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Single- or Poly-Crystalline Ni-Rich Layered Cathode,
Sulfide or Halide Solid Electrolyte: Which Will be the Winners
for All-Solid-State Batteries?

Yoonjae Han, Sung Hoo Jung, Hiram Kwak, Seunggoo Jun, Hunho H. Kwak,
Jong Hoon Lee, Seung-Tae Hong, and Yoon Seok Jung*

1. Introduction
Two newly emerging materials for application in all-solid-state batteries,

namely, single-crystalline Ni-rich layered oxide cathode and halide solid
electrolyte (SE), are of utmost interest because of their superior proper-

ties (good microstructural integrity and excellent electrochemical oxidation
stability, respectively) to conventional polycrystalline layered oxides and
sulfide SEs. In this work, four electrodes employing single- or polycrystal-
line LiNig ggC0g11Alg.010; (NCA) and LizYClg or LigPSsCly sBrq s are rigorously
characterized by complementary analyses. It is shown that the synergy

of employing cracking-free single-crystalline NCA and oxidation-tolerable
Li;YClg can be achieved by considering intercoupled engineering factors
that are prone to overlook, such as size, lightness, and mixing of particles.
Accordingly, the highest level of performances in terms of discharge capacity
(199 mA h g™ at 0.1C), initial Coulombic efficiency (89.6%), cycling perfor-
mance (96.8% of capacity retention at the 200th cycle), and rate capability
(130 mA h g™ at 4C) are demonstrated at 30 °C. Severe side reactions occur-
ring at the LigPSsCly 5Bro s/NCA interfaces are also quantified and probed.

Beyond its success for portable electronic
devices, lithium-ion battery (LIB) tech-
nology has been extended to battery-driven
electric vehicles."?l  Unfortunately, the
current technology relying on conven-
tional organic liquid electrolytes (LEs) has
faced formidable challenges in terms of
high energy density and safety, which are
associated with the inherently limiting
properties of LEs; flammability and incom-
patibility with Li metal anodes.>™ All-
solid-state Li batteries (ASLBs) employing
inorganic solid electrolytes (SEs) have thus
attracted much attention.'>1%  Sulfide
SE materials, owing to their high ionic
conductivities  (e.g., LissPS,sCly 5112
12 mS cm™), reaching those of LEs
(=107 S cm™),13 and mechanical sintera-

Importantly, an overlooked but significant contribution of the side reaction
of LigPS5Cly 5Brg 5 to the detrimental electrochemo-mechanical degrada-
tion of polycrystalline NCA is revealed for the first time by postmortem
scanning electron microscopy and operando electrochemical pressiometry

measurements.
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bility, enabling simple cold-pressing-based
fabrication of ASLBs,®l are considered as
the key to practical ASLB technology. How-
ever, their several critical disadvantages of
chemical and electrochemical instabilities
have been serious obstacles.[®>18] Upon
exposure to humid air, sulfide SE mate-
rials release toxic H,S gas,®192 requiring
strict dry-room conditions for manufacturing processes, which
are translated into high manufacturing costs. Moreover, they
exhibit poor intrinsic electrochemical oxidation stability (<3 V
vs Li/Li*). 82122

Li metal is an ideal anode that is hoped to be enabled by
the development of all-solid-state technologies.[3?3-2% Ni-
rich layered oxides, LiMO, (M = Ni, Co, Mn, Al), which have
been extensively investigated as cathodes for advanced LIBs
based on LEs,%3% are also strong candidates for integration
into practical ASLBs at scale.'®3738] Despite the use of SEs
showing high Li* conductivities (>107> S cm™), electrochem-
ical performances of layered oxide cathodes including LiCoO,
and Li[Ni,Co,Mn]O, in ASLB cells have not been satisfactorily
high in most previous reports.®39#2 Along with the intrinsi-
cally low electrochemical oxidation stability of sulfide SEs, their
chemically reactive feature in contact with layered oxide cath-
odes, which is more severe for high-energy targeted Ni-richer
Li[Ni,Mn,Co]O,, is the main cause for their low electrochemical

© 2021 Wiley-VCH GmbH
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performance.['>?%3743# This problem has been partly addressed
by the development of protective coatings, such as LiNbO;,P!
Li Ti5045,1%! Li;_,By_,C, 05,40 Ta0;,#1 Al 05,4 and Li,Zr05.12%
Moreover, sulfide SEs in contact with an inactive component of
conductive carbon additives are oxidatively decomposed at the
entire range of operating voltages of Li[Ni,Mn,Co]O,, leading
to the lowered initial Coulombic efficiency (ICE) and gradual
capacity fading upon cycling.[*!

Owing to the incompressible feature of SEs, electrochemo-
mechanical effects on the performance are also critical for all-
solid-state batteries.?”>%>! Even slight volumetric strains of a
few percentages in LiMO, during charge and discharge induces
loosening and/or loss of interfacial ionic contacts.'8:37:3852
Moreover, very recently, our group demonstrated that com-
mercial-grade LiNijgCog10Mng190,, consisting of randomly
oriented grains, was susceptible to severe disintegration of the
secondary particles even at the initial charge and discharge due
to the anisotropic volumetric strains, which led to poor electro-
chemical performance of low ICE and degradation of cycling
retention.’”] In this regard, recently emerging research direc-
tions for cathodes in advanced LIBs based on LEs, the devel-
opment of cracking-free single-crystalline Ni-rich layered
oxides, 3938 could be in the same vein for the development
of practical ASLBs.

The recent discovery of halide SEs (Li;YX, (X = Cl, Br))
with Li* conductivities of over 10™* S cm™ has opened new
opportunities due to their excellent electrochemical oxida-
tion stability (>4 V vs Li/Li*) and much better chemical
stability (more oxygen-resistant and no H,S evolution), com-
pared to sulfide SEs, as well as deformability.”*%% By explo-
ration of the Li;YXy analogs, highly Li* conductive halide
SEs of Li;InClg (1.5 mS cm™), Li;ErCly (0.33 mS cm™),[62
Li3ScClg (3.0 mS cm™),10%%4 and Li; M, Zr,Cl; (M =Y, Er,
14 mS ecm™),®! Li,,,Zr, Fe,Cl; (max. = 1 mS cm™)ll were
identified. By employing these new halide SEs, uncoated
LiCoO, electrodes showed good electrochemical performance,
which was attributed to their high electrochemical oxidation
stability.®>6067] To date, reports on the application of halide SE
for Ni-rich layered oxides are scarce./**]

The aforementioned advances in understanding the failure
modes of Ni-rich layered oxides in terms of electrochemical and
electrochemo-mechanical stabilities, advanced Ni-rich layered
oxides with electrochemo-mechanically compliant microstruc-
tures, and new halide SEs led us, herein, to the rigorous inves-
tigation of all-solid-state cells with variations in Ni-rich layered
oxides (single-crystalline LiNijggC0411Aly 010, (single-NCA) vs
conventional polycrystalline LiNijggCog11Alg 00, (poly-NCA))
and SEs (halide SE Li;YCls (LYC) vs conventional sulfide SE
LigPSsClysBrys (LPSX)). Notably, several critical counteracting
pros and cons of two sets of NCAs and SEs, summarized in
Figure 1a, pose intriguing questions on the type of factors
that are critical from the viewpoint of designing ASLBs. First,
compared to poly-NCA, single-NCA shows better mechanical
integrity but smaller particle sizes.’>*®l Second, the excel-
lent electrochemical oxidation stability of LYC, compared with
LPSX, should be offset by an order of magnitude lower Li* con-
ductivity of 0.40 mS cm™ at 30 °C (vs 4.8 mS cm™ for LPSX)
as well as higher specific density of 2.43 g cm™ for LYC (vs
1.96 g cm™ for LPSX).
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Four electrodes of S/LYC, P/LYC, S/LPSX, and P/LPSX (e.g.,
S/LYC refers to a composite electrode consisting of single-NCA
and LYC) in all-solid-state cells were thus extensively character-
ized. The employment of single-NCA and halide SE LYC, that
is S/LYC, shows the best ICE (87.7%) and cycling performances,
but still with gradual capacity fading, showing =67.2% capacity
retention at the 200th cycle. Postmortem cross-sectional scan-
ning electron microscopy-backscattered electron (SEM-BSE)
measurements revealed that the inhomogeneous distribution of
single-NCA in the S/LYC electrode, stemming from the smaller
particle size of single-NCA and higher specific density of LYC,
compared to poly-NCA and LPSX, respectively, are responsible
for the unsatisfactory cycling retention. The capacity retention
of the S/LYC electrode was dramatically improved by adding a
larger amount of LYC (from 29.1 to 40.7 wt%) to 96.8% at the
200th cycle, which is at an unprecedented level in this field.
Notably, with the aid of operando electrochemical pressiom-
etry measurements for the P/LYC and P/LPSX electrodes as
well as RuO,/LPSX and C/LPSX electrodes, detrimental elec-
trochemo-mechanical effects by the side reaction of LPSX on
the performance of NCA in all-solid-state cells have also been
demonstrated for the first time. Moreover, complementary
analysis by in situ and ex situ X-ray diffraction (XRD), ex situ
transmission electron microscopy (TEM), and ex situ X-ray pho-
toelectron spectroscopy (XPS) measurements provides a solid
understanding of the degradation modes of the NCA electrodes
in ASLBs.

2. Results and Discussion

Single- and poly-crystalline NCA particles (single-NCA and
poly-NCA) were used without any coatings. The chemical
composition of Li[Nij ggCoq 1Al 1]O, was confirmed by induc-
tively coupled plasma optical emission spectroscopy (ICP-OES)
measurements. Their single- and poly-crystalline features are
observed in the SEM images in Figure Sla—d in the Supporting
Information. The particle sizes of single-NCA (Ds, = 2.8 um) are
smaller than those of poly-NCA (Ds, = 11.9 um) (Figure Slef,
Supporting Information), which is consistent with the larger
surface area (Figure S2, Supporting Information). Rietveld
refinement of the XRD results showed marginal differences in
lattice parameters with identical crystal structure of space group
R3m (Figure S3 and Table S1, Supporting Information).l’’
Residual Li surface impurities on both NCAs (Table S2, Sup-
porting Information) were measured to be much lower than in
previous literature,®® indicating their minimal effects on the
electrochemical performance of all-solid-state cells.

Two types of SE were used for the NCA electrodes, LYC
(LisYClg) and LPSX (LigPS5ClysBrys). They showed a differ-
ence of an order of magnitude in Li* conductivities at 30 °C,
0.40 mS cm™! for LYC, and 4.8 mS cm™ for LPSX (the Arrhe-
nius plots of Li* conductivity are provided in Figure S4 in the
Supporting Information). Their XRD patterns (Figure S5, Sup-
porting Information) agree well with previous reports, indi-
cating that LYC belongs to a hexagonal closed-packed (hcp)
crystal structure with the space group P3ml despite the low
crystallinity,’” while LPSX has a face-centered-cubic (fcc) crystal
structure with the space group F4 3m.! Their SEM images for

© 2021 Wiley-VCH GmbH
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Figure 1. Comparative electrochemical results of electrodes employing single- or poly-crystalline NCA (LiNig ggCoq 11Alg.0102) with halide (LYC (LisYClg))
or sulfide (LPSX (LigPSsClgsBrgs)) SEs in all-solid-state half cells at 30 °C. a) Pros and cons for Ni-rich layered oxides (single- vs poly-crystalline) and
SEs (halides vs sulfides). b) First-cycle charge—discharge voltage profiles at 0.1C and 30 °C for electrodes with four different combinations of NCA
(single- or poly-crystalline) and SEs (LYC or LPSX) and their corresponding c) rate and d) cycling performances at 0.5C. Nyquist plots for the electrodes
at the e) 2nd, f) 10th, and g) 100th cycles. h) Comparative results of cell performances of the electrodes.
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particles and cold-pressed pellets (Figure S6a-d, Supporting
Information) show the excellent deformability. Also, their par-
ticle sizes (=4 pum, Figure S6e,f, Supporting Information) are
similar, and hence, the size effect on cell performance could be
ruled out.[®]

Four mixture electrodes of S/LYC, P/LYC, S/LPSX, and P/
LPSX were prepared by manual mixing of NCA (single-NCA or
poly-NCA), SE (LYC or LPSX), and carbon additives in a weight
ratio of 70:30:3, and tested using NCA/Li-In all-solid-state half
cells at 30 °C. The performance trends might be predicted to
some extent by the complementary consideration of several fac-
tors: the microstructure and size for NCA; and the electrochem-
ical oxidation stability, Li* conductivity, and lightness, for SEs,
as illustrated in Figure 1a. In particular, the cyclability of S/LYC
electrodes in all-solid-state cells was expected to be the best.

The electrochemical performances of the four electrodes
cycled between 3.0 V and 4.3 V (vs Li/Li*) at 30 °C are com-
pared in Figure 1b-h and Table S3 (Supporting Information).
First-cycle charge—discharge voltage profiles at 0.1C are shown
in Figure 1b. Variations in first-cycle charge capacities despite
the identical composition of Li[Nij ggCoq 11Alj ¢1]O, implies com-
plicated contributions of side reactions occurring at the LPSX/
NCA interfaces and detrimental electrochemo-mechanical evo-
lution that is severe for poly-NCA.’”32] Notably, the sloping
charge voltage profiles of the electrodes using LPSX (S/LPSX
and P/LPSX), starting at =3 V (vs Li/Li*), in the enlarged view
in the inset of Figure 1b, clearly indicate severe side reac-
tions.[*! Self-discharge tests also confirmed much more severe
side reactions in the electrode employing LPSX (P/LPSX) than
in the electrode employing LYC (P/LYC) (Figure S7, Supporting
Information). For the first discharge capacity, the result of the
highest value for S/LYC (201 mA h g!) and the lowest value
for P/LPSX (164 mA h g') is in good agreement with our
prediction based on the good electrochemical stability of LYC
and the electrochemo-mechanically compliant microstruc-
ture of single-NCA. These factors are also well reflected by the
ICE values in the descending order of S/LYC (877%) > P/LYC
(80.8%) > S/LPSX (77.5%) > P/LPSX (72.5%), as summarized
in Figure 1h. However, in terms of the rate capability trend,
shown in Figure 1c, the consideration of Li* conductivity (one
order of magnitude higher for LPSX (4.8 mS cm™) than for
LYC (0.40 mS cm™)) should be amended. The performances in
terms of rate capability can be expressed as S/LPSX > P/LYC >
S/LYC > P/LPSX, and thus, the best performance is by using
LPSX (S/LPSX).

Cycling performance and its corresponding CE results at 0.5C
are displayed in Figure 1d and Figures S8 and S9 (Supporting
Information). The capacity retention shows a descending
order of S/LYC = P/LYC > S/LPSX >> P/LPSX. This is also in
good agreement with the trend in the interfacial resistances
corresponding with the amplitudes of the semicircles in the
Nyquist plots (Figure le—g) obtained by electrochemical imped-
ance spectroscopy (EIS) measurements (the fitted results are
shown in Figure S10 and Table S4 in the Supporting Informa-
tion).[374046] Notably, the distinctly fastest capacity fading of P/
LPSX (Figure 1d) is in line with the results of the first-cycle dis-
charge capacity (Figure 1b), rate capability (Figure 1c), and the
ICE, and it clearly indicates the detrimental effects of both the
cracking-prone polycrystalline microstructure of poly-NCA and
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the severe side reaction at LPSX/NCA interfaces. Interestingly,
we have been puzzled by the fact that the cycling performance
of S/LYC (67.2% capacity retention at the 200th cycle) appeared
comparable to that of P/LYC (67.8%) (Figure 1d), and the evolu-
tion of the overpotential of S/LYC upon cycling was also slightly
faster than that of P/LYC (Figures S11, and S12, Supporting
Information). This result may be in line with the higher rate
capability of P/LYC than that of S/LYC (Figure 1c), which could
also be abnormal as the single-NCA showed a smaller particle
size than that of poly-NCA, and thus, had a shorter Li* diffu-
sion length.l%!

Microstructural evolution in composite electrodes was
characterized by cross-sectional SEM-BSE measurements,
as displayed in Figure 2. The images are shown for the sam-
ples before cycling (Figure 2a-d), after the first charge to 4.3 V
(vs Li/Li*) (Figure 2e-h) and the subsequent discharge to 3.0 V
(vs Li/Li*) (Figure 2i-l), and after 100 cycles (Figure 2m-p).
Moreover, quantitative analysis results on the microcracks for
the poly-NCA electrodes (P/LYC and P/LPSX) are summarized
in Figure 3 and Figures S13 and Table S5 (Supporting Informa-
tion). After the first charge, no significant change was observed
for the electrodes using single-NCA (S/LYC (Figure 2e) and
S/LPSX (Figure 2g)). In contrast, poly-NCA particles in the
P/LYC and P/LPSX electrodes (Figure 2fh, respectively)
clearly showed internal cracks, which are the result of lattice
shrinkage, especially associated with the deleterious H2-H3
phase transition at >=4.1 V (vs Li/Li*).132*52] Interestingly, the
formation of internal cracks was more severe for the electrodes
with LYC than with LPSX, as confirmed by the quantitative
analysis results of the microcrack (3.93% and 3.69% for
P/LYC and P/LPSX, respectively, Table S5 (Supporting Informa-
tion), Figure 3c). This may indicate more shrinkage of grains in
poly-NCA due to the higher state-of-charge (SOC) of NCA with
LYC than with LPSX, which could be caused by less polariza-
tion.[3234 This issue is discussed later.

After the first discharge, the S/LYC electrodes showed notice-
able internal cracks in single-NCA (Figure 2i), whereas no
internal cracks were observed for single-NCA in combination
with LPSX (S/LPSX) (Figure 2k). First, we considered whether
this result may originate from the different mechanical proper-
ties of the two SEs. Thus, their deformability was assessed by
measuring the Li* conductivity and porosity of the SE pellets
as a function of the applied pressure (Figure S14, Supporting
Information). At a cell fabrication pressure of 370 MPa, how-
ever, LYC showed a similar saturated Li* conductivity and
porosity, compared to LPSX. Therefore, the effect of different
mechanical properties of SEs could be ruled out to account
for the formation of internal cracks in single-NCA for S/
LYC. Then, the density difference of the SEs (2.43 g cm™ for
LYC and 1.96 g cm™ for LPSX), was suspected as the same
weight fraction of SEs in the electrodes is translated into the
smaller volume fraction of LYC than that of LPSX. Indeed, the
single-NCA particles were not covered by LYC well and aggre-
gated with each other (Figure 2a,ei). Moreover, the internal
cracks were distinct for the aggregated single-NCA particles
(Figure 2i), indicating that the compressive stresses applied
between the brittle single-NCA particles in the absence of duc-
tile SE is responsible for the internal cracks.’®’!l In contrast,
single-NCA particles in S/LPSX remained intact with better

© 2021 Wiley-VCH GmbH
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Figure 2. Cross-sectional SEM-BSE images of the electrodes employing single- or poly-crystalline NCA with halide (LYC) or sulfide (LPSX) SEs before
and after cycling. Cross-sectional SEM-BSE images of the four electrodes a—d) before cycling and after e-h) first charge to 4.3 V (vs Li/Li*) and i-l) sub-

sequent discharge to 3.0 V (vs Li/Li*), and m—p) after 100 cycles.

spatial distribution (Figure 2k), which could be due to the larger
volume fraction of LPSX, compared to that of LYC in S/LYC.
Furthermore, even poly-NCA showed marginal internal cracks
in P/LYC (Figure 2j). Compared to single-NCA in S/LYC, poly-
NCA in P/LYC formed better surface coverage by LYC, which
is attributed to the larger particle sizes of poly-NCA than those
of single-NCA. These observations indicate that the single-NCA
in S/LYC suffered from internal cracking because of their poor
spatial distribution, which is the result of high specific density
of LYC and the small particle size of single-NCA. NCA particles,
which are in poor contact with LYC and instead touch neigh-
boring NCA particles in S/LYC, would thus be more vulner-
able to the loss or loosening of ionic contacts upon volumetric
strains upon charge and discharge. This could be responsible
for the below-par performance of S/LYC with 29.1 wt% LYC.

In this regard, the S/LYC electrodes were tested with an
excessive amount of LYC, 40.7 wt% (the weight ratio of NCA
to LYC to carbon was 70:50:3), where the surface coverage of
single-NCA by the SE LYC was significantly increased (Figure 4;
Table S6, Supporting Information). Corresponding Coulombic
efficiency results are shown in Figure S15 in the Supporting
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Information. In the cross-sectional SEM-BSE image, the S/LYC
electrode with 40.7 wt% LYC was free from internal cracks
(Figure 4b) in contrast to the electrode with 29.1 wt% LYC
(Figure 4a or Figure 2c). Accordingly, the cycling performance
was dramatically improved by the application of excessive LYC,
from 67.2% of capacity retention at the 200th cycle to 89.3%,
and even to 96.8% when no constant voltage mode was applied
(Figure 4c). To the best of our knowledge, this is far superior to
other conventional LIBs and ASLBs when bare LiMO, is uti-
lized. Indeed, S-NCA paired with 40.7 wt% LYC showed much
higher capacity retention (96.8% after 200 cycles), as compared
to that with conventional liquid electrolytes (68.4%) (Figure 4c),
which sheds light on promising opportunity of the all-solid-
state technology. Capacity fading of conventional NCM (or
NCA)/Li half cells using LEs is attributed to the degradation
of not only cathode but also Li metal anode. Specifically, cross-
over of transition metal ions dissolved from NCA cathode to Li
metal anode is detrimental.”?! In this regard, the absence of the
“cross-talk” problem for ASLBs is also an important advantage.

The rate capability for S/LYC with 40.7 wt% LYC was also far
superior to that with 29.1 wt%; 130 mA h g™ versus 32 mA h g!

© 2021 Wiley-VCH GmbH
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Figure 3. Quantitative analysis results of microcracks in poly-NCA particles in P/LYC and P/LPSX electrodes. a) Typical SEM-BSE image of a poly-NCA
particle and b) its corresponding microcracks. c) Box plot of the area fraction of microcracks of poly-NCA for the P/LYC and P/LPSX electrodes after
first charge to 4.3 V (vs Li/Li*) and subsequent discharge to 3.0 V (vs Li/Li*), and after 100 cycles. Analysis results are summarized in Table S5 in the

Supporting Information.

at 4C (Figure 4d), which is also consistent with the EIS results
shown in Figure 4e—g and Table S7 (Supporting Information).
These results clearly verify our hypothesis on the origin of
the unsatisfactory cycling performance of the S/LYC electrode
with 29.1 wt% LYC: the detrimental electrochemo-mechanical
effect due to the poor spatial distribution of single-NCA that
stems from the heavy LYC and the small single-NCA. In con-
trast, the P/LYC and S/LPSX electrodes did not show noticeable
improvements in cycling and rate performances by adding an
excessive amount of SE (40.7 wt%) (Figures S16 and S17, Sup-
porting Information). The major reason for capacity fading in
these electrodes was thus not the poor spatial distribution of
cathode active materials but the disintegration of poly-NCA and
the severe interfacial side reaction for the P/LYC and S/LPSX
electrodes, respectively.

Interestingly, high-magnification SEM-BSE images for S/
LYC and P/LYC after first cycle and first charge, respectively,
reveal the creation of fine cracks at the nanoscale within grains
(Figures S18 and S19, Supporting Information). This would be
in line with a recent report showing the reversible evolution of
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microcracks of single-crystalline Ni-rich cathode materials in
conventional liquid electrolyte cells.l>’

The detrimental electrochemo-mechanical effects, reflected
by the internal cracks in poly-NCA and the gaps between
NCAs and SEs, became more obvious for the electrodes after
100 cycles (Figure 2m-p). As expected, regardless of the SE,
single-NCA particles maintained their overall structural integ-
rity even after 100 cycles. Interestingly, for poly-NCA, the sec-
ondary particles shattered much more severely for the P/LPSX
electrode (Figure 2p), compared to those for the P/LYC elec-
trode (Figure 2n), which is also in line with the cycling perfor-
mance results (Figure 1d). The area fraction of the microcracks
for P/LYC and P/LPSX after 100 cycles was 1.69% and 6.14%,
respectively (Table S5 (Supporting Information), Figure 3c).
This result strongly suggests an overlooked contribution of
LPSX-related side reactions to the electrochemo-mechanical
effect. The volumetric strain caused by the side reaction of
LPSX was assessed for the poly-NCA electrodes using LPSX, in
comparison with using LYC, in all-solid-state cells using zero-
strain Li TisO;, counter electrodes (Figure 5a,b). The first-cycle

© 2021 Wiley-VCH GmbH
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Figure 4. Results of S/LYC electrodes with an excessive amount of LYC (40.

7 wt%) for all-solid-state half cells tested at 30 °C. Cross-sectional SEM-BSE

images of S/LYC electrodes with a) 29.1 wt% and b) 40.7 wt% LYC after first discharge to 3.0 V (vs Li/Li*). Note the cracks formed inside the single-
NCA, indicated by the arrows in (a). c) Cycling performances at 0.5C for the S/LYC electrodes with varied amounts of LYC. The cells were charged with

or without CC—CV (constant current—constant voltage) mode. In the inset,

the charge—discharge voltage profiles at the 2nd and 200th cycles for S/LYC

with 40.7 wt% LYC are shown. A result for S-NCA electrodes in liquid electrolyte cells is also compared. d) Rate capabilities and Nyquist plots at the
e) 2nd, f) 10th, and g) 100th cycles for the S/LYC electrodes with varied amounts of LYC.

charge voltage profile, and corresponding pressure change and
capacity-derivative pressure curves are shown in Figure 5b. In
contrast to the poly-NCA employing LYC electrode, the poly-
NCA electrode employing LPSX exhibited an abrupt pressure
decrease at the very beginning of the first-cycle charge (high-
lighted in green), where the side reaction dominates over Li*
deintercalation out of NCA (in the middle of Figure 5b). This
feature is more evident in the capacity-derivative differential
pressure (or differential electrochemical pressiometry (DEP))
curve (at the bottom of Figure 5b). Moreover, the minimum
point for the DEP profile of P/LPSX, which can be regarded as
the indicator of SOC,PY is shifted toward a positive direction

Adv. Energy Mater. 2021, 11, 2100126 2100126

(indicated by an arrow), as compared to that of P/LYC, reflecting
a delayed charge (or Li* deintercalation) for P/LPSX due to the
severe side reaction of LPSX.

To further clarify the contribution of LPSX-related side
reaction to the electrochemo-mechanical evolution, RuO,/
LPSX composite electrodes were prepared and characterized
by electrochemical pressiometry (Figure 5a,d; Figure S20a,
Supporting Information), ex situ XPS (Figure 5c), and cross-
sectional SEM-BSE measurements (Figure 5e,f; Figures S20b,c
and S21, Supporting Information). Because RuO, is Li*-inactive
in the operational voltages of NCA and electronically conduc-
tive, it could act as a good model compound that induces SE

(7 of 15) © 2021 Wiley-VCH GmbH
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Figure 5. Results of electrochemo-mechanical evolution, driven by the side reaction of SE (LPSX), for poly-NCA electrodes employing LPSX or LYC,
and RuO,/LPSX electrodes in all-solid-state cells at 30 °C. a) Schematic illustrating pressure monitoring all-solid-state cells for poly-NCA electrode
employing i) LPSX, where the localized stresses caused by the side reaction of LPSX at the interfaces (indicated by arrows) are shown. ii)lllustration for
micro-RuO,/LPSX electrode. Zero-strain Li,TisOy, were used for counter electrodes. b) First-cycle charge voltage profiles and corresponding pressure
change (and DPE profiles) for poly-NCA electrodes employing LYC or LPSX. c) Ex situ XPS spectra for micro-RuO,/LPSX electrodes before cycling and
after charge to 4.3 V (vs Li/Li*). d) First-cycle charge voltage profiles and corresponding pressure change for RuO,/LPSX electrodes. Cross-sectional
SEM-BSE images of micro-RuO,/LPSX electrodes e) before cycling and f) after charge to 4.3 V (vs Li/Li*). Note the gap at the RuO,-LPSX interfaces,
indicated by arrows in (f).

decomposition without any effect related to Li* insertion/
deinsertion.”3” Therefore, the contribution of LPSX-related
side reaction to the electrochemo-mechanical effect could be
extracted. Furthermore, the size of RuO, particles could be
controlled by further heat-treatment. While as-obtained RuO,
is nanosized (<=100 nm), sintering at 1050 °C for 24 h in air
resulted in microsized RuO, (>=1 pum). Hereafter, they are
referred to as nano- and micro-RuO,, respectively. Ex situ XRD
patterns of the RuO,/LPSX electrodes showed no changes
after charge, as compared to the pristine sample, confirming

Adv. Energy Mater. 2021, 11, 2100126
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the intactness of RuO, in terms of Li* insertion/deinsertion
(Figure S22, Supporting Information).”>” The severe side
reaction of LPSX in the RuO,/LPSX electrodes charged to 4.3 V
(vs Li/Li*) was confirmed by the ex situ XPS result (Figure 5c),
where signals of LPSX-derived oxidized species, such as P,Ss,
bridging sulfur species, phosphates, and sulfates, were con-
firmed.?7 42466675 Specifically, the formation of phosphates
and sulfates indicates that oxygen in RuO, was involved in the
side reaction, which is in common with the NCA/LPSX elec-
trodes.?74246.6675] Importantly, the distinct pressure decreases
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upon charge (or oxidation of LPSX) were revealed in the oper-
ando electrochemical pressiometry results for the both micro-
RuO,/LPSX and nano-RuO,/LPSX electrodes in all-solid-state
cells (Figure 5d; Figure S20a, Supporting Information). This
result is consistent with the abrupt pressure decrease at the
very beginning of the first-cycle charge for poly-NCA electrodes
when using LPSX (Figure 5b) and the results for (C/LPSX)/
Li,TisOy, all-solid-state cells (Figure S23, Supporting Infor-
mation). Moreover, cross-sectional SEM-BSE images of the
RuO,/LPSX electrodes after charge evidences the volumetric
shrinkage of LPSX due to its oxidative decomposition at the
interfaces. For micro-RuO,/LPSX in Figure 5e,f and Figure S21
(Supporting Information), sharp void spaces between RuO, and
LPSX are clear for the charged electrode (indicated by arrows in
Figure 5f), which is contrasted by intimate contacts for the pris-
tine sample (Figure 5e). For nano-RuO,/LPSX in Figure S20b,c
in the Supporting Information, LPSX region became porous
after charge, which is also interpreted as the result of volu-
metric shrinkage of LPSX via the interfacial decomposition.
The contribution of the side reaction to the electrochemo-
mechanics was thus evidenced.

As illustrated for the poly-NCA/LPSX electrode in Figure 5a,
it should be noted that the surface coverage of NCA by LPSX is
inhomogeneous. LPSX would be oxidatively decomposed at the
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contacting interfaces. Accordingly, the corresponding stresses
should evolve in a highly localized manner. Moreover, the con-
tacting interfaces would change dynamically upon repeated
charge—discharge cycling. This dynamically changing evolution
of the localized stresses, caused by the side reaction of LPSX,
should thus be a major driving force for the reorganization
of primary particles in poly-NCA when combined with LPSX,
in other words, the disintegration of secondary particles of
poly-NCA.

A remaining question is: Why does the poly-NCA in the
P/LYC electrode show more severe internal cracks after
the first charge (Figure 2f) than that in the P/LPSX electrode
(Figure 2h) (the crack area fraction of 3.93% and 3.69%, respec-
tively (Table S5, Supporting Information))? In situ and ex situ
XRD measurements were carried out to estimate the SOCs of
poly-NCAs in the P/LYC and P/LPSX electrodes. The results are
shown in Figure 6 and Figures S24-S26 (Supporting Informa-
tion). The (003) peaks reflecting the lattice parameter on the
c-axis were chosen as an indicator of the SOCs,[18333476.77] and
their evolution during charge and discharge at the first cycle for
P/LYC and P/LPSX are shown in Figure 6b,c, respectively. Fur-
thermore, the corresponding changes in the (003) peak posi-
tion, that is, 2(6-6pygine), are displayed in Figure 6d. During
charge, the (003) peak position changes less for P/LPSX than

____,./Jk___..v 100th
___/\—4—‘ 10"
A Before
cycle
T T T T T
176 180 184 188 19.2
26 (degree)
’/L__ 100t
’_/\_’ 10th
Jk Before
cycle
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Figure 6. In situ and ex situ XRD results of the P/LYC and P/LPSX electrodes in all-solid-state cells cycled at room temperature. a) First charge—
discharge voltage profiles of the P/LYC and P/LPSX electrodes and the corresponding XRD patterns showing the evolution of (003) peaks for b) P/LYC
and c) P/LPSX. d) Corresponding changes in the (003) peak position, 2(6-6,ine)- Full range in situ XRD patterns and corresponding lattice parameters
are shown in Figure S24 in the Supporting Information. Ex situ XRD patterns showing the changes of (003) peaks before cycling and after cycling (at
the 10th and 100th cycles) for e) P/LYC and f) P/LPSX.
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for P/LYC. Moreover, at the end of charge, the overall (003) peak
position change is smaller for P/LPSX than for P/LYC despite
the slightly longer charging time (or higher charge capacity).
Unambiguously, this result shows that Li* deintercalation from
poly-NCA for the P/LPSX electrode was delayed, compared to
the P/LYC electrode, which also agrees with the DEP results in
Figure 5b and is indebted to the increased overpotential due
to the side reaction of LPSX. Consequently, the lower SOC at
the end of charge was observed. The more distinct internal
cracks in poly-NCA after the first charge for the P/LYC elec-
trode (Figure 2f) than for the P/LPSX electrode (Figure 2h) are
thus understood. Similarly, the in situ XRD results indicate the
lower depth-of-discharge (DOD) after the first discharge for
the P/LPSX electrode than for the P/LYC electrode. Moreover,
the ex situ XRD results showed a more significant negative
shift in the (003) peak position after cycling for P/LPSX than for
P/LYC (Figure 6e,f). This result is in accordance with the much
poorer cycling performance of P/LPSX than that of P/LYC,
which is associated with the severe LPSX-related side reaction.
This side reaction not only causes an increase in the LPSX-NCA
interfacial resistances, but also accelerates the pulverization of
poly-NCA. Interestingly, the (003) peaks became broader and
more asymmetric after cycling, which is indicative of largely
varied SOCs of NCA particles in the electrodes.’®l

In summary, the complementary in situ and ex situ XRD
analysis verified that Li* kinetics in and out of poly-NCA was
retarded when combined with LPSX, which was accelerated
upon repeated cycling. The underlying interfacial electrochem-
istry was probed by ex situ TEM and XPS for the electrodes
cycled 100 times (Figure 7; Figures S27-S29, Supporting Infor-
mation). TEM images and their corresponding fast Fourier
transformed (FFT) patterns for P/LYC and P/LPSX are com-
pared in Figure 7a,b, respectively. The poly-NCA particles in the
P/LYC electrode did not show any difference in the crystal struc-
ture between the ii) core region and the i) surface region being
in contact with SE LYC. In stark contrast, a ii) 20-30-nm thick
surface layer that differs from a i) core region was observed for
poly-NCA from the P/LPSX electrode and identified as the NiO-
like rocksalt structure with a space group of Fm3m. This is in
good agreement with our previous results and could be inter-
preted as a consequence of the redox reaction between Ni*" in
NCA and sulfide SE LPSX.[¥]

This reasoning is also well underpinned by the corre-
sponding ex situ XPS results (Figure 7c,d) (the fitted results are
summarized in Table S8 in the Supporting Information). For
the electrode using LYC (P/LYC), both Y 3d and Cl 2p XPS sig-
nals showed no changes after cycling (Figure 7c), corroborating
the intactness (or the excellent oxidation stability) of LYC, which
in turn indicates no reaction with NCA. In contrast, the elec-
trode using LPSX (P/LPSX) showed the significant evolution of
the LPSX-derived oxidized species of bridging sulfur (P-[S],-P),
P,Ss, PO, SO,2 137424666751 which should be coupled by the
formation of the rocksalt-like species from the original layered
NCA.B"l Consistent results of ex situ TEM and ex situ XPS
were also obtained for the electrodes using single-NCA (S/LYC
and S/LPSX), as shown in Figures S27-S29 in the Supporting
Information.

Finally, the cell performances of the four electrodes in
our study were assessed in the multiple figures of merit and
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illustrated as a spider web diagram in Figure 8a (corresponding
data are shown in Table S9 in the Supporting Information). The
S/LYC electrode with 40.7 wt% LYC exhibited the highest ICE,
rate capability, and cyclability, but at the expense of lowered
energy density. Furthermore, the outstanding performances
of all-solid-state cells, achieved by using cracking-free single-
crystalline NCA and electrochemically oxidation-stable halide
SE LYC, were compared with previous results of ASLBs in
Figure 8b,c (the overall values are summarized in Table S10 in
the Supporting Information). The capacity and cycling perfor-
mance displayed are at the highest level for these despite the
use of a high Ni content (88%).

3. Conclusions

In summary, the four electrodes using two types of NCAs (poly-
NCA or single-NCA) and SEs (LYC or LPSX) for all-solid-state
cells were complementarily analyzed via an arsenal of electro-
chemical, postmortem cross-sectional SEM-BSE, operando
electrochemical pressiometry, in situ and ex situ XRD, ex situ
TEM, and ex situ XPS measurements. Accordingly, the correla-
tions between several important intercoupled factors (i.e., the
density and size of particles, mechanical integrity of NCAs,
and oxidation stability of SEs) and the electrochemical perfor-
mances were revealed successfully. The corresponding electro-
chemo-mechanical and electrochemical evolution of the NCA
electrodes are illustrated in Figure 9. Despite the structural
integrity of single-NCA and the outstanding electrochemical
oxidation stability of LYC, the S/LYC electrode suffered from
the formation of internal cracks, which led to capacity fading
upon cycling because of the small particle size of single-NCA
and the heavy LYC. By increasing the amount of LYC suffi-
ciently, from 29.1 to 40.7 wt%, the electrochemical performance
of S/LYC was dramatically improved from 67.2% to 96.8% of the
capacity retention at the 200th cycle. The severe side reaction
occurring in LPSX, originating from the reactive Ni*" and the
oxidation-vulnerable sulfide, gives rise to impeded Li* transport
at the interfaces (or interphases). Moreover, for the case of the
P/LPSX electrode, it was disclosed that the additional local-
ized volumetric strains caused by the side reaction of LPSX are
responsible for the accelerated pulverization of the secondary
particles in poly-NCA.

Our results provide important insights on the complex inter-
facial electrochemical and electrochemo-mechanical evolution
of ASLBs. Several important research directions for advanced
practical all-solid-state technology have been deduced. For
the single-crystalline Ni-rich layered oxides, from the electro-
chemo-mechanical viewpoint, rigorous engineering is needed
to control their morphology and particle size distribution in
an economical way. In addition, the development of zero-strain
cathode materials is important.””) Employing “soft” Li* conduc-
tive binders also relieves the electrochemo-mechanical degra-
dation.[8388% Despite their excellent oxidation stability, most
halide SEs (e.g., LYC) consist of heavy and expensive rare-earth
elements.[%%] Moreover, their Li* conductivity has remained at
maximum 1-3 mS cm™ (e.g., Li3ScClg: 3.0 mS cm™), which
is approximately one order of magnitude lower than that of
the state-of-the-art sulfide SEs (e.g., LigssSi;74P1.44S117Cly3:

© 2021 Wiley-VCH GmbH
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Figure 7. Ex situ TEM and XPS results of P/LYC and P/LPSX electrodes in all-solid-state cells cycled at room temperature. Low- and high-magnification
ex situ TEM images for surface regions of the secondary particles of poly-NCA in contact with a) LYC and b) LPSX, and their corresponding FFT images.

Ex situ XPS spectra for c¢) P/LYC and d) P/LPSX electrodes before cycling and after 100 cycles.
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Figure 8. Comparison of the performances of NCA electrodes, varied by the type of NCAs (single- vs poly-crystalline) and SEs (halides (LYC) vs
sulfides (LPSX)). a) Spider web diagram of cell performances for the NCA electrodes in terms of the ICE, rate capability, cyclability, and energy density.
b) Discharge capacity and c) cycling performance for LiCoO, and Ni-rich layered oxides in all-solid-state cells. The vertical gray bars in (b) indicate the
capacity of the liquid electrolyte cells.[8 Results using active cathode materials coated with buffering phases were excluded in (c).
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Figure 9. Schematic illustrating the different microstructural and interfacial evolutions in the NCA electrodes in all-solid-state cells, affected by the type

of NCAs (single- vs poly-crystalline) and SEs (halides (LYC) vs sulfides (LPSX)).
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25 mS cm™) or conventional LEs (=10 mS cm™). Indeed, the
rate capability of the single-NCA electrodes could be signifi-
cantly enhanced from 14.7% of capacity retention at 4C, com-
pared to that at 0.1C, when using Li;YCl; (0.40 mS cm™) to
39.4% by employing Li, ;Y ,Zr,3Cls with a higher conductivity
of 1.1 mS cm™ (Figure S30, Supporting Information).l® More-
over, when subjected to cycling of up to 4.5 V (vs Li/Li*), the S/
LYC electrode, even with 40.7 wt% LYC, showed an unsatisfac-
tory capacity retention of 75.1% at the 100th cycle (Figure S31,
Supporting Information). As the majority of halide SEs iden-
tified thus far employs expensive central metals, such as rare
earth metals and In, development using cost-effective central
metals (e.g., Fe3*-substituted Li,ZrCls) is imperative for prac-
tical application.®® Thus, the exploration or design of new
halide SEs should be pursued by considering these aspects.
Alternatively, the halide SEs could be utilized as functional
interfacial layers between Ni-rich layered oxides and sulfide
SEs, which could not only regulate the interfacial contacts but
also protect them from undesirable side reactions of the sulfide
SEs. In this regard, solution chemistry of halide SEs might be
an interesting research direction.®*81-8 Dry coating technolo-

gies could also be an alternative.86’]
4. Experimental Section
Preparation ~ of  Materials:  Single-  and  poly-crystalline

LiNig ggCog11Alg010, (NCA) powders were provided by EcoPro BM.
LigPSsClgsBros (LPSX) powders were prepared by mechanochemical
milling of a stoichiometric mixture of Li,S (99.9%, Alfa Aesar), P,Ss
(99%, Sigma Aldrich), LiCl (99.99%, Sigma Aldrich) and LiBr (99.99%,
Sigma Aldrich) using Pulverisette 7 PL (Fritsch GmbH), and subsequent
heat treatment in an Ar flow at 550 °C for 12 h. For the synthesis of
LisYClg powders, a stoichiometric mixture of LiCl (99.99%, Sigma
Aldrich) and YCl; (99.99%, Sigma Aldrich) was ball-milled at 500 rpm for
20 h in a ZrO, vial with ZrO, balls. Nano-RuO, powders were purchased
from Sigma Aldrich (<=100 nm, 99.9%). Micro-RuO, powders (>=1 um)
were prepared by sintering nano-RuO, powders at 1050 °C for 24 h in air.

Material Characterization: The chemical compositions of the NCA
powders were determined by ICP-OES (OPTIMA 8300, Perkin Elmer). The
particle size data for NCAs and SEs were collected by Laser Diffraction
Particle Size Analyzer (Beckman Coulter) with dry and wet method.
The surface areas of NCA powders were obtained by N, adsorption/
desorption isotherms using Brunauer—Emmett-Teller (BET, 3 Flex,
Micromeritics). Amounts of residual Li on surface of NCA were calculated
by the Warder method, for which 0.1 m HCl solution and two indicators of
phenolphthalein and methyl orange were used. Structural characterization
of NCA and SE powders was performed by powder XRD measurements
with Cu K, radiation (1.5418 A) using high-resolution X-ray diffractometer
(Smartlab, Rigaku). The XRD data were collected between 10° and 110°
with a step size of 0.02°, and analyzed by Rietveld refinement using
Fullprof software. NCA/Li-In half cells were subjected to the in situ XRD
measurements using a custom-made all-solid-state cell. The in situ XRD
cells were charged and discharged between 3.0 and 4.3 V (vs Li/Li*) by
applying a constant current of 0.05C (9 mA g). The in situ XRD data
were continuously recorded in the range of 177-70° at a step width of 0.02°
with Cu K, radiation (1.5406 A) using Rigaku MiniFlex 600 diffractometer.
The in situ XRD cells were cycled under =1 MPa of an externally applied
pressure. For ex situ XRD measurements, the electrodes collected after
cycles were mounted on the holder and sealed with a Be window in an
Arilled glove box. The ex situ XRD measurements were conducted
using a Rigaku MiniFlex 600 diffractometer with Cu K, radiation between
10 and 70° with a step size of 0.02°. SEM images of the NCA particles
were obtained using a Verios G4UC (FEIl). For cross-sectional SEM-BSE
measurements, the electrodes were collected at different SOCs in an
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Ar-filled glovebox and polished by Ar-ion beam milling using a cooling
cross-sectional polisher (JEOL IB-19520CCP) at —100 °C. Then, the sample
specimen was subjected to the SEM-BSE measurements. Exposure of
the samples to atmospheric air was avoided by using an air-isolation
system holder. For the quantitative analysis on the microcracks of poly-
NCAs in the cross-sectional SEM-BSE images of the P/LYC and P/LPSX
electrodes, the area fraction of the microcracks in poly-NCAs was obtained
via “Adobe Photoshop” and “Image )" software programs, as illustrated in
Figure 3a,b. Statistical values about the microcracks after first-cycle charge
to 4.3V (vs Li/Li*), the subsequent discharge to 3.0 V (vs Li/Li%), and after
100 cycles have been compiled in the boxplot (Figure 3c) and Table S5
(Supporting Information). For the ex situ TEM measurements, electrodes
that were cycled 100 times at the discharged state (3 V vs Li/Li*) were
collected and cut into a 70 nm-thick thin foil using a focused ion beam
(FIB, SCIOS, FEl) and loaded onto a Mo grid. The voltage of the ion beam
was 30 kV and 5 kV for etching and cleaning, respectively. The ex situ
XPS measurements were carried out with a monochromatic Al Ker 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 the preparation of NCA
electrodes in all-solid-state cells, a mixture of NCA (S-NCA or P-NCA),
SE (LPSX or LYC), and conducting carbon additives (super C65) were
dry-mixed in a weight ratio of 70:30:3 using mortar and pestle. The Li-In
counter electrodes (or reference electrodes), which were partially lithiated
indium (nominal composition of Ligsin), were prepared by mixing Li
(FMC Lithium Corp.) and In (Aldrich, 99%) powders. 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. After SE layers were formed by pelletizing 150 mg
of LPSX powders (=610 um), the counter electrode (LigsIn) was placed
on one side of the SE layer. After the as-prepared cathode mixture were
spread on the other side of the SE layer, the assemblies were pressed at
370 MPa. The mass loading of the NCA electrodes was 11.3 mg cm2. For
operando electrochemical pressiometry measurements using zero-strain
Li,TisOq, counter electrodes, pressure changes were monitored using a
pressure sensor with a resolution of 0.1 kg (load cell, BONGSHIN). The
LisTisOy, electrodes consist of LisTisOy,, LPSX, and carbon (Super C65)
in a weight ratio of 10.0:10.0:0.1. The electrode compositions for RuO,
electrodes were RuO, and LPSX in a weight ratio of 41.6:58.4 and 78.1:21.9
for the micro- and nano-RuO, electrodes, respectively. 2032 coin cells
were used for the test of liquid electrolyte cells. Composite electrodes
consisting of S-NCA, super C65, and poly(vinylidene fluoride) in a weight
ratio of 90:5.5:4.5 were prepared via casting N-methylpyrrolidone-based
slurries on an Al foil and subsequent drying under vacuum at 120 °C. The
electrode mass loading was 11 mg cm. Celgard 2320 (Celgard) and Li
metal were used as the separator and the counter (as well as reference)
electrode, respectively. As a liquid electrolyte, 1 m LiPFg dissolved in
ethylene carbonate, dimethyl carbonate, ethylmethyl carbonate in a vol.
ratio of 3:4:3 with 10 wt% fluoroethylene carbonate was used. The liquid
electrolyte cells were cycled at 0.5C (100 mA g™). The EIS measurements
were performed for the cells discharged to 3.8 V (vs Li/Li*) at 0.1C using
a Bio-Logic (VMP3) from 1.5 MHz to 5 mHz with an amplitude of 10 mV.
The external pressure of the all-solid-state cells during operation were
=70 MPa.
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