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For all-solid-state Li batteries (ASLBs), the external operating pressure offsets the detrimental electrochemo-
mechanical effects. In this work, a new scalable in situ protocol to reinforce binders for sulfide-electrolyte-
based ASLBs operating under low or no external pressures is reported. The vulcanization of butadiene rubber
(BR) using elemental sulfur proceeds in situ during the wet-slurry fabrication process for electrodes, forming a
mechanically resilient crosslinked structure. The electrochemical performance of LiNi,,Cog;5Mn; 50, elec-
trodes fabricated using pristine or vulcanized BR diverge significantly as the operating pressure is lowered
from 70 MPa to a practically acceptable value of 2 MPa. Complementary analysis using cross-sectional scanning
electron microscopy and operando electrochemical pressiometry measurements confirms that the vulcanization
of BR suppresses the electrochemo-mechanical degradation of electrodes, which suggests that the scaffolding
structure of the vulcanized BR helps maintain the microstructural integrity of the electrodes upon charge and
discharge. The significantly enhanced performance of the vulcanized BR is also demonstrated for pouch-type
LiNi ;,Coy 15Mny 150,/Li, Ti5O;, full cells operated under no external pressure (reversible capacity of 121 vs.

150 mA h g~! at 0.2C for electrodes with pristine vs. vulcanized BR, respectively).

1. Introduction

All-solid-state Li or Li-ion batteries (ASLBs) employing non-
flammable inorganic solid electrolytes (SEs) are one of the most promis-
ing next-generation rechargeable batteries [1-10]. This is a consequence
of the progress in novel inorganic superionic conductors, such as sul-
fides (e.g., Lig 5PS4 5Cl; 5: [11]1 10 mS cm™1), oxides (e.g., Li;LagZr,O15:
[12] 0.5 mS cm™'), and halides (e.g., Li;YClg: [13,14] 0.5 mS cm™1),
toward overcoming the limited safety and energy density issues of con-
ventional lithium-ion batteries [1-4,7,8,15,16]. Despite the extensive
progress in ASLB research, technologies for large-scale ASLBs have re-
mained at infancy. In most previous studies, lab-scale pellet-type all-
solid-state cells were fabricated with or without polymeric binders
[1,2,14,17-21]. Furthermore, they have been tested under high external
pressures of tens of megapascal, which is unrealistic for practical appli-
cations [1,2,14,17-20,22,23]. Therefore, studies on ASLBs that are oper-
able under no or low external pressure are required to bridge the perfor-
mance gap between lab-scale test cells and practical cells [7,22,24-26].

Owing to the incompressible and nonflowing features of SEs,
electrochemo-mechanical effects are critical to the performance of
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ASLBs (Fig. 1) [26-34]. While constructing electronic and ionic conduc-
tion pathways throughout electrodes is important [35,36], even small
volumetric strains of a few to approximately ten percent of cathode ac-
tive materials (CAMs) during charge and discharge induce the formation
of void spaces at the interfaces between the CAM and the SE, and the
pulverization of the CAM particle itself [26,29,32,37,38]. Moreover, the
volumetric strains upon repeated cycling could degrade the mechan-
ical integrity at the interfaces between the electrode and the SE lay-
ers [27,37,38]. Our group also identified an overlooked electrochemo-
mechanical degradation mode caused by the decomposition of SEs
(LigPS5Clg 5Bry 5 (LPSX)) [29]. All the aforementioned cases indicate
the loss and/or loosening of ionic contacts and, in turn, a performance
degradation. Notably, these electrochemo-mechanical effects become
much more significant under lower external pressures, that is, less than
a few megapascal, for practical ASLBs [22,39].

Soft polymeric binders are indispensable components in the fabrica-
tion of sheet-type electrodes and SE membranes for large-format ASLBs
[18,21,23,40-48]. Moreover, they play a key role in maintaining the mi-
crostructural integrity of electrodes during repeated charge-discharge
cycles even though they occupy a very small fraction of electrodes

Received 20 December 2021; Received in revised form 14 March 2022; Accepted 8 April 2022

Available online 10 April 2022
2405-8297/© 2022 Elsevier B.V. All rights reserved.


https://doi.org/10.1016/j.ensm.2022.04.017
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ensm
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ensm.2022.04.017&domain=pdf
mailto:yoonsjung@yonsei.ac.kr
https://doi.org/10.1016/j.ensm.2022.04.017

T.Y. Kwon, K.T. Kim, D.Y. Oh et al.

Tens of MPa

<< a few MPa

Practical application ' ’

» =
Py

/

@‘?@ F Cathode /I
0.* 0e0 0 0.9
= SIOAPYY,
. SO |0e®
®e Anode

Electrochemo-mechanical effects

Fig. 1. Schematic illustrating ASLB cells operating under a low pressure (< a
few MPa) for practical applications, where the electrochemo-mechanical effects
become more pronounced.

[23,45]. Polymeric binders hold the inorganic components together,
helping maintain the electronic and ionic contacts upon cycling. There-
fore, reinforcing the mechanical properties of polymeric binders is an ef-
fective method for buffering the electrochemo-mechanical degradation
[49,50]. Moreover, considering the Li*-insulating property of binders,
the fraction of binders can be minimized by enhancing their mechanical
properties, which leads to less Li* obstruction [23,41,51].

For the fabrication of sheet-type electrodes using sulfide SEs, wet-
slurry fabrication is highly complicated owing to the poor chemical
stability of sulfide SEs toward processing solvents [23,40,41,46,47].
Thus, highly polar solvents that have been widely used for conventional
lithium-ion batteries, such as N-methyl pyrrolidinone, are not suitable
for this purpose. Instead, solvents with low or intermediate polarity,
such as xylene, dibromomethane, butyl butyrate, and benzyl acetate,
have been employed [23,40,41]. Accordingly, rubber-based polymers
(e.g., butadiene rubber (BR)) that can be well dissolved (or dispersed)
in those solvents have been employed [23,40,41,46,47,52]. In this re-
gard, a strategy to enhance the mechanical properties of rubber-based
polymers is necessary for fabricating practical ASLBs employing sulfide
SEs.

Herein, we report a new scalable protocol for the in situ crosslink-
ing of BR using elemental sulfur, that is, vulcanization, during the wet-
slurry fabrication process for sheet-type electrodes employing sulfide
SEs. The vulcanization of BR remarkably improves the elastic proper-
ties. LiNig »0Cog 15Mng 150, (NCM) electrodes using vulcanized BR sig-
nificantly outperform those using pristine BR under a lower operating
pressure. The first discharge capacities for the electrodes prepared us-
ing vulcanized and pristine binders are 165 and 151 mA h g~! at 2 MPa
(0.1C and 30 °C), respectively, which is in contrast to the marginal dif-
ference under conventional higher operating pressures (172 vs. 171 mA
h g1 at 70 MPa, respectively). Complementary analysis using field-
emission scanning electron microscopy backscattered electron (FESEM-
BSE) and operando electrochemical pressiometry measurements reveals
the suppressed electrochemo-mechanical degradation of the electrodes,
enabled by using the crosslinked network polymers.

2. Results and discussion

Vulcanization is a crosslinking process in which individual molecules
of rubber are converted into a three-dimensional (3D) network of in-
terconnected chains through chemical crosslinks [53]. BR was vulcan-
ized in situ by simply adding elemental sulfur with additives to slurries
(Fig. 2a). After casting a slurry containing CAM (NCM), SE (LPSX), a
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carbon additive (Super C65), BR, sulfur, and additives, vulcanization
proceeded during the heat treatment process (drying process). Through
vulcanization, the C=C double bonds in the BR chains break, and the
sulfur linkages connect the chains with other chains. The resulting 3D
network structure of vulcanized BR is different from that of pristine
BR with a linear structure, and its physical properties depend on the
crosslinking density and efficiency [54]. The crosslinking density indi-
cates the density of chains or segments that connect two infinite parts of
the polymer network [55]. The crosslinking efficiency is determined by
the ratio of sulfur to the accelerator (2-mercaptobenzothiazole (MBT)).
When the sulfur/accelerator ratio varies, the type of sulfidic crosslink-
ing varies and influences the physical properties of the product poly-
mers. Sulfidic linkages in vulcanization systems are classified into mono-
sulfidic (C-S-C), disulfidic (C-S-S-C), and polysulfidic (C-S4-C) bonds.
The fraction of polysulfidic bonds increases as the sulfur/accelerator
ratio increases. Three vulcanized BR samples were prepared by vary-
ing the sulfur/accelerator ratio: S1 (1 parts per hundred of rubber (phr)
sulfur/3 phr MBT), S2 (2 phr sulfur/2 phr MBT), and S3 (3 phr sul-
fur/1 phr MBT). The measurement of the crosslinking density via a sol-
vent swelling method for all the three samples showed similar values
(Fig. 2b) [56]. Raman spectroscopy measurements were conducted to
probe the sulfidic linkages (Figs. 2¢, d, and S1). In Fig. 2c, the peaks for
the polysulfidic and disulfidic bonds are distinct at 440 and 505 cm™!,
respectively [57]. Their intensities were normalized and are presented
in Fig. 2d. The increased amount of polysulfidic bonds with increasing
sulfur/accelerator ratio (from S1 to S3) was confirmed.

The physical properties of the vulcanized BR binders were assessed
via tensile (Fig. 2e, f) and nanoindentation tests (Fig. 2g, h). The tensile
test results confirmed that the elastic properties of BR could be signif-
icantly improved by vulcanization (Fig. 2e and f). Specifically, tough-
ness of the vulcanized BR (S2) was much higher (220 kJ m~3) com-
pared to that of the pristine BR (19 kJ m~3). The nanoindentation re-
sults indicated that both the modulus and hardness decreased as the
sulfur/accelerator ratio increased (from S1 to S3). Considering the sim-
ilar crosslinking densities among the three samples (Fig. 2b), this result
indicates that the factor governing the physical properties of the vul-
canized BR is the crosslinking efficiency rather than the crosslinking
density. A higher modulus is desirable to maintain the integrity of the
composite electrodes. However, a higher hardness is not directly inter-
preted as an advantage [58,59]. Thus, the physical performances of the
vulcanized binders cannot be arranged easily in order without testing
the electrochemical performance, which is discussed further later.

The adaptability of the vulcanized binders for the wet-slurry pro-
cess using LPSX was assessed by measuring the Li* conductivities at
30 °C and obtaining the corresponding X-ray diffraction (XRD) pat-
terns for binder-LPSX composite samples (Table S1, Figs. S2 and S3),
which showed a marginal degradation. The NCM electrodes tailored us-
ing vulcanized binders (S2) also showed no cracks or delamination (Fig.
S4). Moreover, cyclic voltammetry test results showed no significant
changes in the electrochemical stability of the binders after vulcaniza-
tion (Fig. S5).

Electrochemical characterization results at 30 °C for the NCM elec-
trodes with pristine BR (with linear chains) and vulcanized BR (S3, S2,
S1, with 3D networks) are shown in Fig. 3. Cross-sectional time-of-flight
secondary ion mass spectrometry (TOFSIMS) results in Fig. S6 showed
no noticeable differences in binder distribution between electrodes with
pristine and vulcanized BR (S2). The first-cycle charge-discharge volt-
age profiles for NCM/Li-In all-solid-state half cells tested at the operating
pressures of 70, 7, and 2 MPa are shown in Fig. 3a. A slight difference in
performance was observed at the highest pressure of 70 MPa. However,
as the operating pressure was lowered to 7 and 2 MPa, the performance
difference became distinct. At 2 MPa, the first-cycle discharge capacity
of the electrodes with pristine BR was 151 mA h g~!, which was 20 mA h
g~! lower than that at 70 MPa. In contrast, the NCM electrodes with vul-
canized BR (S2) showed a first-cycle discharge capacity of 165 mA h g1
at 2 MPa, which was only 7 mA h g~! lower than that at 70 MPa. The
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Fig. 2. Results of vulcanized BR (butadiene rubber) binders. (a) Schematic of the in situ formation of vulcanized BR binders during the slurry fabrication process for
sheet-type electrodes. (b) Crosslinking density of vulcanized BR. (c) Raman spectra and (d) corresponding normalized peak intensities of sulfidic bonds for pristine
and vulcanized BR. (e) Stress—strain curves and (f) corresponding toughness for pristine and vulcanized BR. (g) Modulus and (h) hardness of vulcanized BR obtained

from the nanoindentation tests.

best performance of the electrodes using S2 among the three samples
is understood by considering the physical properties obtained from the
nanoindentation tests (Fig. 2g, h). An excessively high hardness may in-
dicate that the electrodes are brittle and prone to breakage before buffer-
ing electrochemo-mechanically induced stresses [58,59]. Thus, S2 is
considered to possess optimal physical properties in terms of both mod-
ulus and hardness. Fig. 3b and ¢ show the first- and subsequent-cycle
(2nd- and 3rd-cycle) Coulombic efficiencies for the electrodes using pris-
tine and vulcanized (S2) BR, respectively. The differences between the
two electrodes became much larger at lower pressures (Fig. 3b and c).
The trend of the considerably better performance with the use of vul-
canized BR than with the use of pristine BR at lower applied pressures is
also consistent with the rate capability and cycle retention results (Figs.
S7-S9). When comparing the discharge voltage profiles for each rate
at 2 MPa (Fig. 3d), at higher C-rates, electrodes using vulcanized BR
(S2) outperformed those using pristine BR more significantly (e.g., 85
vs. 51 mA h g~ at 1C for the electrodes using vulcanized and pristine
BR, respectively). In summary, the electrochemical performance results
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manifest that the detrimental electrochemo-mechanical effects become
more pronounced at lower pressures but can be addressed by using in
situ vulcanized binders. In addition, half cells using vulcanized binders
tested at an elevated temperature of 60 °C were operated without any
problems concerning thermally driven (electro)chemical side reactions
(Fig. S10).

To assess the mechanical properties of electrodes, affected by the
vulcanization of binders, nanoindentation tests were carried out using
control sample electrodes comprised of NCM and binders (Fig. S11). The
NCM electrodes with S2 exhibited a much higher compressive strength
of 34.8 MPa (Fig. S11b), compared to the electrodes with pristine BR
(10.1 MPa). This result confirms the enhanced mechanical properties
by the vulcanization. Furthermore, the elastic recovery of the NCM elec-
trodes with S2 was higher than that for using pristine BR (Fig. S11c),
indicating that the electrodes fabricated using vulcanized BR effectively
absorb mechanical stress.

The pressure changes for the NCM electrodes using pristine and vul-
canized BR were monitored in real time during charging and discharging
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to understand the performance differences depending on the operational
pressure, as illustrated in Fig. 3e. Any contribution of anodes (counter
electrodes) could be ruled out by using “zero-strain” Li,TisO,, (LTO,
volumetric strain of ~0.2%) [28]. The first-cycle charge—discharge volt-
age profiles of the NCM/LTO all-solid-state cells and the correspond-
ing pressure changes are plotted in Fig. 3f. The overall pressure change
shapes were consistent with the lattice volume changes of the Ni-rich
layered oxides upon (de)lithiation [29,38]. Importantly, at the end of
discharge, the cells using pristine BR, despite the lower depth of dis-
charge, showed a higher pressure value than those using vulcanized BR
(outlined by a rectangle in red, Fig. 3f). The higher terminal pressure
reflects the formation of larger amounts of cracks and/or void spaces
created by the electrochemo-mechanical degradation [38].

The microstructural evolution of the NCM electrodes using pristine
and vulcanized (S2) BR after the first charge and discharge was exam-
ined using cross-sectional FESEM-BSE measurements, as shown in Fig. 4.
After the first charge (and subsequent discharge), cracks occurred at the
NCM-LPSX interfaces in the electrode layer (referred to as the “bulk”
region) and at the interfaces between the electrode and the SE layers
(referred to as the “interface” region). The area fraction of the cracks at
the bulk and interface regions was then quantified, and the results are
shown in Fig. 4g-1 (a typical analysis image is shown in Fig. S12 and
detailed values are summarized in Table S2) [29]. The area fraction of
the cracks increased significantly after the first charge in both the bulk
and interface regions. Importantly, the area fraction of the cracks in the
interface region was higher for the electrodes using pristine BR than for
the electrodes using vulcanized BR (Fig. 4k), which was also revealed by
a delamination between the NCM electrode and the SE layers (Fig. 4b).
After the first discharge, the average area fraction of the cracks in the
interface region also showed slightly higher values for the electrodes us-
ing pristine BR than for the electrodes using vulcanized BR. However, in
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the bulk region, both after the first charge and discharge, the area frac-
tion of the cracks showed similar values. These results indicate that the
delamination between the NCM electrodes and the SE layers has a more
dominant effect on the electrochemo-mechanical degradation than the
contact loss occurring at the NCM-SE interfaces in the electrode layers.

From the results of operando electrochemical pressiometry (Fig. 3)
and cross-sectional FESEM-BSE analyses (Fig. 4), the degradation mech-
anism varied with the use of vulcanized binders, as illustrated in Fig. 5.
The mismatch in the volumetric strain during the charge and discharge
between the breathing electrode layer and the intact SE layer causes
delamination at the interface, which leads to the degradation of the
electrochemical performance. The loosened and/or altered interfacial
contacts between the solid components at the lower scale should also
be an additional factor affecting the electrochemo-mechanical degrada-
tion. When linear (pristine) BR binders are used, the components in the
electrodes are highly prone to movements driven by mechanical stresses
(just slipping). In contrast, when vulcanized BR binders with a scaf-
folding structure are employed, the highly elastic binders hold particles
tightly, thereby maintaining their structural integrity [60].

Finally, 16 x 25 mm? pouch-type NCM/LTO full cells were fabri-
cated using pristine or vulcanized (S2) BR for the NCM electrodes, and
the results obtained under no external pressure are displayed in Fig. 6.
Consistent with the half cell results in Fig. 3, much higher capacities
were obtained for the electrodes using vulcanized BR, compared with
those for the electrodes using pristine BR (165 vs. 150 mA h g~! and
153 vs. 121 mA h g1 at 0.05C and 0.2C, respectively). The NCM/LTO
full cells using vulcanized BR also showed a reasonable cycling perfor-
mance, as shown in Fig. 6b. The capacity retention for the electrodes
using vulcanized BR was 72.8% at the 150th cycle, compared with the
capacity at the 2nd cycle, which was higher than that of the electrodes
using pristine BR (61.8 %).
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Fig. 4. FESEM-BSE analysis results of NCM
electrodes prepared using pristine and vulcan-
ized BR. (a) Cross-sectional FESEM-BSE images
for electrodes using a—c) pristine BR and (d-
) vulcanized BR (d-f) before cycling, after the
first charge to 4.3 V (vs. Li/Lit), and after the
subsequent discharge to 3.0 V (vs. Li/Li*). In
(a), the bulk and interface regions used for
quantitative analysis are outlined in green and
yellow, respectively. Box plots of the area frac-
tion of the cracks of the NCM electrodes for g—
i) bulk and j-1) interface regions before cycling,
after the first charge to 4.3 V (vs Li/Li*), and
the subsequent discharge to 3.0 V (vs Li/Li*).
The median and mean values are indicated as
solid and dotted horizontal lines, respectively.
The analysis results are summarized in Table
S2 in the Supporting Information.
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3. Conclusions

In summary, a new, simple, and scalable protocol to reinforce
binders, that is, in situ vulcanization, was successfully developed for
practical sulfide-SE-based ASLBs operated under a low external pres-
sure. The vulcanization protocol was integrated into the slurry fab-
rication process by simply adding sulfur and additives to the slur-
ries. Moreover, the vulcanization conditions to achieve the highest
performance were optimized. The use of vulcanized BR for the NCM
electrodes did not result in any marked differences in performance,
compared with that of the electrodes using pristine BR, under the
conventional high pressure of 70 MPa. In contrast, the NCM electrodes
tailored using vulcanized BR significantly outperformed those using
pristine BR under a practically relevant low pressure of 2 MPa. To the
best of our knowledge, this is the first study to report an improved
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performance of ASLB cells operated under a low external pressure,
enabled by tailoring polymeric binders. The results of the operando
electrochemical pressiometry and cross-sectional FESEM-BSE analy-
ses demonstrated that the crosslinked network polymers providing
the scaffolding structure harnessed the movements of electrode com-
ponents, thereby restraining the detrimental electrochemo-mechanical
effects. Finally, NCM/LTO pouch-type full cells tested under no ex-
ternal pressure confirmed the significant outperformance when using
vulcanized BR, compared with the use of pristine BR, which high-
lights the practicability of our protocol. The issue of the low operat-
ing pressure for ASLBs studied herein will motivate considerable in-
terest in materials chemistry and engineering in this field. In addi-
tion, we believe that our simple strategy to strengthen the mechani-
cal properties of binders is a breakthrough for practical all-solid-state
technology.



T.Y. Kwon, K.T. Kim, D.Y. Oh et al.

Cycling

1D contact
Slipping
=)

3D contact

Immobile
=5

e, 000 ?o%‘... 0 2 oz. .o‘-... 02s:.
:....‘3. .:‘."0; 'A?Q: ..Qa & ..".: o ...11

Pristine BR Vulcanized BR
Fig. 5. Schematic illustrating the electrochemo-mechanical effects in NCM
electrodes using pristine and vulcanized BR upon cycling. Different responses
against mechanical forces for the linear (pristine, left) and crosslinked (right)
BR, and the resulting different degrees of degradation are illustrated.

a

S
o
(@]
i)
ke
>
16 7 — —— Pristine \‘
1.4 - Vulcanized (S2)
Ll T Ll T 1
0 50 100 150 200
Capacity (mA hg™)

b 200 N

Qo

— L 100 &

g’ 150 §

o)

i Lgo S

= =

= 100 - =

‘é\ (&}

@ ' S

S 54 o L g0 €

8 —aA— Pristine <_:3

—@— Vulcanized (S2) 8

0 - T T L 70

0 50 100 150

Cycle number

Fig. 6. Electrochemical performance results at 30 °C for NCM/LTO all-solid-
state pouch-type full cells employing pristine and vulcanized (S2) BR, operated
under no external pressure. (a) First-cycle charge-discharge voltage profiles of
the pouch-type full cells at 0.05C and (b) corresponding cycling performances
with a photograph of a pouch-type full cell.

4. Experimental section

4.1. Preparation of materials

Argyrodite Lig PS5 Cl,, 5Br, 5 (LPSX) was prepared via ball-milling and
subsequent heat treatment under an Ar atmosphere. After ball-milling
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a stoichiometric mixture of Li,S (99.9%, Alfa Aesar), PS5 (99%, Sigma
Aldrich), LiCl (99.99%, Sigma Aldrich), and LiBr (99.99%, anhydrous,
Alfa Aesar) at 600 rpm for 10 h in a ZrO, vial with ZrO, balls using Pul-
verisette 7PL (Fritsch GmbH), heat treatment was conducted at 550 °C
for 5 h under Ar atmosphere. The Li* conductivity of the resulting pow-
der was 5.9 mS cm™! at 30 °C. NCM powders coated with LiNbO5 (1.4
wt%) via a wet-chemical method using lithium ethoxide (99.95%, Sigma
Aldrich) and niobium ethoxide (99.95%, Sigma Aldrich) were used [40].

4.2. Fabrication of electrodes

For the fabrication of NCM electrodes without vulcanization, wet
slurries consisting of NCM, LPSX, polymeric binder (BR), and carbon
additive (Super C65) were prepared using butyl butyrate (BB, 99%,
TCI Corp.) as the processing solvent with the target compositions. For
the fabrication of NCM electrodes with vulcanization, BR/BB solutions
were prepared by adding BR, sulfur (99.5%, Alfa Aesar), MBT (2-
mercaptobenzothiazole, 97%, Sigma Aldrich), ZnO (< 100 nm particle
size, Sigma Aldrich), and stearic acid (SA, 98.5%, Sigma Aldrich) to BB.
The weight ratio of BR:sulfur:ZnO:MBT:SA was 100:x:5:4-x:1. Then, the
as-prepared BR/BB solutions were added to the slurries consisting of
NCM, LPSX, and carbon additives (Super C65) in BB. The NCM elec-
trode composition was 70:27.5:1:1.5 (NCM/LPSX/Super C65/BR). The
as-prepared slurry mixtures were cast on current collectors of carbon-
coated Al foils using the doctor-blade method, followed by heat treat-
ment under vacuum at 150 °C for 12 h to prepare the NCM electrodes.
The solids (BR, sulfur, MBT, ZnO, SA) and liquid (BB) used for slurries
were dried using molecular sieves (4 A, Daejung) and at 100 °C under
vacuum, respectively. Mass loadings of the electrodes were ~8 and 4.2
mgycv cm~? for half cells and full cells, respectively. For the fabrication
of LPSX-binder samples with the weight ratio of 55:3 (which was identi-
cal to that for the NCM electrodes), wet slurries consisting of LPSX and
polymeric binder (S3, S2, S1, BR) were prepared using BB as the pro-
cessing solvent. The prepared slurry mixtures were cast on glass slides
and dried under vacuum at 150 °C for 12 h.

4.3. Material characterization

For XRD measurements, SE or SE-binder samples were hermetically
sealed with a beryllium window and mounted on a MiniFlex 600 diffrac-
tometer (Rigaku Corp.; Cu K, radiation of 1.5406 ;\) at 40 kV and 15
mA. Raman spectra were collected using a LabRAM ARAMIS (Horiba
Jobin Yvon Corp.) with a vis-NIR 514 nm laser. Tensile tests were per-
formed using a u'TXA Multi-axis Micro-Texture Analyzer (Yeonjin S-Tech
Corp.) with 1 x 3 cm? BR film samples. Toughness of binders shown in
Fig. 2f was obtained by integrating the stress-strain curves in Fig. 2e.
The nanoindentation tests were conducted under a controlled load with
a maximum force of 50 puN using a TI 950 (Bruker Corp.). The BR samples
used for the nanoindentation tests were prepared on glass slides with a
thickness of ~10 pum. Cross-sectioned NCM electrode samples were ob-
tained by polishing with an Ar ion beam at 6 kV for 8 h and subsequently
at 4 kV for 2 h (JEOL, IB-19510CP). The polished NCM electrodes were
transferred to an FESEM equipment without any exposure to air. The
corresponding FESEM-BSE images were obtained using AURIGA (Carl
Zeiss). For the TOFSIMS measurements, after NCM electrodes with com-
position of 70:28.5:1.5 (NCM/LPSX/binder weight ratio) were polished
with an Ar ion beam, data were acquired using a TOFSIMS.5 instrument
(ION-TOF) equipped with a 30 keV Bi cluster primary-ion gun for analy-
sis. Bi3* ions with an energy of 30 keV were used as primary-ion species,
and the 10 x 10 um? or 5 x 5 um? analysis area were rasterized.

4.4. Electrochemical characterization
Li-In (nominal composition: Lig5In) as the counter and reference

electrodes were prepared by ball-milling In (Sigma Aldrich, 99%) and Li
(FMC Lithium Corp.) powders. To fabricate the NCM/Li-In half cells or
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NCM/LTO full cells, the NCM electrodes and Li-In (or LTO) electrodes
were placed on each side of the pre-pelletized LPSX layers (150 mg)
and pelletized at 370 MPa and room temperature. The thickness of the
LPSX layers was ~600 um. Galvanostatic charge-discharge cycling tests
were conducted at 30 °C or 60 °C between 3.0 and 4.3 V (vs. Li/Li*) for
NCM/Li-In half cells or between 1.43 and 2.75 V for NCM/LTO full cells.
All the procedures related to the fabrication of the all-solid-state cells
were performed in a polyether ether ketone (PEEK) mold (1.3 cm?) with
two Ti metal rods. For the fabrication of 40 x 50 mm? NCM/LTO pouch-
type full cells, an LPSX SE film with a thickness of 100 pm was attached
to the LTO anode using warm isotatic press (WIP, Ilshinautoclave Corp.).
The SE film composition was 97:3 (LPSX/NBR weight ratio). Then, an
NCM cathode and the SE film/LTO anode were stacked together, and the
whole assembly was sealed using a pouch and pressurized at 375 MPa
using WIP.
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