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We report on the fabrication of a rationally designed self-healing and ﬂexible all-in-one system. Using a vacuum
ﬁltration method, an integrated system consisting of a planar supercapacitor and a multifunctional sensor is
fabricated with gold nanosheet (AuNS) interconnections. A fast and reversible self-healing hydrogel based on the
diol-ester bonding between poly(vinyl alcohol) (PVA) and borax is synthesized, and its mechanical stability is
enhanced with the additional hydrogen bonding between PVA and agarose. Using an electrolyte of PVA/borax/
agarose/NaNO3 and an electrode consisting of multiwalled carbon nanotubes (MWCNTs) coated on an AuNS
current collector, a high-performance self-healing ﬂexible planar supercapacitor is fabricated. The multifunctional sensor is made of MWCNTs with a zinc oxide nanowire composite. Both the supercapacitor and sensor
recover their performance from bisectional damage via physical contact with a water supply. The self-healing
supercapacitor shows mechanical stability for bending deformation even after repetitive self-healing cycles.
Furthermore, the integrated system exhibits self-healing performance through stable sensing of NO2 gas and UV
light using the stored energy in the supercapacitor after recovery from repetitive bisection of the sensor. This
work demonstrates the high potential of our rationally designed ﬂexible self-healing all-in-one system in highperformance wearable devices with high durability and longevity.

1. Introduction
Recently, multifunctional wearable electronic devices have attracted extensive attention as one of the next generation core technologies. Wearable devices are required to have mechanical stability under
various deformations due to body movement and the ability to obtain
precise information on biosignals as well as environmental signals, such
as hazardous gases and harmful UV light. Along with the dramatic
advances in the development of high-performance ﬂexible/stretchable
sensor devices, high-performance energy storage devices for powering
of integrated sensor device in the form of all-in-one system have been
actively investigated [1–4]. In addition, visual display of the electrical
sensing signal via integration of an electrochromic display or quantum
dot light emitting diode array has recently attracted attention [5–8].
Furthermore, extensive research on self-healable wearable devices has
recently increased because the self-healing ability can increase the
lifetime of wearable electronic devices. These devices can recover their
original performances even after repeated damage during everyday

usage.
Self-healing electronic devices have been fabricated based on
combining conductive materials, such as metal nanowires, conducting
polymers and carbon-based materials, with self-healing polymers. The
self-healing polymers studied to date include polyvinyl alcohol (PVA)
[9–11], vinyl silica cross-linked polyacrylic acid [12], dicyclopentadiene [13], TiO2-doped polymers [14], carboxylate polyurethane
[15,16], and β-cyclodextrin (β-CD) complex [17–19]. Self-healing
electronic devices, such as chemical/mechanical sensors, electrochromic devices and electroluminescence devices have been reported
[20–23]. In addition, research has been actively conducted to produce
self-healing electrochemical capacitors (ECs) with active materials such
as multiwalled carbon nanotubes (MWCNTs) or activated carbon as
electrodes and conductive self-healing electrolytes based on the
abovementioned self-healing polymers [24–27].
Despite the considerable progress in developing self-healable devices, there are still limitations that hinder their wide applications.
Most of the previously reported self-healing applications are based on
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environment to examine the self-healing property. Each bisected hydrogel was ﬁrst contacted under a small applied pressure and then
contacted for 30 s without any external force. The healed hydrogel was
stretchable, demonstrating the excellent self-healing property of the
hydrogel. Optical microscopy images in Fig. S1 also conﬁrm the fast
self-healing of the hydrogel electrolyte. In Fig. 1b (i), the detailed
structures of the fabricated self-healing planar supercapacitor and
multifunctional sensor are schematically shown. The thickness of the
fabricated MWCNT layer, AuNS layer and PVA/agarose substrate was
estimated to be 60, 20, and 100 μm, respectively, from the cross-sectional scanning electron microscopy (SEM) images in Fig. S2. Fig. 1b (ii)
schematically illustrates the healing process of the all-in-one system
consisting of three serially connected supercapacitors, the multifunctional sensor, and AuNS interconnections. A detailed fabrication
process is schematically illustrated in Fig. 1c. Supercapacitor electrodes
were fabricated by transferring vacuum-ﬁltrated MWCNT and AuNS
ﬁlms onto the PVA/agarose substrate using ﬁlter paper. The PDMS
mask was designed to make the desired electrode pattern for the supercapacitor, sensor and interconnections. The dispersion of MWCNTs
and AuNSs was drop-cast to form a percolated network on the ﬁlter
paper. After the patterning process, the PDMS mask was removed. The
ﬁlter paper with patterned electrodes was placed on a PVA/agarose
solution drop-cast on top of a silicon (Si/SiO2) substrate and then dried
on a 55 °C hot plate. After 4 h of drying, the ﬁlter paper was slowly
peeled oﬀ. The transferred pattern formed a conductive percolated
network of MWCNTs/AuNSs. The hydrogel electrolyte was simply
loaded on top of the electrodes, including the interfaces. The multifunctional sensor was fabricated with MWCNTs and ZnO NW composites embedded in the same PVA/agarose substrate, and the AuNS interconnections were also transferred in the same way to integrate the
supercapacitors and the sensor, forming an all-in-one sensor system.
Photographs taken of the device attached on a wrist during the damage/self-healing process are shown in Fig. 1d.
The self-healing mechanism of the PVA/borax/agarose hydrogel is
schematically illustrated in Fig. 2a with molecular structures of the
individual components. Borax molecules form tetrahydroxy borate anions (B(OH)4–) in aqueous solution, which enable fast and reversible
self-healing of the hydrogels through a dynamic covalent cross-linking
reaction with the hydroxyl groups of the adjacent PVA [39,40]. However, the fabricated PVA/borax hydrogel has a weak physical/mechanical property due to a single type of bonding. To enhance the
mechanical strength, agarose was added to the hydrogel to form an
additional network due to additional hydrogen bonding with PVA
[41,42]. Hydrogels without agarose could not retain their original
shape over time, while those with agarose contents above 2 wt% could
reduce their ﬂuidity to maintain the shape, as demonstrated in Fig. S3.
To conﬁrm that the component materials used in the hydrogel were
well mixed, Fourier transform infrared (FT-IR) spectra of PVA, agarose,
PVA/agarose and PVA/borax/agarose composites were obtained, as
shown in Fig. S4. All materials showed a similar peak near 3330 cm−1
and a peak at 1645 cm−1, which represent the stretching and bending
vibrations of hydroxyl (O–H) groups. Additionally, the common peaks,
though slightly shifted, near 2950 cm−1, 2890 cm−1, 1410 cm−1 and
1330 cm−1 correspond to the stretching, bending, wagging and rocking
modes of C–H bonds, respectively. The peak at 1100 cm−1 is assigned
to the out-of-plane vibration of C–O, and the peak at 820 cm−1 corresponds to the stretching vibration of C–C bonds [43–48]. Additionally,
peaks at 1365 cm−1, 1064 cm−1 and 850 cm−1 correspond to the
stretching relaxation of B–O–C, asymmetric stretching vibration of B–O
and symmetric stretching of B–O, respectively, conﬁrming crosslinking
between PVA and borax as well as the presence of a borax network in
the hydrogel [49].
Fig. 2b shows the strain-stress curves of the PVA/borax/agarose
hydrogel taken as the agarose content was varied from 0 to 3 wt%.
Here, the 2 mm thick hydrogel ﬁlm was cut into strips of
20 mm × 5 mm. With the increasing agarose content, the maximum

the demonstration of a single functional device. However, integration of
multiple self-healing functional devices in a self-healing all-in-one
system is required for practical daily utilization. A fully self-healable
electronic system consisting of an electrocardiogram sensor, a strain
sensor and a light-emitting capacitor was only reported [28]. Other
than various functional devices, integration of energy storage devices
such as batteries and supercapacitors for powering an entire system is
also essential. However, most of the previously reported self-healing
energy storage devices were designed in a stacked structure, which
make them hard to integrate with other devices on a single wearable
substrate. Also, self-healing supercapacitors studied earlier rarely have
current collectors, which could deteriorate the charge transport performance of the supercapacitor.
In designing a self-healing supercapacitor, it is challenging to synthesize a highly conductive hydrogel electrolyte while maintaining its
mechanical stability as well as self-healing property. Among various
self-healing polymers, PVA has been widely used for fabricating selfhealing devices due to its electrochemical and chemical stability, easy
processability and biocompatibility. Thus, PVA has been frequently
used for the synthesis of electrolytes. PVA-based electrolytes mainly
include acids [29,30], bases [31,32] or other inorganic salts [33,34]
dissolved in deionized water. However, these electrolytes often have
poor self-healing eﬃciency, even though they contain suﬃcient hydroxyl groups (–OH) from PVA. This poor eﬃciency is attributed to the
presence of inorganic ions from the acids, bases, or salts in the electrolyte because these ions can hinder the formation of hydrogen bond
between the PVA chains and water molecules [35]. This can cause
aggregation of the PVA chains due to intermolecular hydrogen bonding,
which signiﬁcantly reduces the chain mobility that is essential for selfhealing [36,37]. Thus, the application of PVA-based electrolytes to selfhealing devices is limited due to their poor healing eﬃciency and poor
tolerance to salt. Chemical modiﬁcation of PVA chains by grafting
functional molecules such as acrylic acid or N, N, N-trimethyl-1(oxiran-2-yl) methanaminium chloride has been suggested to reduce
the aggregation of PVA chains in the presence of ions [10,38]. However, this strategy often requires complex chemical reactions or additional processes such as puriﬁcation or neutralization.
In this study, we devise a facile fabrication process for a ﬂexible selfhealing sensor system with an integrated supercapacitor via a vacuum
ﬁltration technique. In particular, we suggest a novel strategy to enhance the self-healing eﬃciency as well as the electrochemical performance of the supercapacitor. Both mechanical stability and high ionic
conductivity with the excellent self-healing properties of the hydrogel
electrolyte, PVA/borax/agarose/NaNO3, are obtained by a systematic
study on the role of the agarose content and various electrolyte ions in
the self-healing eﬃciency of the hydrogel polymer. Highly conductive
and ﬂexible AuNSs as a current collector also contribute to enhancing
the electrochemical performance of the supercapacitor. A self-healing
multifunctional sensor is fabricated with a patterned channel consisting
of MWCNTs and ZnO nanowires (NWs) to detect both NO2 gas and UV
light. Via integration of a planar supercapacitor and multifunctional
sensor using AuNS interconnections onto a single PVA/agarose ﬁlm, a
self-healing all-in-one system is fabricated that can detect UV and NO2
with a sensor driven by the energy stored in the planar supercapacitor.
Both the supercapacitor and the sensor recover their device performance after complete bisection and subsequent physical contact with a
water supply for a short time.
This work clearly suggests that our rationally designed self-healing
all-in-one device is widely applicable to soft wearable electronics with
high durability and longevity.
2. Results and discussion
Fig. 1a shows photographs taken of the PVA/borax/agarose/NaNO3
hydrogel electrolyte during the processes of cutting, physical contact,
and conﬁrmation of mechanical recovery under the ambient air
2
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Fig. 1. (a) Photograph showing the self-healing process of the fabricated self-healable hydrogel electrolyte. (b) Schematic illustration of the fabricated self-healable
all-in-one electronic system with detailed structures. (i) Cross-sectional scheme of the fabricated supercapacitor and sensor. (ii) Self-healing process of the all-in-one
system. (c) Schematic illustration of the fabrication process. (d) Photographs of the integrated device attached to skin during the cutting and healing process.

healing eﬃciency is based on the recovery of the strain at break. In all
cases, the healing eﬃciency is over 96%, especially over 98% when the
agarose content is less than 3 wt%. Since pure agarose gel has no
healing ability, we expect that the addition of more than a certain
amount of agarose may aﬀect the healing ability of the hydrogel. Thus,
we used the 2 wt% hydrogel, which was moderately stable and ﬂexible,
throughout the remaining experiments. Fig. 2d shows the strain-stress
curves for the hydrogel electrolyte with various added electrolyte materials. The elastic modulus and healing eﬃciency histograms are also
summarized in Fig. 2e. The concentration of each electrolyte solution
was kept at 1 M. All measurements were performed 30 min after application of 1 ml electrolyte solution to the PVA/borax/agarose hydrogel. As shown in Fig. S5, the addition of acid (H3PO4) completely
disrupts the intermolecular bonding network of the hydrogel, making
the hydrogel more like a liquid and resulting in a dramatic decrease in

tensile stress increased due to the formation of more hydrogen bonds
with PVA. The elastic modulus (E) also showed the same tendency and
was 6.41 kPa for the hydrogel without agarose and increased to 9.37,
14.36 and 20.27 kPa for agarose contents of 1, 2, and 3 wt%, respectively. The elastic modulus was calculated by the following Eq. (1):

E=

σ
F × L0
=
ε
A × ΔL

(1)

where L0 , ΔL, A and F represent the initial length, length change,
cross-sectional area of the hydrogel, and applied force, respectively.
These results clearly indicate that the addition of agarose leads to an
improvement in the mechanical strength of the hydrogel.
To further understand the inﬂuence of agarose on the properties of
the hydrogel, the elastic modulus and healing eﬃciency histograms
with the variation in the agarose content are shown in Fig. 2c. Here, the
3
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Fig. 2. (a) Schematic illustration of the self-healing mechanism of the fabricated PVA/borax/agarose hydrogel. (b) Strain-stress curves of the hydrogel with diﬀerent
contents of agarose. (c) Measured elastic modulus and self-healing eﬃciency of the hydrogel with various agarose contents. (d) Strain-stress curves of the hydrogel
with 2 wt% of agarose after treatment with various electrolytes. (e) Measured elastic modulus and self-healing eﬃciency of the hydrogel treated with various
electrolytes.

other adjacent PVA chains, resulting in a salting-out eﬀect in which the
water and polymers are separated [52]. SO4− ions tend to be more
kosmotropic than Cl− ions. For this reason, the dehydration and decrease in healing eﬃciency was more severe in the Na2SO4 treated
hydrogels than the KCl treated hydrogels.
To solve this problem, we introduced NaNO3 as a novel electrolyte
material based on the abovementioned theory. NO3−, the anion of
NaNO3, is a strong chaotropic ion. Chaotropic ions rarely disturb the
hydrogen bonding between water molecules and PVA chains.
Therefore, unlike other electrolyte materials, when NaNO3 was added
to the hydrogel, it was possible to maintain a high ionic conductivity
and capacitance for the supercapacitor while also maintaining the
mechanical properties and excellent self-healing ability of the original
hydrogel. According to the theory, the eﬀect of Na+ on the self-healing
eﬃciency is negligible and anions appear to have a larger eﬀect than
cations [53]. Information on the strength of various kosmotropic and
chaotropic ions is given in Fig. S6.

the elastic modulus. Although the addition of base (KOH) did not aﬀect
the appearance of the hydrogel, it completely removed the self-healing
ability of the hydrogel. Both hydrogels treated with KCl and Na2SO4
became opaque white, and the elastic modulus increased to 26.3 and
57.6 kPa, respectively. The self-healing eﬃciency also decreased to
87.2% and 7.8%, respectively.
These results can be explained in terms of the Hofmeister eﬀect. The
Hofmeister eﬀect is a theory that ions can aﬀect the behavior of other
solutes, such as macromolecules, in aqueous solutions. The Hofmeister
series is the classiﬁcation of ions in order of their ability to salt out or
salt in polymers [50,51]. Here, kosmotropic and chaotropic ions are
categorized based on their ability to alter the hydrogen bonding network of water. According to the Hofmeister series, both KCl and Na2SO4
have kosmotropic characteristics. They promote hydrogen bonding
between water molecules, weakening the bonding between PVA chains
and water molecules and lowering the polymer solubility. As a result,
the PVA chains aggregate through intermolecular interactions with
4
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Fig. 3. Electrochemical performance of the selfhealable planar supercapacitor with MWCNT/
AuNS electrodes and PVA/borax/agarose/
NaNO3 hydrogel electrolyte. (a) Cyclic voltammetry (CV) curves taken at scan rates from
10 mV s−1 to 200 mV s−1. (b) Nyquist plot of the
supercapacitor. Inset shows an enlarged plot at
high frequency region. (c) Galvanostatic charge–discharge (GCD) curves taken at current
densities from 1.0 to 3.5 mA cm−2. (d) Areal
capacitance and columbic eﬃciency (η) calculated from the GCD curves. (e) Ragone plot of the
supercapacitor compared with those of other
previously
reported
self-healable
supercapacitors. (f) Cyclic stability of the fabricated
supercapacitor. The inset shows GCD curves
taken during the last 9 cycles.

maximum areal capacitance was calculated to be 68.7 mF cm−2 at a
current density of 1.0 mA cm−2, and it gradually decreased with increasing current density, resulting in a value of 42.7 mF cm−2 at
3.5 mA cm−2. Columbic eﬃciency remained above 94% at all current
densities as shown in Fig. 3d. The areal energy density (EA) and areal
power density (PA) of the fabricated supercapacitor can also be calculated by Eqs. (3) and (4), respectively.

Next, the electrochemical performance of the fabricated planar supercapacitor was measured. Fig. 3a shows the cyclic voltammetry (CV)
curves taken at various scan rates from 10 to 200 mV s−1 with symmetric shapes. The Nyquist plot of the electrochemical impedance
spectroscopy (EIS) spectra measured at frequencies from 1 MHz to
0.1 Hz in Fig. 3b shows that the angle between the plot and the x-axis is
close to 90 degrees indicating electrical double layer capacitor (EDLC)
behavior [54]. In this case, the value corresponding to the x intercept,
~ 20 Ω, is the equivalent series resistance (ESR) or cell internal resistance (Rb), which corresponds to the resistance of the components of
the supercapacitor, such as the electrode, current collector, and electrolyte. The charge transfer resistance (Rct) value was measured to be
1 Ω, which is negligible. Equivalent circuit model used for ﬁtting the
EIS spectra of the supercapacitor cell is shown in Fig. S7. Fig. 3c shows
the galvanostatic charge–discharge (GCD) curves measured at various
current densities. From those GCD curves, the areal capacitance (CA)
can be calculated using Eq. (2):

CA =

I × Δt
ΔV × A

EA =

CA × ΔV 2
7200

(3)

PA =

EA × 3600
Δt

(4)

The maximum power and energy density values were calculated to
be 1.4 mW cm−2 and 6.1 μWh cm−2, respectively. Compared to previously reported self-healing supercapacitors, our fabricated supercapacitor exhibits excellent performance as shown in the Ragone plot in
Fig. 3e [15,24,55–58]. In Table S1, the electrochemical performance of
our fabricated self-healing supercapacitor is compared with that of
other previously reported ones. Such high performance is attributed to
the high concentration of ions in our self-healing hydrogel electrolyte.
As mentioned above, it was possible to obtain a high concentration of
ions using NaNO3 in our hydrogel, whereas hydrogels with only a much
lower concentration of other previously reported acids, bases, or inorganic salts could be formed. The addition of ions above a critical

(2)

where I , Δt , ΔV and A represent the current density, discharge time,
operation voltage and cell active area, including the interface of 500 μm
between electrodes, respectively. The transferred electrodes have two
rectangular structures with a length of 1 cm and a width of 0.4 cm. The
5
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Fig. 4. (a) Time-dependent R/R0 graph of the
supercapacitor electrode with electrolyte measured after complete bisection and physical
contact of the two pieces. (b) Ionic conductivity
of the hydrogel electrolyte (top) and ESR value
of the fabricated supercapacitor (bottom) with
respect to self-healing cycles. (c) GCD curves
taken over 5 cycles of self-healing at a current
density of 1.0 mA cm−2. (d) Normalized capacitance and columbic eﬃciency with self-healing
cycles calculated from the GCD curves. (e) Liquid
crystal display (LCD) integrated with the selfhealable supercapacitor during the damage and
self-healing processes. (f) Schematic illustration
of the self-healing process of the fabricated supercapacitor.

performance, and the columbic eﬃciency was maintained at over
97.2%. During the measurements, the supercapacitor was sealed with
paraﬁlm in a circular petri dish with a diameter of 55 mm to minimize
the eﬀect of water evaporation on the performance.
In Fig. 4, the electrochemical performance of our supercapacitor
after cycles of damage/healing is measured. Fig. 4a shows the timedependent normalized resistance change of the supercapacitor electrode with the electrolyte measured after complete bisection and physical reconnection of the two pieces. The resistance of the electrode
gradually returns to the original value when the completely bisected
pieces are physically reconnected, forming an electrical pathway.
Fig. 4b shows the change in ionic conductivity of the hydrogel electrolyte for 5 damage/healing cycles (top) and the change in the ESR
value of the whole supercapacitor according to the healing cycles

concentration can lower the mechanical and self-healing ability of the
electrolyte, causing a signiﬁcant decrease in the self-healing property of
the whole device. The presence of a highly conductive AuNS current
collector is also attributed to the high performance of the supercapacitor, while most of the previously reported supercapacitors do not
have current collectors tightly connected with the active materials. The
resistance of our AuNS current collector as well as the interconnections
is measured to be ~3 Ω. Additionally, the output voltage and the
charge/discharge time can be controlled via serial and parallel connections of multiple supercapacitors, as clearly exhibited in Fig. S8.
Fig. 3f presents the changes in capacitance over 10,000 repetitive
charge/discharge cycles at a current density of 3.5 mA cm−2, and the
inset shows GCD curves taken over the last 9 cycles. After 10,000 cycles
of charge/discharge, the supercapacitor maintained 80.5% of its initial
6
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plot and ionic conductivity changes of the hydrogel electrolyte under
various bending are shown in Fig. S12. Although the conductivity of the
hydrogel electrolyte was changed under bending deformation, it did not
signiﬁcantly aﬀect the actual capacitance of the supercapacitor. After
repetitive bending at a bending radius of 3.6 mm for up to 500 cycles,
the supercapacitor still retained 95.2% of the initial capacitance. After
500 bending cycles, the supercapacitor was bisected and self-healed
through physical contact with a water supply. For the self-healed supercapacitor, GCD curves were obtained under repetitive bending at a
bending radius of 3.6 mm. As shown in Fig. 5d, the self-healed supercapacitor exhibits a gradual decrease in capacitance, reaching 90.1% of
the initial capacitance after a total of 1000 bending cycles. The inset
shows the GCD curves taken from the supercapacitor before bending
and after the 1000th bending cycle, signifying no noticeable degradation even after bending deformation of the self-healed device after
complete bisection.
Using the vacuum ﬁltration patterning method, a self-healing multifunctional sensor for detecting both NO2 gas and UV light was also
fabricated on the PVA/agarose substrate. The sensor channel was made
via transfer of vacuum-ﬁltrated MWCNT ﬁlm and covering over half the
area of the MWCNT channel with ZnO NW ﬁlm. The MWCNT-only
channel is expected to detect NO2 gas, while the ZnO-covered MWCNTs
detect UV light. The SEM image, EDS and XPS spectra of ZnO NWs
deposited on patterned MWCNTs are shown in Fig. S13. In the XPS
spectrum, Zn 2p1/2 and Zn 2p3/2 peaks are observed at 1020.5 eV and
1043.5 eV with a spin–orbit splitting value of 23.0 eV, which corresponds to Zn2+ (left) [59]. The O 1s peak can be ﬁtted with two
Gaussian peaks at 531.2 and 529.1 eV, corresponding to the OH group
on the surface of the ZnO and O2− ions in the wurtzite structure of ZnO
with Zn-O bonding, respectively (right) [60,61].
Fig. 6a schematically illustrates the sensing mechanism of hazardous NO2 gas (left) and UV light (right) by using the fabricated
multifunctional sensor. In ambient air, semiconducting MWCNTs exhibit p-type conduction behavior. NO2 has a dipole that strongly attracts electrons. Upon adsorption on the surface of the p-MWCNTs, the
adsorbed NO2 exists as NO2− ions due to extraction of electrons from
the electron-hole (e-h) pair of the MWCNTs. As a result, additional
holes are generated in the MWCNT channel to increase the current with
increasing NO2 exposure [62–64]. On the other hand, UV light can be
detected by ZnO NWs. In an ambient air environment, O2 is adsorbed
on the ZnO surface in the form of O2−. Exposure to UV light with energy higher than the bandgap of ZnO (Eg = 3.37 eV) generates e-h pairs
in ZnO. Then, the photogenerated holes combine with O2– to form O2,
which can desorb from the surface. As a result, photogenerated electrons ﬂow through the metallic MWCNT channel and increase the
photocurrent [65,66]. The scheme in the middle illustrates our selfhealing all-in-one system consisting of a NO2/UV sensor and three serially connected supercapacitors integrated by using AuNS interconnections. In this system, the sensor is driven by the stored energy of
the fully charged integrated supercapacitor without any wire connection to an external power supply.
Fig. 6b and d show the current changes detected by the sensor after
repeated exposure to 10 ppm NO2 (gas on: 4 s, gas oﬀ: 36 s) and 365 nm
UV light (UV on: 12 s, UV oﬀ: 30 s). Upon exposure to NO2 gas and UV,
an increase in the current was observed in both cases, as expected based
on the sensing mechanism in Fig. 6a. To conﬁrm that the supercapacitor
can be used as an integrated energy storage device for the sensor, the
sensing behavior was compared with that driven by the external power
supply with a constant bias voltage of 1.5 V. As the number of cycles
increased, however, the base current Iair increased for NO2 sensing with
an external power supply, as shown in Fig. 6b. This is attributed to
incomplete desorption of residual NO2 from the MWCNTs with repetitive exposure to NO2 gas [67,68]. However, as the exposure time
increased, both the on- and oﬀ- currents gradually decreased for the
sensor driven by the supercapacitor array, due to the discharge of the
integrated supercapacitor. Nonetheless, the sensing performance

(bottom). The ionic conductivity (σ) of the prepared hydrogel electrolyte can be calculated by the following Eq. (5):

σ=

1000 × d
R×A

(5)

where R, A and d refer to the bulk resistance of the hydrogel electrolyte,
electrode area coated with electrolyte, and the distance between the
electrodes, respectively. The electrolyte was sandwiched between two
gold plates. The area of the electrode was 1.0 cm2, the distance between
two plates was 0.2 cm. The bulk resistance of the hydrogel was 3.6 Ω
and it was measured by EIS in the range of 1 MHz to 100 Hz. The ionic
conductivity of the prepared hydrogel electrolyte was calculated to be
55.2 mS cm−1 and it was almost maintained at the initial value after 5
healing cycles. After 5 cycles of damage/healing, the ESR of the supercapacitor increased from 19.8 Ω to 29.5 Ω, which was attributed to
the increase in the contact resistance at the healed area of the electrodes
and penetration of the surrounding polymer into the conductive network of the MWCNTs/AuNSs. Fig. 4c shows the GCD curves of the
supercapacitor according to the healing cycles, indicating gradual degradation. The normalized capacitance (C/C0) and the coulombic eﬃciency with increasing number of healing cycles are shown in Fig. 4d.
After 5 self-healing cycles, the capacitance and the columbic eﬃciency
were maintained 85.6% and 91% of the initial values, respectively.
With this fabricated supercapacitor, a liquid crystal display (LCD) could
be driven. Upon bisection of the supercapacitor, the LCD was turned oﬀ
but turned on again after connecting the bisected pieces together, as
demonstrated in Fig. 4e.
From these experimental results, we propose the self-healing mechanism of our fabricated supercapacitor, as schematically illustrated in
Fig. 4f. Since the percolated network of the conducting nanomaterials
of MWCNTs and AuNSs is embedded in the self-healing hydrogel of
PVA/agarose and covered with the self-healing electrolyte of PVA/
borax/agarose/NaNO3, the mechanical and the electrical properties of
the supercapacitor electrode can be recovered due to the self-healing
ability of the hydrogel. Although the thickness of each AuNS is tens of
nanometers, the sheet structure has a lateral dimension of tens of micrometers. Thus, an electrical pathway is formed by surface-to-surface
contact. The SEM image and the energy dispersive spectrum taken of
the hexagonal AuNS are shown in Fig. S9. In particular, the MWCNTs/
AuNSs covered with the self-healing hydrogel electrolyte recover the
original electrical pathway by eﬀectively connecting the AuNS percolated network as the electrolyte hydrogel heals. When the supercapacitor is damaged, both the electrical connection and mechanical
connection can be damaged. After connecting the damaged areas with
each other, the electrical path can be reconnected via simple physical
contact, as shown in Fig. 4a. However, mechanical self-healing of the
electrode is not perfect because the underlying self-healing polymer
substrate requires a water supply. Although the electrical pathway is
regenerated through simple physical contact, it is unstable under deformation such as bending. Thus, supplying water to the contacted area
of the substrate can result in mechanical recovery in addition to electrical recovery by the merging the self-healing polymer substrate matrix. Such a self-healing process is fully completed within 30 min. Fig.
S10 is the optical microscopy image showing the self-healed area after
complete bisection across the electrolyte and the MWCNTs/AuNSs
electrode.
The mechanical stability of the fabricated self-healing supercapacitors during bending deformation with various bending radii
down to 1.5 mm was investigated, as shown in Fig. 5a. Here, bending
radius and radius of curvature are used in the same sense, which is
reciprocal of the curvature as shown in Fig. S11. The bending radius
was measured by using ImageJ software. The CV curves taken at a scan
rate of 100 mV s−1 show a slight but insigniﬁcant decrease in the capacitance under bending deformation in Fig. 5b. Such a negligible degradation of the electrochemical performance with bending was also
observed in the GCD curves taken at 1.0 mA cm−2 in Fig. 5c. The EIS
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Fig. 5. (a) Photographs of the supercapacitor
under bending deformation with various
bending radii. (b) CV curves taken under
bending deformation at a scan rate of
100 mV s−1. (c) GCD curves taken under
bending deformation at a current density of
1.0 mA cm−2. (d) Capacitance retention during
the repetitive bending cycles at a bending radius
of 3.6 mm before (red) and after (blue) selfhealing. The inset shows the GCD curves obtained after the 1st and 1000th bending cycles.
(For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the
web version of this article.)

performance over repetitive cycles of bisectional damage and selfhealing. This work suggests the high potential application of our selfhealing devices to future wearable electronics with high durability and
longevity.

remained almost the same as that of the sensor driven at a constant bias
voltage, conﬁrming the stable operation of our integrated multifunctional sensor.
The sensitivity (S) of the sensor is deﬁned as S = Ion−Ioﬀ/Ioﬀ, where
Ion (Igas) is the current ﬂow upon exposure to NO2 gas or UV light and
Ioﬀ (Iair) is the current without UV light or NO2. Fig. 6c shows the
change in the normalized UV sensitivity (S/S0) with respect to the
number of self-healing cycles. Here, S0 and S are the sensitivity before
and after self-healing, respectively. On the bottom, a change in the
current with exposure to NO2 gas for the sensors before and after repeated self-healing is shown. After ﬁve repeated self-healing cycles, the
normalized NO2 sensitivity was changed by only 7.2% from its initial
value. Similarly, Fig. 6e also veriﬁes that repeated cycles of bisection
and subsequent self-healing do not signiﬁcantly degrade the performance of the multifunctional sensor for detecting UV light. After 5
cycles of self-healing process, the normalized UV sensitivity was
changed by only 2.4% from its initial value. In addition to the stable
operation of the sensor with the integrated supercapacitor, these results
suggest that the multifunctional sensor exhibits self-healing properties
owing to the self-healing PVA/agarose hydrogel substrate, similar to
that demonstrated for the self-healing behavior of the supercapacitor.
The cross-sectional SEM and optical images taken from the healed area
of the fabricated multifunctional sensor are shown in Fig. S14. Finally,
we measured the increase of photocurrent with increase of UV intensity
from 0.4 to 0.8 mWcm−2 as shown in Fig. S15a. The photosensitivity is
also given in Fig. S15b.

4 . Experimental section
Materials: Polyvinyl alcohol (PVA, average Mw 130,000), agarose
(Bioreagent, low EEO), sodium tetraborate (Na2B4O7), sodium nitrate
(NaNO3), zinc oxide nanowires (ZnO NWs, length: 20 nm, diameter:
1 μm), L-arginine (≥99.9%), and gold(III) chloride trihydrate
(≥99.9%) (HAuCl4·3H2O) were purchased from Sigma Aldrich. All regents were used without puriﬁcation.
Preparation of the self-healing hydrogel electrolyte: To prepare the selfhealing polymer electrolyte, 20 wt% of PVA and 1–3 wt% of agarose
were ﬁrst mixed with 4 ml DI water and stirred at 120 °C for 4 h,
forming a viscous solution. After cooling the prepared solution to 90 °C,
2 ml of Sodium Nitrate solution (4 mol L−1) was added and stirred
continuously for 2 h. Finally, 2 ml of sodium tetraborate solution
(0.04 mol L−1) was slowly added dropwise and stirred for 1 h at 90 °C.
After cooling the hydrogel electrolyte to room temperature, it was put
in a stainless mold and then pressed with a 2 kg weight for 1 h. The
molding process was used to remove remaining bubbles and heal unwanted cracks in the hydrogel.
Fabrication of gold nanosheets (AuNSs): To synthesize the AuNSs,
10 ml of a 1.95 mM L-arginine solution was heated to 95 °C, and 4 ml of
a 17 mM HAuCl4·3H2O solution was added. The synthesis continued for
24 h. After cooling the AuNS suspension to room temperature, the liquid solution was replaced with 4 ml of ethanol while leaving the
precipitated AuNSs in the vial.
Fabrication of the self-healing all-in-one system: A supercapacitor
electrode was fabricated using a patterned PDMS via vacuum ﬁltration.
To prepare the PDMS mask, 1.0 g of PDMS base (Dow Corning, Sylgard
184A) and 0.1 g of curing agent (Dow Corning, Sylgard 184B) were
mixed together, poured into plastic petri dish (diameter 55 mm), and
then cured in an oven for 30 min at 65 °C. The pattern was cut oﬀ using

3. Conclusion
We demonstrated a fully self-healable all-in-one system of a planar
supercapacitor and a multifunctional sensor integrated with AuNS interconnections, via a facile vacuum ﬁltration technique. By using a
rationally designed rapid self-healing hydrogel electrolyte with a high
ionic conductivity, the high-performance self-healing planar supercapacitor could be fabricated to drive the integrated multifunctional
sensor. Both the supercapacitor and the sensor could retain their
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Fig. 6. (a) Schematic illustration of the sensing
mechanism of the fabricated multi-functional
sensor. (b) Change in the current upon periodic exposure to 10 ppm NO2 driven by the SC array (top)
and an external power supply of 1.5 V (bottom). (c)
Normalized sensitivity (S/S0) with 5 cycles of selfhealing. Bottom ﬁgure shows the change in the
current over repetitive self-healing of the sensor. (d)
Change in photocurrent upon periodic irradiation of
365 nm UV light with a sensor driven by the SC
array (top) and an external power supply of 1.5 V
(bottom). (e) Normalized sensitivity (S/S0) with 5
cycles of self-healing. Bottom ﬁgure shows the
change in the photocurrent after repetitive selfhealing of the sensor.

the supercapacitor electrode.
Characterization: To measure the stress-stress curves of the hydrogel,
a force sensor (Mark-10 Series 7, ± 0.1% accuracy) and motion controller (SM4-0806-3S) were operated with a custom-built LabVIEW
program. The electrochemical properties of the supercapacitor were
measured with a 2-electrode cell using an electrochemical analyzer
(Ivium Technologies, Compact Stat). Time-dependent resistance change
of the supercapacitor electrode was measured using a probe station
(Agilent Technologies B1500A). The surface and cross-sectional
morphologies of the MWCNTs, AuNSs, and ZnO NWs were obtained
using SEM (Hitach S-4800).

a razor blade. The patterned PDMS mask was placed on top of PTFE-T
ﬁlter paper (pore size 0.2 μm, Hyundai Micro, Korea). For supercapacitor electrodes, 2 ml of the MWCNT dispersion and 2 ml of the
synthesized AuNS dispersion were drop-cast sequentially. For multifunctional sensor, 0.1 ml of ZnO NW (0.5 mg ml−1) and 0.2 ml of
MWCNT (1 mg ml−1) dispersion were also drop-cast. To detect both UV
light and NO2 gas, we deposited ZnO NWs on half of the sensor. Finally,
AuNS dispersion was dropped to form interconnections. After patterning, suﬃcient DI water was dropped to remove the remaining solvent. Then, the PDMS mask was peeled oﬀ, and the sample was dried
under vacuum conditions for 30 min. After drying, the ﬁlter paper with
a patterned circuit was ﬂipped upside down and laid on a PVA/agarose
solution prepared on a Si/SiO2 substrate. The PVA/agarose solution was
prepared by dissolving 10 wt% of PVA and 1–3 wt% of agarose with DI
water. After being dried on a 55 °C hot plate for 4 h, the ﬁlter paper was
slowly peeled oﬀ. Then, the pattern transferred to the PVA/agarose
substrate was also peeled oﬀ from the Si/SiO2 substrate using a razor
blade. Finally, the fabricated hydrogel electrolyte was simply placed on
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