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promise of high energy density.[1–3] How-
ever, their attainable energy/power den-
sity of ASSBs are dramatically reduced 
because of the sluggish kinetics of lith-
ium-ion transport, especially at room tem-
perature (RT).[4] Normally, the operation of 
ASSBs requires elevated temperatures.[5–7] 
Although some ASSBs could be operated 
at RT, battery energy continues to be low 
since the employ of low areal electrode 
loadings and thick solid-state electro-
lytes (SSEs),[8] and the instable interface 
issue.[9,10] Among the various SSEs, solid 
polymer electrolytes (SPEs) possess many 
prominent advantages, such as excellent 
flexibility, lightweight, low-cost, and good 
interfacial contact,[8,11,12] but their limited 
ionic conductivities (≈10−8 to 10−6 S cm−1) 
at RT has long been identified as one of 
the knottiest problems. Since SPEs are 
temperature sensitive, their ionic transfer 
rate can be increased by two orders of 
magnitude if a relatively mild tempera-

ture (70–90 °C) is granted.[13,14] Thus, auxiliary heating systems, 
such as environmental chambers, ovens, or temperature incu-
bators, are typically a necessity to demonstrate the advanced 
performance of ASSBs at the laboratory scale. However, these 
heating systems are difficult to integrate into practical applica-
tions, such as electric vehicles, without compromising battery 
energy density. In addition to their bulkiness, these systems 
simultaneously suffer from slow, inhomogeneous heating and 
severe heat loss. The implementation of a compact, rapid, and 
uniform thermal modulator is desperately needed, but thus far 
neglected in ASSB research.

In recent years, battery preheating has been successfully 
explored for some purposes in lithium-ion batteries, such as 
enabling fast charging capability,[15–17] or broadening battery 
operating temperature window.[18–20] In particular, internal 
preheating can offer higher thermal efficiency due to a much 
lower heat loss compared to their external preheating coun-
terparts.[21,22] However, in-cell preheating requires high uni-
formity to avoid local overheating, which could otherwise lead 
to dendrite formation, side-reactions, or local overcharging.[23] 
Current collectors (CCs) are crucial parts isolated from the 
chemical/electrochemical reactions, which are “lithium-ion 

All-solid-state batteries (ASSBs) show great potential as high-energy and 
high-power energy-storage devices but their attainable energy/power density 
at room temperature is severely reduced because of the sluggish kinetics of 
lithium-ion transport. Here a thermally modulated current collector (TMCC) 
is reported, which can rapidly cold-start ASSBs from room temperature to 
operating temperatures (70–90 °C) in less than 1 min, and simultaneously 
enhance the transient peak power density by 15-fold compared to one without 
heating. This TMCC is prepared by integrating a uniform, ultrathin (≈200 nm) 
nickel layer as a thermal modulator within an ultralight polymer-based current 
collector. By isolating the thermal modulator from the ion/electron pathway 
of ASSBs, it can provide fast, stable heat control yet does not interfere with 
regular battery operation. Moreover, this ultrathin (13.2 µm) TMCC effectively 
shortens the heat-transfer pathway, minimizes heat losses, and mitigates the 
formation of local hot spots. The simulated heating energy consumption can 
be as low as ≈3.94% of the total battery energy. This TMCC design with good 
tunability opens new frontiers toward smart energy-storage devices in the 
future from the current collector perspective.

ReseaRch aRticle

1. Introduction

All-solid-state batteries (ASSBs) have attracted intensifying 
interest as one of the most promising energy-storage devices 
for portable electronics and electric vehicles due to their great 
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free” in batteries. Therefore, they could be acting as ideal com-
ponents for preheating without interfering with regular battery 
operation. However, CC is generally made of dense and ultralow 
resistivity materials[24,25] such as copper (1.68 × 10−8  Ω m)  
or aluminum (2.65 × 10−8 Ω m) and themselves are not suitable 
to be used as thermal modulator elements directly. The optimal 
heating will be difficult to achieve if the thermal modulator is 
tied to the battery cycling circuit due to the following reasons: 
1) insufficient heat generation due to the limitation of cycling 
current, 2) the critical temperature cannot be reached in a short 
time, and 3) the temperatures cannot be tailored. A new design 
that could implement battery preheating elements into CC with 
efficient, controllable, and fast heating capability is therefore 
highly demanded. Recent advents in the design of lightweight 
and conductive metal–polymer CCs[26–29] provide new possibili-
ties to design ASSBs with CC preheating.

Here, we report the first thermally modulated CC (TMCC) 
that enables sub-minute cold-starting ASSB from RT with 
homogeneous internal cell heating, drastically accelerating the 
battery kinetics during charging/discharging (Figure 1a). Spe-
cifically, an ultrathin (≈200 nm) and uniform nickel (Ni) layer 
is used as the heating modulator and sandwiched between two 
ultrathin (6 µm) polyimide (PI) layers to isolate heating current 
from battery cycling current. Subsequently, conductive layers 
(500 nm-thick, e.g., aluminum) were coated to impart electron 

conduction toward the electrode materials. This ultrathin, 
large-area thermal modulator in CC is critical to: 1) shorten 
the heat-transfer pathway, 2) minimize heat loss, and 3) miti-
gate local thermal hotspot formation while being isolated from 
the chemical/electrochemical reactions inside batteries. As a 
result, the maximum transient power density of a high areal 
capacity (≈2.1 mAh cm−2) ASSB with TMCC heating is 15-fold 
compared to one without heating. Moreover, the simulated 
heating energy consumption is as low as 3.94% of total battery 
energy, benefiting the thermal efficiency. Our multifunctional 
CC eliminates the use of auxiliary heating devices that rely on 
bulk heating and is compatible with current battery manufac-
turing procedures. This novel architecture design promises 
great general tunability, which could enable smart energy-
storage devices with new functionalities in the future from CC 
perspective.

2. TMCC Configuration and its Stability 
Characterization
Traditional CCs are made of heavy and dense metal foil, such as 
Cu for anode CC and Al for cathode CC, which accounts for the 
high ratio of “dead weight” (>15%) in batteries.[30] To minimize 
thickness and specific mass, we integrated a thin film heating 
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Figure 1. Concept of an ASSB with TMCC. a) Schematic illustration of an ASSB containing a TMCC. By applying the voltage excitation, Joule heat 
generates in the middle layer of current collector and spread over the ASSB next to it. b) Cross-sectional SEM image of the TMCC. c) Heating current 
profile (left axis) and corresponding heating power (right axis) of the TMCC under various voltages.
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layer in the CC center based on our recently designed light-
weight CC with PI supporting substrate.[26] The PI substrate 
isolates the heating modulator from conducting metal layers, 
which allows for independent electrical pathways for heating 
and battery cycling. To verify our CC heating hypothesis, a 
≈200 nm thick Ni metal is sandwiched with two 6 µm PI films, 
which subsequently is coated with two ≈500  nm thick Al on 
two sides as conductive layers to impart electron conductivity 
to the electrode. As shown in Figure 1b, the total thickness of 
the composite CC is 13.2 µm, which is close to the commonly 
used Al CC (≈12 µm). The specific mass of this composite CC 
is ≈1.41  mg cm−2 only 2/5 that of the commonly used Al CC. 
Thus, the high volumetric energy density of ASSB with TMCC 
is well maintained (99.63%) and the mass-energy density is 
improved by 6.01% compared to that with the traditional CC. 
The ultrathin PI insulating layer with excellent thermal and 
chemical stability is especially attractive as it provides an excep-
tional barrier to the polymer electrolyte while allowing rapid 
heat conduction in the cell.

When the TMCC was assembled in ASSB, uniform Joule 
heat is generated from the heating modulator by applying cur-
rent. Since the Ni heating modulation is uniformly adjacent to 
the conducting layers of CC, each layer of the heating modu-
lator covers the battery unit next to it. Such structure efficiently 
shortens the heat-transfer time in the cell, alleviates the tem-
perature gradient, and mitigates heat loss. Figure  1c shows 
the current profile of a TMCC tested at RT. Without further 
specification, all the cells were assembled with a CC shape of  
8 cm × 1 cm. The heating current and power densities increased 
nonlinearly when the input voltage increased from 2 to 10  V, 
due to the dependence of ohmic resistance on temperature. 
The enlarged I–V curve (Figure S1, Supporting Information) 
illustrates a stable current that can be achieved in ≈2 s as the 
heating voltage jumps from 6 to 8 V, which demonstrates the 
fast response and adaptability of this TMCC heating modulator. 
Further reducing the heating voltage decreases the heating 
power. The long-term stability of the TMCC was evaluated by 
both continuous heating and intermittent heating (Figure S2, 
Supporting Information). The stable current indicates good 
long-term stability and demonstrates excellent switching 
capability, both of which hold great promise in practical applica-
tions. We used an infrared camera to visualize and validate the 
heating effect while applying different voltages to the TMCC 
(Figure S3, Supporting Information). This composite CC can 
be sealed into pouch cells with no detectable change and with-
stand extreme conditions with temperatures up to 150 °C.

3. ASSBs Assembly with TMCC

Recent reports and analyses show that the adoption of porous 
polymer hosts with high modulus can successfully increase the 
energy density of ASSB and suppress the penetration of lithium 
dendrite.[31–34] PEO–lithium bis(trifluoromethanesulfonyl)imide 
(PEO–LITFSI) polymer electrolyte is thus utilized as a proof-of-
concept for our design. A 12 µm-thick nanoporous poly ethylene 
separator is used as a matrix for PEO–LiTFSI to obtain an 
ultrathin and highly flexible composite SSE (PEO–LiTFSI–PE). 
From the cross-sectional scanning electron microscopy (SEM) 

image (Figure 2a), we find the thickness of PEO–LiTFSI–PE 
SSE is only 18 µm. Additionally, the pores of the host are fully 
filled by PEO–LiTFSI and the surface of composite SSE is well 
covered with PEO–LiTFSI (Figure S4, Supporting Information), 
ensuring good interfacial contact between SSE and electrode.

We first studied how the TMCC affects the lithium ionic 
conductivity of composite SSE. An asymmetrical pouch cell 
was constructed with the composite SSE sandwiched between 
an Al layer and a TMCC. The heat generated from the Ni layer 
in the TMCC transfers to composite SSE, increasing its ionic 
conductivity. The ionic conductivity of the composite SSE 
increases by two orders of magnitude when heating voltage 
was increased from 3 to 13 V (Figure 2b). To study the heating 
and electrochemical behaviors of ASSB equipped with the 
TMCC, we coated lithium iron phosphate (LFP) onto its sur-
face conductive metal layer as cathode and subsequently paired 
it with PEO–LiTFSI–PE SSE and a lithium anode. We chose 
two mild heating conditions (8 and 10  V) for further demon-
stration. Under both heating conditions, the ionic conduc-
tivity can reach 10−4 S cm−1, which meets the basic operational 
requirement for ASSBs. This in-cell TMCC heating design 
not only minimizes the heat dissipation to the environment 
but also provides a compact design without changing the con-
ventional battery configuration. Figure 2c and Figure S5, Sup-
porting Information show the spatial temperature distribution 
images of the LFP|SSE|Li ASSB under different heating con-
ditions captured by IR camera. Since the heating area is the 
same as the CC, this TMCC can homogeneously increase the 
temperature of ASSBs. Compared with the external heating 
method (such as environmental heating and oven heating), 
this approach significantly minimizes the temperature gra-
dient and reduces heat loss.

4. Heating Speed and Stability of the TMCC  
in ASSBs
To in situ quantify the heating capability of our thermally 
modulated CC, a resistance temperature detector (RTD) was 
placed on the surface of a pouch cell to monitor the tempera-
ture change while applying different heating voltages, as sche-
matically shown in Figure 2d. Figure 2e shows the temperature 
profiles of the ASSB surface under interval heating. The ASSB 
was first kept at RT for 10 min and then heated under two dif-
ferent heating voltages. Once the heater in TMCC is started, the 
temperature of the cell quickly reaches an equilibrium between 
Joule heating and thermal radiation. The stable surface temper-
atures of the pouch cell are about ≈80–85 °C and ≈105–110 °C 
for the heating voltages of 8 and 10 V, respectively. Intermittent 
heating between 0 and 8/10  V shows the fast-switching capa-
bility of the TMCC heating modulator. As shown by enlarged 
temperature-time curves (dotted curves in Figure 2f), the tem-
peratures of the pouch cell can be increased and become steady 
within ≈40 s under both conditions. We also perform numerical 
modeling to simulate the heating behavior of the pouch cell 
with TMCC. The temperature evolution of pouch cell from sim-
ulation (solid curves in Figure 2f) is in good consistency with 
our experimental results, which again confirms the fast-heating 
capability of our CC heating from RT by a cold-starting mode.

Adv. Mater. 2022, 2202848
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5. Electrochemical Evaluation of Cold-Started 
ASSBs with TMCC

High power density is another desired feature for ASSB applica-
tion but is often neglected in ASSB testing. Here we tested the 
transient power density of the ASSB and its temperature depend-
ence. Figure 3a shows the polarization curves of an LFP|SSE|Li 
battery using our TMCC by continuously increase the discharge 
C-rate under different heating conditions. The cells were first 
fully charged to 4.0 V under 0.1 C at 80 °C and cooled down to 
RT for further use. Subsequently, the ASSB discharged under 
different current densities (from 0.5 C to as high as 16.5 C) under 
a C-rate increasing step of 0.5 C until the discharge voltage is 
lower than 0.5  V. Each step is maintained for 5 s. The ASSB 
exhibits reduced polarization curves and higher power densities 
as the heating voltages increase, implying that the TMCC sub-
stantially accelerates the mass transport in the batteries. For the 
ASSB without TMCC heating, the voltage quickly decreases with 
discharge C-rate increase, indicating a power output delay due to 
the limited kinetics of polymeric SSE. In contrast, the ASSB with 
CC heating shows less decay even under a high output current 
density, indicating the TMCC heating improves the power per-
formance by increasing the reaction rate and transport kinetics.

Figure 3b shows the corresponding transient power density 
change of the ASSB under different heating voltages and dif-
ferent discharge current densities. When the discharge current 

density is increased from 0 to up to 32  mA cm−2 the output 
power densities of ASSB first increase and then decrease, where 
peak transient output power densities are achieved under spe-
cific heating voltages, as shown in Figure  3c. As the heating 
voltage increases, the transient peak output power density 
increases, which can be attributed to faster kinetics. Specifically, 
when the heating voltage increases to 10  V, the peak output 
power density is as high as ≈50  mW cm−2 which is 15× com-
pared to that without heating. To further confirm the enhanced 
output power density of the ASSB with TMCC, an ASSB pouch 
cell with a capacity of ≈64 mAh was built to power a ≈290 mW 
white flashlight (Figure S6, Supporting Information). The 
cell was first fully charged to 4.0 V at an 80 °C environmental 
chamber and cooled down to RT before use. The flashlight 
cannot be lighted up at RT without TMCC heating due to the 
low power output from the cell. After initiating the heating 
with a voltage of 8 V, the flashlight can be lighted up under a 
minute (≈42 s), which further demonstrates the sub-minute 
cold-starting of ASSB by our novel TMCC heating design.

Based on this heating mechanism, we evaluated the elec-
trochemical performance of the LFP|SSE|Li ASSB by TMCC 
heating. Without the TMCC heating modulator, the discharge 
capacity of ASSB (based on LFP mass, loading 9  mg cm−2) is 
less than 30 mAh g−1 due to the sluggish kinetics (Figure 3d). 
Once an 8 V heating voltage is applied to the TMCC, the tem-
perature of the battery increases, which leads to an enhanced 
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Figure 2. Cold-starting behavior of an ASSB with TMCC. a) SEM image of ultrathin PEO–LiTFSI–PE SSE. b) Arrhenius ionic conductivity (σ) plots of 
the PEO–LiTFSI–PE SSE under applying a different voltage through a TMCC. c) IR camera image shows the spatial temperature distribution of the 
ASSB under passing an 8 V heating voltage through a fixed shape (8 cm × 1 cm) of the TMCC. d) Schematic illustration of the ASSB assembled with 
RTD to study the temperature change during the cold-starting process. e) Surface temperature behavior of the ASSB under intermittent heating from 
0 to 8 V, and from 0 to 10 V, respectively. Each step is held for 10 min. f) Surface temperature vibration of the ASSB during the cold-starting process. 
Time 0 s represents when heating begins.
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capacity of ≈140 mAh g−1. From the charge–discharge curves 
(Figure S7, Supporting Information), both the charge and dis-
charge plateaus (3.4 V), and discharge capacity of ASSB with CC 
heating are like those with liquid electrolytes, demonstrating the 
excellent electrochemical performance at elevated temperatures 
enabled by the TMCC. Figure S8, Supporting Information shows 
the rate performance of the LFP|SSE|Li ASSB under various cur-
rent rates (from 0.1 C to 6 C, 1 C = 160 mA g−1) between 2.5 and 
4 V while applying 8 V heating voltage. The ASSB exhibits good 
rate performance with a capacity around 125 and 100 mAh g−1 at 
0.4 C and 1 C, respectively. This impressive electrochemical per-
formance mainly arises from the accelerated kinetics by using 
TMCC. Of note, the ASSB without TMCC heating shows almost 
negligible capacities and a much lower discharge plateau at RT 
due to the large polarization (Figure 3d).

To further explore the potential practical vision of our TMCC, 
we further increased the LFP active materials loading to ≈15 mg 
cm−2 and evaluated its electrochemical performance (Figure 3e). 
Even with such a high loading, the discharge capacity increased 
and reached ≈140 mAh g−1 at a heating voltage of 10 V, corre-
sponding to an areal capacity of 2.1 mAh cm−2. Compared with 
the recently reported ASSBs using PEO-based SSE (Figure 3f; 
Table S1, Supporting Information),[31,33,35–45] the ASSB with 
our TMCC delivers a much higher areal capacity (at least 2×), 
which holds great promise in increasing the specific energy. 
Additionally, the polymer-based CC shows good flexibility in the 
abuse test. As shown in Figure S9, Supporting Information, the 
LFP|SSE|Li ASSB maintains good functionality powering a red 

LED even after folding and unfolding. During the entire folding 
and unfolding process, the heating current through TMCC 
remains stable, as shown in Video S1, Supporting Information.

6. Heating Energy Consumption

We further utilize numerical simulation to study the heating 
behavior and associated heating energy consumption of the 
ASSB at a larger hypothetical size. Such fundamental insight 
is crucial for the identification of the key parameters for the 
realization of practical ASSBs with tailorable size and energy 
density. The CC heater was embedded into every CC layer with 
the same heating power density to enhance the electrochemical 
performance of cells or packages (Figure 4a). To mimic the heat 
generation and heat dissipation in real cases, we built three dif-
ferent battery sizes,13.6 Wh, 5 kWh, and 60 kWh, to study their 
heating consumption (Figure  4b). An additional polyurethane 
layer (5 mm thick) was used as insulation protection to reduce 
heating dissipation and save heating energy in each model. To 
ensure fast kinetic of the ASSB, we chose a working tempera-
ture range between 70 and 90 °C in the simulation. Based on 
this working mechanism, we optimized the heating protocol 
and then calculated the energy consumption for heating. More 
simulated parameters can be found in the Experimental Sec-
tion and Table S2, Supporting Information.

Figure  4c shows the spatial temperature distribution along 
the thickness of a 4 Ah battery at the end of heating to 90 °C 

Adv. Mater. 2022, 2202848

Figure 3. Electrochemical performance of an ASSB with TMCC. a) Polarization curves, b) transient power density, and c) peak power density of the 
ASSB under different TMCC heating conditions. d) Discharge capacities of the LFP|SSE|Li ASSB without TMCC heating and with 8 V TMCC heating 
operated at room temperature. e) Discharge capacity variation of LFP|SSE|Li cell under different heating voltages at 0.2 C at a high LFP loading of 
15.1 mg cm−2. Two cycles activation (0.1 C) was applied before long-time 0.2 C cycling. f) Comparison of the LFP loading and areal capacity of the ASSB 
with recent publications. Most of the batteries in recent publications were tested at auxiliary heating devices.



© 2022 Wiley-VCH GmbH2202848 (6 of 8)

www.advmat.dewww.advancedsciencenews.com

(green curve) and the starting of reheating from 70  °C (red 
curve). Due to the uniform heating throughout the CC, the cor-
responding temperature fluctuations are less than 6  °C from 
battery surface to battery core. Moreover, the temperature gra-
dient from 0.1 z-axis/total height (z/H) to 0.9 z/H is very small, 
demonstrating low heat loss and efficient heating utilization of 
such CC heating. To optimize the heating protocol, we used a 
5 kWh battery package as an example, the TMCC can generate 
a large amount of Joule heat, which homogenously increases 
the temperature of the battery pack from RT to 90 °C in 10.5 s. 
At this time, the voltage applied on the TMCC was turned off, 
by which the battery temperature slowly decreases to 70 °C in 
1400 s. Another heating pulse (3 s) was then applied to re-heat 
the battery pack to 90 °C again (Figure 4d). Figure 4e compares 
the ratio of energy consumption during heating to that of the 
battery capacity under different battery sizes. As the battery 
size increases, the heating energy consumption decreases due 
to a reduced surface/volume ratio. In terms of a 1 h operation, 
the energy dedicated to heating a 60 kWh battery pack is only 
3.94% of the total battery energy. It is also noteworthy that our 
simulation neglects the heat contribution from the exothermic 
reactions during battery operation, which can further reduce 
the energy consumption for heating. Based on the achievement 
made so far, we envision that optimization in practical appli-
cation is necessary in the future to work in sync with battery 
management systems, including safety,[46] CC stability,[47] and 
sensing.

7. Conclusion

We have successfully developed a thermally modulated polymer-
based CC, which enables sub-minute ASSB cold-starting from 
RT and substantially enhances battery kinetics. This is enabled 
by embedding an ultrathin (≈200 nm) heating modulator into 
the CC, which can generate a significant amount of Joule heat 
to homogeneously increase the temperature of ASSBs and iso-
late the heating current from the battery cycling current. The 
TMCC shows rapid and uniform heating capability, as well as 
enhanced electrochemical performance. By embedding the 
TMCC into ASSB, the transient peak output power density of 
high areal loading of (2.1 mAh cm−2) ASSB is 15 times that of 
one without heating. Numerical simulation demonstrates that 
this novel TMCC heating strategy is energy efficient and only 
accounts for 3.94% of the total battery energy. This thermally 
modulated CC provides a reliable, fast, repeatable, and energy-
efficient heating method to enable the use of ASSB from low 
temperature or RT. This strategy holds great promise for the 
development of high-specific energy and high-power density 
ASSB, as well as other smart energy-storage devices.

8. Experimental Section
Thermally Modulated Current Collector Preparation: A 6  µm-thick PI 

sheet was prepared based on pyromellitic dianhydride-4,4′-oxydianiline 
and was used as the substrate. Indeed, 2.5  mmol 4,4′-oxydianiline 
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Figure 4. Heating energy consumption of ASSB based on our TMCC. a) Schematic illustration shows a 13.6 Wh LFP|SSE|Li ASSB configuration for 
COMSOL simulation. b) Schematic illustrations showing ASSBs with different capacities of 13.6 Wh, 5 kWh, and 60 kWh battery packages. More 
detailed parameters can be found in Experimental Section and Table S2, Supporting Information. c) Temperature distribution along with the thickness 
of a 13.6 Wh ASSB. The green line represents the end of heating, and the red line represents the starting of heating. d) The intermittent heating protocol 
to maintain a 5 kWh battery package operating temperature between 70 and 90° C and its related temperature change. e) Heating energy consumption 
of different battery sizes based on the optimized heating behavior.
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(0.751 g, 3.75 mmol) was first added to dimethylformamide (8.6 g) under 
vigorous stirring. 2.55  mmol PMDA was then added to the solution. 
The reaction was kept overnight to ensure complete polymerization. 
Subsequently, the honey-like slurry was coated on glass and dried 
overnight at RT. After that, the obtained free-standing film was imidized 
in a box furnace in the glove box to form PI sheet. The temperature 
ramping program was set as: 1) ramped up from 25 to 100  °C 
at 3  °C min−1; 2) kept at 100  °C for 30  min; 3) ramped up to 200  °C  
at 3 °C min−1; 4) kept at 200 °C for 30 min; 5) ramped up to 300 °C at  
3 °C min−1; 6) kept at 300 °C for 30 min; 7) cooled down to RT in the 
furnace. The obtained PI sheet was first rinsed with ethanol, then pre-
treated with O2 plasma for 5 min to enhance the surficial adhesion. A 
200 nm Ni film was deposited on the PI sheet by pulsed DC magnetron 
sputtering with a pressure less than 10−6  Torr and argon as protective 
gas. Another 6  µm-thick PI sheet was then coated on the Ni surface 
using the abovementioned method while two terminals of the Ni layer 
were maintained as two tabs. The two sides of the obtained sandwiched 
film were treated with O2 plasma for 5 min to increase the adhesion 
force. Subsequently, two 500  nm Al layers were subsequently coated 
on two sides of the above-sandwiched film as the conducting layers of 
TMCC.

Solid-State Electrolyte Preparation: 0.9  g PEO (Mw = 300 000) and 
0.6 g LiTFSI (mass ratio 3:2) were dissolved in 13.5 g acetonitrile (ACN) 
and mixed by Thicky for 30 min to form a homogenous solution (PEO/
LiTFSI). The well-mixed slurry was coated on a 12 µm Cu foil with doctor 
blade casting (750 µm wet thickness) and then dried in a high-vacuum 
oven at 60 °C for 4 h. A 12 µm polyethylene separator (Celgard M824) 
was then placed on the surface and its top surface was wetted by pure 
ACN solvent. An additional PEO/LiTFSI slurry with a wet thickness of 
750 µm was coated on the PE surface. The obtained sample was then 
dried in the high-vacuum oven at 60 °C for 48 h before further utilization. 
In this way, PEO/LiTFSI SSE was successfully filled into the PE separator 
matrix.

Ionic Conductivity Testing: The Al/SSE/TMCC asymmetric cell was 
assembled to measure ionic conductivities of SSE by the electrochemical 
impedance spectroscopy with the frequency between 0.1 and 106 Hz 
under different heating voltages.

ASSB with TMCC Preparation: LFP cathode (60% LFP, 13% super P 
carbon black, 2% carbon nanotubes, 15% PEO, and 10% LiTFSI) was 
dispersed in ACN and coated on above TMCC. The electrodes were 
completely dried in the vacuum oven at 60 °C before use. The ASSB was 
assembled with the above cathode, a thin Li foil (50 µm, Hydro-Québec) 
laminated on 9  µm-thick copper foil as anode and PEO–LiTFSI–PE as 
a solid-state electrolyte.

ASSB Heating Behavior by TMCC: The heating behavior of ASSB 
(sealed in a pouch case size of 6 cm × 7  cm) assembling with TMCC 
heater under a specific shape of 8 cm × 1  cm was first evaluated by 
applying different voltages (0–15  V, Keithley 2200-60-2). The real-time 
current was recorded to study the heating behavior. IR camera (FLIR, 
E6) was used to capture the temperature distribution images at different 
heating conditions. A CC with a heating modulator was then tested 
using the above methods to record the current change and temperature 
distribution. For the 64 mAh ASSB, LFP was coated onto two sides of 
TMCC, and then assembled with eight layers by a laminated method.

Electrochemical Performance Testing: All the cells were first resting 
at 80  °C oven for 3 h to enhance the interfacial contact and then cool 
down to RT before testing. Keithley 2200-60-2 was used to apply heating 
voltage on the TMCC. Galvanostatic charge–discharge protocols were 
conducted on a Land-8 channel battery tester or Biologic VMP3 system. 
For cold-starting testing, the battery testing and heating were started 
simultaneously. The LFP|SSE|Li battery was cycled between 2.5 and 4.0 V, 
and their C rate and specific capacity were calculated based on the mass 
loadings of the LFP cathode. For rate testing, the Al coating on TMCC 
was increased to 1.5 µm to ensure high electronic conductivity.

ASSB Heating Speed Testing: The RTD (TT-3/100, HBM company) 
was stuck on the pouch cell surface to in situ record the temperature 
changing during TMCC operation. A 100 µA current was passed through 
RTD to record the voltage changing at different temperature.

COMSOL Simulation: The temperature evolution of ASSB induced 
by the Joule heating of TMCC was simulated by COMSOL Multiphysics 
5.5. The transient analysis was conducted using the heat-transfer and 
AC/DC modules integrated in COMSOL. The heating behavior of single 
unit ASSB was first investigated. The single-layer cell was composed of 
a CC (Al-PI-Ni), a LFP cathode, a PEO–LiTFSI–PE hybrid SSE, and a Li 
anode, all of which were assembled in a pouch cell case. Temperature 
evolution of the cell was co-determined by the Joule heating from the Ni 
layer in CC as well as the heat loss to the surrounding environment from 
the cell surface. The Joule heating was induced by applying a constant 
voltage Vapp (8 or 10 V) on the Ni layer in a short time. The magnitude 
of heat loss to the surrounding environment was given by the convective 
heat flux, q  = h(Text  − T), where q is the heat flux, h the heat-transfer 
coefficient (35 W m−2 K−1), Text the external temperature (293 K), and T 
the temperature of the cell surface. The temperature evolution at the cell 
surface was collected and compared with experimental results.

Three configurations, multiple-units pouch cell (13.6 Wh), cell group 
(5 kWh), and cell package (60 kWh), were used to investigate the 
heating energy consumption with different battery sizes. The multiple-
layer cell contained 12 units of single-unit cells, the cell group contained  
410 units of multiple-layer cells with an arrangement of 41 × 5 × 2, and 
the cell package contained 12 units of cell groups with an arrangement of  
3 × 2 × 2. For simplicity, the cell group was homogenized as a block with 
effective thermal properties and a volumetric heat source. The effective 
thermal properties such as heat capacity and thermal conductivity were 
obtained from the multiple-layer cell by a homogenization method. 
The value of the volumetric heat source was calculated by dividing 
the total Joule heat generated from the Ni layer by the cell volume. In 
the simulation, the voltage applied on the Ni layer in CC is controlled 
as “on” and “off” to ensure that the average temperature of ASSB  
was within the range of 70–90  °C. All the physical properties of the 
materials are listed in Table S2, Supporting Information.

Characterizations: SEM images were taken with a Thermo Fisher 
Scientific Apreo S LoVac. The impedance spectroscopy measurements 
to calculate Li ionic conductivity were carried out on a Biologic VMP3 
system. Sputter was conducted with a Lesk sputter from the Stanford 
Nanofabrication Facility (SNF). IR camera (FLIR, E6) was used to 
capture the temperature distribution of the pouch cell. Microstructural 
analysis was performed using SEM (Thermo Fisher Scientific Apreo) 
from the Stanford Nano Shared Facilities (SNSF).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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