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attention for their high energy density and
safety but struggle to perform at room
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and poor interface contact. This study
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heating method using ultra-high-
frequency voltage pulses, enabling full
battery performance within 1 min. The
approach improves energy output and is
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CONTEXT & SCALE Solid-state batteries (SSBs) promise improved safety and higher energy density over to-
day’s lithium-ion batteries (LIBs), but their poor performance at room temperature has limited widespread
use. We demonstrate a fast, non-invasive self-heating method that warms SSBs to optimal operating temper-
ature in under a minute using ultra-high-frequency electrical pulses. This approach requires no structural
changes, adds minimal energy cost, and is scalable to commercial battery packs. It opens new opportunities
to reduce the range anxiety of electric vehicles and provides reliable cold starting. By introducing a more suit-
able thermal strategy than those conventionally used in liquid-electrolyte batteries, this work may shift how
SSBs are managed, potentially accelerating their adoption in next-generation energy storage and transpor-
tation systems.

SUMMARY

Solid-state batteries (SSBs) are promising next-generation batteries due to their high energy density and
enhanced thermal stability and safety. However, their sluggish kinetics and transport at room temperature
result in high internal impedance and critically reduce the attainable discharge energy density. Taking advan-
tage of their strong temperature-dependent ionic conductivity, here we introduce ultra-high-frequency
(greater than 10° Hz) self-heating (UHFSH) of SSBs, which can rapidly warm up the batteries from room tem-
perature to operating temperature (~65°C) in less than a minute. As proof of concept, UHFSH experiments
were conducted on symmetric solid-state cells with lithium aluminum germanium phosphate electrolyte in
different configurations. Using an experimentally validated model, pack-level simulations predict fast heating
(50 K/min) and minimized heating energy consumption (less than 4%). Without any modification of the ma-
terials or structure of the batteries, our non-intrusive self-heating strategy potentially enables SSBs to

discharge more than 2-fold energy in 25°C ambient.

INTRODUCTION

Over the past decades, lithium-ion batteries (LIBs) have been
widely used as energy storage devices in mobile electronics
and electric vehicles (EVs)." However, traditional LIBs using a
liquid electrolyte still suffer from relatively lower energy density
and significant safety problems because of the flammable nature
of the electrolyte. Solid-state batteries (SSBs) stand out as one
of the most promising next-generation battery technologies to
overcome these issues. By using a lithium-metal anode, SSBs
can potentially offer gravimetric and volumetric energy densities
that are 40% and 70% higher than those of LIBs, respectively.”
Moreover, benefiting from their inherent mechanical rigidity
and high cationic transference number, inorganic solid electro-

lytes (ISEs) can potentially improve the fast-charging perfor-
mance and degradation of batteries.® Additionally, replacing
the organic liquid electrolyte with a non-flammable solid-state
electrolyte (SSE) can enhance the thermal stability window and
address safety concerns.®° SSBs with ISEs have shown supe-
rior cycling performance up to 100°C,° whereas LIBs suffer
from accelerated side reactions and degradation at higher tem-
peratures (~60°C).”® However, for many SSEs, except for a few
sulfide electrolytes, at room temperature (RT), the lithium-ion
transport kinetics in the electrolyte/electrodes and at the inter-
faces” ' is very sluggish. Sluggish kinetics at RT indicate mark-
edly lower ionic conductivity, leading to several challenges,
including a significant reduction in the attainable practical energy
density and power density of SSBs and limited discharge
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capability above 0.1C at RT. This limitation poses a practical
challenge, as it may prevent an EV from starting reliably due to
the risk of under-voltage. Although some SSBs can deliver suffi-
cient power at RT, their theoretical energy densities remain
inherently limited because of low electrode loading and thick
electrolytes.'"

To decrease the large internal resistance of SSBs, various
heating strategies have been proposed as a mild temperature
rise of 50°C can result in an increase in the ionic conductivity
of the SSE by orders of magnitude.®'>~'* For example, the ionic
conductivity of solid polymer electrolytes (SPEs) increases by
1-2 orders of magnitude.® ' For ISEs such as lithium lanthanum
zirconium oxide (LLZO) and lithium aluminum germanium phos-
phate (LAGP), it can increase to as much as 5 times as activation
energy exceeds 0.3 eV,'®'%"7 reaching levels comparable to
those of liquid electrolytes at RT (1071072 S cm~5).2 Further-
more, with the same temperature increase, the interfacial resis-
tance between the electrodes and solid electrolytes decreases
by an order of magnitude due to improved wetting and contact.'*
Therefore, in lab environments, additional heating environments
such as a temperature chamber and oven are usually used to
achieve excellent cycling performance of SSBs.'" However,
external heating strategies such as convective heating are not
practical in actual applications such as an EV for many reasons
such as the very slow temperature ramp rate due to the high ther-
mal mass of the battery packs and bulkiness of designing a
convective heating system itself. Recently, cell-level heating
strategies have been developed to circumvent this problem by
embedding a thin heater in the cell itself for both LIBs at very
low temperatures and SSBs at RT.'*"'%'9 Wang et al. proposed
to embed nickel foil heaters inside the battery to achieve a heat-
ing rate of 1°C/s,"® and likewise, Ye et al. integrated a thin nickel
film in the current-collector layers with a polyimide substrate.'®
However, these approaches are intrusive, raising safety con-
cerns, and require additional materials and processing in the ex-
isting battery manufacturing chain,?® which has been refined by
the industry over several decades.

Alternating current (AC) self-heating, on the other hand, is a
non-intrusive method for heating batteries without inducing
structural changes, depending on the applied frequency.”’ AC
heating has been successfully implemented in traditional LIBs
to facilitate cold-temperature start-up. The temperature ramp
rate of AC self-heating for LIBs is ~0.1°C/s,?" which is signifi-
cantly faster than conventional external heating. However, this
rate remains too low for practical applications, as it requires
over 5 min to reach the ideal ionic conductivity necessary for bat-
tery discharge and vehicle start-up. From a practical standpoint,
achieving a high temperature ramp rate is critical to ensure that
the EV can start within a reasonable short time (around a minute),
rather than requiring a prolonged waiting period for the battery to
warm up to its optimal operating temperature.

In this paper, we apply the idea of AC heating to SSBs; howev-
er, the temperature ramp rate is nearly one order of magnitude
higher than those reported for LIBs, i.e., close to 1°C/s, which
enables discharge of the full capacity at a reasonable C-rate,
making it practically viable to start the vehicle within a minute.
This high-temperature ramp rate is achieved by insulation and ul-
tra-high-frequency self-heating (UHFSH), where the frequency is
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in the MHz range as opposed to the kHz range explored for LIBs
in the literature. Without an extra embedded heater or any modi-
fication of the internal structure of the cells, our method enables
rapid and uniform heating, raising the cell temperature by 45°C
within 1 min, thereby potentially increasing the discharge energy
density 2-fold, from 50 to 150 Wh/kg. Additionally, with thermal
insulation improved by the pack-level configuration, the heating
energy consumption is only 3.5% of the overall battery energy.

RESULTS AND DISCUSSION

Overview of UHFSH

Figure 1A shows the energy discharge density for LIBs with a
nickel manganese cobalt (NMC) and lithium iron phosphate
(LFP) cathode and an SSB with a LFP cathode as a function of
temperature. Both share the characteristic that when the tem-
perature rises, all the kinetic and transport processes are accel-
erated. For commercial LIBs, at low temperature (<0°C), their in-
ternal impedances are large, leading to a low terminal voltage
and reduced discharge capacity.® Their discharge energy den-
sity approaches the theoretical capacity when discharging at RT
(~25°C) and may decrease slightly due to the occurrence of
other side reactions at high temperature. However, for SSBs,
their discharge energy density performance is continuously
enhanced as the temperature increases beyond RT,'® also see
Figure S1. There are a few differences between LIBs and
SSBs, which make UHFSH easier and the heating time much
shorter for SSBs. SSBs can have 20% less thermal mass per
watt-hour (3 J/K/Wh) than LIBs (3.82 J/K/Wh; Table S$1307%2),
And SSEs, especially ISEs (LLZO and LAGP), have higher
thermal conductivity (1.4 and 2.2 W m 2K~ ") than liquid electro-
lytes (0.2 W m~ K ') and wet separators (cross-plane,
0.1-0.4 W m~ K ),"3% which implies faster heating speed
and smaller temperature gradient.

The mechanism behind UHFSH of SSBs with lithium anodes
with AC is illustrated in Figure 1B. During charging (positive cur-
rent), the lithium ions are moving from cathode material parti-
cles to the lithium anode through a solid electrolyte; and during
discharging (negative current), they move in the reverse direc-
tion. At the electrode/electrolyte interface, both electrochemi-
cal reactions and the formation of an interfacial electrical double
layer are occurring. The total current j is composed of the reac-
tion (faradaic) current i, and interfacial electrical double-layer
current jj,r. For direct current (DC) signals and low-frequency
excitations, the interfacial capacitance is large, resulting in no
or a negligible interfacial current. Consequently, the total cur-
rent is nearly equivalent to the reaction current. As the signal
frequency increases (Figure 1C), the interfacial electrical double
layers, which act like a capacitor, allow a more significant cur-
rent to pass through at high frequencies (shown in Figure 1B).
This effect can be understood in more detail by considering
the timescale of electrochemical processes occurring in a
solid-state electrochemical cell as outlined by Lu et al.®*
Notably, the timescale for the charge-transfer reaction is
approximately 100 Hz, which is significantly lower than the
MHz frequencies used for heating. At MHz frequencies, only
the charge transfer across grain boundaries occurs, resulting
in ohmic resistance and consequently ohmic heating within



10.1016/j.joule.2025.101973

Please cite this article in press as: Zhang et al., Solid-state batteries enabled by ultra-high-frequency self-heating, Joule (2025), https://doi.org/

Joule

>

A LiB-NvC [T

¢? CellPress

Intercalation kinetics 1

Electrolyte conductivity 1

cathode - .
.particles Lit (L) Li-ion/Li

O LIB-LFP
O SSB-LFP|J

Anode Electrolyte Cathode

Discharge Energy Density (Wh/kg)

Li
lr,wN‘A,lian
1

@@ double layer charges

N . N : P
20 o0 20 40 60 s 100  EESSICHE Charge|i Discharge
T (C) i
¢ D
P Liquid
o < Conductive i
= T 5 10°F | © Heatpipe This work 8
5 I > ¥ Immersion
=) (=2 Q AC heating
= 5 2
> uQ E)
g - -1k
= 8 £10 >
2 2 5
g z i s
~ | & A
kHz MHz 107F
Frequen(:y External heating AC heating UHFSH

Figure 1. An overview of the UHFSH method

(A) Discharge energy density as a function of temperature for LIBs (INR18650 MJ1 NMC, LFP-32700 LFP) and SSBs'® (polymer-based LFP]Li), with the solid line

serving as a guide to the eye.

(B) Schematic of SSBs under certain VAC. The AC i through the cell splits into a capacitive component ij,¢. passing through the electric interfacial capacitance and

a reactive component i, driving electrode reactions.

(C) Effect of frequency on reaction current and heating rate; the reaction current decreased and the heating rate increased under a constant alternating voltage.
(D) Temperature ramp rate (heating rate) comparison between external heating,”* > AC heating®®>® (10"-10° Hz), and this work (10°~10° Hz).

the electrolyte, which causes localized heating effects only in
the electrolyte, in the absence of electrochemical reactions
and any chemical changes to the SSBs. In addition, the reduced
capacitive reactance at high frequency leads to the reduction of
the total impedance magnitude, thereby increasing the total
current at fixed magnitude of alternating voltage. As a result,
the total heating rate increases with increasing frequency
(Figure 1C). However, induction effects come into play when
the frequency is too high (discussed later). We can determine
the optimal frequency for the largest heat generation, leading
to the largest temperature ramp rate, based on the electro-
chemical impedance data of SSBs. An additional constraint
applied on UHFSH is the need to limit the voltage to the highest
allowable voltage for a given chemistry, which is 4.35-2.35 V for
an LiCoOy/LiNixMn,Co4__,O»|Li cell.

One major difference between our ultra-high-frequency tech-
nique and the prior literature on low-frequency>® AC heating is
that in low-frequency literature constant current was applied as
opposed to constant voltage applied in our study. Since every
battery chemistry has a maximum voltage limit,*® in the constant
current case, one can only increase the current till the maximum
voltage is reached. This significantly limits the amount of heat
that can be generated. In our method, we have applied constant
voltage. Since Qmax = V2,;/R, R needs to be minimized. For AC
current passing through a cell, minimum resistance/impedance
is achieved at the highest frequencies. Therefore, going to ul-
tra-high-frequency minimized R and maximized Q,,,.x for a given
voltage limit. Figure 1D summarizes our UHFSH results (dis-
cussed later) and provides a comparison with conventional
external heating®?**"*® and AC heating'®*®?" for LIBs.

UHFSH resulted in an increase in the heating rate by nearly
one order of magnitude.

UHFSH experiments and modeling

As proof of concept, we conducted UHFSH experiments on a
symmetric LAGP cell. These experiments were also used to vali-
date our numerical model using electro-thermal co-simulation in
COMSOL. The structure of the built single-layer SSB is shown in
Figure 2A. The LAGP electrolyte (350 um) is sandwiched by two
lithium electrodes (100 pm) and the copper current collectors
(50 pm). Electrical connections were made to the copper current
collectors by spot welding 50-pm-diameter insulated copper
wires. Metal tabs were connected with the other sides of the
wires and served as the terminals for the pouch cell. A T-type
thermocouple is placed at the center of the copper current col-
lector, with Kapton tape (63.5 pm) as the electrical insulation
layer in between. The temperature signal from the thermocouple
is denoted as T... The environment temperature is denoted as
Tamp- The cell is stacked with the thermal insulation materials
(aerogel) to provide good thermal insulation. The full stack shown
in Figure 2A is vacuum sealed inside a pouch and pressed under
~350 kPa. The high-frequency voltage source is provided by a
function generator. An oscilloscope is connected to the cell ter-
minals to record the cell voltage.

In a typical experiment, the solid-state cell shown in Figure 3A
was first stabilized at RT for 10 min and then heated when =2 V
sinusoidal excitation was generated from voltage source
(Figure 3B). The voltage range was selected as an example
and was approximately half the maximum stable potential of
LAGP.%® The overall voltage change (4 V in this case) must be
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Figure 2. The experimental setup and modeling of UHFSH on SSB
(A) Experimental setup for UHFSH of LAGP symmetric cell.
(B) Reduced equivalent circuit model of SSBs.

kept below the maximum stable voltage. We swept through fre-
quencies of 0.5, 1, 2, 5, and 7 MHz to investigate the frequency
dependence. For a single-layer-structured cell (Figure S2A), as
the frequency increased from 0.5 to 7 MHz, the temperature
rise (AT) after 2 min increased from 0.45°C to 0.8°C
(Figure 3C). AT became stable around 0.85°C when the excita-
tion frequency was beyond 2 MHz.

For stacked two-layer cells (Figure S2B), the thermal insulation
conditions were better since the ratio of the surface area to vol-
ume was reduced. As a result, AT in 2 min at different signal fre-
quencies was higher compared with that of the single-layer cell,
as shown in Figure 3C. The maximum AT in 2 min was approxi-
mately 1°C. Moreover, the steady-state AT for the two-layer cell
was higher than that for the single-layer cell, as shown in
Figure 3D. As the size of the cell increases, we expect the surface
area-to-volume ratio to decrease, which increases the overall
heating rate and the rate of temperature rise, which is evident
in module- and pack-level simulations discussed later.

Joule

Furthermore, we conducted electro-thermal co-simulation in
COMSOL numerical simulation to model the heating behavior
of solid-state cells using the UHFSH method. We built an equiv-
alent circuit model for our symmetric cell. The lithium anode and
electrode/electrolyte interface impedance were modeled as the
charge-transfer resistance in series with a Warburg element and
in parallel with electrical double-layer capacitance. The internal
ohmic resistance mainly originates from the solid electrolyte.
For the symmetric LAGP cells we constructed, the Warburg
element was omitted as mass transport effect from the lithium
diffusion in the lithium anode is negligible. In large-capacity cells,
inductance of the layer may become important (discussed later);
however, for these small single- and two-layer cells, they are
negligible.

One simulated cross-section temperature distribution is
shown in Figure S3. The thermal properties such as the heat ca-
pacity and thermal conductivity of the LAGP electrolyte, lithium
foil, and other materials were measured using differential

Figure 3. The experimental results of the
UHFSH on symmetric LAGP cells

(A) Images of the assembled single-layer sym-
metric LAGP pouch cell (12-mm diameter 100-pm
Li electrode, 23.3 mAh).

(B) Sinusoidal voltage wave used in experiments.
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Schematics of single-layer and two-layer cells are
t provided in Figure S2.

(C) Temperature rise AT =Toe — Tamp (Toe IS
measured at the cell current-collector center, as
shown in Figure 2A; T,mp is the ambient tempera-
ture) in 2 min across AC-pulsed voltage fre-
quencies from 0.5 to 7 MHz for a single-layer cell
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Figure 4. The heating performance analysis on cell- and pack-level SSB
(A) Battery configurations for different capacities (small to large): single layer to pouch cell and module and pack level.
(B) Ultra-high-frequency heating power per electrode area as a function of frequency under +1 V excitation at various uniform cell temperatures. The overall

voltage change of 2 V is within the stable voltage of LCO|LI.

(C) An example of simulated temperature distribution of pack (62-kWh pack after 45.2 s + 1-V 0.2 MHz voltage heating, assuming 25-um-thick electrolyte with
jonic conductivity at 25°C as 6, = 10~% S/cm and heat transfer between battery surface and the environment h = 10 W/m?/K).

(D) Temperature evolution for 19-Wh pouch cell and 62-kWh pack with 25- and 50-um electrolyte thickness under +1-V pulse at optimal frequency of 0.2 MHz
shown in (B), assuming ionic conductivity at 25°C, 6o = 10~* S/cm, and heat transfer between battery surface and the environment h = 25 W/m?/K.

(E) Heating energy consumption of different SSB sizes and solid-electrolyte thickness, assuming temperature rise AT = 40°C and heat transfer between battery

surface and the environment h = 10 W/m%/K.

scanning calorimetry and the 3-omega method or were taken
from the literature (Note S1). The heat generation is calculated
from cell-impedance data and voltage using P = Vce,,2ZRe/
IZ|2. Veen is the cell terminal voltage, |Z] is the magnitude of the
cell impedance, and Zg, is the real part of the cell impedance.
In the model, the only fitting parameter is the heat-transfer coef-
ficient (h) between the thermal insulation surface and the
ambient (Figure 2A). The estimated h values for the single-layer
cell and double-layer cell are 25 and 20 W/(m?K), respectively;
see also Note S2 for detail. The simulated temperature evolu-
tions of the pouch cells match well with the experimental
data, as shown in Figures 3C and 3D. Moreover, to extend the
generality of our technology and modeling, similar experiments
and simulation were done for symmetric LLZO cells. Detailed
setup and results can be found in Note S3 and are not repeated
here.

The impact of UHFSH on solid-state cell state of health was
also investigated. An NMC|LisYBrCls|Li-In halide full cell was
fabricated and tested under UHFSH cycles. We applied the
voltage with 7 MHz frequency, 0.72 V amplitude, and 3 V offset
on the cell terminals. After 100 5-min on/off heating cycles, the
decreased capacity due to heating was less than 1.4%. There
was no significant capacity fade in the full cell after UHFSH;
see Note S4.

We use the electro-thermal model to predict large-scale cell-
level and pack-level performance of SSBs, as discussed in the
next section.

Heating performance on cell and pack level

In this section, we use our validated electro-thermal co-simula-
tion model to predict the performance of SSBs at the pouch
and pack level to understand the impact of UHFSH on the com-
mercial scale. Figure 4A shows the multilayer configurations of
commercial batteries from the cell to pack level. In general, a
cell is composed of many (30-50) stacks of layers for a pouch
cell or ajelly roll in a cylindrical cell. Moreover, in EV applications,
hundreds of cells are arranged in modules. They are connected
in series or parallel to achieve the desired voltage and energy ca-
pacity. A whole battery pack could consist of several to tens of
modules.

One of the biggest differences between the lab-scale single-
and two-layer systems vs. a commercial-scale system is that
the surface-to-volume ratio is much smaller for the commer-
cial-scale systems. This smaller ratio greatly reduces the heat
loss to the environment, thereby enabling a faster temperature
rise. Another difference is that large multilayer cells have more
inductance in the cell impedance.®*~*? The inductance behavior
(negative imaginary impedance) is trivial for small-capacity cells;
however, it must be considered for large-capacity batteries
because of their multilayer structure.

Effect of voltage frequency on heating power

Figure 4B shows the estimated heat generation per electrode
area using our equivalent circuit model (P = VZZRe/|Z|2; see
Note S5) under volts AC (VAC) as a function of temperature

Joule 9, 101973, July 16, 2025 5



10.1016/j.joule.2025.101973

Please cite this article in press as: Zhang et al., Solid-state batteries enabled by ultra-high-frequency self-heating, Joule (2025), https://doi.org/

¢? CellPress

and input frequency with a 400-pm-thick electrolyte. Consid-
ering the full-cell LCO|Li voltage range (4.35-2.35 V), we are
using =1 V amplitude and a square wave form to maximize the
heat generation. The heating power as a function of frequency
is not monotonic, unlike the single-layer cell case. At low fre-
quency, the large interface and charge-transport impedance
dominate and lead to low heat generation. At the higher fre-
quency, the electrical double layer behaves like a capacitor, re-
sulting in shorting of the charge-transfer resistance. Therefore,
the total impedance, both the imaginary and real parts, is
reduced, resulting in a significant increase in heat generation.
However, if the frequency is too high, the inductance becomes
dominant, and the overall impedance increases, resulting in
lower heat generation.

Effect of SSE on heating rate

Both the ionic conductivity and thickness of the SSE are very
critical as they are part of the overall electrical impedance of
the cell. The broader research and development (R&D) commu-
nity and the industrial community are actively working on
reducing the thickness of SSEs and increasing their ionic con-
ductivity."""**> We investigated the impact of UHFSH for a wide
range of ionic conductivity and thickness of the electrolyte. Us-
ing the calculated heat generation from the last section, we
started the simulation on a 19-Wh LCO|LAGPILi pouch cell
that consists of tens of layers (see Figure S4A and Note S6).
We applied a +1-V square wave signal with the optimal fre-
quency 0.2 MHz (Figure 4B) to estimate the temperature rise.
With a fixed 25-pum electrolyte thickness, the same as the sepa-
rator thickness in LIBs, we show how the heating time would
decline as the electrolyte ionic conductivity increases in
Figures S4B and S4C. A contour plot of time to increase AT
by 40°C as a function of electrolyte thickness and ionic con-
ductivity is presented in Figure S4D. With smaller thickness
and higher ionic conductivity, the required heating time de-
creases and becomes sub-minute.

To reproduce the thermal behavior in compact battery packs
of EVs, besides the cell level, we built three different battery
sizes: 5.2 kWh (module), 62 kWh (small pack, Figure 4C), and
104 kWh (large pack). Figure 4D shows that for a 25-pm-thick
electrolyte, the battery (pack) temperature can increase to over
70°C in 1 min. The temperature rises at an optimal frequency
in 2 min for a 62-kWh battery pack are 10°C higher than that of
a 19-Wh single cell. The small surface-to-volume ratio of the
pack enhanced the battery insulation and improved the heat-
ing rate.

Heating energy consumption

Figure 4E shows the percentage of heating energy consumption
over the energy stored in the battery using our electrothermal
model of SSBs for the whole pack size, with comparison to the
module level. The variations across different solid-electrolyte
thicknesses are also shown. In terms of raising the battery by
40°C up for 1-h operation with h = 10 W/m?/K, the energy
required to heat a 104-kWh battery pack is only 3.4% of the total
battery energy. Additionally, the reaction heat released during
battery discharge is not included in the calculated energy con-
sumption, which will further reduce the energy loss to maintain
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the temperature during operation. Based on our study of
UHFSH on SSBs so far, this fast-heating method could be further
optimized in a practical SSB management system to achieve
higher obtainable energy density, better cycling, and fast start-
up performance.

Conclusions

In summary, we have successfully developed an ultrafast-heat-
ing method for SSBs using an ultra-high-frequency voltage
pulse, which can enable SSBs to start from RT in minutes. In
contrast to previous advances in battery materials and interfaces
to commercialize SSBs, our method retains the original battery
structure and leverages the small heat-energy consumption to
achieve a large energy density increase. Considering the new
challenges and opportunities for SSBs, their optimal operating
temperature can be adjusted promptly via the UHFSH in a smart
battery thermal management system.

METHODS

Electrochemical thermal simulation and verification

We used the equivalent circuit model and heat transfer module in
COMSOL Multiphysics 5.6 for the simulation of SSB heating un-
der different alternating voltage excitation and thermal condi-
tions, see Note S7 for further details.

SSE LAGP preparation

The LAGP pellets were made from the commercially available
sodium super ionic conductor (NASICON) Li; sAlg 5Geq.5P3012
powder (300-500 nm MSE Supplies). The powders were pressed
in a 15-mm-diameter stainless steel die under 15,000 pound
force for 10 min. Then, the pellets were sintered on alumina in-
side the furnace in air at 700°C for 10 h. In addition, the pellets
were sputtered with 40-nm gold on both sides to enhance the
interface contact with the lithium foil.

SSB with thermal insulation preparation

With the prepared electrolytes, 100-pm-thick lithium foil (MSE
Supplies) was punched into 12-mm-diameter coins as the
electrodes, and they were cleaned on both sides with a twee-
zer to remove the surface oxides or contaminants. Then, the
cleaned lithium discs were pressed on both sides of the
LAGP pellets. The structure was then sandwiched between
two 50-pm-thick copper (McMaster-Carr) circles with 15-mm
diameter. The 50-pm-diameter insulated copper wires were
spot welded with the copper current collector at one end
and with nickel tabs at the other end. We used the wires for
better thermal insulation. Then, the nickel tabs served as the
battery’s terminal and were connected to alternating signals.
A thermocouple was placed at the center of one copper circle,
with the Kapton tape in between as the electrical insulator.
The entire structure was sandwiched between the 3.2-mm-
thick aerogel blocks (Airloy x103) with 20-mm squared sur-
face. The cell was finally sealed in a pouch-cell configuration
(MTI Corporation) in an Ar-filled glove box (O, < 0.1 ppm
and H,O < 0.1 ppm). After cell assembly, the cell was an-
nealed in a furnace at approximately 65°C for 7 h.
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UHFSH experiments

The pouch cell was held with a lab-made pressure jig and
load sensor and placed inside the test equity model TEC1 ther-
moelectric temperature chamber. The cell and environment
temperature were recorded with T-type thermocouples (Omega
Engineering) by a Pico TC-08 thermocouple data logger. The
high-frequency alternating voltage wave was supplied by
a RIGOL DG4062 function waveform generator. The cell
terminal voltage was measured using an Agilent DSO3202A dig-
ital storage oscilloscope. The temperature rises and terminal
voltages were documented under various high-frequency sine
signals.

EIS

The electrochemical impedance spectroscopy (EIS) measure-
ments were performed using a Biologic VMP3 multichannel po-
tentiostat. The symmetric cells were rested for 15 min before
tests and under 350 kPa during tests. A signal with 2-V amplitude
was applied to the cell with a frequency ranging from 0.1 Hz to 7
MHz with 20 data points per decade of frequency. An equivalent
circuit model** was used to fit the EIS results (see Note S5 and
Figures S5 and S6). The parameters determined from the EIS
analysis are summarized in Table S2.
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