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ABSTRACT: Hybrid solid electrolytes are promising alternatives for high energy fd1, (o] ES
3 c o Teles . . . . Hybrid Electrolytesg o f,
density metallic lithium batteries. Scalable manufacturing of multi-material electro- ° 3
lytes with tailored transport pathways can provide an avenue toward controlling Li 000 a
stripping and deposition mechanisms in all-solid-state devices. A novel roll-to-roll Fluid 2
compatible coextrusion device is demonstrated to investigate mesostructural control
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compositions are investigated. The coextrusion head is demonstrated to effectively
process multimaterial films with strict compositional gradients in a single pass. An average manufacturing variability of 5.75 +
1.2 pm is observed in the thickness across all the electrolytes manufactured. Coextruded membranes with 1 mm stripes show

the highest room temperature conductivity of 8.8 X 107 S cm™

compared to the conductivity of single-material films (25 wt %,

12 X 107 S ecm™; 75 wt %, 1.8 X 107 S cm™). Distribution of relaxation times and effective mean field theory calculations
suggest that the interface generated between the two materials possesses high ion-conducting properties. Computational
simulations are used to further substantiate the influence of macroscale interfaces on ion transport.
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1. INTRODUCTION

Lithium metal batteries can achieve high energy densities
because lithium metal has a high theoretical capacity (3860
mAh/g) and a low reduction potential (3.04 V)."” However,
lithium metal suffers from consumptive side effects in liquid
electrolytes, and thus solid electrolytes are one approach
toward mitigating these effects.” Solid electrolytes are broadly
classified into two material categories: (i) organic (polymer)
and (i) inorganic (ceramic/glass).*”® Organic solid electro-
Iytes are easy to manufacture into thin films and are
mechanically robust and flexible compared to inorganic
electrolytes’ (Figure la). However, these materials possess
low ionic conductivities in comparison to inorganic superionic
conductors. Inorganic ceramic and glass-type solid electrolytes
possess high ionic conductivity, mechanical strength, and
electrochemical stability® (Figure 1a). However, processing
inorganic solid electrolytes is comparatively difficult. Hybrid
electrolytes, which combine organic and inorganic ion-
conducting materials, represent an emerging family of solid
electrolytes that can potentially achieve the advantages of both
types of solid ion conductors for scalable applications of solid-
state batteries. However, overcoming transport resistances
between inorganic and organic phases remains a challenge.
Hybrid electrolytes contain three different material regions:
(i) polymer, (ii) inorganic, and (iii) interfacial. The interfacial
region is a region adjacent to the inorganic material, which
contains disparate material properties (Figure 1b). Ion
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transport in these electrolyte systems is fundamentally
dependent on the underlying arrangement of inorganic
particles within a polymer matrix and the interactions between
the two material phases.'’ Hybrid electrolytes demonstrate two
percolation thresholds depending on the inorganic phase
content: (i) connected particle network at an inorganic loading
of >33% and (ii) connected interfacial region at an inorganic
loading of <4% (Figure 1b). The addition of inorganic
constituents to the polymer matrix leads to Lewis acid—base
interactions in the vicinity of the particles."" This leads to well-
dissociated lithium salts that can increase the free Li"
concentration in the vicinity of the particles. Additionally,
interactions between the polymer and particles lead to lower
polymer crystallinity, which improves the ion transport
properties of the polymer.'””'® Solid-state NMR has shown
that ion transport pathways are strongly dependent on the
composition of the electrolyte.'” ™" Lithium ions are shown to
prefer the plasticizer phase,'” the ceramic phase in some
systems,"” and transitions from the polymer phase to ceramic
phase with some systems.'® Currently, a knowledge gap exists
concerning ion transport pathways in inorganic/organic hybrid
solid electrolytes. Furthermore, the confined and nanoscale
nature of these solidlsolid interfaces makes it experimentally
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Figure 1. (a) Desired properties for solid electrolytes and relative strengths of oxide and polymer-type solid electrolytes. (b) Gravimetric energy
density calculations for LLZO and hybrid electrolytes at 10 mg/ cm? cathode loading. An active material/binder/C ratio of 96:2:2 is assumed as the
cathode composition. A graphite-NCA-based battery system is considered the state of the art. Energy density calculations are based on the outline
provided in ref 9. (c) Particle and interfacial percolation thresholds observed in hybrid electrolytes. (d) Manufacturing process line for conventional

liquid-electrolyte-based batteries.

difficult to study. Thus, engineering model systems in order to
isolate the organiclinorganic interfaces at a macroscale can
provide a way to study ion transport limitations and pathways
in hybrid electrolytes.

Aside from transport, scalable manufacturing is one of the
most significant challenges facing the adoption of solid-state
batteries.”***! In 2017, there was approximately 3.1 X 10° m?
of a separator material manufactured for battery applications.””
This scale demonstrates a large potential market for solid
electrolytes and the need for tailored manufacturing processes
that can achieve these scales. Solid electrolyte production
methods must merge in this existing production chain to
ensure economic viability (Figure 1d). Gravimetric calculations
show that electrolytes with <60 ym (inorganic) and <160 ym
(hybrid) thicknesses are necessary to achieve energy densities
comparable to the state-of-the-art lithium ion batteries’
(Figure 1c). Furthermore, in order for solid-state batteries to
displace the current state of the art, lithium metal anodes are
necessary. Currently, nonuniform stripping and plating
mechanisms limit the Coulombic efficiency of Li-metal anodes
in solid-state batteries. Thus, control over local concentration
gradients at solidlsolid interfaces is desired to improve
Coulombic efficiencies. One route toward achieving this is
through micro- and mesostructural control of solid electrolytes.

Currently, hybrid solid electrolytes are processed from a
homogenized dispersion of polymer, lithium salt, and ceramic
filler. This dispersion is solution cast onto a polytetrafluoro-
ethylene or Teflon substrate to obtain freestanding films.”***
Electrolytes produced by these methods show ionic con-
ductivities around 10 S cm™ at room temperature.”®
Changing the morphology of the inorganic material has been
shown to increase transport properties. For instance, fast ionic
conductivity was observed in hybrid electrolytes with inorganic
materials with nanowire morphology.”*™>’ Changing the
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morphology of the conducting inorganic filler modifies the
polymer properties in the vicinity of the particles, improving
the overall transport. This has been further extended to
develop three-dimensional (3D) garnet—polymer frameworks
that aim to tailor ion transport through the hybrid electro-
lyte.’>*" These 3D frameworks show improved thermal
resistance (up to 600 °C) and ion transport properties
(2107 S cm™ @ RT). The major challenge with tailoring
microstructures is achieving control across multiple length
scales. Furthermore, contradicting reports suggest that Li ions
favor the ceramic phase, the polymer phase, or the interface
region, and thus the ideal microstructure is not known.'>™!*
For future adoption of hybrid electrolytes, manufacturing
processes that can control the arrangement and order of the
inorganic phase are necessary.

Herein, a manufacturing platform is engineered to explore
the role material interfaces play on transport. This method
employs a novel slot die that is compatible with current battery
manufacturing approaches. This technique is versatile and can
enable control over material composition, density, and
structure during roll-to-roll scale processing. This technique
can be leveraged toward processing of multimaterial solid
electrolytes with tailored microstructural compositions to
ameliorate various detrimental interfacial effects in solid-state
batteries. We wuse this platform to engineer macroscale
interfaces in hybrid electrolytes to study ion transport through
these intrinsic interfaces. In this study, we investigate hybrid
solid electrolytes composed of 25 wt % LLZO-PEO and 75 wt
% LLZO-PEO. Single-material films and coextruded films with
1 mm (CoX 1lmm), 2 mm (CoX 2mm), and 3 mm
(CoX_3mm) striped architecture are systematically evaluated
for transport and stability (Figure 2c). The configurations and
compositions are selected to create hybrid electrolytes with
interfaces between a low ceramic containing matrix and a high
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Figure 2. (a) Schematic diagram of interfaces in hybrid electrolytes, ion motion in hybrid electrolytes, and normal current density. (b)
Manufacturing platforms for generating hybrid electrolytes with macroscale interfaces. (c) Processing matrix investigated in this study.

ceramic loaded matrix. Coextruded electrolytes show a slight
advantage over single-material films, which is attributed to the
generation of highly conducting intrinsic interfaces within the
hybrid electrolytes. The effect of manufacturing variability on
the electrochemical performance of the system is investigated.
The nature of these coextruded interfaces is identified using
relaxation time distribution of charge transport mechanisms.
This is further validated by theoretical modeling of the hybrid
system using effective mean field theory and computational
modeling.

2. EXPERIMENTAL METHODS

2.1. Materials. Polyethylene oxide (MW: 1,000,000 g/mol) was
sourced from Across Organics and used as received. Lithium
perchlorate was used as the lithium salt. LLZO was prepared in-
house using a mechanochemical synthesis reported previously.® A 25
wt % LLZO-PEO system and a 75 wt % LLZO-PEO system are
considered as the two primary systems. A required amount of PEO
and LiClO, was initially dissolved in acetonitrile. An EO/Li ratio was
maintained at 18. Subsequently, LLZO was added to the mixture,
which was ball-milled in a low energy ball mill until a uniform
homogenized mixture was obtained. The total solid loading for both
inks was maintained constant at 15 wt %.

2.2. Coextrusion Coating. Two inks are fed pneumatically to the
coextrusion die. Single-material films and coextruded films with 1, 2,
and 3 mm stripes were manufactured. The architecture of the film was
modified by changing the shims within the coextrusion die. A coating
speed of 300 mm/min was used. Electrolytes with thicknesses ranging
from 50 to 70 pm have been fabricated using this coextrusion
platform. Details of the coextrusion system and integration are
reported in the Supporting Information (Figure S1).

2.3. Direct Write Coating. Two inks are fed pneumatically to a
regular syringe fitted with a nozzle with an LD. of 0.5 mm. Striped
films are processed by coating the layers for both materials one after
the other. A coating speed of 100 mm/min was used. Electrolytes with
thicknesses ranging from 50 to 60 ym have been fabricated using this
direct write platform.

2.4. Rheology. Inks used in coating experiments were
theologically studied using a DHR3 Hybrid Rheometer (TA
Instruments, USA). All inks were studied using a parallel plate
geometry with a 1000 um gap thickness. All inks were presheared at
10 s™" for 10 s and allowed to rest for S min prior to any tests to

remove any mechanical history in the samples. Shear sweeps were run
from 200 to 0.01 s™'. Frequency sweeps were run from 0.1 to 600
rad/s. A constant amplitude of 0.1% was applied during oscillating
experiments.

2.5. Electrochemical Testing. Single films were cast on a copper
film for ionic conductivity measurement. After drying, the electrolyte
films coated on copper were hot pressed at 100 °C and 400 psi for 1
h. Hot pressing does not result in any change in the architecture of
the coextruded membranes (Figure S4). Freestanding electrolyte films
were cast on the PTFE substrate for transference number measure-
ment. All electrochemical tests were performed on a VMP3
potentiostat (Biologic, USA). The ionic conductivity of the
electrolytes was measured by carrying out AC impedance measure-
ments between 1 MHz and 1 Hz with an amplitude of 10 mV.
Transference number measurements were carried out by polarization
method in a LilelectrolytelLi configuration. Distribution of relaxation
time characterization was carried out for Nyquist impedance spectra
obtained at room temperature (see the Supporting Information for
technique and fitting details). Galvanostatic charge—discharge studies
are carried out on symmetric cells. A constant current of 20 A is
applied for a duration of 10 min for 50 cycles. Cells are characterized
by AC impedance spectroscopy before and after cycling.

2.6. Tomography Studies. Synchrotron X-ray tomography was
carried out on the coextruded membranes at 2-BM beamline at the
Advanced Photon Source in Argonne National Laboratory. Coex-
truded samples were held by a metal clip and kept on the rotation
stage. 25 keV monochromatic X-rays were used for imaging with a
10X objective lens resulting in an approximately 2 X 2 mm FOV (field
of view) with a resolution of 0.8 um. The tomography data was
reconstructed using Tomopy.*” Subsequent image analysis was carried
out in Image].33

2.7. Effective Mean Field Theory Modeling. Effective mean
field theory (EMFT) proposed by Li et al.* is used to predict the
properties of the interfacial layer using the known values of ceramic,
polymer, and the composite electrolyte conductivity. A very thin
interfacial layer (t < R) is assumed to simplify and aid the estimation.
This is a fairly reasonable assumption for the hybrid electrolyte
systems under study. The overall equation is given as

(1 —f;) O‘pol. - Ucomp +fc O-int. - O‘comp
+ Ll*(apol - o::omp) o::omp + Ll*(gi.nt —

=0 (1)

acomp omp)
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Figure 3. Flow stability analysis for the (a) 75 wt % system and (b) 25 wt % system. Rheology studies for coextrusion inks for solid electrolytes. (c)
Steady shear for 25 and 75 wt % LLZO-PEO systems. P, S, and C represent the polymer, salt, and ceramic, respectively. Rheology was measured for
the bare polymer ink, polymer—salt mixture, and composite ink. (d) Variation in film heights for different architectures measured using a
profilometer. Variations in height are calculated over at least five line scans across the coating at five locations along the coating length.

where 0,, and o, are the conductivities of the ceramic phase,

polymer phase, and the interfacial layer, Oy, is the effective
conductivity of the hybrid electrolyte, and o is the effective
conductivity of the system of the ceramic and the interface. Li* is the
effective depolarization factor, and f, is the volume fraction of the
inserted grains. The conductivity of the interface is obtained by
solving this implicit equation. Additionally, this model is used to
estimate the conductivities of the interfacial region arising within the
coextruded system. The detailed derivation of this equation and
origins are included in the Supporting Information.

2.8. COMSOL Modeling. 3D simulations are carried out on a 6
mm X 10 mm electrolyte domain with a 60 ym thickness. This
domain was subdivided into three domains of 2 X 10 mm each. The
outer two domains were assigned the physical and electrochemical
properties of a 25 wt % system, while the inner domain was assigned
the properties of a 75 wt % system. Steady-state flux profiles through
the electrolyte are evaluated. A 1 mA/cm? current density is imposed
as a boundary condition. Details of the computation model are
included in the Supporting Information.

3. RESULTS AND DISCUSSION

There are two types of interfaces that govern ion transport and
electrochemical properties in a solid-state system: (i) extrinsic
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interfaces and (ii) intrinsic interfaces. Extrinsic interfaces
emerge when two materials are integrated together to serve
some function, such as an electrodelelectrolyte interface. In
contrast, intrinsic interfaces naturally occur in a material or a
composite and can affect concentration gradients, degradation
pathways, and transport properties. Grain boundaries/voids are
examples of intrinsic interfaces or microstructural features in
inorganic materials, and organiclinorganic interfaces are
examples of intrinsic interfaces in hybrid solid electrolytes.
The ionic conductivity is lower in hybrid electrolytes than
inorganic electrolytes and is often attributed to a formed
interfacial resistance (R,,) at the polymerlceramic inter-
face,”**° which prevents transport between the two materials
(Figure 2a).”” Phenomenologically, this can be seen when
mapping anionic and cationic flux in the polymer, ceramic and
interfacial regions respectively using effective mean field theory
(Figure 2a). Ceramic electrolytes have a lithium ion trans-
ference number close to one, effectively blocking all anion
transport. Ceramic electrolytes have a lithium ion transference
number close to the one that blocks all anion transport. This
leads to redistribution of anions over the particles and higher
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Figure 4. (a) Ionic conductivity and (b) transference number of coextruded membranes. (c) Ionic conductivity and transference number of

membrane processed using the direct write protocol.

effective current densities in the interfacial region (Figure 2a).
Thus, control over organiclinorganic interfaces during
manufacturing may provide a means for directing ion transport
to extrinsic interfaces (electrode). Uniform and controlled
concentration gradients are important in order to mitigate
degradation phenomena accelerated by the formation of local
hot spots and/or lithium metal pore formation (i.e., Li excess/
deficient regions).

Slot die coaters are extensively used in roll-to-roll
manufacturing.>® Conventional slot die instruments contain
flow dividers and a shim in order to control the coating fluid
and coating area. Furthermore, precise mass flow regulation is
necessary to maintain coating resiliency during a manufactur-
ing pass. The coextrusion (CoX) printhead designed is an
extension of a conventional slot die head (Figure 2b and Figure
Slab). The CoX head is capable of coating two layers in a
single pass. Fluid one is connected to the inlet port one (1),
and fluid two is connected to inlet port two (2). In the interior
of the CoX head, the fluid is distributed across the width of the
CoX head by using a flow divider (3). Subsequently, specially
designed shims (4) channel the flow in multiple configurations.
The mixing of two fluids is prevented by a flow separator (S).
The CoX head can deliver single-material coatings and
multimaterial coatings with through-plane or in-plane
gradation. The exact configuration is dependent on the CoX
head setup and processing parameters. Similar control over
local architectures is obtained by direct write coating
techniques, which is adapted from the 3D printing domain
(Figure 2b). The coextrusion platform is capable of coating
areas of up to 200 cm?/s. Direct write coating is significantly
more time-consuming, taking up to 10 times more time for
coating the same areas (Figure 2b). To ensure a uniform
pressure distribution at the outlet of the CoX head, the flow
dividers and the shims were designed using computational fluid
dynamics simulations as a design tool. Flow divider geometry
and shim configurations are designed to achieve a uniform
pressure distribution at the exit (Figure 2c). The pressure at
the exit of the flow patterns is fixed at ambient conditions, and
simulations are carried out at a range of viscosities (ink
formulations) and inlet pressures. Typical flow patterns and
pressure distribution show a uniform flow at the exit for all the
configurations with a uniform pressure at the outlet. This
results in optimum flow paths for the two fluids resulting in
well-defined coextruded films, as evidenced in the optical
images. Optical pictures and tomography reconstruction also
show the striated nature of the coextruded membranes (Figure

2c and Figure Slc,d). It is important to note that all the
individual configurations are obtained in a single pass coating.

The coating stability window of different ceramic/polymer
inks (2S5 and 75 wt %) was systematically investigated (Figure
3a)b). A stable coating is obtained when the coating bead
forms stable liquid—vapor interfaces with its environment
(Figure $2).>*7** If the pressure inside the bead is too large,
then the ink swells out in all directions, leading to a defect
called leaking. This defect leads to loss of control over the
coating width and thickness. At the other extreme, if the
pressure in the bead is too low, then air can entrain in the film
at the upstream meniscus, leading to break up of the coating
bead. The defect begins at isolated spots and can deteriorate
into uncoated streaks. At very high web speeds, the
downstream meniscus can break up and lead to uncoated
regions through the width of the slot and can manifest as
ribbing/ripples in the coating. At 14 kPa and 300 mm/min, the
75 wt % ink shows poor coating behavior due to a low mass
flow rate. At 600 and 900 mm/min, the coating bead loses
contact with the substrate and ribbing behavior is seen. At 21
kPa, 300 mm/min shows evidence of leaking behavior due to
low coating speeds and higher mass flow rate. A 600 mm/min
speed shows a clearly coated stripes, while the stripes again
show ribbing behavior at 900 mm/min. At 28 kPa, leaking
behavior is seen at all coating speeds; however, it reduces with
increasing coating speed. Similar observations can be made
about the 25 wt % (ceramic/polymer) ink. The coating
pressure for both inks and the coating speed were obtained by
carrying out this parametric study.

Rheological experiments are used to investigate the flow
behavior of the respective inks (Figure 3c and Figure S3a).
Effective coating is dependent on having uniform material
properties during coating.*’*° Both of the inks used for
coextrusion show shear thinning behavior in the regime of
interest (1—100 s™'). The viscosity of the 75 wt % (ceramic/
polymer) ink is 2 orders of magnitude lower than that of the 25
wt % ink (22.63 vs 0.87 Pa-s at 12 s™'). Thus, since the two
inks demonstrate different rheological properties, there is a
need for different operating pressures during coextrusion
(Figure Slab). The addition of a salt (Li source) reduces the
viscosity of a pure polymer solution. Salt introduces charge-
screening effects in the polymeric solution, leading to a
reduced repulsive force in the polymer chains.”" This leads to a
reduction in the hydrodynamic radius of the polymer and the
degree of polymer chain entanglement. Together, these factors
lead to a reduction in the polymer viscosity. Subsequently, the
addition of ceramic particles also reduces the viscosity for the
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Table 1. Activation Energies (eV) for Ion Transport

hybrid electrolytes

branch 25 wt % 75 wt % CoX_1mm CoX_2mm CoX_3mm
low temperature 0.53 0.48 0.32 0.31 0.46
high temperature 0.26 0.26 0.21 0.25 0.32
interfaces
branch 25 wt % 75 wt % CoX_1mm CoX_2mm CoX_3mm
low temperature 0.42 0.43 0.25 0.21 0.46
high temperature 0.27 0.19 0.14 0.21 0.37

25 wt % system due to further chain disentanglement. An
increase in viscosity is seen in the low shear region, indicating a
percolated particle network for the 75 wt % ink (ceramic/
polymer). Both systems show a higher loss moduli than storage
moduli, suggesting the presence of unstructured agglomerates
(Figure S3a).

Quality control is of significant interest in battery
manufacturing because irregularities will lead to variable
material properties.”” >® Thus, it is imperative to analyze the
process variability in the manufacturing process. Profilometry
studies were carried out on coextruded electrolytes across
multiple sections along the length of coating. The average
thickness variation in the different coextruded electrolytes is
reported (Figure 3d and Figure S3b). The average variation
across all the samples is 5.75 + 1.2 ym. This error is within the
resolution limits of the gantry stage used for the coextrusion
system (£50, +150, and +10 um in the X, Y, and Z direction).
Moving to a dedicated coating platform with improved motor
resolution and better load management can improve the
variability response of the coextrusion system. The thickness
variations observed here are ~5—10% of the average
electrolyte thickness.

Electrochemical properties for the coextruded and single-
material films were systematically investigated (Figure 4a—c).
The ionic conductivities for the 1, 2, and 3 mm coextruded
samples were similar for temperatures between 25 and 70 °C
(Figure 4a) and larger than the single-material electrolytes. For
statistics and quality control, 10 separate samples were
measured. Detailed results with errors are reported in the
Supporting Information (Tables S1—SS). The ijonic con-
ductivities reported here are generally on the lower side with a
room temperature conductivity of ~#10™ S cm™' for the
coextruded membrane. Employing strategies like optimal
loading of ceramics,'”** addition of plasticizer,17 tailoring
polymer composition,'' or moving to a bulkier anion® can
help improve the ionic conductivity values. Model PEO-
LiClO,-LLZO inks were used for this proof-of-concept study
that exhibited distinct composition and rheological properties.
The relatively large spread seen in the ionic conductivity data
can arise from the variability in processing discussed earlier.
Even so, an improvement in the mean value of ionic
conductivity is observed for coextruded membranes compared
to single-material films (Figure 4a). The activation energy
(measured on the average data) also shows an equivalent
decrease for the coextruded configurations compared to the
single-material films below the transition temperature of the
polymer (Table 1). The striped architecture resembles a
parallel conductor network for which the equivalent con-
ductance is equal to the sum of individual conductance in the
circuit. Charges are redistributed through the individual stripes
to minimize the voltage drop across the system. The equivalent

circuit model described above considers electron motion,
which is not the case for the hybrid electrolytes. Ion transport
through the electrolyte is limited by kinetics of ion motion
through the material. Increases in ionic conductivity for
coextruded solid electrolytes suggest that the addition of
macrointerfaces facilitates transport pathways within the
electrolyte that possesses better ion transport kinetics.
Generally, in hybrid electrolytes, improved ion transport is
ascribed to (i) increased ion-pair dissociation, (ii) enhanced
Li* surface transport, (iii) anion attraction at the inorganic
phase surface due to Lewis acid—base interactions, (iv)
polymer chain-promoted surface transport, and (v) improved
ion transport through the polymer phase due to reduced
crystallinity.” The architectures designed for this study are
tailored so that the microstructure at the interface between the
low loading ink and high loading ink is distinct than that
between the respective bulk systems. This region can be
identified as the macrointerfacial region between the two
coextruded regions. The distribution of the organic, inorganic,
and so-called space-charge layer will be distinct from the bulk
materials. The results suggest that this redistributed interfacial
region between the two systems is likely the cause of
improvement in the ionic conductivity. The mechanism for
improved ion transport rates is likely to be described by a
combination of the factors discussed above. It is extremely
difficult to evaluate mechanistic information about ion
transport experimentally, and modeling techniques are used
to provide insi%ht into the interfacial mechanisms for improved
ion transport.”” It is understood that manufacturing platforms
with a higher resolution and better load management can
overcome the process variation seen in this study and showcase
the improvement in the coextruded electrolytes more
effectively. However, the current platform demonstrates clearly
the potential value for multimaterial manufacturing as a means
to control electrochemical and transport properties in a part or
component.

Transference number is another electrolyte property that
dictates the electrochemical performance.”’~>° High trans-
ference number electrolytes minimize the concentration and
polarization gradients, improve power performance, and
mitigate the risk of catastrophic failure via shorting due to
uniform concentration profiles. The transference number of
the uniform coating with 25 wt % ceramic is 0.36, while the
transference number of the uniform coating with a 75 wt %
system is 0.56 (Figure 4b). Addition of ceramic particles to the
polymer matrix improves the Li-salt dissociation and mobility
of Li* due to charge screening.”’” Improved salt dissociation
and anion immobilization on increasing the single ion-
conducting inorganic phase fraction leads to a higher
transference number for the 75 wt % system. The transference
number for the coextruded electrolytes falls between these two
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Figure S. (a) Schematic diagram of Li ion transport in hybrid electrolytes with ion transport mechanisms and characteristic time scales. (b)
Effective mean field theory model for estimating interfacial properties. (c) Distribution of relaxation time results for all samples. (d) EMFT results
for the CoX_1mm membrane with 25 and 75 wt % systems as the bounding components. (e) Interfacial conductivities for all samples.

systems. According to the concentrated solution theory,®" the
cation transference number is related to the effective diffusion
coefficients of the binary salt in the medium, which in turn
depends on the conductivity.”” The experimental results show
an improved ionic conductivity for the coextruded films;
however, the transference number remains between the two
boundary systems. This indicates an equal improvement in
both anion and cation diffusion coefficients, which results in a
higher conductivity but an effectively averaged transference
number. There can be several competing mechanisms
occurring at the macrointerfaces that can lead to this behavior,
including anion immobilization, charge screening, and ion
redistribution. Further investigation into the differences in the
bulk and interfacial microstructure and chemical morphology is
needed.

In order to test the hypothesis that the improved transport is
ascribed to the macrointerfaces and not process-related
parameters, we tested a similar striped architecture using
direct writing printing. These are another approach capable of
generating architectures similar to the coextrusion system. The
primary difference between direct write and coextrusion
manufacturing platforms is the speed of processing. Coex-
trusion coats multiple inks at the same time and thus is much
more facile for high-throughput processing. However, there is a
possibility of mixing at the interfacial region in coextrusion
manufacturing. Diffusion of components within the two ink
stripes during the drying step can also occur due to the
composition difference between the two inks. These
phenomena have less impact with the direct write coating
process. The ionic conductivity of the direct write striped
electrolyte shows a slightly higher conductivity than the single-
material electrolytes (75 and 25 wt %) and median
transference number values (4.12 X 107 vs 3.98 x 107* S
em™' (25 wt %) and 2.21 X 107* S cm™ (75 wt %)). The
coextruded electrolyte with a similar stripe configuration (2

45093

mm) shows slightly higher ionic conductivities (6.31 X 10™* vs
412 X 107* S cm™ @ 75 °C) and smaller activation energies
(—=0.966 vs —1.06 eV). These results suggest that the
macroscale interfacial regions are responsible for the enhanced
ion transport properties.

Deconvoluting the ion transport mechanisms between the
polymer phase, ceramic phase, and the interfacial region is
challenging (Figure Sa). Intra- and interchain ion hopping
mechanism and segmental motion of the polymers are known
transport mechanisms through the polymer phase (Figure Sa).
Li transport in the garnet occurs primarily through hopping
mechanisms that are driven by vacancy concentrations in the
crystal structure. The improved ionic conductivity and median
transference number suggests that the transport mechanisms at
the interfacial regions is through a confined polymer matrix.
Multiscale modeling of battery materials is an effective tool to
deconvolute experimental results. We employ distribution of
relaxation time analysis as an experimental approach toward
deconvoluting the ion transport mechanisms in these
coextruded systems. This is complemented by theoretical
modeling using effective mean field theory (Figure Sb) and
three-dimensional fluid dynamics simulations (Figure 6).

Distribution of relaxation time is a method for deconvolut-
ing transport mechanisms from impedance spectra.”>** This
technique does not require any a priori assumptions regarding
the system behavior as is necessitated in equivalent circuit
modeling of the impedance spectra. Furthermore, this
technique can distinguish between mechanisms with similar
time constants. The distribution relaxation time spectra of the
single-material 25 wt % solid electrolytes show one primary
peak at &2 X 107 s and shoulders at ~1.3 X 10~ and 3.0 X
1077 s. These may represent the characteristic ion transport
mechanisms in the polymer: inter- and intrachain ion hopping
and segmental motion, respectively. The ceramic concen-
tration at this loading is &7 vol %, which suggests a discrete
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network that does not contribute to ion transport significantly.
Moving to the single-material 75 wt % solid electrolyte
demonstrates a shift in the relaxation time distribution curve
toward smaller relaxation times (primary peak at 1 X 107 s)
and a small shift of the peak at a higher relaxation time. The
shift to lower relaxation times can be attributed to the
modification of the polymer phase with the addition of the
ceramic particles. Coextruded electrolytes all show a shift of
peaks to lower relaxation times (primary peaks at 3.09 X 1077,
2.64 X 1077, and 7.64 X 1077 s for CoX_1mm, CoX_ 2mm,
and CoX_3mm, respectively), which suggest faster ion
transport mechanisms (Figure Sc). Additionally, coextruded
solid electrolytes have features at very low relaxation times
(1077 s), which suggest that a region of fast transport exists in
these samples.

While distribution of relaxation times helps to show the
presence of interfacial regions with disparate ion transport
properties, the physical properties of these regions are not
quantifiable. Effective mean field theory (EMFT) was
originally proposed by Bruggeman® to predict the effective
properties of composite materials. The theory has been
extensively improved since then and has been recently
employed to screen mixture compositions for hybrid electro-
Iytes. EMFT models use conductivity values for individual
components of a composite matrix as well as the interface to
predict the properties of the composite matrix (Figure Sb). We
leverage this model and use it implicitly to solve for the
interfacial properties. An assumption for very thin interfaces
(compared to the particle radius) is taken to simplify the
analysis. This approximation is fairly safe considering the
length-scale interface layer is expected to propagate from the
particle surface. We employ this model to predict the
properties of macroscale interfaces generated in the coextruded
samples.

The interface in the 25 wt % system between the polymer
phase and ceramic phase shows lower ionic conductivity than
the polymer (55 °C) (Figure S6a). Ion transport would favor
the polymer in this case and the ionic conductivity of the
hybrid membrane falls close to the bare polymer. At
temperature <T,, the hybrid electrolyte shows a slight
improvement possibly due to the addition of the ceramic filler
and a decrease in the polymer crystallinity. At temperatures
above the melting temperature, the bulk polymer becomes
amorphous, resulting in similar transport properties between
each stripe. The interface is estimated to be more conducting
<T,, for the 75 wt % system (Figure S6b). The increased
particle loading leads to generation of interfacial regions in the
vicinity of the particles that possess a locally amorphous

polymer structure and strong anion suppression. This results in
the improved interfacial conductivity for this system. The
interfacial conductivity shows a decay after 5S °C for the 75 wt
% system. A higher ceramic loading in this system possibly
restricts the polymer segmental motion, lowering the interfacial
conductivity. The model predicts that the interfacial
conductivity in a 1 mm striped coextruded electrolyte is
higher than the ionic conductivity of the 25 and 75 wt %
system <T, (Figure Sd). The ionic conductivity of the
interfacial layer for this configuration is slightly lower than the
coextruded sample with smaller activation energies (Table 1).
This suggests that the interfacial layer between the 25and 75
wt % sample possesses an improved ion transport pathway in
the coextruded sample. A similar behavior is seen for the other
coextruded samples (Figure Se and Figure S6c,d). Electrolytes
with 1 mm stripe architectures show the highest interfacial
conductivity and lower activation energies.

The impact of the macrointerface on transport is further
investigated using computational modeling. Steady-state
concentration flux across a domain containing three stripes 2
cm wide and 60 pm-thick is evaluated (top view seen in Figure
6a). The ion transport properties of two stripes are kept equal
to that obtained for the 25 wt % system, while the center stripe
is provided in the ion transport properties of the 75 wt %
system. It should be noted that the hybrid electrolytes have
been modeled as a uniform phase in these simulations. A small
current density is applied across the top and bottom surface of
the electrolyte domain. Steady-state ion transport simulations
show strong localization of lithium ion flux at the interfacial
region between the two material systems (Figure 6a). The
cross section across the thickness of the electrolyte at the
interface highlights the lithium ion distribution at the
interfacial region for the coextruded architectures. Normalized
flux averaged across the entire length of the simulated domain
shows clear spikes in lithium ion flux at the interfacial region
(Figure 6b). Simulations show an enhancement factor of ~200
in the ion flux at the interfacial regions. Figure 6¢ demonstrates
how the mechanical properties of the electrolyte are altered
with the ceramic content and with coextrusion. The
mechanical properties appear to obey superposition. The
single-material 25 wt % ceramic/polymer electrolyte has the
longest elongation at break (650%), and the 75 wt % ceramic/
polymer solid electrolyte has the shortest elongation at break
(50%). The coextruded film, which is composed of both 25
and 75 wt % stripes, falls in between the single-material
electrolyte and breaks at 300%.
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4. CONCLUSIONS

A novel manufacturing platform for the scalable production of
hybrid solid electrolytes is demonstrated. Coating hybrid solid
electrolytes with structural and compositional variation at roll-
to-roll scales provide a pathway to engineer transport pathways
on the fly. Herein, we demonstrate a novel architecture that
introduces macrointerfaces into a polymer ceramic matrix.
These interfaces demonstrate an increase in ion transport
properties compared to single-material films. Detailed analysis
of impedance data and modeling studies provide phenomeno-
logical insight into ion transport kinetics at these interfaces.
Long-term control over ion transport properties and pathways
is necessary to achieve uniform stripping and plating
mechanisms with lithium metal anodes. This proof-of-concept
study presents one potential manufacturing strategy to address
this need. Achieving reliability in manufacturing is also
identified as an important aspect toward commercialization
of solid-state batteries.
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