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Abstract

Modulation of inter-filler heat transfer governs the overall heat-dissipation performance of
thermally conductive composites for electronics. Unlike covalent/non-covalent bond interfaces
constructed using organic modifiers and inorganic secondary fillers, nanometallic bond-free
interfacial structures built under mild conditions also promote interfacial thermal conduction while
delivering multifunctionality. However, the related interfacial heat transfer behaviors and
enhancement mechanisms remain poorly understood. Herein, guided by density functional theory
and molecular dynamics simulations, we demonstrate that introducing conductive TCNQ at the
graphene (Gra)-silver (Ag) interface strengthens low-frequency phonon (LFP) resonance via the
resulting electron-phonon coupling (EPC) effect. Electron transfer between TCNQ and Ag
optimizes the EPC effect, further activating LFP resonance across Gra and Ag surfaces to facilitate

phonon transport between Gra layers. To corroborate these predictions, polybenzoxazole (PBO)
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nanofibers (PNFs)-based composites (GTAgx/PNFs) with TCNQ-modified graphene nanosheets
(GNS)/Ag nanowires (AgNWs) composite fillers are fabricated via pressure-driven self-assembly.
GTAg30/PNFs exhibits an in-plane thermal conductivity of 28.8 W m™! K™! and EMI shielding
effectiveness of 61.0 dB, alongside outstanding Joule heating and mechanical properties. Validated
by practical cooling tests on operating electronic devices and mitigation of vehicle heat-soaking
injury, this simulation-assisted low thermal resistance interface design offers a promising route

toward developing high-performance multifunctional thermal management materials.

Introduction

Driven by the trend of miniaturization, dense integration, and elevated power loads in electronics,
high-performance thermal dissipation acts as a decisive factor to sustain device reliability,
operational performance, and cycling longevity'. For high-end thermal management applications,
polymer-based composites merging prominent heat transfer, mechanical performances, and
chemical stability represent the prevailing design route?. Phase mismatches between thermally
conductive fillers give rise to pronounced interfacial thermal resistance (ITR), serving as one of
the major obstacles to elevating the overall heat dissipation performance of composites’.
Architectural engineering of inter-filler interfaces via covalent grafting and non-covalent assembly
serves as the significant strategy to offset the ITR. Apart from constructing heat transport channels
at filler interfaces using organic molecules via covalent or non-covalent bonds, the in-situ growth
of inorganic secondary thermally conductive fillers also constituted as an effective approach to
reduce ITR* 3. Yet organic interfacial structures possessed limited thermal transport efficiency,
and inorganic interfacial construction involved stringent synthetic conditions and deterioration of
intrinsic heat conduction capability of primary filler, which together impeded progress of the

foregoing methodologies.
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Building heat transport “bridge” between fillers via configured nanoscale metallic structures with
high thermal transport capability, electrical conductivity, and flexibility under mild conditions
emerged as a more effective avenue. The interfacial architecture constructed by Gu et al. via in-
situ grown Ag nanowires (AgNWs) between boron nitride nanosheets facilitated continuous heat
transport pathways. Benefiting from the decreased ITR and boosted electrical conductivity
triggered by this strategy, the composite achieved integrated multifunctional properties of efficient
heat dissipation and electromagnetic interference (EMI) shielding®. Zhang et al additionally
adopted in-situ grown Cu nanoparticles as interlayer bridges across graphene nanosheets (GNS),
which effectively diminished ITR”. It was of great significance that microwave-triggered C-Cu
heterogeneous interfaces laid a support to interpret how metallic nanoarchitectures function as
heat-conducting intermedia at filler boundaries. However, the heat transfer behaviors occurring in
interfacial structures have not been thoroughly revealed to date. Distinct from the heat transport
mechanism within interfacial architectures linked by covalent or non-covalent bonds, Feng et al.
proposed that low-frequency phonon (LFP) resonance theory offered a fresh perspective into
elucidating interfacial heat transport process®. Carbon nanotubes redistributed LFP modes to
interfacial carbon atoms, which further activated resonance with LFP of Au nanoparticles, thereby
transferring more heat across the interface.

To further elucidate and harness heat transport functions of nanometal-based heterointerfaces, this
work proposed a LFP resonance effect boost via electron-phonon coupling (EPC). Analysis based
on density functional theory (DFT) calculations and molecular dynamics (MD) simulations
revealed that the strong electron acceptor 7,7,8,8-tetracyanoquinodimethane (TCNQ) molecule
facilitated interfacial charge transfer to strengthen EPC at the graphene (Gra)-silver (Ag) interface,

which enhanced graphene interlayer heat transfer relying on fully developed LFP resonance. To
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experimentally corroborate the simulation-derived conclusions, polybenzoxazole (PBO) nanofiber
(PNFs)-matrix composites were prepared by pressure-driven self-assembly with composite fillers
consisting of TCNQ-modified AgNWs (TAgNW) sandwiched between GNS (GTAgNW). The
EPC effect achieved through anion-m interactions (between TCNQ and GNS) and coordination
interactions (between TCNQ and AgNWs) reinforced interfacial LFP resonance, thereby yielding
improved thermal conductivity performance of the composite. Benefiting from structural
optimization, the resultant composited integrated prominent EMI shielding capacity, Joule heating
performance, and mechanical properties. Improving interfacial thermal transport by virtue of the
enhancement effect of interfacial EPC on LFP resonance provides a superior approach for

designing high-performance multifunctional thermal management composites.

Results

Simulation Analysis of LFP Resonance Modulated by EPC

To thoroughly interpret the pivotal role played by TCNQ, the model structures of graphene-Ag
heterostructure (GAg), TCNQ-incorporated graphene (GTG), and TCNQ-incorporated GAg
(GTAg) were included in Supplementary Fig. 1 for comparative analysis. As revealed by charge-
density -difference maps in Fig. 1a, e, and h, electron accumulation in GAg was mainly localized
on Gra, whereas only weak electron depletion was observed on Ag, indicating limited interfacial
charge transfer. For GTG and GTAg, electron accumulation and depletion regions were confined
to the interfaces of TCNQ. Benefiting from Ag-N coordination interactions, the coupling degree
of charge redistribution regions was enhanced, which delivered the highest interfacial charge
transfer efficiency to GTAg. Quantitative Bader charge analysis further revealed a net charge
transfer of 0.58 e in GTAg, confirming stronger interfacial charge transfer than in GAg and GTG

(Fig. 1f)°. The electron localization function (ELF) maps showed more pronounced interfacial
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electronic interactions in GTAg, consistent with the charge redistribution revealed by the Bader
analysis (Fig. 1f i-ii1). To identify the electronic states involved in interfacial charge transfer, the
total and projected densities of states (TDOS/PDOS) and projected band structures were examined.
GTAg exhibited pronounced overlap among the C/N p, Ag d, and Ag s/p states near the Fermi
level, whereas much weaker overlap was observed in GAg and GTG (Fig. 1b—d and
Supplementary Fig. 2). These results indicate stronger interfacial electronic-state hybridization in
GTAg. Consistent with the projected band structures, the k-resolved orbital- and molecular state
PDOS showed more pronounced and continuous contributions near the Fermi level in GTAg than
in GAg and GTG, further supporting a greater degree of interfacial electronic-state hybridization
in GTAg (Supplementary Figs. 3—-6). From the quantitative values of graphene C p orbitals and
Ag d orbitals at the band center, the energy offset of GTAg was reduced to 0.3 eV, which indicated
greatly improved energy matching between C and Ag orbitals and offered favorable conditions for
interfacial electron migration (Fig. 1g). To determine whether the enhanced interfacial electronic-
state hybridization was accompanied by more extensive electron-phonon scattering channels, the
electron and phonon linewidths of the three systems were further analyzed. GTAg exhibited a
stronger electron linewidths response near the Fermi level and a broader phonon linewidths
distribution than GAg and GTG, providing additional support for its stronger EPC (Supplementary
Figs. 7 and 8). On this basis, the Eliashberg spectral function (o°F(w)), and the EPC constant (1)
were calculated for the three systems. As presented in Fig. i, the total 1 (A1) of GTAg was
extracted as 1.336 from the curves representing o’F(w) at various frequencies. Such a value was
significantly larger than 0.124 for GAg and 0.107 for GTG, revealing that EPC enhancement was
realized by TCNQ-mediated reconstruction of interfacial electronic structures. Further focusing

on the coupling constants in the low-frequency region below 3 THz (irLr), GTAg yielded a Ar



114 occupancy of over 35%, which was far higher than those of GAg and GTG, demonstrating its
115  superiority in the low frequency regime (Fig. 1j).
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117  Fig. 1. TCNQ-mediated interfacial electronic reconstruction for enhanced electron—phonon
118  coupling. Charge density difference of (a) GAg, (¢) GTG, and (h) GTAg. Band structures near the
119  Fermi energy for (b) GTG, (c) GAg, and (d) GTAg. (f) Bader charge of GTAg, GAg, and GTG,
120  Inset: ELF at the interface of GTAg, GAg, and GTG. (g) Band-center energy values of graphene
121  Cpand Ag d orbitals in GTAg, GAg, and GTG. (i) a’F(w) of GTAg, GAg, and GTG as a function
122 of frequency, Inset: a’F(m) of GTAg, GAg, and GTG below 3 THz, At of GTAg, GAg, and GTG.

123 (j) Ratio of ALr to At (ALF/AT) in GTAgZ, GAg, and GTG below 3 THz.

124 While the foregoing analyses focus on electronic-state origins for TCNQ-tuned EPC, further
125  insights derived from phonon density of states (PhDOS) and phonon participation ratio (PPR)
126  illuminate that EPC facilitated LFP-mediated improvement of thermal transport across the
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interface. As illustrated by PhDOS spectra across different frequencies in Fig. 2a and b, for the
sub-3 THz regime conducive to long-range ordered phonon transport, GTAg achieved a
low-frequency PhDOS (LF-PhDOS) contribution of 7.48%, corresponding to ~47-fold and
~34-fold enhancements relative to GAg and GTG. Consistent with the Arr results derived from
electronic-state analyses, GTAg delivered more efficient thermal transport in the low-frequency
region. To verify that the Ag structure serves as the primary mediator for LFP resonance-driven
thermal transport enhancement within graphene interlayers, the LF-PhDOS contributions of
individual components in the composite filler were calculated (Fig. 2c¢). Compared with the
LF-PhDOS contributions from Gra and Ag in GAg and GTG, TCNQ contributed a small fraction
to LF-PhDOS in GTAg, the overwhelming majority still originated from Gra and Ag. The PPR
analysis further showed that GTAg exhibited a higher fraction of delocalized low-frequency
phonon modes, facilitating phonon propagation across the interface and thereby enhancing
interfacial heat transport. In reference to existing literature reports, PPR thresholds of >0.1 and
<0.1 were attributed to delocalized phonon modes and localized phonon modes, respectively (Fig.
2d)!% . Among phonon modes < 3 THz, the fraction of low-frequency delocalized modes (LF-
DM) ratio was 21.0% for GTAg, compared with 10.2% for GAg and 12.8% for GTG (Fig. 2e).
Similar to the LF-PhDOS results, the delocalized low-frequency phonon modes were mainly
contributed by Gra and Ag, whereas TCNQ accounted for only a minor fraction (Fig. 2f).
Accordingly, TCNQ incorporation enhanced interfacial EPC and was accompanied by increased
low-frequency phonon spectral weight and altered phonon localization. We propose that these

changes favor LFP resonance at the Gra-Ag interface and facilitate heat transport.



148

149

150

151

152

153

a 0.020 b c Ag TCNQ Gra

GTAg GAg GTG 8 78 GTAg 100 .90
Q GAg =
. GTG )
0.015- g 5 801
S 81 § 4838 61.2
= =
30.010 E E &
a o 4 9 7.50
a 2 » 40
£ 0.005 & S "
- ] 437 38.8 :
- 2 & 20/
w
0.000 : : : 0,16 0.22 =
03THz 10 20 30 40 0 i Do e o) o
Frequency (THz) GTAg GAg GTG
0.3 Ag TCNQ Gra
e 25 f 100
d glAg GTAg 520
9 —_—
GTG 21.0 gﬁg g &
0.2 - = 20 <, 5 443 492
(3 o =
x & 2 2 04
& 3 [ £ 6.60
[ s = g
a o 151 S 40
0.1 5 12.8 =
g = =0 o 49.1 50.8 94.8
N2 10.2 i 20
378 104 O
2 E
0.0 - - : 0
0 10 20 30 40 + L GTAg GAg GTG
Frequency (THz)
I h 1
9 GTAg GAg

¥4d
5 333442 Y
, 2Talaeses

._0:
S
ey
snsannanng 3

SRR it

aEEEnE i

Y{ X ~3§3=35. ste . IR *;::
X -|13A|=— X —-|13A|=—
z

48 A

7 >
ux

: s

i

".':.
%
as
teds

| Heat source | Heatsink @Ag ©cC }{-}{ TCNQ

; 360 ; 150 Kk
i GTAg J o 0164  0.151 GTAg
GAg » Q
- GTG 120 s GTAg GAg
3 2 GTG
<320 - § : = 042
2 3 901 . = b
T 300 3 A " E “9.075
@ 5 = 0.08 R
o c 60 » g
5 280 u ‘ < o
- 2 o 3TC =
= 0.04 +.0.031
30 > . s
260 0,
240 0+—— - - , - 0.00
0 10 20 30 40 0 200 400 600 800 1000
Bin index Time (ps)

Fig. 2. Low-frequency phonon-mediated heat transport across TCNQ-modified graphene—
silver interfaces. (a) Frequency-dependent PhDOS for GTAg, GAg, and GTG. (b) Fraction of the
PhDOS < 3 THz. (¢) Contributions of Gra, Ag, and TCNQ to the PhDOS < 3 THz. (d) PPR of
GTAg, GAg, and GTG at different frequencies. (e) Fraction of delocalized modes (PPR > 0.1)

among all phonon modes < 3 THz. (f) Component-resolved contributions to low-frequency
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delocalized modes. MD-simulated model of (g) GTAg and (h) GAg. (i) Steady-state temperature
profiles, (j) Accumulated thermal energy as a function of time, and (k) ITC for GTAg, GAg, and

GTG.

MD simulations provided further validation that TCNQ elevated the overall thermal conductivity
of the composite filler through facilitating heat transport across the interface. For the individually
built GTAg, GAg, and GTG models, heat flux was imposed along the in-plane direction of Gra
(Fig. 2g, h and Supplementary Fig. 9). Heat propagated through different interfacial structures at
the overlapping zone toward the top-layer Gra to realize the heat-transfer process. Upon the system
achieving steady-state conditions, TCNQ gave rise to not only a smaller interfacial temperature
gap (AT, 33.9 K) at the Gra-Ag interface than GAg, but also improved phonon-carried energy in
GTAg (Fig. 2i and j). Intriguingly, despite the presence of TCNQ in GTG, LFP resonance
comparable to that of the Gra-Ag interface cannot be realized between Gra, resulting in its largest
AT and minimal phonon-carried energy. With the assistance of TCNQ, GTAg achieved an
interfacial thermal conductance (ITC) far exceeding those of GAg and GTG, reaching 0.151 GW

m K! (Fig. 2k).

Preparation and Structural Characterization of GTAgx/PNFs

Simulation calculations verified that TCNQ strengthened interfacial LFP resonance by modulating
the EPC effect between Gra and Ag, thereby improving interfacial heat transport. PNFs matrix
thermal conductive composites incorporating GTAgNW (GTAgx/PNFs) were fabricated for cross-
validation with simulation findings. As illustrated in Fig. 3, AgNWs obtained via the polyol
method were encapsulated by TCNQ and then anchored onto the surface of electrochemically
exfoliated GNS. Functioning as a favorable electron-acceptor, TCNQ accepted electrons donated

by AgNWs, which enabled the formation of anion-m interactions with GNS'2. Furthermore,
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coordination interactions between the N atoms within the TCNQ and Ag"” were utilized to construct
full-fledged interfacial heat transfer channels. The subsequent pressure-assisted self-assembly
process not only facilitated the oriented alignment of GTAgNW, but also endowed the
GTAg«/PNFs with superior practical applicability by virtue of the intrinsic properties of PNFs.
Long-range ordered thermal transport pathways were further built within the composites through

the final hot-pressing treatment.

®_0 PVP/EG
O: ® ®e
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Fig. 3. Schematic illustration of the procedure for fabricating GTAgx/PNFs.

Benefiting from the merits of the polyol synthetic route, AgNWs with high-aspect-ratio features
were observed in Supplementary Fig. 10. The encapsulation structure of AgNWs wrapped with
TCNQ was displayed in TEM, and the TCNQ layer with a thickness of around 6 nm captured by
HRTEM indicated that AgNWs were efficiently modified (Fig. 4a). In-situ Raman spectra of
TAgNW exhibited characteristic peaks assigned to the C-H bending, C-C=N stretching, C=C
stretching, and C=N stretching vibrations of TCNQ, confirming the presence of TCNQ (Fig. 4b)'°.
Charge transfer between AgNWs and TCNQ reduced the vibrational energy levels, corresponding
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to the redshift of the C-C=N and C=N vibrational peaks of TCNQ from 1452 cm™! and 2227 cm’!
to 1386 cm™! and 2207 cm™! in Raman spectra, respectively (Supplementary Fig. 11)!%. As shown
in Supplementary Fig. 12, GNS synthesized by electrochemical exfoliation presented a two-
dimensional structure of 4.9 nm in thickness, which facilitated its heat transport performance.
From the TEM and SEM image of GTAgNW, it can be seen that TAgNW was firmly immobilized
on GNS through anion-m interactions existing between TCNQ and GNS, contributing the
formation of efficient interfacial structures (Fig. 4c and Supplementary Fig. 13). In the XRD
patterns shown in Fig. 4d, GTAgNW and TAgNW exhibit (002), (111), and (200) diffraction peaks
consistent with those of GNS and AgNWs, verifying the retention of structures favorable for
phonon and electron transport during the modification process'>. To confirm coordination
interactions between TCNQ and AgNWs and anion-m interactions between TCNQ and GNS,
further characterizations including X-ray photoelectron spectroscopy (XPS), Fluorescence
spectroscopy, and Raman spectroscopy were carried out on the samples. Electron-donating Ag
atoms were converted into Ag” on the surface of AgNWs, which engaged in coordination
interactions with TCNQ acting as an electron acceptor'®. Compared with the high-resolution Ag
3d XPS spectra of pure AgNWs, new deconvoluted peaks located at 373.3 eV and 367.3 eV
assigned to Ag" 3ds» and Ag" 3ds» emerged in TAgNW after electron transfer from Ag atoms
(Supplementary Fig. 14)!% !4, From Fig. 4e, distinct new deconvoluted peaks ascribed to N-Ag*
coordination bonds (398.1 eV) can be observed in the high-resolution N 1s XPS spectrum of
TAgNW relative to pristine TCNQ, demonstrating the emergence of negatively charged TCNQ
(TCNQ). Discernible deconvoluted peaks ascribed to Ag” was still detected in the high-resolution
Ag 3d XPS spectra of GTAgNW, further suggesting that TCNQ incorporated in the composite

filler led to electron transfer, which did not occur in GAgNW (Fig. 4f). Anion-m interactions
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between TCNQ and GNS within GTAgNW served as another interfacial structure maintaining the
properties of the composite filler. In Fig. 4g, TCNQ" featuring turn-on fluorescence offset partial
fluorescence quenching induced by GNS upon conjugation, which yielded remarkably improved
fluorescence intensity for GTAgNW relative to GAgNW!”. Anion-r interactions also induced the
blueshift of the G and D bands in the Raman spectra of GTAgNW to 1590 cm™ and 1372 cm™,
respectively (Fig. 4h)'®. Compared with GNS, such a shift of the D band was more pronounced for
GTAgNW than for GAgNW. Raman spectroscopy not only revealed variations in the characteristic
peaks of GNS arising from non-covalent interactions; more importantly, it can directly reflect the
evolution of interfacial phonon vibrational modes after modification with TAgNW!%-2°. Compared
with GNS, the G bands of both GTAgNW and GAgNW exhibited a blueshift of = 25 cm™ upon
532 nm excitation (Fig. 4i). The introduction of TCNQ reinforced EPC at the GNS-AgNWs
interface, which yielded a more remarkable G’ band blue shift up to =~ 80 cm™ in GTAgNW versus
GAgNW under 532 nm excitation, provoking drastic redistribution of interfacial phonon modes
and substantially boosting interfacial heat transport (Supplementary Fig. 15)%. To elucidate the
effect originating from phonon softening, the correlation between D band and G’ band frequency
(w) and excitation energy (¢) for GTAgNW and GAgNW was analyzed?'. The dispersion slopes
(Aw/Ag) obtained at both peak positions were lower for GTAgNW compared with GAgNW, which
evidenced that TCNQ-driven alterations of interfacial electronic states reinforce phonon softening

and consequently intensify EPC (Fig. 4j and Supplementary Fig. 16)*.
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Fig. 4. Characterization of the thermal conductive fillers and composites films. TEM image
of (a) TAgNW and (c) GTAgNW. Inset: HRTEM image of TAgNW. (b) In-situ Raman spectra of
TAgNW. (d) XRD patterns of GNS, AgNWs, TAgNW, and GTAgNW. (e) High resolution XPS
spectra of N 1s for TAgNW and TCNQ. (f) High resolution XPS spectra of Ag 3d for GTAgNW
and GAgNW. (g) Fluorescence spectroscopy of GTAgNW, GAgNW, and TAgNW. (h) Raman
spectra of GTAgNW, GAgNW, and GNS. (i) Raman spectra collected for GNS, GAgNW, and
GTAgNW with different excitation wavelengths. (j) The frequencies of D and G’ bands as
functions of laser energies (1.58, 2.33 and 3.82 eV correspond to 785, 532, and 325 nm,
respectively) for GTAgNW and GAgNW. (k) Cross-sectional SEM images of GTAg3o/PNFs. (1)
IT and f, values of GTAg3o/PNFs. Inset: 2D WAXS patterns for GTAg3o/PNFs. (m) XRD patterns

of GTAg30/PNFs, AgNWs, and GNS.

To achieve multifunctionality, GTAgNW and PNFs were composited via layer-by-layer stacking

using pressure-driven self-assembly. As seen from cross-sectional SEM image of the
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GTAg30/PNFs, horizontally well-aligned GTAgNW built up efficient heat transport pathways (Fig.
4k). The magnified cross-sectional SEM image of Supplementary Fig. 17 revealed that PNFs were
interlaced among GTAgNW, reinforcing the functionalized structural integrity of the composite.
Derived from azimuthally-integrated 2D WAXS intensity curves under X-ray incidence parallel
to the (002) crystal plane, the Herman’s orientation parameter (fn) and degree of orientation (/)
further manifested the orientational behavior of GTAgNW in the GTAg3o/PNFs (Fig. 41). Both
parameters yielded orientation degrees over 0.75, corroborating the formation of efficient
horizontal heat transfer pathways within the composite. XRD diffraction peaks of (002), (111),
and (200) corresponding to GNS and AgNWs were detected in the GTAg30o/PNFs, indicating the

well-preservation of heat conductive structures (Fig. 4m).

Thermal Conductivity (k) and Thermal Management Performance of GTAg/PNFs,
GAg/PNFs, and GTGx/PNFs

The remarkable heat-transport properties imparted to GTAgx/PNFs by composite fillers found full
illustration in the comparison of in-plane x (x1) values (Fig. 5a). Consistent with the simulation
results, the incorporation of TCNQ enhanced the interfacial heat transfer capability of AgNWs
between GNS layers, so that the composites outperform GTGx/PNFs and GAgx/PNFs at different
filler loadings. Owing to abundant heat transport pathways and reduced ITR, the GTAg30o/PNFs
delivered a xi as high as 28.8 W m™! K'! under 30 wt% filler loading, around 2.5-fold and 1.5-fold
that of GTG30/PNFs and GAg3o/PNFs, respectively. To highlight the excellent thermal conduction
performance delivered by the GTAg30/PNFs, comparisons were made with three categories of
polymer-matrix composites incorporating composite fillers with nano-metallic architectures. As
illustrated in Fig. 5b, even though nano Ag functions as a favorable medium for interfacial heat

transport, it delivered a lower x value relative to the GTAgso/PNFs. Benefiting from the role of
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TCNQ, the GTAg30/PNFs achieved a x superior to the vast majority of reported composites,
regardless of type and loading. The impact of ambient temperature upon the heat conductive
property of the composites represents a key metric for examining their structural stability. The i
of the GTAg30/PNFs upon elevated measurement temperature were illustrated in Fig. 5c. Despite
the decreasing trend of x; with increasing temperature, it was maintained above 23.0 W m™ K,
indicating great potential for a wide range of applications. The demonstration of a prolonged
service lifetime for the composite is substantiated via post-thermal cycling measurements of its «.
Variations in xj of the GTAg30/PNFs upon ten thermal cycling treatments from room temperature
to 80 °C were depicted in Fig. 5d. Retention of x values approaching 28.0 W m™ K! served to
further confirmed the advanced heat transport architecture relative to GTG3o/PNFs and
GAg30o/PNFs, and highlighted the long-term applicability of the GTAgso/PNFs. Additional
characterization of thermal contact resistance (R.) provided evidence for the potential of the
composites for thermal interface material (Fig. 5e). The GTAg30/PNFs exhibited a minimum R
value of 0.526 K cm? W in comparison with PNFs, GTG30/PNFs, and GAg3o/PNFs, which was
attributed to TCNQ-assisted AgNWs that improved the interlayer heat transport capacity between
GNS layers. The interfacial heat transport behavior and thermal conductivity mechanism in the
composite filler was elucidated in Fig. 5f. TAgNW-derived interfacial structures between aligned
GNS enabled the construction of long-range ordered heat transfer pathways. Furthermore, the LFP
resonance effect occurring between TAgNW and GNS contributed to the enhancement of
interfacial heat transport. Combined with the conclusions from simulations, the intrinsic electronic
conductivity of TCNQ strengthened the interfacial EPC effect between GNS and AgNWs, with a

concomitant improvement in their LFP resonance. The design of multi-dimensional interfacial
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structures achieved a synergistic effect between EPC and LFP resonance, which efficiently boosted
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Fig. 5. Thermal transport properties of PNFs-based composites and interfacial heat
transport behavior. (a) x of GTGx/PNFs, GAg«/PNFs, and GTAg«/PNFs with different filler
loading. (b) Comparison of x values between this work and previously reported polymer
composites filled with three types of metal-containing composite fillers (Type I: Ag, Type II: Cu,

and Type III: Au) %?**, (c) k) measured for the GTAg30/PNFs at different temperatures. (d) i of

GTG30/PNFs, GAg3o/PNFs, and GTAg30/PNFs subjected to ten thermal cycles between room
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temperature and 80 °C. (e) Rc of PNFs, GTG3zo/PNFs, GAg3o/PNFs, and GTAg3/PNFs. (f)
Schematic illustration of interfacial heat transport behavior and thermal conduction mechanism

for GTAgNW in composite filler.

The heat dissipation property exhibited by the composites when deployed in electronic-device
systems offer a realistic assessment of its application prospects. Comparative cooling performance
was carried out for GTAg30/PNFs, GAg3o/PNFs, PNFs, and commercial thermal conductive pad
(CTP) under operating scenarios including LED, desktop computer, and smartphone. Sandwiched
between the LED and heat sink, the sample can conduct heat to bring down the surface average
temperature of the LED (7s.Lep) (Supplementary Fig. 18). As revealed by the thermal infrared
images in Fig. 6a and b, the LED integrated with GTAg30/PNFs displayed a 7s.Lep around 5.2 °C
lower than its GAgzo/PNFs counterpart, with further temperature reductions of 9.1 °C and 16.3 °C
relative to CTP and PNFs after continuous lighting for 90s, respectively. After power-off, the
structural advantages of the GTAg3o/PNFs enabled the 7s.Lep to drop to its minimum value more
rapidly. Further evaluation of the sample’s effective CPU heat dissipation performance was
investigated by assembling it into a desktop computer (Supplementary Fig. 19). After 480s of CPU
operation, the GTAg30o/PNFs placed between the CPU and the fan lowered the average temperature
of the dashed-circle region (7c-ran) to 39.1°C, with a 6.4 °C reduction versus PNFs (Fig. 6d and
Supplementary Fig. 20). The CPU core temperature (7c.cpu) measured by professional testing
software with the GTAg30/PNFs installed was 19.0 °C lower than that of CTP and by as much as
28.0 °C relative to PNFs (Fig. 6e). The heat-dissipation performance of lithium-ion batteries in
smartphones determines their operational stability and service life. As indicated by Supplementary
Fig. 21 and Fig. 6c, the average temperature on the covered area of the lithium-ion battery (7¢.Li)

with GTAgs0o/PNFs attachment was not only lower than those of CTP and PNFs, but also inferior
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to the temperature of its exposed area. Notably, the 7...i was 5.7 °C below that recorded for the
equivalent area of the blank battery, promising prospects for smart-device applications (Fig. 6h).

Solar-induced heat-soaking damage to vehicles can lead to the aging of internal electronic
components and the release of harmful volatile organic compounds (VOCs). According to Fig. 6f
and Supplementary Fig. 22a, the GTAg3o/PNFs was attached to model vehicle hoods and roofs
made of aluminum alloy (Car 1) and carbon fiber (Car 2), respectively, to demonstrate its
mitigation effect against heat-soaking damage. To comprehensively verify the heat dissipation
performance, two sample free regions (i.e., hood sections A1, A2 and roof sections C1, C2) and
the corresponding sample covered regions (i.e., hood sections B1, B2 and roof sections D1, D2)
were defined on each vehicle. The equilibrium-temperature data acquired from the predefined
regions at five specified time points during three consecutive days were summarized in
Supplementary Fig. 22b and Supplementary Table 1. From the temperature-difference comparison
graph illustrated in Fig. 6g, which summarized the hood- and roof-derived temperature differences
of Car 1 (ATa1-s1 and ATci.p1). It can be observed that the temperature discrepancy between
sample-attached and sample-free regions was maintained at 0.9~2.9°C at the low-temperature time
points of 8:00 and 10:00, and reached 2.2~4.7°C during the high-temperature periods at 14:00 and
16:00. On the other hand, the hood- and roof-derived temperature differences of Car 2 (ATa2-82
and ATc2-p2) was maintained at 0.6~1.9°C at every tested time point. The results demonstrated that
the GTAg30/PNFs delivered effective cooling performance for vehicle shells with different
materials during long-term solar exposure, which served as one of the promising strategies to

suppress vehicle heat-soaking damage.
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Fig. 6. GTAg«x/PNFs films for heat dissipation in operating electronics and solar-exposed
model vehicles. (a) Thermal infrared images of LED integrated with PNFs, CTP, GAg3o/PNFs,
and GTAg30/PNFs and heat sink before and after power-on, respectively and (b) Corresponding
Ts-Lep changes over time. (c) Thermal infrared images of the smartphone batteries in the bare state,
coated with CTP, PNFs, and GTAg30/PNFs. (d) Comparative thermal infrared images of the
motherboard heat dissipation using PNFs, CTP, GAg3o/PNFs, and GTAg3o/PNFs and (e) Tc.cru
evolution measured via software testing at different time points. (f) Top-view photograph of model
vehicles with aluminum alloy- and carbon fiber-based hoods and roofs. Two sample-free regions
and the corresponding sample-covered regions were defined on each vehicle. (g) The hood- and
roof-derived temperature differences of Car 1 and Car 2. Inset: Side-view of model vehicles with

aluminum alloy- and carbon fiber-based hoods and roofs and thermal infrared image. (h) The
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evolution of Tc.ri of the delineated region on the Li-ion battery as a function of operating duration.

Data acquisition was performed by recording the average temperature within the white dashed box.

Electromagnetic Shielding and Joule Heating Performance

The interfacial structure optimized by TCNQ not only substantially improved the thermal
management property, but also endowed the GTAg«/PNFs with electrical conductivity, EMI
shielding, and Joule heating performance. Conductive TCNQ accelerated the interfacial electron
transfer between GNS and AgNWs, enabling the conductivity of the GTAg30/PNFs to exceed
800 S m!, which was approximately twice that of GAgso/PNFs (Fig. 7a). The EMI shielding
effectiveness (SE) arises from multiple effects including EM waves reflection (SEr) and
absorption (SE4), which are triggered by the favorable structural features of the composites®*. The
total SE (SET), a direct indicator for the extent of EM waves attenuation by the shielding material,
equals the sum of SEr and SEa?*. As presented in Fig. 7b, the GTAg30/PNFs delivered EMI SE
values exceeding 50.0 dB at frequency of 8.2~40 GHz, which were substantially higher than those
of GAg3o/PNFs and even surpassed 61.0 dB in the Ka band. Further assessment in the Ka band
showed that SEt progressively increased as filler loading grew, peaking at 67.0 dB for 35 wt %
(Fig. 7c and Supplementary Fig. 23). Meanwhile, the observed strong SEa together with weak SEr
implied that the GTAgx/PNFs avoided the risk of secondary pollution induced by the reflection of
EM waves. As revealed by the power coefficients of reflection (R), transmission (7), and
absorption (4) in Fig. 7d, the GTAg«/PNFs exhibited an abrupt transition from high T values to
high 4 and R values upon filler incorporation, indicating an absorption dominated EMI shielding
process at low filler loadings. As the filler loading gradually increased, the layered stacking
structure of the GTAgNW drove EM waves to be dissipated through more reflection processes,

exhibiting a continuous rase in the R value. Wireless-charging experiments for a smartwatch and
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lighting tests based on a Tesla coil were carried out to further evaluate the practical performance
of the GTAg30/PNFs. In contrast to PNFs, which exerted no influence on the charging process, the
GTAg30o/PNFs completely interrupted the wireless-charging function when placed between the
charging adapter and the smartwatch (Fig. 7e). Similarly, placing the GTAg30/PNFs between the
Tesla coil and LED inhibited the diode from lighting up, despite a 1 cm gap between them (Fig.
71). Fig. 7g depicted the EMI shielding mechanism including absorption, reflection and multiple
reflection processes of EM waves. Due to the impedance mismatch existing between the
GTAg30/PNFs and external environment, a large fraction of incident EM waves was reflected.
After residual EM waves penetrated into the sample interior, both ohmic loss from conductive
fillers and multiple reflection loss derived from the multilayer-oriented architecture contribute to
wave attenuation.

Alongside excellent EMI shielding performance, Joule-heating functionality rendered the
GTAg30/PNFs suitable for wearable thermal textiles and electronic fabrics applications®. As
illustrated in Fig. 7h and Supplementary Fig. 24, detailed insights into the Joule-heating behavior
of the GTAg30/PNFs were obtained by tuning the applied voltage and recording the average surface
temperature within the predefined region (7%s). Under continuously increased voltages from 3.0 V
to 8.0V, the T reached its maximum value within 40 s and maintained for as long as 600 s.
Notably, the Tas of 38.7 °C that fell within the comfortable temperature range for the human body
was achieved under an applied voltage of 3.0 V, indicating its great suitability for warm fabrics®.
A linear-fitting coefficient (R?) reaching 0.96 was obtained for the relationship between the square
of the applied voltage (U?) and the Ti, which provided further evidence that the distinctive
structure of the GTAg30/PNFs played a dominant role in producing ohmic Joule heat (Fig. 71). The

fast-response Joule-heating behavior of the GTAgso/PNFs was validated by performing in-situ
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voltage modulation over the range of 3.0 V to 8.0 V (Fig. 7j). Stepped voltage increases drove the
composite to a peak Tas of ~90 °C, followed by a rapid Tas drop upon decreasing the applied
voltage. Thermochromic materials (TCM) were employed to provide a visual demonstration of the
Joule-heating behavior of GTAg30o/PNFs. Supplementary Fig. 25 illustrated a three-layer-stacked
architecture composed of the TCM, Anhui University logo tag (ALT), and GTAgzo/PNFs. After a
voltage of 6 V was applied, the heat generated by the sample was transferred to the TCM. Upon
heating, the TCM gradually turned from black to transparent, revealing the pattern of the school
emblem (Fig. 7k). Such visible information disappeared progressively after removing the applied
voltage. Meanwhile, thermal infrared images revealed that the average temperature inside the
dashed box on the TCM first increased and then decreased during the power-on and power-off

process within 90 s, further illuminating the rapid-response feature of the sample’s Joule-heating
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Fig. 7. GTAg«/PNFs films for broadband electromagnetic shielding and voltage-controlled
Joule heating. (a) Electronic conductivity of GAg,/PNFs and GTAg«/PNFs under different filler
loading. (b) EMI shielding performances of GAgso/PNFs and GTAg30/PNFs across the entire
frequency band. (¢) SEr, SEa, and SEt values and (d) Calculated EMI shielding coefficients (R,
A, and T) of GTAg/PNFs with different filler loading in the Ka-band. EMI shielding performance
of (e) the GTAgzo/PNFs during wireless watch-charging process and (f) the GTAg3o/PNFs before
and after being put into a Tesla coil system. (g) Proposed EMI shielding mechanism of
GTAg30/PNFs. (h) Time-dependent Tas curves of GTAg3o/PNFs at different applied voltages. (i)
Experimental data and linear fitting of Tas versus U? for GTAgso/PNFs. Insets show thermal
infrared images of GTAg3o/PNFs under varied applied voltages. (j) Change in Tas of GTAg30/PNFs
during voltage adjustment. (k) Visual Joule heating performances of sample constituted by TCM,

ALT, and GTAg30/PNFs at constant voltage of 6 V with varying energization durations.

Mechanical Properties and Lightweight Characteristics of GTAg30/PNFs

Mechanical performance constitutes another important parameter for thermal management
composites to achieve broad practical deployment. It can be observed from Fig. 8a that the
GTAg30/PNFs, with a dimension merely 15 mm % 7 mm, supported a maximum load of 1300 g.
Such outstanding load-bearing capacity arose from the intrinsic features of the PNFs and the
enhancement of interfacial interactions after TCNQ modification. It was particularly impressive
that the GTAgso/PNFs exhibited no damage even after being fabricated into vine-, snowflake- and
butterfly-shaped patterns via sophisticated paper-cutting processes, and upon undergoing torsion
and unidirectional folding-bending deformation (Fig. 8b and c). Even when folded into frog-,
swan-, and airplane-shaped configurations, the sample can recover its original shape without

sustaining damage (Fig. 8d and Supplementary Fig. 26). Composite with such mechanical
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tolerance can even be placed on a dandelion without bending its pappus, demonstrating its
lightweight feature (Fig. 8¢). Additional tensile and bending characterizations of the GTAg3o/PNFs
provided further validation for the remarkable mechanical robustness. Benefiting from
TCNQ-mediated interfacial modulation, GTAg30/PNFs delivered enhanced tensile strength
(136 MPa) and elongation at break (15.3 %) compared with GAgzo/PNFs, outperforming pristine
PNFs as well (Fig. 8f). As depicted in Fig. 8g, the corresponding Young’s modulus and toughness
also reached maximum values of 1.16 GPa and 11.4 MJ m~, respectively. The bending-resistance
property of the GTAgso/PNFs was investigated via 2000 consecutive cyclic bending tests on a
mechanical tester (Fig. 8 and Supplementary Fig. 27). Thanks to the structural advantages, the
GTAg30/PNFs was free of distinct cracks after cyclic bending, with its tensile strength and
elongation at break values retained at 114 MPa and 11.7 % (Fig. 8h). Heat flux regulation of the
composite imposes requirements on the temperature-dependent effectiveness of its mechanical
properties. From the results displayed in Fig. 81, the tensile strength underwent a gradual reduction
with elevated testing temperature and dropped to 68.2 MPa at 125 °C. Nevertheless, the value
remained above 90 MPa at 75 °C, the normal operating temperature of electronic devices, which

was sufficient to meet application requirements.
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Fig. 8. Mechanical robustness of GTAg3o/PNFs films under repeated bending and elevated
temperatures. (a) Photograph showing the GTAg30/PNFs subjected to a 1300 g loading weight.
(b) GTAg30/PNFs with different patterns via paper-cutting. (c) Torsion shapes and unidirectional
bending made from GTAg30/PNFs. (d) Photograph of the GTAgszo/PNFs folded into frog-shaped,
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(f) Tensile strength and elongation at break and (g) Toughness and Young’s modulus of PNFs,
GAg30/PNFs, and GTAg30/PNFs. Tensile strength and elongation at break of GTAg30/PNFs (h)
before and after 2000 cyclic bending tests and (1) across different measurement temperatures. (j)

Photographs of the GTAgzo/PNFs during 2000 consecutive bending-resistance cycles.
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In summary, a unique interfacial heat transport behavior was revealed via DFT and MD
simulations. The electron-transfer property of TCNQ gave rise to prominent EPC, reinforcing LFP
resonance across the Gra-Ag interface and yielding a remarkable enhancement in interfacial
thermal conduction. To cross-validate the simulation results, multifunctional thermally conductive
PNFs-based composites containing GTAgNW were fabricated via pressure-driven self-assembly.
Coupled with oriented GTAgNW alignment, the well-optimized interfacial architecture enabled
the GTAg30/PNFs to achieve an outstanding xi as high as 28.8 W m™ K!. Thermal management
practicability of the composites was demonstrated by evaluating its heat-dissipation performance
on working LED, smartphone, and desktop computer, together with its capacity to alleviate
heat-soaking damage for vehicle shell. Simultaneously, the combination of electrically conductive
composite fillers and the intrinsic polymeric features of PNFs endowed the GTAg30/PNFs with
prominent EMI shielding efficiency and favorable Joule-heating, as well as superior mechanical
resistance against stretching and bending deformation. Guiding the architecture construction of
composites with the assistance of computational simulations delivers fresh perspectives for the

rational design of multifunctional thermal-management composites.

Methods

Materials

Graphite foil (thickness: 100 pm) was purchased from Jiangsu Xianfeng Nano Materials
Technology Co., Ltd., China. Silver nitrate (AgNO3) was purchased from Sinopharm Chemical
Reagent Co., Ltd., China. Sodium chloride (NaCl) was obtained from Shanghai Macklin
Biochemical Co., Ltd., China. Ammonium sulfate ((NH4)2SO4), acetone (C3HgO), anhydrous
ethanol (EtOH), anhydrous acetonitrile (ACN), TCNQ, methanesulfonic acid (MSA),

trifluoroacetic acid (TFA), ethyl acetate (EA), isopropanol (IPA), ethylene glycol (EG), and
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polyvinylpyrrolidone (PVP) were purchased from Shanghai Aladdin Biochemical Technology
Co., Ltd., China. Poly(p-phenylene-2,6-benzobisoxazole) (PBO) fibers were purchased from
Toyobo Co., Ltd., Japan. Thermal grease (HT-GY260) was supplied by Shenzhen Huitianxin
Technology Co., Ltd., China. ¥ was 4.8 W m™ K'!. Commercial thermal pad (CTP, Tflex
HD90000) was obtained from Laird Technologies, USA. x was 7.5 W m™! K''. LED device (LY-
50%x24-10 W) was purchased from Shanghai Youyi Lighting Decoration Factory, China. Model

vehicle was purchased from Shantou Jianfengyuan Toys Co., Ltd.

Preparation of GTAgNW

Graphite foil (2cmx2cm) and platinum foil were employed as the anode and cathode with an
inter-electrode spacing kept at 2 cm, while aqueous (NH4)2SOs solution (0.1 mol L) acted as the
electrolyte. A constant voltage of 15 V was applied until the graphite foil was completely
exfoliated. The harvested product was washed 3 times with deionized water via vacuum filtration.
Subsequent freeze-drying treatment for 24 h afforded GNS.

10 mL of NaCl solution in EG (0.16 mg mL"!) was injected into 10 mL of EG solution of AgNO;
(51 mg mL™") at a flow rate of 1.25 mL min™!. 15 mL of PVP solution in EG (70 mg mL"") was
added to the above-mentioned mixture. After stirring for 20 min, the resulting sample was
transferred into a polytetrafluoroethylene (PTFE)-lined autoclave and reacted at 160 °C for 5 h.
The product was centrifugally washed sequentially with C3HsO, EtOH, and deionized water at
3000 rpm, followed by vacuum-drying at 60 °C to obtain AgNWs.

100 mL of anhydrous ACN dispersion of AgNWs (1 mg mL™!) was blended with 100 mL of TCNQ
anhydrous ACN solution (0.612 mg mL™), followed by stirring for 6 h at room temperature. The
solid collected after filtration was washed three times with anhydrous EtOH by vacuum filtration,

and then vacuum dried at 60 °C for 12 h to obtain TAgNW.
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25mL of anhydrous EtOH dispersion of TAgNW (1 mg mL™) was gradually introduced into
100 mL of GNS dispersion in anhydrous EtOH (1 mg mL™) under continuous stirring. The
resulting mixture was subjected to sonication for 10 min and stirred at room temperature for 6 h.
After washing with anhydrous EtOH and vacuum drying at 60 °C for 12h, GTAgNW was
obtained.

For comparison, GAgNW was prepared through the identical procedure by replacing TAgNW
with AgNWs.

GNS (100 mg) was dispersed in 100 mL anhydrous ACN solution of TCNQ (2.04 mg mL™) via
10-minute sonication, and the resulting suspension was stirred at room temperature for 6 h in the
dark. The harvested precipitate was washed with anhydrous ethanol, and GTGNS was collected

after drying under vacuum at 60 °C over 12 h.

Fabrication of GTAgx/PNFs

PBO fibers (1.0 g) were added into a mixed solvent of MSA (50 g) and TFA (50 g) and stirred at
room temperature for 72 h to obtain a PBO nanofiber sol with a concentration of approximately
1 wt %. 35 g of the above-prepared sol was diluted by adding MSA (32.5 g) and TFA (32.5 g).
Under continuous stirring at 950 rpm, a mixed solution of MSA (76.6 g), EA (76.6 g), and
deionized water (3.0 g) was slowly added dropwise, and the mixture was stirred for 5 min
afterwards. The as-obtained gel was subjected to solvent exchange with IPA for 12 h, followed by
high-speed shear dispersion at 15000 rpm for 15 min and probe sonication at 100 W for 1 h,
producing a 1 mg mL™!' PNFs dispersion in IPA.

A certain amount of GTAgNW was incorporated into the as-prepared PNFs/IPA dispersion
(1 mg mL") to achieve different filler concentrations of 5, 10, 15, 20, 25, 30, and 35 wt%. The

resulting dispersion was subjected to 30 min of sonication followed by 24 h stirring at room
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temperature. Subsequent vacuum filtration using a PTFE filter film (diameter: 0.22 um), washing
with 300 mL deionized water and hot-pressing treatment at 60 °C under 10 MPa for 2 h yielded
GTAg«/PNFs (x represented the mass fraction occupied by the filler during sample preparation).
Following the identical fabrication procedure described above, the filler was replaced with
GAgNW and GTGNS to prepare the control samples denoted as GAgx/PNFs and GTGx/PNFs (x
stands for the mass fraction of filler added into the composite system), respectively.

All relevant details about structural characterization, performance measurements, and

simulations are provided in the supporting information.
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Figure Legends

Fig. 1. TCNQ-mediated interfacial electronic reconstruction for enhanced electron—phonon
coupling. Charge density difference of (a) GAg, (¢) GTG, and (h) GTAg. Band structures near the
Fermi energy for (b) GTG, (c) GAg, and (d) GTAg. (f) Bader charge of GTAg, GAg, and GTG,
Inset: ELF at the interface of GTAg, GAg, and GTG. (g) Band-center energy values of graphene
C p and Ag d orbitals in GTAg, GAg, and GTG. (i) a*F(w) of GTAg, GAg, and GTG as a function
of frequency, Inset: a’F(w) of GTAg, GAg, and GTG below 3 THz, At of GTAg, GAg, and GTG.
(j) Ratio of ALr to AT (ALr/AT) in GTAg, GAg, and GTG below 3 THz.

Fig. 2. Low-frequency phonon-mediated heat transport across TCNQ-modified graphene—
silver interfaces. (a) Frequency-dependent PhDOS for GTAg, GAg, and GTG. (b) Fraction of the
PhDOS < 3 THz. (c) Contributions of Gra, Ag, and TCNQ to the PhDOS < 3 THz. (d) PPR of
GTAg, GAg, and GTG at different frequencies. (e) Fraction of delocalized modes (PPR > 0.1)
among all phonon modes < 3 THz. (f) Component-resolved contributions to low-frequency
delocalized modes. MD-simulated model of (g) GTAg and (h) GAg. (i) Steady-state temperature
profiles, (j) Accumulated thermal energy as a function of time, and (k) ITC for GTAg, GAg, and
GTG.

Fig. 3. Schematic illustration of the procedure for fabricating GTAgx/PNFs.

Fig. 4. Characterization of the thermal conductive fillers and composites films. TEM image
of (a) TAgNW and (¢c) GTAgNW. Inset: HRTEM image of TAgNW. (b) In-situ Raman spectra of
TAgNW. (d) XRD patterns of GNS, AgNWs, TAgNW, and GTAgNW. (e) High resolution XPS

spectra of N 1s for TAgNW and TCNQ. (f) High resolution XPS spectra of Ag 3d for GTAgNW
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and GAgNW. (g) Fluorescence spectroscopy of GTAgNW, GAgNW, and TAgNW. (h) Raman
spectra of GTAgNW, GAgNW, and GNS. (i) Raman spectra collected for GNS, GAgNW, and
GTAgNW with different excitation wavelengths. (j) The frequencies of D and G’ bands as
functions of laser energies (1.58, 2.33 and 3.82 eV correspond to 785, 532, and 325 nm,
respectively) for GTAgNW and GAgNW. (k) Cross-sectional SEM images of GTAgzo/PNFs. (1)
I1 and fi, values of GTAgso/PNFs. Inset: 2D WAXS patterns for GTAg3o/PNFs. (m) XRD patterns
of GTAg30/PNFs, AgNWs, and GNS.

Fig. 5. Thermal transport properties of PNFs-based composites and interfacial heat
transport behavior. (a) x| of GTGx/PNFs, GAgx/PNFs, and GTAg«/PNFs with different filler
loading. (b) Comparison of x values between this work and previously reported polymer
composites filled with three types of metal-containing composite fillers (Type I: Ag, Type II: Cu,
and Type III: Au). (c) xy measured for the GTAg30/PNFs at different temperatures. (d) x of
GTG30/PNFs, GAg3o/PNFs, and GTAg30/PNFs subjected to ten thermal cycles between room
temperature and 80°C. (e) R. of PNFs, GTG30/PNFs, GAg3o/PNFs, and GTAg30/PNFs. (f)
Schematic illustration of interfacial heat transport behavior and thermal conduction mechanism
for GTAgNW in composite filler.

Fig. 6. GTAg«/PNFs films for heat dissipation in operating electronics and solar-exposed
model vehicles. (a) Thermal infrared images of LED integrated with PNFs, CTP, GAgso/PNFs,
and GTAg30/PNFs and heat sink before and after power-on, respectively and (b) Corresponding
Ts.Lep changes over time. (c) Thermal infrared images of the smartphone batteries in the bare state,
coated with CTP, PNFs, and GTAg30/PNFs. (d) Comparative thermal infrared images of the
motherboard heat dissipation using PNFs, CTP, GAg3o/PNFs, and GTAg30/PNFs and (e) Tc-cpu

evolution measured via software testing at different time points. (f) Top-view photograph of model
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vehicles with aluminum alloy- and carbon fiber-based hoods and roofs. Two sample-free regions
and the corresponding sample-covered regions were defined on each vehicle. (g) The hood- and
roof-derived temperature differences of Car 1 and Car 2. Inset: Side-view of model vehicles with
aluminum alloy- and carbon fiber-based hoods and roofs and thermal infrared image. (h) The
evolution of 7¢.; of the delineated region on the Li-ion battery as a function of operating duration.
Data acquisition was performed by recording the average temperature within the white dashed
box.

Fig. 7. GTAg«/PNFs films for broadband electromagnetic shielding and voltage-controlled
Joule heating. (a) Electronic conductivity of GAgx/PNFs and GTAgx/PNFs under different filler
loading. (b) EMI shielding performances of GAgs3o/PNFs and GTAg30o/PNFs across the entire
frequency band. (c) SEr, SEa, and SEt values and (d) Calculated EMI shielding coefficients (R,
A, and T) of GTAgx/PNFs with different filler loading in the Ka-band. EMI shielding performance
of (e) the GTAg30/PNFs during wireless watch-charging process and (f) the GTAgzo/PNFs before
and after being put into a Tesla coil system. (g) Proposed EMI shielding mechanism of
GTAg30/PNFs. (h) Time-dependent T35 curves of GTAg3o/PNFs at different applied voltages. (i)
Experimental data and linear fitting of T, versus U? for GTAgso/PNFs. Insets show thermal
infrared images of GTAg30o/PNFs under varied applied voltages. (j) Change in 7.5 of GTAg30o/PNFs
during voltage adjustment. (k) Visual Joule heating performances of sample constituted by TCM,
ALT, and GTAg30/PNFs at constant voltage of 6 V with varying energization durations.

Fig. 8. Mechanical robustness of GTAg30/PNFs films under repeated bending and elevated
temperatures. (a) Photograph showing the GTAg30/PNFs subjected to a 1300 g loading weight.
(b) GTAg30/PNFs with different patterns via paper-cutting. (c) Torsion shapes and unidirectional

bending made from GTAg30/PNFs. (d) Photograph of the GTAgszo/PNFs folded into frog-shaped,
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swan-shape, and airplane-shaped configurations. (e) Digital image of GTAg3o/PNFs on dandelion.
(f) Tensile strength and elongation at break and (g) Toughness and Young’s modulus of PNFs,
GAg30/PNFs, and GTAg30/PNFs. Tensile strength and elongation at break of GTAg3o/PNFs (h)
before and after 2000 cyclic bending tests and (i) across different measurement temperatures. (j)

Photographs of the GTAg3o/PNFs during 2000 consecutive bending-resistance cycles.
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