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ABSTRACT: Lithium—sulfur (Li—S) batteries by far offer
higher theoretical energy density than that of the commercial
lithium-ion battery counterparts, but suffer predominantly
from an irreversible shuttling process involving lithium
polysulfides. Here, we report a fluorinated covalent organic
polymer (F-COP) as a template for high performance sulfur
cathodes in Li—S batteries. The fluorination allowed facile
covalent attachment of sulfur to a porous polymer framework
via nucleophilic aromatic substitution reaction (SyAr), leading
to high sulfur content, e.g, over 70 wt %. The F-COP
framework was microporous with 72% of pores within three

well-defined pore sizes, viz. 0.58, 1.19, and 1.68 nm, which effectively suppressed polysulfide dissolution via steric and
electrostatic hindrance. As a result of the structural features of the F-COP, the resulting sulfur electrode exhibited high
electrochemical performance of 1287.7 mAh g~" at 0.05C, 96.4% initial Columbic efficiency, 70.3% capacity retention after 1000
cycles at 0.5C, and robust operation for a sulfur loading of up to 4.1 mg,,s, cm 2. Our findings suggest the F-COP family with
the adaptability of SyAr chemistry and well-defined microporous structures as useful frameworks for highly sustainable sulfur

electrodes in Li—S batteries.

Bl INTRODUCTION

High performance rechargeable lithium-ion batteries (LIBs), in
recent years, are in increasing demand mainly because of the
need to power advanced portable electronic devices and green
electrified transportations.”” The aim to operate these
applications without frequent charging is the primary driving
force of the major research and development efforts, and to
this end, the lithium—sulfur (Li—S) batteries offer high energy
densities that could satisfy such technological demand.’~”
Discharge process in Li—S$ batteries is based on the redox
reaction between elemental sulfur and Li ions, which
sequentially produces long-chain and short-chain lithium
polysulfides (LiPSs). The low molecular weight of elemental
sulfur, together with high Li-to-S ratios, enables the theoretical
energy density of a Li—S cell to reach 2600 Wh kg™’, which is
approximately 7 times larger than the classical LIBs (~387 Wh
kg™"). Typically, a large amount of elemental sulfur is produced
as a surplus from petroleum refining process; therefore, this
sulfur can be readily used as a cheap raw material.*~'? In spite
of these clear advantages, commercialization of Li—S batteries
has been slow due to certain longstanding technical challenges,
such as poor electrical conductivity of elemental sulfur (~107*
S cm™), shuttling of soluble long-chain LiPS species in liquid
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electrolytes, and large volume change (~80%) of active
material during repetitive charge—discharge cycling.'"”"”
Physical and chemical encapsulation of elemental sulfur in
various porous hosts is a viable approach to overcome the
drawbacks of the Li—S batteries. In the physical confinement
strategy, diverse porous carbon frameworks, including
mesoporous carbons,'*™'® graphene,'*”'®
oxide,"” ™' carbon spheres, and carbon nanotubes,
demonstrated decent electrochemical performance. This is
because the carbonaceous materials can supplement the low
electrical conductivity of elemental sulfur, while the confined
sulfur can largely avoid LiPS dissolution. Other materials, such
as conducting polymers,”’ > metal—organic frameworks
(MOFs),**™** covalent organic frameworks (COFs),**~*
and porous organic polymers (POPs),*'™* were also
introduced as sulfur hosts in a similar context. Despite the
improved cycling performance, complete termination of the
LiPS shuttling is not still fully warranted due to the limited
binding affinity between the physisorptive hosts and LiPSs.
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In an alternative direction, elemental sulfur can be covalently
(thus chemically) linked to organic/polymer frameworks. For
example, arylethenyl monomer was reacted with molten sulfur
via the so-called inverse vulcanization,® resulting in linear
sulfur chains dispersed in organic domains. Through the
inverse vulcanization approach, high sulfur content above 90
wt % was achieved along with decent cycling performance.
Trithiocyanuric acid was also used to have ring opening
polymerization of elemental sulfur via radical reaction of Ar-SH
moieties with polysulfide diradical. This approach resulted in a
sulfur content of 63 wt % by providing anchoring sites to
elemental sulfur.”” In addition, nucleophilic aromatic sub-
stitution reaction (SyAr) between perfluoroaryl units and
elemental sulfur was introduced for a high yield sulfur
substitution,”® which was beneficial in increasing the sulfur
content in the polymeric framework. Since SyAr is a
convenient yet versatile strategy applicable to electron-
deficient aromatic compounds, a wide range of polymers
containing similar aromatic components can be used as sulfur
cathode materials.

In the current study, we employed SyAr for polysulfide
stabilization in ultramicroporous POPs. Recently, Luo et al.
identified”" that the minimal pore size for penetration of Li,S,
is 1.18 nm (on neutral surfaces). The fine-tuning of the pore
size in POP structures with confinement under 1 nm should be
able to provide the necessary cutoff to block LiPS dissolution.
We, therefore, selected a member from the covalent organic
polymer (COP) family, viz. COP-99, as the porous polymeric
host which comes with high loading of aromatic fluorines.
Prior research reported” that COP-99 can separate water-
soluble organic molecules depending on their charges and
sizes, proving its well-controlled pore dimensions and charge
polarization ability. However, the aromatic fluorines in COP-
99 readily allow covalent attachment of sulfur via SyAr. Taking
advantage of the well-defined sulfur attachment and the
inherent porosity of COP-99, its sulfurized form (denoted as S-
COP-99) exhibited decent electrochemical performance as a
sulfur cathode: specific capacity of 1287.7 mAh g~' at 0.05C,
96.4% initial Columbic efficiency (ICE), 70.3% capacity
retention at 0.5C after 1000 cycles, and robust operation at a

sulfur loading of up to 4.1 mg,, cm™>

B EXPERIMENTAL SECTION

Materials. Tetrafluorohydroquinone (TFHQ) was purchased
from TCI, Japan. Anhydrous cesium carbonate (CS, CO?®) was
purchased form SAMCHUN, South Korea. Elemental sulfur,
anhydrous N,N-dimethylformamide (DMF), polyvinylidene fluoride
(PVDF, M,, = 560000), lithium bis(trifluoromethane)sulfonimide
(LiTFSI), lithium nitrate (LiNO;), dimethyl ether (DME), and 1,3-
dioxolane (DOL) were purchased from Sigma-Aldrich, U.S.A. N-
Methyl-2-pyrrolidone (NMP) was purchased from Junsei Chemical,
Japan. All materials were used without further purification.

Synthesis of COP-99. A new COP-99 was produced by a slightly
modified synthetic procedure.’”> TFHQ (1.0 g 549 mmol) was
dissolved in dry DMF (25 mL) and heated at 80 °C in Ar atmosphere.
Then, instead of treating the solution with K,CO;, we used Cs,CO;
(1.2 g, 3.68 mmol) under inert conditions and the mixture was heated
at 145 °C in Ar atmosphere for 24 h. After cooling to room
temperature, water was added to the reaction mixture which yielded a
dark brown precipitate. The precipitate was filtered and rinsed with
water and acetone until the filtrate became clear. The obtained
powder was dried under vacuum at 130 °C overnight. COP-99 (0.68
g, 79% yield) was obtained as a dark brown powder and characterized
further. Anal. for original COP-99: C, 50.0S; H, 0.87; O, 26.73; F,
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21.51; N, 0.92; Found: C, 49.59; H, 1.27; O, 25.91; F, 18.30; N, 1.26.
Sger (Ar adsorption, 87 K) = 5459 m* g™".

Synthesis of S-COP-99s. COP-99 (0.1 g) and elemental sulfur
were introduced in a pyrex ampule in Ar atmosphere at different
weight ratios from 1:3 to 1:5. The ampule was then evacuated, flame-
sealed and heated in a box furnace. The temperature of the box
furnace was slowly increased to 160 °C for 2 h and was maintained at
this temperature for 15 h. The temperature was subsequently
increased further to the reaction temperatures (i.e,, 200, 300, 400,
and 450 °C) in the next 2.5 h and was maintained for 15 h. After
cooling down to room temperature, S-COP-99s were obtained as
brownish-black powder in quantitative yield.

Electrochemical Characterization of S-COP-99s. The electro-
chemical properties of S-COP-99s were evaluated by fabricating
CR2032-type coin cells. The sulfur electrodes were prepared by
dispersing S-COP-99s with conductive agent (carbon black/CNT)
and PVDF in NMP in the mass ratio 7:2:1. The as-prepared slurries
were cast onto aluminum foil (20 ym, Hohsen, Japan) using the
doctor-blade technique. The electrodes were then dried in a
convection oven at 60 °C overnight. The coin cells were assembled
in an Ar-filled glovebox with Li metal discs paired as both counter and
reference electrodes. Polypropylene membrane (Celgard 2400) was
used as separator, and a solvent mixture of DOL/DME in 1:1 (v/v)
containing LiTFSI (1.0 M) and LiNO;(0.2 M) was used as the
electrolyte. The relative electrolyte amount to the sulfur amount was
fixed at 14 mL g, ' for all evaluations. All electrochemical
characterizations were carried out using a WBCS 3000 battery cycler
(Wonatech, South Korea) and VSP (Bio-Logic, France). Galvano-
static measurements were conducted in the voltage range 1.7-2.7 V
versus Li/Li*, and electrochemical impedance spectroscopy (EIS)
analyses were carried out in the frequency range 1 MHz—0.01 Hz
with amplitude of 10 mV at open-circuit voltage potential.
Galvanostatic intermittent titration technique (GITT) measurements
were conducted at a current density of 33.5 mA g~ (0.02C). Each 1
h-scan was followed by a 2 h-rest step. Cyclic voltammetry (CV)
measurements were performed at scan rates from 0.05 to 0.5 mV s~
The current densities and specific capacities from all the evaluations
were calculated based on the weight of sulfur only.

Physicochemical Characterization. '°F magic-angle spinning
solid nuclear magnetic resonance (NMR) spectra were recorded on a
400 MHz 54 mm NMR system (Agilent, South Korea). Porosity was
analyzed with a 3-flex (Micromeritics, U.S.A.) using argon gas as the
probe gas at 87 K. COP-99 was degassed at 130 °C under vacuum
overnight. The specific surface area was calculated based on
Brunauer—Emmett—Teller (BET) model, and the pore size
distribution was determined by nonlocal density functional theory
(NLDFT) method. Fourier-transform infrared spectroscopy (FT-IR)
analysis was conducted with Nicolet iS50, a Scientific Instrument
(Thermo Fisher, Germany). Elemental analysis (EA) was performed
by an elemental analyzer (Flash 2000 series (CHNSO), studies were
done using DSC 4000 (PerkinElmer, U.S.A.) at a heating and cooling
rate of 10 °C min~". Raman spectra were obtained from a LabRAM
HV Evolution (Horiba, Japan) spectrometer. Field-emission scanning
electron microscopy (FE-SEM) images were obtained using a JSM-
7600F (JEOL, Japan).

Thermo Fisher, Germany) and an X-ray fluorescence (XRF)
spectrometer (ZSX Primus II, Rigaku, Japan). The elemental contents
of C, H, O, and S were obtained from the EA, and the C-to-F ratio
was obtained from XRF studies. Thermogravimetric analysis (TGA)
was carried out using TGA QS00 (TA Instruments, US.A.) at a
heating rate of 10 °C min™" up to 600 °C in nitrogen atmosphere. X-
ray photoelectron spectroscopy (XPS) spectra were recorded on an
AXIS-His (KRATOS, UK.) spectrometer. Differential scanning
calorimeter (DSC).

B RESULTS AND DISCUSSION

In order to construct a microporous, highly fluorinated,
sustainable, covalently linked, porous network, we turned to
aromatic ether formation reactions through the coupling
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Figure 1. (a) Synthesis of S-COP-99 series from a commercial building block and subsequent covalent attachment of elemental sulfur through
substitutional chemistry within the microporous superstructure. (b) Argon adsorption—desorption isotherms of COP-99, (c) the corresponding
NLDFT pore size distribution. (d) Solid-state "’F-NMR spectrum of COP-99.

Table 1. Elemental Weight Compositions of COP-99 and S-COP-99s Obtained from EA and XRF

samples nitrogen (wt %) carbon (wt %) hydrogen (wt %)
COP-99 1.3 49.6 1.3
S-COP-99 (1:3) 0.5 14.5 02
S-COP-99 (1:4) 0.4 114 0.1
S-COP-99 (1:5) 0.3 8.8 0.1

sulfur (wt %) oxygen (wt %) fluorine (wt %) total (wt %)

n.d. 25.9 18.3 96.4
74.1 7.7 4.6 101.6
79.0 6.1 S.1 102.1
81.4 4.6 5.6 100.8

chemistry of deprotonated phenols with perfluorinated
substrates via SyAr mechanism.” Following a slightly modified
procedure®® (see Experimental Section for details on
methods), the COP-99 was, therefore, synthesized from a
one-pot self-polymerization of widely available tetrafluorohy-
droquinone with common alkali carbonates (Figure 1a). The
Cs,CO; vyielded optimal porosity with the highest pore
volume.”” The porosity of COP-99 was investigated using
argon gas probe at 87 K since fluorine is known to interact
with N, and might lead to erroneous results.”* The COP-99
showed type I isotherm with pore volume contributed
primarily by micropores (72%), thereby indicating a
predominantly microporous structure. The BET specific
surface area was calculated to be 546 m*> g~' and the pore
volume was 0.268 cm® g~' (Figure 1b). The pore size
distribution was estimated using a NLDFT with infinite slit
pore approximation (Supporting Information, SI, Figure
§1).5° COP-99 was found to feature three major pore
sizes, viz. 0.58, 1.19, and 1.68 nm, ie, all below 2 nm,
therefore, confirming microporosity (Figure 1c). The meas-
ured fluorine content was 18.3 wt % (Table 1). FT-IR
spectrum showed a set of peaks, viz. 1050 cm™, 1296 cm™

)

and 1450 cm™!, which corresponded to the C—F stretching,
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C—0O-C stretching, and C=C stretching, respectively (SI
Figure S2). The "F solid NMR spectrum of COP-99
confirmed the superstructure and the asymmetric distribution
of aromatic fluorides at precisely —100.7 ppm, —109.6 ppm,
and —125.0 ppm (Figure 1d). S-COP-99 analogues were then
synthesized by simply reacting elemental sulfur with COP-99
at different reaction temperatures, viz. 200, 300, 400, and 450
°C, to identify a suitable synthetic condition for the SyAr
reaction between linear ionic sulfur species and COP-99. Once
the reactions were complete, the amount of the residual
fluorine was assessed by XRF spectroscopy (Table 2). The
carbon-to-fluorine ratio was found to decrease gradually from
100:47 to 100:24 with increasing reaction temperature from
200 to 450 °C. This indicated an increased substitution of

Table 2. XRF Analysis of S-COP-99s Synthesized at Various
Temperatures

samples carbon/fluorine (mol/mol)
S-COP-99—-200 °C 100:47
S-COP-99-300 °C 100:35
S-COP-99—400 °C 100:28
S-COP-99—-450 °C 100:24
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Figure 2. Structural analysis of COP-99 and S-COP-99s with different sulfur loadings. (a) TGA curves of COP-99 and S-COP99s in N,
atmosphere. (b) Raman spectra of elemental sulfur, COP-99, and S-COP-99s. (c) S 2p XPS spectra and (d) F 1s XPS spectra of COP-99 and S-

COP-99s. (e) DSC profiles of elemental sulfur and S-COP-99s.

fluorine by sulfur with increase in the reaction temperature.
Another feature to consider carefully was the existence of a
critical temperature beyond which the COP-99 framework
thermally degrades. In an attempt to determine the sulfur
content and thermal stability,

TGA of COP-99 and S-COP-99s were conducted in N,
atmosphere (SI Figure S3). On the basis of the weight loss in
the temperature range of 200—300 °C, S-COP-99 analogues
synthesized at 200, 300, 400, and 450 °C had 72.2, 71.0, 71.3,
and 59.4 wt % left over masses, respectively. Remarkably, S-
COP-99-200 °C and S-COP-99—-300 °C exhibited distinct
mass loss above 350 °C, suggesting the decomposition of the
residual C—F bonds. This observation can be rationalized
using bond dissociation energies; the dissociation energy of
C—F bond (450 kJ mol™") is higher than those of C—S and S—
S bonds (260 and 225 kJ mol™!, respectively).””** However,
the lower sulfur content of S-COP-99—450 °C could be
ascribed to the disintegration of the COP-99 framework, where
sulfur could not be contained properly. Since S-COP-99—400
°C showed a stable TGA profile throughout the operational
temperature range, 400 °C was adopted as the optimal
temperature. The identification of the optimal reaction
temperature was further verified by evaluating the electro-
chemical performance of the S-COP-99 series. For this
purpose, the S-COP-99 derivatives were subjected to cycling
tests at 0.5C (1C = 1675 mA g~ ') with an areal sulfur loading
of 1.0 mgq,, cm™> (SI Figure S4). The S-COP-99—200/300/
400/450 °C electrodes showed initial capacities of 798.6,
741.1, 762.0, and 999.9 mAh g_l, respectively. After 300 cycles,
these capacities decayed to 526.7, 502.3, 617.8, and 454.9 mAh
g_l, respectively, corresponding to 66.0%, 67.8%, 81.1%, and
45.5% capacity retentions with respect to their initial
capacities. The severe capacity decay of S-COP-99—450 °C
could be related to the aforementioned collapse of the polymer
framework. On a related note, the higher capacity retention of

S-COP-99—400 °C can be attributed to the covalent
attachment of the sulfur to the stable polymer framework.

Furthermore, different COP-99-to-sulfur weight ratios of
1:3, 1:4, and 1:5 were tested keeping the reaction temperature
fixed at 400 °C. The new S-COP-99s exhibited typical curves
of the sulfur-polymer composites in their TGA profiles where
rapid decline around 200 °C was observed which represented
the decomposition of sulfur (Figure 2a). According to the
weight loss in the temperature range 200—300 °C, the sulfur
contents of S-COP-99(1:3), S-COP-99(1:4), and S-COP-
99(1:5) were calculated as 64.7, 71.3, and 77.8 wt %,
respectively, which were also largely consistent with the EA
results (Table 1). The bonding nature of sulfur in the S-COP-
99s was investigated by dispersive Raman spectroscopy (Figure
2b). While the peaks located at 151, 216, and 470 cm™" were
attributed to the S—S stretching mode, the peak at 1117 cm™
was related to the C—S$ stretching mode.”””®> To further
elucidate the detailed bonding nature of S-COP-99s, XPS was
carried out in the binding energy ranges corresponding to S 2p,
C 1s, and F 1s levels. The S 2p spectra of S-COP-99s exhibited
S—S and C-S bonds at 164.0 and 163.4 eV, respectively
(Figure 2c). The emergence of new peak at 163.4 eV, which is
absent with elemental sulfur and COP-99, clearly verified the
formation of the C—S bond. The C 1s spectra of COP-99 and
S-COP-99s exhibited three peaks at 284.8, 286.0, and 287.2
eV, which were assigned to the carbon atoms of phenyl moiety,
specifically the C—C, C—S and C—O, and C—F bonds,
respectively (SI Figure SS).

To note, the intensity of the phenyl peak was preserved with
increasing weight ratio of sulfur from COP-99 to S-COP-
99(1:5), but the intensity of the C—F peak decreased gradually
and eventually disappeared for S-COP-99(1:4) and (1:5). This
decrease of the C—F peak intensity was in good agreement
with the decreased peak at 687.8 eV in the F 1s branch (Figure
2d), reconfirming a facile F-to-S substitution through the SyAr
chemistry. The intensity of the F 1s peak ultimately became
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Figure 3. (a) Cycling performance of S-COP-99(1:3), S-COP-99(1:4), S-COP-99(1:5), and C—S composite with sulfur loading of 1.0 mg,y,;
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S-COP-99(1:4) and (d) C—S composite evaluated at various C-rates in the voltage range 1.7—2.7 V.

saturated in S-COP-99(1:4) and the weight ratios above 1:4
showed no further effect on the F-to-S substitution. According
to the DSC analyses (Figure 2e), the elemental sulfur exhibited
typical phase transition from orthorhombic a-sulfur to
monoclinic f-sulfur.

The DSC profile of elemental sulfur also revealed melting
transition® of f-sulfur during the heating scan as well as
crystallization of a-sulfur and f-sulfur during the cooling scan.
However, the DSC spectra of S-COP-99(1:3) and S-COP-
99(1:4) exhibited one melting transition during the heating
scan and the peaks related to crystallization were up-shifted
during the cooling scan. These observations implied that the
sulfur in S-COP-99s lost the cyclic configuration of Sg, and its
chains shortened®® due to the covalent attachment to the
microporous polymer. By contrast, S-COP-99(1:5) still
exhibited an a-to-# phase transition peak during the heating
scan, which was attributed to overimpregnation of sulfur.

The effect of different amounts of sulfur substitution was
corroborated focusing on the electrode film morphology by
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performing FE-SEM analysis (SI Figure S6). While the SEM
image of pristine COP-99 exhibited monodisperse particulate
morphology, the particle boundaries became unclear for S-
COP-99(1:3) and S-COP-99(1:4) after sulfur impregnation.
However, sulfur began to aggregate in S-COP-99(1:5), a
signature of the overimpregnation of sulfur. In an attempt to
identify an optimal sulfur ratio in S-COP-99s, cycling
performance of S-COP-99(1:3), (1:4), and (1:5) was
evaluated at 0.5C (1C = 1675 mA g~') with an areal sulfur
loading of 1.0 mgq, cm™> (Figure 3a). A control sample,
denoted as C—S composite, was prepared in parallel by simple
physical mixing of elemental sulfur and commercial activated
carbon (YP-SOF) in a mass ratio of 70:30, followed by thermal
annealing at 155 °C. At this C-rate, the S-COP-99 electrodes
exhibited initial discharge capacities of 743.5, 762.0, and 853.2
mAh g/, respectively, along with capacity retentions of 65.0%,
79.9%, and 47.7% after 350 cycles. The initial specific
capacities followed the same trend as the sulfur content
(Table 1). Despite the highest sulfur content and consequent
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specific capacity, S-COP-99(1:5) suffered from inferior cycling
performance compared to that of the other two counterparts.
This poor cycling performance can be explained by the over-
impregnation of sulfur (as indicated in SI Figure S6d) that
accelerated polysulfide dissolution upon the reaction with Li
ions. Although elemental sulfur should sublime at the reaction
temperature of 400 °C, the reaction was performed in a closed
ampule so that residual sulfur could exist upon cooling down
to room temperature as in the case of S-COP-99(1:5). On the
basis of the series of electrochemical evaluation, it was
concluded that S-COP-99(1:4) offers the most promising
properties, and thus further electrochemical analyses were
done only with this sample.

When measured at 0.05C, the S-COP-99(1:4) showed
discharge and charge capacities of 1287.8 and 1241.5 mAh g™/,
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respectively, in its first cycle, leading to an initial Coulombic
efficiency (ICE) of 96.4% (Ceparge/ Caischarge)- This ICE value is
quite noticeable, as some sulfurized polymers, such as sulfur-
polyacrylonitrile (S-PAN), are liable to Li trapping in the first
cycle, resulting in poor ICEs even below 80%.°°"" When
subjected to various C-rates, the S-COP-99(1:4) displayed
decent performance in regard to capacity loss. When the C-rate
increased from 0.05C to 0.1C, 0.2C, 0.5C, 1C, 2C, and 5C, its
discharge capacity changed from 1287.8 mAh g™' to 1050.2,
900.2, 762.9, 615.1, 406.9, and 243.1 mAh g_l, respectively,
corresponding to capacity retention of 81.5%, 69.9%, 59.2%,
47.8%, 31.6, and 18.9% with respect to the capacity at 0.05C
(Figure 3b). Upon returning to 0.1C, 902.5 mAh g~' was
recovered, corresponding to 92.4% retention with respect to
the fifth cycle at the same C-rate.
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The substantial capacities observed at high C-rates was
indicative of kinetically efficient (de)lithiation process with S-
COP-99(1:4), which also suggested that insulating sulfur was
well-distributed across the COP-99 framework forming
nanodomains while the nanopores effectively suppressed the
LiPS shuttling via size restriction. Interestingly, the voltage
profiles appeared different depending upon the C-rate (Figure
3c); at lower C-rates, e.g., 0.1C—1C, the discharging profiles
exhibited two distinct plateaus at around 2.4 and 2.1 V. By
contrast, at 2C and SC, the lower plateaus could be hardly
656 of the liquid-to-solid
conversion reaction at the lower plateau regime. The reaction
at the lower plateau involved Li,S,(!)-to-Li,S(s) conversion
which was initiated by the nucleation of Li,S.”” However, the
lower plateau of the C—S composite began to disappear at 1C,
and the voltage differences between its charge and discharge

observed due to slow kinetics
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plateaus (AU) were higher compared to those of the S-COP-
99(1:4) at all C-rates (Figure 3d). The increase of C—S
composite in the activation overpotential along the low plateau
regime can be explained by the accelerated nucleation of Li,S
through the larger Li,S, domains which made the subsequent
Li,S growth difficult due to limited electron transport in the
corresponding domains.

In order to further elucidate the reaction kinetics of S-COP-
99(1:4), GITT measurements were conducted at 0.02C rate
(Figure 4). In the dissolution and conversion regimes (region I
and II in the upper plateau), the S-COP-99(1:4) electrode
(Figure 4a) clearly exhibited lower polarization in its
discharging profile compared to that of the C—S composite
(Figure 4b). For reference, in the time-normalized plot, the
combined dissolution and conversion regimes occupy 25% and
the Li,S nucleation and growth regimes occupy the remaining
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75%.”" The substantially lower polarization in the upper
plateau regime indicated superior dissolution kinetics of S-
COP-99(1:4) which originated from its smaller sulfur domains.
The polarization during electrochemical operation was
quantified by introducing internal resistance, based on the
following equation:”*”*

AR;,(Q) = 1AVqocv-covl/ Lipplied (1)

where AV is the voltage difference between the points of quasi-
open circuit voltage and closed-circuit voltage, and I,jeq is the
applied current. AR, is plotted with respect to normalized
time (Figure 4c). It is noteworthy that AR, is noticeably
higher in the Li,S nucleation regime than that in the
dissolution and conversion regimes (region I and II in the
upper plateau), indicating that increase in the activation
overpotential in the low plateau represents a higher energy
barrier for the nucleation of Li,S.”*”> Thus, the smaller AR,
of S-COP-99(1:4) than that of the C—S composite reflected an
enhanced nucleation kinetics of Li,S’® due to its confined
distribution of sulfur. To further evaluate the electrochemical
reaction kinetics, both the electrodes were subjected to EIS
measurements (Figure 4d,e). It was observed that the Nyquist
plots of both electrodes before cycling comprised a semicircle
at the high and medium frequency regime and an inclined line
at the low frequency regime. The high frequency intercept on
the real axis was ascribed’” to the bulk resistance (R,) of the
cell, which comprised the electrolyte and electrode resistances.
The semicircle at the high-to-medium frequency regime can be
attributed”® to the interface charge-transfer resistance (R.),
whereas the inclined line at the low-frequency regime to the Li-
ion diffusion in the cathode, constituting the so-called Warburg
impedance (W,). Before cycling, the S-COP-99(1:4) electrode
exhibited a relatively smaller R, (21.3 Q) than that of the C—S
composite electrode (45.0 Q) due to a homogeneous
distribution of sulfur in the COP framework in the former.
After 50 cycles, the semicircles in both the cells were split
into two smaller circles. In these smaller circles, the semicircle
in the high frequency regime corresponded to the surface
resistance (R;) reflecting irreversible deposition and aggrega-
tion of Li,S,/Li,S layer on the surface of the cathode,”
whereas the semicircle in the middle frequency regime
corresponded to charge transfer process at the conductive
agent interface.”"™®> After 50 cycles, the S-COP-99(1:4) still
showed a relatively smaller R; (14.7 Q) and R, (11.7 Q) than
those of the C—S composite (27.9 and 22.6 €, respectively).
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In relation to the aforementioned rationale, the uniform
distribution of sulfur in S-COP-99(1:4) along with suppressed
formation of irreversible Li,S layer resulted in a lower charge
transfer resistance. The reproducibility of the results in Figures
3 and 4 was confirmed by testing five and three identical cells,
respectively. In order to assess the lithium diffusion properties
which was associated with LiPS dissolution, CV measurements
were performed on both the electrodes at various scan rates
ranging from 0.05 to 0.5 mV s~ (Figure Sa,b). For both the
electrodes, the cathodic and anodic peak currents were linear
with the square root of the scan rate following the Randles-
Sevcik equation:*®

I, = (2.69 x 10°)n'*aD**v**AC, )
where I, is the peak current, n is the number of electrons per
reaction species, a is the active electrode area, D is the diffusion
coeflicient of Li ion, AC, is the concentration change of Li ion
upon the electrochemical reaction. Since n, a, and AC, are
constants in the battery system, from this relation, the linear
fitting of peak current I, versus v*° yielded square root of Li-
ion diffusion coefficients (D%°) as a factor in the slopes in
Figure Sc—e. Interestingly, the slopes were clearly distinct for
both electrodes with respect to anodic reaction (Figure Sc),
whereas the difference became almost negligible for the
cathodic reaction. The smaller slope of the C—S composite
during the anodic reaction indicated its lower diffusivity than
that of S-COP-99(1:4) during charging, and was thus ascribed
to abundant high viscosity LiPSs dissolved in the electro-
lyte.*”*® The superior diffusivity of S-COP-99(1:4) can be
explained by suppressed LiPSs dissolution in the electrolyte
that facilitated the diffusion of the electrolyte containing Li*
ions. This also followed a similar trend as the low polarization
in the dissolution and conversion regimes during GITT
measurement.

The cyclability test was extended to see the sustainability of
S-COP-99(1:4) for prolonged cycles (Figure 6a). When tested
at 0.5C for 1000 cycles, remarkably, a discharge capacity of
535.9 mAh g~' was retained, which corresponded to a capacity
retention of 70.3%. This retention was translated to 0.03%
capacity fading per cycle on average. Also, the average
Coulombic efficiency throughout the cycling was 99.96%.
Once again, these results reflected the sustainable structure of
S-COP-99(1:4) in relation to the limited pore sizes and the
heteroatoms that can afford to capture LiPSs.
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The S-COP-99(1:4) was additionally studied by varying the
areal loading of the active material (Figure 6b). This test was
performed considering the challenge in Li—S batteries that
severe insulating characteristics of elemental sulfur degrades
the electrochemical performance substantially with increasing
areal loading. Notably, reports'*****7>%%71% o5 the electro-
chemical performance of sulfurized polymers with high areal
loadings are limited. At 0.2C, S-COP-99(1:4) exhibited initial
capacities of 650.6 and 437.9 mAh g~ for areal loadings of 3.0
and 4.1 mg,, cm 2 respectively, in comparison to 928.0
mAh g™' for areal loading of 1.0 mg,,z, cm™> After 150 cycles,
the gravimetric capacities of those three electrodes were 724.8,
609.8, and 471.6 mAh g~' with capacity retentions of 78.1%,
93.7%, and 107.7%, respectively. The capacity retention
exceeding 100% for 4.1 mgq, cm™> loading was possibly
due to some kind of activation process of sulfur due to
increased electric resistance, although an in-depth investigation
is needed to elucidate detailed mechanism.

The effect of covalent attachment of sulfur to the COP-99
framework was studied focusing on the tap density of the
electrode. For same sulfur loading of 3.0 mg,, cm™2, cross-
sectional SEM analyses (SI Figure S7) of both S-COP-99(1:4)
and C—S composite control sample were carried out. The S-
COP-99(1:4) electrode exhibited a smaller thickness of 57.2
um than that of the C—S composite electrode (69.4 ym). This
result can be explained using high magnification SEM
micrographs which showed more compact electrode layer for
S-COP-99(1:4) with less cracks and voids. The higher
electrode density of S-COP-99(1:4) arose from the covalent
attachment of sulfur to the polymer with soft mechanical
property. By contrast, physical mixing of sulfur and carbon
material in the C—S composite inevitably led to voids and
cracks originating from incompatible mechanical properties of
both the components as well as less ductile character of carbon
materials. The specific capacities, cycling performance, and
areal loadings of polymeric sulfur materials reported recently as
Li—S battery cathodes are summarized in SI Table S1 for
comparison. We expect that the specific capacities for the areal
loading of 4.1 mg,, cm™> could be increased further by roll-
pressing with 1D or 2D carbon conductive agents, but left this
task for future industrial optimization.

B CONCLUSIONS

Templates that serve for sulfur cathodes in Li—S batteries in
conjunction with sulfur impregnation are desired to have two
properties: limited pore dimensions for mitigating polysulfides
dissolution and high sulfur contents for competitive energy
density of the corresponding cells. Unfortunately, these two
properties are often mutually exclusive since small pores for
preventing polysulfides dissolution sacrifice the energy density
due to limited impregnation of sulfur. In the current study, we
have overcome this challenge by employing a fluorinated
covalent organic polymer, namely COP-99, with well-defined
micropores. The aromatic fluorines facilitated SyAr mechanism
to realize sulfur content over 70 wt %, whereas the limited pore
dimensions (under 2 nm) along with heteroatoms that have
great affinity for LiPSs, effectively slowed down the LiPSs
dissolution, resulting in highly sustainable operation of the S-
COP-99 cathode. It is of importance that the observed
performance arose from an unconventional strategy, one that
relies on sulfur as a nucleophile to attack electron-deficient
aromatic compounds.
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