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Abstract 

The rock-salt phase (RSP) formed on the surface of Ni-rich layered cathodes in liquid-electrolyte 

lithium-ion batteries is conceived to be electrochemically "dead". Here we show massive RSP 

forms in the interior of LiNixMnyCo(1-x-y)O2 (NMC) crystals in sulfide based all solid state 

batteries (ASSBs), but the RSP remains electrochemically active even after long cycles. The RSP 

and the layered structure constitute a two-phase mixture, a material architecture that is distinctly 

different from the RSP in liquid electrolytes. The tensioned layered phase affords an effective 

percolation channel into which lithium is squeezed out of the RSPs by compressive stress, 

rendering the RSPs electrochemically active. Consequently, the ASSBs with predominant RSP in 

the NMC cathode deliver remarkable long cycle life of 4000 cycles at high areal capacity of 4.3 

mAh/cm2. Our study unveils distinct mechano-electrochemistry of RSPs in ASSBs that can be 

harnessed to enable high energy density and durable ASSBs. 

 

Keywords: all-solid-state batteries, Ni-rich cathodes, rock-salt phases, mechano-electrochemistry 
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1. Introduction 

Ni-rich layered cathodes such as LiNixMnyCo(1-x-y)O2 (NMC, x≥0.5) are widely used in electrical 

vehicle batteries because of their high energy density. 1-5 In liquid electrolytes, a rock-salt phase 

(RSP) of ~30-200 nm thick forms on the surface of NMC, which impedes Li+ transport, thus 

causing severe rate limiting and capacity decay. 6 Indeed, the RSP is deemed electrochemically 

"dead". Recently, it has been unveiled that the lattice mismatch between the RSP and the layered 

phase effectively blocks Li+ extraction out of the layered phase at high state of charge, further 

supporting the electrochemically inactive nature of the RSP. 7 While the detrimental effect of the 

RSPs in LELIBs has become clear, its roles in all-solid-state batteries (ASSBs) remain 

unexplored.8 

Here we show that a massive RSP formed in the bulk of NMC721 after 4000 cycles 

(abbreviated as NMC721-4000 hereafter) in sulfide based ASSBs. Strikingly, in contrast to the 

surface RSP in LELIBs, this bulk RSP does not cause significant capacity decay. In fact, after 

4000 cycles, the NMC721 based ASSBs still retains a capacity of 77%. When cycled at 0.2C, the 

NMC721-4000 can still deliver a remarkable capacity of 138 mAh/g, which is comparable to the 

capacity of the pristine NMC721 cycled at the same rate and current density. Furthermore, the 

NMC721-4000 survives without any trace of cracks, which is in sharp contrast to the NMC 

cycled in LELIBs, in which cracking is ubiquitous. 9 The major defects in the NMC721-4000 are 

pitting and oxygen precipitation. Interestingly, oxygen release not only causes cavity formation 

in the NMC721 but also spills over to the surrounding LSPSCl electrolyte, causing enormous 

void formation in the LSPSCl. These observations suggest that the electrochemistry, 

chemomechanics and degradation mechanisms of NMC in ASSBs may be distinctly different 

from that in LELIBs, and thus warrant further investigation. 

2. Results and Discussion 

2.1 Materials Characterization 

X-ray diffraction (XRD) indicates that the pristine NMC721 has a hexagonal structure with a 

space group of R-3m and a lattice parameter of a = 2.878 Å and c = 14.19 Å (Fig. S1a). Scanning 

electron microscopy (SEM) images of the pristine NMC721 particle indicate a particle size 

ranging from 3 to 7 µm (Fig. S1b-c). A cross sectional high-angle annular dark field - scanning 
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electron microscopy (HAADF-STEM) image of the pristine NMC721 particles shows the 

radially assembled grains with a size ranging from 200 to 500 nm and have some large cavities 

in the centers (Fig. S1d). Energy dispersive X-ray (EDX) mapping indicates that Ni, Co, Mn and 

O are uniformly distributed in the particle (Fig. S1e-j). Moreover, a thin layer of LiNbO3 with a 

thickness of 10 nm was coated around the NMC721 particles (Fig. S1j). Previous studies indicate 

that coating of LiNbO3 on the surface of NMC can not only reduce the interfacial impedance 

between NMC and the sulfide solid electrolyte (SE), but also prevent the reaction between 

LSPSCl SE and the NMC particles. The HAADF-STEM image exhibits a perfect layered 

structure with a lattice spacing of 4.93 Å for the (003) plane (Fig. S1k). XRD pattern of the 

LSPSCl SE exhibits a cubic structure with a space group of F-43m and a lattice parameter of a = 

9.88 Å similar to that of the reference Li7PS6 (Fig. S2). The ionic conductivity of the LSPSCl SE 

is 3.0 * 10-3 S/cm. 

2.2 Electrochemical Performance of the ASSBs 

The battery was assembled in a homemade mold with LSPSCl as SE, Li-In as the anode, and 

NMC721 as the cathode (Fig. S3a-c, detailed cell assembly is shown in the Supporting 

Information). LSPSCl powders were pressed into pellets under different pressures in a mold. 

NMC721 cathode active materials (CAMs) were mixed with LSPSCl powders with a mass ratio 

of 7:3 and pressed into pellets. Li foils were placed on top of the In foil and were used as the 

anode. The CAM, the SE and the Li-In pellets were then pressed together in a mold to assemble 

the ASSBs. The cross-section SEM image shows an intimate solid-solid contact among the SE, 

the CAM and the Li-In anode in the ASSBs (Fig. S4a-c), and the corresponding EDX mapping 

shows clearly distinct cathode, anode and electrolyte layers (Fig. S4d).  

The electrochemical performances were evaluated at a voltage window of 2.7-4.3 V (vs. 

Li+/Li) at room temperature. At 1C and a high NMC721 mass loading of 36 mg/cm2, the 

charge/discharge profiles (Fig. 1a) show very limited shape changes after long cycling. The 

NMC721 electrode delivered a discharge capacity of 116 mAh/g with an initial Coulombic 

efficiency (CE) of 76%. The ASSBs exhibit superior areal capacity (compared with previously 

reported results 10-12) at high cathode mass loadings. It provides comparable areal capacities to 

commercial LELIBs (typically > 4 mAh/cm2). 13-14 The NMC721 electrode exhibits a high initial 

areal capacity of 4.3 mAh/cm2 with a capacity retention of 82% after 2000 cycles (Fig. 1b), and 
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77% even after 4000 cycles (Fig. 1c). Moreover, when the C-rate was switched to 0.2C (0.8 

mA/cm2) after 4001 cycles, the NMC721-4000 delivered a remarkable capacity of 138 mAh/g, 

which is comparable to the 1st cycle capacity of the pristine NMC721 cycled at the same rate and 

current density (Fig. 1d-e). Upon cycling at 3C (11.5 mA/cm2), the NMC721-4000 discharge 

capacity was 58 mAh/g, and when cycled at 1C again, the discharge capacity was 91 mAh/g, 

close to the specific capacity of 88.6 mAh/g at the 4001th cycle at 1C (Fig. 1d-e). To the best of 

our knowledge, these results represent the longest cycle life achieved at a high areal capacity and 

high mass loading (Fig. 1f). 10-12, 15-17 

2.3 Microstructure characterization of the ASSBs 

SEM images of the ASSB after 4000 cycles indicate a straight and smooth LSPSCl/CAM 

interface (Fig. 2a and Fig. S5a). EDX mapping indicates a sharp interface between the LSPSCl 

and the CAM (Fig. S5b). The NMC721 particles after 4000 cycles maintained good integrity 

(Fig. S6), and the secondary NMC721 particles were intact even after 4000 cycles (Fig. S7). 

High magnification SEM images reveal a distinct interfacial transition layer with a thickness of 

about 1 μm between the LSPSCl and the NMC721-4000 particle, and the transition layer exhibits 

darker contrast than both the LSPSCl and the NMC721-4000 (Fig. 2b-c). Each NMC721-4000 is 

surrounded by a transition layer (Fig. S8-10), which is also reflected in a 3D image (Fig. S11). 

EDX mapping indicates that the interfacial transition layer is O-rich but S-deficient (Fig. S12). 

Detailed inspection of the transition layer indicates numerous voids with size ranging from 20 to 

300 nm. The contrast of the interface between the NMC721-4000 particle and the transition layer 

is sharp while that between the transition layer and the LSPSCl is somewhat blunt, indicating 

that the transition layer is located in the LSPSCl layer (Fig. 2d-e). Note that there is virtually no 

visible voids or cracks in the NMC721-4000 particles near the transition layer. There are many 

large cavities in the center of the NMC721-4000 particles which existed in the pristine sample 

(Fig. S1d). The absence of fracture and cracking in the NMC721 primary particles after long 

cycling of ASSBs is in sharp contrast to the ubiquitous cracking of NMC particles in LELIBs 

after cycling 18-24. We attribute this difference to the high stack pressure and the special structure 

design of NMC721, where many large cavities existed in the center of the NMC721 particles, 

which facilitate stress release and suppress cracking during cycling. 
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EDX mapping further confirms that the transition layer is located in the LSPSCl, not in the 

NMC721-4000 particle (Fig. 2f-g and Fig. S13a-b), and the transition layer is deficient in S, P, Si, 

Cl. Moreover, high O content and trace amount of Ni and Co are also detected in the transition 

layer, and Mn has slipped out of the transition layer and reaches to the inner LSPSCl SE. The 

presence of O, Ni, Co in the transition layer and Mn in the SE ascertains that transition metal 

dissolution into the sulfide SE has taken place. The selected area electron diffraction (SAED) 

result indicates the O, Ni, Co elements in the transition layer exist in the form of Ni2O3 (JCPDS 

No. 14-0481) and Co2O3 (JCPDS No. 02-0770) nanoparticles (Fig. S14a-e). To the best of our 

knowledge, this is the first report of transition metal dissolution in SE, a phenomenon that is 

prevalent is LELIBs 25-27. 

The microstructure of the NMC721-4000 was characterized by electron microcopy. TEM 

image indicates a particle with a size ranging of about 5 µm comprising of many secondary 

particles of 200 to 500 nm (Fig. 3a). There are large pores in the center of the primary particles, 

which are from the pristine samples (Fig. S1e). Detailed inspection of individual secondary 

particles reveals massive nanovoids or corrosion pits with sizes ranging from 5 to 10 nm and 

crack-like dark stripes parallel to one another (Fig. 3b-c, Fig. S15a-b and Fig. S16a-d). EDX 

mapping indicates that the nanopores are rich in S, suggesting diffusion of S into the nanopores 

(Fig. 3d). Atomic resolution HAADF-STEM and annular bright field-scanning electron 

microscopy (ABF-STEM) images indicate that the bulk of the NMC721-4000 exhibits RSP 

rather than the layered structure, indicating that a massive phase transformation from a layered 

structure to a rock-salt structure after 4000 cycles has occurred (Fig. 3e, e-1, e-2 and e-3). We 

estimate from several representative HAADF-STEM images that the proportion of the RSP and 

disordered layered phases are over 70% in the NMC721-4000 (Fig. S17a-d). HAADF-STEM 

images indicate that the crack-like dark stripes are interconnected nanopores which aligned along 

the (003)/(111) planes of the layered/RSP phases (Fig. 3f and Fig. S18). HAADF-STEM and 

ABF-STEM images indicate that the nanopores (Fig. 3g, g-1 and g-2) or stripes (Fig. 3h) are 

actually not empty but filled with RSP despite significant mass loss. Note that the RSPs are 

nucleated from the nanovoids surface in the interior of the NMC particles (Fig. 3g and Fig. S19a-

b). RSP formation on the surface of Ni-rich layered cathode has been widely reported in LELIBs 

and ASSBs (Fig. S20a-c), however, RSP formation in the bulk of Ni-rich layered cathode has not 

been reported. 28 The RSP in the NMC721-4000 is distinctly different from that observed in the 
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NMC in LELIB: the RSP in the former is massive and mixed with the layered structure (e.g. Fig. 

3e), which dominates the structure of the entire NMC721-4000 particles. In contrast, the RSP in 

the latter exists predominantly on the surface of the NMC particle with a thickness of usually 

~20-200 nm. 

Although the NMC721-4000 is dominated by RSP, when it was cycled at 0.2C after 4001 

cycles, it delivered an astonishing 138 mAh/g specific capacity, which is comparable to that of 

the pristine NMC cycled at the same electrochemical conditions. When cycled at 3C and 1C, it 

also delivered capacities of 58 and 91 mAh/g, proving conclusively the RSP is electrochemically 

active.29-31 

In LELIBs, the RSP is formed via two different mechanisms. 32 In the first, the interaction 

of the liquid electrolyte with the surface of NMC causes O stripping from NMC, leading to the 

formation of RSP; 33-35 in the second, over delithiation induces under-coordinated transition 

metals, which become unstable and migrate to the Li conduction layer, forming the RSP. 36 In 

ASSBs, we revealed the nucleation of RSP from the interior of the NMC particle, and majority 

of the NMC particle has been converted to RSP, suggesting that the second mechanism seen in 

LELIBs is mostly active in ASSBs.  

It is unexpected that upon the majority of the layered structure has been converted to RSP, 

the ASSBs still delivered impressive capacity. More astonishingly, when cycled at low rate, the 

RSP phase delivered a capacity comparable to that of the pristine layered NMC, proving 

unambiguously the electrochemical active nature of the RSP, which is opposite to the 

conventional view that the RSP is electrochemically dead. In fact, previous report  showed that 

only less than 10% of RSP may lead to 50% capacity loss of LELIBs, 33, 37-41 which leads to the 

view that in such RSP Li+ diffusion channel is completely blocked. 42 However, it was 

speculated that disordered RSP may exhibit electrochemical activity. 28, 43-44 It was proposed that 

a percolating network for Li+ diffusion in Li1.211Mo0.467Cr0.3O2 with a lithium-excess cation 

disordered phase can be formed, and density functional theory (DFT) calculation suggests that 

Li+ diffusion in the Li-percolating network is energetically feasible in the lithium-excess cation-

disordered rock-salt type structure.28  

To resolve the controversial views regarding the electrochemical activity of the RSPs, we 

turn to mechanics analyses based on the differential material architecture of the RSPs formed in 

liquid and solid electrolytes (Fig. 4, Fig. S21 and Fig. S22). 45 In liquid electrolytes, RSPs form 
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primarily at the electrode/electrolyte interface covering the active layered phase at the interior of 

NMC particles, forming a core-shell like structure during cycling. It is known that the dense RSP 

layer considerably slows down Li+ diffusion. More importantly, lattice mismatch between the 

RSP and the layered phase generates compressive stress in the RSP layer and tension in the 

layered phase, as shown in Fig. 4a by our finite element analysis. The compressive stress further 

retards and may even completely blocks Li+ diffusion at high state of charge. 46-49 As a result, the 

thick, compressed RSPs functions as an impermeable layer, trapping all the remaining Li+ in the 

layered phase, causing considerable capacity loss. The large tensile stress may well exceed the 

strength of the layered structure, causing fracture, as widely reported by previous studies.  

Differently, in ASSBs disordered RSPs are dispersed in the layered phase, forming a 3D 

mixture. A layer of RSP also forms at the electrode/electrolyte interface; this layer (~2 nm), 

however, is much thinner than that in liquid electrolytes (~20 − 200 nm). The lattice mismatch 

between the RSP and the layered phase still situates the RSPs in compression and the layered 

phases in tension (Fig. 4b). During charging, the stress gradient between the phases drives Li+ 

from the RSP to adjacent layered phase and nanopores, much like squeezing water out of wet 

clothes. The connected nanopores and the layered phase form a percolation channel, facilitating 

Li+ transport out of the NMC particles, thus maintaining a large capacity albeit low kinetics. The 

externally applied stack pressure superimposes onto the lattice mismatch induced stress field, 

increasing the compression in RSPs but reducing the tension in layered structure. This 

asymmetric stress state inhibits crack nucleation and propagation, setting the NMC particle on a 

mechanically safe mode. 50  

Owing to the relative compliance of the surrounding SEs in comparison to the NMC 

particles, the chemical potential of oxygen molecules released from the RSP transformation in 

SE is much lower than inside the NMC particles. The chemical potential gradient drives the 

oxygen diffusion and insertion into the SEs, leaving vacancies and nanopores near the RSPs on 

the one hand and forming the transition layer in the SEs on the other. 

3. Conclusion 

In conclusion, our study reveals distinct electrochemistry of RSPs in ASSBs from LELIBs: 

electrochemically dead in the latter but active in the former. We attribute the different 

electrochemical activeness of the RSPs to the phase architecture and the accompanying 
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mechanics. While the lattice mismatch generally causes RSPs in compression and the layered 

structures in tension, the different phase architectures of the formed RSPs lead to distinct 

mechanical effects on Li+ transport, detrimental in LELIBs but beneficial in ASSBs. Moreover, 

we reveal that the unique phase architecture and chemomechanics in ASSBs afford the NMC 

cathodes high cracking resistance, which is further pronounced when high stack pressure is 

applied. These findings provide new understanding to the chemomechanics and electrochemistry 

of ASSBs that can be effectively harnessed to enable high energy density and durable ASSBs, 

which hold great promise for electrical vehicle applications. 

4. Experimental Section 

4.1. Assembly of Li-In/LSPSCl/NMC721 ASSBs 

a. Electrolyte layer fabrication: The Li10Si0.3PS6.7Cl1.8 (LSPSCl) solid electrolyte (SE) powders 

were purchased from GLESI Corp., CHINA. A 70 mg LSPSCl powder with a particle size of 1 

to 10 µm was poured into a Teflon tube with a diameter of 10 mm, and then cold-pressed at a 

pressure of 380 MPa to obtain an electrolyte pellet with a thickness of ~400 µm (Fig. S3a).  

b. Cathode fabrication: The polycrystalline LiNi0.7Co0.2Mn0.1O2 (NMC721) powders were 

produced by GLESI, CHINA. NMC721 cathode particles with sizes ranging from 3 to 7 µm, 

which were coated by a LiNbO3 layer with a thickness of 10 nm, were mixed with LSPSCl 

powders in a weight ratio of 7:3 using an agate mortar and a pestle. The mixture of cathode and 

LSPSCl was then placed on the top of the LSPSCl electrolyte pellet and pressed at a preparation 

pressure (PC) of 1220 MPa (Fig. S3b). 

c. Anode preparation: A thin lithium foil with a thickness of 50 μm was pressed on an indium 

(In) foil of 50 μm under a processing pressure (Pc) of 760 MPa at the bottom of an electrolyte 

layer to form a Li-In electrode, and then a battery test was performed at a stack pressure (PS) of 

760 MPa (Fig. S3c).  

4.2. Electrochemical measurements 

a. Galvanostatic charge and discharge measurements of the batteries were conducted on a LAND 

CT-2001A (Wuhan LAND Electronic Co.Ltd., Wuhan, China) battery test system in a glove box 

under Ar atmosphere at room temperature. The ASSBs were first charged to 4.3 V (vs. Li+/Li) at 
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a constant current of 1C (1C = 150 mAh/g) and then remained at a constant voltage of 4.3 V (vs. 

Li+/Li) for 15 min. During the discharge process, the ASSBs were discharged to 2.7 V (vs. 

Li+/Li) at the same current of 1C at room temperature.  

4.3. Postmortem characterizations  

a. X-ray diffraction (XRD, Rigaku D/MAX-2500, Japan) was carried out to characterize the 

material structure in the range from 10° to 90° with a step of 5°/min, using Cu Kα radiation. To 

avoid air exposure, the samples were protected by an amorphous film in a glove box with water 

and oxygen contents less than 0.1 ppm. 

b. To obtain SEM images of the cross-section of the ASSBs, the ASSBs was polished using a 

cross section polisher (JEOL, IB-19520CCP, Japan). The ASSBs were then placed on SEM stubs 

and transferred to the FIB-SEM using a home-made sample transition tool kit. Cross sectional 

characterizations of the ASSBs were performed using focused ion beam and scanning electron 

microscopy (FIB-SEM, Helios G4 CX, Thermo Fisher Scientific). Energy dispersive X-ray 

(EDX, Thermo Fisher Scientific) mapping was used to analyze the chemical composition of the 

cross sections of the ASSBs and the interface between NMC721 and LSPSCl. During the 

transfer process, the samples were not exposed to the air. The samples for scanning transmission 

electron microscopy (STEM) observations with a thickness of 60 nm were fabricated by FIB 

under a 2-30 kV Ga+ ion beam with a current of 44 nA to 14 pA. The FIB prepared samples were 

characterized by a STEM (Themis Z, Thermo Fisher Scientific) at 300 kV with a condenser lens 

spherical aberration (Cs) corrector (CEOS GmbH). The collection semiangles of the STEM 

detectors were set to 65-200 mrad for high angle annular dark field (HAADF) imaging, and 8-17 

mrad for annular bright field (ABF) imaging. To avoid serious specimen damage and obtain 

reliable images, the beam current was adjusted to be as low as possible (40-65 pA). 
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Figure captions 

 

Fig. 1. Electrochemical measurements of the ASSBs. Voltage profiles (a), charge/discharge 

capacity and the Coulombic efficiency for NMC721 after 2000 cycles (b) and after 4000 cycles 

(c). Voltage profiles (d) and rate capability (e) of NMC721 after 4000 cycles. (f) Comparison of 

the performance of ASSBs with that in literature. 
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Fig. 2. SEM characterization of the LSPSCl/NMC721 interfaces after 4000 cycles. (a) A low 

magnification SEM image of the LSPSCl/NMC721 interface. (b) A SEM image of the 

NMC721/LSPSCl interface, showing a transition layer with darker contrast than the NMC721 

and the SE. (c-d) SEM images of the NMC721 particle and its surrounding transition layer. (e) A 

high magnification SEM image showing the massive voids in the transition layer. A SEM image 

of NMC721 and its surrounding transition layer (f), and the corresponding EDX mapping (g). 

  



 

18 
 

 

 



 

19 
 

 

Fig. 3. STEM characterization of the NMC721 after 4000 cycles. (a) A low magnification 

STEM-HAADF image of the NMC721-4000 particle, showing numerous large voids preexisted 

in the pristine particle. (b-c) STEM-HAADF images of the NMC721-4000 particle, showing the 

massive nano voids and dark stripes in the secondary particles. (d) EDX mapping of a NMC721-

4000 particle with nano voids and stripes. (e) STEM-HAADF showing the majority of the 

NMC721-4000 particle has been converted to RSP. STEM-HAADF (f-g), and ABF (h) images 

showing the voids lined up along the (111) RSP/ (003) layered cathode. The RSPs are nucleated 

in the interior of a NMC721-4000 particle. All the voids are filled with RSPs. 
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Fig. 4. Stress-mediated Li+ transport kinetics in liquid and solid electrolytes. (a) In liquid 

electrolytes, electrochemical cycling forms a thick RSP (~20-200 nm) at the NMC/electrolyte 

interface. The lattice mismatch between the phases generates compression in the RSPs (red) and 

tension in the layered structures (blue). The dense, highly compressed RSPs function as an 

impermeable layer that traps all the remaining Li+ in the interior layered phases, causing 

considerable capacity loss. (b) In solid electrolytes, electrochemical cycling forms RSPs that are 

dispersed into the bulk of the NMC particle. The compressive stress in the RSPs (red) squeezes 

Li+ out of the RSPs into the adjacent layered phases (light blue/blue), and the layered phases 

form a percolation channel that conducts Li+ further out of the NMC particle, rendering an 

electrochemically active RSPs.  
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Massive rock-salt phase (RSP) dispersed in the layered phase of LiNi0.7Co0.2Mn0.1O2 

(NMC721) cathode is formed in sulfide based all-solid-state batteries (ASSBs) after 

4000 cycles. Counter to the prevailing belief that RSP is electrochemically "dead", the 

RSP in ASSBs is fully electrochemically active due to the synergistic effect of the 

percolation of the layered phase and the compressive stress on the RSP. 

 

 




