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ABSTRACT: State-of-the-art solid-state electrolytes (SSEs) are
limited in their energy density and processability based on thick,
brittle pellets, which are generally hot pressed in vacuum over the
course of several hours. We report on a high-throughput, open-air
process for printable thin-film ceramic SSEs in a remarkable one-
minute time frame using a lithium lanthanum titanium oxide
(LLTO)-based SSE that we refer to as robust LLTO (R-LLTO).
Powder XRD analysis revealed that the main phase of R-LLTO is
polycrystalline LLTO, accompanied by selectively retained
crystalline precursor phases. R-LLTO is highly dense and closely
matched to the stoichiometry of LLTO with some heterogeneity
throughout the film. A minimal presence of lithium carbonate is
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identified despite processing fully in ambient conditions. The LLTO films exhibit remarkable mechanical properties, demonstrating
both flexibility with a low modulus of ~35 GPa and a high fracture toughness of >2.0 MPa/m. We attribute this mechanical
robustness to several factors, including grain boundary strengthening, the presence of precursor crystalline phases, and a decrease in
crystallinity or ordering caused by ultrafast processing. The creation of R-LLTO—a ceramic material with elastic properties that are

closer to polymers with higher fracture toughness—enables new possibilities for the design of robust solid-state batteries.

1. INTRODUCTION

Lithium-ion batteries are favored as a power source for
consumer electronics, electric cars, and electric grids due to
their high energy and power density as well as their low
greenhouse gas emissions. Traditional Li-ion batteries use
organic solvent-based liquid electrolytes that are highly volatile,
flammable, and nonergonomic, raising safety and design
concerns.” All solid-state lithium batteries, on the other hand,
improve battery safety by eliminating major concerns associated
with liquid electrolytes, such as high temperature swelling and
leakage under external forces. Furthermore, solid-state electro-
Iytes (SSEs) increase capacity by introducing additional active
material space created by eliminating the space occupied by the
inherent safety components—namely, the separator—required
for liquid electrolyte batteries.” Nevertheless, to fully realize
their potential to replace liquid electrolytes, SSEs must
overcome significant challenges such as low ionic conductivity,
poor mechanical properties, and limited scalability.”'* An ideal
SSE for all Li-SSBs should have a high ionic conductivity,
reaching values in the 107> S cm™' range, as obtained for
commonly used liquid electrolytes (LiPFs in an ethylene
carbonate/diethylene carbonate solvent).13 However, dense,
~100 pm-thick, thin-film SSEs with ionic conductivities of 10™*
to 107> S cm ™" have been previously demonstrated as feasible for
battery applications."*'> In addition to ionic conductivity, the
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SSE material is expected to be chemically stable when in contact
with Li-ion battery cathodes and anodes.'®™"® Cost-effective
synthesis and a scalable thin-film fabrication process that does
not compromise robustness are also highly desired.”

Aside from ionic conductivity, chemical stability, and cost-
effective manufacturing, an SSE also requires suitable mechan-
ical properties for a range of applications.'” These mechanical
properties include the elastic, plastic, and fracture properties of
the SSE.”” Mechanical properties are a determining factor for the
following factors affecting SSE performance: (1) Lithium
dendrite suppression: High elastic stiffness (<10 GPa'”*")
and shear modulus of the SSE should be equal®” to or greater
than those of Li, which have been experimentally determined as
1.9** and 3.1°* GPa. (2) High fracture toughness: High fracture
toughness allows for a thinner electrolyte, enabling desirable cell
operational properties like high power output during discharge,
high energy density, and lower cell resistance.”® Recent
studies®>*’ discovered that the critical current, which causes cell
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failure when dendrites grow during charging, is linked to the
solid electrolyte’s fracture strength and grain boundary
conductivity. As the fracture strength increases, the critical
current also increases. (3) Low hardness and elastic modulus:
Elastic, soft, and ductile SSEs can more effectively accommodate
the stresses and strains that are induced at the electrode—SSE
interface during lithium intercalation and deintercalation.*®

EV manufacturers have set a target for solid-state batteries
(SSBs) to attain energy densities of approximately 900—1000
Wh/L (around 400 Wh/kg) before considering a shift from
existing lithium-ion cells to SSBs.”® However, achieving such
high energy densities using current battery architectures would
necessitate SSEs with high fracture toughness that enable thin-
film thicknesses of 50 um or less. Among SSEs, inorganic SSEs
exhibit higher bulk ionic conductivity compared to polymer
SSEs. Conversely, polymers have superior ductility and
deformability based on their elastic properties (low modulus
and hardness) along with plasticity when compared to inorganic
SSEs.”*™*' Improving the ductility and deformability of
inorganic SSEs could enhance their potential for use as SSEs
in practical applications and facilitate a seamless transition from
current lithium-ion cells to solid-state batteries (SSBs).

In this work, we demonstrate an ultrahigh-throughput, fully
open-air processing route with significantly improved mechan-
ical properties for an SSE with a polycrystalline lithium
lanthanum titanate, Liy;Lay ssTiO5 (LLTO), phase. LLTO is a
perovskite-based (ABO,) SSE, which has Li and La as the A-site
cations contained within TiO4 octahedra. LLTO has been
studied in both polycrystalline pellet and thin-film forms.*”
Pellets are typically prepared by either solid-state or sol—gel
processing routes. Thin films can be produced from a variety of
methods, including physical vapor deposition, chemical vapor
deposition, sputtering, evaporation, and solution-process-
ing.>>~* Previously, composite pellets made up of LLTO with
both porous and nonporous components demonstrated out-
standing fracture toughness properties, measuring at approx-
imately 2 MPa*m®°. Nevertheless, there is currently no
literature available that confirms a comparable fracture tough-
ness value for an LLTO thin film, which is essential for achieving
high energy density.

Another challenge faced by LLTO SSE:s is their low overall
ionic conductivity, which results from the combined effect of
two distinct conduction mechanisms. First, as the concentration
of Li increases within the structure, there is a reduction in bulk
conductivity due to localized distortions of the lattice, which
causes an increase in the migration energy barrier and slows
down ion conduction. Second, low grain boundary conductivity
poses a challenge in these polycrystalline materials, and the
existence of boundaries frequently results in a total ionic
conductivity of approximately 107> S/cm.*******~% The grain
boundary resistance relates to potential secondary phases (such
as undesirable Li,CO,;) or structural deformations that can
deplete both Li and La at grain boundaries.

High-temperature sintering and time required to densify most
tape-cast ceramic SSEs also contribute to the manufacturing
costs.”” Previous work has also shown that it is difficult to
produce thin films with ionic conductivity comparable to those
in mm-thick sintered pellets using thin-film deposition
methods.” Most of the previously demonstrated work has
used methods that also may not be readily translatable or
sufficiently low-cost for manufacturing.*’ This work not only
showcases the improved mechanical properties of LLTO but
also introduces a scalable, open-air processing technique that is

suitable for in-line manufacturing, enabling the production of
dense and mechanically robust thin-film LLTO SSEs.

2. RESULTS

2.1. X-ray Diffraction (XRD). The XRD spectra for the R-
LLTO film, an unprocessed precursor mixture of Li,CO;, TiO,,
and La,0;, and a reference pattern for polycrystalline
LigsLag s¢TiO; (PDF47:* ICDD 04-014-0049) are shown in
Figure 1. Clearly, the peaks of the R-LLTO XRD spectrum differ
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Figure 1. X-ray diffraction scans of the precursor mixture, R-LLTO
SSE, and reference powder XRD spectra for LLTO (Lig3Lag s¢TiO5—
ICDD 04-014-0049), TiO, (ICDD 04-002-8295), and La,0; (ICDD
04-006-5083).

significantly from those of the unprocessed precursor mixture of
Li,CO;, TiO,, and La,O; shown in Figure 1. Peaks in the R-
LLTO XRD spectrum are associated with both the newly
formed LLTO phase and the retained precursors TiO, and
La,0;. The LLTO-phase peaks in the R-LLTO XRD spectrum
are indexed and show a clear correspondence with the 2-theta
peak positions and relative intensity variation seen in
polycrystalline Lig;LaoscTiO; (PDF47: ICDD 04-014-0049).
Figure 1 also shows indexed peaks for the retained precursor
phases, TiO, (ICDD** 04-002-8295) and La,O; (ICDD** 04-
006-5083). Peaks for TiO, show clear correspondence with the
reference peaks, while peaks for La,O; show a shift in the peak
position. However, the R-LLTO XRD spectrum shows hardly
any correspondence with the diffraction peaks of the precursor
Li,CO; phase, indicating that lithium is fully consumed during
the processing steps to form the LLTO phase. Semiquantitative
phase estimation using HighScore software revealed that the R-
LLTO film contains an approximately 48% polycrystalline
LLTO phase, while the proportions of retained precursor TiO,
and La,O; phases are 40 and 12%, respectively.

2.2. Scanning Electron Microscopy (SEM). To better
understand the microstructure and composition of R-LLTO,
secondary electron (SE) and backscattered electron (BSE)
imaging was performed. The R-LLTO film density across its
thickness and at the R-LLTO-Si substrate interface was
analyzed. Figure 2a,b shows two distinct regions in both BSE
and SE images, one darker and one brighter. The dark region in
the SE image, however, is brighter in the BSE image. These
correspond to two distinct phases within the film. EDS analysis
of the spots shown in Figure 3a,b revealed that the darker region
in the SE image corresponds to a La-rich phase, whereas the
darker region in the BSE image corresponds to a Ti-rich phase.
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Figure 2. (a) Cross-sectional scanning electron microscope (SE) image
of an R-LLTO film revealing chemical heterogeneity, with distinct La-
rich and Ti-rich phases complementing each other. (b) In a
corresponding backscattered electron (BSE) image of the same R-
LLTO film cross section, the contrast for the La-rich and Ti-rich phases
is reversed compared to the SE image.
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Figure 3. (a) Molar compositions of EDS spots at location-1 on the
cross section of an R-LLTO film. (b) Molar compositions of EDS spots
at location-2 on the cross section of an R-LLTO film. Spots 5 and 6,
which indicate a composition close to the Lij3Lags4TiO; phase, are
visible as medium-gray contrast in the backscattered electron (BSE)
image.

Alternatively, the brighter region in the BSE image revealed a
phase rich in La, whereas the brighter region in the SE image
revealed a phase rich in Ti. Thus, the presence of densely packed
complementary phases eliminates the possibility of dark regions
in both the SE and BSE images being caused by gaps or low thin-
film density. As shown in Figure 2a, the region of the R-LLTO
film that extends through its thickness to the interface with the Si
substrate is characterized by chemical heterogeneity, as it
exhibits a more or less uniform mixture of these complementary
phases.

2.3. Energy-Dispersive Spectroscopy (EDS). EDS
analysis is semiquantitative, and it does not detect Li in the
phase composition due to a lack of instrument sensitivity at such
low atomic numbers. The EDS spectra of spots on BSE images
shown in Figure 3a,b are shown in Figures S1 and S2. EDS
analysis was performed on four spots of location-1 in the R-
LLTO film, which is highlighted on the BSE image, as shown in
Figure 3a.

The quantification and comparison of the Ti L, and K, and La
L, peaks shown in Figures S1 and S2 revealed the dominant
element present in each location. Ti L, and K, peaks have

energies of 0.452 and 4.508 eV, respectively, while the La L,
peak has an energy of 4.65 eV. The La L, peak at 4.65 eV has a
much higher intensity than the Ti K, peak at 4.508 eV for spot 1
of the BSE image shown in Figure 3a. This corresponds to the
brighter visual appearance seen in spot 1 of Figure 3a, which is
expected for a heavier La-rich phase.

Similarly, spots 2 and 3 on the BSE image shown in Figure 3a
appear darker and have Ti K, peaks with higher intensities than
La L, peaks. Spot 4 of the BSE image shown in Figure 3a is
obtained on a substrate, with only the Si K, peak at 1.739 eV.
Additionally, Figure 3a shows the molar compositions
determined for spots 1—4 of location-1 in the R-LLTO film.
The molar composition of the La-rich phase visible as white in
the BSE image shown in spot 1 in Figure 3a is La; ¢Tiy3,0;,
which may indicate that the La,O; precursor lacks sufficient
Li, O and TiO, precursors locally to form the LLTO phase in the
white regions of the BSE image. The average molar composition
of all spots in Figure 3a is Lagg;Tig 55O, indicating that the
surveyed area is Ti-deficient. EDS analysis was conducted on six
additional spots on location-2 of the R-LLTO film, as described
in Figure 3b. In Figure 3b, spots 1 and 2 showed slightly higher
La L, peak intensity than Ti L, peak intensity, whereas spots 3
and 4 displayed higher Ti L, peak intensity compared to La L,
peak intensity.

Spot 4 in Figure 3b shows the presence of a carbon impurity
and is very dark, as expected for a much lighter carbon-rich phase
in a BSE image. Spots S and 6 in Figure 3b, which appear
medium gray in the BSE image, have the closest molar
compositions to the Lij;La,sTiO; phase with Lag¢Ti; 1305
and Lag45Tiy9503, respectively. This suggests that the LLTO
crystalline phase may be visible as medium gray in the BSE
image. The average molar composition of all spots in Figure 3b is
LayssTi; O3, indicating that the surveyed area is close
stoichiometrically to the precursor molar composition of
Lig;Lag 5¢TiO;. Further, the automatic estimates for element
mass percentages provided by the built-in EDS software may be
less precise on an individual spot as the La L, and Ti K, peaks
overlap due to their proximity on the energy spectrum. Table S1
outlines the method for calculating the molar compositions of
individual spots and the average molar compositions for
location-1 and location-2 in the R-LLTO film, which are
shown in Figure 3a,b. Table S2 shows the average molar
composition of La, Ti, and O based on their visual appearance in
the BSE image shown in Figure 2.

2.4, X-ray Photoelectron Spectroscopy (XPS) Analysis.
The surface chemistry of the LLTO thin-ilm surface was
investigated using XPS analysis to probe for any detrimental
surface carbonate layers and to quantify the presence of Li.
Figure S3 shows the spots on the LLTO film surface where the
XPS spectrum was collected. The presence of Li was confirmed
at all the locations, as shown in the respective Li elemental
spectra in Figure S4. Table S3 summarizes the molar ratios of
Li:La:Ti:O for the XPS spots shown in Figure S3. The average
Li:O stoichiometry for the four sites was 0.36:3.58 or 0.3:3,
which is close to Li:O in the Liy;La, s TiO; phase. However, the
average La:O and Ti:O stoichiometries for the four spots were
0.1:3 and 0.4:3, which were lower than the corresponding
stoichiometries of 0.56:3 and 1:3 in the Liy;La,sTiO; phase.
Note that XPS only probes a few atomic layers, and the average
La:Ti:O ratios determined by the more bulk-like EDS technique
revealed that the average La:Ti:O stoichiometry sampled for 9
different spots is ~0.59:0.92:3, which is closer to that in the
Liy;LayssTiO; phase. The XPS analysis of Li:O and EDS
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Figure 4. (a) Values provided were used to model an equivalent circ

uit impedance fit for the Nyquist plot displayed below. (b) Experimentally

obtained Nyquist plot for the LLTO film with impedance response generated by the equivalent circuit. (c) Complementary Bode plot showing the
phase angle (®) and magnitude of the overall impedance (1Z,,]) vs log(frequency).

analysis of La:Ti:O suggest that the overall composition of the
R-LLTO film is very similar to Li:La:Ti:O in the Liy ;Lay 34 TiO4
phase, with slight variations caused by the precursor phases.

There is evidence for a small amount of lithium carbonate on
the surface of R-LLTO. As shown in Figure S5, the C 1s peak at
288.6 eV indicates an O—C=0 bond, and the overall Li 1s:C 1s
ratio is 1.95:3, which is comparable to the 2.3:3 expected Li 1s:C
Is molar ratio for an equal mixture of Li,CO; and
Lig;Lag 56TiO5. It is important to note that the XPS experiment
was performed without any surface cleaning or etching before
measurement. All the processing for R-LLTO was also done in
an open-air environment. Since XPS can detect La and Ti on the
unetched surface, it suggests that the thickness of lithium
carbonate present is likely in the nanometer range.

2.5. Electrochemical Impedance Spectroscopy (EIS).
Figure S6 showing an in-plane ion blocking electrode
configuration on R-LLTO was used for EIS measurements.
Silver electrodes are prepared using a rapid drying silver ink.
Figure 4b,c shows a Nyquist plot and a complementary Bode

plot constructed from impedance data acquired in the frequency
range of 10 Hz to 10 MHz for the R-LLTO. The complementary
Bode plot shows two plateaus, which correspond to the bulk and
grain boundary semicircles seen in the Nyquist plot. An
equivalent circuit also shown in Figure 4a was used to fit
impedance semicircles in low, medium, and high frequency
ranges to extract the bulk and grain boundary impedances and to
estimate electrode contact resistance.'”**~* Li" transport and
conduction through grain boundaries and thin-film bulk are
characterized by the ionic conductivities calculated according to

eqs 1—-4.%

S
film ionic conductivity (—); Oion—film
cm

_ I (cm)
Ryl (Q) x A (sz) (1)
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Figure S. Comparison of R-LLTO’s high fracture toughness with recently reported garnet SSEs, other perovskite SSEs, NASICON-type SSEs, and

amorphous/composite SSEs.
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Ototal » Obullo N Oy, for the thin film were 2.17 X 1075,7.2x 1075,

and 3.11 X 10~ S/cm, respectively. The ionic conductivity
calculations are shown below Figure S6 in the supplemental
document. As shown in Figure 4, these conductivity values
correspond to the expected high frequency ranges > MHz for
bulk and mid frequency ranges (kHz > MHz) for grain boundary
ionic conduction. Individual ionic conductivity values for the
inorganic elect1‘oly’ce29’47_52 such as LGPS, LTP, and LGP with
LISICON- and NASICON-type frameworks are higher than
that of the R-LLTO film. The blocking effect’”** of LLTO grain
boundaries reduces its overall ionic conductivity.

According to the literature, the main causes of ionic
conduction blocking at grain boundaries are (1) space charge
effects and (2) microphase segregation that reduces the carrier
concentration.”>*® The presence of local undesirable Ti-rich
microphase segregation in R-LLTO grain boundaries may be the
primary cause of the ionic conduction blocking mechanism. This
is supported by the local stoichiometric deviation of individual
EDS analysis spots from the bulk composition (Lij;La, 54 TiO3),
which is discussed in detail in Section 2.3. The low grain
boundary ionic conductivity can be improved using a variety of
approaches, such as modifying the sintering temperature®” and
atmosphere,”® Sr** doping at La>" lattice sites,” and increasing
phase density.”’

28655

2.6. Mechanical Properties. 2.6.1. Hardness and Elastic
Modulus. Nanoindentation was used to estimate the hardness
and elastic modulus of both sintered and unsintered R-LLTO
films. The average hardness of the unsintered R-LLTO film is
0.68 = 0.04 GPa, and its average elastic modulus is 15.58 & 7.23
GPa. In contrast, the sintered R-LLTO film has a significantly
higher average elastic modulus of 35.3 + 14.64 GPa and a higher
average hardness of 1.95 + 1.04 GPa. Figure S7 shows the load—
displacement graphs on the sample for two representative
indents for both experiments. Clearly, the maximum load
increases significantly with the increase of the depth to 5000 nm.
The large standard deviation in the elastic modulus can be
attributed to the presence of the indentation size effect (1ISE)*!
and the fact that the surface is rougher than 1 ym, as shown in
Figure S8.

2.6.2. Fracture Toughness. The Vickers microhardness test
indenter was used to induce a crack on the LLTO film surface at
a force of about 9.8 N. The crack size and indenter load applied
by the Vickers hardness tester, as well as the nanohardness and
Young’s modulus values obtained through nanoindentation
measurements, were used to determine fracture toughness62 of

the LLTO film in units of %, as shown in eq 5%

E\*( P
fracture toughness, K;. = 0.016(—) (—15]
H C ()
The average modulus to nanohardness ratio for the LLTO
film was 19.34, and the size of the crack made by the Vickers
indenter at a 9.8 N load was 47.1 ym. The fracture toughness of

the LLTO film was determined to be 2.13 + 0.06 MPay/m.
Figure S compares the fracture toughness value of the R-
LLTO film to that of other perovskites,’”** garnet,~*
NASICON-type,”°~”* and amorphous’*”> or organic—inor-
ganic composite’® SSEs reported in the literature. As shown in
Figure S, the R-LLTO SSE film has a higher fracture toughness
than LLTO SSEs with different Li molar compositions (0.37,
0.49, and 0.56) and LLTO SSEs synthesized using sol—gel and
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solid-state reaction methods that differ from the solution
processing method used for the R-LLTO SSE. For the LLTO
SSEs shown in Figure S, the H/E ratio, which represents the
elastic strain at failure,”” is the greatest for R-LLTO at
approximately 0.05 and the lowest for Li, 49La, sTiO; at around
0.03. In comparison to non-LLTO SSEs such as the NASICON-
type Li and Na SSEs, Li;, Al Ti, (PO,); (LATP), and Von
Alpen (VA)-type NASICON (Nay,Zr 5Si, 5Py ,011), R-
LLTO exhibits higher fracture toughness values, as shown in
Figure 5.The higher fracture toughness of R-LLTO compared to
other NASICON and garnet SSEs can be explained by its ability
to undergo plastic deformation, as suggested by its relatively
lower hardness value in Figure 6. However, the fracture
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Figure 6. R-LLTO has a slightly higher hardness and modulus than
amorphous/polymer composite SSEs, but it has much lower values
than recently reported garnet SSEs, other perovskite SSEs, NASICON-
type SSEs, and amorphous/composite SSEs, as desired for a robust SSE.

toughness of Li,, Al Ti, (PO,); (LATP) with 5% reduced
graphene is higher than that of the R-LLTO. The presence of
graphene oxide in the LATP matrix may act as crack arresting
locations, improving the fracture toughness of the LATP. Table
SS presents the elastic modulus, hardness, and fracture
toughness of solid-state electrolytes (SSEs) belonging to
perovskite, garnet, and NASICON-type SSEs, which were
discussed in the preceding and current sections.

3. DISCUSSION

Several factors affect the performance of an SSE film or pellet.
This section will focus on three key aspects that are crucial for
achieving optimal overall performance: chemomechanical
integrity, manufacturability, and scalability.

3.1. Plastic Deformation and Fracture Energy. If all
other factors are kept constant in eq 5, the variation in the E/H
ratio from 17 to 34 results in an overall fracture toughness
change by a factor of merely 0.09 MPa\/ m. Therefore, it is not
the E/H ratio but rather the plasticity of the material that has the
largest effect on increasing the fracture toughness. This is further
supported by the ability of R-LLTO to plastically deform, as
shown by the low hardness value for R-LLTO in Figure 6. K¢
depends on the energy required to break apart the bonds of a
material and of plastic deformation in the material as shown in
eq 9. The bonding is identical to LLTO, and therefore, we
deduce that the higher fracture energy for R-LLTO is due to
plastic deformation. Kjcponq is limited by the bonding of the

material, and it is not expected that a significant change in the
bonding configuration will occur in R-LLTO.

I<IC = KIC—bond + I<IC—plastic deformation (6)

This fracture toughness is more than an order of magnitude
greater than typical polycrystalline ceramic’® coatings. We
hypothesize that the mechanism for the improvement in fracture
toughness is due to increased plastic deformation from the
comparably low hardness.

3.2. Low Elastic Modulus and Hardness for R-LLTO.
The modulus and hardness values of the R-LLTO are much
lower when compared to other inorganic SSEs, as shown in
Figure 6. This is a highly surprising result and could be due to a
few different factors:

(1) Microstructure: The R-LLTO film’s unique micro-
structure is hypothesized to be the most crucial factor in
achieving low modulus and hardness values. The elastic
modulus of R-LLTO can be reduced through deformation
accommodation due to the combined effects of small
crystallite sizes in its microstructure and grain boundaries
inducing dislocations, an effect also observed in metals.

(2) Reduced crystallinity: The lower modulus and hardness of
R-LLTO could be attributed to the effect of reduced
crystallinity based on the presence of precursor phases
(Figure 1), which as noted above have an extremely low
modulus and hardness.

(3) Processing method: The processing method of R-LLTO
also potentially contributes to the different mechanical
properties since the thin film is produced directly from the
solution phase and no pressure is applied, which would
maximize density and lead to increased stiffness with
reduced void space. There is the possibility of nano-
structuring in the R-LLTO, which could partially account
for these properties.

The low hardness and modulus for R-LLTO are advantageous
for processability. Additionally, the modulus is sufficiently high
so that the shear modulus of the LLTO film, as determined by eq
6, is ~2 times greater than that of Li metal, which is necessary to
suppress Li dendrite nucleation.”” In the equations below, B is
the bulk modulus and G is the shear modulus that can be
calculated from the Young’s modulus and Poisson ratio (v,
assumed to be 0.26 for LLTO™):

_ E
G_(2(1+1/)] 7)

_ E
b= [3(1 - Zv)\J (8)

Pugh factor = (E)
G )
The Pugh factor calculated using eqs 6, 7, and 8 for the R-
LLTO film is 1.76, a value that indicates that the R-LLTO is
categorized as a ductile material.*® The ductility of the LLTO
film improves fracture toughness and allows for better stress—
strain accommodations, which is critical for resisting Li dendrite
penetration. During Li cycling, the ductile SSE can slow the
growth of interface cracks. In addition, the R-LLTO should have
a sufficiently high shear modulus to suppress. Thus, the R-LLTO
investigated in this study holds promise as a mechanically robust
SSE for lithium batteries.
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3.3. Manufacturability. Table S4 and Figure S9 shows a
comparison of the processing time (h) and ion conduction (S/
(cm m)) values of R-LLTO with SSE pellets,*’ ~** inorganic thin
films,””*’7>* and organic—inorganic composites.”*~** This
comparison provides insight into the relationship between
throughput and critical electrolyte performance. The time spent
converting precursors to the final form of the SSE, either a pellet
or a thin film, is referred to as processing time. Ionic conductivity
per thickness of the SSE provides information about the
thickness required to achieve the most desirable Li* ion
transport rate that may be possible for the electrolyte. Higher
ionic conductivity per thickness values and shorter processing
durations are directly related to enhanced SSE performance and
lithium battery manufacturability.

Figure S9 shows that the R-LLTO film is within an order of
magnitude of the ionic conductivity per thickness value for
recently reported SSE pellets,”' ™ thin films,*”*>**~* and
organic—inorganic composites while reducing processing time
by more than five times on average. Unlike LLTO, LISICON-
and NASICON-type SSEs require much thicker films to achieve
the high ionic conductivity shown in Figure S9. They also have
poor mechanical properties, as illustrated by their fracture
toughness values in Figure 5. When compared to LISICON- and
NASICON-type SSEs, LiPON and garnet-type SSEs, such as
LLZO, may provide structural strength at a lower thickness.
They, however, have higher defect generation energies than in
LLTO™ and are more sensitive to moisture and atmospheric
conditions, implying that other materials are more sensitive to
processing conditions to achieve the desired level of ionic
conductivity and structural stability.

As shown in Figure S9, the R-LLTO SSE film has the shortest
processing time of any SSE reported and therefore demonstrates
excellent compatibility with large-scale in-line manufacturing.
Furthermore, this work can readily be applied to other inorganic
SSEs, such as LLZO, which are more electrochemically stable
against Li to enable manufacturability.

3.4. Scalability. Open-air stability, mechanical robustness,
and a desired ionic conductivity per thickness in the range are
essential, while reducing processing times is always desired, even
if it is not as important for large-scale manufacturability of SSE
films. Furthermore, the thickness of SSEs required for various
battery engineering applications may vary. This is much easier to
achieve with the blade coating process, as by simply adjusting the
blade height, a wide range of thicknesses can be attained without
compromising the density of the film; this is much more difficult
to achieve with traditional pressing methods to produce pellets.
Blade coating can also uniformly coat wafer-scale to small
surfaces. As shown in Figure 6, inorganic SSE thin films have
lower average ionic conduction values than organic—inorganic
composites; the advantage of organic—inorganic composites in
ionic conduction over inorganic SSEs comes at the expense of
longer processing times. However, in terms of scalability,
inorganic SSE thin films with comparable ionic conductivity to
organic—inorganic SSE thin films are better suited for large-scale
in-line processes. Additional processing steps inherent in
organic—inorganic SSE thin-film composites, such as the
incorporation of the organic separator or electrolyte material
as an additional layer or as a dispersion in the inorganic matrix, as
well as the curing of the organic layer, increase the
manufacturing complexity and processing times. Even though
the ionic conductivity of SSE pellets is comparable to that of the
R-LLTO film, pellet manufacturing is not scalable due to longer

processing times, nontunability of thicknesses for large-scale
production lines, and inferior mechanical properties.

3.5. Outlook and Future Work. Integrating this high-
performance R-LLTO film into a complete battery would
require investigations into cathode—electrolyte stability and
anode—electrolyte stability to eliminate any detrimental phase
changes at the interfaces that would jeopardize safety, reliability,
and performance. Additionally, EIS studies to measure through-
plane ionic conductivity would aid in better understanding Li*
transport through the film thickness, which is required to ensure
that ion transport is not affected through the film depth. A
double cantilever beam (DCB) fracture test of LLTO films to
measure fracture energy/toughness would help to validate the
fracture toughness estimated from the Vicker’s hardness test and
nanoindentation measurements. The use of printable techniques
and rapid sintering is viable to produce an in-line process for
solid-state battery production in open air with ultrahigh
throughput.

4. CONCLUSIONS

In this work, we demonstrated a high-throughput approach that
can be commercially relevant to produce robust and lightweight
solid-state electrolytes in open air. The future of solid-state
batteries hinges on the ability to develop low-cost and
manufacturable SSEs. The significantly improved mechanical
properties with among the highest fracture toughness and
deformability with a low stiffness achieved by the R-LLTO SSE
with micrometer-scale thicknesses are a key step for showcasing
the prospect of solid-state battery technology. The key criterion
for their success is ensuring that these have sufficient chemical
and mechanical integrity to ensure that full contact remains
between the active materials and the SSE without undesired side
reactions during cycling. Given the mechanical compliance and
softness of the R-LLTO SSE, this work could enable new
paradigms for solid-state battery fabrication such as the
detachment and direct lamination of R-LLTO SSEs to lithiated
cathode films deposited on current collectors. Our work is a
platform for the development of in-line, fully open-air solid-state
batteries.

5. MATERIALS AND METHODS

5.1. Materials. The LLTO precursors for this work are
Li,CO4 (99.0%, Sigma-Aldrich), La, 05 (99.0%, Sigma-Aldrich),
and TiO, (99.0%, Sigma-Aldrich), which were stoichiometri-
cally mixed and dispersed in isopropanol (IPA) according to the
composition Lij;La,cTiO; with 10 wt % Li,CO; added to
account for potential Li loss during sintering. For wet ball
milling, the precursors in IPA had a concentration 2 g of powder
in 7 mL of IPA). Following ball milling, the LLTO precursor
powder mixture in IPA was dried at 150 °C for 20 min on a hot
plate in ambient and then dispersed in ethanol at a concentration
of 600 mg/mL. Polyvinylpyrrolidone (Sigma-Aldrich, molecular
weight of 360,000) with a concentration of S wt % (30 mg/mL)
was added to the powder as a binder before deposition. Ted
Pella, Inc. PELCO conductive silver paint, 30 g, was used as the
silver ink for depositing electrodes on the R-LLTO film for in-
plane EIS measurements.

5.2. Processing Equipment. Ball milling was done with a
Retsch ball miller (MM200, agate grinding jar with 7 mm agate
grinding balls). The LLTO precursor ink was deposited using
spin coating (Laurell) or blade coating (Zehntner ZAA-2300).
Sintering was performed using a rapid thermal processing
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system shown in Figure S10 (AlWin21 RTP). The AlWin21
RTP system requires gas flow for the sintering process; a mixture
of 80% O, and 20% N, gas was used to replicate atmospheric
conditions. All experiments were conducted in an uncontrolled
laboratory environment with 40% relative humidity.

5.3. Characterization Equipment. Secondary electron
(SE) and backscattered electron (BSE) imaging and semi-
quantitative energy-dispersive spectrometry (EDS) were
performed using an electron microprobe analyzer (JEOL JXA-
8530F). A high-resolution X-ray diffractometer (PANalytical
X’Pert PRO MRD) was used for the grazing-angle diffraction
experiment. Powder diffraction analysis was performed using a
powder diffractometer (Malvern PANalytical Aeris research
edition). Potentiostatic electrochemical impedance spectrosco-
py (EIS) measurements were performed in an in-plane
configuration using ion blocking silver electrodes with a surface
area of ~ 0.1 cm? and a parallel spacing of ~ 0.3 cm deposited on
the LLTO thin film. The complex impedance response of the in-
plane configuration was measured using a Paios measurement
system (Fluxim AG) by varying the frequency from 10 Hz to 10
MHz for an applied voltage with an amplitude of 50 mV. Data
from EIS measurements were fitted with simulated response of
equivalent circuits using Fluxim’s Characterization Suite
software. The Vickers microhardness (H,) was measured
using a microhardness tester (hardness testing machine,
Mitutoyo Corporation, Japan). A Keyence VHX-7000 micro-
scope was used for optical characterization. A stylus profilometer
(Tencor P-16) was used to measure SSE thickness and
roughness. An X-ray photoelectron spectrometer (Kratos Axis
Supra+) was used for surface material chemistry character-
ization. Nanoindentation was performed with the help of
Nanoindenter XP along with the accompanying Nanosuite
software. Two sets of a S X 5 array of indents made by a
nanoindenter on the LLTO film were used to calculate the
nanohardness and modulus of the LLTO thin film. The indents
were performed using the continuous stiffness measurement
(CSM) method. A Berkovich tip was utilized, and the depth
limit for indents was set to be 2000 nm for the first set and 5000
nm for the second set along with a 1000 nm surface approach
distance. The harmonic displacement target for the dynamic
load portion of the method was set to be 2 nm with a frequency
of 45 Hz.

5.4. Preparation of the LLTO Precursor Suspension
and Synthesis of LLTO Thin Films. 5.4.1. Ball Milling. Wet
ball milling was used to mix precursor powders Li,CO3, La,0s,
and TiO, dispersed in IPA. Wet ball milling was chosen over dry
ball milling because it was expected to reduce the size of the
powder mixture (<10 gm) with less contamination and surface
oxidation while maintaining a uniform particle size, despite the
likelihood of having a slower rate of size reduction.”””" The ball
milling machine used for wet ball milling is shown in Figure S10.

5.4.2. Drying and Binder Addition. The wet ball milled
mixture was air dried by evaporating the IPA on a hot plate set to
120 °C. After drying, the powder mixture was dispersed in
ethanol, and a S wt % polyvinylpyrrolidone (PVP) binder was
added to this suspension. This suspension used for spin or blade
coating is shown in Figure S10 (more details about the spin and
blade coating process are discussed in the Results section). A wet
ball milling mixture dispersed in IPA was not used directly as the
suspension for spin or blade coating because the particle
morphology in the as-wet ball milled IPA suspension may be
flaky and less agglomerated rather than semispherical and
agglomerated, which is more suitable for spin and blade coating

processes.”””” Ethanol was favored over IPA because it has a
lower boiling point than IPA, which increases the rate of solvent
evaporation during the baking step after the spin or blade
coating process.”” PVP was used as the binder because it is
nontoxic and soluble in ethanol and has previously demon-
strated to improve mechanical stability of SSEs.”*

5.4.3. Open-Air Spin Coating and Blade Coating. The
process flow for LLTO thin films from the precursor powder to
the final SSE is shown in Figure S10. Films were initially
deposited using spin coating. The precursor ink was statically
dispensed on a silicon substrate and rotated at different speeds
for various spin times. Following the rotating step, the spin-
coated silicon substrate was baked for S to 10 min on a hot plate
set to 100 °C to evaporate the residual solvent and allow thin-
film formation. The effect of spin speed and time on particle
distribution homogeneity in thin films was investigated using an
optical microscope (Figure S11). Figure S11a—d shows optical
images of the thin-film surfaces spin-coated at an ideal spin
speed of 2000 rpm for different spin times (in s) of 10, 30, 60,
and 180 s. As illustrated in Figure Slle, the optical images of
thin-film surfaces were processed to contrast low film density
areas (dark regions) with higher film density areas (brighter
regions).

The maximum film coverage, characterized by a minimal
overall dark area, was achieved for a spin coating time of 30 s,
with a 10% cumulative dark region area, while thin films spin-
coated for 15 and 180 s had a dark region area of nearly 20%. All
these values are significantly too high because any detectable
amount of dark areas represents gaps that would allow for Li
dendrites to penetrate through the SSE and create a short circuit.
Spin coating therefore was determined to not be the optimal
method for producing LLTO films, and it also is not a scalable
process method. Therefore, the blade coating process was used
to process LLTO SSEs for the remainder of the study.

5.4.4. Rapid Thermal Annealing (RTA) to Form the LLTO
Phase. The general RTA cycle used in this study is shown in
Figure S12. Based on the literature, a hold temperature of 1100
°C was chosen for the sintering step in the RTA cycle to obtain
the LLTO phase in spin-coated and blade-coated thin
films.>”?*="7 Figure S13b—d shows images of samples spun at
2000 rpm with different sintering hold times of 10, 30, 60, and
180 s. The inset in Figure S13d shows a visually discolored
LLTO film. This sample also had a nonuniform microstructure
with elongated crystallites, as shown in Figure S3d. Therefore,
we determined that sintering times longer than a minute can
cause damage to the film and reduce the quality of the SSE film.

In fact, an LLTO phase was not obtained even for the
optimized spin coating parameters and sintering time. Figure
S14 compares spin-coated film XRD patterns after sintering for
30, 60, and 300 s compared with the Liy;Laj sTiO; reference
pattern and precursor phase LLTO. This comparison clearly
demonstrates that all samples spin-coated and sintered for
varying times have little or no structural match with the
reference LLTO XRD spectrum and are much more like the
precursor phase LLTO XRD spectrum. Based on the poor film
density and morphology and the lack of the LLTO phase from
spin coating, a more scalable open-air blade coating process was
used to see if the LLTO phase could be produced.

Figures S15 and S16 show that blade coating produced a more
uniform thin film at both the macro and micro levels. Upon
varying the processing parameters, a processing speed of 300
cm/min and a blade height of 225 pum produced a uniform,
dense, and approximately 10 gm-thick film. The XRD spectrum
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of the film obtained after the blade coating and RTA step with a
1-min sintering hold time is shown in Figure 1. The obtained
spectrum peaks largely correspond to the reference LLTO peak,
indicating that the LLTO phase has indeed formed. Note that
although the LLTO crystalline phase is the primary phase
component in the film obtained after the blade coating and RTA
steps, some amorphous LLTO precursor residue remains, as
shown in Figure 1, and not all the LLTO precursor is converted
into the LLTO crystalline phase. The implications of this will be
discussed further below.

5.5. Thickness and Roughness of Blade-Coated LLTO
Thin Films. The thickness of the blade-coated sample was
determined by scanning a profilometer probe across a 1000 pm
one-dimensional (1D) line on the surface of the blade-coated
sample. Figure S8 shows 1D surface profiles of five LLTO
samples coated with blade heights of 245, 255, 265, 285, and 310
pum. A blade height of 245 ym produced a thin-film thickness of
10 ym and a smooth surface with an average roughness value of
+0.6 um. Figure S8 also shows a general trend of reduced
roughness and thickness as the blade height decreases. The
average film thickness increases by 60% for every 3% increase in
average blade height. Thus, by adjusting the blade height, the
film thickness can be tuned.
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(H); (Figure S9) graph of SSE processing time vs ionic
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S10) process steps for fabricating LLTO thin-film SSEs
with solution processing in open air; (Figure S11) VHX
7000 970F Analyzer software-processed optical images of
the surfaces of thin films spin-coated at an ideal spin speed
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electron microscope images of optimized LLTO blade-
coated SSEs; (Figure S16) surface morphology of R-
LLTO obtained using confocal microscopy imaging
showing a dense film; (Table S1) La:Ti:O at. %, wt %,
and corresponding molar composition obtained for EDS
spots shown in Figure Sc,d; (Table S2) Average molar
ratio of La, Ti, and O based on their visual appearance in
the BSE image shown in Figure 2; (Table S3) Li:La:Ti:O
wt % and corresponding molar composition obtained for
spots, N1, N2, M1, and M2 using CasaXPS software;
(Table S4) Comparison of the processing time and ion
conduction values of R-LLTO with pellets, thin-film
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studied in the literature; (Table SS) elastic modulus and
hardness of R-LLTO compared to other inorganic pellet
and thin-film solid-state electrolytes studied in the
literature (PDF)
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