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Summary

Inorganic-organic hybrid solid electrolytes are promising material systems for all solid-state
batteries (ASSBs). These electrolytes contain numerous solid|solid interfaces that govern transport
pathways, electrode|electrolyte compatibility, and durability. This paper evaluates the role that
electrodelelectrolyte interfaces and electrolyte structure have on electrochemical performance.
Atomic force microscopy techniques reveal how mechanical, adhesion, and morphological
properties transform in a series of model hybrid solid electrolytes. These measurements are mapped
to sub-surface structural features using synchrotron nano-tomography. Hybrid electrolytes with

shorter polymer chains demonstrate a higher adhesion (>100 nN), Young’s Modulus (6.4 GPa),



capacity (114.6 mAh/g), and capacity retention (92.9%) than hybrid electrolytes with longer
polymer chains (i.e., higher molecular weight). Extrinsic interfacial properties largely dictate
electrochemical performance in ASSBs. Structural control may provide a means for tailoring

interfacial properties in hybrid electrolytes.

Introduction

Hybrid solid electrolytes are an emerging family of solid electrolytes that are promising alternatives to liquid
electrolytes for energy and power dense solid-state batteries.!*? These electrolytes contain an inorganic
(ceramic/glass) ion conductor encapsulated in a polymer (organic). The inorganic ion conductor can decrease
the polymer crystallinity and is also an ion conductor.’™> Inorganic ion conductors are typically thick (>
500 wm) and hard to manufacture at scale but have excellent transport properties (conductivity and
transference number)®® (Figure 1A). In contrast, polymer ion conductors are easy to manufacture (<50 pm)
and are more chemically stable in air than most inorganic materials. However, polymer electrolytes have lower
transference numbers and ionic conductivities. Hybrid electrolytes aim to combine the advantages of both

types of solid ion conductors for scalable applications of solid-state batteries (Figure 1A).

Figure 1
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(A) Radar plot of salient features of ceramic and polymer solid electrolytes required to achieve high-performance ASSBs. Hybrid
polymer electrolytes can overcome shortcomings of individual material types. Note that the radar plot assesses the strengths and
weaknesses of individual material types qualitatively.

(B) Schematic showing the two kinds of interfaces present in hybrid electrolyte systems: intrinsic interfaces and extrinsic
interfaces, their characteristics and impact.

(C) Ionic conductivities of HPEs (solid lines) and polymer electrolytes (dashed lines).



(D) Interface conductivities with 300 K, 1 M, and 5 M PEO as estimated using the effective mean field theory model (see
Figure S3).

All solid electrolytes consist of both intrinsic interfaces formed by grains, vacancies, and material junctions
and extrinsic interfaces formed at solidisolid interfaces. Intrinsic interfaces in hybrid electrolytes are largely
responsible for the ion conduction pathways® (Figure 1B). The contact region between the polymer and
inorganic media is an example of an intrinsic interface. The confined interfacial polymer region demonstrates
different transport properties than the bulk polymer and may augment transport properties because of Lewis
acid interactions between the mobile ion and surface functional groups!® The ability to tune ion conduction
pathways within the electrolyte may provide a means to ameliorate dendrite formation and control plating
mechanisms. There are two percolation thresholds that exist in hybrid electrolytes: (1) long-range connectivity
of inorganic particles (contact mode) (Figure 1B) and (2) long-range connectivity of the confined polymer
region. The former is achieved at high loadings of 33 vol % (ceramic:polymer) and the latter is achieved at ~4
vol % (ceramic:polymer). The literature is filled with contradicting observations supporting optimum transport

=14 "and low-ceramic loading electrolytes (interface

through high-ceramic loading hybrid electrolytes
percolated).>"'®  There is currently a knowledge gap regarding transport mechanisms in these

inorganic/organic electrolyte systems.

Extrinsic interfaces that emerge during device integration (i.e., electrode|electrolyte) are responsible for ion
transport between an ion conducting phase (electrolyte) and a mixed ion and electron conducting phase (i.e.,
electrode). The nature of ionic transport at intrinsic and extrinsic interfaces is important for mitigating
chemical and structural instabilities. Extrinsic interface instabilities are responsible for high interfacial
resistances. This interfacial resistance can grow and ultimately cause a decrease in capacity or catastrophic

19-22

failure because of dendrite formation, capacity loss via the formation of dead Li,?? regions of excess and

t,24-25 and interface delamination.®-!3-26-27 Currently, there are very few reports that

deficient Li conten
describe the role extrinsic interfaces play on cathode performance. Engineering these interfaces to promote ion
transport between an ion conductor (electrolyte) and a mixed ion and electron conductor (electrode) presents a

crucial challenge toward realizing state batteries (ASSBs).?

The physical properties of extrinsic interfaces (electrolytejelectrode) in hybrid electrolytes are largely
unknown (Figure 1B). Lithiation and delithiation during battery cycling leads to volumetric expansion and
contraction dynamics at the cathode.?’ The extrinsic interface’s Young’s modulus is a useful property that
describes how well an electrolyte can resist non-equilibrium mechanical strains.>® Additionally, the modulus
also provides a measure of resilience to dendrite growth.3! Adhesion is another property that quantifies the
minimum force required to lose contact between the electrode and electrolyte (extrinsic interface). Adhesion
affects the quality of electrode contact with the hybrid electrolyte and stability during cycling.3? Increasing
stress at extrinsic interfaces with higher assembly pressure results in less resistive interfaces and higher critical
current densities.>3 Thus, during operation, an energy storage system can experience micromechanical stresses
that can govern performance and lifetime. Techniques that can provide micro- and nanoscale spatial resolution
property measurements are ideal. Raman spectroscopy is an indirect technique that can map interfaces at
micron-scale resolutions and measure stress-strain relationships.>* Raman spectroscopy is challenging for a

transparent or highly reflecting material system (i.e., polymers) and also requires significant calibration and



post-processing to obtain quantitative mechanical properties. Atomic force microscopy (AFM) addresses these
challenges and can map mechanical properties with excellent spatial resolutions (%74, lateral and <1 nm
vertical).>3-3® AFM is a powerful tool that can probe numerous interfacial properties such as adhesion,
Young’s modulus, and deformation in a single scan, allowing for direct correlation with topography data that

can provide valuable insight into Li ion battteries.>’~3°

In this study, we investigate how electrode|electrolyte interfacial properties (adhesion and Young’s modulus)
impact electrochemical performance in ASSBs with hybrid electrolytes. Extrinsic interfacial properties are
systematically altered in a series of hybrid electrolytes via changing the molecular weight of the organic
material (i.e., poly(ethylene oxide) [PEO]). By design, all electrolytes demonstrate similar transport properties
but display varying interfacial properties. AFM is used to track the mechanical properties at the extrinsic
interfaces ex situ. Interfacial ion transport properties are estimated using an effective mean field theory model.
Variation in physical properties at the extrinsic interfaces can be correlated to the distribution of inorganic
material in the hybrid electrolytes. Synchrotron X-ray nano-tomography is used to evaluate the heterogeneous
distribution of inorganic particles in order to quantify the role that structure plays on interfacial mechanical
properties. Three-dimensional (3D) structural reconstructions of hybrid electrolytes obtained from synchrotron
experiments are combined with physics-based modeling to elucidate the origin of heterogenous interfacial
properties. The findings reveal that mechanical properties at the extrinsic interface (rather than transport
properties) dictate solid-state battery performance. Structural control over the sub-surface inorganic particles
within a hybrid electrolyte may enable a pathway toward controlling extrinsic interfacial properties with

spatial control. This control is important for achieving facile and long-lasting Li-metal solid-state batteries.

Results and Discussion

Three model hybrid solid electrolytes were processed in a ratio of 50:50 wt % between (PEO) and
Li;La3Zr,0;, (LLZO) (see Supplemental Experimental Procedures). Li perchlorate is used as the salt in each
polymer electrolyte. The polymer molecular weight is a control variable in this study that enables a systematic
approach toward altering the extrinsic interfacial properties. The molecular weight of the PEO was altered
between 300,000 g mol~!' (300 K), 1,000,000 g mol~! (1 M), and 5,000,000 g mol~" (5 M). The viscosity
increases with increasing molecular weight, which can impact the processing step (Figure S1B). A shear
thinning behavior for 1 M and 5 M PEO is observed and suggests entangled polymer chains at a ~4 wt %

concentration in an acetonitrile solvent.

The ionic conductivity for all solid electrolytes are similar and increase from 107% S/cm at room temperature
to 1073 S/cm at 80°C. The electrolytes’ transport properties are all similar and independent of the molecular
weight of the polymer (Figure 1C). Hybrid electrolytes show improvement over the polymer electrolytes,
especially at lower temperatures.*’ Hybrid electrolytes may have higher transport properties than polymer
electrolytes because of a decrease in the crystallinity in the polymer matrix as well as a lower cation-polymer
interaction. !> 18-40-42 Apove >60°C (melting temperature of PEO [T, ]) polymer segmental motion is
enhanced. At higher ceramic loading, LLZO particles can increase the tortuosity of ion transport pathways,

leading to a reduction in ionic conductivity enhancement in hybrid electrolytes over the polymer electrolytes.



This effect is stronger for hybrid electrolytes processed with PEO of 300 K molecular weight owing to the

shorter chain lengths of these polymers.

Hybrid electrolytes show lower activation energies compared to the polymer electrolytes (Table 1). Changes in
the activation energies suggest the presence of an additional ion transport pathway in the system. The intrinsic
interface between the organic and inorganic phase is a potential pathway for ion conduction within these
hybrid electrolytes.®-?-11-18-43 Conductivity of these intrinsic interfaces are estimated using an effective mean
field theory model. This model considers a three-component system: (1) backbone matrix (PEO), (2) filler
material (LLZO), and (3) interfacial region and predicts the effective conductivity of the resultant effective

medium. The following implicit equation is solved to estimate the conductivity of the intrinsic interface**:

o — 0, Oy — O
pol comp int comp
+fe

=0
- -
O comp +Li (Gpol - O-comp) O comp + Li (o-int - O-comp)

(1-£)
(Equation 1)

where por, Ocomp, and o, 1s the conductivity of the polymer matrix, composite, and the interface, respectively;
Li* 1s the effective depolarization factor; and f. is the volume fraction of the inserted grains (details in

Supplemental Information).

Table 1
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Activation Energies of Hybrid and Polymer Electrolytes

300K 1M SM
E, (eV)

< Ty > Ty < Ty > T, < Ty > T,
Polymer 0.66 0.34 0.64 0.36 0.64 0.36
Hybrid 0.48 0.22 0.48 0.18 0.46 0.21

The model estimates higher conductivity for the intrinsic interfaces compared to the polymer and hybrid
electrolytes at temperatures below the melting temperature of PEO (Figures 1D and S3). It is hypothesized that
the interface could be a preferred ion transport pathway in this temperature range. Above the melting
temperature, the interfacial conductivity shows a decrease for the 300 K and 1 M system while it levels off for
the SM system. The differences in the behavior of the intrinsic interface could arise from the varying chain
lengths of the polymer in these systems. Above the melting temperature, the ion transport should be favored
within the polymer matrix as it shows higher ion conductivity. The transference numbers for the three hybrid

electrolytes were calculated to be 0.18 + 0.02, 0.17 + 0.02, and 0.18 + 0.02 (Figure S2).



While the transport properties in each electrolyte are similar and independent of the molecular weight of the
polymer, the electrochemical properties (stability and capacity) vary significantly. Hybrid electrolytes
processed with 5 M molecular weight PEO failed significantly faster (~100 h) than those processed with 300
K (>180 h) and 1 M molecular weight PEO (~130 h). The charge passed to failure is >2X times longer for
hybrid electrolytes processed with 300 K than those processed with 5 M (Figure 2A; Table 2). Furthermore,
full-cell experiments using a Li iron phosphate cathode (LFP|HE|Li) demonstrate that the capacity and
capacity retention is also dependent on the molecular weight. The 5 M hybrid electrolyte has the lowest
capacity (92.0 mAh/g, 30” cycle) and poor capacity retention over cycle life (Figures 2B and S15). The 300 K
hybrid electrolyte shows greater capacity retention and a significantly higher capacity (114.6 mAh/g, 30™
cycle). The trends in capacity and retention for full cells and charge passed to failure for symmetric cells were
verified with multiple tests. Since transport properties in each electrolyte are similar, the variability in full-cell
performance and symmetric stability testing must arise from either from (1) electrode microstructure or (2)

extrinsic interfacial properties.

Figure 2

Electrochemical Performance of Hybrid Electrolytes and Electrode Morphology
(A) Stability tests for hybrid electrolytes in a symmetric Li| HE|Li configuration.
(B) The samples are tested at current densities of 0.2 and 0.3 mA cm ~2_ Full-cell performance of hybrid electrolytes. LFP|HE|Li

cells are assembled with 0.2 mg cm —2 active material loading and cycled at 0.2 C-rate.

(C) Li ion diffusion coefficients for LFP electrodes estimated from GITT.
(D-F) All electrochemical tests are performed at 60°C. SEM images of the interface of the cathode and electrolytes with 300 K
(D), 1 M (E), and 5 M (F) molecular weight hybrid electrolytes (see Figures S4, S5, and S15; Table S1).

Table 2
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Electrochemical Performance Metrics of Hybrid Electrolytes



Qfailure js calculated from LilHE|Li cells, while retention is reported for LijHE|LFP cells.

PEO MW (g/Mol) Qailure (C) Retention (%)
300 K 449 +1.9 92.9
1M 258+ 1.7 92.9
5M 17.6 £ 0.7 88.8

The electrodes for all tests were processed using identical cathode inks and processing conditions. The
inherent microstructure thus should be identical across the three systems. Differences, if any, should arise from
the cell assembly procedure (pressure driven). GITT and SEM was carried out on the three systems to quantify
the effective diffusion coefficients in the electrodes. Cross-sectional scanning electron microscopy images
demonstrate similar LFP microstructures that are independent of the electrolyte molecular weight (Figures 2
D-2F and S5). Experimentally, Li diffusion coefficients can provide an indirect measure of the electrode
microstructure. Tortuous ion transport pathways will lead to lower diffusion coefficients and vice-versa. The
galvanostatic intermittent titration technique is used to estimate the Li diffusion coefficient for the three

electrodes:

4 [10 Vy dE/dx

2
D == |— ]| -
GITT = |\ " 4F dE/dtl/z] LT

(Equation 2)

where I° (A) is the applied current, A (m?) is the electrode area, F is the Faraday constant (96,485 C mol ™),
and V, is the electrode molar volume (44.11 cm? mol ™). Li diffusion coefficient for the three electrodes are
2.83x 10712 £ 0.71 x 1072 em? s71,3.39 x 10712 + 2.63 x 10712 ecm? s7!, and 3.72 x —=107'% + 1.98 x
—107'2 cm? s~! (Figure 2C) at fully charged conditions. The diffusion coefficient is strongly dependent on
the electrode microstructure (i.e., porosity and tortuosity). pG/77 is similar across the lithiation and delithiation
range studied for the three hybrid electrolyte systems, indicating a similar microstructure. The microstructure
is further evaluated by micro-tomography of the cycled electrodes (Figure S18). The porosity and tortuosity
factors are quantified over a large imaged area (3 X 2 cm?) to capture the sample heterogeneity and remove
potential user bias. Pore size distributions of a 300 X 300 um? sub-volume show a similar distribution across
all three systems. Cycled electrodes with 300 K, 1 M, and 5 M hybrid electrolytes show an average porosity of
35%, 31%, and 33%, respectively. The tortuosity factors along the electrode thickness for the three systems are
2.13, 1.96, and 1.91, respectively. These values are consistent with the slight variation of porosity between the
three systems. It is experimentally challenging to determine identical microstructures across the three samples
quantitatively. However, results from the GITT measurements as well as tomography analysis suggest that the
microstructures in the three systems are similar. The hybrid electrolyte films are vacuum dried overnight to
remove any residual porosity in the system. Bulk electrolyte resistance measured from the 300 K, 1 M and 5 M

systems are 47, 64, and 70 @ cm? (at 60°C), respectively. The small difference in the bulk resistance might



arise from the difference in electrolyte thicknesses between the samples. Additionally, from the definition of

transference number and Nernst-Einstein equation, we know:

o= =T (D .+ D_)

(Equation 3)
"
* T D,+D_

(Equation 4)

where ¢ is the electrolyte conductivity, F is the Faraday’s constant, R is the universal gas constant, T is the
absolute temperature, p+ is the cation diffusion coefficient, p+ is the anion diffusion coefficient, and ¢+ is the
cation transference number. From the conductivity and transference number data for the hybrid electrolytes,
the cation diffusion coefficient is estimated to be 5.68 x 10719, 2.48 x 1071, and 1.92 x 10~ for the 300 K,
1 M, and 5 M system, respectively. These numbers are within the same order of magnitude, suggesting that the

electrolyte microstructure should be similar between the three systems.

Since the electrode and electrolyte microstructures are similar, the electrode|electrolyte extrinsic interfacial
properties are responsible for the differences in performance (stability, capacity, and capacity retention).
Extrinsic interfaces are characterized by AC impedance spectroscopy measurements of LFP|HE|Li full cells
between 25°C and 75°C. The EIS spectra consist of two semicircles, followed by a tail (Figure S4). The first
semicircle represents the bulk resistance (R ;) and the second semicircle collectively represents surface layer

).4> The tail represents Warburg diffusion (W »)- The values

resistance (R 1) and charge-transfer impedance (R
of the resistances were calculated by using the equivalent circuit model shown in the inset of Figure S5. The
300 K hybrid electrolyte shows the lowest interfacial resistance (4365.38 + 235.25 @) at room temperature
compared to the 1 M hybrid electrolyte (5021+329.76 @) and 5 M hybrid electrolyte (5523+377.33 Q).
Similar trends are observed between 25°C and 70°C (Table S1). Extrinsic interfacial properties govern
stability, durability, and energy density. Properties that can describe an extrinsic interface are roughness,
adhesion strength, and Young’s modulus. AFM can simultaneously map these properties of the extrinsic
interface with nanoscale resolution (Figures 3 and S17). The average roughness (R,) is 0.57, 1.76, and
2.21 nm for the 300 K, 1 M, and 5 M hybrid electrolyte, respectively (Table 3; Figure 3A). Higher roughness
for high molecular weight hybrid electrolytes suggests a higher surface energy. Smooth surfaces can enable
uniform concentration gradients between the electrode and electrolyte (extrinsic interface) and are important

for minimizing transport limitations and local degradation.?!



Atomic Force Microscopy Map of Extrinsic Interfaces

(A) 3D AFM topography images of HPEs with 300 K, 1 M, and 5 M PEO. The scale bar is 400 nm for all images and the color
bar is consistent across the images.

(B) Adhesion maps for HPEs with 300 K, 1 M, and 5 M PEO. The adhesion is plotted only for regions in the scan area where the
deformation is >2 nm (see Figures S6, S7, S8, and S9).

Table 3

@ The presentation of Tables and the formatting of text in the online proof do not match the final output, though
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Surface Roughness of Extrinsic Interface
Features for Hybrid Electrolytes Measured from AFM.

PEO MW (g/Mol) R, (nm) R, (nm)
300 K 0.74 0.57
M 2.33 1.76
5M 2.80 221

Adhesion and Young’s modulus show a heterogenous distribution over the scanned area for all the hybrid
electrolytes (Figures 3B and S6). Mechanical properties are quantified only at locations where the deformation
is >2 nm. The force-distance curves obtained from AFM measurements are less reliable at lower deformations
and hence are not used for analysis. All hybrid electrolytes show a smooth morphology (~0.5-3 nm
roughness) compared to their thickness (=60 um). The surface morphology of the hybrid electrolytes cannot
explain the highly heterogenous distribution of the mechanical properties of the extrinsic interfaces but may be
attributed to the underlying structure of the hybrid electrolytes. Unlike all polymer electrolytes that are
uniform at the meso scale, hybrid electrolytes can display different ceramic-aggregation properties that affect

interfacial properties.



Statistical quantification of mechanical properties gives further insight into the influence of sub-surface
particle distribution. All hybrid electrolytes show a primary adhesion peak at ~7-10 nN (Figures 4A-4C and
S7A-S7C). However, the 300 K hybrid electrolyte shows an additional peak at significantly higher adhesion
values of >100 nN (Figures 4A and S7A). The 300 K hybrid electrolyte has a higher crystallinity, which
increases the ionic salt concentration in the amorphous region. Higher salt concentrations in the amorphous
region can lead to higher adhesion in these systems. The higher adhesion seen for the 300 K system can lead to
better contact with the electrode at the extrinsic interface, leading to improved electrochemical performance (
Figure 2). Better adhesion also prevents delamination and the loss of electrical contact during high rate
charging and discharging. It should be noted that apart from the mechanical properties of the extrinsic
interface, chemical properties (viz. electrochemical window, chemical stability, and side reactions) also

influence the electrochemical performance of the system.

Figure 4
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Quantitative Mapping of Mechanical Properties of Extrinsic Interface
(A-C) Adhesion and Young’s modulus histogram and co-variance for 300 K (A), 1 M (B), and 5 M (C) hybrid electrolytes (see
Figures S7, S8, S9, S10, S11, S12, and S13).

The logarithmic distribution of Young’s modulus is fitted with two Gaussian distributions (Figures 4 and S8).
The peak at lower modulus is uniform and consistent across all samples, while the second modulus distribution
is non-uniform. The first modulus distribution peak is 6.4, 2.8, and 3.2 GPa for 300 K, 1 M, and 5 M PEO,
respectively (Figure S7A). Low molecular weight polymers (i.e., 300 K) have shorter chain lengths that can
realign, entangle, or form tie molecules to transmit the stress.*®-4” The 300 K hybrid electrolytes also show a
higher degree of crystallinity (Figure S1A). This results in a higher Young’s modulus for the 300 K hybrid
electrolyte (Figure S8A). The second modulus distribution peak shows an identical average value of 13-14
GPa for all three hybrid electrolytes (Figure S9B) with a larger distribution. The cumulative data including all
the measured areas show a higher average Young’s modulus for 300 K PEO (Figure S9C). Improved Young’s
modulus at the interface allows for better resistance against dendrite formation and thus extends the Qe for
the 300 K system. It should be noted that the mechanical properties reported here reflect the interaction
between the AFM tip and the hybrid electrolyte. While the absolute value of the mechanical properties
measured here will change for a composite electrode in contact with the hybrid electrolyte, the trends

discussed will be consistent.

A strong correlation between the Young’s modulus and adhesion is observed for all the hybrid electrolytes (
Figures 4, S10, S11, and S12). The regions showing a higher Young’s modulus also show relatively higher
adhesion properties. This may be contradictory considering the mechanical properties of pristine phases
separately. LLZO (150 GPa)*® is ~3,500x stronger than PEO (0.04 GPa).*® Polymers show comparatively
higher adhesion strength compared to ceramic particles. The strong correlation between adhesion and Young’s
modulus seen here cannot be described by the surface distribution of the polymer and ceramic phase. It is
proposed that in hybrid electrolytes, the interfacial properties are greatly influenced by the composition and
arrangement of the sub-surface LLZO particles. Apart from the sub-surface distribution, the ceramic particle
size distribution can significantly affect the mechanical properties of the interface.’® However, for this study,
the LLZO particle size (~300 nm>") has been kept consistent across the three samples. This was done to
minimize the complexity of the sample matrix and make the deconvolution of results easier. Further work is

required to evaluate the effect of particle size on the mechanical properties of the hybrid electrolytes.

It would be ideal to have a nano- or microstructure where the highly ionically conducting phase (LLZO) is
uniformly distributed within the polymer phase for hybrid electrolytes. However, LLZO tends to aggregate
during the processing step. The shear rates experienced during tape casting (10-100 s~!)32 are not sufficient to
completely break the internal structure (Figure S1B), resulting in a heterogeneous distribution of aggregated
LLZO particles within the hybrid electrolytes. To further probe the origins of property heterogeneity in hybrid
electrolytes, we used synchrotron X-ray nano-tomography.>3->* This technique enables imaging of the ceramic

and polymer phases within the hybrid electrolyte with nanometer-level resolutions.>!

Nano-tomography
leverages attenuation contrast between the two discrete phases (polymer and ceramic) for imaging.??
However, significant modification to the experimental optics is necessary to achieve high resolution (Figure 5

A). A capillary condenser and pinhole are utilized up-beam of the sample to focus the X-rays on the sample.



The transmitted X-rays are focused using a zone plate on the detector. The phase ring is added between the
objective zone plate and the detector to provide additional phase contrast. Further, nano-tomography restricts
the sample size to overall dimensions of <70 um. These constraints make this technique harder to implement
compared to conventional synchrotron micro-tomography. The LLZO particles in the hybrid electrolytes have

a characteristic size of 200-300 nm, which is within the resolution limit of this technique.
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Synchrotron Nano-tomography Characterization

(A) Schematic diagram of the transmission X-ray microscopy technique at 32-ID beamline at Advanced Photon Source. A
monochromatic X-ray source is focused through a condenser and a pinhole on the sample mounted on a rotating stage.
Transmitted X-rays pass through the zone plate and phase ring on to the area detector.

(B) Representative volume showing the ceramic distribution within the hybrid electrolyte. The empty space in the sample volume
depicts the polymer phase. Binarized slices at three axial positions are shown along with local polymer density at those sections.
Local ceramic densities are obtained considering 500 X 500 X 500 nm3 sub-volumes over the entire section.

(C) Representative ceramic substructures of hybrid electrolytes and the corresponding polymer size distribution.

The ceramic particles within a 15 X 15 X 15 um?® sub-volume show a random distribution of particles. The
volumetric loading of the sample (20 vol %) is close to 50 wt % samples used in the study (18.57 vol %).
Binarized slices at different depths of the sample are also shown (Figure 5B). It is clearly observed that the
ceramic distribution within the sample is highly heterogeneous. Local variations in ceramic density are
mapped by considering 500 X 500 X 500 nm> sub-volumes across each slice. Even within these small
domains, a large variation is seen in the local ceramic fraction varying from 0 to 0.2 within the 15 X 15 pum?
area. Statistical studies over multiple sub-volumes show similar sizes of the polymer phase with varying
distributions (Figure 5C).

The heterogenous sub-surface microstructure enables a physical interpretation of the AFM result. High
Young’s modulus is expected when the LLZO particles are closer to the AFM tip. This reduces the fraction of
the semi-crystalline bulk polymer phase probed by the AFM tip and increases its sensitivity for the interfacial



amorphous layer that possesses higher adhesion properties. It is hypothesized that the strong correlation
between high Young’s modulus and adhesion in the hybrid electrolytes arises because of the probing of LLZO
particles close to the sample surface. This leads to a high Young’s modulus value as well as the sensitivity to
probe the amorphous interfacial layer that results in a high adhesion value (Figure 6A). Sub-surface variation
in particle distribution can also account for the large distribution of the second Young’s modulus fitting
observed in the AFM data (Figure S9B). The variations in this component can arise from changing depths of
LLZO particles from the AFM tip. Regions with a low or distant LLZO distribution will have lower Young’s
modulus than regions with a higher/closer LLZO distribution. This is also evidenced from the co-variance of
deformation and Young’s modulus, which shows lower deformations reduced depth from the AFM tip
increases the Young’s modulus measured (Figure S13). It should be noted that the heterogenous distribution of
ceramic particles arises from the agglomerate structure formation in the ink phase. The colloidal interactions
between particle-polymer-solvent dictate the particle distribution and are independent of the sample casting

protocols.
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Sub-surface Ceramic Distribution and Impact on Mechanical Properties

(A) Schematic diagram showing the influence of the sub-structure distribution of LLZO on the mechanics of the extrinsic
interfaces.

(B) Sub-surface ceramic fraction computed from the synchrotron nano-tomography dataset. Each pixel corresponds to a 50 X
50 nm spatial area. The sub-surface ceramic fraction is computed through a thickness of 20 um. The data are for the 300 K hybrid
electrolyte.

(C) Distribution of adhesion and Young’s modulus for the 300 K hybrid electrolyte as a function of deformation (see Figure S14).

Spatial variation in the sub-surface particle fraction is quantified using the nano-tomography data (Figure 6B).
Each pixel in the figure represents a 50 X 50 nm area and the particle fraction are computed through a
thickness of 20 um. The particle fractions computed from the experimental ceramic microstructure show a
variation between 0 and 0.3 across the imaged domain. Locations showing a lower sub-surface particle
fraction are predominantly the polymer phase leading to higher deformations and correspondingly lower
Young’s modulus. In contrast, the locations with a higher sub-surface ceramic fraction would lead to lower
deformation and higher Young’s modulus. This is clearly corroborated from the AFM data (Figures 6C, S13,
and S14). Adhesion also increases with an increase in deformation due to a strong correlation with Young’s
modulus as discussed earlier. These results reinforce the hypothesis that the sub-surface ceramic

microstructure influences the mechanics of the extrinsic interfaces in the hybrid electrolytes.



Simulations are carried out on experimentally obtained hybrid electrolyte microstructures to provide further
validation to the hypothesis. A 2 X 2 X 2 um?® sub-volume is cropped from the nano-tomography 3D
reconstructions and imported into COMSOL (see Figure S16 for the mesh domain and boundary conditions).
Young’s modulus, Poisson’s ratio, and density for ceramic and polymer are input into the simulation. Two
simulations are carried out to investigate the influence of the heterogenous microstructure on the mechanics of
the hybrid electrolyte. In the first simulation, a single surface (front right) is constrained in the simulation
while a 5 MPa load is applied on the opposite face (Figure 7A). All other boundaries in the simulation are
allowed to deform freely. The steady-state response of the loaded system shows a microstructure-dependent
stress response. Regions containing a higher ceramic fraction in the sub-surface undergo less deformation and
subsequently accrue higher (tensile) stress. In contrast, the regions containing the polymer undergo
deformation and as a result show lower (compressive) stress. The free boundary condition does not replicate
the AFM experiments as the hybrid electrolyte is firmly stuck on the mounting stage and the only deformable
surface is the exposed, probed surface (i.e., the extrinsic interface). These conditions are replicated in another
set of simulations where a similar loading is applied but with only the loading face allowed to deform while
keeping the other boundaries in the system constrained (Figure 7B). The simulations were run on the same
domain with loading applied to the three principle directions. The resultant stress distributions are highly
heterogenous as well as directional. The sharp features at the edges are due to the imposed constraints in the

simulations. These results reaffirm the hypothesis that the ceramic microstructure within the hybrid electrolyte

influence the mechanical properties of the hybrid electrolytes at the extrinsic interfaces.
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(A) Simulation results for mechanical performance of solid electrolytes. A2 X 2 X 2 Mm3 sub-volume is extracted from the nano-

Mechanical Deformation Simulations

tomography dataset for simulations. Stress and deformation in hybrid electrolytes subjected to 5 MPa pressure. A single surface
(front right) is constrained in the simulation while load is applied on the opposite face. All other boundaries are allowed to deform
freely.

(B) Principle stress distribution across the loading face along the XX, YY, and ZZ direction. All boundaries except from the
loading face are considered rigid for these simulations.

The scale bar in all figures is 100 nm (see Figure S16).

Conclusions

Intrinsic and extrinsic interfaces in hybrid electrolytes govern ion transport, compatibility, and stability in
ASSBs. Understanding and evaluating interfacial properties can lead to rational design of next-generation

devices. Herein, we systematically study the role extrinsic interfaces play on transport and performance in



ASSBs. A series of model hybrid electrolytes with similar transport properties and varying interfacial
properties were manufactured. Structure and property measurements indicate that extrinsic interfacial
properties (rather than transport properties) largely dictate electrochemical performance. Our findings suggest
that extrinsic interfacial properties can be tailored via active control. Active control over extrinsic interfacial
properties can be achieved through controlled processing strategies that provide control over inorganic nano-

and microstructure.
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Highlights

e Mechanical properties of extrinsic interfaces mapped for model system using AFM
* Sub-surface ceramic distribution correlated to variation in surface mechanics
* Electrochemical performance linked to improved adhesion at extrinsic interface

e Tailoring interfacial properties will enable high-performance ASSBs

Context & Scale



ASSBs are promising high-energy density energy storage devices. Hybrid electrolytes are material systems containing an
organic and inorganic ion conductor that can achieve manufacturing, transport, and mechanical requirements of ASSBs.
Hybrid electrolytes contain material junctions between the organic and inorganic phases (intrinsic) and between the electrode
and electrolyte (extrinsic). Both extrinsic and intrinsic interfaces in these systems witness dynamic physical and chemical
changes that can adversely impact the battery performance. Limited experimental knowledge is available for these interfaces
due to the relative difficulty of accessing these interfaces. Rational design of interfaces is crucial to achieve stable, high-
performance ASSBs. This work evaluates extrinsic interfaces for a model PEO-LLZO hybrid electrolyte system and shows

the impact of interfacial properties on electrochemical performance.

eToc Blurb

Interfaces between a solid electrolyte and electrodes in ASSBs need to be carefully engineered to enable high performance.
This study leverages advanced characterization techniques (atomic force microscopy and synchrotron X-ray transmission
microscopy) as well as computational tools to understand the mechanical response of electrode|electrolyte interfaces in model
hybrid electrolyte systems. The impact of mechanical properties of the extrinsic interfaces on electrochemical performance is
evaluated. Active control of interfacial properties is identified as a potential route to engineer high-performance solid-state

batteries.
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