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Electron tunneling of hierarchically structured silver
nanosatellite particles for highly conductive
healable nanocomposites
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Healable conductive materials have received considerable attention. However, their practical
applications are impeded by low electrical conductivity and irreversible degradation after
breaking/healing cycles. Here we report a highly conductive completely reversible electron
tunneling-assisted percolation network of silver nanosatellite particles for putty-like moldable
and healable nanocomposites. The densely and uniformly distributed silver nanosatellite
particles with a bimodal size distribution are generated by the radical and reactive oxygen
species-mediated vigorous etching and reduction reaction of silver flakes using tetra-
hydrofuran peroxide in a silicone rubber matrix. The close work function match between
silicone and silver enables electron tunneling between nanosatellite particles, increasing
electrical conductivity by ~5 orders of magnitude (1.02x103 Scm~") without coalescence of
fillers. This results in ~100% electrical healing efficiency after 1000 breaking/healing cycles
and stability under water immersion and 6-month exposure to ambient air. The highly
conductive moldable nanocomposite may find applications in improvising and healing
electrical parts.
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ealable and deformable conductive materials have

received considerable attention for future electronics such

as artificial human skin, internet of things, and bioelec-
tronics!=>. The healable materials are essential components in
robust electronics owing to recoverability after mechanical/elec-
trical damages autonomously or in response to external stimuli*7.
A variety of mechanisms, such as metal-coordinated, covalent,
and hydrogen bonds, have been investigated to synthesize heal-
able polymer matrix8-11. In order to impart electrical con-
ductivity (o), various conductive fillers and conducting polymers
were incorporated into the healable polymer matrix6-8-10,12-22,

The healable conductive nanocomposites can be classified into
two types depending on the moldability at room temperature;
rigid/flexible/stretchable®8-10:12-15 or moldable viscoelastic nano-
composites®16-22. The rigid/flexible/stretchable nanocomposites
with crosslinking exhibited greater elastic behavior with little
moldability®8-10:12-15 " They provided relatively higher o as
shown in Supplementary Table 1. A recent study reported a high
o (850 Scm~!) with graphene (25wt%)10. The nanocomposite
was rigid at room temperature!®. However, it became bendable
and deformable at high temperatures. The excellent healing was
achieved by the abundant Zn(II)-carboxylate interactions after
heat treatment!®. In contrast, the moldable nanocomposites
showed more viscous behavior and changed shape permanently
upon molding, similar to silly putty or playdough®16-22. The
elastic property of moldable nanocomposites in literature was
typically low to retain their shape after demolding!®-18:20.22 The
moldable nanocomposites provided smaller ¢ than the rigid/
flexible/stretchable nanocomposites in literature (Supplementary
Table 2). Note that only the healable conductive nanocomposites
in literature were listed in Supplementary Tables 1 and 2.
Commercially-available conducting playdoughs rely on ionic
conduction of electrolytes and possess very low ¢ (<0.1 Scm™],
Supplementary Table 3). Moreover, they show irreversible elec-
trical and mechanical degradation upon drying or heating, lim-
iting practical applications (Supplementary Fig. 1). The
incorporation of conductive nanofillers (<2 Scm™!) or conduct-
ing polymers (<78 Scm™!) still could not provide high con-
ductivity of moldable nanocomposites in previous reports
(Supplementary Table 2)616-22,

About the conducting mechanism, a percolation network with
dynamic alignment and physical coalescence of fillers has been
suggested as an efficient strategy for typical non-healable
nanocomposites»?3-26. A high o was achieved by the coales-
cence of fillers after thermal, optical, or chemical curing?3-26.
However, the coalesced particles were fractured under mechanical
deformation or stretching, resulting in an irreversible decrease in
02326, In contrast, non-coalesced percolation networks based
on physical contact or electron tunneling of randomly mixed
metal/nanocarbon fillers have been investigated for healable
nanocomposites®8-10:13-22 " However, there was an irreversible
degradation in o or mechanical property after the healing
process8-1013-15" The fillers had to be transported to the
damaged area, reoriented, and recontacted, without solid coales-
cence of fillers, decreasing electrical healing efficiency. The elec-
tron tunneling mechanism was also suggested®2!, but it was
challenging to uniformly disperse nanocarbon fillers within the
tunneling distance.

Here we report a highly conductive completely reversible
electron tunneling-assisted percolation network of silver nano-
satellite (AgNS) particles for putty-like healable and moldable
nanocomposites. The hierarchically structured AgNS particles
were generated by the unique radical and reactive oxygen species-
mediated vigorous etching and reduction reaction of silver flakes
(AgFLs) using tetrahydrofuran (THF) peroxide in a healable
silicone rubber (SR) matrix. The AgNS network dramatically

increased o by ~5 orders of magnitude, achieving an unusually
high ¢ (1.02x103Scm™1) in putty-like nanocomposites with
excellent moldability. The AgNS particles were uniformly and
densely distributed with an interparticle distance of 3.1 nm, and
the close work function match between Ag and SR enabled
electron tunneling. This led to a completely reversible recon-
struction of the percolation network, achieving ~100% electrical
healing efficiency after 1000 breaking/healing cycles. Moreover,
the o was stable even after 1000 water immersion cycles and 6-
month exposure to ambient air. An emergency electronics repair
demonstration was also carried out by a robot.

Results

Synthesis of silver nanosatellite particles. Figure 1 describes
synthesis of the AgNS particles by vigorous in-situ etching and
reduction reaction of AgFLs (see Methods for details). Firstly,
THF was peroxidized by atmospheric oxygen to form THF per-
oxide (Fig. 1a)?’. In contrast, the peroxidation could be inhibited
by a butylated hydroxytoluene (BHT) inhibitor?8. Hereafter, the
THF containing BHT and peroxidized THF without the inhibitor
were referred to as THF and THF peroxide, respectively, unless
otherwise specified. The acronyms used in this study are sum-
marized in Supplementary Table 4. The THF peroxidation was
confirmed by proton nuclear magnetic resonance (!H NMR)
analysis (Fig. 1b). A distinct peak was observed at § = 5.18 ppm
for THF peroxide due to oxidation at the a-carbon?®. However,
there was no such peak for THF verifying the absence of per-
oxidation. The concentration of THF peroxide was 0.068 M
(Supplementary Fig. 2 and Supplementary Note 1).

Figure 1c shows the schematic of the AgNS-AgFL-SR
nanocomposite. SR was previously employed for putty-like
healable nanocomposites due to the hydrogen bonding of cross-
linked polydimethylsiloxane chains!®30. The vigorous in-situ
etching and reduction reaction of microscale AgFLs (~4.3 um) by
THF peroxide in the SR matrix generated hierarchically
structured (medium-size and small-size) AgNS particles. The
radical and reactive oxygen species-mediated etching and
reduction reaction of Ag was proposed as a mechanism, similar
to the Ag-hydrogen peroxide (H,0,) reaction?1-33. As shown in
the reaction schematic of Fig. 1c, THF peroxide etches AgFLs
resulting in Ag*t, THF peroxide radical, and hydroxide anion3!.
The highly reactive THF peroxide radical then forms 2-hydroxy
tetrahydrofuran and C,H,O-OO" radical. In the next step, the
reaction between C,4H,0-OO° radical and hydroxide anion
generates 2-hydroxy tetrahydrofuran and superoxide anion
(0,°7)31:32, Finally, O,*~ reduces Ag™ yielding AgNS particles®3.
Supplementary Fig. 3a and b show optical and scanning electron
microscopy (SEM) images of AgFLs treated by THF (THEF-
AgFLs). AgNS particles were not generated by THF. In contrast,
AgNS particles were clearly observed when AgFLs were treated by
THF peroxide (AgNS-AgFLs, Supplementary Fig. 3c). AgNS
particles were not generated either when the THF peroxide-Ag
reaction was carried out with a radical scavenger ((2,2,6,6-
Tetramethylpiperidin-1-yl)oxyl), supporting the radical-mediated
reaction mechanism (Supplementary Fig. 4). This in-situ etching
and reduction reaction was not previously noticed and investi-
gated although AgFLs or graphene were treated by THF in
literature®34. Interestingly, there was no oxidation in AgNS-
AgFLs (Supplementary Fig. 5). This prevented any decrease in ¢
of nanocomposites as will be discussed later. The generation of
AgNS particles changed color of the AgNS-AgFL-SR nanocom-
posite into dark brown whereas the AgFL-SR nanocomposite
(AgFLs treated by THF in SR) was light gray (Fig. 1c inset). The
nanocomposite synthesis process, without involving thermal
curing, is provided in Supplementary Fig. 6.
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Fig. 1 Synthesis of hierarchically structured AgNS particles. a Oxygen peroxidizes THF into THF peroxide. b TH NMR spectra of THF and THF peroxide.
¢ Schematic and chemical mechanism of the radical and reactive oxygen species-mediated vigorous etching and reduction reaction of AgFLs into AgNS
particles in a SR matrix. Optical images of the pure SR, AgFL-SR (Ag =44 vol%), and AgNS-AgFL-SR (Ag = 44 vol%, THF peroxide =15 mL)

nanocomposites are also shown. d FTIR spectra of the pure AgFlLs, THF-AgFLs, AgNS-AgFLs, and AgNS-AgFL-SR (Ag = 44 vol%, THF peroxide =15 mL)

nanocomposite.

Figure 1d compares the Fourier transform infrared (FTIR)
spectra of the pure AgFLs, THF-AgFLs, AgNS-AgFLs, and AgNS-
AgFL-SR nanocomposite. The CH and C-O peaks related with
THF were observed for the THF-AgFLs. An additional strong
0-C=0 peak (1569 cm~!), corresponding to conjugated y-
butyrolactone, was observed for the AgNS-AgFLs. The 2-hydroxy
tetrahydrofuran, formed in the reaction medium, generated
conjugated y-butyrolactone as a byproduct upon further
oxidation3>3¢, Additional peaks related with SR (Si(CHs),
stretching, Si-O-Si stretching, Si-CHj; stretching, and CH
bending) were observed for the AgNS-AgFL-SR nanocompo-
site3”. Note that there was no chemical reaction between THF
peroxide and SR itself (Supplementary Fig. 7).

The peroxidation process was further investigated by the NMR
analysis. The 'H NMR analysis with dimethyl sulfone as an
internal standard indicated that the concentration of THF
peroxide was 0.061 M (Supplementary Fig. 8a and Supplementary
Note 2). This was close to the iodometric titration result
(Supplementary Fig. 2, 0.068 M). The '3C NMR analysis also
confirmed the existence of peroxidation. The THF with BHT
inhibitor exhibited two peaks (Supplementary Fig. 8b). In
contrast, the oxidation at the a-carbon atom of THF exhibited
four distinct peaks of THF peroxide (Supplementary Fig. 8c). The
TH NMR analysis was also carried out after the reaction of THF
peroxide with AgFLs (AgNS-AgFL, Supplementary Fig. 8d). The
residual THF peroxide peak was negligible after the AgNS particle
generating reaction.

Characterization of silver nanosatellite particles. There was no
AgNS particle generation in the AgFL-SR nanocomposite syn-
thesized using the THF with BHT inhibitor (Fig. 2a). The SEM
image of pristine AgFLs is also shown in Fig. 2a. The smooth
edges of AgFLs were clearly observed. In contrast, AgNS particles
were generated when AgFLs were treated by THF peroxide in SR
matrix at room temperature, due to the radical and reactive
oxygen species-mediated vigorous etching and reduction process
(as discussed in Fig. 1c). The unique hierarchically structured
AgNS particles with a bimodal size distribution were categorized
as the medium and small AgNS particles. Figure 2b (left and
middle) show the in-situ generated medium AgNS particles

between microscale AgFLs. The average particle size of the
medium AgNS particles was 164 nm (Fig. 2¢). Figure 2b (right)
shows rough edges and dimples of the AgFL where medium
AgNS particles were etched from. The severely etched AgFL
surface could also be observed when the THF peroxide amount
was increased to 45 mL (Supplementary Fig. 9). The area fraction
of medium AgNS particles was 10.5% (Supplementary Fig. 10).
Figure 2d, e show transmission electron microscopy (TEM)
images of densely and uniformly distributed small AgNS parti-
cles. The average size of small AgNS particles was 3.7 nm with an
interparticle distance of 3.1 nm (Fig. 2c). There was no small
AgNS particle generation when AgFLs were treated using the
THF with BHT inhibitor (Supplementary Fig. 11).

The in-situ formation of AgNPs from AgFLs was also
previously reported>!12. Ag ions were diffused from the Ag,O
layer of AgFLs embedded in the fluorine rubber matrix and
reduced into AgNPs (average size: 8.1nm) by the fluorine
surfactant and thermal curing process (80 and 120 °C, 1 hr each)?.
The diffusion continued with time, increasing the size of AgNPs
and forming nanorods?. The possibility of exfoliation of AgNPs
from AgFLs was excluded®. Another work also reported the in-
situ formation of AgNPs by diffusion of Ag ions from AgFLs!2.
The diffused ions were reduced into AgNPs by the carbonyl
groups of self-healing polymer matrix!2. In contrast, we do not
rely on the diffusion mechanism to synthesize the medium and
small AgNS particles. The reduction was achieved without the aid
of surfactant/polymer and thermal curing process to generate
AgNS particles (Supplementary Fig. 3c). Both the medium and
small AgNS particles were synthesized by the unique radical and
reactive oxygen species-mediated vigorous etching and reduction
reaction with THF peroxide (Fig. 1¢c). THF peroxide with radical
scavenger or THF with BHT inhibitor could not generate AgNS
particles (Supplementary Figs. 4 and 11). There was no change in
electrical conductivity of the AgNS-AgFL-SR nanocomposites
after 6-month storage in an ambient air environment, excluding
the diffusion mechanism (as will be discussed in Supplementary
Fig. 23a). The unique AgNS particles with bimodal (medium and
small) size distribution enabled nearly perfect healing efficiency
(~100%) as will be discussed later. The stretching cycle durability
and/or healing efficiency were limited in previous reports,
without additional encapsulation layer, increasing resistance with
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Fig. 2 Characterization of medium and small AgNS particles. a, b SEM images of the AgFL-SR (Ag =44 vol%, THF =15 mL) and AgNS-AgFL-SR (Ag =
44 vol%, THF peroxide =15 mL) nanocomposites without heating. ¢ Size distribution of small and medium AgNS particles. The sum of each frequency is
100%. d, e TEM images of small AgNS particles (THF peroxide-treated AgFLs). The polymer was excluded to get clear images. f Work function distribution

of pure SR and AgFLs.

repeated cycles>!2, This work was also different from our
previous report where the solvated Ag ions were directly mixed
with the polymer solution3®. There was no Ag ion diffusion or
etching process3. The solvated Ag ions were then thermally
reduced into AgNPs38,

The electron tunneling has been previously suggested as a
transport mechanism between nanoparticles in nano-
composites>2!. The electron tunneling depends on the height
(V) and width (d) of potential barrier, which is described by the
Simmons approximation3’.

I o< exp A (1)

—2dv2m” V)
where I is the electron tunneling current, m* is the effective mass
of electron, and 4 is the Planck’s constant®. The V is determined
from the work function difference between AgFLs and SR matrix.
Figure 2f shows the work function distributions of SR and AgFLs
measured by Kelvin probe force microscopy (KPFM). The mean
work function of AgFLs (4.71eV) was consistent with the
previous report measured by ultraviolet photoelectron spectro-
scopy?’. The close work function match between Ag and SR
lowered the barrier height and enabled electron tunneling
between small AgNS particles with an interparticle distance of
3.1 nm.

Electrical transport property of the nanocomposites. The
electrical transport property of the AgNS-AgFL-SR nanocompo-
site is shown in Fig. 3. The o was measured using a square prism-
shaped specimen (Supplementary Fig. 12). Figure 3a shows the o
of the AgNS-AgFL-SR nanocomposite (Ag=44vol%) as a
function of THF peroxide amount in the initial mixture. The o of
the AgFL-SR specimen, synthesized without THF peroxide, was
only 8.64x 1073 S cm~!. Surprisingly, the in-situ etching and
reduction reaction of AgFLs by the optimum THF peroxide

amount (15 mL) increased o by ~5 orders of magnitude, achieving
2.06 x 102 S cm™ L. This was striking because a highly conductive
electrical percolation network was constructed only by electron
tunneling of AgNS particles, bridging AgFL islands, without
curing-induced physical coalescence of fillers. The carrier mobi-
lity and concentration of the optimum AgNS-AgFL-SR specimen,
measured by the van der Pauw method, were 1.59 cm? V—1 s~1
and 1.69 x 102! cm—3, respectively. The reproducibility of the
AgNS-AgFL-SR nanocomposite was good over multiple batches
(Supplementary Fig. 13). The o decreased beyond the optimum
THF peroxide amount due to the excessive etching of AgFLs. The
dimples and defects on the severely-etched AgFLs acted as elec-
tron scattering sites (Supplementary Fig. 9). The density (p) of the
AgNS-AgFL-SR nanocomposite was also maximum at the opti-
mum THF peroxide amount (Supplementary Fig. 14).

Figure 3b shows the o of the AgNS-AgFL-SR nanocomposite as
a function of the Ag filler fraction (THF peroxide = 15 mL). Note
that the in-situ etching and reduction reaction of AgFLs and
generation of AgNS particles did not change the total Ag fraction.
Surprisingly, there was no enhancement in ¢ of the AgFL-SR
nanocomposite, synthesized with THF, even when the Ag fraction
increased up to 47 vol% (9.07 x 103 S cm~!). The o could be
increased to 1.35x 1071 S cm~! (AgFL = 47 vol%) only after an
additional thermal curing process (200 °C, 1 h). In contrast, the o
of the AgNS-AgFL-SR nanocomposite increased dramatically,
even without the thermal curing process, when the Ag fraction
was greater than 36 vol%. The electron tunneling-assisted AgNS
percolation network showed a good agreement with the 3D
percolation theory.

o =0o(Ve = Vo) (2)
where 0; is the electrical conductivity of Ag, V¢ is the filler volume
fraction, V_ is the experimentally obtained percolation threshold
(0.36), and s is the fitting exponent?3. The maximum o of the
AgNS-AgFL-SR nanocomposite was 1.02 x 103Scm~! (Ag =47
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Fig. 3 Electrical transport property of the AgNS-AgFL-SR nanocomposite. a The electrical conductivity of the AgNS-AgFL-SR nanocomposite as a
function of THF peroxide amount in the initial mixture. The error bars represent the standard deviation of the data. The Ag filler fraction was fixed at 44 vol
%. Optical images of the nanocomposites are provided in the inset. b, ¢ The electrical conductivity and density of the AgNS-AgFL-SR nanocomposites are
compared with those of control specimens as a function of the total Ag filler fraction. The density was measured by the Archimedes method. The amount
of THF and THF peroxide was fixed at 15 mL. The electrical conductivity of the graphite-incorporated healable viscoelastic nanocomposite is also
compared!”. The error bars represent the standard deviation of the data. d The normalized resistance of the AgNS-AgFL-SR (Ag = 44 vol%, THF peroxide
=15 mL) nanocomposite as a function of compressive strain. The error bars represent the standard deviation of the data. The resistance was measured in
steady state after relaxation at each strain. The inset image shows the measurement setup. e, f The mechanical stress and electrical resistance relaxation of
the AgNS-AgFL-SR (Ag = 44 vol%, THF peroxide =15 mL) nanocomposite after compressive step strain (strain rate =1% s—).

vol%). The mechanical healability and moldability started to
degrade at excessive Ag filler fractions, and the optimized Ag
concentration was selected as 44vol%. The AgNS-AgFL-SR
nanocomposite synthesized at the optimized condition (Ag=
44vol%, THF peroxide = 15mL) was primarily investigated in
Figs. 3-7, unless otherwise specified.

As a control, a H,O,-AgFL-SR nanocomposite (Ag = 44 vol%)
was synthesized by mixing H,O,-treated AgFLs with SR. The
concentration of H,O, was the same as that of the THF peroxide
(0.068 M). There was only a slight increase in ¢ (9.13 x 1073 S cm™1)
compared with the AgFL-SR nanocomposite. The cyclic voltam-
metry analysis of AgFLs was carried out using the THF peroxide
or H,0, electrolyte (Supplementary Fig. 15). The oxidation peak
was observed at a higher bias potential for the H,0,. This
demonstrated that AgFLs were more resistant to oxidation in the
H,0, environment, generating a smaller number of AgNS
particles. The H,0O, etching generated only a small number of
AgNPs (<20nm) even at a higher concentration (0.68M,
Supplementary Fig. 16). This demonstrated the efficient reaction
of THF peroxide, generating densely and uniformly distributed
AgNS particles. As another control, commercial AgNPs (~293
nm, 10.5 vol%) were mixed with AgFLs (33.5vol%) in SR matrix
using the THF with inhibitor instead of THF peroxide
(AgNP-AgFL-SR nanocomposite). The size and concen-
tration of AgNPs were similar to those of medium AgNS
particles (Supplementary Fig. 17a). The o of the AgNP-AgFL-SR

nanocomposite (8.29x 1073 S cm~!) was significantly smaller
than that of the AgNS-AgFL-SR nanocomposite (2.06 x 102S
cm™!). The commercial AgNPs with a smaller diameter (~30 nm,
10.5 vol%) were also investigated (Supplementary Fig. 17b). The ¢
of the AgNP-AgFL-SR nanocomposite (7.83x 1073 S cm™l,
AgNP = ~30 nm) was similar to that of the nanocomposite with
bigger AgNPs (8.29x1073 S cm~!, AgNP=~293nm). The
commercial AgNPs could not mimic the in-situ generated AgNS
particles which had both medium (~164 nm) and small (~3.7 nm)
sizes. This demonstrated the unique role of the in-situ AgNS
particles synthesized by THF peroxide, which could not be
achieved by other methods.

The o of the AgNS-AgFL-SR nanocomposite was also
compared with those of putty-like or playdough-like healable
and moldable nanocomposites in literature (Fig. 3b). The
literature data, where the filler volume fraction or ¢ information
is not available, are summarized in Supplementary Table 2. The
maximum o of the moldable conductive filler-polymer matrix
nanocomposites was only 1.98Scm~!17. One moldable nano-
composite made of conducting polymer provided 78 Scm™!0,
However, the concept of filler fraction was not applicable to the
conducting polymer since the conduction mechanism was
completely different. The maximum o of the AgNS-AgFL-SR
nanocomposite (1.02 x 103Scm~!) was about 3 orders of
magnitude greater than that of the moldable conductive filler-
polymer matrix nanocomposites in literature!”. As shown in
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Fig. 4 Healable electrical transport of the AgNS-AgFL-SR nanocomposite. a, b Optical and SEM images of the AgNS-AgFL-SR (Ag = 44 vol%, THF
peroxide =15 mL) nanocomposite after breaking and healing. Schematics of the healable AgNS network are also provided. ¢ The resistance change of the
AgNS-AgFL-SR nanocomposite during a breaking/healing cycle. An optical image at each step is also provided. d The normalized electrical conductivity of
the AgNS-AgFL-SR nanocomposite is shown as a function of the breaking/healing cycles. The error bars represent the standard deviation of the data.

Fig. 3¢, the p of AgNS-AgFL-SR nanocomposite was close to the
theoretical value calculated by the rule of mixture*!. The densely
and uniformly distributed fillers were embedded in the polymer
matrix without air voids. The other control specimens showed a
lower p probably due to the air voids which scattered electrons
and decreased o.

As shown in Fig. 3d, the electrical resistance (R) of the AgNS-
AgFL-SR nanocomposite decreased monotonically with compres-
sion primarily due to the geometry change. The steady state R was
recorded after initial relaxation period at each strain. The
dynamic stress relaxation behavior upon compressive step strain
was also investigated (Fig. 3e). The stress rapidly increased upon
step strain followed by a slow (40-50 s) relaxation behavior. The
large stress relaxation was consistent with the characteristics of
viscous moldable materials®. There was also a rapid decrease in R
upon step strain followed by a slow relaxation (Fig. 3f). The
electrical relaxation duration (40-50s) was similar to the stress
relaxation duration. This indicated that small AgNS particles
immediately rearranged and reconstructed tunneling-assisted
percolation network, during the stress relaxation period, stabiliz-
ing electrical transport property. Note that randomly mixed
graphene fillers in a viscoelastic polymer matrix exhibited a much
slower electrical relaxation than stress relaxation possibly due to
the diffusion, reorientation, and recontact of fillers!8.

Healable electrical transport and healing mechanism. Figure 4
shows the mechanical and electrical healing process of the AgNS-
AgFL-SR nanocomposite. Healibility typically stems from the
dynamic chemical bonds of polymers!1-39, The healibility of SR is
attributed to the hydrogen bonding as it contains both hydrogen
bond donor (oxygen atom in dimethylsiloxane network) and
acceptor (hydrogen atom)3°. The bifurcated AgNS-AgFL-SR
nanocomposites were immediately healed by a gentle finger
touch for ~2 s (Fig. 4a and b). The applied pressure was 194 kPa
(Supplementary Fig. 18). Figure 4c shows the change in R of the
AgNS-AgFL-SR nanocomposite during a breaking/healing cycle.
The R increased to infinity after bifurcation of the specimen.
Surprisingly, it immediately recovered to its initial value (~0.1 Q)
upon gentle touch of the bifurcated specimens. The AgNS par-
ticles were already densely and uniformly distributed in the SR
matrix within the electron tunneling distance. These particles
immediately reconstructed the percolation network upon touch
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(Fig. 4b schematic), without the need for diffusion, re-orientation,
and recontact of fillers. The o of the AgNS-AgFL-SR nano-
composite was completely recovered (electrical healing efficiency,
0/0y = ~100%) even after 1000 breaking/healing cycles (Fig. 4d).
The specimen was reshaped into a square prism after the
breaking/healing cycles for the precise o measurement by
the four-point probe in-line method (Supplementary Fig. 12). The
previously reported healable nanocomposites could not provide
perfect electrical healing efficiency (Supplementary Tables 1 and
2). This demonstrated the excellence of the AgNS particles for the
repeatable electrical percolation network construction for healable
nanocomposites.

The compressive modulus (E) of the AgNS-AgFL-SR nano-
composite was almost invariant during 20 breaking/healing
cycles, indicating reversible mechanical property (Supplementary
Fig. 19). The specimen was compressed, manually bifurcated,
healed, and reshaped for each stress-strain experiment. The
tensile stress-strain characteristics were also investigated during
20 breaking/healing cycles (Supplementary Fig. 20). The
dumbbell-shaped AgNS-AgFL-SR (Ag =47 vol%, THF peroxide
=15mL) specimen was clamped, stretched, bifurcated, healed,
and reshaped for each tensile stress-strain experiment. Almost
completely reversible mechanical properties were observed,
realizing ~100% healing efficiency in tensile modulus, although
there was somewhat fluctuation. The fluctuation in the data could
be due to the slightly different shape of the dumbbell-shaped test
specimen for each tensile test, because it was manually formed
using a polylactic acid mold. There was no degradation in
mechanical properties after the repeated tensile tests.

The electrical transport property of the AgNS-AgFL-SR
nanocomposite was also investigated after thermal curing (200 °
C, 1h) in order to further elucidate the nature of the AgNS
percolation network (Fig. 5a). Differential scanning calorimetry
(DSC) analysis was employed to investigate coalescence behavior
of the AgNS particles at high temperatures (Fig. 5b and c). There
was an exothermic peak at 159 °C for the AgNS-AgFL particles,
indicating coalescence of Ag particles (Fig. 5b)*142, However, the
exothermic peak disappeared when the AgNS particles were
embedded in the SR matrix (Fig. 5¢). The AgNS particles were
uniformly encapsulated by SR, preventing coalescence up to
300 °C. The coalescence of AgNS particles could not be observed
from SEM images even after the heating process (200 °C, 1 h) as
shown in Fig. 5d. Resultantly, there was no increase in o of the
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Fig. 5 Electrical network healing mechanism of the AgNS-AgFL-SR nanocomposite. a Schematic of the healing mechanism. Tunneling-assisted, non-

coalesced, hierarchically structured AgNS particle network between AgFLs is

shown above. Conventional electrical network construction by metal

nanoparticle coalescence is shown below. b DSC analysis of AgNS-AgFLs and AgNFs without the SR matrix. ¢ DSC analysis of AgNS-AgFL-SR (Ag = 44 vol
%, THF peroxide =15 mL) and AgNF-SR (AgNF = 20 vol%) nanocomposites. d SEM images of two different regions of the AgNS-AgFL-SR nanocomposite
after the heating process (200 °C, 1h). e, f SEM images of the uncured pristine AgNF powders and cured AgNF-SR nanocomposite (200 °C, Th, AgNF =
20vol%). A magnified SEM image of a pristine AgNF is provided in the inset. g The electrical conductivity of the AgNS-AgFL-SR and AgNF-SR

nanocomposites before and after heating (200 °C, 1h) and subsequent breaking/healing cycles. h The normalized electrical conductivity of the AgNS-
AgFL-SR nanocomposite as a function of water immersion cycles. The error bars represent the standard deviation of the data. An optical image of the water
immersion process (1 min for each cycle) and water contact angles on the pure SR and AgNS-AgFL-SR specimens are also provided. The conductivity was

measured after removing residual water on the specimen.

AgNS-AgFL-SR nanocomposite even after the thermal curing
process (Fig. 5g). The electrical transport was still realized by the
tunneling-assisted percolation network of AgNS particles. This
was advantageous for reconstruction of the percolation network,
maintaining high and stable ¢ for healable nanocomposites, since
there was no fracture of the coalesced fillers during the breaking
process (Fig. 5a). Indeed, there was no change in o of the
thermally-cured AgNS-AgFL-SR nanocomposite during 1000
breaking/healing cycles. The AgNS-AgFL-SR nanocomposite
started to decompose after 400 °C (Supplementary Fig. 21). The
cyclic temperature-sweep rheology measurement of the AgNS-
AgFL-SR nanocomposite is also carried out (Supplementary
Fig. 22). The storage (G’) and loss (G”) moduli return to the
initial values at room temperature when the maximum
temperature is 80 °C. The variation in G’ and G” is less than an
order of magnitude in the investigated temperature range
although there is somewhat hysteresis. However, there is an
increase in G’ and G” at room temperature when the maximum
temperature is higher (100 and 120 °C). This could be due to the
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evaporation of the remnant solvent. Nevertheless, the electrical
conductivity could be healed after the curing at 200 °C for 1 h as
discussed in Fig. 5g.

As a control, flower-shaped Ag nanoparticles (AgNFs) were
mixed with SR matrix (Fig. 5a, AgNF-SR nanocomposite). AgNFs
had a hierarchical nanostructure with 2-dimensional thin petals
(~12 nm) radially protruded out of a spherical bud (~400 nm)
(Fig. 5e)2441:43, The DSC analysis revealed a strong exothermic
peak at 122 °C for AgNFs, indicating active coalescence of thin
petals (Fig. 5b)4143. Unlike the AgNS-AgFL-SR nanocomposite,
AgNFs embedded in SR still exhibited an exothermic coalescence
peak at 198°C (Fig. 5c) although the sintering temperature
increased due to the wrapping polymer. The coalesced AgNFs
could be clearly observed (Fig. 5f). The randomly-mixed AgNFs
were coalesced due to the imperfect encapsulation by the polymer
matrix. Consequently, the o of the AgNF-SR nanocomposite
significantly increased from 1.80 to 632 S cm™! after the thermal
curing process (200 °C, 1h, Fig. 5g). The o of the typical filler-
polymer matrix nanocomposites in literature also increased after
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Fig. 6 Mechanical properties and moldability of the AgNS-AgFL-SR nanocomposite. a Compressive modulus of the healable nanocomposites. The error
bars represent the standard deviation of the data. b The finite element analysis of the AgNS-AgFL-SR nanocomposite as a function of the AgNS particle
fraction. The total Ag filler fraction was fixed at 44 vol%. A numerical model (AgNS =3 vol%) is provided in the inset. The experimentally measured
compressive modulus of the AgNS-AgFL-SR (Ag = 44 vol%) nanocomposite is designated by a dashed line. ¢ Storage (G") and loss (G") moduli of the pure
SR, AgFL-SR, and AgNS-AgFL-SR nanocomposites as a function of shear strain frequency (shear strain amplitude = 1%, 25 °C). d The tan & of the pure SR,
AgFL-SR, and AgNS-AgFL-SR (Ag = 44 vol%, THF peroxide =15 mL) nanocomposites. The dynamic viscosity is provided in the inset. e, f Macroscale and
microscale (width: 20 pm, spacing: 20 pm, height: 10 pm) moldability of the AgNS-AgFL-SR nanocomposite. g Light emitting diode circuit employing
random-shaped AgNS-AgFL-SR interconnectors. A magnified optical image is provided in the inset.

thermal curing process>23-3843, However, the ¢ dramatically
decreased to 8.48 x 1073 S cm™! after the first breaking/healing
cycle due to the fracture of coalesced AgNFs (Fig. 5a and g). The ¢
could not be recovered during the 1000 breaking/healing cycles.

Strikingly, there was no change in o of the AgNS-AgFL-SR
nanocomposite during 1000 water immersion cycles due to the
hydrophobic nature of the SR (Fig. 5h). The ¢ and E were also
stable for 6 months in an ambient air environment (Supplemen-
tary Fig. 23). The AgNS-AgFL-SR nanocomposite maintained
stability under harsh conditions which is useful for practical
industrial applications.

Mechanical property, moldability, and application. Figure 6a
compares the E of the nanocomposites as a function of the Ag
filler fraction. The E was estimated from stress-strain curves
(Supplementary Fig. 24). The AgNS-AgFL-SR nanocomposite
exhibited greater E than the AgFL-SR nanocomposite in the
entire filler fraction. The E of the AgNS-AgFL-SR nanocomposite
was also greater than those of the H,0,-AgFL-SR and AgNP-
AgFL-SR nanocomposites (Ag = 44 vol%). As shown in Fig. 6b, a
finite element analysis (FEA)** was carried out in order to
compare the E of the nanocomposite before and after the in-situ
etching and reduction process (see Supplementary Note 3 for
details). The AgNS-AgFL-SR nanocomposite was modeled as a
unit cube (side length = 0.4 um) and considered to be composed
of two parts (Fig. 6b inset). Before the in-situ etching process, the

nanocomposite was composed of the polymer matrix and Ag
flakes (AgFL-SR nanocomposite) which was taken as a reference
matrix of the model. The stress—strain characteristics of this
reference matrix were directly obtained from the experimental
measurements of the AgFL-SR nanocomposite (Fig. 6a). The
AgNS particles, modeled as cubic elements with a similar size
(4 nm), constituted the second part. The effect of the AgNS
particles on the E of the AgNS-AgFL-SR nanocomposite was
simulated by FEA. This approach allowed the direct comparison
of the simulation results with the experimental data (Fig. 6a).
Four numerical models with different AgNS fractions (3, 6, 9, 12
vol%) were created (Supplementary Fig. 25). The simulated E of
the AgNS-AgFL-SR nanocomposite increased as the AgNS frac-
tion increased (Fig. 6b), which was consistent with the experi-
mental data (Fig. 6a). The AgNS fraction was found to be 12.2 vol
%, from the regression analysis (goodness of fit=93.1%), to
match the experimentally measured E. The stress distribution at
1% compressive strain is provided in Supplementary Fig. 26. A
larger stress was generated around the AgNS particles since the
stiffer AgNS particles experienced a much heavier load, compared
with the reference matrix. Furthermore, the reference matrix
exhibited local stiffening in the AgNS particle rich region as if the
particles were connected. This was reasonable because the refer-
ence matrix had a smaller E than the AgNS particles, absorbing
the impact of compression.

The G” and G” were also measured as a function of frequency
(Fig. 6¢). The G’ and G” of the pure SR were similar in the low
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Accumulation of
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Iteration

Iteration

Fig. 7 The robot application demonstration of the AgNS-AgFL-SR nanocomposite. a An exhaust fan was connected to the healable AgNS-AgFL-SR
(Ag = 44 vol%, THF peroxide =15 mL) nanocomposite circuit at 200 °C, removing toxic gas at harsh conditions. b, € The circuit was cut, accumulating the
toxic gas and increasing the gas concentration (relative humidity) above the safe level. d The robot healed the AgNS-AgFL-SR circuit. The healed circuit
image is provided in the inset. @ The fan restarted, removing the toxic gas and decreasing the gas concentration below the safe level.

frequency range (<6.3rads™!), demonstrating a viscoelastic
behavior. The addition of AgFLs to SR (AgFL-SR) increased
both G’ and G”. The in-situ etching and reduction reaction of
AgFLs (AgNS-AgFL-SR) further increased G* and G”. Interest-
ingly, the relative magnitude of G” became greater than G’ in the
low frequency range. This was also observed in the damping
factor (tan § = G”/G, Fig. 6d)1:%4>. The tan § of the AgNS-AgFL-
SR nanocomposite was greater than one in the low frequency
range (<6.3 rad s~1). The densely and uniformly dispersed AgNS
particles made the nanocomposite more viscous. This is favorable
for energy dissipation from mechanical shock or vibration4°.
The addition of AgFLs and AgNS particles increased the dynamic
viscosity (1) (Fig. 6d inset). The # decreased with increasing shear
strain rate, demonstrating a shear thinning behavior. This
indicated that there was no severe aggregation or alignment of
the AgNS particles under high-rate mechanical deformation!”.
Figure 6e and f show excellent macroscale and microscale
moldability of the AgNS-AgFL-SR nanocomposite. Various
different shapes were easily formed by the simple molding
process.

As an application demonstration, the highly conductive AgNS-
AgFL-SR nanocomposite was employed as random-shaped
electrical interconnectors, stably operating light-emitting diodes
(Fig. 6g). An emergency electronics repair demonstration was also
performed by a robot using the AgNS-AgFL-SR nanocomposite
(Fig. 7 and Supplementary Movie 1). This is useful for accidents
at places where humans cannot enter, due to the leakage of toxic
gas and high temperature. An exhaust fan was connected to the
healable nanocomposite circuit, which was heated to 200 °C,
removing toxic gas at harsh conditions (Fig. 7a). A situation was
simulated where the circuit was cut, accumulating the toxic gas
and increasing the gas concentration above the safe level (Fig. 7b
and c). The dry ice in water was used as a simulant for the toxic
gas, and relative humidity was monitored. A robot was dispatched
to the emergency site, healing the AgNS-AgFL-SR circuit (Fig. 7d).
The fan restarted, removing the toxic gas and decreasing the gas
concentration below the safe level (Fig. 7e).

Discussion

The vigorous in-situ etching and reduction reaction of microscale
AgFLs by THF peroxide generated uniformly distributed medium
(164 nm) and small (3.7 nm) AgNS particles in a healable and
moldable SR matrix (AgNS-AgFL-SR nanocomposite) at room

temperature. The close work function match between Ag and SR
enabled electron tunneling between small AgNS particles (inter-
particle distance = 3.1 nm). This constructed electron tunneling-
assisted percolation network between AgFL islands without
physical coalescence of fillers. This increased ¢ by ~5 orders of
magnitude, achieving an extraordinary high o (1.02 x 103 S cm~1)
for putty-like nanocomposites. The ~100% healing efficiency was
maintained even after 1000 breaking/healing cycles since the
percolation network relied on electron tunneling rather than
physical coalescence of fillers. The ¢ was also stable under harsh
conditions such as 1000 water immersion cycles and 6-month
exposure to ambient air. The AgNS particles increased G” in the
low frequency range, resulting in excellent moldability with shear
thinning behavior. An emergency electronics repair demonstra-
tion was also performed by a robot. The highly conductive,
moldable, healable, and stable AgNS-AgFL-SR nanocomposite is
promising for future electronic materials.

Methods

Synthesis of moldable nanocomposites. The AgNS-AgFL-SR nanocomposite
was synthesized by the following process. THF without inhibitor (Sigma-Aldrich,
401757) was exposed to ambient air for a week to prepare THF peroxide (0.068 M).
THF with butylated hydroxytoluene inhibitor (Sigma-Aldrich, 186562) was also
employed to prevent THF peroxidation. The viscoelastic SR (Wacker Chemie,
Elastosil R 401/10, 15 wt%) was dissolved in the THF with inhibitor by stirring for
24 h at room temperature to prepare a polymer matrix solution. AgFLs (Metalor,
SA-31812, 29-47 vol%) were dispersed in the SR matrix solution (2 g) with addi-
tional THF peroxide (0-45 mL) by tip sonication (Sonictopia, STH-750S, 525 W,
10 min) and subsequent stirring to generate AgNS particles. The mixture was then
drop-casted on a Teflon petri dish and dried overnight to obtain the AgNS-AgFL-
SR nanocomposite.

The AGFL-SR (AgFL = 29-47 vol%) nanocomposite was synthesized by
dispersing AgFLs in the SR matrix solution (2 g) with additional THF with
inhibitor (15 mL), instead of THF peroxide. The AgNP-AgFL-SR nanocomposite
was synthesized by dispersing both commercial AgNPs (Inframat Advanced
Materials, 47MN-06, ~293 nm, 10.5 vol% or CNVISION, Ag Nanopowder,
~30 nm, 10.5 vol%) and AgFLs (33.5vol%) in the SR matrix solution (2 g) with
additional THF with inhibitor (15 mL). AgNFs (0.735 g, 20 vol%), synthesized
following a previously published protocol3, were mixed with the SR matrix
solution (2 g) with additional THF with inhibitor (15 mL) to synthesize the AgNF-
SR nanocomposite.

The H,0,-AgFL-SR nanocomposite was also prepared. Firstly, H,O, (Sigma-
Aldrich, 216763, 9.77 M) was diluted using ethanol to obtain an H,O, solution
(0.068 or 0.68 M, 15mL). In the next step, AgFLs (2.311 g) were treated by the
H,0, solution and dried overnight to obtain H,O,-AgFL powders. The H,O,-
AgFL powders were then mixed with the SR matrix solution (2 g) with additional
THE with inhibitor (15 mL). The ratio of the AgFLs (2.311 g) to H,O, (15 mL) was
the same as that of the AgNS-AgFL-SR (Ag=2.311 g at 44 vol%, THF peroxide =
15 mL, 0.068 M) nanocomposite.
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Characterization. The ¢ was measured by the four-point probe in-line method
using a laboratory-built device?3. The mean values and standard deviations of
multiple specimens (23) were evaluated at each condition in Figs. 3-5. The R was
measured by the two-point probe method using a direct current power supply
(Keithley, 2280S-32-6). The resistance of the probing wires and contact electrodes
was subtracted from the total resistance to precisely measure the resistance of
specimens?8. The work function was measured by KPEM (Nanonavi, E-sweep)
using a rhodium-coated silicone probe (Nanoworld, SI-DF3-R). The measurement
was calibrated using a highly oriented pyrolytic graphite. The p was measured by
the Archimedes method (Sartorius, Quintix224-1SKR). The NMR (Bruker,
AVANCEIII700, 700 MHz) analysis was carried out using CDCl; (8§ =7.26 ppm,
Sigma-Aldrich, 151858). The specimens were analyzed by FTIR (Bruker, IFS-66/S,
TENSOR27), SEM (Jeol, JSM-7500F), TEM (Jeol, JEM-2100F), XRD (Smart Lab,
Cu Ka radiation at 1.5418 A, 45kV, and 200 mA), XPS (Thermo Scientific,
ESCALAB250), DSC (Seiko, DSC7020, 25-300 °C, 10 °C min~!, nitrogen atmo-
sphere), and TGA (Seiko, TG/DTA7300, 25-800 °C, 10 °C min~!, nitrogen
atmosphere). The water contact angles were measured (SmartDrop, FEMTOFAB,
SDL200TEZD). The stress-strain characteristics were measured by a universal
testing machine (Instron, 3343). The rheological property was measured by a
rheometer (TA Instruments, ARES-G2). The cyclic voltammetry analysis was also
carried out (CH Instruments, Electrochemical Workstation, CHI660C).

Emergency electronics repair by a robot. A robot arm (ABB, IRB120) equipped
with a robot hand (ROBOTIQ, 2F-85) performed the emergency electronics repair
using the AgNS-AgFL-SR nanocomposite. The robot was controlled using a robot
controller (ABB, IRC5) and a teach pendant. The fog effect was created using the
dry ice (Taekyung Chemical) in water. The relative humidity was also monitored
(Grove-THO2 sensor).

Data availability

The authors declare that the main data supporting the findings of this study are available
within the article and its Supplementary Information files. All other relevant data are
available from the corresponding author upon reasonable request.

Code availability
The code used to calculate the results for this work is available from the authors upon
reasonable request.

Received: 31 October 2019; Accepted: 23 March 2020;
Published online: 07 May 2020

References

1. Kim, Y. et al. Stretchable nanoparticle conductors with self-organized
conductive pathways. Nature 500, 59-63 (2013).

2. Matsuhisa, N. et al. Printable elastic conductors by in situ formation of silver
nanoparticles from silver flakes. Nat. Mater. 16, 834-840 (2017).

3. Choi, S. et al. Highly conductive, stretchable and biocompatible Ag-Au
core-sheath nanowire composite for wearable and implantable bioelectronics.
Nat. Nanotechnol. 13, 1048-1056 (2018).

4. Son, D. et al. An integrated self-healable electronic skin system fabricated via
dynamic reconstruction of a nanostructured conducting network. Nat.
Nanotechnol. 13, 1057-1065 (2018).

5. Markvicka, E. J., Bartlett, M. D., Huang, X. & Majidi, C. An autonomously
electrically self-healing liquid metal-elastomer composite for robust soft-
matter robotics and electronics. Nat. Mater. 17, 618-624 (2018).

6. Oh,]. Y, Kim, S., Baik, H.-K. & Jeong, U. Conducting polymer dough for
deformable electronics. Adv. Mater. 28, 4455-4461 (2016).

7.  Yang, Y. et al. Self-healing of electrical damage in polymers using
superparamagnetic nanoparticles. Nat. Nanotechnol. 14, 151-155 (2019).

8.  Zou, Z. et al. Rehealable, fully recyclable, and malleable electronic skin enabled
by dynamic covalent thermoset nanocomposite. Sci. Adv. 4, eaaq0508 (2018).

9. Zhang, Q. et al. An elastic autonomous self-healing capacitive sensor based on
a dynamic dual crosslinked chemical system. Adv. Mater. 30, 1801435 (2018).

10. Lai, J.-C. et al. A rigid and healable polymer cross-linked by weak but
abundant Zn(II)-carboxylate interactions. Nat. Commun. 9, 2725 (2018).

11. Yanagisawa, Y., Nan, Y., Okuro, K. & Aida, T. Mechanically robust, readily
repairable polymers via tailored noncovalent cross-linking. Science 359, 72-76
(2018).

12. Kim, S. H. et al. An ultrastretchable and self-healable nanocomposite
conductor enabled by autonomously percolative electrical pathways. ACS
Nano 13, 6531-6539 (2019).

13. Gong, C. et al. A healable, semitransparent silver nanowire-polymer
composite conductor. Adv. Mater. 25, 4186-4191 (2013).

15.

16.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

39.

40.

41.

42.

Bae, J.-S. et al. The feasibility of healable electronics and mechanical behavior
of silver nanowire (AgNW)/healable polymer composite. Adv. Mater. Technol.
3, 1700364 (2018).

Sun, H. et al. Self-healable electrically conducting wires for wearable
microelectronics. Angew. Chem. 126, 9680-9685 (2014).

D’Elia, E,, Barg, S., Ni, N, Rocha, V. G. & Saiz, E. Self-healing graphene-based
composites with sensing capabilities. Adv. Mater. 27, 4788-4794 (2015).
Wu, T. & Chen, B. A mechanically and electrically self-healing graphite
composite dough for stencil-printable stretchable conductors. J. Mater. Chem.
C. 4, 4150-4154 (2016).

Boland, C. S. et al. Sensitive electromechanical sensors using viscoelastic
graphene-polymer nanocomposites. Science 354, 1257-1260 (2016).

Wu, T. & Chen, B. Synthesis of multiwalled carbon nanotube-reinforced
polyborosiloxane nanocomposites with mechanically adaptive and self-healing
capabilities for flexible conductors. ACS Appl. Mater. Interfaces 8,
24071-24078 (2016).

Zhong, X., Hu, H. & Fu, H. Self-cleaning, chemically stable, reshapeable,
highly conductive nanocomposites for electrical circuits and flexible electronic
devices. ACS Appl. Mater. Interfaces 10, 25697-25705 (2018).

Yuan, F. et al. A flexible viscoelastic coupling cable with self-adapted electrical
properties and anti-impact performance toward shapeable electronic devices.
J. Mater. Chem. C. 7, 8412-8422 (2019).

Chen, Y. et al. Shape-adaptive, self-healable triboelectric nanogenerator with
enhanced performances by soft solid-solid contact electrification. ACS Nano
13, 8936-8945 (2019).

Chun, K.-Y. et al. Highly conductive, printable and stretchable composite
films of carbon nanotubes and silver. Nat. Nanotechnol. 5, 853-857 (2010).
Ma, R, Kang, B, Cho, S., Choi, M. & Baik, S. Extraordinarily high
conductivity of stretchable fibers of polyurethane and silver nanoflowers. ACS
Nano 9, 10876-10886 (2015).

Park, M. et al. Highly stretchable electric circuits from a composite material of
silver nanoparticles and elastomeric fibres. Nat. Nanotechnol. 7, 803-809
(2012).

Jiang, Z. et al. Highly stretchable metallic nanowire networks reinforced by the
underlying randomly distributed elastic polymer nanofibers via interfacial
adhesion improvement. Adv. Mater. 31, 1903446 (2019).

Matsubara, H., Suzuki, S. & Hirano, S. An ab initio and DFT study of the
autoxidation of THF and THP. Org. Biomol. Chem. 13, 4686-4692 (2015).
Giammarse, A. T., Alliet, D. F. & Pacco, J. M. Precautions in the use of
tetrahydrofuran for UV analysis of GPC effluents. Polym. Lett. 6, 499-506
(1968).

Zhang, B. et al. Delineating oxidative processes of aqueous Cqo preparations:
role of THF peroxide. Environ. Sci. Tech. 43, 108-113 (2009).

Stricher, A. M., Rinaldi, R. G., Barrés, C., Ganachaud, F. & Chazeau, L. How I
met your elastomers: from network topology to mechanical behaviours of
conventional silicone materials. RSC Adv. 5, 53713-53725 (2015).

Guo, J.-Z., Cui, H,, Zhou, W. & Wang, W. Ag nanoparticle-catalyzed
chemiluminescent reaction between luminol and hydrogen peroxide. J.
Photochem. Photobiol. A 193, 89-96 (2008).

Kitajima, N., Fukuzumi, S. & Ono, Y. Formation of superoxide ion during the
decomposition of hydrogen peroxide on supported metal oxides. J. Phys.
Chem. A 82, 1505-1509 (1978).

He, D., Garg, S. & Waite, T. D. H,O,-mediated oxidation of zero-valent silver
and resultant interactions among silver nanoparticles, silver ions, and reactive
oxygen species. Langmuir 28, 10266-10275 (2012).

Fang, M. et al. Flexible and recyclable conductive composite based on few-
layered graphene with excellent self-healing capability. Eur. Polym. ]. 108,
536-541 (2018).

Ausavasukhi, A. & Sooknoi, T. Oxidation of tetrahydrofuran to butyrolactone
catalyzed by iron-containing clay. Green. Chem. 17, 435-441 (2015).

Mallat, T. & Baiker, A. Reactions in “sacrificial” solvents. Catal. Sci. Technol. 1,
1572-1583 (2011).

Gao, Y. et al. Investigation on permeation properties of liquids into HTV
silicone rubber materials. I[EEE T Dielect El 21, 2428-2437 (2014).

Ajmal, C. M., Bae, S. & Baik, S. A superior method for constructing electrical
percolation network of nanocomposite fibers: in situ thermally reduced silver
nanoparticles. Small 15, 1803255 (2019).

Reusch, T. Cross-Sectional Scanning Tunneling Microscopy of Au Contacts on
GaAs (110). (Cuvillier Verlag, Gottingen, 2003).

Faseela, K. P., Kim, Y. J., Kim, S.-G., Kim, S. W. & Baik, S. Dramatically
enhanced stability of silver passivated dicalcium nitride electride: Ag-Ca,N.
Chem. Mater. 30, 7803-7812 (2018).

Suh, D,, Lee, S., Xu, C,, Jan, A. A. & Baik, S. Significantly enhanced phonon
mean free path and thermal conductivity by percolation of silver nanoflowers.
Phys. Chem. Chem. Phys. 21, 2453-2462 (2019).

Suh, D., Moon, C. M., Kim, D. & Baik, S. Ultrahigh thermal conductivity of
interface materials by silver-functionalized carbon nanotube phonon conduits.
Adv. Mater. 28, 7220-7227 (2016).

10 | (2020)11:2252 | https://doi.org/10.1038/s41467-020-15709-8 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

43. M. A, C, F, K. P, Singh, S. & Baik, S. Hierarchically-structured silver
nanoflowers for highly conductive metallic inks with dramatically reduced
filler concentration. Sci. Rep. 6, 34894 (2016).

44. Lim, J. G. et al. Parametric study for optimal design of an air plasma sprayed
thermal barrier coating system with respect to thermal stress. Surf. Coat.
Technol. 315, 105-111 (2017).

45. Zhang, ]., Perez, R. ]. & Lavernia, E. ]. Documentation of damping capacity of
metallic, ceramic and metal-matrix composite materials. J. Mater. Sci. 28,
2395-2404 (1993).

Acknowledgements

This work was supported by the National Research Foundation of Korea (NRF) grant
funded by the Korea government (MSIT) (No. 2020R1A2C3003199 and NRF-
2017R1A2A1A17069289). We acknowledge Hyoyoung Lee for helping the radical sca-
venger analysis.

Author contributions

D.S.,, K.P.F,, and S.B. conceived and designed the experiments, which were carried out by
D.S.,, KP.F, and WK. CP,, S.S,, and HM. performed the robot demonstration. J.G.L.
and M.K.K. carried out finite element analysis. D.S., K.P.F., and S.B. wrote the paper. All
authors contributed to data analysis and scientific discussion.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-15709-8.

Correspondence and requests for materials should be addressed to S.B.

Peer review information Nature Communications thanks the anonymous reviewer(s) for
their contribution to the peer review of this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

= Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

| (2020)11:2252 | https://doi.org/10.1038/s41467-020-15709-8 | www.nature.com/naturecommunications 1


https://doi.org/10.1038/s41467-020-15709-8
https://doi.org/10.1038/s41467-020-15709-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Electron tunneling of hierarchically structured silver nanosatellite particles for highly conductive healable nanocomposites
	Results
	Synthesis of silver nanosatellite particles
	Characterization of silver nanosatellite particles
	Electrical transport property of the nanocomposites
	Healable electrical transport and healing mechanism
	Mechanical property, moldability, and application

	Discussion
	Methods
	Synthesis of moldable nanocomposites
	Characterization
	Emergency electronics repair by a robot

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




