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Abstract: We introduce a quasi-solid-state electrolyte lithium-sulfur (Li–S) battery (QSSEB) based
on a novel Li-argyrodite solid-state electrolyte (SSE), Super P–Sulfur cathode, and Li-anode. The
cathode was prepared using a water-based carboxymethyl cellulose (CMC) solution and styrene
butadiene rubber (SBR) as the binder while Li6PS5F0.5Cl0.5 SSE was synthesized using a solvent-based
process, via the introduction of LiF into the argyrodite crystal structure, which enhances both the
ionic conductivity and interface-stabilizing properties of the SSE. Ionic liquids (IL) were prepared
using lithium bis(trifluoromethyl sulfonyl)imide (LiTFSI) as the salt, with pre-mixed pyrrolidinium
bis(trifluoromethyl sulfonyl)imide (PYR) as solvent and 1,3-dioxolane (DOL) as diluent, and they
were used to wet the SSE–electrode interfaces. The effect of IL dilution, the co-solvent amount, the
LiTFSI concentration, the C rate at which the batteries are tested and the effect of the introduction
of SSE in the cathode, were systematically studied and optimized to develop a QSSEB with higher
capacity retention and cyclability. Interfacial reactions occurring at the cathode–SSE interface during
cycling were also investigated using electrochemical impedance spectroscopy, cyclic voltammetry,
and X-ray photoelectron spectroscopy supported by ab initio molecular dynamics simulations. This
work offers a new insight into the intimate interfacial contacts between the SSE and carbon–sulfur
cathodes, which are critical for improving the electrochemical performance of quasi-solid-state
lithium–sulfur batteries.

Keywords: quasi-solid-state electrolyte Li–S battery; carbon–sulfur cathodes; ionic liquids;
cathode–SSE interface

1. Introduction

With the rapid increase in the demand for energy storage devices, it has been challeng-
ing to meet the desired standards and specifications such as energy density, cycle stability,
and cost, utilizing the conventional Lithium-ion batteries [1–4]. Lithium–Sulfur (Li–S)
batteries, on the other hand, stand to be one of the most promising candidates to meet the
energy storage requirement for electric vehicles and portable storage devices, with their
natural abundance of materials, high theoretical capacity of 1672 mAhg−1, high energy
density of 2600 Whkg−1, low cost, and lower impact to the environment [5–8]. During
the discharge process of the Li–S battery, Li+ ions produced at the anode migrate through
the electrolyte towards the cathode while electrons move through the external circuit,
producing polysulfides and Li2S at the cathode as the final discharge products [9,10].

However, there are some challenges that need to be addressed in the applications
of Li–S batteries. Sulfur itself, Li2S2, and Li2S are electrical insulators which reduce the
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active material utilization and electronic conductivity of the cathode, affecting the battery
performance [11]. Combinations of different carbon materials such as graphene, meso-
porous carbon, carbon nanotubes, etc., with sulfur in the cathode electrode have been
utilized, aiming to overcome the conductivity reduction due to the insulating nature of
sulfur and polysulfides, as well as to address the polysulfide volume expansion during
lithiation [12–16].

Polysulfides formed while charging and discharging easily dissolve in liquid elec-
trolyte and polysulfide shuttling leads to poor coulombic efficiency and cyclability [17]. The
liquid electrolytes used in conventional Li–S batteries flow easily and are flammable, giving
rise to the safety concerns [18,19]. Lithium dendrites piercing through the separator causing
short circuit paths is another major challenge which needs to be addressed. Replacement of
the liquid electrolyte with a solid-state electrolyte (SSE) is one of the strategies to overcome
the above-mentioned safety issues [20,21]. In an all-solid-state electrolyte battery (ASSEB),
rapid ion migration is mainly accomplished through SSE. Consequently, it can effectively
reduce the Li dendrite penetration to create short circuit paths by lowering the safety
concerns. The absence of liquid electrolytes profoundly diminishes the polysulfide shuttle
effect [22].

An all-solid-state Li–S battery is typically composed of a carbon–sulfur-based com-
posite cathode, SSE, and a Li metal anode. When rigid SSE is used in the battery, there is a
high chance of having a considerable mismatch at the interface with electrodes rising the
interface resistance. In the literature, various approaches have been attempted to improve
the SSE–cathode interface to have lower interfacial resistance to ion migration through the
interface [23]. One way to improve the contact at the interface is to press the SSE onto the
cathode under high pressure. Introducing a hybrid electrolyte consisting of SSE coupled
with liquid electrolyte, polymer electrolyte or ionic liquid, is another approach to address
the interfacial contact between the SSE and the electrodes [24–26]. With the presence of the
liquid electrolyte in the discharge profile, a dual-phase plateau is expected in liquid elec-
trolyte Li–S batteries at the cathode–liquid electrolyte interface (solid–liquid interface). The
first part of the plateau, around 2.3 V, corresponds to the conversion of S8 into Li2S4, which
has an approximate theoretical capacity of around 418 mAhg−1. The second phase of the
discharge plateau at 2.1 V corresponds to further conversion of Li2S4 into the Li2S and has
potential to deliver a theoretical capacity around 1254 mAhg−1. It should be emphasized
that not all sulfur-cathodes undergo the two plateau discharge steps. The organic sulfur
cathodes only show a solid-to-solid transition instead of a solid-to-liquid-to-solid transi-
tion. In the absence of the liquid electrolyte, which serves as the solvent for polysulfides,
ASSEB also shows different reaction route that involves direct conversion between S8 and
Li2S (solid-to-solid transition) without polysulfide formation at the cathode–SSE interface
(solid–solid interface) [27]. This solid phase reaction shows the discharge plateau around
2.0 V. When both SSE and a small amount of ionic liquid are present simultaneously, both
solid–liquid and solid–solid reactions take place. As a result, a mixed discharge profile
is expected with multi-phase discharge plateaus. Batteries with such quasi-solid phase
reaction are referred to as quasi-solid-state electrolyte batteries (QSSEB) [28].

Ionic liquid (IL)-based electrolytes are taken into consideration due to their high
viscosity mitigating the solubility of sulfur and lithium polysulfides, thereby reducing
the polysulfide shuttling effect. In the literature, there are a number of reports on ILs
containing pyrrolidinium (PYR) as the cation and bis(trifluoromethyl sulfonyl)imide (TFSI)
as the anion [29]. The major drawback of this IL is the low ionic conductivity and the
high viscosity for high TFSI concentrations. To improve the conductivity and lower the
viscosity, co-solvents have been introduced. The effects of co-solvents have been studied
and optimized in previous reports. In this work 1,3-dioxolane (DOL) is used as the co-
solvent to prepare the IL [30].

Different types of sulfur cathodes have been developed for Li–S liquid electrolyte
batteries; however, the carbon–sulfur composite cathode stands out with the most effective
outcomes, due to its higher electronic conductivity [31]. Various carbon–sulfur cathode
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designs can be found in the literature, developed from graphene, carbon nanotubes, acety-
lene carbon black, etc. [32–36]. In this work, Super P conductive carbon black (SP) with
an average pore volume of 0.14 cm3g−1 and a surface area of 62 m2g−1 [37] is used as the
conductive carbon additive for sulfur cathode. The cathode consists of sulfur as the active
material, Super P conductive carbon black and acetylene carbon black as the conductive
carbon additive, and a water-based carboxymethyl cellulose (CMC) solution combined
with premixed styrene butadiene rubber (SBR) as the binder.

Out of the various SSEs used for Li–S solid state batteries, sulfide-based solid elec-
trolytes receive greater attention due to their higher ionic conductivity, compatible interface
with sulfur-based cathodes, and lower grain boundary resistance [21,38]. Halogen-doped
argyrodite solid electrolyte materials such as Li6PS5Cl have been extensively studied, but
poor compatibility between SSE and the Li anode has hampered many efforts to use it
in all-solid-state batteries [39]. Using a solvent-based process, Li6PS5F0.5Cl0.5 SSE was
synthesized via the introduction of LiF into the argyrodite crystal structure, which affects
both the ionic conductivity and interface-stabilizing properties of the SSE. Excess LiF from
this halogen-doping technique creates an LiF-rich SEI layer which stabilizes the SSE/anode
interface and effectively prevents Li dendrite formation [40]. The stabilizing influence
of Li6PS5F0.5Cl0.5 combined with its impressive ionic conductivity of 3.5 × 10−4 S cm−1

makes it an excellent candidate to be used in a Li–S battery.
In this study, Li–S batteries consisting of SP–S-based composite cathodes, Li anodes

and novel Li6PS5F0.5Cl0.5 SSE were tested with and without an IL at the electrode–SSE
interfaces. Even though previous studies have reported ASSEBs consisting of sulfide-based
SSEs, only a handful of them report the use of ILs to improve the interfacial contacts. Here,
we report a comprehensive study of the choice of the IL, its optimum viscosity, and the
volume needed to improve the solid–solid interfacial contacts influencing the interfacial
reactions for improved cycle life of this novel QSSEB with the aid of ab initio molecular
dynamics (AIMD) simulation studies. Special emphasis is given for a better understanding
of interfacial reactions occurring at the cathode–SSE interface. This study focuses on a
low-sulfur loading of 0.7 mg/cm2, while research on high-sulfur loading of 4.0 mg/cm2 is
currently underway and will be presented in a follow-up paper.

2. Experimental
2.1. Materials and Chemicals

The following materials were acquired from their respective suppliers: Sulfur (Alfa
Aesar, Haverhill, MA, USA 99.5%), Timcal graphite carbon super P (MTI, New York,
NY, USA 98%), Carboxymethyl cellulose (MTI, New York, NY, USA 98%), pre-mixed
Styrene butadiene rubber (40 w%), Acetylene Black (MTI, New York, NY, USA 98%), N,N-
butylmethyl pyrrolidinium bis(triflouromethylsulfonyl)imide (TCI, Portland, OR, USA
98%), Lithium bis(triflouromethylsulfonyl)imide (Thermo Scientific, Waltham, MA, USA
99%), and 1,3-dioxolane (anhydrous 99% Sigma Aldrich, St. Louis, MI USA).

2.2. Super P–Sulfur Cathode Fabrication

Timcal graphite carbon super P and Sulfur were mixed in the ratio of (3:2) and Sulfur
was infused by melt injection under vacuum at 115 ◦C for 2 h. Then, the mixture of Super
P–Sulfur was mixed with acetylene black, 2.5% CMC dissolved in DI water, and SBR in the
weight ratio of 90:2:4:4 to formulate the slurry. Next, the slurry was coated on aluminum
current collector. After excess water was evaporated, electrodes were punched into 2.0 cm2

disks and electrodes had a sulfur loading of 0.70 mgcm−2. These electrodes were further
dried under vacuum for 6 h at 50 ◦C before the battery assembly.

2.3. Solid State Electrolyte Synthesis

Li6PS5F0.5Cl0.5 solid electrolyte was synthesized via the stoichiometric mixing of
lithium sulfide (Li2S, Alfa Aesar), lithium chloride (LiCl, Alfa Aesar), lithium fluoride
(LiF, Alfa Aesar), and β-Li3PS4 precursor in ethanol solvent and stirred for 1 h at room
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temperature inside a glovebox under argon atmosphere. The solution was heated to
evaporate the solvent before a subsequent heat treatment for 1 h at 200 ◦C. The resultant
powder was collected and ground using mortar and pestle.

2.4. Ionic Liquid Preparation

All the ionic liquids were prepared inside the Argon-filled glove box and stored at
room temperature. Relevant masses to prepare LiTFSI solutions (2 M and 4 M) were
weighed and mixed with premixed PYR-TFSI and DOL (1:1 and 3:1) solvent for 48h.

2.5. Cathode Characterization

Thermo gravimetric analysis (TGA) studies of the cathode were carried out using
a thermos gravimetric analyzer TA 2050 under N2 gas flow of 100 mL/min. Cathode
electrode surface morphology was characterized using the Field emission gun scanning
electron microscope (FEI), and the TESCAN scanning electron microscope with energy
dispersive X-ray spectroscopy (EDAX).

2.6. Battery Assembly

For the assembly of QSSEB, SP-S cathode with 0.70 mgcm−2 sulfur loading was
punched into disks of 2.0 cm2. SSE powder was pressed into 150 mg pellets using a
stainless-steel tank. During the assembly, SSE was wetted with the relevant amounts of
IL from both ends using a micropipette. Cathode, SSE, and Li metal anode were then
assembled into 2032 type coin cell (Figure S1).

2.7. Electrochemical Testing

Electrochemical impedance spectroscopy (EIS) measurements of coin cells were carried
out using the SP-200 electrochemical system, (BioLogic Science Instruments, Seyssinet-
Pariset, France). Each spectrum was measured in the frequency range of 1 MHz to 50 mHz
with an excitation voltage of 5 mV. Cyclic voltammetry measurements were also carried
out using the same instrument at scan rate of 3 mV/min.

All the batteries were cycled at 30 ◦C between 1.0 V and 2.8 V using a 16 channel Arbin
battery testing system.

2.8. X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) (MultiLab 3000, VG Scientific, Sussex, UK)
was employed to detect the chemical composition at the cathode–SSE interface after cycling.
Prior to careful analysis, all the spectra were calibrated with respect to the C-C (sp2) binding
energy (284.8 eV) of the C1s peak.

2.9. Ab Initio Molecular Dynamics Simulations

All AIMD simulations were performed within the framework of density functional
theory (DFT) using projector augmented wave method as implemented in Vienna Ab initio
Simulation Package (VASP) [40,41]. The exchange correlations were described using the
Perdew–Burke–Ernzerhof (PBE) functionals within the generalized gradient approximation
(GGA) using the pseudopotentials supplied by VASP: Li_sv (valence: 1s2 2s1 3p0), C
(valence: 2s2 2p2), F (valence: 2s2 2p5), H (valence: 1s1), O (valence: 2s2 2p4), N (valence: 2s2

2p3), P (valence: 3s2 3p3), S (valence: 3s2 3p4), and Cl (valence: 3s2 3p5). The energy cut off
for plane wave basis-set is set at 500 eV. A Gaussian smearing of 0.05 eV was employed to
treat the partial electron occupancies for each orbital. The Brillouin zone was sampled at
the Γ-point only. For geometry relaxation.

The initial crystalline structures for two extreme charge states of cathode, namely Li2S
(fully discharged) and S8 (fully charged) were obtained from Materials Project database [42].
These geometries were further optimized using DFT (at the PBE level of theory). Crystal
structure for the bulk SSE (Li6PS5F0.5Cl0.5) was used from our previous study [43]. The
computational supercells for the interfaces were constructed by stacking slabs of ionic
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liquids: (1) 2 M LiTFSI in DOL/DME (1:1), (2) ([PYR14][TFSI]), and (3) 2 M LiTFSI in
([PYR14][TFSI])/DOL (1:1) on top of the SSE and cathodes (Li2S and S8). The simulation
cell parameters are detailed in Table 1.

Table 1. Simulation lattice parameters for the interfaces considered in this study. All the interface
models considered in this study are orthorhombic.

Ionic Liquid/Diluent SSE/Cathode
Lattice Parameters (Å)

a b c

([PYR14][TFSI])

Li6PS5F0.5Cl0.5 10.186 10.186 28.636

Li2S 11.187 11.187 26.087

S8 10.559 12.945 38.170

DOL and DME (1:1)

Li6PS5F0.5Cl0.5 10.186 10.186 30.586

Li2S 11.187 11.187 27.387

S8 10.559 12.945 33.800

([PYR14][TFSI]) and DOL
(1:1)

Li6PS5F0.5Cl0.5 10.186 10.186 36.986

Li2S 11.187 11.187 30.150

S8 10.559 12.945 39.500

Prior to performing AIMD simulations, the as-constructed interface models were first
relaxed at the PBE level of theory. For relaxation, the atomic coordinates and the lattice
parameters were optimized such that the force on each atom was lower than 0.05 eV/Å. An
energy convergence tolerance of 1 × 10−5eV was employed for self-consistent field cycles,
while the Brillouin zone was sampled using a 2 × 2 × 1 Monkhorst-Pack k-grid. Thereafter,
AIMD simulations were performed within a canonical ensemble (NVT) at 300 K for 20 ps
using a timestep of 1 fs. For the AIMD simulations, we employed an energy convergence
tolerance of 1 × 10−5eV for the self-consistent field cycles, and a 1 × 1 × 1 k-grid. Constant
temperature conditions were maintained using a Nosé–Hoover thermostat as implemented
in VASP. Long-range van der Waals dispersion interactions are treated using the zero
damping DFT-D3 method of Grimme [44,45].

3. Results
3.1. Cathode Characterization

A TGA study of the cathode material was conducted using the thermo gravimetric
analyzer TA 2050. Temperature was ramped at 10 ◦C/min from room temperature to 800 ◦C
under Nitrogen flow of 100 mL/min. A cathode consisting of SP–S (3:2) 90 w% should have
approximately 36% sulfur and it is confirmed from the TGA analysis, shown in Figure 1a,
that the calculation of the loading based on the weight ratio is in excellent agreement.
Figure 1b,c show the FEI SEM images obtained from the surface with magnifications 100
and 10,000, respectively. Surface porosity which led to high capacity and cyclability was
clearly observable at higher magnification SEM images (Figure 1c). Figure 1d shows the
cross-sectional SEM image obtained with 60◦ tilt angle with 2000 magnification in which
the SP–S cathode coating has a thickness of ~50 µm. Figure 1e–g show the EDAX mapping
obtained using TESCAN SEM on the cathode surface before cell assembly. The uniform
distribution of carbon and sulfur, shown in Figure 1f,g, confirms that the injection of
sulfur into the carbon matrix via the melt diffusion method was successful in this cathode
fabrication process. A consistent and uniform distribution of sulfur in the cathode is needed
for a higher active material utilization.
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3.2. Electrochemical Testing

Before discharging the cells, electrochemical impedance spectroscopy studies of a
Li–S battery with and without IL functionalization were carried out. Figure 2a shows
the Nyquist plots of the electrochemical impedance spectra of batteries consisting of the
SP–S cathode, Li6PS5F0.5Cl0.5 SSE, and Li anode (i) without any ionic liquid (orange filled
circles), (ii) with 40 µL of LiTFSI (1 M) dissolved in PYR (dark blue filled triangles), and
(iii) with 40 µL of LiTFSI (2 M) dissolved in PYR/DOL (1:1) (green filled squares). As
expected, the electrode–electrolyte interfacial resistance is seen to decrease significantly due
to the introduction of the ionic liquid, as evidenced by the decrease in the charge transfer
resistance and the electrolyte resistance. The first cycle discharge curves of all three cells
presented in Figure 2b show a dramatic improvement in the discharge capacities with the
addition of ionic liquid diluted with DOL.
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ASSEB assembled with the SP–S cathode, Li anode, and SSE (without any IL) showed
only a poor initial discharge capacity (~42 mAh/g) (Figure 2b) without the ability to charge
back, as anticipated from the EIS result (Figure 2a). Poor interfacial contact at the cathode–
SSE and SSE–anode interface is believed to cause this poor performance. Next, 40 µL of IL
consisting of LiTFSI (1 M) dissolved in PYR was introduced to both solid–solid interfaces
to assemble the QSSEB. The assembled QSSEB was cycled at room temperature at C/20
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(80 mA/g) current rate between 1.0 V and 2.8 V. QSSEB with LiTFSI (1 M) dissolved in
PYR IL showed an initial discharge capacity of 337 mAh/g but decreased and stabilized at
around 50 mAh/g after 100 cycles, as shown in Figure S2 in the Supplementary Materials.
A discharge voltage plateau was observed around 2.1 V corresponding to the conversion of
polysulfides (Li2Sn, 2 < n < 8) into solid lithium sulfides (Li2S2 and Li2S). The decomposition
of SSE and IL is believed to cause the rapid decrease in the capacity.

Due to the low initial discharge capacity of the Li–S batteries consisting of SP–S/SSE/Li,
the highly viscous IL (LiTFSI in PYR) was diluted with 1,3-dioxolane (DOL) and LiTFSI
content was kept constant at 1 M. Performance of the battery with LiTFSI (1 M) dissolved
in PYR/DOL (1:1) is shown in Figure S3 in the Supplementary Materials. Even if the
stability and cyclic performance were improved by the addition of the diluent, the initial
capacity was still lower than expected (920 mAh/g). Due to this lower initial capacity, the
concentration of LiTFSI in diluted PYR was increased to 2 M. The initial discharge capacity
was seen to increase to > 1000 mAh/g, as shown in Figure 2b.

Figure 3a,b compare the battery performances with and without DOL in IL. Both
batteries were tested at C/20 rate with IL volume of 40 µL at room temperature. The battery
without the diluent (only PYR) and LiTFSI concentration of 0.6 M in PYR (best performance
battery without diluent) shows an initial discharge capacity of ~600 mAh/g but fades to
a value below 200 mAh/g after 100 cycles (Figure 3a). The battery with PYR/DOL (1:1)
with 2 M concentration of LiTFSI shows a vastly improved initial discharge capacity of
~1100 mAh/g, still fading below 400 mAh/g after 100 cycles (Figure 3b).
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Figure 3. Performance of batteries consisting of SP–S/SSE/Li with ILs: (a) 0.6 M LiTFSI dissolved in
PYR, (b) 2 M LiTFSI dissolved in PYR/DOL (1:1), (c) 2 M LiTFSI dissolved in PYR/DOL (3:1), and
(d) 4 M LiTFSI dissolved in PYR/DOL (1:1).

Next, the battery performances at C/20 rate for varying diluent (PYR/DOL) ratios (1:1
and 3:1 PYR/DOL) were compared as shown in Figure 3b,c. Figure 3c shows the results for
PYR/DOL ratio of 3:1. They both showed an initial discharge capacity of ~1100 mAh/g,
still fading below 400 mAh/g after 100 cycles. A change in the PYR/DOL ratio did not
have any noticeable difference in the initial discharge capacity or the retention capacity.
However, the battery with a 1:1 ratio of PYR/DOL showed better coulombic efficiency at
the tested C rate. Here, the coulombic efficiency was calculated using the ratio and the
discharge capacity/charge capacity of a corresponding cycle. Based on these results, a
PYR/DOL ratio of 1:1 was maintained during the rest of the work. In a comparison of
the LiTFSI concentration on the battery performance with a PYR/DOL ratio of 1:1 and
IL volume of 40 µL at C/20 rate, the battery with 4 M LiTFSI (Figure 3d) concentration
showed much worse performance compared to 2 M concentration with the initial discharge
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capacity of only ~400 mAh/g accompanied by a rapid degrading of the discharge capacity.
This result confirmed again that the high viscosity of IL reduces the battery performance
since 4 M LiTFSI IL was found to be highly viscous (130 mPa s−1), similar to the IL without
diluent (140 mPa s−1), in comparison to the 2 M LiTFSI IL (24 mPa s−1).

It was found that a 2 M LiTFSI concentration in a dilution of PYR with DOL at 1:1
ratio gives the optimum performance. In order to find the optimum volume of the IL
required, we carried out a volume dependent battery performance study at C/20 rate, as
shown in Figure 4, for the volumes of (a) 10 µL, (b) 20 µL, and (c) 40 µL. Both batteries with
40 µL and 20 µL (Figure 4b,c) ionic liquid volumes showed initial discharge capacities of
~1100 mAh/g, with capacity retention of ~300 mAh/g after 100 cycles. The battery with
40 µL IL volume; however, shows better coulombic efficiency. In contrast, the battery with
10 µL IL volume (Figure 4a) showed a low initial discharge capacity of ~800 mAh/g with a
rapid degradation over the cycling.
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Figure 4. Performance of batteries consisting of SP–S/SSE/Li with 2 M LiTFSI PYR/DOL (1:1)
with different volumes: (a) 10 µL, (b) 20 µL, (c) 40 µL, and performance of batteries consisting of
SP–S-SSE/SSE/Li (SSE incorporated in the cathode) with 2 M LiTFSI PYR/DOL (1:1) with different
volumes (d) 10 µL, (e) 20 µL and (f) 40 µL.

From all these studies, it was found that the functionalization of the SSE/cathode
interface with an IL of 2 M LiTFSI in a diluted solution of PYR with DOL at 1:1 ratio and
total volume of 40 µL gives the optimum performance.

Thereafter, the C rate dependance of the battery under optimized conditions were
tested for C/20, C/10 and C/5 rates. All three batteries consist of SP-S/Li6PS5F0.5Cl0.5
SSE/Li with added ionic liquid of 2 M LiTFSI in a 1:1 ratio of PYR/DOL with a total volume
of 40 µL. Figure S4 in the Supplementary Materials sheet shows the C rate performance
results. Among all the QSSEBs tested at optimum conditions, the battery tested at C/5
stands out with its significant performance at a higher current rate. This result confirmed
that the improved cathode, IL, and SSE together are capable of handling higher currents
with stable coulombic efficiency and capacity.
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Since the poor interface contact between the SSE and the cathode hinders the Li+
ion transport, an addition of a small amount of SSE into the cathode material is expected
to improve the lithium-ion transport and hence, the capacity retention. For this reason,
during the SP–S cathode formulation, a pre-determined amount of SSE was incorporated
to enhance the ionic conductivity of the cathode. Specifically, Li6PS5F0.5Cl0.5 was dissolved
in anhydrous ethanol (1 wt%) and drop casted onto the C–S cathode. Then, an IL volume-
dependent study was carried out with 10, 20, and 40 µL volumes of IL and C/10 current
rate. Figure 4d–f show the battery performances with SSE in the SP–S cathode at C/10
rate. As shown in Figure 4a–c, the batteries without the SSE in the SP–S cathode showed
the higher initial discharge capacity but with lower retention after 100 cycles. However,
after the incorporation of Li6PS5F0.5Cl0.5 in the C–S cathode, even if the initial capacities
are slightly lower, it resulted in improved capacity retentions of (a) 65%, (b) 58%, and
(c) 45% after 100 cycles with stabilized coulombic efficiency even at C/10 current rate. The
reduced initial discharge capacity can be due to the reduction in the electronic conductivity
of the cathode after the addition of the SSE.

Subsequently, to understand the electrochemical reactions occurring at the interface
while cycling, EIS measurements were carried out after discharging the cells. Figure 5
shows the Nyquist plot of the electrochemical impedance spectra of batteries consisting of
a SP–S cathode, Li6PS5F0.5Cl0.5 SSE, and Li anode; (a) without any ionic liquid, (b) with
40 µL of LiTFSI (1 M) dissolved in PYR, and (c) with 40 µL of LiTFSI (2 M) dissolved
in PYR/DOL (1:1) before and discharging after three cycles. ASSEB without any ionic
liquid showed higher charge transfer resistance compared to batteries with ionic liquid
due to the higher interfacial resistance resulting from poor interfacial contact. Both charge
transfer and electrolyte resistances further increased after discharging, presumably due
to the formation of insulating Li2S2 and Li2S at the interface. The battery with LiTFSI
(1 M) dissolved in PYR has also shown a significant increase in the electrolyte resistance
and charge transfer resistance after discharge, suggesting the decomposition of SSE and
IL (Figure 5b). However, the battery with LiTFSI (2 M) dissolved in PYR/DOL has also
shown only a slight increase in both electrolyte and charge transfer resistance as shown in
Figure 5c, which could be predominantly due to the formation of Li2S after discharge. This
confirms the stability of DOL-diluted IL experimentally, which will be further, explicitly
discussed in the AIMD simulation results.
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Figure 5. Electrochemical impedance spectra of batteries consisting of SP–S cathode, Li anode, and
SSE (a) with no ionic liquid, (b) with IL of LiTFSI (1 M) dissolved in PYR, and (c) with IL of LiTFSI
(2 M) dissolved in PYR/DOL (1:1) before and after discharging.

Next, cyclic voltammograms were recorded in the voltage range 1.0–2.75 V for batteries
consisting of SP–S cathode, Li anode, and SSE (a) with no ionic liquid, (b) with IL LiTFSI
(1 M) dissolved in PYR, and (c) with IL LiTFSI (2 M) dissolved in PYR/DOL (1:1) at
scan rates of 3.0 mV/min as shown in Figure 6. Generally, at the cathode, the reduction
of sulfur in liquid electrolyte Li–S batteries happens in two steps, based on the type
of electrolyte utilized. The first phase is the reduction of elemental sulfur to lithium
polysulfides (Li2Sn, 2 < n < 8) in the range of 2.4–2.1 V vs. Li/Li+, and the second phase
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represents a further reduction of polysulfides to solid lithium sulfides (Li2S2 and Li2S) at
around 2.1–1.8 V [12,46]. In ASSEB, it is expected to have a direct conversion of elemental
sulfur into solid lithium sulfides (Li2S2 and Li2S). In the battery tested without any ionic
liquid, the direct conversion of S8 to solid sulfides is observed with the presence of only a
single peak in the cathodic scan of around 1.8 V, as expected (Figure 6a). In comparison,
QSSEBs have also shown a combined peak in the range of 2.3–1.8 V, verifying the fact that
QSSEB follows more of a direct conversion route while discharging, as in ASSEB, even
with the presence of ionic liquid (Figure 6b,c). Supti Das et al. have previously reported
a similar cyclic voltammogram where dual cathodic peaks were seen to combine into a
single reduction peak in an all-solid-state LiS battery [47]. According to their work, the
difference in the areas under curve in cathodic and anodic scans in ASSEB is believed to
be due to the higher scan rates employed. In contrast, compared to this work, they used
much lower currents to test the battery while using a higher sweeping rate for the CV
measurements. During the anodic scan, an oxidation peak, which was attributed to the
conversion of lithium sulfides to elemental sulfur and lithium, was observed at 2.5 V and
2.7 V, respectively. This shows a shift from 2.4 V in the liquid electrolyte Li–S batteries [31].
The reduction and oxidation peaks did not vary significantly during cycling, confirming
that a stable cathode–electrolyte interface (CEI) was formed.
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Figure 6. Cyclic voltammogram of the batteries consist of SP–S cathode, Li anode, and SSE (a) with
no ionic liquid (b) with IL LiTFSI (1 M) dissolved in PYR, and (c) with IL LiTFSI (2 M) dissolved in
PYR/DOL (1:1).

3.3. XPS Results

Figure 7 shows the XPS S2p low binding energy (BE) peak of the cathode–SSE interface
of three batteries: (a) without any ionic liquid at the interfaces, (b) with the ionic liquid
LiTFSI (1 M) dissolved in PYR, and in (c) and (d), with the ionic liquid LiTFSI (2 M)
dissolved in PYR/DOL (1:1). XPS S2p high binding energy peaks for the batteries with
ionic liquid after 100 cycles are included in the Supplementary Materials (Figure S6).
All batteries were characterized after complete discharge to 1.0 V. The battery shown in
Figure 7a lasted only for single cycle (see Figure 2b) due to its poor interfacial contact
and displayed only the characteristic peaks corresponding to PS4

3− and P2S5 species of
the SSE. The battery shown in Figure 7b, which consisted of highly viscous IL LiTFSI
(1 M) dissolved in PYR, charged/discharged for 100 cycles with very low capacity and
showed an additional doublet corresponding to terminal/bridging sulfur from long chain
Li-polysulfides. However, due to the low material utilization along with poor discharge
capacity, peaks corresponding to the final discharge product of Li2S were not detected in
either of these batteries.
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Figure 7. XPS S2p low binding energy peak of the cathode–SSE interface of (a) no ionic liquid,
(b) with LiTFSI (1 M) dissolved in PYR, and (c,d) with LiTFSI (2 M) dissolved in PYR/DOL (1:1) after
1 cycle and 100 cycles.

Figure 7c,d show XPS results corresponding to the batteries with DOL diluted ionic
liquid after a single cycle (c) and 100 cycles (d). In both cases, characteristic peaks for
SSE (PS4

3− and P2S5) were detected with the Li2S peaks. Both batteries have shown
significantly high initial discharge capacities confirming the presence of the Li2S peak as
the final discharge product. After 100 cycles, XPS peaks related to terminal/bridging sulfur
from long-chain polysulfides were also detected in the battery. With the presence of SSE,
the reaction path has less long-chain polysulfides and hence, the existence of polysulfides is
expected to result mostly from the liquid electrolyte reaction path resulting from ionic liquid.
After prolonged cycling, part of the polysulfides formed could have been dissolved into
the ionic liquid and deposited at the SSE/cathode interface, degrading the cyclability and
lowering the capacity. The failure of the battery with LiTFSI (1 M) in PYR, in comparison
to the success of the battery with LiTFSI (2 M) in PYR/DOL (1:1), even though both of
them show polysulfide peaks in XPS, can be understood as being due to lower polysulfide
dissolution in diluted ionic liquid. In prior research conducted by Meisner Q.J. et al. [30],
the improved capacity retention of ionic liquid-based liquid electrolyte batteries consisting
of LiTFSI-PYR diluted with DOL due to their lower polysulfide dissolution has been shown.
The XPS S2p high binding energy peak shown in Figure S5 in the Supplementary Materials
shows dominant peaks corresponding to TFSI− anions from LiTFSI (solid) and PYR14-TFSI
(liquid) for both batteries [47,48]. Peaks corresponding to SO2 were detected, presumably
due to the decomposition of TFSI anions resulting from both LiTFSI and PYR14-TFSI. The
additional peaks corresponding to sulfates (SO4

2−) are assumed to be due to the reaction
of sulfides with any residual oxygen. The AIMD simulation results also show a partial
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decomposition of PYR-TFSI in the 1 M LiTFSI dissolved in PYR, producing stable SO2 and
-SO2* radicals that could also lead to the formation of SO4

2−. This speculation is further
confirmed with the AIMD simulation results showing improved stability in IL consisting
of LiTFSI (2 M) in PYR/DOL (1:1) over LiTFSI (1 M) in PYR. However, there is no clear
distinction in the XPS results of SO2 and SO4

2− between the batteries with and without
DOL, since SO2 and SO4

2− can be formed from both LiTFSI and PYR-TFSI.

3.4. AIMD Simulation Results

We used AIMD simulations to gain fundamental insights into the interfacial chemical
reactions that occur between (i) 2 M LiTFSI in DOL:DME (1:1), (ii) ([PYR14][TFSI]), and
(iii) 2 M LiTFSI in ([PYR14][TFSI]):DOL (1:1), with Li6PS5F0.5Cl0.5 (SSE) as well as cathode
states (Li2S and S8). Careful analysis of AIMD trajectories revealed that none of the
functionalizing liquids react with the SSE (Figures S7a,b, 8a,b and 9a,b). Note, at the
DOL:DME || SSE, the ethereal oxygen of DOL and DME coordinate with Li from SSE,
but without any reaction (Figure S7a,b). Similarly, no reaction was observed at any of the
interfaces with the cathode in the fully charged state, i.e., S8 (Figures S7c,d, 8c,d and 9c,d).
This shows that the functionalizing liquid merely wets the cathode (fully charged), and
the SSE. In contrast, the cathode in fully discharged state (Li2S) exhibits much higher
reactivity with the functionalizing liquid, primarily due to the Li atoms present in Li2S
(Figures S7e,f, 8e,f and 9e,f). At the interface between 2 M LiTFSI in DOL:DME (1:1) and
Li2S, approximately 50% of the [TFSI] anions became dissociated, forming CF2O and -SO-
N-SO2-CF3 species (Figure S8a). Additionally, ~20% of DME underwent decomposition,
resulting in the formation of -O-CH2-CH2-O-CH3 and -CH3 species (Figure S8b). This
observation aligns with the existing literature, highlighting DME’s low LUMO energy
levels in the presence of Li-ions [49]. Notably, although previous works state that DOL
should also decompose against Li-ion via ring opening, such processes were not evident
within the limited time scales accessible to AIMD simulations [49–51]. Consistent with
the finding of solvent decomposition, the SP-S battery with active material loading of
0.7 mgcm−2 using 2 M LiTFSI in DOL:DME (1:1) failed to charge back after the initial
discharge cycle in our experiments (Figure S8c). On the other hand, at the interface between
[PYR14][TFSI] and Li2S-cathode, 33.3% of [TFSI] dissociated into CF3, SO2, -CN,-SO2 and
LiF species (Figure 8g), while the [PYR14] cations remains intact throughout the AIMD
trajectory (Figure 8e,f). Similarly, at the 2 M LiTFSI in ([PYR14][TFSI]):DOL (1:1) || Li2S
interface, both [PYR14] cations and DOL remain intact, while ~25% of [TFSI] dissociated
(Figure 9e,f). Thus, in the interfaces with [PYR14][TFSI] (i.e., with or without LiTFSI salt),
dissociation of [TFSI] yield LiF, which is known to stabilize the interface [52,53]; consistent
with good cyclability despite a rapid capacity reduction over several cycles, indicated by
experiments (Figures 3 and 4). Note, in the presence of LiTFSI salt, there is amorphization
of Li2S, correlating with a slight capacity reduction in our electrochemical experiments. In
both cases, where DOL-DME and ([PYR14][TFSI]) were in contact with Li2S-cathode, the
dissociation of [TFSI] anions resulted in the release of fluoride ions. These fluoride ions
subsequently migrated into the Li2S cathode and contributed to the formation of lithium
fluoride (LiF) at the interface. (Figures 8g and S8a).
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(a,b) Li6PS5F0.5Cl0.5, (c,d) S8, and (e,f) Li2S obtained from ab initio molecular dynamics simula-
tions (20 ps) under ambient conditions.

4. Conclusions

Quasi-solid-state electrolyte Li–S batteries consisting of Super P–Sulfur composite
cathodes, Li anodes, and novel Li6PS5F0.5Cl0.5 SSE were successfully developed with the
use of the ionic liquid LiTFSI (2 M) dissolved in PYR:DOL (1:1) as the wetting agent at
both electrode–SSE interfaces. Under optimum conditions, QSSEB batteries showed an
initial discharge capacity of >1100 mAh/g and a discharge capacity of >400 mAh/g after
100 cycles at the C rate of C/10 with excellent coulombic efficiency. The volumes of IL
used at the SSE–electrolyte interfaces are low enough to warrant that our QSSEBs follow
solid-state Li–S reaction pathways rather than liquid electrolyte Li–S reaction routes, as
confirmed by the cyclic voltammetry studies. Electrochemical stability at the cathode–
SSE interface of QSSEBs was carefully investigated using the AIMD simulation studies
for different ionic liquid compositions and was found to be in good agreement with the
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experimental results. An IL concentration of 40 µL of LiTFSI (2 M) dissolved in PYR:DOL
(1:1) was found to be optimum for high-performance QSSEBs, as verified both theoretically
and experimentally. Overall understanding of the underlying chemistry of the IL in QSSEBs
and the interfacial reactions at the SSE–electrode interfaces will open up new opportunities
to develop high-performance, safe, and high-energy-density solid-state batteries employing
sulfide-based SSEs in the near future.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/batteries10050155/s1, Figure S1: Parts of the CR2032 coin cell assembly
and cross section of cathode/SSE/Li metal interface with thin layer of ionic liquids; Figure S2:
Performance of QSSEB with ionic liquid LiTFSI(1M) in PYR; Figure S3: Performance of QSSEB with
ionic liquid LiTFSI (1M) in PYR:DOL (1:1); Figure S4: C rate dependent cyclic performance at (a) C/20,
(b) C/10, (c) C/5 rates and charge discharge curves at (d) C/20, (e) C/10, (f) C/5 for batteries consist
of SP-S/SSE/Li with 40 µL of IL LiTFSI(2M) PYR:DOL(1:1); Figure S5: Cyclic voltammogram for
batteries with and without ionic liquids; Figure S6: XPS S2p high BE peak of the cathode-SSE interface
of 2 batteries containing (a) LiTFSI(1M) in PYR and (b) LiTFSI(2M) in PYR:DOL (1:1) after discharge
of 100 cycles; Figure S7: Structural evolution of DOL:DME (1:1) interface with (a) Li6PS5F0.5Cl0.5,
(b) S8, and (c) Li2S obtained from ab initio molecular dynamics simulations under ambient conditions;
Figure S8: The decomposition sequence of (a) [TFSI]− and (b) DME molecules for DOL:DME (1:1)
interface with Li2S obtained from ab initio molecular dynamics simulations under ambient conditions
(* represents the complexes), and (c) discharge curve of DOL:DME (1:1) IL based battery which did
not charge back.
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