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ToC Graphic 

 

LiNiO2 was tested as a cathode material, for the first time, in a solid-state battery (full 

cell) environment with argyrodite Li6PS5Cl solid electrolyte. Operando and post-

mortem investigations show that the performance degradation results predominantly 

from adverse side reactions at the interfaces during battery operation. 
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Abstract 

Solid-state batteries (SSBs) have been touted as the next major milestone for 

electrochemical energy storage, improving safety and enabling higher energy 

densities. LiNiO2 (LNO) has long been considered a promising cathode material, 

however, its commercial implementation is complicated by stability issues, including 

reactivity towards the electrolyte components. To address this, a detailed study 

probing the electrochemical behavior of LNO in pellet-stack SSB cells, in combination 

with argyrodite Li6PS5Cl solid electrolyte (SE) and Li4Ti5O12 anode, is for the first time 

presented herein. In this configuration, LNO delivers a specific capacity of 105 

mAh/gLNO after 60 cycles (0.2C, 45 °C), which was improved considerably to 153 

mAh/gLNO by applying a LiNbO3 coating to the material. Using complementary 

operando and ex situ characterization techniques, contributions to the initial capacity 

loss and capacity fading could be resolved and attributed to decomposition of the 

argyrodite SE, and volume changes and gas evolution in LNO. 
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Rechargeable Li-ion batteries (LIBs) employing liquid (organic) electrolytes are a crucial 

technology enabling energy storage in portable electronics and electric vehicles.1,2 

However, the conventional LIB technology will soon reach its intrinsic specific energy 

limitation, thus hardly meeting the rapidly increasing demand for safety and higher 

energy/power densities.3,4 Because of the liquid electrolyte with its drawbacks of 

toxicity and flammability, LIBs often suffer from safety concerns. Using a solid 

electrolyte (SE) instead of a liquid one to build solid-state batteries (SSBs) holds 

promise for next-generation energy-storage devices.5,6 Importantly, upon 

implementation of a Li metal anode, SSBs offer potentially higher energy densities 

than conventional LIBs.7 Furthermore, SSBs have other beneficial features, for example, 

a wide operating temperature range and limited electrode dissolution.3,5 

An important step towards the development of high-performance SSBs is the 

fabrication of a cathode composite. Specifically, layered Ni-rich 

Li1+x(Ni1−y−zCoyMnz)1−xO2 (NCM) cathode active materials (CAMs) and lithium 

thiophosphate SEs are considered a promising combination for application at the 

cathode side.8–11 Among thiophosphate SEs, the argyrodite Li6PS5Cl is attractive due to 

its easy processability (softness) and high ionic conductivity (approx. 1.5×10−3 S/cm at 

room temperature).12,13 Furthermore, within the family of layered oxide CAMs, the 

endmember composition (LiNiO2, LNO) features both a large theoretical specific 

capacity (275 mAh/g) and a high mean discharge voltage (3.7 V vs Li+/Li) while avoiding 

Co, which is favorable from a cost perspective and to prevent problems related to the 

current supply chain.14,15  

To the best of our knowledge, the usage of LNO in SSB cells has yet to be reported, 

despite its potential for commercial battery applications. As current (commercial) 

research interests continue to trend towards Co-free and Ni-rich compositions, the 

study of the endmember LNO, without any cobalt (and/or manganese) contributions, 

could bring about valuable information on the activity of Ni in these systems, thus 

driving the research as a whole forward. Herein, we report the behavior of LNO as a 

CAM in all-inorganic SSBs. By using LNO as a model system and incorporating various 
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optimization strategies (coating, particle size, etc.), its cycling performance was probed 

in pelletized cells with Li6PS5Cl and Li4Ti5O12 (LTO) as the SE and anode material, 

respectively. Operando and ex situ investigations were carried out to characterize the 

structural and chemical properties of LNO upon operation, thereby revealing the main 

limitations of this materials combination.  

A summary of the structural and morphological characterization results for the as-

prepared LNO CAM is presented in Figure 1. The synthesis process is described in the 

Experimental section (Supporting Information). The powder X-ray diffraction (XRD) 

pattern and corresponding Rietveld refinement plot (Figure 1a) demonstrate that the 

material has the expected O3-type structure (R−3m space group), with lattice 

parameters a = b = 2.877 Å and c = 14.190 Å and unit cell volume of 101.688 Å3 

(detailed structural parameters are provided in Table S1), showing the typical ABCABC 

stacking of oxygen planes (Figure 1b).16,17 Secondary (impurity) phases were not 

observed in the XRD pattern. Rietveld analysis further indicates a cation mixing 

(presence of additional Ni on the Li site, resulting in off-stoichiometry, i.e., Li1−zNi1+zO2) 

of z ≈ 2%.14 This was also corroborated by inductively coupled plasma-optical emission 

spectroscopy (ICP-OES), revealing a slight Ni excess in the material (Table S1). The 

actual material´s stoichiometry was determined to be [Li0.98Ni0.02]3b[Ni]3a[O2]6c (Figure 

1b).14,18 It is well known that the incorporation of a small amount of Ni into the Li layer 

is almost inevitable due to the similar radii of Li+ and Ni2+.14,19,20 However, the cation 

mixing can be reduced to 1-2% by appropriate synthesis conditions, which is reflected, 

in our sample, by the fact that the lattice parameters closely match those of well-

ordered LNO phases.16 The overview scanning electron microscopy (SEM) image in 

Figure 1c shows that the particles have a potato-like shape with an average size of 8 

µm. As expected, closer examination revealed that the secondary particles consist of 

100-300 nm primary particles (Figure 1d, e).  
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Figure 1. Structural and morphological characteristics of the as-prepared LNO CAM. (a) 

Powder XRD pattern (Cu-Kα1) and corresponding Rietveld refinement plot, (b) crystal 

structure model projected along [110], and (c-e) SEM images at different 

magnifications. 

 

The electrochemical performance of the as-prepared LNO CAM was probed in 

pelletized SSBs with Li6PS5Cl SE. LNO-based SSB (referred to as LNO-SSB) cells were 

galvanostatically cycled in the voltage range of 1.35-2.75 V vs Li4Ti5O12/Li7Ti5O12 

(corresponding to approx. 2.9-4.3 V vs Li+/Li) at 45 °C. Figure 2 shows the cycling 

stability and Coulombic efficiency of a cell at 0.2C rate over 60 cycles. The first-cycle 

charge and discharge capacities were 205 and 148 mAh/gLNO, respectively, leading to 

a low Coulombic efficiency of 72% (Figure 2a). As a benchmark, specific charge and 

discharge capacities of 243 and 228 mAh/gLNO, with a significantly improved Coulombic 

efficiency of 94%, can be achieved in LNO-based LIB (referred to as LNO-LIB) cells with 

a Li metal anode cycled under the same conditions. This result already shows that a 

solid-state environment leads to a reduced Coulombic efficiency in the first cycle,21 as 

well as to capacity loss, whose origin will be discussed in more detail below. 
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Furthermore, an obvious voltage drop of approx. 130 mV was observed in the initial 

stage of the discharge profile for the LNO-SSB cell (relative to the LNO-LIB cell, see 

Figure 2a), which is indicative of a larger polarization, likely due to surface side 

reactions increasing the impedance at the CAM/SE interface.4,22 Interestingly, this 

overpotential was not apparent during most of the first charge, suggesting that it only 

originated at a late stage in the delithiation cycle.  

The LNO-SSB cell showed about 25% (discharge) capacity loss after 40 cycles, followed 

by stable cycling until the 60th cycle with 105 mAh/gLNO (Figure 2b). The Coulombic 

efficiency increased to 97 and 98% in the 2nd and 3rd cycle, respectively, and gradually 

rose with further cycling, eventually stabilizing at 99.9% from the 40th cycle onward. 

The increase in Coulombic efficiency suggests the formation of a fairly stable 

passivation layer between the LNO and SE particles, leading to robust cycling after 

approx. 40 cycles. The LNO-SSB cell also showed a reasonable rate capability (Figure 

S1), which was examined by increasing the C-rate from 0.2 to 1.0C. A reversible specific 

capacity of 58 mAh/gLNO was achieved at 1.0C, being less than 50% of the initial value 

at 0.2C rate, thus pointing towards impeded charge transfer across the CAM/SE 

interface due to the poorly conductive nature of the passivation layer.  

In recent years, it has been shown that the particle size is crucial in optimizing the 

cyclability of layered Ni-rich oxide CAMs in SSBs because of the need for proper ionic 

and electronic transport.23–25 In some reports, a smaller CAM particle size improved 

the contact with the SE and likewise the electronic conductivity of the composite.23 

Here, in an attempt to increase the cycling performance of the LNO CAM, a material 

with smaller particle size (3 µm on average) was synthesized. However, such an 

improvement was not observed. Instead, the “small” LNO showed a similar 

performance to the “large” LNO (Figure S2) in otherwise identical cells. This suggests 

that the low capacity is not due to electronic conductivity limitations, most likely also 

because of the presence of carbon additive in the composite. Nevertheless, the 

benefits of using the smaller size CAM became apparent upon application of a 

protective coating (see below).  
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Figure 2. (a) Selected voltage profiles of the LNO-SSB (1st, 2nd, and 60th cycles) and LNO-

LIB (1st cycle) cells cycled at a rate of 0.2C and 45 °C. (b) LNO-SSB performance over 60 

cycles. Both specific charge and discharge capacities and Coulombic efficiency versus 

the cycle number are shown.  

 

As discussed above, the major capacity loss occurred in the first cycle. To shed light on 

the underlying processes, a series of ex situ and operando measurements were 

performed.21 XRD measurements (with LeBail analysis) were conducted on the 

cathode composite in the pristine state, and also after the initial charging and 

discharging at 0.2C rate and 45 °C, to determine the state of charge (SOC) and follow 

the structural evolution of LNO during cycling (Figure 3, Figure S3, and Table S2).22,23 

Operando XRD data obtained on a LNO-LIB cell served as reference for the a and c 

lattice parameter changes with varying lithium content.16 Figure 3a shows the 003 

reflection of LNO with the corresponding plot for the LeBail fit. As expected, the peak 

shifted to a lower angle upon charging to 2.75 V vs Li4Ti5O12/Li7Ti5O12. Note that no 

reflections related to the pristine CAM were observable in the XRD pattern in the 

charged state. This, along with the symmetrical shape of the 003 reflection, confirms 
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the majority (if not all) of the LNO present in the cathode composite to be 

electrochemically active, owing to the carbon additive improving electronic 

percolation.23,26 Upon discharge, the 003 reflection did not shift back to its original 

position, indicating relatively poor reversibility in the initial cycle. However, it should 

be noted that also in LNO-LIB cells the CAM never reverts back to the lithiation degree 

of the pristine state due to significant kinetic hindrance at the end of discharge.27  

Figure 3b, c not only shows the changes in lattice parameters and unit cell volume, but 

also indicates the different lattice structures adopted by the LNO CAM, namely the 

hexagonal H1 (in pink), monoclinic M (in blue), hexagonal H2 (in green), and hexagonal 

H3 (in yellow) phases. After completion of the charging process, an increase of c lattice 

parameter was observed [sin(θ003) = 3/2 ∙ λ/c], which is due to the increase in 

electrostatic repulsion between the oxygen layers (for low Li content).16,22,28 In contrast, 

the a-axis decreased as a result of the Ni oxidation, leading to a contraction of the ab-

plane.16 Note that, although the unit cell volume shrinks overall with delithiation upon 

charging [ΔV/V ≈ 2.2% at x(Li) ≈ 0.3], the LNO lattice does not undergo the H2-H3 phase 

transformation. Hence, the related structural change with collapse of the c-axis is 

avoided (resulting in significant volume contraction of up to ΔV/V = 10%).16,27 This is 

also evident from the differential capacity plots for the LNO-SSB cells cycled at 0.2 or 

0.1C rate in Figure S4a.14,16 While the cell at 0.2C did not show distinct features above 

2.6 V vs Li4Ti5O12/Li7Ti5O12, a small peak related to the H2-H3 transition appeared in 

the dq/dV plot at a rate of 0.1C. However, the x(Li) for the transformation was only 

approached. When it fully occurs, the related dq/dV peak should have the highest 

intensity (see LNO-LIB reference data in Figure S4a).16,27 This again confirms the 

relatively poor charge-transfer kinetics at the CAM/SE interface. Furthermore, when 

the first two cycles were performed at 0.1C rate and the subsequent cycling at 0.2C, a 

much faster capacity fading was apparent compared to the cycling done at 0.2C only 

(Figure S4b). One can thus deduce that the H2-H3 phase transformation has a 

detrimental effect on the long-term cycling performance, most likely due to 

pronounced mechanical separation between the CAM and SE particles. Clearly, it is 
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beneficial to avoid the H2-H3 region by maintaining a sufficiently high C-rate (0.2C in 

the present case) during cycling, although this comes at the expense of lower cell 

capacities.29  

The first-cycle specific capacity can be calculated from the Li content, indirectly 

determined by the refinement analysis.23 In doing so, a specific charge capacity of 190 

mAh/gLNO [qth ∙ Δx(Li) = qth ∙ (0.99 − 0.30)] was calculated, which is lower than the value 

from the electrochemical cycling (201 mAh/gLNO, Figure 3c). The “additional” charge 

capacity probably stems from the oxidative decomposition of SE.30,31 The calculated 

specific discharge capacity of 146 mAh/gLNO [qth ∙ (0.83 − 0.30)] is in good agreement 

with the electrochemistry results, thereby not only confirming that this approach is 

viable to determine the SOC of SSBs, but also revealing the SE degradation 

predominantly taking place upon charging. 

 

Figure 3. Structural evolution of the LNO CAM in SSB cells cycled at a rate of 0.2C and 

45 °C probed by ex situ XRD. (a) XRD patterns (Cu-Kα1) in the 2-theta range of the 003 

reflection in the pristine, charged, and discharged states with plots for the LeBail fitting. 
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(b) Refined lattice parameters and (c) unit cell volume. The measured specific charge 

and discharge capacities are denoted in (c). The x(Li) was determined by comparison 

of lattice parameters with those derived from operando XRD on LNO-LIB cells.16 

 

In our previous work, we have demonstrated that LNO-LIB cells suffer from gassing 

issues during cycling, especially from O2 evolution and CO2 evolution within distinct 

phase regions, contributing to the performance decay.16 Here, the gassing behavior of 

the “small” LNO CAM in SSB cells was probed by means of operando differential 

electrochemical mass spectrometry (DEMS, Figure 4). The “small” LNO was used for 

this study to mitigate any potential loss of electrochemical performance resulting from 

the lower stack pressure applied in the customized setup. The cells for DEMS testing 

were cycled at 0.05C rate and 45 °C. The use of a low C-rate allowed them to deliver 

specific charge capacities of qch > 210 mAh/gLNO, thus ensuring sufficient delithiation. 

Three different gases were detected, H2, CO2, and O2. For SSBs, some H2 evolution is 

typically observed in the first charge cycle and could be attributed to the reduction of 

trace water. In the case of CO2 evolution in SSB cells, the recorded mass signal (m/z = 

44) usually stems from electrochemical decomposition of residual carbonates on the 

CAM particles. This is generally indicated by the presence of a sharp peak with an onset 

voltage of E ≥ 4.2 V vs Li+/Li and was further confirmed by attenuated total reflection-

infrared spectroscopy (ATR-IR) measurements (Figure S5).32 In the present work, 

however, an additional peak related to CO2 was observed at the beginning of charge. 

Such CO2 evolution in conventional LIBs would be attributed to an electrochemical 

reduction of the organic carbonate-based electrolyte, which is not applicable to SSBs 

though.8 Interestingly, both the CO2 evolution and the H2 evolution coincide almost 

simultaneously at the beginning of the first charge cycle. This suggests that the small 

amount of initial CO2 release is associated with the H2 formation at the anode side 

(reductive environment).33 

For Ni-rich NCM CAMs, O2 evolution has been reported as a consequence of the 

destabilization of the layered lattice upon delithiation.34,35 This destabilization at high 
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SOC also pertains to LNO. In the DEMS experiments, the onset voltage for O2 evolution 

during charging was observed at E ≈ 4.2 V vs Li+/Li, which is correlated to the H2-H3 

phase transformation (0.26 ≥ x(Li) ≥ 0.16 for LNO-LIBs).16 However, the evolution rate 

reached a local maximum at the end of the charge cycle (Figure S6a), indicating that 

O2 evolution primarily results from the intrinsic instability of the H3 phase. Note that 

O2 evolution within the H3 phase was observed similarly in LNO-LIBs, albeit in larger 

amounts.16 In contrast to LNO-LIBs, no O2 evolution was detected within the H2 phase 

region. This could be attributed to the detection limit of the mass spectrometer, as O2 

evolution within the H2 phase was already low for LNO-LIBs. In the first cycle, the total 

amount of evolved O2 was approx. 750 nmol/gLNO, which also included gassing at the 

beginning of discharge (Figure S6b, c). Overall, it was significantly lower than that of 

LNO-LIBs.16 The lower cumulative amount of O2 evolution could be simply explained 

by the poorer electrochemical performance (note that it follows an exponential-like 

relationship with the SOC after reaching the 75% threshold). The higher overpotential 

resulting from the increased interfacial resistance means that the SSB cell was capable 

of charging in the main gassing region for a shorter period of time.  

The SO2 mass signal (m/z = 64) was also examined. SO2 evolution has been reported 

to occur in some sulfide-based SSB cell systems.8,32 These studies suggest that it stems 

from the reaction between the SE and highly reactive singlet oxygen (from the CAM 

lattice and electrochemical carbonate decomposition). In the present work, no SO2 

evolution was detected, which may be due to the relatively low O2 evolution. Another 

factor could be the argyrodite SE itself, which was shown to be chemically fairly stable 

towards oxygen.32  

Taken together, while both H2 and CO2 possibly stem from other components in the 

SSB setup, the O2 evolution indeed originates from the irreversible decomposition 

process of LNO due to stability issues at high degrees of delithiation, causing loss of 

electroactive material and leading to capacity decay. 
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Figure 4. First- and second-cycle voltage profiles of the LNO-SSB cell cycled at a rate of 

0.05C and 45 °C with the corresponding time-resolved evolution rates and cumulative 

amounts for H2, CO2, and O2.  

 

Apart from chemo-mechanical degradation and gassing, performance decay of SSB 

cells is usually attributed to SE degradation at the interface with the other cell 

components.4,36 To gain insight into the chemical nature of the degradation products, 

ex situ X-ray photoelectron spectroscopy (XPS, Figure 5) measurements were carried 

out. Figure 5a, b shows the S 2p and P 2p core-level spectra for the pristine Li6PS5Cl SE, 

and for the uncycled and cycled composite cathodes. Three doublet peaks can be 

clearly discerned in the S 2p data of Li6PS5Cl. Two of them, at 160.5/161.7 and 

161.6/162.8 eV, can be attributed to free S2− ions (or Li2S impurities) and the PS4
3− units 

of the argyrodite structure, respectively.37 The third minor doublet appeared at a 

higher binding energy (S 2p3/2 at 162.8 eV) and is probably related to the presence of 

oxidized sulfur species, such as P2S6
2−.38 The P 2p spectrum showed the doublet for the 

PS4
3− units at 131.9/132.7 eV.37 As expected, it also contained a minor doublet at 

133.0/133.7 eV due to the same P2Sx species mentioned before and/or Li3PO4.37,39,40 
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The presence of oxygenated surface impurities in the case of pristine Li6PS5Cl is 

corroborated by the O 1s data shown in Figure S7.39,41 This is primarily because of the 

high reactivity of the thiophosphate SE towards oxygen and water.4,12,37 More 

importantly, the S 2p and P 2p spectra for the as-prepared cathode composite were 

similar to those of Li6PS5Cl. Hence, there were no signs of chemical reactions between 

the CAM and SE particles during preparation of the cathode pellet. Yet, the signal 

related to the LNO lattice oxygen was visible at 528.7 eV in the O 1s data.42 After the 

initial cycle, the S 2p spectrum showed a new doublet peak at even higher binding 

energies (S 2p3/2 at 163.5 eV), indicating SE degradation (formation of polysulfides, 

etc.).12,21,38 A new doublet also appeared in the P 2p data (P 2p3/2 at 134.2 eV) due to 

the formation of detrimental metal phosphates upon cycling.37,43 Overall, the 

degradation leads to the formation of a passivation layer at the CAM/SE interface, 

resulting in impedance buildup by impeding charge transfer, as can be seen from 

Figure 2a.8,13 The new doublet peaks increased in intensity after 60 cycles, 

demonstrating that side reactions continued to occur after the initial cycle (leading to 

progressive capacity fading), although reduced, in agreement with the gradually 

increasing Coulombic efficiency discussed above. These findings are also in line with 

results from electrochemical impedance spectroscopy (EIS) measurements (Figure S8), 

providing direct evidence for the increased resistance RCAM/SE. Furthermore, the signal 

related to the LNO lattice oxygen vanished in the O 1s spectra of the cycled composite 

cathodes, further confirming the formation of a relatively thick passivation layer, 

apparently surmounting the XPS information depth.37  
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Figure 5. XP detail spectra of the (a) S 2p and (b) P 2p core-level regions for the pristine 

Li6PS5Cl solid electrolyte and cathode composite in the pristine state, and after 1 and 

60 cycles at a rate of 0.2C and 45 °C. 

 

Next, cross-sectional SEM images at different magnifications were taken from the 

pristine and cycled composite cathodes to visualize the evolution of the interfacial 

morphology and microstructure (Figure 6 and Figure S9). The SEM image for the 

pristine pellet (Figure 6a) verifies the intimate contact that the LNO secondary 

particles had with the argyrodite SE. There were no visible voids and cracks or other 

defects on the micrometer level. However, several minor cracks were apparent near 

the CAM/SE interface after the initial cycle already, as shown in Figure 6b. These cracks 

increased in length and width with further cycling (Figure 6c), indicating progressive 
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deterioration of the contact between the LNO and SE particles.21 However, the low-

magnification imaging data (Figure S9) demonstrate that several of the LNO secondary 

particles maintained proper contact with the SE. From this data, we conclude that the 

volume changes of LNO upon (de)lithiation, especially in the initial cycle, lead to some 

mechanical degradation. Interestingly, under the cycling conditions employed here, 

the volume change is moderate (approx. 2.2% from the pristine state to the H2 phase), 

yet already sufficient to induce void formation in the cathode layer, helping to explain 

the initial capacity loss. In addition, the SEM results demonstrate that the LNO 

secondary particles maintain their original morphology, without (visible) fracturing 

occurring. Overall, we can conclude that the causes of the capacity fading are mainly: 

(i) The partial electrochemical contact loss during cycling and (ii) the formation of a 

passivation layer between the particles resulting from the interfacial degradation of 

Li6PS5Cl SE. 
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Figure 6. Cross-sectional SEM images of the cathode composite (a) in the pristine state, 

and after (b) 1 and (c) 60 cycles at a rate of 0.2C and 45 °C. 

 

To isolate and understand the degree of influence these two factors have on the overall 

capacity fading, a 0.76 wt% LiNbO3 sol-gel coating was applied to the “small” LNO 

secondary particles (in an attempt to suppress interfacial degradation processes while 

achieving optimal CAM/SE contact). The successful coating was confirmed by 

combined SEM/energy-dispersive X-ray spectroscopy (EDS) analysis (Figure 7a-d and 

Figure S10). Both the bare and coated “small” LNO CAMs were tested by galvanostatic 

cycling in SSB cells at 0.2C rate and 45 °C in the same voltage window (1.35-2.75 V vs 

Li4Ti5O12/Li7Ti5O12, corresponding to approx. 2.9-4.3 V vs Li+/Li). The beneficial effect 
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of the LiNbO3 coating on the cycling performance was already evident from the first-

cycle voltage profile (Figure S11a), revealing substantial improvements in specific 

discharge capacity (188 vs 148 mAh/gLNO) and Coulombic efficiency (87 vs 72%) and 

emphasizing the competitiveness to previously reported NCM CAMs (Figure S12 and 

Table S3). Ex situ XRD analysis (Figures S13-S15, and Tables S4 and S5) showed that 

the LiNbO3-coated LNO undergoes, to some extent, the H2-H3 transition upon 

delithiation. In contrast, the uncoated material does not, which provides an 

explanation for the lower specific capacity. However, the larger relative volume 

changes do not appear to strongly affect the cycling performance. Specifically, the 

electrochemical testing (Figure 7e and Figure S11b) revealed that the LiNbO3-coated 

LNO CAM maintains much better cyclability, delivering specific discharge capacities in 

excess of 140 mAh/gLNO after 200 cycles (153 mAh/gLNO after 60 cycles), with 

Coulombic efficiencies close to 100%. These results thus suggest that from the two 

factors, the formation of a passivation layer plays a more critical role in the capacity 

fading seen for the LNO-SSB (see also top view and cross-sectional SEM images 

before/after cycling in Figure S16). To alleviate the influence of the H2-H3 phase 

transformation on this comparison, the SSB using the LiNbO3-coated LNO was also 

cycled with lower charge cutoff voltages (2.60 and 2.55 V vs Li4Ti5O12/Li7Ti5O12, 

corresponding to approx. 4.15 V and 4.10 V vs Li+/Li, respectively). While sacrificing 

some of the capacity, the respective cells showed a better capacity retention after 200 

cycles compared to that cycled in the original voltage window (Figure S17). This is due 

to the absence of the stressful H2-H3 transition during battery operation (Figure S18).  
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Figure 7. SEM images at different magnifications (a, b) before and (c, d) after coating 

with sol-gel derived LiNbO3. (e) Long-term cycling performance of the LiNbO3-coated 

LNO-SSB cell at a rate of 0.2C and 45 °C. Both specific charge and discharge capacities 

and Coulombic efficiency versus the cycle number are shown. 

 

In the present work, LNO was evaluated, for the first time, as a potential CAM for usage 

in Li6PS5Cl-based SSB cells, and as a model system for the application of layered Ni-rich 

oxides approaching the endmember composition. The LNO-SSB exhibited acceptable 

cycling characteristics, especially when considering that no protective coating was 

applied to the CAM. Specifically, the bare material delivered a specific discharge 

capacity of 105 mAh/gLNO at 0.2C rate and 45 °C after 60 cycles and showed a 

reasonable rate performance (approx. 60 mAh/gLNO at 1.0C). However, compared to 

liquid electrolyte-based LIB cells, the LNO CAM in the solid-state environment 

displayed a much lower first-cycle Coulombic efficiency (reversibility). Based on XRD, 

DEMS, XPS, EIS, and electron microscopy results, we showed that the capacity loss is 

due to multiple issues: (i) Mechanical degradation resulting from the volume changes 

of LNO during cycling, (ii) outgassing (especially lattice oxygen loss at high SOC) 

introducing irreversible changes to the material properties, and (iii) SE degradation 

and accompanied buildup of passivation byproducts at the CAM/SE interface. These 
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findings emphasize the critical relevance of unwanted side reactions, gassing, and 

chemo-mechanical processes in SSBs. The formation of a passivation layer was shown 

to be the dominant cause of performance decay. Nevertheless, by surface coating of 

the CAM with a LiNbO3 protective layer, we were able to significantly improve the cell 

cyclability. This study demonstrates that LNO holds great potential for SSB applications 

and further modifications to the surface chemistry and/or cycling protocol are key to 

improving its cycling performance and stability. These findings are also of general 

relevance for other layered Ni-rich oxide systems and can potentially guide future 

research into their application in SSB cells. 
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