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Abstract 

Large-scale industrial application of all-solid-state-batteries (ASSBs) is currently hindered by numerous 

problems. Regarding thiophosphate-based ASSBs, interfacial reactions with the solid electrolyte are 

considered a major reason for capacity fading. On the positive electrode side, cathode active material 

coating addresses these issues and improves the ASSB performance. Yet the working principle of the 

coating often remains unclear, and protection concepts on the way to long-term stable ASSBs remain 

empirical. In this work, we characterize the influence of a Li2CO3/LiNbO3 cathode active material  

coating on the battery performance and cathode degradation reactions of a Li4Ti5O12/Super 

C65 | Li6PS5Cl | LiNi0.6Co0.2Mn0.2O2/Li6PS5Cl/Super C65 cell. The coating microstructure is  

characterized comprehensively using a combination of focused ion beam scanning electron microscopy 

(FIB-SEM), X-ray photoelectron spectroscopy (XPS) and time-of-flight secondary ion mass  

spectrometry (ToF-SIMS). Based on this knowledge, we demonstrate and discuss the positive effect of 

the coating on the ASSB performance. Finally, we present an in-depth post-mortem analysis of compo-

site cathodes by combining XPS depth profiling with ToF-SIMS. The Li2CO3/LiNbO3 coating  

suppresses the interfacial reaction at the cathode active material/solid electrolyte interface, in particular 

the formation of oxygenated phosphorous and sulfur compounds such as phosphates and  

sulfates/sulfites, leading to a significantly enhanced ASSB performance.  
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Introduction 

All-solid-state batteries (ASSBs) are one of the most promising candidates for future energy storage 

devices.1–5 They are considered to have many advantages over conventional energy storage systems. 

First, ASSBs may enable the use of lithium metal as anode material, which could lead to energy storage 

devices with higher specific energies compared to conventional lithium-ion batteries (LIBs) based on 

liquid electrolytes.6 Second, the cell design can be simplified, which enables the possibility of roll-to-

roll cell production.7 The latter is mandatory for large-scale applications to make ASSBs economically 

more attractive. Third, the replacement of the flammable organic liquid electrolyte in LIBs can enhance 

safety, which makes ASSBs particularly attractive for the automotive sector, since safety is one of the 

most important arguments for marketing.8,9 

Several classes of solid electrolytes can be distinguished and have already been tested for use in 

ASSBs.10 Thiophosphates are considered as one the most promising candidates, since they provide high 

ionic conductivities and can be processed readily due to their malleability.11 However, problems which 

are often associated with the stability of these materials must be addressed and solved to enable the 

transfer from research status to large-scale application.12,13  

Research efforts are currently ongoing in various fields to overcome problems related to ASSBs. Simu-

lations deal with the detection of critical parameters for cell performance and the optimization of cell 

design.14–18 In the field of materials synthesis, novel anode/cathode materials and new solid electrolytes 

are being developed.19,20 In addition, much research is done to clarify degradation phenomena and de-

velop strategies to prevent them. With regard to thiophosphate-based composite cathode, this mainly 

includes doping approaches of the solid electrolyte and the development of protective coatings for cath-

ode active materials (CAM).21–23 According to literature, the latter strategy seems promising to address 

interfacial issues and to enhance the ASSB performance. However, the working principle of the CAM 

modification often remains unclear.21 From an analytical point of view, two main reasons can be derived:  

i) Insufficient characterization of the coating. 

Knowledge about coating morphology and composition is needed to obtain a comprehensive picture of 

the microstructure. This in turn is mandatory to discuss the coating influence on the ASSB performance 

and the corresponding decomposition processes. However, the characterization of the coating micro-

structure is highly challenging due to the small dimensions of thin coatings (in the nm range) and the 

low material concentrations. Basically, a wide variety of analytical methods can be used to solve this 

task, but there is no analytical tool that can provide all the necessary information at once. Microscopic 

methods such as scanning electron microscopy (SEM) and transmission electron microscopy (TEM), 

for example, offer a very high spatial resolution, but cannot intrinsically provide detailed information 

on the chemical composition. In contrast, spectroscopic methods such as X-ray photoelectron spectros-

copy (XPS) and energy-dispersive X-ray spectroscopy (EDX) can provide detailed information on the 
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chemical composition, but suffer from relatively poor spatial resolution. Therefore, a combination of 

several methods is mandatory. When selecting the methods, it is important to know the respective 

method-specific limits in order to compensate for them. Accordingly, a coating characterization by 

global investigations such as top-view SEM for morphological information and EDX for chemical in-

formation, for example, are not sufficient to comprehensively characterize the coating, since only rough 

conclusions on morphological changes and the element distribution on the CAM particles are possible. 

In contrast, information on the spatially resolved coating microstructure (morphology and chemical 

composition) cannot be obtained in this way. Consequently, the effect of the coating on the battery 

performance is difficult to interpret and the reasons for the often-remaining capacity fade during battery 

cycling remain elusive.  

ii) Insufficient separation of the individual degradation processes in the composite cathode. 

The post-mortem analysis of composite cathodes is often insufficient to separate the individual decom-

position contributions. Accordingly, it is often not clear on which part of the degradation in the compo-

site cathode the coating has an influence. Walther et al. have very recently shown that global (i.e. inte-

gral) measurements on the (uncleaned) cathode surface make an interpretation of the results extremely 

difficult due to spatially convoluted decomposition processes, which in turn does not allow any conclu-

sions to be drawn on the individual decomposition contributions.24 As a result, the protective effect of a 

coating is often generally related to the suppression of battery degradation processes (unspecific state-

ments) or, what is basically worse, wrong conclusions are drawn due to the overlap of one or more 

degradation processes that occur in different areas of the cathode composite. 

In this work, we investigate a Li2CO3/LiNbO3 coating on LiNi0.6Co0.2Mn0.2O2 (NCM622). A LiNbO3-

based coating has been chosen, since it is a well-established material for protective coatings in ASSBs 

and its positive effect on the battery performance has been widely demonstrated in literature.21,25–27 We 

have combined LiNbO3 with Li2CO3, as Li2CO3 is reported to be potentially beneficial for ternary lith-

ium metal oxide coatings.26,28 In addition, Ni-rich NCM materials are known to form carbonates on the 

surface depending on storage conditions and aging effects.29,30 Therefore, we assume that the presence 

of Li2CO3 is inherently relevant when it comes to the interface reaction between the CAM and the solid 

electrolyte. For these reasons we have intentionally introduced Li2CO3 to the coating. 

Although LiNbO3-based coatings are well-established for ASSBs, the protective mechanism, however, 

is still not yet fully understood. Thus, the aim of this work is to gain detailed insights into the working 

principle of such a protective coating. The focus of the study is on its influence on the interfacial de-

composition processes between the CAM and the thiophosphate-based solid electrolyte.  

First, we characterize the microstructure of the coating which includes the morphology and the chemical 

composition. In general, TEM is a highly suitable technique for this task, especially in combination with 

EDX and/or electron energy loss spectroscopy (EELS). However, the sample preparation requires a 
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relatively high effort and TEM investigations involve the risk of decomposition of radiation-sensitive 

compounds, like e.g. Li2CO3, which can only be partially compensated by measuring under cryogenic 

conditions. In addition, the results obtained are locally restricted to a relatively small analysis area, 

making it difficult to draw more general conclusions, e.g. on the overall coating coverage. Kim et al. 

already used the combination of TEM, EDX and EELS to characterize the coating microstructure of a 

Li2CO3/LiNbO3 hybrid coating.26 Since the information obtained was limited to basic statements such 

as the local coating thickness and the element distribution, the authors had to apply additional techniques 

to get further insights into the coating composition. Therefore, we develop here a different approach to 

gain a comprehensive picture of the coating microstructure. The characterization is mainly achieved by 

using a combination of focused ion beam scanning electron microscopy (FIB-SEM), X-ray photoelec-

tron spectroscopy (XPS) and time-of-flight secondary ion mass spectrometry (ToF-SIMS). With this 

approach, we show that the coating is particulate and homogeneously distributed over the NCM622 

secondary particle structure. In addition, we reveal its chemical composition and finally clarify the coat-

ing microstructure. Second, we demonstrate the positive influence of the Li2CO3/LiNbO3 coating on the 

cycling performance of a Li4Ti5O12/Super C65 | Li6PS5Cl | NCM622/Li6PS5Cl/Super C65 cell. Third, a 

comprehensive post-mortem analysis is performed to characterize the influence of the CAM coating on 

the decomposition processes in the composite cathode using XPS and ToF-SIMS. We show that the 

CAM coating suppresses the interfacial reaction at the NCM622/solid electrolyte interface mainly in 

terms of phosphate and sulfate/sulfite formation. However, because it cannot be completely prevented, 

we still expect capacity fading due to reactions occurring at the CAM/solid electrolyte interface.  

Overall, we demonstrate that ToF-SIMS in particular is very powerful to determine the influence of 

coatings on the interfacial decomposition processes and seems suited for benchmarking the effectiveness 

of protective CAM coatings in such composite cathodes on a semi-quantitative basis.  



6 
 

Experimental Section 

Preparation of ASSB Cells.  

Materials. 

NCM622 (d50 = 2.9 µm and d90 = 6.0 µm) powder (BASF SE) and Super C65 carbon black (Timcal) 

were dried for 12 h in vacuum at 300 °C and then stored in an argon-filled glovebox (< 0.1 ppm O2, 

< 0.1 ppm H2O).31 Li6PS5Cl solid electrolyte was prepared by milling 5 g of a stoichiometric mixture of 

a Li2S (10 mol % deficiency), P2S5 and LiCl (Alfa Aesar; 99+%) under argon atmosphere for 1 h at 

250 rpm first and then for 20 h at 450 rpm using a 250 mL zirconia jar containing 10 mm zirconia balls 

with a 30:1 ball-to-powder ratio. LiCl was dried in vacuum (~10-3 mbar) for ~12 h at 300 °C prior to 

usage. After milling, the powder was annealed in vacuum (~10-3 mbar) for 5 h at 300 °C. The room-

temperature ionic conductivity of the resulting Li6PS5Cl solid electrolyte was ~2.0 mS/cm. Further de-

tails such as X-ray diffraction patterns can be found in a previous work.32 

Coating approach. 

The Li2CO3/LiNbO3 coating was applied to the NCM622 according to a procedure published in litera-

ture.25,26 1M lithium ethoxide solution was prepared by reacting absolute ethanol (Sigma-Aldrich; 

99.8%) and Li metal (Albemarle Germany GmbH). For 0.5M niobium ethoxide solution, 

Nb(OCH2CH3)5 (Sigma-Aldrich; 99.95%) was dissolved in absolute ethanol. Note that the Li to Nb 

molar ratio was 2 to 1. The obtained powder was subsequent heated in air at 300 °C for 2 h (5 °C/min 

heating rate) and stored under argon atmosphere for further use. 

A coating reference was prepared analogously on a silicon wafer. The Li metal supplier for this sample 

was abcr GmbH. In this case, the Li to Nb molar ratio was 1 to 1 (for the stoichiometry LiNbO3). 

Material characterization. 

Scanning electron microscopy (SEM) was performed using a LEO-1530 microscope (Carl Zeiss AG) to 

characterize the cathode active material in terms of particle size distribution and basic morphology (see 

Supporting Information Figure S1). 

Attenuated total reflection-infrared spectroscopy (ATR-IR) was performed using an ALPHA FT-IR 

spectrometer (Bruker Corporation) equipped with a Ge crystal in an argon filled glovebox to confirm 

the presence of Li2CO3 in the coating material (see Supporting Information Figure S2). The spectra were 

collected using the OPUS software. 

Preparation of Electrode Composites.  

The cathode composite powder was prepared by milling NCM622, Li6PS5Cl and Super C65 carbon 

black (1 g, 7/3/0.1 weight ratio) using ten 10 mm zirconia balls in a planetary mill at 140 rpm for 30 min 

under argon atmosphere. The anode composite powder was a 3/6/1 weight ratio mixture of carbon-
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coated Li4Ti5O12 (NEI Corporation; LTO), Li6PS5Cl and Super C65 carbon black and was prepared in 

the same way as the cathode composite. 

Cell Assembly and Electrochemical Characterization. 

For pelletized ASSB test cells (Ø 10 mm), a custom setup comprising two stainless steel dies and 10 mm 

diameter PEEK sleeve was used. In the assembling procedure, Li6PS5Cl (100 mg) was compressed at 

125 MPa. Afterward, the anode composite (65 mg) was pressed to the solid electrolyte pellet at 125 MPa 

(~120 µm thickness) and finally the cathode composite (10-12 mg) was pressed onto the other side at 

375 MPa. A pressure of 55 MPa was maintained upon electrochemical testing. Galvanostatic measure-

ments were performed at C/5 rate (1C = 180 mA∙g–1) and 45 °C in the voltage range between 1.35 and 

2.85 V vs. Li4Ti5O12/Li7Ti5O12 using a MACCOR battery test system.  

Sample Handling and Sample Transfer. 

All samples were prepared at the Battery and Electrochemistry Laboratory, Karlsruhe Institute of Tech-

nology (KIT) (Eggenstein-Leopoldshafen, Germany). The chemicals were stored and handled in an ar-

gon-filled glovebox (< 0.1 ppm O2, < 0.1 ppm H2O). For analysis, the samples were sealed in pouches 

under argon atmosphere and shipped to the Institute of Physical Chemistry, Justus Liebig University 

Giessen (Giessen, Germany). The samples were stored and prepared for analyses in an argon-filled 

glovebox again (< 0.1 ppm O2, < 0.1 ppm H2O). The sample transfer into the instruments was realized 

by using two different transfer systems. For FIB-SEM and ToF-SIMS analyses, the transfer system Leica 

EM VCT500 (Leica Microsystems GmbH) was used. For XPS analyses, all samples were transferred 

under argon atmosphere from the glovebox into the instrument by using a transport box for PTS sample 

holders by PREVAC. 

Focused Ion Beam Scanning Electron Microscopy (FIB-SEM). 

The cross-sections in this work were created and analyzed with a TESCAN XEIA3 system (TESCAN 

GmbH) equipped with a Xe plasma FIB column. The CAM particles were attached to conductive dou-

ble-sided adhesive carbon-tabs. For charge compensation, the samples were previously (non-confor-

mally) coated with Pt using a Leica EM ACE600 high vacuum sputter coater (Leica Microsystems 

GmbH). Typically, a layer thickness of 4 nm was used. Cross-sections were carried out on clusters of 

secondary particles. Then, the inner secondary particles were analyzed to exclude detrimental effects of 

the Pt layer. Accordingly, geometrical shadowing effects due to the directional sputtering flux were 

exploited and all measurements were double checked to ensure the reliability of the results. In all exper-

iments, the Xe ion beam energy was 30 kV. The beam current was 130 nA for milling and 8 nA for 

polishing. 
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Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS). 

ToF-SIMS analysis was performed by using a TOF.SIMS 5-100 system (IONTOF GmbH). The system 

is equipped with a 25 keV Bi cluster primary ion gun for analysis and dual-source column, which enables 

depth profiling by using either O2
+ or Cs+ (up to 2 keV). In addition, a focused ion beam (FIB) option 

can be used to mill craters with monatomic gallium (30 keV).  

The samples were attached to the sample holder using non-conductive adhesive tape. The surface of the 

samples was flooded with low-energy electrons for charge compensation. All measurements in this work 

were performed in negative ion mode using Bi3
+ species (25 keV) for analysis and a cycle time of 60 µs. 

Surface analysis was performed by operating the instrument in spectrometry mode (bunched mode). 

This mode enables high signal intensities and a high mass resolution [FWHM m/Δm > 4500 @ m/z = 

31.97 (S−)] which minimizes the effects of signal interferences in the mass spectra. The analysis area 

was set to (150 × 150) µm² and rasterized with (256 × 256) pixels. Every patch was analyzed with 

1 frame and 1 shot per pixel and frame. For comparable measuring conditions, the analyses were stopped 

after a primary ion dose of 1.00·1012 ions/cm² (static conditions). The primary ion current was about 

0.5 pA. We measured ten mass spectra per sample in different areas on the sample surface to minimize 

area dependent effects and to ensure the reproducibility of results.  

To investigate the bulk material, ToF-SIMS analysis was carried out on 45° FIB crater sidewalls. The 

(120 × 80) µm² craters were milled with (512 × 512) pixels (FoV: (150 × 150) µm²) into the composite 

cathodes by using the FIB option of the instrument, allowing subsequent analysis of the crater sidewalls 

without additional transfer steps. A 700 µm aperture was used and the dwell time was 200 ms per pixel. 

The FIB current was about 16-17 nA (100% duty cycle). The analysis of the crater sidewall was per-

formed by operating the instrument in fast imaging mode. The primary ion current was about 0.2 pA. A 

region-of-interest (ROI) was defined within a (125 × 125) µm² analysis area to analyze only the crater 

sidewall. Before analysis, the damage layer on top of the crater sidewall caused by the FIB was removed 

by a cleaning procedure analogous to our previous work.33 The subsequent analysis of the crater sidewall 

was performed with a raster size of (1024 × 1024) pixels at 1 shot per pixel and 50 frames. This corre-

sponds theoretically to a maximum lateral resolution of 122 nm. However, this value should be seen as 

the maximum resolution under ideal conditions, since topographic effects and the inclined position of 

the crater have a non-negligible negative influence.  

The analysis of the LiNbO3 reference on a silicon wafer was performed by operating the instrument in 

fast imaging mode. The analysis current was ~0.2 pA. The analysis area was (200 × 200) µm² and ras-

terized with (512 × 512) pixels. Every patch was analyzed with 10 frames, whereas 1 shot per pixel and 

frame was used. Depth profiling was performed in non-interlaced mode with Cs+ (2 keV) as sputter 

species. The sputter current was ~136 nA. The crater size was set to (500 × 500) µm² and sputtered with 

600 frames followed by a pause of 1.0 s.  
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The evaluation of ToF-SIMS data was done with the software SurfaceLab 7.0 (IONTOF GmbH). All 

secondary ion images in this work were normalized in relation to the total ion signal to minimize topo-

graphic effects. The signal intensities were extracted from the respective normalized secondary ion im-

ages. 

X-ray Photoelectron Spectroscopy (XPS). 

XPS analyses was carried out by using a PHI5000 Versa Probe II system (Physical Electronics GmbH). 

The samples were attached to the sample holder using non-conductive adhesive tape. A dual beam 

charge neutralization (ion beam combined with a low-energy electron beam) was applied during the 

measurements. Depth profiling was performed analogous to our previous work to clean the surface of 

the composite cathode in order to minimize the detrimental influence of the degradation processes at the 

current collector/solid electrolyte interface.24,33 The change of signals was monitored as a function of 

the sputtering time for all samples to minimize the influence of the current collector/solid electrolyte 

interface on the one hand and to exclude further sample modification by sputtering on the other hand. 

For comparison of XP spectra, a Li6PS5Cl reference (NEI Corporation) was used. 

For analysis, monochromatic Al Kα radiation (1486.6 eV) was used. The X-ray source was operated 

with a power of 50 W and a voltage between 15-17 kV. The analysis beam diameter was 200 μm. The 

pass energies of the analyzer ranged from 23.50 eV to 46.95 eV. The exact values are given in the 

respective captions of the XP spectra. 

The depth profiling experiments were performed in alternating sputter mode. For material abrasion, a 

sputter gun with Ar+ ions was used. The acceleration voltage was set to 0.5 kV with a sputter current of 

~0.5 µA. The raster size was (2 × 2) mm2.  

The experimental data was evaluated with the software CasaXPS (version 2.3.22, Casa Software Ltd). 

The energy calibration was performed analogous to previous work to minimize detrimental surface ef-

fects.34,35 Accordingly, the XP spectra of the Li6PS5Cl reference were calibrated in relation to the signal 

of adventitious carbon at 284.8 eV first. Afterwards, the energetic signal position of the main component 

of the S 2p signal (PS4
3− units) was determined and the XP spectra of the composite cathodes were 

calibrated in relation to this signal at 161.6 eV. The suitability of the energy calibration was double 

checked with other main components of the solid electrolyte. For signal fitting, Shirley background, 

GL(30) line shapes and common fitting restrictions were used. The latter include theoretical signal area 

ratios dependent on the analyzed orbital (e.g. 1:2 for p orbitals), FWHM constraints and published values 

for spin orbit splitting.36 
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Results 

The results section of this work is divided into three parts. First, we characterize the microstructure of 

the Li2CO3/LiNbO3 coating, namely the morphology and composition. In the second part, we address 

the influence of the CAM coating on the ASSB performance and demonstrate its beneficial effect. In 

the third part, we present a comprehensive post-mortem analysis of composite cathodes by XPS and 

ToF-SIMS measurements to clarify the working principle of the Li2CO3/LiNbO3 coating.  

Characterization of the Coating Microstructure.  

For thorough characterization of the coating microstructure, it is necessary to address the coating mor-

phology as well as the coating composition. In this work, we used FIB-SEM to characterize the coating 

morphology, followed by the characterization of the coating composition using XPS and ToF-SIMS.  

The difference in the atomic mass of Nb compared to the elements of NCM allows for sufficient material 

contrast in SEM micrographs measured using a back scattered electron (BSE) detector to distinguish the 

CAM coating from the NCM material. Figure 1 shows representative SEM images, revealing the mor-

phology of the Li2CO3/LiNbO3 coating and its distribution on the CAM surface. 

 

Figure 1. FIB-SEM micrographs of the Li2CO3/LiNbO3 coated NCM622 particles. (A) Cross-sections of coated 

NCM622 particles. (B) Magnified SEM image. (C) Top-view on the secondary particle surface. The images were 

obtained by using a BSE detector, allowing for sufficient material contrast to distinguish the coating from the 

NCM. The images reveal a particulate coating (mean thickness ~15 nm) with a high particle density. The coating 

particles are homogeneously distributed on the NCM622 particle surface; however, some uncoated areas are 

visible.  

The SEM micrographs reveal a particulate coating with a mean thickness of about 15 nm. The coating 

particles are homogenously distributed on the NCM622 particle surface, leading to a high degree of 

coverage. However, the particular character still allows open (uncoated) areas between the particles, 

which will be particularly important later on in the context of decomposition phenomena in the compo-

site cathodes. Accordingly, we still expect decomposition reactions to occur in the uncoated/less-coated 
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areas. However, the SEM analyses reveal a high quality of the coating in terms of homogeneity, meaning 

that variations of coating particle size/thickness are comparably small. These are ideal conditions for the 

post-mortem analysis on composite cathodes shown later, since no significant dependence on the anal-

ysis area is to be expected.  

To characterize the coating composition, we performed XPS and ToF-SIMS analyses. XPS is used for 

basic statements on the material composition, which is complemented by ToF-SIMS for characterizing 

the locally resolved material distribution. Figure 2A shows a comparison of the XP detail spectra of the 

coated CAM with two reference samples. For the coated CAM (Figure 2A top), the energetic signal 

position of contributions in the Nb 3d and the O 1s spectra agree well with literature values for 

LiNbO3.37,38 In addition, contributions which can be assigned to Li2CO3 are visible in the C 1s and O 1s 

spectra.39 ATR-IR measurements (see Supporting Information Figure S2) and a comparison of the en-

ergetic XP signal positions with a Li2CO3 coated NCM622 reference further verify the presence of 

Li2CO3.26 Apart from both the LiNbO3 and Li2CO3, contributions from aliphatic carbon can be observed 

in the C 1s signal and an additional signal caused by NCM622 is visible in the O 1s spectrum for the 

coated particles.40,41 The latter is not very surprising for the coated CAM considering the particulate 

nature of the coating.  

To get more information about the microstructure of the coating, we prepared a model sample by coating 

a silicon wafer (see Experimental Section) followed by ToF-SIMS analysis. The flat geometry of the 

silicon wafer allows a reliable characterization of the microstructure using ToF-SIMS. Depth profiling 

in fast imaging mode was performed to enable a 3D reconstruction of the coating particles with a high 

spatial resolution and simultaneously chemical information. The suitability of the selected signals for 

the 3D reconstruction was verified by measurements performed in spectrometry mode (bunched mode), 

offering a higher mass resolution. Figure 2B shows the obtained 3D reconstructions. It can be seen that 

large particles were grown on the silicon substrate. The particle dimensions are much larger compared 

to the coating of the NCM622 particles, which is most likely related to the greater amount of material 

used and the substrate itself. Besides the changed surface composition, the reduced surface roughness 

in case of the silicon wafer can also have an influence on the nucleation and the subsequent material 

growth process. However, the XPS results (Figure 2A middle) show similar chemical components, 

demonstrating the suitability of the model sample. Taking these considerations into account, several 

conclusions can be drawn from the model sample:  

The inner region of the coating particles shows fragments which can be related to LiNbO3 (green). The 

LiNbO3 is most probably present as amorphous phase, since the heating temperature was only 300 °C. 

For comparison, Glass et al. reported an initial crystallization temperature of 460 °C for LiNbO3, 

whereas Özer and Lampert observed crystallization not before 550 °C for a synthesis route similar to 

this work.42,43 Carbonate fragments originate from the surface of the particles (yellow), whereas C− frag-

ments are formed from regions between the particles (red). Based on the XPS results, we assume that 
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the carbonate fragments are formed from Li2CO3. C− is most probably related to ethoxide residues and 

related side products from the coating process. This could also explain the relative high signal intensity 

of corresponding contributions in the binding energy range of aliphatic carbon in the C 1s spectrum.  

 

Figure 2. (A) XP detail spectra of the Li2CO3/LiNbO3 coated NCM622 particles. Reference spectra of a 

Li2CO3/LiNbO3 coated silicon wafer (model sample) and Li2CO3 coated NCM622 particles are shown for com-

parison. All spectra were measured using a pass energy of 23.50 eV. The energetic signal positions agree with 

literature values for LiNbO3, Li2CO3 and NCM.37–41 In addition, contributions in the C 1s spectrum caused by 

ethoxide residues and related side products seem reasonable. (B) ToF-SIMS 3D reconstruction of a 

Li2CO3/LiNbO3 coated silicon wafer (model sample) to clarify the microstructure of the coating particles. The 

upper image was obtained by using a 3D correction. (C) Proposed microstructure for the Li2CO3/LiNbO3 coating. 

Accordingly, the coating is particulate with a mean particle size in the range of ~15 nm. The inner part of the 

particles consists of LiNbO3, surrounded by a Li2CO3 containing shell. In between, ethoxide residues from the 

synthesis process may be expected. 
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Overall, taking the FIB-SEM, XPS and ToF-SIMS results into account, we propose the coating micro-

structure shown in Figure 2C, which can be described as follows: The coating is particulate with a mean 

particle size in the range of ~15 nm and consists of an amorphous LiNbO3 core and a Li2CO3 containing 

shell. In between the particles, ethoxide residues and related side products from the synthesis process 

are conceivable.  

In this context, it must be noted that small stoichiometric deviations from the postulated stoichiometry 

cannot be detected by XPS and ToF-SIMS. Calculations by Xiao et al. suggest that at the NCM (fully-

lithiated)/LiNbO3 interface compounds such as Li3NbO4 can be formed.44 We assume that it is almost 

impossible to distinguish such (partial) stoichiometric deviations due to small binding energy shifts in 

XP spectra and similar fragmentations in ToF-SIMS spectra. In addition, small concentrations are gen-

erally problematic taking the respective detection limit of the analytical methods into account. However, 

it should be noted that according to the aforementioned calculations, the reaction energy and thus the 

driving force for the reaction is very small. Calculations of Nolan et al. further support that the driving 

force for the reaction of LiNbO3 with fully-lithiated nickel-rich CAMs is low.45 Therefore, based on our 

analytical results and the calculations mentioned, we will use the simplified term Li2CO3/LiNbO3 coat-

ing in the following. 

Electrochemical Cell Performance.  

To investigate the effect of the Li2CO3/LiNbO3 coating on the ASSB long-term cycling performance, 

pelletized bulk-type cells were assembled and charged/discharged for 200 cycles. For comparison, sim-

ilar cells comprising bare (uncoated) NCM622 were also tested. Initial specific charge and discharge 

capacities of 188 mAh·g−1 and 161 mAh·g−1 were achieved for the bare NCM622, corresponding to a 

Coulomb efficiency (CE) of 86% (Figure 3A top). With subsequent cycling, fast capacity fading can be 

observed, reaching specific discharge capacities of 86 mAh·g−1 and 22 mAh·g−1 at the 50th and 200th 

cycle, respectively. For the Li2CO3/LiNbO3 coated NCM622, initial specific charge and discharge ca-

pacities of 200 mAh·g−1 and 180 mAh·g−1 were achieved with a CE of 90% (Figure 3A bottom). It can 

therefore be stated that the CAM coating leads to an improvement in the initial CE of 4%, together with 

an increased absolute charge/discharge capacity. With subsequent battery cycling, a steady but much 

less pronounced specific discharge capacity decay is apparent for the coated sample (Figure 3B), reach-

ing 153 mAh·g−1 and 82 mAh·g−1 for the 50th and 200th cycle, respectively. Regarding the CE, both 

CAMs (coated and uncoated) approach 99.5% after around 38 cycles. However, the CEs for the bare 

NCM622 are roughly 0.5% lower than for the coated NCM622 in the following cycles (see Supporting 

Information Figure S3), indicating more pronounced interfacial side reactions. 
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Figure 3. (A) Charge and discharge curves for bare (top) and Li2CO3/LiNbO3 coated NCM622 (bottom) for the 

initial, 50th and 200th cycles. (B) Long-term cycling performance in terms of specific discharge capacities as a 

function of cycle number. The corresponding Coulomb efficiencies are shown in the Supporting Information. Ap-

plication of the CAM coating leads to an enhanced ASSB performance, thus demonstrating its overall beneficial 

effect.  

Post-Mortem Analysis.  

In this chapter, we show the results of post-mortem analysis using XPS and ToF-SIMS for composite 

cathodes with bare and Li2CO3/LiNbO3 coated NCM622. The aim was to obtain a comprehensive picture 

on the influence of the coating on the decomposition reactions in the composite cathode. In the follow-

ing, the results are addressed separately in two parts according to the respective analytical method. 

I) X-Ray Photoelectron Spectroscopy. 

XPS depth profiling experiments were conducted to identify decomposition products and to draw quan-

titative conclusions. Analogous to our previous work, the surface of the composite cathodes was initially 

cleaned by Ar+ sputtering to reduce the detrimental effect of the current collector (see Experimental 

Section).24 To characterize the influence of the CAM coating on the decomposition processes, we con-

ducted analysis on composite cathodes with bare and coated NCM622 after 0 cycles (as-prepared) and 
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200 cycles. The S 2p and P 2p spectra will be used hereafter to discuss basic decomposition processes 

indicated by XPS (Figure 4A). Then, we address the signal changes in the Nb 3d spectrum as a function 

of different cycling stages (Figure 4B). The Cl 2p, O 1s, Li 1s and C 1s detail spectra are shown in the 

Supporting Information (Figure S4).  

Figure 4A shows a direct comparison of the S 2p and P 2p detail spectra before and after battery cycling 

for Li2CO3/LiNbO3 coated and bare NCM622. Reference spectra for the Li6PS5Cl solid electrolyte are 

shown at the bottom of Figure 4A.  

 

Figure 4. (A) S 2p and P 2p XP detail spectra of composite cathodes with and without Li2CO3/LiNbO3 coating 

after 0 cycles and 200 cycles. Li6PS5Cl reference spectra are shown at the bottom. The surface was initially cleaned 

by sputtering with Ar+ ions. All detail spectra were measured with a pass energy of 23.50 eV. A Shirley background 

and GL(30) line shapes were used for signal fitting. The XP spectra were normalized in relation to the respective 

signal maximum for better comparison of the signal contributions. (B) Bottom: The mean energetic signal position 

of the Nb 3d (green) and Ni 2p signals (black) after surface cleaning is shown at different stages of cycling. The 

Nb 3d signals were measured using a pass energy of 23.50 eV, whereas the pass energy for the Ni 2p ranged from 

29.35 eV to 46.95 eV. The graph reveals distinct signal shifts during the first charging step for both signals (light 

blue area), followed by a partially reversible shift in the subsequent cycles (dark blue area). Top: The Nb 3d signal 

after 200 cycles is shown as an example. It can be seen that a single doublet is already sufficient to represent the 

experimental data. Consequently, the Nb 3d signal shape has not changed significantly during battery cycling. 
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The S 2p and P 2p contributions of the Li6PS5Cl reference can mainly be related to the argyrodite struc-

ture. In the S 2p signal, three contributions can be distinguished. The main component at 161.6 eV cor-

responds to the PS4
3- units, whereas the doublet at 160.2 eV can be attributed to the free S2- species of 

the argyrodite structure.33,46,47 In the latter binding energy range, also Li2S residues from the material 

synthesis process are conceivable.46 For higher binding energies, a signal shoulder is visible, which can 

be represented in the fitting model by using a single doublet at 163.0 eV. The origin of signals in this 

binding energy range has often been reported and discussed for thiophosphates in literature and is mostly 

related to polysulfides or various anionic frameworks that Li-P-S phases can pass through during redox 

reactions such as P2S7
4- and P2S6

2- towards the formation of P2S5.24,33,46–53 Because the differences in the 

binding energy of such compounds are very small, an unambiguous assignment without additional proof 

is not possible. Therefore, we labeled the doublet with the general term Sox,1. In the P 2p signal, fitting 

with two doublets is already sufficient to represent the experimental data. The main component at 

131.9 eV can be assigned to the PS4
3- units of the argyrodite structure.33,46,47 A further doublet can be 

seen at 133.0 eV. This signal is often correlated with the same compounds already mentioned for the 

Sox,1 signal. In addition, Li3PO4 can be detected in this binding energy range, which is particularly rele-

vant for the composite cathodes.54,55 Accordingly, both uncycled composite cathodes (with and without 

CAM coating) show a slight increase in this signal contribution. Since the signal contribution is slightly 

decreased for the composite cathode with CAM coating, the coating seems to somewhat suppress the 

formation of such species. As shown in our previous experimental study, the mere NCM622/SE contact 

can already lead to the formation of phosphates, most probably Li3PO4.24,33 This is in agreement with 

calculations by Xiao et al., who have shown that the contact between NCM(fully-lithiated)/Li6PS5Cl 

can trigger the formation of Li3PO4.44 Interestingly, according to their work, also the LiNbO3/Li6PS5Cl 

contact can lead to the formation of Li3PO4. Taking our experimental data into account, we assume that 

the driving force for the Li3PO4 formation is lower for the LiNbO3/Li6PS5Cl interface. However, it must 

be considered that other compounds such as polysulfides (e.g. P2Sx) can also be found in this binding 

energy range, which makes it difficult to clearly assign this signal with XPS alone.46,47  

For the S 2p signals of the uncycled composite cathodes, similar effects were observed. Accordingly, 

Sox,1 is increased for both composite cathodes compared to the solid electrolyte reference, while the 

doublet is slightly lower when using the CAM coating. Therefore, also here, our data indicate that the 

coating suppresses the solid electrolyte decomposition reactions caused by the mere contact of the indi-

vidual materials. 

In contrast, the S 2p and P 2p detail spectra of the cycled composite cathodes largely match. In both 

cases, battery cycling leads to an increase in the S 2p signal shoulder at higher binding energies. A single 

doublet at 163.7 eV is already sufficient to represent the experimental data (termed Sox,2
 in the follow-

ing). The origin of signals in this binding energy range has often been discussed, analogous to Sox,1
. 

Based on reports on the redox-behavior of thiophosphates and recent studies on decomposition processes 
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in NCM and thiophosphate-based composite cathodes, we hypothesize that polysulfide formation occurs 

during battery cycling, which is probably accompanied by dynamic anionic framework transitions that 

Li-P-S phases may undergo.24,47–50,52 Because the S 2p decomposition signals Sox,1 and Sox,2
 are compa-

rable in both cases, the coating seems not to significantly suppress these reactions, as can be seen from 

the XPS data.  

In addition, both P 2p spectra show similar signal broadening. In particular, the increase of the signal 

shoulder at higher binding energies match to a great extent. The binding energy range of the signal 

shoulder indicates the formation of phosphates such as Li3PO4, Ni3(PO4)2, Mn3(PO4)2 and/or metaphos-

phates of these species.36,54–56 At the same time, signal interferences with polysulfide species such as 

P2Sx can be expected.47 Overall, the P 2p spectra suggest the formation of oxygenated phosphorous spe-

cies such as phosphates and metaphosphates (Li3PO4 and transition metal phosphates seem reasonable) 

and can also support the conclusions drawn from the S 2p spectra regarding the formation of polysulfides 

such as P2Sx and different anionic frameworks. Analogous to the S 2p spectra, also here, the XPS results 

indicate that the coating does not lead to a significant decrease in decomposition product concentrations. 

However, it must be noted that the detection limit of XPS is comparably high. Considering the micro-

structure of the composite cathodes and the underlying dimensions, it becomes obvious that the small 

quantities of decomposition products can lead to detection limit problems. Furthermore, the deconvolu-

tion of the individual decomposition processes (current collector/solid electrolyte, carbon additive/solid 

electrolyte, CAM/solid electrolyte) is highly challenging due to signal interferences of decomposition 

products, e.g. Li3PO4 and P2Sx. For this reason, we conducted ToF-SIMS measurements to reveal con-

centration changes below the XPS detection limit (see next section).  

Interestingly, analysis of the Nb 3d signal before and after battery cycling revealed a shift in the ener-

getic signal position. In order to investigate this effect in more detail, we analyzed the Nb 3d spectrum 

at different cycling stages (green data points in Figure 4B). It can be seen that the Nb 3d signal shifts 

strongly toward higher binding energies during the initial charging step and shifts more or less reversibly 

to lower and higher binding energies in subsequent cycles. Because the Ni 2p signal (black data points 

in Figure 4B) shows a similar trend and all spectra were calibrated in relation to solid electrolyte signals, 

we assume that the signal shift represents the state of charge of the CAM and is not mainly caused by a 

change in the chemical environment or a reaction of the coating material (a detailed discussion is given 

in the Supporting Information). This is supported by the fact that the potential range of the ASSB is 

much higher than reported values for the redox activity of LiNbO3 and material-related oxides such as 

LiNbO2 and Nb2O5, and the Nb 3d signal shape does not change upon cycling (see Nb 3d signal in Figure 

4B).43,57–62 It has already been shown in the literature that these effects can be exploited in XPS experi-

ments on model systems to obtain information on electronic and ionic contributions to the electrode 

potential and to determine energy band diagrams experimentally.63–66 However, since signal shifts in XP 
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spectra can be caused by manifold (convoluted) effects, we cannot completely exclude (electro)chemical 

reactions of the coating material, even though there is no direct evidence for them.  

II) Time-of-Flight Secondary Ion Mass Spectrometry.  

ToF-SIMS analyses were performed to further characterize the decomposition processes in the compo-

site cathodes below the detection limit of XPS (semi-quantitative analysis). As described in previous 

studies, ToF-SIMS can reveal chemical processes that are not detected by XPS due to its higher sensi-

tivity, e.g. formation of small quantities of sulfates/sulfites as demonstrated in the following.24,33 This 

makes the method particularly attractive for studies on interfacial decomposition processes in ASSBs. 

Surface analyses were performed to identify decomposition products and to reveal the influence of the 

CAM coating. In addition, ToF-SIMS analyses on FIB crater sidewalls were performed to verify the 

results of the surface analysis for the bulk material and to reveal the local fragment distribution, in order 

to ensure that the observations can be correlated to the decomposition reactions at the CAM/solid elec-

trolyte interface.  

We analyzed composite cathodes with Li2CO3/LiNbO3 coated NCM622 at different cycling stages (0 cy-

cles, 1 cycle and 200 cycles) and compared the results with data obtained for composite cathode without 

CAM coating (0 cycles and 200 cycles). 

For surface analysis, the overlap of the three different decomposition processes (current collector/solid 

electrolyte, carbon additive/solid electrolyte, CAM/solid electrolyte) must be taken into account, as we 

have described in more detail in a previous study.24 However, despite the detrimental influence of the 

current collector/solid electrolyte interface, it is still possible to obtain reasonable data from ToF-SIMS 

surface analysis due to the higher sensitivity compared to XPS. Based on experience, XPS investigations 

inevitably require surface cleaning, since results of surface measurements differ significantly from depth 

profiling results. This makes it often almost impossible to obtain reliable data. In contrast, ToF-SIMS 

surface spectra often show comparable results to depth profiling as shown earlier.24,33 However, to min-

imize the effect of analysis area dependence it is necessary to increase the statistics. Therefore, ten 

measurements per sample were performed (the scattering of the data is indicated by the boxplots in 

Figure 5A).  

According to previous work with ToF-SIMS, phosphate (POx
−) and sulfate/sulfite (SOx

−) fragments are 

of particular interest in the context of the decomposition of thiophosphate-based composite cath-

odes.24,33,67 Figure 5A illustrate the results of the surface analysis related to phosphate and sulfate/sulfite 

fragments in boxplots.  

From the surface analysis, it is evident that battery cycling leads in both cases (uncoated and coated 

CAM) to significant increases in phosphate and sulfate/sulfite fragments. The results for the composite 
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cathodes containing the Li2CO3/LiNbO3 coated CAM indicate that the formation of decomposition prod-

ucts occurs successively and is not completed after the first cycle. This is in accordance with our XPS 

results (see Supporting Information Figure S6). After 200 cycles, the composite cathode with coated 

CAM shows decreased intensities for POx
− and SOx

− fragments compared to the uncoated reference. 

This indicates that the Li2CO3/LiNbO3 coating suppresses the formation of phosphates and sulfates/sul-

fites. 

 

Figure 5. Results from ToF-SIMS surface analyses. Shown are boxplots of the normalized intensity of POx
− and 

SOx
− fragments (with 2 ≤ x ≤ 3). The primary ion gun was operated in spectrometry mode (bunched mode) using 

Bi3
+(25 keV) as primary ion species. Ten mass spectra were measured for each sample to minimize effects of the 

analysis area dependence. Electrochemical cycling leads in both cases (coated and uncoated) to significant in-

creases in POx
− and SOx

− fragments. The Li2CO3/LiNbO3 coating is capable of somewhat suppressing the for-

mation of phosphates and sulfates/sulfites.  

For the uncycled composite cathodes, the sulfates/sulfites formation due to the mere NCM/solid elec-

trolyte contact seems suppressed. This indicates, analogous to the XPS results, a suppression of the 

interfacial reaction due to the mere NCM/SE contact. This is also in accordance with calculations by 

Xiao et al., who have shown that Li2SO4 is a favorable reaction product for NCM/Li6PS5Cl interfaces, 

whereas this is not the case for the LiNbO3/Li6PS5Cl interface.44  
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In contrast, the suppression of the interfacial reaction is not as obvious for the phosphate fragments, 

which at first glance seems to contradict the XPS results. However, it should be noted that PO2
− and 

PO3
−

 show different trends (compare 0 cycles with 1 cycle for the coated case), which could be due to 

mass interferences. In addition, we cannot neglect the decomposition process overlap with the current 

collector/solid electrolyte interface in surface analyses. Indeed, we will show later that ToF-SIMS anal-

yses on FIB crater sidewalls confirm the XPS results. Since the current collector/solid electrolyte inter-

face influence can be excluded in these measurements, we assume a detrimental influence by the current 

collector here.24  

In the next step, we analyzed FIB crater sidewalls to verify the surface analysis results for the bulk 

material and to reveal the local fragment distribution with high lateral resolution. The latter is particu-

larly important, in order to confirm that the results obtained can be correlated to the decomposition 

reactions at the CAM/solid electrolyte interface. It should be noted here that the maximum lateral reso-

lution theoretically achieved is 122 nm (see Experimental Section). However, due to the topographic 

effects and the inclined nature of the crater, this value should be interpreted as the maximum resolution 

under ideal conditions. 

Figure 6A shows exemplary secondary ion images of the crater sidewall for the composite cathode with 

coated CAM after 200 cycles. The different components of the composite can be easily distinguished 

from each other using specific fragments. Accordingly, the NCM622 particles (NiO2
− fragment), the 

Li6PS5Cl solid electrolyte (Cl−), the CAM coating (NbO3
−) and the decomposition layer (POx

− and SOx
−) 

can be represented very well with high lateral resolution. The local distribution of phosphate and sul-

fate/sulfite fragments was studied by multiplication of secondary ion images to eliminate mass interfer-

ences analogously to our previous work.33  

For the uncycled composite cathodes, the secondary ion images revealed that phosphate and sulfate/sul-

fite formation already takes place due to the mere material contact at the CAM/solid electrolyte interface. 

Battery cycling leads to a further increase in phosphate and sulfate/sulfite signals regardless of the CAM 

coating.24,33 

For the composite cathode with coated CAM, even after 200 cycles, the coating fragment NbO3
− can 

still be detected around the NCM622 secondary particles (Figure 6A). Therefore, a significant consump-

tion/dissolution of the coating due to diffusion and (electro)chemical reactions does not seem to take 

place. Nevertheless, from the secondary ion images, it is apparent that phosphate (POx
−) and sulfate/sul-

fite (SOx
−) formation still occurs at the NCM/solid electrolyte interface, despite CAM coating.  

In this context, the question arises whether there are differences in the detected decomposition product 

concentrations. To draw semi-quantitative conclusions, a ROI analysis was performed analogous to pre-

vious studies.24,33,68 The procedure of such an analysis is described in more detail in the Supporting 

Information. The results of the ROI analysis are shown in Figure 6B.  
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For the uncycled composite cathodes, comparable trends to the XPS analysis can be observed. Accord-

ingly, the composite cathode containing the coated CAM shows a suppressed interfacial reaction due to 

the mere CAM/solid electrolyte contact, indicated by the lower amount of phosphate and sulfate/sulfite 

fragments. From the data for the composite cathodes containing coated CAM, it can be seen that the 

formation of such species is not completed after the first cycle but rather gradually increases during 

battery cycling, which is in accordance with our XPS results (see Supporting Information Figure S6). 

After 200 cycles, the intensity of POx
− and SOx

− fragments is significantly increased in both cases, but 

the protective nature of the CAM coating is clearly evident, as the signal intensities are lower in this 

case.

 

Figure 6. (A) ToF-SIMS measurement on a 45° crater sidewall of the cycled composite cathode with 

Li2CO3/LiNbO3 coated NCM622. Shown are exemplary secondary ion images of negatively charged fragments 

and a RGB overlay. The cathode active material (NiO2
−), the coating (NbO3

−), the solid electrolyte (Cl−) and the 

degradation layer ((PO2
− ∙ PO3

−) and (SO2
− ∙ SO3

−)) can be clearly distinguished from each other. (B) Results of 

the ROI analysis for the multiplied (PO2
− ∙ PO3

−) and (SO2
− ∙ SO3

−) secondary ion images. Battery cycling leads 

to an increase in phosphate and sulfate/sulfite fragments. The Li2CO3/LiNbO3 coating suppresses the reaction at 

the CAM/solid electrolyte interface.  
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Overall, the SIMS results indicate a suppression of the interfacial reaction at the CAM/solid electrolyte 

interface and highlight the suitability of the method for such investigations. The XPS results related to 

the interfacial reaction by mere contact could be confirmed. In addition, the high sensitivity of the 

method allowed the detection of concentration differences for phosphates and sulfates/sulfites in the 

CAM/solid electrolyte interface region that could not be resolved with XPS. 

Discussion 

In the following, we summarize the main findings of the results section and discuss them in the context 

of published work. First, we address the coating microstructure, especially its morphology and chemical 

composition. Based on this knowledge, we then discuss the influence of the CAM coating on the battery 

performance and the decomposition processes in the composite cathodes.  

1. Coating Microstructure. 

The coating approach in this work led to a particulate coating with a mean layer thickness of ~15 nm. 

According to our XPS and ToF-SIMS data, the coating particles consists of a LiNbO3 core, a Li2CO3 

shell and small quantities of carbon-containing residues from the coating procedure. It can be assumed 

that the LiNbO3 core is in an amorphous state, since the heating temperature was only 300 °C and the 

crystallization temperature is usually ≥460 °C.42,43 It has already been demonstrated that the amorphous 

phase exhibits a much higher lithium ion conductivity compared to single-crystalline LiNbO3, whereas 

the transport properties are reported to be strongly dependent on the grain boundary microstructure.42,69 

It should be noted that small deviations from the here postulated stoichiometry are virtually impossible 

to detect. The microstructure and spherical geometry of CAMs are not ideal for most analytical methods, 

and the small dimensions and concentration of the coating material are often in the range of the detection 

limit. Even the common combination of TEM, EDX and EELS is, according to Kim et al., limited to 

basic statements about the local layer thickness and element distribution for a Li2CO3/LiNbO3 hybrid 

coating and does not provide further insights into the coating microstructure.26  

Calculations by Xiao et al. suggest that NCM (fully-lithiated) can react with LiNbO3 to form compounds 

such as Li3NbO4, LiMnCoO4 and NiO.44 However, the reaction energy and thus the driving force for the 

reaction of LiNbO3 with fully-lithiated NCM is comparably small. This is further supported by calcula-

tions of Nolan et al.45 In addition, the half-lithiated Ni-rich cathode/LiNbO3 interface should be sta-

ble.44,45 Therefore, we do not assume a strong effect and expect only very low product concentrations in 

the interfacial region. Indeed, experimental identification of such compounds was not possible in this 

work. In addition to detection limitations of the analytical instruments, considering the chemical simi-

larity of possible products, small binding energy differences in XP spectra and similar fragmentations 

in ToF-SIMS spectra further complicate analyses in this direction. For this reason, we cannot provide 

further insight into the reaction of the coating and CAM here.  
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2. Influence of the Coating on the ASSB Performance and the CAM/Solid Electrolyte Inter-

facial Decomposition. 

In general, the Li2CO3/LiNbO3 coating leads to a significant improvement in long-term cycling perfor-

mance. Accordingly, the absolute capacities are enhanced and the capacity fading during cycling is re-

duced. However, considering that a less-pronounced but steady capacity fading is still visible, detri-

mental interfacial reactions are still occurring in the composite cathode. In this context, it must be taken 

into account, that interfacial reactions can generally occur at three different interfaces in composite cath-

odes: i) current collector/solid electrolyte, ii) carbon additive/solid electrolyte, iii) CAM/solid electro-

lyte.24 Since we only applied a protective coating to the CAM, we still expect unaffected detrimental 

interfacial reactions at the interfaces i) and ii). 

The detrimental effect of carbon additives on the ASSB performance has already been investigated in 

the past.24,32,70,71 Reports on the interfacial reaction of carbon with thiophosphates indicate decomposi-

tion products such as polysulfides and/or various anionic frameworks that Li-P-S phases can pass 

through during redox reactions.24,50 Because the decomposition products from the interfaces ii) and iii) 

overlap in the S 2p spectra, it is almost impossible to separate the individual contributions. Hence, the 

pronounced formation of the signal shoulder at higher binding energies in the S 2p signal during battery 

cycling (Figure 4A) can partially be explained by reactions at the carbon additive/solid electrolyte in-

terface. A further hint in this direction is, that the formation of this signal shoulder is already almost 

completed after the initial cycles (Figure S6). In contrast, species that can be more clearly associated 

with interface reactions at the CAM/solid electrolyte interface such as phosphates and sulfates/sulfites 

(which require an oxygen source) tend to form successively. This is indicated by the P 2p signal (Figure 

S6) as well as by ToF-SIMS investigations (Figure 5 and Figure 6). Strategies to overcome the interfacial 

reaction at the carbon additive/solid electrolyte interface have already been demonstrated and have been 

shown to improve the performance of ASSBs.72,73 Analogous to the CAM, this often comprises coating 

approaches.  

Despite the decomposition overlap, our post-mortem analysis clearly revealed reactions that can unam-

biguously be attributed to the CAM/solid electrolyte interface. For the uncoated CAM, the XPS and 

ToF-SIMS data indicate distinct formation of oxygenated phosphorous and sulfur species such as phos-

phates and sulfates/sulfites. This is consistent with previous experimental and computational studies in 

the context of thiophosphate-based composite cathodes.24,33,44,67,74,75 We have already proposed a scheme 

for the NCM622/β-Li3PS4 interfacial reaction in a previous study.24 Since we find comparable results 

for the NCM622/Li6PS5Cl, similar reactions are likely to occur. Considering recent calculations, we 

assume that thermodynamically preferred reaction paths involve the formation of transition metal sul-

fides as intermediate products, which ultimately react to phosphates and sulfates in a metathesis-type 

reaction.24,44,74,75 In this context, it should be noted that, in contrast to other experimental work, there is 
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no clear evidence of transition metal sulfide formation in our XPS and ToF-SIMS data.27,76,77 In a pre-

vious work, we have already discussed the possibility of a misleading energy calibration of XP spectra 

and thus a misleading detection of transition metal sulfides.24 Apart from the possibility of a metathesis-

type reaction, the formation of oxygenated phosphorous and sulfur compounds can also be partially 

ascribed to the chemical reaction of released O2 (partially present as highly reactive singlet 1O2) during 

battery cycling, either from the NCM lattice at high states of charge or from the electrochemical decom-

position of Li2CO3 as reported in literature.26,78–83 

Overall, the interfacial reactions at the CAM/solid electrolyte interface leads to the formation of oxy-

genated phosphorus and sulfur species which can be accompanied by a formation of a rock-salt-like 

CAM phase.24 In addition, we assume that oxidized – but not oxygenated – sulfur species such as poly-

sulfides form near the interfaces due to electrochemical decomposition of the solid electrolyte (analo-

gous to the current collector/solid electrolyte and carbon additive/solid electrolyte interfaces). Products 

such as Li3PO4, Li2SO4 and polysulfides tend to reduce the partial ionic conductivity locally in the in-

terface region compared to the pristine CAM and solid electrolyte, resulting in an increase in resistance 

and thus a decrease in ASSB performance.48,84–88 However, the actual properties of the interface layer 

formed depend largely on the compounds present, their precise stoichiometry and their microstructure. 

Even for a single material in the interface region such as LiNbO3, the materials´ properties can vary 

significantly due to the crystallinity, defects and the microstructure of the material (e.g., bulk vs. grain 

boundary properties).42,69 The complexity is further increased when interactions with other compounds 

in the interface region are considered. In model-type experiments, pseudo-binary and pseudo-ternary 

phases and phase mixtures containing Li3PO4, Li2SO4 and Li2CO3, which are all reasonable compounds 

of interface layers, the influence of composition on electronic and ionic partial conductivities has already 

been systematically studied and was found to be strong.85,89–91 Considering the low product fractions and 

the small dimension of the degradation layer (nm range), the unequivocal experimental identification of 

specific compounds and their stoichiometries remains an enormous analytical challenge. 

The Li2CO3/LiNbO3 coating reduces, but does not completely suppresses the aforementioned interfacial 

reactions at the CAM/solid electrolyte interface, which is particular evident from the ToF-SIMS results 

(Figure 5 and Figure 6). These findings are in accordance to a study by Visbal et al., who observed 

similar trends by near-surface ToF-SIMS analyses for a diamond-like carbon coating on 

LiNi0.8Co0.15Al0.05O2 (NCA) in an amorphous Li2S-P2S5 (75:25 mol%)-based composite cathode.67 This 

suggests that the effects described seem somehow universal for thiophosphate-based ASSBs. 

However, since the interfacial reaction cannot be completely prevented by the Li2CO3/LiNbO3 coating, 

the question for the reason of this imperfect function arises. The remaining interfacial degradation can 

be related to the microstructure of the coating, namely the coating morphology and coating composition.  

The coating morphology is particulate. This implies the presence of uncoated/less-coated areas, where 

the interfacial reaction can occur almost unhindered. A homogenous layer is therefore preferable as a 
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protective coating but often difficult to achieve experimentally. In addition, partial mechanical abrasion 

of the coating during cell assembly is conceivable, and chemo-mechanical volume changes during cell 

cycling can lead to exposure of uncoated areas.92 Besides the morphology, also the coating composition 

seems not ideal under consideration of the calculated stability against thiophosphate-based solid elec-

trolytes.44,93 According to Xiao et al., the material combination LiNbO3/Li6PS5Cl has a non-negligible 

negative reaction energy, which can lead to the formation of Li3PO4 among other products.44  

Consequently, phosphate fragments can partially also be related to the LiNbO3/Li6PS5Cl interface. How-

ever, the reaction energy is smaller compared to the bare NCM/Li6PS5Cl material combination, thus 

leading to a reduced driving force for the interfacial reaction. This is in accordance with our analytical 

results before and after battery cycling, showing a suppressed formation of decomposition products with 

the Li2CO3/LiNbO3 coating.  

The role of the Li2CO3 content in the coating is yet not completely clear. Kim et al. demonstrated that 

Li2CO3 alone may already have a beneficial effect on the ASSB performance compared to uncoated 

CAM.26 However, according to a recent study by Strauss et al., the Li2CO3 content in the coating must 

be specifically tailored to the coating used.83 The positive effect of Li2CO3 in many coatings can have 

various reasons: Taking the typical solid-state synthesis of lithium transition metal oxides such as 

LiNbO3 from Li2CO3 and Nb2O5 into account, a stabilizing effect of Li2CO3 on LiNbO3 could be con-

ceivable.94 Considering the particulate nature of the coating, it is also possible that the positive influence 

of Li2CO3 is due to the fact that Li2CO3 prevents direct contact of the CAM with the solid electrolyte in 

less coated/uncoated areas between the coating particles. Accordingly, the Li2CO3 would compensate 

for the deficiencies of the coating microstructure and the optimum content of Li2CO3 would depend on 

the coating material and its overall microstructure. Therefore, we do not assume the Li2CO3 to be gen-

erally detrimental here. Nevertheless, as indicated by calculations, LiNbO3 and probably also Li2CO3 do 

not seem to be the best choice and other coating materials should be more beneficial to suppress the 

interface reaction at the CAM/solid electrolyte interface.44,45,93 In addition to the interface stability of the 

materials, it must be noted that materials´ properties such as ionic and electrical partial conductivity play 

an important role in the choice of coating materials.95 Since Li2CO3 has a relatively low ionic conduc-

tivity, it is certainly not an ideal coating material, although it seems to be able to partially stabilize the 

CAM/solid electrolyte interface compared to the uncoated interface.96 Consequently, further optimiza-

tion of the coating composition and the coating microstructure remains an important step towards long-

term stable ASSBs. 

Overall, the working principle of the Li2CO3/LiNbO3 coating in this work can be related to the suppres-

sion of the interfacial reaction at the CAM/solid electrolyte interface. This leads to a reduced formation 

of phosphates (likely Li3PO4 and transition metal phosphates) and sulfates/sulfites (likely Li2SO4 and 

transition metal sulfates). Because the ionization probability of negatively charged phosphate and sul-

fate/sulfite fragments is basically high, ToF-SIMS is an excellent analytical method to investigate the 
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protective effect of coating in thiophosphate-based composite cathodes. In principle, it should be possi-

ble in this way to semi-quantitatively benchmark the efficiency of protective coatings in suppressing 

interfacial reactions by using ToF-SIMS.  

Conclusions 

We investigated the influence of a Li2CO3/LiNbO3 coating on LiNi0.6Co0.2Mn0.2O2  

on the battery performance and the decomposition processes on the positive electrode side of a 

Li4Ti5O12/Super C65 | Li6PS5Cl | NCM622/Li6PS5Cl/Super C65 ASSB cell.  

The coating microstructure is characterized in terms of morphology and chemical composition. A com-

bination of FIB-SEM, XPS and ToF-SIMS reveals a particulate coating with a mean layer thickness of 

~15 nm. The coating particles consist of an amorphous LiNbO3 core, a Li2CO3 shell and small quantities 

of carbon-containing residues form the coating procedure. 

Electrochemical investigations reveal the positive effect of the protective coating on the ASSB perfor-

mance. Accordingly, the capacity fading during cycling is decreased and thus the long-term cycling 

performance is significantly enhanced. Because the particulate character of the coating allows for un-

protected areas and the coating composition is not ideal in terms of stability against the solid electrolyte, 

a less pronounced but steady capacity fading still occurs. 

Comprehensive post-mortem analyses of composite cathodes by using a combination of XPS and ToF-

SIMS show that the CAM coating successfully suppresses the interfacial reaction at the CAM/solid 

electrolyte interface in terms of reduced formation of oxygenated phosphorous and sulfur compounds 

such as phosphates and sulfates/sulfites. In addition, we show that the formation of decomposition prod-

ucts in the interfacial region is successive and not fully completed after the initial cycles.  

Overall, this work extends the knowledge of the working principle of protective coatings. This will help 

to better understand the protective nature of coatings and to design tailored CAM coatings and interfaces 

in the future. We also highlighted the suitability of ToF-SIMS for investigations on decomposition pro-

cesses occurring in thiophosphate-based ASSBs. In principle, this allows for semi-quantitatively bench-

marking the influence of protective coatings on the decomposition processes in thiophosphate-based 

composite cathodes. 
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