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SUMMARY

Dynamic thermal regulation has become the pivotal issue for future electronics thermal management. Porous
elastic materials have been widely developed as smart thermal switches, exhibiting compression-induced
tunable heat transfer behavior. However, such tunability is severely restricted by the limited out-of-plane
macroscale. Herein, we report a multilayer welding strategy for fabricating graphene foam (GF) thermal
switches with wide tuning ranges (TRs) and high switch ratios (SRs). Infinitely expanding the out-of-plane
size is realized by constructing a reliable welding interface, leveraging the capillary force and hydrogen
bonding within graphene oxide foam. After graphitization, the obtained multilayer GFs (M-GFs) demonstrate
excellent elasticity and wide thermal resistance TRs. Specifically, the 7-layer GFs demonstrate an ultra-wide
TR of thermal resistance (15.49-604.85 cm? K W~") and a much-improved SR (39.0) within the elastic range.
When applied to lithium-ion battery thermal management, M-GFs ensure safe temperature and maintain

discharge capacity, showing great potential in dynamic thermal management.

INTRODUCTION

The application of electrical equipment in complex environments
requires the development of dynamic thermal management
technologies, aiming to enhance performance, extend lifespan,
and ensure high safety.'® Especially when confronted with the
vastly different thermal management requirements in high- and
low-temperature environments, the single functionality of tradi-
tional heat dissipation or insulation material is insufficient to
satisfy the complex operational conditions.®'° Thermal switches
capable of intelligently tunable heat transfer behavior show
potential for addressing dynamic thermal management.’'"'2
However, traditional thermal switches merely show binary oper-
ational modes (on/off),"*~'® which cannot adapt to the dynamic
environment. Existing research on optimizing thermal switches,
such as electric/magnetic field regulation of conductive parti-
cles'®'® and phase-change materials,?*° are still limited by
finite switch ratios (SRs) and discrete changes in thermal
conductivity.

Recent advancements have focused on the development of
strain-responsive thermal switches utilizing porous elastic mate-
rials, which exhibit continuous, reversible, and compression-
tunable heat transfer properties.?*2® Despite their potential,

these materials are often hindered by a narrow tuning range
(TR) and a relatively low SR. Graphene, renowned for its excep-
tional thermal conductivity and mechanical properties,”®
emerges as an ideal candidate for constructing high-perfor-
mance strain-responsive thermal switches. For example, Ruan
et al. reported a compressible graphene foam (GF) thermal
switch with a thermal SR of 8 (223.7-27.6 cm? K W~").%° Zhang
et al. synthesized a graphene aerogel via a hydrothermal method
for battery thermal management, demonstrating a TR of thermal
resistance from 229 to 69.5 cm?® K W~".2" However, due to the
limitations in the macroscopic dimensions of GF, as well as inev-
itable issues including poor interfacial bonding® and internal
structural inhomogeneity when assembled into large-scale
structures, it remains challenging to develop GF thermal
switches with wide TRs and high SRs.

In this study, a multilayer welding strategy is applied to fabri-
cate GF thermal switches with a wide TR and high SR. By em-
ploying the bubble templating technique, the stable growth of
bubbles was precisely controlled within the dispersion medium,
enabling the synthesis of highly porous graphene oxide foam
(GOF) with a three-dimensional (3D) structure. After high-tem-
perature reduction, the single-layer GF (S-GF) exhibits excep-
tional elasticity, fatigue resistance, and a range of thermal
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Figure 1. Fabrication and application of GF as a thermal switch
(A) Fabrication process of GF.

1 3 4 7
Stack number (n)

(B) Photographs of GF with different stacking thicknesses. The scale bar represents 10 mm.
(C) Photographs of M-GFs under original, compressive (¢ = 80%), and recovery states, respectively. The scale bar represents 5 mm.
(D and E) Schematic diagram illustrating the wide-range adjustable thermal resistance and high switch ratio achieved by GF with different stack numbers.

(F) Schematic diagram of M-GFs applied to thermal switch.

resistances from 83.83 to 2.67 cm? K W~". To further broaden
the TR of thermal resistance, the multilayer assembly of GOF
was achieved by utilizing an aqueous GO solution as an interfa-
cial binder. Multilayer GFs (M-GFs) were subsequently obtained
after graphitization, which exhibit ultra-wide-tunable, macro-
scale, well-welded interfaces; adjustable thermal properties;
and scalable mechanical and thermal performances. Specif-
ically, within the elastic range, the 7-layer GFs demonstrate a
breakthrough of ultra-wide TRs of thermal resistance (15.49-
604.85 cm? K W) and an improved SR (39.0).

RESULTS AND DISCUSSION

Synthesis and characterization of GF

Initially, foamed GO slurry was prepared by introducing surfac-
tant into GO aqueous slurry under vigorous mechanical stirring.
The detailed characterization of the GO slurry is shown in
Figures S1 and S2. The surface activity of the surfactant effec-
tively facilitated the uniform generation and stable existence of
bubbles between the GO sheets, with a controlled foaming ratio
of approximately 2.0 times (Figures 1A and S3). Optical micro-
scopic images revealed that the bubble diameters in the foamed

2 Cell Reports Physical Science 6, 102599, May 21, 2025

GO slurry ranged from 50 to 100 pm (Figure S4). The introduction
of these bubbles not only enriched the microstructure of the
slurry but also laid the foundation for the formation of subsequent
3D structures. The foamed GO slurry could be shaped into a 3D
GOF through a one-step process of flat coating and subsequent
drying under natural conditions (Figure S5). Specifically, GOF
was fabricated by drying it at room temperature without the
incorporation of a reduction step. Consequently, the surface of
GOF is abundant with oxygen-containing functional groups,
enabling the direct utilization of GO aqueous solution as an inter-
facial adhesive for the layer-by-layer stacking construction of
single-layer GOF. During the stacking and subsequent drying,
the formation of hydrogen bonds and capillary forces further en-
hances the cohesive adhesion between different interfaces,
thereby ensuring the stability and integrity of the GOF bulk. Dur-
ing high-temperature graphitization, the graphene lattices at the
interfaces undergo further rearrangement, resulting in an
enhancement of interfacial strength. These series of procedures
ultimately achieve the preparation of a weldable GF with adjust-
able thickness. Raman analysis of GOF and GF (Figure S6) re-
vealed that the D band (x1,340 cm~") nearly vanished in GF,
confirming a significant improvement in the crystallinity of the
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GOF after annealing. The reduction in defect-induced phonon
scattering notably improved the thermal conductivity of GF.*®
Simultaneously, the X-ray diffraction (XRD) pattern exhibits
sharp (002) and (004) peaks at 26.6° and 54.7°, respectively,
further confirming the formation of graphitic structures and the
ordered stacking of graphene layers within GF.** The porous
structure of GOF remains intact after graphitization (Figure S7),
thereby endowing GF with low density, high porosity, and excep-
tional resilience (Table S1). By precisely controlling the number
of stacked layers, customized adjustment of the thickness of
GF (Figure 1B) can be achieved. M-GFs exhibit good elasticity
(Figure 1C), allowing the flexible adjustment of the thermal resis-
tance range of M-GFs in both its on and off states within a broad
range by tuning the number of stacked layers and compression
(Figure 1D). As the number of stacked layers increases, the inter-
faces exhibit increasingly tight bonding, accompanied by an in-
crease in thermally conductive solid-phase components during
compression and a decrease in contact thermal resistance.
Such modulation leads to a continuous rise in thermal resistance
when the thermal switch is in the off state while maintaining an
extremely low level in the on state, thereby achieving a high ther-
mal SR (Figure 1E). This unique stacking strategy, combined with
the porous elastic structure, enables M-GFs to continuously and
broadly control the heat flow transmittance by simply adjusting
the degree of compression, demonstrating its enormous appli-
cation potential as a dynamic thermal management material
(Figure 1F).

Mechanical and thermal properties of S-GF

Distinct from conventional freeze-drying methods that rely on the
disordered growth of ice crystals to produce 3D GF with random
structures, here, stable bubble templates were introduced in situ
within the precursor GO dispersion by regulating its concentra-
tion. This results in the uniform and stable presence and growth
of bubbles (Figure 2A), thereby imparting GF with an abundant
and ordered pore structure. As illustrated in Figure 2B, the inter-
nal pressure within smaller bubble A (ra) is higher than that of
larger bubble B (rg). With the continuous evolution of the gas-
liquid interface, gases between bubbles tend to diffuse from
smaller to adjacent larger bubbles under the action of Laplace
pressure differences. P is the liquid pressure. This dynamic pro-
cess leads to the shrinkage of smaller bubbles, while larger bub-
bles expand by engulfing smaller ones until rupturing, which
could induce inhomogeneity in the porous structure and reduce
porosity. Hence, the effective suppression of the Ostwald
ripening phenomenon is crucial for the fabrication of GF that pos-
sesses uniform pore structures and high porosity. According to
theoretical and experimental research,®® once the bubbles are
stably generated, the subsequent growth of bubbles and the ul-
timate morphology of the porous structure are significantly influ-
enced by the concentration and viscosity of the GO dispersion.
SDS was selected as the surfactant®® to ensure stable bubble
generation in the GO dispersion by studying the bubble growth
behavior of GO slurry under the action of different surfactants
(Figure S8; Note S1). Bubble templates can be uniformly
dispersed in the GO dispersion only within an appropriate con-
centration range, forming a rich pore structure, thereby imparting
excellent mechanical properties to the GF. As shown in
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Figures S9 and S10, at low GO concentrations, abundant bub-
bles are rapidly generated; however, the low system viscosity re-
duces bubble growth resistance, causing small bubbles to dissi-
pate quickly via Ostwald ripening while larger bubbles continue
to grow. This results in an uneven pore size distribution upon dry-
ing. Conversely, excessively high GO concentrations increase
viscosity, which restricts both the dispersion and initial growth
of bubbles and subsequently impedes their further enlargement,
thereby affecting the uniformity of the graphitized pore
structure (Figure S11). In Figure 2A, at an optimal concentration
(25 mg mL™"), bubbles gradually grow over time, while the num-
ber of nucleation sites remains relatively stable (Figure S12), pre-
serving more small bubbles and the formation of a uniform pore
structure with interwoven large and small bubbles that provide
abundant pore units for S-GF, thereby significantly enhancing
the mechanical integrity of the material. (Figures 2C and 2D).
This unique geometric configuration effectively cushions
external forces and rapidly restores the initial shape, determining
the high recoverability of the foam under large compressive
strains (Figures S13 and S14; Note S2).

The cells are organized in a honeycomb-like configuration to
maximize the elasticity of GF, which is essential for strain-
responsive thermal switches. Simultaneously, the cell walls are
stacked with thicker graphene sheets, which provide enhanced
mechanical strength and structural integrity.®” To validate the
mechanical properties of S-GF, uniaxial compression tests
were conducted under ambient conditions. S-GF exhibits
outstanding elasticity under large compressive strain, achieving
a recoverable strain of up to 80% (Figures 2E and S15). More-
over, in Figure 2F, the stress-strain curve obtained during various
strain loading processes conforms to the characteristics of the
most resilient materials®: (1) low strain (¢ < 15%) exhibited a
typical linear elastic region, where stress increases linearly with
strain, reflecting the material’s good initial stiffness. (2) A plateau
region of 15% < e < 50% related to the elastic buckling of porous
materials demonstrated its superior deformation absorption
capability. (3) A high-strain densification region appeared at
e > 50%, and there was a sharp increase in stress, correspond-
ing to the densification process of pores, further proving the
structural stability of S-GF under high-strain conditions. The
pressure required to achieve the maximum strain is merely
35.4 kPa. Such a low-pressure requirement significantly facili-
tates the intimate contact between S-GF and the heating
element or heat dissipation device, effectively reducing the con-
tact thermal resistance. Furthermore, S-GF also exhibits impres-
sive fatigue resistance, nearly recovering its original shape after
500 consecutive compression cycles (Figure 2G). The structural
integrity of S-GF is well preserved even after the process
(Figure S16). The energy loss coefficient rapidly stabilizes after
initial fluctuations, and the maximum stress value of S-GF re-
mains at 84.67 % of its original value even after 500 compression
cycles, indicating the structural stability and reliability of S-GF for
long-term use.

The remarkable elasticity and high porosity endow S-GF with
the ability to continuously and reversibly adjust thermal resis-
tance in response to strain variations. Thermal resistance, as a
crucial parameter for measuring heat transfer obstacles, directly
reflects the efficiency and capability of materials or structures in
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Figure 2. Structural and mechanical-thermal properties of S-GF

(A) Optical microscope images of bubble nucleation (remaining almost the same number) and bubble growth (bubble expanding) and their corresponding

schematic diagrams.

(B) Schematic diagram of the bubble growth process.
(C) Cross-sectional SEM image of S-GF.

(D) Enlarged SEM image of the pore wall of S-GF.

(E) Compressive o versus ¢ curves of S-GF under different compressive loadings, with & at 20%, 40%, 60%, and 80%, respectively.

(F) 500-cycle fatigue tests with a compressive strain of 80%.
y [¢] p

(G) Maximum stress energy loss coefficient and max stress versus compression 500 cycles.
(H and I) Thermal resistance and heat flux of the S-GF with different compression rates.

(J) Cyclicity of off and on states of thermal resistance for the S-GF.

the process of heat transfer. Figure 2H clearly reveals the uncon-
ventional thermal regulation mechanism of the S-GF, which tran-
scends the binary on/off state of traditional thermal switches.
Instead, precise control of thermal resistance is achieved by
continuously adjusting the compression degree, thereby endow-
ing the device with dynamic adaptability and regulatory capabil-
ities in the heat transfer process. The specific thermal resistance
test principle is shown in Figure S17. Specifically, as the degree
of compression gradually increases, the thermal resistance of
the S-GF exhibits a pronounced downward trend within the
elastic strain range (0%-80%), significantly decreasing from an
initial value of 83.83 to 2.67 cm? K W~". This alteration signifies

4 Cell Reports Physical Science 6, 102599, May 21, 2025

a substantial reduction in the obstacles to heat flow within the
material, with a corresponding marked increase in the heat
flux through S-GF as the degree of compression intensifies
(Figure 2l). This could be attributed to the compression-induced
decrease in porosity, which significantly enhances the density of
thermal conduction pathways within S-GF, thereby accelerating
the transfer of heat along the skeletal structure of S-GF and sub-
stantially elevating its overall thermal conductivity. The results of
the cyclic compression tests depicted in Figure 2J indicate that
even after undergoing ten cycles of repeated compression, the
S-GF maintains stable thermal switch performance without ex-
hibiting any discernible signs of performance degradation. The
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specific thermal resistance data are shown in Table S2. To vali-
date the thermal resistance stability of S-GF under humid and
pressurized conditions, the thermal resistance was continuously
monitored long term at a relative humidity (RH) of 75% and a
constant pressure of 35.4 kPa (e = 80%). The thermal resistance
remained stable, demonstrating the excellent thermal stability of
S-GF in both humid and pressurized environments (Figure S18).

Properties of M-GFs

Due to the ubiquitous mismatch issue, direct solid-state assembly
of GO foams frequently encounters challenges in achieving satis-
factory structural integrity.*® Such issues were addressed in the
work by drying the foamed GO slurry at room temperature and
directly introducing a GO aqueous solution as an interfacial
binder. These GO architectures possess substantial hydrogen
bond networks, which are composed of oxygen-containing func-
tional groups on individual GO sheets and water molecules be-
tween the layers, facilitating interface healing and rearrangement.
As shown in Figures S19 and S20, X-ray photoelectron spectros-
copy (XPS) analysis of the GOF surface confirms the presence of
abundant oxygen-containing functional groups. Fourier transform
infrared spectroscopy (FTIR spectroscopy) analysis was per-
formed on the GOF and its stacked interfaces before and after
drying. The results reveal that the dried GOF has trouble forming
hydrogen bonds due to the absence of water molecules. How-
ever, with the insertion of water molecules, hydrogen bonds are
re-established. Subsequently, the evaporation of water molecules
restores the infrared spectrum of the GOF interface to its initial
state. This indicates that the hydrogen bonds at the welded inter-
face of GOF undergo reconstruction, leading to interfacial heal-
ing.*°** During the subsequent air-drying process, narrow gaps
between GOFs induce capillary forces, prompting interfacial
contraction. In the graphitization stage, lattice rearrangement oc-
curs at the graphene interfaces, resulting in tighter interfacial
bonding (Figure 3A).** Scanning electron microscopy (SEM) im-
ages (Figures 3B and 3C) reveal that prior to graphitization, there
exist minute interfacial gaps at the junctions of the GOF film. How-
ever, after graphitization, these interfaces are tightly bonded
together. 3-layer GFs (~133 mg) can even resist a weight of
100 g without any fracture occurring (Figure 3D). It is noteworthy
that as the number of stacked layers increases, the thickness of
the GF exhibits a linear growth trend (Figure 3E; Table S3), indi-
cating that the adoption of the stacking strategy has not led to
the collapse of the foamed structure. When the 3-layer GFs are
disrupted by tensile force, the fracture surface does not propa-
gate along the interfaces (Figure 3F). Further SEM observation
of the fracture surface (Figure 3G) reveals that the fracture occurs
along the internal porous structure, providing robust evidence for
the existence of strong adhesion effects between the graphene
interfaces. This strong adhesion is mainly attributed to the
following aspects. Firstly, during the air-drying process, the
hydrogen bond self-healing and capillary forces of the stacked
GOF play a crucial role. Secondly, during the graphitization pro-
cess, the rearrangement of the graphene lattice contributes to
the strong adhesion. The mechanical compression characteris-
tics of the 3-layer GFs were also investigated, and the results
are presented in Figure S21 and Video S1. Notably, the 3-layer
GFs still exhibit excellent resilience within an 80% strain range,
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indicating that the M-GFs retain the excellent mechanical and
thermal properties of the S-GF. More importantly, this strategy
is scalable. In Figure 3H, a thorough analysis of the variation in
thermal performance of M-GFs in response to compression re-
veals that the range of thermal resistance adjustment during the
transition from the off to the on state within the strain range is
significantly broadened as the number of stacked layers in-
creases. Within the strain range, the heat transfer capability of
S-GF undergoes a substantial reduction, decreasing from 83.83
to 2.67 cm? K W™, In contrast, the heat transfer capability of
7-layer GFs exhibits an even more pronounced decline, drasti-
cally dropping from 604.85 to 15.49 cm? K W~ (Table S4). This
characteristic enables these materials to offer versatile tunability
across an extremely wide range of heat transfer capabilities.
The performance of M-GFs with other macroscopic thermal
switch materials®®°"**~*¢ were further compared. Figure 3l and
Table S5 show that both S-GF and M-GFs exhibit higher SRs.
Additionally, the 7-layer GFs demonstrated an even broader
range of thermal resistance adjustment, with an SR as high as
39.0. Moreover, this range could achieve an even higher upper
limit as the number of stacked layers increased. The M-GFs
exhibit an impressive broad range of adjustments, enabling the
simultaneous qualification of both thermal insulation and heat
dissipation in thermal management systems. This characteristic
of significant thermal variation with mechanical stimuli validates
the enormous potential of this material in the field of dynamic ther-
mal management.

Heat dissipation and thermal insulation of GF

In most scenarios, effective thermal management of electronic
devices necessitates a balance between low-temperature insu-
lation and high-temperature heat dissipation to prevent perfor-
mance degradation. To this end, we harness the notable heat
transfer characteristics of S-GF, which vary significantly with
compression levels, to devise an intelligent thermal switch
mechanism. Figure 4A demonstrates the application of this ther-
mal switch in a simulated scenario of heat dissipation for elec-
tronic components, where S-GF is positioned between the
heat source and heat sink, accompanied by a water-cooling sys-
tem to maintain the heat sink at room temperature. By modu-
lating the compression degree of S-GF, the dynamic changes
in the surface temperature of the heat source were recorded,
as shown in Figure 4B. Subjected to a constant heating power
of 30 W and five cycles of heating-cooling (120 s), the Theater
dropped from 151°C to 39°C upon compressing S-GF from its
uncompressed state to an 80% compressed state, exhibiting
high continuous controllability. This result indicates enhanced
thermal conductivity during compression, accelerating heat
transfer and effectively lowering the heat source temperature.
To explore the potential of S-GF as a thermal interface material
(TIM), its heat dissipation performance was further compared
at 80% compression with a commercial thermal pad. By placing
S-GF between the ceramic heater and the heat sink, as illus-
trated in Figure 4A, and maintaining a constant heating power
of 30 W, the temperature of S-GF was found to be stabilized
at 39°C. This represented decreases of 15°C and 8°C, respec-
tively, compared to the cases without TIM and with the commer-
cial thermal pad (Figure 4C), highlighting the exceptional
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Figure 3. Assembly strategy and thermal switching performance of M-GFs

(A) Assembly process of a monolayer of GOF through GO aqueous solution after air drying and the schematic diagram of dense interface formation process
caused by capillary force, hydrogen bonds, and graphitization. The scale bar represents 5 mm.

(B) SEM image of the interface of assembled GOF.

(C) SEM image of the interface of M-GFs with a compact interface and uniform pore structure after graphitization.

(D) Photograph showing 3-layer GFs (~133 mg) resisting 100 g weight tension without fracture. The scale bar represents 10 mm.
(E) The thickness of GF increases linearly with the number of stacked layers.

(F) Photograph showing the tensile failure test of 3-layer GFs stretched by hand. The scale bar represents 10 mm.

(G) SEM image of the fracture surface of 3-layer GFs.

(H) Thermal resistance of the GF with different stack numbers under various compressive strains.

(I) SR-thermal resistance TR comparison.
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Figure 4. Heat dissipation and insulation applications of GF

(A) Schematic diagram of TIM performance evaluation system.

B) The surface temperature of the heater under various compressive strains.
C) Variation of the Theater With heating time at a heating power of 30 W.

F) Schematic diagram of the experimental setup for thermal management of LIB.

(
(
(D and E) Infrared images of surface temperature and temperature-time curves of the S-GF and commercial thermal insulation foam at a heating power of 3 W.
(
(

G and H) Temperature of the battery surface with the discharge depth during the discharge test at various condition.

capability of S-GF in efficient heat conduction. Moreover, to
comprehensively evaluate the heat-dissipation performance un-
der various conditions, Figure S22 further compares the Tpeater Of
S-GF-¢ = 80% and the thermal pad under different heating
powers. The S-GF-¢ = 80% consistently demonstrates lower
Theater @and superior heat dissipation capabilities. When S-GF-
e = 80% fully served as a TIM, its thermal resistance was lower
than that of the thermal pad under different packaging pressures
(Figure S23). Figure S24 demonstrates that S-GF maintains
excellent heat dissipation performance even after 500 consecu-
tive heating-cooling cycles, confirming its superior thermal
cycling stability under prolonged operation. The thermal insula-
tion of uncompressed S-GF was further compared with that of
thermal insulation foam of the same size on a ceramic heater
at 3 W (Figures 4D and 4E). The surface temperature of the
foam was consistently higher. Moreover, the foam deformed at
>80°C, leading to a decrease in temperature between 400 and
600 s, which suggests structural instability at high temperatures

and a subsequent impact on its thermal insulation performance.
In contrast, S-GF maintained a stable, lower temperature,
demonstrating superior insulation. This is vital for maintaining
electronic device temperatures to enhance high efficiency and
stability under low-temperature environments.

As depicted in Figure 4F, a lithium-ion battery (LIB) thermal
management system was established by attaching M-GFs on
both sides of the pouch cells for thermal management purposes.
The nominal capacity of the pouch cellis 2 Ah. The untreated bat-
tery was denoted the bare LIB, the battery with uncompressed
M-GFs attached was denoted LIB@M-GFs-¢ = 0%, and the bat-
tery with 80% compressed M-GFs attached was denoted
LIB@M-GFs-¢ = 80%. Thermocouples were utilized to monitor
the temperature changes during battery discharging. The surface
temperature of the battery under different conditions was
measured during fast discharging at 4 C. As shown in
Figure 4G, the temperature rise of LIB@M-GFs-¢ = 80% was
significantly slower compared to the bare LIB, decreasing the

Cell Reports Physical Science 6, 102599, May 21, 2025 7




doi.org/10.1016/j.xcrp.2025.102599

Please cite this article in press as: Cao et al., Weldable graphene foams for wide-range thermal switches, Cell Reports Physical Science (2025), https://

¢? CellPress

OPEN ACCESS

temperature from 41.8°C to 31°C at the end of discharge. This
result suggests that M-GFs-¢ = 80% could reduce the thermal
resistance to effectively facilitate heat dissipation. As a high-qual-
ity TIM, M-GFs minimized the interfacial thermal resistance
between the LIB and the heat sink, enhancing heat dissipation
efficiency. Under simulated low-temperature environments
(Figure 4H), LIB@M-GFs-¢ = 0% exhibited a faster temperature
rise compared to the bare LIB, increasing the temperature from
13.7°C to0 29.5°C at the end of discharging, producing a 15.8°C
increase. It is noteworthy that LIB@M-GFs-¢ = 0% maintained a
relatively higher capacity, whereas the bare LIB experienced a
capacity loss of nearly 7% due to long-term work under such
low-temperature conditions. In this scenario, M-GFs-¢ = 0%
functioned as an insulator, effectively retaining the heat of the
battery. Under varying conditions, M-GFs have reached the
safe operating temperature for the battery. Figures S25 and
S26 compare the performance of M-GFs with those of a commer-
cial thermal pad and insulation foam during 5 charge-discharge
cycles at a 4 C rate (CC-CV charging with 4 C-4.25 V-0.4 C and
CC discharging with 4 C-2.8 V). M-GFs exhibit superior heat
dissipation and insulation capabilities, maintaining consistent
temperature profiles throughout the cycles, which confirms their
stability and reliability in dynamic thermal management (Note S3).
The unique on/off behavior of M-GFs not only underscores their
exceptional efficiency as thermal management materials but
also highlights their promising potential for applications in dy-
namic thermal regulation and device thermal protection.

In summary, a scalable assembly strategy utilizing weldable
GFs was employed to fabricate a strain-responsive thermal
switch with high SRs and a wide TR. S-GF exhibits exceptional
elasticity, fatigue resistance, and a range of thermal resistances
from 83.83 to 2.67 cm? K W~". Benefiting from the effective as-
sembly of GOF, the scalable mechanical and thermal properties
enable M-GFs to possess a broader range of thermal resistance
from 604.85 to 15.49 cm? K W™, achieving an SR of 39.0, which
is suitable for dual applications in thermal interface heat transfer
and thermal insulation. In the dynamic thermal management of
LIBs, M-GFs demonstrate effective thermal performance man-
agement under varying conditions, reducing peak temperatures
during high-temperature discharge and enhancing discharge ca-
pacity and temperature at low temperatures, ensuring the safe
temperature range (20°C-40°C) for battery operation. This study
provides a scalable strategy for fabricating strain-responsive
thermal switches with high SRs and wide adjustment ranges
and offers a dynamic thermal management solution for contem-
porary electronic devices.

METHODS

Further details regarding the methods can be found in the
supplemental methods, including the material preparation,
detailed characterization, and experimental testing details.
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