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Abstract The preparation of high-performance thermal conductive composites containing liquid metals (LM) has attracted significant attention.
However, the stable dispersion of LM within polymer solution and effective property contribution of liquid metals remains significant challenges
that need to be overcome. Inspired by the properties of the dendritic structure of the tree root system in grasping the soil, “shear-induced precipi-
tation-interfacial reset-reprotonation” processing strategy is proposed to prepare nanocomposites based on aramid micron fibers (AMFs) with hi-
erarchical dendritic structure. Thanks to the combination of van der Waals force provided by hierarchical dendritic structure, electrostatic interac-
tion between AMFs and LM, coordinative bonding of —NH to LM, together with interfacial re-setting and multi-step protonation, several fea-
tures can be achieved through such strategy: conducive to the local filler network construction, improvement of interfacial interaction, improve-
ment of the stability of filler dispersion in the solvent, and enhancement of mechanical and thermal properties of the films. The resulting AMFs-
pH=4/LM films demonstrate a thermal conductivity of 10.98 W-m~'-K~" at 70% filler content, improvement of 126.8% compared to ANFs/LM film;
while maintaining a strength of ~85.88 MPa, improvement of 77% compared to AMFs/LM film. They also possess insulation properties, enable
heat dissipation for high power electronics. This work provides an effective strategy for the preparation of high performance polymer compos-

ites containing liquid metal.

Keywords Shear-induced; Reprotonation; AMFs; LM; Filler dispersion

Citation: Chen, X; Zhang, X. Z; Yuan, Y. F,; Chen, C. L; Xiong, L. H.; Fu, Q.; Deng, H. An effective approach for the preparation of high performance
thermal conductive polymer composites containing liquid metal. Chinese J. Polym. Sci. 2024, 42, 992-1001.

INTRODUCTION

Effective heat dissipation is of paramount importance in the
field of electronics.l""” Thermal conductivity plays a crucial role
in the domain of heat dissipation. Materials with high thermal
conductivity efficiently transfer and dissipate generated heat,
thereby upholding optimal operating temperature of the
equipment. By enhancement of material thermal conductivity,
the temperature of the equipment can be effectively mitigated,
thereby ameliorating its performance, reliability, and
longevity.-1%

Polymers are generally poor conductors of heat,[''121 so it is
necessary to introduce highly thermal conductive fillers to
prepare composites to achieve high thermal conductivity.
Typically, liquid metal, as a unique thermally conductive filler,
possesses the advantageous combination of room tempera-
ture deformability inherent to liquids and the high thermal
conductivity characteristic of metals.['3-16 As a result, it can
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effectively serve as a thermal bridge, reducing the contact
thermal resistance between the adjacent matrix and filler. No-
tably, gallium-based liquid metal (LM) with its exceptionally
high intrinsic thermal conductivity (39 W-m~.K-") has gar-
nered significant attention in the realm of flexible polymer-
based multifunctional composites.'”! In this study, the term
“liquid metal” (LM) specifically refers to gallium-based liquid
metal. However, during the processing stage, attaining stable
and well-dispersed liquid metals in liquid metal-polymer solu-
tions presents a significant challenge due to the pronounced
interfacial incompatibility between liquid metals and poly-
mers.[1819 Successful dispersion of LM within the polymer so-
lution has been achieved through techniques such as “tai-
lored core-shell” structures, surface modification, dispersion
of LM into numerous small particles, and rapid matrix curing,
for example, Matyjaszewski et al. employed atom transfer rad-
ical polymerization. Firstly, they utilized a radical polymeriza-
tion initiator to modify the surface of the liquid metal. After
the formation of the core-shell structure, they controlled the
preparation conditions to initiate radical polymerization. This
process enhances the interaction between the liquid metal
and the polymer matrix; Li et al. employed ultrasonically trig-
gered in situ polymerization of the LM, in a fluid lactone. This
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process resulted in the formation of a poly(lactone) wrapping,
creating a core-shell structure for the LM and facilitating its
dispersion within the polymer matrix; Zhang et al. enhanced
the interaction between PVA and LM by utilizing the self-
contained hydrogen bonding between —OH groups on PVA
and LM. This interaction effectively stabilizes the LM; Ye et al.
employed chemical cross-linking between the LM and
sulfhydryl groups to enhance the formation of the polymer
matrix network.20-241 However, the utilization of tailored
“core-shell” structures or filler surface modifications often re-
sults in the encapsulation of the functional filler surface, im-
peding the localized lapping of the functional filler
network.25] This impediment hampers the effective contribu-
tion of functional fillers in composites. To address this chal-
lenge effectively, an optimal approach is utilizing fillers for
polymer encapsulation and combined with multiple interac-
tion forces to enhance interfacial forces.

It is worth mentioning that, in pursuit of fabricating com-
posites with exceptional performance, the incorporation of
aramid nanofibers (ANFs) as the polymer matrix is adopted,
owing to the establishment of hydrogen bonding and -7 in-
teractions among ANFs.[2627] The integration of LM into the
ANFs network not only furnishes additional channels for effi-
cient heat dissipation but also capitalizes on the presence of
—NH functional groups along the molecular chain of ANFs to
facilitate the dispersion of LM. This synergistic interplay be-
tween ANFs and LM culminates in the fabrication of films en-
dowed with outstanding properties and performance at-
tributes.[28-311

Trees, as the most prevalent botanical organisms in nature,
consist of dendrites (trunks, branches, roots, etc.) that possess
several distinctive characteristics. Firstly, these dendrites
deeply penetrate the ground, establishing a secure anchor-
age within the soil. Secondly, the soil envelops and surrounds
the dendrites, simultaneously being exposed to external ele-
ments. Additionally, the interaction between the soil and tree
roots is further enhanced through wetting and subsequent
drying processes. Herein, inspired by the properties of the
dendritic structure of the tree root system in grasping the soil,
we propose an effective processing strategy called “shear-
induced precipitation-interfacial reset-reprotonation”, pro-
vides a promising approach to improve the stable dispersion
of LM in the polymer solution. By harnessing van der Waals
forces, electrostatic interactions, and coordinative bonding of
—NH to LM, the synergy of these forces, coupled with interfa-
cial resetting, enhances the interfacial forces between the LM
matrix and the filler, achieve the enhancement of the me-
chanical and thermal conductivity of composites. The strate-
gy consists of a series of steps to create unique composite
material. Firstly, three-dimensional hierarchical structured
AMFs, referred to as “tree roots”, were prepared through
shear-induced precipitation. These hierarchical structured
AMFs, provide van der Waals force,32 featuring —NH func-
tional groups on the molecular chain, facilitate the dispersion
of LM. During this process, the AMFs experienced partial pro-
tonation. Subsequently, the protonated AMFs were pulver-
ized into zero-dimensional LM particles. Spherical LM parti-
cles with a positive charge are then dispersed onto the sur-
face of negatively charged AMFs, resulting in a distinctive

|n

“core-shell” structure where the filler coats the polymer. Sec-
ondly, the films obtained by vacuum-assisted infiltration
(VAF) were subsequently subjected to an isopropanol envi-
ronment in different pH values, through this process, wetting
and drying of “soil” were realized, LM interfacial reset is
achieved, leading to improved interactions between the filler
and the polymer matrix. Finally, the AMFs undergo reprotona-
tion by immersion in water. The reprotonation process en-
sures complete protonation of the AMFs, minimizing defects
within the film. The resulting AMFs-pH/LM composite ex-
hibits a uniform distribution of LM droplets in the intercon-
nected AMFs network, forming a three-dimensional structure.
This unique composite structure gives the film extraordinary
properties. At a 70% filler content of pH=4 (0.0001 mol/L HCI),
the in-plane thermal conductivity of the film reaches 10.98
W-m~1-K-1, while the film maintains its high strength of ap-
proximately 85.88 MPa and insulating properties of 3.07x1012
Q-cm.

EXPERIMENTAL

Materials

The raw PPTA yarns (K49) used in the experiment were pur-
chased from Dupont. Dimethyl sulfoxide (DMSO, AR, 299.5%),
isopropyl alcohol (IPA, AR, 299.5%), and KOH were obtained
from Chengdu Kelong Chemical Co., Ltd., China, LM (EGaln, 75%
Ga and 25% In by weight) was procured from Suzhou Star
Ocean Business Co. Hydrochloric acid (HCl, 37 wt%) was ob-
tained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). The materials were utilized without undergoing any sup-
plementary purification procedures.

Fabrication of AMFs-pH/LM Films

Fabrication of ANFs and AMFs

In accordance with a prior research,3 8 g of Kevlar 49 fibers and
8 g of KOH were initially added to 392 g of DMSO. After 7 days of
mechanical agitation at room temperature, a dark red disper-
sion of ANFs was obtained. The KOH was separated from the so-
lution through centrifugation at 5000 r/min for 10 min, and the
resulting solution was further diluted to a 1% weight concentra-
tion using DMSO for subsequent use. Subsequently, as depict-
ed in Fig. S1 in the electronic supplementary information (ESI),
1% ANFs/DMSO solution (5 g) was uniformly injected into a
high-speed shear IPA turbulent shear field (100 mL) over a dura-
tion of 1 min for each time. During this process, DMSO under-
went solvent exchange with IPA, while ANFs experienced shear
forces within the shear field, resulting in the formation of AMFs.
Non-solvent was continuously circulated through an external
pipeline. After 5 min of stirring, a dendritic colloidal suspension
of AMFs with a solid content of 0.5 mg/mL was obtained. The
obtained aramid dendritic particles exhibited colloidal-size char-
acteristics, as confirmed by the presence of the Tyndall effect in
the solution. Viscosity tests were conducted on 0.5 mg/mL
AMFs/IPA solutions obtained through the utilization of turbu-
lent shear-induced precipitation, as depicted in Fig. S2 (in ESI).
The results confirmed that the solutions exhibited turbulent be-
havior during the shear process.

Fabrication of LM particles and AMFs/LM suspension

LM was dispersed in isopropanol and subjected to sonication for
various durations to achieve different sizes of LM particles (Fig.
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S9 in ESI). Specifically, we chose a shorter time period appropri-
ate LM sonicated at 600 W for 30 min. The average particle size
of LM is 1682 nm. Subsequently, they were mixed with the ob-
tained AMFs dispersion solution under mechanical stirring to
form homogeneous AMFs/LM solutions with different mass ra-
tios.

Fabrication of AMFs-pH/LM films

The AMFs/LM suspension were then utilized to prepare AMFs-
pH/LM films using the layer-by-layer VAF method. The prepared
AMFs were subsequently immersed in solutions with varying pH
values for a duration of 2 h. Following a triple rinse with deion-
ized water, they were immersed in a water bath for 24 h to un-
dergo reprotonation. Finally, the films were cold pressed at 25
MPa. For comparison, AMFs/LM and ANFs/LM were prepared by
the similar method described above without being immersed in
solutions with varying pH and reprotonation.

Characterization

The morphology of AMFs, AMFs/LM particles, AMFs-pH/LM,
AMFs/LM films was observed using a polarized light micro-
scope (OM, BX51, Osbalin) and field emission scanning electron
microscope (FESEM, Apero S HiVac, FEI, USA), electron micro-
scope (TEM, Tecnai G2 F20 S-TWIN) and atomic force micro-
scope (AFM, Bruker, USA). The zeta potential of AMFs and LM
was determined using the Brookhaven Zeta PALS 190 Plus in-
strument. X-ray photoelectron spectroscopy (XPS) spectra were
acquired using a monochromatic Al-Ka X-ray source on an
ESCALab Xi* instrument (ThermoScientific, USA). The AMFs-
pH/LM films were characterized by Fourier-transform infrared
spectroscopy (FTIR Nicolet 6700 instrument ThermoScientific
USA). The determination of both in-plane and out-of-plane ther-
mal conductivity was accomplished using the equation k=a x p
x C,, where a represents the thermal diffusivity, p denotes the
density, and C, signifies the specific heat capacity. The thermal
diffusivity (a) measurement was performed using Laser Flash
Analysis (LFA 467 Hyper Flash, Netzsch, Germany). The voltage
and pulse width parameters were set at 250 V and 200 s, re-
spectively, for the configuration. The tensile stress-strain curves
were obtained by conducting tests on a universal testing instru-
ment (Instron 5967, USA) equipped with a 500 N load cell, the
tests were performed at room temperature and under a relative
humidity of approximately 50%. The volume resistivity of the
films was assessed using an ultra-high resistance micro-current
tester (ZST-121, Zhonghang Times Instrument Co., Ltd., China).
In situ infrared spectra were obtained by ReactIR 701L, liquid ni-
trogen detector.

RESULTS AND DISCUSSION

Fig. 1(a) presents a schematic diagram illustrating the prepara-
tion process of AMFs/LM nanocomposite membranes through
“shear-induced precipitation-interfacial reset-reprotonation”
then vacuum-assisted filtration. Following the shear-induced
precipitation, AMFs with hierarchical dendritic structure was
successfully synthesized (Figs. 2a), the hierarchical structures
can provide strong van der Waals forces. The resulting AMFs
had a thickness ranging from 20 ym to 40 pm (Fig. 2a and Figs.
S5 and S6 in ESI). XPS tests and XRD patterns revealed that the
shear-induced precipitation of the prepared AMFs did not cause
any structural damage (Fig. 2c and Fig. S8 in ESI). Fig. 1(b) shows

the changes in molecular morphology that occur during the
preparation of AMFs, while Fig. 1(c) provides a schematic repre-
sentation of the structural changes in the molecular chains dur-
ing the initial protonation process. Transmission electron mi-
croscopy (TEM) images displayed the binding of AMFs with LM
particles, resembling the distribution of particles on a fiber net-
work, akin to dry clay dispersed on tree roots (Fig. S11 in ESI).
Fig. 1(d) depicts the interaction between LM and AMFs during
the resetting process of the liquid metal interface. AMFs is not
sensitive to solution environment. When pH=2 and 4, the sur-
face of AMFs exhibits a negative charge (Fig. 2b). This is due to
the fact that AMFs is obtained by deprotonation of PPTA yarn by
strong alkaline KOH, which exhibits a negative charge. Despite
partial protonation of AMFs in the IPA solution during the initial
step, the protonation process remains incomplete, resulting in
proton deletions within the AMFs structure, leading to the man-
ifestation of negative charges. LM release Ga* ions through a
spontaneous process of electron (e7) transfer (Ga — 3e™ =
Ga>*).3¥ Thus, the force between charges is always present be-
tween the process of interface reset. The surface interaction was
further confirmed by the FTIR spectroscopy result. In the FTIR
spectrum, the characteristic peak corresponding to the stretch-
ing vibration of N—H in AMFs can be observed at 3310 cm™. In
the case of AMFs-pH/LM, a red-shift of approximately 30 cm™’
can be observed in this mode, indicating the presence of bond-
ing interactions between LM and AMFs (Fig. 1e). As evidenced
by the in situ IR spectra depicted in Fig. 1(f), the uc_o characteris-
tic peaks of the aramid nanofibers solution remain unaltered
upon the addition of IPA. This observation suggests a limited
proton-donating capacity of IPA, which hinders the efficient
restoration of the ANFs structure. However, with the subse-
quent introduction of water, the appearance of the u._g charac-
teristic peak indicates the successful restoration of the ANFs
structure. As illustrated in Fig. S18 (in ESI), the UV intensity of the
ANFs solution, following restoration by IPA, IPA pH=4, and H,0
reconfiguration, exhibits an enhancement compared to the UV
absorption intensity when IPA or Water alone is added. This
finding suggests that the reprotonation of ANFs is more favor-
able for the restoration of the ANFs structure.

Fig. 3(a) illustrates the granular presentation of LM follow-
ing ultrasonic crushing. Fig. 3(b) shows that primary AMFs/70
wt% LM, LM granular distributing on the AMFs network, and
Fig. 3(c) shows that LM interaction with AMFs becomes
stronger after the LM interface is reset at pH=4 condition. The
observation of enhanced adhesion between LM and AMFs
signifies that the adjustment of pH levels contributes to the
achievement of interfacial resetting. Fig. 3(d) showing the
prepared AMFs has a hierarchical morphology. Hierarchical
morphology leads to the storage modulus (G') and loss modu-
lus (G") of AMFs exhibit an increase of one order of magni-
tude compared to ANFs (Fig. S4 in ESI). Figs. 3(e) and 3(f)
show that LM can be relative uniformly dispersed on AMFs.
Fig. 3(g) and Fig. S13 (in ESI) provide cross-sectional analysis
of the AMFs-pH/LM films, revealing their distinct laminated
structures. Notably, these films are obtained subsequent to
the process of reprotonation and interfacial reset. The exami-
nation of these cross-sectional images demonstrates a no-
table enhancement in film densification, accompanied by a
significantly augmented interaction between the LM and
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(a) The schematic of the fabricating procedure of AMFs-pH/LM film; (b) Alterations in polymer morphology during processing techniques

employing “Solvent exchange” methods; (c) Changes in polymer molecular during processing techniques employing “first-step protonation”
methods; (d) LM interface reconfiguration and reprotonation of composite films; (e) Infrared spectra of bonding and interaction of LM with AMFs;
(f) In situ infrared spectra of ANFs/DMSO; (g) Effect of multi-step protonation on AMFs chain structure.

AMFs constituents. EDS mapping images (Fig. 3g) further vali-
date the homogeneity of LM distribution within the laminar
composite film. As depicted in Fig. 1(f), the AMFs-pH/70wt%
LM nanocomposite film exhibits remarkable mechanical re-
silience, as it can undergo repeated bending and folding
without fracturing or sustaining noticeable damage. More-
over, this film showcases an exceptional load-bearing capabil-
ity, as evidenced by the successful lifting of a substantial
weight by a small-sized (5.0 mm X 30.0 mm, 46 mg) AMFs-
pH/70 wt% LM paper. Notably, the paper effortlessly sup-
ports an object weighing 2 kg, surpassing an astonishing
load-to-weight ratio of more than 232558 times its own mass.

These findings unequivocally demonstrate exceptional load-
bearing capacity and highlight its potential for robust and
durable applications of the film.

As can be seen from Fig. 4, the suspension treated with
shear-induced precipitation can be stably dispersed for sever-
al hours without fillers deposition. The suspension compris-
ing AMFs and LM exhibits remarkable stability, remaining uni-
formly dispersed for extended durations without filler deposi-
tion. We postulate that this phenomenon can be attributed to
hierarchical structure of AMFs acts as a robust tree roots, ef-
fectively capture LM,B%] coupled with the inherent stability
exhibited by the AMFs/IPA colloid (Fig. S7 in ESI), preventing
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the settling or aggregation of the LM particles and ensuring
their sustained suspension over time. Consequently, the har-
monious dispersion of LM was achieved, owing to these fac-
tors.

The stress-strain curves and detailed mechanical proper-
ties of the films with various filler loadings are presented in
Figs. 5(a)-5(e). The mechanical properties of the composite
films, after undergoing reprotonation, surpass those of films
protonated solely with IPA, owing to the restoration of the
molecular chain structure of AMFs facilitated by reprotona-
tion. This phenomenon can be attributed to the incomplete
reconfiguration of AMFs after a weak proton supply from IPA.
Solvent exchange and turbulent shear in IPA enable a gradu-
al protonation process and the formation of AMFs. The forma-
tion of AMFs with fiber joints enhances the mechanical pro-
perties of the composites.38! Furthermore, notable structural
restoration is achieved through the utilization of deionized
water (DI), a more potent proton donor solvent. This deliber-
ate selection of a stronger proton donor solvent engenders a
pronounced enhancement in the mechanical properties of
the composite films. The ultimate strength of neat AMFs after
reprotonation treatment could reach 178.21+1.62 MPa, which
exceeds the ultimate strength of primary AMFs paper
(153.53+2.52 MPa) by 16.1%. The microstructures of the frac-
ture cross section of AMFs-pH/LM were shown by scanning
electron microscopy images (Fig. S13 in ESI), upon altering
the pH of the neat AMFs films, it is observed that the films
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(a) AFM images of AMFs; (b) Zeta potential of LM and AMFs under different acidic conditions; (c) XPS analysis of AMFs; (d) XPS analysis of

continue to exhibit a layered structure. However, upon the in-
troduction of LM, and as the LM content increases, a decline
in the mechanical strength of the films becomes apparent.
This decline can be attributed to the disruptive influence of
the LM on the stacking arrangement of the AMFs network.
Particularly, when pH=2, the film cross-section exhibits disor-
der, accompanied by an increase in the presence of defects.
The rise in defect density further contributes to a significant
decrease in the ultimate strength of the AMFs-pH/LM com-
posites. On the other hand, the mechanical properties of the
films treated with interfacial reset-reprotonation exhibit a no-
table improvement compared to those treated solely with
water. Specifically, with the same filler content, the films sub-
jected to interfacial reset-reprotonation experience an in-
crease in ultimate strength by 17.0%, 5.4%, 24%, and 43.4%
respectively, at filler contents of pH=4, 10%, 30%, 50%, and
70%, indicating that the interfacial reset-reprotonation treat-
ment is beneficial to the mechanical properties of the films.
Among them, it can be observed through (Fig. 3g) that the
cross section of 70% AMFs-pH/LM is uniformly dispersed in
the AMFs network and the stacking of the films is more dense
after the interfacial reset at pH=4 and the reprotonation treat-
ment of it. Particularly, at pH=2, the mechanical properties
dramatically decrease with increasing LM content. This phe-
nomenon can be attributed to the unfavorable impact of ex-
cessively acidic conditions during the LM interfacial reset pro-
cess on the structure of composite film (Fig. S13 in ESI). How-
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Fig. 3 (a) SEM image of LM after ultrasonic crushing; (b) Before LM perform interface reset; (c) After LM perform interface reset (pH=4);
(d) Image of AMFs network showing hierarchical morphology; (e, f) SEM mapping images exhibit Ga element distribution; (g) SEM images and
mapping of AMFs-pH/LM film and its tightly packed inner structure; (h) Optical photographs of AMFs-pH/70 wt% LM film showing the excellent
flexibility.
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Fig. 4 Schematic diagram of AMFs assisted 70 wt% LM dispersion. (a) Front images were acquired at different time periods after the
suspensions; (b) Bottom images were acquired at different moments after the suspensions only by gently turning it over; (c) OM (a.b.) images of
middle of the solution at different moments after the suspensions. Scale bar=20 um.

ever, at LM content of 70% and pH=4, the mechanical proper- more, we conducted further examinations of the mechanical
ties of the composite films maintain a favorable level. The ten- properties of AMFs-pH/70 wt% LM films after subjecting them
sile strength is measured at 85.88 MPa, and Young's modulus to 1000 tensile-refolding cycles (Fig. 5f, Fig. S19 in ESI). The
at 4.63 GPa, which are 1.76 and 1.36 times higher, respective- mechanical properties slightly declined compared to the ini-
ly, than those of the single-step protonated films. Further- tial values but remained at the level of 70 MPa.
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Fig. 5 (a—d) Typical stress-strain curves of AMFs/LM and AMFs-pH/LM films with different LM contents and different treatment conditions

(AMFs-pH=2, 4, water); (e) Tensile strength enhancement after LM interface reset and protonation of AMFs; (f) Stress-strain curves of AMFs-

pH=4/70 wt% LM film after 1000 stretch-fold cycles.

The thermal conductivities (TCs) of the films were quanti-
fied employing the laser flash method and subsequently
graphed in Fig. 6(a), demonstrates the relationship between
LM content and the thermal conductivity of ANFs/LM,
AMFs/LM and AMFs-pH/LM composite films. Experimental re-
sults indicate the presence of anisotropic behavior in the
thermal conductivity of the films, the TC of the AMFs-
pH=4/70 wt% LM film is 10.98 W-m~1-K-1 at Fig. 6(e), improve-
ment of 126.8% compared to ANFs/LM film, improvement of
58.2% compared to AMFs/LM film. The thermal conductivity
enhancement efficiency (TCE%) of the AMFs-pH/LM obtained
by this approach is more than 1500 times higher than that of
films with 70% LM content. The improved thermal conductivi-
ty of the AMFs-pH/LM nanocomposite can be attributed to
several factors. First, during vacuum-assisted filtration and the
reprotonation process, the formation of a defect-reduced
lamellar structure in the AMFs film enhances thermal conduc-
tivity.5" Second, the AMFs aids in the construction of a local
filler network, which establishes an efficient pathway for ther-
mal transport and enhances the In-plane thermal conductivi-
ty. Third, the significant enhancement in the thermal conduc-
tivity of the AMFs-pH/LM nanocomposite can be attributed to
improved interfacial compatibility between LM and the AMFs
matrix. Through interfacial resetting, the force between LM
and AMFs strengthens, allowing LM to effectively bridge the
adjacent AMFs particles. This bridging facilitates the forma-
tion of thermally conductive channels for phonon transfer,
minimizing phonon scattering at the filler-matrix interface,
thereby reducing interfacial thermal resistance and enhanc-
ing thermal conductivity.[5253! Fig. 6(d) and Fig. S22 (in ESI)
show the composites prepared by this approach are superior

to binary composite films containing only LM, and their ther-
mal conductivity is close to that of some ternary composite
films. It is worth mentioning that this method is also expect-
ed to be used in ternary systems, which provides a reference
for the preparation of higher-performance composites con-
taining liquid metal.

Considering the remarkable in-plane TC performance of
the AMFs-pH/LM film, we investigated its impact on heat dis-
sipation from a localized heat source by inserting the film be-
tween a 50 W high-power LED chip and an aluminum heat
sink (Fig. 6b). Due to the much smaller thickness compared to
its diameter of film, the contribution of out-of-plane TC to
heat dissipation in the thickness direction can be considered
negligible. Upon energizing the high-power LED, the surface
temperature of the AMFs-pH/LM film increased from 25 °C to
121.3 °C within 60 s, showcasing a temperature reduction of
29.2 °C compared to the neat ANFs film, subsequently, the
temperature gradually decreased to 31.5 °C within 240 s (Fig.
6f, Fig. S21 in ESI). Infrared images observation demonstrates
the significant potential of AMFs-pH/LM films for effective
thermal management of electronic devices subjected to high
temperatures. Besides, Fig. 6(g) demonstrates that the films
obtained using this method have better heat dissipation
properties.

Significantly, the nanocomposite films demonstrated an
exceptional level of electrical resistance (Fig. 6h). The remark-
able resistivity observed in the AMFs-pH/LM films can be at-
tributed to two primary factors, as we postulate. Firstly, de-
spite the advantageous construction of a packing network fa-
cilitated by the dendritic polymer, there are limitations to
achieving complete conductivity within the LM-based com-
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(@) Thermal conductivity of different treatment conditions; (b) Schematic illustrating the measurement process for thermal interface

materials; (c) The thermal conductivity improvement achieved by varying the filler content; (d) Comparison of thermal conductivity in the In-
plane thermal conductivity with various reported LM composite material;2%37~>% (e) Thermal conductivity enhancement after LM interface reset
and protonation of AMFs; (f) The temperature-time relationship of the LED surface in the presence of ANFs and AMFs-pH=4/70 wt% LM as
thermal interface materials; (g) The temperature-time relationship of the LED surface in the presence of different treatment conditions; (h)
Volume resistivity of AMFs-pH=4/70 wt% LM composite and pure ANFs membranes.

posite films. While interfacial resetting enhances the interac-
tions between LM and AMFs, the fusion between LM particles
is not fully realized. The presence of an oxide layer on the LM
surface further hampers the formation of a continuous con-
ductive pathway. Consequently, the composite films exhibit
elevated resistivity due to these factors impeding efficient
electron flow. Secondly, the intricate hierarchical nanofiber
network extensively covers the LM microspheres within the
composite films. This augmented coverage significantly in-
creases the contact resistance between the LM particles, hin-
dering effective electron transfer across the film. As a result,

the presence of the hierarchical nanofiber network con-
tributes to the elevated resistivity observed in the LM-based
composite films. Thus, the combination of incomplete fusion
between LM particles and the obstructive effect of the hierar-
chical nanofiber network on LM microspheres contributes to
the high resistivity exhibited by the LM-based composite
films.

CONCLUSIONS

To conclude, we successfully prepared high-performance AMFs-
pH/LM nanocomposite films using “shear-induced precipita-
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tion-interfacial resetting-reprotonation” process. By combining
van der Waals forces, electrostatic interactions, bonding of
—NH to LM, as well as interfacial re-setting and multi-step pro-
tonation, we successfully enhance the interfacial interaction be-
tween LM and AMFs, increase its compatibility with the poly-
mer, and achieve stable filler dispersion in the solvent. Further-
more, we achieve the construction of local filler network and the
formation of filler-coated polymers, leading to an improved
contribution of the filler to the polymer matrix. This approach
enhances mechanical properties and thermal conductivity of
the films. Compared to the AMFs/LM films, AMFs-pH=4/70 wt%
LM exhibits significant mechanical properties, including tensile
strength of ~85.88 MPa (77% increase), Young's modulus of
~4.63 GPa (36% increase), as well as significantly higher in-plane
TC (10.98 W-m~"-K™", an increase of % 126.8% compared to the
ANFs/LM films). Meanwhile, the AMFs-pH/LM composite film
has good thermal stability, flame retardancy, and electrical insu-
lation (3.07x10'2 Q-cm).
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