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ABSTRACT: Recent approaches in self-healable electrodes use polymers with
exhibiting significantly low electrical conductivity, compared to conventional metals.
Such self-healable electrodes also require external stimuli to initiate self-healing, or
present slow restoration for their intrinsic healing. Herein, we introduce an
instantaneous and repeatable self-healing of highly conductive, fully metallic
electrodes at ambient conditions. These electrodes consist of silver and liquid
metal (with no polymer), and exhibit a sufficiently high conductivity of 2 S/μm. The
liquid metal (LM) component enables instantaneous and repeatable self-healing of
these electrodes (within a few milliseconds) under no external energy as well as high
stretchability. Additionally, the inclusion of silver in this LM improves the mechanical
strength of this composite, thereby overcoming the limitation of a pristine LM that has low mechanical strength. Moreover, this
composite formation can be effective in preventing the penetration of gallium atoms into different metals, while preserving
electrical contact properties. Also the self-healable nature of electrodes enables their outstanding sustainability against electrical
breakdown at relatively high electric fields. Furthermore, the compatibility of these self-healable electrodes with conventional
photolithography and wet etching facilitates high-resolution patterning for device fabrications, as demonstrated in an example
with a self-healable organic light-emitting diode display.
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Recent progress in optoelectronic devices for wearable
electronics,1−3 displays,4,5 bioelectronics,6−8 and soft

robotics9 demands their outstanding physical deformability
for versatile systems in daily life. However, the reliability of
devices is often severely restricted by concomitant failure,
especially when excessive strains are applied beyond
mechanical withstanding limits. Inspired by the self-healing
phenomena of natural biological systems, healable materials
have been artificially synthesized with either intrinsically
healable features or extrinsically healable features, where
damages can be autonomously repaired, or activated under
external stimuli such as pH, light, electric, or magnetic
fields.10−14 After a healing process, these materials can restore
their structure and physicochemical and mechanical properties,
even in scenarios that involve substantial damage. Although a
diverse variety of devices, including energy storage devices,15,16

transistors,17 and electroluminescent devices,18,19 have been
developed with reversible healing abilities, the majority of their
self-healable properties were achieved by organic polymeric
components, such as supramolecular chains or hydrogen bond-
supported polymers and hydrogels. Meanwhile, self-healing
performances of electrodes have become key to interconnect-

ing these individual components of devices as integrated
systems, however such use of the polymeric matrix can degrade
electrical conductivity of electrodes, compared to the cases of
pristine metals, with slowing the restoration duration or
lowering repeatability for healing because of swelling,
dissolution, or humidity effects.19−22

In addition to these organic-based approaches, the intrinsic
stretchability and high conductivity of liquid metals (LMs),
such as eutectic gallium−indium alloy (EGaIn) or a gallium−
indium−tin alloy (galinstan), can be attractive for their use as
self-healable electrodes. However, the weak mechanical
stability of their liquid state often causes bulging and
deformation by external forces, including gravity.23 Addition-
ally, their patternability for electrode formation is not
compatible with conventional photolithography, and the coarse
resolution of other patterning approaches, such as micro-
fluidics, direct writing, transfer printing, imprinting, or stencil
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lithography15,24−29 is insufficient for practical applications in
recent integrated electronics or displays with high integrity.
Herein, we report the formation of highly conductive, fully

metallic electrodes with instantaneous and repeatable self-
healing abilities at ambient conditions. These self-healable
electrodes are formed by a Ag film where LM capsules have a
uniform interior dispersion and include no polymer. Stretching
this Ag-LM composite results in the fracturing of the brittle Ag
matrix as well as rupturing the thin oxide skin of LM.
Subsequently, LM flows out and connect adjacent Ag
fragments physically to recover the electrical conductivity of
this composite. Here, LM is stretched further by applying an
excessive tensile strain, and then becomes physically
disconnected when the strain exceeds 60%. This disconnected
surface of LM can be wet and reconnected by releasing the
strain, which can recover the conductivity of this composite
intrinsically at ambient conditions. Therefore, the Ag-LM
electrode enables its instantaneous and repeatable self-healing
(within a few milliseconds) under no external energy as well as
its high stretchability. The resulting Ag-LM composite presents
an electrical conductivity of 2 S/μm, which is sufficiently high
for practical applications as electrodes and interconnections,
and is also at least two orders of magnitude better than
conductivities of organic-based self-healable electrodes.19,30,31

Furthermore, in contrast to pristine LM, this composite
formation can improve its mechanical strength and prevent the
spontaneous penetration of gallium atoms into different metal
layers on substrates. Also, this self-healable ability of this
composite enables their outstanding sustainability against
electrical breakdown at relatively high electric fields. As a
result, the Ag-LM composite film is compatible with
photolithographic patterning and conventional fabrication
processing, which facilitates our demonstration of a self-
healable array of organic light-emitting diodes (OLEDs) using
Ag-LM electrodes.

■ RESULTS AND DISCUSSION

After dropping LM into an immiscible solvent, the sonication
of this solution can form the uniform dispersion of spherical
LM capsules. In our approach, EGaIn (75.5% gallium, 24.5%
indium alloy by weight) was used as LM, and capsulized by
sonication in ethanol. Figure 1a shows scanning electron
micrographs (SEM) of these capsules after evaporating
ethanol. An ultrathin solid shell of gallium oxide (thickness:
∼1 nm) can be formed on the surfaces of individual LM
capsules upon exposure to air. As plotted in Figure 1b, the
sonication energy can control the capsule diameter, and the
average diameter decreases in a range between 200 nm and 10
μm with increasing this energy. Sonication energy is the
product of sonication time and power. In our experiments,
sonication was performed with a power of either 20 or 130 W,
and sonication time from 25 s to 50 min. The average capsule
diameter decreases with increasing the time or power. The
detailed conditions on the sonication time and power for each
average diameter are plotted in Figure S1. The LM capsules
can be deformed elastically, and as an example, Figure 1c
presents a representative compressive force−displacement
curve for a LM capsule (diameter: 7 μm). For this
characterization, in situ SEM mechanical testing was
performed using a picoindenter (PI-87, Hysitron, USA) with
a flat punch diamond indenter. Individual LM capsules with
different diameters were compressed at a constant displace-
ment rate of 20 nm/s. The compressive force−displacement
curve shows that, as the compressive strain increases, there is
an initial continuous elastic deformation regime, and a
catastrophic force drop that occurs because of the introduction
of primary cracks, followed by a discontinuous plastic collapse
regime. As shown in Figure 1d, the smaller capsules show a
stiffer elastic loading. The elastic modulus of the LM capsules
can be evaluated by fitting the compressive force−displace-
ment curve for elastic loading to the following Hertzian
equation32,33

Figure 1. Mechanical characterization of LM capsules. (a) SEM images of LM capsules with different sonication energy. Scale bars, 1 μm. (b)
Change in the average diameter of LM capsules by sonication energy. (c) Nano-indentation force−displacement characteristic of a LM capsule with
a diameter of 7 μm. (d) Force−displacement characteristic of LM capsules with different diameters during elastic loading. (e) Reduced elastic
modulus of LM capsules with different diameters. The red line shows theoretical core−shell models. Error bars represent the standard deviation.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.9b12417
ACS Appl. Mater. Interfaces 2019, 11, 41497−41505

41498

http://pubs.acs.org/doi/suppl/10.1021/acsami.9b12417/suppl_file/am9b12417_si_001.pdf
http://dx.doi.org/10.1021/acsami.9b12417


F E R h
3
4

1.5= *
(1)

where F is the compressive force, E* is the reduced elastic
modulus, R is the radius of the capsule, and h is the
compressive displacement. By considering the core (liquid)−
shell (solid) structure of the LM capsule, the effective elastic
modulus (Es) and effective thickness (t) of this solid shell are
described by applying a composite-sphere model34,35
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and c is the volume fraction of core, Ec is the effective elastic
modulus of the core, Gs is the shear modulus of the shell, R is
the radius of the capsule, and υ is the Poisson ratio of the shell
(υ: 0.2). Figure 1e shows that the reduced elastic modulus
(E*) decreases as the LM capsule diameter decreases. As the
diameter of the LM capsule increases, the ratio of surface area
(related to the solid shell) to volume (liquid core) decreases,
which leads to a significant reduction in the E*. Moreover, the
composite-sphere model in eq 2 fits the trend in the reduced

elastic modulus depending on the diameter of the LM capsule,
implying that the elastic modulus of the shell plays a critical
role in elastic deformation of the LM capsules and the shell
thickness is a constant regardless of the diameter of the LM
capsules. The results corresponded to the previous study that
reports no discernible variation of the oxide thickness of LMs
under different oxygen and temperature conditions.36

Embedment of these LM capsules inside a solid matrix of
conventional fracturable metals enables the intrinsic self-
healing ability of this fully metallic composite at ambient
conditions as well as its stretchability. For this approach, a
suspension of Ag nanoparticles (AgNPs, average diameter: ∼3
nm) in ethanol was used as an ink (NPS-L, Harima Chemicals,
Inc.). This ink was homogeneously mixed with the dispersion
of these LM capsules in an identical solvent using a centrifugal
mixer (ARE-310, THINKY). This mixture was dropped on a Si
wafer and then the number of LM capsules were counted
before its drying (Figure S2). The average number of LM
capsules was 124 ± 10.4 capsules per 100 × 100 μm2. After
spin-coating this mixture on a substrate, the solvent
evaporation and thermal annealing of AgNPs could form the
Ag-LM composite film where LM capsules were embedded
inside the solid Ag matrix. The average sheet resistance of this
Ag-LM composite was 0.0361 ± 0.0025 Ω/sq, which showed
the good homogeneity of the composite within 7% of the
relative standard deviation (Figure S3). This thermal annealing
can coalesce AgNPs, and electrical conductivity of this Ag-LM

Figure 2. Electrical and mechanical characterizations of Ag-LM composites. (a) Schematic illustrations and SEM images of Ag-LM composites
during stretching and releasing. Scale bars, 20 μm. (b) Relative change in resistance of the Ag-LM composite during stretching and releasing. (c)
Electrical conductivities of Ag-LM composites with different diameters of LM capsules (10 to 0.1 μm) as a function of EGaIn contents. (d) Relative
change in resistance of Ag-LM composites with different EGaIn contents as a function of strain. (e) Colorized SEM images of the cracked areas in
Ag-LM composites with EGaIn contents of 30 wt % (left) and 70 wt % (right). The blue color corresponds to the elongated LM capsules. Scale
bars, 10 μm. (f) Relative change in resistance of the Ag-LM composite as a function of the number of self-healing. Error bars represent the standard
deviation. (g) Real-time change in resistance of a Ag-LM composite that includes only a single LM capsule during its disconnection and
coalescence.
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composite film can be dependent on the annealing temper-
ature. For comparison, a Ag layer (with no LM capsule) was
also formed by annealing the identical AgNP ink, and then its
conductivity was compared with the conductivity of the Ag-
LM composite, as plotted in Figure S4 (Supporting
Information). In the low-temperature range below 100 °C,
the conductivity of the Ag layer is still low because the
coalescence of AgNPs is not dominant. Compared to this Ag
case, the conductivity of the Ag-LM composite is substantially
higher even in this low-temperature range because LM can fill
the boundaries of AgNPs. In order to ensure the formation of
the solid matrix by this AgNP coalescence, this Ag-LM
composite was annealed at 120 °C for 30 min in our following
experiments typically. The liquid phase of EGaIn was
maintained as the form of capsules inside the solid Ag matrix
after this thermal annealing. Figure S5 shows cross-sectional
SEM images of the Ag-LM composite before and after thermal
annealing at 120 °C for 30 min. The shape of LM capsules can
be preserved inside this composite after this thermal annealing
step. Also, Figure S6 presents SEM images of the LM capsules
coated on a bare Si wafer. Their shapes can be maintained after
thermal annealing at 200 °C for 30 min. Figure 2a shows
schematic illustrations and SEM images of this Ag-LM
composite during its stretching and successive releasing.
Stretching this Ag-LM composite with a tensile strain below
60% leads to cracking the brittle Ag matrix and elongating the
LM capsules while maintaining the electrically conductive
paths. Further stretching with a tensile strain above this
threshold split the elongated LM capsules in half, and
subsequently, the electrical current cannot flow through this
composite. When the strain is released to 0%, these divided
capsules are conformally contacted and then spontaneously
coalesced into the single capsule again inside the Ag matrix by
surface tension. This coalescence of the LM can physically
connect adjacent Ag fragments to recover the electrical
conductivity of this composite. This disconnection and
coalescence of LM during the stretching and releasing of this
Ag-LM composite was investigated using a high-speed camera
(Miro LAB 110, Vision Research Inc.). As shown in Figure S7
(Supporting Information) and Movie S1, this spontaneous
coalescence occurs instantaneously (within 3 ms) under
ambient conditions, without the application of any external
energy. For further characterization about the self-healing
ability, tensile properties of the Ag-LM composite and
unloading-reloading tensile curves were measured to observe
the self-healed mechanical properties, as shown in Figure S8.
The Ag and Ag-LM composites (70 wt % of LM) were coated
on polydimethylsiloxane (PDMS) supporting films. Dog bone-
shaped specimens (dimension: 3 mm gauge-width × 11 mm
gauge-length) were prepared by laser cutting. The tensile tests
were performed using a customized universal testing machine
system at a constant rate of 2 × 10−3 s−1. The initial geometry
and the change in the gauge-length of the specimen were
observed in situ using a stereoscopic microscope. Figure S8a
presents the typical tensile stress−strain curve of the Ag-LM
composite on PDMS and their second and third reloading
tensile curves. First, force-drop occurs at 14.32 kPa indicating
local fractures of the Ag-LM composite, followed by a gradual
decrease in slope comparing with initial linear stiffness before
the first force-drop. The slope after the first force-drop is
greater than that of PDMS seen after the pristine Ag sample,
about 1 MPa as shown in Figure S8b, which means that the
LM capsules embedded inside the Ag matrix can suppress

perfect separations of the Ag-LM composite by the
introduction of cracks. Second and third reloading tensile
curves after full-unloading clearly show the suppression of
discrete force-drops, and initial linear stiffness is maintained
until higher strain by self-healing effects. Compared to the
electrodeposited Cu used in flexible circuit boards which has
an elastic strain of about 1%,37 the elastic strain of the Ag-LM
composite is above 2.5%, this good elasticity as well as rapid
the self-healing ability can be advantageous for wearable
optoelectronics. Figure 2b plots the relative change in electrical
resistance (ΔR/R0) during the stretching and releasing process
of this composite. After stretching the composite film
excessively with the strain above 70% for its complete
fracturing, successive releasing to the strain of 0% can restore
its resistance. The length of the LM path after self-healing is
negligibly short compared to the entire length of the
composite, and hence the resistance of the Ag-LM composite
can be restored close to the initial level (ΔR/R0 < 0.04) after
self-healing (Figure S9). Figure 2c plots the dependence of its
electrical conductivity on diameter (D) and relative contents of
the LM capsules. For the same content of EGaIn, the
conductivity of this Ag-LM composite increases with a larger
D, approaching 2 S/μm. This conductivity is sufficiently high
for practical applications such as electrodes and interconnec-
tions, and is at least two orders of magnitude better than the
conductivities of the organic-based self-healable electro-
des.19,30,31 A larger D decreases the surface-to-volume ratio
of the capsules, which can reduce the contact resistance
between Ag and EGaIn to increase the overall conductivity of
this composite. In addition, this conductivity does not change
significantly for an EGaIn content range from 30 to 70 wt %,
because of similar conductivity of the pristine EGaIn and
AgNP ink (conductivity of EGaIn: 3.4 S/μm, conductivity of
the Ag film by spin-coating the AgNP ink: ∼4 S/μm after
thermal annealing at 120 °C for 30 min). This conductivity of
the Ag-LM composite is slightly lower than the conductivity of
EGaIn or Ag because of the contact resistance between Ag and
EGaIn.38 Figure 2d presents the relative change in resistance of
this Ag-LM composite by stretching with different contents of
EGaIn. The EGaIn content can increase the stretchability of
this composite. For example, when the EGaIn content is
relatively small as 30 wt %, stretching to the tensile strain of
∼13% increases the resistance of this composite significantly
with no electric current. However, the conductive paths can be
still preserved by increasing the EGaIn content to 70 wt %
although this composite is stretched further up to 60% in the
tensile strain. Figure 2e shows SEM images of the cracked
areas for these two different samples (EGaIn content: 30 or 70
wt %). After generating cracks by excessive stretching above
60% in strain, the cracked regions of these two different
samples (EGaIn content: 30 or 70 wt %) were observed using
SEM under a tensile strain of 30%. As the content of EGaIn
increases, more capsules can physically connect adjacent Ag
fragments to provide the stretchable and conductive paths.
Figure 2f presents the repeatability of self-healing in this Ag-
LM composite (EGaIn content: 70 wt %) over multiple cycles
of failure by excessive stretching (tensile strain to 70%). The
relative increase in resistance is only about 4% after the first
failure of this composite, and is still negligible after 1000 cycles
of fracturing at ambient conditions. Figure 2g plots the real-
time change in resistance of a Ag-LM composite sample
(EGaIn content: 20%) which includes a single capsule of LM.
This capsule inside the solid Ag matrix is split off by stretching
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this sample with a tensile strain of 7% (stretching rate: 10 μm/
s), and this fracturing increases its resistance significantly.
Additionally, the resistance recovery by the coalescence of this
LM capsule occurs very rapidly within 10 ms at ambient
conditions during its releasing state (releasing rate: 10 μm/s).
Although the liquid state of pristine LMs can cause their

incompatibility with conventional wet processings (including
photolithography and wet etching) and vacuum depositions,
this Ag-LM composite is a solid film which includes the liquid
capsules inside, and hence can be patterned as electrode
geometries using photolithography and also suitable with
diverse vacuum processings for fabrications of optoelectronic
devices. As examples, Figure 3a,b present photographs and an
optical micrograph of its photolithographic patterns with
complex structures of interconnects on a Si wafer. For this
photolithographic patterning, a lift-off or etch-back step can be
used, and the detailed patterning procedures are described in
Figure S10 and the Methods and Materials section of
Supporting Information. In addition, the Ag-LM composite
can be printed using a direct ink writing method. This printing
system consists of a nozzle connected to an ink reservoir, a
pneumatic pressure controller, and a five-axis movement stage
with automatic movements in the x-, y-, and z-axes, two tilting
axes in the xy-plane. A polypropylene nozzle with 140 μm of
inner diameter was mounted on a syringe-type ink reservoir,
and a Si wafer with a top SiO2 layer (thickness: 300 nm) as a
substrate was placed on the five-axis stage. The ink was
delivered from the reservoir to the tip of the nozzle by
pneumatic pressure, and the inks were printed with 0.1 psi of
pneumatic pressure. Figure S11 (newly added) presents optical
micrographs of the printed patterns with a line width of 290
μm (the printing speed: 0.3 mm/s). Another problem of
pristine LM is LM embrittlement (LME), a phenomenon

experienced by intrinsically ductile metals (such as Al, Ni, and
Cu) which lead to their drastic loss of ductility in the presence
of certain LMs, including Ga.39 In particular, when EGaIn
contacts with other metal layers, Ga atoms spontaneously
penetrate the grain boundaries of these metals to modify the
interfacial energy and accelerates intergranular failure. This
failure can deteriorate the electrical contact property between
EGaIn and the metals. However, the formation of this Ag-LM
composite can be effective in retarding the spontaneous
penetration of Ga atoms from this composite into different
metal layers. For example, Figure 3c shows a SEM image of
this Ag-LM composite pattern (thickness: 13 μm) on a flat Cu
layer (thickness: 200 nm). This Cu layer was thermally
evaporated on a Si wafer before patterning this Ag-LM
composite photolithographically. After 7 days, the resulting
sample was characterized using energy-dispersive X-ray
spectroscopy (EDS) in order to observe the penetration of
Ga over time. Figure 3d,e shows the EDS mapping data of this
sample, as indicated by a red rectangle in Figure 3c and a white
rectangle in Figure 3d, respectively. These EDS analyses show
that Ga is not detected at the Cu layer, which indicates that the
spontaneous penetration of Ga from this Ag-LM composite
into the Cu region is negligible. As a comparison, a similar
pattern of pristine EGaIn, instead of the Ag-LM composite,
was formed on the same Cu layer, and Ga penetration was
similarly analyzed using EDS after 7 days (Figure S12,
Supporting Information). In contrast to the composite case,
there is a significant penetration of Ga atoms from EGaIn into
the Cu region very significantly, which can be also discerned by
an optical micrograph. Thus, the Ag-LM composite is effective
in retarding the penetration of Ga atoms, which can be
advantageous for preserving its contact properties with
different metals.

Figure 3. Photolithographic patternability of Ag-LM composites. (a) Photograph of an electrode pattern using the Ag-LM composite. Scale bar, 5
mm. (b) Photograph and optical micrograph of another electrode pattern using this composite. Scale bars, 5 mm and 500 μm, respectively. (c)
SEM image of this electrode pattern on a flat Cu layer. Scale bar, 200 μm. (d) EDS mapping data of the sample area indicated by the red rectangle
in (c). Scale bar, 20 μm. (e) EDS spectrum of the boundary between the Ag-LM composite and Cu layer, indicated by the white rectangle in (d).
(f) Change in current density by applying a dc electric field for two different cases of a pristine Ag and the Ag-LM composite.
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The robustness of conductive materials that can withstand
an electrical load becomes an important feature, as devices
move toward being even more highly integrated and
miniaturized.40 The self-healing ability of this Ag-LM
composite enables its good sustainability against breakdown
at relatively high electric fields. The I−V characteristics of this
Ag-LM composite and a Ag layer (with no LM capsule) were
measured in air ambient. Here, this Ag layer was formed by
coating the AgNP ink and thermal annealing at 120 °C for 30
min, and the dimensions (width, length, and thickness) of the
Ag layer and Ag-LM composite were identical. Figure 3f shows
breakdown behaviors of these two materials. For all of the two
cases, currents increase almost linearly with the applied bias
before their breakdowns. In the case of solely a Ag layer, its
breakdown due to electromigration occurs at the breakdown
electric fields (Ebreakdown) close to ∼1.9 V/mm. On the other
hand, Ebreakdown of the Ag-LM composite is larger by fivefold
solely compared to the Ag case. Although the current density
of this composite drops slightly around 2.2 V/mm, the current
continues to flow and the current density increases with the
applied electric field up to ∼9.2 V/mm. Although the solid Ag
part becomes locally disconnected by electromigration in the
case of this Ag-LM composite, the LM capsules can physically
connect adjacent Ag fragments to provide conductive paths.
This improved robustness of the Ag-LM composite against
electrical load is another advantage.

Figure 4 demonstrates the fabrication of a self-healable array
of OLEDs using these Ag-LM composite interconnections. For
this fabrication, a strain-tunable rigid-soft hybrid substrate,
which was composed of mechanically reinforced islands
(photo-patternable resin) and the elastic joint (elastomer),
was formed with a thickness of ∼500 μm. When this hybrid
substrate is stretched or folded, the tensile strain becomes
concentrated mainly in the soft elastic area, while the strain on
the rigidly reinforced parts is negligible.41,42 Then, the self-
healable interconnects of the Ag-LM composite were photo-
lithographically patterned on the soft elastic regions of this
hybrid substrate selectively. Subsequently, individual pixels
(size: 4 × 3 mm2) of OLEDs were formed selectively on the
rigid parts of this hybrid substrate through fine-metal masks
using a thermal evaporation process. Figure 4a shows
schematic diagrams of device layouts, and a detailed
description of the fabrication steps is provided in Supporting
Information. Although individual OLED pixels placed on the
rigid parts can be protected against deformations during the
complete folding of this resulting sample, the solid
interconnects located on the soft areas can become fractured
and hence no power can be supplied to OLEDs through the
cracked interconnects, as illustrated in Figure 4b. However, the
self-healing ability of this Ag-LM composite enables the rapid
electrical restoration of this device array at ambient air during
its spreading. As an example, Figure 4c and Movie S2

Figure 4. Self-healable display with OLED pixels using Ag-LM composite interconnects. (a) Schematic illustrations of this self-healable OLED
array (left) and the OLED layout (right). (b) Schematic illustrations of the Ag-LM interconnect in this OLED array during folding and spreading.
(c) Photographs to show the self-healing ability of this OLED array. Left: the initial state of this OLED array before folding (OLED: on). Middle:
its folded state (OLED: off). Right: Re-illumination of the OLED pixels after spreading (OLED: on). Scale bar, 20 mm. (d) Plots of current density
of this OLED sample by applying dc bias to the Ag-LM interconnect. (e) Electroluminescence of OLED with the Ag-LM interconnect. (f)
Photographs of the LED bulbs connected to two different electrodes of either the Ag-LM composite or pristine Ag. These electrodes were formed
on a PDMS elastomer, and each electrode was selectively pressed using a sharp edge of an acrylic plate to produce cracks. In contrast to the pristine
Ag case, the Ag-LM electrode was self-healed to preserve the LED illumination.
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demonstrate the lights-out of this OLED array by complete
folding, and their rapid self-recovery during spreading. The
bending-induced strain is determined by the sample thickness
and bending radius (Figure S13, Supporting Information), and
this complete folding (bending radius < 350 μm) can apply a
tensile strain of above 70% to this device array with cracking of
the interconnects. This strain becomes released during
spreading of this sample, and the resistance recovery by
coalescence of the LM capsules leads to turn on the OLED
array again. Figure 4d plots a representative curve of the OLED
current density (J) dependent on the applied voltage (V),
before and after this self-healing. After folding and spreading
this sample, J−V characteristics of OLED with the Ag-LM
interconnects were negligibly changed because of the
resistance recovery close to the initial resistance value. Figure
4e presents the change in electroluminescence of OLED by
folding, which shows that the self-healing of Ag-LM
interconnects can preserve the OLED performances (such as
turn-on voltage and luminance).
As another demonstration, electrodes of the two materials

(the Ag-LM composite, pristine Ag) were formed on a thick
PDMS layer, and then electrically connected to separate LEDs
(Figure 4f and Movie S3). These LEDs illuminate by applying
a dc bias of 3 V. However, pressing these electrodes using the
sharp edge of an acrylic plate leads to the local fracturing of
these electrodes on PDMS. The LED bulb connected to the
Ag-LM composite maintains its illumination because the rapid
self-healing of this composite allows for the continuous flow of
current. However, the other bulb connected to this Ag
electrode stops illuminating due to the crack generation.

■ CONCLUSIONS

In conclusion, this work presents the formation of highly
conductive, fully metallic electrodes with instantaneous and
repeatable self-healing abilities at ambient conditions using a
composite of Ag and LM. This LM (with the form of capsules)
can be uniformly embedded inside the solid layer of Ag. When
the brittle Ag layer cracks, the LM capsules split off after being
stretched. Subsequently, the spontaneous coalescence of LM
can connect adjacent Ag fragments to recover the electrical
conductivity of this composite under ambient conditions
intrinsically, which enables the instantaneous and repeatable
self-healing of this composite (within a few milliseconds)
under no external energy as well as its good stretchability. Also,
this self-healable composite has a fully metallic composition,
which provides the present outstanding conductivity of 2 S/
μm, which is several orders of magnitude better than
conductivities of organic-based self-healable electrodes. In
contrast to pristine LM, the solid form of this composite can
improve its mechanical strength and prevent the spontaneous
penetration of gallium atoms into different metal layers. Also,
this self-healable ability of this composite enables their
outstanding sustainability against electrical breakdown at
relatively high electric fields. Furthermore, this composite is
compatible with photolithographic patterning and diverse
vacuum processings as well as direct printing through a nozzle
for fabrications of optoelectronic devices. We expect that the
variability of materials for self-healing electrodes can be
achieved by mixing LM capsules with diverse metals such as
Al, Au, or Cu. The demonstration of a self-healable OLED
display using this composite indicates substantial promise for
future optoelectronic devices.

■ METHODS
Preparation of LM Capsules. EGaIn (75.5% gallium, 24.5%

indium alloy by weight, Changsha Santech Materials Co., Ltd) was
purchased and used as received. LM capsules were prepared by
sonication with 4.5 g of EGaIn in 6 mL ethanol. Various diameters of
LM capsules were prepared by adjusting the time and power of
sonication. To characterize the capsule diameters according to the
sonication energy, the average of 50 capsules in each sample was used
as a single data point. Diameters of capsules were measured in SEM
images by image processing software (ImageJ).

Preparation of Ag-LM Composites. LM capsules in ethanol
were mixed with Ag nanoparticle ink (NPS-L, Harima Chemicals,
Inc.) by a centrifugal mixer (ARE-310, THINKY). The weight ratio
between LM capsules and Ag nanoparticles were adjusted to optimize
the self-healing ability and stretchability.
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