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ABSTRACT We report a flexible and area-scalable energy-harvesting technique for
converting kinetic wave energy. Triboelectrification as a result of direct interaction between

a dynamic wave and a large-area nanostructured solid surface produces an induced current

among an array of electrodes. An integration method ensures that the induced current
between any pair of electrodes can be constructively added up, which enables significant
enhancement in output power and realizes area-scalable integration of electrode arrays.
Internal and external factors that affect the electric output are comprehensively discussed.
The produced electricity not only drives small electronics but also achieves effective

impressed current cathodic protection. This type of thin-film-based device is a potentially
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practical solution of on-site sustained power supply at either coastal or off-shore sites wherever a dynamic wave is available. Potential applications include

corrosion protection, pollution degradation, water desalination, and wireless sensing for marine surveillance.
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mbient water motions, especially

dynamic waves, contain a gigantic re-

serve of kinetic energy but are hardly
utilized in an effective way.' > Harvesting
wave energy not only provides a viable
means of producing renewable energy but
also opens up a new path to self-powered
technology without an external power
source.” It can be potentially applied in a
variety of circumstances wherever electricity
is needed, including corrosion protection,
pollution degradation, water desalination,
and wireless sensing for marine surveillance.>®
Conventional approaches to harvesting
wave energy by using electromagnetic
generators have drawbacks of bulky size
and heavy weight.5 8 In recent years, a novel
method for this purpose was developed,
which utilized triboelectrification at the solid/
liquid interface.”~'* A direct and reciprocat-
ing interaction between a dynamic wave
and a solid surface produces alternating
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current flow between a pair of electrodes
underneath. Since this approach relies on
a surface effect, it is prominent in energy
density in terms of power per volume.
Furthermore, it does not require additional
components for capturing and transferring
mechanical motions of the wave, which
is a unique advantage compared to other
conventional methods.">~"” Although this
approach showed exciting prospects of
harvesting energy from waves, some major
challenges are still to be addressed. Fore-
most, the electric power needs much further
improvement. Though it was found in pre-
vious reports that fine electrodes are bene-
ficial for enhancing output power density,"’
it lacked an effective means of integrating
a number of electrodes together to make
them area-scalable. Second, nanostructures
at the solid/liquid interface that play a key
role in promoting the electric power also
need to be scaled up in area if this technique
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Figure 1. Structure of a thin-film triboelectric generator (TF-TEG). (a) Schematic diagram of an integrated TF-TEG. (b) Enlarged
sketch of the arrayed bridge rectifiers. (c) SEM image of the PTFE nanoparticles on the electrification layer (scale bar = 1 um).
(d) Enlarged view of the nanoparticles at a tilted angle of 60° (scale bar = 500 nm). (e) Picture of a bendable as-fabricated
TF-TEG. Inset: Water contact angle on the nanostructured surface (scale bar = 25 mm). (f) Picture of the TF-TEG that is

interacting with the water wave (scale bar = 25 mm).

is to be practically used. Besides, further applications
in addition to powering small electronics are to be
demonstrated.

Here, we report a flexible thin-film triboelectric
generator (TF-TEG) for harvesting kinetic wave energy.
Triboelectric charge at the nanostructured solid/liquid
interface induces flow of free electrons in an external
circuit as the device has repeated contact with the
surrounding water body. An integration approach
is developed by using an array of surface-mounted
bridge rectifiers to connect multiple parallel electrodes
together. As a result, induced charge flow between any
pair of adjacent electrodes can be rectified and then
constructively added up to form pulsed direct current
between an anode and a cathode. Surface nanostruc-
ture of close-packed polytetrafluoroethylene (PTFE)
nanoparticles in a large area is fabricated through
a spin-coating technique, providing an area-scalable
route for obtaining high-level electric power. A TF-TEG
having lateral dimensions of 100 mm by 60 mm with a
total of 11 electrodes can generate an optimum output
power of 1.1 mW, which is 10 times that in a previous
report.'’ The produced electricity not only drives small
electronics but also achieves effective impressed cur-
rent cathodic protection for carbon steel. The corrosion
potential of the carbon steel is considerably increased
from —111to —198 mV as the electricity from a TF-TEG
is applied. Control experiments exhibit remarkable
contrast of surface morphology between the group
with protection and the one without. The novel inte-
gration approach and the thin-film structure of the TF-
TEG bring about a number of unique advantages. It can
be conveniently applied onto objects that have direct
interaction with waves without considerably adding
additional size and weight. As a result, it is a potentially
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practical solution of on-site sustained power supply,
especially applicable to corrosion protection for coastal
constructions, off-shore facilities, and ships where wave
energy is abundantly available.

RESULTS AND DISCUSSION

The structure of a TF-TEG is shown in Figure 1a,
which is composed of multiple layers. The bottom layer
is a flexible 125 um thick Kapton substrate. A parallel
array of strip-shaped copper electrodes (100 mm x
4.8 mm x 200 nm for each) is fabricated onto the sub-
strate by mask-assisted sputtering. The interval be-
tween adjacent electrodes is 0.7 mm. Bridge rectifiers
(49 mm x 45 mm x 1.5 mm) are surface-mounted
onto the substrate. As shown in Figure 1b, the two pins
at the input side of the rectifiers are connected to a pair
of adjacent electrodes with a one-to-one correspon-
dence. Adjacent pins from different rectifiers share the
same electrode, as shown in Figure 1b. At the output
side, negative pins of all rectifiers are connected
together to form a comb-shaped joint cathode, while
all positive ones form a joint anode. The cathode and
the anode are insulated from each other in regions
where they are intersected. The outermost layer is an
electrification material made of PTFE thin film (25 um
thick), which is tightly adhered onto the substrate
to insulate all components underneath from the sur-
rounding water. PTFE nanoparticles about 200 nm in
diameter, shown in the scanning electron microscopy
(SEM) images of surface morphology (Figure 1c,d),
are densely and uniformly distributed on top of the
electrification layer, which plays a key role in promot-
ing the output current. The detailed fabrication process
is discussed in the Methods section. The picture of
a bent TF-TEG is presented in Figure 1e, which clearly
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Figure 2. Electricity-generating process of the TF-TEG. (a) Cross-sectional view of charge distribution when the device is fully
exposed from water. (b) Charge distribution when water is propagating across electrode A. (c) Charge distribution when
water is propagating across electrode B. (d) Charge distribution when water is propagating across electrode C. (e) Charge
distribution when water fully covers the electrification layer underneath. (f) Charge density on the three electrodes as the

water front propagates.

demonstrates its thin-film structure and flexibility. Due
to the hydrophobic nature of the PTFE and the nano-
scale surface morphology, the water contact angle
of the top surface is 110° (inset of Figure 1e). The good
hydrophobicity is important for the generation of an
output current, which will be discussed later.

To test the performance of a TF-TEG, it was attached
on the side wall of a water tank. A wave generator was
used to excite a propagating water wave that repeat-
edly submerges the TF-TEG, as shown in Figure 1f and
movie ST in the Supporting Information. The electricity
generation process of a complete cycle is illustrated
in Figure 2, which is a simplified two-dimensional
schematic view of charge distribution among three
electrodes. It has been extensively reported in previous
reports that direct contact with water will generate
a negative triboelectric charge on the PTFE surface
(Figure 2a)."%"82" It is assumed that the triboelectric
charge is uniformly distributed. As the water front rises
and partially covers the region on top of electrode
A (Figure 2b), the electric potential of electrode A
increases because the negative triboelectric charge is
screened by positive ions in the water, which pro-
duces transient electron flow away from electrode A
(Figure 2b). As a consequence, a net induced charge of
positive sign appears on electrodes B and C. Further
propagation of the water front will alter the distribu-
tion of the induced charge on the three electrodes
(Figure 2c—e). The change of induced charge density
on these electrodes is quantitatively shown in Figure 2f.
Electrodes A and B only possess negative and positive
induced charge, respectively, while the sign of induced
charge on electrode C is reversed as the water
front propagates midway. No matter how the charge
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distribution varies, the induced current in the external
circuit always flows from the anode to the cathode
due to the use of rectifying bridges, generating a single
current peak. When the water front recedes, the hydro-
phobic solid surface will repel water and expose the
negative triboelectric charge. Based on similar reason-
ing, the receding process will produce another current
peak.

The electric performance of the TF-TEG was investi-
gated by using an electrometer (Keithley 6514). For a
TF-TEG that has a total of 11 electrodes and 10 rectify-
ing bridges, a periodic pulsed voltage at a frequency
of 1.25 Hz was obtained on the open-circuit condition,
as shown in Figure 3a. The submerging process corre-
sponds to a narrow peak with a high amplitude, while
the emerging process corresponds to a wider and
smaller voltage peak (inset of Figure 3a). The pulsed
voltage is different from the square-shaped signal in
previous reports.'?? This is because the measured
voltage of the TF-TEG here is essentially the voltage
applied onto a reverse-biased diode that is considered
as the load in this case. Since the resistance of a diode
when reversely biased is very large, high voltage up to
230V can be achieved (Figure 3a). On the short-circuit
condition, a pulsed current of 13 uA in amplitude was
obtained (Figure 3b). Since the submerging process
is faster than the emerging process, it corresponds to
a sharper but narrower current peak, as shown in the
inset of Figure 3b. As the load resistance increases over
105 MQ, the voltage amplitude starts to rise while the
current amplitude drops (Figure 3c). Correspondingly,
their product, the peak output power, reaches a max-
imum value of 1.1 mW at an optimal load of 25 MQ
(Figure 3d), which presents a 10-fold enhancement
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Figure 3. Electric output results of the TF-TEG. (a) Open-circuit voltage (inset: voltage of a single submerging—emerging
cycle). (b) Short-circuit current (inset: current of a single submerging—emerging cycle). (c) Current amplitude and voltage
amplitude as a function of load resistance. (d) Peak output power as a function of load resistance (inset: picture of powering
tens of LEDs by a TF-TEG in a simultaneous way; scale bar = 60 mm).
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Figure 4. Electric output of the TF-TEG that is affected by internal structural design. (a) Current amplitude and voltage
amplitude as a function of the electrode number (inset: induced charge generated in a single submerging—emerging
process). (b) Current amplitude and voltage amplitude as a function of the electrode density (inset: induced charge generated
in a single submerging—emerging process). (c) Short-circuit current as affected by surface roughness.

over the previous report."" The TF-TEG can directly number is more than 6. This is likely attributed to

power a number of small electronics. Tens of light- breakdown of the diodes, which prevents the volt-
emitting diodes (LEDs) are simultaneously powered, age from further building up. Second, the density of
as displayed in the inset of Figure 3d and movie S1. electrodes also plays a role in tuning the electric out-

Factors that can influence the electric performance put. As the number of electrodes increases while the
of the TF-TEG are discussed comprehensively. From the overall area remains constant, more induced charge
aspect of structural design, three factors are investi- can flow in the external circuit.?3 As a result, the electric
gated. First, increasing the number of electrodes output is promoted (Figure 4b). Besides, surface
(from 2 to 13) while maintaining the dimensions of morphology of the electrification layer is another im-
each electrode can considerably promote the electric portant factor because it directly relates to the effective
output of the TF-TEG (Figure 4a). The enhancement is contact area at the solid/liquid interface. When com-
attributed to a larger device that has more contact area pared to a control device that has a smooth surface,
with water. It is intuitive that the current amplitude as TF-TEGs that are modified by sandpapers (Figure S1)
well as the charge quantity carried by a single current and by nanoparticles exhibit enhancements by
peak (inset of Figure 4a) scales linearly in proportion 248 and 44.1% in current amplitude, respectively
to the number of electrodes because of the area- (Figure 4c).
dependent triboelectric charge. However, the voltage From the aspect of the external condition, two
amplitude starts to saturate when the electrode factors are discussed in this work. First, how fast the
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Figure 5. Electric output of the TF-TEG that is affected by external factors. (a) Short-circuit current as influenced by the
propagating speed of the water wave. (b) Current amplitude and voltage amplitude as a function of the propagating speed
(inset: induced charge generated in a single submerging—emerging process). (c) Short-circuit current as influenced by water
saltness. (d) Current amplitude and voltage amplitude as a function of the water saltness (inset: induced charge generated ina

single submerging—emerging process).

water interacts with the TF-TEG greatly affects the
electric output. As demonstrated in Figure 5a, as the
average propagation speed of the wave increases,
the current peak becomes increasingly sharper and
narrower. The larger current amplitude is attributed
not only to faster charge flow but also to higher
quantity of induced charge. This is because more
dynamic interaction at the solid/liquid interface
generates higher density of triboelectric charge, which
has been reported in the literature.*?* Second, the
conductivity of water is also noteworthy in affecting
the electric output. As the conductivity of water in-
creases, its ability to generate triboelectric charge with
a solid surface is weakened.'®'" Consequently, salted
water will lower the electric output (Figure 5¢,d). How-
ever, even for saturated salted water, the voltage as
well as the current reduces to 40% and still maintains
decent values, which is indicative of potential applica-
tion of the TF-TEG in practical circumstances, such as
in rivers and oceans. After 60 h of continuous testing
at a wave frequency of 2 Hz, the nanoparticles still
fully cover the PTFE surface with unchanged surface
morphology (Figure S2). The average thickness only
reduced by about 9 nm, which indicates good durabi-
lity of the surface modification.

The produced electricity can become a power source
for a variety of purposes. Here, we used it for impressed
current cathodic protection of metal. A carbon steel
sample was directly connected to the cathode of a TF-
TEG and immersed in 0.5 M NadCl solution (Figure 6a).
The open-circuit potential (OCP) of the carbon steel
stays at —111 mV without protection. When electricity
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is fed from the TF-TEG that converts wave energy,
the OCP exhibits a considerable negative shift. It takes
around 240 s before the OCP becomes stable. After the
TF-TEG is removed, the OCP then responds and re-
covers. Repeated application of the electricity from the
TF-TEG results in periodic change of the OCP in a highly
repeatable way (Figure 6b). The most negative OCP
reaches —198 mV, which shifts by 87 mV compared to
the original value. The protection effect can be clearly
visualized by the change of surface morphology. As
shown in Figure 6c, very little rust marks can be spotted
on the sample after 8 h if nonstop protection is applied.
After 24 h, traces of observable rust can be found.
In contrast, for a control sample without the protection,
a thick layer of rust appears and accumulates as time
passes (Figure 6d). After 4 h, severe corrosion can
be observed, which proves the effectiveness of the
protection.

CONCLUSION

In summary, we reported a flexible thin-film tribo-
electric generator for harvesting kinetic wave energy.
It is the triboelectric charge at the solid/liquid interface
that induces electron flow in the external circuit. An
area-scalable integration approach was developed by
using an array of surface-mounted bridge rectifiers,
which ensured constructive addition of output current
from all electrodes to form pulsed direct current.
Besides, surface modification by spin-coated nano-
particles can be achieved in a large area. As a result,
the TF-TEG has the potential to be scaled up in area.
The produced electricity not only drove small
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Figure 6. Impressed current cathodic protection for carbon steel by the TF-TEG. (a) Experimental setup for the cathodic
protection. (b) Open-circuit potential of the carbon steel varies in a repeated way as the electricity from the TF-TEG is
periodically applied. (c) Surface morphology change of the carbon steel if the corrosion protection is applied (scale bars = 15 mm).
(d) Surface morphology change of the carbon steel without the protection (scale bars = 15 mm).

electronics but also enabled effective impressed cur-
rent cathodic protection for carbon steel. Therefore,
the TF-TEG is a potentially practical solution of on-site

METHODS

Fabrication of a TF-TEG. A Kapton film of 125 um in thickness
was selected. Then two sets of masks were prepared by a laser
cutting machine. The first set defines the electrode array and
the comb-shaped joint cathode, which were deposited by
sputtering a layer of copper (200 nm thick) at a deposition rate
of 0.1 nm/s. The second set of masks defines the anode. Before
the anode was deposited, an insulating layer of parylene (3 um
thick) was deposited onto the premade cathode. Once the
anode was deposited (200 nm of copper by sputtering), the
positions of the bridge rectifiers became well-defined. They
were then fixed onto the electrodes using conductive silver
epoxy. Finally, PTFE thin film that had adhesive on one side was
applied on top of the device.

Surface Modification of PTFE Film. Here we adopted two methods
to introduce surface roughness that can increase the effective
contact area with water. One method is to sand the PTFE film
surface with fine grit sandpaper (2000#). The sanding was applied
horizontally as well as vertically, which forms a rectangular
mesh surface texture in microscopic scale. The second method
is spin-coating PTFE nanoparticles to form a bumpy surface at the
nanoscale. PTFE resin that consists of PTFE nanoparticles (6%) and
water was applied. It was spun at 1000 rpm for 60 s on the PTFE
surface that was pretreated with O,/Ar plasma for 60 s. Then it
was dried in a vacuum oven at 150 °C for 1 h. The thickness of the
close-packed nanoparticle layer was around 1 um.

ZHAO ET AL.

sustained power supply, especially suitable for corro-
sion protection at either coastal or off-shore sites
wherever wave energy is available.
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