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Abstract: Lithium—sulfur batteries exhibit a high energy density of 2500-2600 Wh/kg with afford-
ability and environmental advantages, positioning them as a promising next-generation energy
source. However, the insulating nature of sulfur/Li,S and the rapid capacity fading due to the
shuttle effect have hindered their commercialization. In this study, we propose a method to boost
the performance of lithium-sulfur batteries by modifying the sulfur cathode with a coating layer
composed of polyethyleneimine (PEI) and Super P conductive carbon. The PEI/Super P-modified
electrode retained 73% of its discharge capacity after 300 cycles at the 2 C scan rate. The PEI/Super
P coated layer effectively adsorbs lithium polysulfides, suppressing the shuttle effect and acting
as an auxiliary electrode to facilitate the electrochemical reactions of sulfur/Li;S. We analyzed the
PEI/Super P-modified electrodes using symmetric cells, electrochemical impedance spectroscopy,
and cyclic voltammetry. The battery manufacturing method presented here is not only cost-effective
but also industrially viable due to its compatibility with the roll-to-roll process.

Keywords: lithium-sulfur battery; modified cathode; polyethyleneimine; lithium polysulfide;
shuttle effect

1. Introduction

In the light of diminishing fossil fuel reserves and growing global concerns about
greenhouse gas-induced climate change, lithium-ion batteries (LIBs) have emerged as a
prominent sustainable energy alternative [1-3]. With the consistent rise in energy demands,
research on LIBs has surged, leading to continuous enhancements in their performance.
Yet, as the currently commercialized lithium-ion electrodes, which rely on intercalation,
approach their theoretical storage capacity limits, there is a growing interest in exploring
novel materials for the energy solutions of the future. In this context, lithium-sulfur (Li-S)
batteries are garnering attention. They offer considerable advantages, including abundant
resources, an impressive theoretical capacity of 1675 mAh/g and an energy density of
2500-2600 Wh/kg, which outperforms currently commercialized batteries [4,5].

While Li-S batteries offer numerous advantages, several challenges hinder their com-
mercialization. First, the sulfur particles and Li,S produced during charging/discharging
possess poor electronic/ionic conductivity, leading to an increase in the internal resistance
of the cathode. Second, the roughly 80% volume change of sulfur particles during charge
and discharge cycles exacerbates structural instability within the battery cell, adversely
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impacting its performance. Finally, lithium polysulfides (LiPSs, Li,S;, n > 4), which form
during sulfur lithiation, dissolve in the electrolyte and migrate towards the anode. This
causes a ‘shuttle effect’, significantly diminishing Coulombic efficiency and capacity. The
shuttle effect, in particular, greatly accelerates the degradation of Li-S batteries, leading
to a drastically reduced lifespan and posing challenges for commercialization. As such,
these issues remain as obstacles that must be addressed for Li-S batteries to realize their
potential as next-generation energy sources [6].

Numerous studies have been undertaken to enhance the performance of Li-S bat-
teries. To address the aforementioned issues, several strategies have been proposed to
immobilize the polysulfides formed during cycling within the cathode. Conductive porous
structures like carbon nanotubes (CNTs), graphene, and mesoporous carbon can physically
confine the active material, suppressing polysulfide diffusion and enhancing electronic
conductivity [7-15]. Moreover, studies have reported that metal oxides such as TiO,, Ti1O7,
MnO; and metal sulfides like Co3S4 and MoS; can strongly adsorb polysulfides on their
surface. These materials also act as catalysts to promote electrochemical reactions, effec-
tively mitigating the shuttle effect [16-21]. Despite advancements in polysulfide research,
the challenges posed by inherent sulfur properties in Li-S batteries remain unresolved,
necessitating further investigation. Furthermore, the use of high-cost materials and manu-
facturing techniques not only diminishes the economic viability of Li-S batteries but also
hinders their path to commercialization. Thus, research that considers scalability and mass
production is imperative.

Su and Manthiram introduced a conductive interlayer between the cathode and the
separator to enhance the performance of Li-S batteries [22,23]. This interlayer serves as an
auxiliary cathode, curbing LiPSs migration, which in turn optimizes sulfur utilization and
enhances electrical conductivity. Notably, carbon-based materials such as graphene oxide
and CNTs, known for their effectiveness in Li-S batteries, have been crucial in mitigating
the shuttle effect [24-27].

Recently, several studies have demonstrated that a direct coating on sulfur electrodes
improves cycling performance. By depositing a thin organic or inorganic coating on the
electrode surface, the dissolution and loss of active sulfur caused by LiPSs is significantly
reduced due to the strong adsorption of LiPSs onto the coated layers. These materials
significantly enhance the performance of Li-S batteries by effectively controlling the shuttle
effect and preserving high capacity during rapid charge and discharge cycles [28-33]. Many
studies have pursued the commercialization of Li-S batteries, but practical advancements
remain challenging due to the high cost and complex processing of materials used to
mitigate the shuttle effect. Therefore, it is crucial to develop low-cost, thin materials that
maintain electronic conductivity and energy density, while also offering strong polysulfide
adsorption and excellent cycle stability [34].

In this study, we combined polyethyleneimine (PEI) with Super P to create a thin
PEI/Super P-modified sulfur cathode (PEI/Super P/S) as shown in Scheme 1. We utilized
Super P, a commercially available carbon black widely used in the Li-ion battery field, as
the coating layer material for the purpose of manufacturing Li-S batteries [35,36]. The
branched structure of PEI is rich in amine groups that form strong dipole-dipole electro-
static interactions with LiPSs. These interactions effectively anchor polysulfides to the
cathode, reducing the shuttle effect [37,38]. Furthermore, the hydrophilic nature of PEI
improves the wettability of the polar electrolyte on the hydrophobic surface of Super P
particles. The hydrophilic nature of the electrode surface is known to increase the Li*
ion diffusion rate and enhance contact with polar LiPSs [30,39,40]. Li-S batteries modi-
fied with PEI/Super P sustained a reversible capacity of 575 mAh/g after 300 cycles at a
high current density of 2 C, outperforming conventional electrodes. These benefits can be
achieved with commercially available, low-cost materials without the need for expensive
and intricate processes, providing significant advantages for the large-scale production and
commercialization of Li-S batteries
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Scheme 1. An illustration depicting the process of the PEI/Super P coating on the sulfur cathode
inhibiting the shuttle effect caused by LiPSs.

2. Materials and Methods
2.1. Materials

Polyethyleneimine (PEI, ~25,000 M,,, branched, Sigma—Aldrich, Seoul, Republic of
Korea), Super P (Imerys Graphite & Carbon Belgium SA), sulfur (S, 99.5%, Alfa Aesar,
orthorhombic x-sulfur), lithium sulfide (Li,S, 99.98%, Sigma-Aldrich), poly(vinylidene
fluoride) (PVDEF, 99%; Alfa Aesar), N-methyl-2-pyrrolidone (NMP, 99.5%, Sigma-Aldrich),
isopropyl alcohol (IPA, 99.5%, Duksan Pure Chemicals, Ansan, Republic of Korea), 1,2-
dimethoxyethane (DME, 99.0%, Samchun Pure Chemical, Seoul, Republic of Korea), diox-
olane (DOL, 99.5%, Alfa Aesar, Seoul, Republic of Korea), lithium nitrate (LiNO3, 99.99%,
Sigma-Aldrich) and 1 M bistrifluoromethane sulfonamide lithium salt (LiTFSI) dissolved
in a 1:1 volume ratio of DME and DOL (PANAX ETEC, Republic of Korea) were used as
received, without further purification. Super P was annealed for 3 h at 700 °C in a 5%
H, /Ar atmosphere prior to use to remove any moisture that might have been adsorbed on
the surface and to eliminate any potential impurities. The porosity and Raman characteri-
zation results of Super P showed negligible differences before and after thermal treatment
(Supplementary Materials).

2.2. Preparation of the Unmodified Standard Sulfur Cells

An amount of 0.1 g of the cathode composite (sulfur:Super P:PVDEF, 60:30:10 wt%)
was dispersed in 1 mL of NMP and stirred for 1 h. The resulting slurry was then cast onto
an aluminum foil sheet using a doctor blade and dried at 60 °C for 12 h. The prepared
electrode was subsequently compressed to a 30 pm thickness using a roll press.

2.3. Preparation of Sulfur Cathode Modified with PEI/Super P and PVDF/Super P

A PEI solution was prepared by dissolving 0.1 g of PEI in 20 mL of IPA. Then, 20 mg of
Super P was added to the PEI solution at a 4:1 ratio of Super P to PEI, followed by vigorous
stirring for 2 h. The resulting slurry was cast onto a prepared sulfur electrode using a
doctor blade and dried at 60 °C for 12 h to prepare the PEI/Super P-coated sulfur electrode
(PEI/Super P/S). As a control, the PVDF/Super P-coated sulfur cathode (PVDF/Super
P/S) was prepared in the same method described for the PEI/Super-P-modified cathode.
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2.4. Structural and Elemental Analysis of the Electrode

The cross-sectional structure of the electrode was characterized using a field-emission
scanning electron microscope (FE-SEM, SU-8220, Hitachi, Seongnam, Republic of Ko-
rea). Elemental composition was analyzed through energy-dispersive spectroscopy (EDS)

mapping.
2.5. Li=S Coin Cell Assembly and Electrochemical Analysis

The cut electrodes, with a diameter of 14 mm, were stored in an argon-filled glove
box. Sulfur loading varied from 1.1 to 3.3 mg/cm?. A CR2032 coin cell was assembled to
evaluate the electrochemical performance of the anode. Lithium, serving as both the counter
and reference electrode, was cut to match the cathode area. A Cellgard 2400 polypropylene
membrane was used as the separator. The electrolyte consisted of 1 wt% LiNO3z and 1 M
LiTFSI dissolved in a DOL/DME mixture (1:1 vol%). Electrolyte volume was fixed at 20 pL
per 1 mg of sulfur. Galvanostatic tests were conducted between 1.7-2.8 V (vs. Li/Li") at
current densities from 0.2 to 2 C rate (1 C = 1675 mAh/g). Cyclic voltammetry (CV) analysis
(WonA TECH Co., Seoul, Republic of Korea) ranged from 1.5 to 3.0 V (vs. Li/Li") at scan
rates between 0.1 and 0.5 mV/s. Electrochemical impedance spectroscopy (EIS) covered a
frequency range of 0.01 Hz to 100 kHz with an AC voltage amplitude of 10 mV.

2.6. Assembly and Electrochemical Characterization of Symmetric Cells

Symmetric cell studies were conducted to demonstrate the efficacy of PEI/Super P
coatings in mitigating the shuttle effect through the investigation of interactions between
polysulfides and amines in PEI. Electrodes composed of PEI/Super P and PVDF/Super P
were fabricated by casting a mixture of PEI or PVDF and Super P in IPA and NMP without
incorporating sulfur on aluminum foil, cut to 14, and stored in an argon-filled glove box.
A LiySg electrolyte was prepared by dissolving LiyS and sulfur into a 1:1 vol% DOL/DME
solvent at a 1:5 ratio and stirred under nitrogen at 80 °C for 72 h. A 0.5 M Li,Sg electrolyte
was formulated by adding 1 M Li,Sg to a DOL/DME (1:1 vol%) solution containing 1 M
LiTFSI and 1 wt% LiNOj3. Coin cells (CR2032) were assembled using identical electrodes for
both the working and counter electrodes and filled with 40 pL of the prepared 0.5 M Li,Sg
electrolyte. CV scans of the prepared symmetric cells were conducted between —1.2 and
1.2V at scan rates ranging from 10 to 50 mV/s. The current densities and specific capacities
were calculated based on a sulfur loading mass. EIS was carried out over a frequency range
of 0.01-100 kHz with an AC voltage amplitude of 10 mV.

3. Results and Discussion
3.1. Characterization of the Electrode Structure and Surface Properties of PEI/SuperP/S Electrodes

The cathode in this study was fabricated using commercial Super P and sulfur particles,
which exhibited a size distribution in the tens of micrometers. Figure la presents an
SEM image of the cross-section of a PEI/Super P-modified electrode. This modification
results in a 5 pm-thick coating layer that serves as an enhanced current collector on the
electrode surface. To increase energy storage density, it is necessary to reduce the thickness
of the PEI/Super P coating layer. Within the scope of our experiments, a thickness of
5 um for the PEI/Super P layer was found to be the thinnest thickness that effectively
suppressed the shuttle effect caused by polysulfides while maintaining charge—discharge
stability. The direct formation of the PEI/Super P coating layer on the electrode not only
ensures improved contact area and effective LiPS trapping but also serves as a secondary
cathode. Figure 1b displays the elemental mapping of the PEI/Super P-coated sulfur
electrode using EDS. Interestingly, the presence of nitrogen (N) in the EDS map confirms
the uniform distribution of PEI across the electrode, comprising sulfur, Super P and PVDE.
The uniform distribution of nitrogen throughout the cathode is presumably due to the
diffusion of PEI into the sulfur/Super P layer during the PEI/Super P coating and electrode
drying process. This well-dispersed PEI fills the pores generated during NMP evaporation,
rendering the electrode surface hydrophilic. Figure lc presents the wettability of the
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electrode, as indicated by measured contact angles of 44° and 151° for electrodes with and
without the PEI/Super P coating, respectively. These contact angles reveal the compatibility
of the electrode with polar electrolytes and LiPSs generated during cycling. A more
wettable electrode enhances electrolyte penetration and facilitates Li*-ion transport, thereby
improving cycling performance through better interaction with surface-adherent LiPSs [40].

(C) Contact angle = 44° 30 8°
‘ e
PEI/Super P/S
IS 150° 150°

M-‘—“FQ -

uandIerd electrode
Os 60 s 120 s

time (s)

Figure 1. (a) Cross-sectional SEM image of the electrode modified with PEI/Super P. (b) EDS
mapping of the sample used for the cross-sectional image in (a). (c) Contact angles over time for
sulfur electrodes: modified with PEI/Super P (upper images) and unmodified (bottom images).

3.2. Symmetric Cell Experiment to Investigate the Impact of PEl/Super P

The CV of a symmetric cell with identical working and counter electrodes was em-
ployed to investigate the impact of introducing PEI/Super P to the cathode of a Li-S battery
(Figure 2a—c). Li;Sg was used as an electroactive material in the symmetric cells. Neither
does PVDF interact with polysulfides, nor does it affect the electrochemical reaction, so
PVDF/Super P was used as a control group in comparison to PEI/Super P. A 0.5 M LiyS¢
electrolyte served as the electroactive species. Redox currents reveal an electrochemical reac-
tion between the electrode and LiPSs. To assess the capacity contribution of each electrode,
cells without Li;Sg catholyte were also evaluated. In the absence of Li,Sg, no current was
developed. Given that LiySg is the sole electrochemically active species in the experiment,
it is oxidized to elemental sulfur at one electrode and reduced at the counter electrode. CV
profiles were recorded over a -1.2 V to 1.2 V range at various scan rates. Six distinct peaks
in the CV of the PEI/Super P electrode signify redox reactions, while the PVDF/Super
P electrode showed only a broad peak at —0.71 V and 0.71 V as shown in Figure 2a. In
PEI/Super P electrodes, peaks at 0.46 V and 0.79 V are attributed to the oxidation of Li;Sg
to sulfur and its subsequent reduction to LiyS, or Li,S at the counter electrode [41]. The
peaks at —0.46 and —0.79 V exhibit the same shape and current density as those observed
during Li,S¢ oxidation. The well-defined and separate peaks indicate efficient polysulfide
redox reactions at the electrode [42]. The peaks observed at 0.11 and —0.11 V correspond to
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the oxidation and reduction between LiyS or LiyS; and LiPSs, respectively. In contrast, the
PVDF/Super P electrode exhibits merged peaks at —0.71 V and 0.71 V, without the distinct
peak separation observed in the PEl/Super P-modified electrode. These fewer and broader
peaks suggest sluggish reaction kinetics and higher energy requirements for polysulfide
conversion. These findings demonstrate that PEI/Super P enhances electrochemical reac-
tions of redox pairs derived from sulfur species. Recent studies have reported catalytic
effects involving amine groups, necessitating further investigation into the electrochemical
interactions between amines and LiPSs during cycling [43,44].
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Figure 2. (a) CV profiles of symmetric cells using PEI/Super P and PVDF/Super P electrodes. CV
profiles of symmetric cells with (b) PEI/Super P and (c) PVDF/Super P electrodes at various scan
rates. (d) EIS result of the symmetric cells for PEI/Super P and PVDF/Super P electrodes. The current
densities were calculated using the electrode’s surface area.

In the CV analysis shown in Figure 2b,c for PEI/Super P and PVDF/Super P electrodes,
the current for PEI/Super P electrode noticeably increases as the scan speed increases, in
contrast to the PVDF/Super P electrode. Moreover, compared to the PVDF/Super P
electrode, peaks in the PEI/Super P electrode remain well-separated even at high scan
rates. These observations indicate that the PEI/Super P electrode has the dual function of
adsorbing polysulfides and boosting the electrochemical reaction kinetics. In the Nyquist
plot from Figure 2d, obtained from EIS measurements on symmetric cells, the size of the
semicircle in the high-frequency region corresponds to the charge transfer resistance (Rct).
In this context, the PEI/Super P electrode exhibits a lower Rt compared to a conventional
electrode [45].

3.3. Assessment of the Electrochemical Behavior of PEI/Super P/S Electrodes

Figure 3 depicts the galvanostatic charge-discharge profile for the sulfur cathode with
and without the PEI/Super P coating. The galvanostatic charge-discharge profiles were
used to investigate the behavior of LiPSs in Li-S cells with and without PEI/Super P coating
on sulfur cathode. During the discharge process, a potential dip is commonly observed
in both the PEI/Super P/S and the unmodified cathode. This can be attributed to the
increase in electrolyte viscosity as sulfur transitions to polysulfides, leading to a significant
decrease in Li* ion diffusion [46]. Additionally, the crystallization of Li;S; also demands
more energy, further contributing to this observation. This is due to a substantial energy
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barrier for initiating crystal nucleation as the system transitions from the homogeneous
phase to the heterogeneous phase. During the charging process, a clear potential hill is
observed in the galvanostatic profile of the unmodified cell due to the phase nucleation of
LipS, /LisS [46]. The insulating nature of the formed Li,S;, /Li,S within the cathode during
discharge necessitates a substantial overpotential when these species are converted back
to LiPSs. In contrast, for sulfur cathodes modified with PEI/Super P, this potential hill is
entirely absent. The absence of such a potential hill implies that PEI/Super P significantly
reduces the activation energy during the oxidation process of insulating Li,S, thereby
increasing energy efficiency [46]. The presence of amine groups in PEI seems to facilitate
the even distribution of small-sized Li,S;/Li,S particles within the cathode during the
discharge process. Additionally, the catalytic effect of the amine groups is believed to play
a role in this enhancement. For larger LiyS, /Li,S particles, which are electrically insulating
and impede the mobility of Li* ions, a substantial activation energy is needed for their
conversion to LiPSs [47].

2.8 —— PEI/Super P-modified
— unmodified electrode
~ 267
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= otential hill
- 244 P o
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Z 22
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S ]
S 207 | o
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Figure 3. Galvanostatic charge—discharge profiles of the PEI/Super P/S and unmodified electrodes
at a scan rate of 0.2 C.

To evaluate the impact of PEI/Super P on Li-S battery performance, electrochemical
assessments were conducted on electrodes with and without the application of PEI/Super
P coating on the sulfur cathode, with varying charge—discharge rates. To minimize the
experimental variability, we compared roll-pressed sulfur electrodes with identical ones
that had been coated with PEI/Super P, testing both under the same conditions. The initial
constant-current charge-discharge curves at current densities ranging from 0.2 C to 2 C are
presented in Figure 4a,b. Comparative analysis revealed that the PEI/Super P/S electrode
exhibited lower voltage differences (AE) and higher discharge capacity than the unmodified.
As the scan rate increases, the PEI/Super P/S electrode shows a significantly smaller
increase in AE, exhibiting a high specific capacity even at faster charge-discharge rates
while the unmodified sulfur electrode exhibits large increase in AE. The electrochemical
behavior of the cell was further probed using CV profiles as shown in Figure 4c,d. Over
six cycles, the CV profiles of both the PEI/Super P/S electrode and the unmodified sulfur
electrode remained consistent. For the PEI/Super P/S electrode, two clear cathodic peaks
emerge at approximately 2.3 V and 2.03 V, attributed to the conversion of elemental sulfur
to long-chain polysulfides and then to short-chain polysulfides respectively. During the
oxidation process, two overlapping peaks observed at 2.38 V and 2.45 V indicate the
transformation from insoluble sulfide back to soluble polysulfides, and ultimately to
elemental sulfur [48]. Compared to the PEI/Super P/S electrode, the unmodified sulfur
electrode exhibits a larger voltage difference between the second cathodic peak appearing
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at 2.01 V and the anodic peak at 2.49 V. Additionally, the width of the current peak is
considerably broad. Such observations clearly indicate that the PEI/Super P coating is
enhancing the redox reaction kinetics between sulfur and Li,S;,.
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Figure 4. Voltage profiles of (a) the PEI/Super P-modified and (b) unmodified sulfur electrode under
various current rates. (c) CV profiles of the PEI/Super P modified and (d) unmodified sulfur electrode
at a scan rate of 0.1 mV/s.

EIS measurement results for the PEI/Super P/S and unmodified sulfur cell are pre-
sented in Figure 5a. In the Nyquist plot obtained before cycling, the initial intercept on the Z’
axis of the semicircle represents the electrolyte resistance (Rs). The subsequent intercept on
the Z~ axis corresponds to the sum of the charge transfer resistance (R.t) at interfaces such
as the cathode/electrolyte and anode/electrolyte. Meanwhile, the straight line suggests lim-
itations in Li* ion diffusion, represented by the Warburg resistance [49,50]. The measured
Rs values of the evaluated cells were 6.3 () and 5.0 () respectively, which indicates that
modification of the cathode has almost no influence on Li* ion diffusion in the electrolyte.
For the charge transfer resistance, the size of the semicircle indicates that the PEI/Super P/S
electrode has a much smaller value compared to the unmodified electrode. This means that
the PEI/Super P-modification induces a reduction in the overpotential required for charge
transfer at the cathode surface, leading to enhanced energy-utilization efficiency. Figure 5b
illustrates the impedance changes after 300 discharge cycles. The magnitude of the second
semicircle after discharge is indicative of insulating and insoluble Li,S deposition on the
active surface of the electrode [51]. This Li,S layer hampers charge transfer, resulting in
increased battery polarization. Consequently, this leads to premature termination of the
discharge process [52]. During the charging process in the EIS pattern as shown in Figure 5c,
insulating Li)S layers on the electrode surface are oxidized to polysulfides and then revert
to sulfur [53]. For both charging and discharging processes, the magnitudes of the second
semicircles are significantly reduced with the PEI/Super P-modification compared to the
unmodified sulfur cathode. As a result, PEI/Super P-modification not only suppresses the
shuttle effect of LiPSs but also enhances electron transfer reaction kinetics at the interfaces.
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Figure 5. (a) Electrochemical impedance spectra before the cycle test. Nyquist plots during (b) dis-
charge and (c) charge processes after 300 cycles at a scan rate of 0.5 C.

3.4. Cycling Performance and Rate Capability of PEI/Super P/S Electrode

Figure 6a displays the cycle performance based on polymer type, elucidating the
influence of PEI/Super P-modification on sulfur electrode compared to the PVDF/Super
P/S electrode. Electrodes were prepared using either PEl/Super-P on sulfur electrode or,
as a control group, PVDF/Super P coatings on sulfur electrode, and tested at a current
density of 0.5 C. By means of this experiment, we could determine how much the additional
PEI/Super P coating contributes to the performance improvement of the Li-S battery. Cells
with PEI/Super P and PVDEF/Super P exhibited discharge capacities of 1102 mAh/g and
851 mAh/g, respectively, while unmodified standard Li-S cells delivered 819 mAh/g.
The corresponding degrees of sulfur utilization were 65.8%, 50.8%, and 48.9%, which
were calculated by dividing the experimental discharge capacities of the first cycles by the
theoretical discharge capacity of Li-S batteries (1675 mAh/g). The Coulombic efficiency for
PEI/Super P-modified, PVDF/Super P-modified and unmodified standard cells remained
above 98% of their initial values, which were 96.2%, 96.7%, and 94.3%, respectively, over
200 cycles. PVDE/Super P/S cell exhibited an initial discharge capacity similar to standard
cells and maintained relatively stable performance thereafter. In contrast, the PEI/Super
P modified cell showed an initial discharge capacity approximately 26% higher than the
other cells.

To assess rate capability, each cell underwent five charge—discharge cycles at various
current densities, as depicted in Figure 6b. The discharge capacity for each cell decreases as
the scan rate increases; however, the PEI/Super P-modified sulfur cell exhibited superior
performance, particularly at high current densities. Upon reverting from 2 C to a lower
current density of 0.2 C after five cycles, the PEI/Super P-modified sulfur cell restored
a high discharge capacity of 942 mAh/g. Subsequent cycling at 1 C demonstrated a
negligible decay rate of 0.011% per cycle in discharge capacity. The sulfur electrode, not
modified with PEI/Super P, exhibited only negligible current density at a 2 C discharge
condition. Figure 6¢ depicts the long-term fast charge—discharge behavior. The PEI/Super
P/S electrode consistently delivered stable discharge capacities under high current densities
of 1 C and 2 C. Notably, it exhibited an initial discharge capacity of 787 mAh/g at2 C
and sustained a capacity of 575 mAh/g (73% retention) even after 300 cycles. Conversely,
a standard cell could only uphold a discharge capacity of 330 mAh/g after 300 cycles at
1 C. This superior performance highlights the efficacy of the PEI/Super P modification
on the electrode. The data suggests that the shuttle effect observed during cycling can be
effectively mitigated and there is a substantial improvement in redox kinetics due to the
PEI/Super P coating.
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Figure 6. (a) Cycle stability comparison for PEI/Super P/S, PVDF/Super P/S and unmodified sulfur
electrode at the discharge rate of 0.5 C. (b) Rate capabilities of PEI/Super P/S and unmodified sulfur
electrodes at various current densities. (c¢) Long-term cycle stability of the Li-S cells for PEI/Super
P/S, PVDEF/Super P/S, and unmodified sulfur electrode at the discharge rates of 1 C and 2 C.

To confirm the suppression of the shuttle effect by the PEI/Super P coating layer, the
coin cell was subjected to 200 charge—discharge cycles at the 1 C rate. Subsequently, the
coin cell was disassembled, and the surface of the separator was observed. As shown in
Figure 7, the surface of the unmodified cell’s separator was heavily contaminated due to the
diffusion of polysulfides. In contrast, the separator of the coin cell modified with PEI/Super
P showed no traces of yellow sulfur contamination. From this, it can be confirmed that the
PEI/Super P coating layer effectively suppresses the polysulfide shuttle effect.

(@)

/

Figure 7. Separator surface images of (a) the unmodified cathode and (b) PEI/Super P-modified

cathode taken after 200 charge—discharge cycles at the 1 C rate.

3.5. Cyclic Voltammetry Studies of the PEI/Super P/S Electrode

Figure 8a,b displays the CV scan results for PEI/Super P/S and unmodified standard
sulfur cells. Figure 8c displays a graph comparing the voltage difference (AEp) of the cell
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values of PEI/Super P/S and standard sulfur cells as a function of scan rate, estimated
from CV plots. During repeated charge-discharge cycles, AE,, increases with each cycle for
both cells. However, the increase in AE,, values of PEI/Super P/S significantly decreases
with the increase in scan rate compared to the standard sulfur electrode. This implies that
the PEI/Super P-modification can greatly facilitate the conversion between Li,S and sulfur,
which takes place through LiPSs, minimizing the energy loss during the charge-discharge
process [54].
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Figure 8. CV scans of the electrode modified with (a) PEI/Super P/S and (b) the unmodified electrode,
from scan rates of 0.1-0.5mV/s. (c) Peak currents (ip) plotted against the square root of scan rates
(©%®). (d) Polarization (AEp) as a function of varying scan rates.

Introducing a new coating layer between the sulfur cathode and separator may hinder
Lit ion diffusion. Therefore, the diffusion coefficients of Li* ion were determined on cells
with PEI/Super P/S at different scan rates [34]. The Randles-Sevcik equation (Equation (1))
was used to estimate the Li* ion diffusion coefficient [25]:
ip =269 x 10°n*/2AD}/ > Co'/2 (1)
where A (cm?) is electrode area, C (mol/cm?) is the Li* ion concentration in the bulk
solution, v is the scan rate (V/s), Dypp is the apparent diffusion coefficient (cm?/s), ip (A)is
the peak current and 7 is the number of electrons transferred during the electrochemical
reactions. It should be noted that the Li* ion diffusion within Li-S batteries is a complicated
process, encompassing phase transitions, interfacial migration, and redox reaction between
sulfur and Li,S via LiPSs. Furthermore, the experimentally measured effective surface
area of the working electrode greatly exceeds its geometric counterpart. Consequently, the
Li* ion diffusion coefficient, as determined by the Randles-Sevcik equation in this study,
represents the apparent diffusion coefficient [55-57]. The apparent diffusion coefficients
of Li* ion were calculated at various scan rates for the three peak currents: peak Al,
peak C1, and peak C2. A linear relationship exists between the square root of the scan
rate and the peak current, as depicted in Figure 8d. In each cell, the lowest apparent
diffusion coefficient corresponds to the reduction peak (peak C1 as shown in Figure 8a,b),
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which represents the step where elemental sulfur is reduced to LiPSs. Peaks C2 and Al
correspond to the electrochemical reactions between the Li;S;/Li;S, redox pair [53]. The
PEI/Super P-modified cell exhibited apparent diffusion coefficients of 1.05 x 10~7 cm? /s
at the oxidation peak and values of 4.16 x 1078 and 9.18 x 108 at the two reduction
peaks. This distinctly contrasts with coefficients of 4.35 x 10~8 cm? /s for oxidation and
2.23 x 1078, 3.53 x 108 cm?2 /s for reduction seen in a standard sulfur cell. Across all
peaks, the PEI/Super P/S apparent diffusion coefficient outperforms that of standard cells.
Such outcomes highlight the improved Li* ion mobility within the battery, even with new
impediments on the electrode surface. When a PEI/Super P layer is coated as described,
the reason for the increased Li* ion diffusion rate is speculated to be due to the PEI/Super
P coating layer serving as a supplementary electrode function. The amine groups in the
PEI layer effectively capture LiPSs, promoting rapid redox reactions. Additionally, the
hydrophilic nature of the PEI layer ensures efficient contact with the electrolyte, which
likely contributes to the enhanced Li* ion diffusion rate [34,40].

4. Conclusions

PEI/Super P coating was applied to the sulfur cathode to mitigate the shuttle effect,
leading to improved cycling stability and rate performance of Li-S batteries. The PEI/Super
P helps suppress the diffusion of LiPSs by both trapping them and facilitating the redox
process. Despite the additional PEI/Super P coating layer between the sulfur cathode
and the separator, the diffusion rate of Li* ions significantly increased, while noticeably
reducing the charge transfer resistance. The hydrophilic properties of the PEI/Super P
coating facilitate electrolyte penetration into the cathode, ensuring fast diffusion of Li*
ions. Furthermore, our design exhibited superior energy efficiency by notably diminishing
polarization in comparison to unmodified Li-S cells across various current densities. This
ensures remarkable capacity retention during rapid charge—discharge cycles. From the per-
spective of commercializing Li-S batteries, the PEI/Super P-modified electrode fabrication
technique is cost-effective, avoiding more expensive methods.
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