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Polymer nanocomposite-enabled high-
performance triboelectric nanogenerator with self-
healing capability

Huidan Niu,1?® Xinyu Du,1?° Shuyu Zhao, 1€ Zuging Yuan,®® Xiuling Zhang,?°
Ran Cao,?® Yingying Yin,®® Chi Zhang,®® Tao Zhou®® and Congju Li{ *2>¢

Triboelectric nanogenerators (TENG) have been proven to be effective for the collection of low-frequency
vibrational energy in the environment. However, most polymer materials as friction layers are highly
susceptible to mechanical damage during operation, which reduces the performance and lifetime of
TENG. Herein, we report a high-performance, flexible triboelectric nanogenerator with reproducible self-
healing electronic characteristics. Based on its soft and flexible polymers, the self-healing triboelectric
nanogenerator (SH-TENG) can achieve a peak power of 2.5 W m™2 and triboelectric charge density of
about 100 uC m~2. High-conductance Ag nanowires (AgNWs) are semi-embedded in the polymer to
fabricate all-in-one friction layers and for an enhanced self-healing process. Both the output voltage and
current of the healed device can reach up to about 99% of their original values even after five cutting/
healing cycles. The fabricated SH-TENG has excellent stability and flexibility, which presents a significant
step towards the fabrication of reliable triboelectric nanogenerators with recoverability and low

rsc.li/rsc-advances maintenance costs.

Introduction

With the increasing energy demand worldwide, finding new
techniques for energy harvesting is the key to meeting human
requirements for the development of modern society.* The
abundant mechanical energy in the environment such as wind
energy, hydroelectric energy and ocean energy has aroused
people’s attention due to its wide distribution and low cost.** In
recent years, various mechanical energy harvesting technologies
have been developed, which convert energy in the environment
into usable energy.>® Currently, based on triboelectrification
and electrostatic induction, the TENG reported by Wang et al.”
have proven to be effective for collecting low-frequency vibra-
tional energy,® which is considered as a potential sustainable
power source for future developments.®*® The significant prog-
ress in TENG has opened a new chapter of energy harvesting
technology in the ultimate challenge of miniaturization, and
significant advances in the basic principles and applications of
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TENG have been achieved." > Due to many desirable features of
TENG, such as simple manufacturing process,>'* flexible
material choice,” high output voltage'® and ability to operate
under very low frequency and irregular mechanical motions,"”*®
it has been used as a power source for many self-powered
devices, which have the advantages of high efficiency, conve-
nience, environmental friendliness and low cost.**°

Recent research on TENG has mainly focused on conven-
tional electrodes and friction materials. However, in the
collection process of mechanical energy, TENG has long been
subjected to mechanical impact. These materials are suscep-
tible to fracture and damage, which lead to a sharp decrease in
their sustainability, safety, and lifetime.***" These effects inev-
itably lead to material failure, reducing the performance and
decreasing the service life of the TENG. Thus, the application
scope of TENG is greatly limited. Several solutions to this
problem have been proposed to reduce the damage during the
operation to improve the cycle life of the TENGs, which indeed
decreased mechanical failure through a non-contact or slight-
contact mode.*>*® However, soft-contact is an effective way to
enhance the potential performance of the TENGs. Furthermore,
with rapid development of materials science, flexible elec-
tronics and nanotechnology, self-powered intelligent sensor
devices have mushroomed, which require the development of
self-healing polymeric materials for TENGs to improve their
safety, lifetime, energy efficiency, and environmental impact.>*
Thus, the exploration of self-healing electrodes and polymeric
friction materials is in high demand for the design of new types
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of TENG based on completely flexible and healable materials,
which can recover after mechanical damage.**

Herein, a high-performance flexible triboelectric nano-
generator with reproducible self-healing electronic character-
istics is fabricated with high stability and recoverability. The top
and bottom electrodes are prepared by semi-embedding the
silver nanowires into a polydimethylsiloxane (PDMS) film and
thermoplastic polyurethane (TPU) film respectively, which are
used to fabricate a contact-separation mode TENG.”® In the
contact-separation mode, the triboelectric nanogenerator can
achieve a peak power of 2.5 W m ™2 and the triboelectric charge
density of about 100 uC m > due to its soft and flexible poly-
mers.”” When this self-healing triboelectric nanogenerator (SH-
TENG) is cut off or scratched, PDMS and TPU with AgNWs show
the ability of self-healing simply by linking the broken ends
under near infrared (NIR) irradiation and recover the electrical
properties. The healing process of the TPU is attributed to hot
melting and that of PDMS is the result of hydrogen bonds.*® In
addition, the electrode is prepared by embedding AgNWs in the
polymer, which prevents the AgNWs from falling off due to
touching or bending and maintain good conductivity and
stability after several healing cycles. Compared with the
performance of the original sample, the open circuit voltage,
short circuit current and transferred charge of the healing
sample are very close. Furthermore, the film exhibits stable
electrical properties after multiple cycles of mending the cracks
in the same region via simple thermal treatment. The fabricated
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SH-TENG is believed to have potential applications to power
electronic devices, which require enhanced durability and reli-
ability. The results indicate that our fabricated films can act as
a promising self-healing material and have great applications in
electronics and industries.

Results and discussion
Preparation of self-healing PDMS and TPU films

An AgNW-embedded TPU (AgNWs/TPU) film and an AgNW-
embedded PDMS (AgNWs/PDMS) film were fabricated, as
schematically illustrated in Fig. 1. We chose two different suit-
able substrates to form the uniform AgNWs semi-inlaid polymer
films.> The AgNW solution was casted onto the substrate to
obtain the AgNW electrode layer, as shown in Fig. 1a. Subse-
quently, the TPU solution and liquid PDMS were coated on the
AgNW film, as shown in Fig. 1b and c, respectively. Then, the
TPU and PDMS films were cured in an air oven, as shown in
Fig. 1d and e. The details of the fabrication method are
described in the Experimental section. Attributed to the
permeation of the liquid precursor into the AgNW network,*
the AgNWs were semi-embedded tightly in the cured TPU and
PDMS films.**> The AgNWs/TPU and AgNWs/PDMS films were
obtained by peeling them off the substrates, as shown in Fig. 1f
and g, respectively, which reflects their good flexibility. Also, the
AgNW-embedded surface was conductive and the opposite
surface was nonconductive due to the thickness of the polymer

tpu (P AgNws-embedded TPU

/ -/

poms (9) AgNWs-embedded PDMS

Fig. 1 Schematic illustration of the fabrication process of the AgNW-embedded TPU film and PDMS film. (a) Casting AQNW solution on
a substrate. (b, d and f) Illustrations of the fabrication of the AQNW-embedded TPU layer by casting TPU solution on the AgNW film. (c, e and g)
AgNW-embedded PDMS layer prepared by the bar-coating process. (h) SEM image of the AgNW-embedded surface of the TPU film. (i) SEM

image of the AgNW-embedded surface of the PDMS film.
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Fig.2 Schematic illustration of the cutting/healing process. (a) Cutting the AQNWs/TPU or AgNWs/PDMS films. (b) Self-healing process induced
by contacting the ends of the fracture and exposure to NIR light irradiation. (c) Schematic illustration of the healed AgNWs/TPU or AQNWs/PDMS
film. (d) Resistance changes across the fracture area after five cycles of the cutting/healing process for TPU film and PDMS film. (e and f) SEM
images of the AgNW layer of the AQNW/TPU film and the AgNW/PDMS film after healing, respectively.

layer. The resistances of the conductive surface were 1.4 Q sq "
and 13.9 Q sq " for the TPU film and the PDMS film, respec-
tively. Furthermore, the conductivity of the films would not
decrease due to touching and bending motions.** As shown in
Fig. 1h and i, the AgNW-embedded TPU and PDMS films were
characterized by scanning electron microscopy (SEM), respec-
tively, which shows that the embedded structure was formed
uniformly over the entire region and the AgNWs embedded into
the TPU and PDMS formed a network structure.

The cutting/healing process of the self-healing PDMS and TPU
films

A schematic illustration of the self-healing process is shown in
Fig. 2. The primary samples were placed onto a glass substrate,
and the AgNW-embedded surface directly absorbed NIR light as
the top side.** Subsequently, the AgNWs/TPU and AgNWs/PDMS
films were cut across their entire width with a scalpel (Fig. 2a).
Right after contacting the ends of the fracture as close as
possible, the samples were positioned under a conventional
NIR lamp, of which the power density delivered to the samples
was ~0.63 W cm 2, which allowed self-healing to occur
(Fig. 2b). To improve the healing efficiency of PDMS, we added
3 wt% graphite powder (GP) during the moulding process of the
PDMS film, which gave the optimal experimental result for
healing through the absorption of NIR light (Fig. S2t).**** GP-
PDMS composites were fabricated through simple mechanical
mixing. The GP-PDMS film was also cut into strips using
a scalpel and positioned under a conventional NIR lamp.

Characterization of self-healing PDMS and TPU films

The self-healing result is due to the characteristics of effective
absorption and conduction of NIR light into thermal energy by

This journal is © The Royal Society of Chemistry 2018

GP and AgNWs.* It should be noted that the AgNWs acted as an
electrical conductor to initiate the healing of the PDMS and TPU
films, which consequently contributed to the electrical proper-
ties of the AgNW layer.*” The TPU melted at the broken interface
and bonded again to heal the fracture above the melting point
T of the polymer under the NIR lamp. For PDMS, the self-
healing process was the result of the interaction among the
abundant hydrogen bonds from the Si-OH at the end of the
chains, which were demonstrated by FTIR in Fig. S5.7 The high
density of hydrogen bonding sites gave the elastomer a partial
self-healing capability at the broken interface.”®*® Due to the
energy from the NIR lamp, the PDMS reconnected through the
hydrogen bonds at the fracture of the samples.***® For the
performance of the SH-TENG, the electric healing conductivity
of its electrode is also an important reference index, in addition
to ensuring the friction layer contact area. As shown in Fig. 2d,
after five cycles of the cutting/healing process, the resistance (R)
across the fracture area only increased from 1.4 to 11 Q sq~ " and
13.9 to 30 Q sq~ " for the TPU and PDMS films, respectively. The
SEM images in Fig. 2e and f show that the separated AgNW layer
was closely connected after the cutting/healing of the TPU and
PDMS films (Fig. S6 and S77).

To test the self-healing properties of the conductive films,
the NIR light-induced healing of the AgNWs/TPU and AgNWs/
PDMS films was examined by integrating the films into
a circuit with a light-emitting diode (LED) and a constant DC
power supply of 2.0 V,**** as shown in Fig. 3a and d , respec-
tively. When the AgNWs/TPU and AgNWs/PDMS films were cut
across their entire width with a scalpel, the LED immediately
turned off (Fig. 3b and e, respectively). The cut resulted in
a break in the electrical circuit, which broke the connection
between the AgNWs and the bottom TPU and PDMS layer. This
indicates that the AgNWs/TPU film and the AgNWs/PDMS film
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Fig. 3 Photographs of the AQNW/TPU film and the AQNW/PDMS film
connected to a circuit with an LED bulb. (a—c) As-prepared AgNW/TPU

film in the circuit before and after healing. (d—f) As-prepared AgNW/
PDMS film in the circuit before and after healing. Scale bars, 10 mm.

incurred severe damage. Interestingly, the LED became bright
again after the cut was exposed to NIR light (Fig. 3c and f),
which induced the healing process in the film under NIR light
irradiation. After repetitive folding of the healed AgNWs/TPU
film and AgNWs/PDMS film, the cut was not distinguishable
by the naked eye by a difference in brightness, which shows that
the conductivity was restored by the NIR light irradiation.

A time-controlled experiment illustrated the healing process
in Fig. 4, which shows the optical microscopy images of the
healing samples under NIR irradiation. The scratched TPU film
is shown in Fig. 4a. Then, the ends of the fracture were con-
tacted as close as possible (Fig. 4b). Under NIR light irradiation,
the length and width of the scratches gradually decreased, and
the region was healed to about 70% of the original area in
15 min (Fig. 4c). The optical microscopy images show that some
scratches in the samples had completely disappeared (accord-
ing to visual observation) with 30 min NIR light irradiation
(Fig. 4d). The healing of TPU is a result of the thermal effect of
the NIR lamp, but excessive irradiation could cause the
embedded AgNWs to submerge in the TPU, which increases the
resistance of the conductive side of the TPU film. The other
scratches on the PDMS film are displayed in Fig. 4e. After
30 min of exposure to NIR light, the scratches completely
healed, which was observed under the microscope (Fig. 4h). The
results show that the healing process is induced by NIR light.

Fig.4 The healing process of an AGNW/TPU film and an AgNW/PDMS
film. (a) Scratching TPU film. (b) Contacting the ends of the fracture. (c)
Under the NIR light irradiation, the scratches gradually decreased. (d)
The scratches fully healed. (e) Scratching PDMS film. (f) Contacting the
ends of the fracture. (g) The scratches gradually decreased under the
NIR light irradiation. (h) The scratches fully healed. Scale bars, 1 mm.
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With the driving force of thermal energy on the molecular
mobility, the TPU film heated above the T, melted to heal and
PDMS reconnected the hydrogen bonds.**** However, healing
was only possible when the crosslinks were photo-induced
instead of just being heated, especially for PDMS, which has
a higher melting point.*”** The healing process of the films
demonstrates the recombination of the chemical bonds in the
cross-linking networks in response to temperature and light
stimuli.*>*¢

Performance characterization of the self-healing TENG

The electrical performance of the fabricated SH-TENG was
carefully tested, and the triboelectric series of different mate-
rials was studied (Fig. S9 and S107).*” As shown in Fig. 5a, the
TENG was fabricated by integrating the embedded AgNWs in
a dielectric layer of TPU and PDMS with the whole thickness of
~220 pm. TPU was utilized as the triboelectrically positive
material, and PDMS was utilized as the triboelectrically negative
material. The images of the fabricated parts of the SH-TENG are
displayed in Fig. 5b and c. A copper wire was connected to the
AgNW electrode using transparent tape for electrical measure-
ments. Finally, the TPU and PDMS contacted face to face to
form the SH-TENG. The operation principle of the SH-TENG is
based on the contact-separation mode,*®* which is schemati-
cally depicted in Fig. 5d. When a mechanical force is applied to
SH-TENG, charges are produced and transferred from the
surface of the TPU layer to the PDMS layer, generating equiva-
lent negative and positive charges on both surfaces. When
separated by releasing the external force, electrons are trans-
ferred from the PDMS layer to the TPU layer due to their
different potentials. This electric current stops flowing when it
reaches electrostatic equilibrium. Therefore, AC electricity can
be continuously generated by the periodical contact-separation
between the insulating layer and bottom electrode.*®

Detailed electrical characterizations were carried out to
investigate the output performance of the SH-TENG. The open-
circuit voltage and short-circuit current of the SH-TENG were
measured using a Keithley 6514 electrometer. Unless otherwise
specified, the sizes of the SH-TENG used in this work were all
2 cm x 2 cm. Also, a V. of 120 V and I, of 11.6 pA were ob-
tained by applying a stable driving force (Fig. 5e and f),
respectively. The compressive force was approximately 5 N. The
peak value of I corresponded to the process of pressing, and
the positive voltage was generated because of the immediate
charge separation. The voltage was maintained at a plateau
until the subsequent pressing. Here, the amount of transferred
charges (Q) is about 40 nC (Fig. 5g) and the triboelectric charge
density is 100 pC m 2. In fact, the effective output power of the
TENG depends on the external load. Fig. 5h shows the depen-
dence of the current on the external load resistance, which
varies from 1 kQ to 10 GQ. It is clearly seen that as the resistance
increased, the current amplitude decreased. The instantaneous
power relied on the load of the TENG, as shown in Fig. 5h. This
was calculated using expression 1.

P=PR (1)

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Structure and performance of the TENG for harvesting mechanical energy. (a) Schematic diagram of the experiment setup. (b and c)
Photographs of the TPU and PDMS films. (d) Working principle of the TENG. (e—h) Performance characterization of the TENG. (e) Open-circuit
voltage, (f) short-circuit current, (g) transferred charge number and (h) dependence of the current and instantaneous power on the external
resistance load. (The triboelectric surface between TPU and PDMS is 2 cm x 2 cm.)

The instantaneous power exhibits a maximum value of about
1 mW at a resistance load of 60 MQ, and the corresponding
power density of the TENG is about 2.5 W m™ 2 During the
process of harvesting mechanical energy, TENG have to be
constantly operated for a long term under massive and complex
mechanical impacts, which causes breakdown and perfor-
mance degradation in the device. However, owing to the self-

This journal is © The Royal Society of Chemistry 2018

healing functions of the polymer materials and AgNW elec-
trode, the as-prepared TENG is recoverable. Most importantly,
the excellent self-healing capability of the as-prepared TENG is
observed in its output performance.

We evaluate three primary parameters of SH-TENG (Fig. 6a,
b and 6c), including I, V. and Q, on the self-healing perfor-
mance of the device, respectively. For one typical sample tested

RSC Adv., 2018, 8, 30661-30668 | 30665
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under a certain mechanical force, the results show V. of 120V,
I of 11.6 pA and Q of 40 nC can be generated by the original
device. Although both the applied impulse and the device
dimension remain unchanged when the SH-TENG was cut into
two fragments, the V., I;. and Q decreased to about 70 V, 6 pA
and 20 nC, respectively. Such an obvious change in output
performance may be attributed to the variation in the effective
contact area between TPU and PDMS before and after cutting.
Once the broken ends connected for self-healing, the V., I, and
Q were restored and approached the initial performance, which
achieved the high healing efficiency of 99%. To further evaluate
the repeatability of the healing process, we measured the elec-
tric output of the as-fabricated TENG after 5 cutting/healing
cycles. The results show that the healed device still effectively
worked with a negligible decrease in its performance (Fig. 6d),
indicating the great recoverability of SH-TENG for converting
mechanical energy into electricity with a prolonged lifespan,
durability and robustness. In this regard, the self-healing and
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flexible SH-TENG possesses distinct advantages for practical
applications. The SH-TENG shows the potential to adapt to
complex mechanical stimuli when serving as an energy
harvester and self-powered sensor for various motions.

Experimental
Preparation of PDMS and TPU films

(1) Preparation of the AgNW-embedded PDMS films.
Liquid PDMS was prepared using Sylgard 184 (Dow Corning) by
mixing the “base” and the “curing agent” in a ratio of 10 : 1 by
weight. A certain amount of graphite powder (GP) was added
through simple mechanical mixing. After the air bubbles dis-
appeared, we obtained a liquid mixture. As shown in Fig. 1, the
AgNW solution was uniformly casted on a photographic paper
substrate with a rectangle-shaped area (7 cm x 4 cm) patterned
with Kapton tape (25 pm). Photographic paper ensured the
smoothness of the silver nanowire film, and the PDMS film
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;(; 44
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Fig. 6 Self-healing process illustrated by the electric output performance of the SH-TENG (a—c). Open-circuit voltage (a) short-circuit current
(b) and transferred charges (c) of the self-healing TENG in the original, broken, and healed states. (d) Electric stability of the SH-TENG when

subjected to repetitive cutting/healing cycles.
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could be easily peeled off from the photographic paper for
further preparation of the device. The AgNW film was dried for
1 h in air at room temperature (Fig. 1a). The upper thin PDMS
layer was prepared by the glass rod coating method. A liquid
mixture of PDMS and GP was poured and bar-coated onto the
AgNW film back and forth to obtain a smooth PDMS layer
(Fig. 1c). Then, the tape was removed from the substrate.
Subsequently, the whole piece was cured at 70 °C for 2 h to form
solid PDMS (Fig. 1e). Then the film was peeled off from the
photographic paper substrate (Fig. 1g). Consequently, the
bottom surfaces of the PDMS were symmetrically covered by the
AgNW electrodes.

(2) Preparation of the AgNW-embedded TPU films. 1.5 g
TPU was dissolved in 10 mL DMF solvent to obtain the TPU
solution. The AgNW solution was uniformly coated on a glass
substrate and dried for 1 h at room temperature to obtain the
AgNW film. Then, the TPU solution was poured onto the AgNW
film (Fig. 1b), which was kept in an oven at 60 °C for 1 h to
promote the evaporation of the solvent (Fig. 1d). The TPU film
with the AgNW layer was peeled off from the glass substrate
(Fig. 1f) for the next fabrication process.

Fabrication of the SH-TENG

A 2 mm-thick acrylic sheet was cut into a 3 cm x 3 cm square
using a laser cutter (Universal PLS6.75) as a supporting
substrate. Foam tape with a thickness of 1 mm was used as the
buffer layer to provide the soft contact. The PDMS film and TPU
film were cut 2 cm x 2 cm in size and then attached to the
acrylic support. The enameled Cu wires were used to connect
the AgNW electrodes to the measurement system.

Characterization and measurement

The nanostructures on the surface of the AgNW-embedded
PDMS and TPU electrodes were observed by field-emission
scanning electron microscopy (SEM, HITACHI, SU8020). To
test the electric output of the SH-TENG, a linear motor (Linmot
E1100) was applied to mimic motions, which drove the TENG
contact and separation. A programmable electrometer (Keithley
6514) was adopted to test the open-circuit voltage, short-circuit
current, and transferred charge. The software platform was
constructed based on LabVIEW, which is capable of realizing
real-time data acquisition control and analysis.

Conclusions

In summary, we fabricated a high-performance, flexible tribo-
electric nanogenerator with reproducible self-healing electronic
characteristics by embedding electrically and thermally
conductive AgNWs in TPU and PDMS films. Based on the soft
and flexible polymers, the SH-TENG achieved a peak power of
2.5 W m 2 and triboelectric charge density of 100 uC m™ 2. By
integrating AgNWs in the polymer layers, these films could
effectively and rapidly restore from the breakage caused by cuts
and scratches under NIR light irradiation. Also, repetitive
cutting/healing processes at the same region were demon-
strated without significant decline in the electrical performance

This journal is © The Royal Society of Chemistry 2018
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of the SH-TENG. Furthermore, both output voltage and current
of the healed device reached up to about 99% of their original
values even after five cutting/healing cycles. These films can act
as promising self-healing materials and are believed to have
potential applications in flexible electronic devices with pro-
longed durability and reliability.
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