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ABSTRACT: Distributed, clean, and sustainable energy solutions
are needed to power sensor networks in applications such as the
Internet of Things, digital agriculture, forests, smart homes, etc.
Despite exploring various energy harvesters, their outputs achieved
thus far are insufficient for driving low-power electronics in many
of the abovementioned emerging applications. Herein, we present
a textile-based multisource energy harvester, which can generate
electricity from two clean energy sources, namely, triboelectric -Cur
. s Nylon textile

nanogenerator (TENG) and droplet-based electricity generator [{Sa/q =g v T
(DEG). The materials for the energy device are carefully selected, Moy Fabsil coated TPTFE.  Cu B T-PTFE

. . ° Q Conductive textile W8 PVC Nylon
and their physical properties are tuned for higher energy output,
primarily considering the following criteria: (i) maximum differ-
ence in the electron affinities, (ii) surface texturization, and (iii) hydrophobicity. The device mimics the water-repellent behavior of
the lotus leaves (“lotus effect”) to achieve a highly hydrophobic textile surface and enhance the output power. The optimized TENG
part of the device generates 252 V and 57.6 A during contact mode mechanical excitations and the DEG produces high output
voltage and current of 113 V and 67 pA from waterdrops. Finally, the real-life application of the presented multisource energy
harvesters is demonstrated by designing them as leaves of a synthetic plant, harvesting energy from wind and rain droplets to power
light-emitting diodes.

KEYWORDS: clean energy, artificial leaves, triboelectric nanogenerators, droplet-based electricity generator, multienergy sources

H INTRODUCTION these limitations, innovative green solutions are needed to
power distributed sensor networks and mobile electronics and,
in this regard, energy sources available in our natural
environment such as wind, rain, light, ocean waves, etc. offer
viable solutions.”*™*

Most of the energy harvesters reported so far are designed to
harness energy from a single source only, which may not be
available all the time. For example, the output of solar cells
considerably goes down during dark conditions.”” Another
example is wind-induced vibration-based devices, which have
been shown to power several Iight—emittin% diodes (LEDs) and
a digital thermal sensor including displays.”® However, just like
solar cells, the energy is generated in the presence of wind. In
this regard, a multisource energy harvester is attractive, as it
could provide reliable power along with higher energy outputs.
Among very few examples of multisource energy harvesters,

Distributed sensor networks are needed for connected objects
or the Internet of Things (IoT) in several conventional and
emerging applications such as digital health, autonomous
vehicles, smart homes and factories, environment monitoring,
urban farming, etc.' " The connected sensor network provides
several advanced functions such as the capacity to sense vital
human health 2parameters or crop/food quality’ "% and react
(actuation)""'* or respond (intelligence)ls_16 to external
stimuli. For the reliable operation of any sensor network, it
is important to have a stable power supply so that continuous
data can be acquired from the sensors. Currently, most of the
sensor networks are powered using either centralized conven-
tional power plants or through energy storage devices such as
lithium-ion batteries."” In the long term, such solutions are
likely to have an adverse impact on the environment, as well as
human health. For instance, lithium-ion batteries have
drawbacks such as limited charge capacity, and thus their
disposal will substantially contribute to environmental
pollution due to the use of toxic materials.'"** On the
other hand, longer use of conventional power stations, which
depend on dwindling stock of fossil fuels, will only cause a
delay in attaining the global net zero emission target. Noting
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Figure 1. (a) Concept to harvest electricity from multisources, namely, wind and rain energy, by assembling TENG and DEG devices into artificial
leaves. (b—d) Morphological analysis of the device materials: SEM images of (b) pristine T-PTFE, (c) Ar plasma-treated T-PTFE, and (d) nylon

nanofibers.

the one based on rain energy is noteworthy, as it harnesses the
electrostatic and kinetic energy impinged by a water droplet,
which leads to high output power density (82.66 W/m?) and
transferred charge value (101 nC).”’

Here, we present a leaf-shaped multisource energy harvester,
which synergistically combines textile triboelectric nano-
generators (T-TENGs) and textile droplet-based electricity
generators (T-DEGs). The synthetic decorative plants typically
experience wind and rain in outdoor environments, and
therefore, the presented multisource energy harvesting artificial
leaves could be distributed and integrated to form artificial
trees and plants to realize a mini green power station. This also
aligns with newly emerging fields such as “plant nanobionics”
or plant-hybrid technologies.”” The T-TENGs are highly
attractive for our devices because of excellent features such as
flexibility, wider material choices with simple structural design,
etc.’” and can harvest electricity from biomechanical,*"** wind,
and other ambient mechanical energy excitation.>*>* Also,
biomimetic textile is a unique class of material, as it offers
advantages such as being soft, lightweight, and porous and is
compatible with biodegradability and recyclability.”"”*> Bio-
mimetic textiles with various forms of renewable energy
harvesters based on mechanical,®® thermal,®” biochemical,>®
solar,” as well as hybrid energy forms*’ have been reported.

The materials used in this work are carefully selected, and
their physical properties are further tuned for higher energy
output, primarily considering the following criteria: (i) to have
the maximum difference in the electron affinities, (ii) surface
texturization, and (iii) hydrophobicity. Considering the first
criterion, an interface material pair polytetrafluoroethylene
(PTFE) textile (highly electronegative) and nylon-based
nanofibrous materials (highly electropositive) are employed
to fabricate high-performance T-TENG. Further, plasma
treatments were performed to optimize their surface properties
(surface texturization criterion) and thus enhance the surface
tribo-charges. The optimized TENG device, fabricated using
argon plasma-treated (100 W, 3 min) T-PTFE and nylon
nanofibrous mats, shows about 50 times higher power density
compared to the pristine T-PTFE device. The output power
density compares well with the state-of-the-art values (Table
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S2). The DEG works through the coupling of triboelectric
charging and the hydrophobic effect, which leads to
remarkably high instantaneous output power.”"*"** Till date,
a majority of the DEGs are reported using polymeric materials.
In this work, inspired by the water-repellent behavior of the
lotus leaves (“lotus effect”), we mimic the lotus effect to
achieve a highly hydrophobic textile surface and, thus, enhance
the output power. Toward this, molecular dynamics (MD)
simulations were also performed so as to tune the water-
repelling behavior of the textile surface (third criterion). The
MD simulations allowed us to monitor the contact angles of
the treated and untreated textile surfaces. An in-depth
understanding of the DEG working mechanism and perform-
ance optimization parameters such as droplet falling height
were also achieved by developing for the first time a DEG
device model, which considers the dynamics of the droplet
impact onto the DEG surface. The surface-modified textile-
based DEG (T-DEG) exhibits the maximum output voltage
and current of 113 V and 67 pA, respectively. As mentioned
above, both the TENG and DEG were integrated to form a
leaf-shaped device to harvest water droplet falling energy and
wind energy. The leaf device design can operate under a dual
mode: (i) conventional contact separation mode to harvest
ambient wind energy and (ii) DEG to scavenge rain energy, as
illustrated in Figure la. Four synthetic energy-generating leaves
were implanted in a commercial artificial plant, and the output
energy was measured under random rain drops and wind
conditions. With the droplet impact, the maximum output
voltage and short circuit current of DEG can reach 67.5 V and
10 pA, respectively. Simultaneously, the highest output voltage
and short circuit current for wind energy harvesting can be 12
V and 1.75 pA, respectively. Finally, the potential applications
of the fabricated energy leaves in applications such as IoT and
smart lighting are demonstrated by powering 10 LEDs using
the energy harvested from wind and rain.

B EXPERIMENTAL SECTION

Materials. PTFE-based textile with a thickness of 200 ym and
Fabsil (60% naphtha) was purchased from Amazon, UK. The formic
acid and Nylon-6,6 were purchased from Sigma-Aldrich.
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Figure 2. Performance of the T-TENG device. (a) output voltage and (b) short circuit current signals for the devices with T-PTFE under different
Ar plasma powers. (c) Output voltage and (d) short circuit current signals for the devices with T-PTFE under different Ar plasma exposure time.
The measured transferred charges for the devices with T-PTFE under (e) different Ar plasma exposure time and (f) different plasma generation
power. Surface potential of (g) pristine and Ar plasma-treated T-PTFE. (h) Nylon surface which contacted with pristine and Ar plasma-treated T-

PTEE. (i) Output power density across various resistive loads.

The plasma treatment was carried out in a flow of argon by an
externally applied radio frequency field. First, four T-PTFE fabric
samples were processed by Ar plasma for 3, 6, 9, and 12 min exposure
time under a 100 W plasma power. After that, another four samples
were treated under 50, 80, 100, and 150 W plasma power with a 3 min
exposure time.

The nylon NFs were obtained using an electrospinning machine
(TongLi, China). 9 wt % nylon powder was dissolved into the formic
acid under 12 h stirring at 300 rpm and 25 °C. A 10 mL syringe was
filled with the prepared nylon solution and connected to a spinneret
with 17, 19, 20, and 22 G needles to obtain four variants of nylon NFs
with different diameters. A 16 kV high voltage and a 2 mL/h flow rate
were applied for electrospinning the nylon solution with a 15 cm
distance between the needle and drum collector. The nylon NFs were
collected by an aluminum foil-covered drum collector driving with a
—2 kV voltage and a 1500 rpm rotating speed. The thickness of four
nylon NFs mats was confirmed as 8 #m by a contact profiler.

The T-PTFE fabric was dipped in a commercial Fabsil solution for
20 min, followed by drying for further use.

T-TENG and T-DEG Fabrication. The nylon NFs were
transferred onto a conductive fabric tape (Cu/Ni-based fabric tape
with conductive adhesive) as the tribo-positive layer. The conductive
fabric tape also bonds with the T-PTFE fabric to behave as a tribo-
negative layer. Both tribo-positive and negative layers were cut as 4 X
2.5 cm? small pieces. To avoid a bulge, the electrodes and lead wires
interfacing were mismatched at a fixed nominal contact area of 2.5 X
2.5 cm? during the measurements. The T-DEG device was fabricated
by placing a T-PTFE layer on top of the T-TENG device. The copper
and textile tape with different widths act as the top electrode of the T-
DEG device.

Characterization. The surface roughness of the T-PTFE samples
was measured by an optical profilometer (Bruker Contour GT-X 3D,
Germany). The surface morphology of T-PTFE and nylon NF mats
was characterized by FEI field emission scanning electron microscopy
(FE-SEM). The contact angle was measured by the Sessile drop
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method by placing 5 pL drops on the samples. The images were
captured using a digital single-lens reflex (DSLR) camera, and the
contact angle was measured with the help of Image] software.

After self-aligning the interface pair, the mechanical oscillation for
the T-TENGs was supplied by an oscillating force (8 N with 4 Hz
frequency) via an electrodynamic shaker system (TIRA, TV 50018,
Germany). The oscillating force corresponds to a nominal contact
pressure of 12.8 kPa. A peak-to-peak amplitude of 2 mm was
configured as the mechanical oscillated separation distance. The
output voltage was recorded by an oscilloscope (MSO-X 41544,
KEYSIGHT, USA). The current was measured using the Stanford
SRS570 low noise current preamplifier connected to the oscillo-
scope.””* The transferred charge was recorded on a Keithley 6517B
electrometer. The surface potential was measured using the Trek 347
noncontact electrostatic voltmeter. The test parameters (contact
pressure, frequency, separation distance, etc.) were maintained
constant to compare the TENG devices, including different
tribolayers and load matching.

Molecular Dynamics Simulation. Flat surfaces of PTFE [Figure
S6a] and Fabsil (C3,Hy,) [Figure S6d] with dimensions around 19.03
nm X 19.03 nm X 3 nm were formed using the confined layer
method**** and have been described in the Supporting Information.
PACKMOL was used to make a water droplet (S nm diameter) with
2170 water molecules such that the density of water remains 0.998 g/
cm® at 300 K.*® To observe the wetting behavior of PTFE and Fabsil
(C4,Hg) surfaces, respectively, the water droplet was initially placed
at a height of 0.2 nm from both the surfaces [Figures S6b,h and S6e].
Then, simulations in the NVT ensemble were performed for 500 ps
with a time step of 1 fs. The hydrogen atoms in the water molecules
were constrained using the SHAKE algorithm. After 300 ps of the
abovementioned NVT simulations, contact angles were measured
every 10 ps until 500 ps using a method reported earlier,***” and then
they were time-averaged. OPLSAA force field parameters*® were used
for simulating PTFE and C3,Hg, molecules, while SPCE*’ parameters
were used for water molecules and Lorentz—Berthelot rules were
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applied for getting the Lennard-Jones (LJ) parameters (given in Table
S1) between unlike atomic species. Similarly, OPLSAA force field
parameters used for simulating interaction between PTFE surfaces
and water have been used and validated previously."**° Bonded
interaction parameters can be found in previous works. All simulations
were run using the LAMMPS®" software package.

B RESULTS AND DISCUSSION

Figure la schematically illustrates the concept of artificial
leaves-based distributed energy harvesting. The leaf design was
carefully structured and implemented to have synergistic
operation of TENG and DEG for multisource energy
harvesting. The T-TENG device is fabricated using a plasma-
treated PTFE (as an electronegative tribolayer) and surface
morphology-optimized nylon nanofibril mat (coated on a
conductive fabric layer) as the tribo-positive layer. An argon
(Ar) plasma treatment was applied onto the T-PTFE textile for
device performance optimizations. The T-PTFE was treated
with plasma generated at different powers (50, 80, 100, and
150 W) and for different times (3, 6,9, and 12 min) to find the
optimum treatment conditions for the highest power output.
Figure 1b,c shows the surface morphology of the pristine and
optimized Ar plasma-treated T-PTFE samples. Note that the
T-PTFE sample in Figure 1c was treated with Ar plasma at 100
W and 3 min exposure time. The T-PTFE surface got etched
to form a ridge pattern (via Ar plasma), which led to a high
contact area needed for higher energy conversion efficiency
and power output. Generally, the T-PTFE surface is composed
of carbon and fluorine atoms, i.e, —(CF,—CF,),— structured
polymer. The presence of unsatisfied (dangling) bonds after
plasma treatment has been shown to enhance the performance
of TENGs.”> These energized atoms can serve as surface
charge trapping sites to enhance the surface tribo-charge
density. In the present case, such bonds were created on the T-
PTFE surface because of the plasma treatment. The high
impact of Ar" ions leads to the defluorination in the PTFE,
which produces the unsaturated C—C backbone. Due to the
residual oxygen presence, the C—C backbone causes the
formation of C—O or C=0 bonds.”® The unsaturated C—C
backbone can also form a bond with the fluorine ions. Thus,
the unsaturated C—C backbone introduces a h'§h amount of
bond defects in the polymer chains of PTFE.*” The surface
roughness of the pristine and plasma-treated T-PTFE textile is
shown in Figure SI. Similarly, the morphology of electrospun
nylon nanofiber mats was optimized by using the 17, 19, 20,
and 22 G needles. Figure 1d shows the SEM image of the
fibers obtained by using the 20 G needles. Figure S2 depicts
the SEM images of nylon nanofibers prepared by using other
needles. The SEM images suggest that the fibers fabricated
using 20 G needles are closely packed with low fiber intergaps.
The influence of plasma treatment and different nylon
nanofibers was analyzed by measuring the output performance
of T-TENGs. Figure 2a,b plots the output voltage and short
circuit current of the devices for a range of varying processing
power (plasma time was fixed to 3 min). The 20G nylon
nanofibers were used as the positive triboelectric layer for these
experiments. This experimental nylon mat has been calculated
to have a crystallinity of 27.8% by using its X-ray diffraction
(XRD) patterns in Figure S3. The peak positive voltages and
currents are then taken from Figure 2a,b, and output voltage
and short circuit current profiles are plotted at different plasma
generation powers. The results revealed that the output voltage
increased 9.3 times after the plasma treatment was performed
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at 100 W compared with the pristine film. When the applied
power increased further to 150 W, the output voltage
decreased from 252 to 85 V. Additionally, the peak positive
short circuit current follows the same trend and increases from
6.7 pA for pristine case to 57.6 pA for 100 W, thus presenting
an increase of 8.6 times. The short circuit current also declined
to 19.3 pA, after the Ar plasma generation power was increased
to 150 W. Next, the plasma generation power was fixed at
100W to explore the optimum Ar plasma treatment time for T-
PTFE, and the corresponding electrical performance is shown
in Figure 2¢,d. The peak positive voltages and currents confirm
that the output voltage considerably improves from the pristine
case (27 V) to the one with 3 min plasma treatment (252 V).
However, the output voltage decreases from 252 to 97 V, when
the plasma exposure time increases from 3 to 12 min. The
experimental observation suggests that the optimum plasma
generation power and exposure time for the T-PTFE surface is
100 W and 3 min. A similar trend is also seen in Figure 2e for
the transferred charges tested by an electrometer. The
maximum transferred charges for the Ar plasma-treated device
(i.e, 100 W/3 min) is 246 nC. The same conclusion can be
drawn by measuring the transferred charges of the devices, as
shown in Figure 2f. In fact, despite the low applied force, the
output performances (i.e, 252 V and 9.2 uA/cm?) from Ar
plasma-treated T-PTFE-based T-TENG are among the highest
reported (see the comparison in Table S3).

To further probe the influence of plasma treatment, the
surface potential developed by bringing the pristine and Ar
plasma-treated sample into multiple contacts with nylon was
measured (Figure 2g). Simultaneously, the surface potentials of
the nylon layer surfaces, which were in contact with the
pristine and Ar plasma-treated T-PTFE, respectively, were also
tested, as shown in Figure 2h. The results agree with the
obtained electrical performance shown in Figure 2. Thus, the
increase in output power can be attributed to the change in the
material’s properties like surface potential, surface composi-
tion, and surface roughness. Furthermore, the effect of different
nylon nanofibers on the electrical performance was analyzed
and is shown in Figure S4. The 20 G nylon nanofibrous mats
produced the best output due to the compact arrangement of
the fibers. It is well-known that the output performance of
TENGs varies with the external load resistance. Therefore, the
output power density is plotted against a range of resistance in
Figure 2i, corresponding to the pristine PTFE device (black
line) and Ar plasma-treated device (red line). The pristine
device exhibits a maximum power density (i.e., 0.23 W/m?) in
the resistance range of 10—20 M€, whereas the plasma-treated
device shows a maximum power density of 11.4 W/m? in the
resistance range of 50—100 M. The Ar plasma-treated device
shows an increase in the power density by a factor of 49.5 as
compared with the pristine device. The energy conversion
efficiency of this TENG device is 70.2%, and the device crest
factor is 3.6.°%> The applicability of the optimum Ar plasma-
treated T-PTFE-based device was validated by charging
numerous capacitors (with capacitances of 2, 10, and 22 uF)
for 200s via a rectifier circuit shown in Figure SS5. The
capacitor exhibited an obvious trend of increasing charging
time (fixed voltage) with the increase in capacitance. The
working principle of the T-TENG also has been included in
Figure 1la.

Figure la also shows the scheme for integration of a T-DEG
device on the top of T-TENG. The T-DEG was developed by
a T-PTEFE layer with different surface treatments for harvesting
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Figure 3. (a) Working of a T-DEG. (b) Schematic illustration of a droplet on the T-DEG devices with different sizes of the top electrode. (c)
Voltage generated by DEG with different top electrode widths. (d) Contact angle for the three variations of T-PTFE surface. (e) Output voltage
and (f) short circuit current of the T-DEG devices with pristine, sandpaper processed, and waterproofing solution coated T-PTFE.

water droplet energy. In comparison with the single electrode
TENGs used for water drop harvestingg, DEG uses an
additional electrode layer on the device’s top surface, which
encounters water droplets periodically. The factors affecting
the output performance of DEG include the hydrophobicity of
the impacted material surface, device bulk effect, drop height,
and flow rate.”® The working principle of the PTFE-based T-
DEG is shown schematically in Figure 3a. The continuous
impact of water droplets on the material surface results in an
accumulation of negative charges on the surface of T-PTFE.
The generation of tribo-negative charges on the T-PTFE
surface results in the induction of positive charges onto the top
and bottom electrodes. Owing to the charge neutrality, the
density of the positive charges on the top electrode should be
equal to the charge density on the bottom electrode in Figure
3a(i). However, after the droplet encounters the top electrode
(i.e, during its spreading), its area gets bigger with droplet
spreading, which reduces the charge density of the top
electrode, as shown in Figure 3a(ii). Due to the decrease in the
charge density of the top electrode, the charge balance in
Figure 3a(i) is disturbed, and this drives the bottom electrode
charges to the top electrode until the charge density in T-DEG
is balanced again, as shown in Figure 3a(ii). The charge
transfer between the two electrodes leads to the generation of
current output. Figure 3a(iii) elucidates how the contracting
droplet starts to reduce the area of the top electrode due to the
hydrophobicity of T-PTFE. Because the charge density on the
top electrode is higher than the bottom electrode, the charges
were transferred in the opposite direction as shown in Figure
3a(iii). There is a closed-circuit loop, which is relatively
constructed between the electrodes by the influence of the
impacted droplet (i.e, bulk effect 42) during the T-DEG
device power generation. Figure 3a(iv) illustrates that the T-
DEG stops to generate power when the droplet detaches from
the top electrode (i.e., due to the hydrophobicity of the T-
PTFE surface). Thus, the present work optimizes the T-DEG
performance by tuning the dimension of the top electrode,

surface hydrophobicity, and droplet characteristics (flow rate
and flow height).

The output of the DEG is influenced by the variation of the
spreading droplet area due to the spread of the droplet causin%
the change of surface charge density on the top electrode.’
Because of this, electrons were driven to migrate between the
two electrodes. Additionally, the DEG literature shows that the
output current is largely affected by the area variation ratio of
the spreading droplet (i.e., dS/dt), where S is the total area of
the device.”® Additionally, the charge transfer between the top
and bottom electrodes only occurs after droplet contact with
the top electrode. Namely, the spreading droplet is a part of
the top electrode. Thus, the area of the top electrode has an
influence on the output performance of the DEG. Figure 3b
illustrates the DEG with different top electrode widths of 2, 5,
8, and 10 mm, respectively (length is fixed to 4.5 cm). The
copper (Cu) foil was used as the electrodes in these four
devices. Figure 3¢ compares the output voltages of the four
abovementioned devices under a SO0 mL/h flow rate and 3 cm
drop height. The peak positive output voltage decreases as the
top electrode width increases. The top electrode with a 2 mm
width showed the best output of 11.25 V, followed by S mm
(9.75 V), 8 mm (6.25 V), and 10 mm (2.3 V) widths. The
output voltage increased five times when the top electrode
width was reduced from 8 mm to 2 mm. If the droplets were
impacted at the same location of these four T-PTFE surfaces,
the overlap area between the top electrode and the droplet
should increase with the increased area of the top electrode
(Figure 3b). The highest change in the dS/df for the 2 mm top
electrode device leads to the generation of the highest output
among these four devices. The low overlap area boosts a higher
change of the top electrode area (i.e, dS). Note that dt (i..,
contact time between the impact of the droplet and the T-
PTFE surface) should be approximately the same in these four
situations due to the similar surface hydrophobicity.

The spread and contraction of the water droplet depend on
the surface hydrophobicity of the contact material. Thus,
tuning the surface hydrophobicity is one of the straightforward
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Figure 4. (a) Experiment scheme showing the supplying droplets with varying flow rate and a fixed 3 cm dropping height. (b) output voltage and
(c) short circuit current of the T-DEG at different flow rate (copper top electrode). (d) Maximum value of voltage and current versus flow rates.
(e) Experiment scheme showing the supplying droplets with a varying height and a fixed 300 mL/h flow rate (f) Output voltage and (g) short
circuit current of the T-DEG by different dropping height (copper top electrode). (h) Variation in the voltage and current versus dropping height.
(i) Experiment scheme involving the textile top electrode device and supplying droplets at a 11 cm dropping height and a 300 mL/h flow rate. (j)
Voltage and (k) current generated by the T-DEGs with copper and conductive textile top electrode. (1) Stability of the fully textile-based T-DEG.

routes to improve DEG performance. To tune the hydro-
phobicity, inspired by the water-repellent behavior of the lotus
leaves (“lotus effect”), we have performed biomimicry of the
lotus effect to achieve a highly hydrophobic textile surface and
thus enhance the output power. The surface hydrophobicity
can be improved by roughening the surface, using low surface
energy materials, creating air pockets on the material surface,
constructing micro- or nanoscale structures, or coating the
surface with chemicals [e.g., tetrafluoroethylene (TFE) and
wax]. The T-PTFE film was processed by the sandpapers (i.e.,
400 grit sizes) and a commercial waterproofing solution
(Fabsil-60% naphtha) to analyze the enhancement of DEG
output performance with improved surface hydrophobicity.
The change in the contact angle due to the Fabsil coating was
studied by the MD simulations, as shown in Figure S6. Figure
3d experimentally compares the surface hydrophobicity for
each of the three T-PTFE films by the contact angle
measurement. The surface hydrophobicity of the sandpaper
and waterproof coated T-PTFE films is higher than the pristine
T-PTFE. The contact angle of the films was increased from 95°
(pristine) to 115.6° (400 grit sizes) and 121.3° (Fabsil). Figure
3e,f depicts the measured outputs (i.e, output voltage and
short circuit current) of the DEG devices with T-PTFE films
having different surface hydrophobicity. These measurements
were performed at a flow rate and dropping height of 500 mL/
h and 3 cm, respectively, and under a 1IMQ load resistance.
The peak positive output voltage was 11.25 (pristine), 13.75
(400 grit sizes), and 59.6 V (Fabsil), i.e.,, 5.3 times increase
from pristine to waterproofing coating. Like TENGs, DEGs are
also high voltage and low current devices; therefore, the critical
requirement is to boost the current density of the DEG. As
shown in Figure 3f, the peak short circuit current was about 7.3
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HA for the pristine case, 20 yA for the 400 grit size processed
T-PTFE device, and a maximum of 30 uA for the
waterproofing coated T-PTFE device, representing an increase
of 4.1 times over the pristine case. The contact time of a
droplet decreases as the surface hydrophobicity increases.””
The high dS/dt corresponds to high output, and it can be
obtained on surfaces with high hydrophobicity as it takes a
lower time for a drop to spread and contract on hydrophobic
surfaces. Furthermore, Figure S7 illustrates the output power
and current of the optimal T-DEG device in relation to the
resistive load. These measurements were conducted at a flow
rate of 500 mL/h and a drop height of 3 cm.

Figure 4 shows the T-DEG test setup for device character-
ization and the output performance of DEG with different
droplet flow rates and dropping height. Figure 4a—d shows the
measuring setup, output voltage, and current signals for seven
flow rates varying between 100 to 900 mL/h under a fixed 3
cm dropping height. The peak positive output voltages and
short circuit current are extracted from Figure 4b,c and plotted
against the flow rate in Figure 4d. The output voltage increases
with a flow rate up to 300 mL/h, and beyond 300 mL/h, the
output voltage saturates at a value of around 58 V. A similar
trend was also obtained for the short circuit current. Short
circuit current grows with the flow rate, and the upper end of
the flow rate range is also adequate to saturate the short circuit
current; that is, beyond 400 mL/h, the short circuit current
levels off at around 30 pA. After evaluation of the droplet flow
rate, the effect of the dropping heights was investigated. Figure
4e—h shows the measurement setup and performances of a T-
DEG for the 3 to 11 cm dropping height with the flow rate
fixed to 300 mL/h. Figure 4h plots the T-DEG outputs against
the dropping heights. The positive peak output voltage rises
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from 58 to 90 V, corresponding to an increase in the dropping
height from 3 to 11 cm. Comparably, the short circuit current
of the T-DEG increases approximately linearly (from 20 to 52
uA) with the increasing dropping height until 11 cm, as shown
in Figure 4h. The top copper electrode of T-DEG was replaced
with a conductive fabric electrode (Ni/Cu polyester fabric tape
with conducting adhesive) to obtain a fully textile-based DEG,
as shown in Figure 4i. The outputs from the conductive fabric
electrode device are comparable with those of the Cu
electrode-based device. The output of the conductive fabric
electrode-based device was measured under a 300 mL/h flow
rate and 11 cm dropping height. The output voltage (113 V)
and short circuit current (67 @A) of the conductive fabric
electrode device were slightly higher than the 95 V and 58 yA
outputs of Cu electrode-based T-DEG (Figure 4j, k). The
slight increase in the output can be ascribed to the better
sliding of the droplets on the textile electrode. The comparison
of T-DEG with previous works on textile-based water drop
energy generators is given in Table S2. Comparing the water
droplet-based electricity generation by T-TENGs (single
electrode and freestanding modes, ie, SE-TENG and F-
TENG), the T-DEG exhibits higher performance, as may be
noted from Table S2. The present work shows significantly
higher outputs compared with the other reported textile-based
DEGs. The high output current in this work could be largely
attributed to the effect of the high tribo-negative property of
the polymer and the waterproof coating. The developed
conductive fabric electrode T-DEG also showed high stability
toward the applied periodic droplet cycles. The output voltage
of T-DEG, based on conductive fabric electrodes and
waterproofing coated T-PTFE textile, was measured for up
to 10,000 cycles at 1 M load resistance under 400 mL/h flow
rate and 11 cm dropping height, as shown in Figure 41. The
stable output voltage (around 113 V) for up to 10000 cycles
confirms excellent device stability.

Understanding the dynamics of a droplet's impact on a solid
surface can help to enhance the DEG output power. There are

701

a number of important implications that follow from the view
that DEG electrical performance is dependent on a periodic
morphological change for the impacted droplet. The working
principle of a DEG power generation depends on the area
change ratio of the top electrode (i.e., dS/dt) due to droplet
spreading (see eqs S1 and S2). Thus, if we import the
characterization of droplet spreading on a hydrophobic surface,
it can be used to fully explain the factors for the change of the
top electrode area. The variable ratio of a droplet can be
described by ﬂmaxzd;‘—“.w The f,.. is the ratio between the
0

maximum spreading diameter and the initial drop diameter.
However, f,.. is influenced by the droplet properties and
impact velocity, which characterize the inertial and surface
tension effects. The vertical kinetic energy of a droplet is
transferred to the radial direction to boost the droplet
spreading after the droplet hits against the surface.”’ After a
droplet contacts the hydrophobic surface, there are four
scenarios, i.e. spread, maximum spread, contract, and
detaching away from the surface. The droplet experiences
deformation due to the transformation of kinetic energy from
the dropping height and velocity. Employing the Weber
number and dynamic contact angle, we can evaluate the
normal impact on a hydrophobic surface as®’:

8 We
fo=l4— e
max 27\ 30(1 = cosl, 1) (1)
2
d
We = M
o )

where 6, is the dynamic advancing contact angle. We is the
dimensionless number (i.e., Weber number). p, u,, do, and &
are liquid density, impact velocity, initial droplet diameter, and
liquid surface tension. First, the characterization of d,, for a
droplet impacting on a solid hydrophobic surface can be
calculated by
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Figure 6. (a) Schematic image of artificial leaf-shaped multisource energy generator. Output performance of harvesting droplets dropping energy,
(b) output voltage, and (c) short circuit current. Output performance of harvesting wind power, (d) output voltage, and (e) short circuit current.

d _ S_do p/’tozdo
w0 97 30(1 - cost), in) 3)
if consider the spread droplet is a cycle,
d 4d d
S(t) = a(2 4 2% P )i
2 27 \ 30(1 — cosf,(t)) (4)

Integrating eqs 3 and 4 into DEG output current formula eq
5,56

_ Zor ds)

T o gt (%)

Figure Sa estimates the variation of the dynamic contact
angle during one cycle (i.e., from dropping to detaching) of the
droplet impacting the T-PTFE surface under 3 cm dropping
height. The dynamic contact angle between the droplet and
substrate decreases continuously in the compression phase,
while the dynamic contact angle starts to increase again during
the restoring status. Figure Sb,c presents the device’s simulated
dS/dt and output current signal with a dropping height from 3
to 11 cm using numerical analysis methods (i.e, MATLAB
simulation). Note that the surface charge density (ie., o) is
equal to —113.06 C/m>>* From experimental results and eq
S2, one of the key parameters for droplet spreading and DEG
outputs is the impact velocity (4,). Additionally, the impact
velocity increases with increasing dropping height from 3 to 11
cm. After considering the effect of the air friction on the
droplets, the impact velocity can be calculated via
3Ceh
8 R,

‘water

Hy = \/§(1 — exp( — 2ah)). Simultaneously, a =

where g, K, ., Pyaten Ro, and C; are the gravitational constant
= 9.8 m/s’, dropping height, density of air and water, droplet
radius, and adjusted friction coeflicient = 0.796.%° The results
in Figure 4h also support the fact that the output of T-DEG is
highly dependent on the drop falling height. The comparison
of experimental and simulated current outputs in Figure Sd
follows the dS/dt results shown in Figure Sb. When droplet
height increases from 3 to 11 cm, the short circuit current
increases by a factor of 2.6 in the experimental results, while
simulations predict an almost similar increase in short circuit
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current (roughly 2.8 times). Thus, it can be said that the T-
DEG output current is dependent on the dropping height via
the impact velocity. Additionally, the high droplet flow rate
enhances the transfer of the charges between the top and
bottom electrode (i.e., AQ). The outputs improve after the
flow rate increases from 100 to 300 mL/h. However, when the
droplet flow rate is over 400 mL/h, a water layer remains on
the T-PTFE surface due to a higher number of drops in a given
time, leading to the constant output after 400 mL/h.
Following the optimization studies, the leaf-shaped design
was implemented for integrated T-TENG and T-DEG to
harvest the energy from multiple ambient sources and realize a
self-powered system. Figure 6 shows the developed synthetic
leaf, which is driven by wind and waterdrops to power the
LEDs. Figure 6a illustrates the structure of this leaf-shaped
device as having a top T-DEG layer (for droplet energy
harvesting) and a bottom contact-separation mode free-
standing TENG (CSF-TENG) layer (for wind power harvest-
ing). Note that the width of the electrode with a vein-like
structure for our T-DEG is fixed at 2 mm. The CSF-TENG
tribo-contact layers were a nylon fibrous mat and Ar plasma-
treated T-PTFE layers. The fabrication procedures of this leaf-
shaped multisource energy harvester are shown in Figure S8.
Four synthetic leaves were implanted into a commercial
artificial plant, and the device outputs were measured under
the random perturbations from rain drops and wind. With
droplets impacting the DEG, the maximum output voltage and
short circuit current could reach up to 67.5 V and 10 pA,
respectively, as shown in Figure 6b,c. Simultaneously, the
highest output voltage and short circuit current for wind
energy harvesting can be 12 V and 1.75 pA, respectively, as
shown in Figure 6d,e. Comparing the output results in Figures
2 and 4 with the artificial leaf-shape device in Figure 6, we
observed that the output of the artificial leaf-shape device is
lower. This could be attributed to the fact that measurement
results shown in Figure 6 are obtained under conditions
mimicking natural conditions, i.e., moderate rainfall and low
wind. For example, random droplets may not be hitting the top
electrode at the optimum location, which is essential for
achieving the best device performance considering the
mechanism of DEG explained earlier [Figure 3b, c]. Addition-
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ally, when the device was used for harvesting wind energy,
there was a low contact pressure between the interface pair,
which resulted in a low real contact area and output
performance.* To demonstrate the degree of energy generated
by artificial leaves, the output was used to power 10 LEDs via a
rectifier circuit (see Figure S9). The LED array was turned on
using the power harnessed via droplets or wind energy, as
shown in Video S1. Considering these results, the leaf-shaped
energy generator can be an effective source to light up places
such as coastal areas and mountains, where sufficient electricity
sources are not available. These results also exhibit enormous
potential for practical applications in green energy harvesting
to power distributed IoT devices and smart lighting in homes
and public spaces.

B CONCLUSIONS

Here, for the first time, we presented a textile-based TENG
synergistic integrated with DEG using selected materials and
innovative design. For T-TENG, the performance was
enhanced by Ar plasma treatment on the PTFE layer and by
optimizing the surface morphology of the positive nylon
triboelectric layer. An Ar plasma treatment at 100W for 3 min
improved the output performance of the T-TENG device to
252V and 57.6 uA, which represents 9.3 and 8.6 times increase
in voltage and current, respectively, compared with the pristine
device. On the other hand, the DEG performance depends on
the hydrophobicity of the droplet impact surface. The
hydrophobic T-PTFE textile surface was prepared by coating
the waterproofing solution (i.e., Fabsil) approach, which can
generate significantly higher outputs (113 V and 67 uA) at a
lower flow rate of 300 mL/h and 11 cm dropping height. The
T-DEGs were systematically studied to understand and
optimize the design of DEGs, including top electrode size,
surface hydrophobicity, dropping height, and flow rate. A new
DEG model is also proposed to understand the mechanism of
power generation. Comparing the experimental and simulated
results, this work evaluated the influence of droplet area
variation on the DEG output performance. Finally, the textile-
based TENG and DEG are assembled as a synthetic leaf to
demonstrate multisource energy harvesting. The simple, and
low-cost energy-generating leaf prototype effectively harvests
the wind and raindrop energy to power 10 LEDs. Such proof-
of-concept devices could be further advanced to develop
energy-harvesting artificial trees to produce clean energy
everywhere from gentle winds and rain drops.
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