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ABSTRACT: Fast and reliable evaluation of degradation and performance of cathode active 
materials (CAMs) for solid-state batteries (SSBs) is crucial to help better understand these 
systems and enable the synthesis of well-performing CAMs. However, there is a lack of well-
thought-out procedures to reliably evaluate CAMs in SSBs. Current approaches often rely on X-
ray photoelectron spectroscopy (XPS) for the evaluation of degradation. Unfortunately, XPS 
sensitivity is not very high, and minor but relevant degradation products may not be detected 
and distinguished. Furthermore, degradation caused by the current collector (CC) itself is 
usually not distinguished from CAM-induced degradation. This study uses a modified CC, 
which allows us to separate electrochemical degradation caused by the CC from degradation at 
the CAM itself. Using this CC, we present an approach using time-of-flight secondary ions mass 
spectrometry (ToF-SIMS) that offers h igh s ensitivity a nd r eliability. P rincipal component 
analysis (PCA) is applied to differentiate secondary ions as well as identify those mass fragments 
that correlate with degradation products. This approach also enables distinguishing between 
different pathways o f degradation. To evaluate t he k inetic performance o f t he s amples, three-
electrode rate tests are performed. Electrochemical characterization evaluates the kinetic performance of the samples under 
investigation. The samples are finally rated with a score that allows a reliable comparison between the different materials and offers a 
complete picture of the materials′ characteristics in terms of electrochemical performance and degradation.
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INTRODUCTION
Solid-state batteries (SSBs) are potentially able to surpass
liquid-based lithium-ion batteries with increased energy and
power density.1−3 In SSBs, the liquid electrolyte is at least
partially replaced by a single ion conducting solid electrolyte
(SE).4−6 In SSB cells, a dense solid electrolyte (SE) separator
separates the anode and the cathode and thus stops any
chemical crossover. In academic research, various negative
electrode materials are used. The two-phase systems In/InLi
and Li4Ti5O12/Li7Ti5O12 (LTO) are often chosen because of
their constant electrode potentials independent from the state-
of-charge (SOC) and their excellent stability together with
SEs.7−10 Lithium metal provides the highest specific capacity
and leads to a high energy density of full cells.11 Recently,
silicon gained attention for use as an anode material in both
LIBs and lithium SSBs.12 A high specific capacity of 3590
mAh/g and its low potential of 0.4 V versus Li+/Li make it
suitable for high-energy density applications without the risk of
dendrite formation.13 Although first investigations of the Li−Si
system date back as far as 1976 and first applications were
presented more than 20 years ago, the use of the materials
remains challenging.14−16 High volume changes of up to 300%
makes silicon electrodes with a long cycle life challenging, and

a trade-off between a high volumetric energy density and long
cycle-life has to be found.12

As cathode active materials (CAM), mostly layered oxides
(LixNiyCozMn1‑y‑zO2, NCM) and LiFePO4/FePO4 are
used.17−21 These materials provide the best energy densities
for SSB and offer high potentials as well. For SEs, usually three
groups are distinguished: first, oxides, such as cubic
Li6.25Al0.25La3Zr2O12 (LLZO) and Li1+xAlxTi2−x(PO4)3
(LATP).22−26 Despite their good electrochemical stability,
their use is hampered by an ionic conductivity (usually <1 mS/
cm) that is too low for high-energy and high-power composite
electrodes, and their difficult processability due to their
hardness and brittleness. Polymer electrolytes like poly-
(ethylene oxide) (PEO), for example, with lithium bis-
(trifluoromethane)sulfonimide (LiTFSI) as conducting salt,
have excellent mechanic properties and processability.27−31

However, the ionic conductivity is even lower at room
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temperature and the transference number of the Li+ ions is
small (σ < 1 mS/cm at 80 °C, t+ ≈ 0.2).32 Thiophosphates
(often also named as sulfides for simplicity) and ordered solid
solutions with halides or metal sulfides such as Li6PS5Cl
(LPSCl)33 or Li10GeP2S12 (LGPS)

34 are often seen as the most
promising candidates because of their superior ionic
conductivity of up to 32 mS/cm at room temperature and
their good mechanical properties.35

The combination of thiophosphate-based solid electrolytes
and NCM active materials, however, leads to different types of
degradation.36,37 First, morphological degradation takes place.
This is due to the expansion and contraction of the CAM
during charge and discharge, which leads to contact loss and
cracking of the active materials' particles ultimately leading to
high overpotentials and a lower practical capacity in the cell.8,18

Second, when used in cathode composite electrodes,
thiophosphate SE tend to decompose at high potentials,
forming reactive oxygen and posing problems with long-term
stability. Coatings of CAMs are a widespread approach to
mitigate the degradation at the interface between the CAM
and SE.38,39 Additionally, they are used to increase the rate
capability of the system by lowering the charge-transfer
resistance between the CAM and the SE. Examples for
coatings of cathode active materials are found frequently in the
literature and the need for coatings of CAMs in all solid-state
cells was already recognized by Ohta et al. in 2007.38 The
analyses reported in literature usually focus on the evaluation
of a single coating in comparison to a not intentionally coated
material, namely, a CAM with natural surface residues such as
Li2CO3 and LiOH. These analyses are often combined with
electrochemical tests such as electrochemical impedance
spectroscopy (EIS), rate tests, and long-term cycling as well
as post-mortem analysis with X-ray photoelectron spectrosco-
py (XPS) and time-of-flight secondary ion mass spectroscopy
(ToF-SIMS).10,37,38,40−44

Since cathode degradation is caused both by morphological
degradation of the CAM as well as by chemical degradation
and as these contributions are not further differentiated, it is
often unclear which factors contribute to a well working
coating. Furthermore, coating compositions are difficult to
assess due to the nature of only several nanometer thin films.45

The positive effects of a coating are mostly attributed to their
bulk properties, although the exact composition is unclear as
lithium residual compounds can become part of the actual
coating. Effects like the microstructure, residues on the CAM
surface, and exact stochiometric compositions are not taken
into consideration. Due to these limitations, only general and
unspecific statements about coatings are found in the literature.
It remains unclear which coating parameters, such as the
coating thickness, ratio of precursor materials, annealing
temperature, and so on, are leading to the best results. Finding
optimal coatings is therefore quite difficult, and fundamental
knowledge on the mechanism of the function of coatings is still
mostly unknown. Apparently, the previous analytical ap-
proaches are not sufficient to completely characterize a
coating; better and more reliable techniques are needed to
allow for a better understanding of the functionality of different
coating materials and techniques.
In this paper, we describe a fast and reliable approach to

investigate the degradation of thiophosphate solid electrolytes
with ToF-SIMS, allowing a direct comparison of different
coatings. A full characterization includes the analysis of the
coating microstructure as well as composition, electrochemical

characterization such as the initial capacity, Coulombic
efficiency, and rate tests as well as analysis of the degradation
products caused by electrochemical and chemical decom-
position at the SE|CAM interface. Structural degradation such
as cracking and contact loss between the SE and the CAM is
not included here as this highly depends on the CAM, the SE,
and other additives used in the cell as well as the pressure that
is applied during cycling. This is also why this study does not
include long-term cycling data. According to the literature, the
morphological degradation in SSBs can be severe. This effect is
dominated by the choice of SE, specifically the crystallinity of
SE, and the choice of additives. The addition of flexible
binders, for example, reduces the effect of morphological
degradation.18 Introducing a binder to the cathode composite
complicates the cathode composite further and makes the
analysis more complicated. Here, we reduce the complexity of
the system as much as possible without compromising the
functionality of the cell; our target is the role of the coating.
Our strategy to investigate degradation in all-solid-state cells

relies on a straightforward workflow: Electrochemical degra-
dation is quantified by a novel ToF-SIMS analysis approach
with higher sensitivity and less variance in the data by using a
modified CC. Electrochemical measurements and rate tests are
performed using a three-electrode setup to secure that only the
cathode kinetics is investigated. No further additives are used
to make sure that the differences in the performance arise from
the differences in the active material itself. Combining both
ToF-SIMS and electrochemical data allows for a complete
assessment of the active material. Results are displayed in a
radar chart that represents the effect of the coating on the
interfacial degradation and the performance. This allows a fast
comparison of different coatings and paves the way to finding
the best coating for high-performance NCM composite
cathodes.

EXPERIMENTAL SECTION
Materials. For the fabrication of all-solid-state battery cells,
commercially available crystalline SE Li6PS5Cl with a measured ionic
conductivity of σ = 1.4 mS/cm (NEI Corp., NJ, USA) was used
without further modification. The Li6PS5Cl SE was received and
stored in an argon-filled glovebox to maintain its integrity with
impurity levels of oxygen (p(O2)/p < 1.0 ppm) and water vapor
(p(H2O)/p < 1.0 ppm) being meticulously controlled. Prior to
assembly, the indium foil (100 μm thickness, chemPUR, Germany)
was subjected to vacuum-drying at 60 °C for at least 48 h. The lithium
metal (abcr GmbH, Germany) used in this study was also stored in
the argon-filled glovebox. The lithium foil was prepared by
compressing small pieces (∼5 mg) of lithium between pouch bag
foils, resulting in a final thickness of approximately 200 μm. Out of
these foils, discs with a 4 mm diameter were punched out. The CAMs
were provided by BASF SE and underwent vacuum-drying at 250 °C
for 12 h prior to utilization. The uncoated CAM is Li-
Ni0.85Co0.10Mn0.05O2 (NCM85, d50 = 3.5 μm, d90 = 5.0 μm), and all
other coated CAMs were made using this base CAM.

Cell Setup. The basic cell setup used in this study can be found in
previous publications.7,46 A few modifications were applied to the
setup to better suit the needs for this study which are described
below.47

Current Collectors (CCs). CCs for three-electrode measurements
were made of stainless steel with a polished surface toward the SSB
pellet to ensure maximum surface smoothness and homogeneity of
the pellets built. All CCs were polished with a 250 nm polycrystalline
diamond suspension in the last step, and only freshly polished CCs
were used for cell construction.
CCs for ToF-SIMS measurements were produced by gluing an

Al2O3 cylinder into a stainless-steel CC as shown in Figure 1. These



CCs were subsequently polished with the same procedure as that for
the pure steel CCs.

Two-Electrode Setup and Cycling. Cells for degradation studies
with ToF-SIMS were built according to the following procedure. 60
mg of Li6PS5Cl was pressed with a hand-press to form a SE separator
layer. On top of the resulting pellet, 12 mg of the cathode composite
(80 wt:20 wt CAM:SE) was distributed homogeneously, and the
whole pellet was pressed at 374 MPa for 3 min. Afterward, indium foil
(9 mm diameter, 100 μm thickness) and lithium foil (4 mm diameter,
∼200 μm thickness) were placed on the other side of the solid
electrolyte separator. The complete cell was held at a constant
pressure of 50 MPa during cycling.
The cells were cycled at 0.05 C (1 C = 1.92 mA ≙ 2.44 mA/cm2)

for 1.5 cycles (charge−discharge−charge) and relaxed overnight until
the start of the ToF-SIMS measurement.

Three-Electrode Setup and Rate Test. Three-electrode cells as
described in the literature were used.47 60 mg of SE was hand-pressed,
and the gold-wire reference electrode was placed on top. Another
layer of 60 mg of SE was put on top, and the pellet was hand-pressed
again. 12 mg of the cathode composite (67 wt:30 wt:3 wt
CAM:SE:carbon) were distributed homogeneously on top, and the
pellet was pressed at 374 MPa for 3 min. Afterward, indium foil (9
mm diameter, 100 μm thickness) and lithium foil (4 mm diameter,
∼100 μm thickness) were placed on the other side of the solid
electrolyte separator. The complete cell was held at a constant
pressure of 50 MPa during cycling.
All cells were cycled at 0.1, 0.3, 1.0, and 2.0 C for two cycles each

with a 2 h rest step in between each charge and discharge step.
ToF-SIMS Measurements. ToF-SIMS measurements were

performed on a TOF-SIMS 5−100 by IonTOF GmbH Germany,
which is equipped with a 25 keV Bi cluster primary ion gun for SIMS
analysis and a dual-source column for depth-profiling with up to 2
keV by using O2+ or Cs+.
The pellet that was used for ToF-SIMS mapping was prepared with

a FIB in a Xe plasma FIB-SEM prior to the measurement as described
below. The surface of the sample was flooded with low-energy
electrons for charge compensation. The measurement was performed
in the negative ion mode with 25 keV Bi32+ primary ions with a total
ion dose of 5 × 1012 ions/cm2, a cycle time of 60 μs in the
spectrometry mode, and a mass resolution of ∼6000. The data were
analyzed with SurfaceLab 7.3 (IONTOF GmbH, Germany).
Comparing ToF-SIMS results requires scaling to account for the

intrinsic heterogeneities of battery samples, including the presence of
more or fewer particles/pores in certain regions or their different
rugosity/topography, which can shield part of the ions generated
through the first ion beam, leading to fewer secondary ions (SI)
detected by the analyzer.
Several procedures can be used for this purpose, the easiest being

scaling the SI count by the total number of SIs detected during the
measurement. Another (conceptually similar) approach consists of
scaling by the number of SIs (peak area) associated with a given
species. In the context of battery electrodes, a possible choice for this

is a peak specifically associated with the active material. In both cases,
however, the data are scaled using the SIs collected over the entire
region of analysis, therefore falling short in accounting for the
heterogeneities inside the region of analysis (i.e., CAM-related SI
signal being much higher in the subregion where a CAM particle
stands and lower in subregions containing pores).
Analyzing smaller regions would overcome or at least minimize this

limitation but at the expense of representativeness. Alternatively, it is
possible to subdivide the region of analysis (in our case, 150 × 150
μm2) into n pixels (in our case, 256 × 256) and analyze the single
spectrum obtained by each of those rather than the overall spectrum.
In other words, it is possible to scale each peak of each spectrum of
each pixel by the total ion count (or by the ions associated with a
reference species) measured from that same pixel. Afterward, the
scaled value of each pixel is summed to reconstruct the data
representative of the entire region of analysis. This approach can
therefore combine the representativeness brought by the analysis of a
relatively large area with the higher accuracy offered by consideration
of its local heterogeneities.
Pixel-by-pixel normalization was used for the data analysis in this

study. The analysis was performed through an in-house Python code,
which performed the pixel-by-pixel analysis on all the peaks identified
as relevant.48 The data are scaled by either the total ion count or a
reference species associated with the CAM (in our case, NiO2−),
offering both of these results. In addition, for each sample, 14 different
regions were analyzed to obtain statistically relevant information. The
code automatically compares all the results obtained by the same
sample and computes the associated statistics (minimum, maximum,
average, median, standard deviation, first and third quartiles). Lastly,
the code can compare the so-obtained results with a reference sample,
allowing us to easily quantify the relative difference (%) between the
reference and the other samples for each species analyzed. For better
clarity, we provide only the average of the signals in the main part of
this publication.

Orbitrap SIMS. The IONTOF M6 Hybrid SIMS has both a ToF
and an OrbiTrap analyzer. In general, the high mass resolving
performance (m/Δm > 240,000 at m/z = 200) and high mass
accuracy (<2 ppm) of the OrbiTrap analyzer enable accurate mass
calibration and signal assignment and are therefore ideally suited to
create a mass list for the investigation of degradation products in
battery electrodes. Parameters for OrbiTrap mass spectra using a
liquid metal ion gun (LMIG) as a primary ion gun were the following:
30 keV Bi3+ as the primary ion species with a primary ion current of
0.210 pA. The field of view was 150 × 150 μm2 with a dose density of
1.00 × 1012 ions/cm2. The ROI was rastered in the random mode
with 51 × 51 pixels and a cycle time of 100 μs in the negative ion
mode. For each sample, three measurements were acquired. The mass
range was from m/z = 50 to 750 and the mass resolution (fwhm) was
m/Δm > 400,000 (at m/z = 78.95, PO3− signal). Using the OrbiTrap
mass spectra, a mass list was generated, which was then applied to
ToF-SIMS measurements. Deviations of the assigned masses were less
than ±10 ppm. OrbiTrap mass calibration was performed once at the

Figure 1. Modified CC were used for ToF-SIMS analysis. The inner part of the CC consists of Al2O3, which is neither ionically nor electronically
conductive. (a, b) Different schematic views on the steel CC rod; (c) top view and (d) cross section of the CC with the alumina area (optical
micrographs).
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beginning of the measurement session using Ag clusters between Ag1
and Ag15 from a reference sample. As the mass calibration remains
stable for >25 h, no recalibration using known peaks from the
spectrum was necessary. Data analysis of M6 Hybrid SIMS
measurements was done with Surface Lab Software version 7.3
(IONTOF GmbH, Münster, Germany).

Principal Component Analysis. For principal component
analysis (PCA), first, the intensities of each fragment as obtained
from ToF-SIMS analysis (normalized to the total ion intensity) were
exported for the cycled and uncycled samples. Both the cycled and
uncycled samples were measured at n ≥ 10 regions for better
reproducibility. As the intensities of different fragments may vary by
multiple orders of magnitude, the PCA was performed in relative
rather than absolute terms. In other words, for each fragment, the
spectrum for which the highest intensity was found was used as a
relative reference. The value of the area underneath this peak was then
scaled to 1, and all of the intensities of the same peak for the other
spectra were scaled accordingly. This approach ensures that the PCA
is not dominated by the SI with the highest intensity and allows
focusing on the relative differences between cycled and uncycled
samples.
The PCA loadings (representing the importance of each SI in

describing the differences between the analyzed samples) were then
used to evaluate the effectiveness of coatings to prevent (electro)-
chemical degradation. This procedure was carried out with a python
code that is available on GitHub.49 A complete mass list used in this
study can be found in Table S1.

Calculation of Degradation Scores. To estimate the degree of
degradation that occurred in the various samples, a raw degradation
score DSraw is introduced as outlined in eq 1, where n is the number of
measurements for a particular sample, m is the specific measurement
spot, f is a fragment, l is the loading of that fragment, and v is the
normalized intensity of that fragment obtained from ToF-SIMS
analysis.

= ×
n

l vDS
1

f
raw

m (1)

Afterward, the raw scores DSraw were scaled such that the uncycled
sample has a value of 0 and the uncoated cycled samples have a value
of 1, resulting in the degradation score DS. Several degradation scores
were computed with a general degradation score where all the
fragments are considered for the score as well as specific degradation
scores where only certain fragments are taken into consideration. For
the polysulfides, phosphate and sulfate degradation scores, namely,
only the fragments labeled polysulfide POy and SOy in Table S2,
respectively, are taken into consideration.

XPS Measurements. X-ray photoelectron spectroscopy (XPS)
measurements were conducted using a PHI5000 Versa Probe II
system (Physical Electronics GmbH) instrument. All specimens were
transferred from the glovebox to the spectrometer by utilizing a
transfer system, ensuring continuous exposure to an argon environ-
ment throughout the process. The analysis employed monochromatic
Al Kα radiation with an energy of 1486.6 eV. The X-ray source was
operated at a power of 50 W and a voltage of 15 kV. The analysis
beam had a diameter of 200 μm. To achieve charge neutralization, a
dual beam system combining an ion beam and a low-energy electron
beam was utilized. Pass energies of 23.50 were used. Data analysis was
carried out using CasaXPS software (version 2.3.22, Casa Software
Ltd.).
Prior to analysis, calibration of the XP spectra was conducted using

a β-Li3PS4 reference material. The calibration was performed with
respect to the signal of adventitious carbon at 284.8 eV. Subsequently,
the signal position of the primary component of the S 2p signal
corresponding to the (PS4)3− units was determined. The XP spectra
of the composite cathodes were calibrated based on the main
component of the β-Li3PS4 reference, thereby mitigating potential
surface effects.
Signal fitting was executed using a Shirley background and GL(30)

line shapes. Standard fitting constraints were implemented, including

theoretical signal area ratios dependent on the orbital (e.g., p orbitals
1:2) and constraints on the full width at half-maximum (fwhm), and
referenced to published values for spin−orbit splitting.

SEM and FIB-SEM Measurements. The SSB pellet was fixed to
the sample holder using nonconductive tape. To ensure minimal
exposure to air, all samples were directly transferred using a LEICA
EM VCT500 transfer system, ensuring a transfer process without
contact with air or moisture.
Focused ion beam (FIB) craters were generated using an XEIA3

Triglav instrument from Tescan utilizing a 30 kV Xenon plasma FIB
operating at a current of 1 μA. Subsequent polishing of the craters was
performed at 30 kV and 100 nA. FIB-scanning electron microscopy
(SEM) measurements were conducted using a XEIA3 Triglav system
from Tescan. SEM images were acquired at a 3 kV beam energy with
a current of 290 pA, employing both a secondary electron detector
and a backscattered electron (BSE) detector.
Further SEM measurements were carried out using a Zeiss Merlin

Gemini instrument. Electron images were obtained using either a
secondary electron or BSE detector.

RESULTS AND DISCUSSION
Experimental Design. Two Pathways of Degradation. In
ToF-SIMS, a so-called primary ion beam scans the sample
surface. During a collision cascade between primary ions and
the sample surface among neutrals and electrons, SIs are also
formed and collected by an electric field. Finally, the SIs are
analyzed by their mass/charge ratio and detected locally
resolved. A detailed introduction of the application of SIMS in
battery research can be found in a publication by Lombardo et
al.48 For ToF-SIMS measurements, a modified CC was used as
shown in Figure 1. Previous results show that there are two
main pathways of degradation in solid-state cathode
composites of thiophosphate-type SEs. One is arising from
the SE being in contact with the CC and the other one is
arising from the SE being in contact with the CAM particles.
Degradation at the Current Collector. Degradation arising

from contact with a CC mainly leads to the formation of
polysulfides, that is, oxidation of sulfur. This can be seen in
XPS measurements as a shoulder in the S 2p signal at higher
binding energies at around EB = 163−165 eV as shown in
Figure 3. This degradation occurs independently from the
CAM as the surface of the cathode composite is always in
contact with the CC and changes only slightly when different
CAMs are used. Small differences in this degradation signal can
arise from deviations in the electronic conductivity of the CAM
surface as the electronically conductive CAMs serve as CCs
themselves.50 This signal of oxidation products is often used
nonetheless to quantify degradation in a cathode composite
despite its presence in any case.
Degradation by Oxygen. The other pathway of degradation

directly at the SE|CAM contact leads to oxidation of the SE by
oxygen, and sulfite/sulfate (LixSOy) and phosphite/phosphate
(LixPOy) compounds are formed. These compounds can
theoretically be detected with XPS, but in practice, the signal-
to-noise ratio of SOx is usually too low. Therefore, only
polysulfides and general POx species can be detected with XPS,
which is mainly attributed to CC-driven degradation as
pointed out above.
Limited Suitability of XPS Surface Spectra for Analysis.

Because of the effects described above, the XP surface spectra
of cathode composite pellets are not suited to investigate
degradation in solid-state cells properly, and a distinction is
possible only between samples with little degradation and
severe degradation. The evaluation of finer distinctions, that is,
differences between different coatings, is not possible, and



distinctions between degradation pathways are not possible.
This is shown in previous publications by Walther et al., where
cathode composites were investigated with XPS and ToF-
SIMS.36,37,51

Sputtering to Minimize Current Collector Effects. As stated
above, the CC leads to degradation of the SE forming mainly
oxidized sulfur species like polysulfides. Sputtering the surface
of the cathode composite pellet that removes this degradation
layer caused by the CC only resolves this issue partly. The
surface of the cathode composite is rough despite using
polished (roughness of <250 nm) CCs. This roughness is
determined by the particle size of the CAM and SE used. In
the present case, the CAM particle size was in the range of 1−5
μm.
Sputtering this surface removes only a part of the

degradation layer caused by the CC as depicted in Figure 2.

Additionally, sputtering always alters the chemical composition
of the investigated surface, which complicates analysis even
further. These issues can be avoided when a part of the sample
is not contacted by the CC, that is, it is only contacted by a
nonconductive and inert material. In this work, this is achieved
by using a modified CC with an outer stainless steel section
and an inner Al2O3 section. The inner Al2O3 part is both
electronically and ionically insulating, chemically inert, and
mechanically stable.
Although this inner part is not directly contacted to the CC,

the CAM particles are charged and discharged through contact
with other active material particles due to their good electronic
conductivity. As long as the CAM particles form a percolating
network, the CAM particles in the inner section can be charged
and discharged. Using a high loading of the active material
(80:20 wt:wt, 63:37 vol:vol) ensures that all CAM particles are
connected via their percolation network, and low currents
during charging and discharging (0.05 C, 122 μA/cm2) ensure
negligible influence of overpotentials on the electrodes. This
ensures that the SE on the surface of the pellet is subjected
only to degradation caused by the CAM and not due to
degradation caused by the CC. Separating CC-related
degradation from CAM-related degradation allows for a better
study of the CAM-related degradation.
Electrochemical Characterization besides SIMS Analysis.

ToF-SIMS measurements offer information about the degree
of degradation after cycling, and of course, the electrochemical
performance of a coating is important as well. A very thick
coating, potentially also a poorly conducting coating, for

example, may lead to a low degree of degradation of the SE but
would also perform electrochemically quite poor especially in
high-current tests. A complete evaluation of any coating must
therefore include electrochemical data as well, and in this
study, we use rate tests for this evaluation. As we previously
reported, it is important to use reference electrodes and three-
electrode cells for the correct evaluation of the rate capability
of an active material, thus avoiding any detrimental influence
from the counter electrode (in the present case, the anode).
The same setup as previously reported is used for this
purpose.47

Long-Term Cycling. Previous publications in the field also
report on long-term cycling as part of coating tests. There are
several reasons why long-term cycling is not suited to the
benchmarking presented in this study. In long-term cycling of
SSBs, there is always an overlap between (electro)chemical and
chemo-mechanical degradation. Due to the volume increase
and decrease during cycling, the SE-CAM contact is partially
lost in the electrode, leading to a decrease of the cell
performance.18 Investigating the long-term performance with
the setup presented in this study (no binder, no conductive
additives, crystalline SE), serious chemo-mechanical degrada-
tion is expected, and the difference introduced by the coating is
small as the bulk active material is the same in every sample.
The combined evaluation of degradation products and rate
performance gives a sufficient and complete overview of the
coating performance, and the comparison between different
coatings becomes feasible. This approach also allows
optimizing coatings, and balancing high-power performance
and a long cycle life becomes possible.
In order to investigate and compare degradation of the SE in

combination with different CAMs, different coatings were
chosen. The coatings used for this comparison are listed in
Table 1. These materials were selected as they represent

commonly used coatings on the one hand (LiNbO3 and ZrO2)
and, on the other hand, a promising new coating (X). This
coating and the ZrO2 coating were applied with two different
thicknesses to investigate the influence of the coating
thickness.

Tof-SIMS and XPS. Proof of Principle: XPS Analysis. To
show the difference in the inner and outer regions of the
sample, XP spectra were recorded. The results are shown in
Figure 3. The spectrum recorded on the outer steel contacted
part shows oxidized sulfur at around EB = 163−165 eV as a
pronounced shoulder in the S 2p signal, indicating the
formation of polysulfide species.9 The phosphorus P 2p signal
shows the oxidation of the phosphorus as well, which is visible
as a shoulder in the range EB = 132−136 eV. This becomes
especially obvious when compared to the spectra recorded in
the inner Al2O3 part, which shows a lower signal intensity in

Figure 2. Sputtering the surface of a cathode composite pellet
removes the degradation layer on top of the cathode composite pellet
and leads to analytical results that are difficult to interpret due to
uneven sputter removal.

Table 1. CAMs Used in This Studya

CAM name coating amount

NCM uncoated none
NCM LiNbO3 LiNbO3 1 wt %
NCM ZrO2 thin ZrO2 1 wt %
NCM ZrO2 thick ZrO2 5 wt %
NCM X thin X 1 wt %
NCM X thick X 5 wt %

aAll coated samples are based on the uncoated material; that is, a
coating was applied to the uncoated NCM.

https://pubs.acs.org/doi/10.1021/acsami.3c15723?fig=fig2&ref=pdf
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this region and therefore lower amounts of degradation. The S
2p signal at around 169 eV is indicative of one of the known
pathways of solid electrolyte degradation; however, this signal
is hardly detectable in the recorded spectra.9,36 Therefore, XPS
is not suited to investigate coatings in solid-state cells as the
compounds of the most interesting degradation pathway
remain undetected, and the detected degradation products
are mainly caused by the contact of the SE with the CC and
are hence independent from the materials used.
Proof of Principle: ToF-SIMS. The working principle of the

modified CC was further investigated by ToF-SIMS measure-
ments. Large area scans of the inner Al2O3 and outer stainless-
steel part were acquired. In these spectra, degradation products
can be assigned to different fragments, that is, to SIs with
different m/z ratios. Depending on the pathway of degradation,
different degradation products form. CC-driven degradation
leads to the formation of polysulfides, and these can be
detected by Sx− signals. As the inner part is contacted to Al2O3,
the formation of polysulfides is suppressed in this area as can
be seen in Figure 4a. The Al2O3 contacted part shows a smaller
signal; however, the signal is not completely absent. This is due
to two reasons. First, these fragments can be formed during a
collision cascade with the Bi clusters even when no

degradation products are present. The smaller the value x for
the Sx− fragment, the higher the probability that these
fragments are formed during SIMS analysis; see Figure S3.
For x = 1 and x = 2, no significant difference between the steel
and the Al2O3 contacted area are observed (Figure S3a,b). For
higher values (x ≥ 3), the probability of these fragments being
formed upon impact of the Bi clusters with the solid electrolyte
becomes lower, and mostly degradation products are detected.
For S3− and S4−, the difference between steel and the Al2O3
contacted area is easily detectable (Figure S3c,d). For even
larger fragments such as S7− and S8−, the difference is still
observable; however, the ionization probability gets lower and
the signal-to-noise ratio of the mass spectrometric data is
smaller. However, even for the signals where the difference
between the inner and outer parts is observable, polysulfides
are still detected in the inner Al2O3 region. This is because the
CAM particles are electronically conductive and form a
percolating network; that is, they act as CCs as described
above. Because the CAM is in contact with the SE, polysulfides
are formed as well. Due to the absence of the steel CC on top
of the sample, the amount of polysulfides is reduced.
The distribution of oxygenated fragments such as SO2−, SO3−,

PO2−, and PO3− can be evaluated in the same way. These

Figure 3. XP spectra (minimum to maximum normalized, background-subtracted) of a cathode composite contacted with the outer steel part (red)
and Al2O3 inner part (blue). The S 2p signal (a) shows a pronounced shoulder at higher binding energies around 163−165 eV for the steel
contacted spectrum. The P 2p (b) signal shows the same signal intensity for oxidized phosphorus species at higher binding energies of 132−136 eV
as well. This is due to the contact with the stainless-steel CC, which leads to degradation of the solid electrolyte. However, the phosphorus
degradation involves oxygen, which is the same for both the steel contacted and the Al2O3 contacted part of the sample. The graph without a
background correction can be found in Figure S10.

Figure 4. Large area SIMS scan of the cathode composite pellet, which was cycled with the modified CC. The image is normalized to the total ion
intensity. (a) The S4− signal is much less pronounced in the inner part where the sample was contacted by Al2O3. As the S4− signal is indicative of
polysulfide formation, which is driven by the CC, it can be concluded that this pathway of degradation is indeed suppressed in the inner part of the
sample. (b) The PO3− signal is spread out equally throughout the whole pellet’s surface. The PO3− signal is indicative of degradation driven by the
oxygen containing CAM. As the CAM distribution is homogeneous throughout the whole pellet, the respective degradation products are spread out
homogeneously as well. Furthermore, no significant change in the intensity can be observed, proving the concept of the modified CC.
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degradation products are only formed in the presence of the
active material as this is the only source of oxygen in the
cathode. Therefore, if the CAM particles are connected
through a percolation network within the electrode, the same
amount of degradation products is expected on top of the
electrode regardless of contact with Al2O3 or steel. In fact,
there is no significant difference in the PO3− signal between the
steel-contacted and the Al2O3-contacted regions in Figure 4b,
confirming that there is no major difference in the amount of
oxygenated degradation products. Figure S1 shows further
signals SO3− and Li− with no significant difference between the
steel-contacted and the Al2O3-contacted regions. To further
confirm the working principle of this analytical setup, the
upper part of the pellet was removed with a low-angle FIB cut.
The sample was tilted in a way that allowed a shallow cutting
angle of only 10°. The cut was positioned at the edge between
the steel and the Al2O3 contacted part of the pellet surface.
This removes the upper few micrometers of the pellet and
reveals a large cross-sectional area below. Potential differences
caused by the different contact are now removed, and no more
differences, both in polysulfide (detectable as S4−) and in
oxygenated product formation (detectable as PO3−), are
expected. This is indeed the case as can be seen in Figure 5
where an overlay of NiO2−, S4−, and Cl− represents the CAM,
the SE, and the degradation products, respectively. Figure S4
shows the same representation but with PO3− as a degradation
product, and Figure S2 shows the SEM image of the FIB cut.
In this case as well, no difference is observed between the inner
and outer regions of the sample.
Mass Spectrometry with High Mass Resolution. While

ToF-SIMS provides fast and reliable results for the
benchmarking of degradation in solid-state battery cathodes,
it is difficult to assign all signals precisely to specific fragments.
For example, the difference in the masses of O2− and S2− is very
small with m/z = 31.989830 and m/z = 31.972072,
respectively. Therefore, signals such as SO2− and S2− that have
almost similar m/z ratios are hard to distinguish in ToF
measurements due to the low mass resolution of approximately
6000. Furthermore, ToF-SIMS suffers from decreased
resolution due to the roughness of the sample surface. In
order to clearly identify all signals in the measurement, it is
necessary to measure the sample with higher mass resolution.
To achieve this, one sample was measured with OrbiTrap-
SIMS. The OrbiTrap detector allows a much higher mass

resolution of up to 105, making it possible to identify all the
signals observed in ToF-SIMS unequivocally. Additionally, the
mass resolution of OrbiTrap-SIMS is not decreased by the
sample surface roughness. The mass interval list obtained from
the OrbiTrap measurement was then applied to all ToF-SIMS
measurements, which strongly improved the quality of the
analyses. This difference is also highlighted in Figure S6 in the
Supporting Information.

ToF-SIMS Analysis Results. PCA. Previous ToF-SIMS
studies on solid-state composite cathodes relied on picking
relevant fragments manually for analysis. While this approach
generally works sufficiently well, principal component analysis
(PCA) can be used to identify all relevant fragments for
degradation more reliably. For this purpose, an uncycled and a
cycled sample were used for PCA with eight measurements for
each sample. As in this case, only two different samples were
investigated, the data can, as expected, be explained mostly by
one principal component as shown in Figure 6.
The scores of principal component 1 show a clear distinction

between the cycled and uncycled sample. Measurements of the
cycled sample showed positive values for PC1 and negative
values for the uncycled sample. PC2 and higher do not show
any correlation of the SIMS data of the cycled and uncycled

Figure 5. (a) Large-area scan of a cathode composite pellet without surface modifications. Here, mainly the SE shown in green (Cl− signal) is
visible. (b) High-lateral resolution ToF-SIMS image of a large area cross-section (FIB-cut with 5°) of a cathode composite pellet. The white dotted
line marks the border between the steel and the Al2O3 contacts. CAM particles are distinctly visible in blue. The solid electrolyte is represented by
the Cl− signal shown in green. Single relatively large particles of SE are visible as well as the homogeneous distribution between the CAM particles
in combination with degradation products shown in red.

Figure 6. Variance and cumulative variance obtained by PCA
performed on a cycled and uncycled cathode composite with
uncoated CAM. As only two different samples were used, most of
the variance in the data can be explained with one principal
component. Most of the variance can be explained with only one
principal component.
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sample. Therefore, only PC1 and PC2 are shown here in
Figure 7. Scores for PC3 and PC4 can be found in Figure S5.

Because the scores for PC1 are clearly separated between the
cycled and uncycled samples, the loadings of these PCs can be
used to determine which fragments are indicative of
degradation because the cycled samples are clearly more
prone to degradation compared to the uncycled samples.
Figure 8 shows the loadings for PC1 for the selected fragments.

The fragments with the highest loadings, namely, those
fragments that are most indicative of degradation and other
fragments that were used in previous studies, were chosen. A
complete list can be found in Table S1. Some of the previously
used fragments such as PO2−, PO3−, and S4− were found to be
good indicators of degradation according to their PC1
loadings. However, further useful fragments could also be
identified. SO4− can be used to identify oxygen related
degradation, and LiP2S6− as well as LiPS6− can be used to
identify polysulfide formation. Moreover, other fragments such
as SO2− can now be ruled out as indicators for degradation as
the intensity of SO2− is actually inversely related to the presence
of degradation products in the cathode composite.

PCA of Coated Samples. In addition to PCA of the
uncycled and cycled sample, PCA was performed on all cycled
samples as well. The goal here is to examine the coatings and
try to find similarities and differences among the groups.
First, PCA was performed on the cycled (coated and

uncoated) samples and the uncycled sample. The explained

variance shown in Figure 9 indicates that at least over half of
the data’s variance is well explained with only one PC. At least

three PCs are needed to describe the rest of the data
sufficiently. The first PC separates the cycled sample from the
uncycled sample, and the other PCs separate the cycled
samples. Each sample forms a cluster, and PCA therefore
allows grouping and separation of the cycled samples. The PC1
versus PC2 plots show this relation between the samples as
shown in Figure 10. The higher PC versus PC can be found in
Figures S7 and S8.

The loadings of this PCA shown in Figure S9 are very
similar to the PCA performed with the uncycled and cycled
(uncoated) samples only. To conclude, PC1 can be used as a
general degradation marker. Here, a high score for PC1 is
desirable as it indicates less degradation and a higher similarity
to the uncycled sample. This allows scoring the performance of
the coating in terms of degradation by simply evaluating the
PC1 score. One can arbitrarily scale this score for better
comparison, for example, here, the scores are scaled from 0
(for the uncycled sample) to 1 (for uncoated sample);
therefore, low values in the degradation score are favorable
over high values. The results of the overall degradation score
are listed in Figure 11. These data show that not all coatings
lead to less degradation and lower degradation scores. In this
example, both CAMs coated with ZrO2 actually lead to more

Figure 7. Scores for PC1 and PC2 for the cycled and uncycled
sample. PC1 shows positive values for the cycled and negative values
for the uncycled sample. The samples can be easily distinguished
using PC1. PC2 shows no correlation between cycled and uncycled
samples and can therefore not be used for distinction of the samples.

Figure 8. Loadings for PC1 are for selected fragments. The fragments
with the highest loadings are shown as well as fragments that are
commonly used to indicate degradation in cycled cathode composites.

Figure 9. Explained variance of the PCA performed on cycled samples
(coated and uncoated) and the uncoated sample. Multiple PCs are
needed to explain the variance in the data.

Figure 10. PCA of cycle-coated and uncoated samples. The strongest
separation is present between the uncycled and cycled samples in PC1
as shown. The separations on PC2 are not as strong, but clustering of
the different coatings is still observed on PC2. Plots for the other PCs
can be found in Figures S7 and S8.
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degradation compared to that of the uncoated sample. The
best degradation score is obtained by the sample with the thick
X coating and the LiNbO3 coating. This degradation score,
however, does not indicate which degradation pathway leads to
higher or lower scores.

Detailed ToF-SIMS Analysis Results. While the PCA
allows one to evaluate the samples in terms of degradation in
general, further evaluation in terms of electrochemical and
chemical degradation is not possible with PCA. For this
purpose, the fragments require manual categorization. This
categorization can be found in Table S2. With this
categorization and the PCA results shown before, all fragments
that are designated to a specific kind of degradation can be

considered for evaluation instead of just taking a few
representative fragments for quantification of degradation.
Here, two main pathways of degradation are considered.

First, the electrochemical degradation leads to polysulfide
formation. Fragments assigned to this pathway are labeled with
“polysulfide” in Table S2. Second, chemical degradation leads
to the formation of oxygenated sulfur and phosphorus
compounds. Fragments assigned to these pathways are labeled
with SOy− and POy−. A detailed description of how the
degradation scores are obtained is given in the Experimental
Section.
The general degradation score shows stronger degradation

for the LiNbO3 and the ZrO2 coatings, indicating higher
amounts of degradation products for these samples. However,
these values have to be interpreted with care. The PCA as
applied here describes the data in terms of the highest variance
when the intensity of each fragment is normalized to one. In
other words, the fragments with the highest relative difference
between the samples have the highest loading in PC1. PCA
does not distinguish where this difference arises from. This is
why further interpretation of the data is still necessary. In
addition to the general degradation score, more specific
degradation scores are introduced, namely, polysulfide
degradation and sulfate and phosphate degradation scores.
The fragments used for these degradation scores are chosen
manually based on the chemical understanding of the cathode
composite. Oxygenated sulfur compounds will lead to more
fragments of the type Li0/1SOx, oxygenated phosphorus
compounds will lead to fragments of the type Li0/1POx, and
polysulfide will lead to more fragments of the type Li0/1PxSy.
Looking at the polysulfide formation in Figure 12b, it

becomes clear why the ZrO2 coatings have high general

Figure 11. Degradation scores obtained from the PCA analysis of
different samples. The values are scaled from 0 to 1, where 0 is
assigned to the uncycled sample and 1 is assigned to the uncoated
cycled sample. High values indicate high amounts of degradation and
vice versa.

Figure 12. Specific degradation scores for specific degradation pathways. (a) Overall degradation score of the coatings. LiNbO3 and ZrO2 have
higher degradation scores than the uncoated sample, indicating higher amounts of degradation. Only the X coatings show less overall degradation
scores. (b) Polysulfide formation is suppressed in every coating except the thin X coating. (c, d) SOx is suppressed in every coating except for the
thin X coating, and POx formation is suppressed in every coating to different extents.
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degradation scores. The polysulfide formation in these coatings
is actually higher compared with the uncoated sample. The
other coatings show slight (LiNbO3) or substantial improve-
ment (X) compared to the uncoated sample as shown in
Figure 12. The increased or decreased polysulfide formation
could be explained by the electronic partial conductivities (σel)
of the respective coatings. According to Nakamura et al., a
coating with a lower σel will protect the SE from electro-
chemical degradation while a coating with a higher σel will not
protect the SE from electrochemical degradation.52 The
formation of oxygenated sulfur compounds is suppressed in
every coating with the highest suppression being observed in
the thick X sample. A similar trend is observed in the
formation of oxygenated phosphorus compounds. The X
coatings perform best, while all coatings reduce the amount of
oxygenated phosphorus compounds.
Not surprising, in all degradation scores, the thick coatings

show less degradation compared to their thin counterparts.
Rate Tests. Rate tests were performed for each active

material in order to evaluate the electrochemical performance.
The materials are compared with respect to their low-current
(0.1 C) discharge capacity, their high-current (1.0 and 2.0 C)
discharge capacity, and their capacity retention at high
currents. Furthermore, the overpotential was measured

(against a reference electrode). Uncoated NCM serves as a
baseline measurement to which the other materials are then
referenced.
Rate tests were performed to evaluate the kinetic perform-

ance of the coatings as well as the initial capacity they provide.
The capacity retention at high currents (2.0 C) is used as a
simple indicator for kinetic improvement or worsening of the
CAM/SE system. Here, scores QS0 and QSret are introduced
for the initial capacity and the capacity retention at 2.0 C,
respectively, to allow for a quick overview over the electro-
chemical performance of the CAM. Again, the values of the
uncoated NCM serve as reference data and their scores for the
initial capacity and capacity retention are set to 1. The values
for the other CAMs are calculated relative to the uncoated
material, cf. eqs 2 and 3.
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Q
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2C,uncoated (2)

=
Q

Q
QSret

ret
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Figure 13. (a−f) Results of the rate tests performed on the different CAMs. The thin X (e) and LiNbO3 coating (b) improve the electrochemical
performance. The thick X coating (f) decreases the electrochemical performance despite showing good degradation results. The ZrO2 (c, d)
coatings decrease the electrochemical performance.
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Out of the data given in Figure 13, the respective scores of
QS0 and QSret can be calculated. The results are shown in
Figure 14. Only two coatings increase the initial capacity at 0.1
C, namely, LiNbO3 and the thin X coating. The other coatings
actually lead to a decrease in capacity. These results also
highlight the importance of the thickness of the coating. For

both the ZrO2 and the X coating, the thick coating shows
worse electrochemical performance probably due to the bad
conductivity of the coating layer.

Radar Charts. The aforementioned results can be
conveniently summarized in radar charts with each axis
representing one score, resulting in a total of five axes/scores

Figure 14. Scores for (a) initial capacity and (b) capacity retention at high currents. The ZrO2-based coatings decrease electrochemical
performance as well as the thick X coating. The other coatings, especially the thin X coating, led to an improvement in electrochemical
performance.

Figure 15. (a−f) Radar charts for the electrochemical and degradation performance of the CAMs used in this study. Only two coatings, namely,
LiNbO3 (b) and thin X (e), improve the electrochemical performance. The other coatings (c, d, f) do not lead to electrochemical performance
improvements compared to the uncoated sample (a).
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for each sample. The radar charts are presented such that
values further from the middle represent favorable scores. Note
that the scaling of these radar charts is arbitrarily chosen and
that it can be adjusted to the specific needs of researchers
working on similar benchmarking approaches.
Looking at the radar charts in Figure 15, it becomes

immediately clear which coatings perform well and which
coatings perform badly in different aspects.

SUMMARY AND CONCLUSIONS
In this study, a relatively fast and reliable way of benchmarking
different coatings for CAMs in SSB is introduced based on the
quantification of degradation products of the sulfide SE. First,
the shortcomings of widespread techniques in the literature
were discussed. In contrast to previous publications, the focus
lies on getting reliable degradation and performance data
instead of focusing only on certain aspects of the coating.
Second, several coatings are compared, highlighting each of
their advantages and disadvantages. Our study demonstrates
how to utilize ToF-SIMS data effectively by using a PCA-based
approach. This allows us to determine those fragments,
namely, secondary ions, that are most relevant to quantify
SE degradation as well as distinguish between different
pathways of degradation. Using this approach, we found that
some of the coatings do not mitigate degradation.
Furthermore, we are able to determine which degradation
pathway is actually responsible for the declining performance.
Second, precise electrochemical testing using three-electrode

cells was performed. This allows for an accurate judgment of
the kinetic capabilities of the different coatings. In fact, we
found that not all coatings improve the performance. The X
coatings reduced the degree of degradation for both the thick
and thin coating layers. However, only the thin coating also
improved the electrochemical performance. This highlights the
need for systematic optimization of coating chemistries.
The approach presented here is widely applicable and can

easily be adapted to other active materials and coating
compositions. It relies on the high sensitivity and good spatial
resolution of ToF-SIMS and thus cannot be achieved with
other analytical techniques.
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