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Benchmarking the reproducibility of 
all-solid-state battery cell performance
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Michael Gockeln8, So-Yeon Ham    9, Md Toukir Hasan10, Min-Gi Jeong11, 
Daiki Hiraoka12, Jong Seok Kim13, Tobias Kutsch14,15, Barthélémy Lelotte16, 
Philip Minnmann17, Vanessa Miß18, Kota Motohashi12, Douglas Lars Nelson19, 
Frans Ooms6, Francesco Piccolo    20,21, Christian Plank    22,23, Maria Rosner24,25, 
Stephanie E. Sandoval19,26, Eva Schlautmann2, Robin Schuster14,15, 
Dominic Spencer-Jolly    27,28, Yipeng Sun29, Bairav S. Vishnugopi10, 
Ruizhuo Zhang    30, Huang Zheng31, Philipp Adelhelm    20,21, 
Torsten Brezesinski    30, Peter G. Bruce    27,32, Michael Danzer    22,23, 
Mario El Kazzi    16, Hubert Gasteiger14, Kelsey B. Hatzell    11, 
Akitoshi Hayashi    12, Felix Hippauf    24, Jürgen Janek    17, Yoon Seok Jung    13, 
Matthew T. McDowell    19,26, Ying Shirley Meng    33,34, Partha P. Mukherjee10, 
Saneyuki Ohno    31,35, Bernhard Roling18, Atsushi Sakuda    12, Julian Schwenzel8, 
Xueliang Sun    29, Claire Villevieille    7, Marnix Wagemaker    6, 
Wolfgang G. Zeier    1,2 & Nella M. Vargas-Barbosa    1,23,36 

The interlaboratory comparability and reproducibility of all-solid-state 
battery cell cycling performance are poorly understood due to the lack of 
standardized set-ups and assembly parameters. This study quantifies  
the extent of this variability by providing commercially sourced battery  
materials—LiNi0.6Mn0.2Co0.2O2 for the positive electrode, Li6PS5Cl as the solid 
electrolyte and indium for the negative electrode—to 21 research groups. Each 
group was asked to use their own cell assembly protocol but follow a specific 
electrochemical protocol. The results show large variability in assembly and 
electrochemical performance, including differences in processing pressures, 
pressing durations and In-to-Li ratios. Despite this, an initial open circuit voltage 
of 2.5 and 2.7 V vs Li+/Li is a good predictor of successful cycling for cells using 
these electroactive materials. We suggest a set of parameters for reporting 
all-solid-state battery cycling results and advocate for reporting data in triplicate.

As the field of all-solid-state batteries (ASSBs) continues to develop, 
both academically and commercially, the necessity for performance 
benchmarking increases1. Although recent reports demonstrate the 
viability of producing solid-state pouch cells2,3, the majority of ASSB 
reports rely on measurements from press cells. These consist of a solid 
electrolyte (SE) separator (about 500 µm thick) sandwiched between 
the active materials, all of which are then pressed between two metal 
stamps. Typically, an outer frame or screws adjust and maintain a 

certain cell pressure (sometimes referred to as the stack pressure, in 
the range of 5–400 MPa) during cycling. To date, there is no standard-
ized ASSB cell set-up available; multiple custom set-ups are in use but 
not commercially available.

Unsurprisingly, this lack of standardization leads to severe repro-
ducibility issues. For example, ASSB cells with LiNi0.6Mn0.2Co0.2O2  
(NMC 622) as positive electroactive material (in literature often referred 
to as cathode active material, CAM), a lithium chloride argyrodite 

Received: 30 April 2024

Accepted: 15 August 2024

Published online: xx xx xxxx

 Check for updates

A full list of affiliations appears at the end of the paper.  e-mail: n.vargas-barbosa@uni-bayreuth.de

http://www.nature.com/natureenergy
https://doi.org/10.1038/s41560-024-01634-3
http://orcid.org/0000-0002-0926-3259
http://orcid.org/0000-0001-8761-5742
http://orcid.org/0009-0000-5252-6029
http://orcid.org/0000-0002-8345-1549
http://orcid.org/0000-0002-4925-6870
http://orcid.org/0000-0003-0292-5026
http://orcid.org/0000-0003-2439-8802
http://orcid.org/0000-0002-4336-263X
http://orcid.org/0000-0001-6748-3084
http://orcid.org/0000-0002-4135-7263
http://orcid.org/0000-0003-2975-0481
http://orcid.org/0000-0002-5222-7288
http://orcid.org/0000-0001-9503-5561
http://orcid.org/0000-0002-9951-7776
http://orcid.org/0000-0002-9221-4756
http://orcid.org/0000-0003-0357-9508
http://orcid.org/0000-0001-5552-3456
http://orcid.org/0000-0001-8936-8845
http://orcid.org/0000-0001-8192-996X
http://orcid.org/0000-0002-9214-0347
http://orcid.org/0000-0003-0374-1245
http://orcid.org/0000-0001-8782-4800
http://orcid.org/0000-0003-3851-1044
http://orcid.org/0000-0001-7749-5089
http://orcid.org/0000-0002-6357-017X
http://crossmark.crossref.org/dialog/?doi=10.1038/s41560-024-01634-3&domain=pdf
mailto:n.vargas-barbosa@uni-bayreuth.de


Nature Energy

Analysis https://doi.org/10.1038/s41560-024-01634-3

cell assembly protocol and to share their raw electrochemical data. The 
data analysis was performed by the coordinating group to minimize 
variability sources in the results12.

Variability of cell assembly conditions
The assembly of ASSB cells, hereafter simply referred to as cells, is a 
multi-step process in which uniaxial compression is applied to ensure 
good interparticle contact between the various cell components 
(Fig. 1a). Briefly, in the first step, the separator is compressed; then, 
the positive composite electrode is distributed on top of the pressed 
separator for further compression; subsequently, the alloy for the 
negative electrode is added to the other side of the separator for further 
compression and fixing the stack pressure (cycling pressure) of the cell. 
The variability of the pressing conditions among the groups is shown 
in Fig. 1b. Although the applied pressure at each step is not consistent 
among groups, the average cycling pressure is mostly in the range of 
10–70 MPa, and the average pressures used to compress the positive 
composite electrode range from 250–520 MPa.

Larger variabilities (several orders of magnitude difference) are 
reported for the duration of each compression step (Fig. 1c). The latter 
has been shown to play a crucial role in the resulting ionic conductivity 
of sulfide-based solid electrolytes13,14. Indeed, high pressure (>300 MPa) 
and long compression times (in the order of several hours) are required 
to densify and reduce residual void space in thiophosphate-based SEs 
that enable higher ionic conductivities. However, NMC (secondary) 
particles are prone to breaking at such pressures, especially when 
compressed for extended periods of time15.

Despite the variability in the processing conditions, the reported 
thicknesses of all cells are similar (Supplementary Tables 2–20), 
showing again that the processing protocol mostly plays a role in the 

(Li6PS5Cl) SE separator and In/(InLi)x as a negative electrode show initial 
specific discharge capacities between 106 and 142 mAh g−1 at a C rate of 
0.1 C and up to 157 mAh g−1 when a conductive carbon was added to the 
positive electrode composite (often referred to as cathode composite, 
CC)4–10. Moreover, the capacity retention and cell impedance evolution 
are drastically different, which makes a direct comparison of the vari-
ous reports challenging. Differences in material coatings, morpholo-
gies, loadings, CC compositions, cycling procedures, temperatures and 
cell set-ups contribute to these disparities. Additionally, the processing 
conditions used in the literature differ; including compression pres-
sures of the cell components and cycling pressures, both influencing 
the cycling properties11. All the above-mentioned aspects challenge 
interlaboratory comparability of the electrochemical performance 
of ASSB cells, even when using the same materials.

In this Article we report on the interlaboratory reproducibility of 
ASSB cell performance based on a dataset contributed by 21 groups 
previously reporting independent work on ASSBs. Each group was 
provided the same battery materials: single crystal NMC 622 as CAM, 
Li6PS5Cl powder as SE and indium foil. The groups were asked to assem-
ble up to three cells with the following specifications. First, a positive 
composite electrode was made with a ratio of m(CAM):m(SE) = 70:30 
(no additives, hand ground) and an areal CAM loading of 10 mg cm−2. 
Second, a separator was used with an areal loading of about 70 mg cm−2. 
Third, an alloy negative electrode was made using the provided indium 
foil and their own sourced Li metal. A typical assembly workflow is 
shown in Fig. 1a. Note that each group was asked to use their individual 
cell set-up and their own processing protocol to assemble the cells. 
Therefore, different pressures were used during assembly and cycling 
(Supplementary Table 1). After assembly, each group was asked to fol-
low the same cycling protocol (Methods) to provide details about their 
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Fig. 1 | Cell assembly protocol, assembly conditions and failure rate.  
a, Schematic workflow for the stepwise assembly of an ASSB press cell. Here 
px and tx correspond to the applied uniaxial pressure and duration of the 
compression at each step, respectively. el., electrode. b,c, Uniaxial pressures  
px applied (b) and duration tx (c) of the pressing step during the preparation of 
the different cell components and cell cycling. For all cells built by one group, the 
same assembly pressures and times were used, except for groups E and R where 

rest times before OCV measurement differ for their two and three working cells, 
respectively. The specific rest times for these cells are shown by filled dots, and 
the error bars mark the standard deviation of these values. If no value is shown 
for a group, no pressure or time was applied for that step. d, Number of the 
attempted ASSB cells working and failed in this study. For the cells that failed, 
the reason of the failure is shown. Cells cycled up to the 50th cycle at 0.1 C are 
considered as working cells.
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resulting microstructure of each battery, which strongly affects its 
electrochemical performance16. Note that the specific compression 
profiles, including how fast the pressure is applied and released, and 
the way the pressure was controlled (if it was controlled at all; Sup-
plementary Table 1), was not monitored in this study but is expected 
to have an effect on the microstructure.

Of the total 68 cells attempted, 39 (57%) were cycling to the 50th 
cycle. These cells are listed as working in the statistics (Fig. 1d). The 
number of non-working cells is generally not reported in the literature. 
In this study, the most common reason for failure (21 batteries, 31%) is 
preparation. Examples of these preparation issues are broken pellets, 
inhomogeneous distribution of the positive composite electrode on 
the separator layer or elevated water and moisture levels in the inert 
atmosphere of the glovebox. A total of 5 batteries (7%) failed during 
cycling, for example due to short circuiting. A smaller number (3 batter-
ies, <5%) has other reasons for failure that are not related to preparation 
or the cell chemistry, for example, accidentally unplugging a cell during 
cycling. These reasons are referred to as human errors. Thus, the prepa-
ration and handling of ASSB cells is challenging and results in a high 
failure rate (although seldom reported). However, once a cell attains 
some initial capacity, cycling it up to 50 cycles is not very problematic. 
Note that due to the large number of failed batteries, some groups in 
this work reported fewer than the targeted number of three batteries, 
because each group received enough material for three to four cells.

Variability of initial open circuit voltage
Before constant current cycling, the open circuit voltage (OCV) of 
each cell was measured. The OCV is the thermodynamic voltage of 
the cell and is defined by the cell chemistry. The difference in the elec-
trochemical potentials of the electrons in the positive and negative 
active materials defines the OCV; therefore, the OCV also depends on 
the state of charge of a cell17–19. To benchmark the NMC material for this 
study and obtain a better estimate of the starting OCV for the ASSBs, 
Li-ion battery (LIB) coin cells using NMC 622, Li metal and 1 M LiPF6 
in V(EC):V(EMC) = 3:7 as liquid electrolyte were assembled (detailed 
information about the materials and cathode preparation procedures 
are in the Methods section). The LIBs show an OCV of 2.8 ± 0.2 V vs Li+/Li 
(number of cells, nLIB = 3), immediately after assembly. After 5 h of rest, 
the OCV of the cells increases to 3.0 ± 0.1 V vs Li+/Li. The increase over 
time and stabilization of the OCV in LIBs is explained by the formation 
of interphases at the surface of the electroactive material particles and 
wetting effects20.

In the case of the ASSBs, all voltages were measured against the 
lithium–indium alloy negative electrode. Therefore, to make the OCV 
values comparable to other systems, they were converted to values 
vs Li+/Li assuming E(Li+/Li) = E(Li+/In-(InLi)x) + 0.62 V (ref. 21). Fig. 2a 
shows a violin plot summarizing the OCVs of all cells prepared. The box 
corresponds to the interquartile range (IQR) of the data, the whiskers 
represent 1.5× IQR, and any data points outside this range are consid-
ered a statistical outlier. Although the initial OCV of the ASSB cells was 
not measured after a pre-determined equilibration time, most values 
are within the OCV range of the liquid cells measured directly after 
assembly (about 2.64 to 3.02 V vs Li+/Li), although closer to the lower 
end of that range and at least 0.05 V lower than the OCVs of the LIBs 
measured after the 5 h rest. As with the liquid cells, time is required for a 
stable OCV in the ASSB cells, and additionally, to the interfacial forma-
tion effects, the OCV could be influenced by the pressure relaxation, 
which is observed in ASSB cells after compression22. On the basis of 
Fig. 2a, due to their very low initial OCV, five cells are considered to be 
outliers and are excluded from all further statistical analyses and box 
plots. Specifically, the cells taken out due to their low OCV are groups 
A (both cells), F (both cells) and G (one of three cells). Moreover, group 
J (reported only one cell) is removed from all statistics because their 
cell was cycled in the wrong potential window. Once these outliers are 
removed, we calculate an average OCV for all ASSB cells of 2.6 ± 0.1 V vs 

Li+/Li, even though each group used their own lithium metal to prepare 
the alloy negative electrode, their individual alloy preparation method, 
a variable atomic ratio of lithium to indium among the cells and meas-
ured the OCV at different resting times before OCV measurement 
and cycling. The In-to-Li atomic ratios of the cells range from 1.33:1 to 
6.61:1, except for group N with 0.77:1 (Supplementary Table 21 includes 
all values). The median atomic ratio among all groups is 2.48:1. Thus, 
the alloy in all cells, except those of group N, starts in the two-phase 
region (In + InLi) of the In–Li phase diagram21, but even the deviating 
group shows reasonable initial OCVs. However, as Li+ ions are moving 
from the positive electrode to the alloy negative electrode during the 
first charge, the additional Li+ ions from the NMC could still lead to 
a shift to the lithium-rich regions in the In–Li phase diagram, where 
Li-rich In–Li alloy phases with lower potentials vs Li+/Li are present. 
This can cause an incomplete deintercalation of Li+ from the positive 
electroactive material and consequently lower specific capacities. The 
latter is observed for group N (for example 48.6 mAh g−1 at the first 0.1 C 
discharge cycle; Supplementary Fig. 1).

Once the OCV of the cells was determined, symmetric constant 
current charge/discharge cycling was performed. It started with two 
formation cycles at 0.05 C, in the following referred to as pretreat-
ment cycles, followed by 50 cycles at 0.1 C. Impedance measurements 
were performed in the charged and discharged state in the first and 
second pretreatment cycle and after 50 0.1 C cycles. The pretreatment 
data was provided by only 11 (nAASB,pretreatment = 23) out of the 21 groups. 
Therefore, it is not fully comparable to the dataset based on the cycling 
at 0.1 C (up to 50 cycles; nASSB,0.1C = 33). Note that the initial OCV was 
the only criterion used to exclude specific cells from further analyses; 
for all further box plots, new cells may be identified and shown as 
outliers in these specific box plots but are not sequentially removed. 
Figure 2b–d shows the violin plots of the initial specific (dis-)charge 
capacities at 0.05 C, first and 50th cycle specific discharge capacities 
at 0.1 C, Coulomb efficiencies and polarization voltages of the ASSB 
cells. The comparative values from the LIBs are shown as triangles. In 
general, the average and median for all these histograms are not close 
to one another, which demonstrates that these data do not conform 
to a normal distribution.

Cycling performance variability
Figure 2b shows the large scatter in the reported specific capacities 
of the cells, indicated by large IQRs. Regarding the pretreatment 
(0.05 C) cycles, most cells (59%) have specific capacities in the range 
between 170–195 mAh g−1 and 130–155 mAh g−1 during charge and dis-
charge, respectively. The rest of the cells show much lower specific 
capacities, with the lowest specific charge and discharge capacities 
at 71 and 47 mAh g−1. The average values are at least 15 mAh g−1 lower 
compared with the median values, as they are strongly influenced by 
the low-capacity cells. Compared with the liquid cells, the highest spe-
cific charge capacities of ASSB cells are in the same range, whereas the 
highest specific discharge capacities are about 20 mAh g−1 lower. The 
Coulomb efficiency of the ASSB cells in the pretreatment (0.05 C) is 
considerably less scattered than the specific capacities (Fig. 2c). It is 
lower for the ASSBs than for the LIBs, due to lower specific discharge 
capacities. Coulomb efficiencies in the first cycle are known to be lower 
compared with subsequent cycles as irreversible, parasitic surface 
reactions take place, including structural changes of the positive elec-
troactive material23. Except for four cells, the initial Coulomb efficiency 
is above 75%.

Regarding the 0.1 C cycling, the initial specific discharge capaci-
ties of the ASSB cells range from 21 to 143 mAh g−1, with a median of 
121.9 mAh g−1 and an average of 103.7 mAh g−1. The distribution appears 
somewhat bimodal, with approximately half of the cells having high 
initial capacities between 110 mAh g−1 and 145 mAh g−1, and a smaller 
cluster in the range of 60–80 mAh g−1. On average, the initial capacity 
of the 0.1 C cycles decreases by about 16 mAh g−1 compared with the 
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second 0.05 C pretreatment capacity. This is, among other reasons, 
due to the limited rate capability known for ASSBs with Li6PS5Cl solid 
electrolyte10,24. The final specific discharge capacities in the 50th cycle 
are even more scattered than the initial ones, resulting in a larger inter-
quartile range (between 44.2 and 125.3 mAh g−1). In general, the final 
specific discharge capacities are lower than the initial ones, with both 
average and median decreasing by similar values of 18 mAh g−1 and 
16 mAh g−1, respectively. The Coulomb efficiency in the 50th cycle, 
depicted in Fig. 2c, is relatively high, with a median of 99.8% and an aver-
age of 98.6%. The groupwise cycling data, including the accumulated 
irreversible capacities, an indication for decomposition reactions and 
active lithium loss of cells, can be found in the Supplementary Figs. 2–5.

The capacity retention represents the ratio of the discharge capaci-
ties of the 50th and the first 0.1 C cycles (Supplementary Fig. 6). Most 
of the cells have retentions between 75% and 100%, median and aver-
age are 91.6% and 81.1%. On the one hand, five cells (H1, R1, R3, S1, S2) 
show retentions slightly higher than 100%, up to 107%, mainly due to an 
increase in the capacity during the first ten cycles, followed by stable 
cycling behaviour. On the other hand, three groups, namely D, F and G, 
found very low-capacity retentions (< 50%) and reported low cycling 
pressures between 1 and 10 MPa, if reported at all. The requirement for 
sufficient cycling pressure is known from the literature11. The presented 

data suggests that cycling pressures of >25 MPa are required for stable 
cycling in these types of cells. However, the cycling pressure seems to be 
less important for initial capacities, as suggested by the high-capacity 
cells D1 and F2. In other words, the initial capacity of the cells is mostly 
influenced by the processing of the materials during cell assembly, 
whereas the capacity retention of the cells requires high cycling pres-
sures due to the volume changes of the materials during cycling. The 
capacity retention median of 91.6% and the small IQR demonstrate 
that even low-capacity cells retain their capacities and show stable 
cycling. The specific causes for the low-capacity cells are difficult to 
ascertain within the present study. However, experience suggests that 
inhomogeneous positive composite electrode mixing and distribution, 
which leads to a worse utilization of positive electroactive material 
during cycling and propagating weighing errors are the most likely 
causes. Finally, the atmosphere of the glovebox (for example, content 
of H2O and O2, whether solvents are stored in it) might cause material 
degradation and reduce the cell performance. However, as all groups 
reported H2O/O2 content below 5 ppm, we do not see a direct correla-
tion to cell performance.

The polarization voltage, sometimes also referred to as polariza-
tion growth or ΔV25,26, is calculated as the difference between the aver-
age charge voltage and the average discharge voltage of each cycle. 

LIB data
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shown above each violin plot. All violin plots are prepared with Kernel  
density estimation. The triangles show the LIB coin cell data of three coin cells 
used to benchmark the NMC 622 active material, the error bars show their 
standard deviation (SD). Details on the preparation of these coin cells is  
provided in Methods.

http://www.nature.com/natureenergy


Nature Energy

Analysis https://doi.org/10.1038/s41560-024-01634-3

Figure 2d depicts the polarization voltage at the beginning and end 
of the cycling protocol. Note that the number n of cells considered 
for this statistic is 30, because voltages were not provided by group 
D. The differences between the absolute polarization voltages of 
the different cells are large. Most of the ASSB (69%) have low initial 
polarization voltages between 0.10 V and 0.25 V. The rest of the cells 
are scattered, up to an initial value of 0.7 V. Between the first and 
the 50th cycles, an increase in polarization voltage is observed. The 
median increases slightly by 30 mV from 0.20 V in cycle 1 to 0.23 V in 
cycle 50, whereas the average increases by 40 mV from 0.25 V to 0.29 V. 
This corresponds to the expected trend, as interfaces and interphases 
form during cycling, and the impedance of a cell is expected to increase 
with increasing number of cycles, thereby contributing to the cell’s 
capacity fading22.

Cell processing parameters and performance 
correlations
The large differences in the electrochemical performances of ASSBs 
could, among other reasons, originate from the variation in the process-
ing parameters used by the different groups. To find possible similari-
ties and correlations between processing and performance, we define 
some cells as the best performers. As criteria for the best performers, we 
choose cells that retain specific discharge capacities >120 mAh g−1 after 
50 cycles (Supplementary Fig. 7). This results in the following 12 cells: 
B1-B3, H1-H2, K2, O1-O3, Q1, and S1-S2. These cells are depicted with an 
orange diamond symbol in Fig. 3. Regarding their cycling performance, 
these best performers show initial OCVs >2.5 V vs Li+/Li, initial polariza-
tion voltages between 0.10 V and 0.25 V and capacity retentions >85%.

Although the best performer cells are prepared differently, we 
identify four commonalities. First, the resistance of the separator  
(R0, extracted from distribution of relaxation times (DRT)-based imped-
ance data analysis27; Methods) ranges between 18 and 42 Ω cm2 (Sup-
plementary Fig. 8), even though the range of uniaxial pressures applied 
for preparing the separator range between ‘hand-pressing’ (group B) 
and 590 MPa (group O). Second, the separator together with the posi-
tive electrode composite of the best performers was compressed within 
the narrow(er) range between 300 and 590 MPa for times between 1 
and 5 min. Third, the compression of the whole cell, namely CC + SE +  
In/(InLi)x, was not done by most of the best performers (four of six 
groups), and therefore it is unlikely that this step on its own plays a 
large role in the cycling performance. Fourth, even though we did not 
prescribe the cycling pressure, most groups chose to do the cycling at 
pressures >40 MPa, showing a bias towards good cell performance and 
not necessarily transferability of the results to application-oriented 
ASSB cells.

These commonalities strongly indicate that the reproducible 
preparation of the positive electrode composite is decisive for good cell 
performance. It starts with the storage and handling of the materials 
and continues with the quality of the mixing procedure of the posi-
tive electrode materials and the SE, the homogeneous dispersion of 
the composite on top of the separator and the uniaxial compression 
profiles used.

To identify possible correlations between processing parameters 
and cycling performance, Fig. 3 shows the dependence of the initial 
specific discharge capacity, the capacity retention and total cell resist-
ance Rtot, obtained from the second pretreatment charge DRT analysis28 
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Fig. 3 | Correlations between various assembly and cycling parameters.  
a–l, Spread of the initial specific discharge capacities, the capacity retentions 
and the total cell resistances Rtot as a function of the indium content (atomic%) 
in the In/(InLi)x alloy electrode (a–c), the cycling pressure (d–f), the initial OCV 
(g–i) and the initial polarization voltage (j–l). Outliers are shown as open circles, 

best performer cells with final specific discharge capacities >120 mAh g−1 as 
filled diamonds and the remaining cells as filled circles. In (d–f) the x-axis break 
between 120 and 350 MPa was used for a better representation of the data as no 
groups reported cycling pressures in this range.
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as a function of the indium content in the alloy negative electrode, the 
initial OCV, the cycling pressure and the initial polarization voltage. 
The cells classified as outliers based on the initial OCV are also shown 
in Fig. 3 (as open circles), except for the total cell resistances which 
were not determined for these outlier cells.

Starting with the proportion of indium in the In/(InLi)x alloy nega-
tive electrode (Fig. 3a–c), we observe an optimum in terms of capacity 
and capacity retention between 60 and 75 at% of indium. At higher 
In and lower Li contents, cells show worse capacity retentions. In lit-
erature, similar effects are observed in rate performance tests, where 
worse performance is observed with lower Li contents29. The spread 
of three best performer cells to high indium amounts >85 at% might 
originate from differences in how the alloy negative electrode was 
prepared, for example, if the indium or the lithium side of the alloy 
was facing the separator surface. The alloy preparation procedure 
was not reported by the groups, however, previous reports show how 
the amount of electrochemically accessible Li+ and the overall cycling 
performance of ASSB cells can be influenced by it30.

Moving to the cycling pressures (Fig. 3d–f ), even though 
poor capacity retentions are reported for cells that implement a 
cycling pressure below 40 MPa, they do not correlate with attain-
able initial discharge capacities. Rtot does also not correlate with 
the cycling pressure, but a trend can be seen in a plot with R0 as a 
function of the maximum applied pressure during assembly (Sup-
plementary Fig. 9), where a decrease of the separator resistance R0 
with increasing maximum pressure is observed, most clearly for the  
best performers.

Regarding the OCV (Fig. 3g–i), the outliers possess either very 
low capacities, unusual capacity retentions or both. Conversely, high 
specific capacities and capacity retentions and low total cell resistances 
are observed at OCV ≥ 2.5 V vs Li+/Li. This underlines the importance of 
the initial OCV measurement and that the OCV should be in the right 
range for a good cycling performance in cells using the electroactive 
materials evaluated in this study.

Finishing with the initial polarization voltages (Fig. 3j–l), a cluster-
ing of cells with high-capacity retentions and specific discharge capaci-
ties is evident for polarization voltages below 0.2 V. There is a strong 
linear correlation between the ‘initial’ Rtot (second pretreatment charge 

cycle) and the initial polarization voltage. This correlation remains 
until the end of cycling (51st cycle Rtot vs final polarization voltage; 
Supplementary Fig. 9), demonstrating that total cell resistance and 
polarization voltage are consistent among each other, even though 
they are obtained from two different, independent techniques.

Cell reproducibility and Ragone plots
Although clear trends between the processing parameters and the 
electrochemical cell performance are not evident in this study, as in 
previous interlaboratory studies31–34, these results underscore the 
importance of multiple measurements to validate electrochemical 
performance.

Figure 4a,b shows the initial specific discharge capacities of  
all cells along with their resulting median errors and relative  
standard deviations. Here the relative median errors (RMEs)  
and relative standard deviations (RSEs) were calculated by 

RME = |study median−group average capacity|
study median

 and RSE = |group standard deviation|
group average capacity

, 

respectively, and the data have been sorted in order of increasing rela-
tive median error. The RME is a better indicator of how each group 
compares to the resulting statistics of the study. If we set 10% RME as 
a threshold, only four groups meet this criterion in the first 0.1 C cycle 
(S, M, Q and B, sorted from lower to higher RME values), which includes 
three of the six groups chosen as best performers, all of which report 
the data of at least two cells. After 50 cycles, the order of the groups 
changes slightly, mainly due to the lower study median. Moreover, 
lower relative standard deviations (< 10 %) are obtained for the groups 
that report the data for three cells (in the first 0.1 C cycle: five of eight 
groups, namely B, H, K, O, S, Q, M and R), irrespective of where the 
average specific capacities of these cells lie with respect to the median 
for the study. Similarly, the ten groups with relative standard deviations 
<10% at the 50th cycle report data of at least two cells, namely groups 
M, K, Q, B, O, S, A, R, H, T (five of ten groups measured three cells). The 
standard deviations get smaller as the number of reported cells 
increases, decreasing from averaged 10.0 mAh g−1 (averaged standard 
deviations of the specific discharge capacities from groups reporting 
two cells) to 7.0 mAh g−1 (averaged standard deviations for groups 
reporting three cells). Taken together, the results of this interlaboratory 
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Ragone plots, OCV outlier cells are shown as open circles and best performers  
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study emphasize the value of multiplicate measurements and reporting 
the data of each measurement for increased comparability and cell 
performance validation.

The Ragone plot in Fig. 4c shows the specific power and specific 
energy calculated from the first 0.1 C discharge cycle after the forma-
tion. For the calculation of the cell weight, only the weight of positive 
composite electrode, separator and In/(InLi)x alloy was taken into 
account. This was done due to the unknown weights of the cell cas-
ings and the fact that these cell set-ups are often bulky and not opti-
mized in terms of weight but of reusability. The data of group D is not 
included, as no voltages were reported. The specific power of all cells 
is similar and in a range between 2.5 W kg−1 and 5 W kg−1. The reasons 
for these small differences are the similar (dis-)charge currents used 
by the groups due to the prescribed positive electroactive material 
loading of 10 mAh cm−2 and C rate of 0.1 C. There is a larger variation 
in the specific energies, ranging between 2.5 Wh kg−1 and 31 Wh kg−1. 
These differences mainly originate from the differences in the specific 
discharge capacity. Consequently, the best performers also have high 
specific energies.

The specific powers and energies in the present study are much 
lower compared to the target values of a specific energy between 
250 Wh kg−1 and 400 Wh kg−1 and a cycling rate of 1 C (refs. 1,35). This 
is mainly because the lab scale cells are not optimized for high energy 
and power, such that the separator is very thick with around 500 μm 
and fast (dis-)charging, which would lead to higher specific power, was 
not investigated. To illustrate the influence of the thickness of separa-
tor and negative electrode on the specific energy and power, Fig. 4d 
shows an extrapolated Ragone plot of an optimized cell under assump-
tion of a 30-µm thick Li6PS5Cl layer and a 20-µm thick lithium-metal 
anode (weights calculated with the theoretical densities of Li6PS5Cl and 
lithium), but with the same positive composite electrode loading and 
thickness as used by the groups and assuming that the resulting capaci-
ties and cell voltages of each cell do not change. The specific energies in 
this extrapolated system would be up to 220 Wh kg−1 higher and close 
to the lower end of the target region. Additionally, only commercially 
available state-of-art materials were used, which was done to achieve 
better comparability and be closer to the application. Incorporating 
a higher-capacity NMC 811 would further increase the specific energy 
of the cells.

Conclusions
In the present study, the interlaboratory comparability of all-solid-state 
battery cycling data was investigated. Commercial NMC 622, Li6PS5Cl 
and indium foil were sent to 21 different groups. The groups were asked 
to assemble and cycle ASSB cells under defined conditions but using 
their individual cell set-ups and preparation procedures. The present 
study shows that the differences in cycling behaviour, specific capaci-
ties and voltages between cells prepared by different groups are huge. 
The initial discharge capacities at 0.1 C after a pretreatment are rang-
ing between 23.7 mAh g−1 and 143.1 mAh g−1. Thus, the comparability 
of ASSB cell data originating from different groups and cell set-ups 
is limited.

To improve the comparability, we recommend that all processing 
and cell parameters should be carefully reported (Table 1). This study 
showed an extreme variation in the compression times and pressures 
used and the cycling pressure applied, which is expected to result in 
different positive composite electrode morphologies and microstruc-
tures. For good comparability, ASSB cells must be cycled at the same 
pressures. The use of higher stack pressures (> 40 MPa) enables cells 
with a better cycling performance compared to cells where lower but 
more application-oriented cycling pressures (0–10 MPa) are applied. 
Additionally, the general interlaboratory variation and the stand-
ard deviation between multiple cells of one group make it clear that 
publications reporting cycling data should not only report the data 
of one battery but at least the average and error ranges of triplicates. 

The latter should become a standard reporting approach when dis-
cussing the effect of low-content (in)active additives (for example, 
polymer electrolytes, binder and so on). Otherwise, it is impossible 
to discriminate the effect of the additive with respect to a reference 
battery. Statistically, the error ranges become smaller, the more cells 
are prepared. With a cell failure rate of 43%, our study shows that the 
assembly of ASSB cells is challenging. Therefore, we recommend that 
the number of failed cells is reported to better assess the reproduc-
ibility and robustness of the assembly protocol.

There are several factors affecting the cell performance that we 
could not investigate in this study. These come into play during ASSB 
cell preparation, such as the (in)homogeneity of the positive compos-
ite electrode preparation via hand grinding, microstructure of each 
component influenced by the compression profiles, current collector 
surface texture, material degradation during storage and the prepara-
tion protocol of the In/(InLi)x alloy negative electrode. Additionally, 
the presence of O2, H2O and solvents in inert atmospheres, and the 
control of pressure and temperature during cycling, may also impact 
ASSB performance. Although controlling these parameters was beyond 
our study’s scope, our results highlight the need for further work to 
standardize testing, improve reproducibility and enhance the com-
parability of ASSB data.

In the last decade, there have been tremendous efforts in bring-
ing the performance and understanding of ASSB to a level in which 
realistic application and commercialization-driven assessments of 
ASSB are now possible. Identifying and acknowledging the parameters 
that may affect comparability and benchmarking assessments are 
needed to provide a combined community effort for standardiza-
tion to ensure the success of this technology. Further developments 
towards pouch cells are expected in most of the groups involved in 
this study. Therefore, conducting a similar study to what we report 
here at the pouch cell level is something we may target in a not- 
so-distant future.

Methods
Materials
Li6PS5Cl (LPSCl, MSE Supplies, 99.99%, Mesh 325, D50 ≈ 1 μm) solid 
electrolyte was purchased and sent to the groups as received. Single 
crystalline LiNi0.6Mn0.2Co0.2O2 (NMC 622, MSE Supplies) was used as 
positive electroactive material (CAM) and dried at 150 °C for 24 h under 
vacuum before sending. Indium foil (MaTecK, 99.999%, 100-μm thick-
ness) was purchased, dried at 40 °C for 24 h under vacuum beforehand 
and used to prepare the In/(InLi)x alloy negative electrode. Lithium 
metal was not sent to the groups; all groups were asked to use their 
own Li metal. Two hundred fifty mg of LPSCl, 100 mg of NMC 622 and 
three pieces of Indium foil (diameter: 12 mm, 16 mm for one group) 
were packed under inert argon atmosphere (O2 < 1.0 ppm and H2O < 0.5 
ppm) and sent to each contributing group.

Table 1 | Set of ASSB assembly parameters

Parameter Unit

Pressures px and compression times tx used to process  
each cell component x (separator, positive electrode, 
negative electrode)

MPa and min

Compression profile at each step, that is, how fast the pressure was  
applied and released

Cycling pressure pstack, including if and how it was controlled 
during cell cycling

MPa

Atomic In-to-Li ratio in the negative alloy electrode29 at%

Positive electroactive material (CAM) loading mg cm−2

Initial open circuit voltage EOCV V vs Li+/Li

Rest time trest before cycling min or h

Parameters that should be consistently reported together with ASSB cell cycling data.
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Powder X-ray diffraction
The phase purity of NMC 622 and in LPSCl was investigated by powder 
X-ray diffraction in a Stoe STADI P diffractometer (Debye–Scherrer  
geometry, Dectris MYTHEN 1 K detector). The powder sample of argy-
rodite was diluted with fumed silica to minimize the absorption. Both 
pristine NMC and the mixed argyrodite/silica were transferred sepa-
rately into airtight glass capillaries and measured with Cu Kα radia-
tion (λ = 1.54 Å) with Ge 111 monochromator in a 2θ range of 10–70°.  
The scans were recorded with steps of 3° and a step time of 120 s.

Scanning electron microscopy
Before imaging, the LPSCl powder was surface gold sputtered with 
a 10 nm Au coating layer. The pristine cathode active material NMC 
622 and the Au sputtered LPSCl solid electrolyte powder were fixed 
on a carbon pad and transferred into SEM via a vacuum-sealed sample 
holder. A scanning electrode microscope (SEM, Carl Zeiss AURIGA 
field emission microscope) with a Schottky field emitter as electron 
source with an accelerating voltage of 3 kV was used in combination 
with the Inlens detector.

Impedance spectroscopy
The ionic conductivity of the LPSCl solid electrolyte was determined 
via potentiostatic electrochemical impedance spectroscopy (PEIS) 
in a symmetrical ion-blocking cell set-up, using stainless-steel (SS) 
contacts. For the assembly, 250 mg of the LPSCl were uniaxially 
pressed into a pellet in a 10 mm polyether ether ketone cylinder at 
380 MPa for 3 min, resulting in a pellet with ≈2,000-µm thickness. Two 
temperature-dependent PEIS measurements were performed under 
constant frame pressure of 60 MPa in a frequency range of 7 MHz to 
100 mHz and a voltage amplitude of 10 mV. PEIS spectra were taken 
after each 2 h of equilibration time at the following temperatures:  
10, 13, 16, 20, 25, 30, 40, 50 and 60 °C.

Lithium-ion coin cell reference
Reference lithium-ion battery (LIB) coin cells were prepared to test 
the specific discharge capacities of the positive electrode material. 
For the positive electrodes, polyvinylidene difluoride (PVdF, 0.15 g,  
Solef 5130, Solvay) was dissolved in N-methyl-2-pyrrolidone  
(NMP, 5 g, anhydrous, 99.5%, Sigma-Aldrich). NMC 622 (4.7 g) and Super 
C65 (0.15 g; Imerys Graphite & Carbon) were added to the solution, 
resulting in a NMC 622:PVdF:Super C65 ratio of 94:3:3 wt%. The disper-
sion was homogenized in a Dispermat LC30 (VMAGetzmann GmbH) for 
1 h at 10,000 rpm. The electrode paste was coated on a doctor blade 
(Zehntner GmbH) on Al foil (20 µm, Nippon foil, previously washed 
with ethanol) with a coating thickness of 100 μm. After drying the 
sheets at 80 °C for 2 h, calendaring was performed with 5-µm gap size. 
The positive electrodes were punched (diameter: 14 mm) and dried 
for 16 h at 120 °C under vacuum. Two-electrode coin cells (CR2032, 
Hohsen Corporation) were assembled with a polymer membrane 
separator (diameter: 16 mm, Celgard 2500, 25 µm, Celgard) and Li 
metal as negative electrode (diameter: 15 mm, 500 µm, ≥99.9%, China 
Energy Lithium (CEL Co.)). As electrolyte, 1 M LiPF6 in 3:7 vol% EC:EMC  
(35 µl; battery line HTS; battery grade) was used. The two spacers 
possessed a thickness of 0.5 mm and 1 mm, respectively. The LIBs 
exhibited a CAM loading of 6 mg cm−2, the cycling procedure was the 
same as for the ASSBs, but without the PEIS measurements.

Solid-state battery assembly
The groups were asked to prepare three all-solid-state battery (ASSB) 
cells and cycle them, with the following specifications: the positive 
composite electrode (CC) should be prepared by mixing of NMC 
622:LPSCl in a ratio m(CAM):m(SE) = 70:30 for up to 15 min with mortar 
and pestle. The target positive electroactive material loading should 
be 10 mg cm−2 and the separator should consist of pristine LPSCl with 
a loading of 75 mg cm−2 and a thickness of 300–400 μm. The In/(InLi)x 

(x ≈ 0.3) negative electrode should be prepared by pressing the pro-
vided In foil and Li metal from the specific group to obtain a total 
negative alloy thickness of ≈100 µm.

ASSB cell cycling
Before cycling, the OCV should be measured and a potentiostatic 
electrochemical impedance (PEIS) measurement at OCV should be 
performed in a frequency range 7 MHz (or highest frequency possible) 
to 100 mHz with a voltage amplitude of 10 mV and 10 data points per 
decade being taken. These parameters are the measurement settings 
for all further PEIS measurements. The cycling should be performed 
with symmetrical constant current charging and discharging, assuming 
200 mAh g−1 as theoretical capacity for the CAM. As voltage window, 
3.0 V to 4.3 V vs Li+/Li (assuming that 0 V vs Li+/(In-InLi) = 0.62 V vs  
Li+/Li) should be used. The cells should undergo a pretreatment pro-
cess of two cycles at 0.05 C. After the first charge and a 1 h OCV step, 
a PEIS should be performed. The first discharge should be followed 
by another 1 h OCV step and PEIS measurement. After repeating this 
procedure of a charge and discharge cycle including a PEIS measure-
ment for a second 0.05 C charge and discharge cycle, cycling should 
be performed at 0.1 C for 50 cycles with a rest step of 5 min between 
each charge/discharge step. After cycling, a PEIS measurement in the 
charged and discharged state should be measured after each a 1 h OCV 
step. Supplementary Figs. 11–27 show the specific charge/discharge 
curves of all cells groupwise. For each cell, the cycles 1, 2, 10, 20, 30, 
40 and 50 are shown, assuming cycle 1 as the first 0.1 C cycle after the 
pretreatment. Group D is not shown, as no voltages were reported.

Cycling data evaluation
Each group sent the raw data files containing time, voltage, current and 
cycle number. The specific (dis-) charge capacities Qspec were calculated 
from these values:

Qspec =
It

mCAM
(1)

with I being the applied current, t the time the current was applied in 
the according (dis-)charge step and mCAM the mass of the CAM.

The polarization voltage ΔV was calculated from the difference of 
the average charge and discharge voltages Uaverage:

∆V = Uaverage,charge − Uaverage,discharge (2)

The accumulated irreversible capacity QAIC is calculated from the sum 
of the irreversible capacities Qirr of the 0.1 C cycles:

Qirr = Qcharge −Qdischarge (3)

QAIC =
n=x
∑
n=1

Qirr(n) (4)

The specific energy densities Espec were calculated from the second 
0.05 C pretreatment discharge cycle and the first 0.1 C discharge cycle 
after the pretreatment:

Espec =
QUaverage
mCell

=
QUaverage

mLi+mIn+mSeparator+mCathode composite
(5)

with Q being the specific discharge capacity, Uaverage the average discharge 
voltage and mCell the sum of all materials in the ASSB cell. The weight of the 
battery cell casing was not considered, as different lab scale cells set-ups 
with unknown weights were used by the different groups.

The specific power Pspec was calculated from the second 0.05 C 
pretreatment discharge cycle and the first 0.1 C discharge cycle as well:

Pspec =
IUaverage
mCell

(6)
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For the extrapolated Ragone plot, a very thin electrolyte separa-
tor (30 µm) and a thin lithium anode (20 µm) were assumed. The 
weights of these thin LPSCl or lithium films were calculated from the 
group-specific cell area Acell and the theoretical densities of LPSCl or 
lithium, respectively.

mLi = Acell × 0.002cm × 0.534g cm−3

mLPSCl = Acell × 0.003cm × 1.87g cm−3

The extrapolated specific power and specific energy were calculated 
with equations (5) and (6) using the assumed weights mLi and mLPSCl, 
the experimental mCathode composite and the experimental cycling data.

Impedance data evaluation
Supplementary Fig. 10 shows the data processing and analysis steps 
for the impedance spectrum of cell 1 of group K as an example. First, 
the impedance data provided by each group is validated regarding the 
LTI criteria, namely linearity, stationarity and time invariance. This 
is achieved through the utilization of two state-of-the-art methods: 
the extended Kramers–Kronig test36, which is based on the Kramers– 
Kronig relation and the Z-HIT algorithm28, which is based on the  
Hilbert transform applied to two pole systems. Both methods can 
detect violations of the assumed criteria by examining the noise (statis-
tical error) and the mean (systematic error) of the residuals. According 
to the results presented in Supplementary Fig. 10, both methods indi-
cate decreasing quality for frequencies higher than 500 kHz, because 
of which the spectra were truncated for f ≥ 500 kHz.

Subsequently, the impedance data is transformed into the time 
domain by the distribution of relaxation times method (DRT) to 
enhance the spectral resolution and allow the separation of character-
istic electrochemical processes and their polarization contribution in 
the spectrum. This is achieved by calculating the distribution function 
of a specified kernel function. For purely resistive-capacitive spectra, 
the kernel function is equal to the transfer function of a circuit of a 
resistor (R) and capacitor (C) connected in parallel (RC circuit) with a 
time constant and a polarization, resulting in a distribution of polari-
zation versus time constants. To allow the analysis of more arbitrary 
spectra containing an ohmic offset, inductive and capacitive features,  
Hahn et al37. proposed the addition of lumped serial elements to the DRT 
with the extended DRT (eDRT). Analogous to the resistive-capacitive 
distribution function, Danzer27 introduced a second distribution func-
tion for resistive-inductive features in the spectrum with the general-
ized DRT (gDRT), which is used here for the further analysis. It should 
be noted that the resulting distribution is discrete for logarithmically 
spaced time constants, and that it is plotted with a continuous line for 
visual purposes.

The used method to obtain the distribution function is based on a 
Tikhonov L2-regularization based algorithm, which requires the careful 
selection of the regularization parameter λ. The regularization helps 
to find a unique solution but also acts as smoothing filter. The L-curve 
method38 can be used to find a suitable range for a mathematical optimal 
regularization parameter. However, as this dataset is very heterogene-
ous regarding the absolute polarization, the measurement equipment 
and thus the signal-to-noise ratio, it is difficult to find one unique regu-
larization parameter that fits all measurements. Therefore, the regu-
larization parameter is primarily based on the mathematical optimum 
but changed in favour of comparable distribution functions when 
needed. An overview is provided in Supplementary Table 22. Supple-
mentary Fig. 10 shows an example of the solution based on the gDRT 
method. The range of time constants is extended by one decade in each 
direction to reduce boundary effects, and the number of time constants 
is three times the number of measurement points. The shown distribu-
tion function is composed of the sum of the resistive-capacitive and  
the negative resistive-inductive distribution. Due to the mainly 

resistive-capacitive nature of the investigated spectra, no inductive and 
resistive-inductive features can be observed in the results of the gDRT 
analysis. The lumped elements R0, C0 and L0 are obtained directly from 
the gDRT, whereas the total polarization Rtot is calculated by the sum of 
polarization for the resistive-capacitive distribution function:

Rtot = ∑hRC (7)

Supplementary Figs. 29–43 show the impedance and calculated 
distribution functions in groups. For each group and cell, the imped-
ance of the first, second and 51st charging cycle is used. For the DRT, the 
obtained lumped serial elements and total polarization are summarized 
in Supplementary Table 22 and the corresponding figure.

Data availability
All data used in this study are included in the paper and its Supplemen-
tary Information. Source data are provided with this paper.

Code availability
The code for the Kramers–Kronig validation and the distribution of 
relaxation times method is part of the EC-Idea software toolbox devel-
oped at the Chair of Electrical Energy Systems at the University of 
Bayreuth and is available online at https://www.ees.uni-bayreuth.de/
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