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Polymeric binders are a crucial component of large-format all-solid-state Li batteries (ASLBs) that employ sulfide
solid electrolytes. However, the severe dissolution of sulfide solid electrolyte materials into conventional polar
solvents restricts the suitability of slurry-processing solvents to less polar molecules, and in turn, the suitability of
materials for polymeric binders to rubbers, such as nitrile butadiene rubber (NBR). In this study, a synergistic
cosolvent approach is employed, to render poly(vinylidene fluoride-hexafluoropropylene) (PVdF-HFP), which is
sulfide-slurry-incompatible, amenable to slurry fabrication. The synergistic combination of highly volatile ethyl
acetate, and less volatile hexyl butyrate allows for the utilization of PVAF-HFP as it is soluble in the former but
not in the latter, while avoiding the binder migration problem. A comparative investigation of sheet-type
LiNig,70C00.15Mng 1502 electrodes comprising PVAF-HFP or NBR, demonstrates the superior performance of
the former. Specifically, it is revealed that the effective volume fraction and binder distribution in the electrodes
are key factors for determining the electrochemical performance. The advantageous features of PVAF-HFP over
NBR are highlighted, particularly at a low temperature of 0 °C or under a low external operating pressure of 2
MPa. Finally, the encouraging performance of pouch-type LiNig70C0g15Mng 1502/graphite ASLB full cells
fabricated using PVdF-HFP, is successfully demonstrated.

1. Introduction room temperature-operable ASLBs.

However, the fabrication technology for large-format ASLBs using

The remarkable progress in lithium-ion battery (LIB) technology has
motivated the electrification of power trains with these energy sources
[1,2]. However, its popularization has been hampered by safety con-
cerns owing to the use of flammable organic liquid electrolytes and the
limited energy density [3,4]. In this regard, solid-state batteries that
utilize inorganic solid electrolytes (SEs) represent a potential break-
through [5-9]. The development of several types of superionic con-
ductors, including sulfides, such as LissPS45Cly 5 [10]: 10 mS em )
oxides, such as LiyLazZryOqz [11]: 0.1-1 mS cm™!; halides, such as
LisYXg (X =Cl, Br) [12,13]: 0.51-1.7 mS crn’l; and closo-borates, such
as 0.7Li(CBgH1()-0.3Li(CB11H12) [14,15]: 6.7 mS cm L, have provided
options for constructing all-solid-state Li batteries (ASLBs)
[10,12,16-21]. Specifically, sulfide materials exhibit outstanding
properties of high ionic conductivities and mechanical sintering ability
at room temperature, which are critical for the scalable fabrication of
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sulfide SEs has remained in its infancy. Polymeric binders are crucial for
the integration of all solid components in electrodes and/or in SE
membranes for ASLBs [22-31]. While most lab-scale all-solid-state cells
are tested under high external pressures of tens of megapascals, low
pressures of a few megapascals are required for practical applications, at
which the effects of polymeric binders become more significant
[21,32-34]. The wet-slurry protocol is highly competitive for
manufacturing polymeric binders, as it is applicable to well-established
LIB manufacturing infrastructures [21,32,35-37]. However, the high
reactivity of sulfide SEs with polar solvents restricts the range of suitable
slurry-processing solvents, and in turn, that of polymeric binders
[38-43]. Thus, non-polar or low-polarity organic solvents, such as
xylene, and polymeric binders derived from rubber, such as butadiene
rubber and nitrile butadiene rubber (NBR), have generally been used.
Recently, the selection strategies for processing solvents, based on the
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polarity index, donor number, dipole moment, and steric effects, have
suggested several favorable candidates, such as dibromomethane
(DBM), hexyl butyrate (HB), benzyl acetate (BA), and anisole [38-41],
however, little attention has been paid to their effects on binder distri-
bution [25,38,40,41,44-47].

The use of poly(vinylidene fluoride) (PVdF), which has been vali-
dated in the LIB industry over the decades, has not been attempted for
composite electrodes of the ASLB. An exception is the use of poly
(vinylidene fluoride-hexafluoropropylene) (PVdAF-HFP) in SE mem-
branes [48,49]. Meanwhile, the use of SEs makes polymeric binders
insulating in ASLBs [50]. This is distinctly different from LIBs, wherein
binders are swollen by liquid electrolytes, and are thus Li" conductive
[51,52]. Consequently, slurry-fabricated electrodes have shown far
inferior electrochemical performances in ASLB cells compared to elec-
trodes composed of simple mixture electrodes without binders [25]. The
insulating properties of polymeric binders can be addressed by either
endowing them with Lit conductivity [40,41,44,53] or by minimizing
their content [39,54]. The latter can be achieved by the selection and
development of novel binders with improved mechanical properties.

Recently, our group reported a slurry fabrication protocol using
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cosolvents and Li salts to introduce LiT-conductive dry-polymer-
electrolyte-based binders into ASLBs [40,41]. Two solvents, DBM and
HB, operated synergistically not only to dissolve NBR and LiTFSI but
also to control polymer dispersion without significantly disturbing the
slurry protocol.

Based on this background and motivation, we report a slurry fabri-
cation protocol using cosolvents to accommodate mechanically and
electrochemically favorable PVAF-HFP binders in ASLBs for the first
time. Volatile and polar EA dissolves PVdF-HFP, which is insoluble in
known sulfide-compatible processing solvents, while non-volatile and
less polar HB suppresses binder migration. Electrodes fabricated using
PVdF-HFP binder and EA + HB cosolvents showed robust adhesion
properties. Moreover, we demonstrate that the density and distribution
of polymeric binders give rise to the considerable outperformance of the
electrodes fabricated using PVdF-HFP, compared with those fabricated
using conventional NBR.
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Fig. 1. Comparison of PVAF-HFP binder distribution in electrodes fabricated using EA as a single solvent and the EA + HB cosolvent. a) PVAF-HFP cross-sectional
concentration in the Gr electrode prepared using i) EA and ii) EA + HB, determined based on EDXS F signals in Fig. S4. b) (i) Schematic illustrating the severe upward
binder migration when highly volatile EA was used as a single solvent, resulting in poor adhesion of the electrode layers on the current collectors. (ii) Even binder
distribution throughout the electrode depth in the electrodes fabricated using the EA + HB cosolvent.
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2. Results and discussion
2.1. Compatibility and applicability of EA + HB cosolvents

The PVAF-HFP used in this study was calculated to have a number-
average molecular weight (M) of 1.4 x 10° and an HFP fraction of
5.1 mol %, based on 400 MHz '°F nuclear magnetic resonance analysis
(Fig. S1) and gel permeation chromatography measurements (Table S1).
EA was first selected as the processing solvent as PVdF-HFP is soluble (or
dispersible) in it, as shown in Fig. S2, while the sulfide SE,
LigPSsClysBrgs (LPSX) remained intact. However, the LiNigy.
Cop.15Mng 1502 (NCM) electrodes fabricated using PVdF-HFP and EA as
a single solvent exhibited poor adhesion to the current collector
(Fig. S3a). Considering the high vapor pressure (10 kPa at 20 °C) and
low boiling point (77 °C) of EA, the rapid evaporation of EA from slurries
during the drying process causes binder migration, which leads to weak
adhesion [46,55,56]. To address this issue, HB, a non-volatile and
sulfide-compatible processing solvent (vapor pressure: 0.031 kPa at
20 °C, boiling point: 205 °C) [57], was introduced as a cosolvent.
Consequently, the NCM electrodes fabricated using the EA + HB
cosolvent showed robust adhesion (Fig. S3b).

Control experiments were performed to investigate the effectiveness
of the EA + HB cosolvent on binder distribution. NCM electrodes were
excluded because of their compositional complexity and poor mechan-
ical properties resulting from the use of EA single solvents (Fig. S3a).
Instead, two graphite (Gr) electrodes comprising PVdF-HFP with iden-
tical compositions (Gr:PVdF-HFP = 90:10 weight ratio) were prepared
using EA or EA + HB. Fluorine was used as an indicator of the presence
of PVAF-HFP in the Gr electrodes. Fig. 1a displays the cross-sectional
concentration profile of F in Gr electrodes fabricated using EA or EA
+ HB, obtained by employing a field-emission scanning electron
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microscopy energy dispersive X-ray spectroscopy (FESEM-EDXS). The
quantitative data are summarized in Table S2. The Gr electrodes fabri-
cated using EA contained a higher concentration of PVdF-HFP at the top
of the electrode (Fig. la (i)), whereas the F signals were evenly
distributed throughout the electrode depth when EA + HB was used
(Fig. la (ii)). Consistently, the corresponding cross-sectional FESEM
images (Fig. S4) displayed an uneven distribution of pores in the elec-
trode when EA was used and uniform pore distribution when EA + HB
was utilized. These results confirmed that the use of EA + HB cosolvents
is effective for suppressing binder migration and thus enhancing the
mechanical integrity of the electrodes, as illustrated in Fig. 1b.

The compatibility of the EA + HB cosolvents with the sulfide SE of
LPSX and its applicability to ASLBs were then assessed (Fig. 2). Fig. 2a
shows the Li™ conductivities of the LPSX samples before and after
exposure to EA or EA + HB, measured by the AC impedance method
using Ti/sample/Ti Li'-blocking symmetric cells at 30 °C. When
exposed to EA, the Lit conductivity of LPSX decreased from 4.5 to
2.8mS cm ™! (62 % retention), which was attributed to the reactivity
originating from the ester group in EA. The addition of HB to EA, EA +
HB, significantly alleviated Li* conductivity attrition (3.7 mS cm™?, 82
% retention). It is considered that, despite the presence of the same ester
group in EA and HB, the reactivity of the ester group in HB is suppressed
due to steric hindrance by the bulky hexyl group [41].

The electrochemical performances of the NCM/Li-In half cells at
30 °C for the NCM electrodes comprising PVdF-HFP fabricated using EA
or EA + HB are presented in Fig. 2c and d. Due to the poor mechanical
property of electrodes fabricated using EA, electrodes with low mass
loading of ~ 4 mg cm~2 were prepared for both electrodes for fair
comparison. The difference between the two electrodes were marginal:
the first-cycle discharge capacity and initial Coulombic efficiency (ICE)
were 163 mA h g~! and 77.0 %, respectively, when only EA was used,
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Fig. 2. Compatibility results of slurry-processing solvents for LPSX (LigPSsClo sBros). a) Li* conductivities at 30 °C and b) XRD patterns for LPSX before and after
exposure to EA or EA + HB. c) First-cycle charge-discharge voltage profiles at 0.2 C and 30 °C under 70 MPa for NCM/Li-In all-solid-state half cells employing NCM
electrodes fabricated using EA or EA + HB, and d) the corresponding rate capabilities.



K.T. Kim et al.

and 162 mA h g~ and 77.5 %, respectively, when EA + HB were used. In
addition, another EA-miscible solvent, BA, could be used as a cosolvent
(Fig. S5). It should be noted that the type or ratio of cosolvents did not
result in significant differences in the electrochemical performances.

2.2. The effect of binders on electrochemical performance

The effects of polymeric binders on the electrochemical perfor-
mances of the ASLBs were investigated by comparing the performance of
the NCM electrodes fabricated using PVAF-HFP with that of NBR-
fabricated electrodes (Fig. 3). EA + HB were used as the processing
solvents. Because the specific densities of PVAF-HFP and NBR differ
significantly (1.77 vs 1.00 g cm ™3, respectively), a comparison should be
made in terms of not only equivalent weight fractions but also equiva-
lent volume fractions of the binders. NBR used at weight and volume
fractions equivalent to those for PVAF-HFP are referred to as “NBR-wt”
and “NBR-vol” (Table S3), respectively. When using binders with an
equivalent weight fraction (2.5 wt%), the capacities of the PVdF-HFP
NCM electrodes were substantially higher, compared to those ach-
ieved using NBR-wt electrodes (160 vs 149 mA h g~! at 0.2 G for PVdF-
HFP and NBR-wt electrodes, respectively, Fig. 3a, b). These results were
predictable because each polymeric binder that blocks Li" conduction
paths is present in a specific volume fraction in the electrodes. Not
surprisingly, the NCM electrodes comprising PVdF-HFP and NBR-vol
(with an equivalent volume ratio of 4.8 vol%) exhibited similar elec-
trochemical performances (Fig. 3a, b). These results emphasize that the
effective volume of polymeric binders for ASLBs is the key factor
determining Li™ contact resistance.

a s b 180
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However, further electrochemical characterization results indicated
overlooked differences among the three electrode samples. The NCM
electrodes composed of NBR-vol showed a higher ICE (74.7 %) than
those fabricated with NBR-wt (72.0 %) (Fig. 3c). This result could be
attributed to the lower volume fraction of the insulating binder in NBR-
vol (4.8 vol%), compared with that in NBR-wt (8.2 vol%) (Table S3). A
larger fraction of insulating materials in composite electrodes reflects
more severe electrochemo-mechanical degradation in terms of electrical
contacts [25]. Furthermore, despite the identical volume fraction, the
ICE of the PVdF-HFP NCM electrodes was higher (76.8 %) than the ICE
of the NBR-vol counterparts (74.7 %). This result indicates the superi-
ority of PVAF-HFP over NBR, partly explained by its higher electro-
chemical stability, as evidenced by the cyclic voltammetry results in
Fig. S6. The transient discharge voltage profiles, obtained from galva-
nostatic intermittent titration technique (GITT) measurements, and the
corresponding polarization curves are displayed in Fig. 3d. The
distinctly lower capacity attained using NBR-wt, compared with those
using NBR-vol or PVdF-HFP, agrees well with the results in Fig. 3a, b;
however, it is notable that the polarization was lower in the case of
PVdF-HFP than with NBR-vol. Electrochemical impedance spectroscopy
(EIS) results followed the same trend as that of the GITT results (Fig. S7).
The interfacial resistances, corresponding to the amplitudes of the
semicircles, increased in the following order: PVAF-HFP < NBR-vol <
NBR-wt. Furthermore, the Li* and e~ conductivities of the PVAF-HFP
and NBR NCM electrodes, measured using (Li-In)/SE/electrode/SE/
(Li-In) and Ti/electrode/Ti symmetric cells, respectively, are shown in
Fig. 3e-g, S8, and Table S4. The Lit conductivities of the electrodes
followed the electrochemical performance trends (PVdF-HFP ~ NBR-vol
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Fig. 3. Comparative electrochemical characterization of sheet-type NCM electrodes fabricated from slurries using PVdF-HFP, NBR-wt (the same weight fraction as
PVdF-HFP, 2.5 wt%) and NBR-vol (the same volume fraction as PVdF-HFP, 4.8 vol%): a) First-cycle charge-discharge voltage profiles of NCM electrodes at 0.2 C and
30 °C, and the corresponding b) rate capabilities and c¢) ICEs (initial Coulombic efficiencies). d) Transient discharge voltage profiles and the corresponding polar-
ization curves obtained employing GITT. e) Nyquist plots of e -blocking (Li-In)/LPSX/electrode/LPSX/(Li-In) symmetric cells and f) i-V curves obtained from Li-
blocking Ti/electrode/Ti symmetric cells and g) the resulting Li™ (left) and e~ (right) conductivities. All cells were tested under 70 MPa.
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> NBR-wt). However, unexpected results were obtained for the e
conductivities, descending in the order of PVdF-HFP > NBR-vol > NBR-
wt; this is discussed later.

In summary, the PVdAF-HFP electrodes outperformed those
comprising an equivalent weight fraction of NBR (NBR-wt) due to the
smaller volume fraction of PVAF-HFP than that of NBR-wt. However, the
better performance of PVAF-HFP electrodes compared to that of elec-
trodes comprising NBR-vol, observed in the ICEs, and the GITT and EIS
results, is intriguing.

To explain the difference in performance between the PVdF-HFP and
NBR-vol electrodes, the spatial distribution of the binder should be
considered [58]. Thus, control experiments for the two NCM electrodes
composed of PVdF-HFP and NBR-vol were conducted. The correspond-
ing FESEM images are displayed in Fig. 4a—f. In the case of PVdF-HFP,
the binder was distributed evenly throughout the electrode as uniform
films (Fig. 4a, b). In contrast, for NBR, the binder was concentrated
around the NCM particles in an irregular lumpy form (Fig. 4d, e). In the
large-scale images shown in Fig. 4c and f, no visible cracks were
observed for the PVAF-HFP NCM electrodes, whereas the NBR-vol
electrodes exhibited noticeable cracks at the microscale. It is specu-
lated that the polar —-CN group in NBR facilitates binder adsorption onto
the NCM surfaces, which leads to a concentrated distribution of NBR
around NCM [58]. Accordingly, interfacial ionic and electronic con-
duction would be severely obstructed [25]. Thus, the performance dif-
ference determined by the binder, despite the equivalent volume
fraction, could be understood.

To further investigate the different performances varied with the
type of binder, electrochemical performances of the NCM electrodes
using PVAF-HFP or NBR-vol were evaluated at lower temperatures of
0and 10 °C (Fig. 4g, h). Nyquist plots at different temperatures in Fig. 4g
showed the remarkable increase of the semicircle amplitudes, as
lowering the temperature, indicating the increasing interfacial re-
sistances. By fitting the Nyquist plots using an equivalent circuit model
(Fig. S9a), the intercept values and the semicircle amplitudes that
correspond to the resistances of the SE separating layer and the inter-
facial resistance, respectively, were extracted (Fig. S9b), and corre-
sponding Arrhenius plots are displayed in Fig. S9c, d. Notably, the
activation energies for the interfacial resistance (R2, 0.65 and 0.62 eV
for using PVDF-HFP and NBR, respectively) were much higher,
compared with those for the SE layer resistance (R1, 0.18 eV and 0.19 eV
for using PVDF-HFP and NBR, respectively), indicating much higher
contribution of the interfacial resistance at lower temperature. Nyquist
plots at elevated temperatures of 40, 50, and 60 °C are also provided in
Fig. S10. Consistent with the EIS results at 0 °C (Fig.. 4 g), the NCM
electrodes made of PVDF-HFP clearly showed the lower overpotential
and correspondingly larger capacities at 0 °C, compared with those
made of NBR-vol (Fig. 4h). The inferior performance of the NCM elec-
trodes using NBR-vol to those for using PVDF-HFP, revealed at 0 °C thus
far, is rooted in the concentrated distribution of binders, which obstructs
the interfacial Li* and e~ conduction. The latter is supported by the over
an order of magnitude higher e~ conductivity of the NCM electrodes
using PVDF-HFP than those for using NBR-vol (2.7 x 10 3 vs 1.3 x 10™*
S cm Y, Fig. 3g).

As the effects of binders become more pronounced at lower operating
pressure, NCM electrodes made of PVDF-HFP or NBR-vol were also
tested under the practically-acceptable operating pressure of 2 MPa
[21], and the corresponding results are shown in Fig. 4i-1. The similar
capacities at the high operating pressure of 70 MPa became distinctly
different at the low operating pressure of 2 MPa, especially at higher C-
rates (91.3 vs 71.5 mA h g~! at 1C for using PVDF-HFP and NBR-vol,
respectively).

2.3. Practical evaluation

Finally, the practical applicability of PVdF-HFP was evaluated in
NCM/Gr all-solid-state full cells (Fig. 5). PVAF-HFP could also be
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successfully applied to sheet-type Gr electrodes. The PVAF-HFP Gr
electrodes outperformed the NBR-vol Gr electrodes (Fig. S11). Pellet-
type NCM/Gr full cells fabricated using PVAF-HFP electrodes exhibi-
ted an initial discharge capacity of 160 mA h gﬁéM at 0.2 C, which was
consistent with the results obtained for the NCM/Li-In half cells (Fig. 5a,
S13a). NCM and Gr electrodes with the thickness of 67 and 66 pm,
respectively, exhibited intimate contacts with SE layers (Fig. S12). In
addition, they showed excellent capacity retention (93.2 %) at the 200th
cycle, compared with the capacity at the 4th cycle. Finally, pouch-type
NCM/Gr all-solid-state full cells were assembled and tested at 30 °C
without externally applied pressure (Fig. 5b, S13b). Consistent with the
results for the pellet-type cells, the pouch-type ASLBs displayed a first-
cycle discharge capacity of 169 mA h gyéum at 0.1 C, highlighting the
adaptability of the PVAF-HFP-based protocol for practical applications.

3. Conclusions

In summary, PVAF-HFP binders were successfully adapted to sheet-
type electrodes for ASLBs using the cosolvent approach. EA was favor-
able for dissolving PVdF-HFP while the sulfide SEs remained relatively
intact, but was not applicable for slurry fabrication as it is highly vola-
tile, causing severe binder migration in the electrodes. This problem was
resolved by adding HB as a cosolvent because it could not disperse PVAF-
HFP but was less volatile and compatible with the sulfide SE. Thus, the
electrodes comprising PVAF-HFP, tailored using the EA + HB cosolvent,
did not suffer from binder migration and showed acceptable mechanical
properties. Compared with the conventional binder for sulfide-
electrolyte-based ASLBs, NBR, the higher specific density of PVdF-HFP
allowed the reduction in the effective binder volume fraction in the
electrodes, and the use of PVAF-HFP led to enhanced electrochemical
performances when the suitability of the two binders was compared at
equivalent weight fractions. Furthermore, it was demonstrated that
NBR, bearing a highly polar —-CN group, was selectively concentrated
around the NCM particles and obstructed ionic and electronic conduc-
tion in the electrodes. In contrast, PVdF-HFP was distributed evenly
throughout the electrodes. These differences in binder distribution
resulted in the PVAF-HFP binders being more suitable for ASLB elec-
trodes, especially at low temperatures or under low external operating
pressures. Finally, NCM/Gr full cells exhibited good electrochemical
performances with high capacities and stable capacity retention. The
results of this study represent a significant contribution toward realizing
practical all-solid-state technology and provide important insights into
the design of polymeric binders amenable to slurry fabrication at the
molecular scale.

4. Experimental section

Preparation of Materials: Argyrodite LigPSsClysBros (LPSX) was
prepared employing ball-milling and subsequent heat treatment under
an Ar atmosphere. Thus, a stoichiometric mixture of LisS (99.9 %, Alfa-
Aesar), PS5 (99 %, Sigma Aldrich), and LiCl (99.99 %, Sigma Aldrich)
was ball-milled at 600 rpm for 10 h in a ZrO, vial with ZrO, balls using a
Pulverisette 7PL (Fritsch GmbH), followed by heat treatment at 550 °C
for 5 h under an Ar atmosphere. The Li* conductivity of the resulting
powder was 4.5 mS cm ! at 30 °C. NCM powders coated with LiNbO5
were used in this study. To prepare PVdF-HFP/(EA + HB) and NBR/(EA
+ HB) solutions, PVdF-HFP and NBR were first dissolved in EA (99.8 %,
anhydrous, Sigma Aldrich), followed by the addition of HB (98 %, Sigma
Aldrich). For the solvent compatibility tests, 100 mg of LPSX was
immersed in each solvent (3.0 mL of EA or 3.0 mL of EA + HB (vol.
ratio)), followed by removal of the solvents at 150 °C for 6 h under
vacuum. All the liquids (EA and HB) and solids (PVdF-HFP and NBR)
used for the slurries were dried using molecular sieves (4 10\, DAEJUNG)
and at 100 °C under vacuum.

Electrode Fabrication: Wet slurries consisting of active materials
(NCM or Gr), LPSX, polymeric binders (PVdF-HFP or NBR), and carbon



K.T. Kim et al. Chemical Engineering Journal 450 (2022) 138047

PVdF-HFP

h 0°C
g 00
PVDF-HFP 40 PVDF-HFP
S 22
e 0% S 351
e = A05E L'SlE ¥ 30
< 30°C 30 > 1.0C 0.7C 0.5C 0.2C
9/100 T T T T o 3 T T T T T
. NBR-vol © o 4.0 NBR-vol
N 0°C >
P [ % 35 -] \
>
3.0 4
T T T T T
0 20 40 60 80 100

Capacity (mAhg™)

i =
] ~
o
o
il \
= 30 1.0C 0.2C
T T T T
0 50 100 150
Capacity (mAh g™)
40 2 MPa
K 0 =
s yEn 0.2C =l o
] 4 1.0C 0.2C 94
= 0.5C > 3.0 { pvdE-HFP 57.7%
< 120 S 0.7C Z
€ 1.0C 5
T 994 4.0 1
2 @
‘c 60+ = R
® S a8
% %01 3.0 1 g
O -Y 7 NBR-vol - 3
0 - . 5 . : , - =:
0 8 6 9 12 0 50 100 150
Cycle number Capacity (mA h g")

Fig. 4. Comparative characterization of NCM electrodes fabricated using PVdF-HFP and NBR-vol. FESEM images of NCM electrodes (without using SEs) fabricated
using (a—c) PVAF-HFP and (d-f) NBR-vol. g) Nyquist plots of NCM/Li-In half cells recorded at 30, 10, and 0 °C. The data were obtained after 10 cycles. h) Discharge
voltage profiles of NCM/Li-In half cells at 0 °C under 70 MPa. i) Schematic illustrating all-solid-state cells operated under a low external pressure of 2 MPa. j)
Discharge voltage profiles of NCM/Li-In half cells at 30 °C, operated under the conventional high external pressure of 70 MPa. k) Rate capabilities and 1) discharge
voltage profiles of NCM/Li-In half cells at 30 °C, operated under a low external pressure of 2 MPa.
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Fig. 5. Results at 30 °C for NCM/Gr all-solid-state full cells employing electrodes comprising the PVdF-HFP binder. a) First-cycle charge-discharge voltage profiles of
pellet-type full cells at 0.2 C. The corresponding cycling performance at 0.2 C for the first four cycles and 0.5C for the subsequent cycles is shown in the inset. b) First-
cycle charge-discharge voltage profiles of 15 x 20 mm? pouch-type full cells at 0.1 C.

additives (Super C65) were prepared to target compositions using EA +
HB cosolvents. The electrode composition (weight ratio) was
75.0:21.0:2.5:1.5, and 60:36:2:2 for the NCM and Gr electrodes,
respectively. For the NCM electrode comprising NBR at an equivalent
volume fraction, the electrode composition was 75.82:21.23:1.52:1.43.
The slurry mixtures were cast on current collectors (carbon-coated Al
and Ni foils for the NCM and Gr electrodes, respectively) using the
doctor-blade method, followed by heat treatment at 150 °C under vac-
uum. The mass loadings of NCM and Gr electrodes were 17.5 and 12.5
mg cm ™2, respectively. To characterize the PVAF-HFP distribution in the
Gr electrode, wet slurries consisting of Gr and PVdF-HFP were prepared
using EA or EA + HB. The electrode composition was 90:10. The slurry
mixtures were cast on Ni foils, followed by heat treatment at 60 °C and
150 °C when using EA and EA + HB, respectively. To determine the
PVAF-HFP and NBR distribution in the NCM electrodes, wet slurries
consisting of NCM and the polymeric binders were prepared using EA +
HB with target compositions of 95:5 and 97.1:2.9 in the case of PVdF-
HFP and NBR, respectively.

Material Characterization: Cross-sections of the Gr electrodes were

obtained by polishing at 6 kV for 6 h, followed by 4 kV for 3 h using an
Ar ion beam (JEOL, IB19510CP). The corresponding FESEM images and
EDXS data were acquired using an AURIGA (Carl ZEISS). To assess the
reactivity between LPSX and solvents, 100 mg of LPSX were immersed in
3 mL of each solvent. The mixtures were stirred at 2000 rpm for 5 min
and dried at 150 °C for 6 h. For the XRD measurements, the samples
were sealed with a beryllium window and mounted on a MiniFlex 600
diffractometer (Rigaku Corp.; Cu Ka radiation of 1.5406 A) at 40 kV and
15 mA. For 1°F nuclear magnetic resonance (NMR) spectroscopy, 80 mg
of PVAF-HFP was dissolved in 600 pL of acetone-dg solvent and analyzed
using an AVANCE III HD 400 (Bruker) [59]. The 19 NMR spectra were
fitted using MestReNova software. For gel permeation chromatography
measurements, PVAF-HFP was diluted in dimethylformamide and
analyzed using an Ultimate 3000 instrument (Thermo Fisher Scientific).

Electrochemical Characterization: The Li-In (nominal composition:
Lig 5In) electrodes, which were used as the counter and reference elec-
trodes were prepared by ball-milling In (Sigma Aldrich, 99 %) and Li
(FMC Lithium Corp.) powders. To fabricate the NCM (or Gr)/Li-In half
cells, the electrodes and Li-In electrodes were placed on each side of the
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pre-pelletized LPSX layers (150 mg) and pelletized at 370 MPa at room
temperature. All procedures were conducted in a poly-
aryletheretherketone (PEEK) mold (1.3 c¢m?) with two Ti metal rods.
Galvanostatic charge-discharge cycling tests were performed at 30 or
0 °C between 3.0 and 4.3 V (vs Li/Li") for the NCM electrodes and be-
tween 0.005 and 2.000 V (vs Li/Li") for the Gr electrodes. The pellet-
type NCM/Gr full cells were fabricated using the same procedure as
that for the half cells, except that Gr was used instead of Li-In. To
fabricate pouch-type NCM/Gr full cells, ~150 um SE films were pre-
pared as described in our previous study [60]. The electrodes and SE
films were stacked and packed into a laminate bag. The laminated bag
was sealed under vacuum and pressurized with isotactic pressing at 450
MPa. Galvanostatic charge-discharge cycling tests for the full cells were
conducted at 30 °C between 3.0 and 4.2 V. The pellet-type all-solid-state
cells were tested at pressures of 70 or 2 MPa. Pouch-type cells were
tested under no external pressure. The EIS data were collected at an
amplitude of 14.1 mV and frequency range from 10 mHz to 7 MHz using
an Iviumstat (IVIUM Technologies Corp.). The GITT measurements were
performed by applying a pulse current of 0.5 C for 60 s and rest for 2 h.
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