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ABSTRACT: The liquid—solid triboelectric nanogenerator is
broadly studied for its self-powered sensing and blue energy
harvesting, thanks to its low wear and highly efficient contact.
However, the corresponding research studies focusing on
deionized-water liquid—solid triboelectric nanogenerators (DL-
TENGs) and seawater-type liquid—solid TENGs (SL-TENGs) are
rarely being carried out at present. Here, a SL-TENG is fabricated
by applying a dielectric film as the organic coating and coated and
uncoated steel hull as the two electrodes. Based on the reasonable
material selection of the dielectric film, the SL-TENG showed
excellent performance, which benefits from the good triboelectrification performance and weak ion adsorption effect. In addition,
compared with commercial marine anticorrosive coatings, the friction coeflicient of the SL-TENG with the seawater can be reduced
43.8%, which is significantly beneficial to reduce the sailing resistance of ships. More importantly, the uncoated steel electrode can
obtain a high potential in highly corrosive seawater, which can enable it to perform the function of marine anticorrosive agents. Our
finding provides a potential strategy to evade the marine anticorrosion of ships.
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1. INTRODUCTION

With the deepening of economic globalization, ocean, which
takes up 70% of the earth’s surface, is closely related to human
production and life in blue energy harvesting, marine

they avoid the serious wearing issue of solid—solid triboelectric
nanogenerators (SS-TENGs), liquid—solid triboelectric nano-
generators, which are based on the coupling of tribo-
electrification and the electrostatic induction effect between
liquid and solid triboelectric materials, have been extensively
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engineering construction, maritime transport, and so
forth."”® However, the harsh marine environment with the
characteristics of high salinity and highly corrosive nature also
has a very adverse effect on human marine activities. Especially,
high corrosiveness will seriously damage all kinds of marine
equipment. Consequently, various marine anticorrosion
technologies have been developed to extend the service life
of marine equipment, such as marine anticorrosive coatings
and electrochemical protection technology with impressed
current.* ¢ However, some toxic substances used in marine
anticorrosive coatings affect the marine ecological environment
and the lack of marine electric power cannot provide necessary
guarantee for the electrochemical protection technology with
the impressed current, which significantly restricts the
application of both the abovementioned technologies.””*

As a new energy collection technology, triboelectric
nanogenerators (TENGs) have been widely used in many
fields, such as in self-powered sensing, high-voltage sources,
and micro-/nanoenergy since they were invented in 2012.°~"
Besides, thanks to their advantages of light weight, low cost,
and high efficiency at low frequency, TENGs are considered as
an effective water wave energy collection technology.'”'* As

© XXXX American Chemical Society

7 ACS Publications

) 15-22
researched to harvest raindrop energy and water waves.

However, the related research studies mainly focused on
deionized-water liquid—solid triboelectric nanogenerators
(DL-TENGs) and seawater-type liquid—solid triboelectric
nanogenerator (SL-TENGs) are seldom carried out.”*’ In
addition, all kinds of SS-TENGs and DL-TENGs have been
designed to improve the marine anticorrosion capability of the
corresponding device by collecting water wave energy and
using electrochemical protection methods with the impressed
current.”®* > However, due to the application of rectifiers,
seawater-resistant carbon electrodes, and additional power
supply, the system composition in this method is significantly
complex. Therefore, it is very important to develop a new
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Figure 1. Structural design and working mechanism of the SL-TENG. (a) Device configuration of the SL-TENG installed on the hull. (b)
Schematic representation structure for the SL-TENG. (C) Electricity generation principle of the SL-TENG. (d) Voltage potential distribution of

the SL-TENG at different states by COMSOL simulation.

marine anticorrosion technology with a simple composition
which is based on the triboelectric technique.

In this work, we report a SL-TENG which consists of a
dielectric film as the organic coating and coated and uncoated
steel hull as the two electrodes. According to the material
optimization of the dielectric film, the SL-TENG shows good
output performance because the used dielectric film exhibits
good triboelectrification performance and weak ion adsorption
effect in seawater. Besides, the dielectric materials of the SL-
TENG can reduce the friction coeflicient of the SL-TENG in
seawater to about half compared with the commercial marine
anticorrosive coatings. This result is conducive to reduce the
sailing resistance of ships. More importantly, the uncoated steel
electrode in seawater shows marine anticorrosion properties;
this is because the SL-TENG can endow the relative steel with
a higher potential. In a word, our finding provides a novel
method toward self-powered marine anticorrosion.

2. RESULTS AND DISCUSSION

2.1. Structural Design and Working Mechanism. As
one of the crucial transportation methods, shipping with the
advantages of huge carrying capacity, low transportation costs,
and low requirements for transporting goods is significantly
popular in the global freight market. These advantages come
from the world’s vast merchant fleet, but reducing complex
maintenance costs in a highly corrosive marine environment is
the main challenge for the further development of shipping.
The current anticorrosion coating of vessels is mainly based on
the principle that the anticorrosion insulation layer can isolate
the hull from the ocean environment. However, the
anticorrosive insulating layer can easily suffer from mechanical
damage due to its thin characteristics and is especially prone to
cracking in the process of application. Therefore, the damage
of the insulation layer will cause the steel hull to suffer from
serious corrosion, endangering the safety of the ship.

Therefore, a new technology with marine anticorrosion
functions is urgently needed for reducing the maintenance
costs of shipping. Here, inspired by the liquid—solid tribo-
electric nanogenerator with the characteristics of low wear and
high efficient contact, a SL-TENG is designed to improve the
marine anticorrosion ability, which can be fabricated on the
hull (Figure 1a). The detailed structure of the SL-TENG is
displayed in Figure 1b, which is composed of a coated steel
electrode, an external polytetrafluoroethylene (PTFE) layer,
and an uncoated steel electrode. When the ocean wave near
the hull drives the seawater to slide up and down on the PTFE
surface, a corresponding electron transfer occurs between the
coated steel electrode and the uncoated steel electrode.
Meanwhile, due to good triboelectric performance and weak
ion adsorption effect, the PTFE surface is negatively charged,
while the coated and uncoated steel electrodes are positively
charged.zg’32 Therefore, since the uncoated steel electrode is
positively charged, its ability to lose electrons is greatly reduced
and thus it can remain anticorrosive even in highly corrosive
marine environments. Notably, the surface of PTFE dielectric
materials with a good micro-/nanostructure is beneficial to
improve the output performance of the SL-TENG and the
hydrophobicity of the PTFE surface (Figure S1). Figure lc
shows the operative principle of the SL-TENG with a complete
cycle. As a kind of excellent triboelectric material, the PTFE
surface will generate negative charges due to the triboelectric
effect when the water moves back and forth on the PTFE
surface. At the same time, the corresponding positive charges
will transfer into the coated and uncoated steel electrode to
meet the electrostatic equilibrium (Figure Ilci). Since water
gradually rises on the PTFE surface, the negative charge on the
PTFE surface will be partially screened by the resulting
electrical double layer (Figure S2), which will make the
electrons on the uncoated steel electrode flow into the coated
steel electrode to balance the different potentials distributed on
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Figure 2. Characterization of the performances of the SL-TENG: (a) transferred charges, (b) short-circuit current, and (c) open-circuit voltage of
the SL-TENG with different dielectric materials. Schematic diagram of ion adsorption on the FEP material surface (d), PTFE material surface, and
(e) PVC material surface. (g) Force analysis diagram of a water droplet on an inclined material surface. (h) Friction coefficient of a water droplet
on different materials. (i) Contact angles of different materials with seawater.

the two electrodes (Figure 1bii). When water reaches the
highest position on the PTFE surface, the maximum
transferred charges between the uncoated steel electrode and
the coated steel electrode will be achieved (Figure Iciii).
Subsequently, with the water on the PTFE surface gradually
falling back, a current from the uncoated steel electrode to the
coated steel electrode is generated to compensate for the
electrostatic potential difference between the two electrodes
(Figure lciv). Therefore, as the water on the PTFE surface
rises and falls, it creates a constant alternating current between
the uncoated and coated steel electrodes. Meanwhile, in order
to better clarify the operation principle of the SL-TENG, the
ideal potential distribution of the SL-TENG at different
positions is simulated by using finite-element analysis
(COMSOL Multiphysics) (Figure 1d). When water recip-

rocates on the surface of PTFE, a different potential
distribution occurs on the uncoated and coated steel electrode,
which is a good demonstration of the operation principle of the
SL-TENG. In addition, the potential of the uncoated steel
electrode rises during the working process of the SL-TENG
and it has the relevant marine anticorrosion properties.

2.2. Output Performances of the SL-TENG. As seawater
accounts for 97% of the world’s water resources, which
provides a vast space for the application of SL-TENGs, we
design a SL-TENG by using natural seawater (Figure S3) and
then the relative output performance of the SL-TENG with
different dielectric materials is researched. The output
performance of the SL-TENG with different dielectric
materials is depicted in Figure 2a—c, and the transferred
charges, short-circuit current, and open-circuit voltage of the

https://doi.org/10.1021/acsami.1c23575
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—-XXX


https://pubs.acs.org/doi/suppl/10.1021/acsami.1c23575/suppl_file/am1c23575_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c23575?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c23575?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c23575?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c23575?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c23575?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

—
1Y
S

(b)

—
0
S—

) 250
30 ,] DI water e wo] Dl water FEP DI water FEP
.84 PTFE PTFE
i = 2004 PVC —.2004
2 ‘é <
0.6+ -— e
6 PYC - 100 &150_ e ‘
S ol p
- 0.4 fut = 1004
£ 5 5
E 1004 2
@ 0.2 o ‘ 1
E 0.0 ' | 300 0. 1 |
0 100 _ 200 300 400 0 100 200 300 400 0 100 200 300 400
Time(s) Time (s) Time (s)
(d) (e) (f)
“‘.’-N o N.'-"
£ S DI water “g0351 Seawater —a— PVC £0.254 Seawater
Q —— FEP 0.304 —a— FEP 0
EMJ- %U s S a_u 20 % = E-FEP
< 30 @ 0.204 . 7 L
@ c < &
2 S © 0.15 S,
® 0 0.15 a MM
o @ o
Ezu- gu.w- ¥ 4 gu_m M0aase
o 50054 S5
0 1000 2000 3000 3 1000 2000 3000 0 1000 2000 3000

Time (s)

Time (s)

Time (s)

Figure 3. Characterization of performances of the DL-TENG. (a) Transferred charges, (b) short-circuit current, and (c) open-circuit voltage of the
DL-TENG with different dielectric materials. (d) Charge density changing curve of the DL-TENG with different dielectric materials. (e) Charge
density changing curve of the SL-TENG with different dielectric materials. (f) Charge density changing curve of the SL-TENG with the electret

dielectric materials.

SL-TENGs with the fabrication of poly(vinyl chloride) PVC,
PTFE, and fluorinated ethylene propylene (FEP) are 0.12,
0.23, and 0.30 uC; 30, 40, and 70 nA; 17, 52, and 78 V,
respectively. It is obvious that the SL-TENG with PTFE shows
the best output performance and the possible reason is that the
excess fluorinated methyl groups on the surface of the FEP
dielectric material and the complex stereostructure of
fluorinated methyl groups will make it absorb more cations
and then greatly weaken the output performance of the SL-
TENG fabricated by it compared with PTFE and PVC (Figure
2d—f). More detailed mechanisms are needed to be further
researched in future work. In addition, for the application of
the SL-TENG in the hull, the friction coefficient of seawater
with a dielectric material surface will be crucial for reducing the
seawater resistance of sailing ships. An inclined surface is
designed to measure the corresponding friction coeflicient by
measuring the inclined angle required for a seawater droplet
composed of seawater to roll on the inclined surface with
different materials, and the related measuring principle is
displayed in Figure 2d and Note S1. In addition, in order to
more objectively verify the effect of the SL-TENG on seawater
resistance of ships, a commercial marine anticorrosive coating
(CMAC) for ships is studied as a reference, and the
component of the CMAC is chlorinated rubber. Figure S4
shows the inclination angle of a water droplet beginning to
slide on different materials. It can be found that PTFE achieves
the minimum inclined angle. The friction coefficient and
frictional force of a seawater droplet on different materials are
shown in Figures 2e and SS, and it is obvious that PTFE has a
minimum friction coefficient, which is significantly beneficial to
reduce the seawater resistance of sailing ships. Compared with

the CMAC under the same conditions, PTFE can reduce the
sailing resistance of ships by 43.8%. The reason behind this is
that the seawater on the PTFE surface with an excellent surface
microstructure has a minimum contact angle (Figures 2f,
S6,and S7), which can help the seawater droplet to generate a
greater rolling torque and reduce the related contact area as it
rolls across the surfaces (Figures S8 and S9). Therefore, the
advantages of using PTFE for the fabrication of the SL-TENG
are significantly beneficial to reduce the sailing resistance of
ships.

2.3. Output Performance Comparison of the DL-
TENG and SL-TENG. As is known to all, there are a lot of
anions and impurities in seawater, which often adversely affect
the output performance of liquid—solid TENGs.”>** In order
to provide guidance for improving the output performance of
SL-TENGs, which refers to the structure of the SL-TENG
shown in Figure S3, a DL-TENG with the same structure as
the SL-TENG is fabricated by using deionized water to replace
natural seawater and then research the relative output
performance (Figure S10). As depicted in Figure 3a—c, the
transferred charges, short-circuit current, and open-circuit
voltage of the DL-TENGs fabricated by PVC, PTFE, and FEP
are 0.504, 0.684, and 0.742 uC; 145, 220, and 268 nA; 120,
188, and 210 V, respectively. It is easy to find that the output
performance of the DL-TENG is obviously higher than that of
the SL-TENG. The relevant reason is that there is no large
amount of anions and cations in deionized water (Note S2). As
shown in Figure S11, due to the high electronegativity of the
dielectric material surface, when it is immersed in seawater
containing a large number of cations and anions, its surface will
gradually absorb the corresponding cation to balance the
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Figure 4. Measurement of the SL-TENG with marine anticorrosion function. (a) Mechanism of the most common marine corrosion of steel in
seawater. (b) Schematic diagram of the potentiometric monitoring of steel electrodes immersed in seawater. (c) Potential change of the steel
electrode relative to the Pt electrode when the SL-TENG is immersed in seawater in different states. Light microscopy image of the steel electrode
surface with the SL-TENG (d—f) and without the SL-TENG (g—i) at different times.

negative charges so that the surface charge density of the
dielectric material will gradually decrease. In addition, the same
DL-TENG and SL-TENG are fabricated by using the nylon
film, which is usually positively charged, as the dielectric
material. It is not difficult to find that the corresponding output
performance of the DL-TENG and SL-TENG is sharply
reduced compared with the other three kinds of dielectric
materials (Figure S12). The reason behind this is that water
and nylon are both positive materials in the triboelectric
sequence table, and their triboelectric performance is poor.
Therefore, the selection of an electronegative dielectric
material is more benefiting to obtain a SL-TENG with higher
output performance. Meanwhile, since FEP has the best
triboelectric performance and no strong influence of ion
adsorption in the DL-TENG, the DL-TENG fabricated by FEP
shows the best output performance, which is the same as the
SS-TENGs (Figures S13—S16 and Note S3). In addition, in
order to further study the influence of ion adsorption and
triboelectric effect for the SL-TENG, the surface charge
density changes of the DL-TENG and SL-TENG are
researched by using their transferred charges when they are
continuously operated. It can be seen that the surface charge
density of the DL-TENG increases with the operation time of
the TENG and then remains steady (Figure 3d). The reason
behind this is that with the continuous operation of the TENG,
the triboelectric effect accumulates the charge on the dielectric
surface until the maximum surface charge density is reached
and then the charge remains stable. Meanwhile, it is obvious
that the surface charge density of the SL-TENG fabricated by
PVC, PTFE, and FEP increases first and then decreases slowly,
which is completely different from the surface charge density of

DL-TENG fabricated by the same dielectric material (Figure
3e). The corresponding reason is that the triboelectric effect of
the SL-TENG is larger than the ion adsorption effect at the
beginning, and then the ion adsorption effect gradually exceeds
the triboelectric effect. In order to verify the above analysis, the
surface charge density change of the SL-TENG fabricated by
the electret FEP (E-FEP), which has a saturated surface charge,
is also studied (Figure 3f). Because the sufficient surface charge
is saturated, only the ion adsorption weakens the surface
charge density at first and the triboelectric effect does not
increase the surface charge density. It is obvious that the
related surface charge decays directly, which well verifies the
above analysis. Therefore, it is an important research direction
of high-performance SL-TENGs to improve the triboelectric
performance and weaken the ion adsorption effect of dielectric
materials through material optimization.

2.4. Anticorrosion Performance of the SL-TENG.
Marine corrosion usually causes serious damage to the metal
structure of various marine equipment including ships, thus
affecting their function and safety. Figure 4a displays the
mechanism of the most common marine corrosion of steel in
seawater; it shows that the iron atoms on the steel surface as
the anode lose their electrons to become ferrous iron (Fe**)
and escape from the main body of steel into the seawater and
then result in the irreversible structural damage of steel
Simultaneously, the water molecules and dissolved oxygen in
seawater obtain the electrons lost at the anode as a cathode
and reduce to produce hydroxide ions. Based on the above
mechanism, providing more electrons in time to supplement
the electrons lost by steel and reducing its own electrons to
weaken its ability to lose electrons so as to maintain the
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stability of the steel structure are two useful strategies to
improve the marine anticorrosion of steel in the ocean. Many
previous studies have focused on the former research by
utilizing direct-current electricity from the TENG (Figure
§17).>%*" However, the fabrication is extremely complicated
due to the additional rectifier, the addition of the counter
electrode, and the packaging of the TENG for wave-energy-
collection TENGs. Besides, usage of simple simulated seawater
by using a 3.5% sodium chloride (NaCl) solution is difficult to
research real marine corrosion. Meanwhile, this method is
extremely complex and difficult to integrate with the moving
marine equipment such as ships to achieve the function of
marine anticorrosion. According to the working principle of
SL-TENGs, since the potential of uncoated steel electrodes can
rise during the operative process of the SL-TENG, the ability
of losing electrons on the uncoated steel electrode can be
greatly weakened and endow the property of marine
anticorrosion (Figure S18). In order to verify the relevant
principles, we designed a test device consisting of a
potentiostat, a Pt electrode as a reference electrode, and the
SL-TENG fabricated by PTFE to monitor the potential change
of the uncoated steel electrode in the SL-TENG (Figure 4b).
Figure 4c shows the corresponding experimental result, and it
is apparent that the potential of the steel electrode relative to
the Pt electrode can basically stay at about —896 mV under the
operation of the SL-TENG and gradually decreases to about
—945 mV when the SL-TENG stops working. When the SL-
TENG starts up again, the potential of the steel electrode
relative to the platinum electrode rises rapidly again.
Therefore, this result shows that the SL-TENG can weaken
the ability of the steel electrode by losing electrons and achieve
the marine anticorrosive property. In order to further verify the
above principle, we have tested the potential of three kinds of
copper, iron, and aluminum metal materials with different
corrosion resistance values relative to the platinum electrode in
seawater (Figure S19). Based on the known corrosion
resistance sequence of the three metal materials and the
corresponding experimental results, it can be found that the
higher the potential of the relative platinum electrode, the
more the corrosion resistance. Therefore, since the electric
potential of the uncoated steel electrode relative to the
platinum electrode can be increased during the operation of
the SL-TENG, the SL-TENG can also improve the marine
anticorrosion function of steel materials immersed in seawater.
In addition, in order to better verify the marine anticorrosive
function of the SL-TENG with the uncoated steel electrode,
we record the microscopic images of the surface of the
uncoated steel electrode in the SL-TENG and steel immersed
in seawater alone at different times. The microscopic images of
the uncoated steel electrode in the SL-TENG at different times
are displayed in Figure 4d—e, and the microscopic images of
steel immersed in seawater alone are depicted in Figure 4g—i
(the magnification of the microscope is chosen to be 130
times), which indicates that compared with the corrosion of
steel immersed in seawater alone, the uncoated steel electrodes
in the SL-TENG remains more stable after 7 h and 18 h of
immersion in seawater. As the simple structure of the SL-
TENG can be easily integrated with the moving marine
equipment such as ships, it provides an effective method for
obtaining a metal marine anticorrosive for moving marine
equipment.

3. CONCLUSIONS

In summary, a SL-TENG, which can be fabricated by a
dielectric film as the organic coating and the coated and
uncoated steel hull as the two electrodes, was prepared . The
rational selection of the dielectric film enables the SL-TENG
achieve an excellent output performance by the good
triboelectrification performance and weak ion adsorption
effect. Besides, compared with the CMACs, the friction
coefficient of the SL-TENG with seawater is about half of
that of the CMACs, which can assist in the building of ships to
obtain a low sailing resistance of ships. More importantly, since
the uncoated steel electrode that is even immersed in seawater
has a high potential, it can yield a metal marine anticorrosive
with good function. In a word, this work provides an effective
method for designing metal marine anticorrosives for the
development of marine science and technology.

4, EXPERIMENTAL SECTION

4.1. Fabrication of the TENGs. 4.1.1. Fabrication of the SS-
TENG. Different dielectric materials with PTFE, PVC, FEP (50 mm X
100 mm), a copper foil (40 mm X 60 mm), a foam (50 mm X 100
mm), and an acrylic sheet (50 mm X 100 mm X $S mm) were attached
as a stator. The copper foil (30 mm X 50 mm) and acrylic sheet (30
mm X S0 mm) were attached as sliding electrodes.

4.1.2. Fabrication of the DL-TENG or SL-TENG. First, different
dielectric materials with PTFE, PVC, FEP (125 mm X 145 mm), a
copper foil (120 mm X 140 mm), and a double-sided adhesive tape
with a polyimide material (125 mm X 145 mm) were stuck together.
Then, they were fixed on an acrylic tube with a diameter of 4.5 cm
and a length of 15 cm. Besides, a copper foil or a Q235 carbon steel of
dimensions 5 cm X 7 cm was used as another counter electrode for
the SL-TENG. Meanwhile, the relative DI water which has a
conductivity of 18.4 MQ-cm is generated by a pure water machine.
Finally, the natural seawater used in this experiment comes from the
coastal region Qingdao, PR China, which has a pH of about 8.0 and a
salinity of 3.3%.

4.2. Electrical Measurement of the TENGs. The transferred
charge, short-circuit current, and open-circuit voltage were monitored
by a programmable electrometer (Keithley model 6514). The
potential change of the steel electrode in the SL-TENG was recorded
by a potentiostat (Biologic, VMP3). A linear motor (E1100) was used
to obtain the patterns of movement with certain parameters for the
SS-TENG, DL-TENG, and SL-TENG. An optical microscope with a
magnification of 130 times was used to observe the surface
morphology of steel.
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