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Abstract—All-solid-state batteries (ASSBs) have come into focus in recent years as energy storage devices
with energy densities potentially exceeding those of conventional lithium-ion batteries (LIBs). However, in
practice, severe problems still must be solved. To reach high energy densities, it is indispensable to use lithium
as anode and to build composite cathodes with high active material loading in the range of 85 wt %. In order
to achieve fast ion transport inside the cathode despite the high active material loading, the solid electrolyte
should have a high ionic conductivity and should form a continuous phase with low tortuosity ion transport
pathways. By this research, we tested the conductivity amounts from various substrates containing amor-
phous glass, SSBM, and with glass-ceramic samples. Via SSBM technique, silicon nanoparticles were used
as anode material, and it was exhibited the charge and discharge curves in the battery cell was cycled between
0.01 and 1.5 V versus Li+/Li at a current density of 220 mA g–1 at room temperature. Since the high resistance,
causes degradation of the interface between the cathode material (LiCoO2) and the solid electrolyte, we
added GeS2 and SiS2 to the Li2S–P2S5 system for obtaining 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), Xrd,
charge/discharge curves
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1. INTRODUCTION
The influence of interfaces represents a critical fac-

tor affecting the use of solid-state batteries (SSBs) in a
wide range of practical industrial applications. How-
ever, our current understanding of this key issue
remains somewhat limited. Therefore, this work pres-
ents the mechanisms and advanced characterization
techniques associated with interfaces in SSBs. By this
study we discuss different aspects of interfaces includ-
ing interphase formation, cathode-electrolyte inter-
face, anode-electrolyte interface, and inter particle
interface, which contain a detailed description of the
formation mechanisms and current research. In addi-
tion, we summarize the scientific issues associated
with solid-solid interfaces and provide our perspec-
tives to better understand the fundamental issues and
improve the performance of SSBs. Obviously, safety
problem and limited energies densities are the main
issues of current LIBs that feature organic liquid elec-
trolytes. In contrast, the development of Li-air/Li

anodes [1–4], Li-S anodes [5–8] and Si anodes [9,
10] exhibit promise for increasing energy density, pro-
viding that certain challenges can be overcome. For
example, sharp, sticky Li dendrites that grow on the
Li-metal anode during cycling, which can then pene-
trate through the separator between two electrodes,
will induce sudden failure of the battery and the
unwanted release of heat, the result of which is an
increased fire hazard due to short-circuiting. For a
Li-S battery, in addition to safety concerns associated
with dendrites, the polysulfide that form during
cycling can dissolve into the liquid electrolytes, thus
rendering the cell life too short for most applications
without specified electrode modifications [11–14].
During the initial development of viable SSEs, it was
evident that the main challenges would be preparing a
solid-state material with sufficiently high lithium-ion
conductivity, sufficiently high electrical resistivity,
favorable temperature stability and good stability in
contact with typical LIB electrodes. The information
388
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Table 1. A total comparison of liquid lithium-ion batteries with solid-state model

Liquid cell Solid-state cell

Inexpensive processing Expensive processing

Large format in production Only small format in production

Flexible separator accommodates some mechanical stress Ceramic separator. Rigid, may break with mechanical stress

Low interfacial impedance Interfacial impedance can be a problem

Higher ionic conductivity near room temperature High ionic conductivity over broader temperature range

High electrical resistance High electrical resistance

Electrolyte f lammable, combustion hazard Electrolyte nonflammable, safer

SEI layer forms and degrades, affects cycle life No SEI layer formation, longer cycle life

Electrolyte reactions limit cathode materials Electrolyte nonvolatile, high-voltage cathode materials

Poor thermal stability Excellent thermal stability

Self-discharge limits shelf life Far less self-discharge, much longer shelf life

Sensitive to overcharge Abuse tolerant

Flexible separator hosts formation of lithium dendrites, 
limits cycle life

Ceramic separator inhibits dendrite growth, extended cycle life

More inactive materials, reduces energy density,
reduces specific energy

Less inactive materials increase energy density, increases specific 
energy
in Table 1 and Fig. 1 exhibits a schematic comparison
of liquid electrolyte LIBs and thin-film SSE batteries.
Early work [15] revealed LiN3 to have ionic conductiv-
ity comparable with liquid electrolytes, but the electri-
cal resistivity was too low to prove viable as an effective
SSE. Researchers also investigated several lithium-
ion-conducting compounds, including lithium phos-
phor silicate glasses, [16] and glass–ceramic com-
pounds [17].

Although in advanced technologies, liquid electro-
lytes are the most electrolyte application for LIBs fab-
rication, usage of these type electrolytes are so hazard-
ous and flammable within batteries. Therefore due to
a suitable fabricate LIBs with extreme degree of safety;
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo

Fig. 1. A comparison of thin-film solid-state electrolyte
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the liquid electrolytes should be changed with solid
electrolytes. Solid electrolyte has several advantages
compared with liquid electrolytes including large sta-
bility, long life containing durable properties, non-
flammable, and insulate for preventing thermal
increasing inside internal circuits. Moreover, these
batteries do not need the extra safety layers cause the
overall energy density to remain in high voltages and
amperages [18–22]. In addition, based on especial
phenomena in the solid electrolytes (such as that only
Li+ are mobile in solid electrolyte ), several number of
unfavorable parallel chemical reaction remove inside
the electrolytes, which causes to increase the safety
condition [23–26]. It is notable beside these advan-
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tages there are some disadvantages as instance, solid
state electrolytes (SSE) are not comparable with liquid
electrolytes due to lower achievable conductivity. Our
target of this study is a discussion of functional solid
electrolytes LIBs for understanding the action of elec-
trochemistry phenomenon. This work consists of
developmental concept on solid electrolytes for man-
ufacturing ways and characterization of these type
electrodes. The initial step of this research was accom-
plished to synthesize and characterization a suitable
conducting solid electrolytes. Interpreting the electro-
chemical properties for quick ion conduction via solid
compounds is the key to fabrication of solid-electro-
lytes LIBs [27–32]. A proper understanding of chem-
ical reactions inside the LIBs can be yielded through
using cathode mixed materials as well as from selec-
tion proper composites for anodes during electro-
lyte/electrode interaction. Finally, our target was to
exhibit the condition of a high energy density solid
electrolyte rechargeable battery due to the efficiency
of kinetic reactions of cathode and anode compounds
resulting from decreasing of Nano particle sizes
through electrochemical testing [33–37]. In this
research, we assess solid-state interfaces with respect
to a range of important factors: interphase formation,
interface between cathode and inorganic electrolyte,
interface between anode and inorganic electrolyte,
interface between polymer electrolyte and Li metal,
and interface of interparticles. This review also sum-
marizes existing characterization strategies, including
microscopy observation, chemical composition anal-
ysis, and electrochemical characterization.

2. ELECTROLYTE BACKGROUND OF LIBS
2.1. Organic Solid Polymers and Inorganic Solids

In total, solid electrolytes can be separated into two
main categories: 1-organic solid polymers and 2-inor-
ganic solids, containing oxides and sulfides, etc. [38].
Recently, several of solid electrolytes with superb ionic
conductivity have shown great promise to replace current
commercial organic electrolyte batteries, particularly for
Li10–GeP2S12 and Li2S–P2S5 with their high ionic con-
ductivities of 1.3  10–2 S cm–1 and 1.8  10–2 S cm–1,
respectively. Their conductivities are comparable with
that of organic liquid electrolyte (usually on the order
of 10–2 S cm–1, 25°C), confirming that solid electro-
lyte materials exhibit great promise for next-genera-
tion batteries [39, 40]. However, a key scientific issue
that will hinder the practical application of SSBs con-
cerns solid-solid interfaces.

2.2. Ionic Position in Cathode Materials

The lithium diffusion process appears with a cur-
rent of Li+ via the electrolyte, by a redox reaction and
also through an external circuit. Insertion of Li+ inside
cathode materials is largely related to the interaction

× ×
RUSSIAN JOURNAL O
potential among all ions, particularly the Li+ and the
host compounds. These interactions are related to the
properties of cathode compounds as follows:

(1)

where Wt is the total potential energy, WC is the
Columbic interaction, WP is the van der Waals interac-
tion and Wr is the overlap repulsion among all shell
ions. Obviously, “Wt” from insertion of Li+ in a crystal
should be calculated, and it is supposed that ion trans-
port had been accomplished through an optimal
potential. Based on the shape of the insertion in the
crystal, several structure items can be presented and
categorized as: 1-LiFePO4, structures same as
LiCoO2, and 3-3D arrays of tunnels LiMn2O4. The
cathode materials directly affect insertion amounts the
Li-ion as it can be seen in Table 2. LiCoO2, with two
dimensional layered structures, exhibits the largest Li-
ion diffusivity among the other classes, while LiFePO4
with one-dimensional channels exhibits the lowest.

Recently, several quantum chemical calculations of
LixCoO2 diffusivity have been accomplished at varying
amounts of Li (0 ≤ x ≤ 1), which indicate the reason of
wide concentration of lithium insertion in electrolytes
(Table 2). In addition, these calculations exhibited
that (010) surface in LiFePO4 has the optimum struc-
ture for Li+ insertion according to the approximation
of numerical data. Obviously, ab initio methods
because of artificial modeling might be inapplicable
for multiple phases, and disordered amorphous struc-
ture’s calculations. The initial design for manipulating
the diffusivity of Li+ in cathode materials consists of
doping, coating, and finally decreasing the cathode
surface by Nano scaling of the particle size.

2.3. Interfaces in Solid State Batteries

We supposed the term “interface” as a combination
of interphase formation, contact condition, energy
status, and defects. Physical and chemical processes
that take place at an interface during cycling should be
taken into consideration. These essential processes
include SEI formation, dendrite growth, Li-depleted
space-charge layer, and interfacial adhesion variation
due to structural and volume change, among others.
The chemical stability of an electrolyte can be pre-
dicted using the energy diagram shown in Fig. 2. The
“window” for both liquid and solid electrolytes can be
determined by the energy separation Eg between the
lowest unoccupied molecular orbital (LUMO) or con-
ducting band (CB) and the highest occupied molecu-
lar orbital (HOMO) or valence band (VB) [63] of the
electrolyte material, which is thermodynamically sta-
ble when the chemical potential (ma for anode and mc
for cathode) of the electrode materials is within the
LUMO–HOMO range. In other words, the interface
is not stable if ma > LUMO (or CB) or mc < HOMO (or
VB), unless an SEI forms at the interface as the passiv-

= + +t C P r,W W W W
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Table 2. Band Gap (eV) for cathode and anode electrodes

Electrodes/Condition Cathode composite Band Gap, eV References

Anode and cathode 
materials

Copper(anode) 0 41, 42

Graphite(anode) 0 43–44

Aluminum(anode) 0 45

LiCoO2 (cathode) 0.6–2.5 46–48

LiMn2O4(cathode) 0.25–2.1 49–51

LiFePO4(cathode) 0.2–0.9 52,53

Cathode materials LixCoO2 2.1 × 10−2 54

Li1.0MgyCo(1– y)O2 (10−3.7y = 0); (10−1.2y = 0.04); (10−0.70 y = 0.05) 55

LixNi0.30Co0.70O2 10− 4 to 10− 3: 0.70 < x < 1 56

LiGayCo(1– y)O2 6.65 × 10− 4: un-doped system 57

LixMn2O4 10−6.5 (x = 1.00) 49–51

LixMn2O4 10−4.5 (x = 0.90) 58

LiCoyMn2–yO4 (2.3 × 10−4 (y = 0.1); (2.5 × 10−2 (y = 1) 59

LiNiyMn2–yO4 0–4.5 (y = 0, to 0.6): at RT 60

LixFePO4 10−2: x = 0.8 (impurity: Fe2P2O7) 61

Li1–xMxFePO4(M=Zr, Nb, Mg) 10−3 (size: 30 nm, C content: 5 wt %) 62
ation layer. The formation of SEI has been widely
studied in liquid-electrolyte batteries, and the concept
can potentially be extended to SSBs upon careful com-
parison of these two very different battery systems
[64–66].

2.4. Electrical Position in Anode Materials

Interlayer interactions in graphite are too much low
and due to the large distance between those layers,
allowing Li-ions to easily move between these sheets.
In addition, these intercalations cause unique crystal
and electronic situations. In amorphous carbons, as
the disorder appear, electrical conductivity consider-
ably reduces. Since quantum calculation and ab-initio
methods are not able to analyses the electronic situa-
tion of amorphous structure in graphite, several mod-
els have been developed to predict electrical conduc-
tivities in graphite [67, 68].

2.5. Measurement of Electrolytes Conduction

Since solvent electrolytes are extremely applied
because of higher ionic conductivities, various electro-
lytes compounds have been analyzed as replacements,
some of them do not exhibit an acceptable ionic con-
ductivity at least for 10–3 S cm–1 conductivity in LIBs
[69]. The importance of electrolytes is to create an
ionic conduction among the electrolytes, anodic and
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo
cathodic electrodes. Therefore, the main concern in
electrolyte investigation is for understandings how to
increase ionic conductivity [70–72]. During dissolv-
ing cathode material salts in the LiPF6 as an important
electrolyte, the cathode ions (Li+) and anions such as

 are produced. Since dissociation of the salt is rel-
evant to the dialectical condition such as constant of
the solvent, therefore with a high dielectric constant
strong solvating occurs [73]. Consequently, large
anions of any salts by high conductivity and solubility
could be distributing their negative charges, properly.

2.6. SSE (Solid-State Electrolytes) Evaluation

SSE electrolytes have several advantages compared
with liquid electrolytes such as a simple designing, a
suitable sealing, resistance to any vibrations, resis-
tance to pressure, explosion in high temperature, wide
electro chemical stability and better safety [74–76].
The important disadvantage of these types of electro-
lytes is due to lower ionic to the conductivities. Ionic
conductivities of several solid-state electrolytes are
listed in Table 3 [77–87]. The ions movement of gelled
macromolecules and polymers containing high solu-
bility is considerably different from those crystalline
materials [88, 89]. In the items of solvent free polymer
electrolytes, the mobility of the host is a reason for the
ionic motion; ions move only if the polymers undergo
large-amplitude motions [90] related to the glass tran-

−
6PF
l. 19  No. 2  2025
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Fig. 2. A schematic representation of LUMO and HOMO liquid electrolyte, (a) Voc refers to the open-circuit voltage of the bat-
tery. (b) C.B. refers to the conducting band of solid electrolyte. (c) V.B. indicates the valance band.
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sition temperature (Tg). Polymer electrolyte exhibits
quick ionic situation above their Tg where they are big-
ger comprised of amorphous structures. Therefore, a
low Tg polymer such as PEO (polyethylene oxide) [91]
has become an important polymer host for solvent free
electrolytes, and amorphous of this polymer is being
researched [92, 93] as a model to increase its ionic
conductivity. Gelled polymer exhibits quicker ionic
conduction compared with free electrolytes, due to the
diffusion of low molecular weight solvents in polymers
[94, 95]. Solid electrolytes fabricated in semiconduc-
tors have also been used widely as an important ingre-
dient of solid-state micro batteries. Moreover, inor-
ganic elements applied for solid-state electrolytes
often consist of rarer metals such as Ge, Ti, Sc, In, Lu,
La and Y that are too much expensive [96]. Because of
the mentioned problems for using the solid-state elec-
trolytes, only gel polymer electrolytes have applied as
commercial fabrication in markets [97].

One of the best electrolytes known to have all these
criteria is an amorphous lithium phosphorus oxy-
nitride, which was first synthesized by Bates in 1992.
This compound, known as “LiPON” forms a uniform
conformal coating free of grain boundaries and cracks.
Electrical measurements by Yu have demonstrated
LiPON films stable in contact with lithium metal, and
cathode potentials up to 5.6 V [105] (Table 3). An
ultra-thin LiPON also creates a significant efficiency
in viewpoint of volume and mass for LIBs. Cells
including LiPON have demonstrated perfect cycle life
RUSSIAN JOURNAL O
over 60000 cycles between 4.1 and 3.2 V without auto-
matic discharge. 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 electro-
lyte limits overall capacity and therefore limits com-
mercial application to small medical devices and
MEMS devices. Fabricant of the LiSICON structure
has been done to create a 3D rigid framework for mov-
ing alkali ions through internal spaces. LiSICON elec-
trolytes are made based on the formula LixM2M O12,
where M and M' are generally metals and represent metal
ions containing octahedral and tetrahedral coordinated
to the O2-ions such as Li8Mg2Si3O12 [106].

3. MATERIALS AND METHODS
3.1. High Conductivity Melt Quenching Method 

(Ball Milling)

All-solid-state batteries (ASSBs) have come into
focus in recent years as energy storage devices with
energy densities potentially exceeding those of con-
ventional lithium-ion batteries (LIBs). However, in
practice, severe problems still have to be solved. To
reach high energy densities, it is indispensable to use
lithium as anode and to build composite cathodes with
high active material loading in the range of 85 wt %.

In past decades, several manufacturing techniques
have been developed to prepare solid electrolytes, the

3
'
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Table 3. Ionic conductivity of various non-solid and SSE

System Solid state electrolytes (SSE) Ionic conductivities, S cm–1 References

In Salt Wet polymer 8.5 × 10−7 (LiPF6 6 wt % in PVdF) 77

Gel-polymer 7.8 × 10−2 (at 25°C) 78

Plastic crystal 1 × 10−4 (6%), 5 × 10−3 (12%): LiBF4
79

Crystalline (perovskite) 1.0 × 10−3 (x = 0, 0.2) 80

Crystalline (NASICON) 6.5 × 10−5 (at 200°C) 81

Crystalline (thio-LISICON) 4.3 × 10−5 (x = 0) 82, 83

Crystalline (Garnet) 5.2 × 10−4 84

Glass (LiPON) 1.8 × 10−6 to 7.7 × 10−7 85

Composite (glass + polymer) 1.2 × 10−3 (dry process) 86

Glass-ceramics 1. 3 × 10−8 87

Solvent electrolytes

Compounds Solvent conductivities, S cm–1 References

LiClO4 PC 5.5 98

LiAsF6 EC/DMC 8.5 99, 100

LiBF4 EC/DMC 11.3 101, 102

LiPF6 EC/DMC 10.5 103, 104
most well-known being SSE, which is obtained by a
high conductivity melt quenching method. During the
preparation of SSE, an ionic conductivity of approxi-

mately 10–2 cm–1 was obtained and gave suitable elec-
trochemical stability [107]. Although there are differ-
ent methods for fusion systems, the cooling method is
one of the most important cases in which it can be
applied as an example of the usual method. In this
way, the powders are first pressed through a suspen-
sion in a carbon-coated quartz tube and then vacuum
sealed to obtain an ampoule of these materials. To pre-
pare 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.
For crystallization from 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 [108]. Fig-
ure 3 shows a density of state diagram for different
composites and phases such as 75% Li2S with 25%

P2S5 using for solid state electrolyte [84]. Recently,

ball milling methods have been investigated the pro-
duction of ultrafine amorphous products 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
[109, 110]. Ball milling probably also confirmed
increased textural properties due to amorphous com-
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo
pounds, which are extracted using melt quenching
techniques [111, 112]. Ball-milled amorphous powders
(BMAPs) are sometimes heated strongly to obtain
crystalline units capable of higher conductivity com-
pared to previous powders [113, 114]. HEBM, which
stands for High Energy Ball Milling, is an ideal tech-
nology 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 high energy essentially causes a high
attrition grinding motion, with consideration of cer-
tain elements and also proper control, the chambers
rotating on a primary disk can be set at a selective
speed. Since during grinding the compounds are alter-
nately f lattened, crushed and welded, the steel balls
trap certain particles between their surfaces. These
impacts with enormous energies can be severely
destroyed the molecules and reshaped them atomi-
cally, eliminating unusual surfaces and other struc-
tural defects [114, 115]. Furthermore, deformation and
cracking of composites results in a progressive
decrease in particle size and leads to significantly
lower diffusion distances and therefore temperatures
[116–118]. BMAP is generally very stable and has
stronger chemical interactions, which allows novel
chemical reactions to be carried out while forming dif-
ferent nanostructures in our experiments [119].
l. 19  No. 2  2025
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Fig. 3. Density of state diagram for different composites and phases such as 75% Li2S with 25% P2S5 using for solid state electrolyte.
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3.2. Single Step Ball Milling (SSBM)

Although ball milling followed by heat treatment
has been shown to be effective, several steps of this
process are time-consuming and inefficient, which
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. By this work, we will
report the glass-ceramic binary system xLi2S(100–

x)P2S5 produced by the SSBM process in terms of

structural and electrochemical properties.

3.3. Experimental

3.3.1. Preparation of Li4P2S6, Li4Ti5O12, and com-
bination of P2S5/TiS2/Li2S. The synthesis of Li4P2S6

was done based on high temperature solid state reac-
tion methods similar to procedures found in the liter-
ature Reagent-grade Li2S (Aldrich, 99%) and P2S5

(Aldrich, 99%) crystalline powders were ground with a
mortar and pestle for half hour and sealed in an evacu-
ated quartz tube to form lithium thio-phosphate using
the following reaction: 2Li2S + P2S5 → Li4P2S6 + S. For

preparation of Li4Ti5O12/carbon nanotubes compos-

ites were obtained by a solid-state sand milling method
according to our published paper with some modifica-
tions. Firstly, stoichiometric amounts of Li2CO3,

TiO2, and carbon nanotubes solution (Jiang Su Cnano

Technology Co. Ltd.) were dissolved in ethanol via
sand-milling at 500 rpm for 0.5 h and subsequently at
2000 rpm for 3.5 h. Afterwards, the mixture was dried
for 3 h into powder under 105°C. Then, the dried pow-
RUSSIAN JOURNAL O
ders were calcined at 800°C for 5 h under Ar (Fig. 4).

Necessary and sufficient for experiments have been

considered as: Li2S (Aldrich, 99%) and P2S5 (Aldrich,

99%) were applied as initial compounds for mechani-

cal ball milling through using stoichiometry concen-

trations with proper fraction of zirconia exactly one

gram with two zirconia balls (1 × 10 mm, 1 × 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). Ball

milled vials alternatively, were turned on and turned

off to fix the temperature towards reaching the vial

temperature. A perfect correlation was observed

between the discrepancy ambient vial temperature and

vials due to the milled without pausing. In addition to

maintaining room temperature, vials were milled in

40-min intervals, frequently. All prepared materials

from ball milled at room temperature were amorphous

and interestingly, their conductivity amounts were

confirmed with previously experiments values. In this

work, we changed the amorphous materials into pel-

lets 15 mm in diameter and 0.8 mm thick in a titanium

die through cold press (5 metric tons). The products

samples were characterized through X-ray diffraction

using Cu Kα radiation and were sealed in an air iso-

lated of aluminum box with beryllium vent and fixed

on the X-ray diffract meter (PW3830). Diffraction

amounts were evaluated for all morphological struc-

tures as well as unique materials between 15 and

45 deg. Ionic conductivities were calculated by AC

impedance spectroscopy (Solartron 1280C) for all

SSBM samples. Weighed composites then are cold

pressed through 10 tons/metric pressures to prevent

the lithium electrodes plates from being pressed to

both sides of the pellet at one metric ton. The imped-

ances of selected cells were calculated from 25 MHz to
F PHYSICAL CHEMISTRY B  Vol. 19  No. 2  2025
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Fig. 4. Scanning electron microscopy (SEM) (a) Li4P2S6, (b) Li4Ti5O12 (10 μm) after ball milling.

(a) (b)

5 µm
110 mHz at 298 K and the conductivities were mea-
sured using complex impedance analysis. For provid-
ing TiS2, several steps have been accomplished as fol-
lows 1—TiS2 (Sigma-Aldrich, 99.0%) was ball milled
in a 120 mL agate vial at a net weight of 600 mg. 2—
large-ball-milled (LBM) samples were provided
through 8 agate balls (8 mm diameter) and small-ball-
milled (SBM) composites with 45 agate balls (5 mm
diameter) for grinding. Ball milling took place for 3 h
for large-ball-milled material and 6 h for small- ball-
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo

Fig. 5. Preparation materials including: (a) (5, 5) SWCNT
and (b) SSE layers.

SWCNTs (5,5)
Cell Replication Count-10
bond length = 1.42 A
Crestal cell = Hexagonal
Cell Gutter =1.6735

(a)

(b)

50 µm
milled products in an Argon gas before the composites
were used without further modification.

3.3.2. Preparation of anode materials. The capacity
and performance of the battery not only depends
largely on the intrinsic characteristics of the anode
material but also on its morphology. Consequently,
the suitable and appropriate structural design
employed is much more important than the material
selected. Many high-performance anode materials
have been explored as novel materials for the next gen-
eration of LIBs. Anode electrode was made through a
combination of crystalline Nano-silicon (n-Si) pow-
der (50–100 nm, Sigma-Aldrich) and bulk silicon (B–
Si) powder (1–45 μm, Alfa Aesar), solid-state electro-
lyte (SE) 76.0 Li2S%–24.0P 2S 5% provided from ball
milling methods and also multi-walled-carbon-nano-
tubes (NC7000) at a weight ratio of 1 : 6 : 1, respec-
tively (Fig. 5a). We applied a conductive additive due
to the increased contact surfaces (400 m2 g–1) com-
pared to acetylene black (65 m2 g–1) and thus observed
an acceptable increase in conductivity in our system.
The double-layer pellets are produced by compressing
one milligram of electrode material on top of 200 mg
of SSE powder to five metric tons. Finally, the lithium
sheet is pressed with SSE to the tune of one metric ton
(Fig. 5b). All experiments and evaluations are per-
formed in a poly-aryl-ether-ketone (PEEK) chip (I =
1.4 cm) and are also performed in an Ar-filled glove
box with Ti metal rods as current collectors. Gal-
vano/static measurement of charge-discharge cycling
has been done for several items at a fixed density
110 mAg–1 at 298 K using an Arbin BT2000 galvanos-
tat. The products samples were characterized through
X-ray diffraction using Cu Kα radiation and were
sealed in an air isolated aluminum box with beryllium
vent and fixed on the X-ray diffract meter (PANalyti-
cal, PW3830).

3.3.3. Preparation of cathode materials. In SSE-
LIBs using sulfide-based, high interfacial resistances
among the cathode composite materials and the solid
electrolyte have been seen during the initial charging
process of LiCoO2 as an effective cathode material. It
l. 19  No. 2  2025
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Fig. 6. XRD patterns of prepared samples. (a) Sample
dried at 150°C, (b) Sample dried at 25°C, (c) P2S5,
(d) Li2S.

Intensity, a.u.

(a)

(b)

(c)

(d)

5 10 15 20 25 30 35
2� (CuK�), deg
is obvious, which the high resistance is related to the
destroying of the interface between the LiCoO2 and
the Li2S–P2S5 solid electrolyte [120]. There are two
ways of overcoming to this problem; 1-using electro-
lyte additives for enhancing ionic conductivities and
fixing the electrolyte in contact with the electrode,
and 2-Creating a favorable electrode/electrolyte inter-
face by interfacial modification. It has been con-
firmed, which by using a network creating such as
GeS2 and SiS2 to the Li2S–P2S5 system, not only can
be gained higher conductivities for SSE, better stabil-
ity of the electrode/electrolyte system also can be
formed [121]. By this second crystal structure such ele-
ments can be used that consist of large ionic radius and
high polarizability, which consequently cause an increas-
ing situation of mobility and conducting ions towards
improving the solid crystal of the electrolytes [122].

These type additives materials have also exhibited
to decrease the large chemical potential difference
among the components of sulfide electrolyte as well as
oxide electrode. Creating a suitable electrode/electro-
lyte system by optimization of cathode materials sur-
faces, has also confirmed an effective reduction of the
resistance, through coatings of Li4Ti5O12 on LiCoO2
particles [123]. In addition, a novel molecule has been
discovered as Li4Ti5O12 to prevent dissolution [124],
which the coating by this molecule prevent diffusion of
the LiCoO2 inside the electrolyte. In this study, we
have investigated the mentioned additives in solid
electrolytes to increase the stability of and contact
electrode materials with electrolytes. GeSe2 was used
as a second network to improve the electrical conduc-
tivity 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. Finally, we
applied Li2O additive containing lithium increases the
stability of the electrolyte/electrode interface by
reducing the potential difference between the oxide
cathode and the sulfide electrolyte.

Li2S–P2S5 as SSE provided through ball milling as
well as milling outputs in amorphous compounds ele-
vated temperature conductivity of 8.99 × 10–3 S cm–1

and 9.93 × 10–4 S cm–1 respectively. Cathode compos-
ite materials were mixed by both balls milled and non-
ball-milled of 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 consist of TiS2, solid electrolyte,
and acetylene black, respectively. Battery pellets are
made by cold-pressing (6 metric tons) 12 mg of the
composite cathode electrode above 150 mg of SE for
5 min. Li foil (Alfa-Aesar, 0.70 mm thick) is then
attached to the SSE surface at 3 metric tons. All pressing
and testing products are accomplished in a polyaryle-
theretherketone (PEEK) mold (I = 1.5 cm) with Tita-
nium rods as current collectors for both working and
counter electrodes in an Ar-filled glove box (Fig. 6).
RUSSIAN JOURNAL O
3.3.4. Electrolyte fabrication. Li2S–GeS2–P2S5
SSE was provided using the SSBM method [125–
127]. Reagent-grade powders of Li2S (Aldrich,
99.0%), P2S5 (Aldrich, 99%), and GeS2 (City Chemi-
cal, 99.0%) were consumed as initial products. Suit-
able 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. Heat
action of SSBM: SSE powders were accomplished
through initial mixing sulfur and SSE powders in pel-
letizing the powders at 6 metric tons in a stainless-steel
die (I = 1.5 cm) with 500 mg of initial compounds.
Provided pellets were fixed in a sealed glass container
and heated to 250°C for 15 h. In the moment related to
the point of the desired temperature, finished pellets
were extracted from the hot plate and put them on a
cooling rack. Then the heated pellets were ground in a
mortar with pestle and used for solid battery produc-
tion with no further modifications inside Argonne
filled glove box.

Li2S–GeSe2–P2S5 (Li4xGe1–xPxS2(1+x)Se2(1–x) elec-
trolytes were prepared similarly with GeSe2 (Stream,
99.9%) instead of GeS2 was performed for 240, 350,
and 450°C.

4. RESULTS AND DISCUSSION

4.1. Conductivities

LISICON phase of Li(4–x)Ge(1–x)PxS4 (0.5 < x <
0.9) by high conductivities created through mono-
clinic superstructure. We predicted that the amounts
of enhancement conductivities provided mostly
through SSBM around one or two orders of magni-
tude compared with other glass electrolytes as well as
higher than those amounts for glass-ceramics, which
were provided by two step heating. The SSBM glass-
F PHYSICAL CHEMISTRY B  Vol. 19  No. 2  2025
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ceramic sample with x = 76 was not as high as standard
two step glass ceramics, but the SSBM glass-ceramic
sample with x = 80 was comparably close in conduc-
tivity to the standard two step glass-ceramic sample.
We attribute this discrepancy in conductivities for x =
64 to the lower temperature at which SSBM samples
are exposed in comparison to standard heat treating.
We speculate the entire SSBM conductivity curve can
rise as a result of higher ball milling temperatures.
More systematic studies on the effect of the ball mill-
ing temperature on ionic conductivity are in progress.
The simplicity of the SSBM process and high ionic
conductivity of SSBM samples make the SSBM
method superior for development of SSE for all-solid-
state battery production. Furthermore, the SSBM
with no post heat treatment required, completely
eliminates any potential grain growth of as-ball-milled
fine powders.

4.1.1. MWCNTs as a conductive additive. It is usual
to exhibit 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 to 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 mate-
rial. The specific capacities of these amounts in the
anode were then estimated from the data for the corre-
sponding capacity of Nano-Si according to the use of
MWCNTs amounts. We exhibited a considerable
enhancing of the specific surface area of the
MWCNTs ability to f lex in order to maintain electrical
contact with the Nano-Si particles upon cycling. This
test confirms that solid state lithium batteries using
Nano-Si and MWCNTs as a conductive additive
maintain a capacity considerably and amazingly
exhibit higher efficiency compared with those batter-
ies without using Nano-Si. MWCNTs were exhibited
to improve cycling capacity in all-solid-state lithium
batteries over acetylene black as a conductive additive.

CONCLUSIONS

A proper understanding of chemical reactions
inside the LIBs can be yielded through using cathode
mixed materials as well as from selection proper com-
posites for anodes during electrolyte/electrode inter-
action. Finally, our target is based on the condition of
a high energy density solid electrolyte rechargeable
battery due to the efficiency of kinetic reactions of
cathode and anode compounds resulting from
decreasing of Nano particle sizes through electro-
chemical testing. Therefore, due to a suitable fabricate
LIBs with extreme degree of safety; the liquid electro-
lytes should be changed with solid electrolytes. Solid
electrolyte has several advantages compared with liq-
uid electrolytes including large stability, long life con-
taining durable properties, non-flammable, and insu-
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo
late for preventing thermal increasing inside internal
circuits.
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