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Improving the performance of triboelectric nanogenerator (TENG) in environment with high humidity is critical
for their applications in blue energy, humidity sensing, implantable nanodevice etc. Here, we report a kind of
humidity-resisting TENG (HR-TENG) by using polyvinyl alcohol/lithium chloride (PVA/LiCl) as the triboelectric
layer, the output of which is much enhanced (~5 times) with the increase of relative humidity (RH, from 20% to
99%). Abundant hydroxyl groups in PVA can fix water molecules to form more tribo-positive surface polarity,
and LiCl can regulate the water absorption ability of PVA/LICl film. The combined effect brings in numbers of
wrinkle microstructure on its surface and synchronously decreases its modulus, enabling more efficient contact.
Charge density of the HR-TENGs are higher than 115 uC/m? in a wide range of RH (from 60% to 99%), espe-
cially, reaches a maximum value of 244 nC/m? in 90% RH, which is much larger than the highest value 110 pC/
m? among reported HR-TENGs (RH>50%). Moreover, the PVA/LiCl based TENGs can be acted as power source
in high RH (93%) condition and respiratory monitoring sensor for human physiological monitoring. These results

provide an efficient way for TENG with high output in high humidity environments.

1. Introduction

To satisfy the increasing demand of green and sustainable power
supplies for widely applied intelligent electronic devices [1-3], energy
harvesting technologies based on electromagnetic induction, piezo-
electric effect [4-6], pyroelectric effect [7,8] and triboelectric effect
[9-12] have been developed rapidly in recent years. Triboelectric
nanogenerator (TENG), as one of the most promising energy harvesting
technologies, has been extensively exploited to convert various kinds of
mechanical energy from ambient environment into useful electrical
energy. Benefitting from the advantages of low-cost, variable structure,
easy fabrication, high energy conversion efficiency as well as favorable
biological compatibility [13-15], TENG exhibits great capability of
being a sustainable power source in most of application circumstances
[16-18]. However, the diversity and variability of the application sce-
narios further require TENG to be highly adaptable to the working
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environment, especially in some harsh environments, such as high hu-
midity conditions. Moisture in atmosphere can easily absorb on the
friction layer’s surface of TENG and form a layer of free water, which
will accelerate the transmission and dissipation process of the tribo-
electric charges on friction surface [19]. As a result, the output and
stability of TENG will be severely degraded. Therefore, how to achieve
high output performance of the TENG in high humidity environment is
still a big issue.

To address this problem, several humidity-resisting TENGs (HR-
TENG) have been proposed by utilizing encapsulated package or
superhydrophobic triboelectric materials [20-25]. For example, Xu
etal. [26] and Mule et al. [27] encapsulated TENGs into a closed drying
space which could effectively protect TENGs from the negative influence
of moisture. By using this method, stable output performance was suc-
cessfully realized in relative humidity (RH) range of 40-80%. In addi-
tion, Li et al. [28] and Lee et al. [29] introduced micro/nano structure or
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hydrophobic groups on the frictional layers to lower the surface energy
and hence achieve superhydrophobic surfaces, which could prevent the
absorption of moisture and further mitigate the output degradation in
high humidity conditions. Moreover, considering that the encapsulation
and hydrophobization process are cumbersome, complicated and inap-
propriate for large-scale application of TENGs, Chang et al. [30,31]
designed TENGs with water bridge theory, in which charge transfer
increases the surface charge density and hence enhances the output of
TENGs in humid environments. Subsequently, Wang et al. [32] also
developed a starch film based TENG with an enhanced output perfor-
mance in humidity ambience, the output current density and charge
density of which increase from 0.42 pA/cm?, 8 uC/cm? to 1.04 pA/cm?,
27.8 pC/cm? respectively when the RH increases from 15% to 95%.
These studies have gradually increased the performance of TENG in
humid environments, but the output is still relatively low, especially in
high RH, and needs to be further improved. If the environment humidity
can be used to largely increase the output performance of TENG in
humid environments with a wide range of RH, it will be great valuable.

In this work, we developed a kind of HR-TENG based on PVA/LiCl
composite film which can take advantage of water in humid environ-
ments to realize a high output in wide range of RH (from 60% to 99%).
Benefitting from the enhanced tribo-positive property, roughened sur-
face, and soft contact causing by decreased modulus in humid envi-
ronments, the output performance of PVA/LiCl based HR-TENGs is
largely improved in high humidity conditions. Through controlling the
water absorption ability of PVA/LiCl film by adding different mass ratio
of LiCl, the output charge density of HR-TENG is always higher than 115
pC/m? in high RH (from 60% to 99%). Especially, the maximum output
voltage and current of the HR-TENG reach 670 V and 37 pA in RH 90%,
the corresponding charge density is 244 uC/m?2, which is 2.21 times
larger than the highest value of 110 pC/m? among reported HR-TENGs
(RH>50%). In addition, The HR-TENG used as a power source in high
RH (93%) and as humidity sensor for human physiological monitoring
have been successfully developed.

2. Experimental section
2.1. Preparation of PVA and PVA/LiCl films

Firstly, 4.8 g PVA powder (Aladdin Reagents Co., Ltd, degree of
alcoholysis: 99.0-99.4 mol%, viscosity: 12.0-16.0 mPa s) was added
into 40 mL distilled water with stirring and 90 °C water bath until it was
completely dissolved. Secondly, different amounts of LiCl (Shanghai
Jufeng Chemical Technology Co., Ltd) were added into PVA solution
after it cooled down to room temperature, forming PVA/LiCl solution
with mass ratio of 12:1, 18:1, 24:1, 30:1 respectively. Thirdly, PVA/LiCl
solution was spinning coated on an aluminum electrode attached on
acrylic sheet. The spinning coating parameter was 500 rpm for 5 s and
2000 rpm for 10 s. Finally, the prepared films were dried on a hot plate
at 80 °C for 5 min, and then PVA and PVA/LiCl films with thickness
about 15 pm could be obtained.

2.2. Preparation of PVDF and nylon films

2 g PVDF powder (Aladdin Reagents Co., Ltd) was added into 8 g
DMF (Sinopharm Chemical Reagents Co., Ltd.) with stirring and 80 °C
water bath until it was completely dissolved. The obtained PVDF solu-
tion was spin-coated on a silicon wafer (2000 rpm, 10 s), and then dried
on a hot table at 110 °C for 2 min. PVDF film with thickness of 20 ym
could be easily peeled off from Si wafer. As for nylon, 2 g nylon was
added into 4.8 g formic acid (Sinopharm Chemical Reagents Co. Ltd) and
3.2 g dichloromethane (Tianjin Fuyu Fine Chemicals Co. Ltd) into a
conical flask with stirring for 1 h until it was completely dissolved. With
the same fabrication process of PVDF film, nylon film with thickness of
30 um was obtained.
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2.3. Fabrication of micro structured PTFE film via plasma etching

Precut PTFE film was firstly put into the ICP cavity, and then oxygen
atmosphere (2 Pa) and input power of 100 W were adopted to etch the
surface of PTFE for 30 min

2.4. Fabrication of PVA/LICl based TENGs

The spinning-coated PVA, PVA/LiCl or nylon film with size of 25
mmx25 mm on aluminum foil electrode were used as positive friction
layer. The precut PVDF (25 mmx25 mm) and PTFE (30 mmx30 mm)
films were attached on a clean flat acrylic plate (40 mm x40 mm x 1 mm)
with aluminum electrode, which were used as the negative friction part.
PVA, PVA/LiCl and nylon film was paired with PVDF or PTFE film to
construct TENGs with contact-separation mode respectively. All TENGs
were placed in a humidity chamber with RH 20% before measurement.

2.5. Fabrication of respiratory airflow driven TENG

An acrylic tube with inner dimensions of 50 mmx30 mmx15 mm
was made by a laser cutter. Aluminum foils with spinning coated PVA/
LiCl film were attached on the top and bottom surface of the small
chamber via double sided tape as the electrode and positive friction
layers. One end of the plasma etched PTFE (50 mm x 25 mmx0.05 mm)
was fixed onto the middle plane of the acrylic tube as the negative
friction layer. Keeping the other end of PTFE film free-standing so that it
could fluctuate up and down when respiratory airflow came through.

2.6. Characterization and measurement

The mechanical tensile test was carried out using ESM301/Mark-10
system. The gauge size of the sample was about 10 mm x5 mmx0.8 mm.
For tensile tests, the speed was fixed at 10 mm/min. The SEM images
were taken by Apreo HiVac (FEI, USA), and optical microscope images
were taken by Leica DM2700M RL/TL. For the electrical measurement
of TENGsS, a linear motor (Linmot E1100) was used to provide the pe-
riodical mechanical stimulus. Low noise preamplifiers (Stanford, SR570)
and Keithley electrometer 6514 were used to measure the output current
and voltage. PCI-6259 (National Instruments) was used for data
collection. A software platform based on Labview was used to realize
real-time data acquisition and analysis. As for the testing environment
control, a sealed cuboid chamber with two inlets and one outlet was
utilized to accurately control the humidity. An air inlet and an outlet for
dry air are on the left side of chamber. A flow meter is used to control the
air inlet and outlet respectively. The right side of the chamber is the
other air inlet which is used to control the humid air flow. The three
flowmeters can be adjusted depending on the indication of the hy-
grometer in the chamber so that the required relative humidity can be
accurately achieved.

3. Results and discussion

Generally, the output of TENGs decreases as the RH increases due to
the aggravated dissipation of triboelectric charges resulted by free water
film adsorbed on the friction layers. For example, as shown in Fig. S1,
with the RH increasing from 20% to 99%, the output voltage and current
of a TENG based on commonly used PVDF and nylon are gradually
reduced by 84% and 79%, respectively. To conquer this reducing trend
of TENG’s output, the HR-TENG composed of PVA and PVDF is
designed. Its fabrication process and working mechanism are schemat-
ically shown in Fig. 1a. The output of PVA/PVDF based TENG exhibits a
completely different trend with the increasing of RH. As shown in
Fig. 1b, the output voltage firstly decreases from 12.1 V to 4.8 V with the
RH increasing from 20% to 60%, and then sharply increases to 42.8 V,
which is 3.5 times of the initial value when the RH continuously
increased to 99%. The output current also presents the same tendency,
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Fig. 1. The mechanism of PVA film to enhance the output of HR-TENG. a, The fabrication process and working mechanism of the HR-TENG composed of PVA and
PVDF. b, ¢, The output voltage and current of the HR-TENG in different RH conditions. d, The output current of single electrode TENG which composed of PTFE,
PVDF, PVA and nylon with water, respectively. e, The output voltage of TENG based on nylon/PVA in different RH conditions. f, 100 °C-variable temperature
infrared spectra of PVA film at different RH conditions. g, h, Schematic diagrams of electron transfer mechanism of PVA and PVA with hydrogen bonding water

molecules (PVA—H-O-H) rubbing with PVDF.

which firstly decreases from 0.5 pA to 0.17 pA and then increases to
1.64 pA (Fig. 1¢). The output performances of PVDF/nylon-based TENG
and PVDF/PVA-based HR-TENG imply that PVA has the capability to
enhance the output performance of TENG in high humidity
environments.

To deeply understand the mechanism of output performance
enhancement of PVA based HR-TENG in high RH conditions, a reason-
able hypothesis that the water molecules involve in the friction process
is proposed. To verify this assumption, we carry out a series of
comparative experiments based on TENGs with single-electrode work-
ing mode. Water droplet is used as the positive triboelectric material,
PTFE, PVDF, dry PVA and nylon are adopted as the negative triboelectric
layer, respectively. Schematic diagram of the setup and output of the
four kinds of TENGs are shown in Fig. 1d. It can be found that all output
current peaks of the four TENGs are firstly positive and then negative,
which indicates that dry PVA and nylon show tribo-negative polarity
compared with water, which are same with PTFE and PVDF. In addition,
a TENG based on the dry PVA and nylon films are fabricated, and its
output voltages at RH 20%, 50%, 70%, and 99% are measured and
shown in Fig. le. As the RH increases from 20% to 50%, the voltage
signal of the TENG is reversed. With the further increase of RH to 99%,
the output voltage increases significantly. These results indicate that the
relative polarity of PVA and nylon could be completely reversed by
water molecules, and gradually become larger. The interaction of PVA
and water molecules is further studied by the 100 °C-variable

temperature infrared spectrum of PVA in different RH conditions. As the
formation of hydrogen bonds can average the surrounding electron
cloud of oxygen atom, the absorption peak intensity and location of
hydroxyl group will increase and move to the low wave direction
respectively, as shown in Fig. 1f. As a contrast, no obvious distinction is
observed from the spectrums of nylon in different RH conditions
(Fig. S2), which indicates that no bonding effect existed between water
molecules and nylon. These results demonstrate that PVA can absorb
water molecules to enhance its tribo-positive property via hydrogen
bonding in the humid environment. The triboelectric charges transfer
mechanisms of PVA and PVA with hydrogen bonding water (PVA—H-O-
H) rubbing with PVDF are schematically shown in Fig. 1g and h,
respectively. With the RH increasing, more absorbed water molecules on
PVA participate in the friction process, of which the increasing tribo-
electric charges are counteracted by the negative effect of water on
PVDF at the beginning and then substantially increase the output of HR-
TENG in high RH conditions. As a result, there is competition between
the enhanced positive triboelectric property of PVA and the dissipative
effect of PVDF by water. Thus, the output of PVA based HR-TENG shows
a special variation tendency of first decrease and then increase with the
increasing of RH, and eventually realized a much higher output in high
RH conditions.

The maximum output (42.8 V, 0.17 pA) of PVA based HR-TENG is
still relative small and that can only be realized in very high RH (99%)
condition. In order to achieve higher output in wide range of RH con-
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ditions, the hygroscopic property of PVA is enhanced by introducing
LiCl with strong polar ionic bonds. Thus, more water can be absorbed
into the gaps of PVA molecular chains in addition to the surface bonded
water molecules, which can significantly change the surface structure
and the mechanical property of PVA/LICl film and hence results in a
further increase in the output of HR-TENG. As PVA/LIiCl sol solution is
spin-coated on a rigid substrate and then dry to form a dense film, there
will be initial tension on the surface of the film. When water molecules
are absorbed into the film, this tension will be released and results in
local swelling of PVA/LiCl film. Owing to the water content gradient
along the thickness of PVA/LICl film, its surface area tends to increase,
while the bottom layer restricted by the rigid substrate below is almost
unchanged. As a result, anisotropic osmotic pressure along the thickness
direction of PVA/LiCl is generated. When the osmotic pressure is greater
than the critical value, the net compressive stress forces the outer surface
to bend, resulting in the formation of surface wrinkle microstructure, as
shown in Fig. 2a. According to the linear expansion theory, the wave-
length of the fold pattern Ay depends on the thickness of the film and the
mechanical properties of the film and substrate [33,34]:
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Thereinto, E; and E; represent the plane strain modulus of PVA/LiCl
film and rigid substrate respectively. The wavelength of wrinkle 1, and
the amplitude A, are related to the thickness (t) of PVA/LIiCl film. &
represents the applied strain and ¢, is given as the critical strain which is
the minimum strain required for wrinkling.

To systematically investigate the influence of LiCl on the formation
of surface wrinkle microstructure, the morphology of PVA/LiCl films
(mass ratio of 18:1) and pure PVA film in different RH conditions (20%,
40%, 60%, 80% and 99%) are characterized by optical microscope. For
the pure PVA film (Fig. 2b), its surface is flat and smooth when RH is
lower than 40%, while a few circle-like structures appear at RH 60%.
These circle-like structures eventually turn into large wrinkle with size
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Fig. 2. The generation mechanism and characterization of wrinkle microstructure on PVA/LiCl film. a, Schematic diagram of swelling induced wrinkling process. b,
¢, Optical morphology images of PVA and PVA/LICl films in different RH conditions. All scale bars represent 50 um. d, e, The stress-strain curves of PVA and PVA/

LiCl films in different RH conditions.
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larger than 500 um when RH further increases to 99%. For the PVA/LiCl
film (18:1) (Fig. 2¢), lots of circle-like structures appear at RH 40%, then
turn into wrinkle microstructure at RH 60%, and finally become fuzzy
when the RH increases to 99% due to absorbing too much water. The
water-induced wrinkle microstructures on PVA/LiCl film are charac-
terized by atomic force microscope (AFM), as shown in Fig. S3. The
height of the wrinkle microstructure gradually increases with the
increasing of RH. Moreover, as the hygroscopic property of PVA/LiCl
film is closely associated to the content of LiCl (Fig. S4), the surface
microstructure of PVA/LICl films (30:1, 24:1, 12:1) are investigated
(Fig. S5). It can be found that PVA/LiCl film with more LiCl has smaller
size and higher density of wrinkle microstructure. As these PVA/LiCl
films are of the same thickness and spin-coated on the same material
based substrate (Al foil), the wrinkle microstructure on the PVA/LiCl
films is mainly resulted by their different mechanical property according
to the formulas (1) and (2).

The stress-strain curve of the pure PVA and PVA/LiCl films (mass
ratio of 18:1) in different RH (from 20% to 99%) conditions are shown in
Fig. 2d and e. The results show that the modulus of two films signifi-
cantly decreases with the increase of RH. Compared with pure PVA film,
the modulus of PVA/LICl film decreases much faster due to its stronger
water absorption ability enhanced by LiCl. The much lower modulus of
PVA/LICl film in humid conditions leads to the formation of small size
and high density wrinkle microstructure on PVA/LiCl film. The resulted
roughened surface can effectively enhance the output performance of

a Air void

- q
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TENG. In addition, the low modulus of PVA/LiCl film also enables a soft
and complete contact between the two triboelectric layers and results in
more effective friction, which can further improve the output of PVA/
LiCl based HR-TENG (Fig. 3a).

To demonstrate the combined effect of PVA and LiCl, we fabricate
HR-TENGs (with size of 2.5 cmx2.5 cm) composed of PVA/LiCl (18:1)
and PVDF and characterize their output performance. As shown in
Fig. 3b and ¢, as RH increases from 20% to 30%, the output voltage and
current dropped slightly, and then sharply increased as RH further in-
creases from 30% to 70%, which show a similar tendency to PVA based
HR-TENG but with a different turning point. When RH is higher than
70%, the outputs of PVA/LiCl based HR-TENG begin to decrease. The
overall variation tendency is a balanced result of the positive effect of
hydrogen bonding water (enhanced positive triboelectric polarity), the
surface wrinkle microstructure, decreased modulus (enables a soft and
complete contact) and the negative effect of charge dissipation resulted
by free water. It should be noted that the maximum output voltage and
current are as high as 490 V and 18 pA, which are 11.5 and 10.5 times of
the maximum values of PVA based HR-TENG, respectively, whereas the
RH corresponding to the maximum output is reduced from 99% to 70%.
The decrease in output of HR-TENG in high RH (from 70% to 99%) is
mainly due to the dominated charge dissipation effect of water. The
charge density of HR-TENGs based on PVA/LICl films with different
mass ratio of LiCl (30:1, 24:1, 18:1,12:1) and pure PVA film are calcu-
lated from their output current (Fig. 3d). It can be found that the
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maximum charge density of all PVA/LICl films based HR-TENGs are
higher than 115 pC/m? and the RH corresponding to the maximum
value is gradually moved to a lower RH with the increasing amount of
LiCl, which indicates that high output performance of HR-TENG in wide
range of high RH conditions can be achieved through controlling the
amount of LiCl. Moreover, without considering the structure enhanced
TENGs such as charge-pumping and self-charging TENGs etc., a com-
parison just from perspective of triboelectric materials among TENGs is
shown in Fig. 3e. The maximum charge density in all reported HR-
TENGs in high RH conditions (RH from 60% to 99%) are counted
here. It can be found that the charge density of our HR-TENG in RH from
60% to 99% are all the highest, which are even comparable to the values
of reported TENGs in low RH (<50%) conditions [35-41].

The output performance of HR-TENG could also be influenced by
external impact force and contact frequency. Here, we use the PVA/LiCl
(mass ratio of 18:1) based HR-TENG in RH 70% to investigate the in-
fluence of external impact force and contact frequency on its output
performance. Driven by different forces with a frequency of 2 Hz, the
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output voltage, current density and charge density of PVA/LiCl based
TENG are measured (Fig. 4a and b). As the applied force increases from
2 N to 20 N, the output voltage increases steadily from 442 V to 562 V,
and the corresponding output current density and charge density pre-
sent similar trends increasing from 17.4 mA/m? to 33.5 mA/m?, and
from 91.1 pC/m? to 190.6 pC/m?, respectively. This phenomenon can
be explained by the increased effective contact area causing by the
larger driven force. The correlation between output voltage, current
density, charge density and contact frequency is shown in Fig. 4c and d.
Under a driven force of 20 N, when the contact frequency increases from
0.5 Hz to 3 Hz, the output voltage raises from 345 V to 572 V, the cor-
responding output current density and the charge density increases from
23.8 mA/m? to 35.5 mA/m?, and from 120.4 pC/m? to 182.5 pC/m?,
respectively. A longevity test of the HR-TENG is likewise carried out at
RH 70%, and the output voltage keeps stable in more than 10,000
working cycles without any degradation (Fig. 4e), which shows its
excellent durability and stability. Moreover, the HR-TENG exhibits
sensitive response to the variation of RH, as shown in Fig. 4f. With the
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Fig. 4. The influence of external impact force and contact frequency on the output performance of HR-TENG. a, b, The output voltage, current density, and charge
density of the HR-TENGs under different driving forces. ¢, d, The output voltage, current density and charge density of the HR-TENGs under different contact
frequency. e, Long cycle stability test of HR-TENG. f, The response of HR-TENG to the variation of relative humidity in environment.
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moisture on, the output voltage of HR-TENG increases rapidly, and
when the moisture turns off, the output voltage drops slowly due to the
slow desorption process of water molecules on the surface of PVA/LiCl
film. When the water source approaches to the HR-TENG again, the
PVA/LICl film can still reabsorb water molecules resulting in a rabidly
upgrade in the output voltage. These results demonstrate the excellent
property of HR-TENG in response to the fluctuation of humidity.

To further enhance the output performance, more tribonegative
polytetrafluoroethylene (PTFE) is used to pair with PVA/LiCl film (30:1)
for assembling a HR-TENG (with size of 3 cmx3 cm). Meanwhile,
plasma etching technology is adopted to introduce micro structure on
the surface of PTFE (Fig. S6). The output voltage and current are up to
664 V and 37 pA at RH 90% (Fig. 5a and b), and the corresponding
charge density reaches 244 nC/m? (Fig. S7) which is 2.21 times of the
highest values among reported HR-TENG. The excellent output perfor-
mance enables the HR-TENG suitable to be a sustainable micro power
source in high RH conditions. As shown in Fig. 5¢ and Supplementary
Movie S1, PVA/LiCl/PTFE based HR-TENG is placed in a custom-made
airtight box and electrically connected with 160 green LEDs. When
the RH increases to 93%, these LEDs can be instantaneously lighted up,
which indicates that the HR-TENG can be utilized to construct a self-
powered warning system in some factories where humidity conditions
are strictly controlled. In order to power some high energy consumption
electronic devices in high RH conditions, the output power of the HR-
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TENG needs to be stored in a capacitor. A bridge rectifier circuit con-
nected with HR-TENG is utilized to convert the AC output into DC sig-
nals that can directly charge a capacitor, as shown in Fig. 5d. A 47 pF
capacitor is charged to 2.5 V in about 110 s at RH 92% (Fig. 5e), and the
stored electric energy can drive a commercial hygrometer (Fig. 5f).
Moreover, the PVA/LiCl based HR-TENG can be used as a more
efficient and self-powered respiratory monitoring sensor for real-time
human physiological monitoring by taking advantage of moisture in
breathing air. A respiratory airflow driven HR-TENG composed of PVA/
LiCl and PTFE is designed and fabricated, and the schematic diagram of
working mechanism is shown in Fig. S8. To analyze the exhalation
process, electrical signals of three different breathing states, including
the state of strenuous exercise, the relaxed state and the deep breathing
are recorded (Fig. 5g-i). Different respiration states produce distinctive
electrical output characteristics. After strenuous exercise, the respira-
tory frequency is short and rapid, and 12 characteristic peaks of output
current appear within 20 s (Fig. 5g8). The width of the peak group is 0.9 s
and the peak value of output current reaches 1.45 pA. When people
stayed in the calm or relaxed state, the respiration rate is slow, and only
four characteristic peaks of output current appear within 20 s (Fig. S5h).
The width of the peak group is 1.25s and the peak value of output
current is 1.2 pA, which are all lower than that of the state of strenuous
exercise. The breathing time of deep breathing is the longest, and hence
the corresponding characteristic peak of output current is widest (3.8 s)

a b s c Fig. 5. Applications of PVA/LiCl based
7204 HR-TENG in high RH conditions. a, b,
< 480 ‘é_ 01 The output voltage and current of the
=4 = 15 HR-TENG composed of PTFE and PVA/
2 2404 B LiCl at RH 90%. ¢, HR-TENG used as a
el = o . .
] = micro power source to light up 160
= 9 O -15 green LEDs at RH 92%. d, Diagram of
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(Fig. 5i). The enlarged views of the output in different breathing states
show that all signals slowly raise at the beginning, then remain relatively
stable in the middle, and finally drop gradually, which are commend-
ably matched the breathing behavior of a human body. These results
demonstrate the great potential of the HR-TENG for constructing self-
powered human monitoring systems.

4. Conclusions

In summary, we developed a kind of humidity-resisting TENG with
high performance by using PVA/LiCl composite film, which could take
advantage of water in humid environments to enhance its output per-
formance in wide range of RH (60—99%). Benefitting from the special
triboelectric property of PVA/LiCl composite in humid conditions: (1)
abundant hydroxyl groups in PVA can fix water molecules through
hydrogen bond and form more tribo-positive surface polarity; (2) LiCl as
an strong hygroscopic salt can precisely regulate the water absorption
ability of PVA/LICl film; (3) the local swelling induced by water ab-
sorption results in a large number of wrinkle structures which can
effectively roughen the surface of PVA/LICl film; (4) the decreased
modulus of PVA/LiCl enables soft and more efficient contact between
the friction layers. Owing to the combined effect of PVA and LiCl, the
output charge density of PVA/LiCl based TENGs are always higher than
115 pC/m? in wide range of high RH conditions (from 60% to 99%).
Especially, the maximum output voltage and current of our TENG at RH
90% reach 670 V and 37 pA, and the corresponding charge density is up
to 244 nC/m?2. Furthermore, the TENGs can be applied as power source
in high humid environments and self-powered human monitoring de-
vice. This work provides a feasible and effective way to design and
fabricate high performance TENG in high RH conditions.
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