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In this work we introduce an approach to fabricate a solid composite electrolyte film that is thin, ionically con-
ductive, and mechanically robust with good potential for manufacturability, for the application of lithium metal
batteries. First a doped lithium aluminum titanium phosphate ceramic thin film with thickness of ~25 pm is
formed by aqueous spray coating, a scalable process. The film is partially sintered to form a three-dimensionally
interconnected structure with a dense backbone. It is then backfilled with a crosslinkable poly(ethylene oxide)
(PEO)-based polymer electrolyte. The composite has very high ceramic loading of 77 wt% (61 vol%) and an ionic

conductivity of 3.5 X 10 S/cm at 20 °C with an activation energy of 0.43 eV. The main ion transport pathway is
through the ceramic network, predicted by modelling and verified by experiments. Owing to the interconnected
structure of the ceramic, the composite electrolyte exhibits much improved mechanical strength.

1. Introduction

Solid electrolytes are promising in enabling lithium metal to re-
place the conventional graphite anode to significantly increase the ca-
pacity and energy density of lithium-ion batteries [1,2]. There are two
classes of solid electrolytes, inorganic oxide- or sulfide-based electrolytes
and polymer-based electrolytes [3,4]. Inorganic electrolytes offer superb
ionic conductivities (104-102 S/cm) but they suffer from brittleness and
lack of processability. Solid polymer electrolytes offer the advantages of
flexibility, low-cost processing, and good adhesion to the electrodes, but
they typically have low room-temperature ionic conductivity and not
sufficient mechanical modulus to stop dendrite growth.

A composite combining inorganic and polymer electrolytes may
boast the advantages of each to create a highly conductive, mechanically
robust and easily manufacturable solid electrolyte [5]. Most work on
composite electrolytes involves dispersing a ceramic filler into the poly-
mer to improve the conductivity and the mechanical strength [6-19].
At low loadings (<10 vol%), passive fillers such as SiO5 and Al,O3 and
Li*-conducting active fillers such as Li; 3Al 3Ti; 7(PO4)3

(LATP) [13-15], Li;oGeP5Sq5 (LGPS) [16], LiyLagZr,0415 (LLZO) [17],
and LissLa gsTiO3 (LLTO) [18] improve the ionic conductivity of the
composite electrolytes. The underlying mechanisms for the conductiv-
ity enhancement include suppression of crystallization of the polymer
around the filler [20,21], changes in the Li* - polymer complexation
[19,22], and enhanced surface transport [23]. It is important to note
that in these composite systems where discrete particles are dispersed
in a polymer matrix, the ceramic's effects lie in enhancing the polymer
phase's conductivity. Our recent work revealed a large interfacial resis-
tance for ion transport between the polymer and ceramic electrolytes,
which prevented ions to transport across the polymer-ceramic interface
in a dispersed composite [24-26].

With higher loadings of ceramic (> 50 vol%), which are necessary to
achieve the required mechanical modulus [27], composite electrolytes
with discrete ceramic fillers show greatly decreased ionic conductiv-
ity compared to the neat polymer electrolyte, even with ionically con-
ductive fillers such as LATP and LLZO [24,28]. Although this load-
ing regime is above the ceramic percolation threshold, ion transport
through the dispersed ceramic fillers is not efficient due to the large in-
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terparticle contact resistance and insufficient particle-particle contact
area. Therefore, the traditional method of fabricating composites with
discrete particles makes it difficult to take advantage of the high ionic
conductivity of the ceramic.

In order to overcome this problem, our strategy is to make a compos-
ite with an interconnected ceramic network to significantly reduce inter-
particle resistance [29]. In this work, we demonstrate the development
of a composite solid electrolyte with an interconnected ceramic structure
using a readily scalable processing method. The composite electrolyte is
thin (below 25 pm), has high ceramic volume fraction (ca. 77 wt% and
61 vol%), high room temperature ionic conductivity (3.5 X 10° S/cm
at 20 °C), and shows good mechanical strength (equibiaxial strength of
19.5 MPa).

2. Experimental section
2.1. Preparation of sintered ceramic thin films and pellets

A 2 wt% aqueous suspension of doped-lithium aluminum titanium
phosphate (LICGC™, Ohara Corporation) powders was spray coated
onto an alumina substrate at 110 °C using an automatic spraycoater
(Prism-400 BT from Ultrasonic Systems, Inc.) The spray nozzle of the
automatic spray coater rastered in a programmed area above the heated
alumina substrate while the ceramic particles were sprayed out of the
nozzle, forming a very thin layer on the substrate. After the spray nozzle
completed rastering the defined area once, the film was dried for 1 min.
The spraying/drying process was repeated until the desired thickness
(~20 pm) was reached. The spray nozzle width, nozzle speed, and flow
rate were set at 5 mm, 50 mm/s, and 1 mL min~}, respectively. For ce-
ramic pellets, a quarter of a gram of LICGC™ powders were cold pressed
using a half-inch die with 41 MPa pressure.

Thin film and pellet samples were sintered at 1000 °C for 3 h under
dry air to form an interconnected structure. The furnace temperature in-
creased at a ramp rate of 10 °C min~! and decreased naturally on power
off.

2.2. Preparation of xPEO polymer electrolyte and filling of the sintered
ceramic

0,0’-Bis(2-aminopropyl) polypropylene glycol-block-polyethylene
glycol-block-polypropylene glycol (Jeffamine ED-900, Sigma-Aldrich)
and poly(ethylene glycol) diglycidyl ether (PEGDGE, average M, 500,
Sigma-Aldrich) were mixed in a weight ratio of 9:10 at room tempera-
ture under constant stirring for 2 h. Lithium bis-trifluoromethanesulfon-
imide (LiTFSI, 3 M) was then added to the mixture and stirred for an-
other 2 h, until it was fully dissolved. The weight ratio of LiTFSI to Jef-
famine + PEGDGE was 1:4. The liquid mixture was dispensed onto the
sintered ceramic thin film or pellet. To ensure complete filling, the sam-
ples were placed in a vacuum oven at room temperature under vacuum
for 4 h. Then the polymer mixture was cured at 100 °C under vacuum
for 16 h. We denote crosslinked Jeffamine + PEGDGE + LiTFSI poly-
mer electrolyte xPEO. The resulting composite thin films or pellets were
then transferred into an argon glovebox and dried further inside the
glovebox in a vacuum furnace at 80 °C for 16 h.

2.3. X-ray diffraction (XRD)

XRD measurements on LICGC™ powder and sintered films/pellets
were performed on a ScintagOXDS 2000 powder diffractometer with Cu
Ka radiation (A = 1.540562 A) in the 26 range of 10-90°. The operating
voltage and current of the X-ray generator were 45 kV and 35 mA, re-
spectively.
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2.4. Thermal gravimetric analysis (TGA) measurements

A piece of neat xPEO and a piece of the composite pellet, each con-
taining approximately 7 mg of polymer, were thoroughly dried in the
glovebox, following the same procedure as the drying of the composite.
Each sample was transferred in an airtight jar to outside the glovebox
and loaded onto the TGA immediately after opening the jar. TGA was
run in the temperature range of 20 °C-600 °C at a heating rate of 10 °C
min™ (TA Instruments Q500). A steady flow of dry nitrogen or dry air at
the rate of 10 mL min’! was maintained throughout the measurements.
The weight loss results from TGA performed in dry nitrogen and dry air
were statistically the same.

2.5. Synchrotron X-ray tomography

A piece of LICGC™/XPEO composite thin film on substrate was
cut into a small matchstick shaped sample with the dimension of
0.5mm X 0.5mm X (20 pm film + 450 pm substrate) using a dia-
mond saw. The sample was mounted on a tomography sample stage us-
ing epoxy adhesive. Tomography experiments were carried out at Beam-
line 2-BM at the Advanced Photon Source. Filtered, monochromatic
X-rays with 25 keV energy were used for the experiments. 1500 pro-
jections were taken for 180° rotation of sample with 100 ms exposure.
The total scan time for sample was ~4 min. FLIR Oryx-10GE camera
was coupled with a 2X magnification lens resulting in a field of view
of ~2 x 1.5 mm with a resolution of ~0.7 pm. The tomography recon-
structions were carried out using Tomopy software [30]. Subsequent
image processing, analysis and visualization was carried out in ImageJ
[31] and DragonFly.

2.6. Conductivity modeling

We used a random resistor method to model the partial-sintered
LICGC™'s conductivity. The particle size distribution of LICGC™ parti-
cles is bi-modal, measured by the laser diffraction particle size analy-
sis (LDPSA). The size distribution was modeled by two Weibull distrib-
utions and the microstructure was approximated by an assembly of ran-
domly packed spherical particles in a cube with 20 #m sides. A 20%
overlap between the particles in contact was allowed to approximate the
effect of sintering. This microstructure was meshed by a system of resis-
tors, and the effective conductivity was obtained by calculating the total
current in the system under an applied potential difference.

2.7. AC Impedance measurements

The impedance spectra of partially sintered LICGC™ pellet, fully
dense LICGC™ plate and LICGC™/XPEO composite pellet were mea-
sured by sputtering 500 nm of gold on both sides of the samples. These
samples were thoroughly dried in an Ar glovebox following the same
procedure described above and sealed in pouch cells before measure-
ment. The impedance spectrum of the as-pressed, unsintered LICGC™
pellet was collected by pressing 0.1 g of dried LICGC™ powder in a poly-
ether ether ketone (PEEK) die under 41 MPa pressure with the leads
to the impedance spectrometer connected to the polished stainless steel
pellets. This was done in an argon filled-glovebox.

For composite thin films on alumina substrates, the bottom con-
tact was sputtered onto the alumina substrate prior to spray coat-
ing and sintering of the ceramic. The top contact was sputtered af-
ter the ceramic network was filled, cured and thoroughly dried. After
experimenting with several metals/metal combinations, we discovered
that 60 nm of titanium+ 600 nm of platinum was the best choice as
it adhered well to the substrate and remained relatively smooth with-
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out degradation or oxidation after heat treatment at 1000 °C. The sam-
ples were sealed in pouch cells for impedance measurements.

Impedance measurements were carried out by applying an alter-
nating current of 6 mV amplitude within a frequency range of
1 MHz-50 mHz (BioLogic). Samples were equilibrated for 1.5 h at each
temperature increment before the measurement was taken.

2.8. Mechanical tests

The flexural strength of the composite was measured by equibiaxial
deformation in a ring-on-ring setup, according to the ASTM C1499-15
standard. A 3.5 mm thick disk of composite electrolyte material was pre-
pared by the sintering and back-filling procedure described above. The
disc was 30 mm in diameter. The flexural strength test was performed
in an Instron electromechanical universal testing frame equipped with a
1.33 kN load cell. The biaxial setup consists of a support ring, 22.2 mm
in diameter, and the upper loading ring (5.5 mm in diameter) to which
the axial load is applied via spherical coupling. All the load bearing parts
are made of alumina. To minimize friction, a graphite tape was placed
between the loading rings and the sample.

3. Results and discussion

The ceramic we used was a doped-lithium aluminum titanium phos-
phate (LATP) glass ceramic powder obtained from Ohara corporation
(LICGC™). The average primary particle size was 1 pm. Fig. 1 shows
the fabrication procedure of the composite electrolyte film. Briefly, an
aqueous suspension of ceramic particles was spray coated onto an alu-
mina substrate to form a thin film (~25 pm in thickness). Details of the
spray coating process are described in the Experimental section. After
spray coating, the ceramic thin film was partially sintered to form an
interconnected necked structure. Following the sintering step, the film
was filled with crosslinkable polymer electrolyte precursors and cured
to form a composite electrolyte.

Scanning electron microscopy (SEM) images of the in-plane and
cross-sectional view of the as-sprayed ceramic film are shown in Fig. 2a
and b. The spray coating method created a ceramic film that had large
area and was densely packed. Excellent thickness control and uniformity
can also be observed.

spray coating
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After spray coating, the ceramic thin film was sintered at 1000 °C
for 3 h under dry air. Fig. 2c and d shows the in-plane and cross-sec-
tional morphology of the sintered film. With this heating procedure,
the LICGC™ ceramic went through the initial stage of solid-state sin-
tering and formed a necked structure [32]. The cross-sectional view
highlighted that this structure permeated throughout the film. X-ray dif-
fraction (XRD) was performed on the partial-sintered LICGC™ ceramic
(Fig. S1), which confirmed that no structural or crystallinity changes
occurred during the sintering process, only morphological changes. Ad-
ditionally, Fig. 2d revealed that there was negligible change in the film
thickness after sintering. As a comparison of the spray-coating method,
LICGC™ ceramic powder was cold pressed into a 1 mm thick pellet us-
ing a half-inch die with 41 MPa pressure and sintered using the same
conditions. A very similar necked morphology was observed (Fig. 2e).

The morphology of the partial-sintered LICGC™ thin film was fur-
ther investigated by synchrotron X-ray microtomography. A slice of the
tomogram in the in-plane direction of the film is shown in Fig. 3a. The
white region represents the LICGC™ ceramic, which strongly absorbed
X-rays. The black region is the X-ray transparent region which is the
voids [33]. The binarization clearly revealed the connectivity of the par-
tially sintered ceramic structure. A movie going through all the slices
from the top to the bottom surface of the film is shown in the Support-
ing Information. A volume of 200 pm x 200 pm X 25 pm was recon-
structed and the ceramic was segmented out as the green component
(Fig. 3b). The reconstructed volume indicated that the ceramic network
was three-dimensionally interconnected. Furthermore, the binarization
indicated that the void area was also interconnected. X-ray tomography
confirmed that we successfully created a bicontinuous structure with
one phase being the ceramic and another phase being the void to be
filled with a polymer electrolyte.

We used a random resistor method to estimate the conductivity
of partially-sintered LICGC™ [34,35]. The particle size distribution
of LICGC™ particles is bi-modal, measured by laser diffraction parti-
cle size analysis (LDPSA, Fig. 4a). This distribution was modeled by
two Weibull distributions. Park and Miller random number generator
was used to create a random number following uniform distribution
U ~ U (0,1), which was then transformed as

X = ﬂ(—ln(U))ﬁ (€]

filling with
.. crosslinkable LTS
polymer electrolyte J

;.-_._
; H\-
B

Fig. 1. Schematic illustration of the fabrication procedure of the composite electrolyte film.
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Fig. 2. Scanning electron microscopy (SEM) images of LICGC™ thin film (~20 pm thick)
and thick pellet (~1 mm thick). (a), in-plane and (b), cross-section view of as sprayed
LICGC™ film; (c), in-plane and (d), cross-section view of sintered LICGC™ film forming
an interconnected necked structure; (e), SEM of sintered LICGC™ pellet; (f), cross-section
view of the composite film. There is a ~2 pm thick polymer-rich layer on the top surface.

60 um

Fig. 3. Synchrotron X-ray microtomography of sintered LICGC™ ceramic thin film. (a),
an in-plane slice of the film, where the white region represents LICGC™ ceramic and the
black region represents voids; (b), three-dimensional reconstruction of the ceramic thin
film. The green segmentation represents LICGC™ ceramic. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the Web version of this arti-
cle))
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Fig. 4. Modeling of the conductivity of sintered LICGC™. (a), particle size distribution and
bi-Weibull simulation; (b), simulation of the microstructure by an assembly of randomly
packed spherical particles in a cube with 20 pm sides with a 20% overlap between the par-
ticles.

where X is the Weibull (o,) random variable. The resulting distribu-
tion was composed of Weibull (1.8, 0.8) and Weibull (3.8, 1.94) distri-
butions. The result was obtained with 10,000 randomly generated num-
bers.

The bi-Weibull simulation result is displayed in Fig. 4a. Good agree-
ment with the experimental size distribution was obtained. The mi-
crostructure was approximated by an assembly of randomly packed
spherical particles in a cube with 20 pm sides (Fig. 4b). A 20% overlap
between the particles in contact was allowed to approximate the effect
of sintering. This microstructure was meshed by a system of resistors,
and the effective conductivity was obtained by calculating the total cur-
rent in the system under an applied potential difference.!#!> Calcula-
tions based on 52 vol% particle loading predicted an effective ionic con-
ductivity of 3 X 10 S/cm at room temperature (23 °C).

After forming the interconnected ceramic network, the thin film
and the pellet were filled with a crosslinkable mixture of Jeffamine,
PEGDGE and LiTFSI salt [36]. The details of the preparation and fill-
ing procedures are described in the Experimental Section. Both Jef-
famine and PEGDGE are low viscosity liquids at room temperature and
LiTFSI readily dissolves in the mixture. The liquid mixture can easily fill
the voids of the ceramic network with the help of vacuum. After fill-
ing, the composite film was cured at 100 °C overnight. This promoted
the crosslinking of Jeffamine and PEGDGE and the liquid mixture be-
came a solid film with dissolved lithium salt in it. The crosslinked Jaf-
famine + PEGDGE + LiTFSI polymer electrolyte is hereafter referred to
as xPEO. A cross-sectional SEM image of the LICGC™/xPEO composite
thin film is shown in Fig. 2f. There was a ~2 pm thick polymer-rich
layer on the top surface of the composite film.
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To determine the ceramic loading in the composite, thermogravimet-
ric analysis (TGA) was performed on xPEO and LICGC™/XPEO com-
posite (Fig. S2). The xPEO showed very good thermal stability up to
300 °C. At 600 °C, the remaining weight was approximately 5 wt%. The
composite showed similar thermal stability up to 300 °C and the weight
loss stopped near 425 °C. From these measurements we calculated re-
markably high ceramic loading of 77.4 + 1.8 wt%, corresponding to
61.1 + 2.4 vol%. We also measured the density of the sintered LICGC™
pellet by measuring the weight and the volume of several samples. The
density of LICGC™/xPEO composite film was 1.71 + 0.08 g/cm?. From
these measurements, we estimated the volume fraction of the ceramic to
be 56.1 + 2.6%, in good agreement with the TGA results.

The conductivity of as-pressed ceramic pellet, fully dense LICGC™
plate, and both thick pellets and thin films of LICGC™/XPEO compos-
ite were investigated. The as-pressed ceramic pellet was extremely resis-
tive due to large particle-particle contact resistance. The ionic conduc-
tivity was estimated to be between 10°-10° S/cm (Fig. S3). The fully
dense LICGC™ plate's conductivity at 20 °C was 1.1 x 10% S/cm. The
Nyquist plots of the partially-sintered ceramic-only pellet and the com-

Energy Storage Materials xxx (XxxX) XXX-XXX

posite pellet at 20 °C are shown in Fig. 5a. The plots were normal-
ized by the thickness and area of the respective samples. The par-
tially-sintered pellet's resistance at 20 °C was gsintered-Licgc = 22 kQ cm,
corresponding to a conductivity of 4.5 X 10 S/cm. This is in good
agreement with its theoretical conductivity based on volume fraction
(vol%Ggense  plate = 6.4 X 10°S/ecm) and model prediction
(3 x 10 S/cm). This indicates that the ceramic network was well con-
nected, and the backbone of the network was dense.

The LICGC™/XPEO composite pellet had a similar resistance to that
of the partially-sintered ceramic, Reomposite pellet = 29 kQ cm (Fig. 5a),
corresponding to a similar conductivity of 3.5 x 10> S/cm at 20 °C.
These results are very exciting as they revealed that in the
LICGC™/XPEO composite, the ion transport mainly went through the
ceramic network. This transport mechanism is the opposite of the ma-
jority of reports on composite electrolytes with dispersed ceramic fillers
where ion transport occurs in the polymer phase [13-18,24,28].

As a comparison, a composite made of xPEO with 70 wt% unsin-
tered and dispersed LICGC™ ceramic particles, a similar loading to the
interconnected composite, was formed through traditional mixing and
casting methods. The dispersed composite had an ionic conductivity
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Fig. 5. Impedance results of sintered LICGC™ ceramic and LICGC™/xPEO composites. (a), Nyquist plots of sintered ceramic pellet and composite pellet; (b), Nyquist plots of the composite
thin film, and plasticized composite thin film. All the Nyquist plots were collected at 20 °C and normalized by the thickness and area of respective samples. Equivalent circuit models used
to extrapolate resistances are color matched with each Nyquist plot. (c), equivalent circuit model and fitting result of the composite thin film. (d), Arrhenius plot of the ionic conductivity
of all samples. (e), schematics of the composite pellet and thin film, showing that the effects of surface xPEO layer and interfacial resistance are much larger in the thin film than the thick
pellet. Schematics are not drawn to scale. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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of 5.4 X 107 S/cm at 20 °C, two orders of magnitude lower than the
composite with interconnected ceramic structure (Fig. 5d).

The Nyquist plot of LICGC™/XPEO composite thin film at 20 °C is
shown in Fig. 5b. At 20 °C, the thin film composite has a resistance
of Reomposite-TF = 250 kQ cm, corresponding to an ionic conductivity of
4.1 x 10 S/cm, nearly an order of a magnitude lower than the that of
the thick composite pellet. Careful analysis of the impedance spectra re-
vealed the reasons behind the thin film's low ionic conductivity.

In Fig. 5e, we compare the resistance of every layer in the com-
posite pellet and thin film. The composite pellet consists of two xPEO
surface layers, a bulk composite layer and two XxPEO/composite in-
terfaces. A 2 pm xPEO surface layer has an area specific resistance
of Rypro = 61 Q cm?, calculated from the conductivity of XPEO. The
1 mm thick composite had an area specific resistance of Reompos-
ite = 2200 Q cm?, calculated using the conductivity of the partially-sin-
tered ceramic and assuming the majority of ion conduction went
through the ceramic phase. Since the total area specific resistance of the
composite pellet was Reomposite pellet = 2900 Q cm?, we obtained the in-
terfacial resistance between the surface xPEO layer and the composite
bulk layer to be Ripterface = 290 Q cm?. The interfacial resistance was
not clearly observed in the impedance spectrum of the composite pellet
at 20 °C, but it became more obvious at higher temperatures, manifest-
ing as an extra semicircle (Fig. S4). In the composite pellet, the surface
xPEO layer's resistance and the interfacial resistance summed up to 32%
of the composite layer. The origin of this interfacial resistance has been
examined in several reports [25,26,37].

Similarly, in the thin film composite, the surface layer has an
Rypro = 61 Q cm?. Note that there is only one surface xPEO layer in
the thin film composite since the thin film had only one free sur-
face. The composite layer had a low area specific resistance of Rcompos-
ite = 50 Q cm?, owing to its thinness (Fig. 5e), calculated in the same
way as the pellet. Since the whole thin film composite's area specific re-
sistance was Reomposite-TF = 590 Q cm?, we obtained an interfacial resis-
tance of Rinterface = 480 ©Q cm?. This is remarkably consistent with the
pellet given the assumptions and subtraction of larger values to obtain
them. In Fig. 5c¢ we used an equivalent circuit model that includes an
interface component (a second RC element) and obtained good fits of
the Nyquist plot. In the thin film composite, the surface xPEO layer's re-
sistance and the interfacial resistance summed up to be 1100% of the
composite layer, causing a whole order of magnitude decrease in the
thin film's conductivity. These results highlight an important fact: when
making a composite electrolyte in a commercially relevant form factor,
the surface layer and the interface cannot be ignored.

To demonstrate the thin film composite reaches a higher ionic con-
ductivity with an improved interface, tetraethylene glycol dimethyl
ether (TEGDME) was added as a plasticizer. The plasticized thin film
composite showed an enhanced ionic conductivity of 2.8 x 10 S/cm,
approaching the conductivity of the composite pellet. The Nyquist plot
suggested decrease of the surface xPEO layer's resistance (decrease of
the first semicircle) as well as significantly reduced interfacial resistance
(disappearance of the second semicircle, Fig. 5b).

Fig. 5d shows Arrhenius plots of the ionic conductivity of all the
samples discussed. In the entire measured temperature range
(20 °C-90 °C), the partial-sintered LICGC™ pellet showed approximately
40% of the ionic conductivity of the densely sintered plate. The activa-
tion energy of the partial sintered pellet was 0.36 eV, very similar to
that of the dense plate of 0.39 eV, indicating similar ion transport mech-
anism. The composite pellet had similar ionic conductivity to the par-
tially-sintered pellet across the measured temperature range (20-80 °C),
with a slightly higher activation energy of 0.43 eV, likely due to the sur-
face layer and interfacial resistance. The composite pellet had an order
of magnitude higher ionic conductivity than neat xPEO.

The thin film composite showed nearly an order of magnitude lower
ionic conductivity at low temperature (20-30°C) and 4-5 fold
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lower ionic conductivity at higher temperatures (40-90 °C), compared
to the composite pellet. The activation energy of the thin film compos-
ite was E; = 0.59 eV, higher than that of the pellet (0.43 eV), which is
another evidence that the interfacial resistance dominates the ion trans-
port process in the thin film. When plasticized with TEGDME, both the
ionic conductivity and the activation energy of the thin film composite
were similar to the composite pellet.

As mentioned earlier, traditional composites with discrete ceramic
fillers at high ceramic loadings have a decreased ionic conductivity com-
pared to the neat polymer. The composite made of xPEO with 70 wt%
unsintered and dispersed LICGC™ ceramic particles showed two orders
of magnitude lower ionic conductivity than the interconnected compos-
ite pellet and one order of magnitude lower ionic conductivity than neat
XPEO over the entire measured temperature range.

The flexural strength of the composite was measured by equibiax-
ial deformation in a ring-on-ring setup, according to the ASTM C1499-
15 standard [38]. The biaxial setup is shown in Fig. 6. It consists of a
support ring, 22.2 mm in diameter, and an upper loading ring (5.5 mm
in diameter) to which the axial load is applied via spherical coupling
(Fig. 6a and b). The load-displacement curve is shown in Fig. 6c. In-
terestingly, the load did not drop immediately upon failure, but rather
decreased over several steps indicating crack extension in the material.
This indicates that polymer back-filling of the ceramic structure provides
enough cohesion to support some load until the final fracture in the sam-
ple.

Loading was performed in displacement control at 0.012 mm/s
which corresponds to the target stress rate of 50 MPa. The experiment
was performed at room temperature and in ambient air. The equibiaxial
flexure strength was calculated using the formula

2

2
3P Ds-Dy Dy
O-f:ﬁ (l—V)W'F(l'FV)l}’! D—L (2)

where P is the maximum load, h is the sample thickness, Dg and D; are
the diameter of supporting and loading rings respectively, and v is the
Poisson's ratio, assumed here as equal to 0.25. The resulting equibiax-
ial strength was calculated to be 19.5 MPa. The failure pattern in Fig.
6d showed no evidence of cracking starting from the edge. Therefore,
we consider this a valid test, and the value can be used as an estimate
of the composite's equibiaxial strength. The biaxial flexural strength of
dense LATP reported in Ref 39 ranges from 49 MPa to 120 MPa, depend-
ing on the grain size [39]. Our value (19.5 MPa) is obviously lower, but
the most important feature is that our composite membrane is capable
of supporting some load after the fracture initiated due to cohesion pro-
vided by xPEO. This test is not suitable for low strength polymers such
as xPEO. The composite electrolyte with the 3D ceramic network exhib-
ited significantly increased mechanical strength compared to neat xPEO
and the polymer phase decreased the brittleness of the composite.

4, Conclusions

In summary, we developed a thin solid composite electrolyte with
a 3-dimensionally connected structure through a scalable process. We
used a simple three step procedure of spray coating a ceramic thin film
under 25 pm thick, sintering to achieve a necked morphology, and back-
filling the ceramic with a polymer to create the composite. The sin-
tered ceramic formed a three dimensional, fully connected structure
with necking particles. The filled composite had an exceptionally high
LICGC™ loading near 77 wt% and gives a predictable ionic conduc-
tivity of 3.5 x 10 S/cm at 20 °C, an order of magnitude larger than
xPEO and about two orders of magnitude larger than randomly dis-
persed LICGC™ particles in xPEO near the same loading.

We are currently applying similar processing methods to LLZO ce-
ramic, which has higher conductivity than LATP and is stable with
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Fig. 6. Equibiaxial flexural strength measurement of the partially-sintered LICGC™/xPEO composite electrolyte. (a), photo of the loading fixture, (b), schematics showing the load applied

to the sample, (c), load-displacement curve, (d), fracture pattern.

Li. Our preliminary data indicate that our method of creating an in-
terconnected ceramic structure is not limited to LATP type ceramics.
While sulfide-polymer composites are largely unexplored, sulfides would
clearly boost the ionic conductivity and drastically lower the sintering
conditions. Additionally, optimize the chemistry of the polymer phase
would help improve the stability with lithium metal and lower interfa-
cial resistance [40]. These strategies will be explored in follow-up work.
Overall, this process and concept of utilizing an interconnected ceramic
backbone for a solid electrolyte can offer a practical class of composites.
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