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Droplet-based nanogenerators for energy
harvesting and self-powered sensing

Jianing Dong,@ Feng Ru Fan® * and Zhong-Qun Tian ©®

The energy crisis is a continuing topic for all human beings, threatening the development of human
society. Accordingly, harvesting energy from the surrounding environment, such as wind, water flow and
solar power, has become a promising direction for the research community. Water contains tremendous
energy in a variety of forms, such as rivers, ocean waves, tides, and raindrops. Among them, raindrop
energy is the most abundant. Raindrop energy not only can complement other forms of energy, such as
solar energy, but also have potential applications in wearable and universal energy collectors. Over the
past few years, droplet-based electricity nanogenerators (DENG) have attracted significant attention due
to their advantages of small size and high power. To date, a variety of fundamental materials and inge-
nious structural designs have been proposed to achieve efficient droplet-based energy harvesting. The
research and application of DENG in various fields have received widespread attention. In this review, we
focus on the fundamental mechanism and recent progress of droplet-based nanogenerators in the fol-
lowing three aspects: droplet properties, energy harvesting and self-powered sensing. Finally, some chal-
lenges and further outlook for droplet-based nanogenerators are discussed to boost the future develop-
ment of this promising field.

1. Introduction

Harvesting unused energy directly from the environment is
one of the most promising ways to solve the growing energy
demand."™ Water covers about 71% of the Earth’s surface and
absorbs nearly 70% of the solar radiation reaching the Earth’s
surface. The average annual power of the Earth’s water absorb-
ing and releasing energy is as high as 60 trillion kilowatts (10"°
Watts),* which is three orders of magnitude higher than the
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average global energy consumption by human beings (about
18 billion kilowatts in 2016).> As clean and abundant mechani-
cal energy among the different types of water energy, raindrop
energy is one of the most potential candidates as a source of
energy in daily life. Generally, raindrop energy consists of two
types of energy, i.e., kinetic energy converted from potential
energy and electrostatic energy generated by triboelectric
materials with air or dielectric materials.®"> Currently,
researchers are studying how to collect both types of energy,
especially the latter. Therefore, research on the properties of
droplets and understanding droplet nanogenerator systems are
crucial. As a classic example, the Kelvin water dropper devel-
oped by Lord Kelvin in 1867 realizes droplet energy utilization
based on triboelectric, electrostatic induction and electrostatic
accumulation principles."*'* Inspired by this, to date, the
kinetic energy of droplets and electrostatic energy have been
fully studied and harvested to achieve self-powered systems
(Fig. 1), including droplet piezoelectric nanogenerators

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Timeline of the significant advances of droplet-based nanogenerators. Image (I) has been reproduced from ref. 14 with permission from The
Royal Society of Chemistry, Copyright 2013. Image (Il) has been reproduced from ref. 15 with permission from IOP Publishing, Copyright 2008.
Image (l11) has been reproduced from ref. 16 with permission from Nature Publishing Group, Copyright 2011. Image (IV) has been reproduced from
ref. 17 with permission from Nature Publishing Group, Copyright 2014. Image (V) has been reproduced from ref. 18 with permission from Wiley-
VCH, Copyright 2014. Image (VI) has been reproduced from ref. 19 with permission from Nature Publishing Group, Copyright 2019. Image (VII) has
been reproduced from ref. 20 with permission from Nature Publishing Group, Copyright 2020; Image (VIII) has been reproduced from ref. 21 with

permission from Elsevier, Copyright 2020.

(droplet PENG), droplet triboelectric nanogenerators (droplet
TENG), tribovoltaic effect and hydrovoltaic technology.'>!
Although various droplet-based nanogenerator structures have
been reported, these devices are still based on the interaction
between the droplets and substrate materials to achieve energy
harvesting or utilization.”**® Therefore, it is important to
understand the physical and chemical properties of droplets
and their motion, as well as the structural design of the device
to achieve advanced droplet-based nanogenerators.

Several representative review papers about the applications
and rational design of TENG have been previously
reported.>®? In this review, the latest advances in droplet pro-
perties, energy harvesting and self-powered sensing of droplet-
based nanogenerators are summarized. Firstly, we discuss the
physicochemical properties of droplets, including the pH effect,
ion effect, molecular dipole moment and dielectric constant,
and the motion of three-dimensional parameters, including the
Weber number (We), Reynolds number (Re) and Ohnesorge
number (Oh) during power generation. Next, the design prin-
ciples of the energy harvesting device are described, which are
categorized as droplet triboelectric nanogenerators, tribovoltaic
effect, hydrovoltaic technology and other promising techno-
logies. Then, some advanced self-powered sensing systems

This journal is © The Royal Society of Chemistry 2021

based on droplet nanogenerators are reviewed, including physi-
cal sensing and chemical sensing. Finally, the remaining chal-
lenges and future perspectives of energy harvesting through
droplet-based nanogenerators are discussed.

2. Droplet properties for
nanogenerators
PH and ion effect

The pH environment of droplets not only has a great influence
on the efficiency of energy harvesting, but also has a significant
effect on the charged polarity of the contact electrification
(CE).**™® As is known, polytetrafluoroethylene (PTFE) occupies
the most negative position in the friction sequence, and thus is
widely used as a material for the construction of droplet-based
nanogenerators.”’~>* In recent studies (Fig. 2a), pH ~3 has been
reported as the critical threshold in the system of water and
PTFE interaction. When the pH of the droplet exceeds 3, the
droplet is positively charged and PTFE is negatively charged.
With an increase in the pH value, the amount of CE charges
increases. On the contrary, when the pH value is lower than 3,
the droplet shows a negative polarity, while the PTFE substrate

Nanoscale, 2021,13,17290-17309 | 17291
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Fig. 2 Influence of the pH and ionic effect of droplets on the performance of the generator and schematic of the related mechanisms. (a) Change

in PTFE surface charge induced by the pH effect of droplets. Image (I)

has been reproduced from ref. 40 with permission from Wiley-VCH,

Copyright 2020. Image (ll) has been reproduced from ref. 41 with permission from The Royal Society of Chemistry, Copyright 2017. Image (lll) has
been reproduced from ref. 42 with permission from The Royal Society of Chemistry, Copyright 2020. Image (IV) has been reproduced from ref. 43
with permission from Wiley-VCH, Copyright 2004. (b) Change in PTFE surface charge induced by the ionic effect of droplets. Image (I) has been
reproduced from ref. 40 with permission from Wiley-VCH, Copyright 2020. Image (ll) has been reproduced from ref. 20 with permission from
Nature Publishing Group, Copyright 2020. Images (lll and IV) have been reproduced from ref. 62 with permission from Wiley-VCH, Copyright 2020.
(c) Mechanism of CE between different droplets and PTFE films: ionic effect (I) and pH effect (Il and Ill). These figures have been reproduced from

ref. 40 with permission from Wiley-VCH, Copyright 2020.

shows a positive polarity. This phenomenon is consistent with
the extensive literature on the electrokinetic potential of
PTFE.***° Furthermore, Mugele and co-workers calculated the
theoretical charge of the surface potential of PTFE in the
absence of salt solutions, where at pH = 6, the surface potential
of PTFE is —40 mV, and the surface charge density can be calcu-
lated from the diffuse part of the electric double layer using the
¢ value and the Gouy-Chapman relation as follows:*"

0=+/8¢eyRTcsin h (£> (1)

KT
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where R is the universal gas constant and ¢ ~10™° mol L™" is
the ion concentration in near neutral water without any added
salt. The calculation results showed that the theoretical
surface charge of PTFE is slightly larger than the actual
charge. Recently, Wang and co-workers further explained this
phenomenon.*® Specifically, when the concentration of hydro-
gen ions in solution exceeds a certain concentration (about
0.01 mol L"), because of the preferential effect of electron
transfer at the solid-liquid interface, the hydrogen ions are
further adsorbed to produce the shielding effect of free ions,
resulting in a charge reduction or even inversion (Fig. 2c-II
and III). It is worth noting that for different surroundings

This journal is © The Royal Society of Chemistry 2021
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between various liquids and solids, the critical pH value will
change, which needs to be further explored.>***

Additionally, the concentration and species of ions in dro-
plets also strongly affect the output performance of droplet-
based nanogenerators. Although most papers have reported
the influence of ionic salt on the power generation perform-
ance, the relevant mechanism has not been fully discussed
due to the need to discuss the influence of ionic strength on
the interface at the molecular level.>>°>"% Preliminarily, based
on a simple phenomenological argument, researchers pro-
posed the potential influencing reasons. Negri and co-workers
carried out a correlation analysis from the perspective of salt
solution solvation.”* When an unhydrolyzed salt is added to
an aqueous solution, water molecules participate in the sol-
vation of the cations and anions (solvated water), thereby redu-
cing the activity of water at the solid-liquid interface.
Considering that a droplet contains a small amount of water
molecules, this effect is more obvious on the surface of the
droplet than that on the bulk water, which will lead to a
decrease in the amount of free water and charge transfer.
Simultaneously, Wang and co-workers also found that as the
salt concentration increases, the amount of charge transferred
at the solid-liquid interface first increases and then decreases
(Fig. 2b-1).* This is because the ultra-low ion concentration or
pure water cannot completely promote the ion transfer at the
liquid-solid interface. A small amount of salt solution can
support the ion transfer process to increase the amount of
charge transferred at the solid-liquid interface, thus resulting
in a large electrical output. In contrast, as the concentration of
the salt solution further increases, the cations will be preferen-
tially adsorbed on the substrate and produce a shielding effect
to hinder the charge transfer (Fig. 2c-I). Furthermore, Wang
and co-workers found that the voltage output of droplet-based
nanogenerators is related to the type of water droplets used,
and the performance decline follows the order of tap water >
rain water > sea water, where sea water has the highest salt
content (Fig. 2b-11).>° Nevertheless, there are also reports with
the opposite conclusions. Mugele and co-workers reported the
fabrication of a charge trapping droplet nanogenerator
(CTEG).*” In the case of the CTEG, the current density further
increases with an increase in the salt concentration, which is
due to the decrease of the droplet resistance in series (the
measured conductivities of DI water, rain water and sea water
are 0.038 pS em™*, 33.0 puS em™*, and 67.2 mS cm ™", respect-
ively), leading to an increase in the overall current density
(Fig. 2b-III and IV). Therefore, the influence of the ionic
strength of droplets on the power generation performance is a
complex subject. This requires not only the interaction
between salt ions and water molecules to be understood at the
molecular level, but also the specific structure of the device
needs to be considered.

Molecular dipole moment and dielectric constant

When contact electrification occurs in the components at the
solid-liquid interface, regardless of the transfer of charged
substances (electrons, ions or other species), the ability of the

This journal is © The Royal Society of Chemistry 2021
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solid and liquid to hold charge determines the output per-
formance of the whole droplet nanogenerator.”’”* In the past,
numerous studies on the selection and modification of solid
substrate materials have been reported, and many tutorial
reviews have also been summarized.?*° However, there are
relatively few studies on the properties of liquids for nanogen-
erators, although they are crucial in playing the other role that
affects the performance of the entire device. The polarity of
the molecules in a liquid determines its ability to solvate elec-
trons or other charged substances. The larger the polarity of
the molecules, the more stable the solvated -charged
substances.”>””? Normally, the polarity of the molecules in a
liquid can be represented by two main characteristics, i.e., the
dipole moment and dielectric constant (Fig. 3a).*%®' The
dipole moment of a molecule is the product of the distance r
between the positive and negative charge centers and the
amount of charge g carried by the charge centers, which can
be calculated using the following formula (Fig. 3a-I):

p=rx4q(2) (2)

where u is the dipole moment of the molecule. The dipole
moment is measured in Debye unit (D). 1 Debye is approxi-
mately 3.33 x 107°° C m. Molecules typically have dipole
moments of around 1 D. Generally, solvent molecules with a
larger dipole moment are more prone to solid-liquid contact
electrification and achieve a greater degree of charge transfer,
thereby providing a higher energy output. The dielectric con-
stant is also an important parameter for droplets, which is
similar to the solid material selection of the droplet nanogen-
erator (Fig. 3a-II). Liquid droplets with a large dielectric con-
stant show capacitive behavior to accommodate more charges.
In previous reports, water, which has a high polarity, exhibited
high power generation performances, but there are a few
reports on other liquid power generation devices. In a recent
work, Soh and colleagues achieved the charging of various
organic liquids by sliding them across a rubbed surface.”® The
results showed that the charge per unit mass of the organic
liquids is closely related to their dipole moment and dielectric
constant. Among the organic liquids, diethyl ether has the
highest dipole moment and dielectric constant, and thus it
presents the largest amount of charge, which is close to 90 nC
g~ ', However, diethyl ether has high volatility and toxicity, and
thus cannot be used for stable droplet power generation.
Recently, Nakanishi and co-workers reported a liquid por-
phyrin as a liquid electret.®® The surface potential of the liquid
was as high as —330 V after the corona charging treatment.
When used as a liquid electret device, although its average
output voltage was delayed during the initial 12 h, it was stable
for more than 1044 h (43.5 days). However, this liquid electret
has high viscosity and a complicated synthetic process, which
is not suitable for large-scale use in convenient droplet-based
nanogenerators. Therefore, the discovery and further design of
highly polar, environmentally friendly and safe droplet carriers
is a promising research field for the development of liquid-
solid and liquid-liquid nanogenerators.

Nanoscale, 2021,13,17290-17309 | 17293
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Fig. 3 Influence of the molecular dipole moment and dielectric constant on the amount charges of droplets. (a) Molecular dipole moment and the

dielectric constant stabilizing the charged species in the droplet. Images (I and 1) have been reproduced from ref. 80 and 81 with permission from
the websites, respectively. Image Ill has been reproduced from ref. 75 with permission from the American Chemical Society, Copyright 2020. (b)
Organic droplets charged by sliding on CE surfaces (I) and charge per mass of corresponding organic liquids (Il). These figures have been reproduced
from ref. 75 with permission from the American Chemical Society, Copyright 2020. (c) Correlation between the amount of negative charge gained
by the organic liquids at saturation: dipole moment (I) and dielectric constant (Il). These figures have been reproduced from ref. 75 with permission

from the American Chemical Society, Copyright 2020.

Parameters of droplet bouncing

When a droplet falls from a high place and hits a solid sub-
strate, solid-liquid contact electrification will occur, and then
the subsequent electric output will be achieved through charge
separation. Therefore, the contact area of the solid with a
liquid affects the maximum charge exchanged by the droplet
generator. There are many factors that affect the contact area
of droplet-based nanogenerator devices, including droplet
motion characteristics, surface roughness, wettability, ambient
temperature, and humidity.®*"*° In this part, we focus on the
influence of the droplet motion characteristics on the contact
area. The three main parameters that determine the droplet
motion are®>®® the Weber number, Reynolds number and
Ohnesorge number. The Weber number can be interpreted as
the ratio of kinetic energy to the surface tension of a droplet:

We = pv2d/y (3)
where p, d, v, and y, represent the density, diameter, impact

velocity and surface tension of the droplet, respectively. It is

17294 | Nanoscale, 2021,13,17290-17309

generally believed that when We is lower than 1, surface
tension plays the leading role. In this case, it is difficult for the
droplets to spread out, resulting in a reduction in the solid-
liquid contact area and charge. Deng et al. reported that when
droplets with different Weber numbers hit the surface of SiO,
modified by perfluorooctyltrichlorosilane (PFOTS), the amount
of charge obtained is different, and the charge density is posi-
tively correlated with the Weber number (Fig. 4a).”° The
second factor is the Reynolds number, Re, which can be under-
stood as the ratio of the power to the droplet viscosity:

Re = pvd/p (4)

where p, d, v, and u represent the density, diameter, impact vel-
ocity and dynamic viscosity of the droplet, respectively. It has
been suggested that the behavior of water droplets can be
determined using the following equation:

k=W.? x RM* (5)

This journal is © The Royal Society of Chemistry 2021
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droplet impact under different impact pressures and a plot of the charge density of the superamphiphobic surface as a function of the Weber
number. These figures have been reproduced from ref. 90 with permission from Nature Publishing Group, Copyright 2019. (b) Impact of water dro-
plets on a solid surface with different Re and We (I) and impact mode versus We and Oh(i). This figure has been reproduced from ref. 8 and 91 with
permission from Elsevier and IOP Publishing, Copyright 2015 and 2018, respectively. (c) Schematic illustration of a droplet-based electricity genera-
tor (1). Voltage pulse generated by dropping one tap water droplet (ll). Observation of the dynamics of the droplet with a high-speed camera (lll).
Voltage signals for the droplets released onto PTFE surface above and below the top electrodes, respectively (V). These figures have been repro-

duced from ref. 92 with permission from Elsevier, Copyright 2021.

when k is much larger than the critical value K., droplet
splashing will occur, and when k is much lower than K., dro-
plets will deposit on the substrate (Fig. 4b-1).® For energy har-
vesting in a droplet nanogenerator, splashing and the depo-
sition of droplets will cause the droplets to remain on the
solid substrate, which is not conducive to the long-term stabi-
lity of droplet-based nanogenerators. Therefore, only the
appropriate droplet rebound can achieve a stable performance
output. The third parameter is the Ohnesorge number (Oh),

This journal is © The Royal Society of Chemistry 2021

which is a dimensionless number that relates the viscous
forces to inertial force and surface tension:

On = u/+/Doop = W.'?/R, (6)

The motion mode determined by the interaction between
We and Oh is shown in Fig. 4b-IL.°" When the droplet velocity
is 1 < 1, the droplet flow is controlled by the inertial or
viscous capillarity force. With an increase in We, the droplet

Nanoscale, 2021,13,17290-17309 | 17295
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motion will change to the deposition and splash mode.
Although this is very useful to distinguish various types of
motion, it does not consider all factors, such as surface wett-
ability and roughness, and thus it needs to be used carefully.
Moreover, the location of the droplets contacting the surface of
the PTFE film should be seriously considered. Guo and col-
leagues found that dS/d¢ is the critical factor dominating the
induced voltage. The area changes in the rate of the spreading
droplet, dS/dt, revealed a curve similar to the voltage pulse,
indicating that there is a close relationship between the
induced voltage and ds/d¢ (Fig. 4c).°> When the droplet has
the largest spreading area and contacts the electrode, a higher
voltage peak can be obtained because of the largest capacity
for accommodating electrons.

View Article Online
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3. Droplet-based nanogenerators for
energy harvesting

Triboelectric nanogenerator based on droplets

Since the first solid-solid triboelectric nanogenerator was
reported,”® researchers have successfully fabricated various
nanogenerators with different phases and materials based on
contact electrification.”®” Liquid-solid TENGs follow a
similar electrification principle as solid-solid TENGs
(Fig. 5a).”” When the liquid phase contacts the solid substrate,
contact electrification occurs instantly. Normally, the charge is
transferred from the liquid to solid, and then when the liquid
slides over the solid surface, an electric field is established
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Fig. 5 Droplet nanogenerators based on the triboelectric effect. (a) Schematic illustration of the mechanism of a droplet-based TENG. These
figures have been reproduced from ref. 39 and 97 with permission from Wiley-VCH and the American Chemical Society, Copyright 2020 and 2019,
respectively. (b) Mechanism of a droplet-based TENG using a pre-charged droplet (I) or an uncharged droplet (ll). These figures have been repro-
duced from ref. 18 with permission from Wiley-VCH, Copyright 2014. (c) Droplet-based electricity generator working based on the bulk effect.
These figures have been reproduced from ref. 20 with permission from Nature Publishing Group, Copyright 2020. (d) SLIPS-TENG: SLIPS-TENG fab-
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kQ (I) and energy landscape for the (injected) charge carriers of the h-EWCI method (lll). These figures have been reproduced from ref. 62 with per-
mission from Wiley-VCH, Copyright 2020.
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between the electrodes because of electrostatic induction.
When a load resistor or electrical appliance is connected,
current will flow from one electrode to the other to balance the
electric field formed by the separated charged surfaces. When
the two charged surfaces contact again, the potential differ-
ence and the built-in electric field between the two electrodes
will reverse, causing the current to flow in the opposite direc-
tion. Therefore, an alternating current (AC) is observed by
repeating this cycle. In 2014, Wang et al. reported a nanogen-
erator based on solid-liquid triboelectricity between liquid
droplets and PTFE film and proposed two solid-liquid electri-
cal mechanisms (Fig. 5b)."® The difference between the two
modes is whether the droplets are pre-charged. 1. When the
droplet is pre-charged with air or pipe friction, it is positively
charged.®"?%7'% with the positively charged droplet approach-
ing or contacting the PTFE film, a positive potential difference
will occur between the Cu electrode and the ground. In the
case of a short circuit, electrons are transferred from the
ground to the copper electrode to balance the potential differ-
ence and eventually reach an electrical equilibrium state
(Fig. 5b, III). As the droplet slides away, the electrons undergo
reverse transfer, thus generating an alternating current
signal. 2. If the water droplet is not pre-charged, when it con-
tacts the PTFE film, the film surface will eventually be nega-
tively charged and the droplet is positively charged due to the
CE process. When the positively charged droplet leaves the
film surface, the electrons will flow from the back electrode to
the ground to achieve electrostatic equilibrium, resulting in a
current flowing from the ground to the device. Given that the
PTFE film, as a typical electret, can retain the triboelectric
charge for a long time, another droplet falls and interacts with
the negatively charged PTFE film and the negative charge on
the PTFE film will attract the counter ions in the water droplet
to form another electric double layer (EDL) with positive
charge and establish a positive potential difference.
Consequently, electrons will flow from the ground to the
copper electrode until a new equilibrium is reached. This
process produces an instantaneous positive current. When the
water drops leave the PTFE film, there will be a negative poten-
tial difference between the copper electrode and the ground.
The electrons will transfer from the copper electrode back to
the ground, achieving a new balance. As the falling water dro-
plets periodically contact the PTFE film, a continuous AC
output will be obtained.

This electron transfer effect induced by the interface charge
balance can be called the interface effect. Based on this inter-
face effect, various structures and applications of droplet-
based triboelectric nanogenerators have been widely reported,
such as temperature sensors, force sensors, micro-liquid rate
sensors and micro-gas rate sensors.'®* %7 Although this inter-
face effect can effectively harvest raindrop energy, the amount
of charge transfer caused by a single droplet is very small, and
thus the efficiency of this type of nanogenerator is not high.
Recently, this situation was greatly improved. Wang and co-
workers developed a device to harvest energy from impinging
water droplets using a structure composed of a PTFE film on

This journal is © The Royal Society of Chemistry 2021

View Article Online

Minireview

an indium tin oxide substrate and an aluminum electrode.
They showed that the spreading of impinging water droplets
on the device bridges the originally disconnected components
into a closed-loop electrical system, transforming the tra-
ditional interface effect into a bulk effect (Fig. 5¢).2° Therefore,
the instantaneous power density of the equivalent device
limited by the interface effect increased by several orders of
magnitude. This droplet generator exhibited a significantly
enhanced energy harvesting efficiency of about 2.2%, and one
drop of water could light 100 LED lights. Based on this break-
through in the principle of the bulk effect, devices with
different structures have been reported to achieve high electri-
cal outputs.'®

Although great progress has been made in the performance
of droplet triboelectric nanogenerators, there are still some
issues that need to be further improved. One of the main bot-
tlenecks in the practical application of this type of droplet
device is the rapid degradation of the physical and chemical
properties of the interface material in harsh environments,
such as high humidity, low temperature, mechanical stretch-
ing, bending and wear caused by dynamic motion.'**'?
Another major bottleneck is that the amount of charge gener-
ated by the droplets impinging the solid matrix material is not
high, resulting in a low energy harvest efficiency."**'"* To
solve the problem of stability, researchers have applied slip-
pery liquid-infused porous surfaces (SLIPS) to nanogenerator
devices, designed and proposed SLIPS-TENG. Compared with
traditional designs, the SLIPS-TENG exhibits many promising
advantages, including optical transparency, configurability,
self-cleaning, flexibility and power generation stability, even in
harsh environments (Fig. 5d).""®'"” Compared with the tra-
ditional droplet TENGs, the SLIPS-TENG has higher transpar-
ency, can achieve a better self-cleaning performance at —5 °C
and maintain a stable energy output at —3 °C. Another aspect
of droplet-based nanogenerators that needs to be improved is
how to increase the amount of charge contained in the solid
material. In previous reports, the saturated polarization of
PTFE was achieved by droplets hitting the PTFE film continu-
ously. However, due to the limitation of the droplet impact
position and depth, the bulk phase of PTFE cannot achieve
saturation polarization. In a recent work, Mugele et al
reported that through electrowetting-assisted polarization
(h-EWCI), a maximum charge density of 0.35 mC cm™> and a
milliampere-level current output were achieved (Fig. 5e), and
the electricity efficiency reached wup to
11.8(%).62,1187120

conversion

Tribovoltaic effect

Recently, Wang and colleagues discovered a new type of photo-
voltaic effect, where DC electric power is generated at the tran-
sition state when light is periodically illuminated at the inter-
face of materials."*! Based on this, they further found that
when a p-type semiconductor slides over an n-type semi-
conductor, the energy “quantum” will be released due to the
formation of new chemical bonds at the interface. The
released energy can create electron-hole pairs at the interface.
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Under the action of the built-in electric field at the semi-
conductor interface, the electron-hole pairs are further separ-
ated and move from one side to the other, generating a direct
current in the external circuit. This phenomenon is similar to
photovoltaic effect and is named the “tribovoltaic
eﬁect,,'21,1217124

The tribovoltaic effect can occur not only at the solid-solid
interface, but also at the interface between an aqueous solu-
tion and a solid semiconductor, where the aqueous solution is
considered a liquid semiconductor. As shown in Fig. 6a, Lin
et al. used a conductive syringe needle to drag a deionized
water (DI water) droplet to slide on the surface of silicon.”*
Fig. 6b shows the short-circuit current and open-circuit voltage
between the conductive pin and the p-type silicon wafer. It was
found that when deionized water droplets slide across the
surface of p-type silicon, a positive current will be generated,
which means that electrons move from the p-type silicon side
to the deionized water side at the interface. In contrast, when
deionized water droplets slide on the surface of n-type silicon,
a negative current is generated and electrons move from the
n-type silicon side to the deionized water side at the interface.
It was found that the current direction is consistent with the
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direction of the built-in electric field at the water-silicon inter-
face. In addition, Zheng and co-workers reported a study on
the tribovoltaic effect of the liquid-solid interface under light
irradiation (Fig. 6e)."*" The results showed that the tribo-
current between the DI water and the silicon wafer can be sig-
nificantly enhanced by light irradiation, which is due to the
increase in free electrons or holes at the interface under light
irradiation. These studies showed that the tribovoltaic effect
can obviously occur at the liquid-solid interface. Researchers
have deeply studied the relevant mechanism. In the tribovol-
taic effect of liquid-solid semiconductors, the energy of
excited electron-hole pairs is also considered to come from
the formation of chemical bonds at the interface. As shown in
Fig. 6¢, when water droplets slide across the semiconductor
surface, some water molecules will contact the fresh surface to
form chemical bonds and release energy. The released energy
“quantum” is called “bindington”. Fig. 6d shows the whole
process of the tribovoltaic effect at the liquid-solid interface.
When liquid and solid semiconductors contact each other, a
built-in electric field will be generated at the interface due to
the difference in the Fermi levels. At this time, if the liquid
begins to slide on the surface of the solid semiconductor, the
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Fig. 6 Tribovoltaic effect at the liquid-semiconductor interface. (a) Setup of the tribovoltaic experiment and external circuit. (b) Oscillogram of
tribo-voltage and tribo-current when a DI water droplet slides on a p-type silicon wafer. (c) Generation of the “bindington” at the interface between
the sliding water and semiconductor. (d) Energy band diagram of the tribovoltaic effect at a liquid—solid junction. These figures have been repro-
duced from ref. 21 with permission from Elsevier, Copyright 2020. (e) Experimental setup for coupling the photovoltaic effect and tribovoltaic effect
at the interface between DI water and an Si wafer. These figures have been reproduced from ref. 121 with permission from Elsevier, Copyright 2021.
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junction will be released and electron-hole pairs will be
created at the interface. Driven by the built-in electric field, the
electron-hole pairs separate and move from one side to the
other, generating a continuous DC current in the external
load. The tribovoltaic effect offers a promising way to generate
a DC current, which is very different from the droplet-based
triboelectric nanogenerator. However, although it can be
coupled with light to deliver more effective electron-hole sep-
aration, the tribo-voltage and tribo-current are still unsatisfac-
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tory. Thus, novel materials and devices for the tribovoltaic
effect need to be further explored.'**">*

Hydrovoltaic technology

Hydrovoltaic technology generates electricity through electroki-
netic effects (Fig. 7a).'*® Electrokinetic phenomena driven by
induced charge are widespread in the liquid-solid interface.'*®
When a fluid contacts a charged/no-charge solid substrate, the
ions in the fluid will be pre-adsorbed on the substrate and
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Fig. 7 Droplet nanogenerators based on hydrovoltaic technology. (a) Schematic illustration of the mechanism of hydrovoltaic technology. These
figures have been reproduced from ref. 125 with permission from Nature Publishing Group, Copyright 2018. (b) Generating electricity by moving a
droplet of ionic liquid along monolayer 