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ABSTRACT: The development of e ective rechargeable potassium

sulfur (K S) batteries has been retarded by a severe polysul de shuttle
e ect and low sulfur content in the cathode (generally less than 40 wt %).
Herein, a series of sulfur-linked polymers with di erent numbers of
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allyloxy linkers have been chosen to explore their e ect on the Ny
performance of K S batteries. By taking sulfur-linked tetra(allyloxy)-

1,4-benzoquinone polymer (poly(S4-TABQ)) as the cathode of K S 14
batteries, its maximal sulfur content reaches 71 wt %, which displays a -
high capacity retention of 94.5% after 200 cycles (only 0.027% loss per \

cycle). Theoretical analyses and density functional theory calculations
show that the abundant allyloxy linkers in poly(S4-TABQ) cathodes play
a vital role in inhibiting the polysul de shuttle e ect and realizing high
capacity, owing to the strong interaction of the allyloxy moieties with
potassium polysul des and the accelerated charge transfer during charge/discharge process. Moreover, ex situ X-ray photoelectron
spectroscopy and ultraviolet visible spectroscopy analysis are conducted to explore the electrochemical mechanism in poly(S4-
TABQ) cathodes, indicating that C-S, ‘K™ (n =2 6) and K,S, (n =2 6) coexist in K S batteries without the formation of K,S
groups. This study provides a novel insight into the application of sulfur-linked polymers as cathode material in potassium sulfur
batteries.

1. INTRODUCTION (2.09 wt %) is much higher than that of lithium (0.0017 wt

11 13 . . +
As one of the most successful modern energy storage systems, o/f[))' dard I\élegnwhﬂe, Ithet re((jjox ‘S)&tém'al of K/K™ ( d2.9_?EhV t\i/f.
lithium-ion batteries hold a dominant position in the market standard hydrogen electrode (SHE)), as compared with the

. ; !
for portable electronic equipment and electric vehicles." * redox potential of Na/Na™ ( 2.70 V' vs SHE), is closer to that
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However, the maximum energy density for lithium-ion
batteries is around 350 Wh kg * due to the limited number
of active crystallographic sites in the intercalation-based
electrode materials, which cannot meet future demands for
energy-storage devices. Indeed, energy densities of over 500
Wh kg ! are projected for next-generation batteries, which has
prompted an intensive exploration of new battery materials.” ©
Lithium sulfur (Li S) batteries, as a representative of the
emerging battery system, have garnered widespread attention
in recent years due to the very high theoretical energy density
of 2600 Wh kg * and environmental friendliness.” However, as
for a Li-ion, the relative scarcity and uneven global distribution
of lithium resources is inevitable, a practical problem for Li S
batteries.® *°

To overcome issues related to the availability of lithium
resources, one promising strategy is to replace lithium with
potassium since the potassium reserve in the Earth’s crust
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of Li/Li* ( 3.04 V vs SHE) in nonaqueous electrolyte
systems.' 14> Moreover, compared with sodium and lithium
ions, potassium ions also have advantages in terms of ion
conductivity and di usion kinetics due to their low desolvation
energy.’®'” Bene ting from these advantages, Wang et al.
reported that a potassium ion hybrid capacitor, employing
phosphorus and oxygen dual-doped porous carbon spheres as
anode, can even maintain a capacity retention rate of 89.8%
after 10000 ultralong cycles at 20 A g 1.*® Keeping this in
mind, it is obvious that there is a strong driving force to
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develop K S batteries by replacing lithium with potassium.
However, as is the case for Li S, K S batteries su er from the
so-called shuttle e ect of soluble polysul de intermediates,
leading to poor Coulombic e ciency and rapid capacity decay
upon cycling.**?° To mitigate these issues, sulfur is generally
embedded in carbon-based materials to inhibit the di usion of
polysul de species from the cathode into the electrolyte by
physical con nement and chemical interactions. Nevertheless,
it is not feasible to completely eliminate the shuttle e ect.??
Since the radius of the potassium ion (0.138 nm) is much
larger than that of the lithium-ion (0.076 nm), K S batteries
will still su er a rapid decline in capacity with carbon-based
cathodes owing to enhanced volume expansion during the
charge and discharge processes.”* Of course, other novel
methods have also been tried, such as employing the  -Al,O4
solid electrolyte to inhibit the shuttle e ect or using a
potassium-impregnated hard carbon anode in connection with
a potassium polysul de catholyte to realize high-safety K S
batteries.”>** Nevertheless, some inherent aws of these
materials hinder their further applications (e.g., high operating
temperature and limited cycle stability).

One promising strategy is to change the storage form of
sulfur in the active material by chemical interactions.® In
particular, organic sulfur compounds composed of organic
units and sulfur chains can highly and uniformly load abundant
sulfur atoms by forming covalent bonds between the organic
skeleton and bespoke sulfur chains, which not only avoid sulfur
agglomeration, but can also greatly inhibit the di usion of
polysul de.>?® Another advantage of organic sulfur com-
pounds derives from their exible chains, which are bene cial
for alleviating the pulverization of electrode materials caused
by volume expansion. As an example of a representative
organic sulfur compound, sulfur/polyacrylonitrile (PAN) can
be prepared by pyrolyzing PAN with sulfur and used as
cathode materials in K S batteries.?”?® Due to the absence of
long-chain potassium polysul des (K,S,, n > 3) during the
charge and discharge processes, the sulfur/PAN cathodes can
largely avoid severe pulverization and prevent the serious
capacity decline caused by the dissolution of potassium
polysul de into the electrolyte. Nevertheless, despite the
aforementioned advantages, sulfur/PAN materials have an
intrinsic limit of low sulfur content ( 40 wt %), which is far
less than the minimum sulfur content (70 wt %) required to
build a high energy density battery."?**° Meanwhile, the
voltage plateaus for sulfur/PAN cathodes are limited within a
narrow region due to the absence of high-order potassium
polysul des, which also further reduces the energy density of
K S batteries and blocks their practical applications.
Ultimately, the poor K S properties for sulfur/PAN materials
originate from two aspects: (1) a large proportion of the
materials is in essence electrochemically inert parts and (2) a
limited sulfur chain length. One e ective approach to
overcome these drawbacks is to introduce long sulfur chains
into a covalent framework through inverse vulcanization.® In
2013, Pyun’s group reported an inverse vulcanization method
to obtain poly(sulfur-random-1,3-diisopropenylbenzene) with
a staggering sulfur content of 90 wt %, which exhibited an
initial speci ¢ discharge capacity of 1100 mAh g ! and high
capacity retention as an electrode for Li S batteries.”
Following this, a series of sulfur copolymers with hi?h sulfur
contents (e.g., sulfur-divinylbenzene copolymers,** sulfur-
trithiocyanuric acid copolymers,® sulfur-polyaniline copoly-
mers>®) were developed and displayed high energy densities as

electrodes for Li S batteries. However, corresponding studies
on K S batteries are yet to emerge and need to be addressed.

In this work, three comonomers with di erent numbers of
allyloxy linkers (comonomer/linker groups = 1:1, 1:2, and 1:4)
are investigated; they are then cross-linked with sulfur to form
the sulfur-linked polymers: sulfur-linked 2-allyloxy-naphtho-
quinone polymer (poly(S1-ANQ)), sulfur-linked 1,4-bis-
(allyloxy)-anthraquinone polymer (poly(S2-BAAQ)), and
sulfur-linked tetra(allyloxy)-1,4-benzoquinone polymer (poly-
(S4-TABQ)). Computational simulations indicate that the
strong interaction between allyloxy linkers and potassium
polysul des greatly mitigates the shuttle e ect in K S cells,
resulting in the excellent cycling performance. Meanwhile,
density functional theory calculations further demonstrate that
the bandgap energy of sulfur-linked polymers would
dramatically decrease by increasing the number of allyloxy
linkers, which will promote the charge transfer in K S cells
and increase the capacity. Owing to the abundant allyloxy
linkers in poly(S4-TABQ), resulting in a high sulfur content of

71 wt %, its corresponding K S batteries exhibit an excellent
cycling stability with a high retention rate of 94.5% after 200
cycles at 0.2 C (0.027% loss cycle ). Furthermore, the
electrochemical mechanism in the poly(S4-TABQ) cathode is
investigated by using ex situ X-ray photoelectron spectroscopy
and ultraviolet visible spectroscopy.

2. EXPERIMENTAL SECTION

2.1. Materials. Sulfur ( 99.5%), CH,Cl, ( 99.5%), CS,

( 99.5%), and anhydrous N,N-dimethylformamide (DMF,

99.5%) were purchased from Tianjing Fengchuan Chemical
Reagent Technology Co. Ltd. Tetrahydroxy-1,4-quinone
hydrate ( 96%, Aladdin), 1,4-dihydroxyanthraquinone
( 98%, Aladdin), 2-hydroxy-1,4-naphthoquinone ( 98%,
TCI), allyl bromide ( 99%, Alfa Aesar), KTFSI ( 99.8%,
DoDo Chem), tetraethylene glycol dimethyl ether (TEGDME,

99%, Roche), and N-methyl-2-pyrrolidinone (NMP,  99.5%,
Aladdin) were purchased from di erent companies. All
chemicals were used as received.

2.2. Synthesis of TABQ, BAAQ, and ANQ. Tetra-
(allyloxy)-1,4-benzoquinone (TABQ) was synthesized accord-
ing to previous reports.** Brie y, tetrahydroxy-1,4-quinone
hydrate (1.10 g) was dissolved in anhydrous DMF (20 mL)
under N, atmosphere, and then K,CO; (3.54 g) in DMF (70
mL) was added into the solution. After stirring for 15 min, allyl
bromide (6.19 g) in DMF (10 mL) was added into the mixture
slowly. The reaction mixture was heated to 60 °C under re ux
and kept for 12 h. Subsequently, the product was cooled down
to 0 °C and then Itered to remove the insoluble substance.
Besides, the resultant TABQ was obtained by repeated
extractions with CH,CI, and deionized water. For BAAQ
and ANQ, their synthesis processes took a similar approach as
TABQ.

2.3. Synthesis of Sulfur-Linked Polymers. Sulfur-rich
polymers with di erent numbers of linker bonds were
synthesized via bulk inverse vulcanization. Typically, a certain
amount of elemental sulfur is rst placed in a 25 mL round-
bottom ask and heated to 160 °C under vigorous stirring.
When the molten sulfur changes from yellow to orange, the
linker molecules in CH,CI, were slowly added into the ask by
syringe. After reacting for 3 h, the reaction was terminated by
quenching into liquid nitrogen. Finally, the product was
obtained by washing with CS, to be colorless.

https://doi.org/10.1021/acs.jpcc.1c05283
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Figure 1. Schematic illustration comparing the ability of (a) sulfur cathode and (b) sulfur-linked polymer (for clarity a monomer unit shown)

cathode for mitigating the shuttle e ect in K S batteries.

2.4. Electrochemical Measurements. A mixture of
sulfur-linked polymers, polyvinylidene di uoride (PVDF) and
Super P in a mass ratio of 60:10:30 were ground in an agate
mortar with NMP to form a uniform slurry. As-prepared slurry
was coated onto carbon paper with a sulfur loading of 1.0 2.0
mg cm 2, and then vacuum-dried at 40 °C for 24 h. For the
preparation of sulfur cathode, a similar procedure was
followed. In short, sublimed sulfur, PVDF, and Super P were
mixed in a mass ratio of 60:10:30, and then coated on carbon
paper resulting in a sulfur loading of 1.0 2.0 mg cm 2. With
potassium metal as the counter-electrode and a glass ber
membrane as the separator, CR2032-type coin cells were
assembled in an argon- lled glovebox (H,0, O, < 0.1 ppm).
The electrolytes employed were 1 M KTFSI dissolved in
TEGDME (60 L cell ). The galvanostatic charge/discharge
performance (LAND-CT2001A) of the half-cell was tested in a
voltage range of 1.2 3.0 V (vs K/K*) at ambient temperature.
Cyclic voltammetry (CV) curves were carried out on CHI660E
electrochemical test station at a scan rate of 0.1 mV s * in the
range of 1.2 3.0 V. Electrochemical impedance spectra (EIS)
were obtained using a PARSTAT MC multichannel electro-
chemical workstation in the frequency range of 0.01 Hz to 1
MHz with alternating current (AC) amplitude of 10 mV.
Speci ¢ capacities were calculated on the basis of the mass of
sulfur. For the ex situ XPS test, after one precycle at a current
of 50 A, the cells were disassembled after reaching the preset
voltage in an argon- lled glovebox. After washing with
TEGDME, the cathode was placed in the argon- lled glovebox
for 1 h, and then it was sealed with a polyimide Im (3 M
Company) to isolate the air. For the ex situ UV vis test, after
disassembling the cells, the cathode was immersed in 5 mL of
TEGDME and sealed in a cuvette with Ar protection for
measurement. The ex situ UV  vis tests were carried out within
20 min to avoid possible side reactions.

2.5. Characterizations. Thermal gravimetric analysis
(TGA; NETZSCH STA 2500 simultaneous thermal analyzer)
was performed with a heating rate of 10 °C min ! from room
temperature to 800 °C under a nitrogen atmosphere. Element
analysis (EA) was carried out in a Vario MACRO cube.

18606

Powder X-ray di raction (XRD) data of sulfur-rich polymers
were recorded on a D8 ADVANCE X-ray di ractometer with
Cu Ka radiation ( = 15406 A). X-ray photoelectron
spectroscopy (XPS) analyses were performed using a VG
ESCALAB 2201-XL device. Ultraviolet visible spectroscopy
(UV-vis; Shimadzu UV-2450 spectrometer) analyses were used
to characterize the soluble polysul de species in TEGDME.
The Fourier transform infrared spectroscopy (FT IR; Bruker
VERTEX 70v) spectra were recorded using KBr pellets. The
transmission electron microscopy (TEM) images were
observed by FEI TalosF200S.

2.6. Density Functional Theory (DFT) Calculations. All
density functional theory (DFT) calculations were performed
in Gaussian 09.%* The geometry optimization of the three
monomers was performed at the PBE1PBE**/6-31G(d,p) level
with the D3 version of Grimme’s dispersion with Becke-
Johnson damping.*® The single-point energy calculation of the
optimized structures was performed at the B3LYP/6-31G*
level, generating the energies of HOMOs and LUMOs.

2.7. COMSOL Multiphysics Simulations. Based on
COMSOL Multiphysics 5.5 software, the “Tertiary current
distribution” interface was selected to describe the current and
potential distribution in the cell and analyze the transport of
polysul de in the electrolyte. The Butler Volmer expression
was used to reveal the electrode kinetics of the charge transfer
reaction at room temperature in the bulk electrolyte.
According to previous reports in Li S batteries,*"*® a 2D
K S battery model was established after ignoring volume
expansion due to polysul de deposition and simplifying the
reaction to three stages of K,Sg K,Sg K,S3. Due to the fast
kinetics of the potassium anode, it was replaced with an edge
of 19 mm when constructing the 2D model. In addition, the
separator and cathode were represented by two rectangles with
a width of 9 and 100 m, respectively. The detailed geometric
constructions are shown in Figure S7.

3. RESULTS AND DISCUSSION

As shown in Figure 1a, for a typical sulfur cathode, unbonded
soluble polysul des di use freely into the electrolyte, causing a

https://doi.org/10.1021/acs.jpcc.1c05283
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Figure 2. (a) Schematic diagram for the synthesis of poly(S4-TABQ). (b) TGA curves of poly(S4-TABQ), compared with sulfur. (¢) FT IR
spectra for poly(S4-TABQ) and TABQ. (d) High-resolution XPS spectrum of S 2p for poly(S4-TABQ). (e) XRD patterns of poly(S4-TABQ) and
sulfur. (f) TEM image and (g) corresponding elemental mappings (carbon, oxygen and sulfur) of poly(S4-TABQ).

severe shuttle e ect in potassium sulfur (K S) batteries. This
not only leads to a large loss of active material but also a rapid
decline in battery capacity. In contrast, when sulfur-linked
polymers are employed as cathodes (Figure 1b), soluble
polysul de can be rmly anchored in the polymer cathode
through chemical bonds, thereby greatly mitigating the
polysul de shuttle process and achieving high performance.
Typical sulfur-linked tetra(allyloxy)-1,4-benzoquinone polymer
(poly(S4-TABQ)) was prepared and displayed in Figure 2a,
with more details in the Experimental Section. Brie y, a
Williamson ether reaction was employed to decorate
tetrahydroxyquinone with allyl sites at 60 °C for 12 h under
continuous nitrogen gas ow; the product was then mixed with
sulfur at 160 °C for 3 h to form a sulfur-linked polymer
denoted as poly(S4-TABQ). For the further preparation of
sulfur-linked polymers, similar methods are used for sulfur-
linked 2-allyloxy-naphthoquinone polymer (denoted as poly-
(S1-ANQ)) and sulfur-linked 1,4-bis(allyloxy)-anthraquinone
polymer (denoted as poly(S2-BAAQ)). Their chemical
structures are shown in Figure S1. The content of sulfur for
poly(S4-TABQ) is con rmed to be 71 wt % by thermal
gravimetric analysis (TGA), as shown in Figure 2b. In the
temperature range of 200 280 °C, the weight loss of poly(S4-
TABQ) can be attributed to the decomposition of S S bonds,
while the slight weight loss between 280 to 320 °C originates
from the C S bond breaks.** Additionally, the step-down
decreases of sulfur contents for both poly(S1-ANQ) ( 46 wt
%, Figure S2a) and poly(S2-BAAQ) ( 60 wt %, Figure S2b)
are due to the reduced number of sites in their corresponding
monomer molecules for e ective chemical connections with
sulfur chains. Meanwhile, elemental analysis (EA) measure-
ments were also used to determine the sulfur contents in the

various sulfur-linked polymers, which are in good agreement
with the TGA results (Table S1).

Fourier transform infrared spectroscopy (FT IR) was further
used to elucidate the chemical structure of the targeted
polymers. As shown in Figure 2c, the vinylic C H, C O
group, and aromatic C C bond appear at 3080, 1692, and
1611 cm 1, respectively, demonstrating the successful synthesis
of TABQ. However, for poly(S4-TABQ), the vinylic C H
almost disappears because of the addition reaction of allyloxy
with sulfur. The C O group and aromatic C C bond are
still present in poly(S4-TABQ), indicating that the structure of
TABQ comonomer is intact after polymerization. Besides,
three new peaks appear in poly(S4-TABQ) at 659, 611, and
570 cm 1, respectively, which are attributed to the sul de loop,
C Sbond, and sul de bridge, respectively. Similarly, the FT
IR spectra of poly(S1-ANQ) and poly(S2-BAAQ) are shown
in Figure S3. X-ray photoelectron spectroscopy (XPS) was also
performed to reveal the chemical state of sulfur groups in the
various polymers. Representative results obtained from poly-
(S4-TABQ) are shown in Figure 2d, and the XPS results for
poly(S1-ANQ) and poly(S2-BAAQ) are shown in Figures S4
and S5 (Supporting Information). The S 2p spectra of
poly(S4-TABQ) is shown in Figure 2d; two characteristic
peaks indexed at 163.0 and 164.2 eV with an energy separation
of 1.2 eV can be attributed to the spin orbit coupling of S
2pss, and S 2p, 5, respectively, which indicate the formation of
C SandS Sbonds in poly(S4-TABQ).?" Besides, the C 1s
spectrum of poly(S4-TABQ) at 2824 2909 eV can be
deconvoluted into C O, C O, C S, and C C bonds,
which further con rms that the molecular structure of TABQ
monomer remains intact after the vulcanization reaction
(Figure S4c). The combined results of XPS and FT IR
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dimensional distribution of K,Sg in a K S cell by using sulfur as a cathode.

demonstrate that sulfur is well cross-linked with TABQ to form
sulfur-linked poly(S4-TABQ). X-ray di raction (XRD) and
transmission electron microscopy (TEM) measurements were
further performed to con rm the absence of elemental sulfur in
the polymers after the inverse vulcanization reaction. As seen
in the XRD patterns (Figure 2e), elemental sulfur exhibits
strong crystalline peaks, while the poly(S4-TABQ) polymer is
free of any peaks except a large broad peak from 15° to 41°.
This indicates that sulfur molecules are completely converted
to form amorphous polymers, which is in accordance with the
goal of covalently combining sulfur atoms with organic
skeletons to avoid sulfur agglomeration and inhibit the
di usion of polysul de. The same is found for poly(S1-
ANQ) and poly(S2-BAAQ) (Figure S6). Moreover, the
absence of sulfur crystalline phases in the TEM image of
poly(S4-TABQ) endorses this nding (Figure 2f). The
elemental mapping of poly(S4-TABQ) reveals a homogeneous
distribution of C, O, and S elements (Figure 2g).

To gain insight into the electrochemical performance of
various organosulfur cathodes, K S cells were fabricated with
K metal as the counter-electrode and 1 M potassium
bis(tri uoromethylsulfonyl)imide (KTFSI) in tetraethylene
glycol dimethyl ether (TEGDME) as the electrolyte. Figure
3a displays the electrochemical performances of polymer
cathodes with various numbers of allyloxy linkers, which are
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operated at 0.1 C (1 C = 1675 mAh g ). Compared with
poly(S1-ANQ) and poly(S2-BAAQ) cathodes, it is clear that
the poly(S4-TABQ) cathode exhibits vastly superior energy
storage performance. Although the sulfur cathode has a high
initial capacity of 254.2 mAh g *, the severe shuttle e ect of
the sulfur cathode leads to a rapid capacity decay of 92.4% after
50 cycles. As can be seen, the capacity decline could be greatly
alleviated by introducing allyl sites. In particular, the poly(S4-
TABQ) cathode delivers not only a much higher initial speci ¢
capacity (225.9 mAh g 1) when compared to other organo-
sulfur polymer-based cathodes of poly(S1-ANQ) (68 mAh
g Y and poly(S2-BAAQ) (72.8 mAh g 1), but also an
improved and well-maintained capacity of 64.6% after 50
cycles. In order to reveal the structural advantages of
organosulfur polymer-based cathodes, a 2D battery model
(detailed geometric construction is shown in Figure S7) was
constructed using COMSOL Multiphysics to simulate the
di usion of polysul de during discharging. As shown in Figure
3b, depending on the strong interaction between poly(S4-
TABQ) and potassium polysul de (KSBs), KSBs are still

rmly con ned to the cathode, even at a high concentration of
19 mol m 3, and the concentration of KSBs is almost zero
outside the cathode area (separator area). Meanwhile, the
colors, where the cyan and yellow parts represent high and low
concentrations of KSBs, respectively, are completely di erent
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between the separation and the cathode areas, demonstrating
that the shuttle e ect in the poly(S4-TABQ) cathode is
signi cantly suppressed (Figure 3c). In contrast, the KSBs
present a free di usion in a K S battery by using sulfur
cathode, and its concentration near the anode is as high as 17.3
mol m 3 which will lead to serious side e ects in battery
operation, for example, resulting in a fast capacity decline
(Figure 3d,e). Thus, as shown in Figure 3c, owing to the
introduction of functionally linked groups, KSBs are rmly
xed to poly(S4-TABQ) cathode during the discharge process
with no obvious sign of the shuttle e ect, thereby realizing the
high battery stability.

Although the simulation indicates that the allyloxy linkers in
sulfur-linked polymer cathodes have a positive e ect on the
cycling stability of K S batteries, the reason why an increasing
number of allyloxy linkers is bene cial for achieving higher
capacity is unclear. Therefore, further analysis using density
functional theory (DFT) was performed. The energy levels of
the HOMO and LUMO positions for the di erent monomers
of poly(S1-ANQ), poly(S2-BAAQ), and poly(S4-TABQ) were
calculated and shown in Figure 4. It is interesting that the

o
d
s 4 LUMO
o0
2
= HUMO

104 Ay 58 O Tl LI O
P oiy(sz-“B AAQ) POIV(S4-TABQ)
poly(S1-ANQ)

Figure 4. Molecular orbital diagram of the evaluated HOMO and
LUMO levels of poly(S1-ANQ), poly(S2-BAAQ), and poly(S4-
TABQ).

bandgap of sulfur-linked polymers is strongly related to the
number of allyloxy linker groups: the larger the number is, the
narrower the bandgap becomes. For example, the poly(S4-
TABQ) has the narrowest bandgap of 2.99 eV when compared
with the other two polymers. It should be noted that low
bandgap energy is bene cial for electron transfer in the
polymer, which can improve electrical conductivity, leading to
increased capacity.>® Here, the allyl linker may act as a “bridge”
between KSBs and the polymers. Not only does it promote the
redox reaction of KSBs, but it also improves the utilization rate
of active species. Therefore, compared with the other two
polymers, poly(S4-TABQ) shows the highest capacity. Such a
phenomenon has also been found in lithium sulfur (Li S)
batteries, but the implication of this does not appear to have
been fully appreciated.””** For example, 1,3-diisopropenyl-
benzene (DIB) is known as the most widely employed sulfur-
linker polymer, however, when the number of isoprene linkers
in DIB is reduced, both the stability and capacity of the battery
fall sharply.”** Overall, these results suggest that the
construction of polymers with low band gap energy is possible
by simply adding a linker. This is also an e ective way for
preparing an advanced K S battery owing to the “bridge”

e ect of the linker. Clearly, the DFT calculations provide an
explanation for the relationship between the molecular
structure of the sulfur-linked polymer and the electrochemical
capacity for K S batteries.

To evaluate the potential for poly(S4-TABQ) in practical
applications, the electrochemical properties were examined. As
shown in Figure 5a, the discharge capacity of the poly(S4-
TABQ) cathode is 189.3 mAh g ! at 0.1 C, which can be
preserved as 100%, 82.5%, 44.8%, 23.2%, and 11.8% at C-rates
of 0.1, 0.2, 0.5, 1, and 2 C, respectively. When the C-rate
switches back to 0.1 C, the K S cell with poly(S4-TABQ)
cathode still delivers a capacity of 186.4 mAh g 1,
demonstrating the excellent rate capability of poly(S4-
TABQ). By stark contrast, the rate properties of the sulfur
cathode, the poly(S1-ANQ) cathode, and the poly(S2-BAAQ)
cathode are inferior, among which the sulfur cathode is the
worst one with a rapid capacity decline due to its severe shuttle
e ect (Figure S8). Moreover, the electrochemical impedance
spectroscopy (EIS) analysis (Figure 5b) shows that the charge-
transfer resistance (R,) of the poly(S4-TABQ) cathode
drastically reduces from 2719 to 180 after 10 cycles,
which is further reduced to 107  after another 40 cycles. This
observation may result from the formation of a stable interface
between the electrode and the electrolyte during cycling.'®
Meanwhile, even when the 100th cycle is reached, the
impedance value has hardly changed; this can be attributed
to the excellent structural stability of poly(S4-TABQ). The
charge discharge voltage pro les in Figure 5¢ show the
excellent stability of poly(S4-TABQ), corresponding to a
capacity retention of 96.1% after 100 cycles at 0.2 C.
Moreover, owing to the low bandgap energy of 2.99 eV, the
polarization degree of poly(S4-TABQ) increased slightly ( 6
mV) after 100 cycles. Figure 5d shows the cyclic voltammetry
(CV) curves for the poly(S4-TABQ) cathode from 1.2 to 3.0V
with a scan rate of 0.1 mV s . Three wide peaks appear at B1
( 16V),B2( 2.0V),and B3 ( 2.5 V) during the discharge
process, which can be attributed to the di erent reactions
between the sulfur and potassium ions. Speci cally, the peaks
at B2 and B3 are related to the stepwise reduction to long-
chain polysul des (S¢® , Ss2 ), while another peak at B1 is
associated with the formation of short-chain sul des (S;? ,
S,2 ).11242 1n addition, two anodic peaks appear at Al ( 2.2
V) and A2 ( 2.8 V), which are related to a reversible oxidation
process. The asymmetric paths between charge and discharge
may indicate that some reactions occur,* as seen as well for
the sulfur cathode (Figure S9a). The sulfur cathode exhibits
chaotic CV curves due to the severe shuttle e ect, while the
CV curves of the poly(S1-ANQ) cathode show a slightly
irreversible feature (Figure S9b). Furthermore, owing to the
presence of additional allyloxy linkers in poly(S2-BAAQ), the
CV curves of the poly(S2-BAAQ) cathode show a relatively
better stability than those of poly(S1-ANQ) (Figure S9c).
Nevertheless, the redox activity of poly(S2-BAAQ) is still
limited when compared with that of poly(S4-TABQ) due to
the higher bandgap energy of poly(S2-BAAQ). As plotted in
Figure 5e, the long-term cycling stability of the poly(S4-
TABQ) cathode was also studied at 0.2 C for 200 cycles. As
expected, the performance of the sulfur cathode is extremely
poor, with almost no capacity after only 100 cycles; this implies
that the shuttle e ect is catastrophic for the performance of K
S batteries. Thus, high capacity retention is very di cult to
realize in K S batteries when the sulfur content in the cathode
is as high as 71 wt %. However, the poly(S4-TABQ) cathode
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representation of the reaction mechanisms during the discharge and charge

exhibits a high reversible speci ¢ capacity of 119 mAh g ! after
200 cycles at 0.2 C, corresponding to a capacity retention of
94.5% (0.027% loss per cycle). Such an excellent performance
of the poly(S4-TABQ) may be attributed to the allyloxy linker
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e ect and low band gap energy; this approach could therefore
be a route to realize high-performance K S batteries.

To further study the underlying electrochemical mechanism
of the poly(S4-TABQ) cathode during the charge and
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discharge processes, a series of advanced characterizations were
conducted, including ex situ XPS and ultraviolet visible
spectroscopy (UV vis) methods. As shown in the XPS spectra
in Figure 6a, two main peaks at around 161.9 and 162.5 165.9
eV are observed under di erent voltages, corresponding to the
K,S, and K,S, (n = 3 6) species, respectively.”*** ** The
absence of the peaks between 160 and 161 eV indicates that
K,S has not been formed during the electrochemical process.
This may be because the K,S group (Gibbs Energy of
Formation at 25 °C, G = 410 kJ mol 1) is much more
unstable compared to the K,S; group ( G = 528 ki mol 1)
from a thermodynamic perspective.”® Meanwhile, the sluggish
reduction kinetics of the insoluble K,S; further hinders its
transfer into K,S.'#?*“¢ Besides, during the discharge process,
the peaks at 162.5 165.9 eV, which are related to K,S, (n =
3 6), gradually shift to lower binding energy, while the
phenomenon is reversed after charging. This can be attributed
to the conversion of long-chain polysul de (n=5 6) to short-
chain polysul de (n = 3 4).***" Ex situ UV vis further
elucidates the electrochemical mechanism in the cell. As Figure
6b shows, the S, , S¢ , and S groups are dominant in the
solution.">*® *° The broad peak at 414 nm (associated with
S¢2 ) disappears when discharged to 1.2 V, while gradually
recovering after charging. However, the trend for the S,
group is the opposite. These results are consistent with the
XPS analysis discussed earlier. In addition, the presence of the
S;  free radical in the cathode provides additional chemical
pathways, which can also promote the disproportionation
reaction, thereby mitigating the shuttle e ect.*®

Based on these new insights combined with related previous
reports,***? the reaction mechanism of sulfur-linked polymer
cathodes in the K-system is likely described by general eq 1.

discharge
+3K*

charge
6) )

It is worth noting that organic and inorganic polysul des
coexist in the poly(S4-TABQ) cathode. The S S bonds in the
polymer will be broken to form C-S, 'K* (n = 2 6) and
inorganic K,S, during the discharge process, which is similar to
the SPAN cathode.” As plotted in Figure 6c, with both
organic and inorganic KSBs formation simultaneous, species
could combine through Lewis acid base interactions or a
disproportionation reaction, which greatly inhibit the poly-
sul de shuttling and endow the K S battery with excellent
cyclic stability. After charging, the S S bonds will return to the
long-chain state, resulting in a reversible cycle process. Thus, in
the design of sulfur-linked polymer cathodes, for achieving
high-performance K S batteries, it is critical that su cient
functional linkers are present at all times.

cC s, C C s K'(h=2 6)

n

+KyS,(n =2

4. CONCLUSIONS

In summary, it has been demonstrated that by introducing
abundant allyloxy linkers, the poly(S4-TABQ) polymer-based
cathode exhibits high cyclic stability (0.027% loss cycle 1)
even with high sulfur content ( 71 wt %) due to fast charge
transfer properties and a strong interaction with potassium
polysul de. This nding provides design principles for next-
generation sulfur-linked polymer cathodes in even higher-
performance K S batteries. The two key principles are (1) the
introduction of abundant linkers to ensure strong interaction
between the electrode materials and potassium polysul des,
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which will greatly limit the shuttle e ect and (2) low bandgap
energy of sulfur-linked polymers can be achieved by adjusting
the number and structure of linkers to ensure fast charge
transfer. Furthermore, spectroscopic analysis has proven that
the electrochemical mechanism of sulfur-rich polymer cathodes
is related to the formation of C-S, 'K* (n =2 6) and K,S,
(n =2 6) during the charge and discharge processes. Besides,
K,S, has also been demonstrated in potassium sulfur cells,
indicating that appropriate catalysts in such electrode materials
are necessary to reduce polarization and promote the
formation of K,S to maximize the energy density. Overall,
this work demonstrates the potential of generating sulfur-rich
polymer cathodes for applications in high-performance
potassium sulfur batteries.
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