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ABSTRACT Energy harvesting and storage are the two most important energy technologies developed
for portable, sustainable, and self-sufficient power sources for mobile electronic systems. However, both
have limitations for providing stable direct-current (DC) with an infinite lifetime. Herein, we integrated a
triboelectric nanogenerator (TENG)-based mechanical energy harvester with Li-ion-battery (LIB)-based
energy storage as a single device for demonstrating a flexible self-charging power unit (SCPU), which allows
a battery to be charged directly by ambient mechanical motion. This physical integration enables a new
operation mode of the SCPU: the “sustainable mode”, in which the LIB stores the TENG-generated electricity
while it is driving an external load. With the LIB being replenished by the ambient mechanical energy, the
SCPU can keep providing a constant voltage to the load by utilizing the stable difference between the
battery's intrinsic electrode potentials. This study will impact the traditional trends of battery research and

advance the development of the self-powered systems.
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he emergence of electronic devices
Tand systems' —> with unprecedented

functionalities and advanced human-
machine interfacing mandatorily requires
portable, lightweight, and possibly sustain-
able power sources. Unlike the large-scale
power source that is mostly characterized
by cost, such power sources for mobile
electronics are characterized by availability,
stability, and efficiency.* Energy generation*®
and storage®'? are the two most important
areas for developing new power sources, and
they are usually two separated units based on
two consecutive processes, which have limita-
tions as sustainable power sources. Targeting
at the self-powered systems'®'* that have a
high mobility, excellent working-condition
adaptability and stability, energy generators
that function by harvesting energy from the
working/living environmental usually have
uncontrollable fluctuation/instability in their
outputs that are greatly influenced by the
change in ambient environment. Take the
mechanical energy harvesting as an example,
although the recently invented triboelectric
nanogenerator (TENG) is proven to be a
powerful and promising technology that is
highly efficient, low-cost, and environmen-
tally friendly,'> 2" the electricity generated
consists of noncontinuous pulses with irregular
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magnitude; thus, it cannot be directly used to
drive most electronic devices that need a
constant DC voltage supply. Energy storage
devices such as batteries,'®*?~% on the other
hand, can provide a constant voltage at their
discharging plateau to act as the direct power
sources for most portable and wireless elec-
tronic devices. But the intrinsic problem of
batteries is the limited lifetime, so that they
have to be charged or replaced periodically;
otherwise, batteries can be “deadly drained”.
To develop sustainable power sources by
complementarily combining the advantages
of these two technologies®® as presented
above, here, we demonstrate the first flexible
self-charging power unit (SCPU) that is cap-
able of simultaneously harvesting and storing
ambient mechanical energy, by integrating a
TENG-based mechanical energy harvester
and a Li-ion battery (LIB) based energy sto-
rage. In this SCPU, the Li-ion battery portion
can be directly charged by mechanical mo-
tions. The integration was realized through
developing a flexible LIB on an arch-shaped
TENG structure.'® When the surrounding me-
chanical energy is applied onto the SCPU, an
alternating current in response to the external
triggering is generated. After rectification, the
electrical energy can be stored in the LIB,
which can be fully charged in 11 h. With this
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Figure 1. Structure design of a flexible self-charging power unit (SCPU). (a) Schematic diagram showing the detailed structure
of the SCPU, the inset on the left is a photograph of a typical SCPU device, and the inset on the right is an SEM image of the
Kapton nanorod-structure on the concave surface of the bottom Kapton, with 30°-tilted view. (b) SEM image of the carbon
cloth grown with TiO, nanowire (NW) networks, the top inset is the enlarged SEM image of a single fiber in the fabric, and the
bottom inset is a photograph of the TiO,-covered carbon cloth as the anode, showing its good flexibility. (c) SEM image with
higher magnification showing the detailed morphology of the TiO, NW networks on the carbon cloth.

SCPU, we demonstrated a new working mode for a
power source, the “sustainable mode”, in which the
environmental mechanical energy is scavenged to
charge the battery while the battery keeps driving an
external load as a DC source. In this mode, the demon-
strated SCPU can provide a continuous and sustainable
DC current of 2 uA at a stable voltage of 1.55 V for as
long as there is mechanical motion/agitation. It can be
used to continuously drive a UV sensor?’ for extended
period of time. The LIB in the SCPU serves not only as
energy storage, but also as a power regulator and
management for the entire system by utilizing the stable
electrode-potential difference.'®?® Since mechanical mo-
tion is available almost everywhere and at any time to
replenish the energy draining in the battery, a large-
capacity battery with a high density may not be necessary
to ensure a long operating lifetime. This could introduce a
new alternative to the current research trend of solely
seeking high density batteries. Our study demonstrates a
self-charging, self-sufficient, sustainable, flexible, and po-
tentially maintenance-free mobile power source that can
be used for powering personal electronics, medical de-
vices, and environmental/infrastructure sensors.

RESULTS AND DISCUSSION

The integration of a LIB and a TENG in the SCPU was
achieved through the construction of a flexible LIB,
which was made in an arch shape for creating the gap
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necessary for the TENG structure,'® as illustrated in
Figure 1a. To make the battery flexible, we designed a
polymeric shell for the packaging and sealing, to re-
place the conventional ridge coin cell. The supporting
substrate of this polymeric shell is a bent Kapton film
(3 cm x 4 cm) with purposely introduced thermal
stress through the deposition of a SiO, film at high
temperature.'®?° The three kernel components of the
LIB, the TiO, nanowires (NWs)*®3! anode, the polyethy-
lene (PE) separator, and the LiFePO,/active carbon/
binder mixture cathode on the Al current collector, were
laminated on top of the convex surface (the surface
deposited with SiO,) of this Kapton substrate. This kernel
structure with an effective area of ~1.5 cm x 1.5 cm was
immersed in the electrolyte. To enhance the flexibility of
the battery from the anode side, the TiO, NWs with an
anatase crystal structure (Figure S1) were hydrothermally
grown on a piece of soft carbon cloth that also serves as
the current collector,** as shown by the scanning electron
microscopy (SEM) image displayed in Figure 1b. From the
picture of the TiO,/carbon cloth composite shown in the
inset (bottom) of Figure 1b, this anode layer exhibits
excellent flexibility. SEM images with higher magnifi-
cations are shown at the top inset of Figure 1b (the
morphology of a single fiber from the carbon cloth after
the growth of TiO, nanowire networks), and Figure 1c,
from which we can tell that every single fiber in the
carbon cloth is uniformly covered by TiO, NW networks
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with an average length of ~1 um. As a comparison, the
SEM image of the carbon cloth before the growth of TiO,
NW networks is shown in Figure S2. The battery was
isolated from air by covering with a layer of thin Kapton
film and sealing with polydimethylsiloxane (PDMS) and
epoxy at the sides. For the hybridization with the TENG,
this LIB's supporting Kapton substrate was deposited
with Al film on the back and bonded with another bent
Kapton film of the same size in a face-to-face manner. This
forms an arch-shaped TENG structure based on the
triboelectrification between the top Al layer and the
bottom Kapton that has the corresponding electrode
(Al film) deposited on its convex surface. To enhance the
triboelectric charge density through large surface rough-
ness and increased effective contact area,'®'” the con-
cave surface of the bottom Kapton was pretreated with
inductive coupling plasma (ICP) reactive ion etching, to
produce the nanorod-covered surface,*® as shown in the
inset (right) of Figure 1a. With this hybridized SCPU
structure, the LIB can be charged through harnessing
ambient mechanical energy, only by rectifying the
TENG-generated alternating-current (AC) pulses to DC
with a full-wave bridge rectifier. A photo of a typical SCPU
device is shown in the inset (left) of Figure 1a, clearly
revealing its flexibility and arch-shaped structure. The
detailed fabrication process of the SCPU is described in
the Methods session.

When external mechanical vibration is applied onto
the flexible SCPU to periodically flatten it, the two
surfaces across the gap will get into contact from time
to time. Coupling of the triboelectric effect with the
electrostatic induction will generate a flow of current in
the external circuit, which will be stored in the LIB in the
same device. We now illustrate the simultaneous charge
generation and storage process of the SCPU without
connecting to an external load. The basic working prin-
ciple can be divided into several stages, as shown in
Figure 2 (for clarity, the arch-shaped SCPU is depicted as a
flat structure and the periodic change of the gap is
expressed as the change of spacing between the two
parts). In its starting state (Figure 2a) before any mechan-
ical deformations to induce the contact between the two
surfaces, there are no triboelectric charges (tribo-charges)
and thus no current generation. When the ambient
mechanical vibration applies a pressing force onto the
SCPU, the structure will be flattened, so that the top Al
and bottom Kapton across the gap will be brought into
contact (Figure 2b). Due to the triboelectric effect,>**° the
electrons will transfer from the Al to the Kapton because
of the difference in electron attractions.® This will pro-
duce positive tribo-charges on the Al surface while the
Kapton surface will develop negative charges of the same
density. At this very moment, there is no induced elec-
trical potential to drive the flow of current; thus, the LIB
is not being charged. Once the pressing force is with-
drawn (Figure 2c), the SCPU will start to return to its
original arch shape immediately, separating the opposite
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tribo-charges. This will induce a higher potential in the
top Al layer, which will drive the flow of current from the
top Al to the bottom electrode, and through the LIB from
its positive electrode to its negative electrode as a result
of the full-bridge rectification. The charging reactions at
the two electrodes are enabled by this current, which
stores the generated electrical energy. This will last until
the SCPU fully returns to its original shape and the
accumulation of the transferred charges completely
screens the tribo-charge-induced potential (Figure 2d).
Ideally, the amount of charges stored in the LIB during
this half cycle should equal to the number of tribo-
charges on the Kapton surface. Subsequently, once the
SCPU is pressed again (Figure 2e), the distance between
the opposite tribo-charges will be reduced, so that the
induced potential difference between the two electrodes
will begin to diminish. The transferred charges will flow
back to re-establish the equilibrium, which will contribute
to the second current peak through the rectifier in the
reverse direction. Because of the rectifier, the current
through the LIB will still be in the charging direction so
that the electrical energy in this second half cycle will be
stored until the SCPU reaches the state in Figure 2b again.
When the SCPU is subjected to a lasting mechanical
agitation, this cycle from Figure 2b to 2e will keep taking
place so that more and more energy will be stored in the
LIB part of the SCPU.

The SCPU when it is being simultaneously charged
and discharged due to the connection to an external
load is shown in Figure 2f. The AC pulses generated by
the TENG are first rectified, and then directed into the
LIB from its positive electrode. But when the LIB is
connected to the external load, the positive electrode
is always at a higher potential. This causes the current
to flow from the positive electrode to the load, which
will be in the reversed direction in reference to the
charging current, but flowing through two separated
electrical connections. Thus, the electrochemical reac-
tions corresponding to both charging and discharging
are occurring simultaneously at each electrode. The
voltage applied across the load will be the voltage of
the LIB (Figure 2f), which is determined by the differ-
ence in the electrode potentials of the two half-reac-
tions. Since the electrode potential is not affected by
the state of charge (SOC) within the wide-range dis-
charging plateau,'®?® the irregular and fluctuating
current generated by the TENG due to the change of
the surround mechanical motion will not cause an
obvious change in the output voltage of the LIB. This
stable constant voltage on the load should be able to
be maintained for an infinitely long time in principle, as
long as the averaged current provided by the TENG
over time is about the same as the current consumed
by the load, so that the SOC of the LIB does not shift out
of the voltage plateau. In this proposed integration
mode of mechanical energy harvesting and energy
storage, the consumed energy is generated from the
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Figure 2. Basic working principle of the SCPU. (a) A two-dimensional sketch showing the structure and the original state of the
SCPU before mechanical deformation. For clarity, the arch-shape is expressed as a flat structure. (b) Mechanical pressing
brings the top Al and the bottom Kapton into contact, generating opposite triboelectric charges on the two surfaces. (c) The
force is releasing and the SCPU is reverting to its original arch shape. The induced potential difference generates the first
current peak, which charges the LIB part. (d) The SCPU returns to its original shape, with induced potential difference fully
screened. (e) The SCPU is pressed again and the redundant charges on the bottom electrodes flows back, generating the
second current peak to charge the LIB part. (f) A new operation mode, in which the LIB part is driving an external load while
being charged by the TENG part. Both the charging and discharging reactions take place at the electrodes (the blue arrow

stands for the discharging current through the load).

surrounding mechanical motion; thus, the amount of
energy stored in the LIB will not change very much
although the load is being driven continuously. There-
fore, the battery works not only as an energy storage
unit, but more importantly as a power regulator that
converts the irregular, unstable and time-dependent
input from the TENG (due to the varying ambient
condition), to a constant DC output. This is the reason
that the SCPU can be a stable DC power source.

The performance of the SCPU is first characterized
by the outputs of the TENG and the LIB as individual
units (Figure 3). When the arch-shaped structure was
periodically flattened under a frequency of 8 Hz, an
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open-circuit voltage (Voc) of ~220 V was generated
between the two electrodes of the TENG part
(Figure 3a), which is the potential difference induced
by the separation of opposite tribo-charges on the Al
and Kapton films. Under a short-circuit condition, this
voltage drives ~110 nC of charges (AQ) to flow be-
tween the two electrodes in each half deformation
cycle (as shown in the measured charge transfer in
Figure 3b). This value should theoretically equal to the
amount of tribo-charges on each triboelectric surface
(with an area of ~12 cm?), corresponding to a charge
density of ~91.6 uC/m? This back-and-forth charge
transfer produced a pair of AC short-circuit current (/s¢)

VOL.7 = NO.12 = 11263-11271 = 2013 W)

WWww.acsnano.org

1101 L

11266



0.0 0.5 1.0 1.5 2.0

QUL

T(s)

0-— T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

0.0 05 1.0 15 2.0

d 160

1404
1204
1004
804
g 60+
~* 40
204

o ALLL

(nA)

60 80 100 120

T (h)

Figure 3. Characterizing the individual performances of the TENG part and the LIB part in the SCPU. (a) The open-circuit
voltage (Voc), (b) the amount of charges transferred (AQ), (c) the short-circuit current (Isc) and (d) the rectified current (Izec)
generated by the TENG part when the SCPU is periodically flattened by external mechanical agitation under the frequency of 8
Hz. (e) The voltage profile of the LIB part during the deep charging/discharging galvanostatic test with a current of 2 uA.

peaks in each cycle. As shown in Figure 3¢, the positive
peak with a larger magnitude of ~150 uA came from
the pressing motion, which had a higher deformation
rate compared to the elastic releasing process. But
these two asymmetric peaks per cycle carry the same
amount of charges due to charge conservation
(Figure 3b). This AC output can be rectified to DC by
a low-loss full wave bridge rectifier (Figure 3d), which
generates ~220 nC electricity per cycle to be stored in
the LIB. The performance of the arch-shaped TENG part
was also tested under nonperiodic deformations by
applying force with our hand, with the measured Vo
and AQ shown in Figure S3. We find that the electricity
generation of the TENG part is not affected by the
variation in the deformation frequency.

The capability of the flexible LIB in the SCPU for
charge storage was evaluated using deep charging/
discharging galvanostatic test between 0.7 and 2.7 V,
at a current of 2 uA, as for conventional batteries. As
indicated by the voltage profile in the 6 consecutive
cycles (Figure 3e), the LIB gave clear voltage plateaus in
both charging and discharging processes. The discharging
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plateau is ~1.53 V, which is the real working voltage of the
LIB as a power source. The LIB also has a stable capacity
around 175 uAh (Figure S4), revealing its expected
performance as an energy storage unit.

When the TENG part and the LIB part work conjunc-
tionally as a full unit, the SCPU will work as a self-
sufficient power source. Conventionally, the charging
and discharging of an energy storage unit is in two
separated and consecutive steps. This working mode
for the SCPU is called the “standby-active mode”,'
as shown schematically in the circuit diagrams in
Figure 4a. The LIB is connected to the TENG through
the rectifier but disconnected from the load (with S1
closed and S2 open), during which it is only storing the
electrical energy generated by the TENG part. As
demonstrated in Figure 4b, the LIB was charged to its
full capacity in ~11 h by the TENG under a deformation
frequency of 9 Hz, with the voltage (Vgatery) increasing
from 0.7 to 2.5 V crossing the charging plateau at
~1.62 V. This is the “standby mode” during which the
SCPU is charged. Next, the fully charged SCPU will be
used as a battery to drive a device by switching the
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Figure 4. Performance of the SCPU as an integrated DC power source. (a) Electrical circuit diagram showing the “standby-
active mode” for the integration of the TENG part and the LIB part. The portion enclosed by the dotted square is the SCPU. (b)
The voltage profile showing the LIB part fully charged by the TENG part (the “standby mode”) and then discharging under a
current of 2 uA (the “active mode”). (c) The electrical circuit diagram showing the newly proposed “sustainable mode”, in
which the LIB part is driving the external load while it is being charged by the TENG part. (d) In this sustainable mode, the SCPU
provided a 2-uA DC current with a constant voltage of 1.53 V for more than 40 h, when the SCPU was deformed under a

frequency of 9 Hz.

connection with S1 open and S2 closed. As shown in
Figure 4b, the fully charged LIB could provide a con-
stant current of 2 uA to the external load for ~10 h
(~3 h at the discharging plateau, which is the actual
working time for this LIB as a constant-voltage power
source). This is the “active mode” of the SCPU during
which it is used to drive a device. In practical applica-
tions, the SCPU switches between the “standby mode”
and the “active mode”, which correspond to the char-
ging and discharging of the LIB, respectively. This
operational integration methodology of energy har-
vesting and storage is particularly suitable for applica-
tions where the current required by certain electronic
devices is much larger than the average current (rather
than the peak current) generated by the TENG, and the
electronic devices do not need to work continuously.
This meets the requirement of some sensors for inter-
mittent detections.

Alternatively, in the cases that the electronic devices
need to work constantly, the SCPU can work in a
“sustainable mode”, as proposed in Figure 4c. In this
mode, the LIB is being charged by the TENG while it is
simultaneously powering an external load. As long as
the averaged current converted from the surrounding
mechanical energy is approximately the same as the
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current required by the load, the energy stored in the
LIB will remain at a stable level so that the voltage can
remain at its discharging plateau “forever” due to the
nature of electrochemical reactions (as discussed in
Figure 2f). As shown in Figure 4d, when the SCPU
was being triggered by a pressing motion at 9 Hz
(the averaged current produced can be estimated
as ~1.98 uA according to the result of the measured
charge transfer in Figure 2b), the LIB part provided a
constant current of 2 uA at the voltage of ~1.55 V for
more than 40 h! Thus, in this proposed “sustainable
mode”, the SCPU could work as an independent, self-
sufficient and sustainable power source for providing a
constant voltage.

In a lot of applications, a constant voltage from the
power source is needed for the operation of the
electronic systems. For example, in a sensing system
for detecting the change in the environment through
the resulted change of the sensor's effective resistance,
the current as the measurable signal should solely
depend on the sensor's resistance, so that the whole
system can be calibrated. For many sensing purposes,
changes in the environment need to be constantly
monitored without interruption so that any undesired
instances can be detected immediately; thus, the use
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of battery may have its limitation due to its relatively
short lifetime. The demonstrated SCPU under the
“sustainable mode” can serve as a nonstop power
source for these applications. We used a ZnO-nano-
wire-based UV sensor’” to demonstrate this unique
capability of the SCPU. In the sensor, the nanowire is
bonded onto the substrate at its two ends with silver
paste, forming a metal-semiconductor-metal structure
(the left inset of Figure 5a). A Schottky contact is
formed so that the |-V has a rectifying behavior
(Figure S5). In the first case (Figure 5a), we only used
the fully charged LIB portion of the SCPU to power this
UV sensor as shown in the inset (right) of Figure 5a,
which is the “active mode” of the SCPU illustrated in
Figure 4a. When the UV light was off, with an input
voltage of ~1.53 V from the battery at its discharging
plateau, the measured current through the sensor was
around 1.55 uA. When UV light iswas turned on, the
current jumped to a level of ~2.95 uA. We periodically
turned the UV light on and off, and the voltage of the
battery remained stable during the first few cycles.
However, after ~3.5 h, the voltage started to drop,
which indicated that the battery was running out of
charge. As a result, the current levels for the UV-off and
UV-on states both decreased to lower levels, and thus
could not be an effective indicator for the presence of
UV-illumination anymore since it cannot be judged
using the calibrated current, which means that this
battery has to be replaced after about 4 h usage.

This problem can be solved using the SCPU in the
proposed “sustainable mode”. As shown in Figure 5b,
when the LIB was being charged by the TENG under a
deformation frequency of 9 Hz while driving the UV
sensor, the output voltage of the battery can stay at the
plateau of around 1.55 V with only small fluctuation for
over 12 h, during which the UV light was periodically
turned on and off for more than 10 times without
obvious decay in current level, which can clearly con-
vey the information of the UV illumination to the
calibrated system. Therefore, it has been undoubtedly
demonstrated that with the “hybridization” of the
mechanical energy harvesting and energy storage in
the SCPU, an electronic system could be truly self-
powered continuously and sustainable.

Through integrating the mechanical energy harvest-
ing and the energy storage both physically and
operationally, the intrinsic limitations of these two
technologies can be remarkably overcome. For the
electricity generated by TENGs, the electrical output
is pulse-shaped'”'®2" due to their fundamental work-
ing mechanism. This output is often noncontinuous
and irregular, therefore cannot be used to directly
power electronic devices in most cases. By combining
a TENG with a LIB in the “sustainable mode”, the TENG's
only function is to replenish the energy drain in the LIB,
so that the harvested mechanical energy can be used
to drive the load at a constant voltage through the LIB,
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Figure 5. The SCPU as a sustainable power source for
driving a UV sensor. (a) Operation of the UV sensor when
solely driven by the LIB part in the SCPU, which was
recorded from the point that the battery just entered its
discharging plateau. The left inset is an optical microscope
image of the ZnO-nanowire-based UV sensor in this demon-
stration, and the right inset is the circuit diagram showing
the power source. (b) The operation of the UV sensor
continuously driven by the SCPU in the “sustainable mode”
for ~13 h. The inset is the circuit diagram showing the UV
sensor powered by the SCPU in the “sustainable mode”. In
both of (a) and (b), the top curve (red) is the current though
the sensor, reflecting its response to the UV light, and the
bottom curve (blue) is the real time voltage of LIB part.

which benefits from the stable potential difference
between the two electrodes in the electrochemical
reaction. Thus, in this integration, the battery works not
only as an energy storage, but also as a power regulator
(for changing the pulsed electrical outputs into a
constant voltage), not just as an energy storage unit.
This is a new role for batteries, and can potentially
change the traditional views in the battery technology.
Since the stored energy in the battery will not be fully
used up, having a large capacity in the battery for a
longer lifetime through the improvement of the ma-
terials' energy densities is no longer essential, which,
however, is the current trend in battery research. Also,
the size and weight of the battery can be miniaturized,
and waste chemicals from dead batteries can be
greatly reduced. Moreover, this demonstration opens
the door to a new research field for developing long
lifetime power sources, that is a wise integration of the
TENG and the battery, in the aspects such as the
appropriate design of the TENG to meet the desired
energy consumption of the load, the optimum capacity
of the battery to tolerate the estimated output fluctua-
tion of the TENG in certain environment, and so on.
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CONCLUSIONS

In summary, through building a flexible Li-ion bat-
tery (LIB) on an arch-shaped structure, we have devel-
oped a self-charging power unit (SCPU) that integrates
the triboelectric-effect-based mechanical energy har-
vester and electrochemical energy storage into one
device. As triggered by ambient mechanical vibrations,
the TENG part can efficiently generate electricity with
high output, and the rectified electrical energy can be
stored in the LIB part. Besides the conventional “stand-
by-active mode” for the operation of the SCPU as an
integrated power source, we proposed a new mode for
the integration, the “sustainable mode”, in which the
surrounding mechanical energy is harvested and si-
multaneously stored in the LIB, while the LIB is driving
an external device. In the experimental demonstration,

METHODS

Growth of the Ti0, Nanowire Networks on the Carbon Cloth. The
carbon cloth was first ultrasonically cleaned in acetone, ethanol,
and Dl water for 30 min each, and then placed in a 50-mL Teflon-
lined stainless steel autoclave. Next, 1 g of TiO, (P25) powder
and 40 mL of NaOH (10 M) were added into the autoclave and
the solution was mixed with the carbon cloth for another
30 min. After it was sealed, the autoclave was kept in an oven
at 200 °C for 12 h, and then cooled down in air. After this first-
step hydrothermal reaction, the carbon cloth covered with
Na-titanate nanowire networks was washed with water and
immersed in HCl solutions (1 M, 40 mL) for 10 min to replace Na™*
with HT, forming H-titanate nanowire networks. After that, this
piece of carbon cloth was washed with water again, and then
dried at ambient temperature. After the sample was heat-
treated at 500 °C for 3 h under Ar atmosphere, TiO, nanowire
networks on the carbon cloth were obtained.

Fabrication of the Flexible Self-Charging Power Unit (SCPU). The
fabrication process of SCPU starts from making the bent Kapton
substrate. After they were ultrasonically cleaned in acetone,
menthol, and DI water consecutively, the Kapton films (125-um
thick) with the size of 3 cm x 4 cm were deposited with a layer of
SiO, film with a thickness of 500 nm at 250 °C using the plasma-
enhanced chemical vapor deposition (PECVD). Upon cooling
down, the Kapton substrates automatically bent toward the
SiO; side. Then, those Kapton substrates were divided into two
groups (named as Kapton 1 and Kapton 2) for different fabrica-
tion processes. Kapton 1 was deposited with 100-nm Al on its
concave surface using the e-beam evaporator. Then, on the
convex surface of this Kapton, we stacked three layers in the
following order: TiO,-nanowire-covered carbon cloth (1.5 cm X
1.5 cm) as the anode, PE separator (2 cm x 2 cm), the LiFePO,/
active-carbon/binder mixture on Al foil (1.5 cm x 1.5 cm) as the
cathode (the anode and the cathode were connected with leads
before this step). Then, they were fully covered by a piece of thin
Kapton film (with dimensions of 2.5 cm x 2.5 cm x 2.5 um) on
top. Three sides of the top Kapton were sealed with the bottom
Kapton substrate using the PDMS, forming a shell with one side
open. Then, the whole structure was transferred into the oven
with the temperature of 120 °C, to cure the PDMS and dry the
structure. After baking for 12 h, this part was put into a glovebox
filled with Ar. The electrolyte (1 M LiPF6 in 1:1:1 ethylene
carbonate/dimethyl carbonate/diethyl carbonate) was injected
into the shell through the open side. Finally, this side was sealed
with epoxy, leaving the two leads extending outward. This gave
us a flexible LIB on the bent Kapton 1. For Kapton 2, the concave
surface was sputtered with a 10-nm Au thin film as the mask and
then etched by inductively coupled plasma (ICP) reactive ion
etching for creating the nanorod-structure. On the other side of

the SCPU in this mode can provide a constant voltage
with a DC current of 2 uA for over 40 h (compared to 3.5 h
for the LIB alone), and is capable of continuously powering
the operation of a UV sensor at a constant voltage. Hence,
the integrated power sources developed from the con-
cept of the SCPU in the proposed “sustainable mode” can
potentially serve as an independent, portable, sustainable,
and stable power unit, which will meet the general
requirement of almost any electronic device and make
the self-powered system more feasible by harvesting
ambient mechanical energy. Additionally, the hybridiza-
tion of these two types of energy devices into a single unit
helps to achieve a compact, lightweight, and multifunc-
tional power source, with improved portability. Our study
provides a breakthrough progress in mobile energy and
will have a profound influence on the future technology.

this Kapton 2, a layer of 100-nm Al was deposited as the bottom
electrode. In the end, by bonding the Kapton 1 and Kapton 2 at
the two ends, we got the arch-shaped SCPU.
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