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Covalent organic framework-based Li—S batteries:
functional separators promoting Li* transport and
polysulfide trappingt

Sara Gullace, @2 Matteo Abruzzese,? Luca Cusin,? Gabriele Saleh,© Sanjay B. Thorat,”
Agnese Gamberini,” Sebastiano Bellani,? Artur Ciesielski, @2 Francesco Bonaccorso®
and Paolo Samori® *@

Lithium—sulphur batteries (LSBs) prevail as a viable alternative to Li-ion batteries due to their high theoretical
specific capacity (1672 mA h gs—1). However, the formation of soluble polysulfides and their shuttle from the
cathode to the anode cause irreversible capacity loss and uncontrolled self-discharge, limiting the
performance of commercially available prototypes. In this work, we present a comparative analysis of
two Kagome-shaped imine-based covalent organic frameworks (COFs) as functional modifiers for
polypropylene (Celgard) separators in LSBs. We demonstrate, by using the KS60@Celgard separator
modified with an optimized content of COF with the thienothiophene linker, the realization of LSBs

1

reaching a specific discharge capacity of 850 mA h g5~ at C5. The proposed separator has an

extraordinarily high Li* diffusion coefficient (D) of 1.6 x 10~ cm? s™*

at the first cathodic peak, as well
as the lowest Sg: Li,Sy content ratio in the ex situ post mortem XPS analysis. These findings demonstrate
that the use of separators modified with COFs allows the mitigation of shuttle effect, and is further
accompanied by an efficient oxidation of Li,S, to Sg (electrocatalytic effect). The equivalent
K60@Celgard, based on a COF carrying a phenyl linker, results in LSBs with a specific discharge capacity
of 599 mA h gs~*. This work highlights the synergistic effect of polysulfide retention, selective Li* sieving

and electrocatalytic activity of COF-modified Celgard separators in the development of high-

rsc.li/materials-a performance LSBs.

Introduction

The fabrication of high-energy density rechargeable batteries
marks a pivotal advancement in extending the specific capacity
of well-established systems, namely lithium-ion batteries.* This
progress is essential for facilitating the transition to electrified
road transport and for applications within the aviation
industry.>* Among the various battery solutions, lithium-
sulphur batteries (LSBs) are considered as extremely competi-
tive configurations due to their high theoretical specific capacity
of 1672 mA h g¢™*, and the abundance and low cost of sulphur
used as the cathode active material.*® Unlike Li-ion batteries,
LSBs rely on multi-electron conversion reactions. In a simplified
and ideal discharge process, elemental octasulphur (Sg) is
reduced by breaking its cyclic structure into chains of high-
order lithium polysulfides, Li,S, (6 < x = 8). Subsequently,
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additional redox reactions occur, leading to the formation of
low-order polysulfides and ultimately yielding Li,S.® Unfortu-
nately, this conversion mechanism results in the formation of
various soluble polysulfide intermediates in different oxidation
states,”® characterized by relatively high mobility in the battery
electrolyte (~10~'° m* s~ ").>° This phenomenon is known as the
“shuttle effect”, wherein soluble Li,S, species migrate from the
cathode to the anode, causing uncontrolled self-discharge.'®
Consequently, this impedes the recharging process of poly-
sulfide back to elemental sulphur and initiates the corrosion of
Li metal anodes. These issues are responsible for the low
coulombic efficiency and severe capacity fading."* Moreover, the
multi-step redox process involves a liquid-solid phase transi-
tion to generate Li,S, and Li,S species in the last reduction
step.® The sluggish kinetics of this liquid-solid transition leads
to incomplete Li,S deposition and consequently restricts the
specific discharge capacity and rate performance.>*> Addition-
ally, the low conductivity of sulphur-related species (5 X
107 S em ™" at 25 °C)** hampers the overall polysulfide utili-
zation, resulting in a gradual depletion of active materials and,
thus, insufficient cyclability."*'* Because of these reasons,
efforts are made to optimize the design of LSBs. On one hand,

these involve a scaffolding strategy that exploits the
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incorporation of electrically conductive nano-porous carbons
and polymers in the cathode with the aim of effectively encap-
sulating the sulphur, while mitigating the formation of
a passivating Li,S,/Li,S layer on the sulphur. Additionally, these
encapsulating materials serve as physical barriers against the
polysulfide shuttle.”*” On the other hand, the separator also
plays a significant role by facilitating the diffusion of Li',
beyond preventing electrical contact between cathode and
anode."'® In this context, the presence of an additional layer
atop the separator, regardless of its composition, might have
a positive effect on the cell electrochemical performance. This is
due to its ability to hinder the shuttle of high-order polysulfides
by extending the diffusion pathway from the cathode to the
anode side.”? However, it is crucial that the materials used as
modifiers for the separator are chosen meticulously to impart
specific functionalities, such as retaining polysulfides,
enhancing electrical conductivity, or improving the kinetics of
conversion reactions.>*®

A plethora of materials have been employed as functional
separator modifiers, spanning from zero-dimensional (0D)* to
two-dimensional (2D) carbon-based materials,** polymers,*
inorganic® or hybrid polymer/inorganic materials.>*® It has
been demonstrated that the functional separator should
provide a perfect balance between physical properties (i.e.,
surface area, pore volume and capillary forces) and electro-
chemical properties (Li" transfer, C-rate capability and cycling
stability). Such balance can be achieved using materials with
ordered hierarchical pores.>*”

Based on this rationale, metal-organic frameworks (MOFs)
and covalent organic frameworks (COFs) represent a viable
attractive alternative as separator modifiers. In particular, COFs
possess a highly ordered lattice structure and discrete hierar-
chical pores capable of interacting with ions and molecules.?®*®
Furthermore, ad hoc chemical design enables the synthesis of
COFs combining high surface area, low density, high stability to
acids and bases, easy functionalization and ample combina-
tions of building blocks, making them highly suitable for a wide
range of applications, spanning from adsorption of contami-
nants and molecular sieving to catalysis, sensing, proton
conduction and energy storage.**** In recent years, 2D COFs
have been applied as sulphur-hosting materials in LSB cath-
odes, taking advantage of the highly ordered porous structure
resulting from the stacking of the 2D planar sheets in one
direction: this characteristic can provide accessible voids for
sulphur impregnation, while suppressing the diffusion-driven
loss of soluble polysulfides.***® However, the low electrical
conductivity of this organic material composites represents an
important weakness for the realization of practical elec-
trodes.?”*® Nevertheless, COF-based materials offer structural
designability to obtain abundant active sites for polysulfide
adsorption, and accessible channels to facilitate the transport
of Li" and indirectly inhibit the growth of Li dendrites, enabling
their use in advanced separators beyond their applications as
electrode materials.***> Cao et al. reported the use of a sulfo-
nate-rich COF-modified separator based on lithiated 3,5-tri-
formylphloroglucinol and 2,5-diaminobenzenesulfonic acid
(TpPa-SOsLi), obtaining a LSB with a specific discharge capacity
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of 939.4 mA h g5~ ' at C5, along with 55.1% capacity retention
after 100 galvanostatic charge/discharge (GCD) cycles, when
using a cathode with a sulphur loading of 1.5 mgg cm >.*
Similarly, Xu et al. used TpPa-(SO3), as a separator modifier,
obtaining a specific discharge capacity of 879 mA h gg~* at C10,
in a LSB with a sulphur loading of 1.3-1.5 mgs cm ™2 in the
cathode. Additionally, they achieved a specific discharge
capacity of 1036 mA h g5~ " at C5 with 82.5% capacity retention
over 100 CGD cycles, when using a cathode with a sulphur
loading of 3.2 mgs cm ™ and carbon nanotubes as advanced
conductive additives** (instead of the carbon black used in the
low sulphur loading LSB and in ref. 43). Notably, these results
were achieved using flat (carbon-coated) Al foils as current
collectors, avoiding gas diffusion layers commonly reported for
high sulphur-mass normalized performances, but leading to
non-practical cell configurations (in terms of either gravimetric
or volumetric full cell metrics).*>*¢

While hexagonal COF topology has received the greatest
attention among LSB separators,**** in this work we present
a comparative analysis of two Kagome-shaped imine-based
COFs as functional modifiers for prototypical Celgard separa-
tors in LSBs. We discovered that COF KS1, carrying a thieno-
thiophene linker, allows the corresponding LSB, encountering
Celgard separators modified with a 60 wt% COF KS1-based
coating, to achieve a specific discharge capacity of 850 mA h
gs " at C5. Importantly, this cell was built with a cathode with
a sulphur loading of 2.4 mgs cm ™2 and a flat carbon-coated Al
current collector. The proposed LSB exhibited a capacity
retention of 74.1% after 190 GCD cycles. This result is accom-
panied by an extraordinary Li" diffusion coefficient (Dy;) as
high as 1.6 x 1077 ecm* s™" at the first cathodic peak. Under the
same operating conditions, the use of a separator coating based
on 60 wt% of COF K1, carrying a phenyl linker, results in LSBs
with a specific discharge capacity of 599 mA h gs~'. Under the
same operating conditions, also the increase of COF KS1
content in the separator coating (i.e., 80 wt%) results in a LSB
with a poor specific discharge capacity of 577 mA h gg'. The
influence of the nature of the linker and the COF content on the
performance of COF-modified Celgard separators for LSBs is
also confirmed by post mortem ex situ X-ray photoelectron
spectroscopy (XPS) and scanning electron microscopy (SEM)
analysis. Our approach provides a strategy to cooperatively
exploit the polysulfide retention, the selective Li* sieving and
the electrocatalytic activity of layered porous materials for the
fabrication of high-energy density LSBs.

Experimental section

Materials

N,N,N,N-Tetrakis(4-aminophenyl)-1,4-phenylenediamine (98%)
(TPDA) was purchased from abcr GmbH Germany; tereph-
thalaldehyde (TPA) (99%), sulphur (99.998% trace metals basis),
LiTFSI (99.95% trace metals basis), and lithium nitrate (LiNO3,
99.99% trace metals basis) were purchased from Merck. Thieno
[3,2-b]thiophene-2,5-dicarboxaldehyde (TTDA) was purchased
from TCI. Carbon black (Super P) and polymer binder (Solef®
6020 PVDF) were purchased from Alfa Aesar and Solvay,

This journal is © The Royal Society of Chemistry 2024
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respectively. The polypropylene separator (Celgard® 2400) was
supplied by Celgard. The carbon-coated Al cathode current
collector and Li chips were purchased from MTI Corporation.
The CR2032 coin cell cases and other coin cell components,
made of stainless steel SS304, were purchased from MTI
Corporation. Mesitylene (98%), benzyl alcohol (99%), acetic
acid (glacial) and DMF were purchased from Fisher Scientific, n-
pentane was purchased form Carlo Erba Reagents, while 1,3-
dioxolane (DOL), 1,2-dimethoxyethane (DME), and N-methyl-2-
pyrrolidone (NMP) were acquired from Sigma-Aldrich. Prior to
use, DOL and DME solvents were dried with 3 A rods, size 1/16
in. Sigma-Aldrich molecular sieves. All other solvents were used
as received. Milli-Q grade water was used in all described
experiments.

Synthesis of COF K1 (TPDA-PTA)

In a 35 mL pressure resistant Schlenk tube, 236 mg of TPDA
(0.5 mmol, 1 equiv.) and 134 mg of PTA (1 mmol, 2 equiv.) were
dispersed by ultrasonication (30 min) in a mixture of benzyl
alcohol (4 mL), mesitylene (4 mL), and water (0.2 mL). Then,
glacial acetic acid (1 mL) was added, and the suspension was
degassed by three freeze-pump-thaw cycles. The poly-
condensation reaction was carried out at 120 °C for 72 h in an
oven. After cooling down, the solid precipitate was filtered off
and washed thoroughly with DMF. The wet powders were then
subjected to Soxhlet extraction with acetone for 12 h. Next, the
acetone was exchanged with n-pentane (Soxhlet extraction, 2 h)
and finally the powder was dried under vacuum at 80 °C over-
night. The product was obtained as an insoluble red solid with
a yield of 72%.

Synthesis of COF KS1 (TPDA-TTDA)

In a 35 mL pressure resistant Schlenk tube, 236 mg of TPDA
(0.5 mmol, 1 equiv.) and 196 mg of TTDA (1.0 mmol, 2 equiv.)
were dispersed by ultrasonication (30 min) in a mixture of
benzyl alcohol (5 mL), mesitylene (5 mL), and water (0.5 mL).
Then glacial acetic acid (3 mL) was added, and the suspension
was degassed by three freeze-pump-thaw cycles. The poly-
condensation reaction was carried out at 120 °C for 72 h in an
oven. After cooling down, the solid precipitate was filtered off
and washed thoroughly with DMF. The wet powders were then
subjected to Soxhlet extraction with acetone for 12 h. Next, the
acetone was exchanged with n-pentane (Soxhlet extraction, 2 h)
and finally the powder was dried under vacuum at 80 °C over-
night. The product was obtained as an insoluble red solid with
a yield of 60%.

COF-modified separator fabrication

The COF-based slurries were prepared by mixing COF K1 or KS1
together with SP and PVDF in NMP in different weight ratios.
The COF-based slurries were then coated on Celgard2400
separators using the doctor blade technique, setting a blade
height of 200 um. Subsequently, the coated separators were
dried at room temperature overnight and, finally, they were cut
into 18 mm-diameter disks and dried overnight under vacuum
at 35 °C to remove solvent residues and absorbed moisture.

This journal is © The Royal Society of Chemistry 2024
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Table S1f reports the acronyms and characteristics of each COF-
modified separator, compared with the bare Celgard2400
separator, including their areal weight.

Cathode preparation

In a round bottom flask, the sulphur-Super P (S-SP) composite
was prepared by mixing elemental sulphur and Super P with
a weight ratio of 70:30 under magnetic stirring at 125 °C for
~1 h, until complete sulphur melting and homogenization. The
resulting composite was subsequently cooled down to room
temperature and ground in a mortar. The S-SP composite was
mixed through an appropriate mixer with SP and PVDF binder
homogeneously dispersed in NMP, to obtain a slurry with 80:
10: 10 w/w ratio. The LSB cathodes were then obtained through
casting of the prepared slurry on carbon-coated Al foil by means
of a doctor blade with a height of 250 pum. The sample was
subsequently dried at 50 °C for 3 h. Finally, the electrodes were
cut into 14 mm-diameter disks (geometrical area of 1.54 cm?)
and dried overnight under vacuum at 35 °C to remove traces of
water and solvents.

Cell assembly

The effect of the COF-modified separators on the electrochemical
performance of LSBs was evaluated in CR2032 coin cell formats.
The cells were assembled by stacking lithium chips (diameter of
14 mm) as the anode with COF-modified separators and the
above-described cathode as the working electrode, in a MBraun
argon-filled glovebox with H,O and O, contents below 1 ppm.
The electrolyte consisted of 1 mol of LiTFSI and 1 mol of LiNO;
dissolved in 1 kg of DOL : DME 1 : 1 w/w mixture. An electrolyte to
sulphur (E/S) ratio of 15 pL mgg " was used to fill the coin cells.

Characterization

Scanning electron microscopy (SEM) images were acquired
using a JEOL JSM-6490LA SEM analytical (low-vacuum) instru-
ment with a thermionic electron gun equipped with a tungsten
source or a FEI Quanta 250 FEG Scanning Electron Microscope,
operating in a high vacuum mode, after coating the substrate
with 10 nm-thick gold using a sputter coater (ambient temper-
ature, pressure in 10~* mbar range in a N, atmosphere, sput-
tered for 20 s from a solid gold target at a current of 60 mA).
Powder X-ray diffraction (PXRD) spectra were recorded using
a D8 Advanced Bruker diffractometer (26 resolution: £0.01°) in
the Bragg-Brentano geometry. The diffractometer used Cu Ka
radiation (wavelength A = 0.154 056 nm) at 40 kV and 40 mA and
a LynxEye_2 detector (1D mode). Two Soller slits (Cu, 2.5 mm)
have been applied to the primary and secondary optics. In the
latter, a Ni stopper has been added to filter Cu ko radiation.
XRD data were collected from 2 to 30° (26) with a step of 0.02°
and an acquisition time of 1 s per step. Fourier transform-
infrared (FTIR) spectra were acquired with a Thermo Scientific
Nicolet iS50 FT-IR spectrometer equipped with the ATR dia-
mond and a DTGS KBr detector. Thermogravimetric analysis
(TGA) decomposition curves were recorded using a Mettler
Toledo TGA/SDTAS851e system in the range of 25-800 °C under

a nitrogen atmosphere and with a heating rate of 10 °C min™".
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X-ray photoelectron spectroscopy (XPS) characterization was
performed using a Thermo Scientific K-alpha X-ray photoelec-
tron spectrometer, equipped with an aluminum X-ray source
(energy 1.4866 keV) at a vacuum level of 10 %/10~° mbar in the
analysis chamber. The spot size of the X-ray beam was fixed at
200 pm. Cyclic voltammetry (CV) measurements were per-
formed with 0.1 mV s~ ' scan rate in a potential window of 1.8-
2.8 Vvs. Li'/Li on a Biologic BCS-805 battery tester, while elec-
trochemical impedance spectroscopy (EIS) measurements were
performed in a frequency range of 500 kHz to 0.1 Hz with an
amplitude of 10 mV using a VMP3B Multichannel Potentiostat.
Galvanostatic charge-discharge measurements were performed
at C5 (1C = 1672 mA g5 ') in a 1.9-2.8 V vs. Li*/Li potential
window using a MACCOR series 4000 battery cycler. The C-rate
convention (nC) is used in this manuscript, with 1C being
defined as full theoretical lithium discharge/charge in one hour
and n as the time (h) for complete charge or discharge at the
nominal (theoretical) capacity.

Results and discussion
COF synthesis and characterization

A schematic representation of COF K1 synthesis from TPDA and
TPA, and COF KS1 from TPDA with TTDA is shown in Scheme
la. The solvothermal synthesis of the two Kagome-structured
imine-based COFs K1 and KS1 yields a powder composed of
nanoflower-like crystallites and nanospheres, respectively, as
shown in the ESI (Fig. S1a and bf¥).

The FTIR analyses of K1 and KS1 exhibit the typical spectral
features of an imine-linked COF (Fig. S1ct), with bands ascribed
to the imine C=N stretching vibration at 1616 cm ™" for K1 and
at 1606 cm " for KS1.*” Moreover, the C=0 stretching vibration
bands (1683 cm ™" for TPA and 1653 cm ™" for TTDA) and the N-
H vibration bands (3470-3320 cm ™" and 1620 cm™ ') appear
with significantly reduced intensities in the COFs, compared to
the starting monomers. The most prominent bands at
1494 cm ™" for K1 and 1479-1497 cm ™" for KS1 are ascribed to
the aromatic ring stretching modes.*®

The PXRD analysis of TPDA-TPA and TPDA-TTDA provided
evidence for a good degree of crystallinity of the two materials
(Fig. S1df). For COF K1, the main reflections at 2.5°, 4.2°, 4.9°,
6.4°, 8.7°, and 21.8° are ascribed to the (100), (110), (200), (210),
(310), and (001) planes, respectively. In the case of COF KS1, the
same pattern, slightly downshifted, was found at 2.3°, 3.9°, 4.6°,
6.0°, 8.2° and 21.1°, respectively. These PXRD patterns are in
line with previous studies, which assigned to both COFs
a Kagome structure with eclipsed stacking of the polymeric
layers.*”*>** However, our preliminary density functional theory
simulations show unequivocally that the eclipsed structure is
energetically unfavourable compared to other types of stacking
(ESI Note 11). The complexity of the reaction mechanism for the
synthesis of COFs with the interplay between thermodynamic
and kinetic effects,” and, consequentially, their structural
complexity would require a more accurate interpretation of the
experimental PXRD patterns and those of the simulated struc-
tures to determine reliably the stacking geometry of these COFs
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(see also Fig. S13} and related discussion). However, this study
goes beyond the scope of the present work.

TGA was performed to shed light onto the thermal stability
of KS1 COF in a N, atmosphere, while the analogous charac-
terization of COF K1 has been already reported in our previous
work.** Fig. S1et shows that KS1 is extremely robust and stable,
with an initial 3 wt% loss in the temperature range between 110
°C and 170 °C, associated with the loss of physisorbed species,
followed by its decomposition occurring after 430 °C.

COFs K1 and KS1 were characterized by XPS (Fig. S2 in the
ESIf). The COF K1 high-resolution spectrum for C 1s core levels
presents five deconvoluted sub-peaks at 284.4, 285.5, 286.3,
287.4 and 290.9 eV, which can be ascribed to the typical C=C,
C-C, C-N, C=N chemical environments in the imine COFs, and
the w-m* satellite for aromatic carbons, respectively. The N 1s
spectrum confirms the presence of the triphenylamine moiety
and the imine linkage, in addition to a small band for proton-
ated amine, peaking at 398.4, 399.4 and 401.2 eV, respectively
(Fig. S2a and bt). Similarly, the XPS spectra for COF KS1 can be
deconvoluted to the same components, with the addition of
a contribution from C-S at 287 eV in the C 1s core level (Fig.-
S2dt), as well as the S 2s and S 2p peaks (228.8 and 164.8 eV) in
the survey spectrum (Fig. S2gt). In particular, the S 2p high-
resolution spectra show the typical 2pz, and 2p,, doublets
with an energy gap of 1.18 eV (Fig. S2ff).

COF-modified separator fabrication and characterization

COF-modified separators were fabricated by applying COF-
based slurries, in the form of a thin layer, with varying weight
ratios of COF : Super P carbon black (SP): polyvinylidene fluo-
ride (PVDF), onto a prototypical battery separator, i.e., Celgard
2400 (Scheme 1b). In particular, separators coated with thin
films with 60 wt% K1 and KS1 were named K60@Celgard and
KS60@Celgard, while the separator coated with a layer based on
a higher content of KS1, i.e. 80 wt%, is hereafter referred to as
KS80@Celgard. Fig. 1a-c and S37 show the XPS spectra of the
investigated COF-modified separators, i.e., K60@Celgard,
KS60@Celgard and KS80@Celgard. The analysis reveals that
the COFs K1 and KS1 maintain their structure in the composite
coatings, while the appearance of a peak for F 1s in the survey
spectrum is ascribed to the PVDF binder. SEM characterization
shows that the COF K1 and KS1 morphologies are maintained,
while sub-micrometric SP particles electrically connect COFs to
each other (Fig. 1d-f). Fig. S4 in the ESIt shows the low-
magnification SEM images of the pristine Celgard and COF-
modified Celgard separators, as well as the SEM cross-
sectional view of the pristine Celgard and the KS60@Celgard
separator, evidencing the uniformity of the modified layers and
thickness of the separator modifier, respectively (~20 pm).

Electrochemical characterization of LSBs

The pristine and COF-modified separators were used to fabri-
cate LSBs, whose structure is portrayed in Scheme 1c. Coin cells
were assembled by stacking a sulphur cathode (sulphur loading
of 2-3 mgg cm ™ ?), the pristine or COF-modified Celgard sepa-
rator soaked in the electrolyte, and a Li anode. CV and EIS

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Survey XPS spectra for (a) KS60@Celgard, (b)

measurements were performed on the proposed LSBs to eval-
uate the electrochemical conversion processes and the evolu-
tion of the electrode/electrolyte interfaces, respectively, upon

This journal is © The Royal Society of Chemistry 2024

consecutive CV cycles. Fig. 2a-d show the CV curves measured
for the LSBs assembled with pristine Celgard, KS60@Celgard
K60@Celgard and KS80@Celgard separators, respectively. The
cyclic voltammograms, recorded between 1.7 and 2.8 V vs. Li*/Li
with different voltage scan rates ranging between from 0.05 to
0.25 mV s, reveal the typical features associated with the
conversion reactions involving Li, Sg and polysulfides. At the
lowest scan rate, two reduction peaks at 2.20 and 1.80 V vs. Li"/
Li, as well as a convoluted double oxidation peak extending
from ~2.33 to ~2.42 V vs. Li'/Li are identified for the cell based
on pristine Celgard. The negative peaks correspond to the
reduction of Sg to high-order (Li,S,, 4 = x = 8) and low-order
insoluble (Li,S, and Li,S) polysulfides, respectively. In the
anodic region, the two peaks can be ascribed to the inverse
conversion reactions of Li,S, and Li,S, yielding long-chain
polysulfides and Sg.**> For the cell based on KS60@Celgard,
the same reduction peaks appear at 2.24 and 1.97 V vs. Li'/Li,
while the oxidation ones appear at 2.36 and 2.44 V vs. Li*/Li. The
CV analysis evidences that the batteries with KS60@Celgard
and K60@Celgard exhibit the lowest overpotential (0.39 V) for
the conversion reactions involving Li,S, and Li,S, indicating
faster reaction kinetics compared to those observed for the
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Fig.2 (a)—(d) CV curves measured at different voltage scan rates ranging from 0.05 to 0.25 mV s for the LSBs based on (a) pristine Celgard, (b)
KS60@Celgard, (c) K6O@Celgard and (d) KS80@Celgard separators. (e)—(h) Nyquist plots measured for the LSBs based on (e) pristine Celgard, (f)

KS60@Celgard, (g) K60@Celgard and (h) KS80@Celgard separators.

other cells.>** The overpotentials for cells based on pristine
Celgard and KS80@Celgard are 0.53 and 0.42 V, respectively.

Additionally, the Li" diffusion coefficient (Dy;:, expressed in
cm?” mol ') can be evaluated from the relationship between the
peak current intensity I, and the square root of the potential
scan rate v, as described by the Randles-Sevcik equation:

ZFVDLi+

I, = 0.4463zFACy; RT

in which z is the number of exchanged electrons in the elec-
trochemical reaction, F is the Faraday constant (96485 C
mol "), A is the electrode geometric area (1.54 cm?), C stands for
the estimated Li* concentration in the electrode volume
expressed in mol cm™?, v is the scan rate in V s™*, R is the gas
constant (8.314 ] mol ' K ), and T is the temperature in K.
Thus, I, of the two reduction peaks R1 and R2 at ~2.2 and
~1.9 Vs. Li'/Li, respectively, and the oxidation peak O3 at 2.4 V
vs. Li*/Li, were analysed as a function of »*/2.% The linear fit of
the obtained plots allows the determination of the slope for the
calculation of Dy;- (Fig. S5, ESIt). The obtained values are
summarized in Fig. S6 and Table S2 (ESIf). In all the analysed
cells, Dy;+ exhibits the highest value in correspondence of the
reduction peak R1 at 2.2 Vvs. Li'/Li and decreases at the second
discharge step associated with peak R2 at 1.95 V vs. Li'/Li
(Fig. S6 in the ESIt). This behaviour can be ascribed to the
presence of a high concentration of soluble species with high
ionic mobility, such as long-chain polysulfides, at R1. On the
contrary, at R2, the most abundant species are short-chain
polysulfides, which exhibit low solubility and low ionic
mobility. The obtained data reveal that, compared to the pris-
tine Celgard, all the COF-modified separators increase Dy ;- due
to the confined transportation of Li* within the one-
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dimensional (1D) channels featured by COF structures.’
However, among the investigated LSBs, the highest D, ;- values
were obtained in the cell based on the KS60@Celgard separator
(1.6 x 1077 cm® s~ " at 2.2 V vs. Li/Li). This result suggests that
KS60@Celgard allows selective sieving of Li".*
Electrochemical impedance spectroscopy measurements
were further conducted on new cells in the 500 kHz to 100 mHz
frequency range at the open circuit voltage (OCV) state, before
the first CV cycle and after each CV cycle recorded at a voltage
scan rate of 0.1 mV s~ (Fig. 2e-h). The resulting Nyquist plots
were used to gain information on the charge transfer processes
at the electrode/electrolyte interface. As shown in Table S3 in
the ESI,f all the Nyquist plots were fitted with an appropriate
equivalent circuit based on the following circuit elements: R.,
representing the electrolyte resistance and general series resis-
tances; R; and C; (or Q;), representing the resistance and
capacitance (or constant phase element, CPE) related to the
charge transfer processes at the electrode/electrolyte interface;
an additional R,Q, element at low frequency associated with
the semi-finite diffusion of Li*, and a final Qg element, rep-
resenting a CPE associated with the diffusion processes of redox
species.’®” The EIS response substantially varies moving from
the initial OCV state to the end of CV cycling. For all the studied
LSBs, the total Ry, given by the sum of the various resistances,
decreases drastically. Interestingly, R, reaches values as low as
6.1 £ 0.1 and 6.2 £ 0.2 Q in the case of the cells based on
KS60@Celgard and K60@Celgard separators, respectively, after
5 CV cycles. Furthermore, the phase angle Bode plot, shown in
Fig. S7 (ESI{), provides insight into the Li" diffusion processes
occurring in the cells. In particular, more negative values of
phase angle in the low frequency region indicate rapid Li"
diffusion.®® The battery based on the KS60@Celgard separator

This journal is © The Royal Society of Chemistry 2024
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reaches the most negative phase angle of —51° at 0.1 Hz, while
the use of Celgard, K60@Celgard and KS80@Celgard separators
results in higher values, i.e. of —21°, —22° and —43°, respec-
tively. Considering that the investigated cells differ only in the
composition of the separator coating, these data indicate that
the KS60@Celgard separator can efficiently ensure optimal Li"
diffusion, outperforming the other separators.***® The combi-
nation of EIS and CV data supports that the KS60@Celgard
separator is the most efficient one in enabling selective Li"
sieving.

The effect of the different separators on the LSB perfor-
mances was then studied through GCD measurements. Fig. 3a
shows the GCD profiles recorded at C10 rate (1C = 1672 mA
g5~ ") for LSBs based on the investigated separators (average
sulphur loading ~2 mg cm™? and E/S ratio = 15 uL. mgg ™~ '). The
GCD profiles are reported after 3 GCD cycles to ensure that the
cells were sufficiently activated by appropriate electrode
formation processes, allowing a reliable comparison of their
performances. For all the investigated cells, it is possible to
distinguish the two voltage plateaus, at ~2.3 and ~2.1 V, typi-
cally displayed by LSBs during their discharge. This discharging
behaviour is well reversed during the charging step. The plateau
at the highest voltage is generally associated with the formation
of long-chain polysulfides (Li,Sy, 4 = x = 8), which are then
reduced to low-order insoluble Li,S, and Li,S during the second
voltage plateau.”*®® The cells based on Celgard, KS60@Celgard,
K60@Celgard and KS80@Celgard separators show an initial
specific discharge capacity of 879, 1050, 1072 and 906 mA h
g5~ !, respectively. Interestingly, all the COF-modified separator
coatings induced an increase of the specific discharge capacity
compared to the cell based on pristine Celgard. Thus, at low C-
rate, the specific discharge capacity is highly influenced by the
ability of the separator to trap high-order polysulfides: the
presence of the COF porous structures ensures efficient

View Article Online
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polysulfide trapping, leading to high coulombic efficiency for
the LSB conversion processes, without compromising Li"
transport (see EIS and CV analyses).®*"* This evidence can be
explained by the presence of additional pore channels in the
COF structures. New diffusion pathways in the modified sepa-
rators can effectively hinder and retard the polysulfide migra-
tion and shuttle, with a positive effect on the Li* transport in the
rest of the separator, and thus, on the overall electrochemical
performance of the cell.> Scan rate-dependent CV analysis
demonstrated that the COF-modified separators, in particular
KS60@Celgard, can promote the diffusion of Li* (see Fig. 2a-d).
In particular, polysulfide diffusion is affected by the chemical
environment in the COF nanochannels.*> Compared to poly-
sulfides, Li" is less sterically hindered and positively charged.
Thus, it can rapidly diffuse in the COF pores.**** Furthermore,
the cell overpotentials at the second discharge plateau are 130,
140, 220 and 170 mV for the cells containing pristine Celgard,
KS60@Celgard, K60@Celgard and KS80@Celgard separators,
respectively. Low values of overpotential can be associated with
the efficient conversion of the long-chain polysulfides.*® The
data clearly indicate that COF KS1 facilitates polysulfide
conversion processes, essentially acting as a catalyst for these
reactions. Conversely, COF K1 seems to primarily function as
a polysulfide retainer. Notably, a high content of COF KS1 on
the separator causes an increase of the cell overpotential and
a decrease of the cell capacity. Based on the previous CV and EIS
analyses, an excessive content of COF KS1 can decrease Dy ;- and,
thus, the total charge transfer resistance and the specific
discharge capacity of the corresponding cell.

Fig. 3b-e display the rate capability of the investigated LSBs,
screening C-rates from C10 to 1C. Table S4 in the ESIT lists the
specific discharge capacity measured at each C-rate. At low C-
rate, the cells with the COF-modified separators displayed
higher specific discharge capacities (i.e., 933, 1028, 733 mA h
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Fig. 3 (a) GCD profiles recorded at C10 of the LSBs (sulphur loading: ~2 mgs cm™~2; E/S ratio: 15 uL mgs 2, electrode geometric area: 1.54 cm?)
containing pristine Celgard, KS60@Celgard, K60@Celgard and KS80@Celgard separators. Rate performance from C10 to 1C of the Li-S batteries
containing (b) pristine Celgard, (c) KS60@Celgard, (d) K60@Celgard and (e) KS80@Celgard separators.
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g5 ! for KS60@Celgard, K60@Celgard and KS80@Celgard
separators at C8) compared to the cell based on pristine Celgard
(704 mA h g5~ " at C8), thanks to their ability to efficiently trap
the long-chain polysulfides, thus, ensuring high S utilization. By
increasing the C-rate, significant differences can be detected
between the performances of cells based on different COF-
modified separators. In particular, at 1C, the use of K60@Cel-
gard and KS80@Celgard separators substantially reduces the
specific discharge capacities to 44 and 150 mA h g5, respec-
tively. In fact, at high C-rate, the capacity is strongly affected by
the Li* transport.®** Although K60@Celgard and KS80@Cel-
gard separators can efficiently alleviate the polysulfide shuttle,
they also slow down the transport of Li*, as proved by the phase
angle Bode plot and Dy;+ analyses. The use of the KS60@Celgard
separator ensures high specific discharge capacities at all the
investigated C-rates, confirming a dual functional role of KS
COF as a polysulfide retainer and a Li" sieve. Another important
parameter for the LSBs is the discharge capacity loss, calculated
from the discharge capacity ratio among the last discharge of
the first and last GCD cycles acquired at C10. The discharge
capacity loss is 17.5%, 6.4%, 0.3% and 15.5% for the cell based
on pristine Celgard, KS60@Celgard, K60@Celgard and
KS80@Celgard separators, respectively, indicating a satisfactory
cyclability for the investigated LSBs, whose structural integrity
is therefore preserved even after high-rate operation.®

Fig. 4 and S8 (ESIf) show the complete stability test and
selected GCD profiles measured at C5 over 190 GCD cycles for
the LSBs based on pristine Celgard, KS60@Celgard, K60@Cel-
gard and KS80@Celgard separators, respectively. The
measurements were performed after cell activation at low C-
rates to ensure reproducible behaviours. For the cell based on
pristine Celgard, the specific discharge capacity decreased
significantly in the first GCD cycles, until stabilizing after ca. 20
GCD cycles. After the same number of GCD cycles, the specific
discharge capacities of the cells based on KS60@Celgard and
K60@Celgard separators reached their maximum values. This
behaviour can be associated with the prolonged diffusion
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Fig. 4 Specific discharge capacity and coulombic efficiency over 190
GCD cycles at C5 measured for LSBs based on pristine Celgard,
KS60@Celgard, K60@Celgard and KS80@Celgard separators.

25366 | J Mater. Chem. A, 2024, 12, 25359-25370

View Article Online

Paper

pathway from the cathode to the anode side when the func-
tional COF coating is added to Celgard.” All the batteries dis-
played excellent cyclability for 190 GCD cycles with an average
oulombic efficiency between 98 and 99%. The most performant
cell based on KS60@Celgard (sulphur loading of 2.4 mgs cm™?)
has shown the highest specific discharge capacity of 850 mA h
gs ! with 74.1% retention of its maximum specific discharge
capacity after 190 GCD cycles.

Overall, the high specific discharge capacity at all the
investigated C-rates, the capacity retention and coulombic effi-
ciency of the cell based on the KS60@Celgard separator are
explained by the ability of this separator to adsorb polysulfides
and electrocatalytically promote the conversion of sulphur
species, alleviating the shuttle effect and excessive conversion
reaction overpotentials.®® Based on literature data, Table S5t
reports the comparison between the performances of different
LSBs based on COF-based functional separators. Notably, this
analysis evidences that most of the investigations on LSBs at the
laboratory scale are performed using cathodes with low sulphur
loading below 2 mgg cm ™2, leading to low absolute energies that
are not adequate for practical cells,*”*® although resulting in
higher specific discharge capacities compared to those reported
in our work. Considering the high sulphur loading used in the
present study, we believe that the performances of the fabri-
cated LSBs, achieved with flat current collectors, are significant
in the field.

Ex situ post mortem analysis

After 190 GCD cycles at C5, the tested LSBs were disassembled
in the charged state. Post mortem analysis was then performed
through ex situ XPS characterization of the Celgard and COF-
modified separators, assessing their surface compositions.
Fig. 5 shows the S 2p core level spectra for all the investigated
separators. Deconvolution was performed to distinguish the
contribution from Li,S, (Li,S, terminal S-Li, bridged S-S) and
elemental sulphur (Sg), as well as oxidized species such as -SOy,,
and -SO,CFj, the latter deriving from the lithium LiTFSI elec-
trolyte additive.****”* The binding energies and atomic
percentage of the sulphur species corresponding to the decon-
voluted bands are reported in Table S6 (ESIf). When COF-
modified separators are used, the bands for Sg and bridged S-
S are red-shifted compared to those measured for pristine Cel-
gard. This indicates an increased average oxidation state of
sulphur, namely more abundance of long-chain Li,S,, because
of the catalytic activity of the COFs towards the LSB conversion
processes (Table S67).*%” Interestingly, the ratio between the
atomic content of S species corresponding to Sg and Li,S, bands
varies as a function of the employed separator. In particular, it
isca. 1:5,1:2,1:4 and 1:4 for pristine Celgard, KS60@Cel-
gard, K60@Celgard and KS80@Celgard separators, indicating
that the redox reversibility of the different species depends on
the characteristics of the separator.”>’* The KS60@Celgard
separator ensures the highest atomic ratio of S species corre-
sponding to Sg and Li,S,, demonstrating its electrocatalytic
activity towards the LSB conversion processes, enabling an
efficient oxidation of Li,S, to Sg.**

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Ex situ XPS spectra for S 2p core levels of (a) pristine Celgard, (b) KS60@Celgard, (c) K6O@Celgard and (d) KS80@Celgard separators,
obtained by disassembling the corresponding LSBs in the charged state after 190 GCD cycles. SEM images of Li anodes obtained by dis-
assembling the LSBs, containing (e) pristine Celgard, (f) KS60@Celgard, (g) K60@Celgard, and (h) KS80@Celgard separators, in the charged state

after 190 GCD cycles.

Additionally, morphological post mortem analysis was con-
ducted on both Li anodes and separators by means of SEM
measurements. It is well known that the shuttle of polysulfides
corrodes the Li metal anode, leading to the depletion of active Li
and exacerbating unevenness in the anode.” Once polysulfides
diffuse to the anode side due to concentration gradients, they
can rapidly react with the Li anode, forming insoluble species
such as Li,S at the solid electrolyte interface (SEI).

This process contributes to increased SEI inhomogeneity,
uneven Li plating/stripping and the formation of Li dendrites.
Ultimately, the reaction between polysulfides and dendritic Li
damages the original anode structure and yields inactive Li.”””
Fig. S91 shows the smooth surface of a standard fresh Li anode,
while the comparison with those extracted from the cycled LSBs
containing pristine Celgard, KS60@Celgard, K60@Celgard and
KS80@Celgard separators is reported in Fig. 5e-h. In all cases,
the anode surface morphology normally differs from the fresh Li
because of repeated Li plating/stripping occurring during long-
term GCD cycling. In particular, when the pristine Celgard
separator is used, the Li anode evidences a highly inhomoge-
neous surface, with the deposition and growth of a large number
of Li dendrites along with pits on the anode surface (Fig. 5e).”%7
Differently, for the anodes of the LSBs based on KS60@Celgard,
K60@Celgard and KS80@Celgard separators, the Li deposited
after subsequent GCD cycles forms more uniform layers, espe-
cially when KS1 COF is used, without visible Li dendrite forma-
tion (Fig. 5f-h). Thus, the morphological post mortem analysis
provides evidence that the modification of the separator by COF-
based coatings reduces the polysulfide shuttle, which, in turn,
mitigates the corrosion of the Li anode. Additionally, Fig. S10f
shows that Li dendrites accumulated in the pristine Celgard
separator, while no morphological modification occurred on
KS60@Celgard, K60@Celgard and KS80@Celgard separators.

This journal is © The Royal Society of Chemistry 2024

Conclusion

In summary, we have fabricated COF-modified separators for
LSBs using two Kagome shaped imine-based COFs, differing in
the nature of the linker. We found that the two developed COFs
significantly alleviate problems associated with the polysulfide
shuttle and Li dendrite growth, extending the cycle life of the
resulting LSBs. The use of the KS60@Celgard separator, based
on coating with 60 wt% of COF with the thienothiophene linker,
allows us to design and fabricate porformant LSBs with
a specific discharge capacity of 850 mA h g5~ * at C5 and a 74.1%
capacity retention after 190 GCD cycles, using a cathode with
a sulphur loading of 2.4 mgs cm 2. In addition, the proposed
LSBs have an extraordinarily high Dy;+ of 1.6 x 1077 em® s,
measured at the first cathodic peak, as well as the lowest Sg:
Li,S, content ratio, as confirmed by the ex situ post mortem XPS
analysis of the separators, obtained by disassembling charged
LSBs after 190 GCD cycles. These results demonstrate that the
shuttle effect mitigation is accompanied by an efficient oxida-
tion of Li,S, to Sg (electrocatalytic effect), i.e., high sulphur
utilization. In parallel, the equivalent separator modified with
a coating based on 60 wt% COF K1, carrying a phenyl linker,
results in LSBs with a specific discharge capacity of 599 mA h
gs ', while the use of a higher content (80 wt%) of KS1 COF in
the separator reduces the performances of the corresponding
LSB (e.g., specific discharge capacity of 577 mA h gg™ '), under
the same operating conditions (C5). Additionally, post mortem
SEM analysis on the Li anodes recovered after cycling indicates
that, differently from the case of pristine Celgard, the
KS60@Celgard separator significantly mitigates polysulfide
shuttle, as proved by the absence of Li dendrite growth. Overall,
electrochemical investigations and ex situ post mortem XPS and
SEM analyses elucidated the correlation between the nature of
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the linker in the COF structure, the overall COF content in the
separator and the performance of LSBs based on COF-modified
Celgard separators. Overall, this work casts light onto the
cooperativity among the polysulfide retention, the selective Li"
sieving and the electrocatalytic properties of COF-modified
Celgard separators for LSBs, paving the way towards the use
of layered porous materials in high-performance LSBs.
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