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ABSTRACT: Triboelectric nanogenerators (TENGs) are useful for
harvesting clean and widely distributed water droplet energy with high
eﬃciency. However, the commonly used polymer ﬁlms in TENGs for
water droplet energy harvesting have the disadvantages of poor
breathability, poor skin aﬃnity, and irreparable hydrophobicity, which
greatly hinder their wearable uses. Here, we report an all-fabric TENG
(F-TENG), which not only has good air permeability and hydrophobic
self-repairing properties but also shows eﬀective energy conversion
eﬃciency. The hydrophobic surface composed of SiO2 nanoparticles and
poly(vinylideneﬂuoride-co-hexaﬂuoropropylene)/perﬂuorodecyltrichlorosilane (PVDF-HFP/FDTS) exhibits a static contact angle of 157° and
displays excellent acid and alkali resistance. Because of its low glass
transition temperature, PVDF-HFP can facilitate the movement of FDTS
molecules to the surface layer under heating conditions, realizing
hydrophobic self-repairing performance. Furthermore, with the optimized compositions and structure, the water droplet FTENG shows 7-fold enhancement of output voltage compared with the conventional single-electrode mode TENG, and a total
energy conversion eﬃciency of 2.9% is achieved. Therefore, the proposed F-TENG can be used in multifunctional wearable
devices for raindrop energy harvesting.
KEYWORDS: fabric triboelectric nanogenerator, waterproof, hydrophobic, self-repairing, droplet energy harvesting
cost, high output, and even high eﬃciency in low frequency.11
Overall, TENG can be seen as a feasible and promising strategy
to eﬀectively harvest low-frequency energy to power
distributed wearable electronics.12
As one of the cleaning, renewable, and widely distributed
energy sources, raindrop energy has low-frequency characteristics and has been demonstrated to be reasonably harvested by
TENGs. This energy could help alleviate the energy crisis and
is particularly suitable for powering distributed wearable
electronics.13 Extensive eﬀorts have been devoted to harvest
water droplet energy by TENGs.14−19 The conventional works
usually focus on the polymer ﬁlms because of their good
triboelectric performance with droplets, which cause poor
breathability and discomfort for the human body for wearable

INTRODUCTION
With the rapid development of human−machine interaction,
health monitoring, and artiﬁcial intelligence, wearable technologies are thriving and have been successfully applied in
virtual reality,1 electric stimulation,2 wearable digital healthcare,3,4 etc., which has inspired increasing interest in industry
and the academic community. On the basis of these
technologies, various multifunctional wearable devices have
been created to serve humankind and greatly enrich our life.5,6
Those wearable devices are widely distributed, and their special
characteristics of portability, mobility, and being numerous and
wireless makes them diﬃcult to power by a conventional
energy supply in a continuous manner.7,8 At present, by
harvesting the distributed mechanical energy around the
wearable devices, some energy-harvesting technologies have
been invented, such as the piezoelectric nanogenerator
(PENG)9 and triboelectric nanogenerator (TENG),10 which
provide a possible solution to solve the above problems.
TENG, in particular, by coupling of contact electriﬁcation and
electrostatic induction, has been considered as a potential
solution to meet the energy demand in the new era of Internet
of Things, with the merits of diverse choice of materials, low
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Figure 1. Features of the F-TENG. (a) Schematic diagram of the F-TENG. (b) Components of the hydrophobic surface. (c) Static contact
angle of the hydrophobic fabric surface. (d) Photographs of the plasma damage and heat treatment of the hydrophobic fabric. (e) Contact
angles of the hydrophobic fabric after plasma damage and heat treatment in several cycles (130 °C). (f) Comparison of output voltages
between single-electrode mode TENG and the F-TENG for water droplet energy harvesting.

several works have employed hydrophobic fabrics for smart
raincoats, umbrellas,31 and tents33 to harvest droplet energy for
powering wearable electronics. For example, Xiong et al.
reported an all-fabric-based dual-mode TENG with selfcleaning and antifouling properties to harvest both electrostatic
energy and mechanical energy of droplets.32 However, the
hydrophobicity of these works is irreversible, which results in
the short service lifetime of the device. Self-repairing properties
can provide devices with longer service lifetime, lower repair
costs, and higher safety levels, which is necessary for
waterproof and self-cleaning wearable devices.34−36 By
introducing low-surface free energy components, hydrophobic
self-repairing can be achieved by heating,37,38 humidifying,39 or
UV light irradiation40 to induce hydrophobic repair with the
advantages of being simple, convenient, and fast. By integrating
the hydrophobic reagent with elastomer or porous polymer
realizing hydrophobic self-repair, the prepared hydrophobic
surface can provide longer service life and increase the device
safety.38 Therefore, it is of great signiﬁcance to exploit the
multifunctional fabric not only with waterproof, breathable,
and self-repairing characteristics but also realizing harvesting of
human movement energy and environmental water droplet
energy for sustainable powering wearable electronics.
Here, we report an all-fabric triboelectric nanogenerator (FTENG) which not only has good air permeability, hydrophobicity, and self-repairing properties but also shows eﬀective
energy conversion eﬃciency. The hydrophobic fabric surface

devices. Furthermore, common device structures for water
droplet harvesting are either the single electrode mode or
interdigital electrode structure mode, which possess a low
charge utilization eﬃciency. To further achieve good
separation between the droplet and the polymer ﬁlm as well
as improve the output performance of droplet energy
harvesters, those chemical or physical processing methods,
such as etching the polymer ﬁlm by plasma,20−24 introducing
nanoparticles23 and hydrophobic groups16−18 on the polymer
surface, are usually used to increase the hydrophobicity of
polymers. Although these methods are eﬀective for realizing
good hydrophobicity, the construction of micro/nanostructures and hydrophobic groups on the polymer ﬁlm surface is
irrepairable. Once the micro/nanostructure and hydrophobic
groups on the hydrophobic surface are damaged due to longterm physical abrasion, the performance of the hydrophobicity
will decrease or even be destroyed. Therefore, it is an
important research direction to ﬁnd a new hydrophobic surface
to solve the above problems of poor breathability, stretchability, and irreversible hydrophobicity of polymer ﬁlms in
wearable ﬁelds.
Fabrics with natural deformability, breathability, skinfriendliness, washability, and abrasion resistance can satisfy
the above-mentioned requirements, showing great potential for
application in wearable ﬁelds. Because of the hydrophilicity of
common fabrics, many works have introduced hydrophobic
groups to realize a hydrophobic fabric surface.25−30 Recently,
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Figure 2. Preparation process and characterization of the hydrophobic fabric. (a) Preparation process of the hydrophobic fabric. (b) Surface
morphology of the original fabric, (c) coated fabric with SiO2 nanoparticles, and (d) the hydrophobic fabric. (e) Contact angle of the
hydrophobic fabric with diﬀerent components. Contact angle and sliding angle of the hydrophobic fabric at various concentrations of (f)
FDTS and (g) PVDF-HFP. (h) Contact angle and (i) sliding angle of the hydrophobic fabric after several long-time washing (48 h) by
deionized water, strong acid, and base solutions, respectively. (Insets show the photograph of the hydrophobic fabric washed by deionized
water, HCl solution (pH = 2.0), and NaOH solution (pH = 12.0), respectively.) (j) Air permeability of the hydrophobic fabric at diﬀerent
pressures.

contains SiO2 nanoparticles and a mixing coating of poly(vinylideneﬂuoride-co-hexaﬂuoropropylene)/perﬂuorodecyltrichlorosilane (PVDF-HFP/FDTS) and displays the superhydrophobic characteristic with static contact angle of 157°,
even showing excellent acid and alkali resistance. The SiO2

nanoparticles increased surface roughness, and FDTS as a
ﬂuorosilane reagent mainly plays the roles of decreasing the
surface free energy and increasing surface hydrophobicity. And
PVDF-HFP endows the surface with hydrophobic selfrepairing ability due to its thermoplastic’s elastomer property.
18174
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energy harvesting. As schematically illustrated in Figure 1a, the
F-TENG is composed of three fabric layers and a top
electrode, where the top electrode will directly contact with
water droplet when the water droplet spreads on the
hydrophobic surface. Here, the three fabric layers include top
hydrophobic fabric, middle conductive fabric, and bottom
original PET fabric. The bottom original PET fabric plays the
roles in separating middle conductive fabric from human skin
and protecting middle conductive fabric from external abrasion
so as to reduce short circuit. When the F-TENG is applied for
water droplet energy harvesting, it shows superior output
performance compared with the conventional single-electrode
mode TENG and even comparable to other water droplet
energy harvester, as shown in Table S1. This attributes to the
good triboelectric performance of this hydrophobic surface and
the advantages of the recently reported TENG’s structure.41,42
As shown in Figure 1f and Figure S2 the electric output voltage
and charge of the F-TENG have been improved about 7-fold
compared with single-electrode mode TENG. The superhydrophobic property enables the water droplet to fully
separate with the fabric surface to reduce the shielding eﬀect
by residual water droplets. The top electrode can make more
electrostatic charges participate in charge transfer between the
top electrode and middle conductive fabric and ﬁnally improve
the electric output performance.
Preparation Process and Characterization of the
Hydrophobic Fabric. The chemical structures of PVDFHFP and FDTS are shown in Figure S3a, and the preparation
process of the hydrophobic fabric is schematically illustrated in
Figure 2a, which mainly contains a two-step dip-coating
strategy. The corresponding chemistry characterization of
preparation of the coated fabric has been discussed in Note S3.
The cross-sectional SEM images of the coated fabric are shown
in Figure S4. From the scanning electron microscope (SEM)
images, we can know that silica nanoparticles can be uniformly
distributed on the PET fabric surface and the coated PVDFHFP/FDTS components seem commendably immobilizing
the SiO2 nanoparticles, which can enhance the hydrophobic
stability of the coated fabric (Figure 2a−c). The fabric has
been pretreated by NaOH solution to remove the surface
impurity. As shown in Figure S5, the surface of the fabric
pretreated by NaOH has little inﬂuence of the fabric surface
morphography. Therefore, the SiO2 particle plays a major role
in increasing the surface roughness in our work. As shown in
Figure S6a−c, the treated fabric not only has favorable
hydrophobicity but also has good lipophobicity. Therefore, the
hydrophobic fabric possesses a self-cleaning ability where the
graphite powder can be easily removed from the hydrophobic
surface by water droplet drip washing, while the untreated
fabric was wetted and contaminated by the powders, as shown
in Figure S6d.
Given that excellent hydrophobicity and stability are
important factors to evaluate the performance of the
hydrophobic layer, a series of experiments were conducted to
optimize these properties. To enhance the performance of the
hydrophobicity, stability, and self-repairing ability, the
components of the hydrophobic coating layer and the
concentration of each component are optimized. The surface
morphology and functional groups are closely related with the
hydrophobicity, which vary from diﬀerent components. Here,
the surfaces with SiO2/FDTS and SiO2/PVDF-HFP/FDTS
have preferable hydrophobicity because SiO2 particles can
increase the surface roughness and FDTS provides low surface

Therefore, the mentioned three components work together to
lower surface free energy and improve surface hydrophobicity
and stability. The hydrophobic self-repairing properties can
provide devices with longer service lifetime, lower repair costs,
and higher safety levels, which are important for waterproof
and self-cleaning wearable devices. Furthermore, the hydrophobic fabric was used for fabricating the F-TENG, and one
water droplet can realize the output of 22 V and 7.5 nC with a
totally energy conversion eﬃciency of 2.9%, which shows great
potential applications in wearable water droplet energy
harvesting, such as smart raincoats or umbrellas, for powering
wearable electronics.

RESULTS AND DISCUSSION
Structural Features of the All-Fabric TENG. To improve
the comprehensive performance of wearable devices and adapt
the complex environment, multifunctional properties should be
provided to wearable devices. We constructed a multifunctional fabric with self-cleaning, hydrophobic self-repairing, and
anticorrosion properties and used it to fabricate the F-TENG
for water droplet energy harvesting (Figure 1a). The detailed
descriptions of the structure of F-TENG are as follows. The
hydrophobic fabric surface is composed of SiO2 nanoparticles,
FDTS and PVDF-HFP (Figure 1b). Here, the three
components work together to provide the original fabric
surface hydrophobicity and lipophobicity, where SiO2 nanoparticles increase surface roughness; FDTS largely decreases
surface free energy and increases surface hydrophobicity;
PVDF-HFP plays the roles in binding agent to immobilize the
SiO2 nanoparticles and FDTS polymer molecules and improve
the durability of the hydrophobicity. The attained hydrophobic
fabric of SiO2/FDTS/PVDF-HFP can realize a super-hydrophobic property with a static contact angle (CA) of 157°, as
shown in Figure 1c. Owing to its low glass transition
temperature (Tg, −40 °C),37 PVDF-HFP has a thermoplastic
elastomer characteristic that facilitates the movement of FDTS
polymer molecules in the coating layer and achieves hydrophobic self-repairing property. When the damaged hydrophobic surface is heated for several minutes or placed at room
temperature for several hours, inside FDTS molecules of the
coating layer will migrate to the damaged hydrophobic surface
to lower the surface free energy and the surface hydrophobicity
will recover again. The detailed mechanism of self-repair is
explained in Note S1. The self-repairing ability of the
hydrophobic coating was investigated by artiﬁcially damage
the coated fabric with plasma treatment. As shown in Figure
1d,e, the hydrophobic surface was damaged and became
hydrophilic by plasma treatment. When the plasma-treated
fabric was heated for 10 min at 130 °C, the hydrophobicity
would recover again. The self-repairing process is repeatable
and the hydrophobic surface shows a slight decrease of the
contact angle but still displays good hydrophobicity after
several cycles. As shown in Figure 1e, the changes of contact
angle by several plasma and heat treatments demonstrate the
good hydrophobic self-repairing ability of the coated fabric. In
addition, the hydrophobic self-repairing ability of the coated
fabric can also be demonstrated at room temperature and
higher temparature to accelerate the self-repairing process,
whether the coated fabric is treated by abrasion or plasma
treatment, as shown in Figure S1 and Note S2.
To further explore the potential of the hydrophobic fabric
and achieve multifunctional applications, this hydrophobic
fabric was fabricated as a wearable F-TENG for water droplet
18175
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Figure 3. Working mechanism and optimization methods of the F-TENG. (a) Photograph of the F-TENG. (b) Working mechanism of the FTENG. (c) Current signal generated by one water droplet. (d) Output voltage and charge of the hydrophobic fabric with diﬀerent surface
components, respectively. (e) Output voltage, current and charge of the hydrophobic fabric with various concentrations of FDTS,
respectively. (f) Output voltage, current, and charge of the hydrophobic fabric with diﬀerent concentrations of PVDF-HFP, respectively.

concentration of PVDF-HFP cannot immobilize SiO2 nanoparticles while a high concentration of PVDF-HFP will hinder
the air permeability of fabric, we chose 2 wt % of PVDF-HFP
as the optimal concentration, which also possesses the optimal
hydrophobicity, as shown in Figure 2g.
To show the excellent hydrophobic stability of the coated
fabric, washing tests with deionized water, strong acid, and
alkali corrosion have been executed. The coated fabric was
immersed in deionized water and strong acid and alkali
solution and continuously washed for 48 h under magnetic
stirring conditions, respectively. After the coated fabric was
washed in deionized water, HCl solution (pH = 2), and NaOH
solution (pH = 12) for 48 h, the contact angle of the coated
fabric only slightly decreased (Figure 2h) and the corresponding sliding angle slightly increased (Figure 2i), still displaying
the ﬁne hydrophobicity as shown in Figure S8. The SEM
images of coated fabrics washed with HCl and NaOH also
indicate that the surface of coated fabric has no obvious
morphology changes after the strong acid and alkali solution
washing (Figure S9), which demonstrate that the coated fabric
can resist the corrosion of strong acid and alkali. In addition,
after continuously washing 48 h, silica nanoparticles can be
clearly observed and evenly distributed on the coating surface,
as the SEM image in the Figure S10, which indicates that the
nanoparticles are ﬁrmly immobilized on the fabric surface and
the coated fabric has hydrophobic stability. Mechanical
robustness is the major challenge for super-hydrophobic
coatings and was also considered in this work. The tape

free energy, as shown in Figure 2e. Although the surface of
SiO2/FDTS has a better hydrophobic contact angle than the
SiO2/PVDF-HFP/FDTS surface, the SiO2/FDTS surface
shows poor hydrophobic stability. As shown in Figure S7,
the contact angle of SiO2/FDTS decreases from 156° to 101°
after washing for 24 h with deionized water. In contrast, the
SiO2/PVDF-HFP/FDTS surface shows good hydrophobic
stability as shown in the section of washing tests because the
blinding agent of PVDF-HFP can immobilize the SiO 2
nanoparticles and FDTS molecules on the hydrophobic
coating, as depicted in Figure 2d. In addition, the ﬂuorine
atom in the component of PVDF-HFP may helpful for the
triboelectriﬁcation process.
Then we also optimized the concentration of FDTS and
PVDF-HFP to further improve the combination performance
of the hydrophobic surface. Considering that FDTS is the
major contributor for favorable hydrophobicity due to its low
surface free energy, it is considered ﬁrst. As shown in Figure 2f,
the surface hydrophobicity increases ﬁrst and then decreases
with the increases of FDTS concentration. The surface with a
concentration of 1.5% (v/v) of FDTS has the largest contact
angle and lowest sliding angle in our coating fabric. The
contact angle will not endlessly increase with the increase of
concentration of FDTS. Here, we choose 1.5% (v/v) as the
optimal concentration of FDTS. In addition, given that PVDFHFP plays roles in strengthening surface stability and
providing surface self-repairing ability, its concentration also
is one of the important optimization parameters. Since a low
18176
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Figure 4. Applications of the F-TENG for water droplet energy harvesting. (a) Schematic diagram shows the application scenario of the FTENG for wearable water droplet energy harvesting. (b) Output voltage of F-TENG with diﬀerent volumes of water droplet. (c) Output
voltage of F-TENG with water droplet at various dropping heights. (d) Output voltage of F-TENG with diﬀerent dropping velocity of water
droplet. (e) Output current and power of F-TENG with diﬀerent external load resistances. (f) Electric output stability of F-TENG. (g)
Charging curves of various capacitors charged by the F-TENG. (h) Electric output to power LED arrays (inset is the photographs of LED
arrays powered by F-TENG).

peeling test and mechanical abrasion test were implemented to
characterize the mechanical robustness of the coated fabric,
which also demonstrates the favorable mechanical stability of
the coated fabric (Figure S11 and Note S4). In addition, we
also tested the air permeability of the coated fabric and the
original fabric. As shown in Figure 2j, although the air
permeability of the hydrophobic fabric has decreased a little bit
compared with original fabric, the breathability of the
hydrophobic fabric is still higher than commercial denim
fabrics (∼10 mm s−1), and the breathability also increases with
the increase of air pressure. These results show that the
hydrophobic fabric still has good breathability and comfort in
wearable application areas.
Working Mechanism and Optimization of F-TENG for
Water Droplet Energy Harvesting. We have conﬁrmed
above that a favorable multifunctional hydrophobic fabric has
been obtained. Furthermore, we used the multifunctional
hydrophobic fabric to construct an F-TENG for water droplet
power generation, as shown in Figure 3a. In combination with
the latest research on water droplet energy harvesting, a special

structure adopted in the device for water droplet energy
harvesting, which introduced a top electrode on hydrophobic
surface to periodic contact with water droplet.40 The detailed
working mechanism of the F-TENG is illustrated in Figure 3b.
With droplets continually dripping on the hydrophobic surface,
some negative charges will accumulate on the hydrophobic
surface due to the contact electriﬁcation between hydrophobic
surface and water droplets. Therefore, after several water
droplets fall on the surface, a layer of stable triboelectric
negative charges will distribute on the hydrophobic surface.
Here, we only focus on the stable working cycles. The negative
electrostatic charges on the surface of the hydrophobic layer
will induce opposite charges in the bottom electrode (Figure
3b (i)). When the water droplet drips from a high location, the
water droplet ﬁrst drops on the surface and then spreads on the
hydrophobic surface. Before the water droplet touches with the
top electrode, all of the induced charges will distribute on the
bottom electrode (Figure 3b (ii)). Once the spreading droplet
touches with the top electrode, electrons will transfer from the
top electrode to the bottom electrode to balance the potential
18177
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addition, the surface with 2 wt % of PVDF-HFP has the
optimal electric output performance, as shown in Figure 3f.
Applications of the F-TENG for Water Droplet Energy
Harvesting. To demonstrate the good performance of the FTENG for water energy harvesting, a series of experiments are
conducted to simulate the practical conditions to test the
electric performance of the F-TENG (Figure 4a). The
position, size, height, and impacting frequency of water
droplets are systematically studied. Eﬀects of water droplet
positions on the output performance of F-TENG are detailed
described in Figure S15 and Note S6. As shown in Figure 4b
and Figure S11a, the output voltage increases with the increase
of water droplet volume, which is attributed to the increased
contact area of one water droplet on the hydrophobic surface.
We chose the water droplet with a volume of 60 μL to execute
the following study. As shown in Figure 4c and Figure S16b,
the output voltage increases with the height of water droplet
because the spreading area and the impact force between water
droplet and hydrophobic surface increase with the water
droplet height. It is supposed that a larger impact force will
facilitate the electron transfer between the dielectric and water
droplet because it is beneﬁcial for electron cloud to overlap.43
However, when the height reaches a certain value, the larger
water droplet will split into much small droplets because of the
droplet’s Weber number increasing, which is harmful for the
output performance. The detailed description of the eﬀect of
Weber number is shown in Note S7. Furthermore, the output
voltage remains constant at diﬀerent dropping velocity because
the voltage has a positive proportional relationship with
contact area, where the water droplet spread area keeps stable
with the velocity of water droplet (Figure 4d). The maximum
output power of the F-TENG is up to 0.11 mW with the
external matched resistance of 50 MΩ, which is much higher
than the conventional single electrode mode TENG and fabricbased TENG for water droplet energy harvesting (Figure 4e).
A total energy conversion eﬃciency of 2.9% is achieved. The
calculation of the energy conversion eﬃciency of F-TENG is
shown in Note S8.
The electric output stability of the F-TENG was also
studied. As shown in Figure 4f, after working for 18000 cycles,
the output voltage of the F-TENG shows no noticeable
ﬂuctuation, indicating its long-term stability for application in
practical water droplet energy harvesting. To further
demonstrate the ability of the F-TENG for powering
electronics, it is used for charging diﬀerent commercial
capacitors. As the charging curves shown in Figure 4g, the
capacitor of 0.47 μF can be charged to 12 V and the capacitor
of 6.6 μF can be charged to 0.9 V within 40 s. Finally, the FTENG is used to light LEDs, and we ﬁnd that one water
droplet can light 25 LEDs (Movie S1), which demonstrates the
F-TENG can eﬀectively harvest water droplet energy for
powering wearable electronics. The F-TENG can also combine
with the contact-separation mode TENG for simultaneously
harvesting the mechanical energy of human motion and water
droplet energy, showing great potential for application in
wearable ﬁelds.

diﬀerence, generating a peak current signal as the negative
current signal shown in Figure 3b (iii) and Figure 3c. After the
spreading water droplet reaches the maximum area, the water
droplet begins to contract and slide away from the hydrophobic surface. Since the spreading area of the water droplet
decreases with the contract of the water droplet, opposite
charges will be induced in the bottom electrode again for
balancing the negative charges on the hydrophobic surface and
a opposite peak current is generated, as shown by the positive
current signal in Figure 3b (iv) and Figure 3c. Since the
process of building the induced charges in the bottom
electrode is in accordance with the water droplet shrinkage,
the relaxing time of the signal is longer. When the water
droplet slides away and does not contact the top electrode, the
current signal will disappear. The corresponding voltage signal
is shown in Figure S12. The explanation of the improvement of
electric output performance is shown in Note S5.
Given that the surface layer with diﬀerent components not
only inﬂuences the surface hydrophobicity but also closely
relates with the triboelectric performance, the electric output
performance of each surface with diﬀerent components and
concentrations was also tested to obtain the optimal hydrophobic fabric surface. Since FDTS provides better hydrophobicity and the water droplets can slide oﬀ the surface, we
chose the coated fabric with FDTS as the reference material
and further investigated the eﬀects of additives of PVDF-HFP,
SiO2, and SiO2/PVDF-HFP on the electric performance of
TENG. By comparing the electric output of the several coated
fabrics with diﬀerent components, the variation tendency of
the voltage, current, and charge are consistent with the
variation tendency of the hydrophobicity of the coated fabric in
our experiment, respectively. The results show that the fabric
surface with preferable hydrophobicity also has a better output
performance. Since the surface has better hydrophobicity,
water droplets can more easily and quickly slide away from
surface without residual water droplet. The residual water
droplet on the surface will shield a part of negative charges on
dielectric, which decreases the number of induced charges on
bottom electrode. In addition, since better hydrophobic surface
allows droplets to quickly slide oﬀ the surface, which can
achieve high-frequency water droplet energy harvesting and the
surface with preferable hydrophobicity can harvest more
droplet energy at per unit time and increase the total output
power.44 As shown in Figure 3d,g and Figure S13, hydrophobic
fabrics with SiO2/FDTS and SiO2/PVDF-HFP/FDTS have
the preferable electric output. Although the coated fabric
containing SiO2/FDTS possesses higher electric output than
SiO2/PVDF-HFP/FDTS, the coated fabric of SiO2/FDTS has
poor stability because the SiO2/FDTS will shed from the
coating layer without the immobilization of PVDF-HFP after a
short time water droplet impact and gradually becomes
hydrophilic (Figure S7). As shown in Figure S14, the output
voltage decreases from 20 to 5 V after continuously working
for 2 h, which shows the instability of the SiO2/FDTS surface.
Therefore, we chose the surface of SiO2/PVDF-HFP/FDTS
for the following study. According to Figure 3e with respect to
the optimization of FDTS, it can be found that the surface with
1.5% (v/v) FDTS also has optimal electric output performance, which is consistent with the above contact angle change
in the above optimization of FDTS concentration part,
demonstrating that the better surface hydrophobicity tends
to obtain the better electrical output performance again. In

CONCLUSIONS
In summary, an all-fabric TENG with good air permeability,
hydrophobic self-repairing properties, and eﬀective energy
conversion eﬃciency is reported for water droplet energy
harvesting. The hydrophobic fabric is prepared by successively
coating SiO2 nanoparticle solution and PVDF-HFP/FDTS
18178
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Plasma Treatment. The hydrophobic fabric was subjected to
plasma treatment with Ar (50 sccm gas ﬂow) and O2 (5 sccm gas
ﬂow) as source gas to damage the fabric surface hydrophobic layer.
For each plasma treatment, a 5 min plasma treatment under a power
of 19 W was employed. Such a plasma treatment can make fabrics
completely hydrophilic. The plasma-treated fabric was heated at 130
°C to recover initial hydrophobicity.
Acid and Base Stability. The hydrophobic fabric was immersed
and stirred in strong acid solution (HCl, pH = 2) or base solution
(NaOH, pH = 12) at room temperature for 48 h. The static contact
angle and sliding angle were tested every 12 h of continuous washing.
Characterization and Electrical Measurements. A ﬁeldemission SEM (SU1510) was employed to characterize the
micromorphology of the fabric surface. The static contact angle and
sliding angle were measured by a video-based optical contact angle
measuring system (Dataphysics OCA15 Pro) with water droplets of 7
μL. To measure the electric output of the TENG, a programmable
electrometer (Keithley Instruments model 6514) was used.

mixing solution. The deposited SiO2 nanoparticles largely
increase the surface roughness. The FDTS as a ﬂuorosilane
reagent mainly plays the roles in decreasing the surface free
energy and increasing surface hydrophobicity, and PVDF-HFP
plays the roles in binding agent to immobilize the SiO2
nanoparticles and endowing the hydrophobic surface with
self-repairing ability due to its thermoplastic’s elastomer
property. By optimizing the components and concentrations
of each material, the prepared hydrophobic fabric shows
favorable wash durability, resistant to acid and alkali corrosion,
and hydrophobic self-repairing ability. Furthermore, the
hydrophobic fabric as a wearable water droplet harvester can
eﬀectively convert water droplet energy into electric energy
with the output of 22 V and 7.5 nC. The F-TENG with
favorable air permeability, hydrophobic self-repairing, and
higher conversion eﬃciency not only has comprehensive
application prospects in multifunctional wearable devices but
also can combine with the contact-separation mode TENG for
simultaneously harvesting mechanical energy of human motion
and water droplet energy.
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EXPERIMENTAL SECTION

Figures S1−16: comparison of the coated fabric before
and after abrasion; comparison of the output charge of
F-TENG and single electrode mode TENG for water
droplet energy harvesting; characterization of the coated
fabric; cross-sectional SEM images of the coated fabric;
SEM image of the original fabric and pretreated fabric by
NaOH; characteristics of hydrophobic and self-cleaning
property of the coated fabric; contact angle change of
the FDTS/SiO2 hydrophobic fabric; hydrophobicity of
the coated fabric after long-time washing; SEM of the
coated fabric after washing by strong acid and alkali
solution; distribution of SiO2 nanoparticles on the
coated fabric after washing by water; mechanical tapepeeling and abrasion test; voltage signal of the F-TENG
for water droplet energy harvesting; optimization
directions of the F-TENG; stability of SiO2/FDTS
coated fabric TENG; output performance of the FTENG when the droplet in diﬀerent impacting
positions; output voltages of the F-TENG at diﬀerent
conditions. Table S1: comparison of the water droplet
energy conversion eﬃciency of the F-TENG with
reported representative works (PDF)
Lighting LED process of the F-TENG for harvesting
water droplet energy (MP4)

Materials. 1H,1H,2H,2H-Perﬂuorodecyltrichlorosilane (98%,
Aladdin), poly(vinylidene ﬂuoride-co-hexaﬂuoropropylene) (Mw =
455,000, polydispersity = 4.12, Macklin), modiﬁed silica nanoparticles
(50 nm, Shanghai Yuanjiang Chemical Co., Ltd.), dimethylformamide
(99.5%, Yong Da Chemical), tetrahydrofuran (99.5%, Yong Da
Chemical). Commercial polyester fabrics were plain weave, thickness
= 343 μm.
Pretreatment of the Polyester Fabric. The commercial fabric
was immersed in NaOH solution (1 mol L−1) and magnetic stirred for
1 h at 60 °C to remove the impurities on the original fabric surface.
Then the fabric was rinsed with deionized water to remove the
residual alkali solution until the alkali was totally removed (pH = 7.0).
Finally, the treated fabric was placed in an oven to dry with the
temperature of 60 °C or dried in nature environment, and the
pretreatment of original fabric is ﬁnished.
Preparation of Silica Nanoparticles Solution. The modiﬁedhydrophobic silica nanoparticles of 1.5 g were added into the
tetrahydrofuran (THF) solution of 31 mL at a temperature of 35 °C,
and it was magnetically stirred until the silica nanoparticles were
totally dispersed and a homogeneous solution was formed. The silica
nanoparticle solution was prepared.
Preparation of PVDF-HFP/FDTS Solution. The PVDF-HFP/
FDTS solution was prepared by mixing PVDF-HFP (1.0 g) and
FDTS (0.75 mL) in DMF (50 mL) to form a homogeneous solution.
After magnetic stirring for 0.5 h, the solution was prepared for coating
on fabrics.
Preparation of the Hydrophobic Fabric. A two-step dipcoating method was used to treat the fabric. In the ﬁrst step, the
original fabric was immersed in the silica nanoparticles solution (silica
nanoparticles concentration, 1.5 wt %) for 2 min to deposit silica
nanoparticles on fabric surface. The treated fabric was then dried at
room temperature for 15 min. Without any rinsing, the particle-coated
fabric was immersed in the second coating solution for 2 min to
deposit PVDF-HFP/FDTS on the surface. The coated fabric was
ﬁnally dried at 130 °C for 1 h.
Fabrication of the F-TENG. A conductive fabric was taped on the
back side of the hydrophobic SiO2/PVDF-HFP/FTDS-coated fabric
with dimensions of 3 cm × 3 cm as the bottom electrode. Another
conductive fabric with dimensions of 3 cm × 0.5 cm was used as the
top conductive wire. An original piece of fabric was tapped on the
bottom layer to separate skin from the middle conductive fabric to
avoid direct contact of the electrode with human skin. The middle
conductive fabric and top conductive wire were connected by an
external electric wire.
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