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ABSTRACT: Healable, electrically conductive films are
essential for the fabrication of reliable electronic devices to
reduce their replacement and maintenance costs. Here we
report the fabrication of near-infrared (NIR) light-enabled
healable, highly electrically conductive films by depositing silver
nanowires (AgNWs) on polycaprolactone (PCL)/poly(vinyl
alcohol) (PVA) composite films. The bilayer film has sheet
resistance as low as 0.25 Ω·sq−1 and shows good flexibility to
repeated bending/unbending treatments. Multiple healing of
electrical conductivity lose caused by cuts of several tens of
micrometers wide on the bilayer film can be conveniently achieved by irradiating the film with mild NIR light. The AgNW layer
functions not only as an electrical conductor but also as a NIR light-induced heater to initiate the healing of PCL/PVA film,
which then imparts its healability to the conductive AgNW layer.
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■ INTRODUCTION

Electrically conductive materials and films are indispensable in
the development of various electronic devices. An aging or
mechanically damaged electrical connector or electronic
component can ruin the circuit board and paralyze the entire
electronic device. Nowadays, replacing a damaged circuit board
with a new one is very uneconomical, considering the high
integration density of circuit boards. Such a problem can be
resolved by using electrically conductive materials that are
capable of healing from damage to build electronic devices.1,2

The concept of self-healing revolutionized the way scientists
design artificial materials.2−9 Self-healing materials can restore
their mechanical properties or function after incurring damage.
Inspired by examples in nature, various self-healing materials
have been artificially developed in which healing is achieved
through the release of a healing agent contained in the
materials10−15 or through the inherent reversibility of dynamic
covalent bonds and noncovalent bonds.16−27 Such materials
can heal themselves in either an autonomic or nonautonomic
way, depending on whether human intervention is required
during the healing process.18,19,28,29 Nonautonomic self-healing
materials that require external assistance such as light, heat,
humidity, and so forth to accomplish healing of damage are also
regarded as healable materials. The use of conductive self-
healing materials in developing electronic devices not only
reduces the replacement and maintenance costs but also
improves the reliability of devices.1,2 Therefore, the fabrication
of self-healing, electrically conductive materials has been the
subject of extensive research.

Among the methods that have been developed for the
fabrication of self-healing conductive materials, the capsule-
based method, which utilizes polymeric microcapsules incorpo-
rated with electrically conductive species as healing agents, has
been widely investigated.30−32 The rupture of the micro-
capsules releases the encapsulated liquid conductive species,
which then flows to the damaged area and restores electrical
conductivity. Apart from eutectic Ga−In liquid metal alloy,30

solid conductive species have to be coencapsulated into
microcapsules with solvent to achieve flowability, thereby
making the encapsulation process complicated and the capsules
vulnerable to damage. Despite its autonomous self-healing
nature, however, multiple healing in the same spot is impossible
because of the depletion of conductive healing agents after a
single damage. As an alternative to the capsule-based method,
we developed a facile method to fabricate self-healing,
electrically conductive films by depositing silver nanowires
(AgNWs) on top of self-healing polyelectrolyte multilayer
(PEM) films.33 In this manner, the water-enabled self-healing
ability of the PEM films is imparted to the electrically
conductive AgNW layer. The method of imparting the self-
healing ability of polymers to inorganic conductive materials
has been successfully applied in the fabrication of self-healing
electronic skins,34 stretchable wires,35 supercapacitors,36 and
heat-induced, self-healing semitransparent conductors37 with
multiple healing capabilities in a particular damaged spot.
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Therefore, this method is generally applicable in designing
various self-healing conductive materials. The above-mentioned
conductive materials achieve healing either by manually
bringing the broken conductors into contact34−36 or with the
aid of water and heat.33,37 For example, Pei and co-workers37

fabricated heat-induced, self-healing conductive films composed
of a healable Diels−Alder-based polymer film inlaid with an
AgNW layer on its surface. This conductive film is healed at a
temperature under 110 °C, which may exceed the tolerance of
several plastic-based flexible devices. How to fabricate a highly
conductive film that can be conveniently healed by an easily
available method for multiple times is still a challenge. As for
the stimulus that initiates the healing process, near-infrared
(NIR) light demonstrates several advantages over water and
heat, such as its mild quality and capacity to be delivered
remotely and instantly with high accuracy to the damaged area.
In this work, we report the fabrication of NIR light-enabled
healable, highly electrically conductive, flexible films by
depositing AgNWs on top of polycaprolactone (PCL)/
poly(vinyl alcohol) (PVA) composite films. The resultant
bilayer film shows good flexibility to repeated bending/
unbending treatments. In addition, the produced bilayer film
is highly conductive, with sheet resistance (Rs) as low as 0.25
Ω·sq−1. Under mild NIR light irradiation, the conductive films
can achieve multiple structural and electrical healing in the
same damaged area without apparent loss in conductivity.

■ EXPERIMENTAL SECTION
Materials. PCL (Mn ≈ 80 000 g·mol−1), PVA (87−89% hydro-

lyzed, Mw ≈ 85 000−124 000 g·mol−1), and polystyrene (PS) (Mw ≈
200 000 g·mol−1) were purchased from Sigma−Aldrich. All chemicals
were used without further purification. AgNWs were synthesized
according to a method described in literature.38 The as-prepared
AgNWs were centrifuged and redispersed in an ethanol solution to
attain a concentration of 3.3 mg·mL−1.
Fabrication of PCL/PVA Films. Silicon and poly(ethylene

terephthalate) (PET) substrates were cleaned with O2 plasma at 0.3
mbar under a power of 80 W for 3 min. The PCL/PVA films were
fabricated by alternately spin-coating PCL and PVA on newly cleaned
silicon or PET substrates. First, PCL dichloromethane solution (100
mg·mL−1) was spun at 500 rpm for 5 s, followed by 1000 rpm for 1
min, to form a PCL layer on the substrate. Subsequently, PVA aqueous
solution (10 mg·mL−1) was spun at 500 rpm for 5 s, followed by 2000
rpm for 1 min, to form a PVA layer on the PCL layer. These two steps
were repeated until the desired number of deposition cycles was
achieved.
Instruments and Characterization. SEM images were recorded

on a field-emission scanning electron miscroscope (XL30 ESEM FEG
SEM). Film thickness was determined on a Veeco Dektak 150 surface
profiler using a 5 μm stylus tip with 3 mg stylus force. As an
alternative, film thicknesses were determined on the basis of their
cross-sectional SEM images. Electrical resistance was measured via
four-point-probe resistance measurements (RTS-8, Four Probe Tech,
Guangzhou, China). A Keithley 2400 source meter was employed as a
direct current (dc) source supply, as well as to record the currents
passing through the circuit during healing of the AgNW/(PCL/PVA)6
film by NIR light irradiation. Differential scanning calorimetry (DSC)
measurements were performed on a Netzsch DSC-204 with a heating
rate of 10 °C·min−1. A thermocouple thermometer (TES 1310) with
0.5 mm K-type thermocouple sensor was employed to monitor the
temperature of films. To measure the film temperature, the
thermocouple sensor was pressed onto the film. The film around
the thermocouple sensor was irradiated by NIR light and the
temperature was recorded when the digital readout became stable.
NIR light irradiation was performed at 812 nm with a laser diode
source (HOTE NIR LOS-BLD system, Hi-Tech Optoelectronics,
China). By use of the calibration curve provided by the manufacturer,

the power density delivered to the sample was calculated as ∼1 W·
cm−2.

■ RESULTS AND DISCUSSION
Fabrication of Thermally Healable PCL/PVA Films. The

key step in this work is the fabrication of polymeric films that
can heal themselves at low temperature. PCL, a thermoplastic
with melting temperature (Tm) of around 60 °C, becomes
moldable at temperatures above its Tm and returns to a solid
state upon cooling. This low-temperature responsive property
of PCL can be exploited in fabricating healable films. To
achieve a precise film thickness, (PCL/PVA)n multilayer films
(where n is the number of film deposition cycles) were
fabricated by alternately spin-coating PCL dichloromethane
solution (100 mg·mL−1) and PVA aqueous solution (10 mg·
mL−1) on freshly cleaned silicon or poly(ethylene tereph-
thalate) (PET) substrates. As shown in Figure 1a, the thickness

of the PCL/PVA films increases almost linearly with the
number of film deposition cycles. The linear deposition allows
for convenient control of the film thickness by simply changing
the number of film deposition cycles. A (PCL/PVA)6 film has a
thickness of ∼67 μm, with the average thickness of each PCL
and PVA layer being ∼10.1 μm and ∼30 nm, respectively. In
the sequential spin-coating process, the ultrathin PVA layer can
prevent dissolution of the previous PCL layer but cannot
significantly alter the thermal-responsive property of the
composite films. Hydrogen bonding between ketone groups
of PCL and hydroxyl groups of PVA ensures firm adhesion
between the PCL and PVA layers. In a control experiment, the
successive spin-coating of PCL failed to produce a PCL film
with a desirable thickness (Figure S1, Supporting Information).
As proved later on, thick PCL film plays an important role in
realizing healability. This explains why PCL/PVA composite
film rather than neat PCL film is employed for the fabrication
of healable conductive film.

Figure 1. (a) Dependence of (PCL/PVA)n film thickness on number
of deposition cycles. (b) DSC curves of PCL (red dashed line), PVA
(green dotted line), and (PCL/PVA)6 film (black solid line). (c, d)
SEM images of (PCL/PVA)6 film with a cut, (c) before and (d) after
heat-induced healing.
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Differential scanning calorimetry (DSC) measurements
indicate that although PVA has a high Tm of ∼187 °C, the
PCL/PVA composite film has a Tm of ∼58 °C, which is only 2
°C higher compared with pure PCL (Figure 1b). The slight
increase of Tm in the PCL/PVA films is due to the relatively
small amount of incorporated PVA. A cut roughly ∼42 μm
wide, which penetrated to the silicon surface, was made in the
(PCL/PVA)6 film with a scalpel (Figure 1c). The cut
disappeared after the damaged (PCL/PVA)6 film was heated
on a hot plate at a temperature of 65 °C for 2 min, indicating
that heating can enable healing of damage in the composite
films (Figure 1d). Under increased temperatures, the (PCL/
PVA)6 film softens and becomes flowable, causing the fractured
surfaces in the damaged area to come into contact and fuse
together. In this way, the cut in the (PCL/PVA)6 film is
repaired. Despite the heat-enabled healing of the film, the cut in
(PCL/PVA)6 film cannot be healed by irradiating the damaged
film with an 812 nm NIR light (∼1 W·cm−2). A thermocouple
thermometer was used to measure the temperature of the NIR-
irradiated area of the (PCL/PVA)6 film, which was ∼30 °C.
This result is due to the inability of the PCL and PVA polymers
to effectively absorb and transform NIR light into thermal
energy (Figure S2, Supporting Information).
Fabrication of AgNW-Covered PCL/PVA Films. To

exploit the NIR light-induced thermal effect to fabricate
healable conductive films, an ethanol solution of poly-
(vinylpyrrolidone) (PVPON)-decorated AgNWs (3.3 mg·
mL−1) with diameter of ∼100 nm and length ranging from
15 to 25 μm was drop-cast onto the (PCL/PVA)6 film to
produce a bilayer AgNW/(PCL/PVA)6 film. As depicted in
Figure 2a, the random orientation of AgNWs produces a

meshlike AgNW film with a high density of wire−wire
junctions, which is a key factor in the high conductivity of
the AgNW film.39−42 The as-prepared AgNW/(PCL/PVA)6
film has Rs as low as ∼0.25 Ω·sq−1, which was measured via a
four-point-probe resistance method. The conductive AgNW
layer has a thickness of ∼700 nm, as measured from the cross-
sectional SEM image of the AgNW/(PCL/PVA)6 film, which is
shown in Figure 2b. Hydrogen-bonding interactions between
hydroxyl groups of PVA and pyrrolidone groups of the
PVPON-decorated AgNWs guarantee strong adhesion between
the AgNW and (PCL/PVA)6 layers. The AgNW/(PCL/PVA)6
film deposited on the PET sheet is highly flexible and can
endure repeated bending and unbending treatments.
The currents passing through the AgNW/(PCL/PVA)6 film

remained almost constant during the entire bending process
(Figure 3a). After the AgNW/(PCL/PVA)6 film was bent to an
angle of ∼150° more than 1000 times, no reduction in film
conductivity was observed (Figure 3b). Moreover, the AgNW
layer and the AgNW/(PCL/PVA)6 film did not separate or
peel off from the PET substrate. The high flexibility and
stability of the AgNW/(PCL/PVA)6 films ensure the suitability
of their application in fabricating flexible electronic devices.

NIR Light-Enabled Healing of AgNW/(PCL/PVA)6
Films. The NIR light-induced healing of the AgNW/(PCL/
PVA)6 film was examined by connecting the film to a circuit
with a light-emitting diode (LED) and a dc power supply. The
voltage was set to 3.0 V (Figure 4a1). When the AgNW/(PCL/
PVA)6 film was cut across its entire width with a scalpel, the
LED immediately went off (Figure 4a2). The cut resulted in a
break in the electrical circuit as the current through the circuit
became zero (Figure 4b). The cut, which was ∼42 μm wide and
penetrated to the underlying PET surface, broke the top AgNW
layer as well as the bottom (PCL/PVA)6 layer, signifying that
the AgNW/(PCL/PVA)6 film incurred severe damage (Figure
4c). Interestingly, the LED lit up again after the cut was
exposed to 812 nm NIR light (∼1 W·cm−2) under ambient
conditions at a temperature of 20 °C for 6 s (Figure 4a3). The
LED became brighter with time, which indicated that the
healing process continued under uninterrupted NIR light
irradiation. The brightness of the LED became steady after 2
min of irradiation by NIR light. Repeated folding of the healed
AgNW/(PCL/PVA)6 film did not reduce the LED brightness
(Figure 4a4), which shows that conductivity was completely
healed through NIR light irradiation. A video recording of the

Figure 2. (a) Top view and (b) cross-sectional SEM images of an
electrically conductive AgNW/(PCL/PVA)6 film.

Figure 3. (a) Current changes in AgNW/(PCL/PVA)6 film with applied voltage of 0.01 V as a function of bending angle (θ) from 0° to 150°.
(Inset) Optical image of AgNW/(PCL/PVA)6 film (3 × 1 cm2) bent to 150°. (b) Plot of Rs of AgNW/(PCL/PVA)6 film as a function of bending
cycles. The film was bent to ∼150° with a bending rate of 2 Hz.
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cutting and healing process can be found in the Supporting
Information.
The healing of the cut AgNW/(PCL/PVA)6 film was further

characterized by recording the time-dependent currents passing
through the circuit. As shown in Figure 4b, the current, which
increased along with the duration of NIR light irradiation, was
detected after 6 s of irradiation. The current reached a plateau,
and up to ∼94% of its original value was restored within 2.5
min of irradiation. Therefore, healing was accomplished within
2.5 min of NIR light irradiation. The SEM image of the healed
AgNW/(PCL/PVA)6 film provided in Figure 4d shows that the
cut completely disappeared after NIR light irradiation. Under
NIR light irradiation, the AgNWs, which absorb and convert
NIR light into thermal energy,43 function as nanosized heaters
to raise the temperature of the bottom (PCL/PVA)6 layer
(Figure S2, Supporting Information). As measured by a
thermocouple thermometer, the NIR irradiation was found to
be capable of heating the damaged area up to ∼65 °C. The
(PCL/PVA)6 film thus softens and flows to repair the cut in the
same way as when the damaged film was directly heated. The
strong interactions between the (PCL/PVA)6 and AgNW
layers allow for the simultaneous movement of separated
AgNW layers toward each other. Finally, the separated AgNW
layers reconnect, and electrical conductivity is thus restored.
Although NIR light is less efficient in inducing heat generation
of AgNWs compared with visible light, the temperature raised
by NIR light is sufficiently high to induce healing of the (PCL/
PVA)6 film, owing to the low melting temperature of the
polymer film. In a control experiment, AgNW/[polystyrene
(PS)/PVA]6 film was fabricated following the same procedure
for fabricating AgNW/(PCL/PVA)6 film. However, the
AgNW/(PS/PVA)6 film failed to heal a cut under the same
NIR light irradiation (Figure S3, Supporting Information).
Given the high temperature required to soften PS, healing a cut
on a AgNW/(PS/PVA)6 film was achieved by heating the film
on a hot plate at a temperature of 130 °C for 10 min.
Therefore, PCL is crucial in fabricating healable, highly
electrically conductive films that allow for healing to be

achieved by a low-power NIR light irradiation. It should be
mentioned that although carbon nanotubes can convert NIR
light into heat,44 their conductivity is much lower than that of
AgNWs.
A previous study shows that visible light irradiation can

induce the welding of AgNW junctions whereas NIR light
irradiation cannot, because visible light is more efficient than
NIR light in inducing heat generation of AgNWs.41 In the
present study, the welding of AgNW junctions is deliberately
avoided by using NIR light. The sliding or deformation of
AgNWs can eliminate the stress produced during movement of
the damaged AgNW layers. Compared with the physically
jointed AgNWs, the welded AgNWs cannot slide or become
deformed, which is unfavorable in terms of healing the damage
in an AgNW/(PCL/PVA)6 film. Moreover, the AgNW/(PCL/
PVA)6 film has a strong capacity to heal a damaged area
multiple times. As shown in Figure 5a, after seven cycles of the
cutting/healing process, in which the cuts were made within a
width range of ≈0.5 mm on the film, Rs across the cutting−
healing area increased only from 0.25 to 0.6 Ω·sq−1. The SEM
image in Figure 5b exhibits that the separated AgNW layer was
closely connected after seven cycles of the cutting/healing

Figure 4. (a) Time profiles of healing of a cut on an AgNW/(PCL/PVA)6 film connected to a circuit with an LED bulb: (1) as-prepared film; (2)
the film is cut; (3) NIR irradiates on the cut to restore conductivity; (4) the healed film is repeatedly bent to demonstrate its high stability. The
entire movie that shows the cutting/healing process is available in the Supporting Information. (b) Current changes in AgNW/(PCL/PVA)6 film
during a cutting/healing process. The cut was made at t = 60 s. NIR light irradiation was applied at t = 110 s and continued through t = 290 s. (c, d)
SEM images of a AgNW/(PCL/PVA)6 film with a cut, (c) before and (d) after being healed.

Figure 5. (a) Changes in sheet resistance of AgNW/(PCL/PVA)6 film
after multiple cutting/healing processes in the same region. (b) SEM
image of the sample in panel a after seven cutting/healing cycles.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am504829z | ACS Appl. Mater. Interfaces 2014, 6, 16409−1641516412



process. The multiple healing of the AgNW/(PCL/PVA)6 films
considerably enhanced their durability and reliability.
Thickness-Dependent Healing of AgNW/(PCL/PVA)n

Films. The thickness of the (PCL/PVA)n film has a significant
influence on the restoration of conductivity of the AgNW layer.
As shown in Figure 6a, Rs of the AgNW/(PCL/PVA)n films
after a cycle of the cutting/healing process decreased along with
the increase in the number of deposition cycles of the (PCL/
PVA)n films. SEM images in Figure 6b,c show gaps in the
AgNW layers of the healed AgNW/(PCL/PVA)4 and AgNW/
(PCL/PVA)5 films, respectively. The gap is electrically
insulating, which results in reduced conductivity in the healed
region. The reduced number of gaps in the AgNW/(PCL/
PVA)5 film compared with that in the AgNW/(PCL/PVA)4
film proves that a thicker PCL/PVA film allows for better
restoration of conductivity after damage. To better demonstrate
the thickness-dependent healing properties of the AgNW/
(PCL/PVA)n films, morphologies of the healed (PCL/PVA)n
films (with n being 4, 5, or 6) were measured by atomic force
microscopy (AFM). These films were cut with a scalpel and
healed by heating on a hot plate. As shown in the AFM images
in Figure 6d−f, incomplete filling of the surrounding PCL and
PVA to the damaged area resulted in the concave surface in the
healed region of the (PCL/PVA)n films. Given that the AgNW
layer moves along with the PCL/PVA layer during the healing
process, the AgNW layer was thus stretched longer in the
healed region because of the concave surface, which inevitably
leads to formation of a gap in the AgNW layer. The concavities
of the healed (PCL/PVA)n films increase along with the decline
in number of film deposition cycles (scan lines in Figure 6d−f).
As a result, the AgNW layer deposited on a thinner PCL/PVA
film was stretched longer, leading to more gaps and enhanced
Rs. Hence, thick PCL/PVA films are preferred to better restore
conductivity in AgNW/(PCL/PVA)n films.

■ CONCLUSIONS

In summary, we have fabricated an NIR light-enabled healable,
highly flexible and conductive film by depositing an AgNW

layer on top of PCL/PVA composite film. Under low-power
NIR light irradiation, the AgNW/(PCL/PVA)6 film can quickly
and finely restore conductivity loss caused by damage such as
cuts and cracks that are several tens of micrometer wide. The
AgNW layer functions not only as an electrical conductor but
also as a NIR light-induced heater to initiate the healing of
PCL/PVA film, which then imparts its healability to the
conductive AgNW layer. Owing to the intrinsic healing nature
of the PCL/PAA composite film, the AgNW/(PCL/PVA)6 film
can be cut and healed in the same region multiple times
without apparent loss of its original conductivity. This work is
the first to utilize low-power NIR light to repair electrically
conductive films. When the advantages of NIR light are
considered, such as easy availability, capacity for remote
control, and precise location, NIR light allows for the healing
process to be conveniently performed in ambient conditions
without adversely affecting the surrounding components. Given
the high conductivity, flexibility, and simple healable property
of the conductive films, these films are believed to have
practical applications in various optoelectronic devices with
enhanced durability and reliability.
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