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Fabrication of Ultrathin Solid Electrolyte Membranes of f-
LisPS; Nanoflakes by Evaporation-Induced Self-Assembly for
All-Solid-State Batteries

Hui Wang,l’* Zachary D. Hood,l’2 Younan Xia,2’3’4 Chengdu Liangl’*

All-solid-state lithium batteries are attractive candidates for next-generation energy storage devices because of their
anticipated high energy-density and intrinsic safety. Owing to their excellent ionic conductivity and stability with metallic
lithium anode, nanostructured lithium thiophosphate solid electrolytes such as f-LisPS, have found use in the fabrication
of all-solid lithium batteries for large-scale energy storage systems. However, current methods for preparing air-sensitive
solid electrolyte membranes of lithium thiophosphates can only generate thick membranes that compromise the battery’s
gravimetric/volumetric energy-density and thus its rate performance. To overcome this limitation, the solid electrolyte’s
thickness needs to be effectively decreased to achieve ideal energy-density and enhanced rate performance. Herein, we
show that the evaporation-induced self-assembly (EISA) technique produces ultrathin membranes of lithium
thiophosphate solid electrolyte with controllable thicknesses between 8-50 um while maintaining the high ionic
conductivity of f-LisPS, and stability with metallic lithium anode up to 5 V. It is clearly demonstrated that the facile EISA
approach allows for the preparation of ultrathin lithium thiophosphate solid electrolyte membranes for all-solid-state

batteries.

Introduction

Rechargeable batteries employing metallic Li
anode attract strong research interest because of their
high theoretical capacity (3,860 mAh g™) and the
lowest electrochemical potential.”” Batteries that
employ organic liquid electrolytes suffer from Li
dendrite growth, which results in serious problems
such as short-circuiting, poor cycling performance, and
unavoidable safety hazards. Switching to solid
electrolytes provides a viable solution to construct
safer and longer-lasting batteries. The solid
electrolyte’s mechanical integrity can prevent the
penetration of Li dendrites while its thermal stability
eliminates crucial safety concerns associated with
conventional liquid electrolytes.>

An all-solid-state lithium battery consists of
three indispensable components: a Li metal anode, a
cathode, and a solid electrolyte. The solid electrolyte is
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crucial in a solid-state battery since it plays the dual
roles of transporting Li ions and separating electrodes.
As a result, the solid electrolyte directly determines the
energy-density of a battery as well as the battery’s rate
performance and cyclability. Sulfide-based materials
are finding widespread use as solid electrolytes
because of their potential higher ionic conductivities
than oxides at room temperature.”®’ Higher ionic
conductivities allow the large-scale energy storage
systems to perform more efficiently. Nanostructured
lithium thiophosphate solid electrolytes such as f-LizPS,
have excellent ionic conductivity and stability with
metallic lithium anode, which render these electrolytes
as promising candidates for large-scale applications.
Though f-LisPS, has a plethora of ideal properties for
solid-state battery applications, it is still hard to process
this material as thin membranes.

Thick  solid electrolyte pellets largely
deteriorate the performance in solid-state batteries
and pose a huge challenge for the commercialization of
such batteries. Multiple difficulties are presented in
synthesizing thin solid electrolyte membranes for all-
solid-state batteries, primarily due to the lack of
efficient and inexpensive solid electrolyte processing
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methods. Traditional cold/warm pressing approaches
are easy to operate, but usually result in pellets with
hundreds of micrometers in thickness.”®® Other thin
film techniques—such as pulsed laser deposition (PLD)
and radio frequency (RF) magnetron sputtering—are
appropriate for depositing amorphous solid electrolyte
films of oxide-based materials but may not be cost-
effective for air- or moisture- sensitive sulfide-based
solid electrolytes.”*®*"** Therefore, the exploration of

convenient, low-cost techniques is wurgent for
producing thin sulfide-based solid electrolyte
membranes.

Herein, we demonstrate that evaporation-
induced self-assembly (EISA) can be utilized to produce
additive-free, solid electrolyte membranes from p-
LisPS, nanoflakes with controllable thicknesses between
8-50 um. This technique has a number of advantages,
including ease of operation, low cost, and high
reproducibility.”>** As such, EISA has been recognized
as one of the most efficient and facile routes to prepare
ordered nano/micro  structures.”'**  To  our
knowledge, this work represents the first attempt to
apply EISA to the preparation of ultrathin solid
electrolyte membranes for all-solid-state batteries.

Experimental Section

Synthesis of p-LisPS, Nanoflakes: Li,S (Alfa Aesar,
99.9%) and P,S; (Sigma-Aldrich, 99%) with a
stoichiometry of 3 to 1 were mixed in anhydrous
acetonitrile (ACN, Sigma-Aldrich, >99.8%) at room
temperature. A white precipitate was observed after
the mixture was stirred for 48 h. After vacuum
filtration, the obtained precipitate was treated at 80 °C
to remove excess solvent, yielding LisPS;2ACN. Further
heat treatment at 200 °C produced a pure phase of S-
LizPS,. Considering lithium thiophosphate’s sensitivity
to air, all the experimental procedures were carried out
in an argon-filled glove box.

EISA membrane preparation: Pure f-LisPS, powder was
dispersed in ACN solvent to form a fine suspension. A
thin S-LisPS; membrane was obtained by dip-coating Ni
foil in the suspension followed by step-wise heat
treatment at 80°C and 200°C under vacuum to remove
ACN complexed with LisPS;. The membrane thickness
was tuned by varying the suspension concentrations
(0.16 M, 0.25 M, and 0.4 M). In addition, thicker
membranes were also obtained by repeating the dip-
coating process. The thicker p-LisPS; membranes
(>30 um) could be peeled from the Ni substrate to form
freestanding films, however, a full piece (1/2 inch) of
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the substrate-free membrane is still difficult to obtain.
Therefore, a 50 pm substrate-free f-LisPS, membrane
was pressed with  f-LisPS,  nanoflakes  for
electrochemical evaluation on the stability between
metallic lithium anode and the thin solid electrolyte
membranes.

Structural and electrochemical characterizations:
Crystallographic phase identification was conducted
using a PANalytical X'pert Pro Powder Diffractometer
with a Copper Ka line. Samples for XRD analysis were
prepared in a glovebox on zero background slides
sealed with Kapton® films. SEM images of [-LisPS, thin
films from EISA (on Ni substrate without pressing) were
obtained using a field-emission scanning electron
microscope (FE-SEM, Zeiss Merlin) equipped with a
specially designed stage for handling air-sensitive
samples. lonic conductivity and Arrhenius activation
energy measurements were completed using S-LisPS,
membranes (diameter 12.5 mm, thickness =30 um)
pressed with carbon-coated aluminum foil as the
blocking electrodes. For the Arrhenius activation
energy measurements, the temperature was controlled
from 25 °C to 100 °C in a temperature-controlled
chamber (Maccor, 0.5 °C). Electrochemical impedance
spectroscopy (EIS) measurements were taken using a
1260 Solartron Frequency Response Analyzer between
1 MHz and 0.1 Hz at amplitude of 100 mV. Swagelok”
cells were used to complete all cyclic voltammetry (CV)
and cycling performance measurements. For the CV
measurements, thin f-LisPS, membranes (diameter is
12.5 mm, thickness =50 um) were cold-pressed at 200
MPa and Li foil and Pt foil were carefully attached on
each side. The Li/f-LisPS4/Pt cell was carried out at a
rate of 100 mVs ' between -0.2 and 5 V vs. Li/Li* at
room temperature using a Bio-Logic VSP multi-channel
potentiostat. For the symmetric cells, a p-LisPS,
membrane (12.5 mm in diameter, ~50 um in thickness)
was pressed and then two Li foils (7 mg) were carefully
attached to both sides, respectively. The Li/f-LisPS,/Li
symmetric cell was cycled on a battery test system (Bio-
Logic) with different current densities (0.20, 0.50, 0.75
mA cm™) at room temperature. A control experiment
was completed with a thick S-LisPS, pellet (diameter is
12.5 mm, thickness =500 um) for comparison.

Results and Discussion

A schematic illustration of the EISA method
using LisPS, nanoflakes to form ultrathin membranes is
shown in Figure 1. Compared with spheres and rods,

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 8



irnalof Mal

Journal Name

flakes have a larger aspect ratio a (a is defined as D/t,
where D is the literal diameter and t is the thickness).
Because of the large aspect ratio, flakes tend to stack
“face-to-face” in rows with their faces parallel and
edges perpendicular to the substrate in a process
under the influence of capillary forces.*® Once the faces
of the nanoflakes stack in a “face-to-face” manner, the
edges of the flakes will fuse together in an “edge-to-
edge” fashion. Therefore, the nanoflakes dispersed in a
solvent are expected to easily form thin, dense
membranes upon solvent evaporation.

“Face-to- “Edge-to-
Face”

Edge”

-

Capillary
) B o
Substrate -
Sliding Atmosphere <

Nanoflake

Liquid

Figure 1. Schematic of evaporation induced self-assembly
(EISA) of B-LisPS, nanoflakes under argon. The basic principle
of EISA is that solvent evaporation causes individual
components to associate into an ordered structure driven by
the capillary force.

P-LisPS, nanoflakes were synthesized using a
wet chemistry method. Lithium sulfide (Li,S) reacts
with phosphorus pentasulfide (P,Ss) in acetonitrile
(ACN), resulting in the formation of a white precipitate
in the ACN solution. The precipitate is a complex with a
stoichiometric composition of LisPS,2ACN, and the
removal of ACN at 200 °C produces pure f-LizPS,. This
process is shown in Equation (1):

excess ACN

200 °C
3 LiyS + P,Ss ————— 2 LiPS;2ACN —— 2 f-LisPS, + 4 ACNg 1 (1)

Figure 2a shows an SEM image of the as-synthesized f-
LizPS, powder, which is composed of nanoflakes. The
nanoflakes are characterized by two sharply different
length scales: the lateral size varies from 1 to 2 um
whereas the thickness is around 80 nm for all
nanoflakes (inset in Figure 2a). The S-LisPS,; nanoflakes
display a structure distinct from that of p-LisPS,
synthesized through tetrahydrofuran (THF), which
produces larger nanoporous particles with an average
size of ~8 um (Figure 2b), as discussed in our previous

This journal is © The Royal Society of Chemistry 20xx
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report."® The difference in particle size and morphology
can be attributed to the difference in solvent-solid
interaction during the wet chemistry synthesis process.
Compared with the large chunks, fine flakes should
form thin membranes more readily. Furthermore, the
large aspect ratio (a = > 12) for nanoflakes enlarges the
face-to-face interaction areas, which is beneficial to the
formation of ultrathin membranes.

Figure 2. Characterization of nanostructured LizPS,. SEM
image of (a) f-LisPS, from ACN (nanoflakes with average
lateral diameter of 2 pum and thickness of 80 nm) and (b) -
Li;PS, from THF (nanoporous particles with an average
particle size of 8 um).

X-ray diffraction (XRD) patterns confirmed
LisPS, nanoflakes as the S phase (Figure 3a). The
characteristic diffraction peaks at 20 = 16.6°, 17.5°,
27.0°, 28.4°, 29.3° and 30.2° indicate solvent removal
from the Li;PS,2ACN complex and the production of
pure S phase of LisPS,. Unlike the bulk ¥ phase, f-LizPS,
has a higher conductivity because of its large
interstitials characteristic of its crystalline structure and
the decreased Li site occupancy.”**®*"  p-LisPS,
nanoflakes exhibits a high ionic conductivity of 1.2
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x10™ S cm™ at room temperature and an Arrhenius
activation energy of 0.36 eV (Figure 3d). The Li ionic
conductivity for f-LisPS; nanoflakes is slightly lower
than the value for nanoporous pf-LisPS, synthesized
from THF" (1.6x10™* S cm™), which might be related to
the decreased surface conduction in thin films
produced with f-LisPS, nanoflakes. The comparison
indicates that the morphology does not adversely
compromise the high Li* conductivity characteristic of
the solid electrolyte.
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>
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Figure 3. (a) XRD patterns of f-Li3PS, from ACN, f-LisPS, from
THF, and the LisPS;2ACN complex; (b) Arrhenius plots of -
LisPS4 from ACN and S-LisPS, from THF.

For f-LisPS, nanoflakes, EISA is considered to be
a desirable technique to produce thin membranes for
two main reasons: (1) S-LisPS, flakes are able to form a
fine suspension in ACN solvent; and (2) the nanoflakes
will favor a “face-to-face” arrangement since this
arrangement generates strong attractive forces

4| J. Name., 2012, 00, 1-3

between each individual flake. The EISA coating process
starts with dip-coating a homogeneous suspension of
[S-LisPS; on a nickel (Ni) substrate. During the drying
process, the evaporation of the solvent increases the
concentration of solute within the depositing film,
resulting in p-LisPS, nanoflakes aligned in a parallel
“face-to-face” pattern, which is driven by capillary
forces. Further solvent evaporation causes a self-
assembly of ordered nanoflakes to propagate through
the membrane. Thus, the combination of “edge-to-
edge” arrangement at each layer and “face-to-face”
arrangement between layers produces highly ordered
and dense p-LisPS, membranes. Figure 4 presents
scanning electron microscopy (SEM) images of S-LisPS,
nanoflakes membranes on a Ni substrate prepared
through the EISA method. Figure 4a shows an SEM
image of the top view of the membrane, where
nanoflakes connect with one another in an “edge-to-
edge” arrangement to form a smooth, homogeneous
surface. The edges of five pieces can be clearly
observed at higher magnification, as indicated by the
blue lines in Figure 4a. In addition, the small pores on
the surface confirm the removal of solvent during heat
treatment to produce pure f-LisPS,. The cross-sectional
SEM image (Figure 4b) reveals a dense p-LisPS,
membrane that has a thickness of ~8 um. The EISA
prepared f-LisPS, film has good contact with the Ni
substrate. No obvious pores or cracks were observed,
indicating the good quality of the solid electrolyte
membrane.

The membranes prepared through the EISA
method were significantly thinner than solid electrolyte
membranes prepared through traditional hot/cold
pressing methods.””***** Furthermore, the thickness
of the p-LisPS, membranes formed by EISA is
controllable under different processing parameters. In
this work, we tuned the concentration of f-LisPS, in
ACN while employing the same EISA technique to gain
thickness control for the sulfide-based membranes. A
0.16 M p-LisPS, suspension produced an 8 um solid
membrane, whereas increasing the suspension
concentration leads to thicker S-LisPS; membranes (~12
um and ~18 um, Figure S1). Interestingly, EISA allows
for the preparation of additive-free f-LisPS,
membranes without a substrate (Figure S2), which is
ideal for battery assembly since additives can affect the
membrane’s performance. These results clearly prove
that EISA is an efficient approach to produce ultrathin
solid f-LisPS, membranes that dramatically reduce the
solid electrolyte thickness by two orders of magnitude
when compared to hot/cold pressing methods.

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. SEM solid electrolyte

images of ultrathin
membranes of f-LisPS,; nanoflakes produced by EISA: (a) top
view (inset is at a higher magnification, where the blue lines
represent the region where the edges of nanoflakes join); (b)
cross-sectional image of a f-LisPS; membrane (thickness =
8.2 um) on a Ni substrate.

The compatibility of thin solid electrolyte
membranes with metallic lithium anode is crucial for
constructing high-performance all-solid-state lithium
batteries. Therefore, it is important to evaluate the
stability and cyclability of thin S-LisPS; membranes with
metallic lithium anode. Given that ACN is employed as
the solvent for the EISA process, Li foil is not an
appropriate substrate since possible side reactions can
occur on the lithium metal surface. To investigate the
compatibility, we prepared a free-standing membrane
of S-LisPS, nanoflakes with a reasonable thickness of 50
um.

Figure 5a shows the cyclic voltammogram (CV)
of a Li/p-LisPS,/Pt cell from -0.2 to 5.0V (vs. Li*/Li). A
pair of reversible oxidation and reduction peaks were
observed at around 0 V (vs. Li*/Li). The cathode current
below 0 V corresponds to Li deposition, and the anode
current results from lithium dissolution. No other side
reactions appeared on the CV, as we only observed
peaks corresponding to lithium deposition and
stripping. These results indicate that membranes of /-

This journal is © The Royal Society of Chemistry 20xx
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Li;PS, nanoflakes have good stability with metallic
lithium anode over a broad electrochemical window.
This observation is unlike other highly ion-conducting
solid electrolytes (e.g., Li;0GeP,Si;) from earlier
reports,”*® which showed strong interfacial reactions
with metallic lithium. Furthermore, it was also
confirmed that the nanoflake morphology for f-LisPS,
improves the processing properties while maintaining
its electrochemical stability with metallic Li anode.

(a) 40
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Figure 5. Electrochemical stability and cycling ability of the
thin solid electrolyte membranes of S-LisPS, nanoflakes with
metallic lithium electrodes: (a) CV of a Li/B-LisPS4/Pt cell,
with metallic Li and platinum as the reference/counter and
working electrodes, respectively. (b) Cycling data of two
symmetric cells (Li/f-LisPS,/Li) with S-Li3PS, solid electrolyte
membranes measuring 50 um and 500 um.
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Figure 6. (a) Cycling data of a symmetric cell under different
current densities (0.2, 0.5, and 0.75 mA cm_z) with a 50-um
thick membrane fabricated from }f-LisPS, nanoflakes; (b) a
comparison of the sulfide-based solid electrolyte thicknesses
and applied current densities, indicating that decreasing the
solid electrolyte membrane allows for larger current
densities.

To further demonstrate the cyclability and
long-term compatibility of the thin S-LisPS; membranes
with Li metal, a symmetric Li/B-LisPS,/Li cell was
assembled with a 50 um solid electrolyte membrane.
As a basis for comparison, a control experiment was
carried out by fabricating of a symmetric Li/S-LisPS,/Li
cell with a thicker solid electrolyte membrane (500
pum). Figure 5b presents the data of two symmetric cells
cycled under the same current density of 0.2 mA cm™.
A minimal polarization of 8 mV was observed at room
temperature, which is almost 10 times lower than that
of the cell with a thicker solid electrolyte membrane
(75 mV). Such a small polarization allows for a larger
current applied to the cell, and as a result, the rate
performance is greatly improved.”’” As shown in Figure
6a, when the current density increased to 0.50 and
0.75 mA cm?™, the Li/f-LisPSs/Li cell with a 50 um

6 | J. Name., 2012, 00, 1-3

membrane presented a linear relationship, as the
voltage increased to 20 and 32 mV, respectively. This
correlation indicates that there is negligible interfacial
resistance between the lithium electrode and the solid
electrolyte, further confirming that the thin membrane
is completely compatible with metallic lithium anode.
Previous studies reported that the f-LisPS,/Li interface
doesn’t show an appreciable interfacial reaction after
multiple cycles.””® It is worth noting that the current
density for the ultrathin membranes reported in this
work is as high as 0.75mA cm™, much greater than the
values reported in literatures (Figure 6b). *******> A high
current density allows for a rapid and efficient
transport of lithium ions through the solid electrolyte
membrane. As such, all-solid-state batteries employing
ultrathin solid electrolyte membranes will have an
overall better rate performance and require an overall
shorter charging time between cycles.

Conclusions

In summary, we have demonstrated the use of
EISA as a simple and versatile technique to fabricate
thin membranes of a sulfide-based solid electrolyte.
We first developed a wet-chemistry method to prepare
[S-LisPS; nanoflakes with high ionic conductivity and
then used EISA to assemble them into dense, thin
membranes with thicknesses controllable in the range
of 8-50 um. The as-obtained membranes showed
excellent electrochemical stability with metallic lithium
anode. The EISA approach was found to be both facile
and inexpensive when applied to the fabrication of
sulfide-based membranes for all-solid-state lithium
batteries. With some further development, this
technique will have an important impact on the
fabrication of high energy-dense and low-cost all-solid-
state batteries.
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Evaporation-induced self-assembly produces ultrathin solid electrolyte membranes of S-LizPS,4
while maintaining its high ionic conductivity and stability with metallic Li.
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