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All-solid-state lithium batteries (ASSLBs) have the potential to increase energy density, improve safety,
and allow for lower manufacturing costs compared to conventional, liquid-based Li-ion batteries. The
thickness of solid electrolyte (SE) layer dictates the cell-level energy density and it is desirable to make
the SE layer as thin as possible while maintaining uniformity and defect-free. Manufacturing a highquality, thin sulﬁde SE layer at large-scale, however, is challenging. Previous studies have addressed
the compatibility of materials used for manufacturing thin sulﬁde SE ﬁlms, paving the way for further
investigation of processing conditions and ﬁlm quality. Here we report a strong correlation between the
solid loading of dispersions and the quality of tape-casted thin sulﬁde SE ﬁlms. We also demonstrate a
method for quantifying the quality of thin SE ﬁlms by observing both pin-hole defects and larger heterogeneous agglomerations of particles in the ﬁlms. Our thin sulﬁde SE ﬁlms containing ~5 wt% binder
are defect-free and show similar ionic conductivity compared to a cold-pressed, binder-free, thick SE
pellet, resulting in an ~11X reduction of area speciﬁc resistance. This work on the solid loading of the
dispersion used in a scalable tape casting process provides insight for manufacturing high-quality, thin
sulﬁde SE ﬁlms and to increase the cell-level energy density of ASSLB.
© 2021 Elsevier Ltd. All rights reserved.

Keywords:
Sulﬁde electrolytes
DLVO theory
Dispersion stability
Solid-state batteries
Scalable manufacturing
Quality control

1. Introduction
All-solid-state lithium batteries (ASSLBs) have the potential to
provide signiﬁcant operating and manufacturing advantages
compared to conventional lithium-ion batteries (LIBs) [1e3]. The
possibility to directly use lithium metal as anode, thin solid electrolyte (SE) ﬁlms as separator, and bipolar design with ASSLBs
further promises energy density advantage over LIBs. The thickness
of SE ﬁlms dictates the energy density of ASSLBs, and a thickness of
no larger than 24 mm is calculated to be necessary for ASSLBs to
break even with LIBs [4]. Various methods have been proposed to
fabricate thin SE ﬁlms based on sulﬁde SEs due to their high ionic
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conductivity and relative ease of processing, but large-scale
manufacturing remains a challenge due to the chemical sensitivity of sulﬁdes [5e9].
Tape-casting is a mature process developed in other industries
to prepare thin ﬁlms from powders [10,11] and has recently been
used to demonstrate a high-energy ASSLB [8]. However, sulﬁde SEs
decompose when in contact with solvents commonly used in tapecasting which include water, N-methyl-2-pyrrolidone, acetonitrile,
N,N-dimethylformamide, methyl ethyl ketone, and others with a
0
polarity index >4.0 (Pwater
¼ 10:2) [5,12]. The challenge associated
with the limited selection of solvents is compounded by a limited
selection of binders which require to be soluble in the solvent and
inert when contacting the sulﬁde SE. Few combinations of solvents
and binders have been reported for wet processing methods of thin
sulﬁde SE ﬁlms [5,9,13]. Although rarely mentioned in the literature, we ﬁnd the limited options troubling, because most chemical
approaches developed to control the stability and rheology properties of a dispersion are ruled out [11].
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thin ﬁlms, because ﬂocculation is prevented and the particles have
a greater packing density and connectivity in the dried ﬁlm.
Here, we aim to show an in-depth analysis of the processing
parameters and, speciﬁcally, the effect of the solid loading of dispersions on the quality and the electrochemical performance of
thin (~50 mm) Li6PS5Cl (LPSCl) ﬁlms. We quantiﬁed the quality of
the ﬁlms with a novel imaging technique that utilizes a lightboard
to highlight defects in ﬁlms with low quality. Analysis using histograms of the images allows us to determine a 4X improvement of
quality based upon the standard deviations of the histograms as the
result of ﬁne-tuned solid loading. The highest quality observed is
when the solid loading of the dispersion is 54 wt% using toluene
and isobutyl isobutyrate as solvents and nitrile butadiene rubber
(NBR) as the binder. Quality quickly degraded when the solid
loading was increased or decreased by just 3 wt%. We also showed
that NBR binder in our thin LPSCl SE ﬁlms does not negatively affect
the ionic conductivity of the SE as the measured ~1.12 mS/cm at
room temperature and was equivalent (~1.10 mS/cm) to that of
cold-pressed, ~500-mm thick LPSCl pellets without binder. The
thickness reduction achieved by the tape-cast high-quality, thin
LPSCl ﬁlms and the conservation of ionic conductivity allowed for
an ~11X reduction in area speciﬁc resistance (ASR) compared to
thick LPSCl pellets.

Within a system with a largely ﬁxed solventbinder combination and a given powder, the solid loading is one of the few
remaining factors available to control the stability of a dispersion
and thus quality of tape-cast thin ﬁlms [9e12]. The relationship
between solid loading and stability of a dispersion is described by
the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory or an
extended form of the DLVO (X-DLVO) which compares the total
attractive and repulsive forces acting upon dispersed particles at a
speciﬁc concentration in the dispersion [14,15]. X-DLVO theory
applies when repulsive steric or electrosteric forces are present due
to the addition of polymers that dominate the interactions between
the particles’ surfaces and solvent [16].
The DLVO theory is explained in Fig. 1 as the potential energy
state of dispersed particles as a function of the distance between
the particles and the existence of two minima energy states. In a
dispersion, the particles can move, and the proximity of those
particles to others can affect how the particles remain dispersed or
collide and adversely form agglomerates. In some cases, gravitational forces can adversely affect the dispersion stability and cause
unwanted sedimentation over time. In any dispersion, the distance
between the particles is inversely proportional to the solid loading
(4) and is a mass or volume fraction of the solid ceramic compared
to all of materials in the dispersion, wt.% in the case of this work.
Signiﬁcantly increasing 4 moves the energy state of the particles in
the left direction along the x-axis and towards an energy barrier, EB,
which lies between a primary energy minimum and a state when
particles exhibit stability. If particles reach the primary energy
minimum, the particles ﬂocculate and the dispersion stability is
irreversibly lost [14]. The solid loading 4o is at the secondary energy
minimum and is described as a semi-stable dispersion of crowded
and weakly ﬂocculated particles. Moving to the right and beyond
the second minimum can lead to a variety of results related to both
good and bad dispersion stability based upon multiple factors, but
the particles are separated by large distances that makes it challenging to form continuous, densely packed ﬁlms with a tapecasting process. A semi-stable dispersion with particles located at
the secondary energy minimum is often the target for tape casting

2. Materials and methods
2.1. Processing considerations and material properties
NBR was selected as the polymer binder due to the negligible
effect on the ionic conductivity of a sulﬁde SE [5]. The solvent was a
mixture of toluene and isobutyl isobutyrate, because the combination of an aromatic hydrocarbon with a heavy ester recently
enabled sulﬁde SE ﬁlms with good quality [8]. The particle size of
the LPSCl powders ranges from <1 to 20 mm as seen with scanning
electron microscopy in Fig. S1 in the supplementary data. Without
an additional particle size reduction strategy, the total thickness of
the SE ﬁlm prepared via tape-casting cannot be less than at least
two to three times thicker than the size of the largest particles. The
ratio of ﬁlm thickness to the largest particles detected in the
powder should be as large as possible. In the case of the materials
with particles as large as 20 mm diameter, the thinnest possible,
defect-free SE made with tape-casting will be ~50 mm. Raman and
X-ray diffraction (XRD) spectra shown in Figs. S2a and b verify the
integrity of LPSCl during the processing. Raman spectra was
analyzed to ensure the chemical inertness of LPSCl toward the
binder and solvent. Fig. S2a compares the Raman spectra of the
pristine LPSCl and the LPSCl exposed to the binder and solvent
materials used to make a tape casted ﬁlm. The well-known vibra1
tional mode of the PS3
[17] is observed in both
4 located at 425 cm
the pristine and the tape-cast sample while an additional shoulder
extends to 418 cm1 in the spectrum representing the tape casted
ﬁlm. The shoulder at 418 cm1 was determined to be harmless to
the structure of the LPSCl and associated with other reversible PS3
4
vibrational modes [18]. XRD spectra shown in Fig. S2b also conﬁrms
the phase purity of LPSCl without any formation of LiCl which is
typically seen if the LPSCl experiences degradation during ﬁlm
processing. A minimal amount of mixing energy was applied to
prepare the dispersions to preserve this phase purity. These material properties described above contributed to the reproducibility
of the dispersions and tape-cast ﬁlms and their electrochemical.
2.2. Fabrication of solution processed LPSCl ﬁlms

Fig. 1. Potential energy of dispersed particles and the existence of two energy minima
as a function of distance between particles in a dispersion as explained by the
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory.

LPSCl powders (NEI Corp) with a mixed particle size distribution
were added to a predetermined amount of a 50:50 w/w mixture of
2
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anhydrous toluene (Sigma Aldrich) and  98% isobutyl isobutyrate
(Sigma Aldrich) and a predetermined amount of dissolved NBR (JSR
N260S). Any water in the isobutyl isobutyrate was removed with
molecular sieves drying for 48 h prior to use. Four different mixtures were prepared having different solid loading as listed in
Table S1. The ratio of LPSCl:NBR was ﬁxed at 20:1 while the ratio of
solvent to LPSCl and NBR varied such that the solid loading of LPSCl
varied from 48 to 57 wt%. The dispersions were mixed for 30 min
with a SPEX 8000 M high-energy ball miller in a sealed plastic jar
with yttria stabilized zirconia milling media. Each dispersion was
then tape-cast with a doctor blade through a 300 mm gap onto a
silicone-coated polyethylene terephthalate support (Tape Casting
Warehouse) using a speed that resulted in a sheer rate of ~30 s1
inside an Ar-ﬁlled glove box. The ﬁlms rested while solvent evaporated from the ﬁlm at room temperature for at least 24 h.

total intensity of the tones captured in the histograms.
2.4. Fabrication of solution processed Ag-based conductive ﬁlms
Ag conductive paste (Alfa Aesar) with sheet resistance <0.025 U/
squ. at 0.001 in. thick was tape-cast with a doctor blade through a
200 mm gap onto a silicone-coated polyethylene terephthalate
support using a speed that resulted in a sheer rate of ~50 s1. The
ﬁlm was dried in an oven at 70  C over 24 h to remove the solvent
from the ﬁlm. Circular discs with a diameter of 11 mm were
punched from the ﬁlms to be used with tape-cast LPSCl ﬁlms, while
discs with a diameter of 12 mm were punched and used with LPSCl
pellets cold-pressed from powders without polymer. The Ag-based
conductive discs were ~25 mm thick.
2.5. Ionic conductivity evaluation

2.3. Evaluation of SE ﬁlm with a lightboard
Circular discs with a diameter of 12.7 mm were punched from
the LPSCl/NBR ﬁlms, removed from the support and then uniaxially
pressed at 375 MPa between two hardened, polished, circular
stainless-steel plates with a diameter of 15 mm. The pressure
caused the ﬁlms to expand between the stainless plates, so the
pressed ﬁlms were then manually punched again to remove excess
ﬁlm and retain the 12.7-mm diameter. The Ag-based conductive
discs were then concentrically placed on both sides of the LPSCl
ﬁlm and pressed within a polyether-ether-ketone (PEEK) die cell
(electrode area: 1.26 cm2) at 225 MPa. LPSCl pellets were formed by
cold pressing 175 mg of LPSCl powders within the die cell ﬁrst at
375 MPa and then again with Ag-based conductive discs on both
sides at 225 MPa. EIS measurements were performed using an
electrochemical workstation (VMP3, Bio-Logic Co.) with a 7 mV A C.
perturbation voltage in the frequency range of 7 MHz to 1 Hz. The
determination of the ionic conductivities follows Huggins’s method
[19] with the highest-frequency data point above the x-axis
measured at 7 MHz used to represent the real resistance of the
sample.

Square sections of SE ﬁlm attached to the clear silicone-coated
polyethylene terephthalate support having a dimension slightly
greater than 5 cm were placed on top of a 5-V acrylic LED lightboard
which is estimated to have a color temperature rating of 7500 K. A
border was placed around the outside edges of the tape cast with a
precut, square opening of 5 cm by 5 cm such that the SE ﬁlm was in
the middle of the border and be seen while the border covered any
exposed area of the lightboard around the edges of the tape cast. No
light could transmit through the border. Light from the LED lightboard was directed into the bottom side of the SE ﬁlm, ﬁrstly
through the clear silicone-coated polyethylene terephthalate, and
then transmitted onto the SE ﬁlm. Light was visible above the SE
ﬁlm if a defect was present. If defects were not present, light was
not visible from overhead. Imaging was done overhead of the tape
cast and speciﬁcally to capture any light transmitting through defect(s), if present. All lights in the room and the Ar-ﬁlled glove box
were turned-off during imaging. The images were processed using
Image J to generate a standard histogram and normalized to the

Fig. 2. Tape-cast ﬁlms of Li6PS5Cl/NBR composite electrolytes with varying solid loading in the dispersion as indicated. The top row of images (aed) are taken of the ﬁlms’ surfaces
without a lightboard while the bottom row of images (eeh) is when a lightboard is illuminated underneath of the ﬁlms.
3
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This is not the case regarding the thickness range of interest, and
we do not consider a threshold thickness in our methodology,
especially if our intent is to make the ﬁlm as thin as possible. Our
initial method for inspecting defects is demonstrated with images
taken of four ﬁlms shown in Fig. 2aed and then again in Fig. 2eeh
with a lightboard illuminating light up through the ﬁlms. The ﬁlm
made with a solid loading of 48 wt% shows variations of contrast on
the surface without the lightboard (Fig. 2a). Darker regions represent concentrated agglomerations of LPSCl particles while lighter
regions represent lesser concentrations of LPSCl. These variations of
contrast are not seen on the surfaces of the ﬁlms cast with other
solid loadings. With backside illumination, defects in all ﬁlms
become observable to the naked eyes. The slight variation of
contrast observed in Fig. 2a becomes obvious large defects
throughout the ﬁlm, as seen in Fig. 2e. Additionally, Fig. 2f and h
reveal small, pinhole defects that are not visible in Fig. 2b and d,
respectively. The ﬁlm made with a solid loading of 54 wt%,

3. Results and discussions
3.1. Scrutinizing defects in LPSCl thin ﬁlms
Four different LPSCl dispersions were prepared, each with a
different solid loading of 48, 51, 54, and 57 wt% (Fig. S1). The viscosity of the dispersion reached a maximum level suitable for tape
casting at a solid loading of 57 wt%. The wt.% of the materials used
to prepare each dispersion is listed in Table S1. Compatibility of the
materials and processes to make the dispersions and ﬁlms was
checked with Raman spectra shown in Fig. S2 and discussed in the
supplementary data.
Determining the quality of thin, tape-cast ﬁlms can be challenging if defects are not obvious to the naked eye. Our methodology would be challenged if our intent was to produce thicker
ﬁlms in which case variations may make the imaging process more
difﬁcult to observe partial pinholes or variations of agglomerations.

Fig. 3. Imaging of ﬁlms for quantitative analyses. LED lightboard underneath of a LPSCl ﬁlm (a) with edges of the lightboard exposed around the edges; a schematic (b) showing the
use of a frame placed on top of the ﬁlm and lightboard to block any light that isn’t directly underneath the region of interest; and the placement of the actual frame (c) on an LPSCl
ﬁlm with an exposed region of interest measuring 5 cm  5 cm for imaging.

Fig. 4. Image analysis of backside illuminated LPSCl thin ﬁlms. B&W images (aed) taken using a controlled imaging technique and the resulting histograms (eeh) of those images
showing the normalized pixel intensity as a function of tone for ﬁlms prepared from dispersions with solid loadings of 48 (a, e), 51 (b, f), 54 (c, g), and 57 wt% (d, h).
4
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represented by Fig. 2c and g, does not show recognizable defects
with or without the lightboard and therefore represents the
optimal solid loading of the four dispersions. The lightboard illumination is critical to revealing small, otherwise unobvious defects
within the thin ﬁlms.
3.2. Quantiﬁcation of ﬁlm quality
The lightboard technique helps to qualitatively assess defects,
but we decide to take one more step forward and capture images
suitable for computer programs to analyze and quantify the quality
of the ﬁlms. The placement of a frame on top of the ﬁlm is required
to isolate the region of interest from the excessive light around its
edges. The placement of a frame is illustrated with Fig. 3aec,
showing the lightboard is not visible from overhead (Fig. 3c) after
the frame is rested on top of the ﬁlm and lightboard. The border
also serves as a guide to ensure the total area to be imaged is ﬁxed.
A histogram analysis is a popular method for analyzing the tonal
contrast of an image. Here, we evaluated each image taken with our
controlled imaging technique described above using a histogram
analysis to provide a statistical distribution of each images’ tonal
contrast after normalizing the total pixel count of each image. The
images representing the four ﬁlms tape-cast with dispersions
having a solid loading of 48, 51, 54, and 57 wt% are shown in
Fig. 4aed, respectively. Histograms underneath each respective
image (Fig. 4eeh) show the pixel intensity on the y-axis as a
function of the different tones, ranging from 0 (black) to 255
(white). The histogram in Fig. 4g, representing the ﬁlm cast from a
dispersion with a solid loading of 54 wt%, clearly has the sharpest
distribution of tones and consequently has the smallest standard
deviation around its average tone. Similarly, a box plot (Fig. S3)
visualizing the distribution of tones rather than the pixel intensity
also illustrates a higher degree of uniformity with a smaller number
of detected tones in the image of a ﬁlm made with a solid loading of
54 wt%. For quantifying and comparing the quality, we used the
standard deviation from the median of each histogram, which was
determined to be 40.8, 21.5, 4.8, and 22.5 for Fig. 4eeh, respectively.

Fig. 5. Correlating the X-DLVO theory with the solid loadingﬁlm quality relationship.
(a) Three different conditions for a dispersion related to the solid loading (4) that is
either smaller (left), approximate to (middle), or larger than (right) the ideal solid
loading (4o ). (b) The quality of tape-casted ﬁlms which is determined by analyzing the
histograms of the ﬁlms tape-casted from each dispersion.

3.3. Rationalizing the observed correlation
The observation of low-quality ﬁlms resulting from dispersions
with a solid loading just below and above 54 wt% is explained with
the X-DLVO theory starting with three situations for dispersions
illustrated in Fig. 5a. The top row of Fig. 5a represents initial formation of the three dispersions having a different solid loading and
all being homogenously dispersed. A dispersion of any solid loading
can be kept artiﬁcially stable with mechanical energy such as ball
milling. After the mechanical forces are removed, as represented in
the bottom set of Fig. 5a, the repulsive and attractive forces
described by the X-DLVO theory dominate and the following occurs: spatially separated particles (4 < 4o ) can collide and form soft
agglomerates due to attractive forces leaving large voids between
the agglomerates; spatially crowded particles (4 > 4o ) form denser
agglomerates due to excessively high repulsive forces and create
voids between the denser agglomerates; and weakly ﬂocculated
particles (4z4o ) remain unchanged and spatially separated [14].
The separation distance dictated by the solid loading acts upon the
particles as net attractive, repulsive, or stabilized forces immediately following tape casting and before the ﬁlms are dried. Each
condition was observed for the dispersions prepared in our study
and appropriately color-coded in Fig. 5b. Film quality is quantiﬁed
using the inverse of each histogram’s standard deviation as a
descriptor and is plotted in Fig. 5b as a function of each dispersions’
solid loading. The ﬁlm quality at 4z4o is 4X of those at less optimal
conditions.

Modeling X-DLVO theory while using a pseudo-homopolymer
model for the steric forces of the surface interaction of NBR polymer with LPSCl particles is complicated and beyond the scope of
this effort. Despite its complications, most parameters are held
constant when comparing the different dispersions prepared for
this study. These parameters include the Hamaker constant of
LPSCl, the relative dielectric constant of the solvent mixture,
average particle radius, relative amount and thickness of polymer
adsorbed onto the surface of the particles, and the Flory-Huggins
parameter relating to the stability and relative free space occupied by the polymer in the solvent [16]. The only variable in the XDLVO theory changed is the resulting distance between the particles in the dispersion which is related to 4 for each dispersion. With
all parameters but 4 being constant, the magnitude of both the
attractive and repulsive forces are inversely proportional to the
distance between the particles. That is, both forces decrease as the
solids content within the dispersion is reduced and increase as the
particles get crowded. When the repulsive forces become too great,
they control the system and cause agglomeration by forcing some
particles to agglomerate while maintaining distance between the
agglomerates. This causes nonuniformity of tape casts at higher
solid loadings. The strength of the particles bonded within the
agglomerates is increased by the van der Waals attractive forces
5
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spectroscopy (EIS) to evaluate coupons cut from each ﬁlm with
known thickness and area. Coupons cut from ﬁlms of lesser quality
(tape-cast from dispersions with a solid loading of 48, 51, and 57 wt
%) sometimes resulted in short-circuited cells due to the presence
of defects. Conversely, all cells using coupons from the ﬁlm made
from the dispersion with a solid loading of 54 wt% functioned
normally. The Nyquist plots normalized to a 50-mm ﬁlm thickness
(approximate to the average thickness of the thin SEs) are shown in
Fig. S4(a-h). The resistance determined from each EIS evaluation,
the calculated ionic conductivity, and the ASR are provided in
Table S2 and compared to those of a thick LPSCl pellet made by
cold-pressing powders without any binder. The results show a
nearly identical ionic conductivity for both the cold-pressed pellet
and the tape-cast ﬁlms, thereby conﬁrming the NBR binder does
not compromise the ionic conductivity.
The tape-cast LPSCl thin ﬁlms are ~50 mm thick and highly
ﬂexible (Fig. 6a and b). A cross-sectional image of a uniaxially
pressed ﬁlm cast from a dispersion with a solid loading of 54% reveals slight porosity around the LPSCl particles (Fig. 6c). Fig. 6d
shows the average ionic conductivity (black triangles) from the
individually measured coupons at room temperature (red circles)
as a function of the solid loading used to prepare the dispersion.
The ﬁlm with the highest quality also demonstrated the smallest
data distribution and thus consistently high ionic conductivity,
providing additional evidence of optimizing a ﬁlm by controlling
the solid loading and resulting stability of its dispersion. Samples
measured from ﬁlms prepared from dispersions of 48 wt% solids
loading also demonstrated a narrow distribution of results, but the
results and average IC were slightly lower compared to samples
prepared from dispersions with 54 wt%. Additionally, samples used
for EIS from each ﬁlm with lesser quality experienced short circuiting and required extra evaluations in order to demonstrate four,
non-short circuited EIS spectra shown in Fig. S4. Films prepared

thus compounding the issue when the distance of the particles is
reduced with a solid loading exceeding the optimal level. Our intent
was to use trial and error to ﬁnd the condition where a stable
dispersion exists, based upon solids loading, which for the speciﬁc
size and type of particles used in this study, the solvent system, and
with NBR polymer, is uniquely stable when the solids loading is
54 wt%.
Dispersions made with solid particles ~1 mm or larger can suffer
from sedimentation which also limits the stability of the dispersion.
Sedimentation is observed over a period of time such as weeks and
even months for characterizing the quality of LIB cathode dispersions and slows with increasing viscosity of the dispersion [20].
Although applicable in theory, using our prescribed method for
evaluating cathode coatings could be useful but certainly more
complicated due to the differences in steric and attractive forces
associated with multiple solid particles in a typical cathode composite including the cathode active materials, conductive additive,
and electrolyte materials. Sedimentation was not considered as a
limitation to instability for our dispersions, because the dispersions
were mechanically stirred seconds before tape casting, a time scale
that is much shorter than expected for the dispersion. Furthermore,
the sedimentation relates to the gravitational effect and is greatly
impacted by the density and size of the particles in a dispersion.
The defects we observe in certain ﬁlms take the shapes of millimeter- and centimeter-scale circles, which do not appear to relate
to gravitational forces but translational migration of particles.
3.4. Electrochemical evaluation
Although the focus of this study is the characterization and
improvement of the quality of tape-cast SE ﬁlms, it is also important to ensure the polymer binder does not compromise the ionic
conductivity of the SE ﬁlms. We used electrochemical impedance

Fig. 6. Physical properties of the tape-cast LPSCl thin ﬁlms. LPSCl/NBR circular composite coupon (a) punched from a tape-casted ﬁlm made from dispersions with 54 wt% solid
loading and a demonstration of its bendability (b); polished cross-sectional SEM (c) of the LPSCl/NBR composite SE prepared for an electrical impedance spectroscopy evaluation;
and room temperature ionic conductivity results (d) of the thin LPSCl SEs as a function of solid loading by wt.%.
6
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spectroscopy measurements and interpretation. We acknowledge
Dr. Meng Shang’s help with XRD measurements and interpretation.

from dispersions with 48, 51, and 58 wt% experienced four, two,
and two short circuits, respectively, before a total of four non-short
circuited EIS spectra were collected. Conversely, samples used from
the ﬁlm prepared with 54 wt% solids never short-circuited.

Appendix A. Supplementary data
4. Conclusions
Supplementary data to this article can be found online at
https://doi.org/10.1016/j.mtphys.2021.100397.

We demonstrated a successful control of the quality of tape-cast
LPSCl thin ﬁlms by controlling the dispersions’ solid loading. The
ﬁlms that showed the highest quality were tape-cast from a
dispersion with a solid loading of 54 wt%, while deviations of just
3 wt% from this optimal value in either direction resulted in defects
and much lower uniformity, a behavior rationalized by the X-DLVO
theory. We developed an imaging technique to characterize large
areas of ﬁlms and to quantify their quality by using histograms of
the tonal contrast within the images. The LPSCl thin ﬁlm shown in
this work is ~50 mm thick. If the particle size distribution of the
LPSCl powders used to prepare the casting dispersion has a
maximum range up to 5 mm and preferably smaller, thinner SE ﬁlms
with thicknesses of 25 mm or less, following the same methodology
outlined in this approach, should be achievable. The tape-cast LPSCl
SE ﬁlm with the highest quality in this study also demonstrated the
highest average ionic conductivity (~1.12 mS/cm), smallest distribution of recorded ionic conductivity, and lowest failure rate when
assembled into cells. The ionic conductivity of the tape-cast ﬁlms is
equivalent to that of a cold-pressed, binder-free LPSCl thick pellet,
indicating that the NBR binder does not negatively affect the ionic
conductivity of the sulﬁde SE when used at reasonably low levels
(e.g. ~5 wt%). By reducing the thickness of the sulﬁde SE, the ASR is
reduced by 11X. These ﬁndings provide a widely applicable method
to fabricate high-quality sulﬁde SE ﬁlms at a large scale despite the
sensitivity of sulﬁdes and thus limited options to control ﬁlm
quality. It is therefore an important step toward high-energy ASSLB,
for which the availability of quality thin SE ﬁlms is a key enabling
component.
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