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ABSTRACT: All-solid-state batteries (ASSBs) have gained considerable
attention due to their inherent safety and high energy density. However,
fabricating ultrathin and freestanding solid electrolyte membranes for
practical all-solid-state pouch cells remains challenging. In this work,
polytetrafluoroethylene (PTFE) fibrilization was utilized to interweave
inorganic solid electrolytes (SEs) into freestanding membranes.
Representative SE membranes, including Li,PS;Cl, Li;InCl,, and
LigsLa;Zr; ;TaysO,,, demonstrate not only a thickness of 15—20 um
but also high room-temperature ionic conductivity (>1 mS cm™"). All-
solid-state pouch cells with bilayer Li,PS;Cl and Li;InCly membranes
deliver a high capacity of 124.3 mAh g~" at 0.1 C and an initial Coulombic
efficiency of 89.4%. Furthermore, using a 20 gm LLZTO membrane as a
ceramic separator, a solid-state pouch cell with a high-capacity
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LiNig gMn, ;Co,,0, electrode (>3 mAh cm™2) displays both exceptional cycling stability and unprecedented safety. We
believe that this solvent-free technology would be a feasible and cost-effective means of transferring ASSB technology from the

laboratory to the factory.

consumable electronic market for 30 years and have

become a vital source of power for electric vehicles (EVs)
and grid-scale energy storage.l However, conventional LIBs use
flammable liquid electrolytes and combustible organic polymer
separators, which pose a safety risk in use. In addition, their
energy density is gradually approaching their theoretical limits.
Under this circumstance, developing all-solid-state batteries
(ASSBs) by replacing the flammable liquid electrolyte and
organic separator with inorganic solid electrolytes has been
considered a strategic way to enhance energy density and safety
spontaneously.” The past decade has witnessed a rapid
development of various solid-state electrolytes (SEs), such as
polymer electrolytes,® ® sulfide electrolytes,”” oxide electro-
lytes,'" halide electrolytes,"' ™' borohydrides,'® antiperov-
skites,'” and their composites.'>'” Some ASSBs demonstrated
in the laboratory have shown unparalleled electrochemical
performance and unprecedented safety.”®*° Despite these
encouraging advances, the commercialization of ASSBs has
remained stagnant, which is due to the lack of a feasible
technology to fabricate ultrathin inorganic SE membranes
without compromising their high ionic conductivity.”' >

Lithium-ion batteries (LIBs) have dominated the
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To date, two methods have been attempted to fabricate SE
membranes: i.e., high-vacuum deposition and tape casting. The
former includes pulsed laser deposition (PLD), chemical vapor
deposition (CVD), and radio frequency (RF) magnetron
sputtering.””** These high-vacuum deposition techniques,
however, are impractical for the mass production of large-
capacity all-solid-state pouch cells because of their high cost and
low production efficiency. The late technique has been widely
demonstrated to fabricate inorganic ceramic membranes (e.g.,
25—41 pum Ligs,Lag6TiO5>° 75 um Lij 4Aly4Ge, 4(PO,);,°
and bilayer and trilayer Li;La,,5Cag,sZr; 7sNbg,501,°7>%),
inorganic/organic hybrid membranes (e.g, SE in a polymer
matrix (SEPM)** and LigiLa,Zr, (TaysO;, (LLZTO) on PP
separators’’), and pure polymer electrolytes (e.g., PEO/LiTFSI
in PI film’"). In a typical tape-casting process, solvents,
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Solvent-free process for fabricating freestanding inorganic solid electrolyte membrane
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Figure 1. Energy density analysis and illustration of a solvent-free process for fabricating inorganic solid electrolyte membranes. (A) Schematic
of a cylindrical solid-state battery. (B) Calculated gravimetric energy density of all-solid-state batteries with a configuration of NMC811ISEISi-
C-450 as a function of SE membrane thickness from S to 100 gm. (C) Calculated gravimetric energy density of all-solid-state batteries with a
configuration of NMC811ISEILi as a function of SE membrane thickness from § to 100 gm. (D) Schematic of the fabrication process for thin SE

membranes.

dispersants, polymeric binders, plasticizers, and inorganic SE
particles are mixed to form a slurry and then cast on a
substrate.”> However, these polar solvents and binders are
detrimental to SEs, particularly chemically vulnerable sulfide and
halide electrolytes,” " thus greatly reducing their ionic
conductivity. In addition, a large amount of binder used in the
tape-casting process considerably impedes interparticle con-
tacts, thus limiting lithium-ion transport between SE particles.
Furthermore, solvent evaporation necessitates an energy-
intensive heating process, which is undesirable for zero-emission
manufacturing. Given the limitations of the tape-casting and
high-vacuum deposition methods, developing a new and viable
method to fabricate ultrathin inorganic SE membranes remains
crucial and urgent for ASSB commercialization.

In this work, a solvent-free method is reported to fabricate
freestanding and ultrathin inorganic SE membranes. Taking
advantage of polytetrafluoroethylene (PTFE) fibrilization, the
representative sulfide electrolyte LigPS;Cl, halide electrolyte
Li;InCly, and oxide electrolyte LLZTO were fabricated into
large-sheet membranes (8 X 6 cm®) with a thickness of 15—20
pm. It should be emphasized that this thickness is comparable to
that of conventional polymeric separators. Benefiting from the
solvent-free process, the high ionic conductivity of inorganic SEs
(i.e, LigPSsCl and Li;InClg) is well kept over 1 mS cm™. All-
solid-state pouch cells based on bilayer ultrathin LigPS;Cl and
Li;InCly membranes were demonstrated and exhibited impres-
sive electrochemical performance. Furthermore, a practical
solid-state pouch cell based on a high-loading electrode of
LiNiggMny ;Cog;0, (NMC811; 17.1 mg cm™>) presents a
stable cycling performance with an areal capacity of 3 mAh cm ™
We believe the proposed solvent-free method would be a viable
and cost-effective way of transitioning ASSB technology from
the laboratory to the factory.
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Figure 1A illustrates a configuration of a cylindrical ASSB, in
which a SE membrane is sandwiched between a cathode and an
anode. According to the equation 7 = I*/D, where 7 is the Li-ion
diffusion time, ! is the thickness of the SE layer, and D is the
diffusion constant, reducing the thickness of the SE membrane is
crucial for high ionic conductance due to shortening the Li"
diffusion distance and time. Therefore, reducing the thickness of
the SE layer in ASSBs can increase both the energy density and
power density spontaneously.”"*>*** To examine the thick-
ness effect of SEs on the energy density, a numerical analysis was
performed with the representative sulfide electrolyte LiPS;Cl,
halide electrolyte Li;InCly, and oxide electrolyte LLZTO. The
detailed parameters for this numerical calculation are given in
Table S1. When typical LiNiygMn,,;Co,;0, (NMC811) is used
as the cathode and silicon—carbon (Si-C) composites with a
specific capacity of 450 mAh g~' (Si-C-450) as the anode, an
energy density of 280 Wh kg™' can be realized, providing the
thicknesses of LisPSsCl, Li;InClg, and LLZTO go down to 35,
22, and 11 pm, respectively (Figure 1B). Under the same
conditions, the energy density of all-solid-state pouch cells can
increase to 305 Wh kg™" if Si—C composites with a capacity of
600 mAh g~' are used as the anode (Figure S1), suggesting that
increasing the anode capacity is crucial for realizing a high
energy density of ASSBs. Furthermore, if Li metal is used as the
anode, which has been regarded as the ultimate choice of anodes
due to its high theoretical capacity of 3860 mAh.g™" and lowest
electrochemical potential (—3.040 V vs the standard hydrogen
electrode), the energy density of all-solid-state pouch cells can
reach up to 400 Wh kg™, assuming SE membranes with the
same thickness are used (Figure 1C). This numerical analysis
leads to two conclusions. First, the thickness of SE membranes
should be as thin as possible in order to obtain a high energy
density of all-solid-state pouch cells. Second, using high-capacity
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Figure 2. Characterizations of inorganic solid electrolyte membranes. (A) Photo of an LLZTO membrane with a thickness of 20 gm and an area
of 8 X 6 cm?. (B) Photo of a Li;InCls membrane with a thickness of 20 zm and an area of 8 X 6 cm? (C) Photo of a LigPS;Cl membrane with a
thickness of 20 ym and an area of 8 X 6 cm”. (D) Image of a 15 gm LLZTO membrane. (E) Image of a 15 ygm LLZTO membrane showing the
translucent property. (F) Cross-sectional SEM image of a 20 gm LLZTO membrane. (G) EDS mapping of a 20 gm LLZTO membrane.

anodes such as silicon and Li metal can obtain a higher energy
density in comparison to that of traditional liquid-based LIBs.
Therefore, fabricating thin SE membranes, while receiving less
attention, is of foremost significance for practical ASSBs.

With this understanding, a solvent-free process is proposed
herein to fabricate thin and freestanding SE membranes. As
shown in Figure 1D, on the basis of the fibrilization of only 0.5
wt % PTFE, 99.5 wt % SE powder can be easily interwoven into a
malleable and elastic flake, which can be further pressed into a
freestanding membrane with the desired thickness via roll-to-roll
pressing. The whole process is solvent-free, scalable, energy-
efficient, cost-effective, and compatible with the existing LIB
roll-to-roll manufacturing process.40 Representative SEs, includ-
ing the sulfide electrolyte LigPS;Cl, halide electrolyte Li;InCly,
and oxide electrolyte LLZTO, were fabricated and are presented
in Figure 2.

Figure 2A—D shows the photos of freestanding LisPS;Cl,
LisInClg, and LLZTO membranes with large areas of 8 X 6 cm”
and thicknesses of 15—20 um (Figure S2). Interestingly, the
LLZTO membrane becomes translucent when it is pressed to 15
um (Figure 2E). All of the LLZTO particles are interweaved by
PTEFE fibers, which is like a “gabion basket”, as illustrated in the
cross-sectional scanning electron microscopy (SEM) image of a
20 ym LLZTO membrane (Figure 2F). Its EDS mapping
confirms the elemental composition of LLZTO (Figure 2G). To

412

the best of our knowledge, a 15—20 pm inorganic SE membrane
is the thinnest that has been reported so far (Table S2).

Figure 3A—C shows the X-ray diffraction (XRD) patterns of
these SE membranes in comparison with their powder form. A
well-maintained crystal structure implies that the high ionic
conductivity of inorganic SEs is retained. To confirm this, the
ionic conductivity of these SE membranes was further measured
by electrochemical impedance spectroscopy (EIS) (Figure S3).
Although the ionic conductivity of LigPS;Cl powder is as high as
2.4 mS cm™!(Figure 3D), the actual conductance is only 18.9 m$S
due to its thick thickness. Comparatively, the thin Li;PS;Cl
membrane has an ultralow resistance of 1.5 €, which
corresponds to a conductance of up to 666.7 mS. Similarly,
the Li;InCls powder exhibits a high ionic conductivity of 1.5 mS
cm™! but a low conductance of 14.2 mS (Figure 3E), while its
thin membrane has a high conductance of 394.1 mS. The high
conductances of the LigPS;Cl and Li;InCly membranes are
ascribed to two reasons. First, unlike the conventional tape-
casting process, this solvent-free process does not involve any
polar solvents and binders;*""** thus, the crystal structure and
high ionic conductivity of SEs can be well maintained. Second,
only a limited amount (0.5%) of nonpolar PTFE is used; thereby
the blocking effect of polymeric binders on Li-ion transport
between SE particles is considerably minimized."”
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Figure 3. Structural analysis and ionic conductivity of an inorganic solid electrolyte membrane. (A) XRD patterns of LigPS;Cl and its
membrane. (B) XRD patterns of Li;InClg and its membrane. (C) XRD patterns of LLZTO and its membrane. (D) Arrhenius plot of Li;PS,Cl
powder and its membrane. (E) Arrhenius plot of Li;InCl, powder and its membrane. (F) Arrhenius plot of a PP membrane with nonflammable
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Figure 4. Electrochemical performance of all-solid-state pouch cells based on inorganic solid electrolyte membranes. (A) Initial charge—
discharge curves of the freestanding electrode Li;InCl;@LiCoO, (top) and initial § charge—discharge curves of Graphite@LizPS;Cl electrodes
(bottom). (B) Initial 10 charge—discharge curves of ASSBs with a configuration of Li;InCl@LiC00,/Li;InCls+LigPS;Cl/Graphite@LigPS;Cl
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membrane. It should be mentioned that the nonflammable electrolyte was introduced to construct ionic contacts. (E) Energy density
comparison.
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For the 20 ym LLZTO membrane, its high ionic conductivity
cannot be measured via simply cold pressing because of its
mechanical stiffness. Using a high-temperature sintering process
can realize its high ionic conductivity but the flexibility of the
membrane will lose. On the other hand, our recent nail
penetration test indicates that the commercial PP separator is
the weakest part of large-capacity pouch cells."”’ Therefore,
replacing the polymeric PP separator with thermally stable
counterparts is believed to be an effective solution to improve
battery safety. On consideration of its good flexibility and proper
porosity (40—45%), this ultrathin LLZTO membrane can be
used as an ideal ceramic separator with exceptional thermal
stability (Figure S4). Video S1 records the flame test of a
commercial PP separator, which is shrinkable and flammable. In
contrast, the inorganic solid—solid LLZTO membrane is
nonflammable, and no shrinkage occurs during the flame test
(Video S2). To establish lithium-ion transport pathways
between LLZTO membranes and electrodes, the common
strategy is to add some liquid electrolytes or soft polymer
electrolytes.”**> However, conventional carbonate liquid
electrolytes (1 mol L™' LiPF4 in EC/EMC/DMC (1/1/1))
and polymer electrolytes are flammable as well (Video S3),
which compromise the safety of ASSBs if they are added. To
avoid this issue, a novel in-house-developed nonflammable
electrolyte (1 mol LiTFSIin 90% sulfolane and 10% FEC) with a
room-temperature ionic conductivity of 2.785 mS cm™' was
developed (Figure SS and Video S4). In conjunction with
LLZTO membranes, the ionic conductivity can reach 0.52 mS
cm™! (Figure 3F), which is comparable to that of a traditional
polypropylene (PP) separator with the nonflammable electro-
lyte (0.56 mS cm™). Therefore, solid-state pouch cells can be
realized using LLZTO membranes as ceramic separators in the
combination of the nonflammable electrolytes, which also can
enhance battery safety without compromising energy density.

All-solid-state pouch cells with dimensions of 30 mm X 30
mm based on bilayer Li;InCls and LigPS;Cl membranes were
demonstrated. Li;InCl, was used as the catholyte due to its high-
voltage stability (>4.2 V vs Li*/ Li).***" Therefore, the
LizInCly@LiCoO, sheet electrode was also fabricated by the
solvent-free process (Figure S6). The Li;InCl@LiCoO, sheet
electrode delivers a high capacity of 124.3 mAh g~ with a high
Coulombic efficiency of 89.4% (Figure 4A). Similarly, the
graphite@LizPS;Cl sheet electrode was fabricated and delivered
an initial discharge capacity of 395.6 mAh g~' and stabilized at
320 mAh g™' (Figure 4A). The initial Coulombic efficiency is
76.1%, which is due to the LigPS;Cl decomposition by the
graphite.*® All-solid-state pouch cells with a configuration of
Li;InCl;@LiC00,/Li;InClg+LigPS;Cl/ Graphite@LisPSCl)
show an initial capacity of 121.2 mAh g~' and a Coulombic
efficiency of 71.8% (Figure 4B). The capacity was retained at
83.1 mAh g™ after S0 cycles (Figure 4C). The fabricated pouch
cells can successfully light an LED, as shown in the image
inserted in Figure 4C. The successful demonstration of all-solid-
state pouch cells indicates that this dry electrode/electrolyte
technology holds great promise for engineering all-solid-state
pouch cells with inorganic solid electrolytes.

Using the LLZTO membranes as a ceramic separator,
practical pouch cells with high-capacity electrodes (NMC811
(17.1 mg cm™*) and Si-C-450 (8.02 mg cm™?)) were
demonstrated. As shown in Figure 4D, the initial discharge
capacity is 77.6 mAh (188.8 mAh g™') at 0.1 C (1 C =200 mA
g™") and the corresponding areal capacity is 3.094 mAh cm™>.
Moreover, 71.3 mAh (173.6 mAh g™') was discharged at C/3
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and 69.2 mAh (168.3 mAh g') was obtained at 0.5 C.
Furthermore, a high capacity of 65.3 mAh (158.9 mAh g™') was
retained after 250 cycles. The corresponding capacity retention
is as high as 94.4%. The estimated energy density of this
LLZTO-based pouch cell can reach 280 Wh kg™, which
represents the highest level among all the results reported so far
(Figure 4E). In addition, this LLZTO-based pouch cell not only
demonstrated good flexibility but also displayed unparalleled
safety (Video S5 and Video S6). Impressively, it still can light an
LED even when it is cut into small pieces (Video S7). The safety
evaluation suggests using LLZTO membranes to replace
conventional organic separators can significantly increase safety
without compromising their energy density.

In summary, this work demonstrated a solvent-free method
for fabricating solid-state pouch cells with ultrathin inorganic SE
membranes. The solvent-free process is scalable, cost-effective,
energy-efficient, environmentally friendly, and compatible with
the existing roll-to-roll fabrication technology. Representative
inorganic solid electrolytes, including oxide electrolytes
(LLZTO), sulfide electrolytes (LizPS;Cl), and halide electro-
lytes (Li;InClg), were fabricated into freestanding membranes
with a thickness of 15—20 ym and dimensions of 8 X 6 cm?.
Their structure is just like that of a “gabion basket”, with all of the
inorganic particles interwoven by PTFE fibers. Given its
generality, this solvent-free method can be exploited further to
fabricate other kinds of inorganic membranes, such as sodium-
ion conductors (e.g, Na;SbS,) and common metal oxides (e.g.,
Si0,). All-solid-state pouch cells with bilayer Li;InCls and
LigPS;Cl membranes were demonstrated and exhibited
satisfactory electrochemical performance. Furthermore,
LLZTO membrane-based pouch cells demonstrated not only
superior electrochemical performance but also impressive safety.
We believe the proposed solvent-free approach could be a viable
technology that ensures a smooth transition of solid-state
batteries from laboratory research to factory manufacturing,
representing a substantial leap toward commercialization.
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