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ARTICLE INFO ABSTRACT

Keywords: The use of elemental sulfur as an alternative feedstock for polymer synthesis by inverse vulcanization has shown

Fluorocyclohexanes to be an elegant, yet simple way towards materials with high sulfur contents. Besides, their use as fertilizers,

E’lvsei)se vuleanization optical lenses, and heavy metal sorbents, those materials are considered as next generation cathode materials for
i-S battery

lithium-sulfur batteries with exceptionally high specific capacities. However, Li-S battery cathodes typically
exhibit a rapid capacity fading caused by a phenomenon called ‘polysulfide shuttle-effect’. Herein, we report the
synthesis of a terpolymer comprised of all-cis-fluorinated cyclohexyl acrylate and triethoxyvinylsilane via inverse
vulcanization in N-methyl-2-pyrrolidone at 150 °C with subsequent silane polycondensation to obtain stable Li-S
battery cathodes with sulfur contents of 61 wt%. Electrochemical analysis of Li-S cells showed higher lithium-ion
diffusion, superior cycling capacity retention (98 % after 200 cycles at 1C), and suppressed self-discharge (0.02 V
after 21 days) compared to the non-fluorinated reference material (38 % capacity retention after 200 cycles at 1C
and 0.07 V self-discharge after 21 days). The highly polar nature of fluorinated cyclohexane moieties is believed
to significantly inhibit the ‘polysulfide shuttle-effect’, by coordination of polysulfides.

Polysulfide shuttling

1. Introduction of up to 95 wt%. [4] This process, known as “inverse vulcanization” (IV),
involves converting elemental sulfur with unsaturated organic co-
monomers to create chemically stable polymeric materials with high

sulfur content (> 50 wt%). [5] IV is an economical, and solvent-free

Despite its established role in the vulcanization of polydienes, the
broader use of elemental sulfur in materials science has been relatively

unexplored and only experienced an upswing in recent years. Currently,
around 70 million tons of elemental sulfur are produced annually,
mostly as a byproduct of oil refining, natural gas processing, or coking
via the Claus process. [1] The vast availability and low cost of sulfur
encouraged its use as a sustainable and cost-effective feedstock for
functional materials. [2,3] In the past years, sulfur-based copolymeric
materials have emerged, primarily driven by the pioneering work of
Pyun’s group. Initially, Pyun and colleagues converted elemental sulfur
with 1,3-diisopropenylbenzene (DIB) by simple mixing at temperatures
up to 185 °C, producing hyperbranched copolymers with sulfur contents

synthesis method with applications in various fields including heavy
metal sorbents, [6,7] infrared optics, [8,9] antibacterial surfaces, [10]
thermal insulators, [11] fertilizers, [12,13] and healable materials.
[14,15] Importantly, inverse vulcanized copolymers have found appli-
cations as cathode materials in lithium-sulfur (Li-S) batteries. [4,16,17]
Li-S batteries are particularly promising for meeting the growing de-
mand for high-capacity energy storage systems due to their low toxicity,
cost-effectiveness, and abundance of active materials. Compared to
conventional Li-ion batteries, which use heavy metal oxides as cathode
materials, Li-S batteries offer ten times higher theoretical capacity and
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five times higher specific energy density. [18] However, so far most Li-S
batteries suffer from short cycle lifetimes, self-discharge and, most
importantly, polysulfide shuttling. These issues are often attributed to
the dissolution of long-chain polysulfides and the low conductivity of
sulfur. [19].

Among the various strategies to address these problems, sulfur co-
polymers have recently attracted significant attention due to their sim-
ple synthesis, which have shown to improve the cycling stability and
specific capacities of Li-S batteries. This enhanced cyclability is thought
to result from better compatibility with conductive carbon and
improved mechanical stability of the cathode materials, although the
exact mechanisms behind the improved performance are not fully un-
derstood. [20] In order to address the issue of polysulfide shuttling,
confinement of soluble poly-, and oligosulfides is necessary to reduce the
loss of capacity during cell cycling. Molecules that can bind to anions
and specifically sulfides through supramolecular interactions are highly
interesting candidates in this scenario. Yet, such molecules must also
provide a sufficient electrochemical stability to find application within a
battery. A promising emerging chemical motif that has been shown to be
able to bind anions via hydrogen bond coordination are all-cis-
1,2,3,4,5,6-hexafluoro cyclohexane derivatives. [21,22] This molecule
has first been reported in 2015 by O’Hagan and coworkers, [23] and
applications in anion sensing,[24] medicinal chemistry, [25] liquid
crystals, [26] and supramolecular polymerization have since been re-
ported. [27-29] We hypothesize, that the presence of these high-polar
moieties would inhibit the polysulfide shuttling and result in an
improved capacity retention of Li-S batteries compared to an analogous
non-high-polar cathode material (refer to SI, Fig. S1). Herein, we report
for the first time the synthesis of all-cis-2,3,4,5,6-pentafluorocyclohexyl
acrylate (PFCHA) along with its IV and application as cathode material
in Li-S battery cathodes.

The PFCHA monomer was synthesized following the methodology
established by Glorius [30] via a three-step synthesis (refer to SI, Scheme
S1). Pentafluoroanisol was selectively all-cis-hydrogenated with pres-
surized hydrogen gas under presence of the rhodium catalyst [Rh(CAAC)
(COD)CI]. The obtained, so-called, ‘Janus-faced’ (i.e. two-faced) all-cis-
fluorinated methoxy derivative was deprotected to obtain all-cis-
2,3,4,5,6-pentafluorocyclohexyl alcohol. [28] All-cis-2,3,4,5,6-penta-
fluorocyclohexyl alcohol was then acrylated by reaction with acryloyl
chloride in the presence of 2,6-lutidine. The successful synthesis of
PFCHA was confirmed by nuclear magnetic resonance (NMR)

European Polymer Journal 228 (2025) 113815

spectroscopy and mass spectrometry (refer to SI, Figs. S2 — S4). The
proposed Li-S battery cathode materials reported in this work were
obtained via IV of PFCHA in presence of triethoxyvinylsilane (TEVS) in
N-methyl-2-pyrrolidone (NMP) at 150 °C for 18 h with subsequent silane
hydrolysis and polycondensation (for detailed procedure, refer to SI). IV
of PFCHA without TEVS yielded a material that was readily soluble in
THF and NMP and was therefore not applicable as cathode material in
liquid electrolyte-based batteries. Therefore, TEVS was added to the
formulation as cross-linking agent, which would provide insolubility of
the cathode material via siloxane formation upon a subsequent poly-
condensation (refer to SI, Fig. S5a — d). The non-polar reference material
was prepared analogously under substitution of PFCHA with cyclohexyl
acrylate (CHA) (refer to Scheme 1). The ratio of S:PFCHA/CHA:TEVS
was set to 50:25:25 wt%, motivated by the balance between electro-
chemical capacity (stemming from S), number of binding sites (provided
by PFCHA), and insolubility (from TEVS). The resulting materials were
named poly(sulfur-all-cis-2,3,4,5,6-pentafluorocyclohexylacrylate-trie-
thoxyvinylsiloxane) (poly(S-PFCHA-TEVS)) and poly(sulfur-
cyclohexylacrylate-triethoxyvinylsiloxane) (poly(S-CHA-TEVS)),
respectively. In the following, poly(S-PFCHA-TEVS) refers to the poly-
mer with the composition S:PFCHA/CHA:TEVS of 50:25:25 wt%.
Deviating polymer compositions are indicated by subscript weight ra-
tios. Reduction of TEVS content to 15 wt% yielded poly(Seo-PFCHAs-
TEVS;5) which was found to still be slightly soluble in the electrolyte
solution of dimethoxyethane/1,3-dioxolane (DME/DOL) (1:1 v/v) (refer
to SI, Fig. S5e). Despite the avoidance of transition metal accelerators
during the IV, no formation of H,S gas was observed. Full conversion of
elemental sulfur into organic polysulfides was confirmed by differential
scanning calorimetry (DSC), as the DSC traces showed no melting of
crystalline sulfur in the range of 110 — 120 °C for both poly(S-PFCHA-
TEVS) and poly(S-CHA-TEVS) (refer to Fig. 1A). However, increasing
the sulfur content of the polymer to 60 wt%, resulted in the presence of
residual crystalline sulfur in poly(Seo-PFCHA25-TEVS;5) as has been
found by DSC analysis, limiting the sulfur content to 50 wt% (refer to SI,
Fig. S6a). Interestingly, poly(S-PFCHA-TEVS) showed no clearly distin-
guishable glass transition in the investigated temperature range between
—25 °C and 150 °C at a heating rate of 10 K min~! while poly(S-CHA-
TEVS) exhibited a glass transition temperature at 25 °C which shifted
to 5 °C in the second heat run. Increasing the heating rate to 20 K min !
however, allowed an estimation of the Ty at 138 °C for poly(S-PFCHA-
TEVS) (refer to SI, Fig. S6b). This can be explained by the strong
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Scheme 1. Reaction scheme of the inverse vulcanization of both pentafluorinated (red) and non-fluorinated (black) cyclohexyl acrylate with triethoxyvinylsilane
(left). Silane hydrolysis and condensation yields insoluble cathode materials with modulated polarity, which facilitates coordination of polysulfides and therefore

hinders polysulfide shuttling in the cathode material (right).
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Fig. 1. DSC thermograms (A) and FT-IR spectra (B) of poly(S-PFCHA-TEVS) (red) and poly(S-CHA-TEVS) (black).The DSC thermograms show no melting of residual
crystalline sulfur in the region of 110 - 120 °C, confirming full conversion of elemental sulfur during the IV. FT-IR spectra show the presence of C-H and Si-O-Si
network bond vibrations under absence of characteristic C = C double bond vibrations, indicating full conversion of TEVS, and PFCHA and CHA, respectively.

interaction between the two “Janus” faces of the fluorinated cyclohexyl spectroscopy showed the presence of a very strong and broad absorption
rings, which hinders thermal chain movement and therefore influences band in the region of 1250 — 900 cm ™!, which indicated the formation of
the Ty compared to the non-fluorinated material.[23,31] Attenuated Si-O-Si networks by polycondensation of TEVS. [32] Additionally, the
total reflection Fourier-transformation infrared (ATR FT-IR) absence of characteristic vinyl C-H and C = C bond vibrations at 3080
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Fig. 2. Cyclic voltammetry analysis of poly(S-PFCHA) (red) and poly(S-CHA-TEVS) (black) against lithium. A) CV plots of both materials at constant scan rate (v =
0.2 mV s™) for three cycles, showing stable redox behavior. B) Scan rate sweeps of both materials from 0.02 — 0.5 mV s~*. The increase in current with the scan rate
was used to calculate the lithium-ion diffusion coefficient according to the Randles-Sevéik equation (C-D).
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and 900 cm ™}, respectively, was indicative to the successful conversion
of comonomer double bonds during the IV with elemental sulfur under
the chosen reaction conditions (refer to Fig. 1B). Elemental analysis of
poly(S-CHA-TEVS) revealed a sulfur content of 61 wt%, which was in
accordance with the theoretical sulfur content (57 wt%, after elimina-
tion of ethanol due to polycondensation). To validate the sulfur contents
of both materials, thermogravimetric analysis (TGA) was conducted.
The thermograms of poly(S-PFCHA-TEVS) and poly(S-CHA-TEVS) show
one thermal degradation occurring at 180 °C which accounts for a
weight loss of around 60 wt% and can be associated with the decom-
position of polysulfide species in the material (refer to SI, Fig. S7). The
remaining weight after thermal decomposition can be explained by sil-
ica networks from cross-linked TEVS residues, which are known to be
thermally stable up to over 1000 °C. [33].

Li-S cells with both poly(S-PFCHA-TEVS) and poly(S-CHA-TEVS) as
cathode materials were fabricated and subjected to cyclic voltammetry
(CV) to evaluate their electrochemical activity (for cell fabrication and
electrochemical test procedures, refer to SI). During the first cycle, two
cathodic peaks were observed at 2.30 V and 1.95 V for poly(S-PFCHA-
TEVS) and at 2.30 V and 1.99 V for poly(S-CHA-TEVS), respectively,
showing no significant shift of the redox potential with change of the
acrylate. These peaks are characteristic of the stepwise reduction of
elemental sulfur in liquid electrolyte Li-S batteries (refer to Fig. 2A).
[34] The peak at 2.30 V was attributed to the reduction of polysulfide
chains, resulting in the formation of high-order inorganic polysulfides
(LiaSx, where x = 6 — 8) and high-order organic polysulfides bonded to
PFCHA and TEVS (C-Sx-Li, where x = 6 — 8). At approximately 1.95 V
and 1.97 V, respectively, these high-order polysulfides were further
reduced to low-order inorganic polysulfides (LizSy, where x =1 - 3) and
low-order organic polysulfides (C-Sx-Li, where x =1 — 3). [35] During
the reverse process, a split broad anodic peak with maxima at 2.36 V and
2.45 V for both materials was attributed to the oxidation of the low-
order lithium polysulfides to high-order lithium polysulfides (refer to
SI, Scheme S1). [36]The overall slightly larger peak area of the cyclic
voltammogram of poly(S-PFCHA-TEVS), mainly from the second
oxidation and the first reduction peak, further indicates promoted pol-
ysulfide conversion by improved Li™ ion mobility. [37] The well-
maintained cathodic and anodic peaks throughout the three cycles
indicated the thorough reversibility of the electrochemical reaction.

To uncover the variations in the apparent diffusion coefficient of
lithium ions (Df}), additional cyclic voltammetry measurements were
performed at varying sweep rates (refer to Fig. 2B). The cathodic and
anodic peak currents demonstrated a linear relationship with the square
root of the scan rate, consistent with the Randles-Sevcik equation (refer
to Fig. 2C), which correlates the slope of the curve (I, z/o's) to the
apparent Df; for the specific electrochemical step:

I, = (2.69 x 10°)n"*ACy;\/Dyv

I, is the peak current of the individual redox peak (A), n is the
number of charge transferred during a redox step (= 1), A is the elec-
trode area (cm?), Cy; represents the concentration of lithium ions in the
system (mol cm’3), v is the scan rate (V s’l), and Dfj is the diffusion
coefficient of lithium ions ((:rn2 s’l). [38] The lithium diffusion co-
efficients for both materials are displayed in Fig. 2D and the supporting
information (refer to SI, Table S1 and S2). It is apparent that Di; was
significantly higher for the material that contains high-polar PFCHA
moieties which substantiates the hypothesis of improved Li* diffusion
by confinement of sulfides at the coordinating sites in the cathodes
which reduces viscosity of the electrolyte and therefore the lithium
diffusion. [38] However, it needs to be noted that the exact underlying
mechanism remains not fully understood and unveiling the location of
binding effects occurring in bulk or at the interfaces needs to be further
investigated in future studies.

The electrochemical charge-discharge cycling performance of poly
(S-PFCHA-TEVS) and poly(S-CHA-TEVS) against lithium metal was
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studied by long-term cycling at 1C (refer to Fig. 3A and SI, Fig. S8A).
Interestingly, the initial capacity of around 550 mAh g~ of poly(S-CHA-
TEVS) was found to quickly fade to around 280 mAh g~ in the first 50
cycles (= 51 % retention). This initial capacity loss was due to the
irreversible loss of soluble polysulfide species and the deposition of
polysulfides and decomposed electrolyte components on the lithium
metal anode with a total capacity retention of 38 % after 200 cycles. On
the contrary, poly(S-PFCHA-TEVS) showed no such initial loss of ca-
pacity. Furthermore, the capacity was found to increase by approxi-
mately 12 % from 550 mAh g~! to 650 mAh g~ ! in the first 100 cycles,
before slowly decaying. After 200 cycles, the initial capacity of 550 mAh
g ! was met. After 400 cycles the cells failed at a residual capacity of
150 mAh g~! which represents approximately 27 % of the original ca-
pacity. Additional long-term cycle at 0.5C has been conducted which
showed an increased overall capacity for both cathode materials as ex-
pected by the rate-capacity effect (refer to SI, Fig. S8B). Cells containing
CHA showed a steep capacity loss of 29 % during the first 10 cycles
which was not observed for PFCHA containing cells. After 500 cycles, a
capacity of 543 mAh g~! was met which resembles an overall capacity
retention of 63 %. Cells containing poly(S-PFCHA-TEVS) cycled at 0.5C
showed a less smooth capacity trend but were found to still exhibit 96 %
of their initial capacity after 200 cycles before capacity fading set in.
After 500 cycles at 0.5C, a capacity of 391 mAh g~! (44 %) was retained.
While the reason for the increase in capacity and the good capacity
retention despite the low Coulombic efficiency is currently unclear, the
integration of all-cis-fluorinated cyclohexyl groups into the cathode
material is evidently beneficial on the cycling performance. Electro-
chemical impedance spectroscopy (EIS) was performed of Li-S cells with
poly(S-PFCHA-TEVS) and poly(S-CHA-TEVS), respectively after 100 and
200 cycles (refer to SI, Fig. S9) to uncover charge transfer processes at
the electrode/electrolyte interface. Interestingly, cells containing poly
(S-PFCHA-TEVS) as cathode material showed no increase in imped-
ance over 100 additional cycles which is in line with the long-term
cycling performance. In contrast, the impedance of CHA-containing
cells increased slightly from cycle number 100 to 200. This can be
explained by the formation of a LipS/LiyS, layer on the active mass
surface.[39] Most notably, cells containing PFCHA moieties exhibited
an additional semicircle in the range of 1 kHz — 1 Hz, which we hy-
pothesize to be most likely caused by charge transfer in adsorbed ions on
electrolyte/electrode interfaces. [40] The question whether these effects
are specific to all-cis-fluorinated cyclohexane derivatives or if it can be
exploited by more compounds with enhanced dielectric permittivity will
be the subject of future work. [41].

Additionally, galvanostatic cycling with potential limitation (GCPL)
was performed to evaluate the rate capabilities of both materials (refer
to Fig. 3B). On the one hand, it was found that both materials exhibit
satisfactory reversibility of capacity, especially poly(S-CHA-TEVS) was
found to effectively recover from C-rates as aggressive as 3C back to its
original capacities available at C/2 (100 %), C/5 (97 %), and C/10 (88
%). Poly(S-PFCHA-TEVS) on the other hand exhibited dramatically
higher capacities but was slightly less effective in regaining its original
capacity after cycling with 3C after which only 92 % of the capacity at C/
2 were achievable. Further reduction of C-rate to C/5 and C/10 showed
a capacity retention of 90 % and 88 % of the respective capacities that
were reached before cycling at 3C. Charge-discharge profiles of poly(S-
PFCHA-TEVS) and poly(S-CHA-TEVS) revealed that the voltage differ-
ence calculated from the charge-discharge plateau (A = 171 mV) was
lower for poly(S-PFCHA-TEVS) compared to that of poly(S-CHA-TEVS)
(A = 183 mV) resulting in lower electrochemical polarization (refer to
Fig. 3C). This effect became more pronounced for increased C-rates,
indicating a faster conversion of soluble lithium polysulfides to insoluble
LisSy/LisS in poly(S-PFCHA-TEVS).[39].

The self-discharge in Li-S batteries relies on diffusion of soluble
polysulfides to the anode where they react with lithium to form insol-
uble LipS/LipSy. This is associated with a gradual decay of potential
between sulfur cathode and lithium anode. Thus, to substantiate the
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Fig. 3. Electrochemical charge-discharge analysis of Li-S cells with poly(S-PFCHA-TEVS) (red) and poly(S-CHA-TEVS) (black) cathode materials. A) Long term
cycling at 1C. Poly(S-PFCHA-TEVS) cells show no significant capacity fading over 200 cycles while poly(S-CHA-TEVS) cells show constant capacity fading. B) GCPL
and C) charge/discharge profiles at different C-rates. D) Comparison of the self-discharge of Li-S cells with poly(S-PFCHA-TEVS) and poly(S-CHA-TEVS), respectively.
PFCHA-containing cells show almost no voltage fading after two initial discharge/charge cycles compared to CHA-containing cells.

hypothesis of inhibition of sulfide shuttling by introduction of all-cis-
fluorinated cyclohexyl groups, the self-discharge of Li-S cells with poly
(S-PFCHA-TEVS) and poly(S-CHA-TEVS) as cathode material were
compared by monitoring the open circuit voltage over time. [42,43]
Fresh cells were cycled at 0.2C for two cycles before the current was
stopped, and the open circuit voltage was measured over time. Both cells
showed a rapid drop in voltage after power was turned off. Interestingly,
the poly(S-CHA-TEVS) cell showed a gradual decrease in voltage over a
period of 14 days before reaching a plateau. Poly(S-PFCHA-TEVS) cells,
on the other hand, showed almost no decay of voltage after the initial
voltage drop for 21 days and therefore almost no self-discharge. The
gradual voltage decay of cells with poly(S-PFCHA-TEVS) was as low as
20 mV after 21 days following the initial shut down while cells with poly
(S-CHA-TEVS) lost 70 mV over the same time period. We conclude that
the constant voltage is mainly caused by the inhibition of diffusion of
polysulfide chains through the electrolyte due to their coordination to
the high-polar all-cis-fluorinated cyclohexyl anchor points. [24,44].

2. Conclusion

In this work we presented the synthesis and IV of all-cis-2,3,4,5,6-
pentafluorocyclohexyl acrylate for the first time. The obtained material
was employed as cathode material in Li-S cells and compared to its non-
fluorinated analogue. The cell performance of the PFCHA-containing
material was found to be significantly enhanced in comparison to the
non-fluorinated reference material, which was concluded from superior
lithium-ion diffusion evaluated by CV analysis. Cycling experiments

revealed a capacity retention of 98 % after 200 cycles at 1C and 96 %
after 200 cycles at 0.5C before capacity fading. The comparative refer-
ence material exhibited a capacity retention of 38 % and 61 % after 200
cycles, respectively. Investigation of self-discharge showed a voltage
decay of 20 mV over 21 days in PFCHA-containing Li-S cells (compared
to 70 mV) and we suggest that the presence of highly polar moieties in
PFCHA leads to inhibition of sulfide-shuttling, but can currently not rule
out other explanations such as generally improved dielectric permit-
tivity caused by PFCHA. Further studies are necessary to gain deeper
understanding of the exact structural features and coordination
behavior of polysulfides at Janus-faced moieties in Li-S batteries which
we believe will broaden the applicability of such compounds in modern
energy storage systems. Nevertheless, the synthetic strategy presented
herein represents itself a very promising approach for the development
of novel high-performance energy storage systems based on all-cis-
fluorinated compounds.
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