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Influence of State-of-Charge-Dependent Decomposition
Kinetics at the Li6PS5Cl|LiNi0.83Co0.11Mn0.06O2 Interface on
Solid-State Battery Performance
Melina Witt, Martin A. Lange, and Wolfgang G. Zeier*

Solid-state batteries represent a new approach to energy storage,
offering superior safety, higher energy density, and extended
cycle life compared to conventional liquid electrolyte-based
lithium-ion batteries. However, the practical application of
solid-state batteries is hindered by degradation phenomena,
particularly on interfaces between components, compromising
their long-term performance. In this work, the kinetics of the
state-of-charge-dependent electrolyte degradation at the
LiNi0.83Co0.11Mn0.06O2│Li6PS5Cl interface, as well as its influence
on cycling performance, are systematically studied electrochemi-
cally in solid-state battery half cells. Combining cycling and C-rate

experiments with electrochemical impedance spectroscopy
reveals that half cells charged to higher cutoff potentials
(≥3.8 V versus In/InLi; ≥4.4 V versus Liþ/Li) exhibit significantly
faster degradation kinetics. These influence the cycling perfor-
mance leading to a plateau in the charge capacity at ≥3.8 V ver-
sus In/InLi, while the electrolyte degradation does not affect the
bulk electrode transport. Overall, this work emphasizes the impor-
tance to investigate state-of-charge-dependent decomposition
kinetics in composite electrodes to better understand cycling
behavior.

1. Introduction

Currently, lithium-ion batteries remain the most widely used
energy storage systems.[1] However, due to their higher energy
densities, their suggested enhanced intrinsic safety and their
wider operating temperature window, solid-state batteries using
inorganic solid electrolytes (SEs) have been emerging as a
promising alternative.[2,3] Although various SEs like oxides,[4,5]

halides,[6,7] and oxyhalides[8,9] have been investigated in the past
decades, thiophosphate-based argyrodites, such as Li6PS5Cl
(LPSCl), are among the most widely used electrolyte classes
due to their high ionic conductivity.[10–12] Achieving sufficient
high energy and high-power densities in solid-state batteries,
however, requires high-capacity cathode active materials
(CAM). One of the most commonly used CAM classes is
the nickel-rich layered lithium transition metal oxides

LiNi1�x�yCoxMnyO2 (NCM) which exhibit a high cycling stability
in solid-state batteries.[13–15]

Due to the narrow electrochemical stability window of lithium

thiophosphate SEs,[16,17] the simultaneous use of both lithium

argyrodites and NCM cathode material leads to severe decompo-

sition processes within the composite.[18,19] This interfacial insta-

bility can lead to compromised ion conductivity, resulting in

increased internal resistance[20] and, consequently, in a loss of

capacity over cycling.[21] The great dependency of the cycling

behavior of solid-state batteries on stability highlights that con-

trolling operational parameters, such as the cutoff potential, is

important to optimize battery performance.
Various studies have shown that operating at higher cutoff

potentials can enhance the accessible capacity but may also
accelerate degradation mechanisms such as phase transitions,[22]

electrolyte decomposition,[23] and structural collapse of the cath-
olyte or CAM.[24] Investigation of β–Li3PS4: LiNi0.8Co0.1Mn0.1O2

composites at varying cutoff potentials from 3.4 to 4.4 V versus
In/InLi by Koerver et al. suggests that the interfacial resistance
at the cathode is partly dependent on the battery’s state of
charge (SOC), aligning with the notion of a redox-active cathode
electrolyte interphase (CEI) layer. The thickness of this layer
increases with the cutoff potential and corresponds to increasing
capacity fading.[25] The correlation of the interface evolution and
SOC in a Li10GeP2S12:LiNi0.6Co0.2Mn0.2O2 (LGPS|NCM–622) compos-
ite was investigated by Zuo et al., applying upper cutoff poten-
tials between 3.1 V and 3.9 V versus In/InLi, in order to understand
the reactivity and the degradation kinetics. In this system, the
degradation rate of the electrolyte/electrode interface showed
an increase with higher SOC. In addition, the growth of the
corresponding degradation layer proved to be limited by the
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electronic transport.[19] Similarly, Hartel et al. explored Zn2þ

substitution in lithium argyrodites as SEs for solid-state batteries,
aiming to modify the CEI to improve battery performance. Higher
Zn2þ content facilitates degradation kinetics and leads to
increased CEI resistance, suggesting that while Zn2þ impacts
the structure and transport of the SE, it may also accelerate
decomposition processed at higher potentials.[26] Furthermore,
Morino analyzed the degradation rate of the interface in a
LPSCl:LiNbO3-coated LiNi0.5Co0.2Mn0.3O2 composite, varying the
upper cutoff potential from 3.63 to 3.93 V versus In/InLi. The study
revealed that the capacity fading depends on the extent of inter-
facial decomposition and that the activation energy of the cell
degradation constant behaves antiproportional to the cutoff
potential.[27] Understanding the degradation kinetics of cathode
composites at different cutoff potentials is essential to unlock the
full potential of solid-state batteries by counteracting detrimental
behavior/processes. Degradation processes, including interfacial
reactions, phase transition, and mechanical failures, directly
impact the cycle life, rate performance, and overall reliability
of these batteries. Yet, the mechanisms driving these degradation
processes remain poorly understood.

This study aims to provide a template to systematically
investigate the degradation kinetics of cathode composites
to help improve this understanding. Herein, we use a
LiNi0.83Co0.11Mn0.06O2 (NCM-83) cathode composite with LPSCl
as catholyte and applying different upper cutoff potentials in
the range of 3.4–3.9 V versus In/InLi, that is, 4.0–4.5 V versus
Liþ/Li. By examining this system electrochemically, we seek to
uncover the underlying mechanisms that influence the cathode
stability and performance in this system to provide a base for
further systematic optimization of the single components. In thor-
oughly analyzing the effects of cutoff potential on the systems
cycling and C-rate performance, and by monitoring interphase
formation at the LPSCl|NCM-83 interface as a function of time
using electrochemical impedance spectroscopy (EIS), this work
aims to identify optimal cycling conditions that maximize energy
output while maintaining the electrochemical properties of the
cathode. Utilizing the well-established correlation between
SOC and internal resistance[19,20,25] (as shown in Figure 1a), this
work uses an EIS measurement procedure to systematically ana-
lyze the CEI formation (Figure 1b). This procedure involves charg-
ing a cell to a defined upper cutoff potential between 3.4 V and
3.9 V versus In/InLi. The cells are continuously maintained at this
potential for 24 h, with EIS performed at 30min intervals to assess
the time-dependent impact of the potential hold. Subsequently,
the cell is cycled for 25 cycles at 0.1 C, with EIS conducted after
each discharge and charge step to investigate the reversibility of
certain processes upon the initial discharge and to examine the
influence of different oxidative potentials on CEI formation during
cycling.

This work demonstrates that the cycling performance, C-rate
behavior, and the kinetics of the CEI formation are tightly linked
to the SOC. While the obtained capacities are higher at increased
cutoff potentials, a limit in obtained capacity is visible above a
threshold of 3.8 V versus In/InLi. This is also visible at higher
C-rates, implying better transport properties at higher potentials

with higher current densities. In addition, EIS unveils two distinct
jumps in the CEI growth rate after 3.6 V and 3.8 V versus In/InLi,
which can be linked to the trends in cycling and C-rate perfor-
mance. Overall, this work provides insights into the relationship
of CEI formation and the SOC of nickel-rich CAM and helps under-
stand the impact of the cutoff potential on solid-state battery
cycling performance.

2. Results and Discussion

2.1. Solid-State Battery Cycling

The initial charge–discharge curves of one cell for each cutoff
potential with 0.1 C are displayed in Figure 2a. Charge and dis-
charge curves of selected cycles are exemplary shown for 3.4 V
and 3.9 V versus In/InLi in Figure 2b. The charge and discharge
curves of selected cycles for the other cutoff potentials are dis-
played in Figure S2, Supporting Information. The general shape of
the curves during cycling is similar for all cutoff potentials. Upon
initial charge, all curves show identical steadily increasing
achieved capacities until the chosen cutoff potential is reached.
This shows that the specific charge capacity is potential depen-
dent and higher capacities can be expected for higher
potentials (Figure S3, Supporting Information). The charge capac-
ity fading during cycling at 3.4 V and 3.9 V versus In/InLi from first
(159� 3mAh·g�1 and 225� 7mAh·g�1) to 25th (126� 17mAh·g�1

Figure 1. a) Illustration of the CEI growth at different cutoff potentials and
the correlation between SOC and internal resistance. b) Schematic overview
of the EIS measurement procedure carried out in this work. After an initial
rest step, followed by a first EIS measurement, the cell is charged to a
selected upper cutoff potential between 3.4 and 3.9 V versus In/InLi. This
potential is held for 24 h, and EIS measurements are conducted every
30min. After this 24 h potential hold regime, the cell is discharged to 2.0 V
versus In/InLi and then cycled for 25 cycles in the potential range between
2.0 V and the selected upper cutoff potential, with EIS measurements
carried out after each discharge and charge cycle. All measurements are
performed at 25 °C at a C-rate of 0.1 C.
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and 170� 3mAh·g�1) to 50th cycle (127� 20mAh·g�1 and
162� 11mAh·g�1) seems to be stable after the initial cycle at all
cutoff potentials. The discharge curves of cells cycled with an upper
cutoff potential of 3.4 V and 3.9 V versus In/InLi exhibit a similar
trend, meaning the obtained capacities drop during cycling from
116� 4mAh·g�1 and 176� 8mAh·g�1 (first cycle) to 109� 8
;mAh·g�1 and 170� 12mAh·g�1 (25th cycle) to 107� 7mAh·g�1

and 161� 12mAh·g�1 (50th cycle).
Figure 3a displays the average cycling performance of half-

cells over 50 cycles at each upper cutoff potential between 3.4 V
and 3.9 V versus In/InLi in 0.1 V steps with their respective stan-
dard deviation. The cycling data for all individual cells is depicted
in the Supplementary Information Table S1 and Figure S4. The
averaged initial specific charge capacities of the cells are
159� 3mAh·g�1 (3.4 V), 174� 1mAh·g�1 (3.5 V), 196� 7mAh·g�1

(3.6 V), 212� 2mAh·g�1 (3.7 V), 220� 5mAh·g�1 (3.8 V), and
225� 7mAh·g�1 (3.9 V), respectively. The observed capacity loss fol-
lowing the initial cycle is likely due to a combination of electrolyte
decomposition, triggered by its instability in contact with the NCM,
structural changes, and kinetic limitations during discharge.[28,29] The
invariance of the averaged state of health with respect to cutoff
potential (Table S1, Supporting Information) suggests that the
capacity retention is independent of the applied upper cutoff poten-
tial. In contrast, the specific charge capacity increases with higher
cutoff potentials, indicating more extensive lithium deintercalation
from the cathode composite during cycling.[19] However, this trend
does not persist beyond a cutoff potential of 3.8 V versus In/InLi, at
which point the specific capacity reaches a plateau. This observation
suggests that the maximum extent of lithium extraction from the
cathode is achieved at 3.8 V, as no further increase in capacity is
observed when charging to 3.9 V versus In/InLi. To show this inmore
detail, the capacity of selected cycles is shown against the respective
cutoff potential in Figure 3b. The specific capacity increases until
3.8 V versus In/InLi, where it reaches a plateau. The C-rate perfor-
mance tests (Figure 3c,d and Figure S5, Supporting Information)
confirm this behavior, showing that although higher cutoff poten-
tials improve charge capacity and rate performance, a maximum is
reached at 3.8 V versus In/InLi across all C-rates. These results imply

that the electrolyte degradation proceeds independently of the
applied current density. However, the uncertainties of the obtained
capacities increase with increasing C-rates. This emphasizes that
contact loss between the SE and the electrode material, together
with the transport limitation within the composite, has a greater
influence at higher C-rates or that the higher C-rates may favor these
transport limitations in the first place.[30] In Figure 3e, the rate depen-
dency of the capacity is exemplarily described for one cell each
(all cells are depicted in Figure S6, Supporting Information) with
the semi-empirical fit (Equation 1[31]) recently introduced by Tian
et al. and uses the practical rate r instead of the conventional C-rate.
The practical rate (Equation 2[31]) considers the achieved capacity
instead of the theoretical capacity of the CAM and is described
by the applied current I and the experimental capacity at that cur-
rentQexp(I). This rate capability analysis has been recently adapted to
solid-state batteries.[32,33]

QCAMðrÞ ¼ QCAM,0 ⋅ 1� ðrτÞn ⋅ 1� eð�rτÞ�n� �� �
(1)

r ¼ I=QexpðIÞ (2)

The rate-dependent measured specific capacity is repre-
sented by QCAM(r) and QCAM,0 corresponds to the low-rate specific
capacity. The parameter τ describes the transition point from low-
rate behavior to high-rate capacity decay and the parameter n
describes the slope of the accelerated capacity decay at high
practical rates. The averaged values of τ and n obtained from this
fit are presented in Figure 3f for all cutoff potentials. The deter-
mined τ and n values (Table S2 and S3, Supporting Information)
are in a similar range for all cutoff potentials, indicating a similar
rate performance. Thus, implying the electrolyte degradation
does not influence the transport within the electrode.

2.2. Electrochemical Impedance Spectroscopy

The underlying cause for the different cycling performance over
50 cycles and the C-rate performance requires a more thorough
investigation. Therefore, the degradation of the composite

Figure 2. Cycling performance of In/InLi|Li6PS5Cl|NCM-83:Li6PS5Cl half-cells at different upper cutoff potentials between 3.4 V and 3.9 V versus In/InLi in
0.1 V steps. a) Showing the charge–discharge curves at 0.1 C of the 1st cycle, respectively. b) Charge discharge curves of the 1st, 25th, and 50th cycle for
one cell of the upper cutoff potentials 3.4 V and 3.9 V versus In/InLi.
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materials at contact points of NCM-83 and LPSCll,[18,19] along with
the formation of a CEI layer, is evaluated at all cutoff potentials
using EIS. The measurement procedure, schematically described
in Figure 1b, is split into two parts for the following discussion, the
potential hold regime and the cycling regime.

2.2.1. Potential Hold Regime

Representative electrochemical impedance spectra recorded dur-
ing the potential hold regime are depicted in Figure 4, while the
other spectra and the corresponding Bode plots for the measure-
ments after 30 min and 24 h for all potentials are displayed in
Figure S7 and S8, Supporting Information. Figure 4a,b shows

the impedance spectra for a 3.4 V versus In/InLi cutoff potential
after 30 min and 24 h, respectively. In addition, the equivalent cir-
cuit used for fitting every single impedance spectrum is depicted,
assuming five different underlying processes in the system. The
equivalent circuit, which allowed a reasonable fit, consists of a
preresistance, three (RQ) elements, and a constant phase element
(CPE). The capacitances of the fitted RQ-elements were compared
with those of typical processes in solid-state batteries,[25,34] which
lead to the following assignment: The first process corresponds to
the bulk resistance within the SE, denoted as RSE,bulk. The partial
impedance at the grain boundaries within the SE is represented
as RSE,grain. The interface between the SE and the CAM is charac-
terized by the partial impedance RSE/CAM, whereas the interface

Figure 3. Cycling performance of In/InLi|LPSCl|NCM-83:LPSCl half-cells at different upper cutoff potentials between 3.4 V and 3.9 V versus In/InLi in 0.1 V
steps. a) Averaged charge capacities of triplicates cycled for 50 cycles at 0.1 C ( j= 0.214 mA·cm�2), respectively. b) Charge capacities plotted against the
cutoff potential for every fifth cycle, respectively. c) Averaged C-rate performance test In/InLi|LPSCl|NCM-83:LPSCl half-cell triplicates at different upper
cutoff potentials between 3.4 V and 3.9 V versus In/InLi in 0.1 V steps. d) Average charge capacities plotted against the cutoff potential for every C-rate step,
excluding the initial cycle, respectively. e) Specific charge capacity versus rate for the data taken from averaged rate capability exemplarily shown for one
cell each and f ) n and τ values gained from the fit with Equation (1).
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between the SE and the anode is represented by the partial imped-
ance RSE/anode. Lastly, a constant phase element (CPE) is incorpo-
rated in the low frequency range to model the Liþ diffusion
into the electrode. The time-dependent increase in total resistance
is mainly driven by the growth of the SE|CAM interface resistance
(RSE/CAM), likely resulting from electrolyte degradation at the inter-
face. This indicates that the degradation reactions at the LPSCl|
NCM-83 interface do not stop with time, which is visible through-
out the potential hold (Figure 4c) and is evenmore pronounced for
the higher upper cutoff potentials (Figure S7, Supporting
Information, and Figure 4d). Clearly, the degradation is SOC depen-
dent for this system and therefore enables monitoring and extrac-
tion of the kinetics of the CEI formation at the different SOCs.

Based on this degradation behavior over time and the corre-
lation between resistance and t0.5, the CEI growth rate can be
determined for each SOC.[19] For this established correlation, a
Wagner-type model is employed to describe the diffusion-
controlled degradation, which correlates the growth rate of
the CEI to the migration of ionic and electronic charge carriers.[19]

Assuming that the partial conductivities and the chemical poten-
tial of Li across the CEI layer within a cell remain relatively con-
stant during the measurement, we can apply Equation (3)[19] to
describe the correlation of the CEI resistance and t0.5.

RCEI ¼
1

SσCEI

⋅

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vm

xF2 ⋅
σLiþ ⋅ σe�

σLiþ þ σe�
⋅ ΔμLi

s
⋅

ffiffi
t

p ¼ 1
SσCEI

⋅ k
ffiffi
t

p ¼ k�
ffiffi
t

p

(3)

In this equation, S represents the contact area, σCEI describes
the average ionic conductivity, and Vm denotes the average molar
volume of the CEI layer. The variable x quantifies the number of
moles of Li extracted from LPSCl, while F corresponds to Faraday’s
constant. σþ

Li and σ�
e describe the mean partial ionic and

electronic conductivities. The chemical potential difference of
Li across the CEI layer, which acts as the driving force for the
CEI growth, is represented by ΔμLi. The growth rate, in relation
to the thickness, is indicated by the rate constant k, while the
further simplified growth rate in relation to resistance is repre-
sented by k*, respectively. The dependance of the partial resis-
tance RSE/CAM on t0.5 is displayed in Figure 5a for the upper
cutoff potentials 3.4–3.9 V versus In/InLi, exhibiting near-linear
behavior. This shows that not only the total resistance but mostly
RSE|CAM increases with time and increasing cutoff potential. The
slope of the fitted linear behavior can then be correlated with
the growth rate k* of the interface between the SE and the
CAM (Equation (3)). This interface growth rate k*, presented in
Figure 5b, increases relatively slowly up to an upper cutoff poten-
tial of 3.6 V versus In/InLi (10.9� 0.8Ω h�0.5), where a sudden
increase to 3.7 V versus In/InLi (61.3� 1.1Ω·h�0.5) can be
observed. Between 3.8 V (76.3� 1.4Ω·h�0.5) and 3.9 V versus
In/InLi (439.4� 6.9Ω·h�0.5), an even more significant increase is
visible. These steep increases in growth rate denote that the deg-
radation of the SE in contact with NCM-83, and with that, the for-
mation of a CEI proceeds slowly at 3.4 V versus In/InLi and faster
with increasing cutoff potential. This may indicate that the
degradation products itself change as a function of SOC, further
corroborating the suggestion by Zuo et al. that the amount of
sulfate/sulfite (SO�

3 ) and phosphate (PO�
3 ) fragments increases

with elevating potential.[19] In general, the growth rate k* is larger
over all cutoff potentials compared to LGPS|NCM-622 compo-
sites,[19] suggesting that the decomposition products formed
at the LPSCl|NCM-83 interface are more detrimental for the
lithium-ion transport. Interestingly, when compared to
Li5.5PS4.5Cl1.5|NCM-83 or Li5.3Zn0.1PS4.5Cl1.5|NCM-83 composites,[26]

the growth rates k* seem to be similar up to 3.5 V versus In/InLi.
However, the growth rate k* is higher for LPSCl|NCM-83

Figure 4. Nyquist plots of EIS data during the 24 h potential hold. The equivalent circuit used for fitting and the microscopic transport/transfer steps,
which are assigned to the semicircles RSE,grain (red), RSE/CAM (purple) and RSE/anode (green), are shown in two exemplary spectra for 3.4 V versus In/InLi after
a) 30 min and b) 24 h of potential hold. The evolution of the total impedance during the 24 h of potential hold with measurements every 30min is
displayed for c) 3.4 V versus In/InLi and d) 3.9 V versus In/InLi over every 2.5 h from 30min to 24 h.
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composites at 3.7 V versus In/ and lower at higher cutoff poten-
tials. This suggests that the lower amount of chloride—and with it
more sulfide—in the catholyte LPSCl affects the degradation

kinetics, which is in accordance to the findings of Zuo
et al.,[35] who could determine different amounts of the decom-
position products when comparing these two SEs.

Figure 5. The resistance RSE/CAM extracted from the fitted impedance data for the upper cutoff potentials a) 3.4 V–3.9 V versus In/InLi over the square root
of time t0.5. The growth rate which can be extracted from the slope shown in (a) is displayed in (b).

Figure 6. a–d) Nyquist plots of EIS data during cycling regime after the 24 h potential hold regime. The equivalent circuits used for fitting and the micro-
scopic transport/transfer steps assigned to the semicircles RSE,grain (red), RSE/CAM (purple), and RSE/anode (green) are shown in two exemplary spectra for 3.4 V
versus In/InLi after a) the first and b) the 25th cycle after the potential hold. The evolution of the total impedance during cycling regime is displayed for
every fifth cycle from first to the 25th cycle of c) 3.4 V versus In/InLi and d) 3.9 V versus In/InLi. The resistance RSE/CAM extracted from the fitted impedance
data for all upper cutoff potentials over every fifth cycle from the first cycle to the 25th cycle is shown in (e) and the capacities during the cycling perfor-
mance of the cycling regime is compared with the first 25 cycles of the cycling performance over 50 cycles for the cutoff potentials 3.4 V, 3.6 V and 3.8 V
versus In/InLi.in (f ).
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2.2.2. Cycling Regime

The cycling regime, which contains cycling the cell for 25 cycles
after holding the respective upper cutoff potential for 24 h and
keeping the cells in a charged state, is exemplarily shown for 3.4 V
and 3.9 V versus In/InLi in Figure 6. The cycling regime for the
other potentials is displayed in Figure S9, Supporting
Information, and the Bode plots of the measurements after
30min and 24 h for all potentials are depicted in Figure S10,
Supporting Information. Figure 6a,b shows the impedance spec-
tra for a 3.4 V versus In/InLi cutoff potential after the first and the
25th cycle, respectively, and the equivalent circuit used for fitting
every single impedance spectrum, which is the same as used dur-
ing the potential hold regime. A comparison of the impedance
spectra after each cycle (Figure 6c,d and Figure S9, Supporting
Information) shows that the overall resistance increases with ele-
vating cutoff potential. The total resistance remains approxi-
mately the same or rises slightly with increasing number of
cycles for the cutoff potentials up to 3.5 V versus In/InLi. At higher
cutoff potentials, the total resistance decreases during cycling.
However, when looking at the resistance RSE|CAM associated with
the SE|CAM interface (Figure 6e), it seems that it stays similar
within a cutoff potential up to 3.6 V versus In/InLi, while it
decreases for the higher cutoff potentials in the first cycles until
it reaches a plateau. The results might indicate that the degrada-
tion of the SE in contact with NCM-83 and the associated CEI for-
mation predominantly occurred during the 24 h potential hold at
cutoff potentials of 3.4 V and 3.6 V versus In/InLi. In contrast, at
higher cutoff potentials, these processes appear to continue
during subsequent cycling. Comparing the resulting internal
resistances of the 24 h potential hold regime (Figure 4c,d) with
those of the first cycle afterward (Figure 6c,d), it becomes clear
that it significantly decreases upon the start of cycling. This leads
to the assumption that the decomposition is partially reversible,
as previously stated from Auvergniot et al.[21] and Koerver et al.[25]

Suggesting that the CEI formed during degradation is redox
active. Integrating the findings from both the potential hold
and cycling regimes suggests that higher cutoff potentials accel-
erate the CEI growth rate through intensified electrolyte decom-
position, resulting in increased accumulation of SO3

� and PO3
�

fragments. These interfacial changes are likely key contributors
to the enhanced capacities observed at higher cutoff potentials.
When comparing the capacities reached during the charge steps
of the cycling regime with those of the cells that have been
cycled for 50 cycles without the potential hold (Figure 3a), a sim-
ilar trend and values can be observed. This is exemplarily
depicted in Figure 6f for 3.4 V, 3.6 V, and 3.8 V versus In/InLi
(Figure S11, Supporting Information, contains all cutoff poten-
tials). It shows that cells with a potential hold regime prior to
the cycling regime do not exhibit the capacity drop after the first
cycle, which is visible for cells without a prior potential hold. This
suggests that the processes responsible for the initial capacity
loss occur during the potential hold regime. Both cycling meth-
ods reach a similar capacity region after a few cycles for all cutoff
potentials (detailed view in Figure S12, Supporting Information),
revealing that the CEI formation of both methods is comparable.

This indicates that keeping the half-cells at a fixed potential for
24 h does not have a detrimental effect on the cycling perfor-
mance, but can rather serve as an initial formation step.

3. Conclusion

The decomposition kinetics of the LPSCl|NCM-83 composite were
quantitatively studied via SOC dependent studies, showing an
exponential increase of the CEI growth rate from 3.7 to 3.9 V ver-
sus In/InLi. This strong rise in growth rate indicates a significant
increase in electrolyte degradation. In addition, the cell cycling
unveiled a plateau of the reached capacity at ≥3.8 V versus In/
InLi, which is likely due to a limit of accessible lithium-ions within
the cathode. Comparing the cycling performance with and with-
out a prior potential hold shows no significant differences,
unveiling that a potential hold does not have a strong impact
on the cycling performance, while simultaneously offering
important insights on the CEI growth rate. In addition, this work
shows that a prior potential hold can be seen as a formation step
to remove the typically found first cycle capacity drop in solid-
state batteries. This work presents an efficient matrix for the
comprehensive electrochemical analysis of novel materials
and material combinations in solid-state batteries, while
enabling a more precise identification of the optimal voltage
range for solid-state battery materials. The approach offers a
versatile tool for advancing the understanding and develop-
ment of next-generation battery systems. The application of
the matrix in this work reveals new insights into the complex
interplay between SOC-dependent cycling, CEI growth rate,
and transport dynamics. The findings contribute significantly
to the understanding of performance-limiting mechanisms in
sulfide-based solid-state systems.

4. Experimental Section

Synthesis and Characterization of the Solid Electrolyte

The synthesis of LPSCl was carried out under argon atmosphere in a
glovebox (H2O< 0.5 ppm, O2< 0.1 ppm). A stoichiometric ratio of
lithium chloride LiCl (Alfa Aesar, 99.99%), lithium sulfide Li2S (Alfa
Aesar, 99.99%), and diphosphorus pentasulfide P2S5 (Sigma–
Aldrich, 99%) was hand ground in an agate mortar for 15min.
Afterward, the mixture was pressed into pellets and filled into
carbon-coated quartz ampoules (inner Ø= 10–12mm), which have
been dried prior for 2 h at 800 °C under dynamic vacuum. The
ampoules were then sealed under vacuum, transferred into a tube
furnace, and heated with a heating rate of 100 °C h�1 to 550 °C.
Annealing of the pellets then took place for 2 weeks at 550 °C.
After natural cool down and hand grinding for 15min, the final prod-
uct powder LPSCl was obtained and stored in a glovebox under
argon atmosphere to prevent contact with oxygen or moisture. A
BioLogic VMP–300 Potentiostat was used to determine the conduc-
tivity of the SE via EIS on 200 mg of LPSCl in a cell casing between two
steel stamps as current collectors. In addition, the phase purity of
LPSCl was verified by powder X-ray diffraction (Stoe STADI P,
2θ= 10°–70°, Cu Kα: λ= 1.54 Å) and Raman spectroscopy (Bruker
Senterra Raman microscope, 532 nm excitation laser, 2 mW laser
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power, spectra range 47–1548 cm�1, spectral resolution = 3–5 cm�1).
The full characterization can be found in the supplementary informa-
tion (Figure S1, Supporting Information).

Preparation of the Cathode Composite

Commercially available LiNi0.83Co0.11Mn0.06O2 (NCM-83, MSE Supplies)
was used in this work, dried in a Büchi B–585 glass oven at 250 °C in
dynamic vacuum for 36 h prior to use. The cathode composite was
produced by mixing NCM-83 and LPSCl (as prepared above) in a
weight ratio of 70:30 in batches of 100mg each via soft milling
by using five ZrO2 balls with a diameter of 5 mm in 15mL cups
for 15 min at 15 Hz in a frequency shaker mill (Fritsch pulverisette
23 Mini Mill).

Cell Assembly

All solid-state battery half-cells[36] were built inside a glovebox
under argon atmosphere using airtight press cells in the cell
configuration In/InLi|LPSCl|NCM-83:LPSCl. First, 60 mg of LPSCl were
filled in the cell as a separator and compacted using a hand press
to archive a uniform layer. On one side of the separator, 12 mg of
the cathode composite were evenly distributed. The two layers
were then densified for 3 min with a uniaxial press using a pressure
of three tons. Afterward, an indium foil (Ø= 9 mm; chemPUR;
100 μm thickness; 99.99%) was placed on the anode side. A freshly
prepared lithium foil (1.5 mg; abcr; 99.8%) was placed on the center
of this In foil. A constant pressure of 50 MPa during the electro-
chemical measurements via an Al frame. Before cycling, the cells
were left to rest for 6 h at 25 °C to ensure pressure equilibration
as well as InLi alloy formation.[37]

Cell Cycling

To investigate the influence of the SOC on the cycling stability over
50 cycles and the C-rate performance of an NCM-83:LPSCl
(70:30 wt%) cathode composite in solid-state half-cells, six different
upper cutoff potentials between 3.4 V and 3.9 V versus In/InLi in 0.1 V
steps were used for all cell tests in this work, corresponding to 4.0 V
and 4.5 V versus Liþ/Li. To assure reproducibility, triplicate measure-
ments were carried out for each cutoff potential for long-term cycling
and rate performance.[38] Both tests were conducted using a MACCOR
(Series 4000) and carried out in a climate chamber (Binder) at 25 °C.
The half-cells were cycled for 50 cycles in a potential window
between 2.0 V versus In/InLi, corresponding to 2.6 V versus Liþ/Li,
and one of the six predefined upper potentials applying a current
density of j= 0.214 mA cm�2 (corresponding to a C-rate of 0.1 C).
The rate performance tests were conducted in the same
potential window using the C-rates C/20 (0.107mA cm�2), C/10
( j= 0.214mA cm�2), C/5 ( j= 0.428mA cm�2), C/2 ( j= 1.070mA cm�2),
and 1 C ( j= 2.140mA cm�2). The stated current densities correspond
to 8.4 mg of the CAM and were adjusted to the actual CAM masses of
each cell. EIS measurements were performed at a BioLogic VMP–300
potentiostat in a climate chamber at 25 °C using an AC voltage of
10mV in a frequency range of 7MHz to 10mHz. For EIS measure-
ments, the half-cells were charged to one of the six upper cutoff poten-
tials. The respective cutoff potential was held for 24 h, and during this
time, EIS was carried out every 30min. After the 24 h potential hold
regime, the cells were cycled for 25 cycles, starting with a discharge
to 2.0 V followed by a charge to the potential chosen for the 24 h
potential hold, with EIS measurements recorded after each charge
and discharge cycle. The RelaxIS3 software package (rhd instruments)
was used for the evaluation and fitting of the impedance spectra.
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