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Hydropower is an important renewable resource, and is derived from the energy of falling, fast-running, and/or
oscillating motions of water, including rainfall, tidal currents, waves, and river flows. Over the centuries, the
kinetic energy of hydropower has generally been harvested for either replacing labour directly, or for generating
power with electromagnetic generators (EMG). However, it is possible to ignore another important energy
source contained in water: the triboelectric energy. Following the first report of water-solid triboelectric na-
nogenerators (TENG), several types of interesting systems have been studied for harvesting the hydropower from
rainfall, tides, waves, river flows, etc. TENG devices provide power differently from EMGs; EMGs generate
electricity by a Lorenz force-driven electron flow, whereas TENG devices produce power by asymmetric
screening of triboelectric charges in the form of displacement current. With this mechanism, power generation is
achieved using water contact and separation motions with the TENG devices. In addition, the output perfor-
mance of a water-solid TENG device is different from that of EMGs in terms of current, voltage, and frequency.
The present study comprehensively reviews water-solid TENG devices for hydropower harvesting. This review
first addresses the formation of tribo-charges on a solid surface, followed by the configuration, working prin-
ciples, and parameters affecting the output performance, as well as applications for energy harvesting and self-
powered sensors and actuators. Finally, this study provides an outlook of potential opportunities and challenges.

1. Introduction electromagnetic generators (EMGs) to generate electricity, whereby the

generated power can be integrated to a power network. However, a

Hydropower originates from falling, fast-running, and/or oscillating
motions of water. These types of moving water contain large amounts of
mechanical energy. The utilisation of hydropower can be traced back to
the 4th century BCE, for irrigation and replacing labour in the form of
devices such as trip hammers and water mills [1]. In the first operation
of a hydroelectric plant in Wisconsin in 1882, the electricity was gen-
erated by running water, and demonstrated a capacity of 12.5kW [2].
Even in recent years, hydropower has remained a popular renewable
energy source. In 2015, 16.6% of the total electricity was generated by
hydropower worldwide, i.e. 70% of all of the renewable energy-pro-
duced electricity [3]. This is because hydroelectric plants consume
fewer fossil fuels, and produce less greenhouse gases. In modern hy-
droelectric plants, a high-speed water flow is required for
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river flow speed is typically slow (0-3 m/s) [4], and does not meet the
requirements for network integration. To increase the speed of the
water flow, dams are typically constructed to increase the potential
energy of the flowing water. The construction of dams not only in-
creases the investment, but also brings adverse effects to social and
ecological systems [5]. These factors limit the widespread utilisation of
hydropower.

With the recent rapid development of micro/nano fabrication
techniques, different types of nanogenerators have been proposed for
harvesting mechanical energy [6-8]. A triboelectric nanogenerator
(TENG) is a typical device for converting diverse types of mechanical
energy into electricity, including human motion, vibration, wind, and
flowing water [9]. EMGs generate electricity by a Lorenz force-induced
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electron flow when a conductor encircles a varying magnetic flux,
whereas a TENG device outputs a displacement current driven by a
triboelectric potential [10]. The power generation in a TENG device is
achieved by a conjunction of the triboelectrification effect and elec-
trostatic induction. When a mechanical motion is applied to a TENG
device, contact is established between two thin organic/inorganic films
of the TENG device exhibiting opposite tribo-polarities [11]. Such
contact builds up a triboelectric potential between the two thin films.
Upon separating the two thin films, the built triboelectric potential
drives an electron flow through the external circuit, and generates
electricity. Following the first report of a TENG device by Prof. Zhong
Lin Wang's group at the Georgia Institute of Technology in 2012 [12],
the power density and total efficiency have reached up to 500 W/m?>
[13] and 85% [14], respectively. The triboelectric potential can also be
realised via contact and separation motions between water and a solid
surface. As compared to conventional EMGs, which require high-speed
rotation, a water-TENG device can generate electricity in much simpler
ways, including via droplets, tides, waves, and water streams inter-
acting with the water-TENG devices. Fig. 1 presents schematics for
harvesting the various types of aforementioned hydropower by water-
TENG devices. In Fig. 1a, the TENG device harvests energy from rain-
drops; when a 30 pL droplet impacts the water-TENG, the generated
electricity can light up a LED light bulb [15]. In Fig. 1b, the concept of
the raindrop energy harvesting is fabricated with a transparent feature,
and is applied to the window of a building [16]. In Fig. 1c, the hy-
dropower from a water stream is harvested by a water wheel-type
TENG device [17]. In Fig. 1d, water wave motion from an arbitrary
direction is harvested by a water-TENG device [18]. It can be seen that
TENG devices are capable of harvesting diverse types of hydropower
existing in nature, with high-power outputs. The recent research pro-
gress on liquid-solid based triboelectric energy harvesters was reviewed
in Ref. [19]. However, the explanations regarding the formation of
tribo-charges and the parameters affecting the output performance of
water-TENG devices are inadequate. Therefore, this review investigates
the research progress regarding the formation of tribo-charges, and the
water-TENG working mechanisms, working modes, parameters, and
applications in harvesting hydropower, as well as self-powered sensors/
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Fig. 1. Types of water-triboelectric nanogenerator
(TENG) devices for harvesting hydropower from
(a-b) raindrops, reproduced with permissions
[15,16], Copyright 2014, Royal Society of Chem-
istry, Copyright 2015, Springer Nature Publishing
AG, (c) water stream, reproduced with permissions
[171, Copyright 2014, American Chemical Society,
(d) water wave, reproduced with permissions [18],
Copyright 2014, American Chemical Society.

actuators. Based on the progress in water-TENG devices, an outlook is
provided to explain the challenges and opportunities in deploying
water-TENG devices.

2. Working principle

When water is in contact with a solid surface, tribo-charges appear
on the solid surface. The tribo-charges on the solid surface screen the
electrons on the back electrodes. A current flow will be generated if a
load is connected between the back electrode and ground, to balance
the potential drop. This is the basic operation mode of water-TENG
devices. However, the manner by which the tribo-charges are formed
on the solid surface when interacting with water requires explanation.
A recent explanation of the formation of tribo-charges was proposed by
Zhong Lin Wang's group [20,21]. When water is not in contact with a
solid surface, the water molecules are distributed in the water, and the
virgin surface is without pre-existing charges (see Fig. 2a, schematic
representation of molecules in solution). At this stage, the molecules/
atoms in the water and atoms on the solid surface bind the electrons
tightly in specific orbitals and stop them from escaping, as shown in
Fig. 2d. Further, when the water molecules/atoms interact with the
atoms on the solid surface, a strong overlap of electron clouds can be
observed, as shown in Fig. 2b. At this stage, the energy barrier between
the water molecules and the atoms on the solid surface is reduced,
owing to the strong overlap of electron clouds. As shown in Fig. 2e, an
electron transfers from one atom to another, resulting in contact elec-
trification. In the next stage, when the water is pushed away by hy-
draulic pressure (Fig. 2¢), the transferred charge remains on the solid
surface as static charge (Fig. 2¢ and f). Simultaneously, the water is also
charged. In addition, contact electrification between the water/solid
surface and gas/air can also cause the water to be charged. This is the
origin of the tribo-charges contributing to power generation in water-
TENG devices. As water approaches a conductive surface covered by an
insulative layer, electrostatic induction in the conduction layer gen-
erates a charge flow. This is the basic principle of water-based TENG
devices.

The previous paragraph explains how tribo-charges are formed on a
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Fig. 2. Charge transfer mechanism when a solid surface interacts with water. (a) schematic illustration of water molecules; (b) water molecules/atoms interact with
solid surface and contact electrification occurs; (c) water molecules are pushed by hydraulic pressure. Interaction between water and solid atomic molecular orbits
before (b), during (e) and after (f) contact at a distance shorter than bounding length, which results in electron transfer. Reproduced with permissions [20], Copyright

2019, Elsevier.

solid surface when interacting with water. However, further discussion
is required as to how these tribo-charges are converted into electricity.
The output current of a water-TENG device originates from a dis-
placement current induced by the varying polarisation field [10]. The
displacement current was systematically postulated by Maxwell in
1861, in connection with the displacement of electric particles in a
dielectric medium [22]. The displacement current is defined as follows:

oD 0E = OF

"o T Y a eH)

Here, Jp is the displacement current, D is the electric displacement
field, E is the electric field, P; is the polarisation field arising from the
surface charges contributed by either piezoelectric and/or triboelectric
effects, and ¢ is the permittivity of the medium. There are two terms in
the expression of displacement current. The first term is the contribu-
tion from the time-varying electric field, which originates the electro-
magnetic waves. The second term is the contribution from the time-
varying polarisation field. When surface polarisation charges exist in a
medium, e.g. piezoelectric or triboelectric materials, the polarisation
density of the surface electrostatic charges cannot be ignored, and the

second term 0Ps/dt in Equation (1) is the theoretical origin of the na-
nogenerators [23]. Fig. 2 explains the formation process of the tribo-
charges on the solid surface when interacting with water. These tribo-
charges build an electrostatic field, and drive electrons to flow through
an external circuit. The current in the internal circuit is dominated by
the displacement current, and the measured current in the external
circuit is a capacitive conduction current. For the further derivation of a
detailed expression for the current in a water-TENG device, one can
assume two media with dielectric permittivities of e; and &, and
thicknesses of d; and d., respectively. If the triboelectricity-introduced
surface charge density is o.(t), and the density of the free electrons on
the surface of the electrode is o (2,t), the electric fields in the two media
and in the gap (height of ) between the two media are: E,; = o7 (2,t)/e1,
E,» = 07 (2,t)/e5, E, = (01 (2,1)-0.)/€o. Here, z is the distance between the
two media. The potential drop can be expressed as follows:

V =0z, Hldi/a + d/e] + 2oz, t) — a]/e 2

Under a short-circuit condition, V = 0, and the displacement cur-
rent inside the medium can be derived as:
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Fig. 3. Working principle of a single-electrode water-TENG device: (a) the water droplet and air/pipe contact electrification-dominated and (b) the water droplet and
polytetrafluoroethylene (PTFE) contact electrification-dominated. Reproduced with permissions [24], Copyright 2014, Wiley-VCH.
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In Equation (3), the first term describes that the magnitude of the
displacement current is proportional to the speed at which the two
media contact and separate (dz/dt). The second term is related to the
rate at which the surface charge density builds up. Typically, after 10
iterations of the contacting motion, 0. reaches saturation, and the
second term vanishes. With the contact and separation motions be-
tween water and TENG device, the formed tribo-charges can induce a
current flow through the external circuit. The working principle of the
water-TENG devices can be classified into three modes: single-electrode
mode, sliding free-standing mode, and pressing-releasing mode.

2.1. Single-electrode mode

The working principle of a single-electrode-mode water-TENG de-
vice can be seen in Fig. 3 [24]. The device is made of stacked layers of
poly (methyl methacrylate) (PMMA) substrate, a copper electrode, and
polytetrafluoroethylene (PTFE) thin film. The copper electrode is con-
nected to the ground through an external circuit. In the single-electrode
mode, the origin of the triboelectric charge can arise from two sources:
the triboelectric charge created when a water droplet moves in the air
or in a pipe (as shown in Fig. 3a), and the charge created when a water
droplet slides on the PTFE film, as shown in Fig. 3b. Depending on the
significance of the respective contributions of the two origins, the me-
chanism could be separated into two parts: water droplet and air/pipe
contact electrification-dominated, and water droplet and PTFE contact
electrification-dominated. As shown in stage (i) in Fig. 3a, the water-
TENG device is initially in electrical equilibrium, as the water droplet
surface attains positive charges while transporting through the air or in
a pipe. The origin of these positive charges could be attributed to the
contact electrification phenomenon presented in Fig. 2. When the water
droplet impacts on the tilted water-TENG device, an electrostatic in-
duction process takes place, and the electrons are attracted from the
ground to the copper electrode with the effect of Coulomb force, as
shown in stage (ii) in Fig. 3a. After the impact motion, the water droplet
spreads and induces a larger contact area with the water-TENG device,
leading to a sharp increase in the current flow in the external circuit
(stage (iii) in Fig. 3a). When the water droplet rolls off the PTFE sur-
face, the induced electrons flow back to the ground as the Coulomb

force vanishes. It is noteworthy that the motion of a single water dro-
plet (impact, spread, and roll off) will generate an alternating current as
the direction of electron flow reverses.

The mechanism for the water droplet and PTFE contact electrifica-
tion-dominated process is more complicated than the water droplet and
air/pipe contact electrification. As shown in stage (i) in Fig. 3b, the
water-TENG device is initially in electrical equilibrium, and the water
droplet also exhibits electric neutrality. When the water droplet impacts
the water-TENG device, owing to the contact electrification effect
presented in Fig. 2, the PTFE layer reveals as negative. When the water
droplet fully spreads on the surface, a large number of negative charges
accumulate on the PTFE surface. Once the water droplet rolls off the
water-TENG device as shown in stage (iv) in Fig. 3b, the negative
charges remain on the PTFE surface, and an electron flow is induced
with the effect of Coulomb force. From stage (i) to stage (iv), the current
generation is induced by the first water droplet. The mechanisms for
when subsequent water droplets impact on the negatively charged
water-TENG surface are shown in stage s(v) to (viii). In stage (v), the
negative charges on the PTFE surface are fully-compensated for by the
positive charges in the copper electrode. When the second water droplet
impacts the water-TENG device as shown in stage (vi), the cations are
attracted to the droplet surface. As a result, the negative charges on the
PTFE surface are compensated for by the attracted cations, while the
copper electrode reveals excessive positive charges. An electron flow is
induced from the ground to compensate for the excessive positive
charges on the copper electrode. As shown in stage (vii), the water
droplet fully spreads on the water-TENG device, and the negative
charges on the PTFE surface are purely compensated for by the cations
of the droplet. In stage (viii), a process identical to stage (iv) takes
place, and a loop is induced if a third water droplet impacts the water-
TENG device. The droplet and PTFE contact electrification-dominated
process also induces an AC-type current signal.

2.2. Sliding free-standing mode

The sliding free-standing mode is another important power gen-
eration mode based on the sliding motion of a water droplet on a water-
TENG device with pairs of electrodes [25]. The working principle of a
sliding free-standing mode water-TENG is illustrated in Fig. 4 [15]. The
dark blue, brown, yellow, red, and light blue colours represent the
water droplet, hydrophobic layer, dielectric layer, the pair of elec-
trodes, and substrate, respectively. The dielectric layer should be
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Fig. 4. Working principle of a sliding free-standing mode water-TENG (a—c) charges distribution and current flow induced by the droplet sliding motion, (d) and (e)
open-circuit voltage and short-circuit current induced by the droplet sliding motion. Reproduced with permissions [15], Copyright 2014, Royal Society of Chemistry.

formed by a thin insulating material, e.g. poly-4-vinyl phenol (PVP).
Similar to the situation with the single-electrode mode water-TENG
device, the tribo-charges are formed on the dielectric and water sur-
faces. The positive charges on the water compensate for the negative
charges of the PVP layer, and the positive charges on the electrode are
revealed. These positive charges induce an electron flow from the
second electrode to the first, and an electric current is generated. Si-
milarly, as the water droplet moves to the region above the second
electrode, the same process is repeated, and a current flow with the
reverse direction can be generated. When a water droplet moves above
the pair of electrodes, an AC-type current signal can be obtained. In this
sliding free-standing mode, water in the form of raindrops, spray drops,
etc. Could be employed for triboelectrification and energy harvesting.
In the example shown in Fig. 4d, once a 30 uL water droplet slides down
a pair of 7mm width electrodes, a 3.1V open-circuit voltage and a
5.3 uA current were generated. This power output can light an LED
bulb. Some other studies [26-28] have reported on droplet sliding
motion-induced power generation by water-TENGs, and recorded a
maximum open-circuit voltage of 46V with an 80 uL sliding droplet
[29].

Apart from the direct impact motion of a droplet on a water-TENG
device, enclosed structures [23,30,31] are also employed for harvesting
water wave energy in a sliding free-standing mode. Fig. 5a [32] pre-
sents a real picture of a lab-scale enclosed-structure TENG device. It is
composed of a transparent sphere, aluminium electrodes, a Kapton
layer, and an inner nylon ball. As shown in Fig. 5c¢, when the entire
sphere is driven by a water wave, the nylon ball rotates inside the
sphere. The rotating motion leads to contact and separation with the
Kapton film above the two Al electrodes. Similar to Fig. 4, such a mo-
tion induces charges to transfer between the electrodes, and to con-
tribute to an AC-type current signal. Fig. 5d and e presents the

transferred charges and open-circuit voltage of the enclosed free-
standing mode TENG device, respectively. Owing to the large surface
charge density of the solid materials [20], the enclosed TENG devices
typically provide a larger output performance than the water-solid
TENG devices. Moreover, the enclosed structure seals the TENG and
prevents moisture penetration, which is also favourable for high-output
performance [33]. However, the enclosed structure has challenges in-
sofar as complexity and higher costs during fabrication.

2.3. Pressing-releasing mode

The pressing-releasing mode water-TENG is also important for
harvesting energy from water motion. Compared to a single-electrode
and sliding free-standing mode water-TENG, which generates electricity
from water motion (droplets falling down and water waves), a pressing-
releasing type water-TENG can be driven by any reciprocating move-
ment. As shown in Fig. 6a [34], a pressing-releasing mode water-TENG
is formed by one piece of PTFE-coated indium tin oxide (ITO, although
it could be replaced by another conductive material) glass, one piece of
ITO-coated glass, a water bridge, and an external load resistor. As
shown in Fig. 6¢, owing to the hydrophobicity of the PTFE material, the
droplet has a smaller contact area with the top plate. Conversely, a
much larger contact area is obtained between the water bridge and the
ITO surface, which is hydrophilic. Electrostatic double layers (EDLs) are
formed on both sides of the water bridge, and behave like serially-
connected capacitors. With an external pressing motion on the bottom
plate as shown in Fig. 6d, the contact area between the water bridge
and top plate is increased, and a part of the cations moves towards the
top plate to compensate for the negative charges. The change of the
cations’ distribution in the water bridge induces an electron flow from
the bottom plate to the top plate through an external circuit, and a
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Fig. 5. Structure, working principle, and output performance of free-standing mode enclosed TENG device for harvesting the water wave energy. Reproduced with

permissions [32], Copyright 2015, Wiley-VCH.

current signal is generated. Similarly, if a releasing motion is applied,
the device moves to its initial position. As a result, the cations move
back to the original state, and a reverse current is obtained through the
external load resistor. With a pressing-releasing motion, an alternating
current can be measured through the load resistor. A resistor-capacitor
model can be employed to describe the voltage and current flow of the
pressing-releasing mode water-TENG. The simplified circuit model is
shown in Fig. 6¢. The top EDL is represented by a capacitor with the
voltage Qt/Cr. Similarly, the bottom capacitor also possesses a voltage
of Qp/Cs. Ry is the resistance of the water bridge, and Ry, is the re-
sistance of the load resistor. Once a pressing motion is applied to the
bottom plate, the updated circuit is shown in Fig. 4d. The contact area
between the water bridge and bottom plate remains the same, but the
contact area between the water bridge and top plate is increased. The
circuit at moment t could be expressed in Equation (4):

dq(®) _ _ _Q-q@®  Qr(H+4q®
dt =Vp() = V() = oA 0 @

Equation (4) is derived from Ohm's law. The left side of Equation (4)

(Rr + Ry)

(a)

PTFE coated on ITO

-— A PTFE coated on ITO

Load ~
Water resistor liquid bridge

I i o ITO

L sin(2rft)

(b)

represents the current flow multiplied by the total resistance. In that
regard, dq(t)/dt is the charge variation at the moment of t, which
contributes to the current flow. (R + Ry) represents the total resistance
in the circuit. The middle part of Equation (4) is the voltage variation at
the moment of t. V(t) is the voltage on the bottom plate, whereas V(t)
represents the voltage on the top plate. The right side of Equation (4) is
the detailed explanation of V() and Vi(t) at the moment of t. The
bottom electrode loses q(t) number of charges, whereas the top elec-
trode attains the q(t) number of charges. At the same time, the capa-
citance on the bottom plate remains the same, whereas the top plate
capacitance changes as C(t), owing to the contact area variation. The
charge movement does not stop until Vg=Vr.

A water-TENG device with a pressing-releasing working mode could
be employed for harvesting mechanical energy from a footprint [35].
With a total area of 40 cm?, which is ¥ of the area of a human footprint,
the device is estimated to produce 2W of power under a 10V bias
voltage.
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Fig. 6. Working principle of pressing-releasing mode water-TENG device. Reproduced with permissions [34], Copyright 2013, Springer Nature Publishing AG.
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2.4. Affecting parameters

In the aforementioned types of water-TENG devices, the major
components are as follows: the TENG device, water (either in the form
of droplets, waves, or streams), and the external circuit. There are many
factors affecting the output performance of the water-TENG devices.
These can be classified as: TENG device properties, water properties,
and the dynamic interaction between the water and the water-TENG
device.

2.4.1. Design of triboelectric nanogenerator (TENG) device

There are two major parts of the water-TENG devices (of any
working modes), ie. the electrodes and hydrophobic coatings.
Aluminium, ITO, and copper are typical electrode materials for water-
TENG devices, as well as other solid-based TENG devices [36-38]. This
could be attributed to the high electrical conductivity, low cost, and
good flexibility of such materials [39]. In some applications that require
transparent electrodes, such as a raindrop/solar hybrid harvesting
system, ITO electrodes are preferred, owing to their low attenuation
coefficient for incident light. In recent years, some carbon-based ma-
terials have been proposed, including carbon nanotubes (CNT) [40],
graphene [41], and carbon nanosheets [42], owing to their high elec-
trical conductivity and large contact area. These electrodes are widely
employed in solar cells, lithium-ion batteries, and supercapacitors. The
high conductivity and large contact areas of carbon-based electrodes
are also favourable in water-TENG devices. However, investigations on
carbon electrode-based TENGs are rarely reported. In terms of the
configuration of the electrodes, interdigital designs have been proposed
for a sliding free-standing mode droplet-TENG device, as shown in
Fig. 7a [43,44]. With the multiple pairs of electrodes, the output vol-
tage signal has multiple peaks and troughs during one droplet sliding
cycle (Fig. 7b), and the number of the peaks is comparable with the
number of electrodes. Typically, a device with an interdigitated elec-
trode (IDE) design is connected with a full-wave rectifier for converting
the negative peaks into positive peaks.

Another important component of a water-TENG device is the hy-
drophobic layer. The constituent materials of the hydrophobic layer are
typically PTFE and fluorinated ethylene propylene (FEP). These two
materials are commonly employed in TENG devices owing to their high
affinity to negative charges. In a triboelectric series, the PTFE and FEP
materials are most-negatively charged. The surface charge density is
employed to evaluate the performance of a material. The FEP layer is
reported with a surface charge density of 16-42 uC/m2 [18,36], and the
water droplet is measured with a surface charge density of 4.5 uC/m?>
when released from a PTFE tube [45]. It is noteworthy that there are
techniques for increasing the surface charge density of the FEP and

(@)

Voltage (V)
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PTFE hydrophobic layers. One of the techniques is the single-polarity
charged ions injection method [46]. The single-polarity charged ions
injection method is performed using an air ionisation gun. The surface
charge density of the FEP thin film is boosted from 50 to 250 uC/m?>
after the ionisation gun treatment. A recent method [47] using an ex-
ternal and self-charging excitation scheme boosted the effective surface
charge density of up to 1.25 mC/m?. In addition to the surface charge
density, the hydrophobicity is also a vital parameter affecting the per-
formance of a water-TENG device. When water is interacting with the
TENG surface, an adhesion force is a major resistive force applied to the
water (in the form of either a droplet or water flow). Lin et al., [24]
comprehensively compared the output performance of a single-elec-
trode-mode TENG device with varied hydrophobicities: a super-
hydrophobic PTFE thin film with hierarchical micro-/nano structures, a
plain PTFE hydrophobic thin film, and a nylon hydrophilic thin film.
The results revealed that the output performance follows a trend of
Isuperhydrophobic > Ihydrophobic > Ihydrophilic- This is because on a super-
hydrophobic surface, a droplet first spreads out, and then easily
bounces off the surface within a short duration [48]. The droplet spread
area on the superhydrophobic surface is smaller than that on the hy-
drophobic or hydrophilic surface [49], which adversely affects power
generation. The result in Ref. [24] indicates that the velocity increment
is a dominant effect in current generation, as compared to the adverse
effect induced by the reduction in contact area. The superhydrophobic
surface was prepared by pouring PTFE precursor into an anodic alu-
minium oxide (AAO) template. A PTFE layer with hierarchical micro-/
nano structures can be peeled off once it is cured. Other methods for
preparing a PTFE- or FEP-based superhydrophobic surface have also
been reported, including thermal nanoimprinting [50], inductively-
coupled plasma etching [51], and conformal fluorine coating on carbon
electrodes with micro-/nano structures [52]. It is noteworthy that a
superhydrophobic surface is favourable for obtaining a high current
output in the single-electrode working mode. This is because the su-
perhydrophobic surface not only provides the fast motion of droplets,
but also enables a complete rebound of the droplet within certain im-
pact velocities [48]. For the sliding free-standing and pressing-releasing
working modes, the scenario might be different, as the sliding area is
also a very important factor in current generation. More detailed stu-
dies should be conducted to suggest a proper hydrophobicity for the
sliding free-standing and pressing-releasing mode TENGs.

2.4.2. Water property

As a water-TENG device can be used for harvesting hydropower
from different sources, the properties of water in the forms of raindrops,
ocean waves, and flowing rivers should be considered. Some major
properties of water include the ion type and concentration. A
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comprehensive investigation on ion properties was carried out in a
single-electrode mode flow-stream TENG. Standard solutions with dif-
ferent types of ions were tested. As shown in Fig. 8a and b, the short-
circuit current and open-circuit voltage are varied when different types
of ions are applied. The effect of ion type on the output performance of
the TENG can be attributed to two causes. First, the electronegativity of
ions affects the output performance of the TENG. This is because ions
with low electronegativity values prefer to absorb the F~ groups of the
FEP or PTFE hydrophobic layers, which is harmful to the output per-
formance of the TENG [53]. Second, the electrical conductivity of the
ions also contributes to the output performance of the TENG device
[54]. A higher electrical conductivity would lead to a reduced output
performance. This is because the high conductivity ions contribute less
to the amount of triboelectric charges on the hydrophobic layer. This
could also be explained by the mechanism presented in Fig. 2c. The
tribo-charges are formed on the solid surface after the occurrence of
contact electrification, and these tribo-charges would screen the elec-
trons on the back electrode and contribute to the current flow in the
water-TENG devices. If a high ion concentration exists in the aqueous
solution, these ions could be attracted by the tribo-charges. In contrast,
part of the tribo-charges would be compensated for by the ions. The
reduced amount of triboelectric charges induces a less-significant
electrostatic induction effect, and yields a decreased output current and
voltage. In terms of ion concentration, several studies [27,53] have
shown that an increase in ion concentration would reduce the output
performance of the TENG. As shown in the inset of Fig. 8c, a liquid/FEP
U-tube TENG device is proposed for harvesting water wave energy. The
effects of ion concentration on the output performance are examined,
and the open-circuit voltage is found to reduce with an increase of ion
concentration from 0 to 1 mol/L. This decreasing trend was found in
different types of salt solutions, as shown in Fig. 8c. A liquid-solid based
TENG device, as a self-powered distress signal emitter, is presented in
the inset of Fig. 8d. The liquid/FEP thin film forms an interfacial con-
tact electrification triboelectric nanogenerator (IE-TENG), whereas the
nanostructured PTFE and elastic wavy electrode form an impact-TENG.

The impact-TENG operates with a solid-solid contact-separation
working mode. The results indicate that with an increase of NaCl
concentration, the performance of the IE-TENG drops significantly.
However, the impact-TENG maintains its output current. This is be-
cause the impact-TENG works by solid-solid interaction, which is not
influenced by the ion concentration.

The pH value is another important property of water. Owing to
different contents in the water, the pH value varies from 5.0 to 9.0 in
the Yangtze River [55]. A pH detector was fabricated, based on the
output voltage difference when using water with varied pH values. A
decreasing trend was obtained when the pH value decreased from 7.0 to
2.0, as shown in Fig. 9a [56]. As the low pH-value solution contains
more H, it can render the cations in the electrolyte solution. As a
result, the anions have difficulty passing through the interface, and the
concentration of triboelectric charges on the hydrophobic layer is re-
duced. The temperature of water also affects the output performance of
the TENG device [57]. As shown in Fig. 9b, the output current density
continuously decreases with increases of water temperature. This is
because the dielectric constant and polarity of water decrease with an
increase of temperature [58], which weakens the output performance
of the water-TENG. It should be noted that the viscosity and surface
tension would also be affected by water temperature. The change in
viscosity and surface tension would change the contact area between
the water and TENG devices. According to Equation (3), the output
current of the water-TENG would be firmly changed if the contact area
between the water and TENG surface is varied. In that regard, intensive
studies on droplet spread dynamics varying with droplet properties
have been conducted [48,59]. However, a systematic investigation of
the effects of viscosity and surface tension on the output performance of
a water-TENG device is lacking.

2.4.3. Dynamic interaction between water and TENG device

The interaction between the water and the water-TENG device plays
an important role for power output. It is known that the output current
is proportional to the contact area A and the variation of induced
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charges with respect to time. Further, it can be seen that a larger con-
tact area and higher flow speed are beneficial for obtaining a high
power output. A comprehensive investigation on the droplet volume,
initial height, and tilting angle was conducted on a sliding free-standing
mode water-TENG device [28]. The output current is linearly propor-
tional to the initial height of the water droplet. This is because the
current is proportional to the square of the velocity, according to Cor-
relation 5:

I cr% x cr(p—D})”zv2
dt y ()

This correlation can be derived when a droplet is impacting on an
inclined surface. It is derived that the output current is proportional to
the surface charge density multiplied by the contact area variation with
respect to time. In the middle part of Correlation 5, the contact area
variation with time is dependent on the hydrodynamics of the droplet.
Before contact with the inclined surface, the droplet is estimated as a
sphere with a diameter of D and velocity of v. During the droplet impact
process, the droplet is compressed, and the velocity decreases to zero.
The inertial force (per volume) applied to the droplet can be expressed
as pv?/D. As the momentum energy of the droplet is dissipated by the
surface tension, a force balance can be established between the inertial
force and the Laplace pressure gradient: pv?/D~y/t>. By substituting
the term dt into the middle part of Correlation 5, one can obtain the
right-side expression. It is noteworthy that this correlation only de-
scribes the process before the droplet impacts onto the surface, and
until it is fully spread. Subsequent retraction and sliding motions are
not considered in this case. In Correlation 5, D is the diameter, p is the
density, y is the surface tension, and v is the velocity of the droplet.
According to energy conservation, mgh = %mvz, a linear relationship
could be derived as I « h. With an increase of the inclination angle of
up to 45°, the output current increases, and this could be attributed to
the acceleration effect of the water droplet on the highly-inclined sur-
face. However, when the angle exceeds 45°, the output current reaches
saturation. This could be caused by the reduced contact area when a
droplet is impacting on an inclined surface. The single-electrode and
sliding free-standing mode water-TENG devices could be simplified as a
droplet impact process integrated with a triboelectrification process.
When a droplet is impacting on an inclined surface, the droplet would
experience spread, recoil, deposit, sliding, rebound, or splash according
to its initial state, as well as the surface property [60]. The droplet
spread is mainly determined by inertia, whereas the following recoil,
deposit, sliding, rebound, and splash motions are typically governed by
the wettability of the surface. A superhydrophobic surface possesses a
low surface energy, allowing for a fast droplet motion on the water-
TENG surface. However, when a droplet impacts on a super-
hydrophobic surface, the recoil process happens quickly, and the re-
bound and splash phenomena are typically observed. Moreover, if a
droplet is impacting at a high Weber number condition, it will penetrate
into the air pockets on the superhydrophobic surface, and yield a

deposition [61]. These phenomena generate adverse effects for the
water-TENG devices. The water dynamics play an important role in the
output performance of a water-TENG device. However, previous studies
have paid relatively less attention to the effects of water dynamics on
the output performance of a water-TENG device. Investigations on the
water-TENG devices with functional surfaces (wettability gradient
surface [62], hydrophobic/hydrophilic heterogeneous surface) should
be conducted, as the droplet motion could be dynamically tuned on
these surfaces.

3. Applications in energy harvesting devices

Hydropower widely exists in nature, industry, and human daily life,
in form of droplets, tides, waves, and river flows. Based on the me-
chanisms presented for the single-electrode, sliding free-standing, and
pressing-releasing modes, various energy harvesting devices for con-
verting hydropower into electricity have been developed.

3.1. Harvesting energy from water wave

A group of water-TENG devices for harvesting water wave energy
have been developed [51,53,63]. Water-TENG devices working in
single-electrode mode or in sliding free-standing mode are suitable for
harvesting water wave energy. Fig. 10a presents the concept of using a
sliding free-standing mode water-TENG device for harvesting water
wave energy. In this device, multiple pairs of electrodes were fabricated
on top of a flexible substrate. A conductive textile was employed as the
electrode material, and a dry-etched PTFE film was used for the hy-
drophobic coating. The whole device was 100 mm in length, and 70 mm
in width. The output performance of the water-TENG is illustrated in
Fig. 10b. With an increase of load resistance from 10*Q to 10°Q, the
current decreased from 14 pA to zero. In contrast, the voltage increased
from close to zero to nearly 300 V. A peak power of 1.03 mW was ob-
tained at a load resistance of 22 MQ. With the harvested power, the
authors demonstrated a wireless self-powered transmission of im-
portant hydrological information. The harvested water wave power was
also employed to light up 60 LED bulbs in Ref. [18]. This could be an
effective way for harvesting the water wave energy, as the water-TENG
device provides advantages of flexibility, low cost, light weight, and
being free of rotating parts.

3.2. Harvesting energy from raindrops

Another important hydropower source is the raindrop. Similar to
the water wave-harvesting water-TENGs, the devices for harvesting
raindrop energy also operate in the single-electrode mode or sliding
free-standing mode. The raindrop energy-harvesting devices are pre-
sented either alone on the surface of an umbrella, or in combination
with silicon based, dye-sensitised, or quantum-dot solar cells [64-68].
They could also be employed for harvesting solar, wind, and raindrop
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different conditions. Reproduced with permissions [65], Copyright 2015, Elsevier.

energy as a hybrid cell [69]. Fig. 11a presents the concept of an in-
tegrated energy conversion unit for converting solar energy during a
sunny day, and harvesting raindrop energy in rainy weather. The device
is fabricated as a stacked water-TENG device integrated with a piece of
a silicon-based solar cell. The water-TENG device is constructed to be
thin and transparent, so that the sunlight could transmit and excite the
solar cell for power generation. The water-TENG has a size of 1cm X 1
cm, and the effective area of the solar cell is 0.7 cm?. To enhance the
output performance of the water-TENG device, a microbowl structure
was fabricated on a polydimethylsiloxane surface, and a super-
hydrophobic property was achieved. The superhydrophobic surface not
only enhances the droplet sliding speed on the water-TENG surface, but
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also provides a self-cleaning effect for the solar cell when the surface is
contaminated. As shown in Fig. 11b, when the hybrid cell is purely
working under sunlight (solar simulator: 150 mW/cm?), approximately
0.6V is obtained. When the device is driven by sequential water dro-
plets, approximately 2.7V can be attained. By simultaneously im-
pacting water droplets and sunlight onto the device, both the water-
TENG and solar cell maintain their output performance.

3.3. Harvesting energy from flowing stream

A flowing stream is another important type of hydropower resource.
It typically appears in the forms of rivers, pipe flows, and so on. Single-
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electrode mode and sliding free-standing mode water-TENGs are
usually designed for harvesting the triboelectrification energy from a
water stream [17,52,70,71]. Fig. 12 presents the concept of a single-
electrode mode water wheel-type TENG. The device has a plate at the
centre, and 8 blades attached. The configuration is the same as a water
wheel for milling and hamming. A prototype of the water-TENG device
is fabricated, and the scale bar in Fig. 12b indicates a length of 5cm.
The hydrophobic layer of the water-TENG is constructed with nanos-
tructured PTFE. The working principle of this water-TENG device is
presented in Fig. 12¢, and is the same as the mechanism shown in
Fig. 3a. When a stream of flowing water hits the surface of the water-
TENG, the wheel is rotated, and the water leaves the blade under
gravitational force. With the water impacting and leaving motions, an
AC-type current signal can be obtained. An open-circuit voltage of 75V
and a short-circuit current of more than 12.9 yA were measured. When
the external load resistance increased to 88 MQ, a maximum power of
0.24 mW was obtained. Another sliding free-standing mode water-
TENG is presented [52] with a pair of conformal fluorine-coated carbon
paper electrodes. The fluorine layer was employed for providing a hy-
drophobic property, and the carbon paper was used for its high elec-
trical conductivity and rough structure on the surface. A super-
hydrophobic device was demonstrated for harvesting the hydropower
from flowing water, and 5.3 yW output power was achieved.

4. Applications in self-powered sensors and actuators

The previous section reviewed water-TENG devices for harvesting
hydropower in terms of raindrops, water waves, and water streams. The
harvested energy is stored, and is typically employed for charging a
commercial capacitor. In this section, the energy harvested by water-
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TENG devices are directly consumed by sensors and actuators, as self-
powered systems [72-74]. A group of self-powered sensors has been
developed based on a water-TENG device for sensing, e.g a distress
signal [27], ethanol concentration [75], biological/chemical response
[54], flow speed [38], wave height [76], or gas flow [77].

4.1. Self-powered distress signal emitter and ethanol sensor

Fig. 13a-c presents the concept of using a water-TENG/impact-
TENG hybrid device as a self-powered distress signal emitter [27]. The
device has dimensions of 15c¢cm X 6cm X 0.8cm. A 75 um-thick FEP
film was employed as the hydrophobic layer. During operation, the
TENG device provides an open-circuit voltage of over 40 V. The system
could be used for self-powering up to 48 commercial LEDs, which
eliminates the discharge duration problems induced by chemical bat-
teries. As shown in Fig. 13c, a man is floating on a river with a life
jacket equipped with the TENG-based distress signal emitter. The LED
lights keep shining, and a self-powered distress signal is emitted. The
water-TENG device could also be utilised for sensing an ethanol con-
centration. As shown in Fig. 13d—f, a water-TENG device with a PTFE
surface was fabricated with an effective area of 5cm X 5cm. When a
water droplet was dripped onto the device, the droplet contact angle
was close to 110°, and an open-circuit voltage of up to approximately
60V was detected. However, when an ethanol droplet was dripped onto
the surface, the open-circuit voltage was close to zero. This could be
attributed to the spread area of the two types of droplets during drip-
ping. When the ethanol droplets drip onto the water-TENG device,
owing to a much smaller contact angle, a liquid film is easily formed on
the PTFE surface, which shields the triboelectric charges and reduces
the triboelectrically-charged area. With this scheme, the TENG device is
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Fig. 13. Water-TENG devices as sensors for: (a—c) distress signal and (d—f) ethanol concentration. Reproduced with permissions [27,75], Copyright 2014, Elsevier.

employed as the ethanol concentration sensor. As shown in Fig. 13f, the
output voltage continues to decrease with increases of ethanol con-
centration in water. The concentration of ethanol in a test solution
could correspondingly be read out using the output voltage.

4.2. Self-powered water quality sensor

Fig. 14 presents the concept of a water-TENG-based water quality
sensor. The water-TENG device is formed by an ultrafine capillary PTFE
tube, an aluminium foil electrode, and a silicon rubber tube working as
a heat sink. The device operates under the single-electrode mode. The
PTFE tube has an inner diameter of 0.5mm, and a wall thickness of
0.25 mm. The aluminium electrode is in a double-helix shape with a
width of 1 mm and a thickness of 0.1 mm. The quality of the barrelled
drinking water was initially tested by a colony-counting method, as
shown in Fig. 14b. It could be seen that the total aerobic count (TAC)
increased exponentially with an increase of storage duration. After day
7, the TAC exceeded 110 cfu/ml, which is beyond the standard drinking
water quality. Influenced by the TAC, the total dissolved solids (TDS)
value also increases with the increased storage duration. The water
samples were tested by the water-TENG device in a capillary tube, and
the output performance is shown in Fig. 14d. It is seen that the short-
circuit current, open-circuit voltage, and transferred charges all show a
decreasing trend when the storage duration increases. This is because
the electrolyte concentration in the drinking water continues to in-
crease, weakening the output performance of the water-TENG. By this
scheme, the water-TENG was employed as a self-powered water quality
sensor.

4.3. Self-powered wave monitoring

Wave monitoring is another important application for using water-
TENG devices as self-powered sensors. This is because the sensing of
ocean waves is essential for marine engineering construction and op-
erations. A water-TENG-based wave monitoring system not only could
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be used for sensing waves for avoiding disasters, but also to reduce the
power consumption of isolated marine platforms, as a self-powered
sensing system. Some self-powered water-TENG devices for sensing
water levels and waves have been proposed [76,78]. Fig. 15a presents
the concept of a water-TENG-based wave sensor. A lab-scale water-
TENG device was fabricated with a size of 5mm X 100 mm, and the
surface of the water-TENG device was covered with an inductively-
coupled plasma-treated PTFE film. With a wave motion, the single-
electrode mode TENG device was triggered, and the output voltage
could be measured for sensing the wave height. The variations in the
height and frequency of the wave can be directly read out from Fig. 15b
and c. With a fixed electrode width of 10 mm, the authors found that
the output voltage linearly increases with the height, and a relationship
of 23.5 mV/mm was given for linking the wave height and the detected
voltage.

4.4. Water-TENG enabled actuators

In addition to applications for self-powered sensors, applications for
actuators have become increasingly attractive in recent years, owing to
the rapid development of robots [79], controlled drug releases [80],
micro-optics [81], micro-fabrication [82], and so on. Various TENG-
based actuators have been developed based on the solid-solid tribo-
electric phenomenon [83-85]. However, owing to the relatively lower
output voltage of water-TENG devices, applications using water-TENG
devices for actuators are relatively scarce. Fig. 16 presents the concept
of using a droplet-based TENG device for a self-powered digital mi-
crofluidics system [29]. As shown in Fig. 16a, the system is formed by
an inclined sliding chip and a flat actuation chip. There are two pairs of
electrodes on each chip. When a water droplet slides on the inclined
surface, the contact electrification phenomena is triggered, and the left
electrode of the sliding chip attains negative charges. Thus, the elec-
trode of the actuation chip possesses excessive positive charges, as
shown in Fig. 16¢c. As the right-side electrode is not affected by the
sliding droplet, an electric potential is built up between the left- and
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right-side electrodes. The excess charges change the contact angle of the
droplet on the actuation chip. Similarly, when the droplet slides to the
right electrode, the same process happens, and a larger electric poten-
tial is generated between the two electrodes of the actuation chip,
owing to the acceleration effect of the sliding droplet. A 46V open-
circuit voltage was achieved when an 80 pL droplet slid down the
sliding chip. Such an electric potential will induce a large contact angle
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modification on the right side (Fig. 16d). The contact angle difference
between the left and right sides of the droplet leads to an unbalanced
pressure distribution in the droplet, and thus an actuation force is
generated as follows:

Fi = Sy (cos(@w) = cos(6y) ©

This droplet driving force could be derived from capillary force by
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the Carre and Shanahan model, and more details on the derivation
process can be found in Refs. [86,87]. In the above, ry is the droplet
base radius, yry is the liquid-vapour surface tension, and 6y and 6y, are
the droplet right-side and left-side contact angles, respectively. When
the actuation force is greater than the frictional force between the
droplet and the surface, the droplet will be actuated without any ex-
ternal power supply. By properly designing the configuration of the
electrodes and circuit as shown in Fig. 16e, a continuous droplet motion
was achieved (Fig. 16f). The self-powered droplet motion would be
helpful for replacing a bulky and costly power supply, and for building
a portable microfluidic device for onsite applications [88].

5. Outlook of challenges and opportunities

In general, the water-TENG devices have been broadly demon-
strated to harvest hydropower from renewable sources. The harvested
energy could be stored in capacitors, or could be directly utilised in, e.g.
self-powered sensors and actuators. Table 1 summarises the achieve-
ments of using water-TENG devices for energy harvesting and self-
powered sensors/actuators.

It can be seen from Table 1 that water-TENG devices have been
widely employed for harvesting hydropower. The output power density
varies, based on the different working conditions and constituent ma-
terials. As an alternative method for harvesting hydropower (other than
EMGs), the output power is still quite low in the current stage. This is
mainly attributed to the small output current of the TENG devices.
Nevertheless, the high output voltage is a very important feature of the
TENG, and could even be used as a power source for electrospinning
applications [93]. With the rapid development of Internet of things
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(IoT), a large number of sensors are required for monitoring purposes
[94]. Chemical batteries would involve inconvenience in discharge
duration and replacement. TENG devices, with a self-powered feature,
have great potential for sensor applications. Similarly, large numbers of
sensors at a solid-liquid interface are required in the fields of multi-
phase flow, microfluidics, and so on [95,96]. Furthermore, the TENG
technology has been developed in less than 10 years. With a further
improvement of this technology, a large power output could be ex-
pected in the near future. Significant additional efforts should be con-
ducted for improving the performance of water-TENG devices and
broadening the applicability.

First, it is known that the tribo-charges on the hydrophobic layer are
the basis for water-TENG energy harvesters. In the reported studies, the
increase in the ion concentration is found to reduce the number of
charges on the hydrophobic layer. A contact electrification model ex-
plains the formation of tribo-charges on the solid surface when inter-
acting with water. However, the parameters affecting the polarity of the
tribo-charges on the solid surface require more detailed investigation. A
clear understanding regarding the formation of the tribo-charges could
help further increase the output performance of the water-TENG energy
harvesters, and enhance the sensitivity of the self-powered sensors.

Second, the water-TENG device involves interdisciplinary research
fields, including knowledge on water dynamics and movement of tri-
boelectric charges. The water dynamics cause significant effects on the
output performance of water-TENG devices. Investigations on water
dynamics have been widely conducted in the areas of heat transfer,
fluid machinery, and so on. However, comprehensive studies on the
water dynamics-induced interfacial charge transfer phenomena be-
tween water and water-TENG devices are rare. Some functional surfaces
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Table 1
Summary of the achievements made in the water-solid based triboelectric nanogenerators (TENG) devices.
Number Source Working mode Power density Application Reference
1 Droplet Single-electrode 9.1 uW/cm? (single droplet) Energy harvesting [24]
20 mW/cm? (shower mode)
2 Droplet Sliding free-standing 50 pW/cm? (single droplet) Energy harvesting [15]
3 Droplet Pressing-releasing 0.3 uW/cm? (single droplet) Energy harvesting [34]
4 Droplet Single-electrode 11.56 mW/cm? (shower mode) Energy harvesting [16]
5 Droplet Single-electrode 9.01 pyW/cm? (shower mode) Energy harvesting [89]1
6 Droplet Single-electrode 0.6 pW/cm? (shower mode) Energy harvesting [69]
7 Droplet Pressing-releasing 13 uW/cm? (shower mode) Energy harvesting [57]
8 Droplet Single-electrode 0.27 uW/cm? (single droplet) Hybrid solar cell [65]
9 Droplet Single-electrode 17 yW/cm? (shower mode) Hybrid solar cell [66]
10 Droplet Single-electrode 131 pyW/cm? (shower mode) Ethanol sensor [37]
11 Droplet Sliding free-standing 8 uW/cm? (single droplet) Smart umbrella [64]
12 Wave Sliding free-standing 6.67 uW/cm? (wave mode) Energy harvesting [18]
13 Wave Sliding free-standing 0.456 yW/cm? (wave mode) Distress signal emitter [27]
14 Wave Sliding free-standing 14.7 yW/cm? (wave mode) Signal transmitter [51]
15 Wave Sliding free-standing 0.075 uW/cm? (wave mode) Visualised detector [74]
16 Wave Sliding free-standing enclosed structure 200 pW/cm? Energy harvesting [32]
17 Wave Sliding free-standing enclosed structure 1.05 uW/cm? Energy harvesting [90]
18 Wave Sliding free-standing enclosed structure 27.12 yW/cm? Energy harvesting [91]
19 Wave Contact-separation enclosed structure 260 pW/cm? Energy harvesting [92]
20 Stream Single-electrode 59 uW/cm? (stream mode) Energy harvesting [17]

with special water transport phenomena, including wettability gradient
surfaces and hydrophobic/hydrophilic heterogeneous surfaces, could
open up new opportunities for water-solid interfacial charge transfer
phenomena and hydropower harvesting.

Third, applications of water-TENG devices for self-powered sensors
have been reported for ocean waves and ethanol concentrations.
However, the current demonstrations of using water-TENG devices as
actuators are inadequate, and portable actuators without external
power sources are strongly desired in robotics, digital microfluidics,
micro-optics, and so on.

Fourth, most current water-TENG devices are developed at a lab
scale, which is still far from the industrial requirements. Special at-
tention should be paid to solving the engineering problems, including
load matching, system integration, and control systems. Moreover, the
cost and payback period are also very important factors when dis-
cussing real applications. The solid-solid based TENG devices are esti-
mated with a very short payback period of approximately 0.05-0.3
years, depending on the efficiency and lifetime of the devices [97]. The
levelised cost of electricity produced with solid-solid TENGs ranges
from 2 to 13 US cents/kWh, which is much lower than that of tradi-
tional energy sources (7.04-11.9 US cents/kWh). However, the cost and
payback period problems have not been addressed in water-TENG de-
vices.
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