Nano Energy 70 (2020) 104459

Contents lists available at ScienceDirect

Nano Energy

ELSEVIER

journal homepage: http://www.elsevier.com/locate/nanoen
Full paper ' ,.)
A triboelectric and pyroelectric hybrid energy harvester for recovering

energy from low-grade waste fluids

Dongyue Jiang®", Yunpeng Su?, Kun Wang?, Yutao Wang?, Minyi Xu™"", Ming Dong?,

Guijun Chen?

@ Key Laboratory of Ocean Energy Utilization and Energy Conservation of Ministry of Education, Dalian University of Technology, 116024, China
Y Marine Engineering College, Dalian Maritime University, Liaoning Province, 116026, China

ARTICLE INFO ABSTRACT

Keywords:

Waste heat recovery
Low-grade waste heat
Triboelectric nanogenerator
Pyroelectricity

Droplet impact

Low-grade waste energy is widely available in industrial processes, and it typically appears in the form of thermal
fluids. Types of technologies are developed for harvesting the thermal energy from these fluids. However, the
thermal fluid not only possesses thermal energy, but also contains a large amount of kinetic energy. In this study,
a hybrid device is proposed for harvesting both the thermal and kinetic energy of the thermal fluids. A free-
standing type triboelectric nanogenerator (TENG) is employed for harvesting the kinetic energy, while a pyro-
electric generator (PENG) is used for harvesting the thermal energy. Output performance of discrete water
droplets with temperature of 5 °C, 25 °C, 45 °C and 65 °C are compared in both the TENG and PENG devices. The
effects of the device inclination angle, and droplet released height are discussed. The analyses are conducted
based on high-speed video recording of the droplet dynamics on the device as well as numerical simulation. The
results indicate the droplet temperature, device inclination angle and droplet released height affect the droplet
dynamics significantly. Further, the variation of droplet dynamics greatly affects the output performance of both
the TENG and PENG. The peak output power of the TENG decreases with the increase of droplet temperature,
while the output power of the PENG increases with the temperature variation. A hybrid energy harvester was
fabricated and a peak power density of 2.6 pW/cm? was achieved. A maximum energy increment of 238% was
obtained by the hybrid harvester, as compared to the pure PENG device. The harvested energy was able to light
up 28 commercial LED light bulbs.

1. Introduction thermophotonic systems etc.) and electrochemical methods [16-18]

(thermocells: thermoelectrochemical cells, thermos-osmotic systems,

Low-grade waste heat resources (temperature below 130 °C) are
widely available in geothermal and industrial sectors including: power
plants, chemical plants, oil refineries, steel/glass/metal productions and
so on [1-3]. Low-grade waste heat is typically discarded in the industrial
sectors due to the limitations (less efficient, low cost-effectiveness) in the
recovery technology. Around 20-50% of the energy input in the in-
dustrial sectors is lost as low-grade waste heat in the forms of water,
vapor and gas [4]. Such a large amount of low-grade thermal energy
discharge has led to serious energy waste as well as environmentally
unfriendly thermal pollution [5].

There are several ways for low-grade waste heat recovery such as
Organic Rankine Cycle (ORC) [6-8], heat pumps [9-11], solid-state
power converters [12-15] (thermoelectrics, pyroelectrics, near-field

* Corresponding author.
** Corresponding author.

thermally regenerative batteries etc.). ORC technology was developed in
1950s, aiming at utilizing the organic working fluids with a liquid-vapor
phase change property for replacing water/steam to complete the
Rankine cycle [19]. The selection of the working fluid is of great
importance because the reduced phase change temperature of the
working fluid may lead to heat transfer deterioration [20]. Besides, the
organic working fluid could be toxic and harmful to the environment
[21]. Similarly, heat pump systems also face the challenges of refrig-
erant selection, sealing problem and ozone layer protection [22]. The
thermocells operate with the temperature dependence of electro-
chemical redox potentials to provide power with the low-grade waste
heat [23]. However, the thermocells face the problems of high material
cost and complicated electrodes fabrication, as well as the low
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Carnot-relative efficiency [24]. Among these technologies, solid-state
pyroelectric generators utilize the temporal temperature variation
(dT/dt) on the pyroelectric material for power conversion show great
potential [25]. Under correct working conditions, they have the poten-
tial to operate with a higher thermodynamic efficiency, as compared to
thermoelectric generators. The feature of converting heat sources with
temperature oscillation into power makes pyroelectric a good candidate
for harvesting energy from a period heat source. Several demonstrations
have been proposed for power conversion from heat sources including
solar/wind flow, body heat, waste heat etc. [26-28].

In practical applications, the low-grade thermal energy generally
appears in the form of condensed water, containing not only thermal
energy but also a large amount of kinetic energy. For example, the
condensed water drops in the rain zone in the hyperboloid cooling tower
(an important component in power plant) and the hot stream in the pipe
network etc., both contain thermal as well as kinetic energy. Hence, it is
essential to harvest both the thermal and kinetic energy of the low-grade
waste fluids to improve the output power. Triboelectric nanogenerators
(TENG) developed by Prof. Zhong Lin Wang’s group have been
demonstrated with good capabilities in mechanical energy harvesting
[29-39]. Based on TENG device, various applications have been devel-
oped and the output power has been boosted significantly [40]. In recent
years, several solid-liquid based triboelectric nanogenerators are pro-
posed for harvesting the kinetic energy from sliding drops, flowing
streams, ocean waves, and so on [41-51]. The solid-liquid TENG devices
open up opportunities in harvesting the kinetic energy from hot fluids.
The achievements made by peer researchers in solid-liquid TENG and
liquid PENG are listed in Table 1. Besides, several hybrid cells are pro-
posed for harvesting the thermal and kinetic energy from solid-solid
interaction [52-64]. However, the demonstration of hybrid devices
recovering thermal and kinetic energy from hot fluids has been omitted.

In this study, a hybrid triboelectric and pyroelectric energy harvester
(TPENG) for recovering the energy from low-grade waste fluids is pro-
posed. The pyroelectric energy harvester could be employed for recov-
ering the low-grade thermal energy, the triboelectric nanogenerator
targets on harvesting the kinetic energy of hot fluids. A 2.6 pW/cm?
output power density was reached when 65 °C droplets were dripped
onto the device, and the output power of the device is able to light up 28
commercial LEDs.

2. Results and discussion
2.1. Concept and working principle of the TPENG

This study investigates the energy harvesting from the hot droplets in
industrial processes. In order to clarify the concept, a hyperboloid
cooling tower is drawn in Fig. 1a for illustration. The hot droplets are
originated from the spray nozzles of the hyperboloid cooling towers. The
TPENG is formed by a free-standing mode TENG device (the 1st hy-
drophobic layer (Fluere-1710, Sino-Fluorine) and the 2nd silver elec-
trode layer) and the pyroelectric device (the 4th silver electrode layer,
the 5th polarized-PVDF layer and the 6th silver electrode layer). The
TENG device and the pyroelectric device are separated by the 3rd
insulation layer (Kapton tape). The detailed working principle is shown
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in Fig. 1b. For the TENG device, the negative charges accumulate on the
hydrophobic layer after interaction with water droplets. The charges on
the hydrophobic layer are in electrical equilibrium with the silver
electrode underneath (stage <I>). When a subsequent hot droplet
touches the device, the negative charges on the hydrophobic layer at-
tracts the cations from the droplet and an electrical double layer (EDL) is
formed. The excessive positive charges on the top silver electrode move
to the bottom and a current flow through external circuit is formed
(stage <II>). When the droplet slides down to the bottom electrode
(stage <III>), a same process is repeated and a reverse current could be
obtained. For the pyroelectric generator, the polarized PVDF possesses
dipoles aligning perpendicularly to the thin film as shown in stage <I>.
The dipoles are originated from the fluorine atoms (negative) facing up
and hydrogen atoms (positive) [71]. The aligned dipoles are in electrical
equilibrium with silver electrodes. When the hot droplet contacts the
surface of the TPENG, heat is transferred to the pyroelectric layer and
the dipoles of molecules oscillate within a larger degree of oscillation
angles, which is due to the thermally induced random wobbling of the
dipoles around its axes. As a result, the surface polarization intensity of
the PVDF thin film reduces. Similarly, when heat is dissipated from the
pyroelectric layer, these dipoles tend to oscillate within a small angle as
the thermally induced random motion is suppressed [53]. As shown in
stage <II> of pyroelectric generator, the reduced polarization of the
PVDF film yields a current flow from the 4th silver electrode layer to the
6th electrode layer. The current flow stops when the thermal energy is
dissipated to the environment.

2.2. Output performance of the TENG

Fig. 2 presents the output performance of the TENG device when
droplets with varied temperature drip onto the inclined energy harvester
(30 mm x 80 mm). In order to eliminate the influence caused by the
pyroelectric and piezoelectric effect, a pure free-standing TENG device is
fabricated with silver electrodes and hydrophobic layer (Sino-Fluorine
Fluere-1710, 600 nm). The preliminary experimental test is conducted
at room temperature (25 °C). De-ionized water droplets are ejected by a
syringe pump at an interval of 18 s. The droplet size is kept as 30 pL
throughout the experiment. Fig. 2a-c shows the open-circuit voltage,
short-circuit current and transferred charges when sequential droplets
drip onto the TENG device. In this test, the inclination angle of the TENG
device is @ = 45°. The droplet is released right above the TENG device
(H =0 cm). It is seen that an 18 V peak-to-peak open-circuit voltage and
3.2 pA short-circuit current are obtained by a single droplet. The
transferred charges induced by the first droplet is the largest, and sta-
bilizes from the fourth droplet. As shown in Fig. 2a, after obtaining a
negative peak signal by the sliding droplet, a slow recovery of the
voltage signal is observed. This is because the tribo-charges accumulated
on the TENG surface require a duration to be dissipated.

After obtaining the reference data of the TENG device, the effects of
the droplet temperature, droplet released height and the inclination
angle of the TENG device are investigated. In this test, the inclination
angle (a) of the device is controlled by a rotating stage at the range of
30-60°, with an interval of 15°. The droplet temperature (Tgrop) is
controlled by a Peltier heating/cooling unit at the range of 5-65 °C, with

Table 1

List of achievements in solid-liquid TENG and liquid PENG devices.
Number Source Working mode Power density (WW/cm?) Temperature difference (K) Application Reference
1 Droplet TENG 9.1 N.A. Energy harvesting [42]
2 Droplet TENG 50 N.A. Energy harvesting [65]
3 Droplet TENG 0.3 N.A. Energy harvesting [66]
4 Droplet TENG 0.27 N.A. Hybrid solar cell [67]
5 Droplet TENG 8 N.A. Smart umbrella [68]
6 Stream PENG 14 80K Energy harvesting [15]
7 Water vapor PENG 4.12 30K Energy harvesting [69]
8 Liquid interface PENG with bias electric field 110 (mW/cm®) 80 K Energy harvesting [70]
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Fig. 1. (a) Schematic diagram of the TPENG and (b) Detailed working principle of the triboelectric, and pyroelectric generators during interaction with a hot

water droplet.
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Fig. 2. Output performance of the TENG device: (a—c) open-circuit voltage, short-circuit current and transferred charges when a 30 pL, 25 °C droplet slides down a
45° inclined TENG device (H = 0 cm); (d) effects of device inclination angle (a), droplet temperature (T4rop) and released height (H) on the output current of

TENG device.

an interval of 20 °C. A FLIR thermal imager is employed to monitor the
temperature of the droplet during the experiment. The released height
(H) is varied by an adjustment stage between 0 and 15 cm. As shown in
Fig. 2d, no matter how « and H vary, the I, , reduces with the increase of
droplet temperature. This decreasing trend was obtained in a previous
contact-separation mode TENG device [45] and the reason was
explained by the reduced dielectric constant and polarity of water at
elevated temperatures [72]. These reasons well explained the reduction
of output performance in a contact-separation mode TENG. However, in
a freestanding mode TENG device, the temperature induced density,
surface tension and viscosity variation of water could not be omitted.
These factors significantly affect the droplet dynamics on the TENG
device. In order to examine these influences, a high speed imaging

(Photron Mini UX50) test of the droplet dynamic motion on the TENG
device was carried out.

Fig. 3 presents the sequential snapshots of droplet shapes during
transportation on the free-standing TENG device. It is seen that no
matter how H and a vary, the hot droplets (65 °C) spend a longer
duration than the cool droplets (5 °C). This is because the surface tension
of a hot droplet (65 mN/m) is much lower than the cool droplet (75 mN/
m). The lower surface tension of the hot droplet yields a smaller contact
angle (inset of Fig. 3c and d) and larger contact area. The increased
contact area induces larger resistive force during the droplet trans-
portation. It is known that the output performance of the TENG device is
inversely proportional to the duration of charge transfer (dq/dt), the
cool droplets with shorter transportation duration would induce a
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Fig. 3. Dynamics of droplets sliding hydrophobic surfaces: (a) 5 °C, « = 30°, H= 0 cm, (b) 65 °C. « = 30°, H=0cm, (c) 5 °C, « = 45°, H= 0 cm, (d) 65 °C. o« = 45°,
H=0cm, (e) 5°C, o =60°, H=0cm, (f) 65°C. a = 60°, H=0cm, (g) 5 °C, a = 30°, H= 15 cm, (h) 65 °C, « = 30°, H = 15 cm.

higher output. It is noteworthy that the increase in the contact area is
favorable in obtaining a higher output in the TENG device. However, the
effect of velocity is the dominant as compared to the effect of contact
area increase [73]. Another major effect shown in Fig. 2d is the incli-
nation angle a of TENG device. It is seen that with the increase of « from
30° to 45°, the output performance increases significantly, while « in-
creases from 45° to 60°, the peak current increment is not obvious. This
could also be explained by the snapshots of the droplet dynamic mo-
tions. As shown in Fig. 3a—f, the cool and hot droplets are transporting
on 30°, 45° and 60° inclined TENG devices (H = 0 cm), respectively. The
duration of the droplet transportation process follows a trend of:
t30° >ta5°>tgoe. This is because the slip component of the gravitational
force is larger on a highly inclined surface. This explains the significant
current increase when « from 30° to 45°. Another explanation on the
effect of TENG device inclination angle is the contact area. For a cool
droplet at 5 °C, it is seen from Fig. 3a, ¢, and e that the droplet spread
area on the TENG device increases with inclination angle. A very long
tail of the droplet could be observed in Fig. 3e on a 60° inclined surface.
This is because during the droplet impact process, the kinetic energy is
dissipated by the droplet surface energy during droplet spread out as
well as the viscous energy within the droplet. When the slip component
of the gravitational force increases, the force tends to stretch the droplet
and yields a larger contact area. This increased contact area induces an

overlap of the droplet with both the upper and lower electrodes, yielding
a cancelling out of the output current. This explains the less significant
increment of the output current when the device inclination angle ex-
ceeds 45°. For a droplet with the temperature greater than 45 °C, the
output current obtained on a 60° inclined surface is comparable with
that obtained on a 45° inclined surface. This is because the surface
tension of water reduces when the temperature increases. When a hot
droplet drips on a highly inclined surface, the gravitational force tends
to pull the droplet with a larger contact area. However, due to the
reduced surface tension, the hot droplet is easily broken and yields tiny
droplets on the TENG surface as shown in Fig. 3f (red circle). The tiny
droplet stays on the TENG device without an effective friction and
weakens the output current of the TENG device. Considering the real
applications where multiple water droplets would drip onto the TENG
device simultaneously, uneven sized upper and bottom electrodes or
single-electrode mode TENG devices can be proposed to avoid the
cancelling out effect. In terms of the droplet released height H, as shown
in Fig. 2d, the output performance of the droplet released at H = 15 cm
are larger than those obtained at H = 0 cm (empty dots are higher than
full dots). This is due to the larger potential energy when the released
height is increased. Such a high potential energy is beneficial for the
droplet obtaining a high speed and short transportation on the TENG
device. Exceptions reveal when the droplet temperature increases. This
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could also be attributed to the reduced surface tension of the hot
droplets. As shown in Fig. 3h, when a hot droplet impacts on a 30° in-
clined TENG device from a height of 15 cm, the droplet breaks during
the retraction process and leaves several satellite droplets which made
adverse effect to the output current.

The droplet induced contact electrification is a combination of a
droplet impact process and a triboelectrification process. In the droplet
impact process, the droplet falls from a certain height to the TENG de-
vice surface, then spreads out and followed by a refraction and sliding
motion. The maximum contact area of the droplet could be estimated by
an energy balance equation when We < 1000 [74]:

We + 12

n
Apax ==-D? % 1
47° 7 3(1 — cos,) +4We/+/Re =

In which Apay is the maximum spread area of the droplet when drips
on a inclined surface. Dy is the droplet diameter, Dimensionless Weber
number We = pv?Dy/o characterizes the ratio of inertial force and sur-
face tension, p and v represent the density and velocity of the droplet. 6,
is the advancing angle of the droplet when drips on an inclined surface.
Dimensionless Reynolds number Re = pvDo/u describes the ratio of in-
ertial force and viscous force, y is the dynamic viscosity. Based on the
maximum spread area model, the droplet induced triboelectric current
could be expressed as:

do;

IrenGg = Amax— - 2
TENG dt ( )

From Equation (2) we can find the output current increases with We,
which indicates that a larger initial speed of the droplet not only reduces
the transportation duration, but also contributes a larger contact area.
Besides, on a highly inclined surface, the advancing contact angle is
small, which yields a larger contact area. The trend in Equations (1) and
(2) well matches the experimental observations. It is noteworthy that
Equations (1) and (2) only accounts for the cases that there is no droplet
breakings during the impact motion. Besides, the output performance of
the TENG device is heavily dependent on properties of water droplets.
This section comprehensively investigated the effects of droplet tem-
perature, device inclination angle and droplet released height. There are
also other parameters affecting the surface tension, viscosity, density as
well as tribo-charges formation between the liquid and solid interface.
Previous studies [75-77] have investigated the surface tension and
viscosity of water varying with pH value, salt type and concentration.
Besides, the output performance of TENG devices are examined in terms
of pH value, ion type and concentration in Refs. [78-81]. The results
revealed that an increase in ion concentration would decrease, while an
increase in pH value would increase the output performance of TENG
devices.

2.3. Output performance of the pyroelectric energy harvester (PENG)

The previous section discusses the output performance of the TENG
device. Here the output performance of the PENG is examined. A PENG
device (detail could be seen from the inset of Fig. 4a, 30 mm x 80 mm) is
assembled by a 110 pm thick p-PVDF thin film, top and bottom silver
electrodes (6 pm thick), as well as a hydrophobic layer (200 nm) above
the top silver electrode. It is noteworthy that the hydrophobic layer and
the top silver electrode forms a single-electrode mode TENG device. In
order to eliminate the effect of the triboelectric output, a Cytop (Fluo-
roPel PFC1101V) hydrophobic layer with a very low triboelectric output
(Fig. S1) is employed. The thin hydrophobic layer possesses a low sur-
face energy (droplet static contact angle of 110°) which ensures a fast
droplet sliding motion on the PENG device as well as low thermal
resistance to the heat transfer. The output performance of the PENG is
examined in terms of droplet temperature (Tqrop), device inclination
angle (@), and droplet released height (H). The droplet size is maintained
as 30 pL. The droplet temperature is continuously monitored by a
thermal imager as shown in the inset of Fig. 4. The p-PVDF material
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Fig. 4. Open-circuit voltage of PENG obtained by droplets with different
temperatures: (a) 5 °C, (b) 25 °C, (¢) 45 °C and (d) 65 °C. Droplet size: 30 pL,
PENG device inclination angle a = 45°, droplet released height H = 0 cm.

possesses both the pyroelectric and piezoelectric output properties. The
output from the PENG device is the combination of the two effects. In
order to distinguish the output of the pyroelectric and piezoelectric ef-
fect, a room temperature droplet with a 0 °C temperature difference is
adopted first. As shown in Fig. 4b, when a room temperature (25 °C)
droplet is released at the height of 0 cm, an open-circuit voltage of ~-1 V
is obtained. This voltage is mainly originated from the piezoelectric
effect when the droplet drips on the PENG surface, as there is no tem-
perature difference between the droplet and the PENG device. Once a
temperature difference is applied, the open-circuit voltage changes
significantly as shown in Fig. 4a, c and 4d: when a droplet with tem-
perature lower than the PENG device, negative peaks could be obtained,
while a droplet with higher temperature impacts on the PENG device,
positive peaks could be attained. When there is a 40 °C temperature
difference between the droplet (65 °C) and the PENG device (25 °C), a
27 V average open-circuit voltage could be measured with a single 30 pL
droplet. As compared to the output performance of the pyroelectric
generator, the piezoelectric output is negligibly small. The short-circuit
current of the PENG device are plotted in Fig. S2 and the current signal
follows the trend of the open-circuit voltage. The output current of the
PENG could be expressed as:

Ippy = pAdT /dt 3)

In which p is the pyroelectric coefficient, A is the contact area be-
tween hot droplet and PENG surface, and dT/dt is the rate of tempera-
ture change of the PENG device. The measured data is in good
agreement with the output current model in Equation (3). It is note-
worthy that the pyroelectric effect is triggered by the temporal tem-
perature variation within the PENG device. When a continuous high
temperature stream drips onto the PENG device, the output signal would
vanish (as shown in Fig. S3 in the supporting information) as the entire
device is heated (a thermal equilibrium condition) and the temperature
variation within the PENG device does not exist anymore. In real ap-
plications when droplets are dripping onto the device tightly, a heat sink
could be employed to quickly dissipate the heat transferred by the
previous droplet, so that a temperature variation could be established
when the next hot droplet arrives.

For a detailed investigation on the heat transfer performance of the
PENG device, a numerical simulation is conducted by Comsol Multi-
physics. Fig. 5 shows the transportation process of a 65 °C droplet on a
45° inclined surface. As compared to the high speed camera captured
images presented in Fig. 3d, the droplet dynamic motion generally fol-
lows the experimental data in terms of droplet shape variation as well as
total transportation duration. The temperature profiles of the top layer
of the PENG device at t = 0, 100 and 200 ms are plotted in the inset of
Fig. 5. At the moment of t = 0 ms, the droplet impacts on the left part of
the PENG device and the temperature increases at the region where the
droplet impacts. This temperature increase on the top layer of the PENG
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Fig. 5. Temperature distribution of the droplet and PENG device at different moments.

device would induce a temperature difference (purple circle in Fig. 5) as
the bottom surface of the PENG is in contact with the glass substrate at
25 °C. The temperature variation contributes to the pyroelectric output.
At the middle and right parts of the device (Length 20-80 mm), the top
surface temperature remains the same as the room temperature and does
not contribute to the power output. At the moment of t = 100 ms, the
droplet transports to the middle part of the device (Length 30-40 mm),
the local surface of the PENG device is heated by the droplet. This
heating effect also induces a temperature variation (black circle in
Fig. 5) and contributes to the power output. As the temperature of the
droplet reduces during the transportation process (thermal conduction,
convection and radiation heat transfer to both the device and the
environment), the temperature variation at the middle part of the device
is not as large as the left part. At this moment, one can find the left part of
the device still maintains a high top surface temperature. However, this
high temperature does not contribute to the power output anymore, as
the heat is conducted from the top to the bottom at the left part of the
device and the temperature variation vanishes (gray circle in Fig. 5).
One can conclude from the simulation results that the initial point where
the droplet impacts contributes more to the power output. Besides, the
droplet transportation is beneficial for power output as it creates more
area with temperature variations.

Fig. 6a presents the effects of @, H and Tg,op on the average peak-to-
peak open-circuit voltage of the PENG. The full dot shows the situation
when the droplet is released from a height of H = 0 cm, while empty dot
represents a droplet released height of H = 15 cm. The PENG device
inclination angle a are represented by different colors: @ = 30°, black;

= 45°, red; a = 60°, blue. Similar to the trend presented in Fig. 4, when a
larger temperature difference is applied (Tarop = 5 °C, 65 °C), a larger
absolute open-circuit voltage could be obtained. In terms of the PENG
inclination angle «a, larger absolute open-circuit voltage values are
attained at smaller a cases. This could be attributed to the droplet dy-
namics motion on the PENG. As shown in Fig. 3a—f, the droplet trans-
portation speed on a low inclination angle surface is lower than that on a
high inclination angle surface. The reduced speed ensures a longer
duration and a more intensive heat transfer between droplet and the
PENG surface. This could also be proved by the time lapsed thermal
snapshots of the surface temperature distribution shown in the top row
of Fig. 6b. It is seen that the surface temperature of PENG gradually
reduces after a 65 °C droplet impact. On a a = 30° surface (bottom row
of 6b), the duration for the surface fully returns to room temperature is
18 s, while only 12 s is required on a a = 60° surface. Another trend in
Fig. 6a is that when the droplet is released from a height of H = 15 cm,
the output voltage is larger than the value obtained by H = 0 cm. It is
seen from Fig. 3g and h that the droplet transportation speed is increased
when H = 15 cm. This may induce a heat transfer deterioration between
the droplet and the PENG surface. However, when a droplet is released
from the height of H = 15 cm, the droplet would spread to a larger area
as shown in the purple square (0 ms) in Fig. 3g and h. This large spread
area of the droplet is due to the conversion of larger inertial force at H =
15 cm into surface tension and viscous dissipation. Such a large spread
area would induce a stronger heat transfer and the initial temperature
variation contributes more to the output as presented in Fig. 6a. With
these two effects, the total heat transfer is enhanced by a larger released
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Fig. 6. (a) Output performance of the PENG device affected by the device inclination angle (@), droplet temperature (T4rop) and released height (H) and (b) sequential
thermal imager captured figures showing the temperature distribution on the PENG device at varied inclination angles: top row, a = 30°, bottom row, a = 60°.
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height of H = 15 cm, as compared to a height of H = 0 cm.

2.4. Output performance of the TPENG hybrid cell

From the results presented in the previous sections, it is found the
output performance of TENG device increases with the droplet trans-
portation speed, while that of the PENG reduces with the droplet speed
as an efficient heat transfer is desired. In order to maximize the output
performance of the TPENG, released height of H = 15 cm is adopted as it
ensures a fast droplet motion and good heat transfer as a large spread
area could be obtained when the droplet is released from a larger H
value positon. A detailed comparison of TENG and PENG as a function of
H could be found from Fig. S5. In terms of inclination angle, a = 45° is
adopted for balancing the droplet transportation speed and heat transfer
performance. The output power and energy of the TPENG are measured
based on single droplet impact motion. Load resistances ranging from
0.1 to 2000 MQ are swept for obtaining the maximum output power. In
terms of the TENG device (Fig. 7a), the highest output power of 3.76 pW
is obtained when the droplet temperature is 5 °C and load resistance of
50 MQ, which is consistent with the results shown in Fig. 2d. In terms of
the PENG, the trend of the peak output power generally follows that of
the temperature difference and the peak output power is lower than the
TENG even a 65 °C droplet is applied (Fig. 7b). The output power was
calculated by the production of peak current square and the load resis-
tance, the results indicate that the TENG generates larger peak power
except for the case when the droplet temperature is 65 °C. In terms of the
output energy of TENG and PENG devices, the trend might be different
as the duration of the current signal also takes effect. The TENG and
PENG output currents obtained by a 5 °C droplet and 20 MQ load
resistance are plotted in Fig. 7c. It is seen a high but narrow current
signal is obtained by the TENG, while a low but wide current signal is
produced by the PENG. These two current signals are in good agreement
with the output current obtained by the TPENG hybrid cell (parallel
connecting the output terminals of both TENG and PENG) at the same
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condition (Fig. 7d). The output energy is attained by evaluating the
integral of output power over time. As shown in Fig. 7e-h, the output
energy of the hybrid cell is composed of the output energy induced by
the TENG and PENG devices. When the droplet temperature is lower
than 45 °C, the TENG device dominates the energy output, while the
PENG dominates the energy output when the droplet temperature is 45
°C and 65 °C. This is attributed to the reduced performance of the TENG
device at high temperature conditions as well as the larger temperature
difference applied to the PENG. As compared to the pure PENG output,
the hybrid harvester enhanced the output energy of 238%, 33.9% and
12.1% when the droplet temperatures are 5 °C, 45 °C, and 65 °C,
respectively. In the TPENG device, the TENG and insulation layer would
induce a heat transfer deterioration due to the thermal resistances. A
temperature test was conducted on the TPENG device and the result is
presented in Fig. S4. Initially, due to the existence of the thermal re-
sistances caused by TENG and Kapton layer, a large temperature dif-
ference is observed between droplet and PENG device. With the
increment of time of ~10 s, the heat transfer tends to be a steady state
and a temperature difference of <1 K is observed between the droplet
and the PENG device. Considering the real applications where the hot
droplets are dripped onto the TPENG with short intervals, such a small
temperature difference incurred by the thermal resistances could be
ignored.

A TPENG with a size of 30 mm x 200 mm is fabricated for the
demonstration of lighting up commercial LED light bulbs. A maximum
power density of 2.6 pW/cm? was obtained when a 40 °C temperature
difference is applied. The output terminals of the PENG was connected
with a full wave rectifier and used to light up 21 LED light bulbs
(forming a pattern “DU”), while the TENG device was used to light up 7
LED light bulbs (forming a pattern of “T”). Similar to the trend presented
in Fig. 7c and d, the formed “T” pattern shines with a short duration,
while the pattern “DU” maintains longer (as shown in the Supporting
movie).

Supplementary video related to this article can be found at https
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3. Conclusion

This study proposed a TPENG for recovering both the thermal and
kinetic energy of low-grade thermal droplet. The kinetic energy of the
droplet is harvested by the TENG. The output performance of the TENG
is found to increase with the decrease of droplet temperature, increase of
droplet released height and device inclination angle. The underlying
mechanism is investigated by a high speed video and the droplet dy-
namics is found to play an important role in the TENG output perfor-
mance. In terms of the PENG, the output performance is found to
increase with the increase of temperature difference between the droplet
and environment, droplet released height and decrease of device incli-
nation angle. The droplet transportation speed and heat transfer per-
formance both affect the output performance of the PENG. The output
power and energy of the TPENG are measured with varied droplet
temperature and load resistances. A peak output power of 3.76 pW and
0.52 pW was obtained by the TENG (5 °C droplet) and PENG (65 °C
droplet). However, the duration of the peak power induced by the TENG
is much shorter than that of PENG. As a result, the output energy shows a
different trend: when the droplet temperature is low (5 °C and 25 °C),
the output performance is dominated by TENG, while the PENG domi-
nates the output energy when the droplet temperature is increased to 45
°C and 65 °C. A maximum energy increment of 238% was obtained by
the hybrid harvester, as compared to the pure PENG device. By parallel
connecting the TENG and PENG, the TPENG is employed for lighting up
28 LED lightbulbs and a peak power density of 2.6 pW/cm? is measured.

4. Methods

Device fabrication: The pure TENG device is fabricated by dip
coating Fluere-1710 (600 nm) onto a piece of glass (30 mm x 80 mm)
with two silver electrodes (each electrode 30 mm x 39 mm x 6 pm, a
gap of 2 mm is between the two electrodes). The pure PENG is fabricated
by spin coating Cytop (FluoroPel PFC1101V, 200 nm) onto a commercial
p-PVDF film (TE Connectivity, 110 pm). The TPENG is fabricated by
sticking a Kapton tape on one side of the commercial p-PVDF film,
coating silver electrodes on the Kapton tape, and dip coating Fluere-
1710 on top of the room temperature cured silver electrodes. The
droplet is generated by a syringe pump connected needle and the tem-
perature of the droplet is maintained by a Peltier cooling/heating unit.

Characterization: The thickness of the Fluere-1710 hydrophobic
layer, silver electrodes, and Cytop hydrophobic layer are conducted by a
step profiler (KLATencor Alpha-step stylus profiler).

Measurement: The motion of the water droplet is captured by a high
speed camera (Photron Mini UX50) and the frame rate is set as 2000 fps
at a full resolution. The output current, voltage and charge signals are
measured by a Keithley 6514 electrometer. The contact angle mea-
surement of the actuation droplet was conducted by ImageJ software. A
FLIR thermal imager is employed for monitoring the droplet tempera-
ture throughout the experiment to ensure consistency.

Numerical simulation: Laminar flow, heat transfer in solid and fluids,
and level set multiphysics model is employed to analyze the droplet
dynamic motion as well as heat transfer.
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