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SUMMARY

The transition from liquid organic electrolytes to solid-state electrolytes prom-
ises safer and more energy-dense lithium ion batteries. Although this technology
has been demonstrated, the question of how to manufacture solid-state batteries
at the cost and scales needed to be competitive remains. Here we propose and
demonstrate curtain coating as a method for manufacturing composite solid-
state electrolytes in roll-to-roll processes at web-speeds of over 80 m/min. The
method is compatible with existing lithium-ion battery electrode manufacturing
lines and is able to produce uniform electrolyte films with thicknesses below 15
micrometers.

INTRODUCTION

Currently the majority of lithium ion batteries produced rely on liquid electrolytes, where a lithium salt is
dissolved in one or more organic solvents combined with additives to enhance performance and safety
(Blomgren, 2017, Kwade et al., 2018). However, all solid-state batteries, where the liquid electrolyte is re-
placed with a solid is expected to become a dominant technology in the coming years. Over the last
decade, the room temperature ionic conductivities have increased up to 1072 S/cm for inorganic electro-
lytes, and solid polymer electrolytes typically exhibit conductivities around 1076 S/cm at room temperature
(Murata et al., 2000; Fergus, 2010; Fan et al., 2018; Gao et al., 2018), making fast charge and discharge of all
solid-state cells a possibility. Many solid-state electrolytes offer large electrochemical windows, opening
the path for high-voltage cathodes and lithium metal anodes and thereby increasing the specific energy
density (Janek and Zeier, 2016; Manthiram et al., 2017; Zhang et al., 2018; Liu et al., 2019). Solid-state elec-
trolytes allow exploration of new cell designs, such as thin-format (Sastre et al., 2019), flexible cells (Chen et
al., 2019), or bipolar stacking (Kim et al., 2018). Although the safety of solid-state technology still requires
further investigation (Wang et al., 2019), the non-flammability of the electrolyte makes them safer than the
liquid electrolyte alternative.

However, solid-state batteries place new requirements on manufacturing (Kerman et al., 2017; Schnell
et al., 2018). Although 100-um thicknesses are standard for porous electrodes, electrode and electrolyte
film thicknesses of less than 30 um are desirable in solid-state technology to keep diffusion lengths short
and facilitate capacity extraction at elevated currents (Kwade et al., 2018; Schnell et al., 2018). Furthermore,
these thin films must be uniform and crack-free to ensure an even current density distribution and prevent
lithium dendrites, which can lead to safety concerns such as short circuiting. Finally, the interfaces between
the electrolyte and the active material in solid-state technology are solid-on-solid, instead of liquid-on-
solid. To ensure a sufficient cycle life, solid-state technology thus requires additional interface engineering
for adhesion and mechanical compliance directly at the electrode manufacturing step.

Because competitive advantage in battery manufacturing stems largely from economies of scale, to tap
into markets such as electric vehicles, solid-state batteries have to be manufactured at a high throughput. 'Department of Information
Technology and Electrical

Engineering, Materials and
and Li, 2019) by double-sided slot coating and subsequent drying. Taking a foil width of 1.5m into account, Device Engineering Group,

this roughly translates to a throughput of 150 m?/min for the roll-to-roll coating lines (Nelson et al., 2012). Emzze:‘lra'% 8092 Zdiich,

Today, porous electrodes are manufactured at web speeds of up to 50m/min (Kwade et al., 2018; Hawley
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Figure 1 summarizes the parameter space of existing vapor phase and wet-coating deposition techniques
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in terms of throughput (given as a coverage speed in m?/min) and achievable film thicknesses (Schnell et al., nggzs@p‘;rgz_ecgce
2019). This plot highlights that manufacturing the thin films needed for solid-state electrolyte and electrode https://doi.org/10.1016/} isci.
layers is difficult at high throughput. 2021.102055
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Figure 1. Approaches to solid-state battery manufacturing
Solid-state electrolytes and electrodes (SSEs) must be thin (<30 um) and produced at high throughput (>100 m?/min).
Typical thicknesses and coverage speeds for different, mature thin film manufacturing technologies are given.

Although thin films can be readily achieved through vapor phase deposition approaches, and vapor phase depo-
sition is standard for solid-state batteries in the microelectronics industry (Liang et al., 2019), technologies are still
along way off from providing sufficient throughput in terms of GWh/year production. Vapor-based technologies
can be used in a roll-to-roll configuration, and higher coverage could be achieved by installation of parallel lines;
however, the investment for vapor phase technologies is typically higher compared with wet coating alternatives.
At the same time, although printing and spray technologies are already near the target throughput at desirable
thicknesses, implementation of a wet-coating, roll-to-roll process would lower the adoption barrier for solid-state
technology, as existing equipment can be retrofitted and know-how can be leveraged.

Here we explore the potential of curtain coating. Curtain coating is a wet-coating, roll-to-roll compatible
process that offers ultra-high throughput production of thin layers and has not yet been explored as an
approach to solid-state electrolyte manufacturing. Curtain coating has been a workhorse for the paper,
packaging, and photographic film industry and has recently been explored for polymer electrolytes, elec-
tronics, and solar cells and ceramic coating of separators (Licari, 2003; Déll, 2010; Sendergaard et al., 2012;
Arnold et al., 2015; Chen et al., 2015a, 2015b). The principles of curtain coating are illustrated in Figures 2A
and 2B. Aslurry is pumped from a reservoir to a coating die elevated above the substrate. As the slurry exits
the die through aslit, a liquid sheet or “curtain” forms (Miyamoto and Katagiri, 1997). For stable operation,
the inertial force of the curtain must be greater than the surface tension (Weber Number, We > 2) (Brown,
1961). Unlike self-metered techniques (e.g., tape, gravure printing), which depend strongly on liquid and
environmental properties, curtain coating is a pre-metered technique meaning that the resulting wet thick-
ness, hyet, can easily be tuned by changing the flow rate, Q, or web speed, vyep, according to: hyer = Q/
Vweb- Furthermore, in contrast to other pre-metered deposition technologies such as slot die coating, cur-
tain coating benefits from an effect called hydrodynamic assist (Blake et al., 1994; Blake et al., 2015; Liu
et al., 2016). The free-falling curtain creates a pressure field at the point of impingement of the curtain
on the substrate. The inertia of the curtain delays the onset of air entrainment. This enables coating speeds
faster than 2000 m/min and dry film thicknesses less than 1 um, exceeding state of the art in slot die coating
and beating other liquid film technologies (Miyamoto and Katagiri, 1997; Dall, 2010).

We take the first steps toward demonstrating curtain coating as an approach to high-throughput
manufacturing of solid-state lithium-ion batteries. Using a lab-scale curtain coater and conveyor line, we
produce uniform thin films of composite solid-state electrolytes at a rate of ~80 m/min with thicknesses
below 15 um and ionic conductivity in line with literature values.
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Figure 2. Curtain coating

(A) Industrial implementation of a multilayer curtain for a roll-to-roll fabrication. The cathode slurry (black) and the
electrolyte slurry (blue) form a single curtain and are deposited simultaneously and subsequently dried.

(B) A cross-sectional schematic view of a curtain coating setup with the relevant descriptors marked.

(C-E) (C) For a given slurry composition, there will be a range of web speeds and volume flows that permit a stable curtain
and uniform coating (i.e., the coating window). If the volume flow is too low, the curtain can disintegrate (case a). If the web
is too fast, the curtain can get pulled (case B) or air entrainment causes defects (cases C and D). If the volume flow is too
high, a heel forms (D and E).

CURTAIN COATING

To validate curtain coating for ultra-high-speed throughput manufacturing of composite solid-state elec-
trolytes, we design and construct a curtain coating setup that enables realistic operation speed and slur-
ries, while being suitable for lab-scale operation with minimal footprint and material usage (Figures 3A,
S1, and S2). The wet film thickness is controlled by regulating the volume flow (up to 2500 mL/min) and
the substrate speed (up to 3.5 m/s).

For successful curtain coating, the rheological properties of the slurry (e.g., solid content, viscosity) and its
deposition parameters (e.g., volume flow and web speed) must be optimized (Figure 2C). When the volume
flow is too low, a stable curtain cannot be established (Case a). The sheet disintegrates and runs down in indi-
vidual streaks (Video S3). At relatively slow speeds and low flow rates, the curtain is bent and leads to a pulled
film (Case b). The wetting line shifts downstream and the coating processes cannot benefit properly from the
hydrodynamic assist. In particular, slight disturbances can cause the curtain to break up, because this point of
operation is very close to instability. Air entrainment limits the maximum coating speed (Case c). It sometimes
occurs in combination with heel formation (Case d) and needs to be avoided to achieve a smooth and uniform
film. High volume flows in general cause a heel to form behind the point of impingement where slurry recircu-
lates (Case e), which can trap bubbles, agglomerate or gel. With the coating window identified, it is possible to
calculate the volume flow and the web speed needed to achieve a specific wet film thickness.
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Figure 3. Pilot curtain coating of composite solid-state electrolyte

(A) Photograph of the pilot curtain coater

(B) Photograph of stable curtain (4.5 cm curtain height) of LLZO, PEO, and LiTFSI in acetonitrile.

(C) Rheological properties of slurry and that of PEO (without LLZO) in acetonitrile.

(D) To minimize material waste as coating parameters (e.g., volume flow and web speed) are adjusted, segments of the
copper foil are affixed to carriers.

(E) A scanning electron microscopy (SEM) cross-section of an as-deposited composite electrolyte film (scale bar is 50um).
(F) X-ray diffraction (XRD) pattern of the as-deposited composite electrolyte film with an LLZO standard is provided.

As a model system, we choose to work with a polymer-ceramic composite electrolyte that has been exten-
sively studied in literature (Fu et al., 2016; Zheng et al., 2016; Chen et al., 2018; Liu et al., 2018; Yao et al.,
2019): Al-doped lithium lanthanum zirconate (LLZO) and polyethylene oxide (PEO) (in a 4.45:1 mass ratio)
with lithium bis(trifluoromethanesulfonyl)imide (LITFSI) salt (molar ratio of EQ:Li at 10.4:1). To form the
slurry, the LLZO, PEO, and LiTFSI are mixed in anhydrous acetonitrile (17.5% solid content).

A close-up image (Figure 3B) shows a stable curtain. Rheological measurements show that the slurry ex-
hibits shear thinning behavior and a viscosity of 60mPas at a shear rate of 1000 1/s (Figure 3C). The rheo-
logical properties of the slurry mimic the trends of the polymer phase, highlighting the possibility to tune it
based on the molecular weight of the polymers or by using combinations of different polymers. The slurry
did not show any phase separation; however, during coating, the slurry is agitated in the reservoir to avoid
agglomerations and gradual sedimentation.

During the coating trials, web speeds of 41.7 m/min and 83.4 m/min are used (Videos S1 and S2). With
a volume flow of 1327 mL/min, this should lead to dried film thicknesses of 15.2 um and 30.5 um
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Figure 4. Electrochemical performance of curtain-coated solid-state electrolyte thin film

(A and B) Scanning electron microscopy (SEM) images of a (A) thin and (B) thick solid-state electrolyte film following
calendaring under heat (scale bars are 10um).

(C) Electrochemical impedance spectroscopy of thin (* symbol) and thick (square symbol) films at 20, 40, and 60 (C).
(D) Conductivities for both the thin film (* symbol) and thick film (square symbol) match.

(Table S1), and the measured results of 13.8 um and 27.8 um are in good agreement. No air entrainment is
observed and the films show no streaking defects, suggesting that these web speeds are indeed within the

coating window.

Following deposition of the slurry on the copper foil, the solvent is evaporated at 60°C under vacuum.
Cross-sectional scanning electron microscopy (SEM) image of an as-deposited film highlights that the
coating process results in uniform films (Figure 3D). The XRD pattern (Figure 3F) of the coated film shows
thatthe LLZO is present in the high conductivity cubic phase and that the PEO is amorphous (broad peak in
the background) due to the high concentration of the Li salt (Figure S3).

Finally, hot pressing of the completed films allows the polymer to redistribute and fill voids and promote
adhesion with the metallic current collector and between the polymer and ceramic, which enhances the
mechanical properties and electrochemical performance (Chen et al., 2018).

RESULTS

SEM cross-sections of the solid-state electrolyte films shown in Figures 4A and 4B reveal a uniform distri-
bution of ceramic particles in a polymer matrix and minimal thickness variations for both coating speeds.
The scale space analysis (Figure S4) reveals a uniform morphology on a length scale of approximately 13.5
micrometers. A top view of the films is provided in Figure S5. To demonstrate that the lithium ion transport
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properties of these thin films fabricated with curtain coating are similar to those reported in thicker LLZO/
PEO ceramic composites, we perform electrochemical impedance spectroscopy (EIS) (Figures 4C and Sé),
and fit the EIS data with an equivalent circuit model consisting of a bulk resistance Ry and constant phase
element CPE in parallel, and an additional CPEy4cking in series to represent the blocking electrodes (Ta-
ble S2). As expected for thermally activated lithium transport, as temperature increases, the conductivity
increases from 3*107¢ S/cm at 20°C to 1.6 1074 S/cm at 70°C. The 13.8-pm and 27.8-pm thick films exhibit
the same conductivity, indicating the uniformity of the manufacturing process at different web speeds.
Activation energies of the lithium hopping are found to be 0.83eV (below 40°C) and 0.56eV (above 40°C)
(Figure 4D). These values suggest that lithium ion conduction in the film is dominated by the polymer
matrix.

DISCUSSION

This proof-of-concept realization of curtain coating of composite electrolytes shows that curtain coating is
a technique that merits further exploration for solid-state battery manufacturing. We demonstrated ~80 m/
min production of uniform thin films of LLZO-PEO electrolyte with thicknesses below 15 pm and electro-
chemical performance on par with that expected for the given material system. We used a high ceramic
content (4.45:1 LLZO-PEO by mass) and a slurry with high solid content for curtain coating (17.5%), resulting
in a thin film with 37.2% ceramic by volume (Figure S4) to show the potential for curtain coating of solid-
state electrodes with ceramic active particles.

Curtain coating offers a clear path to address the current bottlenecks associated with solid-state battery
manufacturing (Wang et al., 2020): it could enable high-throughput manufacturing compatible with exist-
ing infrastructure decreasing the barriers to market adoption and it offers new solutions for interface engi-
neering. The implementation of curtain coating in other industries has proven that it can be carried out as a
roll-to-roll process in conjunction with drying units as is currently used in the lithium battery industry for
electrode fabrication. Furthermore, by using a series of reservoirs and slots within the coating head,
multi-layer curtain coating is possible (Déll, 2010; Sendergaard et al., 2012), which, for solid-state technol-
ogy, for example, could enable simultaneous deposition of a cathode and solid-state electrolyte layer for
subsequent assembly with a lithium metal anode and current collector.

In term of improved interfaces and mechanical stability, curtain coating offers attractive opportunities.
First, curtain coating works inherently well with a polymer electrolyte. The polymer helps obtain a large
and stable coating window so that web speeds and thus film thicknesses can be varied over a wide range.
At the same time, use of a polymer is an accepted approach to solving adhesion and mechanical stability
issues in solid-state battery technology (Yao et al., 2019; Li et al., 2020). The application of heat during
calendaring results in dense films with excellent adhesion between the ceramic and polymer as the current
collector. The possibility to incorporate lower molecular weight polymers or even polymers that are ther-
mally activated by the hot-pressing process could be used to further enhance interface stability, contact
with solid particles, and electrochemical performance. Second, the possibility of multilayer coating means
that layers can be formed in parallel, enabling gap-free interfaces.

Limitations of the study

In this study, the selection of the LLZO-PEO composite was useful for a proof-of-concept; however, it does
not represent a thin film optimized for electrochemical performance. Significant work has already been car-
ried out to optimize electrochemical performance of the electrolyte films, and this knowledge can be lever-
aged in the development of slurries for curtain coating. The work of Li et al. provides a good overview of
composite systems that range from 1wt% to 70wt% content of inorganic lithium-ion conducting materials
(Li et al., 2020). The optimal choice depends strongly on size and shape of the fillers and the resulting
morphology. Here, the ceramic content was set relatively high at about 80wt% to highlight that curtain
coating can be used for solid-state layers with ceramic active particles. More generally, our choice of a com-
posite polymer-ceramic electrolyte was used to highlight the ease in obtaining a wide coating window with
a polymer and how a polymer component facilitates the creation of dense films via thermal annealing.

In principle, curtain coating is material independent and would thus be compatible with other solid-state
electrolytes (e.g., garnet-, perovskite-, sulfide-, NASICON-type, inert oxides) as well as solid-state electro-
lyte-active material mixtures to achieve all solid-state batteries (Famprikis et al., 2019; Yao et al., 2019).
However, for any material system, a suitable slurry formulation must be developed, which involves tuning
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the solid content (morphology and amount of solid phase (Strauss et al., 2018; Froboese et al., 2019)) and
selection of the solvent. Some material systems need special processing conditions (e.g. moisture free) or
additional post-processing steps (e.g., high temperature annealing), which could be a time-limiting step. In
this case, careful consideration of how to optimize the slurry for rapid post-processing and how to adapt
the manufacturing line is needed. For example, the length of the manufacturing line could be extended
(in current lithium-ion battery manufacturing, long lines with more drying units are used to enable faster
web speeds while ensuring sufficient dwell time) or roll-to-roll compatible systems used in the solar cell in-
dustry such as rapid thermal annealing could be leveraged.

Curtain coating offers the potential of high-throughput manufacturing. With commercial manufacturing
equipment, web speeds can be increased beyond the 80 m/min reported here, but range of web speeds
is ultimately dependent on slurry rheology. High viscosities and high solid contents slurries that are com-
mon for electrodes are not compatible with the extremely high curtain coating web speeds of >2000m/min
used in other industries. Although curtain coating is not amenable to double-sided coating of electrodes
(which is often used to save time in battery manufacturing plants today), curtain coating offers faster web
speeds as well as the opportunity for multilayer coating, with the possibility of double-sided coating per-
formed sequentially.

In summary, curtain coating should be explored further as a manufacturing technique for solid-state bat-
teries to alleviate some of the key bottlenecks to their adoption and widespread commercialization.
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Transparent Methods

Slurry preparation

Liz-3xAlxLasZr,012 nano-powder was purchased from MSE supplies (Ampcera™ Al-doped
LLZO). Polyethylene oxide powder (PEO, average M, 600000), Lithium
bis(trifluoromethanesulfonyl)imide (LiC2FsNO4S2, 99.95% trace metals basis) and Acetonitrile
(ACN, anhydrous, 99.8%) were purchased from Sigma Aldrich. Materials were introduced in
an Ar-filled glovebox at Oz < 1ppm and H20 < 1ppm.

2.67g of PEO was dissolved in 77g ACN. 1.67g of LiTFSI was added and stirred with a spatula.
129 of LLZO powder was added and stirred again with a spatula. These mass ratios were
chosen to result in approximately even volumetric parts of ceramic and polymer within the
dried films. The EO:Li molar ratio is 10.4 : 1. The total solid content of the slurry is 17.5wt%

(Mpgo + Myirrst + MiLzo)/Meotar-

The container was sealed under Argon with Parafilm® and then mixed in a planetary
centrifugal mixer (Thinky ARE-250). Conditions were as follows: Mixing at 2000rpm for 2min
and degassing at 2000rpm for 2min30s. The process was repeated 7 times to yield
approximately 700ml of slurry. The containers were kept separate and sealed until curtain
deposition.

Rheology
Viscosity measurements were performed using a commercial rheometer (MCR 302; Anton

Paar) in concentric cylinder geometry using a double gap cylinder (DG26.7; sample volume 4
ml). Temperature was held at 25 °C and a frequency sweep was performed between 1 s and
1000 s

Structural characterization

X-ray diffraction was carried out with a Rigaku Smartlab. Samples were measured at 45kV,
200mA with Cu k-alpha radiation in parallel beam mode. 5° Soller slits and an incident slit of
0.5mm was used. Rigaku’s Hypix-3000 detector was used in 1D mode to acquire symmetric
6/26 scans from 13° to 60°.

SEM imaging

Cross-sections of the coated solid electrolytes are prepared with a Hitachi IM4000 lon Milling
System, which uses a broad, low energy Argon ion beam to polish wide, cross-sectional cuts.
SEM images were acquired by a Hitachi SU8200. A coupled secondary electron/backscattered
electron (SE/BSE) mode with 60% SE suppression was selected for image acquisition.
Acceleration voltage was 2kV; emission current was 10.5pA.

Impedance Measurements

Electrochemical impedance measurements are performed with a Bio-Logic VSP-300
potentiostat. The excitation voltage was set to 20mV, and the frequency was scanned from
100mHz to 500kHz. The data was fitted with Z Fit, a part of the EC-Lab® software. An
equivalent circuit consisting of a bulk resistance R,,,;, in parallel with a constant phase element
CPEpy is selected. Blocking electrodes are represented by an additional CPEj,;ocking in Series.
The ionic conductivity was calculated according to ¢ = d/(A X Ryk), Where d is the
measured thickness of the solid electrolyte and A is the area of the electrodes (2.01 cm?).




Coating Setup
The coating setup is a custom design using aluminum profiles as a frame (Fig. S2). The

conveyor belt system is constructed with an electric drive (motor and speed control) by Oriental
Motors connected to rollers. The maximum coating speed is 3.5m/s, limited by the chosen gear
ratio. Volume flow can be regulated linearly up to 2210ml/min (Ismatec VC280). An open
reservoir is placed on top of the coating die to minimize volume flow ripples. For steady state
operation the minimum slurry volume within the system is approximately 500ml. During
coating the slurry is agitated with a magnetic stirrer in the reservoir (Fig. S3). The curtain
height can be adjusted up to 20cm. 4 microscope slides (25mm x 75mm) are placed on are
carrier and coated at a time when passing through the curtain. The slides provide a rigid
substrate to prevent warping during drying.

Operational Parameters

The deposition is a metered process. Therefore, the wet thickness h,,., of the deposited film
can be calculated as follows:

hyer = V/(uweb X b), .

where the volume flow IV was measured and the curtain width b is given by the coating head.
The web speed u,,,, is calculated using the motor speed wyq¢0r, the gear ratio 7.4,-, and the
diameter of the drive roll d,.,;;:

Uwep = Wmotor X Tgear X T X drour-

To estimate the dry thickness hg,.,, the wet thickness is multiplied by the volumetric solid
content sc,,,;, Which is calculated to be 5.75% = 100% X (Vpgo + Viirest + Virzo)/Viotals
hdry = Ryet X SCyo.-

The values in Table S2 were used to estimate the dry thicknesses for the two coating conditions
to be 15.2um and 30.5um respectively.

Sample Preparation

Glass slides were covered with Cu-foil. The substrates were cleaned with an acetone wipe and
subsequent air plasma treatment for 1min (Harrick Plasma, PDC-32G). The volume flow was
set to 1327ml/min and the curtain height was kept constant at 4.5cm, which resulted in a stable
curtain. Web speeds of 41.7m/min and 83.4m/min were selected to achieve different film
thicknesses. After deposition the samples are placed in an oven to dry at 60°C under vacuum
for 3h. The samples were then transferred to an Ar filled glovebox. In the antechamber they
are left under vacuum for an additional 24h to remove residual moisture.
Electrodes with a diameter of 18mm were punched out. A second Cu foil disk was added on
top for a blocking electrode setup. A PE separator ring (outer diameter 20mm / inner diameter
16mm) was sandwiched in between to avoid short circuiting at the edges from misalignment.
Under ambient conditions the samples were calendered with a pellet press at 2 tons for 1min
between two aluminum blocks preheated to 100°C. The electrode stack underwent another
drying procedure (overnight under vacuum) and was transferred back to an Ar glovebox. There
custom designed cells were assembled (Fig. S3).




Supplemental Data Items

Figure S1. Coating Setup, Related to Figure 3A
@
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Schematic of the coating setup with relevant components indicated.



Figure S2. Slurry Reservoir, Related to Figure 3A

Slurry reservoir for continuous curtain operation. During deposition the slurry is agitated by a
magnetic stirrer.



Figure S3. Structural Characterization, Related to Figure 3F

A ‘ , ‘ , B ‘ ‘
—PEO —Ampcera LLZO
. —PEO + LiTFSI . ——LLZO ref.
3 2
[v] ©
> >
et o
= =
C c
Q [}
+J -+
= UAJ =
20 30 40 50 60 20 30 40 50 60
2theta (deg) 2theta (deg)

A) X-ray diffraction measurements on crystalline PEO powder (red) and PEO electrolyte films
with LiTFSI salt (black). The broad peak suggests a mainly amorphous structure when LiTFSI
is incorporated in the polymer at a 10.4:1 molar ratio of EO:Li. B) The LLZO powder shows

the cubic LLZO phase.



Figure S4. Scale Space Analysis, Related to Figure 4A, B
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Filtering

Scale space analysis is performed on the electrolyte films to quantify the uniformity. From a
SEM image (A), a subsection of a specific edge length is selected (B). The selected part is
smoothed with an anisotropic diffusion filter (C) and subsequently thresholded (D), with the
polymer matrix in black and ceramic particles in white. The volume fraction of the polymer
phase is calculated for 100 samples and depends on the subsection edge-length (E). At an edge
length of around 13.5um, the calculated polymer volume fraction stabilizes at around 0.628
with a standard deviation of 0.024. This suggests that for the materials used in this study, films
should be at least 13.5um in thickness to exhibit uniform lithium ion conduction in the through

plane direction.



Figure S5. SEM Top View, Related to Figure 4A, B
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Top view of electrolyte films.



Figure S6. Cell Design, Related to Figure 4C, D
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Schematic of custom-made cells for electrochemical impedance spectroscopy measurements.



Table S1. Operational Parameters, Related to Operational Parameters

density LiTFSI (g/cm3) 1.33
density LLZO (g/cm?3) 5.13
density PEO (g/cm?) 1.12
density ACN (g/cm?®) 0.786
gear ratio 1y.q, 4/10
flow rate V (ml/min) 1327
motor speed wooror (FPM) 800/1600
drive roll diameter d,.,;(mm) 41.5
web speed u,,.,(M/min) 41.7/83.4
curtain width b (mm) 60

Material properties and operational parameters for the coating runs.



Table S2. Parameters of Equivalent Circuit Model, Related to Figure 4C, D

Thickness Temp [°C] CPEbiocking Ablocking CPEbui Abulk Rouk [Q]

27.8 um 20 0.000003031 | 0.8766 1.871E-08 | 0.8203 403.4
30 0.000003526 | 0.8751 1.64E-08 0.8391 142.2
40 0.000004531 | 0.8645 5.887E-09 | 0.9059 54.29
50 0.000005778 | 0.8517 6.257E-09 | 0.9 27.27
60 0.000008126 | 0.8223 1.776E-09 | 0.9 15.26
70 0.00001208 0.797 1.438E-22 | 0.9 9.203

13.8 um 20 0.000002681 | 0.8909 4.427E-08 | 0.8021 259.1
30 0.000002445 | 0.912 4.655E-08 | 0.8054 88.44
40 0.000002846 | 0.9064 2.336E-08 | 0.8598 32.65
50 0.000003428 | 0.8964 7.44E-09 0.9288 16.32
60 0.000004387 | 0.881 3.685E-09 | 0.9 9.023
70 0.000008926 | 0.8264 1.515E-22 | 0.9 4,76

Results from fitting the equivalent circuit model to impedance measurements. The model is
depicted in the inset of Fig. 4D.
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