes show the typical two-plateau dischatgees with a short upper plateau at 2.3 V
and a long lower plateau at ca. 2.1 V, as well &g charge plateau. For all cathodes, the
branches of discharge curves below 1.8 V appebetelatively noisy, which should result
from the formation of excessive insulating®J/Li,S at too low discharge voltage and thus
deteriorated electrical contact. Among the varioathodes, we note frofeigure 7(b) that
the cathode fabricated with PDADMA-T shows the destlpolarization £ V = 0.16 V) with

the lowest charge plateau and the highest sec@uthatige plateau. This trend is observed
throughout the whole cycling process, indicating improved electron transfer kinetics for
the sulfur species with PDADMA-T as the binder [5Bhe cathode with PDADMA-P shows
the highest polarization of 0.20 V while the otheith PDADMA-B, PVDF and
PDADMA-CI have the intermediate polarizations. Ironsistency with the results
demonstrated above, this also suggests the bétiging performance of PDADMA-T than

PVDF.

From Figure 7(a), the cathodes fabricated with PDADMA-T and PDADNPAshow similar
initial capacity values (899 and 914 mA 1, gespectively), while those made with the other
polymers have relatively lower initial capacitie825, 779, and 720 mA hgwith

PDADMA-B, PVDF, and PDADMA-CI, respectively). Gradludecay of the discharge
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capacity can be seen with all the cathodes ovecygfes, indicating the occurrence of
polysulfide shuttling. The exception is that witbADMA-CI, which undergoes a rapid
capacity drop to 562 mA h'gat the &' cycle and remains relatively stablecat 580 mA h

g’ afterwards over the rest 62 cycles. The cathodd WVDF shows a small capacity
increase (to 851 mA h'{y within the first 5 cycles followed with the promeced decrease
afterwards. Herein, the initial capacity increasmggests the gradual cathode activation

through slow electrolyte diffusion.

Though having similar initial capacities, the cates show different capacity retentions after
65 cycles, with the remaining capacity values of7,6618, 600, 575 mA h g with
PDADMA-T, PDADMA-B, PDADMA-P, and PVDF, respectiwel which correspond to
capacity decays of 0.39, 0.39, 0.53, 0.54% per egycespectively, relative to the
maximum/initial capacity values of each cathode.aMehile, for both cathodes fabricated
with PDADMA-P and PVDF, the most severe capacitgrdase occurs within cycles 25-40,
followed with a rather flattened capacity plateafteravards (seeFigure 7(a)). This
phenomenon is indicative of severe shuttling ogogrwithin the period. On the contrary, the
capacity decay for the cathodes with PDADMA-T arldAPMA-B are rather steady over
the whole cycling process, with a linear capacigcréase over cycling. In particular,
PDADMA-T offers higher capacity and significantipproved capacity retention than PVDF
over the whole cycling process. Though not avoigiatysulfide shuttling, both PDADMA-T
and PDADMA-B can thus suppress the shuttling atdheent due to their capability of

adsorbing polysulfide species as shown above besiagr better binding performance. On
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the contrary, due to its poorer binding strengtBAPMA-P does not improve the cycling

performance despite its capability for polysulfatsorption.

We have further undertaken cycling of the varioathades within 1.5-3.0 V at 0.5Eigure
7(c) compares their discharge capacity curves. Atehisanced current, we have found that
the cathodes fabricated with PVDF, PDADMA-B, and AZ-IMA-P became unstable and
display continuous charging at the™4®88" and 102 cycle, respectively, along with the
severe drop of Columbic efficiency to nearly zeftis phenomenon is indicative of the
severe loss of sulfur active material from the od#s. On the contrary, the cathode with
PDADMA-T was stable for the entire 200 cycles thowgth a gradual capacity decay from
ca. 620 to 435 mA h § (i.e., 0.15% per cycle) and the gradual decreds€atumbic
efficiency from 100% at the first cycle to 96% het20d' cycle. This comparison further
confirms the best efficiency of PDADMA-T in suppseyy polysulfide shuttling among the

binders and in maintaining cycling performancehaf tathodes.

(Figure 7)

To realize the practical application of Li-S baiéer a high sulfur loading is necessary [47].
Herein, cathodes at higher sulfur loading (3.0 mm®c were also fabricated with
PDADMA-T and PVDF, respectively, and were testedtheir cycling performancedzigure

8 compares their discharge capacity of the cathed#sn a voltage window of 1.7-2.8 V

over 200 cycles, with the first cycle at 0.05C aildthe rest at 0.2C. The cathode with
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PDADMA-T displays a much higher initial dischargepacity (901vs. 273 mAh ¢ at 0.05C)
than that with PVDF. Subsequently, the dischargeacigy of the former gradually decreases
from 574 mAh @ at the & cycle to 424 mAh ¢ at the 208 cycle. On the contrary, the
discharge capacity of the latter is generally mimher throughout and shows a slight
increase from 190 mAhgat the 2% cycle to 236 mAh @ at the 208 cycle. In addition, the
cathode with PDADMA-T also shows superior arealacay, outperforming that with PVDF
over the whole cycling process. For example, thbatke with PDADMA-T show a much
higher discharge areal capacity (4.86 mAh?an 0.05C at the®icycle; 2.56 mAh ciat the
200" cycle) relative to that with PVDF (1.31 mAh énat the ¥ cycle; 1.22 at the 280
cycle). These results suggest that, at the highursidading, PDADMA-T, with its ionic
nature, is even more beneficial than PVDF by imprgvthe transfer of Li within the

cathodes besides its polysulfide adsorption caipabil

(Figure 8)

3.5EISTests

To gain further understanding of the electrochehpeaformance, EIS tests were undertaken
on the various cathodes (sulfur loading densit§:rig cn¥) before any testing and after the
16" cycle of charge-discharge (between 1.7-2.8 VAEDFigure 9(a) and(b) compares the
Nyquist plots of the fresh cathodes before cychngd the cathodes after cycling, respectively.

From Figure 9(a), all fresh cathodes show a depressed semicydignasisto charge transfer

23



resistance in the high-frequency region and aninedl line corresponding to Warburg
impedance at the low-frequency region. One notaliflerence is seen with the cathode
fabricated with PDADMA-P, which has a much greatiearge transfer resistanaa.(500Q

vs. 180-300Q2) than the other cathodes. In consistency with abmsults, this is also

suggestive of the inferior electric contact wittie cathode with PDADMA-P.

After cycling, all cathodes except that with PDADMAshows two distinct semicycles (see
the insert), with overall charge transfer resistasignificantly reduced compared to those of
the fresh cathodes due to their activation (ineigdhe electrolyte wetting of composite and
the formation of conductive soluble,B; (4 < x < 8) from insulated solid sulfur) after cycling
(seeFigure 9(b)) [59,60]. In particular, the semicycle in the higagquency range reflecting
the charge transfer at the conductive agent sudadehe other one in the medium frequency
range attributable to the formation of noncondweti.S/Li,S, [61,62]. Among the cathodes,
the former semicycle is the smallest with the cdéhdabricated with PDADMA-T,
confirming the best electric contact, while its @ed semicycle is the largest, indicating the
best polysulfide adsorption capability with PDADMRA62]. In the case of the cathode with
PDADMA-P after cycling, its charge transfer resmta still remains the largest among the

cathodes, with no distinct semicycle found attrtle to the formation of LS/Li,S,.

(Figure 9)

All above results suggest that PDADMA-T shows sigreperformance as a bifunctional

24



binder for sulfur cathodes, outperforming other FIMA-X polymers bearing different
counter anions as well as commercial PVDF. Thesalte also demonstrate the dramatic
effects of the counter anions on the performandaisfgroup of cationic polymers as binders.
Herein, TFSIhaving the largest anion size renders PDADMA-& &sfunctional binder with
the best polysulfide adsorbing capability. Meanehwith its bulky organic anion structure,
it also improves the affinity of the cationic polgmtoward the carbon-sulfur composites.
This contributes to the improved dispersion of cbenposites for enhanced sulfur utilization
and the enhanced binding strength for maintainivegnhechanical and electrical integrity of

the cathodes against drastic volume change duyiciing.

4. Conclusions

We have systematically investigated in this papergerformance of quaternary ammonium
cationic polymers PDADMA-X (X =T, P, B, and ClI) d&xéng different counter anions (TFSI
PR, BF4, and CI, respectively) as binders for sulfur cathodesi#SLbatteries. The former
three bearing weakly interacting anions have beemamstrated to adsorb/trap lithium
polysulfide species, with the trapping capabilibcrease in the order of PDADMA-B <
PDADMA-P < PDADMA-T. On the contrary, like PVDF, ADMA-CI bearing strongly
interacting CI is completely ineffective of polysulfide trappindclectrochemical tests
confirm that PDADMA-T bearing the optimum TFSinion shows superior performance as a
bifunctional binder, with the resulting cathodespdiying the lowest capacity decay, lowest

polarization, and best maintained cycling stabitéiative to cathodes fabricated with PVDF
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and others PDADMA-X polymers. Changing the anioPtg, BF,, or CI" leads to various
deteriorations in their binding performance. Tlasthe first demonstration of the dramatic

effects of the counter anions on the binding penéorce of these cationic polymers.
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Figure Captions

Figure 1. (a) Schematic representation of PVDF and PDADMAiKXders with different
counter ions, and (b) the possible interactionsveenh the PDADMA-X and polysulfides in

the sulfur cathodes.

Figure. 2. Photograph (a, b) and UV spectra (c, d) ofSk-icontained DOL-DME mixed
solutions at different mass ratios: without absotl®lank) and with absorbents of PVDF,

PDADMA-CI|, PDADMA-T, PDADMA-B and PDADMA-P, respeitely.

Figure 3. XPS study on the interaction between lithium palfide and PDADMA-T: (a)—(c)
Sy spectra, (d)—(f) Lk spectra, (9)—(i) N spectra of pure k5, PDADMA-T containing

adsorbed LiS,;, and pure PDADMA-T, respectively.

Figure 4. Image of (a) the surface of electrodes (sulfading, 1.0 mg cif) and (b) the
electrolyte solutions soaking the electrodes fabeid with different polymer binder for 2

weeks.

Figure 5. (a)—(e) CV curves of cathodes fabricated withdtiferent polymer binders during

the first 10 cycles; (f) comparison of thei™l€ycle CV curves. Scan rate: 0.1 mV¥. s

Figure 6. Rate performances of cathodes fabricated witlvéneus polymer binders. Cut-off
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voltage: 1.5-3.0s. Li*/Li anode; sulfur loading density: 1.0 mgém

Figure 7. Galvanostatic cycling performance of the varicathodes with different binders
within 1.5-3.0 V ¢s. Li*/Li): (a) discharge capacity and Columbic efficigrourves at 0.2 C;
(b) charge-discharge voltage profiles at th& §9cle at 0.2C; (c) discharge capacity and

Columbic efficiency curves at 0.5 C.

Figure 8. Cycling performance of cathodes fabricated witdiDF and PDADMA-T,

respectively, at a sulfur loading density of 3.0 eng? within 1.7—2.8 V ¢s. Li*/Li) at 0.2C.

Figure 9. Nyquist plots of the various cathodes (a) befoyeling and (b) after 16 cycles

within 1.7-2.8 V at 0.2C.
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