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Lithium—sulfur (Li—S) batteries represent a promising high-density energy storage technology. The use of
conductive polymers to enhance the performance of Li—S batteries has received much attention. In this
work, a convenient and low-cost in-cell electropolymerization method is developed for the preparation
of a conductive polymer, poly(3,4-ethylenedioxythiophene) (PEDOT), as a cathode binder inside a Li-S
battery. The cell with this electropolymerized PEDOT (ePEDOT) shows notably improved specific capa-
city, cycling stability, and rate performance in comparison with the cell using the chemically synthesized
commercial PEDOT:PSS (cPEDOT:PSS) as the binder. The performance enhancement is attributed to the
formation of tightly integrated interfaces between ePEDOT and other components in the sulfur cathode.
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Moreover, this study revealed that the electrochemical dedoping of PEDOT is likely to occur during the
Li-S battery cycling and thus the contribution of PEDOT (and some other conductive polymers) to the
enhancement of the electrical conductivity of the sulfur cathode may not be as significant as expected.
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Introduction

The increasing energy demand and environmental issues
caused by the combustion of fossil fuels have stimulated global
interest in exploiting clean and sustainable energy sources,
such as solar, wind, and geothermal energy. However, due to
their intermittent nature, a large portion of energy harvested
from these energy sources needs to be stored for later use by
utilizing some energy storage systems such as rechargeable
batteries, supercapacitors, and compressed air and pumped
hydroelectric energy storage (PHES) facilities. Among them,
rechargeable batteries are of great importance due to their
compact size, high efficiency, long cycle life, and pollution-free
operation." Lithium-ion batteries (LIBs) have demonstrated
great commercial success in portable electronics and electric
vehicles since their invention in 1990s. However, the specific
capacities of conventional intercalation-type cathode materials
including lithium transition metal oxides (LiCoO, and LiNi,
CoyMn;0,) and phosphates (LiFePO,) are unsatisfactory even at
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their theoretical limits.> Therefore, there is an urgent need to
develop batteries with a higher energy density in order to meet
the emerging demands of electric vehicles and grid applications.
With a high theoretical specific capacity of 1672 mA h g%, a
high specific energy of 2500 W h kg ', an energy density of
2800 W h L', natural abundance (of sulfur), and environmental
friendliness, lithium-sulfur (Li-S) batteries represent a promising
technology to replace conventional LIBs.> However, certain issues
such as the large volume change during the charge/discharge of
the sulfur cathode, the low conductivity of sulfur and sulfides,
and the shuttling of lithium polysulfides result in poor cell
performance, hindering the practical applications of Li-S
batteries.*> To solve these issues, sulfur was embedded in a
variety of inorganic conductors to form composites, including
ordered mesoporous carbon (CMK-3),° CNTs,” graphene,® and
MXene.’ These conductive host materials can enhance the
conductivity of the cathode to improve the sulfur utilization,
while the micro/nanostructures or surface functionalities of the
hosts can physically or chemically trap polysulfides to suppress
the polysulfide shuttle effect.

Conductive polymers (CPs), e.g., poly(3,4-ethylenedioxythiophene)
(PEDOT), polypyrrole (PPy), and polyaniline (PANI), have also
attracted considerable attention for improving the performance
of Li-S batteries. CPs have numerous advantages including
mild synthesis and processing conditions, chemical and structural
diversity, high conductivity (up to ~10>-10° S cm™ '), and
excellent mechanical properties.'>'" Moreover, some CPs such
as PEDOT and PPy possess abundant polar heteroatoms
(oxygen and nitrogen, respectively), which have better

© 2021 The Author(s). Published by the Royal Society of Chemistry
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polysulfide absorption capabilities compared to non-polar
carbon-based conductors.”> CPs have been employed in Li-S
batteries as cathode binders'*™® and conductive coatings on
sulfur particles,'® sulfur/carbon composites,'”*® the top surface
of sulfur cathodes,"'®*° current collectors®! and separators.>"*>
Improved stability and in some cases enhanced rate performance
of the sulfur cathode have been achieved due to the incorporation
of CPs.

Electropolymerization (e-polymerization) has been a widely
adopted method to produce various CPs due to its simplicity
and ease of implementation. A rechargeable battery, which is
essentially an electrochemical device, may be used as a reactor
for the in situ polymerization of a monomer to form a CP inside
the battery. This “in-cell” (inside a battery) polymerization
method would greatly simplify the incorporation of a CP into
a battery and result in more tightly integrated interfaces with
other components of the battery. Recently, in-cell ring-opening
polymerization of a liquid electrolyte solvent to form a solid
or gel polymer electrolyte was reported, which significantly
lowered the interfacial resistances and promoted uniform
lithium deposition.>*">® However, to the best of our knowledge,
the utilization of in-cell e-polymerization to form a CP inside a
battery has not been reported yet.

In this study, we report the in-cell e-polymerization of 3,4-
ethylenedioxythiophene (EDOT) to form a CP, ePEDOT, as a
binder at the cathode inside a Li-S battery. The battery with
ePEDOT:PSS (poly(styrene sulfonate)) showed enhanced speci-
fic capacity and cycling stability in comparison to the battery
with the commercial PEDOT:PSS (cPEDOT:PSS) binder, which
is attributed to the tightly integrated interfaces of ePEDOT:PSS
with other components in the sulfur cathode. Our study
demonstrated the feasibility of using in-cell e-polymerization
to produce CPs in rechargeable batteries to boost the battery
performance.

Moreover, our study revealed that the initially doped con-
ductive PEDOT is de-doped to become less conductive during
the battery discharging process and could not be fully re-doped
during the following charging process within the typical
potential window of 1.7-2.8 V for Li-S batteries. Our finding
has provided new insights into the role of CPs during battery
cycling, where the CPs may not contribute to the improvement
of the electrical conductivity of the cathode as significantly as
expected previously.

Experimental

Materials and instrumentation

Sublimed sulfur (Fluka), Super P (TIMCAL), carbon paper
(Toray, TGP-H-060), transparent and conductive indium-doped
tin oxide (ITO) coated glass substrates (Delta Technologies),
poly(4-styrenesulfonic  acid) (H-PSS, Sigma-Aldrich, M,
~75000, 18 wt% in H,0), 3,4-ethylenedioxythiophene (EDOT,
Sigma-Aldrich), high conductivity commercial PEDOT:PSS
(cPEDOT:PSS) (PH 1000, 1.1 wt% dispersion in H,O, Ossila),
and the battery electrolyte (1 M LiTFSI in 1:1 (v:v) 1,3-dioxolane
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(DOL)/1,2-dimethoxyethane (DME) with 2 wt% LiNO3, Suzhou
Fosai) were obtained from commercial sources and used as
received. Poly(4-styrenesulfonate) lithium salt (Li-PSS) was pre-
pared by neutralizing H-PSS with lithium hydroxide. EDOT was
dissolved in the electrolyte (1 M LiTFSI in 1:1 (v:v) DOL/DME
with 2 wt% LiNO;) to prepare a 60 mM EDOT-containing
electrolyte solution. Cyclic voltammetry (CV) and chronoampero-
metry (CA) measurements were performed using a CHI CHI604E
electrochemical workstation or a VMP3 Bio-Logic potentiostat.
The electrochemical impedance spectroscopy (EIS) measurement
was carried out using a VMP3 Bio-Logic potentiostat with a
5 mV amplitude in the frequency range from 100 KHz to
100 mHz. The EIS data were fitted using the ZView software.
The ultraviolet-visible-near infrared (UV-Vis-NIR) spectra were
recorded using an Agilent Cary 7000 spectrophotometer.
Galvanostatic cycling of batteries was performed using a LAND
CT2001A battery tester. The peel test was performed using a
Universal Macro-Tribometer (UNMT-2MT, Centre for Tribology,
Inc.) equipped with a 1 kg load cell.

General procedure for fabricating coin cells

CR2032 coin cells composed of the cathode (on ITO, carbon
paper, or carbon-coated Al substrate), Celgard 2500 separator,
electrolyte, and lithium foil anode were assembled inside an
argon (Ar)-filled glovebox with both O, and H,O levels below
0.1 ppm. Characterization and e-polymerization of the cells
were carried out outside the glove box under ambient condi-
tions. Some of the cells were disassembled inside the Ar-filled
glovebox for further experiments.

Electrolyte stability studies using linear sweep voltammetry
(LSV)

A coin cell composed of carbon paper, a lithium foil, and 40 pL
of the electrolyte (1 M LiTFSI in 1:1 (v:v) DOL/DME with 2 wt%
LiNO;) was assembled inside an Ar-filled glovebox. The cell was
scanned in the LSV mode from the open circuit potential (OCP)

to 5 Vvs. Li/Li* at a scan rate of 1 mv s~ .

In-cell e-polymerization of EDOT in the absence of sulfur

e-Polymerization on the ITO electrode via CV and character-
ization of the as-prepared ePEDOT using UV-Vis-NIR
spectroscopy. An ITO-coated glass substrate was paired with a
lithium foil to construct a coin cell, which was filled with 20 pL
of 60 mM EDOT-containing (or EDOT-free for comparison)
electrolyte. The edges of the ITO substrate were wrapped with
a small piece of an Al foil to make the electrical contact with the
cathode case. The cell was scanned in the CV mode in a potential
range of 3-4.2 V vs. Li/Li" at a scan rate of 20 mV s~ ' for ten
cycles to carry out e-polymerization. The EIS spectrum of the cell
was measured immediately after each CV cycle. The cell was
disassembled, and the ITO substrate onto which ePEDOT was
deposited was taken out, washed with DME and isopropanol,
and dried with N, gas, followed by the UV-Vis-NIR spectroscopy
measurement. The as-prepared ePEDOT was dedoped by
covering the film with ethylenediamine and heating it at 90 °C
on a hot plate for 20 min.?” The film was washed with DI water,
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dried under a nitrogen flow, and measured using UV-Vis-NIR
spectroscopy again. For comparison, the cPEDOT:PSS film on
the ITO substrate was prepared by drop-casting using the
commercial PEDOT:PSS solution. The cPEDOT:PSS film was
dedoped in the same way as ePEDOT.

e-Polymerization on the carbon paper electrode by CA. A
carbon paper substrate was paired with a lithium foil to
construct a coin cell, which was filled with 40 pL of 60 mM
EDOT-containing electrolyte. A constant potential chosen in the
range from 3.8 to 4.4 V vs. Li/Li" was applied to the cell for 800 s
to carry out e-polymerization.

e-Polymerization on the carbon-coated Al electrode by CA. A
mixture of Super P and H-PSS in a weight ratio of 4:1 was
ground in a water/ethanol (w:w = 9:1) mixture to form a
uniform slurry, which was coated on a carbon-coated Al foil
by doctor blading. The substrate was dried at 50 °C overnight
and then cut into disks (~12 mm in diameter), which were
used to assemble coin cells with Celgard 2500, a lithium foil,
and 20 pL of 60 mM EDOT-containing electrolyte for each cell.
The cells were subjected to e-polymerization using the CA
method at 4.1 V for 800 s. After e-polymerization, the cell was
disassembled, and all the cell parts were soaked in 3 mL of
DME. Then, a known amount of the supernatant was evacuated
using a rotovap to remove the majority of the DME solvent. The
residue was diluted with 3 mL of deionized water, which was
subjected to the UV-vis absorption measurement. The amount
of unreacted EDOT in the cell after polymerization was then
calculated using the pre-determined molar absorptivity
of EDOT.

To collect the CV data, the cell containing the e-polymerized
ePEDOT:H-PSS was measured directly without being disas-
sembled in the potential range of 1.7-3.9 V vs. Li/Li" at a scan
rate of 1 mV s '. For comparison, a Super P/cPEDOT:PSS
(weight ratio of 4:1) substrate was also fabricated by coating
the slurry on a carbon-coated Al foil to assemble a coin cell with
the EDOT-free electrolyte. The cell was tested using the same
potential range and scan rate.

Preparation and characterization of Li-S batteries

An S/Super P composite was prepared by mixing sublimed
sulfur with Super P in a weight ratio of 65:35 in an agate
mortar, followed by heating at 155 °C for 17 h in a sealed
Teflon-lined stainless steel container. The S/Super P composite,
additional Super P, and Li-PSS or H-PSS binder in a weight ratio
of 77:13:10 were ground in a water/ethanol (w:w = 9:1)
mixture to form a uniform slurry, which was coated on a
carbon-coated Al foil by doctor blading. For comparison, a
sulfur cathode containing 10 wt% cPEDOT:PSS as the binder
was also prepared using the same method. The electrode films
were then dried at 50 °C overnight and cut into disks with a
diameter of ~12 mm. The weight ratio of sulfur:Super P:binder
in the cathode was 5:4:1. The areal sulfur loading in the
electrode was 0.9-1.1 mg cm ™. Coin cells were then assembled
using the above cathode, 20 pL of the electrolyte (with or
without EDOT) for each cell, and the lithium foil anode. The
e-polymerization of EDOT inside the cell was performed using
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the CA method at 4.10 V vs. Li/Li" for 800 s. The EIS data of
the cell were acquired before and immediately after
e-polymerization. The CV data of sulfur cathodes were measured
in the potential range of 1.7-2.8 V at a scan rate of 0.1 mV s~ .
Galvanostatic cycling of Li-S cells was performed in the potential

range of 1.7-2.8 V at room temperature.

180° peel tests on ePEDOT:H-PSS and cPEDOT:PSS binders

Sulfur cathodes using the ePEDOT:H-PSS or cPEDOT:PSS binder
were prepared as described above. The cathode film disk
(diameter: 12 mm) was attached to a glass slide using a
double-sided tape. Then, a one-sided tape (width: 8§ mm) was
firmly attached to the cathode film. Then, the tape was pulled at
an angle of 180° with a constant speed of 100 um s~ ' using a
mechanical tester. The middle square part (8§ mm x 8 mm) of
the cathode film was used to obtain the load force vs. displace-
ment curve. Before and after the peel test, optical images of the
cathode film and the tape were taken using a microscope for
comparison.

Study of the conductivity-potential dependence of ePEDOT
using combined CV and EIS

An ITO substrate was paired with a lithium foil to fabricate a
coin cell, which was filled with 20 pL of 60 mM EDOT-
containing electrolyte. e-Polymerization was performed using
the CA method at 4.10 V vs. Li/Li" for 800 s. Then, the cell was
subjected to CV cycling between 1.7 and 3.36 V vs. Li/Li" for
20 cycles until the CV diagram was stabilized. Afterwards, four
more CV cycles were applied to the same cell. During each
cycle, the cell was switched from the CV testing mode to the EIS
testing mode at potentials of 1.7 and 3.36 V, respectively.
Finally, such testing was conducted for an additional CV cycle
by switching from the CV to the EIS mode at more potential
points of 1.7, 2.34, 2.43, 2.8, and 3.36 V during the oxidation
process and 2.8, 2.28, 1.93, and 1.7 V during the reverse
reduction process. All the obtained EIS spectra were fitted to
obtain the R, values using ZView. The CV and EIS measure-
ments and automatic switching from CV to EIS were performed
using a VMP3 Bio-Logic potentiostat.

Results and discussion

e-Polymerization of EDOT via cyclic voltammetry

Cyclic voltammetry (CV) and chronoamperometry (CA)***° are

two commonly used electrochemical methods for the polymer-
ization of EDOT to prepare PEDOT (and other CPs). First,
the CV method was employed in this study. Prior to
e-polymerization, the electrochemical stability of the electrolyte
(1 M LIiTFSI in 1:1 (v:v) DOL/DME with 2 wt% LiNO;) was
examined using the linear sweep voltammetry (LSV) method
using a coin cell with carbon paper and a lithium foil as
electrodes in the potential range from the open circuit potential
to 5 Vvs. Li'/Li. The current starts to increase abruptly at 4.56 V
due to electrolyte decomposition, which signifies the upper
potential limit for e-polymerization (Fig. S1 in the ESIT).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Next, a conductive ITO-coated glass substrate was paired
with a lithium foil in a coin cell for e-polymerization of EDOT,
in which the transparent ITO substrate would allow the UV-vis
measurement of the formed polymer, ePEDOT. A 60 mM EDOT
solution was prepared by adding EDOT to 1 M LiTFSI in 1:1
(v:v) DOL/DME with 2 wt% LiNO;. The coin cell loaded with
the EDOT-containing electrolyte was scanned in a potential
window between the open circuit voltage (~3 V) and 4.2 V vs.
Li*/Li in the CV mode at a scan rate of 20 mV s~ for up to 10
cycles. For comparison, another coin cell loaded with the
EDOT-free electrolyte was tested under the same conditions.
The cyclic voltammograms for the 1st cycles of the two cells are
shown in Fig. 1a. A notable oxidation process is observed for
the cell using the EDOT-containing electrolyte, in stark contrast
to the irresponsive flat line obtained for the cell containing the
EDOT-free electrolyte. For the cell with the EDOT-containing
electrolyte, the current starts to increase sharply when the
potential is above ~4.1 V, indicating the start of the oxidation
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(e-polymerization) of EDOT. It is noteworthy that the current is
higher during the early reverse scan than that during the
forward scan, leading to a crossover at 3.99 V. This phenom-
enon indicates that the deposition of the polymer proceeds
through a nucleation-and-growth mechanism, which has been
observed in e-polymerizations for preparing various CPs.***"
The electrochemical impedance spectroscopy (EIS) spectra of
the electrode after different numbers of CV cycles are shown in
Fig. 1b. Before e-polymerization, Warburg diffusion behaviour
(an oblique line) dominates in the EIS spectrum. Once the
deposition of PEDOT begins, a semicircle together with an
oblique tail shows up. By fitting the EIS spectra using the
equivalent circuit model shown in Fig. 1c, Ry, Ry, W, and
CPE, which represent the solution resistance, charge transfer
resistance, Warburg diffusion impedance and constant phase
element, respectively, can be obtained.**** The R values after
different numbers of CV cycles are plotted in Fig. 1c. As R is
strongly related to the conductivity of the electrode, the change
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(a) CV curves of the two-electrode coin cells with the EDOT-containing or EDOT-free (blank) electrolyte for the 1st cycle scanned between 3 and

4.2 V at a scan rate of 20 mV s%. The arrows indicate the scan direction. An ITO-coated glass substrate was used. (b) EIS spectra of the same coin cell
shown in (a) with the EDOT-containing electrolyte before and after CV scanning for different numbers of cycles. (c) The change of R with increasing the
number of CV cycles. The inset shows the equivalent circuit for the fitting of EIS data shown in (b). (d) UV-Vis—NIR spectra of the as-prepared and
dedoped ePEDOT, and the as-coated and dedoped cPEDOT:PSS on ITO-coated glass substrates, where the ePEDOT was e-polymerized by the CV

method (between 3 and 4.2 V for 10 cycles with a scan rate of 20 mV s74).
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in R, can be related to the deposition of the PEDOT layer on the
ITO substrate. As the number of CV cycles is increased from 1 to
5, the R, continuously drops from 244 to 61 Q, ie., the
conductivity increases. This can be explained by the gradual
growth of PEDOT from the initially formed isolated PEDOT
nuclei to the final continuous PEDOT film on the ITO substrate,
leading to a gradual increase in conductivity with increasing
the number of CV cycles.34 The R of the electrode at the 10th
CV cycle is similar to that measured at the 5th CV cycle, which
indicates that the polymerization is almost completed after
5 CV cycles to form the polymer ePEDOT. The ePEDOT-bearing
ITO substrate after 10 CV cycles was taken out of the coin cell,
washed with DME and isopropanol, dried with N, gas, and
subjected to the UV-Vis-NIR spectroscopy measurement. As
shown in Fig. 1d, the as-prepared ePEDOT shows a strong, flat
absorption profile starting from 540 nm and extending into
the near-IR region, indicating the formation of doped
PEDOT on the ITO substrate. The broad bands centered at
970 nm and from 1360 to 2000 nm are attributed to the polaron
(radical cation) and bipolaron (dication) charge carriers,
respectively.®*” Next, the as-prepared ePEDOT on the ITO
substrate was dedoped by treatment with ethylenediamine.
The dedoped ePEDOT shows a distinct peak at 572 nm, which
can be ascribed to the characteristic n-n* electronic transition
of the neutral PEDOT,* as well as decreased polaron and
bipolaron absorption bands. For comparison, the UV-Vis-NIR
spectra of the doped (as-coated) and dedoped cPEDOT:PSS were
also measured (Fig. 1d). The as-coated cPEDOT:PSS on the ITO
substrate exhibits a sloping absorption curve from 350 to
2000 nm, indicating that bipolarons are the main charge
carriers. The difference in the distribution of polarons and
dipolarons between the as-prepared ePEDOT and the coated
cPEDOT:PSS may be due to the difference in counterion (TFSI™
vs. PSS) and polymer molecular weight. The dedoped ¢cPEDOT
showed a n-n* electronic transition peak at 615 nm, an inten-
sified polaron absorption band centered at 982 nm, and a
weakened bipolaron band from 1360 to 2000 nm, which is
consistent with the literature.>®?” The aforementioned UV-Vis-
NIR data confirm the formation of doped PEDOT, ePEDOT,
after e-polymerization.

Optimization of e-polymerization of EDOT via
chronoamperometry

To have better control over the e-polymerization process, the
chronoamperometry (CA) technique was adopted since the
amount of charge injected into the cell for polymerization
can be precisely controlled by the applied potential and time.
A carbon paper substrate, which has a porous structure for
growing a larger amount of ePEDOT, was used to replace the
ITO-coated glass substrate. A constant potential of 3.80, 3.90,
4.00, 4.05, 4.10, 4.15, 4.20, 4.30, or 4.40 V was applied to coin
cells containing 60 mM EDOT in the electrolyte for 800 s. The
current vs. time responses at different potentials (chronoam-
perograms) are shown in Fig. 2a. The current remains low at a
potential below 3.90 V, indicating that the applied potentials
are inadequate to initiate the polymerization. At a potential of
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Fig. 2 (a) Chronoamperograms for the e-polymerization of EDOT at
different potentials from 3.8 to 4.4 V. Carbon paper substrates were paired
with lithium foils to construct two-electrode coin cells. (b) Total charges
injected into the coin cells at different potentials for 800 s.

4.00 V, the curve starts to show a very broad peak between 200 s
and 400 s. A current peak appears earlier and sharper with
further increasing the potential to 4.10 V, which agrees with the
CV data (Fig. 1a). As the potential exceeds 4.15 V, two peaks
start to appear with both becoming sharper and earlier with
increasing potential. The features of these CA curves are similar
to those observed in the electrosynthesis of PEDOT*> and
poly(anthraquinone) derivatives®® reported previously. The area
under the current vs. time curve is used to obtain the amount of
charge injected into the cell during e-polymerization. The
charge vs. potential plot is shown in Fig. 2b. As 40 uL of the
EDOT-containing electrolyte was used for each cell, the max-
imum charge required for the polymerization (oxidation) of all
the monomer molecules and the p-doping of the resultant
polymer at a doping level of 0.4 (the typical doping level for
electropolymerized CPs is between 0.25 and 0.4)*° is 0.55C (see
the ESIt for detailed calculations). From Fig. 2b, the effective
charge injected into the cell for e-polymerization at 4.10 V is
0.56C, which agrees well with the calculated value. A larger
amount of charge injected at a higher potential (>4.10 V) may
over-oxidize or over-dope the polymer, which possibly leads
to the appearance of the 2nd peak in the corresponding

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ma00797h

Open Access Article. Published on 21 December 2020. Downloaded on 7/18/2025 9:37:57 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

chronoamperograms (Fig. 2a). The optical images of a series of
carbon papers with ePEDOT deposited at different potentials
(Fig. S3, ESIt) clearly show that a potential higher than 4.10 V
would result in non-uniform deposition of the polymers (large
polymer aggregates). It should be mentioned that the ePEDOT
prepared by the CV and CA methods are very similar as the UV-
Vis-NIR spectra of the ePEDOT prepared by these two methods
are almost identical (Fig. S4, ESIT).

To determine the yield of e-polymerization, the following
experiment was performed. At first, a sulfur-free Super P/H-PSS
(weight ratio of 4:1) substrate was prepared by coating the
slurry on a carbon-coated Al foil, which has similar structure
and composition to those of the sulfur cathode. The substrate
was assembled into a coin cell by pairing with a lithium foil
and using 20 pL of 60 mM EDOT-containing electrolyte.
e-Polymerization was performed in the CA mode at 4.10 V for
800 s. The cell was disassembled and the parts were washed
with DME to dissolve the unreacted EDOT for the UV-vis
measurement. It was found that 86% of EDOT was converted
to the polymer ePEDOT (see Fig. S5 and S6, ESI,t for details).

Based on the aforementioned results, a potential of 4.10 V
vs. Li/Li" and a reaction time of 800 s are chosen as the optimal
conditions for the e-polymerization of EDOT using the CA
method.

Fabrication and characterization of Li-S batteries with the
ePEDOT binder prepared via in-cell e-polymerization

A schematic illustrating the formation of ePEDOT on the sulfur
cathode via the in-cell e-polymerization method is shown in Fig. 3.
Specifically, poly(4-styrenesulfonic acid) (H-PSS) or poly(lithium
4-styrenesulfonate) (Li-PSS) is used as a pre-binder in the sulfur
cathode, which is expected to form a doped ePEDOT:PSS that is
similar to the commercial one, cPEDOT:PSS, in the cathode. The
Li-S batteries with the 60 mM EDOT-containing electrolyte were
assembled and in-cell e-polymerized using the CA method at
4.10 V for 800 s. The chronoamperograms of the sulfur cathodes
are similar to those obtained using carbon paper (without sulfur)
as the substrate (Fig. S7, ESIt) since sulfur is inert under the
e-polymerization (4.1 V vs. Li/Li") conditions, suggesting the

Cell case

Li
Separator

Electrolyte —
Sulfury § Rt
Super P
H-PSS P
(or Li-PSS) QP
I3 .
s
EDOT
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successful formation of ePEDOT at the sulfur cathode. As a
comparison, batteries using the EDOT-free electrolyte were also
fabricated. The CV curves of the sulfur cathodes using the H-PSS
or Li-PSS binder with and without ePEDOT are shown in Fig. 4a-d.
Comparing the two cells with only H-PSS and Li-PSS binders
(Fig. 4a and b), the former shows a very weak and delayed 2nd
reduction peak, which corresponds to the conversion of lithium
polysulfides to Li,S, and Li,S, to Li,S, in the 1st and 2nd cycles. In
the subsequent cycles, this peak becomes stronger, but the peak
position shifts to a much lower potential compared to the Li-PSS
based cell. This indicates that the sulfonic acid (-SO3;H) groups in
H-PSS may strongly interact with lithium polysulfides and impede
their further reduction (a delayed second reduction peak). In
other words, this suggests that the -SO;H groups may have a
better trapping capability than the lithium sulfonate (-SO;Li)
groups in Li-PSS. After e-polymerization, the cell with the resultant
ePEDOT:H-PSS (Fig. 4c) shows similar CV profiles with delayed
second reduction peaks compared to the cell with the H-PSS
binder. Interestingly, after e-polymerization, the cell with the
ePEDOT:Li-PSS binder (Fig. 4d) also displays delayed second
reduction peaks, resembling closely those of the cells with
H-PSS and ePEDOT:H-PSS binders (Fig. 4a and c). This may
be attributed to the generation of protons (during the
e-polymerization of EDOT) that convert the -SO;Li groups into
-SOzH groups that have a stronger trapping effect on lithium
polysulfides. Delayed second reduction peaks in the 1st and 2nd
cycles are also observed for the commercial cPEDOT:PSS
binder (Fig. S8a, ESIt) since cPEDOT:PSS is acidic (pH = ~2 for
the 1.1 wt% aqueous dispersion).

The 3rd and 100th charge/discharge profiles of the sulfur
cathodes at 0.2C are compared in Fig. 4e and Fig. S8b (ESIY).
In the 3rd cycles at 0.2C (Fig. S8b, ESIt), the polarization
potentials (AE) of the cells with different binders follow the
order of H-PSS (204 mV) < ePEDOT:H-PSS (210 mV) < Li-PSS
(235 mV) < cPEDOT:PSS (237 mV) < ePEDOT:Li-PSS (243 mV).
The galvanostatic cycling performance of sulfur cathodes using
different binders is shown in Fig. 4f. The initial capacities of
sulfur cathodes with the ePEDOT:H-PSS and ePEDOT:Li-PSS
binders are very close, i.e. 1142 and 1147 mA h g™, respectively.

OLi s” T,
ePEDOT

Fig. 3 Schematic illustrating the formation of ePEDOT in the sulfur cathode inside a Li—S battery by in-cell e-polymerization.
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Fig. 4 Cyclic voltammograms of sulfur cathodes using (a) H-PSS, (b) Li-PSS, (c) ePEDOT:H-PSS, and (d) ePEDOT:Li-PSS as binders at a scan rate of
0.1 mV s™L (e) Charge/discharge profiles of sulfur cathodes using ePEDOT:H-PSS and cPEDOT:PSS binders at 0.2C. (f) Cycling performance of sulfur
cathodes using ePEDOT:H-PSS, ePEDOT:Li-PSS, H-PSS, Li-PSS, and cPEDOT:PSS binders. The batteries were activated at 0.1C for 2 cycles and cycled at
0.2C afterwards.

These values are almost identical to those of the cathodes with
the H-PSS (1141 mA h g~ ') and Li-PSS (1145 mA h ¢~ ') binders,
respectively. However, the cell with the Li-PSS binder shows an
abrupt decay in capacity in the first few cycles compared to the
cell with the H-PSS binder. This might be explained by the

980 | Mater. Adv, 2021, 2, 974-984

weaker trapping capability of the Li-PSS binder to lithium
polysulfides than the H-PPS binder as discussed previously.
After the 3rd cycle, the cell with H-PSS decays at a faster rate
than the cell with Li-PSS, while both cells show exactly the same
specific capacity of 596 mA h g~ " at the 100th cycle. The faster

© 2021 The Author(s). Published by the Royal Society of Chemistry
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decay of the cell with H-PSS between the 3rd cycle and the 100th
cycle might be due to the fact that even though H-PSS has a
stronger affinity to lithium polysulfides, the latter can still
gradually escape from the cathode to the bulk electrolyte,
resulting in a reduction in sulfur utilization. Consequently,
the capacity retentions of the H-PSS and Li-PSS based cells after
100 cycles with respect to their initial specific capacities are very
similar, i.e. 52% and 51%, respectively.

On the other hand, the cells with the ePEDOT:H-PSS and
ePEDOT:Li-PSS binders show much improved cycling stability
with capacity retentions of 62% and 56%, respectively. The
results demonstrate that ePEDOT has an additional benefit to
the suppression of the polysulfide shuttle effect due to its
strong polysulfide absorption capability."* The sulfur cathode
using the commercial cPEDOT:PSS binder shows an initial
capacity of 1059 mA h g~ ' and a capacity retention of 53%
after 100 cycles, both of which are lower than those of the
batteries with the ePEDOT:H-PSS and ePEDOT:Li-PSS binders,
indicating that ePEDOT formed via in-cell e-polymerization
leads to an improved initial specific capacity and better cycling
stability. Moreover, the cell with the ePEDOT:H-PSS binder also
results in improved rate performance compared to that with the
cPEDOT:PSS binder (Fig. S9, ESIt). The improved specific
capacity, cycling stability, and rate performance of the cells
with the ePEDOT:H-PSS and ePEDOT:Li-PSS binders might
originate from the tightly integrated interfaces between
ePEDOT and Super P (where e-polymerization occurs), where
the trapped lithium polysulfides are in close proximity to Super
P for more efficient charge transfer. To further confirm the
trapping capability of PEDOT toward lithium polysulfides,
the cells using the sulfur cathodes with different binders were
disassembled after 100 cycles, and all the cell components were
soaked in 5 mL of DOL/DME. Then, the UV-Vis spectra of
the supernatants were recorded (shown in Fig. S10, ESIf).
Compared with the sulfur cathode using the H-PSS binder, those
using ePEDOT:PSS and cPEDOT:H-PSS binders show a notable
reduction in the absorbance of lithium polysulfides (260, 280
and 310 nm for Li,Sg,*® 420 nm for Li,S,*"), suggesting that both
ePEDOT and cPEDOT have obvious polysulfide trapping
abilities. Considering the ease of fabrication and the enhanced
cell performance, the in-cell e-polymerized ePEDOT:H-PSS and
ePEDOT:Li-PSS binders are advantageous over the cPEDOT:PSS
binder.

Adhesion evaluation of ePEDOT:PSS by the 180° peel test

As a glue for bonding conductive carbon particles and sulfur
particles and for bonding the entire cathode film to Al current
collectors, the binder is an important component of Li-S
batteries. The adhesion strengths of cPEDOT:PSS and ePEDOT:
H-PSS binders were evaluated by the 180° peel test using a
mechanical tester. The load force vs. displacement curves are
shown in Fig. S11b and c (ESIf). The adhesion strengths
(calculated by dividing the load force with the width of the
tape) of ePEDOT:H-PSS and cPEDOT:PSS binders are 0.039 +
0.008 and 0.028 & 0.003 N mm™ ", respectively, indicating that
the ePEDOT:H-PSS binder has better adhesion compared to the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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cPEDOT:PSS binder. The optical images of the cathode film and
the tape before and after the peel test were also compared. As
shown in Fig. S12 (ESIt), before the peel test, the sulfur cathode
film using the cPEDOT:PSS or ePEDOT:H-PSS adhesive is
completely covered on the carbon-coated aluminum foil. After
the peel test, large pieces were peeled off from the sulfur
cathode with the cPEDOT:PSS binder, while only small pieces
were peeled off from the one with the ePEDOT:H-PSS binder,
which further confirmed that the adhesion of the ePEDOT:PSS
binder is superior to that of the cPEDOT:H-PSS binder. The
better adhesion strength of the ePEDOT:H-PSS binder can also
explain its better battery performance than the cPEDOT:PSS
binder.

Investigation of the doping/dedoping of PEDOT via CV and EIS

CPs are conductive in the doped state, while they are semi-
conducting or insulating in the undoped (or dedoped) state.
When CPs are used in rechargeable lithium batteries, the
enhanced battery performance has been often linked to the
high conductivity of CPs in the literature. However, the initially
doped and conductive CPs may be electrochemically dedoped
and become less conductive or even insulating during the
battery cycling process. This potential issue has not been
discussed and investigated in previous studies. On the other
hand, the CV data of CPs reported in the literature, which can
reveal the doping and dedoping behaviours at different potentials,
have been reported with reference electrodes such as the SCE
and Ag/AgCl that are different from Li‘/Li and in electrolytes
that are different from conventional battery electrolytes, which
makes it rather difficult to gauge the doping and dedoping
behaviours of CPs when CPs are employed in lithium batteries.

Here we investigated the aforementioned issue that might
be associated with ePEDOT:H-PSS during the discharge/charge
processes of Li-S batteries via CV and EIS measurements. A
sulfur cathode was prepared using Li-PSS as the binder in order
to rule out the influence of the binder (H-PSS) on the CV
profiles as discussed earlier, while an electrode with Super
P/ePEDOT:H-PSS (sulphur-free) on the carbon-coated Al sub-
strate was prepared in order to obtain the intrinsic redox
characteristics of ePEDOT:H-PSS. The CV curves of both electro-
des were measured using Li‘/Li as the reference electrode in the
same LiTFSI-based electrolyte for a direct comparison (Fig. 5a).
The electrochemical reaction associated with each peak position
is shown in Fig. 5b. For the sulfur cathode, the two reduction
(discharge) peaks at 2.28 and 1.93 V are attributed to the
conversion of Sg to lithium polysulfides (Li,S,, n = 4-8) and
lithium polysulfides to Li,S,/Li,S, respectively. The two oxidation
(charge) peaks at 2.34 and 2.43 V are attributed to the conversion
of Li,S,/Li,S to lithium polysulfides and lithium polysulfides to
Ss, respectively.

For ePEDOT:H-PSS, the broad reduction peak at 2.53 V and
the oxidation peak at 3.01 V correspond to the dedoping and
doping processes, respectively (Fig. 5b). The peak at 3.54 V is
due to the oxidation of lithium nitrite (LiNO,) that is generated
by the reaction of lithium nitrate with lithium metal,**** which
disappeared when a LiNO;-free electrolyte was used (Fig. S13,
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Fig. 5 (a) CV curves of the sulfur cathode and ePEDOT:H-PSS. The sulfur

cathode was made using Li-PSS as the binder, while ePEDOT:H-PSS was
formed on the Super P/H-PSS substrate via in-cell e-polymerization using
the CA method at 4.10 V for 800 s. The potential ranges for the sulfur
cathode and ePEDOT:H-PSS are 1.7-2.8 and 1.7-3.9 V, respectively.
(b) Electrochemical processes involved in the charging/discharging of Li—
S batteries and the doping/dedoping of ePEDOT. (c) R values for ePEDOT
deposited on an ITO-coated glass substrate at high (3.36 V vs. Li*/Li) and
low (1.7 V vs. Li*/Li) potentials.

ESIt). From the CV curve of ePEDOT:H-PSS (Fig. 5a), it can be
seen that doping starts at 2.42 V, reaches a peak at 3.01 V, and
finishes at 3.36 V, while dedoping starts at 2.86 V, reaches a
peak at 2.53 V, and finishes at 1.95 V. This suggests that the
dedoping of ePEDOT:H-PSS occurs simultaneously with the
discharge of the sulfur cathode and that ePEDOT:H-PSS
becomes mostly dedoped after the sulfur cathode is discharged
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to 1.7 V. After recharging the sulfur cathode to 2.8 V, the doping
level of ePEDOT:H-PSS can only be partially restored with
respect to its original state. Therefore, ePEDOT:H-PSS may only
be highly conductive and contribute to the improvement of the
conductivity of the sulfur cathode during the 1st discharging
process of the sulfur cathode. In the subsequent 1st charging
process in the typical voltage range of 1.7-2.8 V, ePEDOT:H-PSS
cannot be fully doped. Therefore, ePEDOT:H-PSS would make
smaller contributions to the improvement of the conductivity of
the cathode in the subsequent discharge/charge cycles. Since
cPEDOT:PSS shows similar reduction/oxidation profiles com-
pared to ePEDOT:H-PSS (Fig. S13, ESIt), the dedoping of
cPEDOT:PSS is also likely to occur when it is used in the sulfur
cathode during the discharging/charging processes.

It should be mentioned that other cathode materials having
higher cycling potential windows, e.g. 3-4.2 V for lithium cobalt/
manganese oxide and 2-4.2 V for lithium iron phosphate, PEDOT
would be more heavily doped during the cell operation. In this
regard, it is expected that PEDOT would contribute more to
improving the conductivity of the cathode when it is used for these
high voltage batteries. On the other hand, the doping/dedoping
windows of different CPs vary. The cathode conductivity and
performance of Li-S batteries may be further improved if an
appropriate monomer is selected to make a CP that has lower
oxidation and reduction potentials compared to the sulfur cathode.

The dependence of the conductivity of ePEDOT on the
cell potential was further studied by combined CV and EIS
measurements. To eliminate the interference of carbon
materials (Super P and carbon paper) with the EIS results, a
bare ITO-coated glass substrate was used to grow ePEDOT by
e-polymerization using the CA method at 4.10 V vs. Li'/Li for
800 s. After in-cell e-polymerization, the cell was scanned using CV
for 20 cycles to obtain a stabilized CV diagram (Fig. S14a, ESIT)
and then subjected immediately to the EIS measurement at 1.7
and 3.36 V for four consecutive CV cycles (Fig. S14b and c, ESI).
The obtained EIS spectra were fitted using the equivalent circuit
shown in Fig. 1c to obtain the R, values, which are plotted in
Fig. 5¢c. The average R, at 3.36 V vs. Li'/Li (ePEDOT in the doped
state) is 2.22 x 10° Q, which is much smaller than the value of
4.92 x 10° Q at 1.7 V vs. Li'/Li (ePEDOT in the dedoped state).
Similar R, values are maintained at 1.7 and 3.36 V for different
cycles demonstrating reversible switching between the doped and
dedoped states of ePEDOT during the cell cycling process. More
data points were collected during one CV cycle at additional
potential points between 1.7 V and 3.36 V vs. Li'/Li, which are
critical for Li-S batteries (Fig. S14d-f, ESIt). The results show a
more detailed resistance-potential dependence of ePEDOT, where
the R, decreases with increasing cell potential during the oxida-
tion (doping) process and increases with decreasing cell potential
during the reverse reduction (dedoping) process.

Conclusions

In-cell e-polymerization of EDOT to produce a conductive
polymer ePEDOT as a binder in the cathode of a Li-S battery

© 2021 The Author(s). Published by the Royal Society of Chemistry
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is explored as a simple approach to improve the battery
performance. It was found that the e-polymerization of an
EDOT-containing electrolyte at a potential of 4.10 V vs. Li*/Li
for 800 s using chronoamperometry could form an ePEDOT:
H-PSS or ePEDOT:Li-PSS binder in the sulfur cathode in the
presence of an H-PSS or Li-PSS pre-binder. The Li-S batteries
with the ePEDOT:H-PSS or ePEDOT:Li-PSS binder prepared by
in-cell e-polymerization showed notably improved specific
capacity, cycling stability, and rate performance compared to
the cell prepared using the analogous commercial cPEDOT:PSS
binder. The enhanced performance is attributed to the tightly
integrated interfaces between the ePEDOT and other compo-
nents including Super P in the cathode, where the trapped
lithium polysulfides by ePEDOT might be in close proximity to

Super P for efficient charge transfer.

Through a comparison of the redox profiles of the sulfur
cathode and ePEDOT:H-PSS under identical conditions, it was
found that ePEDOT might be dedoped within the typical Li-S
battery cycling potential window of 1.7-2.8 V vs. Li*/Li. The EIS
measurements of ePEDOT further confirmed that the conduc-
tivity decreases with decreasing potential in the range of 1.7-
2.8 V vs. Li'/Li. These results indicate that PEDOT (ePEDOT or
cPEDOT) and most other CPs may not contribute as much to
the enhancement of the electrical conductivity of the cathode as
previously expected in Li-S batteries. However, this issue
may be alleviated in batteries with higher charge/discharge
potentials or a conductive polymer with relatively low oxidation
(doping) and reduction (dedoping) potentials. Nonetheless,
this study offered a novel, facile, and low-cost in-cell
e-polymerization method to produce a conductive polymer
binder to boost the performance of Li-S batteries and poten-

tially other types of rechargeable batteries.
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