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SUMMARY

Batteries may degrade fast at extreme temperatures, posing a challenge in meeting the dual require-
ments of heat preservation at low temperatures and efficient cooling at high temperatures. To address
this issue, we propose a cavity structure-based active controllable thermal switch. It has a potential switch
ratio (SR) of approximately 300, with an experimental SR of 15.4. Furthermore, the thermal resistance can
be actively controlled. The “OFF State” of the thermal switch increases energy discharge at low temper-
atures. Pre-heating with the "OFF State" consumes only 60% of the energy required in the “ON State”. By
employing the “ON State” at an ambient temperature of 20°C, the battery temperature can be main-
tained below 35°C. And the “ON + State” keeps the maximum battery temperature remaining below
42°C under extreme conditions. These findings demonstrate that the implementation of the proposed
thermal switch enhances the usability of batteries in extreme environments.

INTRODUCTION

Li-ion batteries (LIBs) serve as a prevalent power source for electric vehicles (EVs) and drones.' > However, the further adoption of LIBs is hin-
dered by their suboptimal performance at high and low temperatures.” Battery performance tends to degrade under extreme temperature
conditions.””” When the temperature falls below 0°C, the lithium-ion diffusivity decreases dramatically, resulting in colossal enhancement of
polarization.'®"'” Therefore, the LIBs reach the cut-off voltage early in the charging and discharging cycle, and the actual capacity decreases. "
Additionally, charging under such low temperatures can lead to severe lithium plating.'"'¢ Lithium-plated batteries present safety risks of
internal short circuits and thermal runaway.'” It is also important to avoid exposing the battery to elevated temperatures. Electrolyte decom-
position and solid-electrolyte interphase (SEl) growth are the primary aging mechanisms at high temperature.'®?° The SEl layer prevents the
anode from reacting with the electrolyte, and its thickening leads to a decrease in battery capacity.”’ Moreover, high temperatures due to
thermal abuse can lead to potential thermal runaway.””** Maintaining the temperature of LIBs within a reasonable range, regardless of envi-
ronmental conditions, is crucial for energy storage systems reliant on LIBs.

The operating conditions and environment of LIBs are subject to variability. According to the specific ambient and operating conditions,
the battery in a power system needs effective heat sinks to dissipate its own generated heat” or good insulation (in low-temperature envi-
ronments) to guarantee stable operation temperature.”>?’ Use of drones in different media, such as water and air, is becoming increasingly
popular.”®?? When drones transition between these media, the ambient temperature undergoes drastic changes, negatively impacting the
battery system’s performance. EVs face similar challenges, particularly with the current trend toward fast charging.”®*' The Battery Thermal
Management System (BTMS) of EVs encounters conflicting demands. On the one hand, LIBs need to be heated by various methods to
enhance charging and discharging performance in low-temperature conditions.*** Further, batteries are usually heated before extremely
fast charging to improve kinetics.””***¢ The BTMS should provide effective thermal insulation to prevent heat transfer to the surrounding
environment. On the other hand, fast charging normally generates substantial heat that needs to be dissipated rapidly to maintain the tem-
perature within the desired range.”’ " However, conventional thermal devices typically exhibit a constant thermal resistance, making it chal-
lenging to adjust their thermal performance at extremely low and high temperatures.

Thermal management devices with variable thermal resistance offer a potential solution to the aforementioned conflicting challenges, as
they can both retain and dissipate heat effectively.”’*° However, their further application is hindered by limitations such as low switching ratio
(SR), high costs, and complex structures. The SR refers to the ratio of thermal conductance between the ON and OFF states of the thermal
switch, which is a critical performance indicator.
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Figure 1. Batteries operating at low and high temperatures will reduce lifespan
The thermal switch regulates the battery temperature in all temperature ranges. The thermal switch has three states, “OFF State” to help warm the battery at low
temperatures, “ON State” to passively cool the battery at normal temperatures, and “ON + State” to actively cool the battery at high temperatures.

W\ON & Active
cooling State

Thermal switches based on phase change materials exploit the difference in thermal resistance between the two states of the material.
Vanadium dioxide (VO2) exhibits a phase transition behavior from the insulating to the metallic state at about 340 K. The transition between
these two states achieved an SR of 1.3:1.47%? In the same way: LiCoO2 (SR = 1.5:1)," boron nanoribbons (SR = 1.2:1).** Such a small SR is not
suitable for battery thermal regulation. In accordance with the manner in which temperature induces phase transitions, a switch ratio of about
10 has been achieved in the study by Shrestha et al.*> However, the phase transition temperature is 166°C. Simultaneously meeting the re-
quirements of battery thermal regulation at both switching temperature and switching ratio is difficult for thermal switches based on material
phase transitions. Further, the phase change of such materials occurs naturally based on temperature, posing challenges in realizing active
control over thermal resistance.

Changes in microstructure can also lead to changes in thermal resistance. A thermal switch based on a graphene/fullerene/graphene
sandwich was designed by Xue et al.”® The thermal switch showed a switchable change in the thermal resistance of the interface by changing
the amount of fullerene in the sandwich structure, resulting in an enhancement of about a factor of two in the interfacial thermal resistance
during the ON/OFF State. Thermal switching based on macroscopic interfacial contact conditions provides higher SR.*° Thermally conductive
interface with or without contact depends on the different thermal expansion of different materials.”” However, the thermal expansion of ma-
terials is typically minimal, requiring a significant total length of about 10 cm for a mere 0.1 mm variation.””~* HAO et al. used the heating-
shortening property of shape memory alloys (SMA) to achieve contact and non-contact at the interface.” In this way, a lightweight design of
the thermal switch was realized. However, such a structure needed movable parts that may be prone to damage, particularly in EV scenarios.
Additionally, the contact surface may have some foreign objects, especially for the high dynamic applications, leading to a reduction in per-
formance. These challenges impede the miniaturization of thermal switches and their practical implementation in real-world applications,
such as EVs and drones.

To address these challenges, we propose a small-size, low-cost, active controllable thermal switch for BTMS that is applicable in both
extremely hot and cold environments, as shown in Figure 1. The "OFF State” of the thermal switch is used to heat the battery at low
temperature and allow the battery to fully utilize its own generated heat to maintain temperature. Meanwhile, the “ON State” of the
thermal switch is designed to efficiently conduct the generated heat to avoid overheating. The proposed thermal switch demonstrates
a large SR, with a potential value of approximately 300 and an experimental SR of 15.4. Furthermore, the thickness of the thermal switch
is remarkably small, measuring only 10 mm, which is much smaller compared to conventional contact methods.”’*° Additionally, the
thermal switch allows for active control of thermal resistance, enabling adjustment between thermal conductivity and thermal insulation
based on specific requirements. Moreover, the proposed method introduces an “ON + State” that incorporates an active cooling func-
tion to enhance the cooling capacity. In the following sections, we will present the underlying principle of this structure and validate its
thermal performance. The thermal switch is applied to a BTMS in a commercial 10 Ah pouch battery, considering various ambient
temperatures.
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Figure 2. Design and principle of the thermal switch

(A) Design concept for the thermal switch. Two heat-conducting plates and a heat-insulating bracket form the cavity structure. When the air fills the cavity, the
thermal switch is the "OFF State”.

(B) When the liquid fills the cavity, the thermal switch is the “ON State”.

(C)Thermal switch is thermally insulating when the cavity is filled with air, and a small amount of heat can only be conducted through the bracket.

(D) The thermal switch is thermally conductive when the cavity is filled with liquid and a large amount of heat transfers through the liquid.

RESULTS

The thermal switch concept and structure

Existing thermal switches still suffer from low SR, large-size, and high-cost problems, which can be solved by the cavity structure-based ther-
mal switch proposed in this paper. As shown in Figures 2A and 2B, the proposed thermal switch is a cavity structure. Figure S1 shows the
fabrication details of the thermal switch. The main components of this thermal switch are the upper and lower heat-conducting plates and
the heat-insulating bracket. When the cavity is filled with air, the heat is mainly conducted through the bracket, and the thermal resistance
is high. When the cavity is filled with liquid, the heat is mainly conducted through the liquid, resulting in low thermal resistance. Selecting
the cavity as liquid or air is equivalent to turning ON/OFF the thermal switch, as shown in Figures 2C and 2D. Higher SR can be achieved using
liquids with higher thermal conductivity. Liquid metal such as mercury has a thermal conductivity of 8.36 W/(m-K), meaning the theoretical SR
can be up to about 300. To ensure safety, the experiment of this paper uses water as the heat-conducting fluid to verify the concept. The
thermal conductivity of liquid (e.g., water), air, and heat-insulation bracket (rubber) is 0.59 W/(m-K), 0.0267 W/(m-K), and 0.20 W/(m-K),
respectively. Thus, the experimental SR is 15.4.

Switch ratio, reliability, and cycling

An experimental setup is designed to verify the proposed thermal switch, as shown in Figure 3A. The lower aluminum bar contacts with a
thermostatic aluminum plate on the bottom surface and with the thermal switch on the top surface. The upper aluminum bar contacts
with a cooling aluminum plate on the top surface (maintaining the upper bar temperature at approximately —15°C when turned to the
"OFF State”). All contact surfaces in Figure 3A are fully covered with silicone grease for thermal conductivity. The thermally insulating
foam (not shown in Figure 3A) around the aluminum bar is used to minimize the influence of ambient. Thermocouples probed into the center
of the aluminum bar are used to obtain the temperature gradient, as shown in Figure 3A. The heat flux g in the aluminum bar can be calculated
by Fourier’s law:

dT

q-= kE (Equation 1)

where k is the thermal conductivity of aluminum and dT/dz is the temperature gradient in the bars.

The thermal switch can change the thermal resistance as required at any temperature. The temperature of the heating and cooling plates is
set constant, and the switching ratio can be calculated from the temperature gradient at a steady state. A complete cycle is shown in Figure 3B.
When the “OFF State” is selected, the aluminum bars have almost no temperature gradient (T = Ts = T4, T3 = T, = T,). It means that the
thermal switch insulates the conduction of heat. When the thermal switch turns to the “ON State,” the three low bar temperature monitoring
points rise above 10°C, and the temperature gradient increases significantly.
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Figure 3. Validation of the proposed thermal switch
(A) Schematic of the experimental setup. Six thermocouples probing into the aluminum bar are used to obtain the temperature gradient, which is used to
calculate the heat flux and temperature discontinuity 4T;,; at the thermal switch interface.

(B) Temperature data in the aluminum bar during the steady state in one ON/OFF cycle.

(C) Temperature gradient at steady-state (“ON State”/“OFF State”). Temperature data are taken from Figure 3B.
(D) The temperature difference T3-T4 remains almost constant during the 20 cycles, which can demonstrate the sustainability of the proposed thermal switch

performance.

60

Figure 3C clearly displayed the “ON State” and the "OFF State” temperature at steady state. The temperature difference AT, between
the upper and lower interface can be obtained by linear interpolation of the temperature gradient shown in Figure 3C. Sis the contact area
between the aluminum bar and the thermal switch. The thermal resistance R of the thermal switch can be obtained from the following

equation:

_ ATint

R=0

(Equation 2)

As aresult, Ry, =1.12°C/W, Roir =17.25°C/W, and SR = 15.4, as obtained from the steady-state temperature data by Equations 1 and 2.
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Figure 4. Application in battery thermal management system

(A) The “thermal conductivity design,” the battery is covered with insulating foam except for the bottom side.

(B) The “thermal insulation design,” all sides of the battery are covered with insulating foam.

(C) A commercial pouch battery is installed on the thermal switch for testing. Two thermocouples for measuring the temperature of the battery and the heat
plates.

(D) Photos of test components.

To further study the reliability and life performance of the thermal switch in temperature regulation, the system is repeatedly
cycled for 20 cycles, switching between the "ON State” and the "OFF State”. The results of AT = T3-T4 are shown in Figure 3D.
The AT remains almost constant for each steady state (AT = 74°C for the "OFF State” and AT = 37°C for the "OFF State”). In fact,
based on the principle of regulating thermal resistance, the proposed thermal switch can be used almost indefinitely without per-
formance degradation.

Application in battery thermal management system and comparison

The battery pack is normally placed at the bottom of the vehicle chassis, and the bottom side is in contact with air. Based on this reality, there
are two normal BTMS designs. The first is the “thermal conductivity design,” where thermal conductivity is needed for heat dissipation. The
other is the “thermal insulation design,” where batteries need to be insulated at low temperatures. According to the scenario of battery layout
on EVs, these two cases are designed, as shown in Figures 4A and 4B, respectively. However, these two BTMS are only applicable to partial
scenarios due to material and structure limitations. In this work, the proposed thermal switch can fit various environments and operating con-
ditions. Different states can be selected according to the actual needs of the BTMS. The proposed thermal switch structure can be appro-
priately arranged between the battery and the heat sink, thus resulting in a BTMS with a controllable thermal resistance function, as shown
in Figure 4C.

Further, when thermal switches are applied to a battery pack, multiple distributed thermal switches can be used to improve the temper-
ature uniformity of the batteries in the battery pack. Thermal switches can be controlled to reduce the thermal resistance in the high-temper-
ature region and increase the thermal resistance in the low-temperature region. In order to conveniently validate the proposed method, the
BTMS is fabricated for a single battery with the proposed thermal switch, as shown in Figure 4D. In order to comprehensively examine the
thermal characteristics of these three structures, three common usage scenarios of EVs are designed in this paper.

Multi-environment testing and comparison
The liquid flow in the thermal switch cavity offers the additional function-active cooling, referred to as the “ON + State”. Heat transfer always
requires a temperature difference. A thermal switch with low thermal resistance cannot cool the battery when the ambient temperature rea-
ches 40°C. Under more extreme application conditions, at 40°C ambient temperature with a 3C rate, for example, the proposed thermal
switch can cool the battery effectively, as shown in Figure 5A. The battery’s temperature with the “thermal insulation design” rises to
60°C. Battery temperature with the “thermal conductivity design” rises a little lower but also reaches 58.1°C at the end of discharge. Such
high temperatures accelerate battery aging and increase the risk of thermal runaway. As a comparison, the battery temperature under active
cooling of the “ON + State” of the thermal switch is maintained at a little over 40°C. The “ON + State” of the thermal switch can also be used in
fast charging, which is considered as the most unfavorable EV usage scenario for cooling.

For a typical EV application scenario with an ambient temperature of 20°C, the thermal switch should be turned to the “ON State” to
conduct more heat, reduce the battery temperature, and save energy. In such a scenario, the temperature difference between the battery
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Figure 5. Application in battery thermal management system in multi-environment

(A) Temperature rising comparison in three cases (ambient temperature = 40°C). The “thermal insulation design” stop discharging when the temperature rises to
60°C.

(B) Temperature rising comparison in three cases (ambient temperature = 20°C).

(C) Temperature rising comparison in three cases (ambient temperature = —20°C).

(D) Capacity comparison in three cases (ambient temperature = —20°C) For each test, the battery is fully charged at 20°C and achieved thermal equilibrium with
low-temperature environments (—20°C) before discharging at 0.5 C rate.

and the environment can be used to dissipate heat with the “ON State” of the thermal switch. The discharge rate is increased to 2 C to cover
more EV application scenarios. As shown in Figure 5B, the “thermal insulation design” rises to 47.6°C at the end of discharge. The “ON State”
of the thermal switch rises to 33.3°C. It has a lower temperature than the “thermal conductivity design,” since the liquid has a high specific heat
capacity and absorbs extra heat. At the same time, it indicates that the equivalent thermal resistance of the “ON State” of the thermal switch is
smaller than the “thermal conductivity design”.

At an ambient temperature of —20°C, the experiments compared the battery performance under the "OFF State” of the thermal switch,
the “thermal conductivity design,” and the “thermal insulation design”. Due to the increase in internal resistance of the battery at low tem-
peratures, the battery is discharged at 0.5 C to avoid reaching the cut-off voltage instantly. Figure 5C illustrates that the battery’s temperature
increases in all three cases. At the end of discharge, the temperature of the “thermal insulation design” rises to —0.5°C, which gets the highest
temperature for its good insulation. As a comparison, the “thermal conductivity design” only rises to —13°C. The temperature of the "OFF
State” of the thermal switch is between these two cases, which rises to —7°C at the end of discharge. Only about 36% discharge capacity can
be used at low temperatures for the “thermal conductivity design,” as shown in Figure 5D. For this reason, the “thermal insulation design”
retains 74% discharge capacity, as shown in Figure 5D, which is the ideal condition for its good insulation. The “"OFF State” of the thermal
switch configuration retains 58% discharge capacity, also between the “thermal insulation design” and the “thermal conductivity design”.
During the discharge process, the voltage under the “thermal conductivity design” continued to drop. In contrast, the voltages under
both the "OFF State” and the “thermal insulation design” recovered to varying degrees due to the enhanced kinetics and transport by
the elevated temperature. From Figures 5C and 5D, the degree of voltage recovery is positively correlated with the temperature rise.

Low-temperature pre-heating testing

To improve low-temperature capability further, the BTMS is configured with a pre-heat function, as shown in Figures 6A and 6B. Heating
plates are powered by the battery and placed on the heat-conducting plate. The heating power can be expressed as

Q = P (Roat + Rheat) (Equation 3)

6 iScience 26, 108419, December 15, 2023
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Figures 6. Battery pre-heating experiment equipped with the proposed thermal switch

(A and B) A schematic diagram of the experimental setup. The ON State: the cavity is filled with water. The OFF State: the cavity is filled with air. A commercial
pouch battery is installed on the thermal switch for testing. Two thermocouples for measuring the battery and the heat-conducting plate temperature.

(C and D) Battery and heat-conducting plate temperature profile during heating and discharging. The heating process stops when the measured temperature of
the battery reaches 0°C. The blue profile represents the battery discharge current. The red region represents the capacity consumption of the self-heating, while
the green region represents the battery discharge capacity.

When pre-heating, the thermal switch should limit the heat transfer to the environment, which can shorten the heating time and reduce the
energy consumed for heating. In order to verify this performance of the thermal switch, pre-heating experiments are carried out with both the
"ON State” and the "OFF State” of the thermal switch. The heating cut-off condition is that the measurement temperature rises to 0°C to
ensure the whole battery temperature is larger than 0°C. The heating current in these two cases is about 6 A, as shown in Figures 6C and
6D. As illustrated in Figures 6C and éD, the battery temperature of the "OFF State” rises faster than the “ON State” during pre-heating. It
takes 1002 s and 1.68 Ah for the "ON State” for the battery temperature to rise to 0°C. As a comparison, it needs 606 s and 1.02 Ah for
the “"OFF State,” about 60% of the energy needed for pre-heating with the “ON State”. The high thermal resistance of the “OFF State” pre-
vents heat transfer to the environment. As a result, it heats faster and consumes less energy.

After the battery is heated, it proceeds to the discharge step. The "OFF State” of the thermal switch, characterized by high thermal resis-
tance, effectively retains the generated heat. As shown in Figures 6C and 6D, the green region represents the “OFF State” maintaining the
battery temperature at around 5°C during discharge, while the “ON State” fails to maintain the temperature. Notably, with the battery tem-
perature being higher in the "OFF State,” a discharge capacity of 5.14 Ah is achieved, which is 1.8 times higher than the discharge capacity of
2.83 Ah in the “ON State”. The proposed thermal switch enables flexible control of thermal resistance, thereby enhancing heating perfor-
mance regardless of the heating method employed.

DISCUSSION

In this paper, a cavity structure-based active controllable thermal switch has been proposed to solve the critical requirements for alternating
hot and cold ambient applications. The proposed thermal switch exhibits a potential switch ratio (SR) of approximately 300, with an exper-
imental SR of 15.4. Notably, the thermal switch does not contain any movable parts, making its structure simple and ensuring a virtually infinite
lifespan. This thermal switch effectively cools the battery in high-temperature environments while retaining the battery’s heat in low-temper-
ature environments.

When adjusted to "ON + State,” the thermal switch can effectively cool the battery at an ambient temperature of 40°C. At the same time, the
good thermal conductivity of the thermal switch in the “ON state” is also able to cool the battery in a room temperature environment (20°C).

In the "OFF state,” the thermal switch retains most of the heat generated by the battery to be used to increase the temperature, further
enhancing kinetics and transportation. As a result, battery low-temperature discharge capacity increased by 61%. At the same heating setting,
the electric power required for low-temperature heating is reduced by 60% when the thermal switch is in the “OFF state”.

In summary, the proposed cavity structure-based thermal switch shows promising potential for integration with a BMS. It can be custom-
ized by adjusting the edge length to fit the actual battery pack size and can further evolve toward miniaturization for real EV applications.
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Limitations of the study

This paper explores the use of thermal switches to improve the use of batteries in various extreme environments. Therefore, the performance
of the thermal switch is experimentally analyzed. The effect of thermal switches on the temperature of the cell capacity of the battery is also
analyzed. But how this thermal switch can further improve the performance of battery module usage needs to be further investigated in
future work.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Critical commercial assays

Battery DFD D12B5X4WR00BB
Battery test device Arbin LBT21 https://arbin.com

Software and algorithms

MATLAB 2020 Mathworks https://www.mathworks.com/products/
matlab.html

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Jun Xu (xujunx@xjtu.edu.cn)

Materials availability

e The pouch battery used in this study can be get from (https://www.dfdchem.com/).
e This study did not generate new unique reagents.

Data and code availability
e The published article includes all [datasets/code] generated or analyzed during this study.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Our study does not use experimental models typical in the life sciences.

METHOD DETAILS

Two experimental methods used in the paper are listed in the follows.

Switch ratio testing method

During the experiment, the operating conditions of the heating and cooling plates are set and then held. Keep the thermal switch at the 'OFF
State’ until the system reaches temperature steady state, as shown in Figure 3B. Next, the liquid is injected into the thermal switch cavity, and
the thermal switch is turned to the ‘ON State’. In the process, T type thermocouples of Tmm diameter are used for measuring the temperature
profile, and the data are sent to the computer via serial port and recorded. Using the temperature data, the SR of the thermal switch can be
calculated. In this way, the thermal switch completes a cycle of states. Aluminum bars are surrounded by insulation foam to reduce heat ex-
change with the environment. Silicone grease is used to reduce the thermal interface resistance between the bars and the thermal switch.

Multi-environment testing method

A 10 Ah lithium pouch battery is fully charged (1 C, 4.2 V) before each test. The battery is placed in a chamber for more than 12 h before the
testing. Silicone grease is used to reduce the thermal resistance between the pouch battery and the heat-conducting plate. Three experi-
mental temperatures are set up to cover the most practical usage scenarios.

(1) Extreme High Temperature Environment (40°C). The cooling performance of the ‘ON + State’ is compared with ‘thermal insulation’
and ‘thermal conductivity’ at 3C discharge and 40°C. Due to overheating (temperature >60°C), the ‘thermal insulation’ was stopped
halfway.

(2) Ordinary temperature environment (20°C). The ‘ON State’ is compared with ‘thermal insulation” and ‘thermal conductivity’ at 2 C
discharge and 20°C.

(3) Low-temperature environment (—20°C). The thermal switch should be turned to ‘OFF State’ before the test. Then, the 'OFF State’ is
compared with ‘thermal insulation’, and ‘thermal conductivity’ at 0.5 C discharge and —20°C. In Figures 5A and 5B, to heat the battery
faster, a 1.3 ohm resistor is installed on the heat-conducting plate and the resistor is powered by the battery.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Our study does not include statistical analysis or quantification.

ADDITIONAL RESOURCES
Our study has not generated or contributed to a new website/forum or if it is not part of a clinical trial.
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