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Abstract: In this research, the shuttle effect and the low sulfur activation of lithium–sulfur batteries
were mitigated by coating the cathode side of Celgard 2400 separators with mixtures of carbon
black/chitosan or carbon black/polyvinylidene fluoride using the simple slurry technique. Carbon
nanoparticles and the polar groups of the polymers were responsible for boosting the reaction kinetics
of sulfur and the chemical and physical trapping of lithium polysulfides. The adsorption of sulfur
species in the coated separators was confirmed by the morphologic changes observed in the AFM
and SEM images and by the new elements presented in the EDX spectra after 100 charge/discharge
cycles. The high intensity of the peaks in the cyclic voltammograms and the long plateaus in the
discharge profiles support the improvement in the reaction kinetics. The batteries with the carbon
black/chitosan- and carbon black/polyvinylidene fluoride-coated separators reached high specific
discharge capacities of 833 and 698 mAhg−1, respectively, after 100 cycles at 0.5 C. This is promising
for this kind of technology, and detailed results are presented in the article.

Keywords: lithium–sulfur battery; chitosan; polyvinylidene fluoride; carbon; separators; batteries;
polysulfides

1. Introduction

The generation of energy from fossil fuels is one of the main causes of pollution, which
is currently affecting the planet. It is estimated that, by 2100, carbon dioxide (CO2) emissions
will cause global warming, which will cause an increase in the average temperature between
4 and 6 ◦C [1]. In addition, the depletion of fossil fuels has been identified as a future
challenge, as it is estimated that oil reserves will run out in the next 40 years, while coal
and natural gas will last a maximum of another 150 years [2]. Due to the abovementioned
reasons, the research and development of new and better sources of clean energy has
become a global priority.

Batteries have positioned themselves as the most important energy accumulators.
Since their inception, they have been constantly developed upon to improve their electro-
chemical properties in order to meet the growing technological needs of society. In the
last 25 years, lithium-ion (Li-ion) batteries have played a crucial role in the development
of energy storage technologies, currently being the most used batteries in rechargeable
portable electronic devices [3].

The search for new alternatives has been necessary to meet the requirements of differ-
ent applications, and it has led to taking back the concept of lithium–sulfur (Li-S) batteries.
The resurgence of this idea is due to the lightness, abundance, low cost, low toxicity, and
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high energy density of sulfur. Moreover, it is also due to the high theoretical specific
capacities of both elements, 3860 mAh g−1 for Li and 1675 mAh g−1 for S. Nevertheless,
the high electrical resistance, the fading of the capacity, and the self-discharge of the cell are
the main disadvantages that they present [4,5]. In addition, these kinds of systems present
a typical 80% volume expansion due to the dissolution–precipitation of polysulfides in
comparison with solid S8(s) [6].

The previously mentioned disadvantages are mainly caused by the dissolution of
medium-/long-chain lithium polysulfides in ether electrolyte and the subsequent migration
of the cathode toward the anode to react with this last electrode. This process is known as
the “shuttle effect”, and it results in poor coulombic efficiency (CE, relationship between
the discharge and charge of the battery), low active material activation, rapid capacity fade,
and short cycle longevity [7,8].

Some efforts to prevent the dissolving of cathode lithium polysulfides in electrolytes
have been cited in the literature. For example, modifications of the cathode have been made
with host materials that house the S, such as carbon arrangements, inorganic compounds,
and polymers, and even by adding protective layers [8]. According to Eftekhari and Kim,
an ideal cathodic material must have characteristics such as a base material made of a
conductive carbon, with rough mesoporosities that confine and trap both S and polysulfides.
Cathode materials must incorporate redox mediators, be doped with selenium, and be
covered by a protective polymer layer [9]. However, generating cathodes with the above
characteristics would be expensive. Therefore, the large scale use of these electrodes may
not be economically profitable. Despite the cost, generating cathodes with the above
characteristics is not the definitive solution for the “shuttle effect”. Since liquid electrolytes
must be in contact with S and confining structures to use the total capacity of the cell, this
implies that polysulfides will always be exposed, and they tend to solubilize in electrolytes
to diffuse to the anode [10]. Likewise, a complete blockade of the dissolution of these
species cannot be achieved because this process is thermodynamically favorable [11].

Another alternative approach to suppress the “shuttle effect” is controlling the com-
position of electrolytes. Researchers have shown that certain electrolytes can prevent the
dissolution of polysulfides and, consequently, their diffusion. The problem associated with
this approach is that the ionic conductivity and chemical stability of electrolytes vary, which
can lead to safety and performance problems in the battery [12].

Regarding the strategies taken to mitigate the “shuttle effect” from the anode, the
formation of protective layers on the surface of the electrode is found. However, this means
giving up the advantages of high charge/discharge speed and the high energy density of
Li-S batteries. Another strategy is the replacement of Li by another element, and the most
used element after Li is silicon (Si), because it has the second highest theoretical capacity.
However, by replacing Li with Si, the values of the electrical properties of these batteries
also reduce [13].

The performance of the cell is influenced by the modifications of all its components,
be it the electrodes, the electrolyte, or the separator [5]. Separators have been modified
with different materials to help the cathode avoid diffusions and keep these species on the
side of this electrode in order to reduce or eliminate the disadvantages of these types of
batteries. Different investigations have been able to determine that polar materials, atoms,
and electron donor groups form chemical bonds with lithium polysulfides, thus reducing
their dissolution and diffusion processes [8,9]. In addition, it has been proven that inorganic
compounds and carbon structures can inhibit the migration of polysulfides by physical
blockages. Moreover, these materials can improve electrical conduction in the cathode
zone, resulting in high sulfur activation [8].

Modifying separators with polymers that contain polar groups, such as amines, amides,
esters, and alcohols, is a simple and efficient strategy that can overcome many issues
related to Li-S batteries. Diverse studies have demonstrated that polymers with polar
functional groups, such as carboxylic acid of poly (acrylic acid), can prevent the “shuttle
effect” through the Li bonds formed between polar functional groups and polysulfides [14].
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Furthermore, carbonaceous materials physically block the diffusion of lithium polysulfides
and facilitate the movement of electrons. Zhang reported initial discharge capacities up to
1014.5 mAh g−1 when a thin layer of a combination of reduced graphene oxide and carbon
black was deposited over the separator [15].

In this article, Celgard 2400 separators were coated on the cathode side with carbon
black/chitosan or carbon black/polyvinylidene fluoride mixes, which contain abundant
and low-cost materials. Moreover, the coatings were deposited using the cheap and simple
slurry technique. In these coatings, polymers work as a chemical and physical barrier
against the diffusion of lithium polysulfides through the separator. Carbon nanoparticles
act as a physical barrier and increase the flow of electrons in the cathode zone, and, therefore,
more sulfur activation occurs. The electrochemical properties of the Li-S batteries were
enhanced, especially their specific capacity.

2. Materials and Methods
2.1. Preparation of C/PVDF- and C/CTS-Modified Separators

Commercial separator Celgard 2400 was put into plasma generator chamber Harrick
Plasma Cleaner PDC-32G, air gas was introduced into the chamber with a controlled
pressure ≤ 0.2 Torr, and a radiofrequency wave with a power of 18 W was used for 20 s.

C/PVDF and C/CTS coatings were fabricated using the slurry-coating method. They
were prepared by being mixed in a planetary ball mill (Retsch PM 100) for 1 h at 500 rpm,
using 60 wt% Super P conductive carbon and 40 wt% polyvinylidene fluoride (PVDF) or
chitosan (CTS). As solvents, N-metil-2-pirrolidona (NMP) was used for the C/PVDF mix,
and acetic acid (HAc) 0.1 mol·L−1 was used for the C/CTS mix. Once the cathode side of
the separators received the plasma treatment and the coatings, they were left to dry for
24 h at room temperature. The sulfur mass loading in the cathodes was approximately
1.3 mg cm−2.

2.2. Cell Assembly

The sulfur cathode was also fabricated using the slurry-coating method. Using NMP as
a solvent, 55 wt% sulfur, 40 wt% Super P conductive carbon, and 5 wt% PVDF were mixed
in a mortar agata. The slurry was coated on an aluminum foil and left to dry for 24 h at room
temperature. The pure lithium foil was used as the anode. Pristine PP, coated C/PVDF,
or coated C/CTS separators were used as separator between the cathode and anode. The
electrolyte concentration was 1 mol·L−1 of lithium bis (trifluoromethanesulfonyl)imide
(LiTFSI) in 1,3-dioxolane (DOL) and 1,2-dimetoxyehtane (DME) solution (1:1 by volume).
The volume of the electrolyte in each cell was about 150 µL.

2.3. Characterization

Functionalization of the cathode side surface of the separators was studied by Fourier
transform infrared spectrometer (model: Nicolet 380, Thermo Scientific, Waltham, MA,
USA) and contact angle measurements by Goniometer/Tensiometer (ram-hart Model
590 Advanced Automated). Morphology of the samples was observed using a scanning
electron microscope (SEM, JEOL JSM-7500F, Boston, CA, USA) and an atomic force micro-
scope (Park System NX10, Suwon, Korea). Energy-dispersive X-ray spectroscopy (EDX,
JEOL JSM-7500F, Boston, CA, USA) was used in order to identify elements on the surface
of the separators. Electrolyte uptake (%EU) was measured as follows:

%EU =
(WA − WB)

WB
× 100 (1)

where WB and WA are the weight of the separator before and after absorbing the electrolyte
for 4.5 h, respectively.
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2.4. Electrochemical Measurements

Cyclic voltammetry (CV) measurements were performed on electrochemical worksta-
tions (Gamry Reference 3000 and Autolab PGSTAT101), where the voltage window was
1.8–2.8 V and the scanning rate was 0.2 mVs−1 [16,17]. Galvanostatic charge and discharge
tests were carried out on battery test instruments (Gamry Reference 3000 and Autolab
PGSTAT101) in a voltage range of 1.8–2.8 V (vs. Li/Li+) and with a constant current density
of 0.5C.

3. Results and Discussion

Before being coated, the Celgard 2400 separators were treated with air plasma to
functionalize their cathode side and to obtain a more polar surface. To verify the func-
tionalization, the separators were analyzed by Fourier transform infrared spectroscopy
(FT-IR) before and after plasma treatment. Figure 1a shows the spectra of the Celgard
separators before and after plasma treatment. Before this process, it was noted that the
FT-IR spectra of the Celgard 2400 separators had four peaks between 2750 and 3000 cm−1.
The peaks at 2950 and 2868 cm−1 correspond to the asymmetric and symmetric stretching
vibrations of CH3 groups, respectively. The peaks at 2915 and 2837 cm−1 are attributed
to the asymmetric and symmetric stretching vibrations of CH2 groups, respectively. The
signal at 1455 cm−1 is caused by the asymmetric deformation vibrations of CH3 groups or
by the scissor vibrations of CH2 groups [18]. The maximum signal displayed at 1374 cm−1

is due to the symmetric deformation vibrations of CH3 groups [19]. Between 1250 and
750 cm−1, there are six peaks. The peak at 1166 cm−1 represents the asymmetric stretching
of C-C bond and the vibrations of the C-H bonds. The peak at 994 cm−1 is due to the
oscillating asymmetric vibrations of CH3 groups. The peak at 970 cm−1 is attributed to the
asymmetric oscillations of CH3 and to the asymmetric stretching vibrations of the C-C bond.
At 901 cm−1, a signal is identified that represents the symmetric and asymmetric vibrations
of the C-C bond and the asymmetric movement of CH3. The oscillating vibrations of CH2
groups can be identified by the peaks at 840 and 809 cm−1 [18].

Figure 1. (a) FT−IR spectra of Celgard separator before and after air plasma treatment, and AFM
images of the separator before (b) and after (c) plasma treatment.

All the above signals are present in the infrared spectrum of the separator treated with air
plasma. Nevertheless, the separator’s infrared spectrum shows peaks at 1724 and 1629 cm−1.
These signals indicate the existence of different types of double C and O bonds, such
as those with aldehydes, ketones, and carboxylic acids [19]. Additionally, in the region
between 3500 and 3250 cm−1, it can be observed that there is a slight curve, which rep-
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resents the characteristic peak of the vibration of the C-O bond present in alcohols and
carboxylic acids [20].

As we can see in the AFM images, when the separator is treated with air plasma,
its morphology changes. Before plasma treatment (Figure 1b), it can be observed that
there is a straight microstructure with slit-like-shaped pores, where each pore is trapped
by nanofibers with a uniaxial orientation due to the stretching of the material in the
manufacturing process [21,22]. In Figure 1c, it can be observed that, after plasma treatment,
the initial arrangement is replaced with big globular aggregates on or in place of the
fibers [23–25]. The above phenomenon is due to the etching process generated by the
reaction of carbon atoms on the surface of the separator with the ionized atoms of oxygen
of the plasma state. As a result of this process, new functional groups are formed on the
surface of the separator, as well as volatile products with a low molecular weight [19,24,26].

The contact angle measurements complement the FT-IR results and confirm the func-
tionalization of the separator. As presented in Table 1, before plasma treatment, the
separator has a greater value than the separator with plasma treatment, and this reduction
in contact angle is due to the presence of polar groups, mainly oxygen, on the separator
surface. Furthermore, these polar groups increase the separator’s surface energy; therefore,
it has greater humidification, and due to this effect, coating adhesion may be enhanced.

Table 1. Contact angle measurements of Celgard 2400 before and after air plasma treatment.

Celgard 2400 Contact Angle

Before plasma treatment 101.0◦

After plasma treatment 82.1◦

As observed in Figure 2, there are no fractures or cracks in the nanocarbon/polymer
structures of the C/PVDF and C/CTS coatings, and the lack of these defects confirms the
good adhesion between the functionalized separators and the coatings. Both separators,
that is, C/PVDF and C/CTS, have homogeneously distributed coatings and a porous layer
of carbon nanoparticles with a size of approximately 0.1 µm, and they are interconnected
due to the PVDF or CTS polymers, respectively. Moreover, the coatings of both modified
separators have a minor pore size compared with the pores of the pristine separators;
this implies that lithium polysulfides should be physically trapped in these coatings,
without affecting the movement of Li+ ions [27]. The similitude of the features among
both coatings is mainly due to the carbon nanoparticles and the fact that both coatings
were synthesized with the same methodology. Nevertheless, both coatings have different
behaviors because their polymers have different chemical structures and polar groups.
Moreover, different research groups have demonstrated the good adhesion of the coatings
through cross-sectional SEM images [28,29].

After 100 charge/discharge cycles, the size of the carbon nanoparticles in the C/PVDF
separator increased approximately from 0.1 µm to 0.5 µm, and there was deposited material
in the interspaces of this coating (Figure 3a,b). These changes suggest the deposition of elec-
trolyte salt and the physical trapping of lithium polysulfides and active material on the car-
bon/polymer structure [30,31]. Moreover, the C/PVDF coating had no cracks or fractures
after the extensive fatigue process that the cell underwent during the 100 charge/discharge
cycles, which is an indication that it was able to withstand the expansion and contraction
processes of the cathode [32].

In Figure 3d,e, the separator with the C/CTS coating shows neither cracks nor frac-
tures, but it has bigger particles deposited in the interspaces of the carbon/polymer struc-
ture [32,33]. The increase in particle size is due to electrolyte salt deposition, the physical
retention of the active material by the carbon nanoparticles, and chemical retention caused
by the lithium bond interactions between the polar groups of chitosan and lithium polysul-
fides [31,34].
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Figure 2. SEM, AFM images, and EDX spectra of C/PVDF separator (a–c) and C/CTS separator (d–f).

Figure 3. SEM, AFM images, and EDX spectra of C/PVDF separator (a–c) and C/CTS separator (d–f)
after 100 charge/discharge cycles.

With the elemental analysis of the separators using the EDX technique, the species
trapped in the C/PVDF and C/CTS coatings were identified. For the C/PVDF separator
before the electrochemical tests (Figure 2c), the signal of C is due to the presence of the
carbon nanoparticles and is for the main chain of the polymer. The signal of F is attributed
to the polymer substituents, and the signal of O corresponds to the polar groups made
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by the plasma treatment in the separator. After the electrochemical tests (Figure 3c), the
signals of C, O, and F are due to the reasons already explained, but the signals of O and F
also correspond to the deposition of the electrolyte salt in the coating [31]. The physical
trapping of lithium polysulfides by the carbon nanoparticles is confirmed due to the S
signal in Figure 3c.

The elemental analysis of the C/CTS separator is shown in Figure 2f. Before the
charge/discharge tests, this separator had the signals of two elements. The signal of C is
due to the presence of the carbon nanoparticles and is for the main chain of the polymer.
The O signal is because chitosan mainly has polar groups with oxygen. In the EDX spectrum
in Figure 3f, after the charge/discharge cycles, two new signals appear. The F signal is for
the presence of electrolyte salt in the coating. The S signal is mainly due to the chemical and
physical trapping of lithium polysulfides in the coating. The polar groups of chitosan form
lithium bonds with polysulfide species, and the carbon nanoparticles absorb them [28,29].
As mentioned above, the presence of the O signal after the electrochemical tests is attributed
to the presence of electrolyte salt in the coating.

Electrolyte uptake was determined for the C/CTS, C/PVDF, and pristine separators.
As presented in Table 2, this parameter is higher in both modified separators, C/PVDF
and C/CTS, because porosities in carbon nanoparticles simultaneously absorb and confine
electrolytes [35]. However, the C/CTS separator has the highest value of electrolyte uptake
since chitosan has alcohols and amines that form hydrogens bonds with the oxygen atoms
of the solvents.

Table 2. Electrolyte uptake of LiTFSI 1 mol·L−1 in DME/DOX by the separators.

Separator Electrolyte Uptake (%EU)

Pristine 92.3
C/PVDF 151.1
C/CTS 173.0

Cyclic voltammetry was performed for all the batteries evaluated and to study the
electrochemical reactions of the Li-S batteries. As presented in Figure 4, all the batteries
evaluated have two anodic and cathodic peaks that correspond to the oxidation and
reduction process of sulfur, respectively. The R peak suggests the formation of long-
chain lithium polysulfides (Li2Sx, 4 ≤ x ≤ 8), while the R’ peak indicates the reduction of
these long-chain polysulfides to short-chain polysulfides (Li2Sx, 1 < x ≤ 4). The O’ peak
is associated with the oxidation of Li2S to short-chain lithium polysulfides and then to
long-chain polysulfides, while the O peak indicates the oxidation of long-chain lithium
polysulfides to sulfur, S [36].

When comparing the cyclic voltammograms, it is noted that the C/PVDF and C/CTS
batteries have an overlap of the running cycles, both in the oxidation and reduction peaks.
The above information suggests adequate cyclical stability of these formulated batteries.
Furthermore, these two batteries have a higher current intensity at the anodic and cathodic
peaks, indicating a greater increase in the conductivity of the cathode material due to the
carbon nanoparticles of the C/PVDF and C/CTS coatings. Moreover, H. Wei and coworkers
used an approach in which electrochemical impedance spectroscopy (EIS) showed that
a coated separator had lower charge transfer resistance than that of a pristine separator,
thus improving the conductivity [37]. The cathodic R’ peak in the pristine battery has a
lower intensity than that of the others, which demonstrates no polysulfide blocking and
conversion. However, the high intensity of the O and O´ anodic peaks for the batteries
with the modified separators suggests evidence of the excellent blocking of this species and
fast polysulfide conversion, which is also suggested by the displacement of the cathodic
and anodic peaks [38–40].
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Figure 4. Cyclic voltammograms, charge/discharge profiles, and cycling performance of battery with
pristine separator (a–c), battery with C/PVDF separator (d–f), and battery with C/CTS separator (g–i).

In the charge/discharge profiles (Figure 4), all of the evaluated batteries have two plateaus
in the charge and discharge curves, which agree with the peaks in the voltammograms.
The discharging process starts with the reduction of the alpha allotrope form of sulfur
S8 to the open-chain S8

2− (solid-to-liquid change), which corresponds to the first plateau.
The following decrease in the graphs is associated with the liquid–liquid conversion from
S2−

8 to S−4. The final plateau depicts the conversion of soluble S4
2− polysulfides to

the solid species Li2S2, and the final decrease indicates the solid–solid conversion from
Li2S2 to Li2S [5,41,42]. The final inflexion point shown at the end of the second plateau
of the discharge process in the battery with the C/CTS separator suggests the complete
transformation of lithium polysulfides to the final product Li2S and, as such, demonstrates
high specific capacity because of the high sulfur utilization. For the battery with the
C/PVDF separator, a little inflexion is also observed, but in the discharge profile of the
pristine battery, evidence of this process does not appear; this indicates an incomplete
transformation of polysulfides to Li2S, which generates low sulfur utilization [43].

In Figure 4b, the battery with the pristine separator has the shortest plateaus and the
lowest values of discharge specific capacity; this indicates low sulfur activation, lithium
polysulfide diffusion through the battery, and the loss of active material. However, the
modified separators with the C/PVDF and C/CTS coatings have the highest values of
discharge specific capacity, as shown in Figure 4e,h. These modified batteries possess the
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highest and longest second discharge plateaus and low polarization in comparison with
the simple battery, signifying faster redox reaction kinetics for sulfur [44]. It is believed
that the mentioned results are due to the carbon nanoparticles deposited on the separator,
which raise the conductivity in the cathode zone and provide a wider conductive surface,
thus increasing sulfur activation [28]. The battery with the C/CTS separator has the highest
values of discharge specific capacity due to the fact that chitosan has alcohols and amines
that can chemically trap lithium polysulfide. The chemical trapping of lithium polysulfides
restrains the shuttle effect in Li-S cells to a greater degree and ensures the subsequent
utilization of elemental sulfur for battery cyclic stability [14,27]. The initial discharge
specific capacities obtained were 1308 mAh g−1 for C/CTS, 1080 mAh g−1 for C/PVDF, and
639 mAh g−1 for the standard battery. Zhen L. et al. and Deng C. and coworkers proved that
the introduction of functional groups and barriers on the surface of separators mitigates the
diffusion of polysulfides, while pristine separators could not achieve this [27,45]. Therefore,
it is suggested that there is free diffusion of lithium polysulfides when a pristine separator
is used and blocking behavior when a coated separator is used.

As presented in the cycle performance of the batteries (Figure 4c,f,i), after 100 charge/
discharge cycles, coulombic efficiency is higher in the batteries with modified separators,
that is, C/CTS (84%) and C/PVDF (81%), than in the standard battery (79%). The en-
hancement in coulombic efficiency is mainly due to the mitigation of lithium polysulfide
diffusion caused by physical and chemical trapping. This leads to higher efficiency in reac-
tion kinetics and enhances the reversibility of the redox system [46,47]. However, as can be
observed, the cycling performance in the modified batteries is lower than in the battery
with the pristine separator. After 100 charge/discharge cycles, capacity fell from 1309 to
883 mAh g−1 in the C/CTS battery (0.64% retention per cycle), from 1040 to 698 mAh g−1

in the C/PVDF battery (0.67% retention per cycle), and from 639 to 500 mAh g−1 in the
standard battery (0.78% retention per cycle). We speculate that this drop in cell capacity is
because of the high formation of lithium polysulfide due to the high activation of sulfur
that had the modified batteries. In the case of the C/CTS battery, if lithium bonds have
a binding energy of more than > 2eV, they could dissociate lithium polysulfide bonds in
Li+ and Sx

2− (2 ≤ x ≤ 8), so this reduces the quantity of active sulfur, and, hence, the
capacity retention decays [48–51]. Even though the modified batteries have less capacity
retention than the standard battery, they still have bigger specific capacities in their last
cycle than the standard battery in its first cycle, as seen in Figure 4. It is important to note
that the fluctuation presented in the cycling performance graphs is due to the temperature
fluctuations throughout the 100 charge/discharge cycles [52], but we believe that this
phenomenon could also be the result of the activation/inactivation of sulfur aggregates in
the cathode zone.

When comparing the charge/discharge profiles of the three batteries (Figure 5), the
formation of a valley at the end of the first discharge plateau and a peak at the beginning
of the charging process can be seen in the curves of the standard battery. The presence of
the valley is due to the reduction in the viscosity that the electrolyte suffers; this property
reaches its maximum value during the first plateau, when the medium-chain lithium
polysulfides dissolve. However, when the medium-chain polysulfides are reduced to
the insoluble species (Li2S2/Li2S) in the second plateau, the viscosity of the electrolyte
is reduced, which is reflected as a valley at the end of the first discharge plateau. The
peak at the beginning of the charge curve is attributed to the formation of soluble lithium
polysulfides from the insulating layers of insoluble species [53–55]. However, for both
modified batteries, no peak or valley is observed. For the C/CTS battery, a decrease
is shown in the formation of the valley and the peak is absent at the beginning of the
charging process. Additionally, because of the peak’s absence at the beginning of the
charging process, it is supposed that the coatings reduce the activation barrier needed to
oxidize the ionically/electrically insulating nature and non-soluble character of the Li2S
species because of the improvement in the electron transfer on the Li2S surface due to
the conductive layer of the carbon nanoparticles [56–58]. Previous evidence suggests that



Energies 2022, 15, 2183 10 of 13

both coatings can mitigate the diffusion of polysulfides, improve sulfur utilization, and
redistribute the insulating active material.

Figure 5. Comparison of the charge/discharge profiles of cycle 2 for the batteries evaluated.

4. Conclusions

In summary, two novel modified separators with C/CTS and C/PVDF coatings were
prepared using the cheap and simple slurry-coating method with materials that enhance
the redox reactions of sulfur and utilize chemical and physical strategies to trap lithium
polysulfides. An initial plasma treatment was needed for the commercial separator Celgard
2400 with the aim of functionalizing the surface and improving the addition of the mixtures
by polar interactions. The morphological alterations of the surface of the coatings, such
as changes in the pore size and the agglomeration of materials, after 100 cycles, were due
to the presence of lithium polysulfides, which was confirmed by AFM, SEM, and EDX
analyses. Additionally, the carbon black layers enhanced electrical conduction and led to a
high sulfur activation by speeding up the reaction kinetics of solid to soluble polysulfide
species and vice versa. Due to the high sulfur activation, the modified cells with the
C/CTS and C/PVDF coatings exhibited impressive initial discharge specific capacities of
1308 and 1080 mAh g−1 at 0.5C, respectively. Even after 100 cycles, the specific capacities
(883 and 698 mAh g−1) were higher than the first discharge specific capacity of the standard
cell, 639 mAh g−1. This approach should be useful for the design of lithium–sulfur cells
that need to deliver outstanding discharge specific capacities in a few cycles. Further
research varying the concentration of the components of the coatings or including additives
should be performed with the intention to keep a high specific capacity with excellent
cyclic stability.
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