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Stimulation of ambient energy generated electric
field on crop plant growth

Xunjia Li'?, Jianjun Luo ©**5<, Kai Han®'?, Xue Shi'?, Zewei Ren'?, Yi Xi*, Yibin Ying?,
Jianfeng Ping®2> and Zhong Lin Wang ®"3>>

Eco-friendly technologies are of great significance to agricultural sustainability due to the environmental damage caused by
agricultural activities. Here, we report a wind and rain energy-driven electrical stimulation system for enhancing crop produc-
tion. The system is based on an all-weather triboelectric nanogenerator (AW-TENG), which is composed of a bearing-and-hair
structured triboelectric nanogenerator (TENG) and a raindrop-driven TENG. Treated by the self-generated high-voltage elec-
tric field, the system can increase pea seeds germination speed by ~26.3% and pea yield by ~17.9%. By harvesting environmen-
tal wind and raindrop energy, the AW-TENG can be used to drive various agricultural sensors for optimizing plant growth. This
work provides a fresh direction for self-powered systems in safe, efficient and eco-friendly agricultural production improve-

ment and may profoundly contribute to the construction of a sustainable economy.

he chemical revolution of agriculture in the twentieth cen-

tury dramatically increased crop yields and alleviated global

food shortages'~. However, the misuse of chemical fertiliz-
ers and pesticides imposes an enormous burden on the environ-
ment and human health*®. Therefore, there is a need to develop
new yield-enhancing technologies to help conventional agriculture
reduce its dependence on agrochemicals while maximizing sus-
tainable growth in agricultural yields®. Relevant studies revealed
that external high electrostatic field can not only be used to accel-
erate seed germination and plant growth” but also improve ion
migration in the soil for better nutrient absorption’. However, the
commercial voltage boosting methods generally need an external
power supply and have considerable limitations, such as complex
circuits, high installation costs and shock hazard. To achieve sus-
tainable social development, it is necessary to develop an efficient,
maintenance-free and eco-friendly technology to increase agricul-
tural production.

In recent years, originated from the coupling effect of contact
electrification and electrostatic induction, triboelectric nanogene-
rator (TENG) has risen strongly in the field of renewable energy'®''.
With advantages of high output voltage, low cost, light weight
and wide material selectivity, TENGs can collect various kinds of
mechanical energy from the external environment for realizing
self-powered electronics networks on a large scale. The applications
of TENG have infiltrated many aspects of our daily life, including
micro/nano power source'>”, self-powered sensors'*"'® and blue
energy'>'”'%. Besides, given that the inherent output characteristics
of high voltage and low current, TENG can also be used as a direct
power source for driving many high-voltage applications such as
electrospinning’, dielectric wetting®, air negative ions releasing”
and so on. Compared with traditional high-voltage power sources,
TENG-based high-voltage power sources have unique advantages
of safety, cost-effectiveness and portability. Therefore, establishing a

low-cost, safe and reliable crop production promotion system based
on TENG technology holds promise.

Here, we propose a self-powered electrical stimulation sys-
tem (SESS) for enhancing agricultural production based on the
all-weather TENG (AW-TENG) integrated by a bearing-and-hair
structured TENG (BH-TENG) and a raindrop-driven TENG
(R-TENG). With the bearing spacer, hair brush and all-in-one
structure design, the AW-TENG is capable of harvesting wind and
raindrop energy efficiently. Benefiting from its high-voltage out-
put performance, the AW-TENG can be directly used to stimulate
plant growth, with remarkable increases of ~26.3% and ~17.9% in
pea germination speed and yield. The mechanism for crop growth
promotion is also systematically investigated by measuring multiple
physical and chemical indexes. Furthermore, by harvesting envi-
ronmental energy such as wind and raindrops, the AW-TENG can
be used to construct a self-powered agricultural monitoring sys-
tem, which is beneficial for plant growth strategy optimization and
management. This work demonstrates an innovative concept of a
SESS for plant growth, which will have great application potential
in future agriculture.

Results

Self-powered electrical stimulation system for crop growth.
In this work, we developed a prototype of SESS with low start-up
conditions and high efficiency based on AW-TENG, which is com-
posed of a BH-TENG and an R-TENG for harvesting environmen-
tal energy from wind and raindrop, respectively. Figure la depicts
the SESS in the practical application scenario. By harvesting vari-
ous kinds of environmental energy, the AW-TENG can not only
directly stimulate crop growth with a high-voltage electric field but
also drive agricultural sensors for optimizing crop growth strate-
gies. The three-dimensional explosion diagram of the AW-TENG is
shown in Fig. 1b, revealing its extremely high integration and space

'CAS Center for Excellence in Nanoscience, Beijing Key Laboratory of Micro-nano Energy and Sensor, Beijing Institute of Nanoenergy and Nanosystems,
Chinese Academy of Sciences, Beijing, China. 2College of Biosystems Engineering and Food Science, Zhejiang University, Hangzhou, China. 3School of
Nanoscience and Technology, University of Chinese Academy of Sciences, Beijing, People’s Republic of China. “State Key Laboratory of Power Transmission
Equipment & System Security and New Technology, Department of Applied Physics, School of Chemistry and Chemical Engineering, Chongging University,
Chongging, China. *School of Material Science and Engineering, Georgia Institute of Technology, Atlanta, GA, USA. ®e-mail: luojianjun@binn.cas.cn;

ifping@zju.edu.cn; zhong.wang@mse.gatech.edu

| VOL 3 | FEBRUARY 2022 | 133-142 | www.nature.com/natfood

133


mailto:luojianjun@binn.cas.cn
mailto:jfping@zju.edu.cn
mailto:zhong.wang@mse.gatech.edu
http://orcid.org/0000-0003-2785-1684
http://orcid.org/0000-0002-1345-3207
http://orcid.org/0000-0002-0579-9830
http://orcid.org/0000-0002-5530-0380
http://crossmark.crossref.org/dialog/?doi=10.1038/s43016-021-00449-9&domain=pdf
http://www.nature.com/natfood

4 Electrode 1

PTFE
Electrode 2

- Acrylic

Fanblades

Rabbit hair
Rotor
Stator

BH-TENG

R-TENG

[+
£ 250
S 200 A
c
[}
3 150
Q.
S 100
i
£ 50
& o
0 3
Electric field strength (kV cm™)
d
40 m
§ 804 P <0.0001 3
£ _ S —
&
T 10
&
0 T
0 400

Electric field strength (V cm™)

Fig. 1| SESS for enhancing crop production. a, Schematic illustration of the SESS. The circled insets show the enlarged views of schematic diagrams of the
AW-TENG and self-powered electric field array. b, Three-dimensional exploded view of the AW-TENG. ¢,d, The positive effect of the SESS on germination
(c) and growth of peas (d). Values are means +s.d. (for ¢, n=3 independent experimental groups, each group contained 95 independent seeds; ford, n=3
independent experimental groups, each group contains 30 independent seedlings after 5d of gemination). P values in ¢ and d are based on two-tailed,
two-sample t-tests and the detailed analyses are presented in Figs. 3c and 4d.

utilization. Covered by a waterproof acrylic shell, the BH-TENG is
placed in the central position and consists of a stator, a rotor, rabbit
hair and vertical-shaft blades connected to the rotor. The R-TENG
is designed on the surface of the shell, including a copper elec-
trode layer completely covered on the shell, an intermediate PTFE
triboelectric layer and an outermost electrode array made of copper
wire. For a photograph of the AW-TENG see Supplementary Fig.
1a. The self-powered electrostatic fields applying to crops or their
seeds are generated by the AW-TENG and relevant experimen-
tal setups are shown in Supplementary Fig. 1b,c. Compared with
untreated pea seeds, the germination potential of seeds treated with
the self-powered electric field notably increased (~26.3%), which
means that these seeds germinated faster (Fig. 1c). The growth rate
of pea seedlings under the self-powered electric field also increased,
with production up ~17.9% (Fig. 1d). These results preliminarily
reveal the promoting effect of self-powered electrical stimulation on
crop growth.

Structural design and output performance of the BH-TENG.
With advantages of high voltage and good stability, rotating-disk
TENGs are often used as the high-voltage power supply'**-*.
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However, it is difficult for rotating-disk TENG to be driven by ambi-
ent wind due to the electrostatic adherence between stator and rotor
caused by their high charge density. Besides, the violent friction of
rotating-disk TENGs during the rotating process always generates
wear of triboelectric layers, thus causing poor durability of TENG.
Although introducing liquid lubrication to rotating-disk TENGs
has been reported to reduce abrasion between triboelectric lay-
ers®>*, the strong viscosity of lubricant will generate a large starting
torque. To solve these problems, an innovative type of rotating-disk
BH-TENG with high output, high stability, low wear and low start-
ing torque was designed to efficiently harvest environmental wind
energy (Fig. 2a). As a contrast, an original rotating-disk TENG
and a rotating-disk TENG with bearing spacers (B-TENG) were
designed (Supplementary Fig. 2a,b). It is evident that the addi-
tion of the bearing-and-rabbit hair structure can greatly improve
the output performance while maintaining low friction (Fig. 2b,c).
Compared with the traditional rotation-mode TENG, the starting
torque of B-TENG and BH-TENG is only ~1/12 due to the decrease
in electrostatic adherence. However, the increase of separation dis-
tance will weaken the electrostatic induction, causing poor output
of B-TENGY. By fixing rabbit hair with excellent flexibility, low
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Fig. 2 | Structure and output performance of the BH-TENG. a, Structural design of the BH-TENG. b, Torque variation of the traditional rotation-mode
TENG (Origin), B-TENG and BH-TENG with time running. The inset shows the torque variation of the traditional rotation-mode TENG (Origin), B-TENG
and BH-TENG during 60's. Values are means +s.d. (n=3 independent tests). Rotation speed was set as 400 r.p.m. and the gap height in BH-TENG and
B-TENG was 0.5 mm. ¢, Maximum transferred charge of the traditional rotation-mode TENG (Origin), B-TENG and BH-TENG at different rotation speeds.
The inset shows the output voltage of the traditional rotation-mode TENG (Origin), B-TENG and BH-TENG at different rotation speeds. The gap height

in B-TENG and BH-TENG was 0.5mm. Values are means +s.d. (n=3 independent tests). d, Simulation of the Coulomb force distribution on rotors of
traditional rotation-mode TENG and BH-TENG under the same surface charge density. e f, Torque variation (e) and maximum transferred charge (f) of
the BH-TENG with bearing spacers of different heights. The inset shows the output voltage of BH-TENG with bearing spacers of different heights. Values
are means +s.d. (n=3 independent tests). g, A photograph of BH-TENG. h,i, Output voltage and operation status of BH-TENG under the wind speed

of 5953 ms™. Ambient relative humidity was set as ~40% and the gap height in BH-TENG was 0.5 mm. The wind was induced by an air blower and the

distance between the air blower and BH-TENG was ~1m.

density, high hair density and rich protein on the top of the rotor
in BH-TENG as a friction excitation material®, the output charges
can be continuously replenished and even higher than that of the
traditional rotation-mode TENG. The detailed output voltage of the
traditional rotation-mode TENG, B-TENG and BH-TENG under
different wind speeds is shown in Supplementary Fig. 3. Similarly, the
output power and current of the traditional rotation-mode TENG,
B-TENG and BH-TENG also show similar trends (Supplementary
Fig. 4). Moreover, due to the existence of an external protective case,
BH-TENG has good sealing and can maintain an excellent output
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in high-humidity environments (Supplementary Fig. 5). The output
stability of the BH-TENG can also be greatly enhanced through this
structural design (Supplementary Fig. 6). It is worth noting that the
BH-TENG can reach charge saturation state within 10s of start-up
(Supplementary Fig. 7) and is more suitable for practical scenarios.
To further verify the effect of bearing spacers on the Coulomb
force and output, COMSOL software was used to simulate the
Coulomb force and potential distribution on the rotor surfaces of
the traditional rotation-mode TENG and BH-TENG. The Coulomb
force on the rotor surface of BH-TENG is much smaller than that of
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the traditional rotation-mode TENG under the same condition of
charge density, while the surface potential hardly decreases (Fig. 2d
and Supplementary Fig. 8), which is consistent with previous experi-
mental results. Subsequently, the influence of bearing spacer height
on starting torque and output of BH-TENG was also studied. As
shown in Fig. 2e, the starting torque of BH-TENG decreases as the
height of the bearing spacer increases, which conforms to the calcu-
lation formula of Coulomb force. Similarly, the output of BH-TENG
at different wind speeds is also inversely proportional to the height
of the bearing spacer (Fig. 2f). The output stability of the BH-TENG
with bearing spacers of different heights is shown in Supplementary
Fig. 9. Figure 2g exhibits the photograph of the BH-TENG device,
including the vertical-shaft fan blade and the protective casing. The
detailed structure of the stator with bearing spacers is shown in
Supplementary Fig. 10a,b. Thanks to the addition of bearing spac-
ers and rabbit hair, BH-TENG can output a high voltage exceed-
ing 3kV under the simulated natural wind, while the traditional
rotation-mode TENG cannot work at a similar wind speed (Fig.
2h,i and Supplementary Fig. 11a). Besides, compared with the tra-
ditional rotation-mode TENG with a start-up wind speed of 6ms™,
BH-TENG can output stably under an ultralow wind speed of
0.5ms™ (Supplementary Fig. 11b,c). The detailed rotation situations
of the traditional rotation-mode TENG and BH-TENG under the
simulated natural wind are shown in Supplementary Videos 1 and 2.

The germination-promoting effect of the SESS. In agricultural
production, germination rate and germination speed are two
important indicators to characterize the quality of crop seeds®~*. In
previous work, the germination speed and yield of seeds screened
by electrostatic separators were remarkably increased’ and further
studies reveal a beneficial effect of electric field on the physiological
activities and insect resistance of seeds’*. In this study, AW-TENG
was used as a high-voltage power supply of the self-powered electric
field to modulate the germination of pea seeds. As shown in Fig.
3a, pea seeds are directly placed on the lower plate connected to the
negative electrode and the upper plate is connected to the positive
electrode to fix the direction of the self-powered electric field. The
electric field intensity change is realized by adjusting the distance
between the upper and lower plates. The seeds treated with electric
fields of different intensities were placed in the darkroom for ger-
mination. After 1 day of germination, some seeds grew roots but no
seeds germinated. The difference in germination number became
apparent after 3 days of germination and the germination rate of pea
seeds treated with a 2kV cm™ electric field is 41.2% higher than that
of the control group (Fig. 3b and Supplementary Fig. 12). Five days
later, almost all of the seeds in each group were germinated, except
for the devitalized seeds and the growth rate of the seeds treated
with electric field was remarkably higher than that of the untreated
ones. The germination details of each group of seeds in the parallel
experiment are shown in Supplementary Fig. 13. To quantify the
effect of the self-powered electric field on seeds, some parameters
related to seed germination were measured. Consistent with the pea
seeds germination status, the calculated germination potential and
germination index of the seeds after electric field treatment is higher
than that of untreated seeds by as much as 26.3% and 30%, respec-
tively (Fig. 3c,d). However, the higher field strength of 3kV cm™
does not seem to further improve the germination rate and speed,
which may be attributed to the limited response of seeds to electric
field intensity. The vigour index of pea seeds also follows this trend,
which further exhibits the promoting effect on seed germination of
the as-designed self-powered electric field (Fig. 3e). Moreover, the
seedling heights and root lengths of pea seeds treated with different
intensity electric fields after 5 days of growth were also counted. Up
to 13.7% improvement in seedling length and root length of peas
was observed when treated by a 2kV cm™ electric field (Fig. 3f,g
and Supplementary Fig. 14a). The weight of peas treated by the elec-
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tric field also increased to a certain extent compared to untreated
peas, with a notable difference of ~14.4% (Supplementary Fig. 14b).
To exclude and verify environmental factors on seed growth char-
acteristics, we studied the growth states of seeds under different
humidities and temperatures. The germination rate, vigour index,
seedling height and weight of seeds treated with electric field were
all enhanced compared to the untreated ones under relative ambi-
ent humidities of 30% and 90% (Supplementary Figs. 15 and 16).
As shown in Supplementary Figs. 17 and 18, the treated seeds also
showed better growth performance at 35°C. Although none of
the seeds germinated at 15°C within 5 days since low temperature
remarkably slows seed germination, the roots of peas still grew bet-
ter when treated with the electric field. These results reveal that the
pretreatment of a self-powered electric field can notably promote
the germination and growth of pea seeds.

To explore the stimulation mechanism of the self-powered electric
field on seed germination, we analysed the soluble protein content,
respiration intensity, peroxidase (POD) activity and malondial-
dehyde (MDA) content, which are related to the strength of plant
life activities and total plant metabolism**. First, the Coomassie
Brilliant Blue staining method was used to determine the content
of soluble protein in seeds after the third day of germination®. The
soluble protein content of pea seeds was calculated according to
the standard curves and the content of pea seeds treated with an
electric field strength of 2kV ecm™ is ~13% higher than that of pea
seeds without electric field treatment (Supplementary Fig. 19a,b).
Similarly, there was a notable difference in the respiration intensity
of the seeds treated with a 2kV cm™ electric field and the untreated
group (~29.9%) (Supplementary Fig. 19c), which reveals the
metabolism-enhancing activity of the self-powered electric field on
plant seeds. The POD activity of pea seeds treated with the electric
field was also higher than that of untreated ones (~26.8%), showing
the enhanced repair capacity of the membrane system by the elec-
tric field (Supplementary Fig. 20a). Moreover, the MDA content of
the treated seeds was also remarkably lower than that of the control
group, demonstrating the mitigating effect of electric field on the
cellular peroxidation within the seeds, which may be attributed to
the enhanced activity of the intracellular oxygen radical scavenging
enzyme system (Supplementary Fig. 20b). To verify the universal
promoting effect of the self-powered electric field on crop plant
growth, other types of plant seeds (Chinese cabbage and soybean)
were selected for statistical analysis. As shown in Supplementary
Figs. 21 and 22, the daily germination rate and vigour index of
Chinese cabbage and soybean seeds treated with the electric field of
2kVem™ exceeded those of untreated ones. In addition, the seed-
ling height and weight of treated seeds were about 20% higher than
those of the control group, indicating that the self-powered electric
field has a facilitating effect on the germination for these two kinds
of seeds.

The growth-promoting effect of the SESS. In addition to the
acceleration of seed germination, the growth-promoting effect of
the electric field on plant seedlings is also demonstrated®*. Thus,
the AW-TENG-driven self-powered electric field for crop seedling
growth promotion was designed as shown in Fig. 4a. The assumption
of the detailed effect of the self-powered electric field on the crop
seedling is shown in Fig. 4b. The positive effect of the self-powered
electric field on crop yield was exhibited by measuring the detailed
growth parameters of pea seedlings under the electric fields with
different intensities. After 7days of growth, the average height of
pea seedlings under the self-powered electric field is notably higher
than that of the control group, with a maximum difference of up to
17.9% (Fig. 4c). Likewise, the average root lengths of these seed-
lings show a similar trend (Supplementary Fig. 23). The detailed
growth situations of pea seedlings under different field strengths
within 5days are shown in Supplementary Fig. 24. The daily height
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Fig. 3 | Germination promotion of the SESS. a, Schematic representation of the self-powered electric field for seed treatment, including an AW-TENG,

a rectifier circuit and a parallel electric field generator. b, Germination status of peas within 5d. c-e, Germination potential (¢), germination index (d)

and vigour index (e) of the pea seeds treated with the self-powered electric field of different strengths after 5d of germination. Values are means +s.d.
(n=3 independent experimental groups; each group contained 95 independent seeds; their calculation refers to Supplementary Notes 1, 2 and 3). f.g,
Photographs of the stems (f) and roots (g) of the peas treated with the self-powered electric field of different strengths after 5d of germination. Different
letters in bars indicate a significant difference at P<0.05. The P value in ¢ versus the OkV cm™ for TkV cm™is 7.3 x 1075, for 2kV cm™is 5x107° and for
3kVem™Tis 4% 1076 The P value in d versus the OkV cm™ for TkV cm™is 4 x107¢, for 2kV cm™is 5.4 x 1077 and for 3kV cm™is 4.5x10~". The P value in e
versus the OkV cm™ for TkV ecm™is 2.3x107°, for 2kV cm™is 2 x 107 and for 3kV cm™is 2x107%. The data in ¢, d and e were analysed by ANOVA one-way
comparison followed by LSD test. The germination of seeds was performed in a darkroom and the ambient temperature and relative humidity were
maintained at 25 °C and 60% by using an air conditioner and humidifier.

statistical results of pea seedlings reflect the remarkable gap between  this stimulation mechanism, chlorophyll content and fluorescence
the height of pea seedlings with or without the electric field treat-  analysis were used to characterize the photosynthesis of pea seed-
ment (Fig. 4d). Moreover, after growing for 7days, the average lings. Soil and plant analysis development (SPAD) value can be used
weight of the seedlings under the electric field was ~20.3% higher  to quickly and easily characterize the chlorophyll content of plants
than that of the untreated ones (Supplementary Fig. 25). and there is a positive correlation between SPAD value and pho-

The notable positive effect of self-powered electric field on the tosynthesis intensity of plants®-*'. Accompanied by a continuous
growth of pea seedlings may arise from the continuous effect of rise in the difference of SPAD values between pea seedlings under
the self-powered electric field on the photosynthesis®. To verify electric fields with different strengths during 7 days, the difference
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Fig. 4 | Growth acceleration of the SESS. a, A diagram of the self-powered electric field for pea seedlings treatment, including an AW-TENG, a voltage
multiplier circuit and a discharge device. b, Schematic diagram of the principle of self-powered electric field affecting plant growth. ¢, Photos of the pea
seedlings treated with the self-powered electric field of different strengths for 5d. The light for the plants was provided by full-spectrum LEDs with a
strength of 4,000 lux for 14 h every day and the ambient temperature and relative humidity were maintained at 25°C and 60% by using an air conditioner
and humidifier. d, Stem heights of the pea seedlings treated with the self-powered electric field of different strengths for different days. Inset: stem
heights of the pea seedlings treated with the self-powered electric field of different strengths for 7 d. The box plots show median (solid line), 25th and
75th percentile (top and bottom of boxes) and s.d. (whiskers). Values are means +s.d. (n=3 independent experimental groups; each group contains

30 independent seedlings). Different letters in bars indicate a significant difference at P< 0.05. The P value in inset versus the OV cm™ for 200V ecm™is
2.4x107%, for 400V cm™is 6.2x 1072 and for 600V cm™is 1.8 x 10~°. e, SPAD value of the pea seedlings treated with the self-powered electric field of
different strengths for different days. Values are means + s.d. (n=5 independent leaves; the measurement refers to Supplementary Note 8). Different
letters in bars indicate a significant difference at P<0.05. The P value in inset versus the OV cm™ for 200V cm™is 3.2 x 1074, for 400V cm™is 8.0x 1077
and for 600V .cm™is 2x107%. f, A photograph of the device for the concentration detection of NO, produced by self-powered electric fields. The device
consists of a homemade closed chamber, a NO, detector, a needle for air ionizing and deionized (DI) water for NO, absorption. The data in d and e were

analysed by ANOVA one-way comparison followed by LSD test.

in seedlings’ growth also increased (Fig. 4e). After 7days, the
SPAD value of pea seedlings under 400 Vcm™ self-powered elec-
tric field is remarkably different from that of pea seedlings with-
out self-powered electric field treatment and the gap can reach
~15.4%, which indicates the strong stimulation of self-powered
electric field on crop photosynthesis. In addition, chlorophyll fluo-
rescence imaging technology, which is simple, non-destructive and
highly sensitive, was further used to verify the impact of electric
field on seedling photosynthesis. Compared with traditional gas
exchange indicators, chlorophyll fluorescence imaging with differ-
ent parameters can respond to the real-time characteristics of plant
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photosynthesis with high sensitivity. Chlorophyll fluorescence
images of each seedling group are shown in Supplementary Fig. 26a,
including the fixed fluorescence (F,), the maximum photosynthetic
efficiency of photosystem II (F,/F,,), photochemical quenching coef-
ficient (gp) and non-photochemical quenching (NPQ). Specifically,
F, values of seedling leaves became larger with increasing electric
field intensity. The F,/F, values were almost constant, indicating
that the presence of the electric field increases chlorophyll concen-
tration without inhibiting the photosynthetic efficiency of photo-
system II in seedling leaves (Supplementary Fig. 26b)*. Moreover,
the changes of g, and NPQ values demonstrate that the electric field
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Fig. 5 | Applications of the AW-TENG in self-powered agricultural sensing. a, A concept map of AW-TENG powering agricultural sensors by harvesting
raindrop and wind energy. b, Maximum transferred charge of R-TENG under different dripping frequencies. Deionized water was used to drip and the
dripping height was 14 cm. ¢, Electrical output of R-TENG driven by waterdrops of different pH. The dripping height was 14 cm and the dripping frequency
was 2 Hz. Values are means +s.d. (n=3 independent tests). d, Charging voltage curves to a capacitor of 10 pF for the R-TENG of different electrode unit
numbers. The dripping height was 14 cm and the dripping frequency was 2 Hz. The number of dripping points varies according to the unit number of
R-TENG. e, Detailed circuit diagram of the R-TENG integrated with the BH-TENG. f, Voltage curve on the hygrothermograph powered by AW-TENG for
several working cycles. The rotating speed of BH-TENG was 400 r.p.m. R-TENG was driven by a shower with a water flow rate of 1Imin™. g-i, Photographs
of the hygrothermograph (g), pH sensor (h) and TDS sensor (i) being powered by AW-TENG, respectively. Commercial hygrothermograph, pH sensor and
TDS sensors were purchased online and their detection range is —10-50 °C, 10-99% relative humidity, 0-14 and 0-9,990 ppm and accuracy of 1°C, 5%
relative humidity, 0.1 and 200 ppm, respectively. For b, d and f, Deionized water was used to drip and outlet inner diameter is 1.69 mm. Ambient relative

humidity was set as ~40%.

with suitable intensity can enhance the photosynthetic activity as
well as light energy use in pea seedlings (Supplementary Fig. 26¢).
In addition to the enhancement of photosynthesis, the promo-
tion effect of electric field on seedling growth may come from the
continuous effect of the self-powered electric field on physiological
activities®*~*. Some parameters related to life activities and total
plant metabolism of pea seedlings, including nitrate reductase activ-
ity, respiratory intensity, soluble protein content, POD activity and
MDA content were analysed. The nitrate reductase activity related
to the uptake and use of nitrogen fertilizer by crops was measured
according to the standard curve of nitrite content*"’. The obtained
nitrate reductase activity of pea seedlings under the self-powered
electric field is notably different from that of pea seedlings without
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the electric field (Supplementary Fig. 27a,b) and the difference is up
to 13.7%, indicating an improvement in nitrogen absorption and
transformation efficiency of pea seedlings. Similarly, the difference
in the respiration intensity and soluble protein content between the
experimental group and control group demonstrates the enhance-
ment of electric field on plant metabolism (Supplementary Fig.
27¢,d). Moreover, the POD activity of pea seeds treated with electric
fields was ~30.6% higher than that of untreated ones (Supplementary
Fig. 27e). The MDA content was also lower than that of the control
group, demonstrating the mitigating effect of electric field on the
cellular peroxidation within the seeds (Supplementary Fig. 27f).
Optimization of the pea growing environment may also be
responsible for the accelerated crop growth, including nitrogen
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fertilizer (NO,) and ozone (O,) produced by the self-powered elec-
tric field ionizing the air. In previous work, the contact-separation
mode TENG is found to efficiently catalyse the synthesis of NO,
and O, by collecting the mechanical energy generated by human
activities**. Considering that environmental energy such as wind
and raindrops are more ubiquitous in the natural environment,
our AW-TENG shows great potential in harvesting wasted envi-
ronmental energy for agricultural applications. As shown in Fig. 4f
and Supplementary Video 3, generated by the AW-TENG induced
microplasma discharge, the concentration of nitrogen oxides rises
from 0 to 3.8 mgl™ within 1 min in a sealed container. Moreover,
the result of the test paper shows that the nitrate concentration in
the water exceeds 25mgl (Supplementary Fig. 28), indicating the
production of nitrogen fertilizer. Similarly, the O, generated by the
self-powered electric field was also detected by a similar method. As
shown in Supplementary Fig. 29 and Supplementary Video 4, the
concentration of O, in the container increases from 0 to 2.9 mgl- in
6 min, which is enough to sterilize the air around crops. Moreover,
the enhancement of ion migration rate in the soil by electric fields
may have promoted nutrient uptake by plants. Trace element con-
tent in bean seedlings of control and experimental groups was
tested by pre-applying the same concentration of compound fertil-
izer to the samples. As shown in Supplementary Fig. 30, the content
of Ca, Fe, K and Mn in pea seedling leaves under electric field was
remarkably higher than that of control ones, revealing the positive
impact of electric field on trace element absorption.

AW-TENG in agricultural self-powered sensing application. In
modern agriculture, agricultural sensors used to collect environ-
mental growth data (temperature, humidity, rainfall and so on) play
a critical role in achieving the goal of saving water, fertilizer and
other resources, as well as increasing yield. To further realize the
purpose of self-powered crop production improvement, AW-TENG
with the capability of efficiently harvesting wind and raindrop
energy was used to establish a self-powered agricultural sensing
system to assist agricultural production (Fig. 5a). As the main com-
ponent for raindrop energy harvesting in AW-TENG, R-TENG is
composed of the inner copper electrode layer, the middle PTFE
layer and the outer electrode arrays. The maximum transferred
charges of R-TENG with a single outer electrode reach about 20nC
under different raindrop frequencies (Fig. 5b). The output perfor-
mance of R-TENG can maintain a high level under different pH
of raindrops, demonstrating that it can adapt to the natural rain-
ing environment (Fig. 5¢). The instantaneous output power density
of R-TENG reaches ~1 Wm™, which far exceeds that of ordinary
single-electrode TENG (Supplementary Fig. 31a)***. Moreover,
R-TENG maintains a stable output performance after long-term
operation (Supplementary Fig. 31b). To improve the energy col-
lection efficiency, six units of outer electrode arrays were used in
R-TENG to charge a 10pF capacitor and the charging rate of the
R-TENG increases as the number of units increases (Fig. 5d and
Supplementary Fig. 32). Subsequently, R-TENG was assembled with
BH-TENG to increase the output power to drive the sensors for
agricultural monitoring (Fig. 5e). The combination of R-TENG and
BH-TENG dramatically reduces the charging time of the capacitor
(Supplementary Fig. 33). In practical applications, AW-TENG can
easily drive the hygrothermograph by harvesting external mechani-
cal energy (Fig. 5f,g). Moreover, AW-TENG-powered pH sensor
and total dissolved solids (TDS) sensor commonly used in agricul-
ture can also work stably (Fig. 5h,i). The above results reveal the fea-
sibility of the application of AW-TENG in self-powered agricultural
environment sensing.

Conclusions
In summary, we demonstrated an environmental mechanical

energy-driven electrical stimulation system based on AW-TENG
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composed of a BH-TENG and an R-TENG. With the advantages of
high output, low friction and excellent robustness, the AW-TENG
was used to speed up the germination and growth of peas directly.
After the treatment of the self-powered electric field, notable
increases in the germination speed and yield of peas were obtained,
mainly due to electric field-induced physiological activity enhance-
ment. Moreover, the AW-TENG was used to provide all-weather
self-powered agricultural sensing services to optimize the strategies
of crop cultivation. This great breakthrough in the construction of
SESS without additional power sources and complex circuits may
indicate that the designed SESS can meet the diversified challenges
of agricultural production.

Given its unique properties of self-powering, cost-effectiveness,
low start-up conditions and all-weather energy harvesting capability,
SESS is a sustainable and pragmatic method for converting natural
energy for crop yield improving purposes. This can be immediately
and widely applied to various production activities in agriculture
and ultimately provides a promise for reducing agricultural pollu-
tion as well as increasing agricultural production. Meanwhile, this
work shows scope for the extensive application of TENGs in agri-
cultural activities towards a more sustainable society.

Methods

Fabrication of the SESS. The fabrication of the SESS mainly includes the
preparation of TENGs and electric field generators. In this work, the traditional
rotation-mode TENG, B-TENG, BH-TENG and R-TENG were used in the
experiments. The stator in the traditional rotation-mode TENG was a customized
printed circuit board (PCB) with six pairs of Cu electrodes and fixed on an acrylic
board. A circular area with a diameter of 40 mm was cut in the centre of the PCB
to reserve space for the driveshaft. The distance between electrodes was 5 mm.

A customized FR-4 board with a diameter of 200 mm and a thickness of 0.5 mm
was used as the chassis of the rotor and the reserved hole in the centre was used

to connect to a vertical shaft with five fan blades. According to the electrode
arrangement on the PCB, the PTFE membrane with a thickness of 80 pm and an
area of ~22 cm? was cut into corresponding sectors and attached on the FR-4 board
at 30° intervals. Compared with the traditional rotation-mode TENG, bearing
spacers and rabbit hair were added in BH-TENG. In the stator of the BH-TENG,
the blank area between electrodes was directly hollowed out to place the spacers
composed of zirconia shaft and bearings (Supplementary Fig. 9). Two pieces of
rabbit hair of 2 8 cm? were fixed at 3 cm above the rotor (Fig. 2a). There are two
designs for electric field generators. A parallel electric field generator composed of
two parallel copper plates was used to treat pea seeds and the electric field strength
was changed by adjusting the distance between the copper plates (Supplementary
Fig. 1b). Moreover, a cone-shaped electric field generator composed of
needle-shaped electrodes was used to treat pea seedlings and the electric field
strength was changed by adjusting the height of the needle-shaped electrodes
(Supplementary Fig. 1¢). Significantly, a reported voltage-multiplying circuit

was introduced to avoid the weakening of field strength by the wide distance®.
The following experiments were carried out under a rotation speed of 400r.p.m,
including the output test and electric field treatment of pea seeds and seedlings.

Electrical measurement. An electrometer (6514, Keithley) with a LabVIEW
program was used to measure the maximum transferred charge and current output
of the AW-TENG. The voltage output of the AW-TENG was measured by an
oscilloscope with a probe of 500 MQ (MDO3014, Keithley).

The cultivation of plants. The ambient temperature and relative humidity were
maintained at 25°C and 60% by using an air conditioner and humidifier. In
addition, since the seeds were cultured using hydroponics, the total water volume
in nursery pots was kept constant by adding water daily. In the experiment of
germination promoting, the plant culture was performed in a darkroom. ‘Number
3 of Feizai’ pea seeds, Chinese cabbage seeds and soybean seeds were purchased
online and sterilized by soaking in 0.1% HgCl, solution for 15min. Pea seeds were
screened and soaked in tap water for 8h to increase the germination rate and
speed of germination before being sown. The soaked pea seeds were divided into
four groups to be treated with the self-powered parallel electric field of different
strengths and each group contains three parallel samples (every sample contains
95 seeds). The seeds without the treatment of self-powered electric field were used
as the control groups. To improve the statistics efficiency of seedling physiological
parameters, 30 independent seedlings were selected from each parallel sample by
the random number table for statistics. Chinese cabbage seeds and soybean seeds
were screened and soaked in tap water for 10h to increase the germination rate
and speed of germination before being sown. The soaked seeds were divided into
two groups to be treated with the self-powered parallel electric field of different
strengths and each group contains three parallel samples (every sample contains 30
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seeds). The seeds without the treatment of the self-powered electric field were used
as the control groups. To improve the statistics efficiency of seedling physiological
parameters, ten independent seedlings were selected from each parallel sample by
the random number table for statistics.

Moreover, in the experiment of growth promotion, the light provided to the
plants was full-spectrum LED of 4,000 lux for 12h every day. The soaked seeds
were divided into four groups and placed in the dark to germinate for 3d to obtain
pea seedlings with similar heights. Each group contains three parallel samples and
every sample contains 95 seeds. Subsequently, these pea seedlings were treated
with the self-powered conical electric field of different strengths for 12h a day.
The physiological information of pea seeds and seedlings in every group was
collected every 24 h, respectively. To improve the statistics efficiency of seedling
physiological parameters, 30 independent seedlings were selected from each
parallel sample by the random number table for statistics.

Statistical analysis. All of the bar and line chart plots were processed and

drawn using Origin 2020 of education edition (OriginLab). Analysis of variance
(ANOVA) followed by the least significant difference (LSD) test at a significance
threshold of 5% was performed using SPSS 22.0 software (IBM) to determine

the significance for the experiments shown in Figs. 1¢,d, 3c-e and 4d,e and
Supplementary Figs. 12, 14, 25 and 26. For other experiments of parameters related
to pea physiological activity, statistical analysis was performed using two-tailed,
two-sample t-test (P <0.05).

Detection of NOy and O;. The NOy detector (BH-90, Bosean) and the discharge
device are sealed in the acrylic box with a volume of ~11. A reserved entrance and
an exit on the box were used to remove residual gas during repeated tests. Similarly,
the O, concentration was detected in the same way by the pump-suction O,
detector (XLA-BX, Pulitong).

Physiological and biochemical parameters of plants. The determination methods
and related references of germination potential, germination index, vigour index,
respiratory intensity, soluble protein content, POD activity, MDA content, SPAD
value, chlorophyll fluorescence phenotype, nitrate reductase activity and trace
element content are shown in Supplementary Notes 1-11, respectively.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability
All relevant data are included in the article, Supplementary Information and in the
Source Data files provided with this paper. All the other raw data are available from
the authors on request.
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