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ABSTRACT: Triboelectric nanogenerators (TENGs) have
been investigated for mechanical energy harvesting because of
their high-energy conversion efficiency, low cost, ease of
manufacturing, and so on. This paper deals with designing a
kind of water-fluid-driven rotating TENG (WR-TENG)
inspired by the structure of a water meter. The designed WR-
TENG is effectively integrated into a self-powered electrostatic
scale-preventing and rust protection system. The WR-TENG
can generate a constant DC voltage up to about 7.6 kV by using
a voltage-doubling rectifier circuit (VDRC) to establish a high-
voltage electrostatic field in the water tank. A WR-TENG, a
VDRC, and an electric water heating tank are the components
of the whole system. The system is convenient to be installed in
any waterway system, effectively preventing the rusting of
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stainless steel and restraining the formation of scale when the water is heated to 65 + S °C. Moreover, the approximately linear
relationship between the short-circuit current and the rotation rate of the WR-TENG makes employing it as a self-powered
water flow sensor possible. This work enables a facile, safe, and effective approach for electrostatic scale prevention, rust

protection, and flow sensing in solar heaters, which will enrich the high-voltage applications of TENGs.
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any kinds of water heater systems, especially solar water

heaters, are widely used in our daily life."” The scaling
and corrosion in the solar water heater system after a long
period of operation could affect its normal use and lifetime.
This could be due to the lack of softening treatments. The
scale removal of water systems is commonly based on chemical
and physical methods.”~> The chemical scale removal method
could cause secondary pollution to the environment because of
the scale and waste liquid discharged from the water heaters.
The physical scale removal methods usually require interrupt-
ing the operation of the water system, which may lead to
damage to the pipeline and equipment. In another method,
small electrostatic water processors using conventional power
sources are installed on water systems. These electrostatic
treatments have advantages of effectively preventing scaling,
corrosion protection, and sterilization and do not cause
secondary pollution to the environment.”™® However, the
conventional power supply may cause electrical leakage and
injury to people during the long-term operation of the solar
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water heater system. Moreover, inconvenient power con-
nection in the location of solar installation or some remote
places could be considered as another drawback of the
electrostatic-based scale-preventing methods.

In recent years, TENGs as a new power generation approach
with the capability of converting various types of environ-
mental mechanical energy into electricity based on the
coupling of triboelectrification and electrostatic induction
effects have been proposed.g’10 To date, TENGs with different
structures and working modes such as contact-separation
mode,"' ™ sliding mode,''¢ single-electrode mode,"” ™" and
freestanding triboelectric-layer mode”*™>* have been devel-
oped. Among the four basic modes of TENGs, the contact
freestanding mode has the advantage of good robustness and
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figure of merit.””** TENGs with multiple structural designs as
a promising sustainable power source can be employed for
energy harvesting from different environments, such as
wind,”>*° water wave,”” >’ water flow,°>* and biomechanical
power energy.”* "> High output energy and conversion
efficiency, extremely low cost, ease of manufacture, light
weight, and unique applicability are some advantages of the
TENGs.””” Generally, TENGs have high-voltage and low-
current output characteristics. For the practical applications of
self-powered sensors and low-power-consumption devices, it is
highly necessary either to select a special transformer to
convert the output of TENGs into low voltage with high
current or to choose a rational energy storage unit to drive low-
power micro/nanodevices. In addition, high-voltage applica-
tions of TENGs are one of their unique advantages, which are
still at the initial stage.”*™*’ In particular occasions, such as
electrostatic scale prevention and rust protection in solar water
heater systems, higher output voltage than that from the
TENG itself regardless of the current magnitude is required.
Electrostatic scale prevention necessitates us to generate a
high-voltage electrostatic field in the water tank (up to 10 kV)
while the current magnitude could be ignored.

In this work, a WR-TENG is developed by using the water
meter structure that could be conveniently installed in any
waterway system. The electric output of the mentioned WR-
TENG is studied under different water flow rates. It works in a
freestanding mode and is propelled by the water fluid in the
pipe. It has the largest output voltage (V,.) about 420 V, an
output current (I.) about 9.32 yA, a transferred charge (Q..)
about 150 nC, and a maximum instantaneous power of 1.61
mW at an optimum external load of 100 M. The whole
electrostatic scale-preventing and rust protection solar water
heater system consists of a WR-TENG, a voltage-doubling
rectifier circuit (VDRC), and a water tank heating system. The
VDRC is employed to amplify the voltage generated from the
WR-TENG, and then a maximum constant DC voltage of 7.6
kV can be obtained, which can establish a high-voltage
electrostatic field in the water tank. The experimental results
indicate that the system can effectively prevent rusting of
stainless steel and the formation of scale on the water tank wall
when the water tank is heated to 65 + S °C without any
external power source. The electricity leakage and incon-
venient power connection caused by traditional energy sources
in the electrostatic scale prevention of solar heater water
systems could be resolved using the proposed WR-TENG.
Moreover, this WR-TENG has the ability to be utilized as a
water flow sensor because of the approximately linear
relationship between its short-circuit current and rotational
speed. This could increase its potential applications in the
future.

B RESULTS AND DISCUSSION

A schematic and structural design of the WR-TENG is shown
in Figure 1. A sectional view of the WR-TENG and its
photograph are shown in Figure la,b, respectively. The WR-
TENG is mainly composed of a TENG working in
freestanding triboelectric-layer mode and a transmission
device, including a series of components, as shown in Figure
lc. A complete drawing of the assembled WR-TENG is shown
in Figure Sla. The structural design of the two friction layers of
the TENG is shown in Figure 1d. The photographs of the two
complementary-patterned Cu-electrode networks and the
poly(tetrafluoroethylene) (PTFE) layer including four alter-
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Figure 1. Structural design and schematic of the operation principle
of the WR- TENG. (a) Sectional view and (b) photograph of the WR-
TENG. (c) The components of the WR-TENG. (d) Structural design
of the two friction layers. (e) A basic unit of the WR-TENG. (f) Four
processes illustrating the charge distribution and electricity gen-
eration: (i) initial state, fully aligned position; (ii) intermediate state,
two surfaces are sliding apart; (iii) final state, fully mismatched
position; and (iv) next intermediate state, two surfaces are sliding
back together.

nate sectors on the poly(methyl methacrylate) (PMMA)
substrate are shown in Figure Sl1b,c, respectively. The
inductively coupled plasma (ICP) technique is applied to
create nanostructures on the surface of the PTFE film for
increasing the surface triboelectric charge density." The
scanning electron microscopy (SEM) image of PTFE with
surface nanostructures is given in Figure S1d.

The basic unit of the WR-TENG is shown in Figure Ie.
Figure 1f shows that the WR-TENG operates in the
freestanding mode by the relative rotation between the rotator
and the stator. When water flows through the transmission
device, the sector shaft with a ring magnet will be driven by the
flow of water to turn. Meanwhile, the spiale with a ring magnet
will also turn due to the attraction principle in terms of the
opposite polarity between the two ring magnets. This drives
the freestanding triboelectric-layer fixed at the top of the spiale
to rotate. According to triboelectrification and electrostatic
induction effects, the relative rotation between the rotator and
the stator will bring about an alternating flow of charges
between the two electrode networks. As seen in Figure 1f, the
electricity generation process is performed by the basic unit,
from which the short-circuit current and charge distribution of
the TENG are illustrated by a four-stage process. According to
the charge conservation law, at the initial state, the positive
charges on the stator electrodes are equal to the negative
charges on the PTFE of the rotator to maintain electrostatic
equilibrium (Figure 1fi). Figure 1fii shows that the mentioned
electrostatic equilibrium between the two electrodes could be
broken by rotating the rotor from the initial state to the
transition state. Consequently, positive charges on the left
electrode flow to the right electrode in the stator through the
external circuit driven by the electrostatic potential difference.
In this circumstance, the voltage reaches the maximum forward
Voo When the rotor further spins to the state shown in Figure
1fiii, the positive charges on the right electrode are in
equilibrium with the negative charges on the PTFE, and the
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voltage decreases to zero. In the final state (Figure 1f iv), the
voltage reaches the maximum reverse V. Because the rotator
continues to rotate, the electricity potential of the TENG
periodically changes between the two electrodes.

For quantitative study of the output performance of the WR-
TENG under different water flow rates, the WR-TENG is
installed on the water pipe; refer to Movie S1 for the testing
process. Figure 2 shows the V, I, and Q,. of the WR-TENG
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Figure 2. Electrical output performance of a WR-TENG under
different water flow rates. (a)Open-circuit voltage, (b) short-circuit
current, and (c) transferred charge. (d) Dependence of the V,,, I,
and Q,. on water flow rate.

with the water flow rate varying from 80 to 400 mL/s.
According to Figure 2a,c, the water flow increase from 80 to
400 mL/s leads to a decrease in maximum values of V. and
Q. from about 420 V and 150 nC to about 379 V and 136 nC,
respectively, which indicates that the V. and the Q,. have a
slight decay with the increase of water flow rate. As we know,
there is a linear relationship between the flow rate and the
speed of the impeller in the rotating-vane-type water meter.*”
Therefore, increasing the water flow rate results in the increase
of the rotator speed of the WR-TENG. A slight decay in the
V.. and the Q,. at high rotational speed occurs, which might
stem from the relatively low sampling rate of the voltage/
charge meter.*”** Actually, the output voltage and the
transferred charge should be mainly determined by the
separated area of a single sector and not be influenced by
the water flow rate, as shown from Figure 2d. Unlike the V,
and Q,,, increasing the water flow rate increases the amplitude
of the I, (from ~1.61 to ~9.32 uA), as indicated in Figure 2b.
The approximately linear relationship between the current and
the water flow rate could be clearly found in Figure 2d. This
linearity is mainly due to a boost in charge transfer rate caused
by the enhancement in the water flow rate.

To investigate the maximum output power of the WR-
TENG under different water flow rates, the effect of external
resistance on the electric outputs of the WR-TENG is verified
in Figure 3. It could be seen from Figure 3a—e that an increase
in the external resistance (for different water flow rates) results
in an increase in the output voltage and a decrease in the
output current. The instantaneous output power of the WR-
TENG obtained from the voltage and current output values is
plotted in terms of the external resistance ranging from 1 k€2 to
2 GQ in Figure 3f. According to Figure 2, the increase of the
water flow rate can elevate I, while the value of V. remains
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Figure 3. Output power performances of the WR-TENG at different
water flow rates. (a—e) Output voltages and currents for different
external resistance loads. (f) The instantaneous power in terms of
external load resistance.

almost unchanged. Accordingly, the maximum value of the
instantaneous power increases from ~0.28 to ~1.61 mW by
increasing the water flow rate from 80 to 400 mL/s, and the
corresponding optimum load resistance value decreases from
200 to 100 MQ. This decrease is due to the increase in
rotation speed of the WR-TENG caused by the increase in the
water flow rate. Increasing the rotational rate is equal to
enhancing the high-frequency component of V,, which will
also decrease the WR-TENG impedance. Consequently, the
optimum matched resistance will reduce.*’

To demonstrate the capability of the WR-TENG as a
sustainable power source, different commercial capacitors
(470, 4700, and 10000 pF) were charged by the WR-TENG
at the water flow rate of 325 mL/s (about 1.8 m/s). In
accordance with Figure S2 (the inset shows the charging circuit
diagram), larger capacitors require more charging time.
However, all of the capacitor voltages are higher than the
measuring range of the electrometer within 2 s because of the
excellent output performance of the WR-TENG. Thus, an
equivalent charging circuit is designed for capacitor charging.
As seen from Figure 4a, the capacitor voltages reach their
steady state value (about 700 V) within 5 s. However, several
hundred volts is far from the required high DC voltage (a few
to a dozen kilovolts) for an electrostatic scale removal system.
Therefore, a VDRC without an external power source
including a regular arrangement of diodes and capacitors (C,
= C, == Cy, = 470 nF) was designed to overcome this
problem in which its circuit diagram is shown in Figure 4b.
The detailed working mechanism of the VDRC can be referred
to in ref 34, and multiple DC voltages will be obtained at the
two ends of the capacitor pack. The relationship between the
obtained output voltage and the amplifying multiple of the
WR-TENG is given in Figure 4c. The output voltage of the
VDRC (V,,,) increases by increasing the amplifying multiple.
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Figure 4. Electrical characteristics of the WR-TENG. (a) Charging curves obtained by the WR-TENG through a bridge rectifier for different values
of capacitors. Inset: The charging circuit diagram (R;= 5 G, R,= 500 MQ). (b) Electrical circuit of the VDRC (C, = C, == C, = 470 nF). (c)

Output voltage of the VDRC (V,,,) in terms of the amplifying multiple.
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Figure S. Self-powered electrostatic rust protection. (a) System diagrams and photographs at room temperature: (i) the circuit diagram for

initial stage and after 12 h, respectively, and (iv) picture contrast of the surface morphology for the steel with and without the TENG after 12 h. (b)
System diagrams and photographs at 65 + S °C: (j, ii) the circuit diagram and photographs of rust protection, respectively, and (jii) photograph
contrast of formed rust with and without the TENG at 65 + S °C for 12 h. (c) SEM image of the steel surface (i) with and (ii) without the TENG
after keeping the temperature at 65 = S °C for 12 h, respectively. (d) Schematic diagram of the chemical reactions for rust protection. The
proposed chemical reaction process was described as states (i), (ii), and (iii).

The maximum attainable output voltage is 7.6 kV at the
maximum magnification of the designed VDRC. It is
compatible with the demand for a self-powered high-voltage
electrostatic scale-preventing system.

To demonstrate the capability of the WR-TENG as a
sustainable power source, commercial LEDs were connected to
the WR-TENG in series, which are assembled to form the
word "HENU” and continuously powered by the WR-TENG
installed on a water pipe. All of the LEDs could be readily lit
up once the water pipe switch is opened (Movies S2). The

performance of the self-powered electrostatic rust protection
system has been investigated at room temperature and 65 + S
°C, as shown in Figure 5. To save water resources, the same
size WR-TENG onto the PMMA substrate (length: 12 cm;
width: 12 cm; height: 3 mm) is re-fabricated, and four holes
were drilled on the edge of the PMMA sheet, mounted on a
motor using screws to drive the TENG rotor. A bridge rectifier
is employed to convert the AC outputs into DC for facilitating
the performance test of the metal corrosion. Figure Sai
describes the circuit diagram for electrochemical protection of
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stainless steel utilized by the WR-TENG at room temperature.
When commercial stainless steel (SUS304) used in solar water
heater tanks was immersed in NaCl aqueous solution (0.1
mmol/L), it will be corroded in 2 h without connection to the
TENG device. However, the transferred electrons are injected
into the protected steel when the steel is connected to the
TENG device, which can effectively suppress metal corrosion.
It is obvious from Figure Saii—iv that the steel connected to
the TENG is almost not corroded, but the steel not connected
to the TENG is severely corroded after 12 h of immersion, and
detailed experimental progress is shown in Figure S3 and
Movies S3.

It is well known that the water temperature in the solar
water heater is usually higher than room temperature.
Therefore, the metal corrosion performance with and without
the TENG at 65 + S °C was investigated. Figure Sbi,ii shows
the circuit diagram and physical drawing, respectively, for the
protection of the steel with the WR-TENG at high
temperature. As depicted in Figure S5biii, the steel connected
to the TENG has less rust than that not connected to the
TENG. Consequently, it is inferred that although the corrosion
of the steel at high temperature is more serious than that at
room temperature, the WR-TENG could slow down the
corrosion rate of stainless steel. Figure Sc shows the SEM
images of the steel connected or not to the TENG after
immersion for 12 h at 65 + S °C. It is obvious that the TENG
favors the formation of a dense protective layer on the surface
of stainless steel. More optical images and an additional video
for the rust protection progress of the steel with and without
the TENG for different time values are shown in Figure S4 and
Movie S4. The antirust mechanism of the steel with the TENG
is given in Figure 5d. When stainless steel is immersed in the
NaCl aqueous solution (state i), the steel absorbs oxygen and
loses electrons, reacting with O, and H,O to form Fe(OH),,
which forms rust (Fe,O;-xH,0) after oxidation (state ii).
Connecting the TENG to the steel leads to a large number of
electrons to be injected into the stainless steel. This prevents
the oxygen inhalation reaction and results in corrosion
inhibition (state iii). Because of the production of Fe;O,
formed by the reaction of Fe,O;-#H,O and injected electrons,
the corrosion can be suppressed even if the surface of the steel
is partially corroded in the initial state.””** In other words, the
surface reaction of the steel immersed in the NaCl solution is
suppressed because of the injected electrons at room
temperature, preventing the formation of rust. At high
temperature, the steel reacted with the injected electrons to
produce Fe;O,, impeding the formation of rust and postponing
the corrosion of the steel.

To further extend the application of the WR-TENG, an
electric water heater tank was designed for simulation of the
solar water heater, and the scale-preventing performance of the
WR-TENG was investigated. Figure 6a shows the system
diagram of the self-powered electrostatic scale-preventing
system, including a WR-TENG, a VDRC, and a solar water
heater. Water flow through the WR-TENG drives the rotator
of the TENG to turn and generate electricity. The generated
electricity is amplified by the VDRC rectifier to generate a
high-voltage electrostatic field (about 7.6 kV) in the solar water
heater for preventing the scale formation. Finally, a high-
voltage electrostatic field is generated between the electrostatic
ion-stick and the water tank wall. The structural diagram of the
electrostatic ion-stick is shown in Figure S5. As could be seen
from Figure 6bi, the positive pole and the negative pole of the
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Figure 6. Application of the self-powered electrostatic scale-
preventing system. (a) Diagram of the self-powered electrostatic
scale-preventing system. (b) Photographs of (i) the scale-preventing
system combined with the TENG, (ii) the water tank wall with the
TENG after 108 h of testing at 65 + 5 °C, (iii) the water tank without
the TENG, and (iv) the water tank wall without the TENG after 108
h of testing at 65 + 5 °C. (c) Ca*" concentration variations with and
without the TENG. (d) Array of water molecules and anions under
electrostatic conditions (L, < L,). (e) Dependence of the I of the
WR-TENG on the rotation rate.

VDRC are connected to the electrostatic ion-stick and water
tank wall, respectively. To implement the solar water heater, 10
L of water was poured into the water tank, heated to keep the
water temperature at about 65 + 5 °C for 12 h. Then, a water
sample of 15 mL is taken. After draining off S L of water, S L of
fresh tap water is added to simulate the use of the water heater.
Sampling is repeated every 24 h in the next 96 h according to
the abovementioned procedure. This is done to examine the
calcium ion content of the water samples using atomic
absorption spectroscopy. The photographs of comparative test
of the experimental effect for scale prevention and the Ca**
concentration of the samples with and without the WR-TENG
are shown in Figure 6b,c, respectively. It is obvious from Figure
6bii,iv that the amounts of white scale formed on the water
tank wall are less and more with and without the WR-TENG,
respectively, after 108 h. Moreover, some rust is observed at
the bottom of the water tank without the WR-TENG, which is
consistent with the experimental result described in Figure
Sbiii.

Figure 6¢ shows that the Ca** concentration of the sample
connected to the WR-TENG is significantly higher than the
corresponding one not connected to the WR-TENG. The test
data are shown in Table S1. These experimental results
indicate that the WR-TENG can effectively obstruct the
deposition of Ca** and thus inhibit the scale formation in the
solar heater. Taken CaCOj; as an example, the principle of
scale inhibition by an ion-stick electrostatic water treater is
illustrated in Figure 6d, which shows the array layout of water
molecules and ions under electrostatic conditions (L; and L,
are the distances from the ion to the inner water tank wall).
The water molecules are affected by the high-voltage
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electrostatic field between the electrostatic ion-stick and the
wall of the water tank, forming water dipoles, by which the
cations and anions from dissolved salts will be surrounded.
Consequently, the cations contained in the water do not tend
to gather on the wall of the water tank.*™® Thus, the scale
prevention purpose is realized. Although high-voltage
application of rotating-disk TENGs (R-TENGs) has been
reported to power the electrospinning system, the rotation rate
of the R'TENG is as high as 1200 rpm.”* Generally, the
rotation rate of R-TENGs driven by natural wind or water flow
is relatively low. Because the rotation rate of the WR-TENG in
the current case is not higher than 500 rpm, it is reasonably
inferred that the WR-TENG installed on any water pipes is
more suitable for large-scale applications, serving for the self-
powered electrostatic scale-preventing system. More impor-
tantly, as far as we know, it is the first time that the high-
voltage application of the TENG in the area of environmental
electrochemistry has been demonstrated.

Figure Ge represents the variations of I, of the WR-TENG
in terms of the rotation rate. Moreover, the I, values of the
WR-TENG with different rotation rates varying in the range
from 20 to 460 rpm are shown in Figure S6. It is obvious that
the relationship between I, of the WR-TENG and the rotation
rate is approximately linear. The obtained sensitivity is about
0.0205 pA/rpm. In addition, the relationship between the
rotational speed of the WR-TENG and the water flow is almost
linear. Therefore, the WR-TENG could be used as a self-
powered intelligent water meter to detect and monitor the
velocity and flow of water in water pipes.

B CONCLUSIONS

In this paper, the water meter structure is employed to design a
kind of water-fluid-driven rotating triboelectric nanogenerator
that could be installed in any waterway system. The
relationship between the output performance of the WR-
TENG and the water flow rate is studied. An appropriate
VDRC is designed to generate a constant DC voltage up to
about 7.6 kV. This leads to a high-voltage electrostatic field in
the water tank preventing stainless steel rusting and scale
formation in its wall when the water is heated at 65 + 5 °C.
The leakage injury caused by a conventional power supply and
inappropriate power supply connection in the solar installation
location or a remote area could be resolved by employing the
WR-TENG in solar water heater systems. Moreover, the WR-
TENG could also be employed as an intelligent water meter
for real-time monitoring of water flow. The WR-TENG
provides a novel supplement to utilize water flow energy for
electrostatic scale prevention, rust protection, and flow sensing
in solar heaters with no additional power supplies required,
which will lead to an important breakthrough in self-powered
electrostatic scale-preventing technology in the future.

B EXPERIMENTAL SECTION

Fabrication Process of the Transmission Device. First, the
sector shaft and counting part of a commercial water meter were
disassembled and removed. Second, a sector rotation shaft with a size
corresponding to that of the original water meter was reprinted by
3D-printing technology. The upper diameter of the middle cylinder is
8 mm, which could be embedded into a purchased ring magnet. At
the same time, a spiale containing a tip at the bottom, a square
column at the top, and a cylinder in the middle is designed using the
SOLIDWORKS software and printed using a 3D printer. The
diameter and height of the central cylinder are 8 and 58 mm,
respectively. Moreover, the side length and height of the upper square

column are 5 and 8 mm, respectively. Then, a ring magnet is
embedded into the spiale bottom. Third, the device is reassembled
according to the water meter structure, and a bearing is fixed on the
spiale on the top of the meter. Then, a PMMA plate with a copper
electrode as the stator is fixed to the top of the water meter.
Moreover, the other PMMA with a PTFE friction layer as the rotator
is fixed to the square column. Finally, a kind of rotating triboelectric
nanogenerator driven by water fluid is successfully developed.

Preparation of TENG. The TENG mainly consists of two parts: a
stator and a rotator. For the stator, a PMMA sheet as the supporting
substrate with 100 mm diameter and 3 mm thickness cut by a laser
cutter is employed. A hole with 10 mm diameter is created at the
substrate center. Afterward, copper foil with 100 mm width and 0.065
mm thickness is provided as a friction layer. Then, the electrode is
adhered onto the PMMA substrate. Under the assistance of a PMMA
mold, the two complementary-patterned Cu electrodes are separated
by a blade with fine equal intervals with 3° central angle. When the
electrodes are mutually connected by four copper units at one end,
the electrode network is formed. To build the rotator, another PMMA
sheet with 100 mm diameter and 1 mm thickness as a supporting
substrate cut by a laser cutter is utilized. By cutting the substrate
center, a square hole with 5 mm side length is created. After that, a
PTFE film is utilized as a friction layer to stick on the PMMA
substrate. A blade with the aid of a PMMA mold is employed for
cutting the PTFE film into eight uniformly arranged sectors and
removing four alternate sectors from the PMMA substrate. Finally, for
fabricating the TENG, the stator and the rotator are installed on the
top of the water meter and the square column of the spiale,
respectively. Moreover, two lead wires are employed from the two Cu
electrode networks.

Measurements. The output voltage, output current, and transfer
charge of the WR-TENG are measured using an electrometer
(Keithley6514). The water flow rate is calculated by the water flow
volume per time. Scanning electron microscopy (SEM, JSM-7001F) is
utilized for morphology characterization of the surface of the PTFE
and steel. V. is measured by a non-contacting electrostatic probe
(Trek-523) because it is far beyond the detection range of the
electrometer. The calcium ion concentrationn in tap and hot water is
measured using a flame method by atomic aborption spectroscopy
(HITACHI, Z-2000).
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