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(LEs) for LIBs raises serious safety con-
cerns.[1–5] Moreover, the exploitation of 
alternative electrode chemistries, such 
as Li metal for LIBs, has been hindered 
by the intrinsically limited properties of 
LEs.[1,6,7] For these reasons, the solidifica-
tion of electrolytes with non-flammable 
and single-ion conducting inorganic solid 
electrolytes (SEs) is highly desired.[2,8–15] 
Among various SE material candidates, 
the highest ionic conductivities com-
parable to those of LEs (≈10 mS cm−1 at 
room temperature) have been achieved 
for sulfide SEs (e.g., Li10GeP2S12

[16]:  
12 mS cm−1, Li7P3S11:[17] 17 mS cm−1,  
Li5.5PS4.5Cl1.5:[18,19] 12 mS cm−1). Impor-
tantly, sulfide SE materials are superior 
to their competitors, such as oxide SEs, in 
device integration as they can be deformed 
to wet active materials by simple cold-
pressing, enabling scalable fabrication 
of composite electrodes for bulk-type all-
solid-state batteries.[3,20,21]

The applicability of layered LiMO2 
(MCo, Ni, Mn) cathode materials 
for SEs is at the heart of practical all-
solid-state lithium battery (ASLB) 

technologies.[3,22–26] To date, extensive studies have been 
devoted to revealing the underlying interfacial electro-
chemistry for LiMO2/SE.[27–33] Basically, due to the poor 
intrinsic electrochemical stability of sulfide SEs (<3  V vs 
Li/Li+), their oxidative decomposition at the operating 
voltages for LiMO2 is inevitable.[34,35] Moreover, the elec-
trochemically driven formation of electronic conductors, 
such as Co3S4, as a component of undesirable mixed con-
ducting interphases also contributes to the large interfacial 
resistances of LiCoO2/sulfide SEs.[24,36] Protective surface 
coatings on LiCoO2 with electronically insulating and Li+-
conducting materials, such as LiNbO3 and Li3−xB1−xCxO3,  
have been developed to mitigate undesirable side reactions 
while minimizing the offset of retarded Li+ movements 
across the interfaces,[16,24,32,37–39] which is also a common 
practice for conventional LIBs.[40]

Many previous studies on LiMO2 for ASLBs focused 
on LiCoO2.[2,3,16,20,24,26–28,30,32,35,37–39] The employment of 
state-of-the-art Ni-rich cathode materials for ASLBs aligns 
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1. Introduction

Currently, progress in the use of conventional lithium-ion bat-
teries (LIBs) for the electrification of powertrains faces serious 
challenges. The use of flammable organic liquid electrolytes 
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with the research direction of achieving higher energy den-
sity and lower cost for advanced LE-based LIBs.[41–44] How-
ever, the transition from LiCoO2 to Li[Ni,Co,Mn]O2 (NCM) for 
ASLBs results in much poorer electrochemical performances 
than expected. Specifically, low utilization (low capacity ratio 
of the one with SEs to the one with LEs) and low initial Cou-
lombic efficiencies (CEs) were obtained (Table S1, Supporting 
Information).[3,20,22,24,31,45–48]

For advanced LIBs, pushing the Ni content in NCM to the 
theoretical limit (LiNiO2) to maximize the capacity is a main 
research and development stream in both academic and 
industrial viewpoints,[41–44,49] as found in the current battery 
chemistry in the Tesla Model S.[50] However, it has been chal-
lenged by the non-stoichiometric nature of LiNiO2, the more 
severe side reactions with LEs associated with highly reac-
tive Ni4+, degraded thermal stability, and volumetric strain 
during charge–discharge.[42,43] Thus, the wisdom, that is, the 
increased capacity at the expense of degraded cycling and 
thermal stabilities upon increasing Ni content in NCM, might 
hold for ASLBs as well. Furthermore, in a previous work by 
Janek and co-workers, the importance of chemo-mechanics 
for all-solid-state batteries was suggested.[48] Only a few per-
cent of volumetric strain in LiMO2 during charge–discharge 
could lead to detachment from SEs.[46] This could explain 
the significant degradation in the electrochemical perfor-
mance of NCM in ASLBs, including low initial CEs and fast 
capacity fading, which should be more severe for the case of 
using Ni-enriched NCM because of the correspondingly larger 
volumetric strain.[46] These aforementioned considerations 
indicate that the higher the Ni content in NCM is, the poorer 
the electrochemical performances of the ASLBs would be. 
Surprisingly, our preliminary screening tests of all-solid-state 
NCM/Li-In half-cells with different Ni contents have failed to 
demonstrate any distinct trends, that is, the clear correlation 
between capacity or cycling stability and Ni content (Figure S1 
and Table S2, Supporting Information), indicating the lack of 
current understanding. Meanwhile, recent investigations on 
the microstructural evolution and design strategies of Ni-rich 
cathodes for advanced LIBs, which have distinctly different fea-
tures from those of LiCoO2,[43,51–53] have caught our attention 
as a possibly overlooked clue to solving the aforementioned 
puzzle in the ASLB field.

Herein, we show that, by comparing two different Ni-rich 
cathode materials—a commercial-grade Li[Ni0.80Co0.16Al0.04]O2 
(NCA80) having randomly oriented grains and a full-concentra-
tion gradient Li[Ni0.75Co0.10Mn0.15]O2 (FCG75) having radially 
oriented rod-shaped grains—the overlooked electrochemo-
mechanics of microstructures in Ni-rich cathode materials 
have a determining role in the electrochemical performances 
of ASLBs. Complementary analysis using electrochemical, ex 
situ and in situ X-ray diffraction (XRD), operando electrochem-
ical pressiometry, and post mortem cross-sectional scanning 
electron microscopy (SEM) measurements evidences the elec-
trochemo-mechanically compliant microstructure of FCG75, 
which results in a high discharge capacity of 194  mA h g−1 
with a high initial CE of 85% between 3.0 and 4.3 V (vs Li/Li+) 
at 0.1 C (0.17 mA cm−2) and 30 °C, and a stable cycling reten-
tion of 79.1% after 200 cycles cycled at 0.5 C. This promising 
performance of FCG75 is in stark contrast to that of NCA80  

(discharge capacity of 156  mA h g−1, initial CE of 71%, and 
cycling retention of 46.9%), which stems from the severe disin-
tegration of microstructures.

2. Results and Discussion

NCA80 and FCG75 without surface coatings and structural 
doping were selected as model cathode materials because 
they have a distinct microstructural difference while sharing 
common features in terms of the Ni contents, the secondary 
particle morphologies and size distributions (Figure S2, Sup-
porting Information), the surface areas (Figure S3, Supporting 
Information), and the lattice structures (Figure S4 and Table S3, 
Supporting Information). Inductively coupled plasma optical 
emission spectroscopy (ICP-OES) was employed to confirm the 
average chemical composition of NCA80 and FCG75 cathode 
materials (Li[Ni0.798Co0.160Al0.042]O2 and Li[Ni0.751Co0.101Mn0.148]
O2, respectively). In the commercial-grade NCA80, primary 
particles are randomly oriented, forming overall spherical 
secondary particles (Figure  1a). In contrast, in FCG75, the 
high-aspect-ratio primary particles are radially oriented in the 
outward a-b plane direction (Figure 1b), which is a unique fea-
ture derived by tailoring the concentration-gradient of NCM 
particles.[54–56] The electron probe micro-analyzer (EPMA) com-
position profile for the cross-sectioned FCG75 particle indicates 
the concentration of Ni in the core is higher than at the surface, 
while the concentration of Mn at the surface is higher than in 
the core (Figure S5, Supporting Information). This was dem-
onstrated to maximize the capacity without the loss of thermal 
and/or cycling stability when applied to LE-based advanced 
LIBs.[54–56]

The electrochemical performances of the NCA80 and 
FCG75 electrodes cycled between 3.0 and 4.3  V (vs Li/Li+) at 
30  °C are compared between LE cells and all-solid-state cells 
in Figure  1c–f. For the LE cells, the first charge capacities at 
0.1  C are almost identical for the FCG75 and NCA80 elec-
trodes (217–219 mA h g−1), and the FCG75 electrode shows a 
higher first discharge capacity (212 mA h g−1) than that for the 
NCA80 electrode (204 mA h g−1) despite the lower Ni content. 
This could be rationalized by the more stable interfaces as well 
as the rod-shaped texture, which facilitates Li+ diffusion.[54–56] 
For all-solid-state cells, the first charge capacities (229 and  
219 mA h g−1 for FCG75 and NCA80, respectively) are roughly 
comparable to those of LE cells. Strikingly, the first discharge 
capacities for FCG75 and NCA80 show a huge difference, with 
values of 194 and 156  mA h g−1 respectively, which translate 
into CEs of 84.9% and 71.2%. This result seems to be associ-
ated with the higher polarization of NCA80 than FCG75 in the 
discharge voltage profiles (Figure 1d). Consistently, the overall 
rate performances follow the trend in the first discharge capaci-
ties (Figure 1e,f), the slightly different performances of FCG75 
and NCA80 in LE cells lead to a dramatic difference in all-
solid-state cells.

Figure 1g presents the cycling stability results of NCA80 and 
FCG75 electrodes in all-solid-state half-cells cycled at 0.5 C by 
constant current and constant voltage (CCCV) mode for charge 
with a limiting current of 0.05 C at 30 °C. The capacity reten-
tion for NCA80 after 200 cycles is 46.9%, which is in sharp 
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Figure 1.  Comparative electrochemical characterization of NCA80 and FCG75 in liquid electrolyte (LE) cells and all-solid-state half-cells at 30  °C. 
Cross-sectional SEM images of a) NCA80 and b) FCG75 particles. The average particle sizes are also shown in each panel. First-cycle charge–discharge 
voltage profiles for c) LE cells (NCA80/Li and FCG75/Li), d) all-solid-state cells (NCA80/Li-In and FCG75/Li-In), and e,f) their corresponding rate per-
formances. g) Cycling performances at 0.5 C and h) the corresponding discharge voltage profiles at different cycle numbers (1, 50, 100, 150, 200) for 
NCA80/Li-In and FCG75/Li-In all-solid-state cells. Nyquist plots for NCA80/Li-In and FCG75/Li-In all-solid-state cells at i) 2nd and j) 100th cycles. The 
cells discharged to 3.8 V (vs Li/Li+) at each cycle were subjected to the electrochemical impedance spectroscopy (EIS) measurements.
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contrast to the unprecedentedly high value 
of 79.1% for FCG75. The growth of nominal 
voltage polarization between charge and dis-
charge, which is severe at initial cycles (≤50–
100 cycles), is more pronounced for NCA80 
than for FCG75 (Figure S6, Supporting 
Information). Moreover, the discharge 
voltage profiles at different cycles shown in 
Figure 1h clearly display much slower devel-
opment of polarization for FCG75 than for 
NCA80. The electrochemical impedance 
spectroscopy (EIS) signals measured in the 
charged state at 3.8  V (vs Li/Li+) at the 1st 
and 100th cycles are shown as Nyquist plots 
in which depressed semicircles are followed 
by Warburg tails (Figure  1i,j and Table S4, 
Supporting Information). The experimental 
data fitted with the equivalent circuit model 
(Figure S7, Supporting Information) indi-
cate that the resistances of both the NCA80 
and FCG75 SE layers remain constant (R1 + 
R2  = 6–7 Ω) regardless of the number of 
cycles. These resistances are assigned as the 
grain and grain boundary resistances in the 
SE layer, respectively.[24,46] The R3 values are 
attributed to interfacial resistance, and that 
for NCA80 (39.6 Ω) dramatically increases at 
the first cycle, compared to that for FCG75 
(2.6 Ω). Moreover, the increase in the R3 
values after 100 cycles is much larger for 
NCA80 (598 Ω) than for FCG75 (146 Ω).[57,58]

In short, the dramatic performance difference 
between FCG75 and NCA80 in all-solid-state 
cells, compared to those in the conventional LE 
cells raises an intriguing question.

The first charge capacities of NCM elec-
trodes in all-solid-state cells are attributed 
mainly to the deintercalation of Li+ ions from 
NCM lattices. However, the contribution of 
any side reactions, such as oxidative decom-
position of SEs, should also be considered. In 
order to determine whether this contribution 
varies largely between NCA80 and FCG75 in 
all-solid-state cells, a control experiment was 
carried out. After the all-solid-state cells were 
charged at normal conditions (0.1 C and 30 °C), they were sub-
jected to discharge at a lowered C-rate of 0.05 C by CCCV mode 
(limiting current of 0.01  C) and at an elevated temperature of 
70 °C at which all kinetic factors are boosted (Figure 2a). While 
FCG75 shows a slight increase of only 6  mA h g−1 in the dis-
charge capacity compared to the case for normal discharge (from  
194 (Figure 1d) to 200 mA h g−1), the increase in the discharge 
capacity for NCA80 is as high as 31  mA h g−1 (from 156 to 
187  mA h g−1, the values are summarized in Table S5, Sup-
porting Information). Accordingly, the CE values for NCA80 
reach 85.5% which is comparable to that for FCG75 (86.8%). 
This result clearly indicates that the much lower first discharge 
capacity or CE value of NCA80 relative to that for FCG75 in 
Figure  1d is not due to different state of charges (SOC) caused 

by different amounts of side reactions during the first charge. 
The ex situ XRD results for all-solid-state cells at three dif-
ferent SOCs during the first cycle at 0.1 C and 30 °C (or charge 
at 0.1 C and 30  °C, followed by discharge at 0.05 C and 70  °C, 
denoted dashed lines) are shown in Figure  2b. It is noted that 
the position for the (003) peak after discharge to 3.0 V (vs Li/Li+)  
at 30  °C is much more negatively shifted for NCA80 than for 
FCG75, compared to each original position prior to cycling. This 
negative peak shift for NCA80 is dramatically alleviated for the 
case of discharge at 70 °C at which the kinetics are accelerated. 
These results reflect that the first discharge in NCA80 (at 30 °C) 
is far from full Li+ intercalation into the lattice,[25] which should 
originate from the slow kinetics as evidenced by the control exper-
iment in Figure 2a. Further discussion will be presented later.
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Figure 2.  a) First-cycle charge–discharge voltage profiles of NCA80 and FCG75 in all-solid-state 
cells charged at 0.1 C and 30 °C and discharged at 0.05 C with a limiting current of 0.01 C at 
70 °C. b) Ex situ XRD patterns showing (003) peaks for NCA80 and FCG75 at different SOCs 
for the electrodes in all-solid-state cells at 30 or 70 °C. The corresponding charge–discharge 
voltage profiles at 0.1 C are displayed in the left panel. The discharge voltage profiles at 0.05 C 
and 70 °C and the resulting XRD patterns are shown in dashed lines. Note the larger peak shift 
to negative angle after discharge of NCA80 relative to that of FCG75, compared with the peaks 
for the pristine samples when discharged at 30 °C. Also, note the dramatic recovery of the peak 
position for NCA80 when discharged at 70 °C, compared with the pristine sample. The peak 
position and FWHM values for the ex situ XRD data are summarized in Table S6, Supporting 
Information.
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To sum the results, the huge difference in the performances 
of FCG75 and NCA80 in all-solid-state cells at initial cycles is 
associated with the different overpotential, which is not attrib-
uted to any side reaction effect. This leads us to the indispen-
sable consideration of an electrochemo-mechanical effect. The 
volumetric strains in LE cells with NCA80 and FCG75 at a 
cutoff voltage of 4.3 V (vs Li/Li+) were found to be −4.2% and 
−3.4%, respectively (Figure 3a), from analysis of the in situ XRD 
results (Figure S8, Supporting Information). The slopes of the 
volumetric strains become noticeably steeper (and the slope of 
the lattice parameter chex changes drastically) above ≈4.1 V (vs 
Li/Li+), at which the deleterious H2–H3 phase transition may 
occur.[43,51,52,59,60] Up to 4.1 V (vs Li/Li+), the volumetric strains 

for NCA80 and FCG75 are only −1.9% and −1.8%, respectively. 
Accordingly, in contrast to the different electrochemical per-
formances at the cutoff voltage of 4.3 V (vs Li/Li+) (Figure 1g), 
both NCA80 and FCG75 show comparably good cycling stabili-
ties when the voltage is restricted to 4.1 V (vs Li/Li+) (Figure S9, 
Supporting Information, shows cycling retentions of 88.6 and 
88.2% for NCA80 and FCG75, respectively, after 200 cycles), 
suggesting the importance of the electrochemo-mechanical 
effect.

In order to visualize the electrochemo-mechanical evolution 
of electrode microstructures, cross-sectional SEM images of 
the NCA80 and FCG75 electrodes in all-solid-state cells were 
obtained before cycling (Figure 3b,e) and after the first charge 
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Figure 3.  Electrochemo-mechanical characterization of NCA80 and FCG75 electrodes for all-solid-state cells. a) Lattice parameters and volumetric 
strain ((Vfinal − Vinitial)/Vinitial) for NCA80 and FCG75 as a function of SOC (x in Li1−xMO2), obtained by the analysis of in situ XRD measurements of 
LE cells. The corresponding in situ XRD data are shown in Figure S8, Supporting Information. Cross-sectional SEM images of NCA80 electrodes  
b) before cycling and after c) first charge to 4.3 V (vs Li/Li+) and d) the subsequent discharge to 3.0 V (vs Li/Li+). e–g) The corresponding images 
for FCG75 electrodes. Cross-sectional SEM images of h) NCA80 and i) FCG75 electrodes after 100 cycles. j) Schematic illustration of pressure moni-
toring NCM/Li4Ti5O12 all-solid-state cells and k) the corresponding operando electrochemical pressiometry profiles for FCG75 and NCA80 during first 
charge–discharge at 0.1 C and 30 °C.
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to 4.3 V (vs Li/Li+) (Figure 3c,f) and the subsequent discharge 
to 3.0  V (vs Li/Li+) (Figure  3d,g). For NCA80 particles, even 
after the first charge, formation of intergranular cracks as well 
as void spaces between NCA80 and SEs are evident (Figure 3c, 
indicated by the yellow arrow). This result is explained by the 
overall shrinkage of the lattice volume by ≈4.2% (Figure  2a). 
Upon first discharge, the formed cracks still remain (Figure 3d).

For the FCG75 electrodes, the detachment of SEs from  
the active material particles is also observed after the first charge 
(Figure 3f, indicated by the sky-blue arrow), which is because of  
the volumetric shrinkage associated with the H2-H3 phase 
transition during charging above ≈4.1  V (vs Li/Li+). However, 
the void space between the SE and cathode particles is observed 
to be narrower for FCG75 than for NCA80, which is explained 
by the smaller volumetric shrinkage for FCG75 compared to 
that for NCA80. Importantly, no cracks inside the FCG75 par-
ticles are observed. Even after the subsequent discharge, the 
structure of the secondary particles of FCG75 remains intact 
(Figure 3g). Moreover, the void spaces between active material 
particles and SEs disappear.[61,62] After 100 cycles, the difference 
in mechanical integrity between the NCA80 and FCG75 elec-
trodes becomes more amplified (Figure 3h,i). For sampling of 
the NCA80 electrode after 100 cycles, instead of an electrode 
pellet specimen, finely shattered particles were collected from 
the electrode layers, reflecting the severe disintegration of 
the entire structure (Figure S10, Supporting Information). In 
contrast, collecting a fractured electrode pellet specimen was 
possible for the FCG75 electrode after 100 cycles (Figure S11, 
Supporting Information). For NCA80, the secondary particles 
were fully disintegrated into primary particles after 100 cycles 
(Figure  3h). Surprisingly, few fine cracks were observed for 
FCG75, even after 100 cycles (Figure  3i), manifesting its 
mechanically compliant nature.

The appearance of distinct cracks, even after the first dis-
charge, in NCA80 for all-solid-state cells (Figure  3d) is not 
common for Ni-rich cathode materials in LIBs using LEs.[44,52,63] 
Although the uniaxially applied pressure is released after the 
cold-pressing process, any stresses may remain locally due to 
elastic and plastic deformation of the SEs.[48,64] Importantly, the 
cells are operated under external uniaxial pressure. It is thus 
suggested that the aforementioned factors could facilitate the 
formation of cracks which must be triggered by the shrinkage 
of primary particles. The anisotropic volumetric shrinkage and 
the randomly oriented crystal directions for each primary par-
ticle are likely to have synergistic effects on accelerating the 
formation of severe cracks during the initial charge process 
(Figure  3c).[43,51,52,60] In the subsequent discharge process, the 
aforementioned inhomogeneity of the electrode pressure ren-
ders the dislocated primary particles not being relocated to the 
original position despite the volumetric expansion, leading to 
severe disintegration. In contrast, the radial alignment of high-
aspect-ratio primary particles can effectively accommodate 
reversible volume changes without suffering from the forma-
tion of intergranular cracks.[43,51,52,56]

Noting that the formation of cracks indicates the creation of 
void spaces, operando electrochemical pressiometry measure-
ments were carried out for NCA80 and FCG75 in all-solid-state 
cells employing zero-strain Li4Ti5O12 as the anode (or counter 
electrode) (Figure  3j,k). Based on the theoretical calculation 

using the volumetric strains obtained from the in situ XRD 
data (Figure 3a), it may be expected that the pressure changes 
for NCA80 are larger than those for FCG75 during charge–dis-
charge (see the Supporting Information for details).[48] How-
ever, the measured pressure decrease for NCA80 after the 
first charge is shown to be even lower (−0.15  MPa) than that 
for FCG75 (−0.30  MPa). This result directly indicates the for-
mation of void spaces (or cracks) in NCA80, agreeing well 
with the severe intergranular cracks observed only in NCA80 
(Figure 3c). The pressure increases for both NCA80 and FCG75 
upon discharge are also consistent with expansion of the lattice 
volume (Figure  3a). At the end of discharge, the overall pres-
sure changes are positive for both NCA80 and FCG75. The pos-
itive pressure change even for FCG75 could imply incomplete 
recovery of the ionic contacts between FCG75 and Li6PS5Cl 
(SE), rather than the disintegration of the active material par-
ticles. Importantly, the pressure for NCA80 after one cycle is 
higher than that for FCG75, although less Li+ ions are inserted 
in the lattice of NCA80 than FCG75, which is also in good 
agreement with the severe mechanical degradation of NCA80 
electrodes observed in the SEM image (Figure 3d).

Mechanical degradation by repeated cycling causes the ionic 
contacts of primary particles, especially in the core, to be loos-
ened and/or lost, which could result in incompleteness and 
heterogeneity in discharge (or lithiation). This is supported by 
the large negative shift of the (003) peak for NCA80 after dis-
charge at 30  °C in the ex situ XRD result, which is in sharp 
contrast to the marginal shift for FCG75 (Figure 2b). Moreover, 
for NCA80, the more broadened (003) peak after discharge, 
compared to that of the pristine electrode, likely indicates the 
presence of primary particles with more varied SOCs, which 
is also indicative of electrochemo-mechanically driven deterio-
rated ionic contacts. (see Table S6 and Figure S12, Supporting 
Information, for details).

It is now evident that the electrochemo-mechanical effect 
dominates the huge difference in the electrochemical perfor-
mances of all-solid-state cells employing NCA80 and FCG75. 
Even though the effect of interfacial (electro)chemical stability 
(or the side reaction) between NCA80 (or FCG75) and Li6PS5Cl 
is shown to be non-critical, at least at the initial cycle, it may 
not be negligible with regards to long-term stability. Thus, its 
assessment was carried out by ex situ transmission electron 
microscopy (TEM) and X-ray photoelectron spectroscopy (XPS) 
analyses of the electrodes collected from all-solid-state cells 
cycled 100 times (Figures 4 and 5).

The results of the surface and core regions of the cathode 
material particles are shown in Figure  4a,b for NCA80 and 
Figure 4c,d for FCG75. Mosaic scanning TEM images of cycled 
electrodes are provided in Figure S13, Supporting Informa-
tion. For both NCA80 and FCG75, the surface regions that are 
in contact with SEs show distinctly different textured surface 
layers (denoted as “i”), compared to the inner regions (denoted 
as “ii”) (Figure 4a,c). The corresponding selected area electron 
diffraction (SAED) patterns (for the region “i”) reflect the NiO-
like rock-salt structure with space group Fm3m, which should 
be converted from the original layered structure (R3m). In con-
trast, the core regions (Figure 4b,d) show homogeneous lattice 
fringes and the SAED patterns indicate a layered structure with 
the space group R3m ( “ii”). It is well known that in conventional 
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LIBs the formation of a rock-salt phase in which Li+ transport 
is impeded is associated with the reduction of unstable Ni4+ to 
Ni2+ facilitated by the decomposition of LEs.[51,65,66] Based on 

the observed formation of rock-salt phase only in the region in 
contact with the SE (Li6PS5Cl), it is suggested that, similar to 
the case of LE cells, the reduction of Ni4+ to Ni2+ would induce 
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Information, respectively.

Figure 4.  Ex situ TEM results of NCA80 and FCG75 for all-solid-state cells cycled 100 times. Low and high magnification ex situ TEM images for  
a) surface and b) core regions of the secondary particle for NCA80 and their corresponding SAED patterns. c,d) The corresponding results for FCG75. 
Structural information deduced from the SAED patterns is also shown in each panel.
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the oxidation of Li6PS5Cl along with the phase transition from a 
layered structure to a rock-salt structure.

This rationale is successfully supported by the corresponding 
S 2p and P 2p ex situ XPS results (for the electrodes after  
100 cycles, Figure 5a,b). After cycling, the evolution of oxidized 
species of SO4

2−, PO4
3−, bridging sulfur (P-[S]n-P), and P2S5, 

derived from Li6PS5Cl is observed, which is in agreement with 
previous results.[33,67] Both NCA80 and FCG75 show slight 
positive shifts in Ni 2p XPS peaks after cycling (Figure S14, 
Supporting Information), indicating the existence of Ni with 
the oxidation states of >2+. Comparison of their peak shapes 
shows that the contribution at higher binding energies is likely 
larger for NCA80 than for FCG75. This result may also be in 
line with the kinetically driven incomplete lithiation (or reduc-
tion) after discharge for NCA80, shown in Figure 2. The ex situ 
XPS signals for Co and Mn remain unchanged after cycling 
(Figure S14, Supporting Information), which is in contrast to 
the formation of detrimental Co3S4 for LiCoO2 in ASLBs cycled 
just once in our previous result.[24] This discrepancy may be an 
interesting subject for theoretical calculations,[29,32,35] and could 
be responsible for the decent electrochemical performances of 
FCG75 despite the absence of any protective coatings.

In the ex situ TEM images (for the electrodes after 100 cycles, 
Figure  4a,c), the thickness of the insulating rock-salt layer is 
smaller for FCG75 (≈3 nm) than for NCA80 (13–15 nm), which 
can be explained by the lower amount of Ni on the surface of 
FCG75 (≈70%) than of NCA80 (80%) (Figure S5, Supporting 
Information). The relative XPS signal area ratios for Li6PS5Cl-
derived oxidized species with respect to those for Li6PS5Cl 
are compared for the electrodes cycled once (with the upper 
cutoff voltages of 4.3 or 4.1  V vs Li/Li+) and for 100 times in 
Figure  5c,d. The S 2p and P 2p XPS data for the electrodes 
cycled once are provided in Figure S15, Supporting Informa-
tion. Consistent with the ex situ TEM results, the ex situ XPS 
results also indicate larger amount of Li6PS5Cl-derived oxidized 
species for NCA80 than for FCG75 after 100 cycles (Figure 5c,d 
and Table S7, Supporting Information). In contrast, the relative 
amounts of Li6PS5Cl-derived oxidized species do not show sig-
nificant differences between NCA80 and FCG75 after the initial 
cycle. Thus, the contribution of the interfacial electrochemical 
stability effect for all-solid-state cells could be marginal to the 
difference in the reversibility at the initial cycle but could not 
be neglected to the difference in the long-term cycling stability. 
It is also noted that the variation of the upper cutoff voltages  
(4.1 or 4.3 V vs Li/Li+) does not result in significant difference 
in the amounts of the oxidized species. This result cannot 
explain the electrochemical behaviors of all-solid-state cells (i.e., 
the similar performances between NCA80 and FCG75 in the 
voltage range of 3.0–4.1  V (vs Li/Li+) (Figure S9, Supporting 
Information) but the largely different performances in the 
voltage range of 3.0–4.3 V (vs Li/Li+) (Figure 1)), strongly sup-
porting the dominance of the electrochemo-mechanical effects.

Our results for FCG75 in ASLBs are promising and provide 
important insights on the design principle for further develop-
ments. Although FCG75 itself is electrochemo-mechanically 
compliant, the ionic contacts with the SEs are loosened upon 
repeated cycling. Introduction of Li+ conductive soft materials 
could be one of the strategies to address this issue. In our 
previous work, tailoring the NCM electrodes for ASLBs using 

slurry-fabricable Li+ conductive polymeric binders could signifi-
cantly improve the electrochemical performances, due to the 
enhanced ionic contacts at the NCM/SE interfaces.[25] It is also 
suggested that the Li+ conductive polymeric binders infiltrated 
into the intergranular cracks, enabling the utilization of the 
electrochemo-mechanically disintegrated inner grains, which 
was overlooked. Additionally, it should be noted that the results 
herein for FCG75 were obtained with the bare sample. Further 
improvement in performance could be possible by intensive 
interfacial engineering, such as the application of protective 
coatings[16,24,32,37–39] and/or the development of advanced SE 
materials with improved oxidation stability,[68] which will be our 
next mission in future.

Finally, the promising performances of ASLBs using the 
electrochemo-mechanically compliant micro-structured 
FCG75 were compared with the previous results of ASLBs 
using other NCM electrodes in Figure 6a,b and Table S1, Sup-
porting Information. The former possesses the highest capacity 
and the best cycling stability. Furthermore, the FCG cathodes 
were combined with Li metal anodes and cycled between  
3.0 and 4.3 V at 0.2 C and 30 °C. Their first two-cycle charge–dis-
charge voltage profiles and the corresponding cycling stability 
are displayed in Figures  6c and 6b, respectively. The FCG75/
Li ASLBs show a high reversible capacity of 180  mA h g−1  
and a promising cycling retention of 84.2% after 100 cycles. 
Furthermore, FCG75/Li ASLBs cycled at 70 °C and 0.05 C show 
a high discharge capacity of 207  mA h g−1, corresponding to 
3.2  mA h cm−2 (Figure  6d), which translates into an energy 
density of 88.2 W h kgcell

−1 based on the total weight, including 
the composite electrodes, SE layer, and current collectors. By 
reducing the SE layer thickness to 50  µm or less, the energy 
density could be increased to 393 W h kgcell

−1, thereby reaching 
the target sufficiently for safe and long-range (over ≈630  km) 
electrified vehicles.[50,69]

3. Conclusion

In summary, complementary analysis via an arsenal of electro-
chemical, ex situ and in situ XRD, operando electrochemical 
pressiometry, post-mortem SEM, ex situ TEM, and ex situ 
XPS measurements successfully revealed the effects of elec-
trochemo-mechanically-driven microstructural and interfacial 
evolutions on the electrochemical performances of Ni-rich 
cathode materials in ASLBs, which are illustrated in Figure 7. 
The anisotropic volume changes of randomly oriented primary 
particles in NCA80 collectively caused the severe disintegration 
of secondary particles, even at the initial cycle. In contrast to 
the conventional LIBs, in which LEs can wet any exposed grain 
surfaces, the SEs cannot access the ionically disrupted inner 
grains, which explains the much poorer electrochemical perfor-
mances of NCA80 in all-solid-state cells compared to those in 
LE cells. In sharp contrast, the radially aligned high-aspect-ratio 
grains in FCG75 can reversibly accommodate volume changes 
without mechanical degradation. This distinctly different 
microstructural evolution was responsible for the huge differ-
ence in the electrochemical performances of ASLBs. Moreover, 
the lower occurrence of side reaction at NCM/Li6PS5Cl inter-
faces for FCG75 than for NCA80 owing to the lower Ni content  
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Figure 7.  Schematic illustrating the different microstructural and interfacial evolutions in the NCA80 and FCG75 electrodes in all-solid-state cells.

Figure 6.  Highlights of the performance of FCG75 for ASLBs. Comparison of a) first-cycle discharge capacity and b) cycling performance with those of 
various NCM electrodes for ASLBs at room temperature, varied by Ni content. The vertical gray bars in (a) indicate the capacities of the LE cells. First 
two-cycle charge–discharge voltage profiles for FCG75/Li ASLBs c) at 30 °C and d) at 70 °C. The cycling performance of FCG75/Li ASLBs at 30 °C is 
also shown in (b).
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on the surfaces of FCG75 than those of NCA80 contributed to 
the corresponding better long-term cycling stability. It must 
be emphasized that FCG75 in all-solid-state cells exhibited the 
best performance to date (a high reversible capacity reaching 
≈200 mA h g−1 at 0.1 C and 30 °C, a high initial CE of 84.9%, 
and a good cycling retention of 79.1% at 0.5 C after 200 cycles). 
Finally, the excellent reversibility of FCG75/Li ASLBs was dem-
onstrated at 30 °C and at 70 °C. Our results shed light on the 
design principle for cathode materials and interfaces custom-
ized for practical all-solid-state technologies for safe and long-
range battery-driven electric vehicles.

4. Experimental Section
Materials Synthesis: The spherical FCG [Ni0.75Co0.10Mn0.15](OH)2 

precursors were synthesized via the coprecipitation method. A 
Ni-poor aqueous solution (Ni:Co:Mn  =  0.645:0.149:0.206 in molar 
ratio) of NiSO4·6H2O, CoSO4·7H2O, and MnSO4·H2O was pumped 
into a Ni-rich (Ni:Co:Mn  =  1.0:0.0:0.0 in molar ratio) solution. The 
homogeneously mixed solution was fed into a reactor (17 L) filled 
with a solution of NH4OH and NaOH under an inert atmosphere. 
Spherical Ni(OH)2 particles were formed first, after which nickel–
cobalt–manganese hydroxides of various compositions slowly 
accumulated on the surfaces of the pre-formed particles, resulting 
in radial concentration gradients of Ni, Co, and Mn in each particle. 
Powders were obtained by filtering, washing, and overnight drying at 
110 °C. To obtain FCG Li[Ni0.75Co0.10Mn0.15]O2, the FCG precursor with 
an average composition of [Ni0.75Co0.10Mn0.15](OH)2 was mixed with 
LiOH·H2O (Li:(Ni+Co+Mn) = 1.01:1 in molar ratio) and fired at 790 °C 
for 10 h under flowing O2. Spherical NC [Ni0.84Co0.16](OH)2 precursor 
without a concentration gradient and a rod-shape morphology was 
synthesized via the co-precipitation method with 2.0 m of NiSO4∙6H2O 
and CoSO4·7H2O aqueous solution (Ni:Co  =  84:16 molar ratio) as the 
starting materials. A homogeneously mixed solution was fed into a 
reactor (17 L) filled with a solution of deionized water, NH4OH (aq), and 
NaOH under an inert atmosphere. Concurrently, 4 m NaOH (aq) (molar 
ratio of NaOH to transition metal = 2.0) and an NH4OH chelating agent 
(aq) (molar ratio of NH4OH to transition metal  =  1.2) were pumped 
separately into the reactor. The final precursor powders were obtained 
by filtration, washing with deionized water and overnight drying under 
vacuum at 110  °C. To obtain Li[Ni0.80Co0.16Al0.04]O2, the precursor 
[Ni0.84Co0.16](OH)2 was mixed with LiOH·H2O and Al(OH)3·3H2O 
(Li:Al:(Ni+Co) = 1.01:0.04:0.96 in molar ratio) and fired at 770 °C for 10 h  
under flowing O2. For Synthesis of Li6PS5Cl, stoichiometric amounts of 
Li2S (99.9%, Alfa Aesar), P2S5 (99%, Sigma-Aldrich) and LiCl (99.99%, 
Sigma-Aldrich) were mixed at 600  rpm for 10 h with ZrO2 balls using 
Pulverisette 7 PL (Fritsch GmbH). The ball-milled powders were 
subjected to heat-treatment at 550 °C for 5 h under an Ar atmosphere.

Materials Characterization: The chemical compositions of the prepared 
cathode active material powders were determined by ICP-OES (OPTIMA 
8300, Perkin Elmer). To confirm the localized composition of NCA80 
and FCG75, cross-sectioned particles were prepared by embedding the 
particles in epoxy and grinding them flat. The elemental line scans of the 
polished NCA80 and FCG75 were obtained by EPMA (Shimadzu, EPMA-
1720). Powder XRD with Cu Kα radiation (1.5406 Å) was employed to 
identify the crystalline phases of the cathode materials using Empyrean 
(PANalytical). The XRD data were collected between 10° and 110° 
of 2θ with a step size of 0.02°, and analyzed by Rietveld refinement 
using Fullprof. The in situ XRD experiments on the pouch-type half-
cells using Li metal as an anode were performed using transmission 
mode (Empyrean, PANalytical). The pouch-type half-cells were charged 
by applying a constant current of 0.05  C (9  mA g−1). The in situ XRD 
patterns were continuously recorded every 40  min in the 2θ range of 
16–70° at a step width of 0.0263° with Cu Kα radiation (1.5406 Å) using 
a detector (PIXcel 1D, PANalytical). The morphologies and structures 

of the prepared active material particles were observed by SEM (Verios 
G4UC, FEI). The surface area was obtained by N2 adsorption/desorption 
isotherms using Brunauer–Emmett–Teller (BET, 3 Flex, Micromeritics). 
For cross-sectional SEM observation, the electrodes were collected in an 
Ar-filed glovebox at different SOCs and cut by Ar-Ion beam milling using 
a cooling cross-sectional polisher (CP, JEOL IB-19520CCP) at  −90  °C. 
Then, the electrodes were transferred into an Ar-filed atmosphere 
from CP to SEM equipment using an Air-Isolation system holder in 
order to minimize the air-exposure time. For the TEM measurements, 
active material particles collected from the 100 cycled electrodes at the 
discharged state were cut into a 70  nm-thick thin foil using a focused 
ion beam (FIB, SCIOS, FEI) and loaded onto a Mo grid. For ex situ 
XRD analysis of all-solid-state cells, the collected cells were mounted 
on the holder and sealed with a Be window in an Ar-filled glove box. 
The ex situ XRD measurements were conducted using a Rigaku MiniFlex  
600 diffractometer with Cu Kα radiation between 10° and 70° of 2θ with 
a step size of 0.02°. The ex situ XPS measurements were carried out with 
a monochromatic Al Kα source (1486.6  eV) at 12  kV and 6  mA using 
K-Alpha+ (Thermo Fisher Scientific). The samples were mounted on 
a sample holder in an Ar-filled glove box and transferred into the XPS 
equipment without any exposure to air.

Electrochemical Characterization: For all-solid-state cells, NCM 
electrodes comprised of cathode materials (NCA80 or FCG75), SE 
(Li6PS5Cl), and conducting carbon additives (super P) in a weight 
ratio of 70:30:3 were prepared by dry-mixing using mortar and pestle. 
Counter electrodes (or anodes) were partially lithiated indium (nominal 
composition of Li0.5In) or Li metal foil (20 µm). The Li0.5In was prepared 
by mixing Li (FMC Lithium corp.) and In (Sigma-Aldrich, 99.99%) 
powders.[47] All-solid-state cells with a diameter of 13  mm, comprised 
of Ti rods as the current collectors and polyaryletheretherketone (PEEK) 
mold, were assembled by the following procedure. First, SE layers were 
formed by pelletizing 150 mg of Li6PS5Cl powder. Then, the as-prepared 
cathode mixtures were spread on one side of the SE layer while the 
counter electrode (Li0.5In) was put on the other side. Finally, the whole 
assemblies were pressed at 370  MPa. The mass loading of the NCM 
electrodes was 11.3  mg cm−2. For NCM/Li ASLBs tested at 70  °C, the 
electrode mass loading was 22.6  mg cm−2. EIS measurements were 
performed for the cells discharged to 3.8 V (vs Li/Li+) at 0.1 C using a 
Bio-Logic (VMP3) from 1.5 MHz to 10 Hz with an amplitude of 10 mV. 
The external pressure of the all-solid-state cells during operation were 
≈70 and ≈7  MPa when using Li0.5In (or Li4Ti5O12) and Li metal as the 
anodes, respectively. For operando electrochemical pressiometry, zero-
strain Li4Ti5O12 with a negative to positive (np) ratio of 1.3 was used 
as the anode material. The pressures during charge and discharge 
were monitored using a pressure sensor, as illustrated in Figure 3j. For  
the fabrication of the cathode of LE cells, the synthesized cathode active 
material powders were mixed with carbon black and poly(vinylidene 
fluoride) (90:5.5:4.5 by weight percents) in N-methylpyrrolidone.  
The obtained slurry was coated on a current collector, Al foil, with active 
material mass loadings of 4 mg cm−2. The as-prepared electrodes were 
pressed and dried under vacuum at 120 °C. The LE was 1.2 m LiPF6 in 
a mixture of ethylene carbonate and ethyl methyl carbonate (volume 
ratio of 3:7) with 2 wt% vinylene carbonate. Preliminary cell tests were 
performed using 2032 coin-type half-cells using lithium metal as an 
anode. The cells were cycled at 0.5 C (100 mA g−1) between 3.0 and 4.3 V.
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