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ABSTRACT: The escalating energy and environmental challenges have catalyzed a global
shift toward seeking more sustainable, economical, and eco-friendly energy solutions. Water,
capturing 35% of the Earth’s solar energy, represents a vast reservoir of clean energy.
However, current industrial capabilities harness only a fraction of the energy within the
hydrological cycle. The past decade has seen rapid advancements in nanoscience and
nanomaterials leading to a comprehensive exploration of liquid−solid triboelectrification as a
low-carbon, efficient method for water energy harvesting. This review explores two
fundamental principle models involved in liquid−solid triboelectrification. On the basis of
these models, two distinct types of water energy harvesting devices, including droplet-based
nanogenerators and water evaporation-induced nanogenerators, are summarized from their
working principles, recent developments, materials, structures, and performance optimization
techniques. Additionally, the applications of these nanogenerators in energy harvesting, self-
powered sensing, and healthcare are also discussed. Ultimately, the challenges and future
prospects of liquid−solid triboelectrification are further explored.
KEYWORDS: liquid−solid triboelectrification, nanogenerators, droplet-based, evaporation-induced, energy harvesting, self-powered sensing

1. INTRODUCTION
Entering the 21st century, the depletion of fossil fuels and
escalating environmental issues have emerged as significant
global challenges, pressing the need for cleaner, renewable
energy sources and methods to mitigate environmental
impacts. Encompassing 71% of the Earth’s surface, water
plays a pivotal role in the global ecosystem, driven by the
dynamic hydrological cycle involving evaporation, condensa-
tion, precipitation, surface runoff, and groundwater flow. This
cycle serves as a rich source of thermal, chemical, and kinetic
energy throughout its various phases of transition and
movement.1,2 The strategic harnessing of this vast, untapped
energy reserve is crucial for mitigating the global energy crisis,
drawing the focused efforts of researchers worldwide.
Currently, hydroelectric power stations utilizing electro-

magnetic generators have maximized the exploitation of kinetic
energy within the hydrological cycle. Yet, the inherent
constraints posed by these stations’ geographic locations and
the generators’ principles, favoring high-frequency, large-
amplitude, and robust mechanical power outputs, render the
nuanced energy of water�such as the low-frequency and
minimal mechanical power in water droplets and evapo-
ration�largely untapped. Many new technologies have been
developed to harness the weak, scattered energy in water, such
as reverse electrodialysis,3−5 moisture-based power generation
and so on.6−8 However, due to various reasons, such as the
need for high-performance ion exchange membranes for

reverse electrodialysis and the limited sustainability of
moisture-based power generation, their applications face
significant challenges. Introduced by Zhonglin Wang and his
team in 2012, Triboelectric Nanogenerators (TENGs) offer a
paradigm shift.9 Merging contact electrification with electro-
static induction, TENG harnesses the friction potential to
transform mechanical energy into electrostatic energy,
subsequently generating electricity via external circuit charge
flow. TENGs are characterized by affordability, diverse
material compatibility and an aptitude for harvesting ultralow
frequency and atypical mechanical energies.10−14 The contact
electrification extends beyond solid−solid interfaces to include
solid−liquid and solid−gas interactions, such as those
involving raindrops or sand particles in air.15,16 In the past
decade, due to the rapid development of nanomaterials, solid−
liquid contact electrification has been extensively studied.
Based on it, two liquid−solid triboelectrification-based nano-
generators, the droplet-based nanogenerators and the evapo-
ration-induced nanogenerators, were invented and applied to
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harvesting water energy, attracting the interest of researchers
around the world.
Recently, some reviews on the topic of water energy

harvesting have been published.17−22 These articles mainly
focus on harvesting various forms of water energy, such as
wave energy and droplet energy, or summarizing specific
power generation methods from their mechanisms to
applications, such as droplet-based nanogenerators and
moisture-based power generation with summarizing their
applications into two major aspects: power sources and
sensors. For example, the review by Guo et al. provides a
comprehensive overview of the research progress of hydro-
power generation,17 and Yang et al. review the progress of
droplet-based nanogenerators from various principles and
structures.20 In this review, the focus is on liquid−solid
triboelectrification, based on which the latest progress in
harnessing water energy is deeply explored. Initially, it
delineates Wang’s transition theory on contact electrification
alongside a novel two-step model for the genesis of the electric
double layer (EDL) at the liquid−solid interface. Following
that, because the working modes of droplet-based nano-
generators are closely related to their working principle and
application scenarios, the paper delves into the latest
developments in three modes of droplet-based nanogenerators.
Differently, as evaporation-induced nanogenerators involve
complex solid−liquid interfaces and the characteristics of
nanomaterials, the material selection, device structures, and
performance optimization strategies of evaporation-induced
nanogenerators are further reviewed. Additionally, this review
also shines a light on the practical applications of liquid−solid
triboelectrification-based nanogenerators, ranging from energy
harvesting and self-powered sensing to healthcare solutions,
with concluding the potential and directions for future
application.

2. PRINCIPLE OF LIQUID−SOLID
TRIBOELECTRIFICATION

2.1. Wang’s Transition Model. Triboelectrification (TE),
a cohesive process intertwining tribology with interface charge
transfer, is scientifically categorized as contact electrification
(CE), which has been documented extensively throughout
history. TE is characterized by its ubiquity, capable of
occurring at any moment across a diverse array of materials,
encompassing all recognized solids, liquids, and gases. Despite
TE’s fundamental nature and widespread occurrence, the
intricacies of its underlying physical mechanism remain
minimally understood. The complexity of TE’s physical
processes continues to be a subject of significant scientific
inquiry.
In prior research, it has been suggested that tribo-

electrification (TE) arises from the transfer of electrons,23−25

ions,26 and even entire materials.27,28 Given the constraints of
existing research methodologies, a multitude of materials have
been observed to exhibit the TE phenomenon, leading to a
broad spectrum of conclusions. However, not all findings are
universally applicable across different scenarios. In contrast, the
advent of triboelectric nanogenerators (TENGs) by Wang’s
team in 2012 marked a significant breakthrough. These devices
are capable of efficiently transforming irregular, low-frequency
mechanical energy into electrical energy, drawing widespread
interest in recent years.29−31 The principle of triboelectrifica-
tion underpins the fundamental operation of TENGs,
facilitating the conversion of external mechanical energy into

internal electrostatic energy. This energy is then converted into
electrical output in the external circuit through electrostatic
induction. To provide a robust scientific foundation for
TENGs and enhance their performance, Wang introduced
the Wang’s transition model of TE,16 as depicted in Figure 1.

As shown in Figure 1a, prior to atomic-scale interaction
between the two materials, their electron clouds remain
distinct and nonoverlapping, with the potential wells securely
anchoring electrons within specific orbits to inhibit free escape.
At this juncture, the atoms exhibit mutual attraction. The
energy levels occupied by electrons are denoted as EA and EB,
whereas E1 and E2 represent the potential energies required for
electron escape, with d indicating the internuclear distance.
Upon the atoms of both materials approaching proximity and
the application of external pressure, d diminishes to below the
equilibrium distance necessary for the formation of ionic or
covalent bonds, thereby entering an exclusion zone. Con-
sequently, a significant overlap of electron clouds occurs,
transitioning the initial singular potential well into an
asymmetric double potential well. This transition results in a
reduced energy barrier, facilitating electron transfer from one
atom to another, culminating in contact electrification (CE) as
illustrated in Figure 1b. Figure b1-b3 elucidate how the overlap
of electron clouds contributes to the reduction of the barrier,
prompting electron transitions between atoms and the
potential for photon emission.32 Following the separation of
the material (Figure 1c), the electrons that were transferred
persist on the material surface as electrostatic charges. While

Figure 1. Wang’s transition model of triboelectrification. Schematic
diagram of the electron cloud and potential energy distribution
diagram of two atoms belonging to two materials respectively before
(a) contact, (b) during contact, and (c) after contact indicating that
electrons are transferred from one atom to another after strong
electron cloud overlap occurs. (d) The charge released at high
temperature when KT approaches the barrier height. d represents the
distance between the two nuclei; EA and EB represent the occupied
energy levels of the electrons; E1 and E2 represent the potential energy
of the electrons escaping. (b1−b3) A detailed illustration of (b) to
illustrate that electron cloud overlap leads to a lowering of the
potential barrier between two atoms, resulting in interatomic
electronic transitions and possible photon emission. Reproduced
with permission from ref 14. Copyright 2018 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.
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theory posits that the electrostatic charge induced by CE
should remain on the surface for an extended duration,
empirical evidence suggests that the frictional charge at
elevated temperatures adheres to the principle of hot electron
emission, when the thermal energy (KT) approaches the
barrier height, the atoms release the frictional charge at high
temperatures (Figure 1d).33,34

The Wang’s transition model received strong experimental
support upon its proposal. In their research, the charge transfer
in contact electrification (CE) was quantitatively studied with
triboelectric nanogenerators, analyzing its real-time variation
with temperature. Based on the experimental results, the
aforementioned electron-cloud-potential well model was
proposed, which can be widely applied to explain all types of
CE in conventional materials.23 Moreover, in their subsequent
research, this electron transfer-dominated contact electrifica-
tion mechanism has received even broader experimental
support.35,36 Based on the Wang’s transition model, liquid−
solid triboelectrification occurs through electron transfer due
to the strong overlap of electron clouds. Subsequently, in the
droplet-based nanogenerators, liquid−solid triboelectrification
converts the kinetic energy of the droplet into electrical energy
through coupling with electrostatic induction phenomenon,
which is also a prerequisite for the formation of an electric
double layer (EDL) in the evaporation-induced nanogener-
ators.

2.2. Wang’s Hybrid EDL Model. Wang’s transition model
delineates an electron-cloud-potential well framework that
elucidates the charge transfer mechanics inherent to tribo-
electrification (TE) across various material interactions. This
model is adept at explaining TE phenomena occurring between
combinations of solid−solid, solid−liquid, solid−gas, and even
liquid−liquid interfaces. A well-known phenomenon is that an
EDL will form on solid surface upon contact with liquid. The
consensus on EDL composition includes a Stern layer, which is
an inner layer tightly adsorbed onto the solid surface, and a
diffusion layer constituting the outer segment.37,38 Despite the
established fact of its existence and well-defined structure, the
transition process from the initial contact with the liquid to the
full formation of EDL remains somewhat ambiguous. To
bridge this gap, Wang’s team introduced a hybrid EDL theory,
rooted in Wang’s transition model, as illustrated in Figure 2.16

The formation process of the EDL is categorized into two
steps. Initially, upon the first instance of liquid molecules
making contact with the wall, the wall is devoid of any surface
charge (Figure 2a). According to the Wang’s transition model,
the atomic interaction between the liquid and solid leads to a
significant overlap of electron clouds and subsequent electron
transfer, thereby charging the previously neutral atoms on the
solid surface (Figure 2b). Following this, the mechanical action
induced by liquid flow propels the molecules that have
undergone electron transfer, along with other molecules, away
from the solid wall, consequently depositing a layer of ions on
the solid surface (Figure 2c and 2d). In the subsequent step,
should the solution contain free ions, such as H+ and OH−, the
counterions dispersed within the solution are drawn toward
the solid charged surface through Coulomb force. This
interaction culminates in the formation of a fixed layer
(Stern layer) alongside a diffusion layer, thereby establishing
the EDL (Figure 2e). This hybrid EDL theory deviates from
traditional EDL theories by highlighting the pivotal role of
electron transfer in creating the initial charged state on the
solid surface. The EDL thus formed aligns with numerous

studies and models concerning potential distribution and
surface chemistry documented in scientific literature.39−41

After the solid−liquid interface electric double layer is
formed based on the hybrid EDL theory, when the solution is
confined in a nanoscale channel, such as in graphene oxide, the
EDL will overlap significantly, resulting in a confined solution
dominated by counterions. The fluid motion driven by
pressure or gravity will lead to the directional movement of
counterions in the diffusion layer. The continuous accumu-
lation of counterions can generate stable electric potential at
both ends of the channel, thus converting potential energy and
kinetic energy into electric energy, which is the working
principle of the evaporation-induced nanogenerators recog-
nized by most researchers at present.42−46

3. DROPLET-BASED NANOGENERATORS
As they fall from the sky in the form of rain, water droplets not
only gain significant kinetic energy but also gather electrostatic
energy due to the triboelectrification process with air, a
primary factor contributing to thunderstorms. The annual
global rainfall amounts to about 500,000 cubic kilometers, with
water droplets harboring up to 3,000 TW h of energy every
year.47 Fully harnessing this energy could substantially reduce
energy pressures. Recently, due to their low cost, simplicity in
manufacturing, and high energy conversion efficiency, droplet-
based nanogenerators have emerged as a promising solution
for capturing the dispersed and low-frequency energy of water
droplets.48−51 Because the working modes of droplet-based
nanogenerators are closely related to their working principles
and application scenarios, this section mainly introduces the
following three types: the single-electrode mode, the free-
standing mode, and the transistor-inspired mode. Finally, some
emerging technologies that use water droplets to generate
electricity will be briefly introduced.

3.1. Single-Electrode Mode Droplet-Based Nano-
generators. The single-electrode mode droplet-based nano-
generators is the first important power generation mode, which
was first proposed by Lin et al. in 2014.52 The working
principle of single-electrode mode is shown in Figure 3a,b. The

Figure 2. Two steps of hybrid EDL theory. In the first step, the liquid
and the solid surface come into contact at the atomic level and the
electron clouds strongly overlap, thereby causing the electrons
transfer. In the second step, the counterions in the solution are
attracted by Coulomb force to form a Stern layer and a diffusion layer.
Reproduced with permission from ref 16. Copyright 2019 Elsevier.
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device is composed of poly(methyl methacrylate) (PMMA)
substrate, copper electrode and polytetrafluoroethylene
(PTFE) friction layer. The copper electrode is grounded
through an external circuit. In the single-electrode mode, if the
water droplet initially generates frictional charges by rubbing
with air or pipe, its working principle is shown in Figure 3a. If
the initial water droplet is not charged, the frictional charge is
generated when the water droplet slides on the PTFE film, as
shown in Figure 3b. In Figure 3a, at stage (i), the device is
initially in an electrical equilibrium state, and the surface of
water droplet is positively charged due to friction with air or
pipes that based on the contact electrification mechanism.
When the water droplet impacts the PTFE film, the
electrostatic induction phenomenon occurs, and a positive
potential difference is generated between the copper electrode
and the ground. The electrons are transferred from the ground
to the copper electrode to balance the potential difference
[Figure 3a(ii)]. Until the droplet diffusion area reaches the
maximum, the entire device reaches the electrical equilibrium

again, and this process generates an instantaneous positive
current [Figure 3a(iii)]. When the water droplet gradually
leaves the surface of the PTFE film, the Coulomb force
generated by electrostatic induction gradually decreases, and a
negative potential difference is generated between the copper
electrode and the ground. The electrons flow from the copper
electrode to the ground [Figure 3a(iv)] until a new balance
[Figure 3a(i)]. This process produces an instantaneous
negative current. Continuous AC output can be achieved
when the water droplets are continuously dripping.
Figure 3b shows that the water droplet is initially uncharged

and falls on the PTFE film to generate frictional charges.
Initially, there is no charge in the initial device or the water
droplet [Figure 3b(i)]. According to the Wang’s transition
model, when the water droplet contacts the PTFE film, the
electron cloud overlaps strongly at the atomic level, causing
electrons to transfer from the atoms in the water to the atoms
in the PTFE. This results in a negative charge on the surface of
the PTFE and a positive charge on the surface of the water

Figure 3. Single-electrode mode droplet-based nanogenerators. (a) The working principle when water droplets are initially charged and (b) not
charged. Reproduced with permission from ref 52. Copyright 2014 Wiley-VCH. (c) Induced electric enhanced droplet-based triboelectric
nanogenerator (IED-TENG). (d−g) The working diagram and output performance of IED-TENG and traditional single-electrode droplet-based
TENG. Reproduced with permission from ref 58. Copyright 2023 Wiley-VCH.
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droplet. EDL is then formed to maintain the electrical
neutrality of the system [Figure 3b(ii)]. The area of EDL
increases with the increase of droplet diffusion area and
reaches the maximum [Figure 3b(iii)]. When the droplet
gradually leaves the PTFE film, the electric balance is
destroyed, and the electrostatic induction between the PTFE
film and the copper electrode establishes the negative potential
difference between the copper electrode and the ground. The
electron is transferred from the copper electrode to the ground
[Figure 3b(iv)] and reaches equilibrium [Figure 3b(v)], which
produces an instantaneous negative current. Since the frictional
charge on the PTFE film can be retained for a long time, the
negative charge on the PTFE surface will attract the
counterions in the water droplet to establish a new EDL
when the subsequent water droplets fall, resulting in a positive
potential difference between the copper electrode and the

ground. Electrons flow from the ground to the copper
electrode [Figure 3b(vi)] until equilibrium is reached [Figure
3b(vii)]. This process produces an instantaneous positive
current. When the water droplet gradually leaves the PTFE
surface, a negative potential difference will be established
between the copper electrode and the ground, and the
electrons will flow from the copper electrode to the ground
[Figure 3b(viii)] until a new equilibrium is re-established. This
process produces an instantaneous negative current. When the
subsequent water droplets periodically contact with the PTFE
film, a continuous AC output will be obtained.
When the single-electrode mode droplet-based nanogener-

ators were first proposed, the peak voltage generated by 30 μL
water droplets is 9.3 V, the peak current is 17 μA, and the
maximum output power is 145 μW when the load resistance is
5 MΩ.52 The single- electrode mode has simple structure and

Figure 4. Free-standing mode droplet-based triboelectric nanogenerators. (a−c) The working principle of the free-standing droplet-based
nanogenerators. Reproduced with permission from ref 48. Copyright 2014 The Royal Society of Chemistry. (d,e) A DC droplet-based
nanogenerator and (f) the open-circuit voltage and short-circuit current of the DC droplet-based nanogenerator. Reproduced with permission from
ref 65. Copyright 2019 American Chemical Society.
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stable performance, but its output performance is limited due
to the low induction efficiency caused by the interface
effect.53−55 In Yang et al.’s study, the dynamics of droplets
were observed by a high-speed camera, and a robust working
mechanism considering the diffusion, rebound, sliding and
coalescence of droplets on the solid surface in the triboelectric
cycle was proposed, which is significant to guide the
subsequent research on droplet-based TENG.56 Li et al.
designed a local bottom electrode to enhance the electrostatic
induction through the electrode area and the blank area, so

that the peak output voltage can reach up to 30 V.57 Wang et
al. inherited the design of this local electrode and developed an
induced electric enhanced droplet-based triboelectric nano-
generator (IED-TENG), as shown in Figure 3c.58 The device
mainly includes a PTFE film as a friction layer and a small-
sized copper electrode. Comparing IED-TENG with tradi-
tional single-electrode droplet-based triboelectric nanogener-
ator (D-TENG), it can be seen that D-TENG completely
encapsulates the metal electrode with a dielectric layer, the
interface effect and electrostatic shielding effect limit the

Figure 5. Transistor-inspired mode droplet-based triboelectric nanogenerators. (a) Working principle of the transistor-inspired mode droplet-based
nanogenerators. Reproduced with permission from ref 66. Copyright 2021 American Chemical Society. (b−d) Innovatively proposed transistor-
inspired mode droplet-based TENG and its output. Reproduced with permission from ref 49. Copyright 2020 Springer. (e,f) A fully self-healing
droplet-based nanogenerator. Reproduced with permission from ref 73. Copyright 2022 The Royal Society of Chemistry.
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output performance (Figure 3d,e). However, due to the
reduction of the electrode size, the electric field generated by
the surface potential difference on both sides of the electrode
edge promotes the redistribution of free charges in the droplet
diffusion layer and enhances the electrostatic induction effect.
By considering the droplet dynamics, optimizing the electrode
shape and parameter configuration, a peak output voltage of
about 70 V and a peak output current of 6 μA are achieved
(Figure 3f,g). The single-electrode mode droplet-based
nanogenerators will play a greater role in raindrop energy
collection in the future due to its excellent stability and
scalability.

3.2. Free-Standing Mode Droplet-Based Nanogener-
ators. In addition to the single-electrode mode, the free-
standing mode droplet-based nanogenerators are also used for
droplet energy harvesting.48,59−61 The working principle of the
free-standing mode droplet-based nanogenerators is shown in
Figure 4a−c.48 The device consists of a glass substrate, an
indium tin oxide (ITO) electrode, a poly(4-vinylphenol)
(PVP) dielectric layer, and an EKG6015N hydrophobic layer.
For clarity, the power generation process of the free-standing
mode droplet-based nanogenerators is divided into three steps.
In the first step, the water droplets are positively charged by
contact with the PVP layer, and the PVP layer is negatively
charged (Figure 4a). EDL is generated at the interface between
the water droplet and the PVP layer, the positive charges
accumulate on the first electrode to maintain charge neutrality,
and the negative charges move to the second electrode at the
same time. In the second step, the water droplets move to the
middle of the first and second electrodes (Figure 4b). The
overlap area of the water droplet and each electrode is equal,
reaching an electrostatic equilibrium state with no charge
transfer occurring. In the third step, the water droplets
completely cover the second electrode. The positive charge of
the water droplet attracts the negative charge of the PVP layer
(Figure 4c), causing charge to move from the second electrode
to the first electrode. The whole process produces an
instantaneous AC output. When the water droplet begins to
overlap with the second electrode and no longer overlaps with
the first electrode, the output reaches the maximum due to the
maximum difference between the overlapping regions. In this
free-standing mode, when 30 μL of water droplets slide along a
7 mm-wide electrode, a peak voltage of 3.1 V and a peak
current of 5.3 μA can be generated.
Although the free-standing mode droplet-based nano-

generators shows greater potential to increase output than
the single-electrode mode, the charge transfer mechanism of
droplet evolution in it is still unclear. Zhao et al.’s research
results show that for the free-standing mode droplet-based
nanogenerators, the output current can be increased to more
than 100 times by controlling the size of the droplet impact
center relative to the electrode gap.62 They proposed an
asymmetric capacitance-induced charge transfer mechanism,
which well explains this current enhancement phenomenon.
The free-standing mode droplet-based nanogenerators outputs
alternating current, if you want to achieve a self-powered
power system, you need an external rectifier or regulator
circuit, which will undoubtedly increase manufacturing costs,
energy consumption and reduce the flexibility of the
device.63,64 Therefore, it is necessary to develop a power
generator that directly generates direct current (DC). As
shown in Figure 4d, Wang and his team proposed a DC
droplet-based nanogenerator (DC-TENG).65 The DC-TENG

is composed of an ethylene propylene fluoride (FEP) tube and
a copper electrode, which is designed as a ring structure. Two
brushes are attached on either side of the device, enabling the
generation of DC in the free-standing mode. The tube is filled
with fluid medium, when the annular tube rotates under
external stimulation, the fluid medium can fully contact with
the inner wall of the FEP tube, resulting in sufficient contact
electrification effect. The working principle is shown in Figure
4e. When the tube is filled with a general volume of deionized
(DI) water and the device speed reaches 70 rpm, the peak
output voltage and current is as high as 228 V and 11.5 μA
(Figure 4f).

3.3. Transistor-Inspired Mode Droplet-Based Nano-
generators. As a significant landmark in the evolution of
droplet-based nanogenerators, Xu et al. introduced a transistor-
inspired droplet-based electricity generator (DEG) in 2020.49

The general operating principle of this transistor-inspired
mode droplet-based nanogenerator is depicted in Figure 5a.66

The nanogenerator comprises a top electrode, a friction layer,
and a bottom electrode. As droplets continuously land on the
hydrophobic surface, the contact electrification effect between
the two materials causes the hydrophobic surface to
accumulate negative charges until saturation, subsequently
entering a stable working cycle. The negative charge on the
hydrophobic layer induces an equal magnitude of positive
charge on the bottom electrode. A water droplet falling from a
height spreads upon the hydrophobic surface, and contact
electrification takes place. Prior to the water droplet making
contact with the top electrode, all induced charges are situated
on the bottom electrode [Figure 5a(i)], resulting in no
electrical signal generation. Upon the spreading droplet
touching the top electrode, the previously disconnected
components form a closed-loop electrical system. Electrons
swiftly transfer from the top to the bottom electrode to
neutralize the potential difference [Figure 5a(ii)], thereby
generating a peak current signal. As the droplet reaches its
maximum spread before shrinking and sliding off the
hydrophobic surface, the bottom electrode once again induces
opposite charges to counterbalance the negative charges on the
hydrophobic surface. This induces electron flow from the
bottom to the top electrode, generating an inverse peak current
[Figure 5a(iii)]. After the droplet completely slides away
without contacting the top electrode, the electrical signal
vanishes, and the system reverts to its initial equilibrium state,
awaiting the arrival of the next droplet to repeat the process
and generate a new AC output. Illustrated in Figure 5b, in the
transistor-inspired mode droplet-based nanogenerators that
first proposed by Xu et al., the generated peak output voltage
and current from a single droplet reach approximately 143.5 V
(Figure 5c) and 270.0 μA (Figure 5d), which are about 295
and 2600 times higher than those achieved without employing
an aluminum top electrode. Additionally, the peak output
power achieved is 50.1 W m−2. The PTFE surface, subjected to
the continual impact of water droplets, can prestore a high
density of charge (49.8 nC). Analogous to the gate-controlled
electron flow from source to drain in a field-effect transistor
(FET), the DEG device dynamically controls the flow of
prestored high-density charges on the PTFE surface between
the top and bottom electrodes. This is achieved through the
contact-separation dynamics of the droplet and the top
electrode, yielding a superior output performance compared
to traditional droplet-based nanogenerators.
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Research indicates that the performance of transistor-
inspired mode droplet-based nanogenerators is influenced by
factors such as electronegativity, hydrophobicity, the thickness
of the friction layer, and the dynamics of droplet diffusion.67−69

Zhang et al. demonstrated that optimal output is achieved
when a droplet spreads to its fullest extent at the moment of
contacting with the top electrode.67 However, the energy
harvesting process in droplet-based nanogenerators is subject
to external mechanical stresses including bending, twisting, and
compression. These forces can cause damage to the friction
layer and electrodes, thus limiting device output.70−72

Addressing this challenge, Li and his team developed a fully
self-healing droplet-based nanogenerator by incorporating
poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-
HFP) elastomers with the plasticizer acetyl tributyl citrate
(ATBC), as shown in Figure 5e.73 When the damaged device is
immersed in water for 12 h, its output voltage can recover to
85% of its original performance (Figure 5f), with higher
temperatures further facilitating the healing process. Such self-
healing nanogenerators promise enhanced stability and
reliability for practical applications.

Figure 6. Some other droplet-based nanogenerators in different working modes. (a−c) A power generation device that the interfacial capacitors
continuously charge and discharge from each other. Reproduced with permission from ref 77. Copyright 2013 Springer. (d−f) A power generation
device using moving liquid droplets sandwiched between different semiconductors. Reproduced with permission under Creative Commons CC BY
license from ref 78. Copyright 2021 The Authors. (g−i) A droplet-based nanogenerator based on the tribovoltaic effect. Reproduced with
permission from ref 79. Copyright 2020 Elsevier. (j−l) Drawing salt solution droplets on the surface of graphene can generate electricity.
Reproduced with permission from ref 80. Copyright 2014 Springer.
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3.4. Other Droplet-Based Nanogenerators in Some
Different Working Modes. As more and more researchers
devote themselves to droplet-based nanogenerators, new
droplet-based nanogenerators with unique working modes
and principles have gradually been invented.74 Some research
focuses on transistor-inspired droplet-based triboelectric nano-
generators, employing various electrode modifications to
enhance performance and offer unique advantages. For
example, Li et al. prepared graphene electrodes and reported
a droplet-based electricity generator with grounded electrodes,
which exhibited good hydrophobicity, corrosion resistance,
and stable output performance.75 In contrast, Yin et al.
designed a system where the upper electrode is isolated and
does not need to be connected to the lower electrode or
ground.76 Compared to traditional transistor-inspired droplet-
based triboelectric nanogenerators, this structure leverages the
self-capacitance effect of the upper electrode, achieving an
ultrahigh instantaneous power output of up to 765 W m2.
Additionally, some droplet-based nanogenerators with

unique working principles have been proposed. As shown in
Figure 6a, a droplet is sandwiched between two ITO electrodes
with different hydrophilicity and hydrophobicity, generating an
AC voltage by mechanically modulating the electrical double
layers at the interface of a water bridge between two
conducting plates (Figure 6b).77 The output voltage arises
from electric double-layer capacitors formed at the two
interface regions, which continuously charge and discharge
each other in different phases, and the output power increases
quadratically with the number of droplets (Figure 6c). Lin’s
research team used a similar structure, sandwiching moving
droplets between two semiconductors with different Fermi
levels (Figure 6d).78 The dynamic polarization process of
water molecules moving between the semiconductors can
continuously output a DC voltage of about 0.12 V (Figure
6e,f). Also using semiconductors, Figure 4g shows a droplet-
based nanogenerator based on the tribovoltaic effect.79 A
conductive needle drives a deionized water (DI water) droplet
to slide on the surface of a silicon wafer. The built-in electric
field generated between the liquid and the semiconductor
drives and separates electron−hole pairs, synchronously
obtaining a DC signal (Figure 6h,i). In the research by Guo
et al., the same method of dragging droplets was used, but
NaCl droplets were dragged on a single layer of graphene
(Figure 6j).80 As shown in Figure 6k,l, the generated electrical
energy is derived from a novel electrokinetic phenomenon
where a pseudocapacitor formed under the droplet is driven
forward, charging and discharging at the droplet’s boundary.
The above primarily introduces three working modes of

droplet-based nanogenerators, as well as some emerging
devices with unique working principles for generating
electricity using droplets in recent years. When these three
modes were first proposed, the single-electrode mode and free-
standing mode droplet-based nanogenerators exhibited lower
induction efficiency and output voltage compared to the
transistor-inspired mode due to interfacial effects. However, in
subsequent research, through the design of electrode structures
and control of droplet dynamic motion, the output perform-
ance of the three modes has reached the same order of
magnitude. In the future, the choice of mode will depend more
on the application scenarios. The single-electrode mode and
free-standing mode droplet-based nanogenerators, due to the
electrodes not directly contacting the droplets and having
lower requirements for droplet collision dynamics, will have

advantages in harvesting water energy in natural environment.
The transistor-inspired mode, on the other hand, shows greater
potential for significantly improving output performance.
Future research should focus more on enhancing the
performance of triboelectric materials, such as electro-
negativity, hydrophobicity, self-healing properties, and environ-
mental friendliness. For emerging devices utilizing droplet
energy harvesting, more efforts are needed in principle
exploration, performance enhancement, and practical applica-
tions.

4. EVAPORATION-INDUCED NANOGENERATORS
The hydrological cycle, characterized by the evaporation,
condensation, falling, and flow of water, catalyzes significant
energy conversion processes. Among these, the kinetic energy
harbored in falling raindrops can be harnessed using droplet-
based nanogenerators. Furthermore, evaporation�a critical
component of the hydrological cycle�plays a vital role in
regulating environmental temperature and humidity. Exploring
the energy potential within the water evaporation process is of
considerable application importance. In 2017, research
initiatives led by Guo and Zhou et al. unveiled electricity
generation from water evaporation in nanocarbon materials
(Figure 9a).81 Echoing the principles of traditional streaming
potential, the capillary forces sustained by water evaporation
propel water through micronano channels, fostering the
accumulation of counterions and thereby generating a
potential difference. This groundbreaking discovery has since
spurred widespread research interest in nanogenerators driven
by water evaporation.82−86 For evaporation-induced nano-
generators, scientists pay more attention to the solid−liquid
interface and the properties of nanomaterials. Therefore, this
section first takes a closer look at the EDL at the solid−liquid
interface and streaming potential based on Section 2.2, which
is generally acknowledged as the working principle of
evaporation-induced nanogenerators. Subsequently, the latest
advancements in evaporation-induced nanogenerators, span-
ning material classification, device structures, and performance
enhancement strategies, are further reviewed.

4.1. Schematic of the EDL and Streaming Potential at
Solid−Liquid Interface. According to the hybrid EDL theory
described in Section 2.2, when the solution comes into contact
with the solid surface, atomic-level contact between the
solution molecules and the solid molecules occurs, resulting
in electrostatic charges on the solid surface due to electron
transition when the electron clouds overlap strongly. After that,
the solution molecules are pushed off the solid surface. The
counterions in the solution are attracted by the charged solid
surface to form EDL due to the Coulomb interaction. The
EDL consists of the Stern layer and the diffusion layer. The
Stern layer is composed of polar ions (such as cations) tightly
adsorbed on the solid surface. Driven by the Coulomb force,
the anions of the diffusion layer are adsorbed near the Stern
layer, thereby shielding the potential of the Stern layer (Figure
7a).18 The potential at the shear plane between the Stern layer
and the diffusion layer is called Zeta potential. In addition to
Zeta potential, Debye length (λD) is also an important
parameter to describe EDL, which represents the boundary
between the shear plane and the closest bulk liquid region. In
some studies, λD is also considered as a measure of EDL
thickness.37,40,87−89

The various phenomena caused by external forces applied to
a liquid (such as pressure, gravity, electric field force), leading
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to relative motion between the diffusion layer and the Stern
layer, are referred to as the electrokinetic effect.90 According to
the different driving force and motion form, the electrokinetic
effect can be divided into electroosmosis, electrophoresis,
deposition potential and streaming potential. The streaming
potential has a significant advantage in converting waste
mechanical energy into electrical energy. When the solution is
confined in nanochannels with a size comparable to the λD of
the solution, the EDL will overlap significantly, resulting in a
confined solution dominated by counterions. The fluid motion
driven by the pressure gradient ΔP leads to the directional
movement of counterions in the diffusion layer and induces a
stable electromotive force Vs at both ends and a current Is
flowing through the fluid channel (Figure 6b). The calculation
formula of current is

=I
A P

ls
r 0

(1)

In the formula, l and A(A = πd2/4) are the length and cross-
sectional area of the channel in which d is the channel
diameter, the potential on the inner surface is ξ, and εrε0 and η
are the dielectric constant and viscosity of the solution.
Therefore, the streaming potential is expressed as

=V
P

s
r 0

(2)

where σ denotes the ionic conductivity of the solution and the
pressure gradient ΔP is defined as ΔP = 4γ cos θ/d, where θ is
the contact angle between the solution and the channel wall,
and γ is the surface tension of the solution. It is evident that
the magnitude of streaming potential and streaming current is
influenced by factors such as the size and quantity of channels,
charge density, and solution properties. The flow energy within
nanochannels primarily dissipates due to channel resistance.91

Consequently, optimizing the channel wall to achieve smooth-
ness represents a strategy to mitigate resistance and enhance
flow potential.92,93

Streaming potential is the working principle of evaporation-
induced nanogenerators recognized by most researchers, but it
should be clearly distinguished that streaming potential is
different from evaporating potential.94 The former is the
potential generated by driving water through a narrow channel
under a pressure gradient, while the latter is caused by the
charge transfer in the material directly driven by evaporation of

the polar molecules. Furthermore, several theoretical models
have been proposed to explain evaporation-induced power
generation. These include the ionovoltaic effect, which
emphasizes the movement of ions inducing the flow of charge
carriers,95 as well as phonon coupling,96 Coulombic scatter-
ing,97 and pseudostreaming effect.98 This paper focus on
evaporation-induced nanogenerators induced by streaming
potential, which exhibits strong universality.

4.2. Classification of Materials. With the swift progress
in materials science, especially with the ongoing emergence of
novel nanomaterials, there has been significant development in
small-scale power generation devices leveraging these materi-
als. The choice of materials for water evaporation-induced
nanogenerators now extends beyond the initial use of carbon-
based materials81,99,100 to encompass biomaterials,43,82,101

metallic oxide nanomaterials,102 composite materials,103−105

among others. This segment outlines the device architecture
and efficacy of various functional materials, intending to
showcase the progression toward a more diverse material
system.

4.2.1. Carbon-Based Materials.Many nanostructure carbon
materials exhibit excellent power generation performance
under environmental conditions. In 2017, the research team
led by Guo and Zhou discovered that the evaporation of
centimeter-sized carbon black sheets can reliably generate a
continuous voltage of up to 1 V under environmental
conditions (Figure 8a), marking the first example of
evaporative-induced power generation using cheap carbon
black (CB).81 The SEM image reveals that the prepared CB
films are composed of loosely aggregated nanoparticles, with
an average diameter of approximately 20 nm (Figure 8b). After
annealing and plasma treatment, the CB samples are enriched
with abundant functional groups, rendering the samples
hydrophilic, thereby ensuring sustained evaporation along the
capillary action of the samples. In 2022, the team further
demonstrated that the output performance of CB devices is
directly generated by the evaporation within the precursor at
the forefront of the main capillary.94 However, the disordered
porous structure of carbon materials at the microscopic level
can lead to a significant amount of chaotic motion of charge
carriers, thereby limiting the improvement of output perform-
ance. Inspired by plant xylem vessels, Zhang et al. reported a
partially reduced graphene oxide aerogel (prGO) with a
regularly arranged porous structure fabricated using an ice
templating method, as depicted in Figure 8c.42 The prGO was
obtained through directional freezing of graphene oxide
aqueous solution followed by gentle thermal reduction.
Facilitated by the directional growth of ice crystals, graphene
oxide nanosheets were neatly aligned into a 3D structure
featuring ordered channels. The evaporation-based power
generation device utilizing this prGO exhibited approximately
four times the current of the control sample, demonstrating
significant performance enhancement.

4.2.2. Biomaterials. In recent years, biomaterials have
garnered increasing interest for their renewable and biode-
gradable characteristics. A study by Hu et al. showcased an
evaporative power generation device employing Geobacter
sulfurreducens biofilms (Figure 8d).43 The method involves
placing droplets of sulfur-reducing bacteria suspension on a
glass slide, allowing them to dry and deposit at room
temperature, and then removing the extracellular matrix to
form a complete cell biofilm. This approach to device
fabrication is both straightforward and cost-effective, enabling

Figure 7. Schematic of the EDL and streaming potential at the
liquid−solid interface. (a) EDL consists of Stern layer and diffusion
layer and (b) external pressure causes directional flow of counterions
in micro/nanochannels. Reproduced with permission under Creative
Commons CC BY-NC-ND 4.0 license from ref 18. Copyright 2021
The Authors.
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the generation of continuous electricity. Under optimal
conditions, the device has achieved a peak power density of
685.12 μW cm−2 (Figure 8e). The power output from devices
based on Geobacter sulfurreducens biofilms far surpasses that of
devices utilizing other materials, attributed to the unique
properties of Geobacter sulfurreducens. These include its

inherent hydrophilicity, water absorption capacity, rich oxy-
gen-containing functional groups, and superior conductivity, all
of which enhance water uptake and charge transfer. Addition-
ally, wood offers distinctive advantages used in evaporation-
induced nanogenerators with its orderly porous structure and
ample polar functional groups. Garemark et al. applied a

Figure 8. Classification of materials of the water evaporation-induced nanogenerators. (a,b) Power generation device that harvests energy from
water evaporation-based carbon black material. Reproduced with permission from ref 81. Copyright 2017 Springer Nature Limited. (c) The
evaporation-induced TENG based a partially reduced graphene oxide aerogel and its SEM image. Reproduced with permission from ref 42.
Copyright 2023 Wiley-VCH. (d,e) An evaporative power generation device employing Geobacter sulfurreducens biofilms and its output. Reproduced
with permission under Creative Commons CC BY-NC license from ref 43. Copyright 2022 The Authors. (f) Two-dimensional titanium oxide
nanosheets. Reproduced with permission from ref 107. Copyright 2023 Elsevier. (g,h) SEM image of porous ZnO film and schematic diagram of
power generation. Reproduced with permission from ref 95. Copyright 2019 American Chemical Society. (i) The device-based PPGO composite
aerogel with asymmetric nanostructures. Reproduced with permission from ref 108. Copyright 2020 Elsevier. (j,k) The device-based positively
charged conductive polyaniline (PANI) and negatively charged Ti3C2Tx MXene. Reproduced with permission from ref 109. Copyright 2021
American Chemical Society.
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NaOH treatment to wood to increase its surface area and
enable pH-responsive charge dissociation, leading to the
development of nanoengineered wood optimized for evapo-
ration-induced power generation.106 In DI water, this
innovative material achieved an open-circuit voltage approx-
imately 140 mV, more than 10-fold the voltage of natural

wood. Moreover, by modifying the pH difference between the
wood and water, an output voltage of up to 1 V was realized.

4.2.3. Metallic Oxide Nanomaterials. The integration of
metallic oxide nanomaterials in hydrovoltaic generators is
gaining momentum. In 2023, Zhu’s team introduced an
innovative approach of atomic-scale Ti vacancy engineering in
two-dimensional monolayer titanium oxide nanosheets, aiming

Figure 9. Device structures of water evaporation-induced nanogenerators. (a) The structure of body water evaporation power generation device.
(b,c) Ceramic nanofiber-based water-induced electric generator. Reproduced with permission from ref 110. Copyright 2021 American Chemical
Society. (d) Water-absorbing self-sustaining device and (e) the output performance. Reproduced with permission from ref 111. Copyright 2020
The Royal Society of Chemistry. (f) Restricted water portable device within highly absorbent hydrogels and (g) its voltage output. Reproduced
with permission from ref 112. Copyright 2020 Elsevier.
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to boost water evaporation-induced power generation, as
illustrated in Figure 7f.107 By strategically designing two-
dimensional titanium oxide nanosheets with meticulously
controlled Ti atomic vacancy levels, they significantly
enhanced the water−solid interaction at the atomic scale.
This enhancement facilitated a sustained open-circuit voltage
of about 1.32 V for an impressive duration exceeding 250 h.
Meanwhile, as depicted in Figure 8g, Kim and colleagues
discovered that zinc oxide (ZnO) films, cultivated through
solvent-thermal methods, could produce stable and ongoing
electricity amid water evaporation processes.95 The ZnO film
has a porous nature with a specific surface area of
approximately 57.6 m2 g−1 and pore sizes ranging from ∼5
to ∼200 nm, as shown in Figure 8h. These porous attributes
facilitate spontaneous capillary action within the grooves of
submicron-scale devices. Within this configuration, when part
of the ZnO film dips into DI water, the device can generate an
open-circuit voltage around 0.4 V and a short-circuit current
approximately 20 nA.

4.2.4. Composite Materials. Composite materials have
increasingly been employed in evaporation-induced nano-
generators according to numerous studies. Qi et al. devised a
generator utilizing composite aerogels with asymmetric
nanostructures, as presented in Figure 8i.108 This aerogel
comprises supramolecular poly(3,4-ethylenedioxythiophene),
polystyrenesulfonate, and pyrolyzed polymeric graphene oxide
(PPGO). The SEM cross-sectional images reveal that the
PPGO composite aerogel possesses a dense nanostructure with
uniformly dispersed curved voids. In ambient conditions, water
evaporation from a 1.25 cm2 area of PPGO aerogel is capable
of generating a continuous voltage exceeding 0.49 V cm−2.
Notably, by leveraging the pyroelectric effect, the device can
achieve a maximum voltage of roughly 2.13 V with a
temperature difference of 110 K and relative humidity around
73%. This innovation offers a novel approach for water energy
harvesting amidst extreme thermal variations. In a similar vein,
Li et al. engineered an evaporation-induced nanogenerator
with an asymmetric structure, consisting of positively charged
conductive polyaniline (PANI) and negatively charged
Ti3C2TX MXene.109 Cross-sectional imagery showcases a
three-dimensional micro/nanobraided structure alongside
two-dimensional layered channels, augmenting the interaction
between water and the active materials (Figure 8j,k). The
inclusion of poly(vinyl alcohol) (PVA) between PANI and
MXene not only preserves the asymmetric architecture but also
enables a peak current density of 1.8 mA cm−2.

4.3. Structures of Devices. The different device structures
of evaporation-induced nanogenerators are developed to adapt
to different usage environments and fully utilize various forms
of water energy. This chapter categorizes device structures into
three types: body water evaporation power generation device,
water-absorbing self-sustaining device, and restricted water
portable device. Representative research works for each type of
device structure are introduced accordingly (Figure 9).
Initially, when evaporation-induced nanogenerators

emerged, their design primarily leveraged the evaporation of
body water for generating electricity.81 As illustrated in Figure
9a, one end of such a generator is positioned vertically or at an
angle into a solution, where the segment exposed to air
undergoes continuous wetting due to capillary action, thus
ensuring an ongoing evaporation process. Simultaneously, the
segment submerged beneath the water surface consistently
supplies water, guaranteeing power generation for extended

periods. In settings with abundant water sources, this design
conceptually supports prolonged energy generation, offering
benefits like simplicity and the potential for large-scale energy
capture. Nonetheless, the reliance on body water as a power
source curtails the broader application of these devices in areas
like wearable power sources and biological sensors. Moreover,
the durability of the electrode submerged in water warrants
careful consideration. Sun et al. utilized sol−gel electro-
spinning technology to develop an evaporation-induced
nanogenerator using SiO2 nanofibers, as shown in Figure
9b.110 One end of this device is immersed in deionized water
and, even after undergoing 500 bends, it consistently delivered
an output of 0.48 V and 0.37 μA, demonstrating no reduction
in performance (Figure 9c).
The device designed for water-absorbing self-sustaining

evaporation-induced power generation is depicted in Figure
9d.111 Kim’s team ingeniously integrated CaCl2 into the
evaporation-induced nanogenerator to create an artificial
hydrological cycle, thereby fabricating a self-sustaining water
generator (Figure 9d). As illustrated, by applying a CaCl2
solution to one end of the carbon black-coated fabric, the
device leverages the hygroscopic nature of CaCl2 to naturally
draw moisture from the air, compensating for water dissipated
through evaporation. This innovation eliminates the need for
repeated manual water replenishment, which is essential for
uninterrupted energy harvesting, thereby broadening the
applicability of the generator. The device is capable of
consistently delivering an electrical output exceeding 0.2 V
and 60 μA for over 10 days in conditions of 25 °C and 35%
RH, showcasing its capability for prolonged, stable operation
(Figure 9e).
Restricted water evaporation-induced power generation

forms the third primary device configuration. As demonstrated
in Figure 9f, Zhang’s team harnessed highly absorbent
hydrogels as a water reservoir, creating a sustainable, portable,
flexible, and enduring power generation system.112 Operating
under ambient conditions (20.4 °C, 55% RH), the system
delivered a steady short-circuit current of 63 μA and an
optimized power output of 8.1 μW, maintaining performance
for over 150 h (shown in Figure 9g). Furthermore, the
generator maintains its efficiency even when subjected to
bending deformations of up to 120°, making it an ideal
candidate for flexible portable power sources in wearable
electronics. Similarly, Saha et al. used hydrophilic agar
hydrogel films, enriched with LiCl and glycerol, to replicate
natural water cycles.113 This strategy ensured the continuous
operation. The progression from body water evaporation to
self-sustained water absorption and then to restricted water
portable devices illustrates the evolution of evaporation-
induced power generators toward meeting diverse application
requirements. Looking ahead, self-sustaining water devices and
restricted water evaporation devices are poised for wider
adoption, thanks to their versatility, portability, and adapt-
ability. Furthermore, the design of these devices must also
address the integrity of the bond between evaporation
materials and substrates, alongside considerations such as
potential bacterial and dust contamination in the water and the
risk of water channel blockages.

4.4. Performance Optimization. The expanding diversity
of material choices and the evolution of device structures,
propelled by a range of application needs, have introduced new
imperatives for enhancing generator performance, with the
goal of synergistically elevating power generation efficiency.
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Since the inception of evaporation-induced nanogenerators in
2017, a growing array of strategies for performance

optimization has emerged prominently.85,96,97,114,115 In this
segment, we examine three principal methods for enhancing

Figure 10. Performance optimization of the water evaporation-induced nanogenerators. (a−c) Asymmetric carbon film generator based on surface
modification. Reproduced with permission from ref 116. Copyright 2019 Elsevier. (d) Heat conduction-enhanced evaporation-induced
nanogenerator. Reproduced with permission under Creative Commons CC-BY license from ref 119. Copyright 2022 The Author(s). (e) Solar-
enhanced evaporation-induced nanogenerator with an asymmetrical build. Reproduced with permission from ref 115. Copyright 2019 Elsevier. (f)
Uneven lighting on photothermal MXene films introduces temperature gradients, which drives asymmetrical water evaporation. Reproduced with
permission from ref 120. Copyright 2020 Elsevier. (g−i) Evaporation-induced generator that is suitable for high ion concentrations due to Fe
electrode reaction. Reproduced with permission from ref 123. Copyright 2021 Elsevier. (j,k) Device that can continuously generate electricity in
natural seawater. Reproduced with permission from ref 44. Copyright 2021 American Chemical Society.
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performance: interface optimization, environmental enhance-
ment, and the electrode effect.

4.4.1. Interface Optimization. The text discusses the
significance of the porosity, pore size, and channel morphology
of functional nanomaterials in influencing the performance of
evaporation-induced power generation devices. Moreover, the
wettability and Zeta potential of these nanomaterials that
related to surface functional groups are pivotal in determining
their output efficiency. Consequently, various approaches have
been devised to modify the surface functional groups of these
materials. These groups are broadly categorized into: (1)
intrinsic functional groups, inherent to the nanomaterials, and
(2) adjustable functional groups, added through synthetic
modification or doping. Figure 10a illustrates a hybrid device
featuring two types of glass fiber-carbon nanoparticle films,
each tailored with polymers possessing opposite electron
affinities.116 The blue film is treated with a cationic polymer,
polyethylenimine (PEI), which imbues it with strong surface
positive charges. The amino groups of PEI introduce positive
charges on the surface of carbon nanoparticles (CNPs), which
are naturally negatively charged, thereby inverting the output
voltage from approximately 1 V to −3.2 V. Conversely, the red
film is adjusted with 1,2,3,4-butanetetracarboxylic acid
(BTCA), rich in carboxyl groups (−COOH), effectuating a
voltage increase from about 1.5 V to approximately 3 V (Figure
10b,c). However, an overabundance of cross-linking chains due
to high polymer modifier concentrations can obstruct the
nanochannels, capping the electrical output of this hybrid
apparatus at 5 V and 1.5 μA.

4.4.2. Environmental Enhancement. Substantial research
has demonstrated the direct influence of water evaporation
rates on the electrical output of evaporation-induced nano-
generators.44,117,118 These rates significantly depend on
environmental factors like temperature, humidity, and wind
speed. Annually, the atmosphere, oceans, and landmasses
harness approximately 3,850,000 exajoules of solar energy, with
a large fraction being absorbed by water molecules as vibration
and heat, thereby facilitating the evaporation process.
Consequently, to amplify water evaporation rates and thus
boost the efficiency of evaporation-driven nanogenerators,
initiatives to efficiently merge solar with water energy have
been pursued. As Illustrated in Figure 10d, Li et al. crafted a
heat conduction-enhanced evaporation-induced nanogenerator
by affixing flexible ion thermoelectric (i-TE) gelatin onto the
reverse side of porous dual-sized Al2O3 (d-Al2O3).

119 In this
design, the i-TE material bolsters thermal conductivity
between the d-Al2O3 and its surroundings, elevating the
evaporation rate. The d-Al2O3 module, through persistent
water evaporation, maintains a steady temperature difference
of about 2 K for the thermoelectric module. Exposed to
standard sunlight, the device consistently delivers an open-
circuit voltage of 6.4 V. In another instance, Xiao et al.
introduced a solar-enhanced evaporation-induced nanogener-
ator with an asymmetrical build (Figure 10e),115 where a
double-layer carbon nanotube film/cellulose paper, asymmetri-
cally coated with hydrophobic polydimethylsiloxane (PDMS),
propels directional water movement. With sunlight, the open-
circuit voltage and short-circuit current elevate from roughly
0.47 V and 15 μA (in absence of light) to approximately 0.6 V
and 22 μA, validating the positive impact of sunlight on
evaporation rates. Furthermore, uneven lighting on photo-
thermal MXene films introduces temperature gradients, driving
asymmetrical water evaporation and enhancing water circu-

lation (Figure 10f), allowing a single device (0.5 cm × 2 cm) to
register a short-circuit current of 12 μA.120

4.4.3. Electrode Effect. In Section 4.3, it is highlighted that
for all body water evaporation devices, and in certain self-
sustaining and restricted water evaporation devices, at least one
electrode is in direct contact with water. This necessitates an
evaluation of potential electrochemical reactions affecting
power generation. In 2011, Dhiman et al. demonstrated an
instance where approximately 30 mV was generated as a
hydrochloric acid solution passed through a graphene film
flanked by two metal electrodes submerged in the solution.121

Yet, Yin et al.’s subsequent 2012 investigation revealed that this
voltage generation ceased when the metal electrodes were
isolated from the solution, indicating that the electricity
stemmed from the direct contact of the electrodes with the
solution rather than from the interaction between the solution
and the graphene film.122 Thus, in designing water
evaporation-induced nanogenerators, it is essential to discern
whether electricity generation arises from the nanomaterial-
solution interaction or from chemical reactions at the
electrode−solution interface. In a comprehensive 2021 study,
Li et al. scrutinized the role of an active metal (Fe) electrode
within a composite membrane (dust-free paper, PVA, and
carbon black particles) in an evaporation-induced generator.123

Figure 10g depicts how a primary battery forms between the
Fe electrode and the composite membrane in a high ion
concentration solution, with the cathodic reaction being 2Fe−
4e− → 2Fe2+ and the anodic reaction as O2 + 4e− + 2H2O →
4OH−. As the NaCl concentration escalates from 0.5 mM to 6
M, the output power surges by two magnitudes (Figure 10h),
thanks to the redox reactions enabled by the Fe electrode. In
comparison, traditional generators with inert electrodes like
Au, Pt, and CNTs muster only a 0.15 V voltage in a 2 M NaCl
solution. Conversely, devices with Fe active electrodes can
attain an open-circuit voltage of up to 1.04 V (Figure 10i),
illustrating how electrode effects can amplify the electrical
output in specific scenarios of evaporation-induced nano-
generators. The work of Liu et al. further demonstrated that
the output of evaporation-induced nanogenerators with active
electrodes can be thousands of times higher than that of
devices with inert electrodes.124 Identifying the presence of
electrode effects involves manipulating environmental con-
ditions. The native electrical output of such nanogenerators is
markedly sensitive to environmental parameters like wind
speed and humidity, in contrast to the output from electrode
reactions, which remains largely unaffected by these elements.
Yang et al. conducted a comprehensive analysis of the
electrode reactions existing in the active electrodes of the
evaporation generator using both theoretical and experimental
methods, which helps us to gain a deeper understanding and
identify them.125

4.4.4. Ion Concentration. Moreover, it is essential to
recognize that the performance of evaporation-induced
nanogenerators is not solely influenced by material interface
properties, environmental conditions, and electrode effects but
also significantly by the characteristics of the solution itself.
Recent research highlights how an increase in the ion
concentration of the solution can adversely affect the generated
electrical energy.97,105,126 This adverse effect is attributed to
the increase in ion concentration leading to a shorter Debye
length, which in turn weakens the overlap of the EDL within
micronano channels, diminishing the output performance.
Nonetheless, Wu et al. demonstrated in their 2021 study that
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an optimal salt concentration could enhance the output
potential and power.44 The power generator utilized honey-
comb-structured reduced graphene oxide films, showcased
continuous operation in natural seawater for more than 240 h,
underscoring the potential for evaporation-induced nano-
generators in seawater applications (Figure 10j,k). This
growing interest in seawater environments for such generators
underscores the need for a nuanced understanding of solution
characteristics in optimizing device performance.

5. APPLICATIONS OF LIQUID−SOLID
TRIBOELECTRIFICATION-BASED
NANOGENERATORS

Thanks to the concerted efforts of researchers globally, the past
decade has witnessed substantial advancements in liquid−solid
triboelectrification-based nanogenerators, paving the way for
innovative applications such as energy harvesting and self-
powered sensing. Furthermore, the high compatibility of most

devices has spurred their emerging use in health care
applications. This section offers an in-depth exploration of
the diverse applications of liquid−solid triboelectrification-
based nanogenerators.

5.1. Applications in Energy Harvesting. Droplet-based
nanogenerators have low demands on water sources owing to
their unique structures and working principle. Additionally,
their design is ideally suited for harvesting energy from natural
raindrops, leading to their widespread adoption for this
application.
Figure 11a presents a multilayered hybrid energy harvesting

system that combines an instantaneous droplet-based nano-
generator (I-TENG) with a perovskite solar cell (PSC),
creating a versatile all-weather energy harvester.127 The
innovative stepped array structure of the devices ensures that
water droplets from upper layers efficiently fall onto the lower
layers, optimizing the utilization of both potential and kinetic
energy from each raindrop. Figure 11b depicts the current−
voltage curves for both the hybrid I-TENG/PSC device and

Figure 11. Applications in energy harvesting of liquid−solid triboelectrification-based nanogenerators. (a) Hybrid system composed of I-TENG
and PSC. (b) J−V curve of PSCs and PSCs + I-TENG. Reproduced with permission from ref 127. Copyright 2022 Wiley-VCH. (c) A fully fabric-
based droplet-based triboelectric nanogenerator and (d) envisioned integrations into smart raincoats. Reproduced with permission from ref 66.
Copyright 2021 American Chemical Society. (e−g) The concept for capturing raindrop energy within agricultural settings. Reproduced with
permission from ref 131. Copyright 2021 American Chemical Society.
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standalone PSCs under simulated sunlight conditions
(AM1.5G, 1000 W cm−2). Although the PSCs showcase a

remarkable power conversion efficiency (PCE) reaching up to
17.1%, the hybrid setup still demonstrates a commendable

Figure 12. Applications in self-powered sensors of liquid−solid triboelectrification-based nanogenerators. (a) A hydroelectric device utilizing
silicon nanowire arrays. (b,c) Self-powered respiration sensor. Reproduced with permission from ref 132. Copyright 2020 Wiley-VCH. (d)
Topology-optimized liquid droplet energy harvesting fabrics. (e) Cyclic bending deformation test. (f,g) Wireless wearable droplet monitoring
system. Reproduced with permission from ref 133 .Copyright 2021 Wiley-VCH. (h) Self-powered gas monitoring system aimed at establishing
comprehensive atmospheric data. (i) Detection of various gases and (j) real-time environmental surveillance and the generation of extensive
atmospheric data. Reproduced with permission from ref 134. Copyright 2019 Elsevier.
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PCE of 14.4%. The superhydrophobic surface of TENG also
plays a critical role in maintaining the PSC standard conversion
efficiency by ensuring a consistently clean surface. However,
the limitations of traditional polymer films used in water
droplet energy harvesting�such as inadequate breathability,
poor skin compatibility, and lack of reparability�severely
restrict their potential for wearable technology.128−130

Addressing these challenges, Ye et al. introduced a fully
fabric-based droplet-based triboelectric nanogenerator (F-
TENG).66 Illustrated in Figure 11c, the friction layer of the
F-TENG features a superhydrophobic fabric engineered with
SiO2 nanoparticles and poly(vinylidene fluoride-co-hexafluor-
opropylene) (PVDF-HFP) cografted with perfluorodecyltri-
chlorosilane (FDTS). This composition not only bestows the

Figure 13. Applications in health care of liquid−solid triboelectrification-based nanogenerators. (a−e) A droplet sensor with superhydrophobic
droplet interfaces utilizing silica nanoparticles to monitor drainage activities. Reproduced with permission from ref 135. Copyright 2020 American
Chemical Society. (f−h) Electronics skin with monitoring sweat volume and various physiological markers. Reproduced with permission from ref
136. Copyright 2023 The Royal Society of Chemistry. (i) A thermally enhanced evaporation-induced nanogenerator and (j) real-time pulse
detection. Reproduced with permission from 119. Copyright 2022 Springer.
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fabric with super hydrophobicity but also imparts thermo-
plastic elastomer characteristics to the PVDF-HFP, enabling
self-healing properties. Envisioned for integration into smart
raincoats (Figure 11d), the F-TENG achieves an overall energy
conversion efficiency of 2.9%, heralding new possibilities for
wearable energy harvesting devices. Establishing a sustainable
energy source is crucial for the management of intelligent
greenhouse environments. Zhang et al. developed a concept for
capturing raindrop energy within agricultural settings (Figure
11e).131 Through the use of inductively coupled plasma (ICP)
etching to alter polyethylene (PE) film, a superhydrophobic
surface was crafted, leading to the creation of a completely
transparent droplet-based nanogenerator device (Figure 11f).
By incorporating this device into greenhouse coverings, it acts
as a renewable energy supply for humidity sensors in
greenhouses, aiding in the intelligent regulation of agricultural
production environments (Figure 11g).
In the future, liquid−solid triboelectrification-based nano-

generators are expected to be more widely used in energy
harvesting across multiple fields. Droplet-based nanogener-
ators, in particular, will be highly suitable for energy collection
in natural environments due to their unique principles and
structures. Integrating these nanogenerators with mature
photovoltaic and photothermal technologies can enhance the
energy utilization efficiency of both systems, making them
valuable in industries such as smart agriculture, smart
transportation, and smart energy. Additionally, they can be
incorporated into wearable fabrics to create a new generation
of portable energy systems. By continuously improving
materials and structures, these technologies will further
enhance environmental stability and scalability, driving the
development and application of sustainable energy solutions.

5.2. Applications in Self-Powered Sensing. Liquid−
solid triboelectrification-based nanogenerators have signifi-
cantly advanced the development and practical application of
self- powered sensors. As shown in Figure 12a, Qin et al.
engineered a hydroelectric device utilizing silicon nanowire
arrays, achieving over 55 mA of short-circuit current density
and 6 μW cm−2 of power density.132 Leveraging its sensitivity
to moisture, they constructed a respiration sensor predicated
on humidity measurement, showcasing a perfect synchroniza-
tion between the respiration rate and the output voltage and
current frequencies (Figure 12b). During respiration, the
sensor could achieve a maximum current density exceeding 3
mA (Figure 12c). A method for attaining the highest stable
output through topological optimization of the top electrode
was demonstrated, tailored for fabric-based nanogenerators
that exhibit remarkable resistance to bending deformation
(Figure 12d,e).133 This optimized design achieved a peak
power density of 71.8 mW m−2, substantially outperforming
the power output of conventional transistor-inspired mode
droplet-based nanogenerators by nearly five times. Expanding
on this innovation, a wearable liquid-drop sensing system was
crafted for autonomous sensing applications (Figure 12f).
Integrated into a wristband, this wearable technology is capable
of wirelessly transmitting electrical signals in real-time to a
portable computer, enabling immediate detection and
frequency analysis of droplets (Figure 12g). Zhong et al.
introduced an innovative self-powered gas monitoring system
aimed at establishing comprehensive atmospheric data,
utilizing a novel water evaporation/gas coupling effect.134

This system employs a mixed slurry film composed of toluene
soot, ethyl cellulose, and turpentine alcohol as its functional

materials, adeptly transforming natural energy sources into
electrical energy (Figure 12h). The generator demonstrated
exceptional gas sensitivity, making it suitable for the detection
of various gases such as oxygen, ethanol, and ammonia (Figure
12i). The paramount utility of this self-powered gas monitoring
system, energized by rainwater, lies in its capability for real-
time environmental surveillance and the generation of
extensive atmospheric data (Figure 12j). This system opens
up new avenues for monitoring air quality, which has profound
implications for both economic productivity and public health.
Liquid−solid triboelectrification-based nanogenerators, with

their unique working principles, exhibit excellent sensing
performance for water vapor and droplets in the environment.
In future research, by enhancing encapsulation techniques,
optimizing material stability, designing sensor arrays, and
reducing the devices’ adverse environmental impacts, liquid−
solid triboelectrification-based nanogenerators will see further
development in areas such as human sensing, raindrop sensing,
and environmental monitoring.

5.3. Applications in Health Care. Because of the diverse
material selection, superior compatibility, and wearable nature
of liquid−solid triboelectrification-based nanogenerators, their
applications in health care have piqued significant interest of
late. Known for their ability to repel water and bodily fluids like
tissue fluid, blood, and urine, superhydrophobic surfaces can
pioneer new frontiers in healthcare device innovation. The
research team led by Guang Yang has innovated nano-
generators with superhydrophobic droplet interfaces utilizing
silica nanoparticles, as delineated in Figure 13a.135 Initially, this
nanogenerator was ingeniously integrated into a disposable
drainage bottle, equipped with a droplet sensor to adeptly
monitor drainage activities (Figure 13b). This sensor enables
real-time data collection and analysis during drainage
procedures, aiding in the precise determination of the
operation’s conclusion and thus mitigating patient discomfort.
Subsequently, the team crafted a smart intravenous infusion
detector for clinical oversight of infusion procedures (Figure
13c). Figure 13d demonstrates that the output current of the
detector reflects the different positions of the infusion tube’s
regulating valve. Integrated with wireless signal transmission
technology, the real-time infusion monitoring system provides
valuable information about infusion operations for nurses and
patients (Figure 13e). Sweat analysis emerges as a potential
diagnostic tool for identifying disease, monitoring progression,
assessing dehydration, and evaluating mental stress levels.
Figure 13f illustrates the innovative design of self-powered
sweat electronics skin (SE-skin) based on microchannels.136

This SE-skin comprises four layers; the topmost utilizes PDMS
to absorb atmospheric water vapor for moisture electricity
generation, while the second layer features PDMS micro-
channels to harvest sweat for electricity generation through
evaporation. Sandwiched between these layers are the
evaporation-induced and moisture-induced nanogenerator
modules, a thermistor temperature sensor, and a colorimetric
paper module, employing grapefruit peel carbon paper (PSS)
to facilitate dual nanogenerator functions. The third layer
functions as electrodes, with the fourth providing adhesive
properties for secure skin attachment. When affixed to the skin,
SE-skin can monitor sweat volume and various physiological
markers, including chloride ions, uric acid, glucose, lactate, and
pH levels (Figure 13g,h). Furthermore, Li et al. introduced a
thermally enhanced hydraulic nanogenerator that combines
flexible ion thermoelectric and evaporation-induced electricity
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generation (Figure 13i).119 This innovation is capable of
driving real-time pulse detection via pressure sensors attached
to the radial artery (Figure 13j).
With the progress of society, people’s health awareness is

gradually increasing, and health care devices are attracting
more attention from researchers. Liquid−solid triboelectrifica-
tion-based nanogenerators can be used in clinical monitoring
for infusion and intraoperative drainage monitoring. They can
also be developed into self-powered sweat sensors for accurate
detection and concentration analysis of sweat biomarkers.
Especially for the latter, by improving the sensitivity, flexibility,
and wearing comfort of the devices in the future, the
application of liquid−solid triboelectrification nanogenerators
in monitoring health status through sweat analysis will develop
rapidly.

6. CONCLUSION AND PERSPECTIVES
This article delivers an exhaustive overview of water energy
harvesting technologies that leverage liquid−solid tribo-
electrification, encompassing both droplet-based nanogener-
ators and water evaporation-induced nanogenerators. Initially,
we delve into the liquid−solid contact electrification
mechanism guided by Wang’s transition model, alongside the
formation of the EDL at the solid−liquid interface illuminated
by Wang’s hybrid model. The discourse progresses to the
architectural and functional nuances of droplet-based nano-
generators, which are systematically classified into single-
electrode, free-standing, and transistor-inspired modalities.

After that, the forefront of research in the materials, device
structures and performance optimization of water evaporation-
induced nanogenerators are reviewed. Culminating the review,
we highlight the representative applications of liquid−solid
triboelectrification-based nanogenerators in the realms of
energy harvesting, self-powered sensing and health care.
In Table 1, we summarize and compare the recent research

progress on droplet-based nanogenerators and water evapo-
ration-induced nanogenerators. It can be seen that there are
obvious differences in structure between the two liquid−solid
triboelectrification-based nanogenerators. Droplet-based nano-
generators can be divided into three categories according to
their working principles, while evaporation-induced nano-
generators have the same fundamental principles and can only
be categorized based on their application scenarios. Although
the fundamental principal models of the two nanogenerators
are liquid−solid triboelectrification, their working mechanisms
differ, leading to significant differences in their functional
materials and device outputs. The functional materials of
droplet-based nanogenerators are mainly polymers with strong
electronegativity, such as PTFE and FEP. However, the
functional materials of evaporation-based nanogenerators are
carbon-based materials, biomaterials, metal oxides, and other
materials with rich micronano structures and abundant
functional groups. The former’s device output voltage is
much higher than that of the latter, but it is an AC output. The
latter has a slightly larger current and provides a sustainable
DC output. In terms of applications, droplet-based nano-

Table 1. Summarizing the Recent Droplet-Based Nanogenerators and Evaporation-Induced Nanogenerators with Their
Structures, Functional Materials, Device Output, and Applications

nanogenerators types
(materials/structure) structures functional materials device outputs applications refs

Droplet-based
nanogenerators

Single-electrode mode PTFE Voc = 70 V Harvesting droplets’ kinetic energy 58
Isc = 6 μA

single-electrode mode PTFE Voc = 30 V Harvesting turbulent energy 55
Isc = 24.3 μA

Free-standing mode FEVE Voc = 80 V Metal Cathodic Protection 60
Isc = 18 μA

Free-standing mode FEP Voc = 228 V DC power supply, self-powered
chemical sensor

65
Isc = 11.5 μA

Free-standing mode Superhydrophobic film with SiO2
nanoparticles

Isc = 5 nA Clinical drainage monitoring 135
accumulated charge =
5 nC

Transistor-inspired
mode

PTFE Voc = 143.5 V Harvesting raindrops’ energy 49
Isc = 270.0 μA

Transistor-inspired
mode

porous PTFE membrane peak power density =
71.8 W m2

Wireless wearable droplet
monitoring system

133

Transistor-inspired
mode

SiO2+PVDF-HFP/FDTS Voc = 22 V Raindrop energy harvesting fabric 66
Induced charge =
7.5 nC

Evaporation-induced
nanogenerators

body water
evaporation

All-printed porous carbon film Voc = 1 V Electrodeposition of silver
microstructures

97
Power density =
8.1 μW cm−3

body water
evaporation

SiO2 nanofiber Voc = 0.48 V Power supply 110
Isc = 0.37 μA

body water
evaporation

d-Al2O3 Voc = 6.4 V Wearable pulse monitoring 119

water-absorbing self-
sustaining

Carbon-coated cotton fabric Voc = 0.74 V Power supply 111
Isc = 22.5 μA

restricted water
evaporation

PVA@FCB@3DS Voc = 0.658 V Wearable power supply, flexible
sensor

112
Isc = 63 μA

restricted water
evaporation

Reconstructed V2O5 membrane Voc = 0.56 V Power supply in low humidity
environment

113
Isc = 18 μA
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generators are clearly more suitable for harvesting energy from
natural raindrops, while evaporation-induced nanogenerators
can be further adapted for use in wearable power sources or
sensors.
However, despite the extensive progress summarized in this

article, the practical application of liquid−solid triboelectrifi-
cation-based water energy harvesting technologies still faces
several critical challenges that urgently need to be addressed:
(1) For water evaporation-induced nanogenerators, their

working mechanism remains somewhat unclear. The
current models proposed are still phenomenological and
lack more advanced in situ characterization techniques
to reveal the underlying charge generation and transfer
processes. Various explanations currently proposed,
including streaming potential, ionovoltaic effect, and
pseudostreaming effect are likely to occur simultane-
ously in a system and require further elucidation of the
thermo-electro-kinetic synergistic effects on the entire
system. Additionally, particular attention should be paid
to chemical reactions that may occur at the liquid−solid
interface, which could interfere with mechanistic studies.
Furthermore, the conversion of ion flow at the electrode
into electron flow also requires further exploration.

(2) The synthesis of materials and optimization of their
properties require more standardized design principles.
For the frictional layers of droplet-based nanogenerators,
new materials should be developed considering factors
such as wettability, surface polarity, and charge density.
Regarding water evaporation-induced nanogenerators,
developing nanomaterials with specific properties (such
as pore size, porosity, wettability, zeta potential, and
conductivity) in a more standardized manner would be
advantageous to meet various requirements in practical
applications.

(3) Further enhancements in conversion efficiency and
output power are essential. Despite notable advance-
ments in the efficiency and power output of water-
energy harvesting technologies utilizing liquid−solid
frictional electrification, their performance largely
remains at the microscale. It is crucial to refine device
architectures, enhance interfacial properties, advance
integration methodologies, and boost overall device
output to align with the requisites of practical
applications.

(4) The bulk of present advancements and experimental
studies are confined to laboratory settings, revealing a
substantial disparity from practical applicability. The
rigorous conditions encountered in actual environments,
such as elevated temperatures, intense humidity, and
robust winds, impose stringent requirements on the
encapsulation and durability of materials used in devices.
Moreover, the transition to practical applications
demands attention to scalability, cost-effectiveness, and
eco-friendliness, factors critical for mass production and
widespread adoption.

In summary, liquid−solid triboelectrification-based hydro-
power harvesting technology has witnessed remarkable
advancements in recent years. This method offers a cleaner
alternative to conventional fossil fuel-based power generation,
with the ability to transform low-grade water energy from the
environment into high-quality electrical power. This is vital for
reducing energy constraints and promoting the achievement of

carbon neutrality objectives. With continued dedication, we
have the unprecedented opportunities to devise novel
approaches for overcoming the significant hurdles associated
with liquid−solid triboelectrification technology (Figure 14).
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