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Toward Robust lonic Conductivity Determination of
Sulfide-Based Solid Electrolytes for Solid-State Batteries

Fariza Kalyk,* Lars Pescara, Marcel Driischler, and Nella M. Vargas-Barbosa*

All-solid-state batteries (ASSBs) are taking the lead as the next-generation
energy storage systems, mainly to the development of new solid electrolytes
with high ionic conductivities (>1 mS-cm~") at room temperature. However,
the robust quantification of the ionic transport of these materials is strongly
influenced by sample processing, contacting and cell setups. The aim of this
study is to evaluate the robustness of the extracted ionic conductivity of
sulfide-based solid electrolytes using lithium argyrodite (LizPSsBr) as a model
system, with particular attention to the influence of sample processing
parameters and measurement conditions. The impact of isostatic and uniaxial
processing pressures, contact material, measurement and analyses conditions
of electrochemical impedance spectroscopy (EIS) is systematically evaluated
employing three different measurement cell setups. The findings underscore
the necessity for standardized protocols in characterizing solid electrolytes. By
establishing a comprehensive methodology for the evaluation of ionic

technologies,  particularly  solid-state
batteries, are emerging as promising
alternatives.'3]  All-solid-state  Dbatteries

(ASSBs) are considered one of the most
promising next-generation energy storage
devices. They offer potential advantages
over conventional lithium-ion batteries,
such as higher energy density, when in-
corporating Li metal or Si as a negative
electrode, and the possibility of bipo-
lar stacking due to the solid electrolyte
separator.*] However, there are a number
of challenges to fully implement ASSBs,
one of which is the lack of standardized pro-
tocols to determine the performance of the
battery components, both at the material-
and cell-level. We recently reported on an

conductivities, this work aims to facilitate the reliable application of solid

electrolytes in ASSBs.

1. Introduction

The rapid development in battery technologies, especially in the
context of renewable energy storage and electric vehicles, drives
the need for more efficient, longer lasting, and safer batter-
ies. Lithium-ion batteries have dominated the market, but new
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international interlaboratory study on the
comparability and reproducibility of ASSBs
cell cycling performance.’! The large differ-
ences observed in cell cycling performance
were partially explained by the significant
variability of cell assembly protocols among the participating
groups, which emphasizes the importance of comprehensive re-
porting and demonstrating the reproducibility of the results by
reporting triplicate data. Another obstacle to the implementation
of ASSBs is the limited commercial and large-scale availability
of solid electrolytes (SEs). Although the investigation and opti-
mization of SEs with high ionic conductivity (>1072 S-cm™' at
room temperature), and good electrochemical stability against
electrode materials have been a major focus of research,!®1% the
absence of standardized methodology for the benchmarking on
SEs hinders the comparability. In general, measuring the ionic
conductivity of a SE is not complicated: a sample with fixed di-
mensions is contacted with two electrodes, also of fixed dimen-
sions, against which the SE sample is stable, and a frequency-
dependent impedance measurement at open circuit voltage is
performed to determine the total resistance of the sample (Figure
1a). Then, considering the dimensions of the sample (thickness
and electrode area), a cell constant is determined to convert the
value of the resistance to an ionic conductivity (o,,,, Equation 1):

0y = —— (1)

where o, is the ionic conductivity (S-cm™), d is the thickness of
the sample (cm), R is the total resistance (), and A is the elec-
trode area (cm?).

However, various different factors can influence the re-

ported ionic conductivity values. A recent interlaboratory Round
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Figure 1. a) Schematic representation of the sample configuration; b) the schematics of the factors influencing the total ionic conductivity values.

Robin study!'!! reported the reproducibility of ionic conductivity
measurements in superionic lithium thiophosphate solid elec-
trolytes. Although all groups received nominally equal samples,
arange of up to + 50% from the calculated average ionic conduc-
tivity was established. In the latter study, it was difficult to ascer-
tain which parameter contributed the most to the observed vari-
ation. Nonetheless, sample processing was proposed to play the
largest role in this type of materials.'!] This hypothesis was re-
cently verified by Perrenot et al.l'2l where they evaluated the effect
of the uniaxial compression pressure and compression time on
the resulting ionic conductivity of Li,PS,. Although the expected
trend of higher ionic conductivities correlating with higher com-
pression pressures was observed, this study shows that the result-
ing microstructure of the SE samples, i.e., the distribution and
average size of the pores which were influenced by the compres-
sion time, strongly influence the attained ionic conductivities.
To complicate matters further, Cronau and coworkers(**! showed
that the applied pressure during the measurement, and not just
during sample processing, can strongly influence obtained sam-
ple resistances in microcrystalline sulfide-based SEs. Taken to-
gether, these studies show that the standardization of ionic trans-
port measurements is necessary to enable comparability of cur-
rent and new SEs as they are developed and optimized for appli-
cations in ASSBs. Such standardized protocols will aid not only
lab-scale research, but also quality control of upscaled solid elec-
trolyte materials that are implemented in ASSB production lines.

A recentreport by Krasnikova and coworkers!'l outlines a pro-
tocol for standardizing the determination of ionic conductivity
measurements in solid electrolyte samples. However, its appli-
cability is mostly limited to oxide-based ceramic ionic conduc-
tors (Li; Al 5 Ti; ,(PO,); is their model sample) and does not sys-
tematically evaluate the effect of applied pressure prior and dur-
ing the measurement on the resulting sample resistance. Sim-
ilarly, a study by Miiller and coworkers!®! proposes a harmo-
nized sample testing and data analysis procedure that results
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in differences of <2% and <3% for the ionic conductivities of
Lig ,sLa;Zr, (Ta, ,Aly 5O, and Li; Al ;Ti; ;(PO,); samples, re-
spectively, if all samples and cells are prepared by the same group
and the exact same measurement procedure is used.

Although the impedance measurement conditions can influ-
ence the quality and resulting data from which the ionic conduc-
tivity is extracted, we are not aware of a systematic considering it
along with sample processing. The perturbation amplitude is a
critical parameter that can influence the accuracy and reliability
of the measurement results.['®'7] If the perturbation amplitude
is too high, it can induce non-linear behavior between the ap-
plied signal and the response of the electrochemical system, lead-
ing to distorted impedance data.[*®! A too-low perturbation ampli-
tude might not be sufficient to generate a measurable response,
leading to a poor signal-to-noise ratio.['”] Moreover, to standard-
ize the analyses of the data and improve the reproducibility, it
is important to report not only the obtained data but the way it
was measured and analyzed. Since the conductivity is dependent
on the data extracted from the equivalent circuit used for the fit-
ting of the spectra, the choice of the equivalent circuit and the
quality of the fit play a large role and should be comprehensively
reported.[18-22]

As material scientists, we tend to focus on the influence of
synthesis conditions of our target material on a specific figure
of merit, which in the case of solid electrolyte is the ionic con-
ductivity. However, our figure of merit is essentially the tip of
an iceberg (Figure 1b): the material (usually powdered) needs to
be processed so that electrode contacts can be applied, then the
processed sample needs to undergo impedance measurements,
and the acquired data needs to be analyzed. Each of the latter
steps influence the final value we obtain for the ionic conduc-
tivity of our sample and to our knowledge, there is no single re-
port that addresses all steps comprehensively in a single sam-
ple. To address this knowledge gap, we designed and conducted
a systematic study to evaluate the effect of sample processing,
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the measurement parameters, and data analysis protocol on the re-
sulting ionic conductivity of SE samples.

Recent studies have highlighted the critical role of process-
ing pressure in optimizing the performance of sulfide-based
solid electrolytes. Wang et al.?3] demonstrated that hot-pressing
Li;PS;Cl at 200 °C applying 450 MPa helps to achieve near-
theoretical densification, resulting in high ionic conductivity that
remains stable even under low external pressures during opera-
tion. Complementing this, Faka et al.**] investigated the effect
of internal strain on ionic conductivity of Li,PS;Br by applying
various extremely high pressures, up to 10 GPa. Their findings
reveal that activation volumes for Li* migration increase with
higher degrees of Br=/S?~ site disorder and indicates that struc-
tural disorder influences the pressure sensitivity of ionic trans-
port. Moreover, this study demonstrates the potential of strain
engineering as an effective method for tuning the ion conductiv-
ity without altering the composition of the material. Additionally,
Tran et al.®] optimized the synthesis and processing conditions
of Li,PS.Cl separator tapes for ASSBs focusing on the effect of
particle size distribution and applied uniaxial densification pres-
sure (up to 1 GPa). A threshold pressure of ~350 MPa was iden-
tified where the ionic conductivity significantly increases and a
maximum densification was achieved. Sakuda et al.[?°! reported
that pressures above 300 MPa improved the density and conduc-
tivity of 75Li,S-25P, S, type electrolyte. Sedlmeier et al.?’] inves-
tigated the influence of time and pressure on Li,PS;Cl, Li,P,S,,,
and Li;,SnP,S,, separator sheets and reported decrease of poros-
ity from 50% to 3-12% (depending on the separator) and in-
crease in conductivity at pressures of 590 MPa. Ates et al.l*®]
fixed 300 MPa to compress four bathes of g-Li,PS, with differ-
ent particle size, shape and porosity. Authors reported that the
sample with the highest porosity and largest particle size had
highest conductivity and most stable cycling performance. Kim
et al.®! achieved room temperature conductivity of 4 mS-cm™
for Na;;Sn,PS,, which was isostatically pressed at 370 MPa for
3 min using a battery press cell. Huang et al. 3% mixed very expen-
sive Na, B, H,, with more affordable Na,B,,H,, in a 1:1 and 1:3
ratio and pelletized using a hydraulic press at pressure between
65 and 2080 MPa. Authors have concluded that by applying suit-
able pressure the cost for the desired SE can be reduced to 25%
(500 MPa for ratio of 1:1 and 1 GPa for ratio 1:3).3°) PEO-based
polymer electrolytes show a twice increase in ionic conductiv-
ity, decrease of activation barriers alongside improved battery cell
performance after cold-rolled in a roller press under the line load-
ing of 150 N-mm™! (~150 MPa).3!) Mormeneo-Segarra et al.l*?]
achieved high ionic conductivity and low activation energies for
Li, ;Aly;Ti; ;(PO,); electrolyte after cold-sintered at 400 MPa and
200 °C with LiOH/LiNO; hydroflux. Collectively, these findings
highlight that mechanical densification through high-pressure
processing, typically between 100 MPa and 1 GPa, plays a role
in the electrochemical performance of solid electrolytes.

As a model system we used the thiophosphate-based Li,PS;Br
SE due to its relatively high ionic conductivity at room tem-
perature (ca. 107 S-cm™!), stability, tunable properties, cost-
effectiveness, and reduced interfacial resistance against lithium
metal.?*-¢] Via thorough evaluation of processing conditions, mea-
surement pressure, contact material, and the measurement conditions
we have generated an unprecedently large dataset of impedance
spectra for Li,PS;Br. The spectra were comprehensively and sys-
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tematically analyzed using equivalent circuit models to help us
suggest a standardized protocol for the characterization of similar
powdered SE samples. Therefore, this work established a foun-
dation for standardizing ionic transport quantification in solid
electrolytes, and offers high-quality spectra that can be reused
further to develop software for faster, more accurate analysis and
automated spectra fitting.

2. Experimental Section

All processing and sample treatments of Li,PS;Br (LPSBr) were
carried out under argon atmosphere. Lithium sulfide (Li,S,
Thermo Scientific Chemicals, 99.9%), phosphorus pentasulfide
(P,Ss, Sigma—-Aldrich, 99%), and LiBr (Sigma-Aldrich, 99.995%)
were mixed according to the necessary stoichiometric ratio for the
target material in an amount of 2 g per synthesis batch. The pre-
cursor mixture was hand-ground in an agate mortar, pressed into
pellets and placed in carbon-coated quartz ampoules (10- or 12-
mm inner diameter and 10-12 cm in length), which were sealed
under vacuum and allowed to react at 550 °C for 2 weeks. The car-
bon coating (done by carbonizing acetone at high temperatures)
minimizes trace water and oxygen in the reaction atmosphere
and serves as the protective buffer between the argyrodite and the
quartz. After additional cleaning of the carbon-coated ampules
they were pre-heated at 800 °C for 2 h under dynamic vacuum.
After synthesis, the material was subsequently ground and char-
acterized using X-Ray Diffraction (STOE STADI P diffractometer,
A (Cu K,;,) Mythen4K detector in Debye—Scherrer scan mode at
room temperature) and Raman spectroscopy (Bruker Senterra,
equipped with a 532 nm excitation laser). Raman spectra in the
range of 47-1548 cm™' were measured with a laser power of
2.5 mW, an integration time of 1000 s and four co-additions.
The obtained data was processed with the OPUS 7.5 software.
After confirming purity of the samples, powders were isostati-
cally pressed at the following pressures: 160 MPa (P,), 235 MPa
(P,), and 320 MPa (P,), for 40 min, at room temperature (25 °C),
using a 12 mm diameter pressing tool. To evaluate the influence
of the electrode contact material, sputtered gold, sputtered plat-
inum and indium foil were used. The choice of electrodes consid-
ered was motivated by the workplan in the proposal that funded
this project. Moreover, gold and platinum are commonly used
as contact materials, whereas indium has the advantage that it
can be purchased and is soft enough to enable good contact with
the sample with minimal applied pressure. The diameter of elec-
trodes was set to 8 mm (Figure 2a). The pellet thickness was mea-
sured using a calliper with an accuracy of 0.02 mm. Since calcu-
lating conductivity requires the dimensions of the probed sample
volume and resistance values obtained from fitting, the error on
the ionic conductivity of a single pellet can arise from the uncer-
tainties in thickness, electrode diameter, the errors in the fitted
resistance values and the error in the temperature at which the
measurement was done. An example of the error propagation for
the calculation of the ionic conductivity is detailed in the Sup-
porting Information. Moreover, the comparison of the error of a
single pellet is compared to the average of three nominally equal
pellets (Figure S3, Supporting Information). Based on these data,
we can confidently state that the largest contributor to the error
on the calculation of the ionic conductivity of a single pellet is the
uncertainty in the sample’s thickness.
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Figure 2. Schematic representation of LigPSsBr electrolyte a) sample processing conditions, b) electrochemical impedance spectroscopy measurement
conditions and setups, where 1) pouched cell, 2) TSC-battery cell, and 3) CompreCell 12C.

Electrochemical impedance spectroscopy (EIS) was used to
measure ionic conductivities of solid electrolytes in the temper-
ature range from 10 to 60 °C with 1 h equilibration time at each
step using a VMP300 impedance analyser (Biologic Science In-
struments) at frequencies from 1 MHz to 100 mHz with various
sinusoidal excitation amplitudes of 10, 50, and 100 mV (peak-
to-peak voltage). A NEISYS analyser (Novocontrol Technologies
GmbH & Co. KG) was coupled with CompreCell 12 C at frequen-
cies from 1 MHz to 0.1 Hz and amplitudes of 10, 50, and 100 mV
root mean square (RMS). A schematic of the electrochemical pro-
tocol used for all samples is shown in Figure 2b and Figure S1
(Supporting Information).

All samples were prepared in triplicate at each processing pres-
sure to evaluate the reproducibility of the data and the impedance
measurements were performed with two heating and cooling
cycles per measurement (Figure 2b). Moreover, three setups
were used to study the influence of the pressure applied dur-
ing the measurement. The first measurement setup is a pouched
cell with minimal applied pressure during the measurement.
Pressed pellet with sputtered Au electrodes is placed between
two aluminum current collectors and enclosed in a pouch un-
der Ar. Clamps are applied on the pouched cell to ensure a better
contact (Figure 2b; Figure S1, Supporting Information). The sec-
ond measurement setup is the TSC-battery cell (rhd instruments
GmbH & Co. KG) which contains a spring with a constant 128
N contact force. This ensures that some pressure is maintained
during measurements on the pre-pressed and contacted elec-
trolyte, which is placed between two electrodes made of stainless-
steel press-fitted in PEEK (Figure 2b). The third measurement
setup (Figure 2b) is a computer-controlled uniaxial press (Com-
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preDrive, rhd instruments GmbH & Co. KG) with electrochemi-
cal test cell CompreCell 12C (rhd instruments GmbH & Co. KG)
that allows simultaneous temperature and pressure control. For
each experiment, a small amount of powder (ca. 70-120 mg) was
placed in the 12 mm diameter mold, sealed under Ar, and mea-
sured in the CompreDrive setup. Temperature was regulated via
a fluid jacket connected to an external circulator (HUBER Uni-
stat 405, Peter Huber Kiltemaschinenbau SE). Powder was grad-
ually densified from 10 to 400 MPa at a constant 25 °C, with
impedance spectra taken 90 s after each stable pressure step. The
process was repeated on the densified sample to determine the
optimal pressure for good electrical contact. This optimal pres-
sure (usually in the range of 200 MPa for the samples stud-
ied here) was then used for temperature-dependent measure-
ments from —10 °C to 60 °C, with 30 min equilibration at each
step.

All impedance spectra were fitted applying the appropriate
electrical equivalent circuits (examples of the circuit are depicted
in Figure S3, Supporting Information) using the RelaxIS 3 soft-
ware (thd instruments GmbH & Co. KG). RelaxIS 3 software
supports various weighting modes, which influence the fit of the
data in different ways. Weighting mode adjusts the dataset range
that most strongly influences the fit by assigning a factor to the
real and imaginary parts of the measured impedance.*’”! In our
case, the chosen mode weighs the data points by log?, favoring
high frequency range.l’’] Different frequency ranges were used
for the fitting of the same sample to see the influence of the se-
lected frequency range on the resulting total ionic conductivities.
Proportional weighing mode was used for the evaluation of data
obtained from 3™ measurement setup.

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. Arrhenius plots of total ionic conductivities of the average of multiplicate measurements under nominally equal conditions at a) 15t/2" heating
and b) 15t/2" cooling cycles measured in a pouched cell. Dashed lines are the linear fits to the data. c) Average total ionic conductivities of multiplicate
measurements at 25 °C and average relative densities as a function of the processing pressure. Each data point represents the average value of the total
ionic conductivity of three pellets per processing pressure and the error bars correspond to the standard deviation of those three pellets. The processing

pressures are 160 MPa (P,), 235 MPa (P,), and 320 MPa (P;).

3. Results and Discussion

3.1. Effect of Processing Pressure

Li;PS;Br pellets were isostatically pressed at 160, 235, and
320 MPa (P,, P,, and Py, respectively). The deconvolution of bulk
and grain boundary contributions is not possible in this type
of electrolytes in the measured temperature range and there-
fore, the conductivities shown here correspond to the total ionic
conductivity of the samples. The impedance spectra of all pel-
lets can be found in (Figures S7-S15, Supporting Information).
Figure 3a,b show the Arrhenius plots of average total ionic con-
ductivities of multiplicate measurements under nominally equal
conditions measured in a pouched cell. As the pelletizing pres-
sure increases, the relative density of the pellets also increases 86
+0.7% at P,, 89 + 0.4% at P,, and 93 + 0.5% at P;, and a similar
trend is observed for the total ionic conductivity of Li; PS;Br sam-
ples (Figure 3c). Namely, pellets pressed at P; exhibited the high-
est ionic conductivity and lowest activation energy (E,) across
all cycles and temperatures (Table S2, Supporting Information),
with 6,,, = 1.09 + 0.06 mS-cm™! at 25 °C and E, = 0.258 +
0.003 eV, compared to 0.52 + 0.01 mS-cm™" and 0.271 + 0.002 eV
for P,. The obtained results align well with previously reported
values in the literature. Kraft et al.l*] report values in the order
of 1 mS-cm~! on LPSBr samples processed via uniaxial compres-
sion at 3 tons (=380 MPa) for 3 min, demonstrating the com-
parability of uniaxial and isostatic sample processing conditions.
Yu et al.l*] pelletized LPSBr at ~#294 MPa and reported a high
conductivity of 2.58 mS-cm™" which was achieved due to subse-
quent sintering of the pellet at 500 °C for 24 h. Zhou et al.l*!]
achieved a room temperature conductivity of 1.9 mS-cm™! for the
solution-engineered Li,PS;Br. Gautam et al.*?] reported room
temperature conductivities between 0.5 and 2 mS-cm™! depend-
ing on the site-disorder of the slow-cooled Li;PS;Br samples. Ap-
plying “high enough” pressures during sample processing can
help increase density and mechanical strength, ensure material
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homogeneity, and potentially increasing the conductivity.[*839]
Our results further emphasizes the critical role of the processing
pressure and the need for its optimization in the characterization
of solid electrolytes. From our results we suggest using isostatic
processing at 320 MPa on sulfide-based SEs.

3.2. Effect of Electrode Material

The electrode material used for contacting the sample in EIS
measurements plays an important role due to potential variations
in interfacial resistance and contact stability.'] In this study, we
tested three different types of electrodes: sputtered gold (Au),
sputtered platinum (Pt), and an indium (In) foil on samples pre-
pared at P; (Figure 4). As expected, the type of electrode signifi-
cantly influenced the measured impedance response (Figure 4b),
sputtered Au and Pt, being noble and relatively inert, acted as
blocking electrodes with minimal reactivity with the electrolyte
material. Both sputtered electrodes provided consistent and re-
producible results, moreover the extracted conductivity values
were in close agreement, indicating that either material is suit-
able for reliable conductivity measurements. In contrast, mea-
surements using In foil resulted in significantly lower total ionic
conductivities, nearly half of those measured with sputtered con-
tacts. This discrepancy is attributed not only to the electrochemi-
cally active nature of In, which can form alloys with Li, but more
critically to the mechanical and geometrical limitations of using
foil as an electrode. Indium is a soft metal, and when pressed
against the electrolyte, it tends to deform or smear across the sur-
face, making it difficult to define a clear and consistent contact
area. This results in poor contact and introduces variability in in-
terfacial resistance which affects the reproducibility. Our findings
underscore not only the importance of the choice of electrode ma-
terial but also the method of contacting it to the electrolyte for ac-
curate and reproducible conductivity determination. Sputtering
offers a clear advantage by providing uniform coverage, ensuring
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Figure 4. a) Arrhenius plots of total ionic conductivities of LigPSsBr sample pelletized at 320 MPa and measured at 10 mV perturbation amplitude in
a pouched cell, first cooling cycle. Dashed lines are the linear fits to the data. b) Nyquist plots of LigPSsBr samples measured at 25 °C pelletized at
320 MPa with different electrode materials. c) Comparison of the ionic conductivities of the average of triplicate measurements at 25 °C and activation
barriers as a function of contact material. The error bars represent the standard deviation of three pellets per processing pressures.

better-defined electrode — electrolyte interfaces and minimizing
contact issues.

3.3. Effect of Frequency Range on Fit Quality and Resulting
Resistivity

Impedance spectra are often analyzed by considering equivalent
electrical circuit models made up of physical circuit elements
such as resistors, capacitors, inductances and constant phase ele-
ments (CPEs). Here, such circuit elements are meant to describe
electrochemical processes, e.g. a pure resistor can describe the
movement of ions due to the applied electric field, whereas a ca-
pacitor can represent the dielectric properties of the sample. For
solid ionic conductors, a parallel combination of resistors and
CPEs (to account for non-idealities in the dielectric and capaci-
tive properties of the samples) are usually considered. In the case
of good solid electrolytes, such as the argyrodites studied here,
it is sometimes difficult to choose the “correct” equivalent cir-
cuit model because the total impedance of the cell is often domi-
nated by the low-frequency electrode polarization process (which
is mostly unrelated to the ion transport taking place in the bulk
of the material). Within this study, we restricted our data analysis
primarily to only two possible equivalent circuits model (insets in
Figure S4, Supporting Information). We have chosen the equiv-
alent circuit that consists of the resistor in parallel with a CPE to
model the single arc observed at high frequencies, and a separate
CPE to describe the data in the low-frequency range (beyond the
arc). The arc corresponds to both the bulk and grain boundary
response of the solid electrolyte, where the resistor models the
total ionic resistance and the CPE accounts for the fact that both
processes are contributing to that arc. The distinction of bulk
and grain boundary contributions in argyrodite-type solid elec-
trolyte samples is typically only possible at temperatures below
—60 °C.[""] The low-frequency tail represents the blocking elec-
trodes, which are well-described by the additional CPE element
(Figure S4, Supporting Information). Note that at higher tem-
peratures, the resolution of the high-frequency arc is no longer

Adv. Funct. Mater. 2026, 36, €09479 e09479 (6 of 1 1)

possible due to a limited number of data points. Therefore, for
these spectra a resistor connected in series with a CPE was con-
sidered to capture the total resistivity of the sample and the elec-
trode blocking behavior at low-frequencies as before.

Figure 5 shows spectra fitted weighing the data points using
a log}, function at different frequency ranges. The quality of the
fit, represented by chi-square (X?), changes depending on the fre-
quency limits chosen for the fit. When fitting the results with the
full frequency range used for the measurement (1 MHz-0.1 Hz,
Figure 5a) the X? has a significantly larger value. Both Figure 5b,c,
show X? values below 10, indicating a good match between the
experimental and fitted data. This is more clearly reflected if we
consider how the absolute error of the resistance values of the fit
vary as the frequency range is adjusted: for the full spectrum we
obtained 256 + 11 Q (Figure 5a), whereas 280.7 + 0.3 Q and 279.1
+ 0.2 Q are obtained for the spectra in Figure 5b,c, respectively.
A difference of tens of Q might not seem like a lot, but since
these materials are meant to be implemented as thin separators
(ca. 20 um thick), prepared from large batches, such a difference
can influence decisions about implementation and sample qual-
ity control upon upscaling. Note that, although better X? values
are obtained when discarding low frequency datapoints, the in-
fluence of any electrode processes is neglected. The latter might
not be desired when it is unclear if the solid electrolyte sample
is stable against the electrode materials used and/or when there
is interest in evaluating any interfacial processes for a particular
sample.

3.4. Effect of Perturbation Amplitude

The correct perturbation amplitude helps in obtaining consistent
and comparable impedance measurements. At low frequencies,
higher amplitudes might be necessary to avoid noise, while at
high frequencies, lower amplitudes might be sufficient to gener-
ate a reasonable response and prevent nonlinear effects.[®] Since
the applied amplitude can cause non-linear behavior, the linearity
of the system was checked using two methods. First, a practical
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Figure 5. Representative Nyquist plots for a LigPSsBr sample pelletized at 320 MPa and measured at 20 °C using a 10 mV amplitude in a pouched
cell for fitting the electrical equivalent circuit model in Figure S4 (Supporting Information) considering various frequency ranges a) full frequency range
measured, i.e., 1 MHz to 0.1 Hz, b) adjusted lower frequency limit up to 125 Hz, and c) adjusted lower frequency limit up to 686 Hz.

test of the linearity, where the measurement of the same sam-
ple ran within the selected frequency range and repeated with
the reverse range, was performed (Figure S5, Supporting Infor-
mation). Considering that the impedance of the linear system
should be independent of the amplitude, the EIS data are ex-
pected to be identical.['®! The obtained results show that the spec-
tra of pellets measured at 10 and 100 mV were identical at all
frequencies. Whereas the spectra of pellets at 50 mV had differ-
ent tail at the lower frequencies indicating the possible non-liner
behavior (Figure S5, Supporting Information). Second, total har-
monic distortion (THD) was employed to evaluate the linearity
of the impedance data (Figure S6, Supporting Information). As
reported previously and generally considered, a THD parameter
larger than 4% can be considered as non-linear system.[17-20431 All
measurement amplitudes result in THD values below 1% (Figure
S6, Supporting Information), indicating the linearity of the
system.

Figure 6a presents the results obtained from the Li;PS;Br sam-
ples pelletized at the P, and measured at 10, 50, and 100 mV

perturbation amplitudes. At higher temperatures and higher
frequencies, the differences between amplitudes are negligible,
whereas more dispersion is evident at lower temperatures and
lower frequencies. However, differences in the obtained conduc-
tivities depending on the perturbation amplitude are negligible
regardless of the measuring temperature, when considering the
average of at least three samples (Figure 6b). On the other hand,
the activation barriers seem to be more sensitive to the amplitude
applied as an effective lowering of the activation barrier is ob-
served at 50 mV (Figure 6¢). However, if we consider the average
of at least three pellets there is no statistical difference between
the amplitudes considered in this study.

3.5. Effect of Pressure During Measurement
Together with the pouched cell setup, Li;PS;Br pellets were

investigated in the TSC-battery cell under the same measure-
ment conditions. For the third measurement setup we used a

a) b) c)
0o e oA 1.2 2 10 mv 2 10mv
50 mV s L] 50 mV 50 mV
500 : 100mmV .0 . o4, o 1oommv é 0.28ro 10(;an
400 . s %l eo9
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Figure 6. a) Representative spectra in a Nyquist plot of a LigPSsBr sample pelletized at 320 MPa (P;) measured at 10, 20, and 60 °C and 10, 50, and
100 mV perturbation amplitudes in a pouched cell. Comparison of average b) total ionic conductivities at 25 °C and c) activation barriers of LigPSsBr
pressed at 3 different isostatic pressures measured at 10, 50, and 100 mV perturbation amplitudes during the 15 heating cycle. Dashed lines are depicted
to help to separate different processing pressures. The error bars represent the standard deviation of three pellets per processing pressure.
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Figure 7. Arrhenius plots of total ionic conductivities of two measurement setups, both measured at 10 mV perturbation amplitude for processing
pressures a) 160 MPa (P,), b) 235 MPa (P,) and c) 320 MPa (P;). Dashed lines are the linear fits to the data. d) Comparison of the activation barriers
obtained between the two setups as a function of processing pressure. The error bars represent the standard deviation of three pellets per processing

pressures.

CompreDrive, where Li,PS;Br powders were in-situ pelletized
and measured subsequently. The aim of comparing three setups
is to determine how much the measurement setup influences
the resulting ionic conductivities. In comparison to the pouched
cell setup (with minimal applied pressure), TSC-cell compress
the electrolyte between rigid electrodes (with 1.13 MPa of applied
pressure), enhancing electrode contact to the sample. Figure 7
represents comparison of the Arrhenius plots of total ionic con-
ductivities obtained from pouched cell and TSC battery cell mea-
sured at 10 mV perturbation amplitude using gold sputtered
contacts.

As can be seen, no significant difference in the average total
ionic conductivities are quantified. However, the E, of samples
measured in TSC-cell are notably decreasing (E, at P, is statisti-
cally greater than at P;), whereas in the pouched cell setup we do
not observe such a trend (Figure 7d). Additional pressure during
the measurement improves electrode-electrolyte contact, partic-
ularly for electrodes in foil or sheet form. When coating pellets
with a good contact material such as gold (Au), a relatively low
contact pressure is already sufficient to obtain reliable results. In
this study, we found no significant effect of additional pressure
applied during the measurement on the total conductivity of pre-
pelletized electrolytes.

Adv. Funct. Mater. 2026, 36, €09479 €09479 (8 of 11)

Compared to the first and second setup, the third setup
operates at significantly higher pressures and does not re-
quire additional electrodes as the hard metal pistons (tung-
sten carbide (90%) + cobalt (10%)) of the cell serve as elec-
trodes. The application of higher pressure reduces contact re-
sistance, simplifying sample preparation since pelletizing oc-
curs in-situ. When starting from the powder form, the sam-
ple is gradually pelletized, resulting in increased density, re-
duced porosity, and enhanced ionic conductivity. Impedance
data were collected at different pressure stages after equi-
libration to monitor resistance changes of the sample dur-
ing densification and determine the minimum pressure re-
quired for adequate densification. The highest applied pressure,
400 MPa, was defined as the sample processing pressure. After
reaching this maximum, measurements were repeated with the
now compacted pellet to assess the effect of applied pressure on
contact resistance. The effect of pressure during the measure-
ment is shown in Figure 8a.

When reducing the pressure, it becomes clear that a mini-
mum pressure of 200 MPa is required to maintain good contact,
as lower pressures led to a sharp increase in resistance. Finally,
at this optimal contact pressure, impedance data were recorded
at different temperatures to determine the activation energy.

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 8. a) Influence of the pressure on resistance obtained from the CompreDrive on a single representative pellet; b) Arrhenius plot of average total
jonic conductivity of LigPSsBr obtained from the CompreDrive. The error bars represent the standard deviation of three samples compacted at 400 MPa

and measured at 200 MPa.

Note that the final pellet dimensions can only be determined after
retrieval from the cell, making it impractical to calculate conduc-
tivities during the compaction process. For samples compacted
at 400 MPa and measured at 200 MPa, a conductivity of 1.6 +
0.2 mS-cm™! and an activation energy of 0.268 + 0.001 eV were
obtained. The relative density achieved at the maximum process-
ing pressure of 400 MPa was 90 + 4%. Taken together, pressure
during the measurement applied by TSC cell on already isostat-
ically pelletized sample did not affect resulting conductivities.
Uniaxial in-situ pelletizing at 400 MPa with additional 200 MPa
measurement conducted by CompreDrive pressure increased the
conductivity by ~47%.

While our study focused mostly on Li;PS¢Br, the observed ef-
fects of processing pressure thresholds and measurement con-
ditions are broadly relevant and applicable to other sulfide-
based solid electrolytes. For example, Doux et al.[**] reported that
with applying higher processing pressure of 370 MPa the con-
ductivity of Li;PS;Cl significantly increased improving the cy-
cling performance. Authors also underlined that the measure-
ment/stack pressure had no major influence on the performance
of the Li;PS;Cl containing cells.**] In controversy, an interlab-
oratory study showed the possible increase with external pres-
sure applied during the measurement mostly in a press cell
configuration.'!] Faka et al.**] reported that due to increased ac-
tivation volume in Li;PS;Br, pressure during measurement sup-
presses Li* conductivity and stated that processing and measure-
ment pressures must be designed carefully to maintain the su-
perionic performance of the material.[*] All of the findings dis-
cussed in this paper, including our work, show that, while specific
thresholds may vary by composition or microstructure, the un-
derlying trends are consistent across the sulfide family. Moreover,
standardizing the processing and measurement conditions for
electrochemical impedance spectroscopy of sulfide-based solid
electrolytes would provide a critical foundation for improving
the overall performance and comparability of ASSBs. As demon-
strated in the work of Bielefeld et al.,**] numerical simulations
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show how variations in ion transport properties and microstruc-
ture significantly impact the performance of cathode composites
and the cell in general. In general, if thick electrodes (in the order
of 100 pm) and C-rates above 1C are desired, solid electrolytes
must have ionic conductivities greater than 10 mS-cm™!. Since
the impedance spectra of solid electrolytes becomes less resolved
as their total resistivity decreases, i.e., the high-frequency arc is
poorly defined, a standardized and robust protocol for the deter-
mination and benchmarking of novel solid electrolytes materials
is necessary. Our study provides the foundation for such a pro-
tocol with clear guidelines on how to process the samples, how
to contact the samples, how to conduct the impedance measure-
ment itself as well as clear suggestions on how to analyze the
data. With a robust protocol established for solid electrolyte char-
acterization, subsequent standardization of ASSB assembly and
cycling procedures can further accelerate reliable development in
the field.

4, Conclusion

This study aimed to establish a comprehensive methodology for
the evaluation of ionic conductivities of solid electrolytes using
thiophosphate lithium argyrodite (Li;PS;Br) as an example. The
influence of isostatic and uniaxial processing pressures, mea-
surement and analyses conditions of electrochemical impedance
spectroscopy (EIS), using three measurement setups on the nom-
inally equal samples were evaluated systematically. Our findings
help us propose the following protocol/guidelines in characteriz-
ing lithium argyrodite solid electrolytes:

1) For processing lithium argyrodite solid electrolytes, we rec-
ommend using isostatic pressing at 320 MPa or higher. If the
isostatic pressing is not available, the uniaxial compression at
higher pressures (above 320 MPa) is recommended.

2) Careful attention must be paid not just to the electrode ma-
terial but also to the contacting technique. Sputtered metal
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electrodes such as Au or Pt should be preferred, wherever pos-
sible, to ensure the accuracy, reproducibility, and comparabil-
ity of ionic conductivity measurements.

3) We suggest using the smaller perturbation amplitude (10 mV)
to ensure that the system remains within the linear regime.
To ensure reliable data, the available linearity test alongside
EIS should be performed — some potentiostats support total
harmonic distortion analysis. However, if high amplitudes are
necessary, the analysis should account for the possibility of
nonlinear contributions and advanced techniques like Fourier
transform EIS should be applied to separate linear and non-
linear components.

4) Ifthe pressure used for isostatic pressing of Li, PS;Br samples
is lower than 160 MPa or the pellets were pressed uniaxially,
the use of additional pressure during the measurement must
be considered. Moreover, additional pressure during the mea-
surement might be helpful for the electrode-electrolyte con-
tact in case of electrode in a foil or sheet forms. For samples
pressed at high pressures (320 MPa and above) and the elec-
trode is sputtered evenly, the additional pressure during the
measurement does not have an effect on resulting conductiv-
ities.

5) A uniaxial setup with a pressure control can be benefi-
cial, as it allows precise determination of the optimal pro-
cessing pressure and the saturation point for contact re-
sistance reduction—minimizing additional impedance effec-
tively. These parameters are often specific to each electrolyte
sample and can vary between batches due to factors such as
particle size distribution or purity.

6) The exact procedure of sample processing, measurement con-
ditions and the fitting methods should be reported. Moreover,
we strongly recommend triplicating results to ensure repro-

ducibility.

The influence of the studied parameters in some cases might
be within the error, but combination of all the factors could be the
reason of the lack of reproducibility and standardized procedure.
We hope that our findings offer new tools to enable the standard-
ization of ionic transport in solid electrolytes.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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