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ctrochemical performance with
functionalized dry electrodes for practical all-solid-
state batteries†

Dongsoo Lee and Arumugam Manthiram *

All-solid-state batteries (ASSBs) have garnered significant attention due to their superior safety and energy

density in comparison to conventional Li-ion batteries (LIBs) that utilize liquid electrolytes. For the practical

implementation of ASSBs, the fabrication of sheet-type electrodes is highly desirable. Nevertheless, the

development of such sheet-type electrodes poses significant challenges due to the limited chemical

stability of sulfide solid electrolytes (SEs) when exposed to commonly used solvents for the slurry-based

wet coating electrode. Dry electrodes with polytetrafluoroethylene (PTFE) as a binder are widely

employed in ASSBs, but they suffer from limitations in Li+ conductivity due to the insulating nature of

PTFE. Here, we introduce a functionalized dry electrode (FDE) incorporating solvate-ionic-liquid

infiltrated ethyl cellulose as a binder. The FDE prepared with the LiNi0.8Mn0.1Co0.1O2 cathode

demonstrates a high reversible capacity of 181 mA h g−1 and outstanding electrochemical performance

at room temperature in ASSBs. Even with a high areal capacity of 10 mA h cm−2, a stable cycle

performance is achieved with the FDE over 150 cycles. This study presents a novel and practical

approach for the development of solvent-free dry electrodes for use in ASSBs.
Introduction

With the rapidly expanding electric vehicle (EV) market, there is
an urgent need for the development of all-solid-state Li batteries
(ASSBs) due to their inherent advantages of superior safety and
high energy density in contrast to conventional Li-ion batteries
(LIBs).1 The incorporation of inorganic solid electrolytes (SEs) as
an indispensable component enables the utilization of Li metal
anodes and high energy density cathodes, thereby augmenting
energy density.2 Leading-edge sulde SE materials, such as
Li9.54Si1.74P1.44S11.7Cl0.3 and Li6.6Si0.6Sb0.5S5I, have achieved
exceptionally high Li+ conductivity over 10 mS cm−1 at room
temperature, and ASSBs employing these materials have
demonstrated outstanding electrochemical performances
comparable with their liquid counterparts.3,4 Furthermore, the
sulde SEs have a signicantly low Young's modulus, which
enables facile densication at room temperature.5

From a commercialization perspective concerning sulde
SEs, there is a preference for the fabrication of sheet-type
electrodes.6–8 Sheet-type electrodes can facilitate scalable
production of ASSBs through roll-to-roll or lamination and
stacking processes.9 Additionally, the utilization of a polymeric
binder in conjunction with sheet-type electrodes can effectively
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mitigate the stress and strain resulting from the chemo-
mechanical degradation incurred during repetitive charging
and discharging cycles.10,11 However, it is worth noting that the
development of sheet-type electrodes presents signicant chal-
lenges due to the limited chemical stability of sulde SEs in
ASSBs.12,13 This issue arises from the inherent chemical reac-
tivity of sulde SEs, which renders them incompatible with
polar solvents.14 Even nonpolar solvents, such as toluene, have
been found to negatively impact the Li+ conductivity of sulde
SEs.15

There have been successful achievements in the fabrication
of sheet-type electrodes through a slurry-based wet coating
process. The cathode prepared with acrylonitrile butadiene
rubber (NBR) as a binder and para-xylene as a nonpolar solvent
exhibited stable cycling performance with no signicant side
reaction.16 Furthermore, when employing a cathode prepared
with a solvate-ionic-liquid (SIL) based polymeric binder and
dibromomethane as a solvent, outstanding enhancements in
both cycle and rate performances have been achieved.17 Never-
theless, it is essential to recognize that these solvents are not
environmentally benign and exhibit suboptimal solubility
and(or) dispersibility with polymeric binders.18–20 Moreover, the
emerging dry electrode technique presents distinct advantages
when compared to the slurry-based wet coating electrode,
encompassing environmental sustainability, cost-effectiveness,
chemical compatibility, and production efficiency.21 As
a consequence, sheet-type electrodes via a dry electrode process
have demonstrated outstanding electrochemical properties,
J. Mater. Chem. A, 2024, 12, 3323–3330 | 3323

http://crossmark.crossref.org/dialog/?doi=10.1039/d3ta05631g&domain=pdf&date_stamp=2024-02-01
http://orcid.org/0000-0003-0237-9563
https://doi.org/10.1039/d3ta05631g
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ta05631g
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA012006


Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

3.
8.

20
25

 0
4:

05
:0

6.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
eliminating the possibility of side reactions between sulde SEs
and the solvent.22,23 Nevertheless, it is worth noting that sheet-
type electrodes utilizing polytetrauoroethylene (PTFE) as
a binder suffer from limitations in Li+ conductivity due to the
electrically and ionically insulating characteristics of PTFE.

In this study, we report a functionalized dry electrode by
a solvent-free dry manufacturing process for ASSBs. PTFE is
employed to fabricate freestanding sheet-type electrodes inte-
grating solvate-ionic-liquid (SIL) inltrated ethyl cellulose (EC)
as a functionalized dry binder system. The functionalized dry
electrode (FDE) prepared with an LiNi0.8M0.1C0.1O2 (NMC-811)
cathode demonstrates markedly enhanced electrochemical
performance in terms of cyclability and rate capability. Upon
careful examination, we reveal that the NMC-811 cathode
prepared with only SIL without EC shows limited electro-
chemical performance in ASSBs. In contrast, the FDE-incorpo-
rating SIL-inltrated EC exhibits outstanding cycle
performance, even at a high areal capacity of 10 mA h cm−2

(50 mg of NMC-811 cm−2) in ASSBs. It should be noted that
these outstanding electrochemical properties are achieved
through the solvent-free dry electrode manufacturing process
tailored for ASSBs.

Experimental
Synthesis

Li6PS5Cl (LPSX) was synthesized through a mechanochemical
reaction. Specically, a mixture, comprising 1.6958 g of LiCl
(99.9%, Sigma-Aldrich), 2.2976 g of Li2S (99.9%, Sigma-Aldrich)
and 2.2230 g of P2S5 (99.99%, Sigma-Aldrich), was ball milled in
a ZrO2 milling jar with ZrO2 balls at 500 rpm for a duration of
20 h. Subsequently, the mixture was calcined at 500 °C for 5 h in
an Ar atmosphere. LiNi0.8Mn0.1Co0.1O2 was synthesized with
a coprecipitation method, as described in a previous report.24

Preparation of dry electrodes

To prepare the freestanding reference cathode, NMC-811, LPSX,
vapor grown carbon nanobers (VGCF, Sigma-Aldrich), and
PTFE (Sigma-Aldrich) were mixed with a mortar and pestle in
a weight ratio of 70 : 27 : 2 : 1 and then rolled with a stainless
steel rod. For the fabrication of the FDE, SIL was prepared by
mixing lithium bis(triuoromethanesulfonyl)imide (LiTFSI,
Sigma-Aldrich) and tetraethylene glycol dimethyl ether (G4,
Sigma-Aldrich) in a 1 : 1 molar ratio. Then, NMC-811, LPSX,
VGCF, PTFE, EC (Sigma-Aldrich), and SIL were mixed with
a mortar and pestle in a weight ratio of 70 : 25 : 2 : 0.5 : 0.5 : 2
and rolled with a stainless steel rod.

Material characterization

To investigate the morphologies of the cycled cathodes, scan-
ning electron microscopy (SEM) images were observed with an
Apreo 2 SEM system. The crystal structure of the materials was
analyzed with powder XRD (Rigaku Miniex 600), utilizing Cu
Ka radiation at room temperature. Raman spectra were
collected with an Alpha 300 Witec Micro-Raman spectrometer.
To characterize the interphase between the cathodes and solid
3324 | J. Mater. Chem. A, 2024, 12, 3323–3330
electrolytes, X-ray photoelectron spectrometry (XPS) was
employed with Kratos equipment. The binding energy was
calibrated with the reference C 1s peak at 284.8 eV, and CasaXPS
soware was employed for spectral analysis.
Electrochemical characterization

To assemble ASSBs, the freestanding cathode was placed in
custom-made stainless-steel cells (12.7 mm diameter) and
subjected to a pressure of 350 MPa. Subsequently, 150 mg of
LPSX powder was evenly distributed onto the cathode pellet and
pressed at 385 MPa. Then, Li0.5In metal foil was affixed to the
LPSX side. The ASSBs were assessed at a voltage range of 4.3–
2.5 V (vs. Li/Li+) with an external stack pressure of 20 MPa. The
electrochemical performance was evaluated with an Arbin
cycler. Electrochemical impedance spectroscopy (EIS) data were
observed in a frequency range of 1 MHz to 50 mHz with an
amplitude of 50 mV using a potentiostat (BioLogic). The gal-
vanostatic intermittent titration technique (GITT) measure-
ments were carried out with a pulse current at 0.2C rate (0.8 mA
cm−2) and resting for 1 h. According to the GITTmeasurements,
the Li+ diffusion coefficient was calculated using the following
equation:

DLiþ ¼ 4

ps

�
mNMCVNMC

MNMCS

�2�
DEs

DEs

�2�
s � L2

�
D
�

where DLi+ is the Li+ diffusion coefficient, S is the specic
surface area of NMC-811 (0.55 m2 g−1),25 s is the pulse duration,
DEs is the steady-state voltage variation, DEt is the transient
voltage variation, mNMC is the mass of NMC-811 (25.3 mg),
MNMC is the molecular weight of NMC-811 (97.28 g mol−1), and
VNMC is the molar volume of NMC-811 (20.33 cm3 mol−1).26 To
determine the electronic conductivity, ionic blocking cells
(SSjcathodejSS) were assembled. The freestanding cathode was
positioned within a PEEK cylinder and subjected to a pressure
of 350 MPa. A constant voltage of 500 mV was applied for
120 min. For the measurement of Li+ conductivity of cathodes,
electron blocking cells (Li0.5InjLPSXjcathodejLPSXjLi0.5In) were
constructed. Specically, the freestanding cathode was placed
inside a PEEK cylinder and pressed at 350 MPa with stainless
steel rods. Aerward, 100 mg of LPSX powder was evenly spread
over both sides of the cathode pellet and pressed at 385 MPa.
Then, Li0.5In was attached to both sides and subjected to
a pressed of 50 MPa.
Results and discussion

SIL, a salt–solvent complex comprising a Li salt and glyme,
boasts distinctive attributes, such as remarkable thermal
stability, enhanced Li+ transport, and high oxidation
stability.27,28 Notably, the exceptional thermal stability and Li+

conductivity of SIL contributes to improved battery safety and
electrochemical performance when incorporated into ASSBs.29

In this study, LiTFSI as a Li salt and G4 as a solvent were
employed to prepare the SIL of Li(G4)TFSI. Additionally, EC was
introduced in conjunction with SIL to functionalize the elec-
trodes with high Li+ conductivity. Cellulose based polymers
This journal is © The Royal Society of Chemistry 2024
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have gained widespread application as binders due to the
adhesive and dispersive properties in LIBs.30,31 In the FDE, SIL
plays a role in boosting Li+ conductivity and EC functions as an
immobilizer of SIL.

LPSX powder and LPSX sheets with PTFE and SIL-inltrated
EC were prepared to investigate the inuence of the binder on
the Li+ conductivity of Li6PS5Cl (LPSX). Fig. 1a displays the XRD
patterns of LPSX powder and freestanding sheets. All three
LPSX samples exhibit the characteristic XRD peaks of lithium
argyrodite sulde solid electrolyte (JCPDS card no. 418490).32

The LPSX sheets prepared with PTFE and SIL inltrated EC
display additional diffraction peaks corresponding to the (108)
and (210) planes, which are indicative of the presence of PTFE
known as a representative polymer with a crystalline phase.33

Apart from those peaks, the XRD patterns of both freestanding
LPSX sheets remained the same as that of the LPSX powder,
which demonstrates the compatibility of LPSX and SIL inl-
trated EC without the formation of impurities. To conrm the
Li+ conductivity, electron blocking cells were assembled and
their electrochemical impedance spectroscopy (EIS) was
measured, as shown in Fig. 1b and c. The pristine LPSX powder
Fig. 1 (a) XRD patterns of LPSX powder and sheets. (b) Nyquist plots m
conductivity. Raman spectra of EC and SIL in the range of (d) 700 to 95
cathode and FDE. (g) Nyquist plots of the electron-blocking cells (Li0.5
Current vs. elapsed time of the ionic-blocking cells (SSjcathodejSS) for
conductivities for the reference cathode and FDE.

This journal is © The Royal Society of Chemistry 2024
exhibits a high Li+ conductivity of 1.6 mS cm−1, which is
comparable to the values in the literature.34 In contrast, the
freestanding LPSX sheet with PTFE has an approximately one
order lower Li+ conductivity of 0.46 mS cm−1, which is attrib-
uted to the insulating nature of PTFE.17 In contrast to this, the
freestanding LPSX sheet with SIL-inltrated EC demonstrates
an elevated Li+ conductivity of 1.2 mS cm−1 due to the presence
of SIL inltrated EC. The above results suggest that SIL-
inltrated EC could function as a Li+ conducting binder,
enhancing the electrochemical properties in ASSBs without
inducing side reactions.

Fig. 1d and e show the Raman spectra of EC in the presence
and absence of SIL. The characteristic peak observed at
741.6 cm−1 is attributed to Li(G4)TFSI coordinating ion pairs,
without the presence of molecules existing in a free state, such
as those found in dilute liquid electrolyte.35 When SIL was
introduced into EC, SIL could effectively permeate EC and
a distinct peak at 741.6 cm−1 was observed. In addition, the
peak located at 1244 cm−1 indicates the presence of G4 mole-
cules coordinated with Li+.36 EC with SIL shows a slightly
increased peak at 741.6 cm−1. These results indicate that there
easured with electron-blocking cells and (c) their corresponding Li+

0 cm−1 and (e) 1200 to 1300 cm−1. (f) XRD patterns of the reference
InjLPSXjcathodejLPSXjLi0.5In) for the reference cathode and FDE. (h)
the reference cathode and FDE. (i) Corresponding Li+ and electronic

J. Mater. Chem. A, 2024, 12, 3323–3330 | 3325

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ta05631g


Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

3.
8.

20
25

 0
4:

05
:0

6.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
is no specic chemical interaction between the components,
and SIL is coordinated as an ion pair. In contrast, when SIL is
introduced into EC PTFE, it only shows the characteristic peak
at 735 cm−1, which is ascribed to the symmetric stretching
vibration of CF2, and the peaks at 1218 and 1244.5 cm−1

correspond to the bending vibrations of C–F–C groups involving
slight deformations of the bond angles (Fig. S1†).37,38 SIL has
poor wettability in PTFE due to its high hydrophobicity.

The XRD patterns of the cathode reveal the typical NMC-811
peaks with a high intensity peak at 18° corresponding to the
(003) reection of NMC, indicating the a-NaFeO2 structure
(Fig. S2†).24 To investigate the electronic and ionic conductivity
of cathodes, freestanding dry electrodes were fabricated with
NMC-811 as a cathode active material (Fig. S3†). The reference
cathode prepared with PTFE and the FDE show no perceptible
difference, showing only NMC and LPSX peaks as shown in
Fig. 1f. The result demonstrates that there is no chemical
reaction between the components in the FDE. To assess the Li+

conductivity of cathodes, electron-blocking cells (Li0.5-
InjLPSXjcathodejLPSXjLi0.5In) were assembled, and their EIS
data were collected (Fig. 1g). The overall semicircles in the EIS
represent the Li+ resistance of the composite cathodes. In
addition, Li+-blocking cells composed of stainless steel (SS)j
cathodejSS were employed to evaluate the electronic conduc-
tivity of cathodes through the DC polarization method (Fig. 1h).
The calculated Li+ and electronic conductivities of cathodes are
presented in Fig. 1i. The reference cathode and the FDE show
similar electronic conductivities of 3.4 × 10−3 and 3.5 ×

10−3 S cm−1, respectively. However, the FDE displays a notably
higher Li+ conductivity of 4.2 × 10−5 S cm−1 compared to the
reference cathode (1.7 × 10−5 S cm−1). The SIL-inltrated EC
could improve the Li+ conductivity of the FDE, which can boost
the electrochemical performance of ASSBs.

To evaluate the electrochemical performance, ASSBs con-
sisting of cathodejLPSXjLi0.5In were assembled. Fig. 2a shows
the discharging rate performances of cathodes, evaluated up to
2C rate. The areal mass loading of NMC-811 was 20 mg cm−2

corresponding to the areal capacity of 4 mA h cm−2 for both
electrodes. All cells were charged at the same current density of
0.4 mA cm−2 (0.1C). In the initial cycles, the FDE exhibits a high
capacity of 181 mA h g−1 with a high coulombic efficiency of
80.1% compared to the reference cathode (149 mA h g−1 and
77.7%). The reference cathode exhibits fast capacity fade at 1C
rate, but subsequently recovers when the rate is reduced to 0.1C
rate. In contrast, the FDE exhibits outstanding rate performance
up to 2C rate, showing high capacities of 140mA h g−1 at 1C rate
and 88 mA h g−1 at 2C rate. The voltage proles reveal lower
polarization in the FDE compared to the reference cathode
(Fig. 2b and c). The improved rate capability of the FDE can be
attributed to the high Li+ conductivity facilitated by SIL-
inltrated EC. The cycle performances of the cathodes were
evaluated at 0.2C rate following the initial formation cycle at
0.05C rate and two additional cycles at 0.1C rate. The FDE
exhibits outstanding cycle performance over 300 cycles
compared to that of the reference cathode (Fig. 2d). The capacity
retention of the FDE is 79.9% and 74.0% aer 200 and 300
cycles, respectively. In contrast, the reference cathode displays
3326 | J. Mater. Chem. A, 2024, 12, 3323–3330
gradual capacity degradation with the capacity retentions of
57.8% and 52.1% aer 200 and 300 cycles, respectively. The
excellent cycle performance could originate from the highly Li+

conductive dry binder system and a uniform current distribu-
tion within the FDE. The SEM images aer 200 cycles show
distinct differences in the morphologies of the reference
cathode and FDE compared to their pristine morphologies
before cycling (Fig. S4†). The reference cathode exhibits severe
microcracks and particle rupture, which is primarily attributed
to the inhomogeneous contact and consequent non-uniform
current distribution. In contrast, the FDE shows no noticeable
microcracks, retaining its original morphology. The formation
of microcracks signicantly impacts the electrochemical
performance by disrupting the Li+ pathway and promoting
inhomogeneous current distribution in ASSBs. Furthermore,
the FDE with a low SIL content presents enhanced electro-
chemical properties compared to those of the reference cathode
(Fig. S5†). Considering the energy density of the cathode, the
preparation of the electrode with higher SIL content was
excluded in this study. The unique characteristics of the FDE
with high Li+ conductivity could be benecial to the homoge-
neous current distribution and fast Li+ transport. This, in turn,
contributes to the preservation of particle integrity, preventing
the formation of microcracks during cycling.

The EIS of cathodes was observed to examine the interfacial
resistances aer 50 cycles (Fig. 2e). Both cathodes exhibit
similar ohmic resistances (Rs) and cathode–electrolyte inter-
phase resistance (RCEI), as detailed in Table 1. However, there is
a signicant difference in the charge-transfer resistance (RCT).
The FDE exhibits a low RCT of 83.6 U, whereas the reference
cathode shows a substantially higher RCT of 363.6 U. The
discharge voltage prole and the corresponding polarization
observed by the galvanostatic intermittent titration technique
(GITT) are presented in Fig. 2f. A lower polarization for the FDE
is observed compared to the reference cathode at a current
density of 0.2C rate in the entire region. Based on the GITT
results, the Li+-ion diffusivity in the reference cathode and the
FDE was calculated, as shown in Fig. 2g. The Li+-ion diffusion
coefficients in the FDE are higher than those in the reference
cathode in all voltage regions. These results indicate that
implementing the FDE system can enhance the electrochemical
performance by facilitating the charge-transfer kinetics, which
can be attributed to the increased Li+ conductivity and the
intimate contact. Furthermore, a distinct semicircle is observed
in the cathode symmetric cell prepared with the reference
cathode with SIL, which implies the formation of an interfacial
resistive layer of LPSX with SIL (Fig. 2h).39 In contrast to this, the
symmetric cell prepared with the FDE only shows the diffusion
tail. The NMC-811 cathode prepared with PTFE and SIL initially
exhibits improved capacities comparable to those of the FDE
(Fig. S6†). However, the cathode prepared with PTFE and SIL
shows rapid capacity degradation compared to the FDE.
Generally, it is known that SIL is compatible with sulde SE
materials.17 Therefore, the poor cycle performance of the
cathode with PTFE and SIL could be attributed to the limited
affinity between PTFE and SIL because SIL can be mobile and
not act as a conducting bridge in the cathode composite. These
This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) Rate capability of the reference cathode and FDE up to 2C rate. Voltage profiles at various rates for (b) the reference cathode and (c)
FDE. (d) Cycle performance at 0.2C rate at room temperature. (e) Nyquist plots after 50 cycles. (f) Voltage profiles obtained fromGITT at 0.2C rate
and (g) corresponding Li+-ion diffusion coefficients of the reference cathode and FDE. (h) Nyquist plots of the symmetric cathode cells. All
cathodes were prepared with an areal capacity of 4 mA h cm−2 (20 mg of NMC-811 cm−2).

Table 1 Resistance parameters of the reference cathode and FDE
after 50 cycles

Rs RCEI RCT

Ref. 34.2 49.2 363.6
FDE 30.4 52.2 83.6
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ndings suggest that EC can function as an immobilizer of SIL,
thereby serving as an effective conducting bridge in the cathode
in ASSBs.

The in situ EIS at the initial cycle was measured to under-
stand the interfacial resistance (Fig. 3a–c). The reference
cathode and FDE present a similar trend during the initial cycle,
with an increase in the overall resistance up to the fully charged
state of 4.3 V (vs. Li/Li+). However, the FDE exhibits signicantly
lower resistances during charging and discharging compared to
those of the reference cathode. The improved charge-transfer
kinetics attributed to the FDE can lead to the enhanced elec-
trochemical performance characterized by a low interfacial
This journal is © The Royal Society of Chemistry 2024
resistance. To investigate the interfacial degradation of the
cathodes, XPS measurements were conducted. Fig. 3d and e
display the S 2p spectrum of the reference cathode and FDE
aer 50 cycles. In both cathodes, the main doublet appears at
161.5 eV, corresponding to LPSX.3 The additional doublet peaks
observed at 162.8 eV and 163.5 eV correspond to the oxidized
sulfur species resulting from the decomposition of LPSX.40

Furthermore, the double peaks at 167.1 eV and 169.6 eV indi-
cate the presence of sulte and sulfate, which are associated
with the side reactions between NMC-811 and LPSX due to their
chemical incompatibility.41 Fig. 3f and g present the P 2p
spectrum of the reference cathode and FDE aer 50 cycles. The
double peaks at 132.9 and 133.8 eV indicate the presence of P2Sx
species.42 In addition, doublet peaks at 133.9 and 134.7 eV were
observed, which can be assigned to phosphates resulting from
the incompatibility of the layered oxide cathode and LPSX.
Overall, the reference cathode and FDE exhibit typical inter-
phase layers related to the layered oxide cathode and sulde SE
aer cycling. Nevertheless, the FDE exhibits a less pronounced
formation of the resistive layers, a feature that can positively
inuence the improved electrochemical properties.
J. Mater. Chem. A, 2024, 12, 3323–3330 | 3327
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Fig. 3 (a) Initial voltage profiles of the reference cathode and FDE.
Nyquist plots of (b) the reference cathode and (c) FDE at the first cycle.
XPS spectra of the S 2p core-level regions of (d) the reference cathode
and (e) FDE after 50 cycles. XPS spectra of the P 2p core-level regions
of (f) the reference cathode and (g) FDE after 50 cycles.

Fig. 4 (a) Initial voltage profiles and (b) cycle performance of the
reference cathode and FDE at 0.1C at room temperature. All cathodes
were prepared with an areal capacity of 10mA h cm−2 (50mg of NMC-
811 cm−2).

Fig. 5 Schematic illustration of (a) the conventional cathode with an
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To demonstrate the practical use of the FDE, the electrodes
were prepared with a high areal capacity of 10 mA h cm−2

(50 mg of NMC-811 cm−2) and evaluated at 0.1C rate. With the
increase in areal capacity, the reference cathode exhibits a low
initial discharging capacity of 119 mA h g−1 with a coulombic
efficiency of 78.2% due to the elevated overpotentials caused by
the longer Li+ diffusion pathway, as shown in Fig. 4a. In
contrast, the FDE exhibits a notably higher initial discharging
capacity of 166 mA h g−1 with a higher coulombic efficiency of
80.6%. Furthermore, the FDE shows outstanding cycle perfor-
mance with a high capacity retention of 80.1% aer 150 cycles,
as shown in Fig. 4b. On the other hand, the reference cathode
shows a gradual capacity degradation, showing a capacity
retention of 47.9% aer 150 cycles. The particle contacts within
the cathode are of paramount importance for achieving optimal
electrochemical performance in ASSBs. The conventional cath-
odes employing insulating binders, such as PTFE, encounter
multiple challenges, including contact loss, inhomogeneous
current distribution, sluggish Li+ transport, and particle
ruptures, resulting in poor electrochemical performances
(Fig. 5). In contrast, the FDE incorporating SIL-inltrated EC
3328 | J. Mater. Chem. A, 2024, 12, 3323–3330
addresses these issues by enhancing the effective contact area
through the intimate contact and facilitating Li+ transport,
enabling a uniform current distribution. The reversible
ionically insulating binder and (b) FDE.

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Comparison of the initial discharge capacity (mA h g−1) and
areal capacity (mA g cm−2) in this work with those of other ASSBs.
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discharge capacity (mA h g−1) and areal capacity (mA h cm−2) of
the FDE are outstanding compared to those in previous reports
(Fig. 6).
Conclusions

In this study, we demonstrated FDEs featuring SIL-inltrated
EC via a solvent-free dry process in ASSBs. The freestanding
LPSX sheet with SIL-inltrated EC exhibited excellent Li+

conductivity and demonstrated good chemical compatibility.
The unique attributes of the FDE could enable enhanced
charge-transfer kinetics as well as increased effective contact
area in ASSBs. With these benets, the FDE exhibited remark-
able cycle and rate performance in ASSBs. Furthermore, we
demonstrated outstanding cycle performance of the FDE, even
under the challenging conditions of an extremely high areal
capacity of 10 mA h cm−2 over 150 cycles in ASSBs. We believe
that this approach can provide valuable insights into the
development of solvent-free cathodes for high performance
ASSBs.
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