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Abstract: Although in general ions are not able to migrate in the solid-state position due to rigid
skeletal structure, in some solid electrolytes with a low energy barrier and high ionic conductivities,
these ion transition can occur. In this work, we considered several solid electrolytes including lithium
phosphorus oxy-nitride (LIPON), a lithium super-ionic conductor (SILICON), and thio-LISICON. For
the fabrication and characterization of the solid electrolyte’s fabrication, we used a single-step ball
milling (SSBM) procedure. Through this research on all-solid-state rechargeable lithium-ion batteries,
our target is to discuss solving several problems in solid LIBs that have recently escalated due to
raised concerns relating to safety hazards such as solvent leakage and the flammability of the liquid
electrolytes used for commercial LIBs. Through this research, we tested the conductivity amounts of
various substrates containing amorphous glass, SSBM, and glass-ceramic samples. Obviously, the
SSBM glass-ceramics increased the conductivity, and we also found that the values for conductivity
attained by SSBM were higher than those values for glass-ceramics. Using an SSBM technique,
silicon nanoparticles were used as an anode material and it was found that the charge and discharge
curves in the battery cell cycled between 0.009 and 1.45 V versus Li*/Li at a current density of
210 mA g~! at room temperature. Since high resistance causes degradation between the cathode
material (LiCoO,) and the solid electrolyte, we added GeS2 and SiS; to the Li;S-P,S5 system to obtain
higher conductivities and better stability of the electrode-electrolyte interface.

Keywords: solid electrolytes; lithium-ion batteries; ionic conductivity; cathode materials; lithium
phosphorus oxy-nitride (LIPON); single step ball milling (SSBM); lithium super-ionic conductor
(SILICON)

1. Introduction

Although with advanced technologies liquid electrolytes are the most frequently used
electrolyte application for LIB fabrication, the use of these types of electrolytes is hazardous
and flammable in batteries. Therefore, in order to fabricate LIBs with an extreme degree
of safety, liquid electrolytes should be exchanged for solid electrolytes. Solid electrolytes
have several advantages compared to liquid electrolytes, including high stability, long life
and durability, being non-flammable, and insulation to prevent thermal increase inside
internal circuits. Moreover, these batteries do not need extra safety layers, which can cause
the overall energy density to remain at high voltages and amperages [1-5]. In addition,
based on particular phenomena in solid electrolytes (such as the fact that only Li* ions are
mobile in solid electrolytes), several unfavorable parallel chemical reactions can be removed
from the electrolytes, which causes the safety condition to be increased [6-9]. It is notable
that, besides these advantages, there are some disadvantages; for instance, solid-state
electrolytes (SSE) are not comparable with liquid electrolytes due to a lower achievable
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conductivity. Our target in this study is a discussion on functional solid electrolyte LIBs to
understand the action of the electrochemistry phenomenon. This work consists of a devel-
opmental concept of solid electrolytes for manufacturing methods and a characterization
of these types of electrodes. The initial step in this research was accomplished to synthesize
and characterize suitable conducting solid electrolytes. Interpreting the electrochemical
properties for quick ion conduction via solid compounds is the key to the fabrication of
solid-electrolyte LIBs [10-15]. A proper understanding of chemical reactions inside the
LIBs can be yielded through using cathode mixed materials, as well as from the selection of
proper composites for anodes during electrolyte—electrode interaction. Finally, our third
target was to find the condition of a high-energy-density solid electrolyte rechargeable
battery due to the efficiency of the kinetic reactions of cathode and anode compounds
resulting from a decrease in nanoparticle sizes through electrochemical testing [15-20].
Through this research on all-solid-state rechargeable lithium-ion batteries, our target is
to discuss solutions to several problems in solid LIBs that have recently escalated due to
raised concerns relating to safety hazards such as solvent leakage and the flammability
of the liquid electrolytes used for commercial LIBs. Since solid-state electrolytes do not
inherently carry the safety burdens of liquid electrolytes, a large worldwide attempt is
underway to provide a viable solid electrolyte instead of liquid electrolytes. Beyond the
obvious safety advantages of solid electrolytes, all-solid-state batteries can be constructed
with a wide variety of solid electrolyte products, varying in form and design and having
high reliability.

2. Theoretical Backgrounds

Rechargeable LIBs work by charging and discharging, alternatively, through the
exchange of Li* inside electrolytes via cathode and anode electrodes. The lithium diffusion
process begins due to a current of Li* via the electrolyte, through a redox reaction and also
through an external circuit (Scheme 1).
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Scheme 1. Operating LIBs.

2.1. Ionic Position in Cathode Materials

The insertion of Li* inside cathode materials is largely related to the potential in-
teraction among all ions, particularly the Li* and the host compounds. Obviously, the
insertion of Li* in a crystal should be calculated, and it is ascertained that ion transport
was accomplished through an optimal potential. Based on the shape of the insertion in
the crystal, several structure items can be presented and be categorized, for example,
LiFePOy, similar structures to LiCoO,, and 3D arrays of LiMn,O4 tunnels. The cathode
materials directly affect insertion amounts of the Li ion as can be seen in Table 1. LiCoO,
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with two-dimensional layered structures was found to have the largest Li ion diffusivity
amongst the classes, while LiFePO4 with one-dimensional channels was found to have the
lowest. Recently, several quantum chemical calculations of LixCoO, diffusivity have been
accomplished at various amounts of Li (0 < x < 1), which indicate the reason for the width
of the range of lithium’s presence in electrolytes (Tables 1 and 2).

Table 1. Resistivity of cathode and anode electrodes.

Electrode Compound Band Gap (eV) Conductivity Sem—1 Reference
anode Copper 0 6 x 10° [21,22]
anode Graphite 0 2 x 108 [23,24]
anode Aluminum 0 3.5 x 10° [25]

cathode LiCoO, 0.6-2.5 105 [26-28]
cathode LiMn, 0y 0.25-2.1 104 [29-31]
cathode LiFePOy, 0.2-0.9 10~ [32,33]

Table 2. Ionic conductivities of various solid-state electrolytes (SSEs).

Cathode Composite Electrical Conductivity (Scm—1) Technique Reference

LixCoO, 2.1 x 1072 4 Point Probe DC [34]
Li; oMgy Co1_yO, (107377: y = 0); (10712: y = 0.04); (107%70: y =0.05) 4 Point Probe DC [35]
LixNig 30C0g.7002 107%4t01073:0.70 < x < 1 4 Point Probe DC [36]
LiGay Co1_yO, 6.65 x 10~%: un-doped system EIS [37]

LixMnyOy 107> (x = 1.00) 2 Point Probe AC [29-31]
LixMn,0y4 1045 (x = 0.90) 2 Point Probe AC [38]
LiCoyMn; Oy (23 x 107* (y =0.1); 2.5 x 1072 (y = 1):at RT AC impedance [39]
LiNiyMn;_ Oy 0—4.5(y =0, to 0.6): at RT 4 Point Probe DC [40]
LixFePOy, 1072:x = 0.8(impurity:Fe, P,O7) 2 Point Probe AC [41]
Li;_«MyxFePO4(M = Zr, Nb, Mg) 1073 (size: 30 nm, C content: 5 wt%) 2 Point Probe AC [42]

In addition, these calculations found that the (010) surface in LiFePOy has the optimum
structure for Li* insertion according to the approximation of numerical data. Obviously, ab
initio methods through artificial modeling might be inapplicable for multiple phases and
disordered amorphous structure calculations.

2.2. Electrical Position in Anode Materials

The electronic details of graphite were completely evaluated in the past decades.
Graphite is an important electrode due to having a zero-band gap and exhibiting special
phenomena during the influence of electrical fields [23,24]. Interlayer interactions in
graphite are too low and, due to the large distance between these layers, easily allow Li ions
to move between these sheets. In addition, these intercalations cause unique crystal and
electronic situations. In amorphous carbons, as disorder appears, electrical conductivity
considerably reduces. Since quantum calculations and ab initio methods are not able to
analyze the electronic situation of amorphous structure in graphite, several models have
been developed to predict electrical conductivity in graphite [43,44].

2.3. Conduction Evaluating in Electrolytes

A perfect electrolyte for LIBs has not yet been found. Obviously, solvent electrolytes
are extremely common because of higher ionic conductivities. Although various electrolyte
compounds have been analyzed as replacements, some of them do not exhibit acceptable
ionic conductivity, at least 1073 Sem™!, in LIBs [45]. The importance of electrolytes is
to create an ionic conduction among the electrolytes and anodic and cathodic electrodes.
Therefore, the main concern in electrolyte investigation is understanding how to increase
ionic conductivity [46-48]. During the dissolving of cathode material salts in LiPF as an
important electrolyte, cathode ions (Li") and anions such as PF,~ are produced. Since the
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dissociation of the salt is relevant to dialectical conditions such as the constant of the solvent,
when a high dielectric constant is present, strong solvating occurs [49]. Consequently, large
anions of any salts, via high conductivity and solubility, can be properly distributed due to
their negative charges.

2.4. Solid-State Electrolytes (SSEs)

SSEs have several advantages compared to liquid electrolytes, such as a simple de-
sign, suitable sealing, resistance to pressure and any vibrations or explosions under high
temperatures, wide electrochemical stability, and better safety [50-52]. The important dis-
advantage of these types of electrolytes is lower ionic conductivity. The ionic conductivities
of several solid-state electrolytes are listed in Table 3 [53-66]. The ion movement of gelled
macromolecules and polymers containing high solubility is considerably different from
that in crystalline materials [67-74]. Solid electrolytes fabricated in semiconductors have
also been used widely as an important ingredient of solid-state micro batteries. Moreover,
inorganic elements used in solid-state electrolytes often consist of rare metals such as Ge, Tj,
Sc, In, Lu, La and Y that are too expensive [75]. Because of the mentioned problems for us-
ing solid-state electrolytes, only gel polymer electrolytes have been applied as commercial
fabrications in markets [76].

Table 3. Ionic conductivity of various non-solid and SSEs.

Salt Solvent Ionic Conductivities (Sem—1) Reference
Solid-state electrolytes (SSEs)
Wet polymer - 8.5 x 1077 (LiPF6 6 wt% in PVdF) [53]
Gel polymer - 7.8 x 1072 (at 25 °C) [54]
Plastic crystal - 1 x 10~* (6%), 5 x 10~3 (12%):LiBF4 [57]
Crystalline (perovskite) - 1.0 x 1073 (x = 0, 0.2) [58]
Crystalline (NASICON) - 6.5 x 10~>(at 200 °C) [59]
Crystalline (thio-LISICON) - 43 %1075 (x=0) [60]
Crystalline (Garnet) - 52 x 1074 [62]
Glass (LiPON) - 1.8x 10 °t07.7 x 1077 [63]
Composite (glass + polymer) - 1.2 x 1073 (dry process) [65]
Glass-ceramics - 1.3 x 1078 [66]
Solvent electrolytes
LiClO4 PC 5.5 [77]
LiAsFg EC/DMC 8.5 [78]
LiBF, EC/DMC 11.3 [79]
LiPFg EC/DMC 10.5 [80]

Since the electrolyte material has a good Li* conductivity and is also electrochemically
properly mobile, it must tolerate volume changes in both electrodes. In other words, Li*
should tolerate the flux along cracks that causes glassy materials such as polycrystalline
films to form leakage paths. Electrical measurements by Yu have demonstrated potentials
up to 5.6 V in stable LiPON films in contact with lithium metal and the cathode [81] (Table 3).
Since the ionic conductivity of LiPON is too low, this electrolyte is usually useful only in
a ‘thin film’ configuration with solid electrolyte layer thicknesses around ~1000 nm. The
thin film construction of batteries employing LiPON electrolyte limits overall capacity and
therefore limits commercial application to small medical and MEMS devices. Fabrication
of the LiSICON structure has been performed to create a 3D rigid framework for moving
alkali ions through internal spaces. LiSICON electrolytes are made based on the formula
LixMpM’301,, where M and M’ are generally metals and represent metal ions containing
octahedral and tetrahedral coordination to the O, ions such as LigMg,5Si3O15 [82].
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3. Materials and Methods
3.1. Ball Milling

Recently, several manufacturing techniques have been developed to prepare solid
electrolytes, the most well-known being SSE, which is obtained by a high conductivity melt
quenching method. During the preparation of SSE, an ionic conductivity of approximately
102 cm~! was obtained and found to have suitable electrochemical stability [83]. Although
there are different methods for fusion systems, the cooling method is one of the most
important cases in that can be applied as an example of the usual method. In this way, the
powders are first pressed through a suspension in a carbon-coated quartz tube and then
vacuum sealed to obtain an ampoule of these materials. To prepare the glass substrate, the
bulb is heated to 750 °C for half a day to obtain a single phase and uniform shape. Later,
the temperature of the quenched material must be reduced with cold water to produce a
solid solution. It is notable that for the crystallization of solutes, the bulb should be heated
to 750 °C for half a day, and then the product can be kept for about two days at a certain
temperature to promote nucleation and crystal growth. [84]. Figure 1 shows a general
diagram of different phases containing 75% LiyS with 25% P,Ss [84].
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Figure 1. XRD of crystals glass showing a general phase diagram of the 75% LiyS with %25P,Ss.

Recently, ball milling methods have investigated the production of ultrafine amor-
phous at 298 K. The ideal powders are suitable for achieving large ionic conductivities and
are also used to achieve the best contact between electrolytes and electrodes in SSE [85,86].
Ball milling probably also causes increased textural properties due to amorphous com-
pounds, which are extracted using melt quenching techniques [87,88]. Ball-milled amor-
phous powders (BMAPs) are sometimes heated strongly to obtain crystalline units capable
of higher conductivity compared to previous powders [89,90]. HEBM, which stands for
high-energy ball milling, is an ideal technology for creating amorphous materials, and both
contain the same concepts of pre-peel alloys using crushing technology. HEBM is generally
carried out using shaker mills where the rotation takes place on a fixed axis. Although a
high energy essentially causes a high-attrition grinding motion with the consideration of
certain elements and proper control, the chambers rotating on a primary disk can be set at
a selective speed. Since during grinding the compounds are alternately flattened, crushed,
and welded, the steel balls trap certain particles between their surfaces. These impacts
with enormous energies can severely destroy the molecules, reshape them atomically, and
eliminate unusual surfaces and other structural defects [91,92]. Furthermore, the deforming
and cracking of composites results in a progressive decrease in particle size and leads to
significantly lower diffusion distances and temperatures [93-95]. BMAP is generally very
stable and has stronger chemical interactions, which allows novel chemical reactions to be
carried out while forming different nanostructures in our experiments. The behavior of hot
milled electrolytes (BMEs) is confirmed by their excellent conductivity and solid electrolyte
forming effects. For example, scientists have shown that heating ball-milled materials



Energies 2024, 17, 4530

6 of 16

beyond their glass transition temperature can lead to highly conductive crystalline solid
electrolytes [96].

3.1.1. Cryogenic Milling/Grinding and Jet Milling

Cryogenic grinding is another technology that has many advantages, including tem-
perature control and mechanical control of grinding by cooling or quenching the compound
at low temperatures to reduce the particle size of ‘soft’ materials. Jet milling is also another
method without any grinding system, but it works with near-sonic-speed jets. This tech-
nique is usually applied to reduce size reduction. Volume reduction and material mixing
are the results of high-speed collisions among particles of the same processing material.

3.1.2. Single-Step Ball Milling (SSBM)

Although SSBM has advantages such as saving time and being efficient, its perfor-
mance improvement compared to ball milling followed by heat treatment is not significant.

In addition, although ball milling followed by heat treatment has been shown to be
effective, several steps of this process are time consuming and inefficient and should be
modified. It is important to note that heat treatment typically produces glass-ceramic
materials with larger particle size whose morphology may not be desirable for use in
all-solid-state Li-ion batteries. A single-step ball milling (SSBM) procedure is proposed in
this work in which ball milling and heat treatment are carried out simultaneously. Through
this work, we will report the glass-ceramic binary system xLi,S (100-x) P»Ss produced by
the SSBM process in terms of structural and electrochemical properties.

3.2. Experimental
3.2.1. Preparation of P,Ss, TiS, and LiyS

Necessary and sufficient experiments were performed, as Li,S (Sigma -Aldrich, 99%,
Hamburg, Germany) and P,S5 (Sigma-Aldrich, 99%, Hamburg, Germany) were applied as
initial compounds for mechanical ball milling through using stoichiometry concentrations
with the proper fractions of zirconia: exactly one gram with two zirconia balls (1 x 10 mm,
1 x 13 mm in diameter) for grinding. Energy ball milling took place for 24 h in a glove box
containing Argon gas at a temperature controller around 60 °C (Spex2000, Jiangsu, China).
Ball-milled vials were alternatingly turned on and turned off to drive the temperature
towards reaching the vial temperature. A perfect correlation was observed between the
ambient vial temperature and that of the vials due to milling without pausing. In addition
to maintaining room temperature, the vials were frequently milled in 40 min intervals.
All prepared materials from ball milling at room temperature were amorphous and their
conductivity values were confirmed through previous experimental values [85,86,90]. In
this work, we changed the amorphous materials into pellets 15 mm in diameter and 0.8
mm thick in a titanium die through cold pressing (5 metric tons). The product samples
were characterized through X-ray diffraction using Cu-K« radiation and were sealed in an
air-isolated aluminum box with beryllium vents, then fixed to the X-ray diffraction meter
(PanAlytical PW3830 X-Ray, London, UK). The diffraction values were evaluated for all
morphological structures as well as unique materials between 15 and 45 degrees. The ionic
conductivities were calculated by AC impedance spectroscopy (Solartron 1280 C, Miinchen,
Germany) for all SSBM samples. The weighed composites were then cold pressed using
10 tons/metric pressures to prevent the lithium electrode plates from being pressed to
both sides of the pellet at 1 metric ton. The impedances of selected cells were calculated
from 25 MHz to 110 mHz at 298 K and the conductivities were measured using complex
impedance analysis. For providing TiS,, several steps were accomplished as follows: 1. TiS,
(Sigma-Aldrich, 99%, Hamburg, Germany) was ball milled in a 120 mL agate vial at a
net weight of 600 mg. 2. Large-ball-milled (LBM) samples were produced via 8 agate
balls (8 mm diameter) and small-ball-milled (SBM) composites with 45 agate balls (5 mm
diameter) used for grinding. Ball milling took place for 3 h for large-ball-milled material
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and 6 h for small-ball-milled products in an argon gas before the composites were used
without further modification.

3.2.2. Preparation of Anode Materials

The anode electrode was made through a combination of crystalline nano-silicon (n-5i)
powder (50-100 nm, Sigma-Aldrich, Hamburg, Germany) and bulk silicon (B-5i) powder
(1-45 um, Alfa Aesar brand of chemicals), solid-state electrolyte (SE) 76.0 Li,S% -24.0P 2S
5% provided from ball milling methods, and also multi-walled-carbon-nanotubes (NC7000,
Namur, Belgium) at a weight ratio of 1:6:1, respectively. We applied a conductive additive
due to the increased contact surface (400 m?g ') compared to acetylene black (65 m?g~!)
(Figure 2A,B) and thus observed an acceptable increase in conductivity in our system.
Double-layer pellets were produced by compressing 1 milligram of electrode material on
top of 200 milligrams of SSE powder via five metric tons. Finally, the lithium sheet was
pressed with SSE using one metric ton. A schematic diagram of the SSE-LIB cell can be seen
in Figure 2C. All experiments and evaluations were performed in a poly-aryl-ether-ketone
(PEEK) chip (I = 1.4 cm) and were also performed in an Ar-filled glove box with Ti metal
rods as current collectors. Galvano/static measurement of charge-discharge cycling was
performed for several items at a fixed density of 110 mAg~! at 298 K using an Arbin BT2000
galvanostat. The product samples were characterized through X-ray diffraction using Cu-.
Ko radiation and were sealed in an air-isolated aluminum box with beryllium vents and
fixed on an X-ray diffraction meter (PanAlytical PW3830 X-Ray, London, UK).

Solid state i Solid state

electrolyte RS i | clectrolyvte

MWCNT

Li metal Ele-ctrmél-:

Figure 2. (A) Anode electrode containing acetylene black. (B) Multi-wall carbon nanotubes in anode.
(C) Solid-state lithium battery including titanium.

3.2.3. Preparation of Cathode Materials

An important problem of SSE-LIBs is the difficulty of creating a suitable electrode—
electrolyte interaction. In sulfide-based SSE-LIBs, high interfacial resistances among the
cathode composite materials and the solid electrolyte have been seen during the initial
charging process of LiCoO; as an effective cathode material. It is obvious that the high
resistance is related to the destroying of the interface between the LiCoO; and the Li;S-P,S5
solid electrolyte [97]. There are two ways of overcoming this problem: 1, using electrolyte
additives for enhancing ionic conductivities and fixing the electrolyte in contact with the
electrode, 2, creating a favorable electrode—electrolyte interface by interfacial modification.
It has been confirmed that by using compounds such as GeS, and SiS; to create the network
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of the Li;S-P,S5 system, not only can higher conductivities for SSE be gained, but a better
stability of the electrode—electrolyte system can also be formed [98]. Due to the second
crystal structure, the elements with large ionic radius and high polarizability can be used,
which consequently cause an increasing situation of mobility and conducting ions towards
improving the solid crystal of the electrolytes [99]. These types of additive materials
can decrease the large chemical potential difference among the components of a sulfide
electrolyte as well as an oxide electrode. Creating a suitable electrode—electrolyte system
by the optimization of cathode material surfaces has also confirmed an effective reduction
in the resistance through coatings of Li; Ti5O;2 on LiCoO, particles [100]. In addition, a
novel molecule was discovered, LisTisOqy, that can prevent dissolution [101]; coating by
this molecule prevents the diffusion of the LiCoO; inside the electrolyte. In this study,
we investigated the mentioned additives in solid electrolytes to increase the stability of
electrode materials with electrolytes. GeSe; was used as a second network to improve
the electrical conductivity and stabilize the SSE in our work, because sulfur is used as an
additive to help stabilize the electrolyte for the high voltage in cathode electrodes.

LiyS-P,Ss as an SSE provided through ball milling as well as milling outputs in
amorphous compounds elevated temperature conductivity values to 8.99 x 1073 S cm ™!
and 9.93 x 107* S cm™!, respectively. Cathode composite materials were mixed using
both ball-milled and non-ball-milled titanium sulfide powders and SSE at a ratio of 2:3,
respectively. For composites containing acetylene black (Alfa-Aesar, 60% compressed) as
a conductive additive, a ratio of 15:20:2 was applied for three compounds consisting of
TiS,, solid electrolyte, and acetylene black, respectively. Battery pellets were made by cold
pressing (6 metric tons) and 12 mg of the composite cathode electrode above 150 mg of SE
for 5 min. Li foil (Alfa-Aesar, 0.70 mm thick) was then attached to the SSE surface at 3 metric
tons. All pressing and testing products were accomplished in a polyaryletheretherketone
(PEEK) mold (I = 1.5 cm) with titanium rods as current collectors for both electrodes in an
Ar-filled glove box.

3.2.4. Electrolyte Fabrication

LiyS-GeS;-P»S5 SSE was created using the SSBM method [102,103]. Reagent-grade
powders of LiS (Aldrich, 99.0%), P»S5 (Aldrich, 99%), and GeS, (City Chemical, 99.0%)
were consumed as initial products. Suitable amounts of composites were mixed into a
zirconia vial (Spex) at a net weight of 1.5 g with two zirconia balls for grinding. HEBM
(Spex8000) tool was selected and kept for 15 h in an Ar-filled dry box. The heat action of
SSBM:SSE powders was accomplished through the initial mixing of sulfur and SSE powders
and pelletizing the powders at 6 metric tons in a stainless steel die (I = 1.5 cm) with 500 mg
of initial compounds. The provided pellets were fixed in a sealed glass container and were
heated to 250 °C for 15 h. Both Li;S-GeSe,-P»Ss and LigyGe1 xPxSy14x)Sex1—x) electrolytes
were prepared similarly with GeSe, (Stream, 99.9%) and instead used temperatures of
240 °C, 350 °C, and 450 °C.

3.2.5. Electrode Fabrication with Bilayer Electrolyte

Cathode materials were provided through mixing LiCoO, powder (Sigma-Aldrich)
as the active material, SSE Li,S-GeS,-P,Ss powder for quick conduction of lithium, and
acetylene black (Alfa, 55% compressed) for electron conduction at a weight ratio of 25:50:2,
respectively. Double-layered pellets were made through a 120 mg hand pressing of Li,S-
GeSep-P,S55 or LipS-GeS;-P,Ss SSE over an 80 mg hand-pressed layer of 69.5 LipS -19.5 PS5
SSE created using the SSBM method. Then, a 12 mg layer of the cathode compounds was
carefully diffused over the LiyS-GeSe;-P»Ss5 or LipS-GeS,-P,Ss solid electrolyte and the
cell was pelletized through cold pressing for 6 min. All experiments were performed in
an argon-gas-filled glove box. Galvanostatic charge-discharge cycling occurred at initial
cycle cut off voltages of 4.5 and 2.0 V at a 45 pA cm 2 current at 298K using an Arbin
BT2000. Schematic diagrams for the Li/SSE/LiCoO, and AC impedance cells can be seen
in Figure 3.
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Figure 3. Titanium test with LiyS—GeS,-P,Ss SSE, (A) solid electrolyte battery, and (B) conductiv-
ity tester.

4. Results and Discussion
4.1. Characterization

Figure 4 exhibits the XRD spectrum of several glass-ceramic morphologies in the
combination of 65 < x < 85 for [xLizS(190—x)P2Ss]. A sharp peak can be seen among all items
denoting the crystalline composition prepared under the SSBM method. For x = 76.5 and
x =79, electrolytes with sharp diffraction peaks are observed near 24.9 and 30.5 due to
excess LipS content in their composition [104].

. =LiP,5,
oLiS

*LiES,

[ L]

4 New Crystal

Intensity (a.u.)

10 15 20 25 30 35 40 45
20 (degree)

Figure 4. XRD patterns for all tested electrolytes, (a) Li,S, (b) P;Ss, (c) x = GeSp, (d) x = 64, (f) x = 76.

The diffraction patterns for SSBM composites denote a linearly increasing intensity of
crystalline peaks up to x = 76.5, at which point only the Li,S peaks intensify for x =79. A
new crystalline pattern, identical to that of the thio-LISICON II analog, can be seen through
positioned peaks among the materials ranges [104]. The specific behavior of composites
such as the low melting temperature of PS5 might be a reason for the crystallization of
these compounds during SSBM. Measurements were accomplished from the cathodic and
then the anodic situations up to 4.5 V vs. Li* /Li and down to 0.5 V vs. Li* /Li. No reactions
were observed in these voltammograms except for the lithium deposition (Li* + e — Li)
and dissolution (Li — Li* + e) reactions between 0.5 and 0.6 V up to 4.5 V vs. Li*/Li. This
suggests that the SSBM composites have a wider electrochemical window than 4.5 V [105].



Energies 2024, 17, 4530

10 of 16

4.2. Conductivities

Figure 5 exhibits the details of a conductive situation according to values that were
measured from amorphous and SSBM ceramic glasses. Through two-step testing, in-
creasing conductivities over glass electrolytes appeared due to the formation of unique
crystalline structures [26]. In other words, the enhancement in conductivity by the crys-
tallization of sulfide-based glass solid electrolytes appeared due to the crystalline phase,
which is produced during the ball milling process. In addition, the LISICON phase of
Lis—x)Ge1—x)PxSs (0.5 < x < 0.9) with high conductivities was created through monoclinic
superstructure [41]. We predicted that enhancements of conductivities are caused mostly
by SSBM when they are around one or two orders of magnitude compared to other glass
electrolytes as well as higher than these values for glass-ceramics, which were created using
two heating steps [26].

@— Liy_G
(D) m— glaSS
(¢) —— glass-ceramic

Sun'xs

Conductivity (S em™)

2

@)— SSBM glass-ceramic

95 mol%

Figure 5. (a) Conductivity map for Liy .Ge_PxSs; (b) glass, (c) glass-ceramic, (d) SSBM
glass-ceramic.

Conductive Additive Modification by MWCNTs

Multiwall carbon nanotubes (MWCNTs), due to their unique one-dimensional struc-
ture and tubular structure, high electrical and thermal conductivities, and extremely large
surface area, have been considered as ideal additive materials to improve the electrochemi-
cal characteristics of the anodes and cathodes of Li-ion batteries. A recent development of
electrode materials for LIBs has been driven mainly by hybrid nanostructures consisting of
Li storage compounds and MWCNTs. The electrochemical performance of LIBs affected by
the presence of MWCNTs in terms of energy and power densities, rate capacity, cyclic life
and safety are highlighted in comparison with those without or containing other types of
carbonaceous materials. Figure 6 exhibits the extra efficiency of the conductive additive
modification including n-Si cells using MWCNT at three temperatures (298, 300, 302 K)
under galvanic-static charge/discharge cycling between 1.5 V and 5 V (vs. Li/Li*). It
is usual to show the specific capacities based on the mass of the active materials such
as nano-Si in the anode. In addition, the lithium interaction capacity of MWCNTs can
considerably help the total capacities of the anode materials. Consequently, the capacities
of the conductive additives were gained in the cell using several amounts of the MWCNTs
as the active material. The specific capacities of these amounts in the anode were then
estimated from the data for the corresponding capacity of nano-Si according to the use of
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MWCNT amounts. We found a considerable enhancing of the specific surface area of the
MWCNTs for flexion for maintaining the electrical contact with the nano-5i particles upon
cycling [7]. This test confirms that solid-state lithium batteries using nano-5i and MWCNTs
as a conductive additive maintain a considerable capacity and amazingly exhibit higher
efficiency compared with those batteries that do not use nano-Si. MWCNTs were found
to improve cycling capacity in all-solid-state lithium batteries over acetylene black as a
conductive additive.
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Figure 6. Comparison showing superior performance of MWCNT as a conductive additive for all
solid-state lithium batteries over acetylene black in different voltages and three temperatures.

4.3. Liquid vs. Solid

The battery cell was cycled between 0 and 150 and voltages between 1.5V to 5V
versus Li*/Li at a current density of 500 mAg~! at room temperature. The first discharge
and charge values of nano-Si were found to be various values based on Figure 7 from
A to H, respectively. During the first cycle (Figure 7A), the potential quickly drops to
3.2V, then gradually reaches 2.4 V. Figure 7B compares the cycling performance of solid-
state and liquid electrolyte systems using nano-Si; the charge capacity of the solid glass-
ceramic electrolyte system reduces from 250 to 50 mAhg-1 within 0-50 cycles (Figure 7C).
The nano-Si in solid-state electrolyte demonstrated a capacity retention of 71.5% after
50 charge/discharge cycles in these ranges of voltages (Figure 7D). In contrast, the nano-Si
in the conventional liquid electrolyte cell displayed a maximum of 20% capacity retention
(Figure 7E). This difference is related to the amount of expansion during Li accumulation,
because the amount changes of Li-Si permit Si absorption in lithium through a liquid
electrolyte compared with solid electrolytes (Figure 7F).

4.9 (B)
4.5
4.1
3.7
33
2.9
2.5 4

—e— charge

—e—discharge
—e—charge

—e—discharge

1 voltage

0 20 40 60 801

00120140160180200220240

T T T T T T T T T T T T T T T T T T 1

0 25 50 75 100125150175200225250275300

Figure 7. Cont.
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Figure 7. Charge—discharge curves of all-solid-state cell fabricated with n-Si as anode material
by different voltage ranges. (A-F) compare the cycling performance of solid state and liquid elec-
trolyte systems using nano-Si. (G,H) exhibit the charge-discharge performance of ion cells, tested
with lithium phosphorus oxy-nitride (LIPON) and lithium super-ionic conductor (SILICON) solid

electrolyte, respectively.

5. Conclusions

Here, we found that electrodes composed of silicon rods control the electrolytes of
LIBs because they can provide more stability with optimized crushing, as well as creating
an appropriate lifespan and sufficient Coulomb efficiency. The simplicity of the SSBM
process and high ionic conductivity of SSBM samples make the SSBM method superior
for the development of SSE for all-solid-state battery production. Through this work, we
confirmed, using the glass-ceramic electrolytes produced by the SSBM technique, that
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silicon nanoparticles can be used as the anode material in all-solid-state Li-ion batteries.
This work also confirms that solid-state lithium batteries using nano-Si and MWCNTs as
a conductive additive maintain a considerable capacity and, amazingly, exhibit higher
efficiency compared to those batteries without using nano-Si. As a result, MWCNTs
can improve cycling capacity in all-solid-state lithium batteries over acetylene black as a
conductive additive for any further research.
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