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Abstract: All-solid-state lithium batteries (ASSLBs) using argyrodite electrolyte materials have shown promise
for applications in electric vehicles (EVs). However, understanding the effects of processing parameters on the
ionic conductivity of these electrolytes is crucial for optimizing battery performance and manufacturing
methods. This study investigates the influence of electrolyte operating temperature, electrolyte operating
pressure, electrolyte pelletization pressure, and electrolyte pelletizing temperature on the ionic conductivity of
LisPSsClosBros argyrodite electrolyte (AmpceraTM, Dso = 10 pm). A specially designed test cell is employed for
the experimental measurements, allowing for controlled pelletization and testing within the same tooling. The
results demonstrate the significant impact of the four parameters on the ionic conductivity of the argyrodite
electrolyte. The electrolyte operating temperature has a more pronounced effect than operating pressure, and
pelletizing temperature exerts a greater influence than pelletizing pressure. This study provides graphs that
aid in understanding the interplay between these parameters and achieving desired conductivity values. It also
establishes a baseline for the maximum pelletizing temperature before undesirable degradation of electrolyte
occurs. By manipulating the pelletizing pressure, operating pressure, and pelletizing temperature, battery
engineers can achieve the desired conductivity for specific applications. The findings emphasize the need to
consider operating conditions to ensure satisfactory low-temperature performance, particularly for EVs.
Overall, this study provides valuable insights into processing and operating conditions for ASSLBs utilizing
LisPSsClosBros argyrodite electrolyte.

Keywords: all-solid-state battery; argyrodite electrolyte; LisPSsCLosBros; pelletizing; pressure;
temperature

1. Introduction

The global transition towards cleaner and more environmentally friendly energy sources has
sparked a remarkable surge in the demand for lithium-ion (Li-ion) batteries, which play a pivotal role
in energy storage and transportation applications. This surge can be attributed to the growing
recognition and adoption of "clean" or "green" energy solutions worldwide. As a result, the research
and development endeavors dedicated to advancing battery technology have witnessed an
unprecedented upswing, particularly in the realm of batteries that deviate from the traditional
composition of lithiated transition metal oxide cathodes, graphite anodes, and liquid electrolytes
containing lithium salts dissolved in alkyl carbonate solutions [1]. In 2019, the global sales of electric
vehicles (EVs), including both battery electric vehicles (BEVs) and plug-in hybrid electric vehicles
(PHEVs), amounted to a modest 2.1 million units, constituting a mere 1.5% of the total vehicle sales
worldwide. However, industry projections paint a much more promising picture for the future,
estimating that by 2030, EVs will make up a substantial 30% of all vehicle purchases [2]. This
anticipated growth in EV adoption is poised to further intensify the demand for Li-ion batteries,
reinforcing their status as the primary solution for meeting the burgeoning energy storage
requirements. As a result of their relatively high energy and power densities, Li-ion batteries have
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already established a firm foothold in various applications, including cell phones, laptops, electric
vehicles, and stationary electrical energy storage systems. Nonetheless, the safety concerns
surrounding Li-ion batteries have curtailed their widespread utilization and prompted researchers
to seek alternative solutions [3]. One of the primary safety concerns associated with traditional Li-ion
batteries lies in their liquid electrolytes, which exhibit inadequate thermal stability. Under abusive
conditions or insufficient regulation by a reliable battery management system (BMS), these
electrolytes can undergo thermal runaway, leading to the potential for combustion or even
explosions. To mitigate these risks and expand the potential applications of Li-ion batteries,
researchers are actively exploring the development of Li-ion batteries incorporating solid electrolytes
[3]. Solid-state electrolytes offer the promise of enhanced safety characteristics, making them an
attractive material for integration into Li-ion batteries for electric vehicles and electric aircraft [4-6].
Additionally, solid electrolytes bring forth several other advantages. For instance, they can increase
the specific energy or energy density of the battery, enabling reductions in both weight and size while
maintaining or even enhancing performance levels. However, the path to fully realizing the potential
of solid-state electrolyte batteries is fraught with challenges. Addressing these challenges is crucial to
unlocking the vast possibilities they hold. One significant hurdle lies in the processing and assembly
of solid-state batteries. Developing efficient and scalable manufacturing processes for these batteries
remains a complex task, requiring meticulous control over material synthesis, electrode fabrication,
and cell assembly. Achieving high-quality, reliable, and cost-effective production methods is
essential to meet the burgeoning demand for Li-ion batteries with solid electrolytes. Another key
challenge is mitigating the degradation mechanisms that affect the performance and lifespan of solid-
state electrolyte batteries. Solid electrolytes are susceptible to various degradation mechanisms,
including interface reactions, dendrite formation, and structural changes. Understanding and
controlling these degradation processes is vital to ensure the long-term stability and reliability of
solid-state electrolyte batteries. Furthermore, reducing the operating pressure of solid-state batteries
while maintaining satisfactory performance levels poses a significant challenge. Elevated operating
pressures can lead to mechanical stress, compromising the structural integrity of the battery and
impeding its overall performance. Developing strategies to reduce the operating pressure without
sacrificing performance requires innovative materials design, electrode engineering, and
optimization of the cell architecture.

The lithium ionic conductivity of inorganic solid electrolyte materials typically ranges from 10-5
S/cm to 102 S/cm at room temperature [6]. These materials have garnered significant attention and
investigation in the field of solid-state batteries due to their potential for overcoming the limitations
of traditional liquid electrolytes, such as flammability and stability issues. Among the various solid
electrolyte materials, several have emerged as commonly studied candidates, including sulfide
compounds (such as Argyrodite, LGPS, LPS), garnet structure oxides (such as LLZO), NASICON-
type phosphate glass ceramics (such as LAGP), oxynitrides (such as LIPON), and polymers (such as
PEO) [7-9]. Argyrodites, particularly Li6PS5X (X=Cl, Br, I), have emerged as highly promising solid-
state electrolytes for solid-state batteries [10]. Within the Argyrodite family, LisPSsClosBros, a
crystalline material, has demonstrated exceptional electrochemical stability, good processability, and
high ionic conductivity (e.g., 3.5 mS/cm at room temperature) [11]. This combination of properties
makes it an attractive candidate for solid-state battery applications. However, it is worth noting that
the fabrication processes of sulfide-based lithium batteries present greater challenges compared to
other solid electrolyte materials. Achieving dense and defect-free interfaces between the solid
electrolyte and electrodes remains a key hurdle. These challenges arise due to the reactivity of sulfide-
based electrolytes with various electrode materials, such as lithium metal, which can result in the
formation of unstable interphases and hinder ion conduction. To address these challenges,
researchers have focused on understanding the underlying factors that influence the performance of
solid-state electrolytes. One such factor is the pelletization pressure applied during the
manufacturing process. Pelletization pressure directly impacts the porosity and interface resistances
of the electrolyte, thereby influencing the overall cell performance. Therefore, optimizing the
pelletization pressure is crucial to achieving the desired electrochemical performance of the solid-
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state battery [12]. Another critical parameter that significantly affects the solid electrolyte's
conductivity and cell performance is temperature. Temperature influences the mobility of ions within
the electrolyte, thereby impacting the overall ionic conductivity. The optimization of temperature
conditions during the manufacturing process and battery operation is pivotal for achieving enhanced
performance and stability. However, the existing literature on the effect of temperature and pressure
on ceramic solid electrolytes remains limited. Most available studies primarily focus on the effects of
solid electrolytes on dendritic growth in lithium metal batteries and related issues. Consequently,
there is a need for further investigation to comprehend the intricate relationship between
temperature, pressure, and solid electrolyte conductivity [13]. Moreover, understanding the interplay
between these parameters is vital for the commercialization of solid-state batteries. For example, the
optimal stack pressure of a solid electrolyte for use in an all-solid-state battery (ASSB) with a lithium
metal anode remains a topic of debate. Lower operating cell pressure can lead to reduced apparent
ionic conductivity due to poor contact between the electrolyte and electrodes. A model proposed
by Zhang et al. suggests a minimum operational pressure of 20MPa [12]. However, experimental
research conducted by Doux et al. found that a stack pressure of 5MPa resulted in a cell capable of
cycling for over 1000 hours, while 25MPa caused the cell to short circuit after less than 50 hours of
cycling due to lithium dendrite growth [14]. These findings highlight the intricate balance required
in selecting the appropriate stack pressure to achieve optimal performance and prevent detrimental
effects.

The existing body of research on argyrodite-based solid electrolytes has predominantly focused
on LisPSsCl, with different synthesis methods being employed in various laboratories and varying
pelletizing and operating pressures being applied during processing and testing. In fact, many papers
neglect to even mention what operating pressures they are performing EIS testing. As a result, there
is considerable inconsistency in the reported results among these studies as can be seen in Table 1,
which limits the comparability and generalizability of their findings [15]. Moreover, recent research
has indicated that LisPSsCl may not be the most optimal formulation of argyrodite, and alternative
formulations such as LisPSsClosBros exhibit superior electrochemical properties [14]. To address these
issues and enhance the applicability of the findings, this study centers its attention on LisPSsClosBros,
a readily available material on the market. This choice ensures that the material being investigated is
synthesized using well-established methods and is easily accessible to researchers and companies
alike. By focusing on this specific formulation, the study aims to investigate the effects of pelletization
pressure, temperature, operating pressure, and temperature on the ionic conductivity of
LisPSsClosBros. Understanding the influence of these parameters on the ionic conductivity of
argyrodite electrolytes is not only crucial for fabricating high-performance solid-state cells but also
facilitates the modeling of solid-state lithium batteries to assess electrolyte performance [15],
determine battery operating voltage [16], analyze microstructure heterogeneity [17], evaluate battery
energy efficiency [18], and design suitable cooling systems for the battery [19]. By gaining insights
into the impact of pelletization pressure and temperature, as well as operating pressure and
temperature, on the ionic conductivity of LisPSsClosBros, this study contributes valuable knowledge
that can advance multiple aspects of solid-state battery research and development. The findings of
this study will shed light on the optimal conditions for fabricating argyrodite-based solid electrolytes
with enhanced ionic conductivity. This information can be utilized to improve the performance and
stability of solid-state batteries, ultimately contributing to the development of next-generation energy
storage systems. Moreover, the study's outcomes will serve as a foundation for further investigations
into the broader implications of these parameters on battery performance and design.
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Table 1. Comparison of argyrodite ionic conductivities, pelletizing pressures, and operating
pressures among journal articles.

Pelletizing Operating

Conductivity Pressure Pressure  Reference Notes

(mS/cm) (MPa) (MPa)

0.22-3.02 50-370 5-70 Doux [14] LisPSsCl

4.96 1000 - Yu [20] LicPSsCl1

1.33 333 - Boulineau [21]  LisPSsCl

1.40 360 - Yubuchi [22] LicPSsCl1

3.15 150 - Wang [23] LicPSsCl1

1.10 750 - Sakuda [24] LicPSsCl1

1.60 330 - Hwang [25] LicPSsCl1

1.40 140 - Choi [26] LisPSsCl

1.29 350 - Zhang [27] LicPSsCl1

1.79 380 50 Ohno [28] LicPSsCl1

1.53 375 - Ohno [28] LisPSsCl

2.6 370 75 Ohno [28] LicPSsCl1

1.9 720 0 Ohno [28] LicPSsCl1

2.14 325 0 Ohno [28] LisPSsCl, isostatic pelletizing

0.443 275 - Ohno [28] LicPSsCl1

2.98 441 315 Ohno [28] LicPSsCl1

0.79 - - Wang [11] LicPSsCl

0.63 1000 10 Ohno [28] LicPSsCl1

1.00 300 - Zhang [29] LisPSsCl without modified synthesizing process

1.80 300 - Zhang [29] LisPSsCl with modified synthesizing process

0.50 300 - Zhang [29] LisPSsBr without modified synthesizing process

1.30 300 - Zhang [29] LisPSsBr with modified synthesizing process

0.36 - - Wang [11] LisPSsBr
LicPSsBr, with and without annealing at 550 °C

0.30-2.45 100-500 5500 Cronau [30] (simila’r results report'ed whether u.sing high
operating pressure with no annealing or low
operating pressure with annealing)

3.63 - - Wang [11] LicPS5Clo.sBros

2. Materials and Methods

In this work, the sulfide electrolyte powder studied was AmpceraTM Argyrodite LisPSsClosBro.s
with a D50 of about 10 um. The supplier claims an ionic conductivity of 3.5 mS/cm [11], but does not
disclose its processing or testing conditions. For this study, 100 mg of powder was used for pelletizing
in an internally designed test cell. The test cell was made of heat-treated steel plungers, electrically
insulative polymer discs, and ceramic sleeve. Brass leads were drilled into the stainless-steel plungers
for easy to access electrical connections. The diameter of the pressing surface was 10 mm, and the
thickness of the pellet was measured by measuring the distance between the two plungers with a
caliper before adding powder and after adding powder and pelletizing, then calculating the
difference between the two values. The values were verified by removing the pellet after testing and
measuring the thickness using a micrometer. This test set up allows for a SS/SS symmetric cell to be
assembled, processed, and tested all within the same tooling. The end of the stainless-steel plungers
that contact the electrolyte were very precisely sanded and polished to create a flat, mirror finish on
the steel. This was accomplished by first machining until it is perfectly flat, then sanding the surface
using grit paper starting with FEPA P280 grit paper and working up to P4000 grit paper and finishing
with a 1 um polish to reach a mirrored finish. The surface of the stainless-steel plungers was checked
between each test to ensure the finish was mirrored, and if it was not, it was polished before
conducting the next test to ensure the surface of the testing and pelletizing fixture remained the same
for each sample. To verify the amount of force on the cell was constant over time as it was being held
for the high temperature pelletizing process, a load cell was integrated into the cell. The test cell was


https://doi.org/10.20944/preprints202306.0796.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 June 2023 doi:10.20944/preprints202306.0796.v1

pressed using a TMAX-SYP-24T hydraulic press with digital pressure gauge in a glovebox with an
Argon atmosphere. The pelletizing pressures used at room temperature were 180, 360, 540, 720, and
900 MPa. For each pelletizing pressure, the pellet was held under the desired pressure for one minute,
three times, with a 120° rotation of the cell between each pelletization. The operating pressure was
set using the same hydraulic press. Operating pressures tested at room temperature were 10, 25, 50,
75, 100, 150, 250, and 350 MPa. Elevated temperature testing was also done at 50 °C and 75 °C using
pelletizing pressures of 180, 540, and 900 MPa and operating pressures of 10, 50, 100, 150, and 250
MPa. The trials done at 180 MPa only went to operating pressures of 150 MPa. The experimental
setup is shown in Figure 1. The test cell assemblies were placed in an environmental chamber for one
hour at the desired temperature to allow the cell to reach thermal equilibrium before EIS tests were
performed on the cells. Three repetitions are considered for each measurement. Reduced temperature
testing was also done at -20 °C and 0 °C using pelletizing pressures of 180, 360, and 540 MPa and
operating pressures of 50, 100, 150, and 250 MPa. Further study was done by testing the cell under
different pelletizing pressure and temperature conditions. Two temperatures were tested to start at
25 °C and 100 °C at each pelletizing pressure, 180 MPa, 360 MPa, 540 MPa, 720 MPa, and 900 MPa.
The temperature and pressure combination were held for 1 hour for each combination and then the
cell was brought back down to 25 °C for electrochemical characterization at each operating pressure,
10 MPa, 50 MPa, 100 MPa, 150 MPa, and 250 MPa. Next, 135 °C, 150 °C, and 180 °C were tested at 540
MPa pelletizing using the same methods. The results of this study will help to understand the range
of pelletization, and operating pressures and temperatures of all-solid-state lithium-ion batteries
made with LiePSsClosBros crystalline electrolyte material.

Glovebox to make
pellets form
electrolyte powder

e
Battery cycler
Potentiostat

- Temperature

control chamber

Figure 1. Experimental Setup.

The ionic conductivity for each of these combinations were tested by performing electrochemical
impedance spectroscopy (EIS) with a Biologic SP-150 potentiostat. EIS measurements were done in
potentiostatic mode with an excitation voltage of 20 mV in a frequency range of 1 MHz to 1 kHz. The
total resistance, Rt, was determined from fitting the impedance data to a Nyquist plot and the
conductivity was calculated using Eq. 1:

k=0/(Rt A) (1)
where, k is the ionic conductivity of electrolyte, d is the thickness of the electrolyte pellet, Rt is the
total resistance measured by potentiostat, and A is the pellet’s surface area. The thickness was
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measured by measuring the thickness of the full cell assembly while empty and subtracting that value
from the full cell assembly with pelletized electrolyte powder in it. This measurement was verified
by carefully removing a few pellets after pelletization and measuring their thickness using a
micrometer for comparison. Figure 2 shows the Nyquist plot for one of the low temperature tests
performed. The raw data as well as a fit made in Zview software are shown on the plot. The fit shows
a single semicircle that does not start at 0, signifying that the resistance used for the ionic conductivity
tests is not the bulk resistance. Rather, it is most likely a combination of bulk resistance and grain
boundary resistance [29,31,32]. Results indicate there is a grain boundary resistance of 90 Q) and a
bulk resistance of 105 Q), which means the total resistance is 195 Q) which is the value that was used
to calculate the ionic conductivity of the electrolyte. Only the testing done at -20 °C shows the trend
because it is believed the grain boundary resistance increases as temperature decreases. Further study
could be done to see how the pelletizing effects each of these parameters if lower temperature testing
is done or if EIS measurements are done with a higher frequency.

50

45

40

w
o

—Fit

-Im (2) ()
&

N
o

= Experimental

0 50 100 150 200 250
Re (2) (Q)

Figure 2. Nyquit plot for Ampcera Li6PS5C10.5Br0.5 at -20 °C, 540 MPa pelletizing and 250 MPa
operating pressure. Results indicate there is a grain boundary resistance of 90 Q2 and a bulk resistance
of 105 O, which means the total resistance is 195 Q) which is the value that was used to calculate the
ionic conductivity of the electrolyte. This figure is for visual explanation only, the accuracy of the bulk
and grain boundary measurements have not been studied or verified.

3. Results and Discussion

It is noted that for each parameter set, electrolyte ionic conductivity measurements were done
on three separate pellets and the average of the three values and the standard deviation are presented
using data points with error bars. The error bars on some of the graphs is not visible because the
standard deviation is very low compared to others. And the data points are larger than the actual
error.

3.1. Effect of Pelletizing Pressure on Electrolyte Pellet Thickness

First, the effect of pelletization pressure on the electrolyte thickness was investigated. 100 mg
electrolyte was added to a cell with diameter of 10 mm and the electrolyte thickness was measured
at different pelletizing pressures. We applied the pressure, then released the pressure, and then
measured the thickness. The results of the thickness test are shown in Figure 3. As seen, by increasing
the pelletization pressure the thickness of electrolyte decreases, which indicates an increase in relative
density of electrolyte. However, this decrease is not significant for pelletization pressures of more
than about 600 MPa, which indicates that the electrolyte thickness is mostly stabilized beyond that
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pressure. Using 2 trials we established a correlation that gives the electrolyte thickness with the
pelletization pressure. This correlation is stated in Eq. 2.

8 (um) = —6.96 x 10712p5 + 1.82 x 1078p# — 1.8 X 1075p3 + 8.55 x 1073p2 — 2.19p,, + 9084  (2)
where, the pelletization pressure, pp, is in MPa and the electrolyte thickness, 9, is in micro-meter.

950
900 l 100 mg Electrolyte Powder
( J
850 (=
®
E 800 .,
=1 o i
= 750 \ . Fit Curve
[} @ .
< 700 iy e Trial #1
— LT = Trial #2
<= [ )
E 650 - .
[ J Q. 0
600 e I. I‘ b
|
550
500
0 200 400 600 800

Pellitizing Pressure (MPa)

Figure 3. Electrolyte thickness versus the pelletization pressure for 100 mg electrolyte powder and
the die with circular diameter of 10 mm.

The equation is not a completely accurate representation of how powder compaction of
argyrodite powder will respond for modelling purposes but gives a good estimate for the purpose of
this paper. A study using a linear variable differential transformer (LVDT) sensor with a constant
strain rate would give a better representation of how argyrodite powder compacts as pressure
increases. Finding a repeatable and accurate way to measure the density of the pellets would also be
beneficial for future studies but was not employed in this study because of difficulty removing the
pellets in one complete piece and the air sensitivity of the samples leading to densimeter testing
outside of the glovebox being unreliable or not possible. Also, relative density calculations would
show the same trend as the area and mass of each measurement was identical and the only value
changing is thickness.

3.2. Effect of Pelletizing and Operating Pressure on lonic Conductivity

Figure 4a shows the electrolyte ionic conductivity versus the cell operating pressure at several
pelletization pressures and the lab temperature (~25°C). As seen, the ionic conductivity is increasing
with the increase of the cell operating pressure. In the range of operating pressures of 10 MPa to 50
MPa the rate of increase in the ionic conductivity is relatively fast, while this rate decreases when the
operating pressure is more than 100 MPa. For real world application, an operating pressure this high
is unrealistic and efforts need to be made to lower the operating pressure while keeping the ionic
conductivity at an acceptable level. Unfortunately, it appears there is not a significant difference in
ionic conductivity at low pressures based on the pelletizing pressure alone. However, it is most likely
that when scaled up to commercial cell levels that would use a much thinner electrolyte (~30 pum) the
effect of operating pressure would be different and further study would need to be done to find the
optimal operating pressure based on electrolyte thickness, surface area, and electrode stack size.

The pelletization pressure was expected to play a significant role in the ionic conductivity of the
solid electrolyte, however, as can be seen in Figure 4b there is very little difference in ionic
conductivity from changing pelletizing pressures. Also, the supplier of the electrolyte claims an ionic
conductivity of 3.5 mS/cm, which is twice the value reached during this testing. This discrepancy
could be due to batch-to-batch variation or the supplier’s unknown pelletizing process.
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Figure 4. a) Ionic conductivity of Li6PS5C10.5B1r0.5 electrolyte versus the cell operating pressure at
different pelletization pressures and a room temperature (25°C). b) Ionic conductivity of
Li6PS5C10.5Br0.5 electrolyte versus the cell pelletizing pressure at different operating pressures and
a room temperature (25°C).

3.3. Effect of Operating Temperature on Ionic Conductivity

The effect of cell operating temperatures is shown in Figure 5. As seen, the effect of temperature
is significant. It seems its effect is greater than the operation and pelletization pressures. Every
pelletizing pressure that was tested at high temperatures showed a significant increase in
conductivity. If a cell is tested at the temperature of 75°C and pressure of 250 MPa and the
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pelletization pressure is 540 MPa, the ionic conductivity reaches 12 mS/cm, which is comparable or
greater than many commercial liquid electrolytes.

If the operating temperature is not a design constraint for the battery and the battery application,
it is possible to significantly decrease the pelletization pressure that affects the battery manufacturing
cost and decrease the operating pressure that may decrease the battery pack design complexity and

cost.
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Figure 5. Ionic conductivity of Li6PS5Cl0.5Br0.5 electrolyte versus the cell operating pressure at
different battery operating temperatures and pelletization pressures of 180 MPa, 540 MPa, and 900
MPa. Error bars are present to show one standard deviation range on each result.

Low temperature operating temperatures likewise show a clear decrease in ionic conductivity,
which is not a good sign for EV applications as most standards for EVs currently require operating
at temperatures as low as -40°C. There is concern here not only for the performance of the battery,
but the longevity of the battery due to lithium dendrite growth and other degradation mechanisms.
Figure 6 shows an Arrhenius plot for the ionic conductivity of the electrolyte in the temperature range
of -20 to 75 °C. The activation energy, Ea, was calculated from the slope of the linearized Arrhenius
plot shown in equation 3,

k = Ae~Ea/koT 3)

where k is the conductivity, A is the preexponential constant, ks is the Boltzmann constant, and T is
the absolute temperature. The linear dependance of In(k) vs (1000/T) follows the Arrhenius law,
which verifies the purity and thermal stability of the electrolyte powder used as well as verifies the
accuracy of the testing results produced in this paper. The activation energy at 250 MPa operating
pressure and 540 pelletizing pressure was found to be 0.275 eV which ended up being very similar
to the activation energy values for 50, 100, and 150 MPa which were 2.83, 2.80, and 2.75 eV. There is
a slight decrease in activation energy as the operating pressure increases.
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Figure 6. Arrhenius ionic conductivity plot of Ampcera Li6PS5CI0.5Br0.5 at 250 MPa from -20 to 75
°C. The activation energy was found to be 0.275 eV.

3.4. Effect of Pelletizing Temperature on Ionic Conductivity

The effect of cell pelletizing temperatures and operating pressure is shown in Figure 7. The effect
of pelletizing temperature does not seem to have a linear relationship with ionic conductivity. Atlow
operating pressures there is an increase in ionic conductivity from 25 °C up to 100 °C, but the ionic
conductivity decreases at temperatures above 100 °C pelletizing temperature. As operating pressure
increases, the trend changes and it appears the highest ionic conductivity occurs at 100 °C pelletizing
temperature with operating pressures above 100 MPa.

Testing was further conducted at 100 °C pelletizing temperature to see the effect of pelletizing
pressure at an elevated temperature. Figure 8 shows the resulting ionic conductivity at pelletizing
pressures from 180 MPa to 900 MPa and operating pressures from 10 MPa to 350 MPa at 100 °C
pelletizing pressure compared to the best conductivity results from room temperature pelletizing,
which is 900 MPa pelletizing. The 180 MPa pelletizing pressure at 100 °C ionic conductivity values
are significantly higher than the 900 MPa and 25 °C pelletizing results, which makes it very clear that
pelletizing temperature has a larger impact on the ionic conductivity compared to pelletizing
pressure. Also, the ionic conductivity results at differing pelletizing pressures are significantly
different when pelletized at 100 °C, which is different than was observed at the room temperature
pelletizing. This is important because it means it is possible to increase the performance of a solid-
state battery by increasing the pelletizing temperature even at lower pelletizing pressures, which
would lead to lower manufacturing costs and simpler manufacturing methods.
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Figure 7. Ionic conductivity of Li6PS5Cl0.5Br0.5 electrolyte versus the cell operating pressure at
different battery pelletizing temperatures and operating pressures at a constant pelletizing pressure

of 540 MPa.
3.5
3.0
2.5
E 20
<
(7))
£ . .
2 15 -
2 —+—900 Mpa, 100 °C
3 —e—720 MPa, 100 °C
S 1.0
8 —e—540 MPa, 100 °C
—e—360 MPa, 100 °C
0.5 —+—180 MPa, 100 °C
~e—900 MPa, 25 °C
0.0
0 50 100 150 200 250 300 350 400

Pressure (MPa)

Figure 8. Ionic conductivity of Li6PS5Cl0.5Br0.5 electrolyte versus the cell operating pressure at
different battery pelletizing pressures and 100 °C pelletizing temperature compared to the best room
temperature pelletizing temperature result.

Overall, the results indicate that pelletization pressure has a limited influence on the electrolyte's
ionic conductivity, especially at lower operating pressures unless paired with increased pelletizing
temperatures. This suggests that other factors, such as electrode stack size and surface area, may play
a more significant role in determining conductivity at lower pressures. Further investigation is
necessary to understand the interplay between these factors and optimize the solid-state battery's
performance. The effect of operating temperature on ionic conductivity was found to be substantial.
Higher temperatures led to increased conductivity, while lower temperatures resulted in decreased
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conductivity. This poses a challenge for EV applications that require operation at very low
temperatures, as it may affect battery performance and longevity. Additional research is needed to
develop strategies for improving conductivity and mitigating the negative impact of low
temperatures on solid-state batteries. The findings also highlight the importance of pelletizing
temperature in influencing ionic conductivity. Increasing the pelletizing temperature, even at lower
pelletizing pressures, was found to enhance the electrolyte's performance. This opens possibilities for
improving battery performance while reducing manufacturing costs and simplifying manufacturing
methods. Overall, these results provide valuable insights into the factors affecting the performance
of LisPSsClosBros electrolyte in solid-state batteries. The understanding gained from this study can
guide further optimization efforts and contribute to the development of safe, high-performance solid-
state batteries for various applications.

4. Conclusions

In this study the effect of four parameters, cell operating temperature, cell operating pressure,
electrolyte pelletization pressure and electrolyte pelletizing temperature, on the ionic conductivity of
LisPSsClosBros argyrodite electrolyte was investigated. It was shown that all four parameters played
a significant role in determination of the ionic conductivity of this electrolyte material. Of course, it
seems that the effect of operating temperature is more significant than operating pressure, and
pelletizing temperature’s effect is greater than pelletizing pressure’s effect. If a desired electrolyte
conductivity is needed for a cell, the battery engineer can alter these parameters to reach this desired
value. For example, if the high operating pressure of a cell is a constraint for a battery application,
the three possibilities to achieve the desired conductivity are the cell operating temperature, the
electrolyte pelletization pressure and the electrolyte pelletizing temperature during the battery
manufacturing. The graphs provided in this study can be used as an initial guide for engineers to
find a balance between these four parameters and choose the temperature and pressures based on
the constraint that they may have for manufacturing the battery and/or the battery usage in a
particular application. Also, it creates a baseline for the possible maximum pelletizing temperature
before undesirable degradation of the electrolyte may occur. The low temperature performance of
the argyrodite electrolyte is very poor, with ionic conductivity values below 1 mS/cm. This
performance is not satisfactory for EV applications because vehicles need to be able to operate at low
temperatures. It is assumed the operating conditions of solid-state batteries will be the limiting
condition for designing future EVs, so further studies should be done to improve the ionic
conductivity of the electrolyte while minimizing operating pressure and not relying on a high
operating temperature operation. The next parameters to investigate, therefore, would be pelletizing
time as well as pelletizing method as uniaxial pelletizing is not the only method when looking at
scaling up the processing of solid electrolytes [33]. Also, the reason for ionic conductivity decreasing
at pelletizing temperatures above 135 °C needs to be further investigated to understand what causes
this response. Lastly, different chemistries may have different trends or limitations, but this study
establishes an initial baseline for processing and operating conditions of a commercially available
LisPSsClosBros argyrodite electrolyte.
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