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Organosulfur copolymers are promising cathode materials in lithium-sulfur batteries because of adjustable
molecular structure, tunable electrochemical properties and excellent processability. However, conventional
organosulfur copolymers suffer from poor electronic/ionic conductivity and low sulfur content, which limit rate
capability and energy density. Herein, fluorinated quinone-derived organics are copolymerized with sulfur via
convenient nucleophilic aromatic substitution (SyAr) reaction. The homogeneous distribution of sulfur over poly
(tetrafluorohydroquinone)-sulfur (PTFHQS) at molecular level endows excellent Li* ion diffusivity and fast redox
kinetics. The abundant semi-ionic C-F bonds with polar characteristic have strong interactions with polysulfides,
thus diminishing the shuttle effect. In result, flexible PTFHQS cathode with ~ 71 wt% sulfur content exhibits
high discharge capacity of 643 mAh gfgtal (906 mAh g;&lfur) at 0.5C, stable Coulombic efficiency (>99%), good
rate performance of 307 mAh g{‘}m (432 mAh g;&lfur) 2.0C, excellent cycling stability (capacity retention of 87%
for 600cycles), and functions normally at elevated working temperature (80 °C). Compared to another copolymer
of sulfurized tetrafluoro-p-benzoquinone monomer (TFBQS), molecular structure characterization and electro-
chemical analysis verifies that pre-polymerized skeleton of PTFHQS is conducive to the homogeneous distri-
bution and efficient utilization of sulfur species. We expect this work will bring inspiration to exploit
organosulfur compounds with rational molecular structures and convenient synthesis routes for lithium-sulfur
batteries.

are essential for the homogenous distribution of elemental sulfur.
However, the synthesis of inorganic matrices often involves complicated
processes and strict conditions to achieve desired porosity, which is not

1. Introduction

Lithium-sulfur (Li-S) batteries have received extensive attention due

to the high theoretical energy density (2600 Wh kg™1), low cost and
environment friendly nature[1-4]. However, the commercial applica-
tion of Li-S batteries is hindered by the strong electronic insulation of
elemental sulfur and LisSo/LisS, the shuttle effect of LisSy (4 < x < 8)
intermediates, and the severe volume expansion during the lithiation
process[5,6]. Great efforts have been devoted to improving the rate
performance and cycling stability of Li-S batteries, and two main stra-
tegies have been developed to confine the sulfur species in the cathode
[3,7,8]. The first strategy is the physical encapsulation of elemental
sulfur within carbonaceous nanomaterials[9-14] or inorganic matrices
[15,16]. The ordered nanopores of polar and conductive inorganic hosts
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favourable for large-scale application[17,18].

Alternatively, another strategy is covalently binding sulfur with or-
ganics to form organosulfur compounds[17-40]. When the circular Sg
molecule is heated to 159 °C, linear sulfur species with diradical chain
ends are obtained via a ring opening reaction. After copolymerizing with
organics containing specific functional groups, the organosulfur co-
polymers are prepared. By employing organosulfur copolymers as active
cathode materials, the shuttle effect could be alleviated due to the strong
covalent bonds between polymer chains and sulfur. The electrochemical
properties of organics can be conveniently tailored by introducing
diverse functional groups. Moreover, the abundant source of organics is
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conducive to the scalable synthesis of organosulfur copolymers.
Currently, unsaturated hydrocarbon compounds[19,21,29,32,33] thiol-
based[25,26,34-36], nitrile-based[28,37-39] and fluorinated polymers
[24,30,31,40] are proposed as the skeletons for organosulfur co-
polymers. However, the relatively poor conducting nature of organo-
sulfur copolymers seriously limits the rate capability, especially at a high
sulfur content, and the inevitable shuttle effect still adversely affects the
long-term cycling performance of Li-S batteries. Thus, it is highly
desirable to explore new organosulfur copolymers with rational mo-
lecular structures and functional groups for high-performance Li-S
batteries.

In this work, fluorinated quinone-derived organosulfur copolymers
with high sulfur content were applied as active cathode materials for
high-performance Li-S batteries. As shown in Fig. 1la, tetra-
fluorohydroquinone (TFHQ) was first self-polymerized into a cross-
linked polymer (PTFHQ). Then, sulfurated-PTFHQ copolymer (PTFHQS)
was prepared by copolymerizing elemental sulfur with the PTFHQ
skeleton via a sulfur-ring opening reaction and subsequent nucleophilic
aromatic substitution (SyAr) reaction. As a control sample, tetrafluoro-
p-benzoquinone (TFBQ) monomer was also copolymerized with
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elemental sulfur via a similar SyAr reaction to obtain another organo-
sulfur copolymer, TFBQS (Fig. 1b). The stable organosulfur copolymers
of PTFHQS and TFBQS with high sulfur contents were facilely synthe-
sized from lightweight PTFHQ and TFBQ organics, which could improve
the battery energy density when considering the weight ratio of active
sulfur species in the cathode. Abundant long-chain sulfur were cova-
lently bonded to PTFHQ or TFBQ, and homogeneously distributed over
the organosulfur copolymers at the molecular level. Due to the uniform
distribution of sulfur species and the ample semi-ionic C-F bonds in the
PTFHQS skeleton (Fig. 1c), the shuttle effect of polysulfides is effectively
suppressed upon cycling. Moreover, the pre-polymerized PTFHQ skel-
eton exhibited improved electronic conductivity and facilitated Li-ion
transportation, thus ensuring high rate capability and sulfur utilization.

2. Results and discussion

As shown in Fig. 1a, the TFHQ monomer was self-polymerized into
the crosslinked polymer PTFHQ via a bimolecular nucleophilic substi-
tution reaction between the deprotonated hydroxyl terminal and -F
group of TFHQ. In view of the 1:2 stoichiometric ratio of -OH to -F, a
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Fig. 1. Schematic diagram of the organosulfur copolymers as active cathode materials for Li-S batteries. (a) TFHQ is first self-polymerized into PTFHQ and
then covalently linked to sulfur via SyAr reaction. The as-obtained copolymer is referred to as PTFHQS. (b) Elemental sulfur is covalently linked to TFBQ through the
SNAr reaction, and the product is referred to as TFBQS. (c) Schematic illustration representing the Li---F interaction between Li,Sy intermediates and the PTFHQS

polymer skeleton with abundant semi-ionic C-F bonds.
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portion of the —F group was substituted by -O- group in the self-
polymerization process[41]. In the following SyAr reaction, the nucle-
ophilic intermediates obtained from the ring-opening of Sg molecules
reacted with the electron-deficient aromatic cores of PTFHQ under mild
conditions (200 °C). According to elemental analysis, the sulfur content
of the PTFHQS copolymer was measured to be 71 wt%. As a control
sample, the TFBQS copolymer was obtained via a one-pot SyAr reaction
(Fig. 1b), in which the aromatic core of the TFBQ monomer directly
reacted with the linear sulfur chains with diradical ends. According to
elemental analysis, the sulfur content of the TFBQS copolymer was as
high as 90 wt%. In regard to the weight ratio of active S species, the high
sulfur contents in the organosulfur copolymers can greatly improve the
energy density of Li-S batteries. Different from carbonaceous and polar
inorganic host materials that physically encapsulate sulfur, the strategy
of covalently crosslinking sulfur via C-S bonds in copolymers is not
restricted by the size and volume of nanopores in the host matrices
(Fig. 1c). Both PTFHQS and TFBQS copolymers can covalently attach
sulfur chains to the molecular skeleton and have the merits of easy
synthesis, high chemical stability and low cost.

Scanning electron microscopy (SEM) reveals that the as-prepared
PTFHQS and TFBQS copolymers are micron-sized particles with irreg-
ular shapes (Figure S1). In these particles, sulfur is homogeneously
distributed over the copolymers according to the energy-dispersive X-
ray (EDX) spectroscopy analysis (Figure S2 and S3). Nitrogen adsorp-
tion/desorption isotherms and pore size distribution analysis reveal that
the PTFHQ and TFBQ precursors are blocks with only a few nanopores
(Figure S4), contributing to the high volumetric energy density of Li-S
batteries. The molecular structures of PTFHQS and TFBQS copolymers
were verified by attenuated total reflection-Fourier transform infrared
(ATR-FTIR) spectroscopy. For the PTFHQS copolymer (Fig. 2a), the
absorption peaks at 1053 and 740 cm ™! correspond to the C-O-C and
C-F bonds, indicating the partial substitution of —F in the SyAr reaction.
In the ATR-FTIR spectrum of TFBQ (Fig. 2b), the strong peaks at 1321
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and 736 cm™! are attributed to C-F stretching and C-F bending,
respectively. These peaks almost disappear in the spectrum of TFBQS
copolymer, demonstrating the substitution of —F in the SyAr reaction.
Moreover, the C = O stretching band shifts from 1694 to 1634 cm ™},
revealing the polarity change of the aromatic cores by replacing —F with
sulfur chains. Due to the weak intensity of the C-S absorption peak, no
prominent peak is assigned to the formation of C-S bonds in the ATR-
FTIR spectra of PTFHQS and TFBQS copolymers. In the Raman spectra
of PTFHQS and TFBQS copolymers (Fig. 2c), three peaks at 151, 216,
and 467 cm™! are ascribed to the S-S stretching modes. For TFBQ
monomer, the peak observed at 1700 cm™! was assigned to C = C
stretching[42]. However, this peak becomes less pronounced in the
spectrum of organosulfur copolymer TFBQS, this is because the weight
content of organic units in TFBQS (~10 wt%) after loading sulfur is
much lower than that of TFBQ. The new formed C-S bonds and the
thermostability of PTFHQS and TFBQS copolymers were evidenced by
thermogravimetric analysis (TGA). The PTFHQS and TFBQS copolymers
start to decompose at approximately 250 °C, corresponding to the py-
rolysis and volatilization of sulfur species in the polymer backbones
(Fig. 2d). Moreover, we find that the covalently tethered sulfur chains
can improve the stability of TFBQS, since the TFBQ monomer begins to
lose its weight at a considerably low temperature of approximately
60 °C. According to TGA results, the sulfur contents of PTFHQS and
TFBQS are estimated to be ~ 71 wt% and ~ 90 wt%, respectively, which
are in accordance with the results of the EDX and elemental analyses.
The chemical states of PTFHQS and TFBQS copolymers were exam-
ined by X-ray photoelectron spectroscopy (XPS). As shown in Fig. 3a, the
XPS survey spectra confirm that the PTFHQS and TFBQS copolymers
contain S, C, F and O species. The high-resolution XPS spectra of
PTFHQS and TFBQS copolymers in the S 2p region (Fig. 3b) were
deconvoluted into four peaks attributed to S-S (163.9 and 164.9 eV) and
C-S bonds (163.1 and 163.8 eV)[25,34,43]. The high-resolution XPS
spectrum of PTFHQ in the C 1 s region (Fig. 3c) shows three
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Fig. 2. Characterizations of PTFHQS, TFBQS copolymers and the corresponding precursors. (a) ATR-FTIR analysis of PTFHQS and PTFHQ. (b) ATR-FTIR
analysis of TFBQS and TFBQ. (c) Raman spectra of PTFHQS, PTFHQ, TFBQS, TFBQ and elemental sulfur. (d) TGA curves of PTFHQS, PTFHQ, TFBQS and TFBQ.
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Fig. 3. XPS spectra of PTFHQS, TFBQS and the corresponding precursors. (a) XPS survey spectra of PTFHQS, PTFHQ, TFBQS and TFBQ. (b) High-resolution XPS
spectra of PTFHQS and TFBQS in the S 2p region. High-resolution XPS spectra of (¢) PTFHQS and PTFHQ and (d) TFBQS and TFBQ in the C 1 s region. High-
resolution XPS spectra of (e) PTFHQS and PTFHQ, (f) TFBQS and TFBQ in the F 1 s region.

deconvoluted peaks at 284.6, 286.6 and 288.2 eV, which can be ascribed
to sp2 carbon, C-O-C, and C-F in fluorinated benzene [24,44].
Regarding to PTFHQS, the intensity of C-F peak decreases, and the new
peak at 285.6 eV is ascribed to the C-S bonds[39,45,46], confirming the
partial substitution of —F with sulfur chains. Similarly, three deconvo-
luted peaks of TFBQ at 284.6, 286.8, and 287.5 eV are designated to the
sp2 carbon, C = O, and semi-ionic C-F bonds(Fig. 3d). After the SyAr
reaction, the intensity of the C-F peak decreases, and a new peak at
285.4 eV ascribed to C-S bonds emerges. In the F 1 s band of PTFHQS,
the deconvoluted peak at 689.1 eV is attributed to the covalent C-F
bonds, and the deconvoluted peaks at 688.0 and 687.1 eV are corre-
sponding to the F atoms semi-ionically bound to sp2 carbon[30,47-50].
Compared with PTFHQ, the decreased intensities of the F 1 s band in
PTFHQS also verify the SyAr reaction between sulfur and aromatic
fluoride (Fig. 3d and 3e).

To investigate the effect of reaction temperature to the structure and
performance of organosulfur copolymer, another control sample of
PTFHQS was synthesized by raising the SyAr sulfurization temperature

from 200 °C to 400 °C, namely PTFHQS-400. As shown in Figure S5a, for
PTFHQS-400, the ATR-FTIR peak at 735 cm ™! corresponding to C-F
bonds disappears, and the peaks attributed to phenyl group and C-O
show slight decrease in intensity, implying the evident pyrolysis and
removal of -F group at 400 °C[51]. The composition variation in
PTFHQS-400 was also reflected by Raman spectroscopy (Figure S5b), in
which the intensities of peaks at 1347 and 1540 cm™! strengthen,
indicating the formation of disordered and graphitic structures of
carbonaceous material, respectively. To further identify the chemical
states of PTFHQS-400, XPS analysis was also performed (Figure S6). In
the high-resolution XPS at C 1 s region, the intensity ratio of peaks
corresponding to sp2 carbon (284.6 eV) and C-S (at 285.6 €V) signifi-
cantly increases, confirming a greater extent of carbonization at 400 °C.
According to the elemental analysis (Table S1), as the reaction tem-
perature elevated from 200 to 400 °C, the contents of F and O decrease
while the content of C increases. On the basis of the above character-
izations, the changes of molecular structure at different SyAr reaction
temperatures were confirmed. The PTFHQS maintains an intact
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polymetric structure at 200 °C, while it appears partial pyrolyzed and
carbonized at 400 °C. Moreover, an increased number of C-F bonds
decomposes at 400 °C, which may decrease the electrochemical per-
formance of the cathode owing to the loss of polar and semi-ionic C-F
bonds.

The electrochemical performance of PTFHQS and TFBQS copolymers
was investigated as active cathode materials for Li-S batteries. The
electrochemical behaviour of PTFHQS and TFBQS cathodes was inves-
tigated by cyclic voltammetry (CV). In Fig. 4a, two reduction peaks
appear at ~ 2.2 and ~ 2.0 V, which are ascribed to the long-chain sulfur
converting to intermediate polysulfides (LizSx, 4 < x < 8) and then
further to LipSy or LiyS, respectively. One broad oxidization peak at ~
2.4V is associated with the reverse conversion of short-chain sulfides to
long-chain sulfur. The voltage polarization values, denoted as AE; and
AE,, are 0.14 and 0.35 V for the PTFHQS cathode, and 0.21 and 0.43 V
for the TFBQS cathode, respectively. The smaller voltage polarization of
PTFHQS cathode indicates the faster redox reaction kinetics. As shown
in Figure S7a and Figure S7b, the electron-withdrawing —F substituent
groups increase the reduction potential of carbonyl from 2.76 V vs. Li/
Li* (as indicated by p-benzoquinone, pBQ) to 3.00 V vs. Li/Li" (for
TFBQ monomer). When the applied potential is confined to the voltage
range of conventional Li-S batteries (1.7-2.7 V vs. Li/Li"), there are no
redox peaks in the CV curves of TFBQ (Figure S7c). Moreover, the CV
curve of TFBQS (Figure S7d) also shows no obvious redox peak of
carbonyl redox reaction, indicating the minimal influence of carbonyl

b
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redox chemistry in the working potential of Li-S batteries. Electro-
chemical impedance spectroscopy (EIS) suggests that the PTFHQS and
TFBQS cathodes exhibit low charge-transfer resistances (Figure S8),
owing to the n-conjugated polymer unit and uniform distribution of
sulfur species at a molecular level. Fig. 4b shows the rate performance of
organosulfur copolymer cathodes at various current densities from 0.2
to 2.0C (1.0C = 1675 mA gzlsr). The PTFHQS cathode exhibits high
discharge capacities of 893, 659, 443, and 307 mAh g{(}ml (calculated
based on the total weight of organosulfur copolymer) and high
Coulombic efficiencies of 97.7%, 98.4%, 99.3%, and 99.6% at 0.2, 0.5,
1.0, and 2.0C. The discharge capacities calculated based on the loading
mass of sulfur are 1258, 930, 625, and 435 mAh g;&lfur at 0.2, 0.5, 1.0,
and 2.0C.The specific capacity of the PTFHQS cathode is restored to 854
mAh g{(}tal (1203 mAh g{&tal) when the current density returns to 0.2C.
The Li-S batteries assembled with the TFBQS cathodes exhibit specific
discharge capacities of 802, 590, 396, and 212 mAh g{&tal (891, 656, 440,
and 236 mAh gg&lfur) and Coulombic efficiencies of 88.7%, 92.5%,
95.5%, and 97.0% at 0.2, 0.5, 1.0, and 2.0C, respectively. Fig. 4c shows
the representative galvanostatic charge/discharge profiles of the
PTFHQS cathode, exhibiting two discharge plateaus and one slightly
sloping charge plateau, which suggest that the PTFHQS cathode works
well at high rates with highly reversible and thorough redox conversion
of sulfur. In contrast, the TFBQS cathode at the high rate of 2.0C
(Figure S9) exhibits large voltage polarization and sloping discharge
plateau, signifying the sluggish redox kinetics and insufficient sulfur
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utilization inferior to those of PTFHQS cathode.

The cycling performance of organosulfur copolymer cathodes at 0.2C
are shown in Fig. 4d. The discharge capacity of PTFHQS cathode ach-
ieves an initial value of 823 mAh g{(}tal (1160 mAh g;&]fur) and maintains
at 726 mAh g{oltal (1023 mAh ggllllfur) after 50cycles. The capacity
retention of PTFHQS cathode is 88.2% (0.23% capacity decay per cycle)
with a high Coulombic efficiency of > 99% throughout the cycling
process, indicating the effective alleviation of shuttle effect. The TFBQS
cathode exhibits an initial discharge capacity of 741 mAh g{&tal (823
mAh gslifyr) with a Coulombic efficiency of ~ 90% and keep at 456 mAh
gidal (507 mAh gsliny) after 50cycles. Long-term cycling stabilities of
PTFHQS and TFBQS cathodes were also tested at 0.5C (Fig. 4e). The
PTFHQS cathode exhibits an initial discharge capacity of 643 mAh g{(}tal
(905 mAh g;&lfur) with a Coulombic efficiency above 99%. The discharge
capacity remains stable and maintains at 564 mAh g{&tal (794 mAh
gsuifur) after 600cycles, which is accompanied by an average capacity
decay of only 0.020% per cycle. In contrast, the TFBQS cathode shows
an initial discharge capacity of 552 mAh g{&ml (613 mAh g;}lfur) and
delivers 296 mAh g{(}tal (329 mAh g;&lfur) after 600cycles (53.6% ca-
pacity retention, corresponding to an average capacity decay of 0.077%
per cycle). As a control sample, PTFHQS-400 with less F content was also
tested, as shown in Figure S10. The PTFHQS-400cathode delivers
discharge capacities of 847, 724, 620 and 453 mAh g{(}tal (1283, 1097,
940 and 686 mAh g;&]fur) at 0.2, 0.5, 1.0 and 2.0C, and exhibits average
capacity decays of 0.65% at 0.2C and 0.29% at 0.5C per cycle, respec-
tively. Owing to the increased conductivity and the decreased F content,
the PTFHQS-400cathode exhibits better rate performance, but inferior
cycling stability.These results indicate that the PTFHQS copolymer with
prepolymerized skeleton and abundant C-F bonds can effectively
confine sulfur species and alleviate the dissolution of polysulfides into
electrolytes, thus resulting in remarkable cycling performance.

To further investigate the cycling stability of organosulfur copolymer
cathodes, ex-situ UV-Vis absorption spectroscopy was conducted. As a
control sample, a conventional S/C composite cathode was prepared by
mixing S/C composite (with 80 wt% of elemental S, Figure S11),
conductive carbon black and binder at a weight ratio of 70:20:10. The
coin cells based on PTFHQS, TFBQS and conventional S/C cathodes
were cycled for 30 times and disassembled at fully discharged state, and
then immersed in dimethoxyethane/dioxolane solution (DME/DOL, 1:1
by volume) for 2 h. The DME/DOL solution soaked with the conven-
tional S/C cathode shows absorption peaks at approximately 264, 282,
307, and 414 nm in the UV-Vis absorption spectrum (Figure S12),
attributing to the dissolution of polysulfides in the electrolyte[52]. In
contrast, the DME/DOL solution soaked with the PTFHQS cathode is
almost colourless and shows much lower intensity of UV-Vis absorption
peaks, suggesting the remarkable polysulfide trapping capability of
PTFHQS cathode. The visual test results of Li»S4 adsorption are also
shown in the inset of Fig. 4e. The LiyS4 solution was prepared by mixing
S and Li,S at a molar ratio of 3:1 in DME solvent. Then, 10 mg of PTFHQ
or TFBQ was placed in 1.0 mL of DME solution with 0.005 M Li;S,4. After
mixing with PTFHQ particles, the colour of the LiyS4 solution rapidly
changes from yellow to colourless, which is much lighter than the so-
lution mixed with TFBQ. This suggests that the abundant semi-ionic C-F
bonds with polar characteristics in the PTFHQ polymer have strong in-
teractions with polysulfide species and thus can alleviate the shuttle
effect.

Figure S13 shows the SEM images of the sulfur cathodes at fresh state
and after charging/discharging for 100 cycles. The morphology of
PTFHQS cathode was still maintained and no obvious change could be
observed after long-term cycling. In contrast, for TFBQS cathode and S/
C cathode, large and nonuniform blocks were observed on the surface
after cycling. Furthermore, the morphology changes of Li anode surface
before and after cycling were also observed through SEM (Figure S14).
For the batteries assembled with PTFHQS cathode and TFBQS cathodes,
the Li anodes show a dense and compact structure without inactive
species. By contrast, the Li anode coupled with S/C cathode shows a
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rough and loose surface with appearance of micron-scale inactive spe-
cies. These results verify that the shuttle effect was greatly weakened in
Li-S batteries with PTFHQS cathodes. Ex-situ ATR-FTIR spectroscopy
and XPS spectroscopy were carried out after long cycling test to verify
the unchanged copolymer phase in PTFHQS cathode. As shown in
Figure S15a, no discernible characteristic peaks changes are observed,
indicating the stable molecular structure of PTFHQS. Moreover, the XPS
C 1 s and S 2p profiles of the PTFHQS cathode after cycling clearly
demonstrate the reversibility of charge/discharge processes
(Figure S15b-f). Importantly, the deconvoluted C-S peaks at 285.6 eV
indicate the robustness of C-S bonds within the copolymer framework.

In contrast to S/C composite, organosulfur copolymers with lower
porosity contribute to increased compact density of sulfur cathodes
(Figure S16) and superior volumetric energy density, which are crucial
parameters for the practical application of Li-S batteries. The PTFHQS,
TFBQS and S/C cathodes exhibit discharge capacities of 415,403 and
490 mAh g{(}tal (585, 448 and 612 mAh g;&lf-ur) and volumetric capacities
of 423, 419 and 292 mAh cm 2 at a rate of 1.0C, respectively.
Furthermore, the low porosity of organosulfur cathodes also reduces the
required volume of electrolyte, thus improving the gravimetric and
volumetric capacities at cell level. Under lean electrolyte condition (10
pL mg™!), the PTFHQS cathode exhibits normal electrochemical
behavior, exhibiting discharge capacities of 764, 630, 467, and 241 mAh
gidal (1074, 887, 658, and 339 mAh gzlis,) at 0.2, 0.5, 1.0, and 2.0C,
respectively (Figure S17). After charging/discharging at 0.5C and 2.0C,
the PTFHQS cathodes deliver average capacity decays of 0.16% and
0.12% per cycle, respectively. These results indicate that the PTFHQS
cathode features as a high-performance sulfur cathode, considering the
high-rate capability, high gravimetric/volumetric capacity and cycling
stability under high sulfur loading and lean electrolyte.

The reaction kinetics and Li-ion diffusivity of organosulfur copol-
ymer cathodes with high sulfur loadings (2.0 mggyfur cm~2) were eval-
uated by CV analysis at different scan rates. As shown in Fig. 5a, the
oxidization peak of PTFHQS cathode at ~ 2.4 V is assigned to P1, and the
reduction peaks at ~ 2.2 and ~ 2.0 V are assigned to P2 and P3,
respectively. The peak currents of P1, P2 and P3 are linear with the
square root of the scan rates, indicating a diffusion-controlled process.
According to the Randles-Sevcik equation, the Li-ion diffusion coeffi-
cient (Df}) can be calculated by the following equation[53,54]:

I=2.69 x 10°n*2AD"/>v' 2 C, (@))]

where I is the peak current, n is the electron transfer number per
reaction species, A is the electrode area, and Cj is the Li-ion concen-
tration in the cathode. Since n, A and Cj are constant in the Li-S bat-
teries, the absolute values of the fitting slopes show a positive
correlation with Li-ion diffusivity. For the PTFHQS cathode, the slopes
of P1, P2 and P3 are 11.58, -5.29, and -7.51 (Fig. 5b). For the TFBQS
cathode, the sluggish conversion reaction of LisSx (4 < x < 8) to LiaSy/
LisS (P3, ~1.9 V) results in electrochemical polarization and insufficient
sulfur utilization at high scan rates (Fig. 5¢), and the slopes of P1 and P2
are 9.48 and 5.89, respectively (Fig. 5d). The conventional S/C cathode
was also tested (Fig. 5e), in which the reduction peak corresponding to
the conversion of LisSy (4 < x < 8) to LiySy/LisS is absent within the
voltage window (1.7-2.7 V vs. Li/Li™), and the slopes of P1 and P2 are
8.19 and 6.54, respectively (Fig. 5f). Clearly, the PTFHQS cathode ex-
hibits much rapider Li-ion transport and better reaction kinetics than the
TFBQS and conventional S/C cathodes. Moreover, the higher Li-ion
diffusion coefficient of PTFHQS cathode also contributes to its supe-
rior polysulfide capture capability. For the TFBQS and conventional S/C
cathodes, the larger amounts of Li»Sy (4 < x < 8) intermediates dissolved
into the electrolyte would lead to an increased viscosity and hamper Li-
ion diffusion[55]. These results verify that the prepolymerized PTFHQ
skeleton is beneficial to the homogeneous distribution of sulfur species
and the effective alleviation of the shuttle effect, thus improving the
active material utilization and cycling stability of Li-S batteries. The as-
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prepared PTFHQS cathode shows a very competitive capacity and long-
term cycling stability among the reported organosulfur cathodes
(Table S2)[19,24-26,28-35,37-40].

For conventional Li-S batteries based on S/C cathode and ether-
based electrolyte, high working temperature (>50 °C) will lead to
more serious shuttle effect, resulting in worse cycle stability. Therefore,
the heat endurance of Li-S batteries is significant for their practical
application. According to our previous work, the flexible gel electrolyte
based on elastic poly(vinylidene fluoride-hexafluoropropylene) (PVdF-
HFP) matrix and 1-ethyl-3-methylimidazolium bis(tri-
fluoromethylsulfonyl)imide (EMI-TFSI) ionic liquid (IL) additive shows
excellent thermal stability due to the high degradation temperature of
PVdF-HFP (>420 °C) and excellent thermal stability of IL (>400 °C)
[56,57]. To evaluate the performance stability of PTFHQS cathode at
high temperatures, Li-S batteries with specific sulfur-containing cath-
ode, gel electrolyte, and Li foil anode were assembled. Fig. 6a shows the
performances of PTFHQS, TFBQS, and S/C cathodes under various
temperatures raised from 20 °C to 80 °C. Generally, the specific

capacities of the cells were improved at higher temperatures due to
faster kinetics and more complete conversion of active materials. When
the working temperature was raised from 20 °C to 80 °C, the PTFHQS
cathode exhibited the most stable capacities (561 mAh g{&tal,789 mAh
g;&lfur) at 1.0C and the highest Coulombic efficiencies (98.1%) among
these samples (Fig. 6a). At 80 °C, the discharge capacities of PTFHQS
cathodes are 938, 724, 548, and 427 mAh g{&tal (1321, 1020, 772, and
601 mAh g;lhfur) with Coulombic efficiencies of 96.5%, 97.2%, 98.8%,
and 99.4% at 0.2, 0.5, 1.0, and 2.0C, suggesting remarkable rate capa-
bility at high temperature (Fig. 6b, 6¢). Fig. 6d shows the cycling sta-
bility test of the PTFHQS cathode with large sulfur loading of 2 mg cm 2
at room temperature (20 °C) and extremely high temperature (80 °C).
The discharge capacities reached 89% and 78% of the initial capacity
after 100cycles at 2.0C, respectively, suggesting the good thermal
endurance and highly stable cyclability. The results show that the
PTFHQS cathode can effectively restrict the dissolution of lithium pol-
ysulfides into the electrolyte and maintain long-term stability at raised
temperatures.
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Fig. 6. Thermal stability and flexibility of the Li-S batteries based on PTFHQS cathodes at high sulfur loadings of 2.0 mggyifur em 2. (a) Specific capacities
and Coulombic efficiencies of Li-S batteries assembled with PTFHQS, TFBQS, and conversional S/C cathodes tested at various temperatures from 20 °C to 80 °C at
1.0C. (b) Rate performance and (c) corresponding charge/discharge curves of the PTFHQS cathode at various current densities from 0.2 to 2.0C at the elevated
working temperature of 80 °C. (d) Long-term cycling performance of PTFHQS cathode under 20 °C and 80 °C at 2.0C. (e) Schematic configuration of a soft-packed
Li-S battery assembled with the PTFHQS cathode, gel electrolyte, and Li foil anode. (f) Cycling stability of a flexible soft-packed Li-S battery assembled with the
PTFHQS cathode, gel electrolyte, and Li foil anode tested at 2.0C under continuous bending/unbending operation. The insert shows the flexible soft-packed Li-S
battery based on PTFHQS cathode (size: 3 cm x 2 cm) lighting up a lamp panel of 25 LEDs during continuous bending-unbending cycles.

To verify the good flexibility and stability of PTFHQS polymer, soft-
packed Li-S batteries were assembled according to the structural
configuration depicted in Fig. 6e. In a typical procedure, the gel elec-
trolyte was sandwiched between the PTFHQS cathode (3 x 2 cm?) and Li
foil anode and then sealed with plastic package. As shown in the insert of
Fig. 6f, the soft-packed Li-S battery was used to power up a lamp panel
with 25 light emitting diodes (LEDs) during continuous bending-
unbending processes. The brightness of the LEDs exhibited no visual
disparity when the soft-packed battery was continuously bended and
recovered. Fig. 6f shows the performance stability test of the soft-packed
Li-S battery under continuous bending/unbending operation. The initial
discharge capacity is 373 mAh g{(}tal (526 mAh g;&lfur) under 2.0C, and
remained 288 mAh g{oltal (406 mAh g;&lfur) after 50cycles (with a ca-
pacity retention of 77.2%). Figure S18 indicates that the PTFHQS
cathode maintains good integrity after cyclic bending-unbending tests
due to its compact structure and strong adhesive force. By contrast,
conventional S/C composite cathode shows severe detaching and
shedding phenomena during deformation tests, owing to the bad

adhesive property of S/C composites consisting of high-surface-area and
low-density carbon black[58]. These results suggest the high robustness
and stable electrochemical performance of the flexible organosulfur
PTFHQS copolymer cathodes under dynamic conditions.

3. Conclusion

In summary, fluorinated quinone-derived organosulfur copolymer
PTFHQS with a high sulfur content has been successfully synthesized
and utilized as a high-performance cathode material in Li-S batteries.
Linear sulfur chains were covalently attached to the predesigned PTFHQ
polymer skeleton by partially substituting —F with —Sx— via a nucleo-
philic aromatic substitution (SyAr) reaction. The homogeneous distri-
bution of sulfur chains in the PTFHQS copolymer at a molecular level
endowed excellent Li-ion diffusivity, sufficient capacity utilization and
fast redox kinetics. Compared with the TFBQS organosulfur copolymer,
the abundant semi-ionic C-F bonds with polar characteristics in PTFHQS
are beneficial for suppressing the shuttle effect during cycling even at a
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high temperature of 80 °C. The PTFHQS cathode with a 71 wt% sulfur
content delivers a high discharge capacity of 643 mAh g{(}tal with
Coulombic efficiencies above 99%, and also maintains 87% of its initial
capacity after 600 cycles. Moreover, the Li-S batteries based on PTFHQS
cathode show remarkable thermal resistance and flexibility. We hope
this work may provide new insights and inspirations for designing
advanced organosulfur copolymers with well-designed molecular
structures for achieving high-performance Li-S batteries.

4. Methods

Chemicals. All commercially available reagents and solvents were
used as received without further purification.

Synthesis of PTFHQ. In a typical procedure, tetra-
fluorohydroquinone (TFHQ, 500 mg, 2.74 mmol) was dispersed in DMF
(20 mL) under vigorous stirring in a round-bottom flask. Subsequently,
the mixture was heated to 80 °C, and K>COs3 (250 mg, 1.81 mmol) was
added to the above mixture. Then, the solution was heated to 145 °C and
stirred for 24 h. After naturally cooling to room temperature, deionized
water (DIW, 200 mL) was added, and the mixture was stirred for 4 h. The
obtained precipitate product was filtered and washed thoroughly with
DIW (500 mL) and acetone (50 mL) until a clear filtrate was observed.
The resulting powder was dried at 120 °C under vacuum overnight and
denoted as PTFHQ (440 mg, yield ratio 88%).

Synthesis of PTFHQS and PTFHQS-400. Poly(tetra-
fluorohydroquinone) (PTFHQ, 30 mg) and elemental sulfur (90 mg,
2.81 mmol) were added into a glass tube (10 mL, the outer diameter was
10 mm, and the inner diameter was 8 mm). The tube was degassed and
sealed by an open flame. The mixture was heated to 160 °C and main-
tained at 160 °C for 16 h; then the mixture was further heated to 200 °C
and maintained at 200 °C for 16 h. After cooling to room temperature,
the obtained product was denoted as PTFHQS (112 mg, yield ratio 93%).
The control sample of PTFHQS-400 was synthesized at varying reaction
temperature. Briefly, the PTFHQ/S mixture was first heated at 160 °C for
16 h and then increased to 400 °C for another 16 h. The yield ratio of
PTFHQS-400 was 80%.

Synthesis of TFBQS. Tetrafluoro-p-benzoquinone (TFBQ, 30 mg,
0.17 mmol) and elemental sulfur (90 mg, 2.81 mmol) were added into a
glass tube (10 mL, the outer diameter was 10 mm, and the inner
diameter was 8 mm). The tube was degassed and sealed by an open
flame. The mixture was heated to 160 °C and maintained at 160 °C for
16 h; then the mixture was further heated to 200 °C and maintained at
200 °C for 16 h. After cooling to room temperature, the obtained product
was a brown powder and denoted as TFBQS (83 mg, yield ratio 69%).

Preparation of conventional S/C composite. The S/C composite
was obtained via a melt-diffusion method. Briefly, the mixture of
elemental S and Ketjen black carbon nanoparticles (with a mass ratio of
8:2) was ball-milled for 30 min and then heated at 155 °C for 16 hin a
Teflon-lined 50-mL autoclave.

Fabrication of the gel electrolyte. The gel electrolyte was prepared
via a modified method in our previous work[56,57]. Briefly, PVdF-HFP
(1000 mg) and 1-ethyl-3-methylimidazolium bis(tri-
fluoromethylsulfonyl)imide (EMI-TFSI, 400 mg) were added to anhy-
drous acetone (10 mL) and vigorously stirred for 4 h. The resultant
solution was poured into a flat polytetrafluoroethylene (PTFE) mould
(size: 4 x 6 cmz) and dried at 4 °C overnight to form a uniform IL-PVdF-
HFP membrane. The IL-PVAF-HFP membrane was then soaked in the
LiTFSI solution for 20 min to form the gel electrolyte.

Material characterizations. Elemental analysis was carried out
using an Elementar Vario MICRO cube to characterize the quantitative
sulfur content in copolymers. ATR-FTIR spectroscopy was conducted
with a Thermo Scientifc NICOLET iS10 instrument. Raman spectroscopy
was performed on a Horiba JY Raman spectrometer using a 633 nm laser
source. Thermogravimetric analysis (TGA) was conducted in a Ny flow
on a thermogravimetric/differential thermal analyser (Netzsch, STA
449C) at a heating rate of 10 °C min~'. Scanning electron microscopy
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(SEM) was conducted with an FEI Nova NanoSEM 450 equipped with an
attached EDX apparatus (Bruker Quantax-200). Nitrogen adsorp-
tion—-desorption  isotherms  were measured through  Bru-
nauer—-Emmett-Teller (BET) model at 77 K on a Quantachrome
Autosorb-IQ-2C-TCD-VP instrument. X-ray photoelectron spectroscopy
(XPS) measurements were conducted with a PHI-5000 Versa Probe X-ray
photoelectron spectrometer using an Al Ka radiation source. UV-Vis
absorption spectra were collected with a Shimadzu UV-2600
spectrometer.

Electrochemical measurements. The organosulfur copolymer
cathodes were prepared by mixing the organosulfur copolymer, acety-
lene black and binder (polyvinylidene fluoride, PVDF) in N-methyl-
pyrrolidinone (NMP) solvent at a weight ratio of 70:20:10. The mixture
was stirred for 24 h, spread on a carbon-coated aluminium foil with a
doctor blade, and then dried in a vacuum oven at 60 °C overnight to
remove the solvent. Li-S coin cells (CR2032 type) were assembled in an
argon-filled glove box with the above cathodes, lithium metal foil as
anodes and polypropylene separators (Celgard 2400). A solution of 1.0
M bis(trifluoromethane)sulfonamide lithium (LiTFSI) dissolved in a
mixed solvent of 1,2-dimethoxyethane (DME) and 1,3-dioxolane (DOL)
at a 1:1 vol ratio containing LiNO3 (1 wt%) was used as the electrolyte,
and 15 pL mg;&lfur of the electrolyte was used in the coin cells unless
stated otherwise. Cyclic voltammetry (CV) curves and electrochemical
impedance spectra (EIS) were collected on a Chenhua CHI-760e elec-
trochemical workstation. EIS analysis was carried out from 100 kHz to
0.01 Hz at an amplitude of 5 mV. The galvanostatic cycling perfor-
mances of Li-S batteries were measured on a LAND CT2001A analyser at
different current densities within a potential window of 1.7-2.7 V vs Li/
Li*. The specific capacities were calculated based on the loading weight
of organosulfur copolymers.
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