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Experimental Section/Methods

Preparation of UVEA film. The UVEA film was synthesized by a single-step, solvent-free UV
polymerization approach. A liquid precursor was firstly prepared by mixing the monomer
(ethylene acrylate, EA, Sigma Aldrich, 9.52 wt.%), cross-linker (ethylene glycol dimethyl acrylate,
EDA, Sigma Aldrich, , 9.52 wt.%), lithium salt (lithium bis (trifluoromethanesulfonyl) imide,
LiTFSI, Sigma Aldrich, 28.57 wt.%), solid crystal plasticizer (succinonitrile, SN, TCI, ), photo-
initiator (phenylbis (2,4,6-trimethylbenzoyl) phosphineoxide, PPO, 0.5 wt.%, TCI, 47.62 wt.%),
and SEl-forming additive (fluoroethylene carbonate, FEC, TCI, 4.77 wt.%). The obtained
homogenous precursor was then casted onto a 340 um-thick glass fiber reinforcement, and then
exposed to UV irradiation for 10 minutes to initiate the polymerization. The obtained UVEA film

was then stored inside glove box before use.

Fabrication of inorganic LICs pellets. The inorganic LATP layer was produced by pressing the
commercial fine LATP powders (from NEI corporation) into round pellets using a cylindrical die
(diameter = 13 mm) followed by annealing at 1150 °C for 12 h at air. The as-fabricated LATP
pellets after annealing have a thickness of around 0.5 mm. The inorganic LVO layer was fabricated
using the similar pressing method yet without annealing, in which the pristine LVO powders were
synthesized through a sol-gel method adapted from previous reports.t ? Robust LVO pellets with
grainy and smooth surface can be directly obtained via the cold-pressing protocol, largely owing
to the small particle size (Figure S16b, c). Similarly, LTO pellets (the powder is from MTI
Corporation USA) and NMC811 pellets (the powder is from the Cell Analysis, Modeling, and
Prototyping (CAMP) facility at Argonne National Lab) were fabricated using the cold pressing
method. The thickness of all inorganic LIC pellets was controlled at about 400 um, unless stated

otherwise.

Preparation of sandwich SSE and composite SSE. After obtaining the free-standing UVEA films
and inorganic LIC ceramic pellets, the sandwich SSEs (in a configuration of UVEA-inorganic
LIC-UVEA) were achieved by physically stacking the UVEA film, one inorganic LIC layer, and
the UVEA film together. The composite SSEs (in a configuration of UVEA+inorganic LIC) was

prepared by uniformly mixing inorganic LIC powder with the UVEA precursor, then casting the



slurry onto a 340 um-thick glass fiber reinforcement, and finally exposing to the UV irradiation
for 10 minutes. The mass ratio of inorganic LIC powder over the UVEA precursor was 1 : 10.

In-situ coating of UVEA film on inorganic LICs pellets. To lower the thickness of solid separator
(UVEA), in-situ coating of UVEA film on inorganic LIC pellets was used. Specifically, UVEA
precursor (before polymerization) was first dip-coated or spin-coated on the ceramic pellets in an
Ar-filled glove box, following by the UV irradiation for 10 minutes. During the spin-coating

process, the spinning speed was 2000 r/min and the spinning time was 30s.

Materials characterization. SEM images were obtained with a LEXI-FEI Magellan 400. X-ray
photoelectron spectroscopy (XPS) data was collected on a Kratos AXIS-Supra connected with an
Ar glove box. The Cryo-TEM imaging and chemical analysis were performed with a Cryo-TEM
holder (Gatan model 915) in a JOEL Grand ARM electron microscope (equipped with dual 100
mm? silicon drift detectors (SDD) for EDS) operated at 300 kV and a 2100F electron microscope
operated at 200 kV. To prepare the Cryo-TEM sample, a 2032-type coin cell was assembled by
inserting a copper grid (3mm in diameter) onto the Cu electrode (a Li metal foil works as the
counter electrode) in an argon-protected glovebox. After depositing 0.5 mAh cm™2 of Li° on a Cu
grid at a current density of 0.1 mA cm™2, the coin cell was disassembled, and the copper grid was
sealed inside a pouch bag in an argon-protected glovebox. The copper grid was plunged into a bath
pre-cooled with liquid nitrogen, and finally, the TEM sample was fixed onto the Cryo-TEM holder
and transferred into the microscope at the cryogenic temperature for further characterizations.
Dynamic mechanical analysis (DMA) was used to analyze the mechanical properties of UVEA
film. The liquid-state *H NMR measurement was first conducted to determine the monomer
conversion yield in UVEA film after polymerization. During the test, the prepared UVEA films
were soaked in dimethyl sulfoxide (DMSQ) for 10 h and the obtained solution was used to the
NMR characterization. The TGA-DSC-MS measurement was conducted using the NETZSCH
STA 449 F3 Jupiter Simultaneous Thermal Analyzer with Coupled QMS 403 D Aéolos Mass
Spectrometer.

Electrochemical performance evaluation. The electrochemical performance of sandwich SSEs
was evaluated using the standard 2032-type coin cells, which was assembled with a constant

pressure of 20 MPa in a glove box. Electrochemical impedance spectroscopy (EIS) was recorded



on a Bio-logic working station at the frequency range of 3 MHz to 1 Hz. lonic conductivities were
measured by sandwiching bare UVEA film or inorganic LICs pellets between two stainless steel
spacers, and then calculated according to the following equation:

o = LIRpS Equation (1)
where Ry refers to the resistance according to the EIS measurement, L represents the thickness of
testing samples, and S is the effective contacting area between stainless steel spacers and samples.

The electronic conductivity of bare UVEA film and inorganic LIC pellets was obtained by
collecting the current response under a constant voltage (0.15V for UVEA film and 3 V for
inorganic LIC pellets). During the measurement, the bare UVEA film was directly sandwiched
between two stainless steel spacers (blocking electrode), while inorganic LIC pellets were first
coated with a thin conductive Ag paste (cured at 250 °C for 10 min) and then sandwiched between
two stainless steel spacers. The electronic conductivity of different LIC pellets/films was
calculated as follows:

o=LIRS =ILIUS Equation (2)
where | is the average current response, L is the thickness of testing samples, U is the applied
voltage (3 V or 0.15 V), and S is the contact area between stainless steel and samples.

The electrochemical stability window (ESW) of UVEA film was tested in a two-electrode
Li//UVEAJ/SS cell, where Li foil was used as the counter electrode, SS (stainless steel) was used
as the working electrode, and UVEA was employed as the solid separator. During the test, the
Li//UVEAJ/SS cell was first scanned from open-circuit voltage (OCV) down to -0.3V, and then up
to 4.6 V (vs. Li*/Li). The scanning rate was 0.1 mV/s.

For the Li//NMC811 full cell test, high mass-loading (7.4 mg cm™2) NMC811 cathodes (A-
C019A) were directly obtained from the CAMP facility at Argonne National Lab and vacuum
dried at 60 °C before use, where the cathode was composed of Targray NMC811 (90 wt.%), Timcal
C-45 (5 wt.%), and Solvay 5130 PVDF binder (5 wt.%). Li-excess Li//NMC811 full cells were
assembled in the glove box by using commercial 250 pm-thick Li° foils as the anode, as-fabricated
sandwich SSEs, and a dried NMC811 cathode (without soaking catholyte), and then cycled at room
temperature (22°C) with a NEWARE multichannel cycler. For the construction of low-N/P-ratio
full cells, electrodeposited Li° on Cu foil with an areal capacity of 2 mAh cm™2 was used as the
anode. Note that no catholyte was used in all full cells. The Li metal electrodeposition on Cu foil

was realized in an asymmetric Li//Cu cell configuration using our recently developed ether-based



localized high-concentration electrolyte with trimethylsilyl azide as the additive.? The Li//Cu cell
was firstly activated for 1 cycle at 0.5 mA cm 2 (with a cycling capacity of 1 mAh cm™2), followed
by plating 2 mAh cm2 of Li metal at 0.5 mA cm2. The typical voltage-time profile is shown in
Figure S27. Based on the areal capacity of NMC811, 1.6 mAh cm™2 (with a reversible capacity of
210 mAh g 1), the N/P ratio of Li//NMC811 full cells was calculated to be 2.25 when using 2 mAh
cm 2 of electrodeposited Li° as the anode. 1C rate corresponds to a current density of 210 mA g*
for the NMCB811 cathode test, meaning that the theoretical capacity of NMC811 cathodes was
considered to be 210 mAh g 2.



e hg

UVEA (100 pm)

UVEA (340 um)

Figure S1. Digital images of UVEA films with two different thicknesses of 340 um and 100 um,

where glass fiber membrane and PVDF membrane were used as the support substrate, respectively.
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Figure S2. *H NMR spectra of polymerized UVEA film (up) and ethylene acrylate (EA) monomer
(bottom).
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Figure S3. TGA-DSC-MS data showing the weight change and gaseous product release upon
heating from 25 °C to 250 °C at a heating rate of 3 °C/min in Ar atmosphere.

Here, the TGA-DSC-MS test indicates that there is no gaseous monomer, cross-linker, plasticizer,
and additive release before 250 °C. Knowing that the boiling point of neat EA (99.4 °C), EDA
(around 100 °C), and FEC (212 °C) is lower than 250 °C, it is reasonable to deduce that EA and
EDA have been completely polymerized in UVEA, and there is no free FEC additive in UVEA.
The H20 signal before 100 °C is derived from the absorbed H20 on UVEA when loading samples
into the test chamber. The O> release along with about 45 % weight loss after 110 °C and before
220 °C is probably attributed to the thermal decomposition of the polymer backbone, because the
thermal decomposition temperature of LiTFSI, SN plasticizer, and FEC additive is above 200 °C.*
® Since the plasticizer (succinonitrile) is solid at room temperature and has a high boiling point of
266 °C, we can conclude that UVEA film was 100%-monomer-polymerized and can be considered
solid at room temperature.
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Figure S5. (a) EIS curve of SS//UVEAJ/SS cell (SS represents the stainless steel) during the ionic
conductivity test, in which the thickness and surface area of UVEA film is 340 um and 2 cm?,

respectively. (b) Electronic conductivity test of pristine UVEA film with a thickness of 340 pm.

The applied voltage during the test was controlled at 0.15 V. (c) Electrochemical stability window

test of UVEA film in the Li//SS cell, which was conducted at a scan rate of 0.1 mV/s. (d) Li*

transference number of UVEA measured by the potential static method under a symmetric

Li//UVEA//Li cell configuration at 22 °C. Note that to accurately measure the transference number,

the cell was first activated at 0.2 mA ¢m 2 and 0.2 mAh cm ™ to enable the SEI formation and

achieve a stable interfacial resistance. Thus, the inserted EIS plots in d showed similar interfacial

resistance before and after polarization.
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Figure S6. Voltage response of Li//UVEA//Li cells at different applied currents.
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Figure SS7. (a) lonic conductivity of UVEA membranes at different temperatures measured by
the EIS method using a symmetric SS//UVEA//SS cell configuration (SS represents stainless steel).
(b) Temperature-dependent ionic conductivity curve of UVEA films showing that the UVEA film
exhibits an Arrhenius-type ion conduction mechanism. Note that the melting point of pure SN

around 58 °C is not seen here, which is probably due to the amorphization of polymer backbone

and SN.
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Figure S8. EIS curves of (a) SS//LATP//SS cell, (b) SS//LVOI/SS cell, (b) SS//LTO//SS cell, and
(c) SS//LTOI/SS cell during the ionic conductivity test. SS represents stainless steel. The thickness
of LATP, LVP, and LTO pellets is 1360 um, 675 pum, and 728 um, respectively. While the surface

area of all ceramic pellets is 1.33 cm?. Noted that the inorganic ceramics for ionic conductivity test
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is typically thicker than those used for real batteries.
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Figure S9. EIS profiles showing the interfacial resistance of symmetric SS//SS cells (a) and Li//Li
cells (b) using bare UVEA film and sandwich SSEs at room temperature. SS represents stainless
steel. (¢) Summary of ionic conductivity of bare UVEA and sandwich SSEs.

14



Figure S10. Cross-sectional SEM image showing the good interface contact between UVEA with
Li metal, and UVEA with ceramics: (a) LTO; (b) LVO.
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Figure S11. SEM-EDS mapping of (a) LATP and (b) LVO pellets after cycling in Li/UVEA-
LATP-UVEA//NMC811 and Li//UVEA//INMC811 cells at 0.2 C for 20 cycles, respectively. The
significant N, F, and S signal was attributed to the UVEA penetration into the LAPT and LVO

pellets.
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S12. (a) SEM-EDS mapping and (b) corresponding element ratio of pristine NMC811 electrode.
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Figure S13. (a) SEM-EDS mapping and (b) corresponding element ratio of cycled NMC811
electrode from Li//UVEA-LATP-UVEA//NMC811. The full cell was cycled at 0.2C for 20 cycles.
Compared with negligible N signal in pristine NMC811 electrode (Figure S12), the identified N
signal in cycled NMC811 was attributed to the UVEA penetration into the NMC811 cathode,

which was consistent with the result in Figure S11.
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Figure S15. (a) Electronic conductivity test of pristine LVO pellet with a thickness of 675 pum.
The applied voltage during the test was controlled at 3 V. SEM images of pristine LVO powder

(b) and LVO pellet after cold pressing (c). The inset in d shows the digital image of as-fabricated
LVO pellet.
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plating/stripping time was fixed at 1 h.
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Figure S17. (a, b) Cryo-TEM images showing the morphology of the deposited Li° on Cu grid
using the UVEA-LATP-UVEA sandwich electrolyte, which were collected from two different

sites.
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HAADF-STEM

Figure S18. Higher-magnification BF-TEM and HAADF-STEM images of the Li deposits plated
by the UVEA-LATP-UVEA sandwich electrolyte. The surface SEI (darker contrast in the BF-
TEM modd V.S. brighter contrast in HAADF-STEM mode) are clearly visible in these images.
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Figure S19. Critical current density of UVEA-LVO-UVEA tested in symmetric Li//Li cells at 22
°C (RT). The Li//Li symmetric cell was cycled under step-up current densities with a constant

plating/stripping capacity of 0.5 mAh cm™2, and no short circuit occurred before 9 mA cm™.
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Figure S20. Critical current density of UVEA-LATP-UVEA (a) and UVEA-LTO-UVEA tested

in symmetric Li//Li cells at 22 °C (RT). The Li//Li symmetric cell was cycled under step-up current

densities with a constant plating/stripping time of 0.5 h, and no short circuit occurred before 5 mA

cm 2.
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Figure S21. (a) Discharge/charge profile of solid-state Li//LATP//Li battery at a current density
of 0.05 mA cm ™2 showing that the symmetric cell using bare LATP baseline can be hardly initiated.
(b-f) Discharge/charge profile of solid-state battery at a current density of 0.5 mA cm™2 and a
cycling capacity of 1 mAh cm™ (b) Li/LVO//Li and Li//UVEA-LVO-UVEA/Li; (c)
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Li//UVEA-LATP-UVEA//NMC811 full cell at 0.2C, RT
2.7-4.4V, Cathode mass loading: 7.4 mg cm2
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Figure S24. Cycling stability of Li//UVEA-LATP-UVEA//NMC811 cells at 0.2 C with a test
voltage window of 2.7-4.4V. The areal mass loading of NMC811 is ~7.4 mg cm 2,
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Figure S25. (a, b) SEM images of thin UVEA layer on (a) LTO pellet and (b) LVVO pellet using
the dip-coating method. (c, d) SEM images of thin UVEA layer on (c) LTO pellet and (d) LVO
pellet using the spin-coating method. The spinning speed was 2000 r/min and the spinning time

was 30s.
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Figure S26. Discharge/charge profiles of solid-state Li//Li symmetric cells based on different

composite SSEs. The cycling current density was 1 mA cm™2 and the cycling capacity was 2 mAh

cm 2.
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Figure S27. Typical voltage-time profile of Li//Cu cell for depositing 2 mAh cm~2 of Li metal on
Cu foil. The current density during the first-cycle activation and the subsequent Li plating was 0.5
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Table S1. Summary of applied currents, response voltage, and calculated DCR value of UVEA
film in the Li//UVEA/ILi cell.

Applied current (nA) Response Voltage (mV) DCR (%1000 ohm)

l1 0.1 V1 0.278 /

I2 1 V2 0.587 h—1I2 0.343
I3 2 V3 0.942 l2—1s 0.355
l4 4 V4 1.656 I3—14 0.357
Is 6 Vs 2.393 l4—1s 0.369
ls 8 Vs 3.106 Is—1s 0.357
I7 10 V7 3.849 le—17 0.372
s 20 Vs 7.371 l7—1s 0.352
lo 50 Vo 17.756 ls—1o 0.346
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Table S2. Summary of ionic and electronic conductivities of different LICs and sandwich SSEs

used in this work.

lonic conductivity

Electronic conductivity

Electrolyte
(S/cm, room temperature) (S/cm, room temperature)

UVEA 7.73x 10" 6.65 x 10

LATP 3.58 x 10° 8.07 x 107

LVO 3.18 x 10° 7.54 x 10

LTO 2.97 x 10° 1.27 x 108
UVEA-LATP-UVEA 6.49 x 10* /
UVEA-LVO-UVEA 5.68 x 10 /
UVEA-LTO-UVEA 3.98 x 10 /
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Table S3. Comparison of electrochemical performance of sandwich SSE (this work) with recently

reported LIC-based SSE.

. Electrochemical Critical current Lithium anode Cumulative
Solid state e - ] I - Full cell performance
electrolvie stability window density lifetime capacity (Capacity retention) Reference
y (V vs. Li*/Li) (mA cm?) (hours) (mAh cm?) pacity
UVEA-LATP-UVEA 046 >14 2500@0.5 mA cm™ 1250 87% after 350 cycles, 0.2C at RT This work
(multi-layer) ' (@0.5mAhcm?) | 7000@0.1 mA cm™ 700 (NMC811, loading: 7.4 mg cm™)
Plastic-crystal-
embedded elastomer 0-4.6 NA 1500@10 mA cm? 15000 88% after 100 cycles, at 30 °C 6
electrolyte (PCEE) : o (NMCS83, loading: >10 mg cm?)
(composite)
ZnO-coated LATP NA NA 1000@0.2 mA cm2 200 88% after 100 cycles, 0.1C at RT ;
(multi-layer) o o ' (LFP, loading: 2.55 mg cm?)
BN-coated LATP 0-4.5 NA 500@0.3 MA cm? 150 96% after 500 cycles, 0.5C at 60 °C 8
multi-layer ' o ' , loading: 2.4 mg cm
Iti-| LFP, loading: 2.4 2
LPSCI-LGPS—- ) 81.3% after 2000 cycles, 1.5C at 55
LPSCI NA. NA. 1800@0225 mA cm 450 oC 9
(multi-layer) (NMC811, loading: 2 mg cm?)
PEO-LATP NA NA 1800@1 mA cm?? 1800 70% after 1000 cycles, 0.5C at 60 °C "
(composite) o o (at 60°C) (LFP, loading: 5 mg cm?)
LiAIO,-coated
LLCZN N.A. 0.75 N.A. N.A. N.A. 1
(multi-layer)
h-BN-coated LLZTO 200@0.5 mA cm? 91.5% after 100 cycles, 0.2C at 60
ltiol N.A. 0.9 £60°C 100 °C 12
(multi-layer) @ ) (LFP, loading: 8.8 mg cm™)
. 13.3
Li-LLZO N.A. 80@2.2 mA cm? 176 N.A. 13
(@0.36 mAh cm)
COF-coated LLZTO NA 3 55@0.1 mA cm? E5 89% after 360 cycles, 0.5C at RT u
(multi-layer) o ' ' (LFP, loading: 2~3 mg cm?)
10
3D LLZO N.A. N.A. N.A. N.A. 5
(@7.5 mAh cm?)
LiF-LPS NA 2 350@0.3 MA cm 105 >90% after 50 cycles, 0.3 mA cm? 6
(multi-layer) o ' (LCO, loading: 1 mAh cm?)
PEO-LLZTO 0-4.75 >3 700@3 mA cm2 2100 >90% after 200 cycles, 0.1C 17
(composite) ' (@3 mAh cm?) (LFP, loading: 1.46 mAh cm?)
PEO-PPO-SiO2 065 >4.8 2010@1.2 mAcm? | 4104 (at2.4 ~100% after 100 cycles, 0.5C 18
(composite) ' (@1.2 mAhcm?) | 1710@2.4 mA cm? mA cm?) (LFP, loading: 1.5~1.9 mg cm)
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