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A B S T R A C T   

Multifunctional portable devices for thermal management are crucial due to the development of small micro-
electronic devices. Traditional polymer composite-based materials have limitations such as single functionality, 
high costs, and low fire resistance. In this study, a multifunctional liquid metal (LM)-interconnected carbon 
nanotube (CNT)/aramid nanofiber (ANF) film was fabricated via facile vacuum-assisted self-assembly approach, 
followed by compression. ANFs serve as interfacial binders between LM and CNTs via hydrogen bonding, while 
LM interconnects the adjacent CNT layers for fast thermal transport of phonons and electrons. The resulting 
composite films exhibited high bidirectional thermal conductivity (in-plane: 4.6 W/mK, through-plane: 1.1 W/ 
mK), providing reliable cooling. Moreover, the as-fabricated films demonstrated excellent flame retardancy (20 s 
of burning), impressive Joule heating performance (200 ◦C at 3.5 V), and effective electromagnetic interference 
shielding (53 dB). This work provides an efficient method for fabricating multifunctional thermal management 
materials for microelectronic devices, battery thermal management, and artificial intelligence.   

1. Introduction 

Portable hardware devices are widely used for energy storage, 
sensing, and health care [1]. The requirements for portable hardware 
devices, particularly for the health care sector, include lightweight, 
excellent thermal conductivity, long-lasting Joule heating, and electro-
magnetic interference (EMI) shielding [2]. Recently, it has become 
critical to maintain a constant and comfortable temperature for both 
human beings and microelectronic devices, particularly under cold 
conditions [3]. Thus, thermal indoor heating has been widely used to 
keep human beings and electronic devices warm. However, its high 
energy consumption imposes significant pressure on the environment, 
making its practical application unsatisfactory. Moreover, thermal 
spreading is vital for electronic devices [4]. This is mainly because the 
reliability and life span of the devices will decrease if heat cannot be 
efficiently dissipated from them. Additionally, as minimized electronic 
devices, such as smartphones and laptops, become increasingly popular, 

a mass of electromagnetic waves (EMWs) will be generated during their 
practical applications, endangering human health [5]. Therefore, to 
maintain a high-quality life, there is an urgent need for multifunctional 
portable hardware devices that can simultaneously exhibit excellent 
thermal conductivity to prolong the life span of electronic devices, 
energy-saving heating modes to maintain a comfortable temperature for 
humans and devices in cold areas, and outstanding EMI shielding ability 
to protect electronic devices and humans from EMW pollution. 

Although traditional metal-based materials exhibit excellent EMI 
shielding properties and energy-saving Joule heating performance, they 
are unsuitable for portable hardware devices because of their high cost, 
high density, and low anticorrosion ability [6,7]. Carbon-based mate-
rials, such as carbon nanotubes (CNTs) and graphene, have been 
regarded as potential replacements for metal-based materials. In 
particular, CNTs have distinct advantages, such as a lightweight, 
excellent electrical conductivity, and outstanding anticorrosion ability 
[8,9]. Therefore, CNT-based materials exhibit outstanding EMI shielding 
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performance and Joule heating properties. For example, a CNT/aramid 
nanofiber (ANF) aerogel was fabricated using a facile freeze-drying 
method, and it exhibited both excellent EMI shielding performance 
(54.4 dB) and Joule heating properties (52.6 ℃ at a supplied voltage of 
5 V)[10]. Furthermore, Zhang et al. fabricated a CNT@MXene/cellulose 
film using a facile dip-coating and spray-coating method, and the film 
exhibited an EMI shielding effectiveness (SE) of 32.6 dB and a Joule 
heating performance of 154 ℃ at a supplied voltage of 4 V [11]. 
Moreover, Fu et al. used ANFs as a template to fabricate CNT-based fiber 
aerogels, which delivered an EMI SE of 36 dB and a Joule heating per-
formance of 100.2 ℃ at a supplied voltage of 5 V [12]. Although the 
aforementioned CNT-based materials with high electrical conductivity 
(103-106 S/m) exhibit both excellent EMI shielding performance and 
Joule heating properties, they cannot be used for the thermal manage-
ment of microelectronic devices. This is mainly because of their poor 
thermal conductivity (0.202 W/mK) [13]. Their poor thermal conduc-
tivity is mainly due to CNT entanglement, which can generate numerous 
weak bonding junctions and cause high interfacial thermal resistance. 

To address this issue, the interconnected strategy is used to improve 
the thermal conductivity of CNT-based materials. For example, Au-CNT 
and Pt-CNT interconnected networks were fabricated using a facile in- 
situ reduction method. After interconnection, the thermal conductivity 
of the CNT-based materials increased by 70%[14]. However, noble 
metals were used in this approach, making the fabrication process 
expensive and unsuitable for practical applications. To reduce the 
fabrication cost, the noble metals were replaced with graphite nano-
platelets (GNPs). The GNP-interconnected CNTs (GNPs–CNTs) were 
constructed using a high-temperature graphitization approach [13]. 
Although the thermal conductivity of the GNPs–CNTs increased from 
0.3 W/mK to 10.9 W/mK, the approach was complex and energy- 
consuming. 

In this study, we used an energy-saving, low-cost, and facile vacuum 
filtration approach to fabricate gallium based liquid metal (LM)-inter-
connected CNT/ANF (LM-CNT/ANF) composite films. Owing to its 
excellent thermal (33 W/mK) and electrical conductivity (106 S/m) 
[15,16], LM was used as an interconnected filler in this structure to 
replace traditional noble metals and enhance the thermal conductivity 

of CNTs. Thus, the interconnected composite films exhibited an in-plane 
thermal conductivity of 4.6 W/mK and a through-plane thermal con-
ductivity of 1.0 W/mK. Owing to the excellent electrical conductivity of 
the CNTs, the composite films exhibited outstanding EMI shielding 
performance (54 dB) and excellent Joule heating performance (200 ℃ at 
a supplied voltage of 3.5 V). In brief, this multifunctional composite film 
can provide excellent thermal management services to humans and 
microelectronic devices. 

2. Results and discussion 

2.1. Fabrication of the LM-CNT/ANF composite films 

A top-down approach was used to dissociate the Kevlar fibers, as 
shown in Fig. 1. During the fabrication process, the macroscale Kevlar 
fibers were chemically exfoliated into nanofibers in a potassium hy-
droxide (KOH)/dimethyl sulfoxide (DMSO) solvent. This is mainly 
because the hydrogen bonds in the Kevlar fibers were weakened by the 
abstraction of KOH. Meanwhile, the surface negative charges of the 
ANFs, which originated from the electrostatic repulsion among the 
ANFs, were beneficial for stabilizing red dispersion (Fig. 1 inset). Fig. 2a 
shows the X-ray diffraction (XRD) patterns of the ANFs and Kevlar fibers. 
The characteristic peaks at 20.76◦, 23.32◦, 29.12◦, and 39.7◦ correspond 
to the 110, 200, 004, and 006 crystal planes of the Kevlar fibers, 
respectively. The high crystallinity is mainly ascribed to the highly or-
dered arrangement of molecular chains and the abundance of hydrogen 
bonds in Kevlar. However, only a broad peak near 21◦ was observed in 
the ANFs, demonstrating that the crystal structures of the Kevlar fibers 
and the hydrogen bonds were destroyed. Overall, the red dispersion and 
XRD results confirm that the ANFs were successfully prepared. 

After the successful preparation of the ANFs, LM-CNT/ANF com-
posite films with different LM/CNT ratios were fabricated using a vac-
uum filtration method, followed by a compression treatment. The crystal 
structure of LM-CNTs/ANFs was characterized by XRD. The peaks at 
20.76◦, 26.64◦, and 26.4◦ correspond to the characterized peaks of the 
ANFs, CNTs, and LM, respectively, confirming that the three compo-
nents were successfully combined (Fig. 2b). As shown in Fig. 2c, the LM 

Fig. 1. Schematic of the fabrication of the LM-CNT/ANF composite films.  
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particles were exhibited ellipsoidal structure due to the synergistic effect 
of gravity and negative pressure. Meanwhile, the ellipsoidal LM particles 
were gripped with CNTs and isolated from each other, thereby avoiding 
the coalescence of LM particles. The gripping effect of CNTs further 
confirmed the successful construction of the LM-CNT/ANF inter-
connected network. As shown in Fig. 2d, C, N, O, and Ga elements were 
detected in the LM-CNT/ANF film, further demonstrating the successful 
combination of the three components. The high-resolution C 1 s, N 1 s, O 
1 s, and Ga 2p spectra are shown in Fig. 2e, 2f, 2g, and 2 h, respectively, 
to characterize the functional groups of the LM-CNT/ANF composite 
film. The C 1 s spectrum is fitted by four peaks at 288.8 eV, 286.5 eV, 
285.1 eV, and 284.8 eV, which correspond to C = O, C–O, C–N, and C–C, 
respectively [17]. Additionally, the N 1 s spectrum could be separated 
into two peaks at 400 eV and 397.8 eV, both of which correspond to N–H 
[18]. Moreover, the O 1 s spectrum was deconvoluted into three peaks at 
533.8 eV, 532.8 eV, and 531.7 eV, which correspond to O–C = O, C = O, 
and C–O, respectively [19]. This confirms that the LM-CNT/ANF com-
posite films contained numerous polar functional groups and hydrogen 
bonds, which could provide ample interactions among the different 
components. Furthermore, the high-resolution Ga 2p X-ray photoelec-
tron spectroscopy (XPS) spectrum of the LM-CNT/ANF film exhibited a 
strong Ga3+ peak. This demonstrates that Ga2O3 is the main component 
of the LM surface [20]. Overall, the successful integration of the LM, 
CNTs, and ANFs was validated by XRD and XPS. 

2.2. Thermal conductivity and flame retardancy of the LM-CNT/ANF 
composite films 

The thermal conductivity of the LM-CNT/ANF composite film was 
characterized using the laser flash approach. Fig. 3a and 3b show both 
the in-plane and through-plane thermal conductivities of the LM-CNTs/ 
ANFs with various LM/CNT ratios. As the LM content increased, both the 
in-plane and through-plane thermal conductivities increased. When the 
LM/CNT ratio was 6:3, both the in-plane and through-plane thermal 
conductivities reached their maximum values (in-plane thermal con-
ductivity: 4.6 W/mK and through-plane thermal conductivity: 1.1 W/ 
mK). This is mainly because a high LM content allowed for the con-
struction of more interconnected networks to enhance thermal con-
ductivity. Conversely, a low LM content allowed for the construction of 
limited interconnected networks to provide continuous thermal 
conductive pathways, which is ascribed to the large phonon scattering 

among the CNT junctions [21]. 
The LM-CNT/ANF film was used to cool an LED chip (80 W) in order 

to demonstrate its heat-dissipating capability. A pristine ANF film and 
the LM-CNT/ANF film (CNTs:LM = 3:6) were inserted between the top 
LED chip and the bottom foam to serve as thermal management mate-
rials (TMMs). The variations in the surface temperature of the LED 
modulus over time were recorded by an infrared thermal camera 
(Fig. 3c), and the experimental images of the TMMs are exhibited in 
Fig. 3d. When the pristine ANF film was used as a heat dissipater, the 
surface temperature of the LED chip rapidly increased to 132 ℃ within 
30 s. However, the surface temperature of the LM-CNT/ANF film only 
reached 115 ℃ within the same operating time and was significantly 
lower than that of the pristine ANF film. The life span of LED chips is 
well known to exponentially depend on the operating temperature. Once 
the working temperature of LED chips decreases by 10 ℃, their lifetime 
will be prolonged by 50%. Consequently, the LM-CNT/ANF film with 
excellent bidirectional thermal conductivity and low manufacturing lost 
has great potential for use in high-power electronic devices. 

Flame retardancy is crucial for multifunctional portable hardware 
devices, which are used in TMMs. Thus, a flame exposure measurement 
was performed to characterize the flame-retardant properties of the 
pristine ANF film and the LM-CNT/ANF film. When the pristine ANF film 
was ignited by an alcohol lamp, it burned out rapidly and heavily and 
continued burning for 20 s. However, the LM-CNT/ANF film slightly 
burned without melt-dripping during the whole combustion process. 
After 20 s of burning, the integrity of the LM-CNT/ANF film could be 
maintained, demonstrating that the film has outstanding flame- 
retardant properties due to the excellent flame retardancy of LM and 
CNTs. Once the composite films are exposed to fire, it can be expected 
that the CNTs have intrinsic non-flammable property [22]. In addition, 
the heat originated from fire can be absorbed by the Ga based liquid 
metal. Meanwhile, the surface oxide layer of LM can act as barrier to 
hinder the penetration of oxygen to slow down the combustion and the 
metallic core of LM can terminate the reactions of free radicals to delay 
the combustion [23,24]. Moreover, the LM-b-CNT composite films have 
excellent in-plane thermal conductivity to dissipate the heat. 

2.3. Joule heating and battery thermal management of the LM-CNT/ANF 
film 

Fig. 4 describes the Joule heating performance of the LM-CNTs/ 

Fig. 2. (a) XRD pattern of the Kevlar fibers and ANFs. (b) XRD analysis of the pure CNT powders, pristine ANF film, Ga-based liquid metals, and LM-CNTs/ANFs. (c) 
SEM image of the LM-CNTs/ANFs. (d) XPS spectra of the LM-CNTs/ANFs. (e) High-resolution C 1 s XPS spectrum of the LM-CNTs/ANFs. (f) High-resolution N 1 s XPS 
spectrum of the LM-CNTs/ANFs. (g) High-resolution O 1 s XPS spectrum of the LM-CNTs/ANFs. (h) High-resolution Ga 2p XPS spectrum of the LM-CNTs/ANFs. 
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ANFs. Fig. 4a indicates the current–voltage plot of the LM-CNTs/ANFs, 
which demonstrates how well the hybrid films follow Ohm’s law and 
suggests that the composite films have a low sheet resistance (6.25 
Ω/sq). The low sheet resistance can provide low-driven voltage Joule 
heating performance and protect humans from empyrosis. Fig. 4b shows 
the temperature–time curve, which suggests that the saturated temper-
ature can be easily adjusted by tuning the driven voltages. Meanwhile, 
the saturated temperature increases as the stimuli voltages increase. 
Once the driven voltage is as low as 1.5 V, the saturated temperature can 
reach 55 ℃. This temperature is suitable for thermal therapy. As the 
voltage increases to 2, 2.5, 3, and 3.5 V, the saturated temperature can 
reach 80 ℃, 112 ℃, 152 ℃, and 198 ℃, respectively. Once the external 
electric sources are turned off, the surface temperature of the materials 
can rapidly decrease to the ambient temperature. An infrared thermal 
camera can be used to obtain the visual feedback of the Joule heating 
property. Fig. 4c depicts the color variation of the LM-CNTs/ANFs from 
blue to red. Fig. 4d shows how the surface temperature of the materials 

could be easily and conveniently regulated owing to their high sensi-
tivity toward Joule heating. The materials in this study have a better 
Joule heating temperature than previously reported Joule heating ma-
terials (Fig. 4e). Fig. 4f and 4 g show the long-term Joule heating 
measurement results. Fig. 4f reveals that the hybrid film can stably 
experience increasing and decreasing surface temperatures at an 
external voltage of 2.5 V for 20 cycles. Fig. 4g shows that the hybrid 
films can maintain a steady saturated temperature of 125 ℃ for 3000 s at 
a supplied voltage of 2.5 V. Overall, both Fig. 4f and 4 g confirm that the 
hybrid films can exhibit excellent Joule heating performance with high 
reliability and repeatability. Therefore, the hybrid films may be regar-
ded as outstanding candidates for the next generation of wearable 
thermal therapy devices. 

The LM-CNT/ANF films can be used for personal thermal manage-
ment, deicing, and battery thermal management because of their 
excellent Joule heating performance. Their surface temperature can 
increase to 66 ℃ within 60 s at a low supplied voltage of 2 V. Since this 

Fig. 3. (a) Through-plane thermal conductivity of the LM-CNT/ANF films with different LM/CNT ratios. (b) In-plane thermal conductivity of the LM-CNT/ANF film 
with different LM/CNT ratios. (c) Variations in the surface temperature of the LM-CNT/ANF film. (d) Thermal infrared images of the LED chips using two TMMs (the 
pristine ANF film and the LM-CNT/ANF film). 
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temperature can accelerate blood circulation to relieve arthritis pain or 
reduce muscle stiffness, the LM-CNT/ANF films can be used as wearable 
heaters to heat the knee, wrist, and elbow (Figure S2) [30]. Moreover, a 
deicing experiment was implemented to test the deicing ability of the 
LM-CNT/ANF film. The LM-CNT/ANF film melted 5 cm3 of the ice in 28 
min at a low voltage of 2 V, and the final temperature of the water 
reached 40 ℃ (Figure S3). Hence, the LM-CNT/ANF film may be 
considered an excellent candidate for minimizing the threat of ice 
accretion. 

Most countries are located in high-latitude regions, where the annual 
average temperature is below 0 ℃ [31]. Electric vehicles easily drop in 
this cold environment because commercial Li-ion batteries (LIBs) cannot 
normally work in this environment owing to sluggish kinetics. An 

increase in internal resistance, capacity loss, and even the growth of Li 
dendrites are caused by sluggish kinetics [32]. Even worse, the Li den-
drites will easily break the battery separators, causing the batteries to be 
short-circuited and even posing threats to personal safety [33,34]. To 
address these problems, the batteries must operate at temperatures of 
30–40 ℃, which necessitates the use of highly efficient Joule heating 
materials to heat the batteries. Therefore, the LM-CNT/ANF film with an 
excellent Joule heating performance can be used as TMMs to enable 
batteries operate at optical temperatures (30–40 ℃). 

Two commercial 18,650 LIBs were placed in a cold environment with 
a temperature of about 0 ℃. One was heated by the LM-CNT/ANF film 
(Fig. 5a), and the other had no package. Subsequently, a low voltage 
(1.5 V) was applied to the LM-CNT/ANF film to heat the battery via 

Fig. 4. (a) Current–voltage characteristics of the LM-CNT/ANF film. (b) Surface temperatures of the LM-CNT/ANF film versus time at various supplied voltages. (c) 
Infrared images of the surface temperature of the LM-CNT/ANF film versus time at various supplied voltages. (d) Joule heating performance of the LM-CNT/ANF film 
at gradient voltages. (e) Comparison between the Joule heating performance of the LM-CNT/ANF film and that of other reported Joule heating materials 
[2,6,10,25–29]. (f) Joule heating performance of the LM-CNT/ANF film during cyclic on/off measurements. (g) Long-term Joule heating performance of the LM- 
CNT/ANF film at 2.5 V. 
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Joule heating before the initiation of a 1C discharge/charge process. 
Fig. 5b depicts the temperature–time plot for the LIBs packed with and 
without the LM-CNT/ANF film, and Fig. 5c and 5d show the corre-
sponding infrared thermal images. The surface temperature of the LIB 
wrapped with the LM-CNT/ANF film could be dramatically increased 
from 0 ℃ to 30 ℃ within 600 s, and it stabilized at around 30–40 ℃ 
during the continuous 1C charge/discharge process (Fig. 5c). However, 

under the same condition, the operating temperature of the LIB without 
any package ranged from 0 ℃ to 10 ℃, which is far lower than the 
optimal working temperature (Fig. 5d). Consequently, the capacity of 
the LIB heated by the LM-w-GNP/ANF film increased by 61.5% when 
compared to that of the LIB without Joule heating (Fig. 5e). 

Fig. 5. (a) Demonstration of the battery being heated by the LM-CNT/ANF film. (b) Surface temperatures of the batteries with and without Joule heating materials 
over time in a cold environment. (c) Infrared thermal images of the battery with and without Joule heating during the entire 1C charge/discharge process. (d) 
Capacity comparison of the batteries with and without Joule heating in a cold environment. 
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2.4. EMI shielding performance of the LM-CNT/ANF film 

The EMI shielding properties of the LM-CNT/ANF films with 
different CNT/LM ratios were analyzed using a vertical analyzer 
network, and their corresponding total SE (SET) values are shown in 
Fig. 6a. Except for that of the film with a ratio of 3:6, the SET of the film 
with other ratios surpassed the commercial standard (20 dB) in the X 
band (8.2–12.4 GHz). Specifically, the film with a ratio of 7:2 had a 
higher SET value (53 dB) than the films with other ratios. Additionally, 
as the LM content increased, the SET of the materials first increased and 
then decreased, finally peaking at 20 wt% LM. This may be because a 
small LM content can exert an interconnected effect to bridge adjacent 
CNTs and create continuous electrically conductive paths, resulting in 
enhanced EMI shielding performance, compared to no LM content. Once 
the LM content surpasses 20 wt%, the EMI shielding capability de-
creases, which may be mainly because the electrically conductive paths 
are destroyed by the LM. Thus, the sample with 20 wt% LM had the best 
EMI shielding property. Moreover, both the microwave absorption (SEA) 
and microwave reflection (SER) exhibit the same trend as the SET 
(Fig. 6b). Fig. 6b also indicates that all the SEA values are higher than the 

SER values, indicating that the LM-/CNTs/ANFs have a strong EMW 
absorption ability. The power coefficients of the different materials, 
such as absorption (A), reflection (R), and transmission (T), are pre-
sented in Fig. 6c to further analyze the EMI shielding mechanism. The 
above parameters can describe the absorption, reflection, and trans-
mission capability of EMI shielding materials toward EMWs. 
Figure indicates that the T values of all the materials with different ratios 
were as low as 10− 3, illustrating that both the LM-CNTs/ANFs and 
CNTs/ANFs can shield 99.999% EMWs. Meanwhile, the R values of all 
the samples were considerably higher than their A values. This implies 
that although the composite materials have excellent EMW absorption 
ability, their dominant shielding mechanism is reflection. The LM- 
CNTs/ANFs have the highest EMI shielding performance among all the 
reported shielding materials (Fig. 6d). Moreover, thickness and density 
are two critical parameters for assessing the EMI shielding property of 
the materials. The ratio of SE values to thickness (SSE) and the ratio of 
SE values to thickness and density (SSEt) are used to analyze the con-
tributions of thickness and density to SE values, respectively. Equations 
(7) and (8) express the detailed SSE and SSEt definitions, respectively. 
Both the SSE and SSEt values of the LM-CNTs/ANFs are higher than 

Fig. 6. (a) EMI SE of the LM-CNT/ANF film. (b) Average SET, SER, and SEA of the LM-CNT/ANF film with different CNT/LM ratios. (c) Average R, A, and T of the LM- 
CNT/ANF film with different CNT/LM ratios. (d) Comparison of the EMI SE versus thickness of the LM-CNTs/ANFs to that of other shielding materials such as carbon- 
based, conductive polymer, and MXene-based materials in the X-band [3,12,19,40–43]. (e) Comparison of the SSE versus thickness of the LM-CNTs/ANFs to that of 
previously reported EMI materials [44–52]. (f) Comparison of the SSEt versus thickness of the LM-CNTs/ANFs to that of previously reported EMI mate-
rials [51,53–60]. 
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those of reported materials, as shown in Fig. 6e and 6f. This further 
confirms that the fabricated LM-CNTs/ANFs may have significant 
application potential in military, aerospace, and artificial intelligence. 

Fig. 6g shows the detailed EMI shielding mechanism of the LM- 
CNTs/ANFs. When EMWs encounter the surface of the materials, a 
mass of EMWs can be reflected owing to the strong reflection ability of 
CNTs [35]. Meanwhile, the residual EMWs are transferred into the 
hybrid film, and then they can be dissipated by the induced currents 
[36]. This is mainly because CNTs with high electrical conductivity can 
mitigate and hop electrons, causing conductive loss to attenuate the 
energy of the EMWs [37]. Furthermore, the EMWs can be dissipated by 
interfacial polarization induced by several interfaces. These interfaces 
include the interfaces between the conductive CNTs and the insulated 
ANFs, the conductive core (Ga) and the insulated LM shell (Ga2O3), and 
the conductive CNTs and Ga2O3. Additionally, several edges and defects 
on the crystal structures of CNTs can contribute to EMI shielding 
[38,39]. This could be because a mass of several dipolar polarizations 
originating from these structures can cause dielectric loss to attenuate 
the EMWs. Eventually, the hybrid structures provide several surfaces for 
multiple reflections to scatter the EMWs until they are completely 
absorbed. 

Figure S4 depicts the LM-w-GNP/ANF films during practical EMI 
shielding applications. The electromagnetic radiation values were 
detected by an electromagnetic radiation tester (LZT-1130). When the 
LM-w-GNP/ANF film with a diameter of 4 cm was placed between the 
socket and the tester, the value decreased from 440 mw/cm2 to 41 mw/ 
cm2, indicating its outstanding EMI shielding performance. 

3. Conclusions 

In summary, LM-CNT/ANF films were fabricated using a facile vac-
uum filtration method, followed by mechanical compression. The 
interconnected network of the LM-CNTs contributes to the construction 
of bidirectional pathways, which enhance the transport of phonons and 
electrons between the adjacent CNT layers. The fabricated composite 
film exhibited excellent bidirectional thermal conductivities (in-plane: 
4.6 W/mK and through-plane: 1.1 W/mK), excellent Joule heating 
performance (200 ℃ at a supplied voltage of 3.5 V), and outstanding 
EMI properties (EMI SE: 53 dB). The resultant multifunctional LM-w- 
GNP/ANF film not only expands knowledge of the interconnected 
strategy but also provides promising application opportunities, 
including efficient thermal management, flame retardant, Joule heating, 
and EMI shielding. 

4. Experimental section 

4.1. Materials 

Carboxylated CNTs (CNTs–COOH) were purchased from Jiangsu 
Xianfeng Nanomaterial Technology Co., Ltd., China. Ga-based LMs 
(99.99% metal basis) were supplied by Macklin. Aramid fibers with a 
diameter of 7 μm were purchased from Dongguan Yueshun New Mate-
rials Ltd. DMSO (≥99.8%, GC) and KOH (≥99.99%) were provided by 
Macklin. 

4.2. Fabrication of the LM-CNT/ANF films 

Aramid microfibers were exfoliated using a deprotonation method to 
fabricate the ANFs (Kevlar fibers). Briefly, 0.8 g of aramid fibers (with a 
diameter of 7 μm) and 1.2 g of KOH were introduced into 400 mL of 
DMSO. The obtained aramid fiber/KOH/DMSO suspension was 
magnetically stirred at 1000 rpm and 25 ℃ for 72 h. The resultant ANF 
dispersions had a 2 mg/mL concentration and were dark red. 

To fabricate LM/DMSO dispersions, 0.9 g of Ga-based LM was 
dropped into 300 mL of the DMSO solvent. Uniform LM/DMSO disper-
sions with a concentration of 3 mg/mL were obtained via 

ultrasonication for 20 min. Subsequently, LM/CNT/DMSO mixture so-
lutions with various LM/CNT ratios were prepared and mixed with the 
ANF dispersions under 1000 rpm magnetic stirring for 20 min and 
sonication for 15 min. DI water was slowly added to the mixture solution 
because the protonation process of ANFs produces a significant amount 
of heat. Finally, pristine ANF films and LM-CNT/ANF composite films 
were fabricated using the vacuum filtration approach and nylon filter 
membranes with a 0.22 µm diameter. All the filtered films were rinsed 
with DI water eight times and then dried in a vacuum oven at 60 ℃ 
overnight to remove DMSO. After drying, the dried composite films were 
peeled off and placed between two pieces of PTFE membranes to be 
compressed under 100 MPa for 5 min. 

4.3. Characterization 

The morphology of the LM-CNTs/ANFs was characterized using a 
TESCAN SOLARIS scanning electron microscope. The specific heat ca-
pacity (Cp) was determined using a differential scanning calorimeter 
(TAQ 20 DSC). The densities (ρ) of the samples were determined by 
dividing the mass by the volumes. The thermal diffusivity (α) was 
determined using a laser flash analyzer (LFA 447). The thermal con-
ductivity (K) was obtained using the formula K = α × Cp × ρ. The heat 
dissipation measurement was validated by employing an infrared cam-
era (E95, FLIR) to record the surface temperatures of the LM-CNT/ANF 
and pristine ANF films during the heating and cooling processes. The 
crystal structures of the ANF and LM-CNT/ANF films were determined 
by XRD (Rigaku, SmartLab X-ray diffractometer) at a scanning range of 
5◦–80◦ and a scanning rate of 20◦ min− 1. The sample components were 
characterized by XPS using an AXIS Supra instrument (Kratos Analyt-
ical, Japan). The surface temperature of the LM-w-GNP/ANF film was 
recorded with a paperless recorder (KSB1-24AOR, Ningbo, China), and 
the corresponding infrared images were captured by the infrared camera 
(E95, FLIR). Various voltages of 0.5–3.5 V were supplied by an M8813 
150 V/1A Maynuo DC Source Meter. The EMI parameters (i.e., S11, S12, 
S21, and S22) of the different samples were measured by the vector 
network analyzer (Agilent E5071C) in the X-band. The SET, SER, SEA, 
specific effectiveness (SSE), and SSE/t values were calculated using the 
following equations: 

R = |S11|
2 (1)  

T = |S21|
2 (2)  

A = 1 − R − T (3)  

SER = − 10 × log(1 − R) (4)  

SEA = − 10 × log
(

T
1 − R

)

(5)  

SET = − 10 × log(T) = SER + SEA (6)  

SSE =
SE

thcikness
= dB × cm− 1 (7)  

SSEt =
SSE

density
= dB/cm × g (8) 

where R, T, and A represent the EM reflection, EM transmission, and 
EM absorption coefficients, respectively. 
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