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ABSTRACT

Sulfur particles with a conductive polymer coating of poly(3,4-ethylene dioxythiophene)
“PEDOT” were prepared by dielectric barrier discharge (DBD) plasma technology under
atmospheric conditions (low temperature, ambient pressure). We report a solvent free, low cost,
low energy consumption, safe, and low risk process to make the material development and
production compatible for sustainable technologies. Different coating protocols were developed to
produce PEDOT-coated sulfur powders with electrical conductivity in the range of 10 - 10~ S/cm.
The raw sulfur powder (used as reference) and (low-, optimum-, high-) PEDOT-coated sulfur
powders were used to assemble lithium-sulfur (Li-S) cells with high sulfur loading of ~ 4.5
mg/cm?. Long-term galvanostatic cycling at C/10 for 100 cycles showed that the capacity fade was
mitigated by ~ 30% for the cells containing the optimum-PEDOT coated sulfur in comparison to
the references Li-S cells with raw sulfur. Rate capability, cyclic voltammetry, and electrochemical
impedance analyses confirmed the improved behavior of the PEDOT coated sulfur as an active
material for lithium-sulfur batteries. The Li-S cells containing optimum-PEDOT coated sulfur
showed the highest reproducibility of their electrochemical properties. A wide variety of bulk and
surface characterization methods including conductivity analysis, X-ray diffraction (XRD),
scanning electron microscope (SEM), Raman spectroscopy, X-ray photoelectron spectroscopy
(XPS), and nuclear magnetic resonance spectroscopy (NMR) were used to explain the chemical
features and the superior behaviour of Li-S cells using the optimum-PEDOT coated sulfur
material. Moreover, post-mortem (SEM and BET) analyses of uncoated and coated samples allow

us to exclude any significant effect at electrode scale even after 70 cycles.



1.0 Introduction

Ecological concerns related to the massive use of fossil fuels (e.g. global warming) are well known
and widely accepted today. For this reason, one of the primary technological challenges of this

century is to increase the production and storage of renewable energy/electricity. |

The demand for energy storage has dramatically increased in the two last decades, especially in
the case of electrical energy storage in batteries. 2 Since their first commercialization in 1991,
lithium-ion (Li-ion) batteries are one of the most attractive solutions for energy storage
applications. In particular, their long lifespan, flexible lightweight design, specific power, and
specific energy value make Li-ion batteries a suitable candidate for transport applications.?
Currently, Li-ion batteries are mainly based on lithium metal oxides (LiCoO>, LiNixMnyCo,0O>,
and LiMn2O4) or phosphates (LiFePOs) and carbon systems with theoretical specific energy in the
range of 150-260 Wh/kg. *° From the sustainability point of view, it is important to reduce or
eliminate the presence of cobalt (Co) in the positive electrode because it is an expensive and critical
raw material. The increasing interest in electric vehicles and hybrid electric vehicles pushes the
research towards new active materials with higher performances (mainly higher energy) and lower
prices. 8 In addition, the current processing of Li-ion battery positive electrodes is based on
PVDF (binder) and NMP (solvent). Thus, this technology can hardly considered to be sustainable.’
Due to the massive increase in battery demand and production, the sustainability of the battery

manufacturing is already gaining significant attention. '%!!

Therefore, new lighter weight, low-cost materials must be scouted in order to meet the high
specific energy needed for modern technology applications. !> Among different candidates, sulfur
seems one of the most promising challengers to the Li-ion batteries due to the high theoretical

specific capacity of 1675 mAh/g of the sulfur following the theoretical reaction S +2 ¢ +2 Li" —



Li,S. Besides, sulfur is an abundant, lightweight, and non-toxic element with a low environmental
footprint, which eventually decreases the final cost and makes the battery more sustainable. '3
Nevertheless, due to the sulfur present in the positive electrode, lithium-sulfur (Li-S) batteries
suffer from various challenges that hinder their commercialization. It is well known that sulfur
particles suffer from the problems of poor electronic conductivity (~ 5x107° S/cm at 25 °C), large
volume expansion (~ 80%) during cycling, and dissolution of intermediate polysulfides into the

electrolyte by the polysulfide shuttle effect, which eventually leads to low coulombic efficiency

and rapid capacity decay on cell level. 141516

In the last ten years, vast research efforts have been invested in the field of Li-S batteries, which
has led to remarkable advances compared to the earliest configuration, but still, the actual
technology of the Li-S batteries is far from having reached its full potential. '*!*!4 The four main
components (positive electrode, negative electrode, separator, and electrolyte) must be designed
with an integrated approach that focuses on high energy density, high efficiency, fast charging,

and improved cycling stability.

The development of advanced sulfur powder and sulfur electrodes is focusing on increasing the
stability of the specific capacity and the rate capability. The pioneering work of Nazar et al. !’
reported the idea of trapping sulfur in a mesoporous carbon matrix. The motivation behind this
work was to ensure better electronic accessibility of the sulfur (nano-sized and within a conductive

matrix) and trapping it in the matrix. In addition, other methods have been developed by using
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mesoporous TiO, nanotubes '8, mesoporous carbon spheres '°, sulfur-wrapped in graphene 2,
embedded in reduced graphene oxide (rGO) ?! following a similar trend (trapping sulfur). The
standard method to insert the sulfur in a porous rigid-host is the melting approach using the low

melting point of sulfur and capillary adsorption as a driving force. Other strategies to improve the



14,22

life cycle involve optimizing the liquid electrolyte composition by using additives or using a

16,23 15,24

solid-state polymer electrolyte or by setting an appropriate electrolyte/sulfur ratio.

Impressive progress has been made during the last ten years, especially by focusing on the
development of sulfur positive electrodes. >!'? Upon cycling, the morphology of the positive
electrode changes significantly. When the battery operation starts, the active material leaves the
carbon/binder matrix and dissolves in the electrolyte in the form of soluble polysulfides. This
eventually affects the overall porosity of the electrode and may give rise to collapse and strong
electrode pulverization. Reprecipitation (Li2S or Sg on (dis)charge) is usually heterogeneous,
leading to the formation of large particles that are mostly inactive, due to the poor conductivity of
the solid products, and increase the mechanical stress in the positive electrode. Also, the current
collector may get disconnected from some parts of the carbon/binder agglomerates, resulting in
loss of active surface area which eventually leads to drastic capacity fading right after the initial
cycles. ¢ In general, to decrease the capacity fading, the positive electrode should retain its
morphology over the number of cycles. Thus, not only the sulfur trapping, but also the entire

structure of the sulfur positive electrode is important. 2>26-27-8

In recent times, surface coating is considered to be an effective method for improving the
electrochemical performances of positive electrode materials. Carbon is an ideal coating material
due to its high electrical conductivity, elastic nature, and dense structure. Carbon coating has been
successfully used to enhance the properties of various electrode materials. '>?° However, to
increase the electronic conductivity of the coating layer traditional techniques for carbon coating,

130

like hydrothermal ** and CVD (chemical vapor deposition) *' mostly require thermal treatment at

high temperature (>500 °C), which is not suitable for sulfur. In addition, due to the limited porosity



of carbon matrix, the sulfur content in the electrode is limited at 50% weight ratio and leads to

limited energy density of the Li-S batteries.'?

Furthermore, to modify the sulfur-based negative electrode, intrinsically polar metal oxides (such
as Zr0,,%> Mo0,,** Mg0,** CeO,, ** Ca0, ** Fe,03,* etc) have been widely used in Li-S batteries.
These metal oxides can interact as polar lithium polysulfide trappers. Metal oxide (like Al,O3)
coating using atomic layer deposition (ALD) can also be considered as the state of the art, 3637383
To the best of our knowledge, no direct coating of sulfur particles by ALD was ever reported, as
multiple steps and complex processes are required for the use of ALD in Li-S batteries. Kim et al.
38 and Yu et al.*® reported the prolonged cycle life of Li-S batteries using ALD. Kim et al. showed
that alumina coating on the carbon sphere impregnated with sulfur limits the sulfur deposition
during cycling on the Li-negative electrode. However, the alumina coated electrodes show
significant capacity fading after several cycles. The authors attributed it to the resistance build-up
on the Li negative electrode (anode). One has also to considered the leaching of metal oxide on
long term during the lifetime of the batteries by the HF present in the electrolyte, especially for
amorphous coating as formed by ALD. A shuttling phenomena to the negative electrode is

probably occurring with the formation of metallic nanoparticles on the electrode surface that may

act as electrocatalysts promoting the degradation of the electrolyte.*’

Many research groups reported on the positive impact of coating sulfur particles with conducting
polymers. ***> Such conducting polymers allow an increase in the electronic conductivity at the
surface of the sulfur particles. Thus, similar to the carbon coating of LiFePOg in Li-ion batteries,
electronic percolation is increased within the sulfur electrode of Li-S batteries, even if the bulk of
the active material (sulfur) itself remains poorly conductive. In addition, the polymeric coating (in

certain cases) acts as a barrier to mitigate the polysulfide shuttle phenomenon. Consequently, the



electrochemical performance of the Li-S cell in terms of capacity, charge/discharge rate, and

ageing is reported to be significantly improved. 4%

Among the different conducting polymers, the most promising one is poly-3,4 ethylene
dioxythiophene, commonly labelled as PEDOT. Li et al. % reported a PEDOT coating having a
superior effect to polypyrrole (PPy) and poly-aniline (PANI) coatings because PEDOT was found
to hinder the polysulfide shuttle by favorable chemical interactions (chemical trapper) with the
polysulfide (Li2Ssg - Li2S). Hence, besides increasing the conductivity of the sulfur electrode and
in addition to its barrier properties as a membrane, PEDOT acts as a chemical trapper, even after

41,42,44.45

300 cycles. Most of these publications report similar improvements i.e. higher and more

stable specific capacity, improved rate capability compared to non-modified sulfur powder

Nevertheless, the main drawback of all the above-mentioned approaches is that they do not appear
to be compatible with up-scaling. They include complex time-consuming steps for solvent removal
and are limited to small batches and laboratory-scale production. Many synthetic methods reported

16,18,46

are multi-step and complex, they may need the use of autoclaves or sealed-glass tubes *7 or

require the use of hazardous chemicals like HF ' or high-power centrifugation, >-26:4-30.51.52
Recently, the surface modification of flat surfaces (with the deposition of a conductive PEDOT-
thin film) was reported by polymerization of the 3,4 ethylene dioxythiophene (EDOT) under

dielectric barrier discharge (DBD) plasma treatment.>

In the current paper, we report an
alternative new approach (powder functionalization) for coating commercial sulfur powder with
PEDOT by means of a dry coating route, based on DBD-technology. Advantages are that the DBD
plasma device operates at low temperature and ambient pressure conditions and does not require

high energy. Moreover, it is a dry method (no solvent chemicals, and limited amount of precursors)

that does not require energy-intensive drying steps that might lead to aggregation. Thus, the DBD-



plasma process is compatible with the sulfur element and entails low cost, low energy
consumption, and low safety risk. All these factors make the coating of sulfur particles with the
DBD-plasma technology compatible with up-scaling and sustainability.>* Moreover, the sulfur
electrodes can be processed by a water-based protocol which is more environmental friendly and

requires less energy during the solvent removal than the conventional method using NMP.

The materials were intensively characterized to correlate the effect of the PEDOT-coating on the
electrochemical properties of the Li-S cells using raw and (low-, optimum-, high-) PEDOT-coated
sulfur powders as active materials in the positive electrodes. In addition, the electronic
conductivity of the PEDOT coated powders is stable after more than six months. Post-mortem
analyses on cycled electrodes (SEM and BET) were performed to confirm that the difference
observed in the performance of the Li-S cells using different sulfur materials (raw or PEDOT-

coated) could not be influenced by any significant macroscopic (electrode scale) phenomena.



2.0 Experimental part

2.1: Materials:

The sulfur powder (Merck, 99-101%) was sieved at 50 pm before use. The carbon black (Imerys
Graphite & Carbon) powder C-nergy Super-C65, was sieved at 125 pm. EDOT monomer was
purchased from TCI (> 98 %). Lithium polyacrylate (LiPAA) was obtained by neutralization of
polyacrylic acid aqueous solution (Sigma-Aldrich, 35% weight with Mw ~ 250 000) to pH ~ 8.1
with LiOH aqueous solution (C ~ 2mol/L) with the final content of the LiPAA aqueous solution

was 10% in weight, adjusted by the addition of deionized water as previously reported. >°

2.2: Materials synthesis (surface coating by DBD-plasma process)

An atmospheric plasma process was developed (Figure 1) that enables to coat sulfur particles with
a plasma polymerized PEDOT coating. The atmospheric plasma device is a cylindrical dielectric
barrier discharge (DBD) configuration designed to treat powders under atmospheric conditions
(low temperature << 100°C, ambient pressure, and solvent free). The system consists of a glass
tube, which in its center contains a metal electrode that is grounded. The cylinder ratio thus is
equivalent to the plasma gap, which is 2 mm. Surrounding the external perimeter of the glass tube
there is a metal mesh connected to a high voltage power supply. An AC-power supply (AFS-
GmbH) and transformer are used to ignite the plasma. The reported frequency and power are the
properties of the signal delivered from the generator. Sulfur powder is injected with the plasma
gas (argon) using a powder feeder pump (IMPAKT™). The EDOT precursor is introduced in the
plasma as an aerosol. After plasma treatment, the plasma gas is evacuated through a filter and the
treated powder is collected from the bottom. This process can be repeated several times in order
to increase the residence time of the sulfur particles in the plasma, which eventually increases the

coating thickness on the powder surface. °*>7® The plasma treatments were done at S00W plasma



power and a frequency of 18kHz. The Ar gas flow was set at 30 slm with addition of 1.5 slm O»
(which acts as an oxidizing dopant to control the polymer oxidation) and the total processing time
was fixed at 55 minutes. However, the precursor injection dose was varied from 30 mg/min, 75
mg/min, and 100 mg/min. This way the so-called low, optimum, and high PEDOT samples were

obtained respectively.
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Figure 1: Schematic sketch of the atmospheric plasma process for surface modification of sulfur
powder.
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Table 1 summarizes the process conditions to synthesize the PEDOT-coated sulfur powders that
have been studied in this work. The presence of O is needed in the argon atmosphere with an
optimum of 5% to get measurable electronic conductivities (> 107! S/cm). As it is expected from
a  conjugated polymer, the oxidation state of the PEDOT influences dramatically its conductivity.
Similarly, as the plasma power can be varied, low power leads to less EDOT activation and
consequently less polymerization, resulting in a very thin coating. In addition, power superior to

500 W leads either to no significant improvement of the conductivity of the final product or drop
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of the measured conductivity, or even a complete degradation of the sulfur powder (PEDOT

inactivation and/or sulfur sublimation) when reaching 800 W.

Table 1: Experimental conditions for the reported DBD-plasma coated sulfur powders.

Amount of Plasma Plasma Change in Process
(PEDOT) ower Frequency feed gas additive time
Sample precursor P (Ar) gas Oz
(mg/min) W) (KHz) (slm) (slm) (min)
0
Low- PEDOT 30
500 18 30 1.5 55
75
100

2.3: Characterization techniques

Conductivity: The powder conductivity is measured (Figure S1) by a home-made device connected
to a digital precision multimeter (DMM-4050, Tektronix). A detailed description of conductivity
measurements is reported in the supporting information.

Laser diffraction: The particle size dispersion (PDS) of the different sulfur powders were measured
using a Microtrac S3500 particle size analyser.

XRD: X-ray diffraction (XRD, Empyrean) patterns were recorded using monochromatic Co—Ka
radiation at 45 kV and 40 mA, to study the structural phases in each sample. The diffraction
patterns were recorded with 2D-detector at a scan speed of 0.067335° /sec between 10° and 90°.
SEM: The particle morphologies for raw and coated sulfur powders were characterized by
scanning electron microscope (SEM) from FET™ NovaSEM 450 using backscattered electron
images taken using a CBS detector and an acceleration voltage of 5 kV, with all the measurements

were performed in a vacuum chamber (pressure: 10 mbar).
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TEM: We used FEI Tecnai G2 Spirit Twin, at 120 kV. Samples were dispersed in absolute ethanol,
sonicated for ~30 seconds, dropped onto carbon-coated copper grids (EMS, FCF-200-Cu), and
dried under an infrared lamp for several minutes.

XPS: Samples were investigated by XPS measurements with a ® 5600ci Perkin-Elmer
spectrometer, using a standard aluminum (Al Ka) source with an energy of 1486.6 eV operating
at 220 W.

Raman: The Raman spectra were collected on a Horiba Jobin Yvon T64000 triple Raman
spectrometer. A BXFM Olympus microscope (100x magnification objective), a Horiba Jobin
Yvon Symphony CCD detector, and a 488 nm Lexel SHG laser operated at less than 20 mW were
used.

NMR: The 3C NMR spectra (CP/MAS) were recorded at room temperature on a Jeol ECZ600R
600MHz spectrometer (14.1 T wide-bore magnet) equipped with a 3.2 mm wide VT Range
HXMAS probe.

2.4: Electrode preparation

Raw and PEDOT coated sulfur-based electrodes were prepared with an established protocol. >

Typically, a tape casting method by mixing sulfur: carbon-black: binder (LiPAA) with a
composition of 66:24:10 in weight ratio using mechanical stirring at 650 rpm for 15 mins. The
liquid/solid ratio in LiPAA polymeric binder solution was adjusted by mixing the LiPAA (10%
weight) aqueous solution with water to reach 2% LiPAA in weight. Ethanol (VWR, 96% denatured
with 3% isopropanol) was added afterward (with a 3:2 wt.% ratio compared to LiPAA solution,
respectively). An additional amount of acetone (ratio of LiPAA/acetone is 1:1 by weight
respectively) was added into the dispersion. The slurries were coated on carbon-coated aluminum-

foil (Al/C) (MTI-KJ group, thickness 16um) by doctor-blading, and dried in a fume-hood at room
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temperature. The electrodes were punched, weighed, and dried overnight in a desiccator and then
placed in the transfer chamber under vacuum for 15 min before entering the glove box. The average
sulfur loading was calculated to be ~ 4.5 mg/cm? for all electrodes.

2.5: Battery assembly and testing

Coin cells (CR2032) were assembled in an argon filled glove box (Jacomex GP-concept) with H.O
<1 ppm and Oz < 1 ppm with sulfur positive electrodes (area: 1.77 cm?, diameter: 15 mm) and a
disc of lithium metal (Alfa Aesar 99.9%) of 16 mm diameter as the negative electrode. A polymeric
separator (Celgard 2400, diameter: 19 mm) was positioned between the two electrodes. Each cell
was filled with 90 pL of electrolytic solution (SoulBrain MI), ie. 1M lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) in 1,3-dioxolane (DOL): dimethoxyethane (DME)
with 1:2 as the weight ratio. LINO; (Aldrich, 99.99% trace metal basis) was added to the electrolyte
to reach 5% weight ratio. The cells were sealed with a pneumatic press in the glove-box and
transferred in a temperature chamber at 25°C and connected to the battery tester (BCS-810 from
Bio-Logic for galvanostatic cycling and Ametek PARSTAT PMC-1000 for impedance
measurements). The coin cells were equilibrated for 6 hours at OCV and then cycled over a voltage
range of 1.5 — 3.0 V vs. Li"/Li. The cells were tested by different means, either at a single C-rate
of C/10 for long cycling tests or different (dis)charge rates with C/10 for the first 30 cycles,
followed by C/5, C/2, 1C, and C/10 rates with 10 cycles for each step. In the electrochemical
impedance spectroscopy (EIS) tests, cells were left at OCV for 1 hour before the characterization.
Cyclic voltammetry tests were performed from 1.0 — 3.0 V vs. Li"/Li with scan rates of 0.1, 0.2,
0.5 and 2 mV/s. The scan rate of the linear sweep voltammetry (LSV) tests was 0.1 mV/s over a
voltage range of 1.5 — 5.0 V vs. Li"/Li. Post mortem SEM analysis of the electrodes was performed

as reported in our previous article. >

13



3.0: Results and Discussion

3.1: Characterization

A clear color difference was observed between the different sulfur powders before and after
PEDOT coating (Figure 2). The commercial raw sulfur is golden yellow whereas low-, optimum-
and high- PEDOT coated sulfur samples are light green, dark green, and black respectively. The
difference in colorations can most probably be ascribed to the increase in the quantity of PEDOT
present on the sulfur. The electronic conductivity of the raw sulfur could not be measured in our
set-up, a value of ~10° S/cm was taken from literature. > However, the electronic conductivity is
the highest for the optimum-PEDOT coated sulfur powder (~ 10~ S/cm) followed by the high- and
low- PEDOT coated sulfur powder (~ 10 and ~ 10® S/cm), respectively. Because the
measurement is not done on a single particle, grain boundary effects must be considered, and the
result is considerably affected by the powder compressibility and the pressure applied. Therefore,
the conductivity values have to be considered as semi-quantitative. In the present case, all
measurements were done under the same conditions and repeated (see part 2.3 and supporting
information). Abessolo et al. >* obtained a conductivity of 102 S/cm for PEDOT films produced
by DBD-plasma, which does not contradict with the lower values for the coated powders, due to
possible grain boundaries effect. Consequently, and given a difference of at least one order of
magnitude between the samples produced with the different protocols, the conductivity values and
evolution are considered reliable.

The difference in the conductivity between the three PEDOT-coated samples will be
affected/influenced at different levels: (i) at the molecular level, the regularity of the m-m
conjugation will affect the electron mobility within a single chain of PEDOT; (ii) at the

macroscopic level, the homogeneity and continuity of the PEDOT coverage of the sulfur particles
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will determine the conductivity (mobility of electrons) between the different PEDOT chains and

(ii1) the grain boundaries might influence the inter-particle conductivity.
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Figure 2: Selection of different coated and uncoated powders a) raw sulfur b) low- ¢) optimum-
d) high-PEDOT and e) conductivity values.

The low conductivity of low-PEDOT coated sulfur powder is most probably attributed to the thin
and incomplete coverage (as expected) due to the limited amount of precursor used in the coating
protocol. The lower conductivity of the high-PEDOT coated sulfur vs. the optimum-PEDOT
coated sulfur might be explained by two possible phenomena. As the high-PEDOT coated sulfur
powder is highly wet just after the coating process, it is more likely that the polymerization of the
EDOT precursor was not completed during the plasma-treatment. This effect is enhanced by the
extensive amount of precursor used in the coating step, leading to more inhomogeneities both in
(i) the m-m conjugation as suggested by Abessolo et al. >* (see Figure 6 and related discussion on
Raman-spectroscopy data) and (ii) coating morphology. Important to note is that the powder
coating process is repeatable under the given experimental conditions and that the conductivity of

the PEDOT-coated sulfur powders is stable at least for several months.

The cumulative particle size distribution (PSD) for uncoated and coated sulfur powders is quite

similar (Figure S2). We observe a small increase in the average PSD of the PEDOT-coated sulfur
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powders. This is attributed to limited (but still present) aggregation during the formation of the
PEDOT-coating. We suppose during the coating initiation and growth, the latter is able to act as a
glue for nearby sulfur particles. Based on the results we exclude any aggregation phenomena due
to the plasma itself.

XRD analysis (Figure 3) provides details about the crystal structure of the uncoated and coated
sulfur powders. The patterns of raw and PEDOT coated sulfur powders show distinguished (040)
and (222) reflections around 32° and 26°, as well as smaller diffraction peaks, which fit JCPDS
(no. 19-247) without any impurity phase. This indicates similar and conventional patterns of sulfur
in its orthorhombic phase with the Fddz-space group. **°! The PEDOT-coated sulfur powders
present exactly the same diffraction pattern as the raw sulfur powder, thus indicating that the
PEDOT coating is amorphous and/or too thin to be measurable in XRD. It also confirms that the

DBD-plasma coating process does not alter the crystal structure of the sulfur material itself.
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Figure 3: XRD patterns of uncoated sulfur and low-, optimum- and high-PEDOT coated samples.
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SEM analysis (Figure 4) was performed to visualize the morphology of the raw and PEDOT-
coated sulfur particles. Irrespective of the different amounts of precursor used, all three coated
samples show the same particle size and morphology as the raw sulfur and this observation is
consistent with the PSD results (Figure S2). In addition, the surface of the particles of the PEDOT-
coated sulfur changed in comparison to the commercial raw sulfur. This could be ascribed to the
fact that the surface is etched with pitting due to plasma. However, potentially it would be the
formation of a PEDOT coating on the surface of the sulfur particles, even if we cannot distinguish
the coating morphology between the three-different (low-, optimum- and high-) PEDOT coated
sulfur samples, but still, we clearly see the increase in conductivity values (section 3.1). We have
tried to perform TEM analysis (Figure S3) in order to obtain more precise information on the
PEDOT-coated sulfur powders, especially on the morphology of the PEDOT coating.
Unfortunately, sulfur samples were suffering from immediate sublimation under the beam even at
low beam intensity. The stabilization of the samples in a matrix was also tried, but the results were

not conclusive.

Figure 4: SEM images of a) raw sulfur, b) low-, ¢) optimum-, d) high-PEDOT coated sulfur
respectively.
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XPS analysis (Figure 5, S4, Table 2, and S1) was used to characterize the chemical surface
composition of the PEDOT-coated sulfur particles. The atomic C/S ratio (Table 2) is 0.6 for the
raw and 3.8, 4.3, and 6.1 for the (low-, optimum- and high-) PEDOT sulfur powders, respectively.
Similarly, the atomic O/S ratio is 0.09, 1.8, 2.4, and 2.6. These values have to be compared to the
ones of the pure PEDOT being C/S = 6 and O/S =2. *

Table 2: Elemental surface composition (XPS) of coated and uncoated samples.

Sample Carbon Oxygen Sulfur

P (at. %) (at. %) (at. %)
Low- PEDOT 57.7 27.0 15.3
55.4 31.7 12.9
60.7 26.4 10.0

The evolution of the atomic ratios is in agreement with the deposition of a polymeric coating and
the higher amount of EDOT used, the thicker is the polymeric coating. The typical range of the
XPS signal depth penetration, i.e. the thickness of surface probed, with standard apparatus is ca.
some nm (up to 10 nm). We conclude based on the evolution of the C/S ratio from the different
PEDOT coated sulfur powders that the PEDOT-coating thickness is in the nanometer range. The
relative high atomic percentages of carbon and oxygen detected on the surface of the raw sulfur
(34.3% and 5.8% at., respectively) are attributed to ubiquitous adventitious contamination. This
latter is confirmed by the deconvolution of the Cls signal of the XPS spectra (Figure 5), showing
a major component due to hydrocarbons (sp*) the raw sulfur (Figure 5.a) is covered by relatively
weak carbon sp’ signals versus the noise signal. Instead, the Cls signals of the PEDOT-coated
sulfur samples (low- 5.b, optimum- 5.b, and high-PEDOT 5.c¢) are more complex. We conclude

from the deconvolution that the polymeric coating (Figure 2 and Table S1) is mostly composed of
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sp? carbons, which is in agreement with a conductive PEDOT polymer, i.e. m-conjugated polymer,
on the surface of the sulfur particles. However, a precise quantification between the sp? and sp*
carbon is challenging due to the small difference between the two signals (< 1 eV). >153-?

In Figure 5 (a-d) and table S1, the Cls of all three-coated sulfur powders show the main peak at
284.6 eV, which is attributed to the C=C (sp* carbon) in the aromatic rings. The higher binding

energy peaks at 285.2, 286.7, and 289.0 eV can be attributed to the carbon species of C-C, C-O,

or C—S and C=0 groups, respectively.
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Figure 5: XPS Cls spectra of a) raw sulfur, b) low-, ¢) optimum-, d) high-PEDOT, and S2p spectra
of e) raw sulfur, ) optimum- PEDOT coated sulfur.
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No hydrocarbon carbon groups (C-O, C-S, C=S, and C=0) are attributed to the presence of
PEDOT coating and accordingly they were not detected on the surface of raw sulfur. >' The C=0
signal is present for all coated samples while at first glance it should not be present for a standard
PEDOT-coating. Abessolo et al. >* reported that the DBD-plasma process initiates the EDOT
polymerization, but unfortunately other undesired reactions also occur, especially the degradation
of the ether ring of the EDOT, leading to the possible formation of C=0O groups. In the case of
optimum-PEDOT coated sulfur, we observed relatively high intensities of (C=C) functional
groups, which relates to high conductivity values (Figure 2) and less capacity fading during
electrochemical tests (Figures 8-10 and related discussion in section 3.2). In comparison, the
relative intensity of C=C functional groups in the low PEDOT coated sample is weaker than other
coated samples, implying a very thin or very limited coverage of conductive polymer on sulfur (in
agreement with Raman spectroscopy analysis, Figure 6). In the case of the high-PEDOT coated
sample, we also observed the increase in relative intensities of C=0O functional groups most

probably due to oxidation of the EDOT and PEDOT exposed to the DBD-plasma.

Figure 5 (e-f) displays the S2p spectrum for the raw and optimum PEDOT coated sulfur. The peaks
at 165.2 and 164.0 eV can be assigned to the S2ps» and S2pi.2 spin-orbit levels of raw sulfur
respectively. In comparison, both pristine sulfur (figure 5-e) and optimum-PEDOT coated sulfur
(Figure 5-f) spectra do not allow to confirm if the C-S bonds were actually formed upon the plasma
treatment, while oxidized sulfur atoms are clearly present in the latter case, as outlined by the
component at higher BE. Consequently, we consider that very low amount (or absence) of C-S
bonding between the PEDOT coating and the sulfur particles is formed with the DBD-plasma
treatment, while sulfur species on the particle surface are significantly oxidized (i.e. S-O species).

We suppose the oxidized sulfur atoms to be the one present on the surface of the Sg sulfur particles,
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taking into account that the sulfur atoms from the PEDOT polymer are stabilized within aromatic
rings.

Raman spectroscopy (Figure 6) combined with careful calculations of vibrational spectra is known
to provide valuable information for electronic structure. The Raman spectrum of raw sulfur (figure
S5) shows three sharp peaks centered at 154, 221, and 475 cm-1 respectively, corresponding to
characteristic signals of Sg species. °!' In addition, a clear surface coating effect is observed for all
three (low-, optimum- and high-) coated samples, where all coated samples show similar peaks
but with lowering peak intensity depending on the amount of precursor used (macroscopic effect),
respectively. In Figures 6 (a-d), for a clear understanding of the PEDOT electronic structure, we
investigated the region between 1200 and 1700 cm™! where both C=C and C-C stretching vibrations

are active. 60-61,62.63

For the low- PEDOT coated sample, we did not observe any peak, because of the very thin coating.
However, for optimum and high- PEDOT coated samples we observed characteristic peaks that
confirm the presence of PEDOT polymer on the sulfur particles. The absorption bands at 1520,
1440, 1370, 1220, and 1140 cm™ are assigned to asymmetric C=C stretching, symmetric C=C
stretching, Cp-Cp stretching, Co-Co inter-ring stretching or CHz twisting, and C-O-C deformation,
respectively. One additional peak at 1470 cm™ is observed which is attributed to the degradation
of the aliphatic chain of the PEDOT polymer (formed by O-CH:2 bond cleavage due to plasma
treatment, resulting in CH3CH20- groups) on the surface of the sulfur particles. However, the
characteristic absorption band at 1440 cm ™! due to symmetric C=C stretching is an indication of
good structure retention and high level of conjugation in the structure of PEDOT polymer. 33:63:64:65

It is reported in the literature %6768 that, if the peak corresponding to the stretching vibration of

C=C becomes narrow, it favours the formation of extended-coil polymeric chains of the quinoid
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structure instead of benzoic structure, which increases the n—mn stacking in the polymer structure.
In comparison with high-PEDOT coated sulfur powder, we clearly observed that in optimum
PEDOT coated sulfur powder, the band at 1440 cm ™! becomes narrow which indicates the fact that
optimum-PEDOT has a longer degree of polymer conjugate length resulting in a higher
conductivity value and better electrochemical performance. However, high PEDOT coated sulfur
powder potentially shows a wider band which indicates a lower degree of polymer conjugate
length. In addition, we have seen an additional peak around 1220 and 1140 cm™! corresponds to
CH; twisting and C-O-C deformation respectively. This may also be the reason for more
degradation of PEDOT during the plasma process, which then further reflects high C=0 functional

group values and low conductivity as mentioned previously while discussing the XPS results.®!:6%63
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Figure 6: Raman spectra of uncoated and (low-, optimum- and high-) PEDOT-coated sulfur for
certain shift region.

22



In Figure 7, the solid-state '>C-NMR spectrum of the optimum-PEDOT coated sulfur powder
confirms the presence of PEDOT in the sample. The signals of PEDOT polymer can be observed
in the spectrum at chemical shift positions (in ppm) as expected from literature. ° The peak at
around 113 ppm can be attributed to the sp? carbons next to the sulfur (S), second at around 142
ppm to the sp? carbons next to the oxygen (O), and a third around 66 ppm to the sp® carbons of the
cyclic ethylenedioxy part. However, an aliphatic carbon signal around 30 ppm might be formed
by O-CH:z bond cleavage due to plasma treatment, resulting in CH3CH20- groups of which the
CHj3 group can explain the signal. The signal attributed to aromatic C1 carbons is much broader
than the reference PEDOT signal found in the literature. ® It reveals that, as expected the plasma-
polymerized PEDOT coating presents numerous inhomogeneities at the molecular scale compared
to PEDOT obtained by standard chemical/electrochemical methods. These inhomogeneities are
combination of the presence of a-a, a-f, B-p covalent links while the “pure” PEDOT polymer
contains only a-a ones. In addition, many different sub-products and groups are potentially formed
from the degradation and opening of the ether ring and can be either remain pendant and
incorporated in the main PEDOT chain made with DBD-plasma. Such results also are in agreement
with other spectroscopy (XPS, Raman, etc.) data previously reported and explain why PEDOT
obtained by DBD-plasma has limited conductivity (<< 1 S/cm level) even if presenting a very
homogeneous macroscopic aspect. 3% ¢

To summarize part 3.1, the different characterization techniques are agreeing with each other. A
conductive thin polymeric coating was formed using DBD-plasma on the surface of the sulfur
particles with a thickness typically of several nanometers. The coating is a PEDOT-type coating
but with chemical irregularities (ring opening) caused by the DBD plasma process. The sulfur

itself is considered unchanged, only limited aggregation of particles occurred. The highest
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electronic conductivity obtained for the optimum-PEDOT coated sulfur is around 10 S/cm and
can be attributed to an optimal surface coverage of the sulfur particles and homogeneities in the

polymeric structure of coatings.
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Figure 7: 1°C solid-state NMR spectrum of optimum-PEDOT coated sulfur.

3.2: Battery cycling

Charge/discharge performance— Each sample was tested with at least 5 different Li-S cells
using an electrode protocol with LiPAA as a binder and (Figure 8 a-d) obtained good repeatability
of the electrochemical properties.”> Compared to all other samples, the reproducibility clearly
improved for Li-S cells containing the optimum PEDOT-coated sulfur powder. A likely
explanation is the higher homogeneity within the positive electrodes (both pristine and aged,
section 3.4) with improved conductive optimum PEDOT-coated sulfur material, i.e. good
electronic percolation. It is supported by the coulombic efficiency vs. cycle (Figure S6), which is
obviously the most stable and high (> 99%) for the Li-S cell containing the optimum PEDOT-

coated sulfur particles.
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Figure 8: Specific discharge capacity at constant (dis)charge rate (C/10) of Li-S electrodes with
different sulfur powders present in the electrode (a) raw sulfur, (b) low-, (c) optimum-, (d) high-
PEDOT coated sulfur (e) comparison between the cycling (C/10) of the most representative Li—S
cells using raw sulfur, low-, optimum-, and high-PEDOT coated sulfur respectively.
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For the sake of clarity of each sample (Figure 8e), the most representative Li-S cell showing the
most regular evolution of the specific capacity versus ageing is presented. The low- and optimum-
PEDOT coated sulfur samples present an initial specific capacity almost twice inferior, around 300
400 mAh/g, with respect to the one of the reference raw sulfur, which is around 700-800 mAh/g.
Such effect can be attributed to the “activation” of the PEDOT-coating (see later on the
galvanostatic profiles discussion). Surprisingly, the high PEDOT- coating does not show such
limited initial specific capacity with a value around 600-700 mAh/g or even higher. However, after
several cycles, the samples present very similar specific capacity between 600-700 mAh/g. In
addition, on prolonged ageing after the 100" cycle, the optimum PEDOT coated sulfur and raw
sulfur show discharge specific capacity values of 503 and 297 mAh/g respectively (Table 3).
Similarly, the specific capacity fading was calculated to be 18% (1.57 mAh/g/cycle) and 34% (2.20
mAh/g/cycle) between the 30" cycle and 100" cycle. These first results already confirm the
effectiveness of the PEDOT-coating by DBD-plasma on sulfur powder to improve the properties
of Li-S batteries, especially the mitigation of the capacity fade, and the characterization data (see
part 3.1). 7 However, for the case of low and high PEDOT coated sulfur vs. raw sulfur, the
continuity of PEDOT-coating layer is not as clear (as expected from the characterization data
discussed in part 3.1). Low- PEDOT coating sample has a too thin coating and poor conductivity
(two orders less than the best sample). The high PEDOT-coating sample possesses a thick coating
but with many inhomogeneities, at least at the polymeric chain scale (see Figure 6 and related
discussion), also leading to limited conductivity.

More importantly, when comparing previously published results using similar polymeric coatings,
the Li S cells of this study appear at least to be as good capacity retention if not better, especially

taking into account the high sulfur loading of our electrodes. 2°-26:42#4:46.5L7L7273.74 1 addition, the

26



here applied surface coating protocol (by using DBD-plasma) is straightforward, uses only
standard, cheap, abundant, and relatively low toxic chemicals and small quantities (exception of
the sulfur itself of course). It does not require high temperature (risk of sulfur fusing), neither high
pressure (risk of explosion) nor long time, and neither vacuum drying step (risk of sulfur
sublimation) and already kg/day scale production can be reached. We consider that the protocol
presented here is of interest for upscaling and compatible with the production of pouch cells at
least at laboratory or pilot scales. The latter was recently described by Dérfler et al. > to be
essential for testing in order to evaluate relevant scientific progress in the field of Li-S pouch cell

technology.

Table 3: Summary of discharge capacity at 30", and 100", specific capacity fade, and average
coulombic efficiency between the 30™ and 100" cycle for the raw sulfur, low-, optimum- and high-
PEDOT coated Li-S cells (from Figure 8e and Figure S6).

30t 100" Capacity Capacity Average ?oulomblc
Discharge Discharge Fade % Fade per cycle gy
Sample Capacity Capacity | (from 30% to from 30 to from 30 to 100
P P 100 Cycle Cycle

th
(mAh/g) | (mAh/g) | 100%Cycle) |\ pioievele) | (mAhig/cycle)

_ 451 297 34 2.20 99.00

Low- PEDOT 522 383 27 1.99 98.80
613 503 18 1.57 99.40
573 407 29 2.37 99.30

The (dis)charge mechanism of the Li-S battery is very complex and sensitive to many parameters
including, but not limited to, current density, temperature, type of electrolyte, and polymeric
coatings. '*7® The initial galvanostatic discharge cycles in Li-S cells with uncoated and coated
sulfur show an anomalous profile (Figure 9.a). The discharge capacity is limited for cells showing
a continuous potential drop throughout the discharge and the expected voltage plateau at 2.0 V vs.
Li*/Li is absent. This might be explained by a microstructural rearrangement within the porous

electrode due to the volume changes during the (dis)charge step. We did not report such anomalous
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first discharge previously with raw sulfur and LiPAA as binder. > However, in the present case,
the areal sulfur loading was increased by 12.5% up to 4.5 mg/cm?. We have observed more
anomalous profile of the first discharges for sulfur electrodes using our protocol and with such
high loadings. 7’ The (dis)charge galvanostatic profile of the raw sulfur-based cell (Figure 9.b-c)
follows the expected trends reported in the literature >>’ for oxidation and reduction of a sulfur

electrode in DME/DOL solvent.

At the early stage of the reduction, a potential drop towards a first voltage plateau at ca. 2.3 V vs.
Li/Li is observed. It is followed by a second voltage plateau at 2.0 V vs. Li"/Li before a fast and
final potential drop until the lower voltage limit of 1.5 V vs. Li"/Li. The latter plateau corresponds
to more than 50 % of the total discharge capacity. The galvanostatic discharge profile corresponds
to the reduction of the S8 to Li2S, both solids, with the formation of intermediate polysulfides
LixSy. The specific capacity remains in any case much lower than the theoretical value of 1675
mAbh per gram of sulfur, mainly due to a significant part of the a-Sg which remains unreacted. The
charge profile is characterized by a strong hysteresis and monotonous potential increase to a
plateau around 2.4 V vs. Li*/Li at which 75% of the total charge capacity is delivered. >> However,
the (dis)charge capacity is limited for cells with (low-, optimum-, and high-) PEDOT coated sulfur.
During the 3™ discharge, all coated samples show a potential drop throughout the discharge and
the voltage plateau at 2.0 V vs. Li*/Li is very limited. In addition, at the early stage of the first
oxidations (Figure 9.a and 9.b), all cells containing a PEDOT-coated sulfur material present a
significant overpotential at the early stage of the oxidation when compared to the cell with raw
sulfur. Starting the 5" cycle (Figure 9.c), all Li-S cells (with and without coating on the sulfur)
show standard (dis)charge profiles. The overpotential at the beginning of the charge is severely

reduced with the coated sulfur materials (even not present for the high-PEDOT). More
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interestingly, starting the 15" cycle (Figure 9.d), the situation between the cells with raw sulfur
and the coated sulfur is reversed, versus the 1% cycle when taking into account the specific capacity
and voltage hysteresis respective values. Consequently, we consider the anomalous initial
galvanotactic profiles of the Li-S cells containing the coated sulfur materials to be due to

supplementary rearrangement mechanisms or activation induced by the presence of the PEDOT

coating.
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Figure 9: Galvanostatic (dis)charge (C/10) profiles of Li-S cells with raw sulfur, low-, optimum-,
high-PEDOT coated sulfur respectively at a) 1%, b) 37, ¢) 5, d) 15", ¢) 30" and f) 100" cycle.
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For the medium-term cycling (30 cycles, Figure 9.¢), the Li-S cell using optimum-PEDOT has a
capacity of ca. 162 mAh/g higher than that of the cells with raw sulfur (see Table 4). The voltage
plateau at ca. 2.0 V, labeled as Cyi, is shorter while the capacity at the early stage of discharge
between 2.0 and 2.4 V vs. Li'/Li, referred as Cu, is almost identical for the four samples. We then
consider that the presence of the PEDOT-coating is not changing any electrochemical reaction

occurring in the Li-S cells but just has an effect on the kinetics (see latter).

Table 4: From Figure 9 values of the upper plateau discharge between 2.1-2.4 V vs. Li'/Li, labeled
Cu, the lower discharge plateau at ca. 2.0 V vs. Li*/Li, labeled CL. The total discharge specific
charge is labeled as Cuy + Cr = Cr for the 30" and 100%™ cycle.

30" Cycle 100" Cycle
Sample Cu|CL | Cr |CuCr|CLCr| Cu| CL | Cr |CulCr|CLCt
(mAh/g) (%) (mAh/g) (“o)

128 | 323 | 451 28 72 81 | 216 | 297 27 73

Low- PEDOT 150 [ 372|522 | 29 71 109 | 274 | 383 28 72

181 [ 432 | 613 30 70 156 | 347 | 503 31 69

146 | 427 | 573 | 25 75 110 | 297 | 407 | 27 73

On long-term cycling (at 100" cycle, Figure 9.e), the capacity fade is less pronounced for the Li-
S cells with (low-, optimum- and high-) PEDOT coated samples compared to the cells made with
raw sulfur. The shape of the (dis)charge profile of the Li-S cell with raw and (low-, optimum- and
high-) PEDOT coated sulfur samples remains mostly unchanged even after 100 cycles at C/10 in
contrast to the cells with raw sulfur. A more detailed analysis of the capacity data between the 30
and 100" cycle shows that the Cy in discharge decreases by 37 %, 27 % 14 %, 24 %, and for the

cells with raw sulfur, low-, optimum- and high- PEDOT coated samples compared respectively.
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The capacity fade for the Cp part of the discharge is 33 %, 26 %, 19 %, and 30% respectively.
Globally, the cathodic capacity fade during ageing is equally represented in Cr. and Cr parts of the
reduction occurring in the positive electrodes. In addition, the potential hysteresis for Li-S cells
made with raw and (low-, optimum- and high-) PEDOT coated sulfur-based positive electrodes
increases for all cells during ageing (Figure S7). However, the hysteresis increase is much limited
in the case of the optimum-PEDOT coated sulfur ~ 8 mV, while it is superior at 55, 40, 30 mV for

raw, low- and high- PEDOT coated sulfur samples respectively.

The optimum-coated PEDOT sulfur has already clearly shown a superior behavior as active
material in the sulfur-based electrode of the Li-S cells. So, the next steps of the discussion focus
on comparing only the raw and optimum-PEDOT coated sulfur materials. The influence of the
current density during galvanostatic cycling is presented in Figures 10 and S8. As expected,
increasing the current density leads to decrease in the specific capacity of the raw and optimum-
PEDOT coated sulfur materials. The rate capability of the Li-S cells (Figure S8.f) using the
optimum-PEDOT sulfur is larger than the ones using raw sulfur. The cells using raw sulfur at C/5
and C/10, show globally a superior and significant increase of the hysteresis width between
discharge and charge in comparison to the cells using optimum-PEDOT as a polymeric coating
(Figure S8.a-e).

The different electronic properties (for conductivity at the surface of the sulfur powder and electron
transport Rt in the electrode see Figures 2 and 12 and related discussion, respectively) between
the raw and optimum-PEDOT coated sulfur seem to be the main factor to be taken into account to
explain these phenomena. Both Li-S cells containing either the uncoated and coated sulfur
materials show almost zero capacity when reaching 1C rate. However, the capacity is regained for

all cells when returning back to the C/10 rate. At the first look, it can be considered that the
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performance of our Li-S cells is limited compared to the literature for both the specific capacity
and the rate of (dis)charge, especially at 1C. As mentioned in our last publication > this might be
explained by the fact that we are using sulfur particles (commercially available) with large
granulometry (d50 > 10 um diameter and d99 > 100 um diameter). Easy and safe production of
fine sulfur powder is a challenge.”® We are currently working on the optimization of the
granulometry of the sulfur particles and electrode engineering to obtain better electrochemical
performances of our Li-S cells. Besides, our sulfur electrodes contain a limited amount of additive
carbon (24% in weight) and the high loading of sulfur electrodes (~ 4.5 mg/cm?) is also to be taken
into account. These parameters are often neglected in most publications and are necessary to be
considered to make the Li-S batteries fit for practical application in the future. '* Besides, in the
present report our goal is to validate the concept of powder coating with DBD-plasma technologies
associated with all its advantages (one step, no solvent, ambient pressure, low energy
consumption), i.e. up scalable and sustainable. Our present production of PEDOT-coated sulfur
powder can reach the kg/day scale and appears compatible with up-scaling. Moreover, in near
future, we are planning to investigate our material with pouch cell configuration. This corresponds
to a capacity increase (> 1 Ah) to at least 100 times versus coin-cells, which is a critical point to

get the practical application.
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Figure 10: Discharge capacity at different discharge/charge rates for Li-S cells using raw sulfur
(red) and optimum-PEDOT coated sulfur (green) in the positive electrode.

To evaluate more precisely the influence of the raw and optimum-PEDOT coated samples on the
kinetics of the electrochemical reactions occurring during the cycling in the Li-S cells, cyclic
voltammetry (CV) at different scan rates were measured (Figure 11, Figures S9 and S10, and Table
S2). At low scan rate of 0.1 mV/s, the shape of the CV using electrodes containing either raw or
optimum-PEDOT coated sulfur are globally similar with one anodic peak and two reduction peaks
(as expected). However, we can notice that all the peaks, anodic and cathodic, are clearly sharper
and the potential hysteresis is significantly limited in the case of the latter (Figure S10.a). It already
confirms that the electrode containing the optimum PEDOT-coated sulfur present facilitated
electrochemical kinetics in comparison to the electrode with raw sulfur. When increasing the scan
rate from 0.1 to 2 mV/s, changes in the shape of the cyclic voltammetry and the shift of the peaks
(higher hysteresis) occur in both cases, but it is clearly more pronounced for the raw sulfur

electrode, thus confirming our first observation at low scan rate. Consequently, it is clear that the
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kinetics of the electrochemical reactions of the sulfur species in the Li-S cells can be classified as
optimum-PEDOT is highly superior to raw sulfur-based Li-S cell, which is attributed to the
presence of a conductive coating on the sulfur particle, similarly to Raulo et al. ’' In addition,
anodic linear sweep voltammetry (LSV) from 1.5 to 5.0 V vs. Li"/Li with bare Al-foils and Al-
foils with coated PEDOT polymeric film (Figure S11) showed that he PEDOT is not initiating any

further reaction and is stable in the potential range used to test our Li-S cells.
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Figure 11: Cyclic voltammetry of (a) raw sulfur-based, (b) optimum PEDOT coated sulfur-
based electrodes at 0.1, 0.2, 0.5 and 2 mV/s. The symbols on cyclic voltammetry are the values
of the cathodic and anodic peaks reported in Table S2.
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3.3: Electrochemical Impedance Spectroscopy (EIS)

The electrochemical impedance spectroscopy test (10 mHz to 300 kHz) is presented for Li-S cells
(Figure 12) made with raw and optimum-PEDOT coated sulfur-based electrodes before the first
(dis)charge and after 70 galvanostatic cycles. Pristine electrodes at OCV state (Figure 12.a) show
a standard shape with a semi-circle at higher frequencies followed by an inclined line at lower
frequencies. The optimum-PEDOT coated sulfur material shows a charge transfer resistance, Ret
(semi-circle diameter) value at ~ 15 Q, at least three times smaller than the electrode containing
the raw sulfur (~ 50 Q). Similarly, the slope of the following inclined line (known as Warburg
element) is significantly steeper for the former than the latter with values of 0.84 and 0.40,
respectively. It appears that both the electron transfer and the Li-ion transport in the sulfur
electrode are facilitated with the presence of the optimum PEDOT-coating sulfur powder in the

79,80,81

pristine electrode. This is in agreement with the literature and previous parts of the

discussion 3.1 and 3.2.

The shape of the Nyquist plots of aged electrodes after 70 cycles (Figure 12.b) evolved radically
due to important changes occurring in the electrodes with the successive dissolution-precipitation
mechanisms of the sulfur species. Both raw and optimum-PEDOT coated electrodes exhibit
decreased Re¢ values (first semi-circle at higher frequencies, diameter shrinks) with 9 and 13 Q,
respectively, in comparison to the pristine electrodes. (Figure 12.a). In the aged electrodes, we
consider that the liquid/solid interface is improved in comparison to the pristine ones. We also
notice that the aged Li-S cells show an electrolyte resistance of 10 and 5 Q for the Li-S cells
containing the optimum-PEDOT coated sulfur and the raw sulfur, respectively. It can be due to
different effects as the aforementioned electrolyte degradation (but in this case minimal to counter

the other advantages of the presence of the PEDOT-coating), possible dissolution of EDOT and/or
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PEDOT-oligomers not covalently attached to the coating, or more polysulfide remaining in the
electrolyte. The second semi-circle at medium-frequencies is usually attributed to the formation of
solid lithium-polysulfide (Li2S2 and LixS). It is again significantly smaller for the optimum
PEDOT-coated sulfur than the raw sulfur material with values at 5 and 26 Q, respectively (note

these values are approximate and have to be considered as semi-quantitative). 264>7!
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Figure 12: Nyquist plots for Li-S cells at OCV using raw (red) and optimum-PEDOT coated (green)
sulfur-based (a) pristine electrodes and (b) the same electrodes after 70 galvanostatic cycles at C/10.

3.4: Post mortem analyses (SEM)

One can object that the advantageous electrochemical properties of sulfur electrodes containing
the optimum-PEDOT coated sulfur may not be only due to the presence of the conductive
polymeric layer on the sulfur particles, but other phenomena must be considered as possible
macroscopic effects (electrode morphology and its evolution) when different sulfur powders are

used. Post mortem SEM and BET analyses were therefore performed.

Positive electrodes with raw and optimum PEDOT-coated sulfur show very similar (identical)

morphologies at pristine state (Figure 13.a to 13.d). After 2 cycles and at low magnification, the

36



electrode with raw sulfur (Figure 13.¢) seems to be wider fractured than the one containing the
coated sulfur (Figure 13.f) but this observation is not valid at higher magnification (Figures 13.g
and 13.h). In addition, the inverse can be seen after 70 cycles (Figure 13.i and 13.j). A similar
conclusion arises for the unwashed positive electrodes (Figure S12). Similarly, post-mortem
analyses (SEM and EDX) on the non-washed negative electrode (Li-metal) do not allow us to
distinguish between the cells using raw sulfur and the ones using the coated PEDOT (Figure S13
and S14). This may seem counter-intuitive as the presence of PEDOT in the positive electrode is
expected to act as a polysulfide trap, limiting polysulfide shuttle phenomenon. We explain this by
the fact that the PEDOT-coating is probably not a defect-free membrane. In addition, the total
charge throughput, i.e. the amount of polysulfide formed at all was clearly superior for the cell

with PEDOT-coated sulfur than the one with the raw sulfur.

In order to have a better understanding of the structural integrity of both coated and uncoated sulfur
electrodes, we have measured the Nz-sorption and BET analyzes of the pristine and cycled cells
(electrodes) after 70 cycles (Figure 14 and Table S3). The N» adsorption profiles are similar for all
the types of electrodes (both pristine and cycled) independent of the polymeric coating present, all
with the same order of surface area and porous size. Due to the limited amount of material
characterized for each measurement, the data obtained from the N»-sorption must be considered as
semi-quantitative at the best. Thus, the difference between the electrodes (raw and coated sulfur,
pristine and cycled electrodes) is not significant. Consequently, the microstructure is said to be
similar for all electrodes, as already concluded from the SEM results (Figure 13.a-d, i-1). The
superior electrochemical properties (parts 3.2 and 3.3) of the Li-S cells containing the PEDOT-
coated sulfur is solely attributed to the presence of polymeric conductive coating on the surface of

the sulfur particles.
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Note that the post-mortem analyses confirm the high stability of the structure of the sulfur
electrodes using our protocol even after 70 cycles at full charge/discharge with a C-rate of C/10,

even, if it was not the primary goal of this study.
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Figure 13: SEM images of sulfur electrodes with raw and optimum- PEDOT coated samhples at
different magnifications, and different state of cycling: pristine, after the 2"¢ and the 70" cycle
(C/10). The electrodes were recovered and washed after a full discharge followed by 1h rest at OCV.
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Figure 14: N, adsorption isotherms of the pristine (solid lines) and cycled (70™ cycle, dashed
lines) sulfur electrodes using raw sulfur (red) and optimum-PEDOT coated sulfur (green) in Li-
S cells. Note that the adsorbed volumes were corrected.

4.0 Conclusions

In this work, we have successfully applied conductive PEDOT-coating on the surface of sulfur
particles using DBD-plasma technology. The coating protocol using atmospheric conditions (low
temperature and ambient pressure) is easy, one-step, fast, dry (no toxic solvent and no solvent
removal step), and it is compatible with upscaling, presently kg/day at laboratory scale. Our
coating process entails low cost, safe, low energy consumption and low risk, which makes it
compatible with the urgent need for more sustainable technologies. Moreover, the DBD-plasma
treatment is compatible with the manipulation of very fragile materials such as elemental sulfur
(easily sublimate & oxidize, low melting point, and burnable). The DBD-plasma treatment does
not lead to any change in the bulk properties of the sulfur particles (Ss crystal structure and particle
morphology). The surface electronic conductivity is increased up to 10 S/cm in the case of the
optimum PEDOT coated sulfur powder and remains stable for more than 6 months. The presence

of the PEDOT coating was confirmed by XPS, Raman, and NMR spectroscopy. Raman
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spectroscopy proves that at the polymeric chain scale the PEDOT-coating itself is more regular for
the optimum PEDOT-coated samples than the high PEDOT-coated sulfur samples, and hence
justifies why their conductivity is 10 and 10 S/cm respectively. NMR spectroscopy confirms
that the plasma-polymerized PEDOT coating has a different and less regular chemical structure

compared to conventional PEDOT coating.

The electrochemical tests (with high sulfur loading ~ 4.5 mg/cm?) confirm the superior behavior
of the optimal PEDOT-coated sulfur powder when used in the positive electrode for Li-S cells, in
terms of specific capacity, coulombic efficiency, aging, and these results are highly reproducible.
More intensive investigations confirm that the optimum PEDOT-coated sulfur leads to higher
charge-rate capability, faster electrochemical kinetics, and lower internal resistance. All these
results are explained by the presence of a conductive polymeric coating on the surface of the sulfur
particles. In addition, post-mortem SEM and BET analyses for both uncoated and coated sulfur

electrodes allow us to exclude any significant effect at the electrode scale.

Further developments are ongoing, involving optimization of the granulometry of the sulfur
powder by sulfur milling (smaller and sharper PSD) before coating. Also, to improve the
conductivity and mechanical strength of the coating, different optimization strategies such as
chemical doping (acid, MgO>) or increasing the molecular cross-linking of the PEDOT (plasma

reactor parameters, doping with thiophene) are foreseen.

Realizing Li-S cells, suitable for a commercial application is still an open challenge both for the
manufacturers and for the scientific community. This work presents very promising results,
touching different fundamental aspects of these complex battery systems and depict possible ways

for further investigation works. Last but not least, the possibility to perform powder coatings in

40



dry and low temperature conditions opens possibilities for straightforward surface
functionalization of standard lithiated metal oxides (LiCoO2, NMC) that suffer from manipulation
in water or cannot be heat-treated (at high temperature) to obtain standard conductive carbon

coating.
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