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ABSTRACT 

All-inorganic solid-state batteries (SSBs) currently attract much attention as next-

generation high-density energy storage technology. However, to make SSBs 

competitive with conventional Li-ion batteries, several obstacles and challenges must 

be overcome, many of which are related to interface stability issues. Protective 

coatings can be applied to the electrode materials to mitigate side reactions with the 

solid electrolyte, with lithium transition metal oxides, such as LiNbO3 or Li2ZrO3, being 

well established in research. In addition, it has been recognized lately that carbonates 

incorporated into the coating may also positively affect the interface stability. In this 

work, we studied the effect that surface carbonates in case of Li2ZrO3-coated 

Li1+x(Ni0.6Co0.2Mn0.2)1−xO2 (NCM622) cathode material have on the cyclability of pellet 

stack SSB cells with Li6PS5Cl and Li4Ti5O12 as solid electrolyte and anode, 

respectively. Both carbonate-rich and carbonate-poor hybrid coatings were produced 

by altering the synthesis conditions. The best cycling performance was achieved for 

the carbonate-deficient Li2ZrO3-coated NCM622, due to decreased degradation of the 

argyrodite solid electrolyte at the interfaces, as determined by ex situ X-ray 

photoelectron spectroscopy and in situ differential electrochemical mass spectrometry. 

The results emphasize the importance of tailoring the composition and nature of 

protective coatings to improve the cyclability of bulk SSBs.  
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INTRODUCTION 

Conventional Li-ion batteries (LIBs) are becoming increasingly important for 

application in the automotive industry.1,2 Especially in case of electric vehicles, there 

is a continuous demand for improved performance concerning energy and power 

density, as well as safety. This has led to the renewed interest in inorganic solid-state 

batteries (SSBs),3,4 which rely on the use of a solid ceramic electrolyte for ionic 

conduction, as opposed to the liquid electrolyte in LIBs. However, SSBs are still unable 

to match the performance of conventional LIBs for various reasons.  

Ni-rich LiNi1−x−yCoxMnyO2, referred to as NCM or NMC, and lithium thiophosphates 

have been shown to hold promise as cathode active material (CAM) and solid 

electrolyte, respectively, for use in SSB cells.5–9 Although lithium thiophosphates seem 

perfectly suited for such application, due to their high ionic conductivity and favorable 

mechanical properties, they suffer from relatively poor electrochemical stability.7,10–13 

This often leads to detrimental side reactions occurring at the interfaces during 

operation and therefore to impedance buildup and capacity fading.14,15 An effective 

way to suppress, or at least mitigate, such side reactions is by applying a protective 

coating to the NCM secondary particles.16–18  

In recent years, different coating chemistries and preparation approaches have been 

tested, with lithium transition metal oxides, such as LiNbO3 or Li2ZrO3, being widely 

regarded as the most promising materials.19–25 While these coating materials are by 

now routinely applied to layered oxide CAMs, thorough understanding of their working 

principle(s) remains elusive. Moreover, it has been shown for both LiNbO3- and Li3BO3-

based coatings, that carbonate species (always present to some extent on Ni-rich 

layered oxide CAMs)26–28 may positively affect the cycling performance and stability of 

SSBs.29,30  

The main objective of this work was to probe the effect that carbonates incorporated 

into the sol-gel derived Li2ZrO3 coating on NCM622 (60% Ni content) CAM have on 

the cyclability of bulk (pellet stack) SSB cells using argyrodite Li6PS5Cl, Li4Ti5O12 

(LTO), and Super C65 carbon black as solid electrolyte, anode, and conductive 

additive, respectively. In particular, we show that a carbonate-deficient Li2ZrO3 coating, 

prepared by heating at 300 °C in oxygen, leads to superior performance compared to 

both carbonate-rich hybrid coatings, prepared by heating at 300 or 800 °C in air, and 

bare NCM622, especially at higher C-rates. Using a combination of in situ and ex situ 

techniques provided insights into the interfacial degradation of the Li6PS5Cl solid 

electrolyte and helped to rationalize the differences in the observed cycling 

performance of the coated and uncoated NCM622. 

 

EXPERIMENTAL 

Solid Electrolyte Preparation 

Argyrodite Li6PS5Cl was prepared as follows: A (non-stoichiometric) mixture of 5 g of 

Li2S (Sigma Aldrich; 99+%), P2S5 (Sigma Aldrich; 99%), and LiCl (Alfa Aesar; 99+%) 
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was milled in a 250 mL zirconia jar for 1 h at 250 rpm using 10 mm diameter zirconia 

balls, with a ball to powder ratio of 27:1. Next, the milling speed was increased to 450 

rpm, and the milling process was continued for 20 h. The recovered powder was 

ground using a mortar and pestle and finally heated at 300 °C for 5 h in a vacuum. The 

as-made solid electrolyte had a room-temperature ionic conductivity of about 1.8 mS 

cm−1. X-ray diffraction (XRD) and Rietveld refinement patterns of the argyrodite 

Li6PS5Cl are shown in Figure S1. 

Surface Coating of Cathode Active Material 

NCM622 (BASF SE) was dried at 300 °C for 12 h in a vacuum prior to use to remove 

surface impurities (Li residuals).31 To form a 1 wt.% Li2ZrO3 coating on the CAM 

particles, the NCM622 powder was dispersed in an ethanolic solution containing 

stoichiometric amounts of lithium and zirconium ethoxide. Lithium and zirconium 

ethoxide solutions were prepared by dissolving lithium metal (Albemarle Germany 

GmbH) or zirconium(IV) ethoxide (Sigma Aldrich; 97%) in ethanol (FUJIFILM Wako 

Pure Chemical Corporation; super dehydrated, 99.5+%). After stirring the dispersion 

for 30 min at room temperature, the ethanol was evaporated on a hot plate using an 

oil bath set to 90 °C. Finally, the recovered powder was dried overnight at room 

temperature in a vacuum, ground using a mortar and pestle, and then placed in an 

alumina crucible and heated for 5 h at 300 °C in air or oxygen or at 800 °C in air. Both 

the uncoated and coated NCM622 CAMs were stored in an argon glovebox for further 

use. 

Cell Assembly and Electrochemical Testing 

Cathode composite was prepared by mixing the Li6PS5Cl solid electrolyte, NCM622 

CAM, and Super C65 carbon black conductive additive (TIMCAL Ltd.; pre-dried 

overnight at 300 °C in a vacuum) in a 3:7:0.1 weight ratio in a 70 mL zirconia jar for 30 

min at 140 rpm using 10 mm diameter zirconia balls, with a ball to powder ratio of 30:1. 

Anode composite was prepared similarly, but using a 3:1:6 mixture by weight of 

carbon-coated LTO (NEI Corp.) as anode active material, Super C65 carbon black, 

and Li6PS5Cl.32 

A custom cell setup was used for the electrochemical testing of SSBs. Assembly of 10 

mm diameter pellet stack cells consisted of compressing 100 mg of Li6PS5Cl solid 

electrolyte at 125 MPa. Next, an amount of 65 mg of anode composite was pressed at 

125 MPa onto the solid electrolyte pellet, followed by pressing cathode composite 

(10−12 mg) at 375 MPa onto the other side. A pressure of 55 MPa was maintained 

during electrochemical cycling. Galvanostatic (dis-)charge measurements were 

performed at 45 °C and at rates of C/5, C/2, and 1C (1C = 180 mA gNCM622
−1) in a 

voltage range of 1.35−2.85 V vs Li4Ti5O12/Li7Ti5O12, corresponding to about 2.9−4.4 V 

vs Li+/Li, using a MACCOR battery tester.  

Methods 

XRD measurements were conducted on samples sealed in 0.5 mm diameter 

borosilicate glass capillaries (Hilgenberg GmbH) using a STADI P powder 

diffractometer (STOE & Cie GmbH) equipped with a Cu-Kα1 radiation source.  
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Scanning electron microscopy (SEM) imaging of the uncoated and coated NCM622 

CAMs was done using a LEO 1530 microscope (Carl Zeiss AG) with a field emission 

source at 10 kV. 

Transmission electron microscopy (TEM) measurements were performed on a Titan 

80-300 (FEI Company) Cs image-corrected microscope at 300 kV. To protect the 

surface coatings from damage during focused ion beam (FIB) sample preparation and 

processing, nanoscale Pt layers were deposited onto the NCM622 CAM by electron- 

and ion beam-induced deposition. A high-angle annular dark-field (HAADF) detector 

was used to record scanning TEM (STEM) images. 

Zirconium contents were measured via inductively coupled plasma (ICP) optical 

emission spectroscopy (OES) using both an Optima 4300 DV (PerkinElmer) and an 

iCAP 7600 (Thermo Scientific) spectrometer. 

Attenuated total reflection (ATR) infrared (IR) spectroscopy data were collected using 

an ALPHA FT-IR spectrometer (Bruker) equipped with a Ge crystal in an argon 

glovebox.  

X-ray photoelectron spectroscopy (XPS) was performed on a K-Alpha spectrometer 

(ThermoFisher Scientific) using a micro-focus Al-Kα X-ray source with 400 μm spot 

size. Data acquisition and processing, as well as curve fitting (Voigt profiles with a 

binding energy uncertainty of ±0.2 eV) were done employing the Thermo Avantage 

software.33 For quantification, the analyzer transmission function, Scofield sensitivity 

factors, and effective attenuation lengths (EALs) for photoelectrons were applied.34 

EALs were calculated using the standard TPP-2M formalism.35 Core-level spectra of 

the uncoated and coated NCM622 CAMs are referenced to the C 1s peak of 

adventitious carbon at 285.0 eV. Core-level spectra of the cathode composites before 

and after cycling are referenced to the Cl 2p peak at 198.8 eV of the Li6PS5Cl solid 

electrolyte. Note that the latter peak remains unaffected during sample preparation and 

electrochemical cycling.15,36  

Electrochemical impedance spectroscopy (EIS) was performed at 45 °C in a frequency 

range of 100 mHz to 7.0 MHz with an AC voltage amplitude of 10 mV using an SP-200 

potentiostat (BioLogic).  

SSB cells used for in situ gas analysis were similar to those assembled for the 

electrochemical testing, except that indium foil was used as anode. Cells were 

assembled in a 10 mm diameter PEEK ring, by sequentially pressing the components 

into a pellet, before placing them in the differential electrochemical mass spectrometry 

(DEMS) setup.37,38 A 9 mm diameter stainless steel mesh was placed on the cathode 

side to help promote connectivity and the cathode spacer had 1 mm diameter holes to 

ensure proper outflow of evolved gasses. Cycling was performed at 45 °C and C/20 

rate in a voltage range of 2.3−3.8 V vs In/InLi, corresponding to about 2.9−4.4 V vs 

Li+/Li, using a VSP-300 potentiostat (Biologic). For temperature stabilization as well as 

to establish a proper background for the mass spectrometer, all cells underwent a 10 

h open circuit voltage period prior to cycling. The flow of helium carrier gas (2.5 mL 

min−1; purity 6.0) was controlled by a mass flow controller (Bronkhorst; F-201CV-020-
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RAD-33-Z). For gas analysis, a mass spectrometer (Pfeiffer Vacuum GmbH; OmniStar 

GSD 320 O2) was used. After each measurement, a calibration gas was introduced, 

comprising of ethylene (151.7 ± 3.0) ppm, carbon monoxide (101.3 ± 2.0) ppm, carbon 

dioxide (99.4 ± 2.0) ppm, nitrogen (120.4 ± 6.0) ppm, hydrogen (492.4 ± 9.8) ppm, and 

oxygen (50.9 ± 1.0) ppm in a helium environment (Air Liquide). See Figures S2 and 

S3 for details of the background correction and calibration procedure. 

 

RESULTS AND DISCUSSION 

Carbonate-rich and carbonate-poor hybrid surface shells were achieved by heating the 

Li2ZrO3-coated NCM622 CAM in air and oxygen, respectively. A schematic 

representation of the different processing steps and potential coating morphologies is 

shown in Figure 1. 

 

Figure 1. Schematic illustration of the formation of carbonate-rich and carbonate-poor 

Li2ZrO3-coated NCM622 CAMs. 

 

SEM imaging of the NCM622 particles was done to probe their surface morphology 

before and after coating. Figures 2a and b show that the bare (uncoated) NCM622 

secondary particles, with 𝐷𝑉
90 = 9.0 μm, consist of primary particles up to several 

hundreds of nanometers in size, whose outer surface seems clean and well defined. 

 

Figure 2. (a) Low- and (b) high-magnification SEM images of the uncoated NCM622 

CAM. 
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In contrast, for the coated NCM622 CAMs, the presence of a surface shell or surface 

deposits can be clearly inferred from the high-magnification SEM images shown in 

Figures 3a, c, and e. To gain more insights into the coating, STEM imaging and energy 

dispersive X-ray (EDX) spectroscopy mapping were performed on FIB specimens. As 

is evident from Figures 3b and d, the Li2ZrO3 was indeed present as a shell after 

heating the coated NCM622 at 300 °C in air or oxygen. Both coatings seem relatively 

uniform, at least on the scale of the TEM/EDX measurements (see also low-

magnification HAADF and bright-field STEM images in Figure S4), with thicknesses of 

≤ 10 nm. The surface layer for the sample heated in air was thicker by a factor of two 

or so, which can be explained by the presence of carbonates. However, after heating 

at 800 °C in air, Zr atoms were also present in the bulk of the primary particles, due to 

interdiffusion into the NCM622 lattice, as can be seen in Figure 3f. This observation is 

in agreement with literature reports.39,40 The Zr content from ICP OES measurements 

(Table S1) was found to vary from 0.60 to 0.65 wt.% or from 1.00 to 1.08 wt.% when 

assuming the formation of Li2ZrO3. This in turn suggests that the coating on the 

samples heated at 300 °C cannot be potentially uniform throughout the surface of the 

secondary particles (on the micrometer level), a result of the facile sol-gel coating 

process applied to the NCM622 CAM. Note that the conformality and uniformity of the 

coating depends strongly on the technique used, with atomic layer deposition and 

spray drying typically achieving the best results.16 

 

Figure 3. High-magnification SEM and HAADF STEM images of the coated NCM622 

CAM heated at 300 °C in air (a and b) or oxygen (c and d) and at 800 °C in air (e and 

f). Insets are EDX elemental maps of the same area for Ni and Zr. 

 

The presence of carbonates, probably Li2CO3, in the coatings was examined by ATR 

IR spectroscopy. Characteristic IR-active carbonate modes were clearly visible for the 

surface-treated NCM622 CAMs at 1490 and 1430 cm−1 (ν3) and 870 cm–1 (ν2).41 The 
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very same vibrational bands were virtually absent for the bare NCM622 (Figure 4a). 

In addition, it can be seen from the spectra that the bands are more pronounced for 

the sample heated at 300 °C in air than oxygen. This indicates that, as expected, CO2 

(and H2O) in the atmosphere is responsible to a large extent for the formation of 

carbonates on the CAM surface during heating at elevated temperatures;30,42 however, 

organic residues seem to play a role too. The intensity of the vibrational bands strongly 

increased upon heating the coated NCM622 at 800 °C in air. Because Li2CO3 is known 

to decompose at temperatures above 720 °C,43 we assume that the surface 

carbonates are primarily formed during the cooling process.  

Moreover, C 1s XPS data were collected on the different NCM622 CAMs. In addition 

to the major peak of adventitious carbon at 285.0 eV, minor peaks centered at 288.9 

and 290.1 eV were observed for the bare NCM622, due to the presence of hydrocarbon 

contaminants containing oxygen (C═O) and surface carbonates, respectively (Figure 

4b).44,45 For the coated NCM622 heated at 300 °C in air, the peak at 290.1 eV clearly 

increased in intensity, in agreement with the ATR IR spectroscopy data, where stronger 

carbonate modes were observed after heating in air than oxygen. Nevertheless, the 

sample heated at 800 °C in air showed the strongest carbonate peak. Apart from that, 

the Zr 3d XPS core-level spectra were almost identical for the coated NCM622 CAMs, 

showing symmetric peaks at 184.9 eV (3d3/2) and 182.2 eV (3d5/2), with a 2:3 area ratio 

(Figure S5). This suggests that the Zr atoms have the same or very similar local 

bonding environment, probably arising from amorphous Li2ZrO3. However, it should be 

noted that Li2ZrO3 and ZrO2 cannot be distinguished by XPS.40,46–51 Also, the Zr 3d 

peaks were much decreased for the sample heated at 800 °C in air, thereby indirectly 

confirming Zr interdiffusion into the NCM622 lattice.39 
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Figure 4. (a) Background-corrected ATR IR spectra of the uncoated and coated 

NCM622 CAMs heated at 300 °C in air or oxygen and at 800 °C in air and (b) the 

corresponding normalized C 1s XPS core-level spectra. The characteristic IR-active 

modes and XPS peak of surface carbonates are denoted.  

 

The electrochemical performance of the coated NCM622 CAMs was tested at 45 °C 

and at different C-rates in pellet stack SSB cells (~10 mgNCM622 cm−2 areal loading) with 

argyrodite Li6PS5Cl and LTO as solid electrolyte and anode, respectively, and 

compared to that of the bare NCM622. Representative first-cycle voltage profiles at 

C/5 are shown in Figure 5a. Note that the capacity and Coulombic efficiency values 

given in the following are averaged over measurements on three otherwise identical 

cells. For the bare NCM622, specific charge and discharge capacities of 200 and 162 

mAh gNCM622
−1 (~1.6 mAh cm−2) were achieved in the initial cycle, corresponding to a 

Coulombic efficiency of 81%. Cells using the coated NCM622 heated at 300 °C in 

oxygen showed a comparable specific charge capacity, but delivered a larger specific 

discharge capacity of 170 mAh gNCM622
−1 (~1.7 mAh cm−2), leading to an improved 

Coulombic efficiency of 85%. In contrast, for the coated NCM622 heated at 300 °C in 

air, both the specific charge and discharge capacities decreased to 189 and 163 mAh 

gNCM622
−1 (~1.6 mAh cm−2) while retaining a high first-cycle Coulombic efficiency of 

86%. However, the coated NCM622 heated at 800 °C in air exhibited the lowest 
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specific charge and discharge capacity values of 187 and 149 mAh gNCM622
−1 (~1.5 

mAh cm−2), as well as the lowest initial Coulombic efficiency of 80%. As can be seen 

from Figure 5b, the second-cycle Coulombic efficiencies were similar for cells using 

the bare or coated NCM622 heated at 800 °C in air and for cells using the coated 

NCM622 heated at 300 °C in air or oxygen at 95−96 and ~97%, respectively. Overall, 

these results suggest that only the coatings that underwent heating at 300 °C help to 

increase the capacity and Coulombic efficiency, especially in the initial cycles. A Zr-

deficient but carbonate-rich coating on the NCM622 CAM does not lead to any 

performance improvement over the bare material, probably because of aggravated 

kinetics for charge transfer at the interfaces and/or (pronounced) formation of 

detrimental surface decomposition products. 

 

Figure 5. (a) Representative first-cycle voltage profiles of SSB cells using the uncoated 

or coated NCM622 CAMs heated at 300 °C in air or oxygen and at 800 °C in air and 

(b) the corresponding Coulombic efficiencies for the initial and second cycles. Error 

bars indicate the standard deviation from measurements on three cells. 

 

In total, the cells were cycled for 60 cycles (Figure 6a). During the first five cycles at 

C/5, the coated NCM622 CAMs experienced a capacity loss of about 10 mAh gNCM622
−1, 

compared to about 20 mAh gNCM622
−1 for the bare NCM622, suggesting marked 

degradation of the Li6PS5Cl solid electrolyte when using unprotected CAM. A 

significant drop in capacity was noticed for all cells upon increasing the C-rate to C/2 

or 1C. The specific discharge capacity at 1C for the coated NCM622 heated at 300 °C 

in oxygen was by far the highest among the CAMs tested (e.g., 110 mAh gNCM622
−1 
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versus 90 mAh gNCM622
−1 for the coated NCM622 heated at 300 °C in air). This result 

indicates that the heating conditions have a profound effect on the rate performance 

of the NCM622 in Li6PS5Cl-based SSB cells by affecting the composition and thickness 

of coating, among others. On further cycling at C/5, the different CAMs exhibited a 

comparable capacity fading behavior, with the coated samples heated at 300 °C in 

oxygen and air achieving the largest specific discharge capacities of 116 mAh gNCM622
−1 

(~1.2 mAh cm−2) and 107 mAh gNCM622
−1 (~1.1 mAh cm−2), respectively, after 60 cycles. 

Cells using the bare or coated NCM622 heated at 800 °C in air were still capable of 

delivering about 94 mAh gNCM622
−1 (~0.9 mAh cm−2) after the same number of cycles. 

Regarding the Coulombic efficiencies, increases upon cycling were observed for all 

cells, and from cycle no. 30 onward, they stabilized around 99% (Figure 6b). However, 

the rate of increase in the initial cycles was much faster for the cells using the coated 

NCM622 heated at 300 °C in air or oxygen, thus suggesting that less side reactions 

occurred.  

 

Figure 6. (a) Specific discharge capacity versus cycles for SSB cells using the 

uncoated or coated NCM622 CAMs heated at 300 °C in air or oxygen and at 800 °C in 

air and (b) the corresponding Coulombic efficiencies. All data shown are averaged from 

three cells. 

 

The different cycling performance of the NCM622 CAMs tested in this work may be 

explained by differences in the amount and nature of solid electrolyte degradation 

products formed at the interfaces. Hence, XPS data were collected on the positive 

electrode side before and after cycling, with special emphasis placed on the S 2p and 

P 2p core-level regions. The pristine (uncycled) composites showed a major S 2p 

doublet at 161.5 eV (2p3/2), characteristic of the PS4
3− unit of Li6PS5Cl, and a minor 
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doublet at 160.3 eV, which, in principle, can be attributed both to the free S2− anions in 

the argyrodite structure and to Li2S impurities (Figure S6).11,15,32 However, the 

presence of Li2S is not apparent from the XRD pattern shown in Figure S1. Significant 

changes in the S 2p core-level spectra were noticed after the 60 cycles (Figure 7a), 

with new peaks appearing at higher and/or lower binding energies. Note that similar 

changes have already been observed for lithium thiophosphate solid electrolytes, thus 

pointing toward solid electrolyte degradation upon cycling.11,15,52 A new doublet 

emerged in the binding energy region of 163.4−163.5 eV (2p3/2) in all cases, indicating 

─S─S─ bond formation (polysulfides, elemental sulfur, etc.).11,32,52 The peaks that can 

generally be assigned to the free S2– anions were much more prominent for both the 

bare and coated NCM622 heated at 800 °C in air. However, their exact origin is unclear 

and still under debate in literature.11,15,53 Nevertheless, from recent studies, it seems 

that the formation of Li2S is unlikely, especially when considering the voltage window 

used for cycling.53 Moreover, new peaks appeared at binding energies higher than 166 

eV, which we associate with the formation of SOx. Such oxygenated sulfur species 

(possibly sulfites) were mainly visible for cells using the bare or coated NCM622 heated 

at 300 °C in air. In the other cases, only minor SOx formation (possibly sulfites and 

sulfates) was apparent. Overall, it can be concluded that interfacial side reactions 

between the Li6PS5Cl solid electrolyte and the other cell components (NCM622 CAM, 

Super C65 carbon black additive, and Al current collector) lead to formation of 

polysulfides and SOx species as solid decomposition products, in agreement with 

previous reports investigating lithium thiophosphate-based SSBs.11,15,32,36  

The P 2p core-level spectra revealed a single doublet at about 131.9 eV (2p3/2) for the 

pristine (uncycled) composites (Figure S7). After cycling, it showed distinct broadening 

toward higher binding energies (Figure 7b), due to formation of POx.36,54 As expected, 

the new doublet at 134.1−134.2 eV (2p3/2) was less pronounced for the coated 

NCM622 heated at 300 °C in air or oxygen. In summary, XPS analysis revealed that 

the mixed carbonate/zirconate coating on NCM622 is capable of reducing POx and 

SOx formation to some extent, as also shown by Visbal et al. for a related SSB 

system.54 

This finding is consistent with results from EIS measurements conducted on the cells 

after cycling. The worst performing NCM622 CAMs indeed showed the largest cathode 

interfacial resistance; a depressed semicircle was clearly observed in the Nyquist plot 

(Figure S8).  
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Figure 7. (a) S 2p and (b) P 2p XPS core-level spectra of the positive electrode side 

of cycled SSB cells using the uncoated or coated NCM622 CAMs heated at 300 °C in 

air or oxygen and at 800 °C in air. 

 

In recent years, it has been shown that gaseous decomposition products can be 

formed as well in SSBs and the coating chemistry may affect the outgassing.30,55,56 

Hence, we decided to also study the gassing behavior in the initial cycle. To this end, 

cells were cycled in a custom DEMS setup in the same voltage window used for 

electrochemical testing while monitoring the gas evolution (mass signals from m/z = 1 

to 100).37,38 The bare NCM622 cell achieved a specific charge capacity of ~200 mAh 

gNCM622
−1 (Figure 8a), in agreement with the data shown in Figure 5a. Regarding the 

mass signal m/z = 44 (CO2), sharp peaks were observed both at the very beginning 

and at the end of charge, with an onset potential of 3.6 V vs In/InLi (~4.2 V versus 
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Li+/Li). While the observation of CO2 evolution in the beginning of the initial charge 

cycle is usually attributed to electrochemical reduction of liquid electrolyte in 

conventional LIBs, this explanation can be excluded here. So far, the origin of this 

feature for SSBs remains largely elusive.30,55,56 The CO2 evolution at potentials higher 

than 3.6 V vs In/InLi can be associated with the electrochemical decomposition of 

carbonate contaminants, in agreement with literature.26,55 In addition to CO2 formation, 

a sharp peak for m/z = 32 (O2) appeared at the end of charge (~3.8 V versus In/InLi). 

Although O2 release from the NCM lattice requires the state of charge (SOC) to be 

greater than 80%,57 in bulk SSBs, it has been observed for SOCs below 80%, due to 

inhomogeneities throughout the cathode.56,58,59 Finally, a sharp peak for m/z = 64 (SO2) 

emerged, reaching its maximum at the end of charge. This is a unique feature for 

lithium thiophosphate-based SSBs, and it is supposed to result from the reaction of 

(most likely singlet) O2 with the solid electrolyte. Note that 1O2 is released from the 

electrochemical decomposition of Li2CO3, supported by the relatively similar onset 

potentials of CO2 and SO2 evolution.60,61 For the cell using the coated NCM622 heated 

at 300 °C in air, a specific charge capacity of 171 mAh gNCM622
−1 was achieved with the 

DEMS setup (Figure 8b), roughly 10% lower as compared to the data shown in Figure 

5a. The reason for this discrepancy is unclear at present, but may be related to 

differences between both cell setups (applied pressure). Nevertheless, similar to the 

bare NCM622, both CO2 and O2 evolution was observed with onset potentials of 3.6 V 

(and at the beginning of charge) and 3.75 V vs In/InLi, respectively. However, there 

was no SO2 release. For the coated NCM622 heated at 300 °C in oxygen, also solely 

CO2 and O2 evolution was observed, both with an onset potential of 3.6 V vs In/InLi 

(Figure 8c). Interestingly, the rate of CO2 evolution was much lower than that of all 

other NCM622 CAMs. As to the NCM622 heated at 800 °C in air, again only CO2 and 

O2 evolution was observed, with by far the highest rate for CO2 (Figure 8d). Note that 

we always observed additional H2 evolution right at the beginning of the initial charge 

cycle (Figure S9), which might also explain the CO2 evolution at the same time, as the 

released H2 seems capable of somewhat reacting with the surface carbonates, thereby 

forming CO2.62  

Finally, to put all gas evolution into a broader picture, the cumulative amounts of 

released gasses were normalized to the specific capacity (shown for CO2 in Figure 

S10). Both the normalized O2 and H2 evolution was found to be largely independent of 

the composition and nature of coating. In contrast, the normalized CO2 evolution 

differed significantly among the CAMs tested, with the NCM622 heated at 800 °C in air 

showing the largest value. Interestingly, compared with the NCM622 heated at 300 °C 

in air or oxygen, it was higher for the bare CAM despite having a lower overall 

carbonate content. This is consistent with a recent report showing that carbonate-

based hybrid coatings may have a positive effect on the interface stability by more 

effectively suppressing detrimental side reactions during cycling operation.29,30  
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Figure 8. First-cycle voltage profiles of SSB cells using the uncoated (a) or coated 

NCM622 CAMs heated at 300 °C in air (b) or oxygen (c) and at 800 °C in air (d) and 

the corresponding CO2 and O2 evolution rates, as well as the ion current for SO2 from 

DEMS measurements.  
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CONCLUSION 

In summary, we have reported an investigation into Li2ZrO3-based coatings on 

NCM622 CAM for SSB applications. As recognized recently, carbonates incorporated 

into the protective surface layer may have a profound effect on the cycling 

performance. By altering the synthesis conditions concerning temperature and 

atmosphere, we were able to produce coatings possessing various amounts of 

carbonates. The best cycling performance and rate capability were achieved for the 

SSB cells using the Li2ZrO3-coated NCM622 heated at 300 °C in oxygen (“low” 

carbonate level), due to improved interface stability or, in other words, less degradation 

of the argyrodite Li6PS5Cl solid electrolyte, followed by the CAM heated at 300 °C in 

air (“medium” carbonate level). In agreement with recent reports, such coatings were 

capable of suppressing SO2 evolution during electrochemical cycling. However, both 

CO2 and O2 formation and release were detected, with some dependence on the 

nature of coating. Overall, the results presented in this work improve the understanding 

of how lithium transition metal oxide-based protective coatings applied to Ni-rich NCM 

affect the cycling performance and stability of bulk SSBs. 
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