lonics (2021) 27:1087-1099
https://doi.org/10.1007/511581-020-03870-5

ORIGINAL PAPER ;.)

Check for
updates

lon-selective PEDOT:PSS-decorated separator as a potential
polysulfide immobilizer for lithium-sulfur batteries

Haritha Hareendrakrishnakumar’ - Reshma Chulliyote' - Mary Gladis Joseph'

Received: 24 August 2020 /Revised: 11 November 2020 / Accepted: 3 December 2020 / Published online: 7 January 2021
© The Author(s), under exclusive licence to Springer-Verlag GmbH, DE part of Springer Nature 2021

Abstract

PEDOT:PSS is one of the most investigated and broadly exploited conducting polymers with extensive applications. In this
work, we present lithiated PEDOT:PSS-coated Celgard (Li*-PEDOT:PSS@CG) separator for Li-S battery to alleviate the so-
called shuttle effect, which is alleged to be a major bottleneck in Li-S chemistry. The Li*-PEDOT:PSS@CG separator possesses
a dual role, concurrently inhibit polysulfide shuttling and promote Li* selective diffusion. The negatively charged sulfonic acid
groups present in PSS function as an electrostatic screen towards the soluble higher order polysulfides via coulombic repulsion,
whereas the strong electronegative atoms (O and S) present in PEDOT render chemical interactions and form a chelated
coordination structure with insoluble lithium sulfides. The dual shielding effect proffered by Li*-PEDOT:PSS@CG effectively
suppresses the polysulfide shuttling process by arresting the migrating polysulfides within the cathode compartment of the cell.
Furthermore, the Li*-PEDOT:PSS@CG membrane holds excellent electrolyte wettability, ionic conductivity and interfacial
properties. The Li-S cell containing Li*-PEDOT:PSS@CG separator unveiled substantial improvement in the electrochemical
performance, suppressed polysulfide shuttling and anti-self-discharge properties. The cell displays an initial discharge capacity of
1096 mAh g ' at 0.5C, and a capacity retention of 911 mAh g~ over 500 cycles with an areal sulfur loading of 4.1 mg cm .

Keywords Lithium-sulfur battery - Polysulfide shuttling - Modified separator - Lithiated PEDOT:PSS - Lithium ion selectivity

Introduction

The present lithium-ion technologies are still inadequate to
satisfy the ever-increasing market exigencies of portable elec-
tronics, electrified transportation and grid storage applications
[1, 2]. The rechargeable lithium-sulfur (Li-S) batteries have
been envisaged as one of the most attractive alternatives for
the next-generation energy storage systems due to its extreme-
ly high theoretical capacity (1675 mAh g ') and energy den-
sity (2600 Wh kg_l) [3, 4]. Moreover, the low cost, abundance
and environmentally benign nature of sulfur are added bonus
for realizing the Li-S battery technology [5—7]. Regardless of
these advantages, there are several technical challenges to this
system that remain unresolved. First and foremost one is
“polysulfide shuttle effect”, which arises from the dissolution
and diffusion of higher order polysulfide species (S,> ", 4 <x <
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8) from the sulfur cathode to the lithium metal anode through
the electrolyte medium [8—10] The polysulfide species reacts
with the lithium metal to form lower order polysulfides which
then migrates back towards the cathode side circuitously,
which not only results in irreversible loss of active materials
but also causes increase in interfacial resistance between an-
ode and electrolyte, resulting in poor Coulombic efficiency
and rapid capacity fading [11, 12].

Recently, researchers adopted various strategies to hinder
the so-called shuttle effect in Li-S battery. The major strategies
can be categorized into two aspects: cathode functionalization
and separator modification [9, 13, 14]. Currently, modifica-
tion of separator attained greater attention because of its ability
to restrain the S,>~ within the cathode compartment either by
physical hindrance and/or chemical bonding without affecting
the utilization of active material [15, 16]. Therefore, modifi-
cation of separator (polyolefin membranes like Celgard) with
functionalized coatings (carbon, inorganic oxides and poly-
mers) can be considered a reliable approach to achieve “shut-
tle-free” high-energy Li-S batteries [17, 18]. Among various
functional coatings on separator, conducting polymers with
functional groups are beneficial to reduce the interfacial
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resistance along with alleviating the polysulfide diffusion to-
wards anode compartment [19, 20]. Moreover, the commer-
cial Celgard separators have a hydrophobic surface, which
severely affects their electrolyte retention ability. Polymer
coating on separator makes its surface hydrophilic, thereby
improve the electrolyte uptake [21]. The presence of polar
negative groups like -SO5 and -COQO in the polymer chains
not only suppresses S,> crossover by Coulombic repulsion
but also renders Li* permselectivity via Coulombic attraction.
In addition, the presence of polar heteroatoms in the polymer
shells imparts strong interactions with S, to build chemical
bonds, thereby subdue the polysulfide dissolution [22, 23].
The separators modified with the polymers containing polar
functional groups like nafion [24], polydopamine (PDA) [25],
polyethylene glycol (PEG) [26], polyethylene oxide (PEO) [16],
polyacrylic acid (PAA) [27], polyaniline (PANI) [28], polyacry-
lonitrile (PAN) [29], sulfonated polystyrene [30], sulfonated
poly(styrene-ethylene-butylene-styrene) (SSEBS) [31], polyam-
ide acid [32] poly(3,4-ethylenedioxythiophene):poly(styrene sul-
fonate) (PEDOT:PSS) [20, 33], sulfonated poly(ether ether ke-
tone) (SPEEK) [34], carboxylate anchored polyvinyl alcohol
[35] and poly(2-acrylamido-2-methyl-1-propanesulfonate)
(PAMPS) [36] have proven efficient in improving electrochem-
ical performance of Li-S battery. The separator coated with
lithiated polymer acts as a single-ion conductor providing trans-
port channels for Li*, which further contributes to the perfor-
mance of Li-S battery. The lithiated polymers like lithiated nafion
[37], lithiated perfluorinated sulfonic acid [38], lithiated SSEBS
[31], lithiated SPEEK [34] and lithiated PAMPS [36] have been
investigated as barrier coatings to modify the commercial poly-
olefin separator. It has been reported that the lithiated polymers
with polar negatively charged functional groups selectively en-
able the passage of positively charged Li* and abate the transit of
negatively charged ions (S [39].

PEDOT:PSS is one of the most investigated and widely
used conducting polymers with wide applications, especially
as electrode material in various energy storage and conversion
devices such as solar cells, supercapacitors, fuel cells, batteries
and thermoelectric devices because it possesses a number of
unique characteristics, such as solution-processability, high
electrical conductivity (~ 4600 S cm ') and good chemical
stability [40, 41]. PEDOT:PSS has been reported as
conducting coating on sulfur cathode, functional separator
coating and conductive binder to attain enhanced electro-
chemical performance in Li-S battery [20, 42, 43]. To the best
of found knowledge, lithiated PEDOT:PSS has not been
employed as a functional separator coating in Li-S battery.
Herein, we present lithiated PEDOT:PSS-coated Celgard sep-
arator with dual role to concurrently inhibit polysulfide shut-
tling and promote Li* selective diffusion. The proton present
in the sulfonic acid group of PEDOT:PSS is exchanged with
lithium during lithiation and the resulted lithiated
PEDOT:PSS (Li*-PEDOT:PSS) holds Li* transport ability,
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thereby serves as a single-ion conductor. In addition, lithiated
form of the polymer is reported to be more effective than the
commercially available form which is acidic due to acid side
chains [21]. The Li*-PEDOT:PSS coating on the cathode side
of pristine Celgard separator (Li*-PEDOT:PSS @CG) effectu-
ally eliminates the shuttling of polysulfides as a result of “elec-
trostatic repulsion” effect offered by the negatively charged
sulfonic acid groups (from PSS) and chemical interactions
rendered by the strong electronegative atoms (from
PEDOT). Consequently, the Li-S cell employing Li*-
PEDOT:PSS@CG displays excellent electrochemical perfor-
mance and anti-self-discharge characteristics compared to the
pristine Celgard separator (CG).

Experimental section
Synthesis of lithiated PEDOT:PSS

PEDOT:PSS (3.04.0% in H,0) was procured from Sigma-
Aldrich. Lithiation of PEDOT:PSS was performed through a
simple ion-exchange process. One gram PEDOT:PSS solution
was added to a solution of 0.1 M LiOH.H,O (99.995% purity,
Sigma-Aldrich) in double-distilled water. The resulted solu-
tion was stirred for 2 h at room temperature followed by vac-
uum drying at 80 °C for 24 h to obtain Li*-PEDOT:PSS. The
chemical formula and schematic illustration of the synthesis
procedure of Li™-PEDOT:PSS was given in Figure S1.

Preparation of Li*-PEDOT:PSS-coated Celgard
separator

Li*-PEDOT:PSS was coated on the surface of Celgard sepa-
rator using a doctor blade coating method. Briefly, 33 mg of
poly(vinylidine fluoride) (PVDF), Mw ~ 534,000, Sigma-
Aldrich) as binder was dissolved in 2 mL N-methyl-2-
pyrrolidone (NMP, 99.5% purity, Sigma-Aldrich). Thirty-
three milligrams of Li*-PEDOT:PSS and 33 mg of super P
carbon (Alfa Aesar) were added to this solution and the mix-
ture was stirred for 5 h at room temperature to obtain a ho-
mogenous slurry. The obtained highly viscous slurry was
coated onto one side of Celgard 2320 membrane (CG) and
vacuum dried overnight at 60 °C. The presence of super P
carbon helps to improve electronic conductivity and favour
the adsorption of intermediate polysulfides, thereby hamper
the serious shuttling mechanism in Li-S cell. The overall
thickness of Li*-PEDOT:PSS@CG separator was around 36

pm.
Fabrication of MWCNT-sulfur composite cathode

MWCNT-sulfur MWCNT-S) composite was prepared by a
facile melt-diffusion method, by which the melted sulfur (S,
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99.998%, Sigma-Aldrich) could be impregnated into the
MWCNT (95% purity, Sigma-Aldrich) matrix via capillary
effect. Typically, elemental sulfur powder and MWCNT were
homogeneously mixed in the weight ratio of 7:3 by manual
grinding with a mortar and pestle. The homogenous mixture
was then transferred into a sealed vessel and heated at 155 °C
for 12 h under N, atmosphere. During this process, sulfur
melts and had a lowest viscosity at 155 °C so that the molten
sulfur could infuse into the 3D conductive network of
MWCNT to obtain the MWCNT-S composite. To fabricate
MWCNT-S composite cathode, a slurry containing 70 wt.%
MWCNT-S composite (containing 66 wt.% of sulfur), 20
wt.% super P carbon and 10 wt.% PVDF binder in NMP
solvent was and coated onto an aluminum foil using a doctor
blade, dried in under vacuum at 60 °C for 12 h.

Material characterization

The lithiation of PEDOT:PSS was successfully confirmed by
Fourier transform infrared spectra (FT-IR; PerkinElmer
Spectrum 100) recorded in the selected spectral range of
2000-800 cm . Zeta potential (Zetasizer Nano ZS, Malvern
ZEN3600) of Li*-PEDOT:PSS was measured in blank elec-
trolyte (1:1 v/v DOL:DME) used for electrochemical evalua-
tion. The surface morphology and chemical composition of
the CG and Li*-PEDOT:PSS@CG membranes were observed
by field emission scanning electron microscopy (SEM; FEI
Quanta FEG 200) equipped with energy-dispersive X-ray
spectroscopy (EDS) and elemental mapping. The contact an-
gle measurements were conducted at room temperature using
the non-aqueous liquid electrolyte. The sulfur content in the
MWCNT-sulfur composite cathode was calculated from ther-
mogravimetric analysis (TGA; Hitachi STA7300 thermal
analysis system) under N, atmosphere up to 800 °C with a

heating rate of 10 °C min .

Coin cell assembly

A standard 2032 type coin cell was assembled in an Ar-filled
glove box (M Braun, Germany) employing MWCNT-S com-
posite cathode with an areal sulfur loading of 3.9 mg cm 2 and
lithium metal foil anode with electrolyte solution composed of
1 M LiN(CF;S0,), (LiTFSI) in a mixture of DOL and DME
(v/v = 1:1). The cells were assembled with CG and Li*-
PEDOT:PSS@CG separators. The electrolyte-to-sulfur (E/S)
ratio was optimized to 6.4 pL/mg. Further addition of electro-
lyte results in electrolyte leakage while crimping and conse-
quently damages the cell.

Electrochemical characterization

The ionic conductivity of CG and Li*-PEDOT:PSS@CG
membranes was measured by electrochemical impedance

measurements (Metrohm Autolab, Netherlands) assembling
non-blocking cells comprised of stainless steel (SS)/mem-
brane/SS (frequency range of 1 MHz to 50 mHz at various
temperatures 0, 10, 20, 30, 40, 50, 60 and 70 °C).

The lithium ion transference number, ¢+, was calculated
by the potentiostatic polarization technique employing a sym-
metric cell (Li/uncoated and coated Celgard/Li) at 25 °C using
the formula

I (AV-1,R,) W

it 10 (AV?ISSRSS)

where /i and I, stands for the initial and steady-state current,
respectively. The interfacial resistances, R, and R, were mea-
sured from EIS analysis before and after perturbation at 10
mV. The lithium ion diffusion coefficient, D;;+, was calculat-
ed from cyclic voltammogram according to the Randles-
Sevcik equation.

I, =2.69 x 10° n'* A D+ %% Cp; 9% (2)
Here, 1, n, A, C;; and 9 represents the peak current, the

number of electrons transferred, area of the electrodes, con-
centration of lithium ions in the electrolyte and sweep rate,
respectively.

Cyclic voltammetric (CV) and electrochemical impedance
spectroscopic (EIS) analysis of the Li-S cells were performed
by using a PGSTAT302N electrochemical workstation
(Metrohm Autolab, Netherlands). The CV profiles were re-
corded at a scan rate of 0.1 mV s ' in the potential range of 1.6
to 3.0 V versus Li*/Li. The galvanostatic charge-discharge
studies (BTS-4000, Newarelab) were performed between 1.6
and 3.0 V versus Li*/Li at various currents. The calculation of
specific capacity is based on the mass of sulfur in the cathode.
The EIS measurements were performed at the open circuit
voltage (OCV), with a perturbation potential of 10 mV in a
frequency range of 0.1 to 10° Hz. The ionic conductivity of
the CG and Li*-PEDOT:PSS@CG membranes at different
temperatures were evaluated using EIS sandwiching the mem-
brane between two stainless steel blocking electrodes. The
interfacial stability of membranes against lithium electrode
was evaluated by the impedance response of symmetric Li/
CG and Li*-PEDOT:PSS@CG/Li cell at 25 °C as a function
of time. Polysulfide shuttle current was measured for Li-S cell
containing pristine CG and Li*-PEDOT:PSS@CG at 2.3 V as
described by Moy et al [41] The X-ray photoelectron spec-
troscopy (XPS, Physical Electronics, USA) analysis of lithium
anode was done for the cells containing CG and Li+-
PEDOT:PSS@CG after 100 cycles.

Polysulfide diffusion studies

The schematic representation of experimental setup used for
visual polysulfide diffusion test is presented in Figure S2.

@ Springer
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Li,S¢ solution was prepared by mixing 4:3 molar ratio of Li,S
(99.98%, Sigma-Aldrich):elemental sulfur (99.998%, Sigma-
Aldrich) in a solution of 1,3-dixolane (DOL) and 1,2-
dimethoxyethane (DME) (v/v = 1:1) in an Argon filled glove
box. The mixture was stirred at 50 °C for 12 h and the resulted
brownish red solution corresponds to the average composition
of Lizs6.

Results and discussion

PEDOT:PSS is a commercially available conductive polymer
with chemical structure shown in Figure S1. PEDOT:PSS is
available as aqueous dispersion consisting of a mixture of two
ionomers: poly(3,4-ethylenedioxythiophene) (PEDOT) and
polystyrenesulfonic acid (PSS). Among the constituent
ionomers, PEDOT is water-insoluble in nature. The solubility
issue associated with PEDOT is partially circumvented by the
addition of a water-soluble polyelectrolyte, PSS during its
polymerization. PSS also serves the role of a charge-
balancing dopant, donating some of its protons to PEDOT to
yield an aqueous dispersion of PEDOT:PSS. The
PEDOT:PSS dispersion obtained from Sigma-Aldrich
employed in this study is high conductivity grade (> 200 S
cm ). To impart the property of lithium ion selectivity to
PEDOT:PSS, the -SOsH (from PSS) are lithiated using a sim-
ple ion-exchange procedure. FT-IR spectra were recorded to
confirm the lithiation of PEDOT:PS. Figure 1 presents the FT-
IR spectra of PEDOT:PSS and Li"-PEDOT:PSS. Li*-
PEDOT:PSS displays analogous FT-IR bands to those of the
pristine PEDOT:PSS. However, lithiation of PEDOT:PSS in-
duces a shift in absorption band corresponding to the -SO;H
group of PSS towards the higher wavenumber (from 1241
em ' for PEDOT:PSS to 1287 cm ™' for Li*-PEDOT:PSS).
Such a shift in the absorption band mostly originates from

——PEDOT:PSS
——Li*-PEDOT:PSS

Transmittance (%)

1287 __.
1241

2000 1800 1600 1400 1200 1000
Wavenumber (cm™)
Fig. 1 FT-IR spectra of PEDOT:PSS and Li*-PEDOT:PSS
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the rupture of the -SO;H bond, resulting in the formation of
-SO;Li [36-38].

The digital photographs of Li*-PEDOT:PSS-coated com-
mercial CG membrane is given in Fig. 2a, b. The excellent
adhesion property of Li*-PEDOT:PSS onto the CG membrane
is illustrated by the folding test, as shown in Fig. 2¢c, d. The
surface morphology of CG and Li*-PEDOT:PSS@CG mem-
branes was observed by SEM micrographs (Fig. 2e, f). As
depicted in Fig. 2f, a dense coating of Li*-PEDOT:PSS was
wrapping the nanopores on the surface of CG. The conducting
Li*-PEDOT:PSS coating on the cathodic surface of the CG
could physically obstruct the migration of polysulfide anions
towards the anodic compartment and simultaneously augment
the transport of lithium ions [20]. The elemental mapping
of Li*-PEDOT:PSS@CG (Fig. 2h) demonstrates uniform-
ly distributed carbon, oxygen, sulfur and fluorine, which
further confirms the fine dispersion of Li*-PEDOT:PSS
with super P and PVDF binder on the surface of CG.
The cross-section SEM micrograph of Li*-
PEDOT:PSS@CG further exposes a dense structure with
a thickness of ~ 34 um (Fig. 2g).

The wettability of membranes with the electrolyte general-
ly plays a vital role in determining the electrochemical perfor-
mance of the Li-S cell such as Li" transportability and inter-
face resistance [36, 44]. Figure 3 displays the static contact
angle measurements with the sessile drop technique. The CG
membrane exhibits a contact angle of 52.6° whereas the Li*-
PEDOT:PSS@CG membrane exhibits contact angle close to
zero which indicate high wettability of the Li*-
PEDOT:PSS@CG with non-aqueous liquid electrolyte. The
increased wettability of the Li*-PEDOT:PSS@CG results
from the presence of hydrophilic -SO3;~ group on Li*-
PEDOT:PSS. The polar electrolyte droplet is immediately
absorbed by the hydrophilic group (-SO3") to build large clus-
ters in the polymer domain, thereby increases the wettability
of' the separator [45, 46]. The wettability study affirms that the
Li*-PEDOT:PSS coating can attune the surface characteristics
of CG and can lend hydrophilicity.

To validate the “electrostatic repulsion” effect offered by
Li*-PEDOT:PSS @CG membrane towards the polysulfide an-
ions, zeta potential was measured for Li*-PEDOT:PSS using
blank electrolyte (1:1 v/v DOL:DME). The zeta potential of
Li*-PEDOT:PSS was found to be — 43.5 mV as shown in
Figure S3, affirming the driving force between Li*-
PEDOT:PSS and lithium polysulfides. Since the polysulfides
subsist as anionic in the electrolyte and Li*-PEDOT:PSS is
negatively charged, a repulsive force rises between Li*-
PEDOT:PSS and polysulfide anions [47]. Thus, Li*-
PEDOT:PSS coating can induce a permselective nature to
the separator, thereby trapping the polysulfides within the
cathode side, as illustrated in Scheme 1.

The PEDOT:PSS with abundant -SO;~ groups (from PSS)
can confine the soluble lithium polysulfides (Li,S,, 4 <n <8)
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through mutual coulombic repulsion. On the contrary, the
strong electronegative atoms (O and S) present in the
PEDOT can bind strongly with insoluble lithium sulfides
(Li,S, and Li,S) through coordination-like interactions
among the lone pairs on electronegative atoms and the lithium
present in Li,S,/Li,S [33]. The existence of such Li-O and Li-
S interactions is confirmed by using XPS analysis, which is
identified to be extremely sensitive to the chemical environ-
ment [48]. It is clear from Fig. 4a that the Lils XPS spectrum
of pristine Li,S can be fitted using a single peak with a binding
energy of 55.2 eV, corresponding to Li-S bond. On the con-
trary, the Lils spectrum of the Li,S-PEDOT:PSS shows an
asymmetric broadening towards higher binding energy (Fig.
5b), indicating a change in the chemical environment experi-
enced by lithium. This Lils spectrum can be fitted using two
peaks: the peak at 55.3 eV corresponds to the Li-S bond, while
the additional peak at 56.5 ¢V can be ascribed to Li-O inter-
action in the Li,S-PEDOT:PSS [49].

To visually confirm the polysulfide rejection ability of CG
and Li*-PEDOT:PSS@CG membranes, polysulfide diffusion
tests were conducted (Figure S4). With the passage of time,
Li,Sg solution inside the small vial diffuses through the mem-
brane into the blank electrolyte-bearing large vial [31] As fore-
seen, the pristine CG membrane could not restrain the
polysulfides inside the small vial owing to its porous nature,
consequently colourless blank electrolyte in the large vial turns
into yellow over a period of 10 h. On the other hand, Li*-
PEDOT:PSS@CG membrane effectively hampers the polysul-
fide crossover, as we could not spot any yellow coloration in
blank electrolyte even after a period of 50 h. The extraordinary
polysulfide rejection ability of Li*-PEDOT:PSS@CG could be
ascribed to the coulombic repulsion provided by the negatively
charged -SO5™ group present in Li*-PEDOT:PSS [50].

The lithium ion conductivity as a function of inverse tem-
perature for CG and Li*-PEDOT:PSS@CG were measured
and shown in Figure S5. Regardless of the membrane used,

Fig. 4 XPS spectra of the Lils
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Fig. 5 (a) CV curves, (b) initial charge-discharge profiles, (c) the cycle
performance and coulombic efficiencies of Li-S cells with CG and Li*-
PEDOT:PSS@CG at 0.1C, (d) rate capability studies of Li-S cell with CG

the ionic conductivity rises with rising temperature. The in-
creased ionic conductivity of Li*-PEDOT:PSS@CG com-
pared to CG membrane was accredited to the higher uptake
of electrolyte by the hydrophilic -SO5™ group present in the
Li*-PEDOT:PSS coating [51]. The lithium ion transference
number (z,) was calculated from chronoamperometry and
EIS analysis, employing Eq. (1). The chronoamperometric
curves of Li/membrane/Li symmetric cells were recorded till
it reached steady state and presented in Figure S6 (Inset: EIS
spectra of the cells before and after DC polarization with a bias
voltage of 10 mV) [52]. For Li*-PEDOT:PSS@CG separator,

and Li*-PEDOT:PSS@CG, (e) the cycle performance and coulombic
efficiencies of Li-S cell with Li*-PEDOT:PSS@CG at 0.5C

the obtained ¢, value is 0.72, which is almost twofold higher
than the CG separator (0.38). Lithium ions usually exist as
solvated Li*-ether molecules in the ether-based electrolytes,
which is much larger than TFSI ions. These larger solvated
molecules suppress the transport of Li*, thereby relatively
lower ¢, values [53]. Meanwhile, the high #, for the cells with
Li*-PEDOT:PSS@CG can be ascribed to the -SO5~ group
present along the Li*-PEDOT:PSS chain, which is well-
known for its ether coordination sites to promote the dissoci-
ation of Li*-ether molecules facilitating the transport of Li*
[35, 36]. In order to determine the interfacial stability of CG

@ Springer
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and Li*-PEDOT:PSS@CG membranes with lithium metal, a
symmetrical Li/membrane/Li cell was assembled and its inter-
facial resistance, R;, was measured as a function of time at 25
°C and illustrated in Figure S7. The symmetric cell assembled
with PEDOT:PSS@CG membrane demonstrated lowest R;.
This observation provides additional support to the earlier
observations for ionic conductivity studies and #;;+
calculations.

The electrochemical performance of Li-S cell with CG and
Li*-PEDOT:PSS @CG membranes was evaluated by CV, gal-
vanostatic charge-discharge and EIS measurements. Cyclic
voltammograms of Li-S cells with CG and Li*-
PEDOT:PSS@CG are shown in Fig. 5a. The cathodic sweep
presents two peaks, one around 2.3 V (peak 1) and another
around 2 V (peak 2). Peak 1 arises from the conversion of
cyclo-Sg to soluble higher order polysulfides (Li,S,, 4 <n <
8). Peak 2 is the main peak in the cathodic sweep correspond-
ing to the reduction of higher order polysulfides into lower
order lithium sulfides (Li,S,/Li,S), which will deliver signif-
icant portion of cell’s capacity. During anodic sweep, a
splitted oxidation peak is observed around 2.4 V (peak 3);
the first peak is due to conversion of Li,S,/Li,S to Li,S,
(where 4 <n <8) and the next peak is due to further oxidation
of Li,S,, (where 4 < n < 8) to Sg [27, 31]. The cell with CG
membrane displayed broad cathodic and anodic peaks due to
the sluggish nature of the conversion kinetics [54]. In contrast,
the cells with Li*-PEDOT:PSS@CG membrane presented
well-defined redox peaks with an increased current density
compared to the cells with CG membrane, indicating an im-
proved conversion reaction kinetics and active material utili-
zation [55].

Furthermore, diffusion coefficient of lithium ions (D;;+ )
was calculated from cyclic voltammogram using Eq. (2). The
calculated values are tabulated in Table 1 and it is evident
from the calculated values that diffusion coefficients for Li*-
PEDOT:PSS@CG separator are at least one order of magni-
tude larger than CG. The above result suggests that the Li*-
PEDOT:PSS@CG separator renders an improved Li" trans-
portability compared to pristine CG, thus anticipating substan-
tial enhancement in the specific capacity and rate capability.

The initial galvanostatic charge-discharge profiles for Li-S
cells containing CG and Li*-PEDOT:PSS@CG separator at
0.1C rate are shown in Fig. 5b. The plateaus observed in the

Table 1  Lithium ion diffusion coefficients calculated for Li-S cells with
CG and Li*-PEDOT:PSS@CG separator

Dy (s CG Li*-PEDOT:PSS@CG
Peak 1 484 %1077 330x10°°
Peak 2 1.09 x 1077 9.10x10°°
Peak 3 471 %1077 3.68x10°
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charge-discharge profiles correlates closely with the peak po-
sitions in the cyclic voltammogram. Two distinct plateaus are
identified in the discharge profile, first one with upper plateau
voltage corresponds to the reduction of cyclo-Sg to soluble
higher order PSs (Li,S,,, 4 <n < 8), which is a kinetically fast
process. The second plateau at lower voltage results from the
conversion of higher order polysulfides to Li,S,/Li,S, which
is a kinetically sluggish process contributing to nearly 75% of
cell’s capacity. The voltage hysteresis (AE) between the
discharging and charging curve (at the second discharge pla-
teau) for Li-S cells with CG and Li*-PEDOT:PSS@CG are
0.34 and 0.18 V, respectively, for the first cycle. The lower
AE value for Li-S cell with Li*-PEDOT:PSS@CG indicates
lower electrochemical polarization rooted from the improved
ionic and electronic conductivity of the Li*-PEDOT:PSS
coating layer. The high ionic conducting channels in Li*-
PEDOT:PSS were offered by the sulfonate groups present
in its chemical structure [56]. The absence of such ion-
conducting functional groups in the case of pristine CG
engenders an increased polarization, which in turn leads
to decreased discharge capacity [57]. The Li-S cells
containing CG and Li*-PEDOT:PSS@CG separator
delivered an initial discharge capacity of 697 and 1357
mAh g~ with 41.6 and 81% sulfur utilization, respectively.
The high initial discharge capacity of cells with Li*-
PEDOT:PSS@CG is ascribed to good ionic conductivity
of Li*-PEDOT:PSS coating, which provide a larger conductive
surface for the conversion of soluble polysulfides to insoluble
Li;S, (n <2) [58].

Figure Sc compares the cycling performance and coulom-
bic efficiency of Li-S cells containing CG and Li*-
PEDOT:PSS@CG separators at a current density of 0.1C. It
is clear from Fig. Sc that the Li-S cell assembled with Li*-
PEDOT:PSS@CG provides higher discharge capacity than
the cell assembled with CG membrane. The poor capacity
retention exhibited by the Li-S cell assembled with CG
(68% capacity retained after 100 cycles) might be due to the
polysulfide shuttle effect, which occurs as a result of smooth
passage of higher order polysulfides in the size range of 1-
1.8 nm through the microporous CG separator towards the
lithium metal anode. At the same time, the cell made of Li*-
PEDOT:PSS@CG separator exhibits a capacity retention of
90.4% (1227 mAh g_l) at 100th cycle. The high capacity
retention noticed in the case of Li*-PEDOT:PSS@CG is at-
tributed to the presence of -SO3™ groups (from PSS) which
impart PS repulsion ability together with the polar interaction
of electronegative atoms (from PEDOT) with lower order lith-
ium polysulfides [20, 34]. Besides, Fig. Sc¢ shows an improve-
ment in coulombic efficiency of Li-S cell when Li*-
PEDOT:PSS@CG separator is employed. The high coulom-
bic efficiency is an indirect indication of high ionic selectivity
and low capacity loss [59]. The observed high coulombic
efficiency arise from the permselectivity of Li*-PEDOT:PSS
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coating, which selectively permeates lithium ions and effec-
tively blocks the polysulfide anions.

The rate capability studies were conducted to compare the
performance of Li-S cells with CG and Li*-PEDOT:PSS@CG
separators at different current densities from 0.1 to 3C (Fig. 5d).
Consequent cycles at 0.1, 0.2, 0.5, 1, 2 and 3C rates delivered
capacities of 1336, 1196, 1099, 952, 750 and 520 mAh g_],
respectively, for Li*-PEDOT:PSS@CG separator. When the
C-rate was reverted back from 3C to 0.2C, a reversible capacity
of 1170 mAh g, i.e. 97.8% of the original capacity, was
achieved. On the other hand, pristine CG separator provided
discharge capacities of 699, 578, 485, 377, 199 and 36 mAh
gﬁl, respectively, at 0.1, 0.2, 0.5, 1, 2 and 3C. When the dis-
charge current was switched back from 3 to 0.2C, a reversible
capacity of 490 mAh g ', i.e. only 84.7% of the original ca-
pacity, was recovered. The excellent stability at different C-
rates for Li-S cells with Li*-PEDOT:PSS@CG can be attribut-
ed to the effective confinement of polysulfides within the cath-
ode compartment [20]. The cycling performance of Li-S cell
with Li*-PEDOT:PSS@CG separator at 0.5C is shown in Fig.
Se. Over 500 cycles, a capacity retention of 83.1% (from 1096
to 911 mAh g') is obtained, revealing its outstanding cycling
stability. Furthermore, all the coulombic efficiencies maintain
above 97%.

To gain additional insight into the influence of the Li*-
PEDOT:PSS coating on the separator, EIS measurements were
carried out for Li-S cells with CG and PEDOT:PSS@CG sepa-
rator. These measurements were conducted for freshly prepared
cells and cycled cells (after 100 cycles). The Nyquist plots
displayed one or two semicircles in the high-to-medium frequen-
cy range and an inclined line in the lower frequency range (Fig.
6a, b). The high frequency intercept represents the bulk or solu-
tion resistance (R,) of the cell, which includes resistance for ion
transport in the electrolyte and cell components. A single semi-
circle displayed by Li-S cell with CG corresponds to the charge-
transfer resistance (Ry). At the same time, two discrete semicir-
cles are presented by Li-S cell with Li*-PEDOT:PSS@CG; the
first semicircle in the high frequency range is associated with the
interface contact resistance (Ry,) offered by the coating layer and

electrode bulk, while the second semicircle in the medium fre-
quency range corresponds to the R [60]. Based on the above
discussion, we proposed an equivalent circuit model using
ZSimpWin software as shown in the inset of Fig. 6a, b. In the
proposed circuit model, R;,//CPE; is the interphase contact re-
sistance and its related capacitance (Y; and n; are CPE;, ele-
ments). R.//CPEy is the charge-transfer resistance and its related
capacitance (Y, and n, are CPEy elements), which reflects the
charge-transfer process at the interface between the conductive
coating and the electrolyte. CPE;sis the diffusion impedance (Y3
and n5 are CPEg;s elements), which represents lithium ion diffu-
sion process [61].

Table 2 lists the fitted values for all of the equivalent circuit
elements. It is evident from the fitted values for the equivalent
circuit elements that the Li-S cell with Li*-PEDOT:PSS@CG
exhibited reduced R, and R values than the cell with CG
membrane. The considerably lowered R value for the Li-S
cell containing Li*-PEDOT:PSS@CG is conjoined with the
enhanced lithium ion conductivity and electrolyte retention
ability, which stem from the -SO3~ groups present in the Li*-
PEDOT:PSS coating [62]. Besides, the reduced R, value con-
tributed to the enhanced electrode reaction kinetics [31].
Furthermore, a considerable reduction is observed in Rj,;
and CPEy;; elements of the cycled cells with Li*-
PEDOT:PSS@CG separator, which indicates better lithium
ion diffusion ability. This is due to the reason that the Li*-
PEDOT:PSS-coated separator can hold much more electrolyte
within the separator facilitating fast ion transport [62]. The
above EIS results can be deemed as a further support for the
better cycling performance and rate capability offered by the
Li-S cell assembled with Li*-PEDOT:PSS@CG separator.

The static electrochemical stability of Li-S batteries is usu-
ally expressed in connection with their self-discharge charac-
teristics, which is an important parameter to be considered for
both lab-scale testing and commercial applications [63]. In the
case of Li-S battery, the self-discharge rate is considerably
more than in conventional lithium-ion batteries and it leads
to rapid capacity fading. The diffusion and side reactions of
polysulfides with lithium metal anode are believed to be the

Fig. 6 Electrochemical 1404 = Dbefore cycling raw data 1404 = bef li dat
impedance spectra of Li-S cells —fitted data (a) ﬁft:ﬁ::y: na e (b)
with (a) CG and (b) Li*- 1204 # after cycling awdata 1204 4 after cycling raw data
PEDOT:PSS@CG separators be- ==<sfilediotn fitted data
fore and after cycling E1 00+ CPE, E1 00 CPE,,  CPE,
< 80 [QF e £ 80- @h [oh e
5 s [y Hel
N 60 4 Re Re N 60 Re Rin R
40. 40-
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Table 2 Fitted values for the equivalent circuit elements by simulation of impedance spectra in Fig. 6a, b

Re CPEiy Rint CPEqg Rt CPEg¢
() () —_— @
Y] ny Y2 ny Y? ns
@' @' @'
CG before cycling 9.53 - - - 9.09E-5 0.85 120.3 3.64E2 0.61
CG after cycling 4.39 - - - 2.68E-5 0.80 72.14 3.45E2 0.56
Li*-PEDOT:PSS@CG before cycling 8.18 2.26E-5 0.87 54.48 4.04E-5 0.74 15.54 8.14E2 0.56
Li*-PEDOT:PSS@CG after cycling 3.97 6.31E-6 0.84 7.42 1.77 E-5 0.65 6.43 1.70E-2 0.49

major cause for high self-discharge rate in Li-S battery [64].
To evaluate self-discharge characteristics of Li-S cells con-
taining CG and Li*-PEDOT:PSS@CG separators, the OCV
of the cells was monitored according to time and displayed in
Figure S8a. The OCV of Li-S cell containing CG membrane
swiftly drops to 2.14 V in 45 h, i.e.78.3% capacity retention,
while the cell containing Li*-PEDOT:PSS@CG maintained a
high value of OCV (2.46 V) with a capacity retention of
87.2%. To gain an insight into the effect of self-discharge on
cell’s performance, the galvanostatic charge-discharge mea-
surements were performed for Li-S cells containing CG and
Li*-PEDOT:PSS@CG separators [31]. After 10 continuous
charge-discharge cycles, the cells were kept idle for 72 h,
and then further cycled. During the first discharge after idle
time (11th cycle), the cell containing pristine CG membrane
exhibited a drastic decrease in capacity (Figure S8b), denoting
apparent self-discharge. The second discharge after idle time
(12th cycle) could restore only the partial capacity of the cell.
Even during further cycling studies, the capacity loss occurred
during idle condition could not be recovered completely. At
the same time, the cell with Li*-PEDOT:PSS@CG displays
no obvious loss in discharge capacity even after the idle time,
implying lower self-discharge.

Moy et al. have proposed a simple and straightforward
approach to quantify the rate of shuttling process in Li-S bat-
teries (termed as “shuttle current”) by measuring the current
flowing through the cell under potentiostatic control. Usually,
the potential of a cell gradually decreases when kept idle due
to the polysulfide shuttling mechanism. A Faradaic current
was dispensed to control the polysulfide crossover in order
to maintain a steady cell potential, which is measured as the
shuttle current. The variation of shuttle current for Li-S cells
containing CG and Li*-PEDOT:PSS@CG membranes was
measured at 2.3 V according to time (Fig. 7). The decline in
the rate of shuttle current was acquired by linearly fitting the
steady-state current region employing the equation y =mx + C,
where y, x, C and m represents current, time, y-intercept and
slope, respectively. The slope, m is an important parameter as it
is a direct indication of the shuttle current decay [65]. It is clear
from Fig. 7 that the cell containing Li*-PEDOT:PSS@CG

@ Springer

membrane produced the nominal decay of current in course of
time compared to the cell containing pristine CG membrane. The
magnitude of shuttle current also trails the similar trend, i.e. the
Li-S cell containing Li*-PEDOT:PSS@CG displays lower shut-
tle current than the cell containing CG membrane. The reduction
in shuttle current affirms the extensive elimination of polysulfide
shuttling process, which further accord with the improved elec-
trochemical performance and self-discharge characteristics of Li-
S cells with Li*-PEDOT:PSS@CG.

To further investigate the influence of Li*-PEDOT:PSS@CG
membrane in mitigating the polysulfide shuttle effect, the cycled
Li-S cells (after 100 cycles) were decrimped in an Ar-filled glove
box. The CG and Li*-PEDOT:PSS@CG separators collected
after decrimping the cells were used directly with no further
washing treatment [47]. The surface morphology and elemental
composition of both cathode and anode side of cycled separators
were examined by SEM and EDS measurements. Compared
with fresh separators (Fig. 2e, f), the cycled ones (cathode side)
exhibit more dense structure with surface deposits (Figure S9a-b)
arise out of accumulated polysulfides and electrolyte salts. The
EDS results (Figure S9e-f) reaffirm above observation. The ac-
cumulated polysulfides on the separator will barely get involved
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Fig. 7 Shuttle current measurements of cells containing CG and Li*-
PEDOT:PSS @CG membranes
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degradation of Li-S cell. Furthermore, this “dead sulfur” got
arrested in the pores and the surface of CG and eventually blocks
the lithium ion diffusion channels [66]. Figure S9¢-d displayed
the anode side SEM micrographs of pristine CG and Li*-
PEDOT:PSS@CG membranes. The effective confinement of
polysulfides within the cathode chamber by Li*-PEDOT:PSS
coating offers a relatively clean anode side surface of the separa-
tor (Figure S9g-h).

The XPS analysis was conducted for lithium metal anodes
peeled off from the two cells after 100 cycles. Figure 8 shows
the deconvoluted S2p spectra for lithium anode obtained from
Li-S cells with CG membrane (Fig. 8a) and Li*-
PEDOT:PSS@CG membrane (Fig. 8b). Both spectra present
a broad peak at ~ 168 eV, that could possibly be due to the
aerobic oxidation of sulfur species during dis-assembling the
cell [67] The relatively low intensities of the deconvoluted
peaks around 163 and 161 eV for Li*-PEDOT:PSS@CG im-
ply lower concentrations of polysulfides and Li,S, respective-
ly [68]. This observation strongly supports the proposed re-
tention mechanism of polysulfide species within the cathode
chamber for the cell with Li*-PEDOT:PSS@CG separator.

Generally, the excellent cycling performance observed for
the Li-S cells assembled with Li*-PEDOT:PSS@CG separator
could be accredited to the following reasons: (i) the negatively
charged -SO5 groups present in PSS encumber the shuttling of
polysulfide anions, at the same time accelerating the transpor-
tation of Li* across the separator (ii) the strong electronegative
atoms (O and S) present in PEDOT render chemical interac-
tions and form a chelated coordination structure with insoluble
lithium sulfides. Consequently, the Li*-PEDOT:PSS coating on
the separator offers dual shielding for migrating polysulfides.
Table S1 compares the electrochemical performance of the Li-S
cells fabricated with polymer-coated Celgard separators, with
results from the literature and from this work. It is noteworthy
that Li*-PEDOT:PSS separator with excellent capacity and
cycling stability outperforms other separator modification
strategies adopted in literature. This suggests the potential of
Li/Li*-PEDOT:PSS@CG/MWCNT-S cell configuration in
realizing a long cycle life Li-S battery.

In this chapter, we propose a novel approach of decorating
commercial separator by bifunctional lithiated PEDOT:PSS
(Li*-PEDOT:PSS@CG). Owing to strong chemical interac-
tions of PEDOT with insoluble lithium sulfides and the elec-
trostatic repulsion between the negatively charged -SO5
groups present in PSS and polysulfide anions, the Li-S cell
(areal sulfur loading of 4.1 mg cm %) with Li*-
PEDOT:PSS@CG separator demonstrated a high initial dis-
charge capacity of 1096 mAh g ' and coulombic efficiency
above 97%. It is notable that the Li*-PEDOT:PSS@CG sep-
arator possesses excellent electrolyte wettability, interfacial
properties and ionic conductivity, resulting in a stable dis-
charge capacity of 911 mAh g ' even after 500 cycles at
0.5C with 83.1% capacity retention. The excellent cycling
stability exemplifies this facile method can effectively inhibit
the polysulfide diffusion and ensure further progress towards
the commercialization of Li-S batteries.
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